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Abstract: Novel biomarkers are desired to improve risk management for patients with atrial fibrillation
(AF). We measured 179 plasma miRNAs in 83 AF patients using multiplex qRT-PCR. Plasma levels
of eight (i.e., hsa-miR-22-3p, hsa-miR-128-3p, hsa-miR-130a-3p, hsa-miR-140-5p, hsa-miR-143-3p,
hsa-miR-148b-3p, hsa-miR-497-5p, hsa-miR-652-3p) and three (i.e., hsa-miR-144-5p, hsa-miR-192-5p,
hsa-miR-194-5p) miRNAs showed positive and negative correlations with CHA2DS2-VASc scores,
respectively, which also showed negative and positive correlations with catheter ablation (CA)
procedure, respectively, within the follow-up observation period up to 6-month after enrollment.
These 11 miRNAs were functionally associated with TGF-β signaling and androgen signaling based
on pathway enrichment analysis. Seven of possible target genes of these miRNAs, namely TGFBR1,
PDGFRA, ZEB1, IGFR1, BCL2, MAPK1 and DICER1 were found to be modulated by more than four
miRNAs of the eleven. Of them, TGFBR1, PDGFRA, ZEB1 and BCL2 are reported to exert pro-fibrotic
functions, suggesting that dysregulations of these eleven miRNAs may reflect pro-fibrotic condition in
the high-risk patients. Although highly speculative, these miRNAs may potentially serve as potential
biomarkers, providing mechanistic and quantitative information for pathophysiology in daily clinical
practice with AF such as possible pro-fibrotic state in left atrium, which would enhance the risk of
stroke and reduce the preference for performing CA.
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1. Introduction

Atrial fibrillation (AF) is the most common cardiac arrhythmia. Pathophysiological mechanisms
of AF are associated with electrical and structural remodeling, including atrial dilatation, cellular
hypertrophy, dedifferentiation, fibrosis, cell death and inflammation [1–3]. AF is associated with
increased risk of stroke [4], and direct oral anticoagulants (DOAC) has been preferentially used over
warfarin to prevent stroke [5].

CHA2DS2-VASc score is useful for stratifying AF patient with risk of stroke [6]. There is sufficient
evidence that male patients with a CHA2DS2-VASc score ≥2 and female patients with a score ≥3
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should be anticoagulated [7,8]. However, CHA2DS2-VASc score is a point-based score taking account
of selected risk factors (i.e., congestive heart failure, hypertension, age 65–74 years, diabetes, female
sex and vascular disease, which all count for 1 point, and previous transient ischemic stroke/stroke or
age ≥75 years, which count for two points), and there are differences in their impacts for the stroke
risk. For instance, the age 65–74 years was reported to be consistently associated with the highest
risk among the risk factors in AF patients with CHA2DS2-VASc score of 1 [7]. In addition, other than
the risk factors adopted in CHA2DS2-VASc score, chronic kidney disease with a creatinine clearance
<60 mL/min was shown to increase risks for stroke or systemic embolism more than 8-fold in patients
with a CHA2DS2-VASc score of 1 [9]. Thus, novel biomarkers are desired to provide mechanistic and
quantitative information for patients’ pathophysiological conditions, which would improve patient
management on top of CHA2DS2-VASc score.

Catheter ablation (CA) is an excellent treatment option for AF patients to maintain sinus rhythm
and prevent recurrence [10]. However, it is crucial to select appropriate patients for CA with a careful,
individualized assessment of the type of AF, symptom burden, left ventricular function, comorbidities
and procedural risk profile. In general, patients with less comorbidities such as structural heart disease,
diabetes, obesity, and hypertension, are suitable for undergoing the CA procedure [11].

Biomarkers play a significant role as risk predictors for some cardiovascular diseases [12]. In the
case of AF, however, relatively limited evidence exists for usefulness of biomarkers to support patient
managements. Troponin and brain natriuretic peptide have been expected to support prognosis
prediction for AF patients, but further studies are warranted to demonstrate their clinical values [12].

MicroRNAs (miRNAs) represent a class of non-coding small RNAs with average lengths of
22-nucleotide. Most miRNAs act as negative regulators of target gene products via cleavage of
messenger RNA (mRNA) or translational repression, some miRNAs can also upregulate target
genes [13]. miRNAs play important roles in regulation of major physiological functions in the
cardiovascular system such as atrial contractility, automaticity, ion channel performance, and aging
processes [14–16]. In addition, miRNAs possess advantageous characteristics as biomarkers for clinical
use [17], since they are remarkably stable in body fluids such as blood [18]. A number of miRNAs
associated with AF have been reported both in heart tissue and circulating levels (reviewed in [14,19,20]).
A key pathogenic factor for AF is left atrial remodeling. Moreover, advanced left atrial remodeling
is associated with increased risk of thromboembolism, while less advanced one is associated with
successful catheter ablation. Therefore, it would be meaningful to determine the particular types of
miRNAs that are commonly associated with high/low thromboembolic risks and less/more performing
catheter ablation, which may contribute to the decision-making in such important treatment strategies.
Thus, the aim of the present study is to explore potential circulating miRNA biomarkers that are
associated with CHA2DS2-VASc score and performing CA pursuing the quantitative measurement of
the risk and the estimation of the mechanistic background.

