
Regulation of the SK3 channel by MicroRNA-499 - potential role
in atrial fibrillation

Tian-You Ling, M.D.1,2, Xiao-Li Wang, M.D., Ph.D.2, Qiang Chai, Ph.D.2,3, Tin-Wah Lau2,4,
Celeste M. Koestler, R.N.2, Soon J. Park, M.D.5, Richard C. Daly, M.D.5, Kevin L. Greason,
M.D.5, Jin Jen, M.D., Ph.D.6, Li-Qun Wu, M.D., Ph.D.1, Wei-Feng Shen, M.D., Ph.D.1, Win-
Kuang Shen, M.D., FHRS7, Yong-Mei Cha, M.D., FHRS2, and Hon-Chi Lee, M.D., Ph.D.,
FHRS2

1Department of Cardiology, Rui Jin Hospital, Shanghai Jiao Tong University School of Medicine,
Shanghai, China 2Department of Internal Medicine, Mayo Clinic Rochester, Minnesota 3The
Department of Physiology, Institute of Basic Medicine, Shandong Academy of Medical Sciences,
Jinan, China 4Royal College of Surgeons in Ireland, Dublin, Ireland 5Department of Surgery,
Mayo Clinic Rochester, Minnesota 6Advanced Genomics Technology Center, Mayo Clinic
Rochester, Minnesota 7Department of Internal Medicine, Mayo Clinic Scottsdale, Arizona

Abstract
BACKGROUND—MicroRNAs are important regulators of gene expression, including those
involving electrical remodeling in atrial fibrillation (AF). Recently, KCNN3, the gene that encodes
the small conductance calcium-activated potassium channel 3 (SK3), was found to be strongly
associated with AF.

OBJECTIVES—This study sought to evaluate the changes in atrial myocardial microRNAs in
patients with permanent AF and to determine the role of microRNA on the regulation of cardiac
SK3 expression.

METHODS—Atrial tissue obtained during cardiac surgery from patients (4 sinus rhythm and 4
permanent AF) was analyzed by microRNA arrays. Potential targets of microRNAs were
predicted by software programs. The effects of specific microRNAs on target gene expression
were evaluated in HL-1 cells from a continuously proliferating mouse hyperplastic atrial
cardiomyocyte cell line. Interactions between microRNAs and targets were further evaluated by
luciferase reporter assay and by Argonaute pull-down assay.
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RESULTS—Twenty one microRNAs showed significant, greater than two-fold changes in AF.
miR-499 was upregulated by 2.33 fold (P<0.01) in AF atria, whereas SK3 protein expression was
down-regulated by 46% (P<0.05). Transfection of miR-499 mimic in HL-1 cells resulted in the
downregulation of SK3 protein expression, while that of miR-499 inhibitor upregulated SK3
expression. Binding of miR-499 to the 3′UTR of KCNN3 was confirmed by luciferase reporter
assay and by the enhanced presence of SK3 mRNA in Argonaute pulled-down microRNA-
induced silencing complexes (mRISC) after transfection with miR-499.

CONCLUSION—Atrial miRNA-499 is significantly upregulated in AF, leading to SK3
downregulation and possibly contributing to the electrical remodeling in AF.

Keywords
atrial fibrillation; microRNA; SK3 channel; electrical remodeling; small-conductance calcium-
activated potassium channel

Introduction
Atrial fibrillation (AF) begets AF, and this process is associated with substantial cardiac
electrical and structural remodeling 1–3. A number of cardiac ion channels have been found
to undergo profound changes as a result of AF, including the L-type Ca2+ channels, the
transient outward K+ channels, the strong inward rectifier K+ channel (IK1), the
acetylcholine-activated K+ channel (IK,ACh), and the ultra-rapid delayed rectifier K+ channel
(IKur) 3–7. However, the underlying mechanisms that lead to these changes remain unclear.

