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Abstract: Atrial fibrillation (AF) is currently the most common arrhythmia in the world, which is an important contribu-
tor to cardiac morbidity and mortality, and classified to five types: first diagnosed AF, paroxysmal AF, persistent AF, 
long-standing persistent AF (LSP-AF), and permanent AF. LncRNAs, emerging as a novel therapeutic in cardiovascu-
lar medicine, attracted widespread attention, although an association LSP-AF has not been reported. An integrated 
analysis of dysregulated lncRNA and mRNA expression profiles were conducted in Pulmonary vein sleeves (PVS) be-
tween the patients (n=6) with mitral valve disease (MVD) and dialed left atria who develop LSP-AF and the patients 
(n=6) with MVD and dialed left atria who were in normal sinus rhythm (NSR), focusing specifically on the identifica-
tion and characterization of lncRNAs and mRNA potentially involving in initiation of LSP-AF by a second generation 
lncRNA microarray. LncRNA microarray analysis shows 579 lncRNAs (393 higher, 186 lower), and 349 mRNAs 
(278 higher, 71 lower) was found between the LSP-AF and NSR. GO categories, pathway analyses, and interaction 
network showed a consistent result that differentially expressed genes contribute to the pathogenesis of LSP-AF. 
To conclude, this dysregulation of the lncRNA and mRNA profile provides a novel insight into the etiology of AF and 
furthermore, illustrates the intricate relationship between coding and ncRNA transcripts in LSP-AF. These data may 
offer a background/reference resource for future functional studies of lncRNAs and mRNA related to LSP-AF.
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Introduction

Atrial fibrillation (AF) is one of the most preva-
lent arrhythmias in clinical practice and is relat-
ed to increasing cardiovascular morbidity and 
mortality [1-3]. Clinically, it is reasonable to dis-
tinguish five types of AF based on the presenta-
tion and duration of the arrhythmia: first diag-
nosed, paroxysmal, persistent, long-standing 
persistent and permanent AF [4]. Unfortunately, 
the precise mechanisms of AF were not well 
elucidated, leading to the demand of investigat-
ing the exact mechanisms of the disease and 
developing treatments. Identification of novel 
biomarker influencing the development of AF is 
critical to the understanding and future preven-
tion of the disease.

Recent clinical data implicate lncRNAs have 
been implicated in cardiovascular function and 
disease, such as AF, cardiac development, 

heart failure, cardiac regeneration and coro-
nary disease [5-7]. However, the association 
between lncRNA and LSP-AF has not been 
reported.

In our study, we performed genome-wide 
lncRNA and mRNA expression profiling using 
PVS from the patients with MVD and a history 
with and without LSP-AF. As AF associated with 
MVD is often accompanied by left atrial enlarge-
ment [8], which is well known to be an indepen-
dent risk factor for fibrotic remodeling and AF 
[9], we only included LSP-AF or NON- AF patients 
with a similar degree of atrial dilation in order to 
exclude any experimental bias.

Materials and methods

Human pulmonary vein sleeves

Pulmonary vein sleeves were obtained from a 
biorepository of human atrial tissues from 12 
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MVD patients with dilated left atria who under-
went cardiac surgery at the Thoracic Depart- 
ment of Shenyang Northern Hospital and divid-
ed into two groups by AF status (NSR and LSP-
AF) (Supplementary Figure 1). The Chinese 
Ethics Committee of Registering Clinical Trials 
approved this study, and the investigation com-
plied with the principles that govern the use of 
human tissues outlined in the Declaration of 
Helsinki. All patients gave informed consent 
before participating in the study. Approved NO. 
of ethic committee: ChiECRCT-20150025. Th- 
ere was no industry involvement in the design 
or performance of the study or in the analysis of 
the data. Samples were snap-frozen in liquid 
nitrogen and kept at -80°C until RNA extrac-
tion. Patients’ characteristics are listed in the 
Table 1. The dilated left atria were defined 
according to ESC guidelines as follows [10]: 
male left atrial diameter (LAD) > 40 mm, female 
LAD > 38 mm. The diagnosis of LSP-AF was 
made according to AHA/ACC/ESC/HRS guide-
lines [11]. The LSP-AF patients had a history of 
AF for 1 yr. after which a rhythm control strate-
gy is often adopted [4]. The NSR patients in nor-
mal sinus rhythm had no history of any type of 
AF or of using antiarrhythmic drugs.

