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Abstract: Atrial fibrillation (AF) is a common critical cause
of stroke and cardiac dysfunction worldwide with lifetime
risks. Viral infection and inflammatory response with myo-
cardial involvement may lead to an increase in AF-related
mortality. To dissect the potential sequelae of viral infec-
tion in AF patients, especially the coronavirus disease 2019
(COVID-19), based on AF and COVID-19 databases from
Gene Expression Omnibus, weighted gene co-expression
network analysis was used to identify key genes in heart
tissues and peripheral blood mononuclear cells. Here,HSCT,
PSMB9, STAT2, and TNFSF13B were identified as common
risk genes of AF and COVID-19 patients. Correlation analysis
of these genes with AF and COVID-19 showed a positive
disease relevance. silencing of STAT2 by small interfering
RNA significantly rescued SARS-CoV-2 XBB1.5 pseudovirus-
induced cardiac cell contraction dysfunction in vitro. In con-
clusion, we identified STAT2 may be a novel biomarker of
inflammation-related cardiac dysfunction in AF.

Keywords: atrial fibrillation, COVID-19, WGCNA, scRNA-
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1 Introduction

Atrial fibrillation (AF) is one of the major contributors to
the global cardiovascular disease burden with substantial
morbidity and mortality. AF significantly increased the risk

of embolic stroke and cardiac dysfunction [1,2]. Specifi-
cally, in the first 30 days after AF diagnosis, the risk of
myocardial infarction (MI) in patients with AF is especially
high [3–5]. Since its etiology and systemic changes are com-
plex, the underlying mechanisms of the co-occurrence of
AF and MI remain largely unclear. Several classic mechan-
isms have been reported in AF; most of them are cardiac-
related, including the accumulation of underlying shared
risk factors such as increased myocardial oxygen demand
and coronary artery embolism [6,7]. However, viral infec-
tion and inflammatory response with myocardial involve-
ment also play a pivotal role in AF-related mortality [8].
Thus, it is crucial to delve deeper into existing mechanisms
and explore beyond them to comprehensively understand
the initiation and progression of AF.

Studies have suggested that AF may be caused by sev-
eral major signaling pathways. Inhibition of renin–angio-
tensin system can reduce NF-kB-mediated atrial fibrosis
and cardiac dysfunction in AF progression [9,10]. Several
studies have suggested that AF can exacerbate coronavirus
disease 2019 (COVID-19) symptoms as well [11]. Some reports
indicated that COVID-19 infection can also cause AF in some
patients or exacerbate AF symptoms [6,12]. Nonetheless,
molecular targets and pathogenesis mechanisms of AF’s
interaction with COVID-19 remain unknown.

With the development of bioinformatics analyses based
on high-throughput sequencing in the past decade, the iden-
tification of differentially expressed genes (DEGs) has
improved our understanding of AF’s molecular mechanisms
[13,14]. Bioinformatics analysis results are heavily influ-
enced by the algorithm diversity. The weighted gene co-
expression network analysis (WGCNA) identifies gene sets
(gene modules) with similar expression patterns and iden-
tifies disease-related hub genes without DEG analysis [15].
In our current study, we integrated sequencing data of
four AF tissue samples and one COVID-19 peripheral
blood mononuclear cell (PBMC) sample from Gene
Expression Omnibus (GEO) databases, identified func-
tional gene modules, and highlighted the importance
of prevention in AF.
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2 Materials and methods

2.1 Data collection and preprocessing from
the GEO database

Data were downloaded from the GEO database. The
selected dataset details are shown in Table S1. According
to the annotation information in the platform, probes were
converted to gene symbols. We used the remove batch
effect function of the limma package in the R software
[16]. Principal component analysis (PCA) plots were drawn
to depict the samples before and after batch effects. There
are 14 AF tissue samples and 12 control tissue samples in
the GSE79768 dataset, 12 control tissue samples in the
GSE29819 dataset, 5 AF tissue samples in the GSE14975
dataset, and 32 AF tissue samples and 6 control tissue sam-
ples in the GSE41177 dataset. Moreover, there are 29 COVID-
19 PBMC samples and 18 healthy PBMC samples in the
GSE177477 dataset. In addition, there are 3 KD PBMC sam-
ples and 3 control PBMC samples in the GSE168732 dataset.
In our study, the datasets from the GSE79768, GSE29819,
GSE14975, and GSE41177 were used to screen DEGs in AF
samples by building co-expression networks. The dataset
GSE177477 was used to screen COVID-19 DEGs. The dataset
GSE168732 was used to validate the function of hub genes
in Kawasaki disease. The data procurement and application
conform to the GEO databases’ principles and guidelines.
For more information, refer to the supplement materials
and methods.

