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Objective: Atrial fibrillation (AF) is a common tachyarrhythmia whose pathogenesis remains elusive. In the present study, we aimed
to investigate the pathological mechanism of mitophagy and immunoinfiltration in AF.

Methods: First, we identified differentially expressed mitophagy-related genes (DEMRGs) based on the GSE79768 and GSE115574
datasets, subjecting them to functional enrichment analysis. STRING, TRRUST, miRNet, miRwalk, and Cytoscape were used to
explore the potential regulatory roles of downstream signaling pathways. Subsequently, the random forest method was used to
construct the AF risk model, and the DEMRGs most correlated with AF risk were determined by combining the Gini index. ssGSEA
algorithm, NMF algorithm, and unsupervised clustering were used to subdivide AF molecular types. We then studied the character-
istics of mitophagy- and immune infiltration-related genes in AF. Ultimately, we detected the expression of key genes in canine atrial
tissues and HL-1 cells by immunofluorescence and Western blot.

Results: Mitophagy and immune infiltration were significantly enriched and activated in AF samples. Thirty-seven DEMRGs were
screened, of which MAPK1, VDACI1, MAPK14, and MTERF3 were most associated with AF risk. The risk model based on these
could identify patients at a high risk of AF. The infiltration of immunocells such as mast cells and neutrophils was significantly
different among AF types. Finally, expression verification indicated that the expression trend of four key genes in canine atrial muscle
tissue and HL-1 cells was consistent.

Conclusion: We found that mitophagy may participate in AF progression through immune activation. In addition, the AF risk
prediction model composed of VDACI1, MAPK1, MAPK14, and MTERF3 has a good AF prediction performance, which provides
new ideas for the study of AF pathogenesis and potential therapeutic targets.
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Introduction

Atrial fibrillation (AF) is a tachyarrhythmia whose incidence and prevalence are steadily increasing with better chronic disease
management in the aging global population. As of 2020, 37.5 million patients worldwide were affected by AF, accounting for
0.51% of the global population.' As a common arrhythmia, AF greatly increases the incidence of life-threatening complica-
tions such as stroke events, embolism and heart failure,” * therefore, is significantly associated with high mortality.” Several
factors are involved in AF development, including inflammation, calcium overload, and oxidative stress.®” At present, AF
treatment mainly includes heart rate control, catheter ablation, and thromboprophylaxis, among others. Although catheter
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ablation improves cardiac function significantly better than medical therapy alone,® some patients experience AF recurrence
even after treatment. Consequently, establishing a risk prediction model and identifying potential biomarkers and therapeutic
targets for AF is of great significance for improving the accuracy of early diagnosis, early intervention and improving the
prognosis of patients. Autophagy is an significant pathway for the initiation and development of AF.® Considering the central
role of mitochondria in cellular energy metabolism,'® we speculate that mitophagy should be implicated in AF. Mitophagy is
a selective form of autophagy that specifically targets redundant and dysfunctional mitochondria to avoid their accumulation,
suppress excessive reactive oxygen species (ROS) production, and optimize oxygen consumption.'' Regulation of energy
metabolism and ion homeostasis by mitophagy plays a significant role in the pathogenesis and treatments of cardiovascular
disorders including atherosclerosis as well as heart failure.'? He et al showed that peptide apelin-13 promotes vascular smooth
muscle cell proliferation and atherosclerotic lesions by activating PINK 1/parkin-dependent mitochondrial autophagy.'® In
addition, OPA1-induced mitophagy activation protects against cardiomyocyte damage following myocardial infarction by
reducing cardiomyocyte inflammation, oxidative stress, and mitochondrial dysfunction.'* However, the relationship between
mitophagy and AF remains elusive.

Increasingly evidence shows that immune cell infiltration is involved in AF pathophysiology.'*'® Hohmann et al
observed immune infiltration in the left atrial appendage tissue of patients with persistent AF.'” Furthermore, immune
homeostasis dysregulation has been implicated in the development of atrial conduction abnormalities and arrhythmogenic
substrates in AF,'® with multiple bioinformatics analyses having confirmed the relevance between immunoinfiltration and
AE.Y However, the characteristics of immune cell infiltration in AF remain unclear. Therefore, understanding the
function of and interplay between mitophagy-related genes and immune cells in AF would be immensely significant
for identifying potential biomarkers for AF therapy.

Although several bioinformatics studies have been conducted on AF to identify key mediators and therapeutic targets,
most remained at the speculative level without verification,'® with single-dimensional verification,*® or included only one
dataset.”' In addition, none of these studies addressed the correlation between mitophagy and AF.

In the present study, multiple gene expression data sets from GEO were used for systematic analysis. A series of
bioinformatics methods were applied to analyze changes in mitophagy-related gene expression in AF. Subsequently,
a differentially expressed mitophagy-related gene (DEMRG)-based AF risk model was constructed, and AF samples
were divided into two molecular subtypes according to the expression of DEMRGs by further analyzing the
differences in mitophagy and immune infiltration. Finally, immunofluorescence (IF) and Western blot (WB) were
used to validate the differential expression of the four DEMRGs (VDACI1, MAPK1, MAPK14, and MTERF3) most
associated with AF risk in canine atrial tissue and HL-1 atrial myocytes. Our findings provide insight into altered
expression of mitophagy-related genes and potential immune infiltration processes involved in AF pathogenesis and
suggest new therapeutic targets.