Recently, genome-wide association studies (GWAS) identified KCNN3, which encodes the
small conductance calcium-activated potassium channel 3 (SK3), as a new locus strongly
associated with AF 8,9. SK channels are widely distributed and mRNAs of all three SK
isoforms have been detected in mouse atria and ventricles 10, and atrial myocytes from the
SK2 null mouse exhibited action potential prolongation with inducible atrial fibrillation 11.
These and other reports suggest that SK channels may participate in the development or
maintenance of AF. However, very little is known about the alteration of SK3 channels in
AF and the molecular mechanisms regulating SK3 expression have not been thoroughly
delineated.

MicroRNAs are known regulators of gene expression and recent reports have shown that
microRNAs are involved with the regulation of cardiac electrophysiology 12. Various
microRNAs have been shown to participate in the electrical and structural remodeling of
AF 13–15. In this study, we sought to determine whether SK3 expression is altered in AF and
to delineate the role of microRNA in the regulation of SK3 expression.

Methods
Patients

This study was approved by the Mayo Clinic Institutional Review Board. All patients
provided informed consent. Tissues were obtained from the right atrial appendage during
cardiac surgery and were immediately snap-frozen and stored at −80°C. Four patients had no
history of AF (SR) and four had permanent AF (>1 year of AF). Patient characteristics are
shown in Table 1. Patients with dilated or hypertrophic cardiomyopathy, congenital heart
disease, uncontrolled hypertension (>160/90 mmHg), type 1 diabetes mellitus, or untreated
obstructive sleep apnea were excluded.
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Microarray analysis
MicroRNA array analysis was performed by the Mayo Clinic Advanced Genomic
Technology Center Gene Expression Core using the Affymetrix GeneChip miRNA2.0 array
(Affymetrix, Santa Clara, CA). Partek software (Partek Incorporated, St. Louis, Missouri)
was used for data preprocessing, principal components analysis (PCA), and differential
expression detection.

microRNA target prediction
Potential targets of microRNA regulation were predicted using miRwalk 16 with the
following algorithms: Targetscan, miRanda, DIANA-microT, PITA, and miRwalk. The
microRNA best predicted by these algorithms to regulate the KCNN3 gene was selected for
further analysis.

HL-1 cell culture
HL-1 cells from a continuously proliferating mouse atrial hyperplastic cardiomyocyte cell
line were kindly provided by Dr. William C. Claycomb 17. Transfection of miR-499 mimic,
mimic negative control, miR-499 inhibitor, and inhibitor negative control (100 nM)
(Qiagen) in HL-1 cells was performed using Lipofectamine 2000 (Invitrogen, Grand Island,
NY). Cells were used for experiments 48 hours after transfection. The miR-499 mimic
consisted of chemically synthesized double-stranded RNAs that “mimic” native miR-499.
The miR-499 inhibitor consisted of single-stranded 2′-O-methylated (for stability against
degradation) oligonucleotides complementary to the miR-499 and inhibits endogenous
miR-499 from regulating its targets. For the miR-499 mimic negative control, we used the
AllStars Negative Control siRNA, which consisted of a scrambled RNA sequence, that has
been thoroughly tested and validated and has no homology to any known mammalian gene.
The miScript Inhibitor Negative Control was used as the miR-499 inhibitor negative control
and it has no homology to any known mammalian gene.

Western blot analysis
Western blotting was performed using polyclonal anti-SK3 (1:200 dilution; Alomone Labs,
Jerusalem, Israel), polyclonal anti-GAPDH (1:200 dilution; Santa Cruz Biotechnology,
Santa Cruz, CA), monoclonal anti-actin (1:2500 dilution; Oncogene Research Products,
Boston, MA), polyclonal anti-KCNQ5 (1:100 dilution; Abcam Inc, Cambridge, MA),
polyclonal anti-KCNH8 (1 μg/ml, Abcam Inc), polyclonal anti-SCN2B (1:200 dilution;
Santa Cruz Biotechnology), polyclonal anti-SCN4A (1:200 dilution; Santa Cruz
Biotechnology,), polyclonal anti-SCN7A (1:200 dilution; Novus Biologicals, Littleton, CO),
or polyclonal anti-TRPA1 (1:200 dilution; Santa Cruz Biotechnology) antibodies. Results
were normalized against the expression of loading controls of GAPDH or actin.