2.2 DEGs’ identification and functional
enrichment analysis

The DEGs between AF and normal samples, as well as
COVID-19 and control samples, were identified using the
R packages limma and edgeR [17,18]. Genes with an adjusted
P < 0.05 and |log2(FC)| > 1 were selected as DEGs in heart
tissues and PBMC samples, respectively. We acquired the
shared DEGs using Venny.2, version 2.1.0, an online tool for
VENN analysis. Gene Ontology (GO) and Kyoto Encyclo-
pedia of Genes and Genomics (KEGG) analyses were con-
ducted with Clusterprofiler and org.Hs.eg.db [19]. Terms
with a P < 0.05 were considered statistically significant.
By analyzing DEGs and WGCNA hub genes, we identified
COVID-19 and AF shared pathways via Metascape (http://
metascape.org/). For more information, refer to the supple-
ment materials and methods.

2.3 WGCNA

The WGCNA package in R software was used to cluster the
common modules on the AF and COVID-19 datasets [15]. A
cut-off height of 0.25 was defined for merging modules that
may be similar. The group phenotypes (AF/COVID-19) were
inputted into the co-expression network. Genes with high
hub modularity were considered hub genes in the mod-
ular-trait correlation analysis. A heatmap was then used
to visualize the relationship between gene modules and
clinical traits. After that, modules associated with pheno-
types with co-expression patterns and significance were
identified (darked module in AF, red module in COVID-19).

2.4 Analysis of single-cell sequencing
dataset

We used single-cell transcriptome data of GSE168732 to
validate the function of hub genes. Genes with fewer
than three cells detected were excluded and genes with
fewer than 200 detected genes were disregarded. Genes
detected in each cell ranged from 0 to 8,000. A total of
34,412 cells were included in the study. In the construction
of the UMAP, the top 20 PCAs were used as the standard
for PCA construction. Through graph-based clustering, we
obtained the unsupervised cell clustering result based on
the top 20 principal functions. Then, we used the Average
Expression function to calculate the average expression
value of cells contained in cell subpopulations or different
groups, and then calculate the score of each cell subpopula-
tion or group’s corresponding pathway based on the GSVA
package [20]. Finally, we visualize it through a pheatmap.

2.5 Cell culture

HL-1 (# FH1101) and AC16 (# FH1280) cells were obtained
from Fuheng Biotechnology Co., Ltd. (Shanghai, China).
H9c2 (# GNR 5) cells were obtained from the Cell Bank
of the Chinese Academy of Science (Shanghai, China). All
cells were performed short tandem repeat DNA profiling
and verified as mycoplasma free. HL-1, AC16, and H9c2
cells were cultured in Dulbecco’s modified eagle medium
supplemented with 10% fetal bovine serum. All cell lines
were cultured in the presence of 100 units/ml penicillin
(Thermo Fisher Scientific, 15140122) and 100 units/ml strep-
tomycin (Thermo Fisher Scientific, 15240062) and incu-
bated at 37°C in a humidified 5% CO2 chamber.
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2.6 SARS-CoV-2-Spike-pseudovirus entry
assay

All pseudovirus used in this study was purchased from
Genomeditech, China (SARS-COV-2 Spike XBB.1.5 pseudo-
typed Virus GFP-Luciferase). The detailed method was
described previously [21]. To treat cardiac cell lines, trans-
fected cells were inoculated with pseudovirus for 48 h
before cells were washed and lysed. In brief, 1 × 106 cells
were inoculated into 6 cm dishes for 24 h, followed by 1 μl
diluted pseudovirus treatment. In vitro experiments invol-
ving SARS-CoV-2 XBB1.5 pseudovirus were performed in
the Biosafety Level 3 laboratory and strictly followed the
approved standard operation procedures. For more infor-
mation and the raw data of pseudovirus, refer to the sup-
plement materials and methods.

2.7 Total protein extraction and Western
blotting

Cells were lysed in RIPA buffer with phosphatase inhibitors
and protease inhibitors (Halt Protease and Phosphatase
Inhibitor Cocktail; Thermo Fisher Scientific, 78440). Proteins
were electrophoresed and transferred to PVDF membranes.
After blocking with 5% non-fat milk for 1 h, a primary anti-
body was incubated with PVDF membranes overnight at
4°C. The secondary antibody was incubated for 45 min.
Chemiluminescence kit (EpiZyme, China) was used for
the protein signal visualizing. A list of all primary antibo-
dies used in this study, as well as dilutions and vendor
information, can be found in Table S2.

2.8 Statistics

A two-tailed independent Student’s test was used to assess
statistical significance. The significance levels were P < 0.05
and P < 0.001; N.S., not significant.

Ethics: The Ethics Committee of First People’s Hospital of
Linping District approved this study. Since all the data in
the current study was available online, and no individual
patient was involved, it could be confirmed we have
obtained all the written informed consent.