RNA extraction

To extract RNA, frozen tissues were ground into 
powder with mortar and pestle and resuspend-

t-test to filter the differentially expressed tran-
scripts between control and infected groups. 
After the significance analysis and false discov-
ery rate (FDR) analysis, differentially expressed 
genes were selected according to their p value 
threshold [12]. Differentially expressed genes 
with statistical significance were identified 
through Heat maps and Volcano Plot filtering. 
The threshold used to screen up-or down-regu-
lated genes was P < 0.05 and FDR < 0.7. The 
microarray data discussed in this study have 
been deposited in NCBI’s Gene Expression 
Omnibus and are accessible through GEO 
Series accession number GSE76899 (http://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc= 
GSE76899).

Validation by qRT-PCR

Total RNA extraction and cDNA transcription 
were conducted as above. For real-time qRT-
PCR, we added 1 μl of cDNA to 12.5 μl of SYBR-
Green Gene Expression Master Mix (Applied 
Biosystems, USA), 10.5 μl of DEPC-treated 
water and 0.5 μl of reverse and forward prim-
ers. cDNA was amplified for 40 cycles on the 
ABI 7500 Real-Time PCR system (Applied 
Biosystems, USA). Two lncRNAs (IFNG-AS1 and 
ENST00000401123) were randomly selected 
to prove the consistency of microarray and 
qPCR. The primers sequences used are listed 

Table 1. Clinical characteristics of study population 
Classification NSR (n=6) LSP-AF (n=6) P-value
Age, y 61.5±6.5 60.3±3.3 0.70
Gender Male/Female 3/3 3/3 1/1
Clinical diagnosis (n%)
    MS+MR 3 (50%) 5 (83.33%) 0.22
    MR 3 (50%) 1 (16.67%) 0.22
    AVD 2 (33.33%) 1 (16.67%) 0.51
    TVD 3 (50%) 2 (33.33%) 0.56
    CHD 2 (33.33%) 1 (16.67%) 0.51
    Cerebral infarction 1 (16.67%) 1 (16.67%) 1
    Pulmonary hypertension 1 (16.67%) 0 (0%) 0.30
    Hypertension 1 (16.67%) (III) 0 (0%) 0.30
LAD (mm) 51.50±3.83 47.00±5.10 0.11
    LVEF 0.60±0.03 0.61±0.05 0.69
    LVFS 0.28±0.02 0.30±0.02 0.24
LVEDD (mm) 55.83±5.64 55.83±4.71 1
NSR, normal sinus rhythm; LSP-AF, long standing persistent atrial fibril-
lation; MS, mitral stenosis; MR, mitral regurgitation; AVD, aortic valve 
disease; TVD, tricuspid valve disease; LAD, left atrial diameter; LVEF, left 
ventricular ejection fraction; LVFS, left ventricular fractional shortening; 
LVEDD, left ventricular end diastolic dimension. P-value (NSR vs. LSP-AF).

ed in TRIzol reagent (Invitrogen, Ca- 
rlsbad, CA, USA). RNA was isolated 
from the homogenate following the 
manufacturer’s protocol. A260/A280 
in all samples was more than 1.8 and 
there were no degradation fragments 
in electrophoresis images (data not 
shown).

Microarray analysis 

Purified RNA was amplified and tran-
scribed into cRNA utilizing a random 
priming method and cDNA was label- 
ed and hybridized to the Affymetrix 
Human Transcriptome Array 2.0 arr- 
ays. Totally, 70524 transcripts both 
coding and non-coding were covered. 
The arrays were scanned by Gene- 
Chip® Command Console® Software 
(AGCC) and all CEL files from the chips 
were normalized using Expression 
console (Affymetrix, Santa Clare, CA, 
USA). Due to the small sample size, we 
adopted the random variance model 
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in Supplementary Table 1. β-actin was used as 
a reference to obtain the relative expression of 
target lncRNAs which was determined with the 
comparative cycle threshold (CT) (2-ΔCT) meth-
od, in which ΔCT=CTtarget lncRNA-CTGAPDH.