2. Results

2.1. Patient Characteristics

Patient characteristics are presented in Table 1. Average ages of male and female patients were
67.4 and 74.0 years old, respectively. The number of patients with paroxysmal-, persistent- and
permanent-type were 48 (57.8%), 13 (15.7%) and 22 (26.5%), respectively. The number of patients who
underwent CA during the study period was 32, in which the numbers of patients with paroxysmal-,
persistent- and permanent-type were 22 (68.8%), 9 (28.1%) and 1 (3.1%), respectively. Characteristics of
patients who underwent catheter ablation is presented in Table 2.
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Table 1. Characteristics of atrial fibrillation (AF) patients subjected to miRNA profiling.

Risk Scores n = 83 %

Gender

Male 61 73.5%

Female 22 26.5%

Age (mean ± SD)

Male 67.4 ± 11.4

Female 74.0 ± 7.2

AF type

Paroxysmal 48 57.8%

Persistent 13 15.7%

Permanent 22 26.5%

Number of Patients Underwent Catheter Ablation

Paroxysmal 22 26.5%

Persistent 9 10.8%

Permanent 1 1.2%

CHADS2 Score

0 25 30.1%

1 33 39.8%

2 15 18.1%

3 7 8.4%

4 3 3.6%

>5 0 0%

CHA2DS2-VASc Score

0 14 16.9%

1 13 15.7%

2 24 28.9%

3 20 24.1%

4 9 10.8%

5 1 1.2%

6 2 2.4%

>7 0 0%

HAS-BLED Score

0 17 20.5%

1 25 30.1%

2 30 36.1%

3 11 13.3%

>4 0 0%
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Table 2. Characteristics of patients who underwent catheter ablation.

Total
(n = 33)

Paroxysmal AF
(n = 22)

Persistent AF
(n = 10)

Permanent AF
(n = 1)

Age, years 61.3 ± 10.7 62.3 ± 11.1 59.7 ± 10.3 56

Male, n (%) 28 (85) 19 (86) 8 (80) 1

CHA2DS2-VASc, points 1 (0–2) 1 (0–2) 1 (0–2) 0

EHRA Score

1 12 (36) 6 (27) 5 (50) 1

2 16 (49) 12 (55) 4 (40) 0

3 2 (6) 1 (5) 1 (10) 0

4 3 (9) 3 (14) 0 (0) 0

Mitral regurgitation, n (%) 0 (0) 0 (0) 0 (0) 0

Mitral stenosis, n (%) 0 (0) 0 (0) 0 (0) 0

Aortic regurgitation, n (%) 0 (0) 0 (0) 0 (0) 0

Aortic stenosis, n (%) 1 (3) 1 (5) 0 (0) 0

LVEF, % 63.3 ± 8.8 63.9 ± 9.9 61.3 ± 5.8 72

LAVI, mL/m2 39.3 ± 17.7 38.8 ± 20.4 37.7 ± 10.9 61

Recurrence within 1 year 1 (3) 1 (5) 0 (0) 0

AF, atrial fibrillation; LVEF, left ventricular ejection fraction; LAVI, left atrial volume index.