3 Results

3.1 Identification of DEGs in heart tissue
from AF datasets and PBMC from COVID-
19 datasets

GEO datasets of AF patients and COVID-19 patients were
used to extract transcriptome data. In this study, four
tissue datasets (GSE79768, GSE29819, GSE14975, GSE41177)
were included and analyzed to explore the critical genes in
the heart tissue of AF patients. Since COVID-19 patients
have a high incidence of AF, we used one PBMC dataset
(GSE177477) with 29 COVID-19 patients and 18 healthy con-
trols to screen for DEGs. Then, we used the R package
ComBat to remove the batch effect. Boxplots and PCA
showed the normalized GEO samples (GSMs) from different
GEO datasets (Figure 1a–c). Different colors represent dif-
ferent datasets. The DEseq2 package was used to analyze the
data for differential expression (log2FC > 2, adjusted P <

0.05). Preliminarily, we identified 191 DEGs in the AF data-
sets (Figure 1d) and 668 DEGs in the COVID-19 dataset com-
pared to control samples (Figure 1e). Heatmaps showed the
ranking of DEGs in AF (Figure 1f) and COVID-19 datasets
(Figure 1g), respectively. Compared with controls, heart tis-
sues from AF patients and PBMC samples from COVID-19
patients contained substantial DEGs.

3.2 Functional enrichment analysis of DEGs

To interpret the general biological properties involved in AF
and COVID-19, we separately analyzed the upregulated DEGs
of the AF group and the COVID-19 group via KEGG/GO ana-
lysis. The top KEGG/GO terms associated with AF (Figure 2a)
and COVID-19 (Figure 2b) are shown presented. AF DEGs were
enriched in positive regulation of inflammatory response,
positive regulation of ion transport, tryptophan metabolism,
and cholesterol metabolism, indicating the possible effect of
inflammation status and energy metabolism in AF occur-
rence. COVID-19 DEGs were mainly involved in the defense
response to viruses, such as coronavirus disease-COVID-19
and type I interferon signaling pathway. Besides, several intri-
guing signaling pathways were enriched, including fluid
shear stress, atherosclerosis, and cardiac muscle contraction.
Moreover, GSEA was performed using the top enriched DEGs
of AF (Figure 2c) and COVID-19 (Figure 2d). Several signaling
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Figure 1: Identification of DEGs in AF tissue and COVID-19 PBMC. (a) The boxplot of the normalized AF data. Different colors represent different
datasets. Rows represent samples, and columns represent the gene expression values in the samples. (b) PCA of the AF GSM datasets. The samples
were visualized by scatter plots of gene expression profiles without (left) or with (right) batch effect removal. As shown in the schematic diagram
shows the intersection of three datasets, which can be used in subsequent analysis. (c) The boxplot of the normalized COVID-19 data. (d) Volcano plots
of the AF DEGs. Red dots indicate upregulated genes; blue dots indicate downregulated genes. (e) Volcano plots of the COVID-19 DEGs. Red dots
indicate upregulated genes; blue dots indicate downregulated genes. (f) Heatmap showing AF DEGs in different samples. (g) Heatmap showing
COVID-19 DEGs in different samples.
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Figure 2: Functional enrichment analysis of DEGs. (a) The top 20 enriched KEGG (left) and GO (right) pathways among AF up-regulated DEGs. The gene
ratio was represented on the horizontal axis. The vertical axis indicated the KEGG and GO signaling pathway terms, and the blue-to-red gradually
changing color indicated the change of significance from low to high. (b) The top 20 enriched KEGG (left) and GO (right) pathways among COVID-19
upregulated DEGs. The gene ratio was represented on the horizontal axis. The vertical axis indicated the KEGG and GO signaling pathway terms, and
the blue-to-red gradually changing color indicated the change of significance from low to high. (c) GSEA enrichment plot for the top 5 pathways in AF.
Genes were ranked by Pearson correlation with AF in descending order. (d) GSEA enrichment plot for the top 5 pathways in COVID-19. Genes were
ranked by Pearson correlation with COVID-19 in descending order.
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Figure 3:WGCNA revealing gene co-expression networks in AF and COVID-19 samples. (a) WGCNA analysis of AF samples. The dendrogram represented the
clusters of DEGs based on different metrics. Each branch represented one gene, and each color below branches represented one co-expression module. (b)
WGCNA analysis of COVID-19 samples. (c) The heatmap showed the correlation between gene modules and AF. The correlation coefficient in each cube
represented the correlation between gene modules and traits, which decreased from red to blue. (d) The heatmap showed the correlation between gene
modules and COVID-19. (e) The functional enrichment analysis of hub genes from the darked module. The horizontal axis represented P-value of GO terms on
Metascape by default parameter. (f) Enriched DisGeNET terms among TISSUE hub genes. The horizontal axis represented P-value of GO terms on Metascape.
(g) The functional enrichment analysis of hub genes from the red module. (h) Top MCODE terms of COVID-19 hub genes. PPI among COVID-19 hub genes
from the red module formed a network. The Molecular Complex Detection algorithm (MCODE) was used to identify the connected network components.
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pathway terms upregulated in COVID-19 patients may be
involved in AF development. Thus, it logically flows that if
these traits could exacerbate AF symptoms, some of them
may represent suitable targets for AF therapeutic intervention.

