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Impact statement

Atrial fibrillation (AF) is considered as the
most common arrhythmia, and it subse-
quently causes serious complications
including thrombosis and heart failure that
increase the social burden. The definite
mechanisms underlying AF pathogenesis
remain complicated and unclear. Many
studies attempted to discover the transcrip-
tomic changes using microarray technolo-
gies, and the present studies for this hot topic
have assessed individual miRNAs profiles for
AF. However, results of different articles are
controversial and not each reported miRNA
is actually associated with the pathogenesis
of AF. The present systematic review and
meta-analysis identified that 51 consistently
dysregulated miRNAs were associated with
AF. Of these miRNAs, five miRNAs (miRNA-
1-5p, miRNA-328, miRNA-29b, miRNA-21,
and miRNA-223-3p) may act as novel bio-
markers for AF. The findings could offer a
better description of the biological charac-
teristics of miRNAs, meanwhile might serve
as new target for the intervention and moni-
toring AF in future studies.

Abstract

Association between microRNA (miRNA) expression signatures and atrial fibrillation has
been evaluated with inconsistent findings in different studies. This study aims to identify
miRNAs that actually play vital role in pathophysiological process of atrial fibrillation and
explore miRNA-targeted genes and the involved pathways. Relevant studies were retrieved
from the electronic databases of Embase, Medline, and Cochrane Library to determine the
miRNA expression profiles between atrial fibrillation subjects and non-atrial fibrillation con-
trols. Robustness of results was assessed using sensitivity analysis. Subgroup analyses
were performed based on species, miRNA detection method, sample source, and ethnicity.
Quality assessment of studies was independently conducted according to QUADAS-2.
Bioinformatics analysis was applied to explore the potential genes and pathways associ-
ated with atrial fibrillation, which were targeted by differentially expressed miRNAs. Form of
pooled results was shown as log10 odds ratios (logORs) with 95% confidence intervals
(Cl), and random-effects model was used. In total, 40 articles involving 283 differentially
expressed miRNAs were reported. And 51 significantly dysregulated miRNAs were
identified in consistent direction, with 22 upregulated and 29 downregulated. Among
above-mentioned miRNAs, miR-223-3p (logOR 6.473; P <0.001) was the most upregu-
lated, while miR-1-5p (logOR 7.290; P < 0.001) was the most downregulated. Subgroup
analysis confirmed 53 significantly dysregulated miRNAs (21 upregulated and 32

downregulated) in cardiac tissue,

with miRNA-1-5p and miRNA-223-3p being the most upregulated and downregulated

miRNAs, respectively. Additionally, miR-328 and miR-1-5p were highly blood-specific, and miR-133 was animal-specific. In
the detection method sub-groups, miRNA-29b and miRNA-223-3p were differentially expressed consistently. Four miRNAs,
including miRNA-223-3p, miRNA-21, miRNA-328, and miRNA-1-5p, were consistently dysregulated in both Asian and non-
Asian. Results of sensitivity analysis showed that 47 out of 51 (92.16%) miRNAs were dysregulated consistently. Totally, 51
consistently dysregulated miRNAs associated with atrial fibrillation were confirmed in this study. Five important miRNAs, including
miR-29b, miR-328, miR-1-5p, miR-21, and miR-223-3p may act as potential biomarkers for atrial fibrillation.
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Introduction

Atrial fibrillation (AF), is the most prevalent arrhythmia,
which takes responsibility for the most of thromboembo-
lism, contributing to major socioeconomic load.! The AF
prevalence was predicted to markedly increase up to 12
million in the USA and 17.9 million in Europe in the next
50 years.>®> However, the specific molecular pathogenesis
underlying AF is complex and largely remained unclear.*
The insufficient efficacy was attained for the current phar-
macological interventions, and clinical treatments mainly
focus on preventing complications and improving symp-
toms. Currently, transcriptomic changes have been studied
in human and animal subjects for AF through microRNA
detecting technology.”® The previous studies have
assessed miRNA expression characteristics of AF, and sev-
eral pivotal pathways associated with miRNAs have been
identified, including immune and inflammatory, Ca*'-
dependent signaling, as well as cell cycle and apoptotic
pathways,” and it is suggested that miRNAs may be diag-
nostic targets for AF.'

MiRNAs are small non-coding RNAs with 18-25 nucleo-
tides, which negatively regulate the post-transcriptional
of target gene."’ By binding to complementary site in the
3'-untranslated regions (3'-UTRs) of target genes, miRNAs
generally result in the inhibition or degradation of transla-
tion."”? Because of the crucial role in gene regulation,
miRNAs have been confirmed to be aberrantly expressed
in a variety of diseases involving cancer, neurological and
cardiovascular diseases.”>™® The dysregulated miRNAs
may serve as new intervention target for the diseases.'®"”
To date, the significant role of miRNAs has been uncovered
in acute coronary syndrome, chest pain, and myocardial
infarction.'®*! The level of miRNA-29 was decreased in
the cardiac valve of heart failure;”> meanwhile, the admin-
istration of antagomiR-29 in mouse models can lead to an
obvious improvement in fibrosis.”> In addition, cardiac-
specific miRNA-208 is important in the myocardium
hypertrophic response, and it has an effect on arrhythmias
in mice.***

