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Abstract 

Background  Circular noncoding RNAs (circRNAs) are implicated in many human diseases, but their role in atrial 
fibrillation (AF) is poorly understood. In this study, we performed bioinformatics analysis of circRNA sequencing data 
to identify AF-related circRNAs.

Methods  Left atrial appendage (LAA) samples were obtained from patients with valvular heart disease and were cat-
egorised into the sinus rhythm (SR; n = 4) and AF (n = 4) groups. CircRNA sequencing analysis was performed to iden-
tify differentially expressed (DE) circRNAs in AF patients. Functional enrichment analysis of DE circRNAs was performed 
to identify enriched Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways.

Results  We identified 3338 DE circRNAs, including 2147 upregulated and 1191 downregulated circRNAs, in AF 
patients. A ceRNA network of 16 DE circRNAs, 11 DE miRNAs, and 15 DE mRNAs was constructed. Functional enrich-
ment analyses revealed that the AF-related DE circRNAs were enriched in response to vitamin D, the potassium 
channel complex, delayed rectifier potassium channel activity, osteoclast differentiation, primary immunodeficiency, 
endocrine and other factor-regulated calcium reabsorption and other processes. ROC curve analysis identified 
circRNA_00324, circRNA_17225, circRNA_16305, circRNA_10233, circRNA_05499, circRNA_03183, circRNA_14211, 
and circRNA_18422 as potential predictive biomarkers for distinguishing AF patients from SR patients, with AUC val-
ues of 0.9138, 0.7370, 0.8526, 0.6803, 0.8163, 0.8662, 0.7664, and 0.9320, respectively.

Conclusions  In this study, we constructed an AF-related ceRNA network and identified eight circRNAs as potential 
predictive biomarkers of AF.
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Introduction
Atrial fibrillation (AF) is the most common type of per-
sistent arrhythmia in clinical practice and is known as a 
“cardiovascular epidemic of the twenty-first century.” AF 
is associated with high mortality rates and incidences of 
stroke, heart failure, and cognitive dysfunction [1]. The 
incidence of AF is increasing globally. The worldwide 
estimates from the Global Burden of Disease (GBD) study 
revealed that 59.7 million people were diagnosed with 
AF in 2019 [2]. The primary treatment strategy for AF 
includes drug therapy for controlling heart rhythm and 
preventing thrombosis. However, this therapeutic strat-
egy is associated with issues related to the maintenance 
of the sinus rhythm (SR) and several adverse effects. Cur-
rently, improving atrial remodelling is the central focus 
of drug research regarding AF. Therefore, unravelling the 
mechanisms underlying AF is necessary to identify novel 
intervention targets for AF and discover precise, targeted 
treatments for AF.

Circular RNAs (circRNAs) are a category of noncod-
ing RNAs that are 200 to 100,000 nucleotides in length. 
They are generated by spliceosome-mediated pre-mRNA 
back-splicing of exons or introns. They lack a 5’-terminal 
m7G cap and a 3’-terminal polyadenosine tail because 
the downstream splice donor site (5’ splice site) is cova-
lently linked to an upstream acceptor splice site (3’ splice 
site), which results in the formation of a closed circular 
loop. Therefore, circRNAs have longer half-lives than 
their linear RNA counterparts do and are less suscepti-
ble to degradation by RNA exonucleases [3]. Because of 
their unique features, circRNAs are more stable than lin-
ear RNAs are and play crucial functional roles in specific 
tissues and cells [4].

CircRNAs perform several biological functions. CircR-
NAs are best characterised as competitive endogenous 
RNAs (ceRNAs) because they competitively bind to spe-
cific microRNAs (miRNAs) and regulate gene expression 
[5]. In the ceRNA network, several noncoding RNAs, 
including circRNAs, competitively bind to specific miR-
NAs and modulate target gene expression [6]. CircR-
NAs play important roles as ceRNAs in the pathological 
and physiological processes of various human diseases, 
including cancer [7], endocrine and metabolic disorders 
[8], and cerebrovascular diseases [9]. Although the gene 
regulatory functions of circRNAs via complex interac-
tions between circRNAs and other RNA molecules have 
been well established, the mechanisms underlying the 
roles of circRNAs in human cardiovascular diseases are 
poorly understood.

Therefore, in this study, we analysed circRNA sequenc-
ing data from AF and SR patients to identify AF-asso-
ciated circRNAs. We subsequently constructed an 
AF-associated ceRNA network comprising AF-related 

circRNAs, miRNAs, and mRNAs. We assessed the diag-
nostic value of eight AF-related circRNAs via receiver 
operating characteristic (ROC) curve analysis.

