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 28 

Abstract: Atrial fibrillation (AF) is a form of sustained cardiac arrhythmia and microRNAs (miRs) 29 
play crucial roles in pathophysiology of AF. To identify novel miR-mRNA pairs, we performed 30 
RNAseq from atrial biopsies of AF and non-AF patients. Differentially expressed miRs (11-down 31 
and 9-up) and mRNAs (95-up and 82-down) were identified and hierarchically clustered in a 32 
heat-map. Subsequently, GO, KEGG, and GSEA analyses were run to identify deregulated path- 33 
ways. Then, miR targets were predicted in miRDB database, and a regulatory network of nega- 34 
tively correlated miR-mRNA pairs was constructed using Cytoscape. To select potential candidate 35 
genes from GSEA analysis, top-50 enriched genes in GSEA were overlaid with predicted targets of 36 
differentially deregulated miRs. Besides, protein-protein-interaction (PPI) network of enriched 37 
genes in GSEA was constructed, and subsequently GO and canonical pathway analyses were run 38 
for genes in PPI network. Our analyses showed that TNF-α, p53, EMT, and SYDECAN1 signaling 39 
were among the highly affected pathways in AF samples. SDC-1 (syndecan-1) was the 40 
top-enriched gene in p53, EMT, and SYDECAN1 signaling. Consistently, SDC-1 mRNA and pro- 41 
tein levels were significantly higher in atrial samples of AF patients. Among negatively correlated 42 
miRs, miR-302b-3p was experimentally validated to suppress SDC-1 transcript levels. Overall, our 43 
results suggested that miR-302b-3p/SDC-1 axis may involve in pathogenesis of AF. 44 

Keywords: heart disease; atrial fibrillation; atrial fibrosis; transcriptome; microRNA; RNA se- 45 
quencing; syndecan-1; miR-302  46 

1. Introduction 47 
Atrial fibrillation (AF) is the most common form of cardiac arrhythmia in humans 48 

and often characterized by rapid and irregular beating of the atria [1,2]. AF affected 49 
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~33.5 million people only in 2010 worldwide and ~5 million new patients each year [3,4]. 50 
Prevalence of AF progressively increases in the aging society, leading to reduced life 51 
quality and/or elevated mortalities [5,6]. It was reported that averagely 130,000 AF pa- 52 
tients die in the USA [7] and that AF affected 2-3% of European population [4,8,9]. Also, 53 
AF is estimated to affect ~72 million people in Asia and patients with AF-related strokes 54 
to reach 2.9 million in the next 30 years [3,10]. 55 

AF often starts by a trigger in a vulnerable substrate that leads to short episodes of 56 
rapid ectopic firing and re-entry of electrical signal in the atria. Over the course of time, 57 
AF may turn into a permanent condition through atrial remodeling process, which is 58 
central to AF [11]. Structural remodeling in atria is often identified by atrial fibrosis, di- 59 
lation, and abnormal conduction of electrical pulses while electrical remodeling results 60 
with abnormal impulse generation due to ion channel dysfunction [12,13]. Current 61 
therapeutic approaches have limited efficacy and adverse effects in treatment of AF due 62 
to lack of molecular understanding of AF substrates and mechanism [13,14]. Therefore, 63 
there is an urgent need to expand mechanistic knowledge on AF development and   64 
progression. 65 

Recent developments in AF research identified microRNAs (miRs) as novel regula- 66 
tors of AF [15,16]. MiRNAs are classified as a subtype of short non-coding RNAs with 67 
typical length of 18-24 nucleotides, and can negatively regulate expression of mRNA 68 
transcripts of target genes [17] with exception that some may directly regulate protein 69 
function, e.g. ion channels [18,19]. After initial discovery of miR-1 function in heart de- 70 
velopment, a large amount of research efforts focused on investigating miRNAs and 71 
their function in cardiovascular system. Indeed, a large number of miRNAs has been 72 
found to abnormally express in various cardiac disorders [20-22]. Gene expression of pa- 73 
tient samples with AF history and other functional studies identified miRNAs in dereg- 74 
ulation of ion channels, leading to electrical remodeling (15-17). Structural remodeling 75 
through cardiac fibrosis was also shown to be regulated by miRNAs (18-19). However, 76 
current knowledge of miRNA function in AF is limited and requires more research. 77 
Thus, analysis of miRNA and target gene expression networks can improve our 78 
knowledge on regulatory mechanisms of miRNAs in AF induction and progression 79 
(20,21). 80 