Gene ontology analysis and pathway analysis 
of LSP-AF related gene

Gene ontology (GO) analysis was applied to 
analyze the main function of the differential 
expression genes according to the Gene ontol-
ogy project. Fisher’s exact test and χ2 test were 
used to classify the GO category, and the false 
discovery rate (FDR) was calculated to correct P 
value. The standard of difference screening 
was P < 0.05. Similarly, pathway analysis was 
used to find the significant pathway of the dif-
ferential gene according to KEGG, Biocarta and 

Reatome. Fisher’s exact test and χ2 tests were 
used to select the significant pathway, and the 
threshold of significance was defined by P value 
and FDR [13-15].

Signal-net network diagram

Gene-gene interaction network was construct-
ed based on the data of differentially expressed 
mRNAs. For instance, if there is confirmative 
evidence that two genes interact with each 
other, an interaction edge is assigned between 
the two genes. The considered evidence is the 
source of the interaction database from KEGG. 
Networks are stored and presented as graphs, 
where nodes are main genes (protein, com-
pound, etc.) and edges represent relation types 
between the nodes, e.g. activation or phosph- 
orylation.

Figure 1. Heat map and hierarchical clustering of mRNA profile comparison between the LSP-AF (n=6) and NSR 
(n=6) samples. Total mRNA is 349: up-regulated mRNA, 278; Down-regulated mRNA, 71. The relative gene log2 
expression changes are expressed by a color gradient intensity scale, as shown in the top left corner. Green color in-
dicates down-regulation, and red color indicates up-regulation of mRNA expression. Each row represents a separate 
sample and each column represents a single mRNA. Left spectrum represents NSR samples and right spectrum 
represents LSP-AF samples. The differentially expressed mRNAs are clearly self- segregated into clusters.
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LncRNA-mRNA-network analysis 

LncRNA-mRNA interaction network was net-
works were built according to the normalized 
signal intensity of specific expression genes. 
We constructed the network adjacency bet- 
ween 2 genes, i and j, defined as a power of the 
Pearson correlation between the correspond-
ing gene expressions profiles xi and xj. By com-
puting them, we obtained the gene adjacency 
matrix M (i, j). The adjacency matrix M (i, j) was 
visualized as a graph, and the topological prop-
erties of this graph were examined [16]. To 
make a visual representation, only the stron-
gest correlations (0.96 or greater) were drawn 
in these renderings.

Statistical analysis

All statistical analyses were performed using 
the Student’s t-test with PASW Statistics 18. A 
P value less than 0.05 was considered statisti-
cally significant, and all the statistical tests 
were two-sided. False discovery rate (FDR) was 
calculated to correct the P value.

Results

Patients characteristics

There were no gender-related differences in 
LAD, age, clinical diagnosis of etiology, and 
accompanied disease between AF and NAF 
(Table 1).

Dysregulated mRNA expression profiles of PVS 
from patients with LSP-AF

Hierarchical clustering and Volcano plots sh- 
owed systematic variations in the expression of 
mRNAs. A total of 349 mRNAs were identified 
to be differentially expressed. Among them, 
278 and 71 mRNAs were upregulated and do- 
wnregulated in AF tissues compared with con-
trols, respectively (Figure 1). These results indi-
cate that mRNAs are involved in the pathogen-
esis of AF.

GO analysis

The GO project is a collaborative effort to con-
struct and use ontologies to facilitate the bio-

Figure 2. GO analysis: The top 5 categories of up-reg-
ulated genes and down- regulated genes. A. Biological 
process. B. Cellular component. C. Molecular function.
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logically meaningful annotation of genes and 
their products in a wide variety of organisms 
and is the key functional classification system 
of the NCBI.

We performed GO analysis for the functions of 
differential expressed (both up-regulated and 
down-regulated) mRNA in LSP-AF as shown in 
Figure 2. Differentially expressed transcripts in 
biological process were involved as follows 
(Figure 2A): up-regulated mRNA categories 
(Top5), (1) small molecule metabolic process; 
(2) cellular metabolic process; (3) respiratory 
electron transport chain; (4) tricarboxylic acid 
cycle; (5) translation; down-regulated mRNA 
categories (Top5), (1) extracellular matrix orga-
nization; (2) outflow tract morphogenesis; (3) 
cardiac epithelial to mesenchymal transition; 
(4) positive regulation of cell migration; (5) 
cochlea development. Differentially expressed 
transcripts in cellular component were involved 
as follows (Figure 2B): up-regulated mRNA cat-
egories (Top5), (1) mitochondrion; (2) mitochon-
drial inner membrane; (3) cytosol; (4) mitochon-
drial matrix; (5) cytoplasm; down-regulated 
mRNA categories (Top5), (1) proteinaceous 
extracellular matrix; (2) extracellular space; (3) 
extracellular vesicular exosome; (4) extracellu-
lar matrix; (5) extracellular region. Differentially 
expressed transcripts in molecular function 
were involved as follows (Figure 2C): up-regu- 
lated mRNA categories (Top5), (1) protein bind-
ing; (2) structural constituent of ribosome; (3) 
RNA binding; (4) enoyl-CoA hydratase activity; 
(5) copper ion binding; down-regulated mRNA 
categories (Top5), (1) protein binding transcrip-
tion factor activity; (2) microsatellite binding; 