Materials and Methods
Data Acquisition

The R package GEOquery®* was used to download gene expression data from the GEO database® for cardiac tissue of
patients with AF. The specific datasets obtained were GSE79768** and GSE115574* (Supplementary Table S1). Data
from the GSE79768 dataset based on the GPL570 [HG-U133 Plus 2] Affymetrix Human Genome U133 Plus 2.0 Array
platform were extracted and divided into 12 sinus rhythm (SR) and 14 AF groups. Data from the GSE115574 dataset
based on the GPL570 [HG-U133 Plus 2] Affymetrix Human Genome U133 Plus 2.0 Array platform were extracted to
obtain 31 SR and 28 AF samples. The dataset was subjected to debatching, normalization, and probe annotation, among

other processing steps. The expression matrix for analysis was obtained by extracting gene expression levels using the
limma®® package, including 43 SR samples and 42 AF samples.

To evaluate the role of mitophagy in AF, 146 genes related to mitophagy were identified based on the Relevance score
> 1.5 and Zhuo®” in Genecards. Then, we screened for differentially expressed genes (DEGs) with significant expression
differences between SR and AF samples, with the threshold for differential expression set at logFC > 0.585 and P < 0.05
for up-regulated genes as well as at logFC < —0.585 and P < 0.05 for down-regulated genes; meanwhile, the data was
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presented in a volcano map. Furthermore, based on the Wilcoxon rank sum test, 37 mitophagy-associated DEGs were
identified between the two groups. The pheatmap'' package was then used to plot a heat map showing expression
differences between the SR and AF groups.

Gene Ontology (GO) Functional Enrichment and Kyoto Encyclopedia of Genes and
Genomes (KEGG) Pathway Enrichment

GO is a commonly used method for performing large-scale functional enrichment studies and provides an ontology for
describing the properties of gene products in three non-overlapping domains: biological process (BP), molecular function
(MF), and cellular component (CC).*® KEGG is a widely used database that stores information on genomes, biological
pathways, diseases, drugs and so on.'**’ We used the clusterProfiler package for GO functional enrichment and KEGG
pathway enrichment analysis of mitophagy-associated DEGs,*” and P < 0.05 was considered statistically significant.

Gene Set Variation Analysis (GSVA) and Gene Set Enrichment Analysis (GSEA)
We performed GSVA enrichment analysis on DEMRGs using GSVA packages®' and set the threshold to | logFC | > 0.1
and P < 0.05 by downloading the gene set “c2.cp.kegg.v7.5.1.symbols.gmt” to identify pathways significantly enriched
for the DEMRGs between the HC and AF groups. GSVA is a nonparametric, unsupervised assay for evaluating the
enrichment results of gene sets. It is predominantly used to evaluate whether different metabolic pathways are enriched
between samples by converting the gene expression matrix into the expression matrix of gene sets.

Subsequently, we performed GSEA using the “clusterprofiler” R package pair. The distribution of genes from
a predefined gene set was assessed using GSEA in order to determine their contribution to a phenotype.>* We obtained
the MSigDB C2 curated KEGG gene set (c2.cp.v7.5.1.symbols.gmt)> and set significance at P-value < 0.05.

Building Protein-Protein Interaction (PPl) Networks

STRING™ is a database that searches for known proteins and predicts interactions between them. We used STRING to
construct PPI networks for DEMRGs. We imported the gene list into the STRING database (Version 11.5) and set the
reliability to 0.4. Then, we imported the PPI tabular data into Cytoscape (version 3.9.1) to build a PPI network. Finally,
hub genes in the PPI network were analyzed using the CytoHubba plugin,®> and the top 10 genes were selected as the

core genes according to MCC score.

Hub-miRNAs and TF-Hub Network Construction

miRNAs are a type of noncoding single-stranded RNA molecules produced endogenously (approximately 19-25 nt
long), and play important regulatory roles in the cell. miRNAs participate in the post-transcriptional regulation of genes,
and have been concerned with tumorigenesis, development, organ formation, epigenetic regulation, and viral defense. As
a part of complex regulatory networks, each miRNA regulates several target genes, and the same target gene is regulated
by various miRNAs. To analyze the relationship between key genes and miRNAs, we obtained miRNAs associated with
key genes from the miRNet miRwalk database’® (http:/mirwalk.umm.uni-heidelberg.de/) and constructed an mRNA-

miRNA regulatory network. We visualized the mRNA-miRNA regulatory network using Cytoscape software.
Transcription factors (TFs) control gene expression through their interaction with target genes. Transcriptional
Regulatory Relationships Unraveled by Sentence-based Text Mining (TRRUST) is a human-annotated transcriptional
regulatory network database.>’” The TRRUST database contains 8444 pairs of transcription factors and transcription
factor-target regulatory relationships for 800 individuals. To analyze the regulatory effect of TFs on expression of key
genes, we searched for TFs bound to the hub gene from TRRUST (version 2) (https://www.grnpedia.org/trrust/) database.