Growing report suggests that aberrant level of miRNA
in cardiac tissue and blood is related to AF by promoting
atrial remodeling.?** Differences in expression level of
miRNAs exist among AF patients. The expression level of
miRNA-486 and miRNA-638 was increased, while the
expression level of miRNA-423 and miRNA-572 was
decreased in the cardiac tissue of AF subjects.>**! MiR-
99b expression was downregulated both in blood®>?*?* and
left atrial appendage (LAA).** Additionally, miRNA
expression form related to AF is various in different
tissue samples. MiR-328 was detected to be downregulated
in plasma,”’ while upregulated in myocardial tissue.” MiR-
21 was decreased in right atrium and was increased in left
atrium.* The related article indicated that the expression of
42 and 65 miRNAs was markedly abnormal in the LAA and
right atrial appendages (RAA) of AF individuals, respec-
tively. Among these, 23 of those were detected in both atrial
appendages, while 45 detected only in the RAA, and 19
detected only in the LAA.*® Considering the inconsistent
findings of all the published studies, it is essential to
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construct this systematic review and meta-analysis to fur-
ther explore and integrate the miRNA value in AF.

MiRNAs participate in regulating AF-associated remod-
eling and play a crucial role in the pathophysiology of AF.*”
It is revealed that miRNAs are associated with structural
remodeling by targeting critical genes in AF. MiR-1 could
impact electrical remodeling in AF through targeting
KCNE1 and KCNB2.*® miR-328 regulates myocardial elec-
trical remodeling through targeting to CACNA1C and
CACNB1,? and miR-21 affects myocardial fibrosis through
regulating the TGF-$1/Smad signaling pathway.*

Emerging findings support that a variety of dysregu-
lated miRNAs have been confirmed to regulate the target
genes related to AF.**® Nevertheless, inconsistency among
different articles is found and not each miRNA reported is
actually vital in AF. This study mainly aimed to summarize
miRNA expression profiling and to predict miRNA-target
genes through bioinformatics approach in the currently
reported AF studies, in order to ensure the merit of
miRNA-based therapy and serve as a better description
for the biological features of miRNAs.

Materials and methods

Data sources and retrieval strategy

Literature review was performed using the Embase,
Medline, and Cochrane Library databases to identify all
potentially eligible AF-related miRNA expression profiling
articles from inception to 30 April 2019 using the under-
mentioned terms for the searches of the title/abstract:
(microRNA or miR- or miRNA), (AF or atrial fibrillation),
(expression or profiling or profile). The detailed search
strategies are shown in Supplementary Table 1.
Furthermore, the reference lists from retrieved studies
were conducted to identify all potentially eligible articles.
The databases were retrieved independently by two
authors (N.S. and C.Z.), and all discrepancies were dis-
cussed to reach an agreement through dealing with the
corresponding authors (Z.G. and J.W.).

Selection criteria

The included articles met the following criteria: (1) original
articles that analyzed miRNA signatures between AF (case)
and non-AF groups were reported (control); (2) miRNA
expressed articles on human or animal subjects were asso-
ciated with AF; (3) applied miRNA expression analysis
including miRNA sequencing experiments or quantitative
real-time PCR (qRT-PCR) technologies, etc.;*! (4) cut-off cri-
teria and sample sizes were represented for dysregulated
miRNAs. For the articles conducted in the animal models,
we simultaneously collected the characteristics of models
analyzed. Expert comments, reviews, conference abstracts,
case, letters, and editorials with missing raw data were
removed. For duplicate studies from the same data, the
one most similar to the eligible standard was kept. Two
investigators (C.Z. and N.S.) separately evaluated all the
studies to determine their eligibility, and any discrepancies
were resolved with consensus by a third reviewer (Z.G.).
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Data extraction and quality assessment

The data were extracted and listed independently from all
included studies: authors, year published, included ethnic-
ity, baseline characteristics of patients, species, miRNA
detection methods, cut-off criteria, sample types and sizes
for dysregulated miRNAs, direction and number of dysre-
gulated miRNAs were recorded. Two investigators
(N.S. and C.Z.) independently rated the quality of all eligi-
ble articles according to the Quality Assessment of
Diagnostic Accuracy Studies-2 (QUADAS-2), which was
conducted with eight questions. In addition, studies were
checked based on Minimum Information about a
Microarray Experiment (MIAME) guideline, version 2.0,
or Publication of Quantitative Real-time PCR Experiments
(MIQE) guideline. Finally, the studies that simultaneously
meet the above guidelines were eligible for inclusion.

Statistical analysis

The random-effects model was conducted by STATA soft-
ware (version 13; Statacorp, College Station, Texas, USA) in
this meta-analysis. All results were shown as logORs on the
basis of the numbers of dysregulation between AF and non-
AF subjects along with 95% CI. In comparison with those
obtained for the non-AF group, logOR values obtained
for the AF group higher than 1 revealed upregulation.
In comparison with the AF, a marked logOR obtained for
the non-AF group higher than 1 revealed downregulation.
The P-value <0.05 was considered as statistically different.
Differentially expressed miRNAs of AF and non-AF com-
parisons were based on the importance of ranking in the
order: (1) amount of consistent sub-studies; (2) total sample
size; (3) P values; (4) logOR values. Subgroup analysis was
conducted according to the species, detection methods,
tissue types, and ethnicity. The classification of blood
sample includes platelets, serum, peripheral blood mono-
nuclear cells (PBMCs), plasma, and whole blood.
Sensitivity analysis was conducted to detect the heteroge-
neity of the results. As a crucial determinant for sample
size, this study was repeatedly performed after excluding
studies with the sample size of 10 or less.