Real-time PCR analysis
Real-time PCR was performed as previously described 18. The primer pairs for SK3 were:

Forward: 5′-ACT TGC AGC TTC ATG CGT TT-3′

Reverse: 5′-TCG AGG GGG CGA TCA AGA-3′

The primer pairs for GAPDH were:

Forward: 5′-CCA CCT TCG ATG CCG GGG CT-3′

Reverse: 5′-GGG GCC GAG TTG GGA TAG GG-3′

The reaction had initial denaturation at 95°C for 3 min, 50 cycles of denaturation at 95°C for
40 s, annealing at 58°C for 40 s, and extension at 72°C for 45 s. Fluorescence was measured
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at the end of each extension step and the data were normalized to GAPDH from the same
preparation.

Luciferase reporter assay
The luciferase report assay was performed as previously described 15,19. A fragment of the
3′ untranslated region (3′UTR) of KCNN3 containing the predicted binding site for
miR-499 was subcloned into the luciferase reporter vector (Switchgear Genomics, Menlo
Park, CA). The vector was co-transfected with miR-499 mimic or mimic negative control
into HL-1 cells using Lipofectamine 2000. Twenty-four hours after transfection, cells were
lysed and assayed using the LightSwitch Luciferase Assay Reagent LS010 and the luciferase
reporter signal was measured using a plate luminometer (Synergy 2, BioTek, Winooski,
VT).

Co-immunoprecipitation and Argonaute pull-down assay
Immunoprecipitation was performed as previously described 19. HL-1 cells were washed
with PBS, lysed, sonicated, and then centrifuged at 10,000 rpm for 10 minutes at 4°C. The
supernatant (500 μg in 300 μl) from each sample was incubated with Argonaute 1 or
Argonaute 2 antibodies (1:50, Cell Signaling Technology, Danvers, MA) with rotation
overnight at 4°C. The immune complexes were pulled down by incubation with 40 μl
Protein A/G Plus-Agarose (Santa Cruz) at 4°C for 4 hours with rotation. Immune complexes
were collected by centrifugation at 3000 rpm for 3 min and washed with lysis buffer. One ml
of TRIzol reagent (Invitrogen) was added into each sample to isolate RNA and the purified
RNA was reverse transcribed to cDNA. SK3 mRNA levels were measured using
quantitative real-time PCR.

Statistical analysis
Data were presented as means ± SEM. Unpaired t-test was used to compare data between
groups. P < 0.05 was considered to be statistically significant.

Results
Atrial microRNA expression profiles are different in permanent AF patients compared with
SR patients

The quality of the total RNA and microRNA isolated from human tissue had RNA Integrity
Number >7.5. The PCA plots demonstrated that the results from SR and permanent AF were
each independently clustered, with clear separation between the two populations (Figure
1A). Of the 1,100 mature human microRNAs examined in the array, 194 (17.64%) were
found to be differentially expressed with a P value <0.05, of which 21 had at least a two-fold
difference in expression, with 14 upregulations and 7 downregulations, in the AF group
compared to SR group. Dendrogram and heat-map of these 21 microRNAs showed distinct
differences between SR and AF groups (Figure 1B and Table 2).

Atrial SK3 protein expression was downregulated in permanent AF
Through Western blot analysis of three pairs of atrial samples, we found that the protein
levels of SK3 were downregulated by 46% in permanent AF (0.54±0.15 vs. 1.0±0.06 in SR,
n=3 for both, P<0.05) (Figure 2).