(Figure 3): up-regulated mRNA categories 
(Top5), (1) Metabolic pathways; (2) Carbon 
metabolism; (3) Valine, leucine and isoleucine 
degradation; (4) Oxidative phosphorylation; (5) 
Citrate cycle (TCA cycle); down-regulated mRNA 
categories (Top5), (1) Chronic myeloid leuke-
mia; (2) Proteoglycans in cancer; (3) ErbB sig-
naling pathway; (4) Estrogen signaling pathway; 
(5) MicroRNAs in cancer.

Signal-net analysis of AF-related genes

To investigate the key genes involved in LSP-AF, 
signal-net analysis of differential genes associ-
ated with LSP-AF exposure showed that 59 
genes have a direct or indirect interaction rela-
tionship (Figure 4). The largest direct connect-
ed subnetwork includes four up-regulated ge- 
nes (SDHD, SDHC, SUCLG2, and SUCLA2) on 
the Metabolic related pathway. These findings 
agree with current knowledge of the involve-
ment of the Metabolic related pathway in AF 
[17].

Dysregulated lncRNA expression profiles of 
PVS from patients with LSP-AF

Hierarchical clustering and Volcano plots sh- 
owed systematic variations in the expression of 
lncRNAs. A total of 579 lncRNAs were identifi- 
ed to be differentially expressed. Among them, 
393 and 186 lncRNAs were upregulated and 
downregulated in AF tissues compared with 
controls, respectively (Figure 5). These results 
indicate that lncRNAs are involved in the patho-
genesis of AF.

Figure 3. Pathway analysis: 
the top 5 categories of up-
regulated genes and down-
regulated genes. Dif gene 
Sig Pathway, different genes 
in significant Pathway.

(3) heparin binding; (4) extra-
cellular matrix structural con-
stituent; (5) protein binding.

Pathway analysis 

Ingenuity Pathway Analysis 
(IPA) was used to identify pa- 
thways and gene networks 
represented among the sets 
of protein-coding mRNAs id- 
entified in the AF gene expres-
sion signature. We performed 
KEGG pathway enrichment 
analysis as shown in Figure 3. 
The most significant pathw- 
ays were involved as follows 
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Validation of differentially expressed lncRNAs

Two lncRNAs (IFNG-AS1 and ENST0000040- 
1123) were randomly selected to prove the 
consistency of microarray and qPCR. As expect-
ed, the expression of lncRNA IFNG-AS1 was 
upregulated and ENST00000401123 was do- 
wn-regulated in the AF samples versus control 
samples (Supplementary Figure 2), consistent 
with the microarray results.

Construction of lncRNA-mRNA co-expression 
network

To explore which lncRNAs and mRNAs play criti-
cal roles in AF progression, we constructed a 

co-expression network of the differentially ex- 
pressed correlated lncRNAs and mRNAs in 
LSP-AF (Figure 6B) and NSR group (Figure 6A), 
respectively, according to the similarity of gene 
expression patterns in each group. The nodes 
in the figures stand for the genes, and the lines 
between nodes stand for the relationship 
between the genes. The node size is on behalf 
of the gene’s degree. The greater the degree is, 
the more interactions between the target gene 
and other genes. The clustering coefficient is 
on behalf of the density of an area of the net-
work. Genes with greater clustering coefficient 
indicates the region of this gene is more impor-
tant for the regulation of whole network. The 

Figure 4. Signal-net analysis of differential AF-related genes in LSP-AF. The molecular networks were constructed, 
where nodes are main genes and edges represent relation types between the nodes. a(b), activation (binding/
association); a, activation; c, compound; ex, expression; inh, inhibition; a(p), activation (phosphorylation); ind, in-
direct effect; inh(p), inhibition (phosphorylation); a(ind), activation (indirect effect); a(c), activation (compound); p, 
phosphorylation; a(ind)(p), activation (indirect effect) (phosphorylation). a(c)(p), activation (compound) (phosphory-
lation). Red denotes the up-regulated genes. Blue denotes the down-regulated genes. Light purple denotes Joining 
gene according to the database.