The relationship between transcription factors and DEGs was retrieved, and the interaction network between key genes

and TFs was constructed. We visualized key gene-TF interaction networks using Cytoscape software.
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Risk Model Construction

We used random forests (RF) and support vector machines (SVMs) to build risk models of AF based on the expression of
DEMRGs. The receiver operating characteristic (ROC) curve is a coordinate schema analysis tool that can be used to
select the best model, discard the next best model, or set the best threshold within the same model. The ROC curve is
a comprehensive index reflecting the continuous variable of sensitivity and specificity, and the correlation between
sensitivity and specificity is reflected by the composition method. The area value under the ROC curve is generally
between 0.5 and 1; the closer the area under curve (AUC) is to 1, the better the diagnosis.38 The residual values of the
models constructed by the two methods were compared, ROC curve was plotted, and the AUC was calculated to assess
model performance. Finally, we selected RF, with a small residual value and a large AUC, for constructing the risk
model. An RF tree was generated to determine the optimal number of DEMRGs needed for the model. To screen out
DEMRGs with significant effects on AF and assess the significance of each DEG in AF risk, Gini index was used to
calculate the influence of variables on the heterogeneity of observed values at each node of the classification tree, and the
significance of each DEMRG was compared. A smaller Gini index indicates greater importance of the gene. After
screening DEMRGs significantly correlated with AF risk, their effect on AF risk was visualized by drawing a nomogram,
and a risk model of AF based on mitophagy-related genes was constructed.

Immunoinfiltration Analysis in SR and AF

First, we used the single-sample Gene Set Enrichment Analysis (ssGSEA) algorithm to quantify the infiltration of
different immunocell types. The immune cell dataset was taken from Charoentong et al.>* Based on the results of
ssGSEA, Spearman correlation coefficient between immune cell infiltration and DEMRGs was calculated, and correla-
tion heat map was drawn. FRIENDS analysis determines the importance of a gene, which is defined as how much a gene
interacts with other genes in a pathway. Therefore, we visualized the importance of mitophagy-related genes through
FRIENDS analysis based on GOSemSim packages.”®*° Then, based on the non-negative matrix factorization algorithm
in unsupervised clustering (NMF), we divided AF samples into different types according to the results of immunocell
infiltration in the AF samples, and drew a boxplot to observe immune cell distribution differences between the samples.
At the same time, the Wilcoxon rank sum test was used to verify differences in immunocell infiltration among different
immunophenotypes, and the volcano map was drawn to visualize these differences.

AF-Related Molecular Subtype Construction

The unsupervised clustering method was used to divide samples of the AF group into different molecular subtypes
according to the expression of DEMRGs using the ConsensusClusterPlus package.*' The ggplot2 package®* was used to
perform principal component analysis (PCA) among different types to visualize subtypes. In addition, a heat map was
drawn to visualize the expression of AF-related DEMRGs across different types.

Immunological Characteristics of AF Subtypes Based on DEMRGs

At the first, the ssGSEA algorithm was used to calculate and quantify the infiltration of immunocells among different
types. The immune cell dataset was taken from Charoentong et al.>’ Based on the results of ssGSEA, Spearman
correlation coefficient was calculated between immune cell infiltration and DEMRGs, and a correlation heat map was
drawn. We visualized immune cell infiltration between DEMRG expression groups using box plots.

In vivo AF Model

A total of 12 male beagles (16-20 kg) were purchased from the Laboratory Animal Center of Xinjiang Medical
University and randomly assigned to two groups: SR group (n = 6) and AF group (n = 6). All animals were fasted for
8 h before surgery. Those in the AF group were anesthetized with pentobarbital intravenously, and an atrial pacing
electrode was implanted into the atrium, with high-frequency pacing (600 beats/min for 8 weeks) in pacemaker AOO
mode to induce AF. Beagles in the SR group were subjected to the same invasive procedure but did not have a pacemaker
implanted. The hallmark of successful pacing is that on the ECG, the normal P-waves disappear and are replaced by
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a series of irregular high-frequency oscillations called F-waves, and the distance between R waves varies irregularly.
When AF is maintained for 15 min after pacing is stopped, it indicates that the model has been successfully established.
This protocol was approved by the Ethics Committee of the First Affiliated Hospital of Xinjiang Medical University
(NO. TACUC201902-k05). Animal care and feeding schedule strictly followed the animal experiment guidelines issued
by the First Affiliated Hospital of Xinjiang Medical University.

Cell Culture and Construction of an in vitro Model of AF

The mouse atrial muscle-derived cell line, HL-1, was purchased from Zhejiang Meison Cell Technology Co., Ltd. HL-1
cells were cultured in Dulbecco’s modified eagle’s medium (Hyclone) containing 10% fetal bovine serum (Lonsera,
AS511-001) and 1% penicillin-streptomycin solution (Biosharp, BL505A, China) in an incubator set at 37 °C and supplied
with 5% CO,. When HL-1 cells reached a density of 5x10° cells/mL, they were seeded in six-well plates and randomly
divided into two groups (control and pacing). The cells of the control group were cultured without any stimulus for 24 h,
while the pacing group underwent 24 h of high-frequency electrical stimulation at 1.5 V and 10 Hz/5 ms.