2.2. Identification of Circulating miRNAs Potentially Associated with Prognosis Risks

Ten and five miRNAs showed significant positive and negative correlations with CHA2DS2-VASc
score, respectively (Figure 1).
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Figure 1. Circulating miRNAs whose plasma levels were correlated with CHA2DS2-VASc score and/or
CA. miRNAs whose plasma levels showed positive (red letters) or negative (blue letters) correlation
with CHA2DS2-VASc score (q < 0.1) are presented in the red circle. miRNAs whose plasma levels
showed positive (blue letters) or negative (red letters) correlation with CA operation (q < 0.1) are
presented in the green circle. Underlined miRNAs are reported to be cardiac-enriched miRNAs [21].
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Forty-six and twenty-seven miRNAs showed significant increase and decrease in the patients
who did not undergo CA compared to those who underwent CA. Eleven miRNAs were commonly
identified as both CHA2DS2-VASc- and CA-associated miRNAs. Plasma levels (i.e., −∆Cq value for
each miRNA) of these 11 miRNAs are presented as heat map (Figure 2) and as dot plots (Figure 3).
Eight miRNAs (i.e., hsa-miR-22-3p, hsa-miR-128-3p, hsa-miR-130a-3p, hsa-miR-140-5p, hsa-miR-143-3p,
hsa-miR-148b-3p, hsa-miR-497-5p, hsa-miR-652-3p) tended to show higher plasma levels in patients
with high CHA2DS2-VASc scores and lower plasma levels in patients who underwent CA (Figure 2A).
Three miRNAs (i.e., hsa-miR-144-5p, hsa-miR-192-5p, hsa-miR-194-5p) tended to show lower plasma
levels in patients with high CHA2DS2-VASc scores and higher plasma level in patients who underwent
CA. Hierarchical clustering analysis on plasma miRNA levels (i.e., −∆Cq of the miRNAs) classified the
patients into two classes (Figure 2B), where patients with high risks (i.e., high CHA2DS2-VASc score
and/or without CA operation) tended to be classified into Class 2, and patients with low risks (i.e., low
CHA2DS2-VASc score and/or with CA operation) tended to be classified into Class 1. In addition to
CHA2DS2-VASc score, we also investigated if there existed miRNAs whose plasma levels showed
significant correlations to HAS-BLED score, which is clinically useful for predicting bleeding risk of
AF patients [22], but it turned out that no such miRNAs existed in the present study.
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Figure 2. Plasma levels of miRNAs which were correlated with both CHA2DS2-VASc score and CA.
Plasma levels (i.e., −∆Cq values) of 11 miRNAs, whose plasma levels showed correlations with both
CHA2DS2-VASc score and CA operation, are presented as heat maps. (A) The data was sorted with
CHA2DS2-VASc score; (B) Plasma levels of the 11 miRNAs were subjected to hierarchical clustering.
Based on the circulating miRNA profile, Class 1 and Class 2 patients are supposed to be associated
with low and high stroke risks, respectively. The number of AF patients with paroxysmal-, persistent-
and permanent-type were 48, 13 and 22, respectively, and 32 patients received CA operation during the
study period. Note that plasma levels of the miRNA are high when their −∆Cq is high. Yellow, black
and blue colors represent high, middle and low expression levels of miRNAs, respectively. Red, blue
and white colors represent high, middle and low CHA2DS2-VASc scores, respectively.



Int. J. Mol. Sci. 2020, 21, 2444 6 of 17

Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 5 of 16 

 

 
Figure 2. Plasma levels of miRNAs which were correlated with both CHA2DS2-VASc score and CA. 
Plasma levels (i.e., −∆Cq values) of 11 miRNAs, whose plasma levels showed correlations with both 
CHA2DS2-VASc score and CA operation, are presented as heat maps. (A) The data was sorted with 
CHA2DS2-VASc score; (B) Plasma levels of the 11 miRNAs were subjected to hierarchical clustering. 
Based on the circulating miRNA profile, Class 1 and Class 2 patients are supposed to be associated with 
low and high stroke risks, respectively. The number of AF patients with paroxysmal-, persistent- and 
permanent-type were 48, 13 and 22, respectively, and 32 patients received CA operation during the study 
period. Note that plasma levels of the miRNA are high when their −∆Cq is high. Yellow, black and blue 
colors represent high, middle and low expression levels of miRNAs, respectively. Red, blue and white 
colors represent high, middle and low CHA2DS2-VASc scores, respectively.  

 
Figure 3. miRNAs associated with both CHA2DS2-VASc score and CA. Plasma levels (i.e., −∆Cq values) 
of 11 miRNAs, whose plasma levels showed correlations with both CHA2DS2-VASc score and CA 

Figure 3. miRNAs associated with both CHA2DS2-VASc score and CA. Plasma levels (i.e., −∆Cq
values) of 11 miRNAs, whose plasma levels showed correlations with both CHA2DS2-VASc score
and CA operation, are presented as dot plots. X and Y axis represent plasma level (−∆Cq value) and
CHA2DS2-VASc score, respectively. Note that plasma levels of the miRNA are high when their −∆Cq
is high.

2.3. Pathway Enrichment Analysis

Among the 11 miRNAs selected as above, those whose plasma levels were positively and
negatively correlated with CHA2DS2-VASc score were separately subjected to pathway enrichment
analysis. The q-values for the enriched pathways were generally smaller in the results for miRNAs
with positive correlation to CHA2DS2-VASc score compared with those with negative correlation
to CHA2DS2-VASc score. The top 20 enriched pathways for positive and negative correlations to
CHA2DS2-VASc score are presented in the Tables 3 and 4, respectively, and both results showed
similar enriched pathways such as epithelial-mesenchymal transition, sex hormone signaling,
TGF-β signaling, and epigenetic alterations, etc. As representative pathways, pathway map for
“Development_Regulation of epithelial-to-mesenchymal transition (EMT)” and “Androgen receptor
activation and downstream signaling in Prostate cancer” provided in the Metabase knowledgebase
are presented in Figure 4. These results should be interpreted with care since the source(s) of the
circulating miRNAs have not been clarified at present.