In this study, we aimed to predict novel miR-mRNA pairs that may play roles in 81 
pathogenesis of AF. Thus, we performed RNA sequencing of miRNAs and mRNAs from 82 
atrial samples of AF and non-AF patients (Figure 1). Several analyses including gene 83 
ontology (GO), Kyoto encyclopedia of genes and genomes (KEGG) pathway, and 84 
gene-set enrichment analyses (GSEA) were run for differentially expressed genes (DEGs) 85 
and top-enriched genes in GSEA of DEGs. Then, we profiled interaction-network of 86 
negatively correlated miRNA-mRNA pairs using Cytoscape. Our results revealed 87 
15-gene and 13-miR candidates, among which gene expression levels of miR-302b-3p 88 
and SDC-1 were experimentally confirmed to be negatively correlated in atrial tissue 89 
samples. Besides, overexpression of miR-302b-3p by mimics significantly reduced SDC-1 90 
levels in vitro. SDC-1 is known for its function in cardiac fibrosis [23,24], and our anal- 91 
yses found SDC-1 in close interaction with AF-associated genes, e.g. SELE. Briefly, our 92 
results suggest that miR-302b-3p/SDC-1 axis may function in AF via modulating atrial 93 
fibrosis. 94 
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 95 

Figure 1. Flowchart of RNAseq Experimental and Target Prediction Strategy. 96 

2. Results 97 

2.1. Analysis of Differentially Expressed miRNAs and mRNAs in AF 98 

Our miRNAseq of both control and AF groups detected total raw-read counts of >42x106 99 
miRs and clean-read counts of >33 x106 miRs with a cut-off sequence length of ³18 nu- 100 
cleotides. Also, more than 49x106 raw-read counts of mRNAs were detected in both con- 101 
trol and AF groups. Principal component analysis of samples from AF or non-AF pa- 102 
tients showed that each group was prominently clustered for miR-seq (Figure 2A) and 103 
mRNA-seq (Figure 3A). mRNA (Figure 2B) and miR (Figure 3B) expression distribution 104 
in each sample was shown in terms of Log10(fpkm). Total of 1,725 miRs and 17,087 genes 105 
were detected in our RNAseq. Differentially expressed genes (DEGs) or miRs with a 106 
threshold of log2(Fold-change) > 1 and a statistical significance of p < 0.05 in both 107 
miR-seq (Figure 2C) and mRNA-seq (Figure 3C) were separately identified. Significantly 108 
differential expression levels of mRNAs (Figure 2D) or miRs (Figure 3D) were visualized 109 
in heat maps. There were 9 upregulated and 30 downregulated miRs (Figure 2A-D) and 110 
95 upregulated and 82 downregulated mRNAs (Figure 3A-D), which were significantly 111 
differentially expressed. GO and KEGG pathway analysis found that various pathways 112 
were affected in AF (Figure 2E-F and Figure 3E-F). Among the top upregulated path- 113 
ways, TGF-b was one of the highly upregulated ones in miR-seq (Figure 2E). On the 114 
other hand, mRNA-seq found cell adhesion molecules and TNF-a signaling pathway 115 
among the highly enriched pathways (Figure 3E). 116 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 February 2022                   doi:10.20944/preprints202202.0103.v1

https://doi.org/10.20944/preprints202202.0103.v1


Cells 2022, 10, x FOR PEER REVIEW 4 of 20 

 

 117 
Figure 2. miRNA-Seq analysis for DEGs in control and atrial fibrillation groups. A) PCA analysis 118 
of samples from non-AF Ctrl and AF patient samples. B) Average number of miRs analyzed from 119 
patients and ctrl group in miRNA-seq. C) Volcano plot shows significantly upregulated (red), 120 
downregulated (blue), and non-significant miRs (grey). Significant miRs are selected based on 121 
log2FC > 1 and p < 0.05. D) Heat-map matrix shows clustering of differentially expressed miRs 122 
between Ctrl and AF groups. E) GO and F) KEGG pathway enrichment analysis of top deregulat- 123 
ed pathways. 124 
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 125 
Figure 3. mRNA-seq analysis for DEGs in non-AF control and AF group. A) PCA analysis of sam- 126 
ples from non-AF Ctrl and AF patient samples. B) Average number of genes analyzed from pa- 127 
tients and ctrl group in mRNA-seq. C) Volcano plot shows significantly upregulated (red), down- 128 
regulated (blue), and non-significant (grey) genes. Significant genes are selected based on log2FC > 129 
1 and p < 0.05. D) Heat-map shows clustering of differentially expressed genes between Ctrl and 130 
AF groups. E) GO and F) KEGG pathway enrichment analysis of top deregulated pathways. 131 
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 132 