IF

HL-1 cell samples were subcultured on coverslips in 6-well tissue culture plates, rinsed with PBS once, fixed with 4%
paraformaldehyde for 15 min, washed with PBS 3 times (5 min each), treated with 0.1% Triton-X at room temperature
for 10 min, and washed with PBS 3 times (5 min each). Samples were blocked with 5% fetal bovine serum at 37 °C for 1
h, then incubated with anti-MAPKI1 primary antibody (11257-1-AP, 1:1000, rabbit polyclonal, Proteintech, China), anti-
MAPK14 primary antibody (14064-1-AP, 1:1000, rabbit polyclonal, Proteintech, China), anti-VDAC! primary antibody
(55259-1-AP, 1:1000, rabbit polyclonal, Proteintech, China), or anti-MTERF3 primary antibody (23296-1-AP, 1:1000,
rabbit polyclonal, Proteintech, China) overnight. The cells were washed three times with PBS for 5 min each the next day
and then incubated with a Goat anti-rabbit Cy3 secondary antibody (Proteintech, SA00009-2, China) in the dark for 1
h (37 °C), followed by 3 washes of 5 min each with PBS. Subsequently, samples were incubated with Hoechst
(Biyuntian, C1017, China) at room temperature in the dark for 15 min, followed by washing with PBS 3 times, 5 min
each. Finally, the cells were observed and photographed under a fluorescence microscope (OLYMPUS, 1X7).

WB

Canine atrial muscle tissue and HL-1 cells were lysed using a 1:1 mixture of phosphatase inhibitors (Biyuntian, S1873), PMSF
(Aladdin, P105539), and RIPA buffer (Biyuntian, PO013B, China). After centrifugation at 12,000 rpm and 4 °C for 5 min, the
supernatant was collected, and the protein concentration was determined using a BCA kit (Biyuntian, P0010, China). The
remaining protein supernatant was mixed with 5X protein loading buffer (volume ratio of 4:1), boiled and denatured for 10 min,
and separated by SDS-PAGE electrophoresis using 12% resolving gel. Thereafter, the protein was transferred to a 0.45 pm PVDF
membrane. TBST containing 5% skimmed milk powder was used to block the membrane at room temperature for 2 h, followed
by incubation with anti-MAPK1 primary antibody (11257-1-AP, 1:1000, rabbit polyclonal, Proteintech, China), anti-MAPK 14
primary antibody (14064-1-AP, 1:1000, rabbit polyclonal, Proteintech, China), anti-VDACI1 primary antibody (55259-1-AP,
1:1000, rabbit polyclonal, Proteintech, China), or anti-MTERF3 primary antibody (23296-1-AP, 1:1000, rabbit polyclonal,
Proteintech, China) overnight at 4 °C; anti-B-actin antibody (66009-1-IG, 1:5000, rabbit polyclonal, Proteintech, China) was used
as the loading control. The next day, the PVDF membrane was incubated with the secondary antibody at room temperature for 2
h, whereafter it was fully washed with TBST for 3 times 5 min each. After incubation with ECL substrate (Beijing Pulai Gene
Technology Co., Ltd., P1050, China), protein bands were visualized using an all-in-one chemiluminescence instrument
(ChemiScope 5300 Pr, China). Eventually, the relative protein expression was analyzed using ImageJ software.

Statistical Analysis

R software was used for all statistical analysis (https://www.r-project.org/,4.0.2 version). For the comparison of two sets

of continuous variables, the independent Student’s ¢-test was used for normally distributed variables and the Mann—
Whitney U-test was used for non-normally distributed variables (ie, Wilcoxon rank sum test). Two-sided P values of <
0.05 indicated statistically significant results.
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Results

DEMRGs Between SR and AF Groups

In this study, the biological characteristics of AF were mainly explored by performing bioinformatics analysis, and
Figure 1 displays a flowchart of the complete analysis. The subjects were divided into the AF and SR groups, the data
were standardized, and data distribution was plotted before and after standardization (Figure 2A and B). Fifty-one DEGS
in total, comprising 19 upregulated (positive logFC) and 32 downregulated (negative logFC), were obtained. We
visualized DEGs using heat maps and volcano maps (Figure 2C and D). Based on the results of the Wilcoxon rank
sum test, 37 DEMRGs were identified between the AF and SR groups. Heat maps (Figure 3A) were plotted to visualize
expression differences between the two groups. The association was determined between groups and DEMRGs
(Figure 3B). Additionally, boxplots (Figure 3C) were drawn to show the difference between the two groups more
intuitively. Our results show that the screened DEMRGs could distinguish well between the AF and SR groups.

Analysis of Immunoinfiltration in SR and AF
To explore the differences in immunocell infiltration between the SR and AF groups, we quantified the degree of
immunocell infiltration using the ssGSEA algorithm and found that activated dendritic cells, immature B cells, myelo-
poietic suppressor cells (MDSCs), and regulatory T cells exhibited significant differential infiltration between the SR and
AF groups (Figure 4A). FRIENDS analysis indicated the importance of DEMRGs (Figure 4B). Subsequently, the
correlation between the AF group and immunocell infiltration was explored by plotting a correlation heat map
(Figure 4C). Figure 4D—F shows differential infiltration based on different amounts of immune cells in some MRGs in AF.
Next, the AF component was divided into two immunophenotypes (Figure 5A—C), immunophenotype A and
immunophenotype B, using the NMF algorithm. To explore the differential expression of genes between the two
immunophenotypes, we set P < 0.05 and | logFC | > 0.585 using the limma package and screened 48 DEGs, of
which 17 were downregulated and 31 were upregulated (Figure 5D). We also plotted heat maps to show correlations
between genes and immune cells based on differences between immunophenotypes (Figure SE).