Methods
Patient selection and sample collection
Left atrial appendage (LAA) tissues were collected from 
patients who underwent surgery for valvular heart dis-
ease at the Department of Cardiac Surgery of the Affili-
ated Hospital of Jining Medical University (Shandong, 
China) between January 2021 and April 2021. Patients 
were categorised into persistent AF (n = 4) and SR (n = 4) 
groups on the basis of their electrocardiogram results and 
medical history. Five millilitres of fasted peripheral whole 
blood samples were collected from patients with AF 
(n = 21) and SR (n = 21) and stored in EDTA tubes. The 
inclusion criteria for the patients were as follows: (1) sat-
isfied the diagnostic criteria for persistent AF according 
to the 2020 ESC guidelines for the diagnosis and manage-
ment of AF [1]; and (2) aged 18–80 years. The exclusion 
criteria were as follows: (1) a history of catheter ablation; 
(2) a history of coronary heart disease; (3) a left ventricu-
lar ejection fraction (LVEF) < 40%; (4) infectious diseases; 
(5) malignant tumours; (6) hyperthyroidism; (7) a his-
tory of stroke; and (8) severe liver or kidney dysfunction. 
This study was conducted according to the guidelines of 
the Declaration of Helsinki, and this research protocol 
was approved by the Ethics Committee of the Affiliated 
Hospital of Jining Medical University (Approval number: 
2021B116). Written informed consent was obtained from 
each patient.

CircRNA sequencing analyses
Eight LAA samples (4 from each group) were sent to 
Shanghai OE Biomedical Science and Technology Com-
pany (Shanghai, China) for transcriptome sequencing 
via high-throughput sequencing technology. Total RNA 
was extracted from samples using TruSeq Stranded 
Total RNA with Ribo-Zero Gold capsules (Illumina, San 
Diego, CA, USA). Approximately 2–5 μg total RNA from 
each specimens was used for library construction. RNA 
integrity was analysed using an Agilent 2100 Bioanalyzer 
(Agilent Technologies, Santa Clara, CA, USA). Samples 
with an RNA integrity number (RIN) ≥ 7.0 were chosen 
for sequencing on an Illumina HiSeq™ 2500 sequencing 
platform (Illumina), and 150 bp/125 bp paired-end reads 
were generated.

CircRNA prediction and differential expression analysis
We referenced Homo sapiens circRNA sequences from 
the circBase (http://​www.​circb​ase.​org/), CIRCpedia v2 
(http://​www.​picb.​ac.​cn/​rnomi​cs/​circp​edia), and circAt-
las (https://​ngdc.​cncb.​ac.​cn/​circa​tlas) databases and 

http://www.circbase.org/
http://www.picb.ac.cn/rnomics/circpedia
https://ngdc.cncb.ac.cn/circatlas
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aligned them against gene annotation data and refer-
ence sequences using CIRI2 software [10] to identify 
candidate circRNA transcripts. The relevant code has 
been uploaded to a GitHub repository (https://​github.​
com/​fjxc1​893/​wRNAs​eq). We used Bedtools software 
[11] to classify the positional relationships between cir-
cRNA transcripts and known protein-coding transcripts. 
The raw circRNA data were subsequently filtered based 
on counts, and circRNAs with an average count > 2 were 
retained for further analysis to obtain high-quality data. 
The expression levels of the transcripts were determined 
via the use of junction reads per million mapped reads 
(RPM) to quantify the circRNAs, and the RPM statistical 
results of the circRNAs in each sample were displayed via 
a box‒whisker plot. DEGseq software [12] was used to 
standardise the RPM of each sample circRNA, calculate 
the difference multiple, and use a negative binomial (NB) 
distribution test to evaluate the difference significance of 
the RPM. The Benjamini‒Hochberg (BH) method was 
used to calculate the false discovery rate (FDR), and the 
p value was adjusted to obtain more reliable differentially 
expressed genes (DEGs). Finally, different circRNAs were 
screened according to the difference multiple and differ-
ence significance test results. The differentially expressed 
(DE) circRNAs were screened using q < 0.05 and |log2-
fold change (FC)|> 1 as threshold parameters.

CeRNA network construction
Owing to the presence of multiple miRNA binding sites 
in circRNAs, miRNA target gene prediction can be used 
to identify circRNAs that bind to miRNAs, and the func-
tions of these circRNAs can be elucidated on the basis of 
miRNA target gene functional annotation. Therefore, we 
constructed a circRNA-related ceRNA network. We first 
predicted the coexpression and regulatory relationships 
between the DE miRNAs and DE circRNAs. Pearson’s 
rank correlation coefficient was used to identify the DE 
circRNA–miRNA pairs with negative correlations. The 
miRanda program [13] was used to predict interactions 
between the miRNAs and circRNAs. We subsequently 
identified DE miRNA‒mRNA pairs and calculated the 
ceRNA scores using the MuTaME method [14]. Accord-
ing to the ceRNA hypothesis, circRNAs are positively 
correlated with mRNA expression levels [5]. Therefore, 
we performed Pearson’s correlation analysis to iden-
tify circRNA‒mRNA pairs with positive coexpression 
relationships. We subsequently performed enrichment 
analysis of the ceRNA score results and the regulatory 
relationships between DE circRNAs and DE miRNAs. 
Finally, we obtained a highly reliable ceRNA network 
and constructed an AF-related ceRNA network using 
Cytoscape software 3.10.1 (http://​cytos​cape.​org/). A 
ceRNA network analysis flowchart is shown in Fig. 1.

Functional enrichment analyses of DEGs
Functional enrichment analyses of DEGs in the ceRNA 
networks were performed using Gene Ontology enrich-
ment analysis (GO; http://​geneo​ntolo​gy.​org/) and the 
Kyoto Encyclopedia of Genes and Genomes (KEGG; 
https://​www.​kegg.​jp/) databases. DEGs and ceRNA net-
works with p values < 0.05 were considered significantly 
enriched.