2.2. Network Analysis Downregulated miRs and Upregulated Genes and Selection of Candidate 133 
Pairs 134 

To find out affected gene sets among differentially upregulated genes, we run gene-set 135 
enrichment analysis (GSEA) and showed that 12 pathways were significantly enriched 136 
with differentially upregulated genes (Figure 4A). Among these pathways, TNF-a in- 137 
flammatory signaling was the top affected pathway, which is usually upregulated in AF 138 
and is a sign of ongoing inflammatory process [25]. Also, other hallmark pathways, in- 139 
cluding p53 signaling and epithelial-to-mesenchymal transition (EMT), were highly en- 140 
riched (Figure 4A-B). To find out miR-gene pairs, we searched predicted targets of 141 
top-11 differentially downregulated miRs (Table-1) in miRDB database 142 
(www.mirdb.org) and constructed interaction network with negatively correlated genes 143 
in RNAseq by using Cytoscape 3.8.2 [26]. To prioritize genes with relatively high en- 144 
richment in RNAseq, we included only top-50 enriched genes from GSEA (Figure 4C) 145 
and overlaid them with predicted targets of top-11 differentially downregulated miRs, 146 
which resulted with 9 genes (FAM72A, KYAT1, LRRC38, SDC1, PTCHD4, TYW1B, 147 
FCER2, SELE, FBXL16) (Figure 4D), 6 miRs (miR-3059-5p, miR-302a-5p, miR-516b-5p, 148 
miR-302b-3p, miR-302d-3p, miR-302a-3p), and 11 interactions between them (Figure 4E; 149 
Table-2). GO terms of these 9 identified genes showed no shared functional annotation 150 
(www.david.ncifcrf.org), except 6 of them (LRRC38, SDC-1, PTCHD4, TYW1B, FCER2, 151 
SELE) being plasma membrane-associated proteins (Data not shown). Overall, these 152 
highly enriched genes and their corresponding miRs are potential candidates that may 153 
involve in AF pathogenesis. 154 
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 155 

 156 
Figure 4. Analysis of upregulated genes and selection of candidate miR-mRNA pairs. A) Gene-set 157 
enrichment analysis (GSEA) of upregulated genes. B) Enrichment plots of some of the top en- 158 
riched pathways. C) Heat-map showing Top-50 positively enriched genes in GSEA based on en- 159 
richment score. D) Venn diagram shows overlapping genes between Top50 positively enriched 160 
genes in GSEA (blue) and all predicted targets of Top-11 downregulated miRs in RNA-seq (red). 9 161 
overlapping genes between groups were selected as potential candidates and their enrichment 162 
scores and Log2FoldChanges listed in the table. E) Interaction network of positively enriched 163 
genes in GSEA and their negatively correlated microRNAs. 164 

 165 
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2.3. Network Analysis of Upregulated miRs and Downregulated Genes and Selection of Candi- 166 
date Pairs 167 

Our gene-set enrichment analysis (GSEA) for downregulated genes showed that 5 168 
pathways were enriched among significantly downregulated genes (Figure 5A). Among 169 
these pathways, Notch and Hedgehog signaling were the top affected pathways (Figure 170 
5B). To find out potential miR-gene pairs, we overlaid predicted targets of top-9 differ- 171 
entially upregulated miRs in Table-1 (www.mirdb.org) and top-50 negatively enriched 172 
genes in GSEA (Figure 5C). 6 common genes were identified as potential candidates 173 
(Figure 5D). Subsequently, we constructed an interaction network of negatively corre- 174 
lated pairs in Cytoscape 3.8.2 (Figure 5E). Our analysis identified 6 genes (FERMT1, 175 
SLC36A2, GPM6B, CCNI2, MCTP2, GUCY1A2), 7 miRs (miR-146b-5p, miR-155-5p, 176 
miR-3690, miR-187-5p, miR-187-3p, miR-592, and miR-549a-3p), and 8 interactions be- 177 
tween them (Figure 5E; Table-3). Overall, these highly enriched genes and their corre- 178 
sponding miRs may involve in pathogenesis of AF. 179 