MiR-499 was upregulated by 2.33-fold in permanent AF and had a higher predicted score
for targeting KCNN3 than other microRNAs according to the predicting tools used. Hence,
miR-499 was selected for further examination for its role on SK3 regulation.
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MiR-499 targets the 3′UTR of KCNN3
KCNN3 contains a conserved sequence in its 3′UTR, which is complementary to the seed
site of miR-499 (Figure 3A). To further confirm the direct binding of miR-499 to the 3′UTR
of KCNN3, we used a luciferase reporter assay in HL-1 cells 19. Co-transfection of miR-499
mimic (100 nM) with the luciferase reporter vector resulted in significantly diminished
luciferase activity compared to cells co-transfected with the miR-499 negative control
(0.47±0.02 relative units with miR-499 mimic vs. 1.0±0.01 relative units with control, n=4,
P <0.001). These results strongly indicate that miR-499 binds directly to the mRNA of
KCNN3, resulting in reduced expression of SK3.

It is known that microRNAs target mRNAs by the association of the microRNA/mRNA
with Argonaute (Ago) proteins to form microRNA-inducing silencing complexes
(miRISCs), leading to post-transcriptional repression 20. In HL-1 cells, the Ago 1 pulled-
down miRISCs contained KCNN3 mRNA at levels 2.38-fold higher in cells transfected with
miR-499 mimic compared with those transfected with the mimic negative control (2.38
±0.03 relative units in miR-499 mimic vs. 1.0±0.18 relative units in control, n=3, P=0.017)
(Figure 3C). In the Ago 2 pull-down, KCNN3 mRNA was clearly recruited to the miRISCs
in cells transfected with miR-499 mimic, but the mimic negative control failed to recruit
KCNN3 mRNA to the miRISC and the experiment was repeated with the same results
(Figure 2D). These findings indicate that miR-499 targets KCNN3 mRNA and facilitates its
recruitment into miRISCs, resulting in transcriptional repression of SK3 expression.

MiR-499 negatively regulates SK3 protein expression in cardiac myocytes
Western blot analysis of HL-1 cells showed that transfection with miR-499 mimic
significantly downregulated the expression of SK3 (0.48±0.13 vs. 1.0±0.14 relative units in
control, n=5, P<0.01) (Figure 4A), while that with the miR-499 inhibitor upregulated the
expression of SK3 (1.54±0.04 vs. 1.0±0.18 relative units, n=3, P<0.05) (Figure 4B). These
results indicate that the levels of SK3 expression are regulated by miR-499 in cardiac
myocytes. Identity of the SK3 band on Western blot was further characterized by
overexpressing SK3 in HL-1 cells using a plasmid construct containing the KCNN3 gene
(Figure 4C). Specificity of the anti-SK3 antibody was demonstrated by blockade of antibody
immunoreactivity against the SK3 band after preincubation with the SK3 antigenic peptide
(Figure 4C).

Effects of miR-499 on other cardiac ion channels
In addition to the KCNN3 gene, the potential cardiac ion channel targets of miR-499
regulation include those of other potassium channels/subunits (KCNQ5 and KCNH8),
sodium channels/subunits (SCN2B, SCN4A, and SCN7A), and cation channels (TRPA1).
We further determined the effects miR-499 mimic and inhibitor on the levels of expression
of these ion channels/subunits in HL-1 cells. Interestingly, the protein expression of KCNQ5
was significantly upregulated by miR-499 mimic (1.41±0.11 vs. 1.0±0.10 relative units in
control, n=3, P<0.05) and downregulated by miR-499 inhibitor (0.21±0.05 vs. 1.0±0.25
relative units in control, n=3, P<0.05) (Figure 5A), suggesting that miR-499 does not
directly regulate KCNQ5 expression but may be regulating a negative inhibitor of KCNQ5
expression. In addition, miR-499 inhibitor significantly downregulated TRPA1 expression
while miR-499 mimic had no significant effect (Figure 5F). Expression of KCNH8, SCN2B,
SCN4A, and SCN7A, was not significantly altered by changes in miR-499 expression
(Figure 5). These results suggest that regulation of KCNN3 expression by miR-499 is quite
unique.
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KCNN3 mRNA expression was downregulated by miR-499
It is widely accepted that microRNAs act as negative regulators of gene expression by
inhibiting translation of mRNA or by promoting mRNA degradation 20. Quantitative RT-
PCR showed that the level of SK3 mRNA expression was significantly downregulated by
39% in HL-1 cells 48 hours after transfection with miR-499 mimic (0.61±0.09 vs. 1.0±0.04
relative units, n=3, P=0.015) (Figure 6). These results suggest that miR-499 significantly
reduced the steady state levels of KCNN3 mRNA, thereby reducing SK3 expression in
cardiac cells. It is noted that the seed sequence of miR-499 is highly conserved between
mouse KCNN3 and the three transcripts of human KCNN3. Hence, all three transcripts of
human KCNN3 may be targets of miR-499 based on miR-499 seed sequence.