Figure 5. Heat map and hierarchical clustering of LNC-RNA profile comparison between the LSP-AF (n=6) and NSR 
(n=6) samples. Total mRNA is 579: up-regulated LNC-RNA, 393; Down-regulated LNC-RNA, 186. The relative gene 
log2 expression changes are expressed by a color gradient intensity scale, as shown in the top left corner. Green 
color indicates down-regulation, and red color indicates up-regulation of LNC-RNA expression. Each row represents 
a separate sample and each column represents a single LNC-RNA. Left spectrum represents NSR samples and 
right spectrum represents LSP-AF samples. The differentially expressed LNC-RNAs are clearly self-segregated into 
clusters.
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Figure 6. LNC-RNA-mRNA co-expres-
sion networks were built according 
to the normalized signal intensity of 
specific expression genes. A. LNC-
RNA-mRNA co-expression networks 
in NSR; B. LNC-RNA-mRNA co-ex-
pression networks in LSP-AF. Dots 
represent genes, bicyclic dots rep-
resent lncRNAs (red, upregulation; 
blue, downregulation), and lines rep-
resent the regulatory relationship 
between them (solid lines represent 
positive regulation, the dotted lines 
represent negative regulation).
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network structure of the LSP-AF (Figure 6B) tis-
sues and corresponding NSR (Figure 6A) tis-
sues samples was markedly different. 

Genes with a large degree value and clustering 
coefficient in NSR and LSP-AF samples (cluster-
ing coefficient > 0.6, Degree 10) were listed in 
Supplementary Tables 2 and 3, respectively. 

The critical change of co-expression status of a 
gene between the co-expression network of 
LSP-AF and NSR suggests that the expression 
of the gene very possibly undertakes a pivotal 
change in the process of LSP-AF pathogenesis 
Gene like this may play an important role in the 
LSP-AF’s genesis and development, so away to 
find these genes is to select the genes that 
have the most pivotal changes in the co-expres-
sion network of the LSP-AF compared with that 
of the NSR. Through analyzing the changes of 
co-expression status of genes between the 
LSP-AF and NSR samples, we have got a list of 
genes (|diffK| > 0.6) that may participate in the 
pathogenesis of LSP-AF (Supplementary Table 
4), such as TCONS_00024590-XLOC_011883 
may be participate in the regulation of LSP-AF 
in biological processes (small molecule meta-
bolic process; oxidation-reduction process; sig-
nal transduction; lipid metabolic process; xeno-
biotic metabolic process), cellular component 
(extracellular vesicular exosome; membrane; 
integral to membrane; intracellular membrane-
bounded organelle; endoplasmic reticulum me- 
mbrane) and several pathways (Drug metab- 
olism-cytochrome P450), by interacting with 
MGST3, according to GO and Pathway catego-
ries and deserves for further study.

Discussion

AF is one of the most prevalent arrhythmias in 
clinical practice and is related to increasing car-
diovascular morbidity and mortality [1-3]. 
Recent clinical data implicate lncRNAs have 
been implicated in cardiovascular function and 
disease, such as cardiac development, heart 
failure, cardiac regeneration coronary disease 
and AF. Braveheart (Bvht) was first as identified 
heart-associated lncRNA with potential regula-
tory function in cardiovascular development 
[18]. The lncRNA ANRIL has been shown to par-
ticipate in the molecular mechanisms under-
pinning heart failure [19]. The MIAT was identi-
fied as an lncRNA associated with increased 
risk of myocardial infarction [20]. In addition, 
Prof. Zhu and Jiang found a lot of lncRNA are 

closely related with AF in Blood [7] and left atri-
al appendage [6]. However, the association 
between lncRNA and LSP-AF has not been 
reported.