Bioinformatics analysis of miRNA target genes and
pathways

To probe into the functional role of miRNAs in the patho-
genesis of AF, differentially expressed miRNAs with same
direction determined in AF were subjected to bioinformat-
ics analysis to confirm the potential genes and biological
pathways. The miRWalk 2.0 which was applied for miRNA
target prediction was composed of miRDB, TargetScan, and
miRTarBase. To reduce error, the final identification of
miRNA target genes was in line with at least two of the
above tools. The combination of predicted targets was
applied for in-depth understanding of miRNAs. Based on
the identified target genes, the network map of miRNA
target genes was performed using Cytoscape software ver-
sion 3.6.1.* Cytoscape was applied to present visualizing
molecular interaction networks between miRNAs and cor-
responding gene targets.*> Next, we conducted biological

analysis of KEGG (Kyoto Encyclopedia of Genes and
Genomes) and GO (Gene Ontology) analysis according to
the predicted targets, and the significance of the associated
biological analysis was confirmed with the evaluation of
the DAVID database. Genes targeted by selected miRNAs
were considered strongly enriched according to P < 0.05.

Results

Literature retrieval, features of included articles, and
quality assessment

Figure 1 depicts the literature search process used for iden-
tifying the included studies. Based on the eligibility criteria,
totally, 324 potential studies were initially searched from
the databases (Supplementary Table 1). Ultimately, only
40 studies fulfilled the eligibility criteria for meta-analysis
after excluding duplicates, conference abstracts, reviews,
letters, irrelevant studies, and studies that lacked important
information,>>1026:28:29,31-34,36,394044-66 g cific reasons for
the exclusion of studies are listed in Supplementary Table 2.
The list of the 40 studies characteristics is given in Tables 1
and 2. Of the 40 articles, 34 reported miRNA profiling in
humans (Table 1). The patient demographics and character-
istics of the 34 human studies are given in Supplementary
Table 3. Only one study focused on miRNA profiles in
animal samples, and five analyzed both humans and ani-
mals (Table 2). The analyzed sample sizes ranged from 8 to
224 among the studies, and the number of differentially
expressed miRNAs varied from 1 to 283. The quality of
each study was assessed through QUADAS-2, as men-
tioned in the methods section. The quality assessment
results are displayed in Supplementary Table 4, and the
results showed that the overall quality of articles was good.

Differentially expressed miRNAs in overall analysis

In total, 283 dysregulated miRNAs were mentioned by 40
included articles that compared AF samples with non-AF
controls (Figure 2). Among these differentially expressed
miRNAs, 75 aberrantly expressed miRNAs (26.5%) were
identified in at least two articles. In this study, 51
miRNAs (18.7%) were identified to be consistent in terms
of the direction of dysregulation (22 upregulated and 29
downregulated). The details of significant results are
listed in Supplementary Tables 5 and 6. According to the
results of 6 sub-studies with 227 samples and 7 sub-studies
with 365 samples, miR-223-3p (logOR 6.473; P < 0.001) was
determined to be the most upregulated miRNA, while miR-
1-5p (logOR 7.290; P <0.001) being the most downregu-
lated one (Figures 3 and 4). Details of each miRNA are
summarized in Supplementary Figures 1 to 51. And the
inconsistently dysregulated miRNAs in the overall analysis
classified by different subgroups are shown in
Supplementary Table 7.

Subgroup analysis

Among the 40 included studies, 25 studies investigated
miRNAs in right atrial tissue, right atrium, left atrial
tissue and left atrium, 14 studies detected circulating
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meta-analysis
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Figure 1. Flowchart for the search strategy in this study.

miRNAs in plasma, venous blood, platelets, serum and
whole blood, while only 1 study did research in both
tissue and blood samples. Overall, 53 miRNAs (21 low
expression and 32 high expression) were identified to be
aberrantly expressed in tissue sample, with the most upre-
gulated and downregulated miRNA being miR-223-3p
(logOR 5.692; P<0.001) and miR-1-5p (logOR 6.241;
P <0.001), respectively (Supplementary Table 8). A total
of seven miRNAs (two upregulated, five downregulated)
were statistically significant and dysregulated in blood,
and the most statistically significant upregulated and
downregulated was miR-328 and miR-1-5p, respectively
(Supplementary Table 9).

Subgroup analysis was done by miRNA detection
method, 5 and 34 sub-studies used microarray and qRT-
PCR method, respectively, and only one study involved
gene chip test. Therefore, a subgroup analysis with gene
chip test was not performed. Totally, the aberrant expres-
sion of 12 and 29 miRNAs was discovered in the microarray
and qRT-PCR assays, respectively. In microarray studies,
six upregulated miRNAs and six downregulated miRNAs
were significant (Supplementary Table 10). For qRT-PCR
studies, 15 upregulated miRNAs and 14 downregulated
miRNAs were found to be remarkable (Supplementary
Table 11). Of the above-mentioned miRNAs, miRNA-223-
3p and miRNA-29b were consistently upregulated and
downregulated by both the detection methods.