Table 3. Pathway enrichment analysis using possible target genes of the miRNA whose plasma levels
showed positive correlations with CHA2DS2-VASc score.

Pathways Number of Mapped Genes Number of Genes in the Pathway q-Value

Development_regulation of epithelial-to-mesenchymal
transition (EMT) 26 64 7.8 × 10−20

Androgen receptor activation and downstream signaling in
prostate cancer 31 110 8.0 × 10−19

Development_TGF-β receptor signaling 23 52 8.0 × 10−19

Dual role of TGF-β 1 in HCC 17 24 1.7 × 10−18

Development_YAP/TAZ-mediated co-regulation of
transcription 23 56 3.8 × 10−18

TGF-β signaling via SMADs in breast cancer 21 47 1.8 × 10−17

Main genetic and epigenetic alterations in lung cancer 21 48 2.7 × 10−17
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Table 3. Cont.

Pathways Number of Mapped Genes Number of Genes in the Pathway q-Value

Cell cycle_Regulation of G1/S transition (part 1) 19 38 5.4 × 10−17

TGF-β 1-mediated induction of EMT in normal and asthmatic
airway epithelium 20 44 6.1 × 10−17

Mechanisms of resistance to EGFR inhibitors in lung cancer 20 45 9.6 × 10−17

Ligand-independent activation of androgen receptor in
prostate cancer 23 67 2.1 × 10−16

Inhibition of TGF-β signaling in lung cancer 17 31 3.5 × 10−16

Activation of TGF-β signaling in pancreatic cancer 16 27 5.9 × 10−16

K-RAS signaling in pancreatic cancer 19 44 1.0 × 10−15

Main pathways of Schwann cells transformation in
neurofibromatosis type 1 24 80 1.0 × 10−15

TGF-β signaling via kinase cascades in breast cancer 21 58 1.3 × 10−15

Role of microRNAs in cell migration, survival and
angiogenesis in colorectal cancer 22 67 2.4 × 10−15

Stromal-epithelial interaction in prostate cancer 18 42 7.0 × 10−14

EGFR family signaling in pancreatic cancer 22 75 3.2 × 10−14

Role of microRNAs in cell proliferation in colorectal cancer 21 69 6.2 × 10−14

Pathway enrichment analysis was conducted with possible target genes regulated by eight miRNAs whose plasma
levels were positively correlated with CHA2DS2-VASc score and negatively correlated with CA operation. The most
significant 20 pathways in terms of q-values were presented.

Table 4. Pathway enrichment analysis using possible target genes of the miRNA whose plasma levels
showed negative correlations with CHA2DS2-VASc score.

Pathways Number of Mapped Genes Number of Genes in the Pathway q-Value

Androgen receptor activation and downstream signaling in
prostate cancer 11 110 2.1× 10−7

TGF-β signaling via kinase cascades in breast cancer 8 58 2.9 × 10−6

Mitogenic action of ESR1 (membrane) in breast cancer 7 47 9.7 × 10−6

Main genetic and epigenetic alterations in lung cancer 7 48 9.7 × 10−6

IGF-1 signaling in multiple myeloma 7 50 1.0 × 10−5

SHH signaling in melanoma 6 33 1.3 × 10−5

IGF family, invasion and metastasis in colorectal cancer 6 33 1.3 × 10−5

Aberrant B-Raf signaling in melanoma progression 7 55 1.3 × 10−5

Signal transduction_AKT signaling 6 43 5.2 × 10−5

Mechanisms of drug resistance in SCLC 7 70 5.2 × 10−5

Development_Ligand-independent activation of ESR1
and ESR2 6 44 5.2 × 10−5

Stem cells_stimulation of differentiation of mouse embryonic
fibroblasts into adipocytes by extracellular factors 7 71 5.2 × 10−5

Immune response_IL-2 signaling via ERK, PI3K, and PLC-γ 7 73 5.8 × 10−5

Neuroendocrine transdifferentiation in prostate cancer 6 48 7.5 × 10−5

The role of PTEN and PI3K signaling in melanoma 6 50 9.0 × 10−5

Anti-apoptotic action of ErbB2 in breast cancer 6 51 9.5 × 10−5

Stem cells role of growth factors in the maintenance of
embryonic stem cell pluripotency 6 53 1.1 × 10−4

DNA damage_Brca1 as a transcription regulator 5 30 1.2 × 10−4

Cell adhesion_ECM remodeling 6 55 1.3 × 10−4

Putative role of estrogen and androgen receptor signaling in
progression of lung cancer 6 58 1.6 × 10−4