Pulmonary vein (PV) sleeves play a critical role 
in the initiation and maintenance of AF [21]. In 
our study, we performed genome-wide lncRNA 
and mRNA expression profiling in PVS from the 
patients with and without LSP-AF using micro-
array and preliminary explore the role of lncRNA 
and mRNA in the pathogenesis of AF. We identi-
fied 579 dysregulated lncRNAs (393 higher, 
186 lower), and 349 dysregulated mRNAs (278 
higher, 71 lower) in LSP-AF. Our results illustrat-
ed significant changes of lncRNAs and mRNA 
expression in atrial tissues of AF patients and 
dysregulated lncRNAs and mRNA may play reg-
ulatory roles in the mechanism of AF, which 
may further provide potential therapeutic tar-
gets for prophylaxis and treatment of AF. 

However, perhaps the most important current 
challenge is that the knowledge embedded in 
pathways regarding how various genes interact 
with each other is not currently exploited. 
Microarray technology makes it possible to 
measure the expression levels of almost all the 
human genes and therefore facilitates the iden-
tification of genes and pathways that are relat-
ed to disease initiation and development. Gene 
ontology (GO) and Pathway Analysis were ap- 
plied to classify differentially expressed AF 
related genes. We found that the most obvious 
significant up-regulated gene category is me- 
tabolism-related (small molecule metabolic 
process) and Oxidative stress-related (mito-
chondrion); the most obvious significant down- 
regulated gene category is fibrosis remodeling-
related (extracellular matrix organization, pro- 
teinaceous extracellular matrix). The mecha-
nism of atrial fibrillation is mainly electrical 
remodeling and structural remodeling [22]. The 
metabolism-related categories mainly involved 
in AF by promoting oxidative stress and inflam-
mation [23], while oxidative stress-related cat-
egories mainly involved in AF by promoting fi- 
brosis remodeling [24]. Therefore, our screened 
significant gene categories mainly involved in 
structural remodeling, which plays an impor-
tant role in LSP-AF.

Signal-net analysis showed that 59 AF-related 
genes have a direct or indirect interaction rela-
tionship (Figure 4). The largest direct connect-
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ed subnetwork includes four up-regulated 
genes (SDHD, SDHC, SUCLG2, and SUCLA2) on 
the Metabolic pathway. These findings agree 
with current knowledge of the involvement of 
the Metabolic pathway in AF [17, 23].

It has been found that 80% of noncoding RNAs 
are lncRNAs, which are involved in gene expres-
sion and function regulations. Not like mRNA, 
the functions of most lncRNAs are still not 
determined. In order to investigate the function 
of lncRNAs in AF, we combined differentially 
expressed lncRNAs and mRNA to construct a 
co-expression network. We found that many 
lncRNAs were significantly correlated with mul-
tiple protein-coding genes. Although we have 
identified some differentially expressed mRNA 
and lncRNAs in LSP-AF as TCONS_00024590-
XLOC_011883 may be participate in the regu-
lation of LSP-AF in biological processes (small 
molecule metabolic process; oxidation-reduc-
tion process; signal transduction; lipid meta-
bolic process; xenobiotic metabolic process), 
cellular component (extracellular vesicular exo-
some; membrane; integral to membrane; intra-
cellular membrane-bounded organelle; endo-
plasmic reticulum membrane) and several pa- 
thways (Drug metabolism-cytochrome P450), 
by interacting with MGST3, it is too early for us 
to confirm their relationship. Therefore, sub-
group analysis of mRNA and lncRNAs should be 
performed to explore this relationship in the 
future. In addition, most differentially express- 
ed lncRNAs have no official Human Genome 
Nomenclature Committee symbol and their 
function is still unclear. Further functional stud-
ies are required to elucidate their roles in 
LSP-AF.