Subgroup analyses of ethnicity with Asian and non-
Asian were conducted. The subgroup analysis included

v

No expression profiling (n=3)
Lack of cut-off criteria (n=1)

No case-control or cohort (n=10)
No sample size (n=3)

Repeated studies (n=3)

27 Asian studies and 13 non-Asian studies, respectively. In
the subgroup of Asian, there were 15 upregulated miRNAs
and 16 downregulated miRNAs (Supplementary Table 12).
For non-Asian subgroup, eight upregulated miRNAs and six
downregulated miRNAs were identified (Supplementary
Table 13). Remarkably, the expression level of miR-328,
miR-223-3p and miR-21 was consistently increased in both
Asian and non-Asian studies, while miR-1-5p was downre-
gulated in all studies. The above four miRNAs may have
great potential value in predicting AF.

MiRNAs were differentially expressed between animals
and humans, and the species subgroups of the miRNAs
were only analyzed in animal studies (Supplementary
Table 14). The results indicated that only miR-133 was con-
sistently downregulated in animal models according to two
studies. Several other miRNAs were only mentioned in a
single study, including miRNA-26a, miRNA-449, miRNA-
145, miRNA-31, miRNA-30, miRNA-664, etc.

Bioinformatic analysis

Eventually, 51 dysregulated miRNAs were used for bioin-
formatic analysis, and 223 potential miRNA target genes
were retrieved from miRTarBase, miRDB, and TargetScan.
The target genes and pathways of dysregulated miRNAs
should be understood to identify their potential biological
functions. The predicted human miRNA-target interaction
is shown in Figure 5. Moreover, KEGG and GO analysis
was carried out to analyze the target genes using the
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Table 1. Main characteristics of the enrolled human miRNA expression studies.

Differentially expressed microRNAs

Sample size Cut-off

First author Year Country Tissue Method Case/Control criteria Total Increased Decreased
Adam et al.®® 2012 Germany RAA gRT-PCR 5/5 P <0.05 1 1 0
Cooley et al.®* 2012 Australia  RAA microRNA array 4/6 P <0.05 47 15 32
Chiang et al.™® 2015 America RAA gRT-PCR 4/4 P <0.05 40 17 23
da Silva et al.” 2018 Brazil Plasma qRT-PCR 5/15 P <0.05 4 3 1
Dawson et al.®® 2013 Canada LA/RAA/plasma gRT-PCR 41/65 P <0.05 2 0 2
Feldman et al.®* 2017 England Venous blood qRT-PCR 24/24 P <0.05 3 0 3
Goren et al.®? 2014  Israel Platelets qRT-PCR 15/26 P<0.05 1 0 1
Girmatsion et a.®® 2009 Canada RA qRT-PCR 7/8 P<0.05 1 0 1
Harling et al.?® 2017 England RA microRNA array 11/11 P <0.05 15 10 5
Li et al.%® 2015 China RAA gRT-PCR 18/22 P <0.05 2 0 2
Li et al.®" 2012  China LA gRT-PCR 7/7 P<0.05 2 0 5
Lietal.'” 2014  China RAA qRT-PCR 6/5 P<0.05 5 0 5
Li et al.%® 2017 China RAA gRT-PCR 19/18 P <0.01 1 1 0
Liu et al.%® 2014 China RAA/LAA gRT-PCR 10/8 P <0.05 13 0 13
Liu et al.%® 2016 China Plasma gRT-PCR 40/40 P<0.05 2 0 2
Liu et al.® 2012 China Plasma microRNA sequencing  10/10 P <0.01 4 2 2
Lu et al.%® 2010 China RAA gRT-PCR 12/10 P <0.05 3 3 0
Lu et al.?® 2015 China Plasma Gene chips test 112/112 P <0.05 15 8 7
Ling et al.%” 2013 China RAA microRNA array 4/4 P <0.05 21 14 7
McManus et al.® 2014 USA whole blood gRT-PCR 107/2185 P <0.05 12 3 9
McManus et al.®®* 2015 USA atrial tissue gRT-PCR 19/12 P <0.05 3 3 0
Natsume et al.® 2018 Japan Serum gRT-PCR 50/50 P <0.05 3 3 0
Nishi et a/®®. 2013 Japan RA gRT-PCR 6/13 P <0.05 2 2 0
Qiao et al.*® 2017 China RAA gRT-PCR 6/4 P <0.01 1 0 1
Reilly et al.’® 2016 UK LA gRT-PCR 711 P < 0.0001 1 1 0
Slagsvold et al.?® 2014 Norway RA/LA gRT-PCR 20/12 P <0.05 1 1 0
Soeki et al.>’ 2016  Japan Plasma gRT-PCR 30/10 P <0.05 1 1 0
Stillitano et al.*° 2013 [taly RA qRT-PCR 10/10 P <0.05 1 0 1
Tao et al.®® 2018 China atrial tissue gRT-PCR 24/25 P <0.05 1 1 0
Wang et al.*° 2015 China RAA gRT-PCR 30/17 P<0.05 10 10 0
Wang et al.*® 2017 China Serum qRT-PCR 14/29 P <0.05 1 0 1
Wang et al.*” 2013 China Venous blood gRT-PCR 58/15 P <0.05 1 1 0
Wei et al.*® 2018 China Plasma gRT-PCR 18/12 P<0.05 1 1 0
Wei et al.*® 2015 China Venous blood qRT-PCR 35/32 P <0.01 1 0 1
Xiao et al.®! 2011  China RAA microRNA array 9/9 P <0.05 136 50 86
Xie et al.® 2018 China RAA qRT-PCR 28/22 P <0.05 1 0 1
Xu et al.® 2016 China PB microRNA array 90/90 P <0.05 6 3 3
Yamac et al.*° 2016  Turkey RAA gRT-PCR 20/43 P <0.05 2 0 2
Zhao et al.** 2015 China LAA microRNA sequencing  3/3 P <0.05 1 1 0