3.3 Identification and functional analysis of
pivotal gene modules through WGCNA

To systematically clarify vital gene modules and potential
mechanisms among heart tissue of AF and peripheral
blood of COVID-19, after batch normalization, WGCNA
was performed. A hierarchical clustering method was used
to create multiple randomly color-coded modules for the
cluster dendrogram (Figure 4a and b). The heatmaps are
shown in Figure 4c (AF or control) and Figure 4d (COVID-19

or healthy). The darked module (corresponding correlation,
CC = 0.41, P = 0.0002) showed the highest positive correlation
with the AF trait in heart tissue. The red module (CC = 0.44,
P = 0.002) showed a high positive correlation with COVID-19
traits in PBMC samples. Hub genes of the AF darked module
including HCST, BAX, GIMAP2, LCK, PSMB9, and other 209
genes. Hub genes of the COVID-19 red module include APOL6,
STAT2, TNFSF13B, IFI6, MT1L, and other 128 genes.

The top GO terms of AF hub genes include positive
regulation of immune response, adaptive Immune system,
inflammatory response, and other immune-related path-
ways, suggesting the significant effect of the immune system
in AF occurrence (Figure 3e). A DisNET analysis (Figure 3f)
revealed the involvement of immune and inflammatory
responses (HIV-1 infection, pneumonitis, and Immunosup-
pression). As for the hub genes of COVID-19, the top GO
terms include defense response to virus, antiviral innate

Figure 4: Common hub gene selection and enrichment analysis. (a) The common DEGs shared between AF and COVID-19 were visualized in a Venn
diagram. (b) The common hub genes shared between AF and COVID-19 were visualized in a Venn diagram. (c) Estimation of hub gene expression in AF
samples. (d) Estimation of hub gene expression in COVID-19 samples. *P < 0.05, ***P < 0.001, ns, P > 0.05. (e) The functional enrichment analysis of
common DEGs shared between AF and COVID-19. (f) Network of representative GO terms among common DEGs. (g) GO pathway interaction network
with each term. (h) Top MCODE terms of common DEGs. The Molecular Complex Detection algorithm (MCODE) was used to identify the connected
network components. (i) Enriched DisGeNET terms of common DEGs.
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immune response, and regulation of defense response
to virus (Figure 3g). Among them, The MCODE analysis
enriched in interferon-alpha/beta signaling, ISG15-protein
conjugation, and defense response to virus (Figure 3h).
Taking together, the hub genes of AF may actively affect
the immune system activation and inflammatory response,
while the hub genes of COVID-19 are closely correlated with
the defense response to virus.

3.4 Identification of common hub genes to
assess the relationship between AF and
COVID-19-associated inflammatory
response

To guide clinical decisions and stratify the condition of AF
patients, the severity of SARS-CoV-2-driven AF must be accu-
rately assessed. Specifically, 13 common genes in DEGs
(Figure 4a) and 4 common genes in WGCNA (Figure 4b)
were screened out and identified as key genes. As for the
four common genes from WGCNA modules (HCST, PSMB9,
STAT2, TNFSF13B), the HCST showed significant differences
between the control/AF group (Figure 4c) and the healthy/
COVID-19 group (Figure 4d), while the STAT2 showed signif-
icant differences between the healthy and COVID-19 groups.
We further performed gene enrichment analysis of thirteen
common genes from DEGs by Metascape. The top Metascape
terms were Ribosome, cytoplasmic, 40S ribosomal subunit,
cytoplasmic, RHO GTPase Effectors, and negative regulation
of protein modification process, showed by MCODE analysis
(Figure 4e) and P-value (Figure 4f). In terms of GO ana-
lysis, negative regulation of biological processes, cellular
processes, and metabolic processes were the top terms
(Figure 4g). Furthermore, the MCODE analysis enriched
Ribosome and cytoplasmic (Figure 4h). DisNET analysis
revealed that DEG common genes were closely related
to Myocardial Ischemia, which confirmed the corporate
impact on cardiac tissue by AF progression and COVID-19
infection (Figure 4i).