  180 
Figure 5. Analysis of downregulated genes and selection of candidate miR-mRNA pairs. A) 181 
Gene-set enrichment analysis (GSEA) of downregulated genes. B) Enrichment plots of some of the 182 
top enriched pathways. C) Heat-map showing Top-50 negatively enriched genes in GSEA based 183 
on enrichment score. D) Venn diagram shows overlapping genes between Top50 negatively en- 184 
riched genes in GSEA (blue) and all predicted targets of Top-9 upregulated miRs in RNA-seq da- 185 
taset (red). 6 overlapping genes between groups were selected as potential candidates and their 186 
enrichment scores and Log2FoldChanges listed in the table. E) Interaction network of negatively 187 
enriched genes in GSEA and their negatively correlated microRNAs.  188 
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 189 

2.4. Selecting a Candidate Gene to Experimental Validate Its Involvement in AF 190 

We further analyzed genes in GSEA analysis to find out what pathways were highly af- 191 
fected by top-enriched genes in GSEA. Protein-protein interaction (PPI) network was 192 
constructed for the genes with enrichment score of ES>1.5 (Figure S1A) or ES<-1.5 (Fig- 193 
ure S2A). Genes with at least one interaction and confidence score >50 were included in 194 
the analysis. PPI network of positively enriched genes showed that SDC-1 and SELE, 195 
some of the candidates in Figure 4E, were in direct or indirect interactions with a group 196 
of AF-associated genes (Figure S1A-B). p53 and TNF-a hallmark pathways were highly 197 
enriched by the genes in PPI network (Figure 4B and Figure S1C). Also, canonical path- 198 
way analysis (www.gsea-msigdb.org) showed significant enrichment of ATF2, AP-1, 199 
FRA, and SYNDECAN-1 pathways (Figure S1D). Indeed, SDC-1 was a shared gene in 200 
both p53 and EMT signaling (Figure 4B and Figure S1C) as well as in SYDECAN-1 201 
pathway (Figure S1D), and thus stands out as a promising candidate possibly involving 202 
in structural remodeling of atria. Besides, GO terms found SDC-1 involving in top sig- 203 
nificant terms (Figure S1E-G). As for negatively enriched genes, we found no significant 204 
interaction with AF-associated genes (Figure S2A-B). However, GPM6B, one of the can- 205 
didate genes in Figure 5E, was in a major interaction network with neuronal genes (Fig- 206 
ure S2A-B). GPM6B was not found in any significantly enriched hallmark pathways 207 
(Figure S2C and S2D), despite GPM6B being a neuron-specific gene. However, neu- 208 
ron-related gene sets were highly enriched among genes from PPI network. Also, neu- 209 
ron-related GO terms were consistently enriched and showed strong association with 210 
GPM6B (Figure S2E). Thus, GPM6B was a considerably good candidate possibly involv- 211 
ing in neuronal remodeling of atria. 212 

As SDC-1 was in interaction with AF-associated genes (Figure S1A) and it was highly 213 
enriched in p53, EMT, and SYNDECAN_1 signaling pathways, we decided to experi- 214 
mentally validate SDC-1 and its corresponding miRs. MiR-302 family had a very high 215 
prediction score (96 out of 100) targeting SDC-1 gene (Table-2). We initially checked 216 
gene and protein expression levels of SDC-1 in human atrial tissue samples. AF patients 217 
had significantly elevated levels of SDC-1 mRNA (2.12 ± 0.13, n=6 vs. 1.074 ± 0.18, n=6 in 218 
Ctrl) (Figure 6A) and protein expression (0.91 ± 0.07, n=3 vs. 0.42 ± 0.04, n=3 in Ctrl) 219 
(Figure 6B). Consistently, expression levels of miR-302a-3p (0.18 ± 0.05, n=6 vs. 1.09 ± 220 
0.20, n=6 in Ctrl) , miR-302b-3p (0.20 ± 0.03, n=6 vs. 1.08 ± 0.20, n=6 in Ctrl), and 221 
miR-302d-3p (0.14 ± 0.03, n=6 vs. 1.12 ± 0.22, n=6 in Ctrl) were significantly reduced in 222 
AF tissues (Figure 6C), showing a negative correlation with SDC-1. miR-302-3p family 223 
has a conserved seed sequence and thus have high overlap of their target genes (Figure 224 
6D). To evaluate whether they all target SDC-1 and reduce mRNA levels, we transfected 225 
293T cells with either of all three isotypes, which were found among top significantly 226 
downregulated miRs in our miRseq (Table-1), and showed efficient overexpression lev- 227 
els (miR-302a: 17.03 ± 2.36, n=6; miR-302b: 127.1 ± 40.3, n=6; miR-302d: 148.8 ± 5.81, n=4; 228 
vs. Ctrl: 1.03 ± 0.15, n=4) (Figure 6E). However, only miR-302b-3p showed a significant 229 
reduction in SDC-1 levels (1.08 ± 0.23, n=4 vs. 0.43 ± 0.04, n=6 in Ctrl) (Figure 6F). These 230 
all together suggested that miR-302b-3p/SDC-1 axis may have a role in AF pathogenesis. 231 
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 232 