Validation of circRNAs and ROC curve analysis
The total RNA of each LAA sample was extracted using 
TRIzol® reagent (Invitrogen, USA), and the total RNA of 
each blood sample was isolated via an RNAsimple Total 
RNA Kit (Catalogue No: DP419, TIANGEN, Beijing, 
China) according to the manufacturer’s instructions. 
The RNA quantity and quality were determined using a 
NanoDrop 2000 spectrophotometer (Thermo Fisher Sci-
entific, Waltham, MA, USA). A 260/280 nm absorbance 
ratio between 1.8 and 2.1 or a 260/230  nm absorbance 
ratio > 1.8 was considered acceptable. The RNA samples 
were subsequently reverse transcribed into cDNA using 
a FastQuant RT Kit (TIANGEN). Quantitative polymer-
ase chain reaction (qPCR) analysis was performed to esti-
mate the relative expression levels of the circRNAs using 
a SYBR Green Premix Pro Taq HS qPCR Kit (Accurate 
Biology, Hunan, China). PCR amplification was per-
formed under the following cycling conditions: denatura-
tion at 95 °C for 30 s, 45 cycles of 95 °C for 5 s and 60 
°C for 30 s. qRT‒PCR was performed on an ABI Quant-
Studio™ real-time PCR machine (Applied Biosystems, 
Foster City, CA, USA). Glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) was used as a reference gene 
for the expression levels of the circRNAs and mRNAs. 
The sequences of the RNA primers are shown in Table 1. 
Relative expression levels of genes were estimated using 
the 2−ΔΔCt method. The analysis was repeated at least 
three times.

Furthermore, the predictive value of the candidate 
circRNAs was analysed using receiver operating char-
acteristic (ROC) curves, and the area under the curve 
(AUC) values and 95% confidence intervals (CIs) were 
calculated.

Statistical analysis
The data were presented as the means ± standard errors 
of the means (SEMs). The statistical significance was 
measured using unpaired t tests (comparisons between 
two groups) and one-way ANOVA with Tukey’s multi-
ple comparisons test or repeated-measures ANOVA with 
the Bonferroni post hoc correction (multiple compari-
sons). Categorical variables were presented as numbers 
and percentages and were analysed using the chi-square 

https://github.com/fjxc1893/wRNAseq
https://github.com/fjxc1893/wRNAseq
http://cytoscape.org/
http://geneontology.org/
https://www.kegg.jp/
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test or Fisher’s exact test. p < 0.05 was considered statisti-
cally significant. SPSS version 29.0 (SPSS Inc., Chicago, 
IL, USA) and GraphPad Prism 9.0 (GraphPad, San Diego, 
CA, USA) were used for statistical analyses and genera-
tion of publication-quality graphs.

Results
Characterization of human circRNAs
In the present study, whole-transcriptome sequencing 
yielded 109.46 gigabases (G) of high-quality, clean data 

across all the samples. The RINs for individual samples 
ranged from 8.4 to 8.9, indicating well-preserved RNA 
quality. Each sample generated between 12.56 G and 
14.41 G of valid sequencing data, with base call accura-
cies exceeding the Q30 thresholds of 95.32–95.57% of 
the nucleotides. The average guanine and cytosine (GC) 
content across datasets was 48.53% (Table S1). We identi-
fied 19,319 circRNAs, and the corresponding sequences 
of these circRNAs are shown in the Supplementary 
Material. Principal component analysis (PCA) revealed 

Fig. 1  Schematic representation of the bioinformatics analysis strategy used in this study
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that the SR and AF groups formed independent clus-
ters (Fig. 2A). CircRNAs were quantified based on junc-
tion RPMs. The expression levels of all the circRNAs 
across the 8 samples from the two groups are shown in 
the box-whisker plot based on log10 (RPM + 1), and the 
results reveal no abnormal expression patterns across the 
8 sample groups (Fig. 2B). On the basis of the positional 
relationships between the circRNAs and known protein-
coding transcripts, the circRNAs were classified into the 
following types: antisense circRNAs, 304 (1.57%); exonic 
circRNAs, 680 (3.52%); intergenic circRNAs, 867 (4.49%); 
intronic circRNAs, 248 (1.28%); and sense-overlapping 
circRNAs, 17,220 (89.14%) (Fig. 2C). Our data reveal that 
these circRNAs are widely distributed across all chromo-
somes (Fig. 2D). Most of the circRNAs (15,107; 78.20%) 
were 200–2000 bp in length (Fig. 2E). Furthermore, 2,344 
(12.13%) of the circRNAs consisted of a single exon, 
whereas the remaining circRNAs consisted of multiple 
exons (Fig. 2F). These results demonstrated the differen-
tial and characteristics of circRNAs between the SR and 
AF groups.

Expression profiles of circRNAs
Our data revealed that 3338 out of the 19,319 circR-
NAs were differentially expressed in the LAA tissues of 
patients with AF compared with those of SR patients 
based on threshold parameters |log2 FC|> 1 and q < 0.05 
(Table  S2). Furthermore, among these 3338 DE circR-
NAs, 2147 showed upregulated expression and 1191 
showed downregulated expression (Fig. 3A). The volcano 

maps and heatmaps of the DE circRNAs are shown in 
Fig. 3B-C.