Microarray profile from the GEO peotional .annotatlon and. GO || KEGG| GSEA | GSVA
pathway enrichment analysis

& . g A
GSE79768 GSE115574 = Protein-protein interaction (PPI) Identification of hub genes
§‘ network and potential
‘g crucial genes analyses Hub-TF Hub-miRNA
@]
B
Data normalization S
(o]
-
3 Construction of AF risk models RF SVM
)
a

Identify signifcant differentially

expressed genes (DEGs
i 2 ( ) Construction of AF molecular subtype

Immune cell infiltration Construction of immunophenotype subtype

Figure | Flowchart summarizing overall bioinformatics analyses performed in this study to explore the biological characteristics of AF.
Abbreviations: GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; GSEA, Gene Set Enrichment Analysis; GSVA, Gene Set Variation Analysis; RF,
Random Forests; SVM, Support Vector Machines; AF, Atrial Fibrillation.
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Figure 2 Analysis of DEGs in the studied dataset. (A) Distribution of expression profiles between samples before the adjustment of the two datasets. (B) Distribution of
expression profiles between samples after the two datasets were combined and corrected. (C) Volcano map based on differential gene analysis, the abscissa shows log 2-fold
change, the ordinate shows -log|0 (Padj), the red node represents up-regulated DEGs, the blue node represents down-regulated DEGs, and the black node represents genes
with no significant expression difference. Heat map of differentially expressed genes. (D) Heat map showing differential gene expression between the atrial fibrillation (AF)
and sinus rhythm (SR) groups.

GO Functional and KEGG Pathway Enrichment Analyses

After screening for mitophagy-related DEGs, we performed GO and KEGG analyses to explore functional differences
between the AF and SR groups (Figure 6 and Supplementary Tables S2 and S3). GO analysis indicated an enrichment in
autophagy, process utilizing autophagic mechanism, autophagy of mitochondrion, and mitochondrion disassembly,
among BP terms (Figure 6A, B and E). Enriched CC terms included mitochondrial outer membrane, organelle outer
membrane, outer membrane, and mitochondrial membrane part, among others (Figure 6A, B and F). Enriched MF terms
included ubiquitin-protein ligase binding, ubiquitin-like protein ligase binding, wide pore channel activity, and ATP
molecular functions such as transmembrane transporter activity (Figure 6A, B and G).
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Figure 3 Differential expression of mitophagy-related genes between AF and SR groups. (A) Heat map analysis of mitophagy-related differential gene expression in the AF
(atrial fibrillation) and SR (sinus rhythm) groups. (B) Correlation analysis between differentially expressed mitophagy-related genes, the upper left corner of each small
square indicates the P-value, with a darker color indicating smaller P-value; the lower right corner of the small square indicates the correlation coefficient. (C) Box plot
showing differential expression of mitophagy-related genes between the AF and SR groups. (*P < 0.05, **P < 0.01, **P < 0.001).

Next, KEGG analysis of DEMRGs in AF revealed enriched terms, which included Mitophagy-animal,
Necroptosis, Autophagy-animal, NOD-like receptor signaling pathway, and NOD-Autophagy- other biological path-

ways (Figure 6C and D). We also showed some of the most significant enrichment pathways (Figure 6C and D).

GSEA and GSVA Enrichment Analysis

GSVA analysis results (Figure 7A) illustrated that the DEGs in the SR group were generally downregulated and involved

in steroid biosynthesis, basal cell carcinoma, and Hedgehog signaling pathway, among others. Meanwhile, the RIG-I-like

receptor signaling pathway, Leishmania infection, Toll-like receptor signaling pathway, Lysosome, and other pathway

enrichment genes was upregulated.
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Figure 4 Immunoinfiltration analysis in SR and AF. (A) Differences in immunocell infiltration between AF (atrial fibrillation; blue) and SR (sinus rhythm; red) groups. (B)
DEMRG FRIENDS analysis boxplot. Each box represents a DEMRG, the middle vertical line represents the median value of its expression, the ends of the line represent the
maximum and minimum values, and the black dots represent outliers. (C) Correlation heat map of immunocells in the AF group. Red and blue represent a positive and
negative correlation between immune cells, respectively. (D) The association between different expression groupings of ATG4C and immunoinfiltration. Blue and red
represents the low and high expression groups of ATG4C, respectively. (E and F) Genes (BECNI, TOMM22) and immune infiltration in the high expression group. Blue and
red represents the low and high expression groups, respectively. (*P < 0.05, **P < 0.01, **P < 0.001).

Furthermore, for the sake of determining the effect of gene expression levels on AF, we analyzed the link between

gene expression, the biological processes, and the pathways involved by performing GSEA (Supplementary Table S4).

NABA core matrisome, neutrophil degranulation, mitotic cell cycle, PI3K-Akt signaling pathway, chemokine signaling
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Figure 5 Immunophenotyping analysis. (A—C) AF immunophenotyping based on immune cell infiltration. (D) Volcano plot based on differential gene expression analysis
between immunotypes, the abscissa shows log 2-fold change, the ordinate shows -logl0 (Padj), the red and blue nodes represent up-regulated and down-regulated DEGs,
respectively, and the black node represents genes without significant differential expression. (E) Correlation heat map of immune cells with genes based on differences
between immunophenotypes. Red and blue indicate that the gene is positively and negatively correlated with the corresponding infiltrating immune cell type, respectively.

pathway, TCR signaling, biologically relevant functions and signaling pathways such as those involved in asthma, GPVI-
mediated activation cascade, and CXCR4 pathway were altered (Figure 7B-J).