 233 

Figure 6. Validation of a selected miR-gene pair in human tissue and cells. A) SDC-1 mRNA and 234 
B) protein expression A-B) levels in Ctrl vs. AF atrial tissue samples. C) Expression levels of 235 
miR-302 family in atrial tissue samples of Ctrl vs. AF groups. D) Conserved sequences of miR-302 236 
family. Underlined sequences indicate conserved nucleotides including their seed sequences. Seed 237 
sequences were highlighted in red capital letters. E) Transfection of Ctrl. vs. miR-302 mimics to 238 
293T cells. F) qRT-PCR shows SDC-1 gene expression levels after transfection with miR mimics. ** 239 
p < 0.01 or *** p < 0.005. 240 

3. Discussion 241 
Non-coding RNAs play critical roles in development and pathogenesis of AF. Re- 242 

cent studies have predicted novel genes and non-coding RNAs by RNAseq of transcrip- 243 
tome in patient-derived atrial samples [27-31]. Here in our RNAseq data, we performed 244 
similar analysis techniques to profile differential expression of miRNAs (9 up and 30 245 
down) and mRNAs (95 up and 82 down). To be able to identify potential miR-mRNA 246 
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pairs, we followed a different strategy by further analyzing enriched genes in GSEA, 247 
which are highly enriched among all sequenced mRNAs, and overlaying them with dif- 248 
ferentially expressed miRs. Briefly, top-50 positively or negatively enriched genes (Fig- 249 
ure 4D and 5D, respectively) were overlaid with predicted targets of top differentially 250 
expressed miRs (Figure 4E and 5E). Interaction network of common genes between two 251 
groups and their corresponding miRs was constructed by Cytoscape. Eventually, we 252 
identified 15 genes and 11 miRs in total that are negatively correlated in expression (Ta- 253 
ble 2 and Table 3), which will be discussed below in detail.  254 

We linked 9 positively enriched genes (Figure 4D) and 6 negatively regulated miRs 255 
(Figure 4E; Table 2). Among these genes, TYW1B, FCER2, SELE, and SDC-1 had some 256 
degree of connections with cardiovascular diseases including AF. TYW1B is associated 257 
with triglyceride metabolism in heart disease [32,33]. GWAS studies found novel vari- 258 
ants of genes including TYW1B that are associated with altered triglyceride levels in 259 
heart disease. FCER2, a B-cell specific antigen involving in inflammatory response, is 260 
associated with cardiovascular disease [34]. SELE (Selectin E) is an endothelial 261 
cell-specific surface protein involved in leukocyte attachment to endothelial cells. Pre- 262 
viously, genetic variants of SELE were strongly associated with cardiovascular disease 263 
[35-38]. Interestingly, increased levels of soluble endothelial markers, including SELE, 264 
and endothelial dysfunction have been co-observed in AF patients [39,40]. Lastly, SDC-1 265 
(Syndecan-1) is a transmembrane heparan sulfate proteoglycan, which plays critical 266 
roles in cell-cell adhesion and intercellular communication [41,42]. SDC-1 has previously 267 
not been associated with AF although it has been studied in various different disease 268 
settings including heart disease [43-48]. In contrary, FAM72A, KYAT1, LRRC38, and 269 
PTCHD4 had little or no known associations with cardiovascular diseases so far alt- 270 
hough they are moderately expressed in heart and may have unidentified functions in 271 
AF. We also linked 6 negatively enriched genes (Figure 5D) and 7 upregulated miRs 272 
(Figure 5E; Table 3). Among these, expression of SLC36A2 in epicardial adipose tissue is 273 
linked with increased risk of coronary artery disease [49]. GPM6B regulates smooth 274 
muscle cell differentiation through controlling TGF-b-Smad2/3 axis via direct interaction 275 
with TbRI (TGF-b receptor 1) [50]. Indeed, fibrosis, one of the hallmarks of AF, is widely 276 
induced by TGF-b signaling, and smooth muscle abnormalities were coexistent with fi- 277 
brosis in AF patients [51]. MCTP2 is an essential gene required for proper development 278 
of left ventricular outflow tract, and genetic mutations in this gene result with abnormal 279 
development of outflow tracts [52-54]. Also, genetic variants of MCTP2 have been asso- 280 
ciated with heart rhythm increase [55,56]. Lastly, a GUCY1A2 single-nucleotide poly- 281 
morphism was associated with hypertension and is useful in detection of patients pre- 282 
disposed to hypertension [57]. In contrary, FERMT1 and CCNI2 have no direct link with 283 
any form of cardiovascular diseases so far although they may have some unknown func- 284 
tions in AF. Altogether, given that some of these genes are already associated with car- 285 
diovascular diseases, they may involve in pathogenesis of AF along with their corre- 286 
sponding miRs. Among these, SDC-1 stands out as a strong candidate based on our 287 
analyses, and its potential involvement in heart disease and AF will be extensively dis- 288 
cussed below.  289 