Pathway enrichment analysis was conducted with possible target genes regulated by three miRNAs whose plasma
levels were negatively correlated with CHA2DS2-VASc score and positively correlated with CA operation. The most
significant 20 pathways in terms of q-values were presented.
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Figure 4. Representative pathways enriched with possible target genes of eight miRNAs whose plasma
levels showed positive and negative correlations with CHA2DS2-VASc score and CA, respectively.
(A) Pathway maps for “Development_Regulation of epithelial-to-mesenchymal transition (EMT)”
and (B) “Pathway maps for “Androgen receptor activation and downstream signaling in Prostate
cancer”, the 1st and 2nd most enriched pathways, respectively, querying possible target genes of the
miRNA whose plasma levels showed positive correlations with CHA2DS2-VASc score (Table 3). Red
bar represents possible target genes of miRNAs whose plasma levels were positively and negatively
correlated with CHA2DS2-VASc score and CA, respectively. Green and red arrows mean positive and
negative regulation of the target genes, respectively.

3. Discussion

3.1. Identification of 11 miRNAs Potentially Associated with Decision Making in AF Clinical Practice

The major objective of the study was to explore circulating miRNAs which can provide mechanistic
and quantitative information for decision making in AF clinical practice, which identify the patients with
high risk for ischemic stroke and the patients with good conditions for performing CA. We identified
15 miRNAs that showed significant correlations with CHA2DS2-VASc score (Figure 1), which is the
most commonly used risk score of ischemic stroke in AF patients. Interestingly, eleven miRNAs of the
fifteen were also included in the seventy-three miRNAs which showed correlation with CA operation
during the follow-up period up to 6-month after enrollment (Figure 1). Of the eleven miRNAs, plasma
levels of eight miRNAs (miR-22-3p, miR-128-3p, miR-130a-3p, miR-140-5p, miR-143-3p, miR-148b-3p,
miR-497-5p, miR-652-3p) and three miRNAs (miR-144-5p, miR-192-5p and miR-194-5p) showed
positive and negative correlations to CHA2DS2-VASc score, respectively. In contrast, the eight and
the three miRNAs showed negative and positive correlations to CA operation, respectively. These 11
miRNA are not reported as cardiac-enriched miRNAs [21], and the source tissues of these miRNAs are
not clear at this moment.

3.2. Possible Functional Implication Relevant to 11 miRNAs

To gain insights into functional implications for the dysregulation in circulating miRNA profile,
pathway enrichment analysis was conducted for possible target genes of the 11 miRNAs. The results
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suggested that the possible target genes of the 11 miRNAs were functionally associated with TGF-β
signaling, epithelial-mesenchymal transition, androgen signaling, etc. (Tables 3 and 4). TGF-β
signaling is a key pro-fibrotic element in various tissue and was reported to be capable of activating
atrial fibroblasts to differentiate into myofibroblasts and promoting them to proliferate, migrate,
and generate extracellular matrix protein [23,24], thus contributing to atrial fibrosis. It was reported
that left atrial fibrosis is associated with an increased risk of thromboembolism in AF patients [25].
Endothelial-to-mesenchymal transition (EndMT) was reported to occur in atrium of AF patients [26],
and TGF-b signaling also plays a key role in EndMT. EndMT has been reported to be strongly associated
with thrombus formation in animal models of iliac vein compression syndrome [27], and deductively,
EndMT would potentially affect stroke risk in AF patients. In addition, testosterone deficiency has been
associated with the risk of AF in aging males [28], and testosterone therapy is related to thrombotic
and cardiovascular events [29]. Collectively, results from the pathway enrichment analysis for possible
target genes of dysregulated miRNAs were in good agreement with current knowledge on stroke risks
in AF patients.

3.3. Possible Target Genes Strongly Regulated by 11 miRNAs

To comprehend the relationships between the selected 11 miRNAs and target genes, we constructed
a network model by referring to a commercial knowledgebase Metabase (Figure 5A). We further
filtered genes connected to ≥4 miRNAs in the network model, resulting in identifying the seven genes:
TGFBR1, PDGFRA, TCF8 (ZEB1), IGF1R, BCL2, MAPK1 and DICER1 which were connected to either of
nine miRNAs of the eleven (Figure 5B).Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 9 of 16 
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levels showed correlations with both CHA2DS2-VASc score and CA operation, by referring to Metabase
knowledgebase. White dots represent possible target genes. Orange and cyan dots represent miRNAs
whose plasma levels showed positive and negative correlation with CHA2DS2-VASc score, respectively.
Supporting literature information for the miRNA-target gene relationships is provided in Figure S1,
and the network model file is provided as Figure S2; (B) Possible target genes that have ≥4 edges
connected to either of the selected 11 miRNAs are presented. Orange and blue nodes indicate miRNAs
whose plasma levels showed positive and negative correlations to CHA2DS2-VASc scores, respectively.
Red and gray edges represent negative and unknown regulations of the miRNAs on their target
genes, respectively.