Construction of the ceRNA network
We set the correlation analysis threshold to a correla-
tion coefficient ≥ 0.80 and p ≤ 0.05. A total of 2,949 cir-
cRNA–miRNA pairs were screened. Furthermore, based 
on the interactions between circRNAs and miRNAs, 
negative regulatory relationship pairs were screened, 
and ultimately, 87 circRNA‒miRNA pairs were obtained 
(Table  S3). Similarly, we performed coexpression analy-
sis of the DE miRNA–DE mRNA and DE circRNA–DE 
mRNA pairs and identified 109 miRNA–mRNA pairs 
with negative regulatory relationships and 89,997 cir-
cRNA–mRNA pairs with positive regulatory relation-
ships (Table S4–6). The intersection between the ceRNA 
scores and the DE circRNA-DE mRNA coexpression 
results revealed a total of 62 DE circRNA-DE miRNA-DE 
mRNA relationship pairs after filtering, and the results 
are presented in a Venn diagram (Fig. 4A; Table S7). We 
then used Cytoscape software to construct a ceRNA net-
work with 16 circRNAs, 11 miRNAs, and 15 mRNAs 
(Fig. 4B; Table S8).

Functional and pathway enrichment analyses
GO and KEGG enrichment analyses were used to 
determine the biological functions of the DEGs in 
the ceRNA network (Table  S9 and S10). GO analy-
sis revealed that the DEGs were enriched in 35 GO-
biological process terms, 19 GO-cellular component 

Table 1  Primers used in the study

RNA CircBase_id Sequence (5′ → 3′) Tm (°C)

circRNA_00324 hsa_circ_0004709 F: AGG​AGT​CAG​AAC​CAG​TAC​CTGT​ 60.0

R: CAA​TGC​GAG​AGA​ACA​TGT​AACCA​

circRNA_17225 N/A F: CAC​TGA​AGG​TAC​TCT​GCA​CCC​ 60.0

R: TGT​CGT​CAA​AGT​CTG​CCT​TGT​

circRNA_16305 hsa_circ_0134845 F: GCA​ACA​TAC​CAG​ACC​ACT​CTGC​ 60.0

R: TGA​TGA​TTT​GGG​GAG​AAG​GGGC​

circRNA_10233 N/A F: AAG​TGC​CTG​AAG​TGC​TGC​C 60.0

R: GAC​CCA​CCG​ATT​TTG​CAT​TCA​TAC​C

circRNA_05499 hsa_circ_0101642 F: TAT​GTA​CCG​AAG​GAC​TCT​ACCG​ 60.0

R: CTT​TGT​ATT​TCC​CTC​ATT​TCT​GTG​C

circRNA_03183 hsa_circ_0021506 F: CGG​CAG​GAG​CTC​TTC​CTC​A 60.0

R: TGC​TGC​TCA​GGC​TCT​GCT​C

circRNA_14211 hsa_circ_0071616 F: CGA​GCT​CTA​ATG​ACA​AGC​TCA​TGT​AC 60.0

R: AGA​AGG​AGC​AGA​AGC​AGG​AGC​

circRNA_18422 hsa_circ_0008038 F: GCA​CAC​TGG​GAA​GCT​AGT​ATGT​ 60.0

R: ATC​ATC​TGT​GCA​GCA​AGG​TCA​

GAPDH N/A F: GCA​CCG​TCA​AGG​CTG​AGA​AC 60.0

R: TGG​TGA​AGA​CGC​CAG​TGG​A
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terms, and 17 GO-molecular function terms. The top 
30 GO terms are visualised using bubble plots. GO 
enrichment analysis revealed that DEGs were enriched 
in response to vitamin D, potassium channel complex, 
delayed rectifier potassium channel activity, regulation 
of store-operated calcium entry, and response to oxida-
tive stress and other processes (Fig. 5A; Table 2). Path-
way analyses revealed that the DEGs were enriched in 
osteoclast differentiation, primary immunodeficiency, 
and endocrine and other factor-regulated calcium reab-
sorption and other processes (Fig. 5B; Table 2).

Validation of key circRNAs in the ceRNA network
On the basis of the ceRNA hypothesis, circRNAs com-
petitively bind to miRNAs through miRNA response 
elements (MREs), thereby inhibiting downstream tar-
get gene silencing by isolating miRNAs from mRNAs 
[15]. Thus, in the coexpression network diagram of ceR-
NAs, both circRNAs and mRNAs serve as MREs, and 
their expression levels are positively correlated with one 
another and negatively correlated with miRNAs [5]. To 
validate the sequencing results, we selected eight circR-
NAs with high ceRNA scores and performed qRT‒PCR 