RAA: right atrial appendage; LAA: left atrial appendage; RA: right atrium; LA: left atrium; PB: peripheral blood; gRT-PCR: quantitative real-time polymerase
chain reaction.

Table 2. Main characteristics of the enrolled animal miRNA expression studies.

Differentially expressed microRNAs

Animal Sample size Cut-off

First author Year Country Tissue Method model Case/control criteria Total Increased Decreased
Lu et al.*® 2010  China LA gRT-PCR  Canine  7/7 P <0.05 8 3 5
Qiao et al.*® 2017  China RAA gRT-PCR  Canine  6/4 P <0.01 1 0 1
Luo et al.%* 2013 China Atrial tissue gRT-PCR Canine 9/10 P <0.001 1 0 1
Dawson et al.®® 2013 Canada LA qRT-PCR Canine 16/16 P <0.001 1 0 1
Li et al.®! 2012  China LA RT-PCR Canine  7/7 P <0.05 2 0 2
Reilly et al.™® 2016 UK LA gRT-PCR  Goat 7/11 P<0.0001 1 1 0

LA: left atrial; RAA: right atrial appendage.

Enrichr database to further identify the involved pathways  associated with AF pathogenesis within the functional
related to the selected miRNAs. enrichment results and significant pathways were detected,

The top 10 terms identified for each enrichment analysis  including vascular smooth muscle contraction_Homo
are presented in Figure 6. In addition, KEGG terms sapiens (hsa04270) and adrenergic signaling in
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Overall (n=51)

Up: miR-664 miR-638 miR-572 miR-486-5p miR-483-5p miR-454-5p miR-301b-3p miR-223-3p miR-208b-3p miR-193b-5p miR-192-5p miR-18b-3p miR-155-3p
miR-146b-5p miR-146 miR-144-5p miR-1308 miR-1202 miR-106b-3p miR-6767-5p miR-142-3p miR-451
Down: miR-484 miR-628-5p miR-4454 miR-432-5p miR-423-5p miR-378 miR-374b-3p miR-30e-3p miR-30c-5p miR-29¢-5p miR-29b-3p miR-26a-5p miR-23b-5p
miR-22 miR-208a-3p miR-181d-3p miR-149-5p miR-145-3p miR-143-3p miR-139-5p miR-133a-5p miR-133 miR-132-5p miR-128-3p miR-126-3p miR-125b-5p

miR-101-5p miR-1-5p miR-26b-3p

Overall analysis

Sub-group analysis

Statistically significant

Sample|type

issue (n=53)
Up: miR-664 miR-638 miR-572 miR-486-5p miR- 483-
5p miR-451 miR-328 miR-301b-3p miR-223-3p miR-21
miR-19b miR-193b-5p miR-18b miR-155-3p miR-146b-
5p miR-144-5p miR-142-3p miR-1308 miR-1202 miR-
106b-3p miR-6767-5p
Down: miR-9 miR-628-5p miR-484 miR-4454 miR-378
miR-374b-3p miR-340 miR-30e-3p miR-301a miR-29c-
5p miR-29b-3p miR-26b-3p miR-26a-5p miR-23b-5p
miR-22 miR-208b miR-208a-3p miR-19a miR-193a-5p
miR-181d-3p miR-149-5p miR-145-3p miR-143-3p miR-
139-5p miR-133b miR-133a-5p miR-133 miR-132-5p
miR-128-3p miR-125b-5p miR-101-5p miR-1-5p

Blood (n=7)

Up: miR-328 miR-133b miR:230:30mik=10a
own: miR-432-5p MiR-375 miR-21 miR-150 miR-1-5

miRNA detectinglmethod

miR-301b-3p miR-223-3p miR-21 miR-19b
miR-19a miR-192-5p miR-155-3p miR-146-
5p miR-144-5p miR-142-3p miR-106b-3p
Down: miR-4454 miR-378 miR-375 miR-
30c-5p miR-29b-3p miR-26a-5p miR-150
miR-145-3p miR-143-3p miR-133b miR-
133 miR-132-5p miR-126b-5p miR-1-5p

Microarray (n=29)

Up: miR-638 miR-572 miR-483-5p miR-
223-3p miR-193b-5p miR-1202

Down: miR-99a miR-9 miR-340 miR-301a

\ @r-rcn (n=29) \
Up: miR-664 miR-486-5p miR-451 miR-328

A

ethnicity l

@an (n=31)