SDC-1 was reported to function in heart failure by promoting fibrosis through 290 
TGF-b/Smad2 [23,58,59] or p38/MAPK [24] pathway. Indeed, TGF-b was among the 291 
highly impacted signaling pathways in KEGG pathway analysis (Figure 2F). Also, our 292 
PPI network showed indirect interaction of SDC-1 with TGFA and a group of 293 
AF-associated genes (Figure S1A and S1B). On the other hand, cell adhesion molecules, 294 
including SDC-1, were highly enriched in KEGG pathway analysis of DEGs (Figure 3F). 295 
Consistently, PPI network of positively enriched genes in GSEA found SYNDECAN-1 296 
pathway as one of the top enriched pathways (Figure S1D). Besides, our data found that 297 
SDC-1 was the top enriched gene in both p53 and EMT hallmark pathways, which are 298 
among the top-10 significantly enriched pathways in GSEA of DEGs (Figure 4A) and in 299 
GSEA of PPI network (Figure S1C). Both p53 signaling [60,61] and EMT [62,63] are in- 300 
volved in various aspects of heart disease, including AF. More specifically, p53 signaling 301 
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was shown to be linked with the premature senescence of atrial fibroblasts in AF, which 302 
results in progressive increase of ECM accumulation and perivascular fibrosis [64,65] 303 
and is commonly observed in aging individuals [66]. On the other hand, it has been 304 
known that EMT is regulated by TGF-b in atrial fibroblasts and its effect is further 305 
strengthened under proinflammatory TNF-α signaling in AF [67]. To ensure negative 306 
correlation between SDC-1 and miR-302 family in vitro, we checked gene expression of 307 
SDC-1 and miRs in atrial tissue samples and validated our RNAseq results (Figure 308 
6A-C). To validate targeting of SDC-1 by its potential regulator, miR-302-3p family (Ta- 309 
ble-2), we transfected 293T cells with mimics of either of three isotypes, which are all 310 
significantly downregulated in our RNAseq (Table-1), and validated that miR-302b-3p 311 
regulates SDC-1 expression in vitro (Figure 6D-E). Indeed, some members of miR-302 312 
family has been previously shown to target SDC-1 transcripts [68,69], supporting our 313 
findings. Collectively, miR-302b-3p/SDC-1 axis may involve in AF through regulating 314 
atrial fibrosis, which is connected with profibrotic signaling by TGF-b, p53, and EMT.  315 

Although pathological remodeling of non-cardiomyocytes alone can induce ar- 316 
rhythmia responses in human [70] and SDC-1 is highly expressed in cardiac fibroblasts 317 
[23,58,71], it needs validation to prove whether SDC-1 function in AF is mediated 318 
through fibroblasts. Therefore, further studies on cellular distribution of SDC-1 in atrial 319 
heart tissue may shed light on its mechanism in AF. As both miR-302 family and SDC-1 320 
have conserved sequences and function between human and mouse, mouse models may 321 
help elucidate molecular mechanisms of miR-302b-3p/SDC-1 axis in AF pathogenesis. 322 
Indeed, disease models with iPSC-derived fibroblasts [72] or CMs [73], which are physi- 323 
ologically more similar to native human cells, also offer reliable platform for investiga- 324 
tion of AF mechanisms as the tissue resources from patients is limited for extensive 325 
mechanistic research [73,74]. Experimental validations of miR-302b-3p/SDC-1 function 326 
and mechanism may help generate therapeutic approaches targeting this axis toward the 327 
treatment of AF patients. 328 