Int. J. Mol. Sci. 2020, 21, 2444 10 of 17

Of the seven target genes, TGFBR1, PDGFRA and ZEB1 are reported to be associated with fibrosis;
e.g., TGF-β and PDGF are component of fibrotic pathways [30], ZEB1 was reported to mediate TGF-β
signaling in vascular smooth muscle cell differentiation [31]. The up-regulations of seven circulating
miRNAs (miR-22-3p, miR-128-3p, miR-130a-3p, miR-140-5p, miR-143-3p, miR-194-5p and miR-497-5p)
in patients with high stroke risk (high CHA2DS2-VASc score) may suggest feedback regulations
against pro-fibrotic condition in the patients. While we did not collect histological data, there exist
possibility that dysregulation of these miRNAs may not stringently coincide with histological fibrosis,
considering a previous report in mouse model that showed discordant observations for pro-fibrotic
molecular signals and actual histological phenotypes [3], suggesting that certain time may be required
for development of histologically detectable fibrosis after initiation of pro-fibrotic molecular signals.
We speculate that molecular signals of pro-fibrotic condition would be more sensitive marker compared
to histological fibrosis evaluated with imaging technologies, and useful for clinical risk management of
AF patients, allowing early intervention against fibrosis.

Besides the above three pro-fibrotic genes, IGF1R, BCL2, MAPK1 and DICER1 were also identified
as possible target genes of the selected miRNAs. Contrary to the cases in three pro-fibrotic genes,
IGF1R, BCL2, MAPK1 and DICER1 were connected to mixture of miRNAs which were either positively
or negatively correlated to CHA2DS2-VASc score, suggesting complicated regulations of these genes
by the miRNAs. This may reflect the stimulated functions of these genes associated with elevated
stroke risks. It was reported that elderly AF patients show low level of serum IGF-1 level [32], and low
level of circulating IGF-1 was associated with risk of ischemic stroke in AF patients, especially in
diabetic and obese patients [33]. In addition, increased and decreased expression of atrial ERK1/2
and BCL2, respectively, were reported in AF patients [34,35]. ERK signaling is involved in cardiac
hypertrophy, in which ERK1 and ERK2 have redundant functions [36], and it was reported that the
ERK pathway acts to promote a compensated hypertrophic response and reduced fibrosis in the heart
in a mice model overexpressing ERK1 in cardiomyocyte [37]. BCL2 is an anti-apoptotic protein for
heart fibroblast [38] and is reported to be potentially associated with myocardial fibrosis phenotype in
patients with dilated cardiomyopathy (DCM) [39]. DICER1, an endonuclease required for processing
of miRNAs were also identified as a candidate target gene connected to 4 miRNAs of the 11. This may
reflect active regulations of miRNAs in the AF patients with high stroke risk, and it is also possible that
dysregulation of DICER1 may be associated with cardiac pathology including fibrosis since considering
that deletion of Dicer led to DCM and heart failure in mice [40]. Collectively, changes in plasma levels
of the miRNAs would reflect elevated risk of stroke in AF patients, and could potentially serve as
clinical biomarkers to support evaluating stroke risk of patients.

3.4. Clinical Implications: Classifying AF Patients Using 11 miRNAs Possibly Reflecting the Pro-Fibrotic State

Although CHA2DS2-VASc score is convenient and useful for stratifying patients with high
stroke risk, it is a point-based score only taking account of selected risk factors of patients’ clinical
characteristics and comorbidities and does not provide mechanistic and quantitative information to
support evaluation of stroke risks. Meanwhile, careful patient selection is necessary for performing CA.
According to the guidelines by Japanese Circulation Society, the most typical indication for performing
CA is paroxysmal, symptomatic, drug-refractory AF without advanced left atrial enlargement or left
ventricular dysfunction (Class I) [41,42]. This indication is based on the recognition that patients with
the best outcome and the lowest procedural risk with CA are those with paroxysmal AF, structurally
normal hearts and no comorbidities [43], while outcomes are less favorable for the cases of persistent
AF [44]. However, considering such patient characteristics for patient selection may be similar to the
“point-based scoring” because it does not provide mechanistic and quantitative information to support
evaluation of the patient status.