3.5 Single-cell analysis re-validated the
selected hub genes interacting with the
inflammation-related cardiac
dysfunction

As outlined in Section 1, prior research has identified
shared underlying mechanisms between AF and COVID-
19, specifically involving inflammation, immune response,
and metabolic dysregulation. These findings suggest the

involvement of inflammatory processes in the progression
of AF. The primary objective of our study was to investigate
the etiology and pathogenesis of cardiac dysfunction related
to inflammation in individuals with AF. COVID-19, being a
widespread infectious disease, has resulted in numerous
fatalities globally. Its impact on infected individuals extends
beyond respiratory complications, giving rise to various car-
diovascular diseases in patients, especially AF. Furthermore,
it is widely acknowledged that AF can be attributed to cor-
onary artery lesions resulting from percutaneous coronary
intervention (PCI) or inflammation response, as evidenced
by studies [22,23]. However, most current researches pri-
marily concentrate on the direct clinical risk assessment
of coronary artery disease and AF, with no investigations
reporting the potential molecular mechanisms underlying
the involvement of coronary artery disease in the develop-
ment and advancement of AF. Hence, our study aims to
investigate the association and potential linkage between
coronary artery disease and AF in Kawasaki disease (KD),
a febrile systemic illness that can result in coronary artery
disease and childhood vasculitis. This condition primarily
affects children under the age of 5 and has emerged as the
prevailing cause of acquired heart disease in children across
numerous developed nations [24]. The age at which indivi-
duals are predisposed to KD aligns with the age group that is
susceptible to COVID-19. Utilizing the single-cell sequencing
data of KD, this study aims to validate the hub genes asso-
ciated with inflammatory-related cardiac dysfunction, which
were initially identified in the context of AF and COVID-19.
The findings of this research have the potential to contribute
significantly to the prevention of inflammatory-related car-
diac dysfunction in the susceptible population of COVID-19,
particularly among children aged below 5 years. Conse-
quently, to gain further insights into the roles played by the
common hub genes HCST, PSMB9, STAT2, and TNFSF13B in
inflammation-related cardiac dysfunction, an analysis was
conducted on a cohort comprising three control subjects
and three patients diagnosed with KD.

To examine the robustness of these genes and whether
their expression influenced KD progression through inflam-
mation response. Gene expression profiles from six samples
were obtained from the GSE168732 dataset. As shown in
Figure 5a and b, after rationalizing the sequencing depth,
the number of detected genes, and the normalization of
selected data, we selected 2,000 highly variable genes for
further analysis. (Figure 5c). The “RunPCA” function was
used to reduce the dimensionality, and 15 clusters were
identified at a resolution of 0.5 (Figure 5d). Subsequently,
the “SingleR” function was used for cell annotation, and 12
cell subgroups, such as B cells, NK cells, monocytes, and
CD8+ T cells were annotated and visualized according to
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Figure 5: Analysis of single-cell RNA sequencing data from 34,412 cells of 3 control patients and 3 KD patients. (a) The gene counts per cell
(nFeature_RNA), number of unique molecular identifiers (UMIs) per cell (nCount_RNA), and percentage of mitochondrial genes per cell (percent.mt) of
the single-cell RNA-seq data. (b) PCA of the scRNA-seq data. The samples were visualized by scatter plots of gene expression profiles with batch effect
removal. (c) The variance plot showed 16,061 genes in all cells, red dots represent the top 2000 highly variable genes. (d) Cells were divided into 15
separate clusters by UMAP. (e) Cells were clustered into 12 types via UMAP dimensionality reduction algorithm, each color represented the annotated
phenotype of each cluster. (f) The distribution of cell proportions in different groups, with the horizontal axis representing different groups and the
vertical axis representing the proportion of each type of cell. (g) Heatmap showing different pathways enriched in control and KD by GSVA. Each
column represents different groups or subpopulations of cells, and each row represents a pathway. The redder the color, the higher the score, and the
bluer the color, the lower the score. (h) Heatmap showing different pathways enriched in cell subpopulations by GSVA.
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their marker genes (Figure 5e). The distribution of different
cell types in the two groups was performed in Figure 5f, and
we noticed that the B cells, naive CD4+ T cells, monocytes,
megakaryocytes, plasma cells, and neutrophils took a larger
proportion in KD compared with the control. In addition,
DEGs between the control and KD groups were highly
enriched for inflammatory pathways, such as inflammatory
response, tumor inflammation signature, and IL-10 anti-
inflammatory signaling pathway (Figure 5g). Of interest, we
found that in the megakaryocyte cluster, inflammatory-
related pathways such as inflammatory response and IL-

10 anti-inflammatory signaling pathway were both signifi-
cantly up-regulated (Figure 5h). In brief, immune activa-
tion provides important evidence for KD pathogenesis.