\

Up: miR-664 miR-486-5p miR-454-5p miR-
328 miR-301b-3p miR-223-3p miR-21 miR-
208b-3p miR-19b miR-193b-5p miR-192-5p
miR-155-3p mIR-146-5p miR-143 miR-142-3p
Down: miR-99a miR-9 miR-4454 miR-432-5p
miR-423-5p miR-340 miR-26b-3p miR-26a-5p
miR-193a-5p miR-150 miR-145-3p miR-133b
miR-133 miR-132-5p miR-126-3p miR-1-5p

non-Asian (n=14)
Up: miR-451 miR-483-5p miR-328 miR-223-
3p miR-21 miR-150 miR-1202 miR-106b-3p
Down: miR-378 miR-29b-3p miR-208a-3p

miR-144 miR-101 miR-1-5p /

Figure 2. The flow diagram of miRNA categories in this meta-analysis. (A color version of this figure is available in the online journal.)

No. of No. of

miRNA Studies Samples logOR 95%CI P values
miR-664 2 278 7.131 (4.642, 9.620) : o 0 < 0.001
miR-638 2 40 6.081 (3.243, 8.918) ! =2 < 0.001
miR-572 2 40 6.081 (3.243, 8.918) ! = < 0.001
miR-486-5p 2 122 7.298 (5.002, 9.593) ! == <0.001
miR-483-5p 3 50 5.654 (3.320, 7.987) ! = <0.001
miR-454-5p 2 232 7.646 (1.338, 13.955) i ® 0.018
miR-301b-3p 2 94 7.666 (4.863, 10.467) ! —— <0.001
miR-223-3p 6 227 6.473 (5.056, 7.890) ! o <0.001
miR-208b-3p 2 27 5.146 (2.261, 8.031) ! —— < 0.001
miR-193b-5p 2 94 7.666 (4.863, 10.469) ! == <0.001
miR-192-5p 2 106 6.611 (1.380, 11.841) !'—0—' 0.013
miR-18b-3p 2 46 6.22 (3.833, 9.056) I = < 0.001
miR-155-3p 3 112 7.085 (4.786, 9.385) ! —— <0.001
miR-146b-5p 2 94 7.666 (4.863, 10.469) ! —— <0.001
miR-146 2 234 7.827 (1.878, 13.775) ! —— 0.01
miR-144-5p 2 60 6.74 (3.918, 9.563) ! —e— < 0.001
miR-1308 2 28 5.336 (2.465, 8.207) ! —e— < 0.001
miR-1202 3 50 2.869 (1.309, 4.429) !n—.—| < 0.001
miR-106b-3p 2 60 6.74 (3.918, 9.563) ! —— <0.001
miR-6767-5p 2 16 4.394 (1.473,7.316) !r—o—| 0.003
miR-142-3p 2 94 7.666 (4.863, 10.469) ! e <0.001
miR-451a 2 60 6.74 (3.918, 9.563) | +—e— < 0.001
non-AF : ——r-rrrrrr AF

dm— () 10 20 —

Figure 3. Statistically significant up-regulated miRNAs in overall analysis. (A color version of this figure is available in the online journal.)



48 Experimental Biology and Medicine Volume 245 January 2020

No.of No. of

miRNA Sindies Samples logOR  95%CI P values
miR-484 2 28 5.336 (2.465, 8.207) ! —e— <0.001
miR-628-5p 2 28 5.336 (2.465, 8.207) ! —— <0.001
miR-4454 2 36 5.878 (3.033, 8.722) ! —e— <0.001
miR-432-5p 2 324 9.815 (7.031, 12.598) I —e—i < 0.001
miR-423-5p 2 198 8.164 (3.746, 12.582) ! ——i <0.001
miR-378 2 20 4,762 (1.863, 7.661) j—o— 0.001
miR-374b-3p 2 28 5336  (2.465,8.207) | it <0.001
miR-30e-3p 2 28 5336 (2.465,8.207) | —e— <0.001
miR-30c-5p 2 28 5331 (2.459, 8.202) ! —e— <0.001
miR-29¢-5p 2 28 5.336 (2.465, 8.207) I —e—i <0.001
miR-29b-3p 3 114 6.588 (4.589, 8.587) ! o <0.001
miR-26a-5p 3 131 6.052  (4.410, 7.694) | re- <0.001
miR-23b-5p 2 36 5.883 (3.039, 8.728) I e <0.001
miR-22 2 28 5.336 (2.465, 8.207) I —— <0.001
miR-208a-3p 3 100 6.412 (4411, 8.414) ! e <0.001
miR-181d-3p 2 28 5.336 (2.465, 8.207) I ==t <0.001
miR-149-5p 2 28 5.336 (2.465, 8.207) ! —— <0.001
miR-145-3p 4 284 6.595 (4.428, 8.762) I e <0.001
miR-143-3p 3 64 5.61 (3.589, 7.630) § T <0.001
miR-139-5p 2 28 5.336 (2.465, 8.207) I =3 <0.001
miR-133a-5p 2 28 5336  (2.465, 8.207) § e <0.001
miR-133 2 28 5.146 (2.533, 8.279) ! =% <0.001
miR-132-5p 2 20 4.762 (1.863, 7.661) !'—‘—' 0.001
miR-128-3p 2 28 5336 (2.465,8.207) Ji-e <0.001
miR-126-3p 2 85 7.186 (4.369, 10.004) I == <0.0001
miR-125b-5p 3 46 5.519  (3.182, 7.856) 3 i <0.0001
miR-101-5p 2 32 5.654 (2.801, 8.507) ! e <0.0001
miR-1-5p 7 365 729 (5.662, 8.919) I E: <0.0001
miR-26b-3p 2 28 5.352 (2.483, 8.221) ! = <0.0001
non-AF fw—r—rrrrr AF
d— () 10 20 I—