Discussion
In this study, we have made several important observations regarding the regulation of SK3
channels by miR-499. First, we found that atrial microRNA expression profiles were
different in patients with permanent AF compared to those with SR. Second, miR-499 was
significantly upregulated while SK3 was down-regulated in AF atria. Third, we verified
experimentally that miR-499 binds to the 3′UTR of KCNN3 mRNA using the luciferase
reporter assay. In addition, Ago protein pull-down assays showed that miR-499 effectively
enriched KCNN3 mRNA in the miRISCs. Fourth, in cultured atrial cells, the miR-499
mimic significantly reduced SK3 protein expression, while the miR-499 inhibitor
significantly enhanced the level of SK3 expression. Fifth, KCNN3 mRNA expression level
was also downregulated by transfection of the miR-499 mimic into HL-1 cells. These
observations provide compelling evidence that miR-499 regulates the expression of atrial
SK3 channels, which may contribute to the electrical remodeling in AF.

Electrical remodeling in atrial fibrillation and SK3 channel
Electrical remodeling is a maladaptation that renders the atria susceptible to the initiation
and maintenance of AF. Studies using human tissues have shown that the L-type Ca2+

currents (ICa,L) were significantly downregulated by 50 to 60% 4,5,7 while the strong inward
rectifier K+ current IK1 4,7,21 and the acetylcholine-activated K+ current IK,ACh 4,22 were
significantly upregulated in the fibrillating human atria. These changes lead to shortening of
the atrial action potential and atrial refractoriness, promoting arrhythmogenesis by reentry.
In addition, the downregulation of the ICa,L results in the loss of rate adaptation which is a
prominent feature in electrical remodeling of AF 5. On the other hand, the Ito and the IKUR
were found to be downregulated by more than 50% as a result of AF in humans 4,5,7, similar
to what we observed in SK3 channels in this study. The relevance of repolarizing current
downregulation in the pathogenesis of AF was underscored by the finding that a loss-of-
function mutation in Kv1.5 is associated with familial AF 23. The role of SK3 in AF is not
entirely clear, but the strong association between KCNN3 and AF from GWAS studies
suggests that it warrants further investigation 8,9. The results of our study help to elucidate
the role of SK3 in the electrical remodeling of AF.

SK channels and cardiac electrophysiology
Very little is known about the regulation of cardiac SK channels. Cardiac SK channels
contribute to the repolarization of cardiac action potentials 10,11. Rapid burst pacing in the
rabbit atrium for 3 hours resulted in shortening of the pulmonary vein action potential that
was associated with upregulation of SK2 expression but no change in SK3 expression 24. A
microarray study comparing ion channel gene expression in patients with valvular heart
disease showed that the SK2 mRNA expression was not altered in AF compared with those
in sinus rhythm 21. In animal models of AF induced by cholinergic and electrical
stimulation, inhibitors of SK channels were found to be antiarrhythmic 25. Similar findings
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were reported on AF induced by burst pacing in aging male spontaneously hypertensive
rats 26. On the other hand, atrial myocytes from mice with genetic ablation of SK2 exhibited
action potential prolongation and inducible atrial fibrillation 11. Whether the downregulation
of SK3 produces the same electrophysiological effects is unknown, although similar
properties would be expected. Apart from AF, SK2 has been shown to participate in the
regulation of AV nodal function 27 and SK channel upregulation is implicated as the
mechanism that underlies the recurrent ventricular fibrillation in failing rabbit ventricles 28.
Results of the current study may provide important new information on the role of SK3 in
AF, and if these findings are substantiated in a larger population of patients, they may guide
our future approaches in the management of AF.