Furthermore, the distribution and expression of
selected common hub genes (HCST, PSMB9, STAT2,
and TNFSF13B) in different cell types are shown in
Figure 6a–d. We noticed the STAT2 and TNFSF13B were
both found to be correlated with the monocytes, micro-
glial cells, and plasma cells of the healthy control group
than the KD group compared with other immune cell
types, while the HCST and PSMB9 were highly expressed

Figure 6: Cell-specific expression of selected hub genes in Kawasaki disease based on single-cell RNA sequencing data. (a) Feature and violin plots
showing the distribution of HCST in phenotype (left) and various cell subpopulations (right). (b) Feature and violin plots showing the distribution of
PSMB9 in phenotype (left) and various cell subpopulations (right). (c) Feature and violin plots showing the distribution of STAT2 in phenotype (left) and
various cell subpopulations (right). (d) Feature and violin plots showing the distribution of TNFSF13B in phenotype (left) and various cell subpopu-
lations (right).
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in all immune cell types except the neutrophil, indicating
the involvement of our selected hub genes in inflamma-
tory response. Owing to the critical role of HCST and
STAT2 in the inflammatory response, we further explored
the potential mechanism regulated by these two hub
genes after virus infection in myocardial cells.

3.6 In vitro validation of the inflammation-
related cardiac dysfunction genes

Since the current virus strain prevalent in China mainland
is SARS-CoV-2 XBB1.5 [25], to mimic inflammation-related
cardiac dysfunction during SARS-CoV-2 infection, we devel-
oped an XBB1.5 pseudovirus-induced cardiac cell model in
vitro. We preferentially analyzed the basic expression
levels of HCST and STAT2 in HL1 (mouse), AC16 (human),
and H9c2 (rat) cardiac cell lines (Figure 7a). To further
explore the influence of XBB1.5 pseudovirus treatment on
cardiac cells, we overexpressed exogenous ACE2 in these
cells, which has been reported as the main receptor of
SARS-CoV-2 virus. The results showed the expression changes
in HCST and STAT2 in the cell lines mentioned above after
48 h of SARS-CoV-2 XBB1.5 pseudovirus treatment. The protein

levels of HCST and STAT2 in cardiac cells were significantly
increased after pseudovirus treatment. Among them, the level
of STAT2 in AC16 cells was most affected by pseudovirus
treatment, which indicated the COVID-19 vulnerability of
human species (Figure 7b). Based on our functional analysis,
inflammation-related cardiac dysfunction in AF was linked to
heart cell contraction. Therefore, we hypothesized that the
STAT2-associated mechanism may have a role in reducing
cardiomyocyte contraction after SARS-CoV-2 infection. The
results showed that RyR2 level was significantly reduced
and p-CaMKII significantly increased after pseudovirus treat-
ment, which related to cell contraction related to calcium ion
pathways, indicating the dysfunction of contraction in cardiac
cells. Interestingly, Figure 7c shows the changes in cell con-
traction biomarkers could be rescued by STAT2 knocked
down using small-interfering RNA (siRNA) [26]. However,
the RyR2 levels were much lower in the XBB1.5 treatment
group with or without STAT2 knockdown, indicating
that the XBB1.5 treatment itself could downregulate
the RyR2 expression in cardiomyocytes without altering
STAT2. Besides, comparing the RyR2 expression levels
after XBB1.5 treatment in the siNC group with the siSTAT2
group, the knockdown of STAT2 can partially rescue the
decrease of RyR2 expression caused by XBB1.5 treatment,
although there is no statistical difference. Collectively,

Figure 7: In vitro validation of the inflammation-related cardiac dysfunction genes. (a) Analysis of the HCST and STAT2 relative protein levels in
indicated cardiac cell lines by Western blotting. (b) Western blotting analysis (left) and statistical analysis (right) of the indicated proteins in indicated
cardiac cell lines treated with SARS-CoV-2 XBB1.5 pseudovirus for 48 h. (c) Western blotting analysis (left) and statistical analysis (right) of the
cardiomyocyte contraction-related protein levels in AC16 cells with or without siRNA treatment. (d) Schematic diagram delineating the mechanism by
which STAT2 exerts its pro-inflammation function in AF.

STAT2 as a biomarker of inflammation-related cardiac dysfunction  11



our in vitro experiment results indicated that knockdown
of STAT2 can lead to downregulation of RyR2 expression
in normal conditions, while knockdown of STAT2 after XBB1.5
treatment can contrariwise rescue the downregulation of
RyR2, highlighting the bidirectional role of STAT2 in the two
different conditions.