Figure 4. Statistically significant down-regulated miRNAs in overall analysis. (A color version of this figure is available in the online journal.)

cardiomyocytes_Homo sapiens (hsa04261). The bioinfor-
matic analysis for dysregulated miRNAs in subgroups

reanalyzed. As a result, 47 miRNAs were identified signif-
icant, with 18 of them upregulated and 29 downregulated

according to sample type, miRNA detecting method, and
ethnicity is shown in Supplementary Figures 52 to 54. The
results of KEGG and GO analysis in subgroups were con-
sistent with the overall analysis.

Sensitivity analysis

The small sample size might influence the robustness of
this study, which was determined by sensitivity analysis;
3 out of 40 included studies had small sample sizes that less
than 10. Therefore, the remaining 37 studies were

(Supplementary Table 15). Our result of sensitivity analysis
showed that the other four miRNAs were not significant,
but significant in the overall analysis. The above results
showed that a small sample size may lead to differences
in miRNA expression profiling.

Discussion

For the first time, we perform a systematic review to com-
prehensively explore the miRNA expression signatures of
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Figure 5. Network map of miRNA-gene interactions identified in TargetScan, miRDB, and miRTarBase. (A color version of this figure is available in the online journal.)
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Figure 6. Results of bioinformatic analysis. (a) Top 10 terms of significant enriched KEGG pathways. (b) Top 10 significant enriched GO terms, including molecular
functions, cellular component and biological process. (A color version of this figure is available in the online journal.)

AF. Due to the different technological platforms and incon- ~ were identified in all included studies. Based on further
sistent sample sources used, it is essential to provide spe-  analysis, five miRNAs (miRNA-328, miRNA-223-3p,
cific and valuable miRNA data by a meta-analysis. Overall, = miRNA-21, miRNA-29b, miRNA-1-5p) were finally identi-
51 aberrantly expressed miRNAs with consistent direction  fied as potential biomarkers of AF.
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The main pathophysiological basis of AF is generally
considered to be atrial remodeling processes involving elec-
trophysiological changes and myocardial fibrosis.®”
Notably, a variety of miRNAs have been confirmed to be
involved in AF-related remodeling processes.68 MiR-328, an
upregulated miRNA was shown to be increased in animal
models and patients with AF, with CACNAIC and
CACNBI1 being target genes.” There is also a correlation
between miR-21 and CACNA1C, and miR-21 participates
in electrical changes in AF.%° In addition, the miR-106b-25
mediates AF-associated pathogenesis via enhancing
RyRZ,70 and increased level of miR-30a in myocardial fibro-
blasts promotes myocardial fibrosis by inducing the
decreased expression of snail 1.”" Accordingly, miRNAs
participate in the pathological processes of AF and may
serve as new target for the intervention and monitoring of
AF in the future.

The dysregulation of miR-223 has been confirmed to
play vital role in the pathophysiological process of various
diseases, including acute and chronic liver injury,”* dis-
eases related to innate immunity,73 and Alzheimer’s dis-
ease.”* The circulating miR-223 was associated with the
formation of local thrombus and acute myocardial infarc-
tion (AMI).”® The evidence from this meta-analysis demon-
strated that miRNA-223 represents the most high
expression level in AF. Besides, upregulated miR-223 was
also found in LAA samples of AF patients.”® However, the
specific mechanism remains unclear due to scarce studies
of miR-223 in AF. In addition, miRNA-1 was highly
expressed in atrial tissue;”” moreover, decreased expression
leads to a significantly increased level of Kir2.1 subunits®®
and HCN2 expression.”® Additionally, circulating miR-1 in
blood plays an important role in regulating CACNB2 pro-
tein in L-type Ca®" channels.”® Considering that miR-223
and miR-1 changes were specifically associated with
sample types, detection methods and ethnicities, miR-223,
and miR-1 are stable, and could be representative in AF
studies. This meta-analysis uncovered novel molecular tar-
gets for AF and indicated that miRNA-223 and miRNA-1
might become promising biomarkers to detect AF.

MiR-328 participates in regulating multiple cardiac
pathophysiological processes related to AF,” and its expres-
sion was increased in acute AF. Upregulated miR-328 in
human atrial samples contributes to result in adverse elec-
trical remodeling in AF by targeting the L-type Ca®" chan-
nel.?® Likewise, circulating miRNA-328 was related to the
AF prevalence.” Therefore, these studies revealed impor-
tant mechanisms behind the AF, and miRNA-328 was iden-
tified as a reliable biomarker for AF. Meanwhile, the high
agreement of miR-328 between the blood and tissue results
confirmed the reliability of miRNA-328 as biomarkers of
AF. The significant dysregulation of miR-29b was con-
firmed in this meta-analysis. Likewise, reduced miR-29b
in AF significantly increased COL1A1, COL3A1, and fibril-
lin expression.®® In addition, the upregulated miRNA-21 is
associated with fibrosis,”® meanwhile increased miR-21 in
fibroblasts also regulates the TGF-f1/Smad signaling path-
way in AF-associated fibrosis via downregulating Smad7."
Therefore, miR-29b and miR-21 are likely to regulate myo-
cardial fibrosis reconstruction and might be the valuable

biomarkers or therapeutic targets. The above miRNAs
were confirmed to remain consistently aberrantly
expressed among multiple studies, and they may be poten-
tial targets for future clinical applications.