The selected 11 miRNAs may potentially provide mechanistic and quantitative information for
the significant pathophysiology in daily clinical practice with AF, possible pro-fibrotic state in left
atrium, which would enhance the risk of ischemic stroke and reduce the preference for performing
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CA. For instance, plasma profiles of the 11 miRNAs can classify the patients into two clusters as
shown in Figure 2B, where Class 1 and Class 2 patients would be associated with low and high
risks, respectively. An intriguing hypothesis is that we may be able to judge high risk patients for
ischemic stroke (i.e., Class 2 patients) or we may be able to select suitable patients for CA operation
(i.e., Class 1 patients) based on plasma miRNA profile. Although we could find apparent relationships
between the distribution of 11 miRNAs and thromboembolic risk score (CHA2DS2-VASc score) or
clinical performance of CA, unfortunately, they were not the findings based on the direct relationship
between the miRNAs and the prognosis (i.e., ischemic stroke or recurrence after CA). Therefore, more
investigations will be necessary to further explore whether other miRNAs have similar predictive
potentials, or to confirm that the 11 miRNAs we determined in the present study have actual predictive
ability for the prognosis in a prospective manner.

3.5. Limitations

A number of limitations should be considered. First, the number of patients may be too small to
draw robust conclusions. Further evidence is needed to verify the present findings, and eventually
prove the superiority of additional miRNA measurement to current clinical practice by conducting
a prospective randomized controlled studies.

Second, although a number of publications describe AF-associated miRNAs, considerable
difference in their study designs hinders straightforward comparison among the studies [45].
While many of previous studies applied case-control comparisons (e.g., AF patients vs. healthy
subjects), we only analyzed AF patient samples in the present study and identified miRNAs associated
with stroke risk of AF patients, which therefore is not straightforwardly comparable with published
information. Furthermore, the origin and function of miRNAs in tissue and plasma are usually
unknown, and miRNA regulations in different tissues (e.g., cardiac tissue and blood) can frequently be
contradicting results [20]. These factors need to be carefully considered to avoid misinterpretation of
the findings.

Third, from analytical point of views, optimization and standardization of data acquisition
procedure will be essential, including conditions for blood collection, sample processing and storage,
RNA extraction, miRNA measurement platform, etc. Regarding the miRNA data analysis process,
no gold standard normalization methods for circulating miRNA panel data has been established.
A global mean normalization is reported to be effective when sufficient number of target miRNAs
are measured [46]. In addition, a guideline provided by Qiagen, the vendor of qRT-PCR used in the
present investigation, recommended to use global mean normalization method [47]. Accordingly,
we adopted this normalization method in the present study.

Fourth, although pathway enrichment analysis has been frequently utilized to elucidate functional
implications for dysregulated circulating miRNAs, this methodology cannot be free from inherent
information bias and may provide inaccurate results [48]. In the present study, results from pathway
enrichment analysis looked fairly consistent with AF pathophysiological mechanisms, however
further supporting data will be necessary to verify the findings from the present study, not only with
bioinformatics but with experimental approaches. At present, we need to note that our findings
are still highly speculative, and further supporting evidence need to be accumulated from clinical
researches to confirm associations of miRNA profiles and histological or MRI based verification on
fibrotic conditions. In addition, as discussed above, tissue origin of the circulating miRNAs also needs
to be better clarified with experimental approach to improve our understanding for dysregulation of
circulating miRNA profiles.

Lastly, to establish a practical clinical measurement system, sufficient level of dynamic range is
desired with reasonable precision, accuracy, specificity and sensitivity, etc. However, altered levels of
each miRNA among patients were very small in the present study, and therefore it would be technically
challenging to measure the selected miRNAs individually. To address this difficulty, it would be
practical to consider evaluating composite of the altered levels of the selected miRNAs, similar to the
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case in conducting “gene signature” analysis which provides better robust information compared with
individual gene-level analysis [49].

4. Materials and Methods

4.1. Ethics and Informed Consent

The current investigation is an exploratory sub-study conducted in an observational study
enrolling non-valvular AF patients. The study was approved by the Institutional Review Board of the
Cardiovascular Institute (1 May 2017) and was registered on the UMIN Clinical Trials Registry (UMIN
000028383, 26 Jul 2017). Study outline and results had been published previously [50,51]. The study was
conducted in accordance with the ethical norms based on the Declaration of Helsinki (revised in 2013)
and Ethical Guidance for Medical and Health Research Involving Human Subjects (Public Notice of
the Ministry of Education, Culture, Sports, Science and Technology, and the Ministry of Health, Labour
and Welfare, Japan, issued in 2017). Written informed consent was obtained from all participants.
The study protocol was reviewed by the Institutional Review Board of the Cardiovascular Institute.