More importantly, our results demonstrated that after
STAT2 knockdown, the expression of p-CaMKII was signifi-
cantly inhibited, indicating that STAT2’s regulation on RyR2
was more likely mediated by calcium-calmodulin (CaM)-
dependent activity. In our study, the increased expression
level of p-CaMKII in XBB1.5 treatment implies a potential
risk of AF induction. The knockdown of STAT2 significantly
inhibited the upregulation of p-CaMKII induced by XBB1.5
treatment, suggesting the potential value of STAT2 as a pre-
ventive measure for inflammatory-related cardiac dysfunc-
tion. Therefore, we look forward to further elucidating
the value of STAT2-mediated calcium calmodulin-depen-
dent activity in preventing the progression of AF in our
future research. Collectively, these data highlighted the
important role of STAT2 in cardiomyocyte contraction
failure after SARS-CoV-2 infection, which might provide
novel insights for the prevention of inflammation-related
cardiac dysfunction in AF.

4 Discussion

Considering the dismal prognosis of AF patients after being
infected with COVID-19 reported by multiple clinical stu-
dies, it is critical to understand the potential mechanism
and identify novel therapeutic targets for this disease. It is
known that the underlying inflammatory status usually
leads tomore severe clinical symptoms and higher mortality
in AF, which is related to embolism and hemodynamic
disturbances by arrhythmia [27,28]. Besides, pre-existing
AF exacerbates the COVID-19 infection symptoms and
increases mortality in patients, which indicates the strong
link between COVID-19 and AF [29,30]. Our study exam-
ined the gene expression profiles of heart tissues from AF
patients and PBMC from COVID-19 patients using multiple
bioinformatics methods (Figure 7d).

In the present study, using multiple bioinformatics
methods, we analyzed the gene expression profiles of heart
tissues from AF patients and PBMCs from COVID-19 patients.
In the primary screening, we identified 154 upregulated
DEGs and 37 downregulated DEGs in AF datasets, and 293
upregulated DEGs and 375 downregulated DEGs in the
COVID-19 dataset. Several signaling pathways were found
to be significantly enriched within DEGs. Specifically, signal

pathways such as inflammatory response and energy meta-
bolism played critical roles in AF progression, and pathways
related to defense response to viruses were involved in
COVID-19 occurrence. Moreover, WGCNA is considered a
better method to identify internal functional modules among
key genes than DEG analysis [31]. However, few studies using
WGCNA to combine both heart tissues and PBMC data have
been performed. Next, based on the AF and COVID-19 data,
we identified pivotal two gene modules. Genes in the two
modules both play important roles in the occurrence of AF
and COVID-19. Then, four genes were identified through a
comprehensive analysis of WGCNA in AF and COVID-19 and
validated with single-cell analysis and in vitro experiments.
Finally, we found that STAT2wasmainly expressed in AF and
COVID-19 patients, respectively. STAT2 knocked down could
rescue the SARS-CoV-2 infection-related cardiac cell contrac-
tion dysfunction. These results may provide novel insights
into the inflammation-related cardiac dysfunction in AF
progression.

SARS-CoV-2, a virus causing COVID-19, has been linked
to an inflammatory immune response and is associated with
AF progression [3,32]. However, the pathogenesis of AF con-
comitance with SARS-CoV-2 infection remains unclear. We
aimed to find the possible common pathophysiological path-
ways among AF and other inflammation-related diseases,
especially COVID-19, including KEGG and GO terms that
can identify the biological processes of shared genes and
possible common molecular links among AF and inflamma-
tion-related diseases. Previous studies have reported poten-
tial pathways. In AF patients, calcium disturbances play
an important pathological role in arrhythmias new onset
[33,34]. Specifically, there is a link between calcium dis-
orders and myocardial injury, and calcium is essential for
viral structure formation, entry, gene expression, viral
maturation, and viral release [35]. Therefore, when cal-
cium consumption and calcium concentrations are dis-
turbed in AF patients, the virus could more easily get
into the heart tissue and further depletion of calcium
storage in myocardial cells, which formed worsening
feedback of cardiac dysfunction. Therefore, calcium dis-
orders may be the critical reason for inflammation-related
cardiac dysfunction in AF.

To date, several studies have reported key markers of
COVID-19-related AF [36–38]. In our study, four critical
genes (HCST, PSMB9, STAT2, and TNFSF13B) were identi-
fied by WGCNA. Several of these genes have been reported
in molecular and pathology changes in COVID-19 and AF
progress. HCST (also known as DAP10) is a membrane-asso-
ciated signal adaptor harboring a costimulatory YINMmotif
whichmay activate the phosphatidylinositol 3-kinase-depen-
dent signaling pathway [39]. HCST is expressed in NK cells
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and CD8 T cells and functions by interacting with NKG2D.
HCST directly binds to the Receptor for Advanced Glycation
End Products and modulates the S100A8/A9-triggered sig-
naling pathway. Previous studies have identified the HCST
as a key immune-related gene involved in m6A regulator-
mediated RNAmethylation modification patterns in AF, sug-
gesting its potential value as an intervention target in
the AF immune microenvironment under the COVID-19
burden [39,40].