Fig. 2  Transcriptome sequencing analysis of DE circRNAs in the SR and AF groups. A Principal component analysis (PCA) of samples from the SR 
and AF groups. B Boxplot of RPM values for the circRNAs in the SR and AF samples. C Classification of circRNAs and proportion of different circRNA 
types. D Chromosomal distribution of the circRNAs. E Length of circRNAs in the SR and AF groups. F Statistical chart shows the number of exons 
in the circRNAs. AF, atrial fibrillation; DE, differentially expressed; RPM, reads per million mapped reads; SR, sinus rhythm
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analysis of the LAA tissues. The qRT‒PCR results 
revealed that the expression trends of the eight selected 
circRNAs were consistent with the sequencing results 
(Fig.  6A–B; Table  3). These findings suggest that the 
sequencing results were accurate. Blood samples can be 
used for analysing pathways associated with cardiovascu-
lar diseases [16]. Therefore, to further analyse the clinical 
diagnostic value of the selected circRNAs for AF patients, 
we estimated their expression levels in the whole periph-
eral blood of patients. The clinical characteristics of the 

patients are shown in Table 4. The eight selected circR-
NAs were differentially expressed in the peripheral blood 
of AF patients compared to those with SR (p < 0.05) 
(Fig.  6C). ROC curve analysis was subsequently per-
formed to assess the predictive value of these circRNAs 
for distinguishing patients with AF from those with SR. 
The AUC values for circRNA_00324, circRNA_17225, 
circRNA_16305, circRNA_10233, circRNA_05499, cir-
cRNA_03183, circRNA_14211, and circRNA_18422 were 
0.9138, 0.7370, 0.8526, 0.6803, 0.8163, 0.8662, 0.7664, 

Fig. 3  Identification and characterization of the DE circRNAs. A Total number of DE circRNAs in the AF and SR groups. B Volcano plot showing 3,338 
DE circRNAs with the threshold as |log2FoldChange|> 1 and q-value < 0.05. The green dot, red dot and gray dot represented the downregulated 
circRNAs (AF/SR), upregulated circRNAs and non-significant changed circRNAs, respectively. C Expression heatmap of the eight selected circRNAs 
in the two groups. AF, atrial fibrillation; SR, sinus rhythm; DE, differentially expressed

Fig. 4  The circRNA–miRNA–mRNA regulatory network. A Venn diagram shows the intersection analysis between the ceRNA score results 
and the co-expression analysis of DE circRNA–DE mRNA. B Construction of the circRNA–miRNA–mRNA regulatory network based on the ceRNA 
hypothesis. The light blue, green, and pink colors represent the mRNAs, miRNAs, and circRNAs, respectively. DE, differentially expressed
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and 0.9320, respectively (Fig.  6D–G; Table  5). These 
results demonstrate optimal clinical diagnostic values for 
the eight candidate circRNAs. Therefore, these eight cir-
cRNAs are potential independent predictors of AF.

Discussion
The incidence of AF remains high despite significant 
advances and innovations in treatment strategies and 
drugs. In this study, we performed circRNA sequenc-
ing analysis of LAA tissues from 4 patients each with 
AF and SR and identified 3,338 DE circRNAs between 
the groups. Furthermore, we constructed a circRNA–
miRNA–mRNA network of 16 circRNAs, 11 miRNAs, 
and 15 mRNAs and identified eight circRNAs with diag-
nostic value. These eight circRNAs may serve as potential 
biomarkers for the prediction, diagnosis, and treatment 
of AF.

CircRNAs regulate several biological processes and are 
ideal candidate diagnostic biomarkers in several human 
diseases because of their stability and conserved struc-
tures [17]. CircRNAs regulate tumorigenesis by interact-
ing with transcription and growth factors [18]. They also 
act as ceRNAs by sponging specific miRNAs, thereby 
regulating the expression levels of downstream tran-
scripts [19]. CircRNAs interact with several RNA-bind-
ing proteins and play a vital role in disease progression 
by regulating molecular signalling pathways [20]. Cir-
cRNAs regulate transcription and parent gene splicing 
by interacting with eukaryotic RNA Pol II [21]. Recent 
studies have also described the protein-encoding abili-
ties of some circRNAs; the translation of circRNAs can 
be modulated through m6A modifications, and circRNAs 
can encode proteins or peptides in response to exter-
nal stimulation [22]. Therefore, circRNAs play crucial 
roles in various biological processes by regulating gene 

expression and have potential as clinical biomarkers for 
various human diseases.

The roles of circRNAs in ceRNA regulatory networks 
have been investigated in mammals. CircRNA‒miRNA‒
mRNA networks play critical roles in the pathophysi-
ological processes of various heart diseases. For example, 
CircBPTF expression was upregulated in the left ven-
tricular tissues of patients with end-stage ischaemic heart 
failure (IHF), and silencing CircBPTF expression inhib-
ited the expression of HDAC9 and LRRC17 by targeting 
miR-196b-5p [23]. Circ_0001052 expression was signifi-
cantly upregulated in a pathologic cardiac hypertrophy 
(CH) model established by aortic transverse contraction 
(TAC) and promoted cardiac hypertrophy by acting as a 
ceRNA for Hipk3 through the sponging of miR-148a-3p 
and miR-124-3p [24]. In the present study, through the 
construction of an AF-specific ceRNA-mediated network 
and bioinformatic analyses, several important biological 
processes, such as the response to vitamin D, potassium 
channel complex, delayed rectifier potassium chan-
nel activity, regulation of store-operated calcium entry, 
response to oxidative stress, osteoclast differentiation, 
primary immunodeficiency, and endocrine and other fac-
tor-regulated calcium reabsorption, and other processes, 
were enriched. These findings support that the circRNA‒
miRNA‒mRNA network established in the present study 
may be involved in regulating the occurrence and devel-
opment of AF.