The tissue-related specificity exists in the miRNA
expression, and miR-375 and miR-113b expression differed
between blood samples®”*? and tissue.>*”” A total of 54
miRNAs were consistently differentially expressed in
atrial tissue, among which increased miR-328 and
decreased miR-1 were identified. Noteworthily, miR-133b
was upregulated in blood but downregulated in atrial
tissue. A possible explanation for the difference in tissue
and plasma could be the balance between tissue and blood.
Intracellular miRNA was obtained from the circulating
blood, resulting in a miRNA decrease in blood. Therefore,
it is suggested that the uptake of circulating regulator
miRNAs by affected cells to regain intracellular level
might result in different miRNA levels in tissue and
plasma. Nevertheless, more researches are still essential
to explore the differences between sample-specific
miRNAs.

Although miRNAs exist in different tissues, they pre-
dominate as biomarkers in atrial tissue of AF. Compared
with tissue miRNAs, the noninvasive sampling and testing
favor circulating miRNAs are preferred as biomarkers.
However, few studies on blood miRNAs are related to
AF. Therefore, potential new insights into the therapeutic
implications of circulating miRNAs in AF are valuable.
Although animal studies may be also informative regard-
ing disease diagnosis in humans, they are still insufficient
for AF research. Few animal researches were contained in
this study, and only miR-133 was shown to be consistently
downregulated in animal models of two studies.
Consequently, more research is also required to explore dif-
ferentially expressed miRNAs in animal models of AF.

MiRNAs may have potential therapeutic effects for AF.
MiR-138-5p mimics was shown to suppress cell growth via
regulating CYP11B2.° Transfected cardiac fibroblasts with
miR-132 directly suppressed connective tissue growth
factor, which regulates fibrosis progression.> To date,
miRNA availability was only limited in cell experiments.
It is discovered that the overexpression of miR-31 signifi-
cantly increases AF susceptibility in vivo.'" A few of
miRNA application have reached the development in
clinic, including miR-34 mimic of tumor inhibitor in
phase I trial, antimiRs targeting at miR-122 associated
with hepatitis in phase II trial,”® which indicated that
miRNA therapeutics in the clinic have great promise.
This study identified stable miRNA profiles related to AF,
and may offer the valuable indicator for target miRNA
treatment.

Target gene prediction for significantly dysregulated
miRNAs in AF was performed by using bioinformatics
analysis. The potential miRNA targets were confirmed for
KEGG and GO annotation, and KEGG analysis has shown
that these targets were mostly enriched in adrenergic sig-
naling in cardiomyocytes and vascular smooth muscle con-
traction pathways. Some reports proved that these two
pathways were associated with AE*** The enriched GO
annotation indicated these genes were mainly involved in



protein activity, cation channel complex, and regulation of
cardiac conduction, which reflected the close connection
between AF and related miRNAs.* Our bioinformatics
analysis suggested that dysregulated miRNAs in AF signif-
icantly regulated genes of pathways in connection with car-
diovascular function and AF process, including CACNG,
AKT, PRKGI1, ATP2B, etc. It may contribute to verify imag-
ination on biological function influenced by miRNAs.
Furthermore, based on current findings, the experimental
verification is essential in the future study.

Although this study identified several miRNAs as pos-
sible biomarkers in AF, it does not exclude confounding
factors, including the variety of biological and technical
designs, inconsistent standards and technical approaches
that were used. Therefore, it is difficult to obtain unified
result. Several limitations of this meta-analysis should be
noted. First, the discrepancies in the sample size of each
subgroups, and small sample sizes may lead to errors in
the results. Second, the subgroup analysis did not take the
AF classification, such as paroxysmal AF, permanent AF
and long-term AF, into account due to inadequate clinical
details in the original studies. Finally, the findings pre-
sented are simple, and insufficient experiments were per-
formed to verify the exact pathological role of miRNAs in
AF. The further experimental verification is required to
ascertain the definite mechanism of AF. This study
mainly reviewed miRNA expression profiling in atrial
fibrillation, and the findings presented are meaningful in
this context. Based on the above described inconsistencies
in miRNA expression among the included studies, this
meta-analysis is essential for identifying the promising bio-
markers of AF. Eventually, we identified that several
miRNAs might be potential biomarkers for AF; meanwhile,
bioinformatics approach demonstrated that these miRNAs
were closely related to AF. Of course, the rigorous experi-
mental verification is essential for confirming their validity
in the future AF research.

Conclusion

This study identified 51 significantly dysregulated miRNAs.
MiRNA-223-3p, miRNA-21, miRNA-328, miRNA-1-5p, and
miRNA-29b may be potential biomarkers for AF.
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