PPI, Hub-miRNAs, and TF Network Construction

The PPI network of AF-associated DEMRGs was constructed using the STRING website, and Cytoscape software was used for
visualization (Figure 8A). Then, the cytoHubba plugin was used to analyze the top 10 genes in the MCC score selection as core
genes, including MFN1, TOMM40, VDAC1, MFN2, and OPTN (Figure 8B). In this study, an mRNA-TF network of
mitophagy-related hub genes using the TRRUST database, containing five mRNAs (MAP1LC3B, BNIP3, MFN2, BECNI,
and OPTN) and nine TFs (Figure 8C). We then constructed an mRNA-miRNA network of the mitophagy hub gene was
constructed using nine mRNAs (DNMI1L, TOMM40, VDAC1, TOMM22, MFN2, MFN1, MAPILC3B, BECNI1, and OPTN)
and 111 miRNAs (Figure 8D).

Construction of AF Risk Model

Both RF and SVM machine learning algorithms were used to construct an AF model. Figure 9A shows that the risk model
constructed using the RF method had smaller residuals, indicating that its consistency was better than that of SVM. At the
same time, the ROC curve and AUC showed higher accuracy of the risk model based on the RF method (Figure 9B).
Next, we plotted RF trees to determine the number of optimal DEMRGs needed to build a risk model (Figure 9C).
Simultaneously, the GINI index was used to calculate the importance of each DEMRG for AF risk (Figure 9D). After
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Figure 6 GO and KEGG enrichment analysis. (A) AF-related DEMRG GO enrichment analysis circle map visualization; the outer circle contains GO terms, red dots
indicate up-regulated genes, blue dots indicate down-regulated genes, quadrilateral colors indicate the z-score of GO terms, blue indicates a negative z-score (these were
more likely to be inhibited in the corresponding GO terms), red indicates a positive z-score, and their corresponding GO terms were more likely to be activated. (B) GO
enrichment analysis network diagram of AF-related mitophagy genes, blue nodes represent entries, red nodes represent molecules, and wires represent the relationship
between entries and molecules. (C) KEGG analysis of mitophagy-related genes in AF. In the quadrilaterals corresponding to differentially expressed genes on the left, blue
indicates downregulation, and red indicates upregulation. (D) KEGG pathway enrichment diagram, the abscissa shows the gene proportion, the ordinate shows the pathway

name, the node size represents the number of genes enriched in the pathway, and the node color represents P-value. (E-G) BP, CC, MF enrichment chord diagram, node
color indicates gene expression level, red shows up-regulated genes, blue shows down-regulated genes.
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Figure 7 GSVA and GSEA results. (A) Heat maps of the main biological functions and pathways obtained via GSVA are displayed. (B—J) GSEA showed that genes upregulated in AF were
mainly concentrated in NABA_CORE_MATRISOME (B), REACTOME_NEUTROPHIL_DEGRANULATION (C), REACTOME_CELL_CYCLE_MITOTIC (D), WP_PI3KAKT
_SIGNALING_PATHWAY (E), WP_CHEMOKINE_SIGNALING_PATHWAY (F), REACTOME_TCR_SIGNALING (G), KEGG_ASTHMA (H), REACTOME_GPVI_MEDIATED
_ACTIVATION_CASCADE (l), PID_CXCR4_PATHWAY (J). Error discovery rate (FDR) < 0.25 and p < 0.05 indicated significant enrichment.
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Figure 8 Protein-protein interaction network, hub-miRNA network, and hub-TF network based on mitophagy-related genes. (A) The protein-protein interaction of
DEMRGs was analyzed using STRING database, and the interaction relationship is shown. The larger the circle, the greater the differential expression; Blue and red indicate
down-regulated and up-regulated genes, respectively. (B) The top |5 hub genes were analyzed using the CytoHubba plugin. (C) The network of hub genes and TF
transcription factors, where the hub genes are shown in red, and the yellow node indicates the TF (transcription factor). (D) The network of hub genes and miRNAs, where
the red node represents the hub gene, and the blue nodes represent corresponding miRNAs.

determining the number of optimal DEMRGs and calculating their importance, we constructed a risk model for AF by
plotting a nomogram to visualize the impact of each DEMRG on AF risk and assessing the AF risk for each sample based
on their impact score (Figure 10A). The calibration curve indicated that our model had good consistency (Figure 10B).
Decision curve analysis (DCA) showed that the AF risk model constructed based on the screened DEMRGs had
significantly better predictive power than the model based on all DEGs, providing evidence that our model identified
DEMRGs most associated with AF risk (Figure 10C).

Determination of AF-Related Molecular Isotypes

To further determine the influence of mitophagy-related genes on AF, unsupervised clustering was used to classify all AF
samples into either MRG cluster A or MRG cluster B (Figure 11A—C) based on DEMRG expression. PCA showed that DEMRG
expression levels distinguished well between different AF samples (Figure 11D). A boxplot was drawn to visualize the
differences in the expression of DEMRGs (Figure 11E). A heat map was also drawn to visualize DEMRG expression between
different types (Figure 11F). The heat map showed that genes, such as MAPILC3B, DNMIL, VDAC?2, and BNIP3, were
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upregulated in MRG cluster A, while TSPO, BLOC1S1, and HK2 were upregulated in cluster B. The boxplot revealed
significant differences in DEMRG expression between different MRG clusters.