Atrial electrical remodelling is the electrophysiologi-
cal substrate that results in the reentry excitation of AF, 
and this process is closely related to the dysfunction of 
ion channels [25]. Changes in some transmembrane ionic 
currents, such as the transient outwards potassium cur-
rent (Ito), inwards sodium current (INA) and small con-
ductance calcium-activated potassium channel current 

Fig. 5  GO annotation and KEGG pathway analyses of the target mRNAs. A Top 30 enriched terms according to GO analysis. B Top 30 enriched KEGG 
pathways
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Table 2  Top 30 enriched GO terms and KEGG pathways of DEGs in the ceRNA network

Term_ID Term_description Genes 
number

p-value FDR

GO:0033280 Response to vitamin D 1 0.003371289 0.031399354

GO:0040015 Negative regulation of multicellular organism growth 1 0.003371289 0.031399354

GO:0034705 Potassium channel complex 1 0.00362976 0.068965444

GO:2000042 Negative regulation of double-strand break repair via homologous recombination 1 0.004716973 0.031399354

GO:0046697 Decidualization 1 0.004716973 0.031399354

GO:0001206 Transcriptional repressor activity, RNA polymerase II distal enhancer sequence-specific bind-
ing

1 0.005074496 0.076551439

GO:0060644 Mammary gland epithelial cell differentiation 1 0.005389209 0.031399354

GO:2001256 Regulation of store-operated calcium entry 1 0.005389209 0.031399354

GO:2000737 Negative regulation of stem cell differentiation 1 0.006732471 0.031399354

GO:0033147 Negative regulation of intracellular estrogen receptor signaling pathway 1 0.007403497 0.031399354

GO:0043434 Response to peptide hormone 1 0.008074119 0.031399354

GO:0005251 Delayed rectifier potassium channel activity 1 0.009006052 0.076551439

GO:0007566 Embryo implantation 1 0.012089406 0.042312922

GO:0035861 Site of double-strand break 1 0.013251933 0.091116667

GO:1904724 Tertiary granule lumen 1 0.019223761 0.091116667

GO:0043679 Axon terminus 1 0.022791418 0.091116667

GO:0035580 Specific granule lumen 1 0.02397807 0.091116667

GO:0048511 Rhythmic process 1 0.024048723 0.070079104

GO:0030968 Endoplasmic reticulum unfolded protein response 1 0.024048723 0.070079104

GO:0006979 Response to oxidative stress 1 0.026029382 0.070079104

GO:0005179 Hormone activity 1 0.02846472 0.081150976

GO:0005249 Voltage-gated potassium channel activity 1 0.029015834 0.081150976

GO:0006874 Cellular calcium ion homeostasis 1 0.030637029 0.075330472

GO:0004004 ATP-dependent RNA helicase activity 1 0.032316894 0.081150976

GO:0005089 Rho guanyl-nucleotide exchange factor activity 1 0.032866135 0.081150976

GO:0020037 Heme binding 1 0.033415108 0.081150976

GO:0071456 Cellular response to hypoxia 1 0.037185771 0.075330472

GO:0006813 Potassium ion transport 1 0.03849079 0.075330472

GO:0016491 Oxidoreductase activity 1 0.038890166 0.082641602

GO:0006396 RNA processing 1 0.041096112 0.075330472

KEGG pathway

path:hsa04380 Osteoclast differentiation 2 0.00285353 0.069102014

path:hsa05152 Tuberculosis 2 0.005528161 0.069102014

path:hsa05340 Primary immunodeficiency 1 0.024602403 0.126881991

path:hsa04961 Endocrine and other factor-regulated calcium reabsorption 1 0.032022406 0.126881991

path:hsa05144 Malaria 1 0.033366633 0.126881991

path:hsa04978 Mineral absorption 1 0.034709365 0.126881991

path:hsa05134 Legionellosis 1 0.037390354 0.126881991

path:hsa05223 Non-small cell lung cancer 1 0.044732371 0.126881991

path:hsa05140 Leishmaniasis 1 0.047391061 0.126881991

path:hsa04610 Complement and coagulation cascades 1 0.053351471 0.126881991

path:hsa04658 Th1 and Th2 cell differentiation 1 0.06059586 0.126881991

path:hsa04640 Hematopoietic cell lineage 1 0.06321916 0.126881991

path:hsa04659 Th17 cell differentiation 1 0.070403028 0.126881991

path:hsa04928 Parathyroid hormone synthesis, secretion and action 1 0.071053915 0.126881991

path:hsa05162 Measles 1 0.087207982 0.144264907

path:hsa04550 Signaling pathways regulating pluripotency of stem cells 1 0.09232954 0.144264907