In conclusion, this dysregulation of the lncRNA 
and mRNA profile provides a novel insight into 
the etiology of AF and furthermore, illustrates 
the intricate relationship between coding and 
ncRNA transcripts in LSP-AF. These data may 
offer a background/reference resource for 
future functional studies of lncRNAs and mRNA 
related to AF.
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Supplementary Figure 1. Group of selected patients.
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Supplementary Table 1. Primers for RT-PCR
Forward sequence (5’-3’) Reverse sequence (5’-3’)

IFNG-AS1 GCTGATGATGGTGGTGGCAATCT TTAGCAGTTGGTGGGCTTCT
ENST00000401123 GGTCCGAGTGTATTGGTGTTTAGA AGGCTAGTCAAGTGAAGCAATGC
β-actin GCTCAGGAGGAGCAATGATCTTG GTACGCCAACACAGTGCTGTC

Supplementary Figure 2. Validation of differentially expressed lncRNAs in NSR (n=6) and LSP-AF (n=6) by qRT-PCR. 
The bars represent standard errors. The validation results of the lncRNAs (IFNG-AS1 and ENST00000401123) in-
dicated that the qPCR results correlated well with the microarray data. The results are presented as mean ± SEM. 
*P < 0.05 vs. corresponding controls.
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Supplementary Table 2. Genes with a large degree value and clustering coefficient in NSR samples 
(clustering coefficient > 0.6, Degree 10)
Gene/ncRNA Type Style Degree Clustering coefficient
DECR1 Coding Up 14 0.648351648
n410929 Noncoding Up 14 0.626373626
ENST00000545520 Noncoding Up 13 0.628205128
NR_003341 Noncoding Up 12 0.606060606
n409375 Noncoding Up 11 0.672727273
YME1L1 Coding Up 11 0.672727273
PPP1R9A Coding Up 11 0.654545455
ENST00000364189 Noncoding Down 11 0.636363636
ECM1 Coding Down 10 0.644444444
TCONS_00005647-XLOC_002908 Noncoding Up 10 0.644444444
NSR, normal sinus rhythm.