Immunological Differences Between AF Subtypes

Figure 12A shows the correlation between immunocells and mitophagy-related DEGs in AF. To explore the differences in
immunological characteristics between MRG cluster A and MRG cluster B, we used the ssGSEA to determine the
differences in immunocell infiltration between different molecular subtypes (Figure 12B). Immunocells such as activated
CDS8 T cells, activated B cells, CD56dim natural killer cells, mast cells, neutrophil cells, and follicular helper T cells showed
significant differential infiltration between the molecular subtypes. To explore the correlation between DEMRG expression
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and immunocells, we evaluated differential immune cell infiltration in relation to each DEMRG. Figure 12C—G shows the
relationship between of BIRC2, CFLAR, KLHDC10, MAPK 14, and PANX1 expression with immune cell infiltration.

Validation of DEMRG Expression Using Relevant Models

To verify the expression of four key genes (MAPK1, MAPK14, MTERF3, and VDACI) in different species, we
performed WB and IF in canine atrial muscle tissue and HL-1 cells, respectively (Figure 13). Compared with the control
group, MAPK1, MAPK14, and VDACI were up-regulated in AF canine atrial muscle tissue (Figure 13A-D), while
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Figure 12 Differences in immunological characteristics between AF molecular subtypes. (A) Correlation heat map between immune cells and DEMRGs. Red and blue

indicates that the gene is positively and negatively correlated with the corresponding infiltrating immune cell type, respectively. (B) Differential immune infiltration between
different AF-related subtypes. Blue and red represent MRG cluster A and MRG cluster B, respectively. (C-G) Correlation between genes (OPAI, SLC25A4, SRC, TSPO,

OGT) and immune infiltration. Blue and red represent the low and high expression group, respectively. (*P < 0.05, **P < 0.01, ***P < 0.001).
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MTEREF3 expression could not be validated, as none of the purchased antibodies were canine-specific. Furthermore, IF
(Figure 13F-I) and WB (Figure 13E and J) results indicated that MAPK1, MAPK14, and VDACI of HL-1 cells in
pacing group was significantly up-regulated compared with control group, while MTERF3 expression was decreased
significantly, making the results consistent with those obtained by performing bioinformatics analysis.

Discussion
AF is the most common arrhythmia, with a high prevalence and various complications. Although experts in the field have
continuously optimized the efficacy of AF surgery, some patients still experience postoperative recurrence,*” necessitat-
ing the identification of prognostic AF indicators and novel treatment approaches.

Mitophagy has been the hot topic in the field of cancer and neurodegenerative diseases for nearly a decade, and has
been proposed as a therapeutic target for non-small cell lung cancer, liver cancer,* and Parkinson’s disease.** However,
none of the studies have reported the use of mitophagy-related genes as biomarkers or therapeutic targets for AF. The
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main pathological mechanisms of AF are reentry and ectopically triggered electrical activity. Ca®" handling-related
abnormalities form the underlying molecular basis for focal ectopic activity and atrial electrical remodeling, thereby
playing a central role in AF pathophysiology.*> Mitochondria are the main sites of Ca>" handling and reactive oxygen
species production, with impaired mitochondrial function leading to abnormal Ca* handling and oxidative stress, both of
which are a prerequisite for AF occurrence. In addition, mitochondria can coordinate immunity by regulating the
metabolic and physiological states of different immune cell types.*® Therefore, to clarify the roles of mitophagy and
immune infiltration in AF, we explored the relationship between the expression of mitophagy-related genes and
immunoinfiltration in AF.

Based on the comprehensive analysis of GEO datasets and a mitophagy gene set, we identified 37 DEMRGs in
patients with AF. GO, KEGG, GSEA, and GSVA enrichment analysis of DEMRGs revealed that AF-related DEMRGs
were closely related to autophagy and immune infiltration and were significantly enriched in Mitophagy-animal,
Necroptosis, Autophagy-animal, TCR signaling, CXCR4 pathway, and Toll like receptor signaling pathway. To further
explore the interaction networks of DEMRGs, we constructed PP, mRNA-miRNA, and mRNA-TF interaction
networks of hub genes. To determine the potential of DEMRGs for AF risk assessment, we also constructed an AF
risk model consisting of four DEMRGs (VDAC1, MTERF3, MAPK1, MAPK14) and verified their expression in dog
AF tissue and HL-1 cells. Immune infiltration analysis revealed that immunocells such as activated dendritic cells,
immature B cells, MDSCs, and regulatory T cells were differentially abundant between the SR and AF groups. Thus,
we used the NMF algorithm to divide AF tissue into two immunophenotypes and explored DEMRG expression
between immunophenotypes to identify possible therapeutic targets for AF. Finally, AF was divided into two molecular
subtypes according to DEMRG expression, and differences in immunocell infiltration were found between the two
groups.