path:hsa04630 Jak-STAT signaling pathway 1 0.10692609 0.148508459
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(SK), are key determinants of electrical remodelling, and 
the Ito plays a major role in early repolarisation [26, 27]. 
Previous studies have confirmed that circRNAs can affect 
AF occurrence by regulating ion channel function. For 
example, in a mouse model of AF, mmu_circ_0005019 
overexpression increased electrical remodelling by pro-
moting the expression of Kcnd1 (encoding the Ito) and 
Scn5a and Kcnn3 (encoding the INA and SK3); mmu_
circ_0005019 also served as a sponge for miR-499-5p 
by targeting Kcnn3 [28]. In this study, we found that cir-
cRNAs can affect ion channel function in AF patients 
by regulating KCNA6, STC2, and VDR expression 
(Table S11). KCNA6 (encoding the Kv1.6 channel), which 
is expressed at low levels in working cardiomyocytes, is 
significantly expressed in human cardiac fibroblasts and 
is involved in regulating the proliferation of mouse car-
diac c-kit (+) cells [29, 30]. The expression of STC2, a 
secreted glycoprotein hormone originally described in 
fish, in embryonic fibroblasts of mice increased suscepti-
bility to endoplasmic reticulum (ER) and oxidative stress; 
STC2 functions as a negative regulator of Ca2+ influx 
through store-operated Ca2+ channels (SOCs) [31]. Vita-
min D receptors (VDRs) are nuclear receptors and key 
mediators of the actions of 1,25(OH)2D3, including the 
regulation of calcium metabolism and intestinal calcium 
absorption [32]. VDR expression deficiency reduces cal-
cium absorption by more than 70% [33]. Defective cal-
cium absorption leads to calcium homeostasis disorders, 
which are also associated with increased susceptibility to 
AF.

CircRNAs are also associated with osteoclast differenti-
ation, the response to oxidative stress, pathways involved 
in cancer, and primary immunodeficiency. Osteoclast 
differentiation plays a critical role in myocardial fibrosis, 
and osteoclasts are rich in mitochondria, which can gen-
erate reactive oxygen species (ROS) through components 
of the electron transport chain and NADPH oxidase [34, 
35]. Mitochondrial dysfunction and elevated levels of 

ROS are closely related to the occurrence of AF [36]. In 
previous studies, it has been reported that tumours are 
associated with arrhythmias. Patients with malignant 
tumours have an increased risk of AF [37]. The inci-
dence rate of AF is 1–2% in the general population but 
is increased to 5–16% in patients with tumours [38]. Ele-
vated levels of cytokines and chemokines in the tumour 
microenvironment are associated with AF development 
and progression [39]. In addition, immune remodelling 
during AF involves aberrant recruitment, activation, and 
redistribution of immune cells in the atrium and abnor-
mal secretion of immune factors [40]. Activated immune 
cells release several proinflammatory factors, including 
MIF, TNF-α, IL-1β, and IL-6, which induce atrial electri-
cal and structural remodelling in AF patients [41].

Many circRNAs exhibiting cell type- or tissue-specific 
expression patterns have been identified in human body 
fluids [42]. Previous studies have shown that DE circR-
NAs in blood are potential prognostic biomarkers for 
cardiovascular diseases [43]. In this study, we verified 
the expression of several DE circRNAs in the peripheral 
blood of patients with AF. ROC curve analysis suggested 
that the eight DE circRNAs analysed were potential pre-
dictive biomarkers of AF. CircRNA_18422 interacts with 
hsa-miR-302b-3p and hsa-miR-302c-3p, which are mem-
bers of the miR-302-3p family whose expression is down-
regulated in the right atrial appendages of AF patients 
and regulate atrial fibrosis by targeting SDC-1 [44]. Cir-
cRNA_10233 interacts with miR-223-3p, whose expres-
sion is upregulated in AF patient tissues and regulates 
autophagy by targeting FoxO3 [45]. ENOX1 and other 
genes are also downstream targets of these selected cir-
cRNAs. ENOX1 is a highly conserved NADH oxidase 
that catalyses the oxidation of NADH to NAD+, dysregu-
lation of ENOX1 is associated with aberrant atrial struc-
tural and electrical remodelling, leading to the onset and 
persistence of AF [46, 47]. Therefore, the construction of 
a ceRNA network for AF-related circRNAs will help to 

Table 2  (continued)

Term_ID Term_description Genes 
number

p-value FDR

path:hsa04217 Necroptosis 1 0.10692609 0.148508459

path:hsa04062 Chemokine signaling pathway 1 0.122578288 0.1555122

path:hsa05169 Epstein-Barr virus infection 1 0.129395348 0.1555122

path:hsa05203 Viral carcinogenesis 1 0.130630248 0.1555122

path:hsa05166 Human T-cell leukemia virus 1 infection 1 0.162848038 0.185054589

path:hsa04060 Cytokine-cytokine receptor interaction 1 0.185939644 0.202108309

path:hsa04151 PI3K-Akt signaling pathway 1 0.221033041 0.230242751

path:hsa05200 Pathways in cancer 1 0.312492782 0.312492782

FDR, false discovery rate. DEGs, differentially expressed genes
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explore new mechanisms of AF pathogenesis and may 
reveal new diagnostic biomarkers or therapeutic targets.

This study has a few limitations. First, the sam-
ple size for sequencing was small, which reduced the 
integrity of the transcriptome data and the accuracy 
of target screening. Second, the functions of circR-
NAs in the development and prognosis of AF in  vivo 
and in vitro have not been explored. Therefore, further 

investigations in animal and cell models are necessary 
to determine the roles of various ceRNA networks. 
Finally, this study investigated only circRNA functions 
via a ceRNA network and did not evaluate circRNAs on 
the basis of other functions, such as interactions with 
RNA-binding proteins. Therefore, further research 
should be conducted with respect to these limitations 
in the future.