Our study had some limitations. Some important genes or miRs might have been 329 
missed out due to our small sample size. Regardless of this issue, we had sufficient miR 330 
(>42x106) and mRNA (49x106) reads detected in our RNAseq data, and could successful- 331 
ly detect differential expression of some of the previously identified miRs and genes. For 332 
example, miR-146b-5p − the most significantly upregulated miR in our miRseq (Table 1) 333 
– was previously found to be upregulated in AF, regulating structural [75,76] and elec- 334 
trical remodeling of atria [77]. Besides, miR-302 family was found deregulated in AF in 335 
some studies [78,79]. Also, among the significantly upregulated genes, SELE, as an ex- 336 
ample, has been previously associated with AF [80]. 337 
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 338 
Figure 7. Proposed mechanism of SDC-1 in fibrotic remodeling of AF. Decreased levels of 339 
miR-302-3p family will result in increased expression of Syndecan-1 in atrial cardiac fibroblasts, 340 
which will stimulate TGF-b/Smad2-mediated atrial fibrosis. 341 

4. Materials and Methods 342 

4.1. Preparation of RNA Samples and RNA Sequencing 343 
Total RNA was extracted from atrial tissue samples using Trizol Reagent (Invitro- 344 

gen) and RNA quality was determined by NanoDrop (Thermoscientific). Sequencing li- 345 
braries were generated from 3µg RNA using the TruSeq RNA Sample Preparation Kit 346 
(Illumina Inc.). For mRNAseq, mRNA was purified from total RNA samples using 347 
magnetic beads attached to poly-T oligos. Fragmentation was performed in an Illumina 348 
proprietary fragmentation bugger using divalent cations under high temperature. Su- 349 
perScript II was used to synthesize first strand cDNA with random oligonucleotides. 350 
Subsequently, second strand was synthesized by DNA Polymerase I and RNase H. Re- 351 
maining overhangs were blunted by an exonuclease/polymerase and then enzymes were 352 
removed. Following 3’-end biotinylation, Illumina PE adapter oligos were ligated to 353 
DNA fragments to prepare for hybridization. Library fragments were purified by AM- 354 
Pure XP system (Beckman Coulter, Beverly, CA, USA) to select cDNA fragments with 355 
preferred 300 bp in length. DNA fragments with adapter fragments on both ends were 356 
selectively enriched in a 15-cycle PCR reaction with Illumina PCR Primer Cocktail. Re- 357 
sulted products were then purified (AM Pure XP system) and quantified using a DNA 358 
quantification assay on Bioanalyzer 2100 system (Agilent). Finally, cDNA library was 359 
sequenced by Shanghai Personal Biotech Cp. Ltd. (Shanghai, China) on a Hiseq X plat- 360 
form (Illumina). 361 

4.2. RNAseq Data Analyses 362 
Differentially expressed gene (DEG) analysis was performed using DESeq (Version 363 

1.18.0). Nominal p-values were adjusted by the false data discovery rate (FDR) criterion 364 
as needed. Genes with log2FoldChange>1 (or FoldChange>1.5) and statistical value of p 365 
< 0.05 were considered statistically significant changes and demonstrated on heatmap. 366 
Significantly deregulated genes were then used for subsequent analyses. 367 

Gene ontology (GO) and Kyoto Encyclopedia of Eenes and Eenomes (KEGG) 368 
pathway analyses were performed for differentially expressed miRs and genes using 369 
DAVID database. Hallmark gene enrichment analysis was run in GSEA 370 
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(www.gsea-msigdb.org) to find out deregulated signaling pathways. Cross-tabulation 371 
analysis (Venn analysis) was performed to obtain the expression of predicted AF-related 372 
genes. The results of the raw signal analysis were then further validated by searching the 373 
literature and in vitro experiments. Cytoscape (V3.6) was used to demonstrate the inter- 374 
action network of miRNAs and target genes. Venn diagrams showing overlay of differ- 375 
ent gene sets were generated by Venny v2.1. 376 

Protein-protein-interaction (PPI) network was constructed for genes, which are in 377 
GSEA analysis of differentially expressed genes. Genes with positive enrichment score 378 
of ES>1.5 or negative enrichment score of ES<-1.5 were selected for PPI network in Cy- 379 
toscape. Genes with at least one interaction and confidence score of >50 were shown in 380 
PPI network. Positively or negatively enriched genes in PPI network with the set crite- 381 
rion were searched through molecular signatures database (MSigDB v7.4) for GO and 382 
Canonical pathway analyses. Overlay of genes in PPI network and AF-related genes in 383 
our RNAseq data were visualized by Venny2.1. AF-related genes were obtained from 384 
gene-disease association database (www.disgenet.org) by searching the term “Atrial Fi- 385 
brillation; CUI: C0004238”. 386 