Besides, PSMB9 (alias LMP2) is an interferon-gamma
inducible factor and the gene is located within the MHC
class II region in chromosome 6 [41]. PSMB9 degrades
damaged or unneeded proteins by breaking peptide bonds
and may limit the presentation and processing of antigens,
making the PSMB9 gene an attractive candidate for raising
cancer risk. Moreover, a previous clinical trial has reported
that oral proteasome inhibitor ixazomib could downregu-
late proteasome gene PSMB9 in patients with indolent B-cell
non-Hodgkin lymphoma and help to generate anti-S antibo-
dies to SARS-CoV-2 vaccination, indicating the potential rela-
tion between PSMB9 expression and COVID-19 infection [42].

In addition, TNFSF13B is a tumor necrosis factor super-
family member encoded on the TNFSF13B gene. The cyto-
kine is an effective B-cell activator that plays an important
role in B-cell homeostasis, differentiation, and survival [43].
Studies on the comprehensive analysis of a ceRNA immunor-
egulatory network and tissue-infiltrating immune cells in AF
have revealed the association between TNFSF13B and immune
cells activated by Tregs or NK cells and provided new insights
into the molecular mechanisms governing AF progression
from the perspective of inflammatory response [43,44].

Moreover, there have been some studies that suggest
an association between STAT2 expression and AF/COVID
progression and have illuminated their heart-specific roles
in arrhythmias, but the exact mechanisms underlying
inflammation-related cardiac dysfunction in AF are still
elusive. Of note, STAT2 is a signal transducer and activator
of transcription that is considered a hallmark of INF-I acti-
vation [45,46]. Other studies suggested that STAT2 defi-
ciency underlies inflammatory viral diseases and is
related to multisystem inflammatory syndrome [47,48].
MacCann and his colleagues have determined that early
host immune-related gene expression including type I
interferon (IFN) signaling (STAT2, IRF4, PML, BST2, etc.)
could predict clinical progression to COVID-19 infection
[49]. Consistent with the conclusions of the research men-
tioned above, our results highlighted the inflammation
response related to STAT2 in AF and COVID-19 data by
KEGG/GO analysis. Furthermore, there is a positive corre-
lation between STAT2 expression and monocytes, micro-
glial cells, and plasma cells of the healthy control group

than the KD group, which indicates the important role of
STAT2 in the immune response through its transcriptional
activity. Our results indicated that STAT2 knocked down
could rescue the decreased expression of cardiac contraction
biomarkers induced by SARS-CoV-2 XBB1.5 pseudovirus treat-
ment, which provided a theoretical basis for the use of STAT
family inhibitors such as NSC74859 [50], Fludarabine [51], and
Stattic [52] to alleviate inflammation-related cardiac dys-
function in patients with AF caused by viral infection
via blocking the transcription and signal transduction
functions of STAT2. Moreover, since pre-existing AF could
aggravate the symptoms of COVID-19 infection, inspired
by antibiotic pretreatment, we believe that on the pre-
mise of ensuring safety and drug compatibility, the use
of STAT inhibitors in advance for AF patients in an infec-
tion-risk environment might provide potential clinical
benefits for the risk of inflammatory cardiac dysfunction
(AF, ventricular fibrillation, heart failure, etc.). However,
this hypothesis requires more large-scale clinical trial
studies for further exploration and validation. Thus, the
study of exploration of the effect of STAT2 on inflamma-
tion-related cardiac dysfunction caused by COVID-19 infec-
tion in patients with AF should therefore be intensified.

Also, like all scientific researches, our study had some
limitations. For example, we analyzed gene mRNA levels
but not protein levels of the online datasets. For sample
selection, the lack of control sample for normal cardiac
tissue in each single AF cardiac sample is a major limita-
tion in our study. Due to the preciousness of the cardiac
tissue, we are currently unable to address this issue. In
addition, we only conducted comparisons between COVID-
19 patients and healthy control PBMCs and lacked data on
COVID-19 patients before and after infection, which is also
one of the limitations of current research. In addition, we
only performed the in vitro experiments to validate the
function of the hub gene in SARS-CoV-2-driven AF due to
the consideration of laboratory safety since the COVID-19
virus is still an epidemic disease that poses a risk to humans.
Hence, more work and further validation in multicenter,
large-sample cohorts are urgently needed.

5 Conclusion

In this study, we explored the potential mechanisms of
inflammation-related cardiac dysfunction in AF and iden-
tified calcium regulation pathways as possible mechanisms
linking COVID-19 with AF. We performed WGCNA analysis
and found that hub gene STAT2 may be a key regulatory
molecule. We validated the effect of STAT2 on contractile
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function in myocardial cells after COVID-19 infection by
single-cell analysis and in vitro experiments. Our work pro-
vides new insights into underlying mechanisms of inflam-
mation-related cardiac dysfunction in AF.
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