Role of microRNA in AF and miR-499
Recent studies support the hypothesis that microRNAs play an important role in the
electrical remodeling of AF 29. The greatly reduced miR-1 expression in human AF
contributes to the upregulation of Kir2.1 channel, leading to increased IK1 14. MiR-328 was
elevated by 3.5-fold in AF patients with rheumatic heart disease and was responsible for the
downregulation of the L-type Ca2+ channel genes CACNA1C and CACNB1 15. miR-499
has been reported to regulate myocardial function with dysregulations in heart failure 30 but
has not been shown to participate in electrical remodeling. Our novel finding that miR-499
regulates cardiac SK3 channels provides further evidence that microRNAs are closely
involved with cardiac remodeling in AF.

Regulation of SK3 channel by miR-499
SK channels have been shown to contribute to the configuration of the cardiac action
potential 10,24,31, but the molecular mechanism through which these channels are regulated
is unknown. Our findings that SK3 expression is regulated by miR-499, therefore, provide
novel insights on the mechanisms that underlie the changes in expression of these channels.

KCNN3 was a highly scored target of miR-499 by several computational algorithms. The
significant increase in miR-499 expression in the fibrillating human atrium was
accompanied by a significant reduction of SK3 protein expression. Our findings were further
substantiated by the expression of miR-499 mimic and inhibitor in HL-1 cells, with results
confirming that miR-499 targets KCNN3 and negatively regulates both SK3 mRNA and
protein expression (Figures 4 and 6). Moreover, the direct interaction between miR-499 and
its binding site at the 3′UTR of KCNN3 was demonstrated by the luciferase reporter assay,
and such targeting induced enrichment of SK3 transcripts in miRISCs in HL-1 cells (Figure
3). Our results suggest that downregulation of SK3 expression by miR-499 is due to
enhanced degradation of SK3 mRNA. These changes likely contribute to the electrical
remodeling in AF.

Potential limitations
We could only obtain biopsies from the right atrial appendage. There could be heterogeneity
in microRNA expression in different parts of the heart but we were unable to obtain tissues
from the left atria for examination. The number of patients in this study is small and we did
not examine the microRNA changes in paroxysmal and persistent AF. There is no known
successful technique to culture human atrial myocytes and our in vitro studies were
performed in HL-1 cells. Electrophysiology studies in HL-1 cells were difficult for
determination of a phenotype from changes in miR-499 expression. In this study, we only
focused on microRNAs that showed >2-fold changes with P < 0.05 and we could have
missed important microRNAs that are pertinent to the electrical remodeling in AF.
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Despite these limitations, our results consistently indicate the role of miR-499 in the
regulation SK3. The clinical relevance of the relationship between miR-499 and SK3
channels in human AF warrants further studies in the future.
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AF atrial fibrillation