Fig. 6  Validation analysis of the eight DE circRNAs. A qRT-PCR analysis of the relative expression levels of the eight selected DE circRNAs 
in the left atrial appendage tissues of AF and SR patient groups. B Fold changes (AF vs. SR) in the expression levels of the eight circRNAs based 
on the transcriptome data. C Expression levels of the eight DE circRNAs in the peripheral blood of patients with SR and AF. D–G Receiver operating 
characteristic (ROC) curve analysis results show the diagnostic values of the 8 DE circRNAs for AF. AUC = area under the curve. *p < 0.05, **p < 0.01, 
and ***p < 0.001 compared with the SR group. AF, atrial fibrillation; SR, sinus rhythm
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Conclusions
In this study, we systematically identified DE circRNAs 
in AF patients and characterised an AF-related ceRNA 
regulatory network. The mechanisms of action of the 
AF-related ceRNAs were elucidated through functional 

enrichment analysis. In this study, we also identified eight 
circRNAs as potential predictive biomarkers of AF. Our 
findings provide new research directions for understand-
ing the pathogenetic mechanism of AF at the ceRNA 
level.

Table 3  Selected DE circRNA-mRNAs in LAA tissues

DE, differentially expressed; LAA, left atrial appendage; FC, fold change; r, correlation coefficient

CircRNA FC log2FC p value q value Regulation mRNAs r Regulation

circRNA_00324 8.593 3.103 2.14E-36 7.14E-35 Up ANKRD33B/ABHD18/ENOX1/CR1/ATRNL1 0.855–0.963 Up

circRNA_17225 6.272 2.649 2.29E-57 1.97E-55 Up ANKRD33B/JAK3 0.831–0.884 Up

circRNA_16305 7.033 2.814 2.45E-76 3.27E-74 Up ANKRD33B/ABHD18/ENOX1/CR1/ATRNL1/ECT2L 0.830–0.967 Up

circRNA_10233 0.001 -9.550 1.93E-61 1.93E-59 Down KCNA6/STC2 0.940–0.960 Down

circRNA_05499 3.644 1.866 1.02E-59 9.36E-58 Up ANKRD33B/LBH 0.918–0.927 Up

circRNA_03183 2.266 1.180 1.28E-52 9.34E-51 Up ENOX1/JAK3/ECT2L 0.805–0.926 Up

circRNA_14211 2.090 1.063 1.71E-29 3.14E-28 Up ABHD18/ENOX1/CR1/ECT2L 0.847–0.981 Up

circRNA_18422 2.426 1.279 8.74E-08 1.85E-07 Up ANKRD33B/TNFRSF11B/OSCAR/VDR 0.801–0.822 Up

Table 4  The baseline demographic characteristics of the patients

SR, sinus rhythm; AF, atrial fibrillation; BMI, body mass index; HR, heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; TC, total cholesterol; TG, total 
glyceride; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; LAD, left atrial diameter; LVEF, left ventricular ejection fractions; 
ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin II receptor blocker; ARNI, Angiotensin Receptor & Neprilysin Inhibitor, Sacubitril Valsartan; CCB, 
calcium channel blocker. The data are presented as means ± SEMs or number (%)

Characteristics SR patients (n = 21) AF patients (n = 21) p-value

Age (years) 58.81 ± 2.45 57.24 ± 2.12 0.630

Male, n (%) 12 (57.14) 12 (57.14) 1.000

BMI (kg/m2) 25.94 ± 0.67 26.73 ± 0.96 0.504

Hypertension, n (%) 9 (42.86) 6 (28.57) 0.334

Diabetes mellitus, n (%) 3 (14.29) 1 (4.76) 0.599

Smoking, n (%) 8 (38.10) 5 (23.81) 0.317

Drinking, n (%) 6 (28.57) 3 (14.29) 0.452

HR (bpm) 73.57 ± 2.62 101.30 ± 5.14 < 0.0001

SBP (mmHg) 137.50 ± 4.19 128.50 ± 3.82 0.120

DBP (mmHg) 84.14 ± 2.55 84.00 ± 2.52 0.968

Leukocyte (10^9/L) 6.51 ± 0.39 6.09 ± 0.32 0.409

Hemoglobin (g/L) 136.80 ± 3.45 139.00 ± 3.63 0.664

Platelet (10^9/L) 231.3 ± 14.87 211.6 ± 12.70 0.319

TC (mmol/L) 4.52 ± 0.19 4.04 ± 0.22 0.108

TG (mmol/L) 1.39 ± 0.12 1.57 ± 0.28 0.572

HDL-C (mmol/L) 1.32 ± 0.06 1.20 ± 0.04 0.077

LDL-C (mmol/L) 2.82 ± 0.14 2.74 ± 0.15 0.690

LAD (mm) 34.71 ± 0.95 44.33 ± 1.41 < 0.0001

LVEF (%) 61.05 ± 0.57 57.95 ± 1.43 0.052

Medication

ACEI/ARB/ARNI, n (%) 1 (4.76) 2 (9.52) > 0.99

B-Blockers, n (%) 3 (14.29) 6 (28.57) 0.452

CCB, n (%) 3 (14.29) 3 (14.29) 1.000

Lipid-lowering drugs, n (%) 6 (28.57) 6 (28.57) 1.000

Antiarrhythmic drug, n (%) 0 (0) 2 (9.52) 0.488
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