4.3. Gene Expression Analysis by qRT-PCR 387 
The sequencing results were validated with quantitative real-time PCR method. At 388 

the tissue level, total RNA was extracted from the right atrial appendage of AF and 389 
non-AF patients. The total RNA of cells and tissues were extracted, and microRNAs and 390 
mRNA were reversed transcribed to cDNA using the Reverse Transcription SparkJade 391 
MicroRNA/mRNA Reverse Transcription Kit that is the method of adding a tail (Cat#. 392 
AG0501/AG0304, SparkJade, Qingdao, China)) according to manufacturer’s instructions. 393 
qRT-PCR was performed using SYBR Green Master Mix (SparkJade, Qingdao, China) on 394 
a Bio-Rad iCycler.[81]. Primer sequences for gene expression analysis are listed as fol- 395 
lowed. 396 

H-SDC1-Forward: ACTCATCTGGCCTCAACGAC 397 
H-SDC1-Reverse: GTGTGGGGAGTGTGAAGGTC 398 
H-GAPDH-Forward: GCACCGTCAAGGCTGAGAAC 399 
H-GAPDH-Reverse: TGGTGAAGACGCCAGTGGA 400 
Hsa-miR-302d-3p Forward: ACUUUAACAUGGAGGCACUUGC 401 
Hsa-miR-302b-3p Forward: UAAGUGCUUCCAUGUUUUAGUAG 402 
Hsa-miR-302a-3p Forward: UAAGUGCUUCCAUGUUUUGGUGA 403 
Hsa-U6 Forward: Purchased from Beijing Tiangen Biochemical Tech., Co., LTD 404 
miRNA Reverse: Provided in the qPCR kit (SparkJade, Qingdao, China) 405 

4.4. Protein Expression Analysis with Western Blot 406 
For total protein collection, tissues and cells were harvested following homogeniza- 407 

tion in RIPA lysis buffer with phosphatase and protease inhibitors, followed by soni- 408 
cation for 10s. Protein concentration was measured by Biyuntian BCA protein kit (Cat# 409 
P0012, Beyotime), and protein samples were denatured in 5x loading buffer (Cat# 410 
P0015L, Beyotime) by boiling for 10 minutes at 95℃. Lysates were run in 10% SDS-PAGE 411 
gels. Proteins were transferred to PVDF membranes, followed by 1 hour blocking with 412 
10% milk solution at room temperature. Primary antibodies against the following pro- 413 
teins were used: human-GAPDH (1:1000, Cat#4478, Cell Signaling Tech., MA, USA) and 414 
human-SDC1 (1:1000, Cat# EPR6456, Abcam) overnight at 4oC. Membranes were washed 415 
three times and incubated with HRP-conjugated anti-rabbit secondary antibodies 416 
(1:3000, Cat#7074, Cell Signaling Tech., MA, USA）for 1-2 hours at room temperature. 417 
Signal was detected using Clarity Western ECL Substrate (Bio-Rad). 418 

4.5. Statistical Analyses 419 
For RNAseq data analysis, we used the hypergeometric distribution method. For 420 

GO terms and KEGG pathway analyses, nominal p values were used or FDR approach 421 
was applied to adjust p-values as needed. Two-tailed unpaired t-test was used for statis- 422 
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tical analyses of qRT-PCR and Western blot results in Prism 7. For multiple groups, we 423 
used one-way ANOVA. All data were shown as mean ± SEM, and p < 0.05 was consid- 424 
ered statistically significant change. 425 

5. Conclusions 426 
In conclusion, RNAseq of atrial samples from AF patients identified differentially 427 

expressed small non-coding and coding transcripts. Our network analysis revealed neg- 428 
atively correlated pairs of miRNAs and mRNAs among the top deregulated transcripts. 429 
We found that the miR-302b-3p/SDC-1 axis is a potential candidate that may function in 430 
development or sustenance of AF in patients through modulation of atrial fibrosis via 431 
TGF signaling. In the future, experimental animal models or human iPSC models may 432 
be utilized to study mechanism of miR-302-3p/SDC-1 axis in pathogenesis of AF, and it 433 
may serve as a potential therapeutic target in treatment of AF patients. 434 
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