4.2. Study Population

Patients with non-valvular AF receiving edoxaban (Daiichi Sankyo Co., Ltd., Tokyo, Japan),
a direct oral anticoagulants, for at least 2 weeks were enrolled. The exclusion criteria were as follows:
(1) receiving dual-anti-platelet therapy, (2) inadequate dosage of edoxaban at registration, (3) edoxaban
hypersensitivity, (4) patients who are bleeding, (5) patients with acute bacterial endocarditis, (6) renal
dysfunction (creatinine clearance <30 mL/min), (7) liver dysfunction with clotting disorders, (8) patients
with previous admission within 1 month before the registration for stroke, myocardial infarction,
percutaneous coronary intervention, heart failure or bleeding, (9) patients who did not give written
informed consent for this study, and (10) patients who are judged by the researchers as inadequate for
this study. The patients were followed up for maximum of 6 months, and the number of patients who
underwent catheter ablation during this period was recorded. Measurement of miRNA was done on
samples from eighty-three AF patients (61 males and 22 females), all drawn in the morning to mitigate
potential circadian rhythm of miRNA profiles.

4.3. RNA Extraction and miRNA Measurement

Blood was drawn from patients, and plasma samples were prepared with EDTA-2K, and were
stored at −30 to −10 C◦ until RNA extraction. miRNA was extracted from 200 µL plasma using the
miRNeasy Mini Kit (Qiagen, Venlo, The Netherlands) according to the manufacturer’s instructions.
Single-stranded cDNA was synthesized with Universal cDNA Synthesis Kit II, 8-64 rxns (Product
No.: 203301, Qiagen, Venlo, Netherlands). A total of 179 circulating miRNAs were measured using
Serum/Plasma Focus microRNA PCR Panel (Qiagen) and LightCycler® 480 Instrument II (Roche
Diagnostics, Basel, Switzerland). The Serum/Plasma Focus microRNA Panel contains 179 miRNA
primer sets which had been selected based on the vendor’s vast number of in-house analysis as well as
a number of publications [47]. The PCR panel primers contain seven candidate reference miRNAs
that can also be used to assess RNA quality, hemolysis and contaminants, principle of which was
described in a previous publication [52]. The Cq value, which represents the PCR cycle upon reaching
the designated threshold amplification level, was determined for all target miRNAs using GenEx
software (Qiagen) according to the manufacturer’s instructions. Target miRNAs whose amplification
levels did not reach the designated threshold after the 40-cycle amplification were considered absent
and were excluded from further analysis.

4.4. qRT-PCR Data Analysis

A global mean normalization method was adopted for normalizing the data [46]. In the present
study, the Cq values of miRNAs with Cq < 37 were averaged and subtracted from all Cq values
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for each sample. Data for two samples showed extremely deviated profile from other samples
based on principal component analysis, and these two samples were excluded from further analysis.
Differentially expressed miRNAs in each phenotype were calculated by fitting to the following
linear model:

(miRNA expression) ~ (phenotype X) + (days_trough_sampling)

where phenotype represents each parameter or event, and days_trough_sampling represents the date
of blood sampling for miRNA measurement, which can be an indicator of sample storage duration
until RNA extraction. To select the miRNAs associated with CA and CHA2DS2-VASc scores, q < 0.1
were considered statistically significant. Hierarchical clustering analysis and heat map creation for the
plasma miRNA levels was performed with TIBCO Spotfire® (TIBCO Software Inc., Palo Alto, CA, USA).
The clusters of the heat map were determined from a dendrogram generated by the UPGMA method
using Euclidean distance. The top 50 abundant miRNAs in human heart reported by Liang et al. [21]
are referred to as “cardiac-enriched miRNAs” in Figure 1.

4.5. In Silico Functional Analysis

Metabase (Clarivate Analytics, Philadelphia, PA, USA) was used for the pathway enrichment
analysis using the 11 miRNAs commonly identified as both CHA2DS2-VASc- and CA-correlated
miRNAs. Metabase is a comprehensive manually curated data/ knowledgebase of mammalian biology
and chemistry data, which have been utilized for systems biology analysis in various studies [53–55].
The Metabase version 19.2.69700, which includes 12,040 genes within 1502 canonical pathways.
The enrichment p-value and the false discovery rate-adjusted p-value (q-value) for each of the
pathways was generated using a hypergeometric test. The network model was visualized using
Cytoscape software [56].

5. Conclusions

In conclusion, we identified circulating miRNAs whose plasma levels are potentially associated
with high/low thromboembolic risks and less/more performing CA in AF patients. These miRNAs
would provide mechanistic and quantitative information for pathophysiological conditions of AF
patients, particularly associated with pro-fibrotic conditions, and would add values for decision making
for administering anticoagulation therapy and performing CA. Further data is warranted to strengthen
robustness of the present findings and to develop practical clinical biomarkers to support management
of AF patients.
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Abbreviations

AF Atrial fibrillation
CA Catheter ablation
EHRA European Heart Rhythm Association
EndMT Epithelial-to-mesenchymal transition
LAVI Left atrial volume index
LVEF Left ventricular ejection fraction
mRNA Messenger RNA
miRNA MicroRNA
PDGFRA PDGF-R-alpha
TGFBR1 TGF-β receptor type I
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