Supplementary Table 3. Genes with a large degree value and clustering coefficient in LSP-AF sam-
ples (clustering coefficient > 0.6, Degree 10)
Gene/ncRNA Type Style Degree Clustering coefficient
ENST00000383932 Noncoding Up 48 0.624113475
ENST00000384041 Noncoding Up 46 0.64057971
ENST00000384312 Noncoding Up 46 0.602898551
ENST00000362353 Noncoding Up 45 0.688888889
TCONS_l2_00031069-XLOC_l2_015973 Noncoding Up 45 0.635353535
TCONS_l2_00031115-XLOC_l2_016016 Noncoding Up 45 0.635353535
TCONS_l2_00031158-XLOC_l2_016056 Noncoding Up 45 0.635353535
TCONS_l2_00031100-XLOC_l2_016002 Noncoding Up 45 0.628282828
ENST00000363154 Noncoding Up 45 0.623232323
ENST00000384345 Noncoding Up 44 0.694503171
ENST00000362539 Noncoding Up 44 0.634249471
ENST00000383855 Noncoding Up 44 0.604651163
ENST00000516993 Noncoding Up 43 0.61683278
ENST00000384395 Noncoding Up 41 0.735365854
ENST00000365312 Noncoding Up 40 0.719230769
ENST00000362881 Noncoding Up 39 0.690958165
n407825 Noncoding Up 39 0.607287449
ENST00000384089 Noncoding Up 38 0.783783784
ENST00000362996 Noncoding Up 38 0.698435277
ENST00000365599 Noncoding Up 38 0.628733997
ENST00000365235 Noncoding Up 38 0.608819346
ENST00000410980 Noncoding Up 38 0.608819346
ENST00000365439 Noncoding Up 37 0.749249249
ENST00000362997 Noncoding Up 37 0.725225225
ENST00000365406 Noncoding Up 37 0.698198198
ENST00000363977 Noncoding Up 37 0.624624625
ENST00000364112 Noncoding Up 37 0.618618619
ENST00000384029 Noncoding Up 34 0.604278075
SMDT1 Coding Up 32 0.651209677
ENST00000384063 Noncoding Up 32 0.629032258
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ENST00000364439 Noncoding Up 31 0.632258065
ENST00000516036 Noncoding Up 31 0.627956989
ENST00000363110 Noncoding Up 31 0.615053763
ENST00000363215 Noncoding Up 30 0.650574713
ENST00000384001 Noncoding Up 30 0.627586207
ENST00000410489 Noncoding Up 29 0.655172414
ENST00000363651 Noncoding Up 27 0.749287749
ENST00000384749 Noncoding Up 27 0.60968661
ENST00000384333 Noncoding Up 26 0.670769231
ENST00000363562 Noncoding Up 26 0.64
ENST00000384373 Noncoding Up 24 0.634057971
ENST00000365384 Noncoding Up 22 0.74025974
ENST00000516043 Noncoding Up 21 0.652380952
ENST00000362894 Noncoding Up 21 0.619047619
ENST00000363462 Noncoding Up 21 0.614285714
ENST00000384661 Noncoding Up 20 0.726315789
ENST00000363709 Noncoding Up 20 0.631578947
ENST00000364904 Noncoding Up 18 0.699346405
MTIF3 Coding Up 18 0.666666667
KARS Coding Up 17 0.647058824
ENST00000364631 Noncoding Up 17 0.632352941
ENST00000384271 Noncoding Up 16 0.883333333
ENST00000516297 Noncoding Up 15 0.761904762
ENST00000515983 Noncoding Up 15 0.752380952
ENST00000384138 Noncoding Up 15 0.723809524
ENST00000363832 Noncoding Up 15 0.695238095
ENST00000362807 Noncoding Up 15 0.647619048
TCONS_l2_00031084-XLOC_l2_015987 Noncoding Up 14 0.78021978
ENST00000364153 Noncoding Up 14 0.648351648
ENST00000365341 Noncoding Up 13 0.871794872
TCONS_l2_00031127-XLOC_l2_016028 Noncoding Up 13 0.820512821
TCONS_l2_00031141-XLOC_l2_016040 Noncoding Up 13 0.820512821
CWC15 Coding Up 13 0.653846154
NR_015442 Noncoding Up 13 0.615384615
CALM2 Coding Up 12 0.666666667
NAV1 Coding Down 10 0.777777778
SCO1 Coding Up 10 0.666666667
ARFGEF2 Coding Up 10 0.644444444
CD177P1 Coding Down 10 0.622222222
FAM229B Coding Up 10 0.622222222
SMC2 Coding Up 10 0.622222222
LSP-AF, long-standing persistent atrial fibrillation.
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Supplementary Table 4. Co-expression status of genes between the LSP-AF and NSR samples
Gene/ncRNA Type Style Exp_Degree |Diff K|
n342783 Noncoding Up 6 0.896551724
ENST00000362962 Noncoding Up 54 0.844077961
ENST00000383932 Noncoding Up 48 0.827586207
ENST00000363154 Noncoding Up 45 0.775862069
ENST00000384268 Noncoding Up 45 0.775862069
ENST00000364639 Noncoding Up 50 0.775112444
n341959 Noncoding Up 3 0.774362819
ENST00000364763 Noncoding Up 54 0.757121439
NDUFA9 Coding Up 7 0.748875562
ENST00000362421 Noncoding Up 56 0.748125937
TCONS_00020461-XLOC_009792 Noncoding Up 0 0.739130435
C17orf75 Coding Up 0 0.739130435
RNASE2 Coding Down 0 0.739130435
ENST00000383936 Noncoding Up 40 0.689655172
NEK7 Coding Up 6 0.67916042
n407825 Noncoding Up 39 0.672413793
ENST00000362617 Noncoding Up 39 0.672413793
ENST00000384480 Noncoding Up 49 0.670914543
ENST00000384041 Noncoding Up 46 0.662668666
ENST00000410980 Noncoding Up 38 0.655172414
NR_033360 Noncoding Down 0 0.652173913
ENST00000362997 Noncoding Up 37 0.637931034
ENST00000363179 Noncoding Up 37 0.637931034
TCONS_l2_00024184-XLOC_l2_012510 Noncoding Up 6 0.635682159
MGST3 Coding Up 1 0.634932534
ENST00000384345 Noncoding Up 44 0.628185907
ENST00000364685 Noncoding Up 44 0.628185907
CLCN3 Coding Up 9 0.627436282
LIMCH1 Coding Up 2 0.617691154
TCONS_00011974-XLOC_005486 Noncoding Up 2 0.617691154
ENST00000365235 Noncoding Up 38 0.611694153
NR_038275 Noncoding Up 5 0.609445277
ENST00000439394 Noncoding Down 0 0.608695652
TCONS_00003580-XLOC_001356 Noncoding Up 0 0.608695652
ENST00000384078 Noncoding Up 40 0.602698651
ENST00000384768 Noncoding Up 50 0.6011994
PRKAR1A Coding Up 3 0.600449775
NSR, normal sinus rhythm. LSP-AF, long-standing persistent atrial fibrillation.