Among the four genes included in the AF risk model, studies have shown that VDACI1, MAPK1, and MAPK 14 are
significantly correlated with AF. The voltage-dependent anion channel (VDAC) protein is the most abundant protein in the
outer mitochondrial membrane, of which VDACI is the most common subtype, and is mainly responsible for the
bidirectional transport of ions and metabolites in mitochondria.*” VDACI is involved in calcium transport between the
endoplasmic reticulum and mitochondria, with VDACI expression being upregulated in mice susceptible to AF compared
with the control group,*® which is consistent with VDAC1 expression in dogs with AF and HL-1 cell-based results. With the
development of artificial intelligence, this molecular-based disease prediction model may facilitate clinical translation.*’

MAPK1 and MAPK14 are members of the mitogen-activated protein kinase family. MAPK1 is involved in a variety
of cellular events, such as proliferation, growth, differentiation, migration, and apoptosis. It acts by activating
a phosphorylation cascade through the ERK1/2 signaling pathway.’® MAPK1 has been suggested as a potential
biomarker for AF,’! with increased MAPK 1 in atrial blasts potentially contributing to AF.>> MAPK 14 has four subtypes,
namely, o, B, v, and d, of which MAPK 14a is the most widely distributed and can be activated by a variety of stimulating
factors, such as cytokines, hormones, and ligands of G protein-coupled receptors, which play an important role in the
immune response and cellular aging.>® Aschar-Sobbi et al showed increased MAPK 14 phosphorylation in mouse models
of exercise-induced AF, and reported that MAPK14 inhibition prevented atrial remodeling after AF.>* In our study,
MAPKI1 and MAPK14 levels were significantly increased in canine atrial tissue and pacing HL-1 cells, which is
consistent with previous findings.

Mitochondrial transcription termination factor 3 (MTERF3) is an important member of the MTERF family, whose
main function is to inhibit mitochondrial DNA transcription initiation> and act as a regulator of mitochondrial ribosome
biogenesis.*® Studies on MTERF3 have focused on diseases associated with mitochondrial dysfunction, such as cancer
and Parkinson’s,*®>” but its role in AF has not been reported. MTERF3 knockout mice exhibit an increased sarcoplasmic
reticulum Ca** load, enhanced myocardial contractility, and showed progressive bradycardia as well as atrioventricular
block on end-stage ECG.’® This evidence strongly suggests that MTERF3 might be involved in Ca®" regulation in
cardiomyocytes, and Ca®" overload may be a key link in triggering AF. Herein, MTERF3 expression in the atrial
appendage of patients with AF was lower than that in the control group and was confirmed in HL-1 cells. However, the
specific regulatory mechanism of MTERF3 in AF remains to be confirmed in further studies.
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Due to the significant enrichment of DEMRGs in immune-related pathways, we reviewed the scientific literature and
found substantial evidence that immune dysregulation is not only present in AF, but through the entire process of AF
occurrence and development.”® The number of peripheral CD45 cells, atrial CD3 T cells, and dendritic cells is
significantly increased in patients with AF compared to in patients with SR,°*®' although the mechanism of immune
activation of AF remains unknown. To further explore the role of immunoinfiltration in AF, we used the ssGSEA
algorithm to comprehensively analyze the degree of immune cell invasion. We found that activated dendritic cells were
significantly more abundant in patients with AF than in controls, consistent with the above findings. Immature B cells,
MDSCs, and regulatory T cells were also significantly higher than those in the control group, which has not been reported
previously. Furthermore, we divided the AF samples into immunophenotype A and immunophenotype B based on the
results of immunocell infiltration in AF samples. HTR2B was significantly and positively correlated with MDSCs,
regulatory T cells, and type 1 T helper cells, suggesting that this gene could play an important role in the relationship
between AF and immune infiltration.

The elimination of dysfunctional mitochondria is important for immunity regulation, with mitophagy directly
regulating mitochondrial antigen presentation and immunocell homeostasis by restricting inflammatory cytokine
secretion.’>®> Therefore, we classified patients with AF according to the expression of DEMRGs, used unsupervised
clustering to obtain two mitophagy-based clusters (MRG cluster A and MRG cluster B), and then analyzed the
differences in immunocell infiltration between them. Activated CD8 T cells, activated B cells, CD56dim natural killer
cells, mast cells, neutrophils, and T follicular helper cell exhibited significant differential infiltration between the two
types, and the immune cells in AF samples were correlated with DEMRGs, suggesting an interaction between mitophagy
and the immune response in AF. However, these findings require further studies to elucidate the specific molecular
mechanisms underlying such interaction.

Although this study provides new ideas for elucidating the pathogenesis and potential therapeutic targets of AF, it also
had some limitations. First of all, in terms of sample size, the GEO data we included is not enough, power analysis is
needed to evaluate and expand the sample size for verification. Second, our study lacks clinical validation. Finally, the
relationship between mitophagy and immune infiltration and AF remains to be further verified. Post-HOC analysis and
further studies should be designed to overcome these limitations.

Conclusions

We evaluated the roles of mitophagy and immune infiltration in AF. For the first time, an AF risk prediction model was
established based on DEMRGs, and the four mitophagy-related genes (VDACI1, MAPK1, MAPK 14, and MTERF3) most
correlated with AF risk were identified. AF was divided into two subtypes according to DEMRGs, and AF subtypes were
found to be closely related to immune characteristics, suggesting that immune infiltration may be involved mitophagy in
AF. The information presented herein adds significantly to our understanding of AF molecular pathophysiology, and
presents potential molecular targets for AF treatment.
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