miR-499 microRNA 499

miRISC miR-inducing silencing complex

PCR polymerase chain reaction

RT reverse transcription

SK3 small-conductance calcium-activated potassium channel 3

SR sinus rhythm
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Figure 1.
MicroRNA expression patterns. A: Principal components analysis (PCA) of microRNA
expression profiles, encompassing all human microRNA probes in the array, shows that SR
(red) and permanent AF (green) patients cluster into two groups. The horizontal axis
corresponds to principal component 1 (PC#1), which explains 19.1% of the total variance in
these datasets. The vertical axis corresponds to PC#2, which explains 16.9% of the variance.
B: Dendrogram and heat-map overview of the 21 microRNAs differentially expressed with
≥2-fold changes and P<0.05 (vertical axis) between the SR (left 4 columns, horizontal axis)
and the AF groups (right 4 columns). Red indicates enhanced levels and green indicates
reduced levels of microRNA expression in AF patients compared to SR patients.
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Figure 2.
Downregulation of SK3 protein expression in the atrial tissues from patients with permanent
AF patients compared to those with SR. *P<0.05 vs. SR, n=3 for each group.
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Figure 3.
MiR-499 targets KCNN3. A: Alignment of the sequences of miR-499 with its target site in
the 3′ UTRs of KCNN3. The miR-499 sequence is identical between human and mouse, and
the binding site of KCNN3 is conserved among mammals. The nucleotides marked represent
the miR-499 “seed site” and its paired sequence. B: Luciferase reporter assay in HL-1 cells
showing co-transfection of miR-499 mimic significantly reduced luciferase activity with the
3′UTR of KCNN3 subcloned into the luciferase reporter vector. *P<0.05 vs. control, n=4
for each group. C and D: Argonaute 1 and 2 pull-down assays in HL-1 cells. The levels of
KCNN3 transcripts were determined by quantitative real-time RT-PCR (C) and agarose gel
electrophoresis (D).
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Figure 4.
Western blot analysis showing the modulation of SK3 expression by miR-499 in cultured
HL-1 cells. A: Protein expression of SK3 was significantly reduced in HL-1 cells
transfected with miR-499 mimic compared with mimic negative control (*P<0.05 vs.
control, n=5 for each group). B: Protein expression of SK3 was increased in HL-1 cells
transfected with miR-499 inhibitor compared to those transfected with inhibitor negative
control. (*P<0.05 vs. control, n=3 for each group). C: Specificity of the SK3 protein band on
Western blots was validated by overexpressing SK3 in HL-1 cells and blockade of antibody
immunoreactivity by preincubation with the antigenic peptide.
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Figure 5.
Effects of miR-499 mimic and inhibitor on the levels of protein expression of potential
miR-499 target genes that include KCNQ5 (A), KCNH8 (B), SCN2B (C), SCN4A (D),
SCN7A (E), and TRPA1 (F). * represents P <0.05 vs. control, n=3 for all samples.
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Figure 6.
Real-time PCR analysis showing decreased SK3 mRNA expression by miR-499 in HL-1
cells. * represents P<0.05 vs. control, n=3 for each group.
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Table 2

MiRNA expression in SR versus permanent AF patients

miRNA Fold-change (AF vs SR)* p value Sequence

hsa-miR-208b 3.6480 0.0398 5′-AUAAGACGAACAAAAGGUUUGU-3′

hsa-miR-499 2.3261 0.0069 5′-UUAAGACUUGCAGUGAUGUUU-3′

hsa-miR-885-3p 2.2863 0.0003 5′-AGGCAGCGGGGUGUAGUGGAUA-3′

hsa-miR-24-1-star 2.2728 0.0082 5′-UGCCUACUGAGCUGAUAUCAGU-3′

hsa-miR-454 2.2671 0.0032 5′-UAGUGCAAUAUUGCUUAUAGGGU-3′

hsa-miR-375 2.1342 0.0346 5′-UUUGUUCGUUCGGCUCGCGUGA-3′

hsa-miR-1244 2.0705 0.0205 5′-AAGUAGUUGGUUUGUAUGAGAUGGUU-3′

hsa-miR-187-star 2.0642 0.0404 5′-GGCUACAACACAGGACCCGGGC-3′

hsa-miR-302b 2.0592 0.0489 5′-UAAGUGCUUCCAUGUUUUAGUAG-3′

hsa-miR-7-1-star 2.0424 0.0003 5′-CAACAAAUCACAGUCUGCCAUA-3′

hsa-miR-1 2.0277 0.0189 5′-UGGAAUGUAAAGAAGUAUGUAU-3′

hsa-miR-301a 2.0181 0.0005 5′-CAGUGCAAUAGUAUUGUCAAAGC-3′

hsa-miR-302a 2.0143 0.0029 5′-UAAGUGCUUCCAUGUUUUGGUGA-3′

hsa-miR-145-star 2.0046 0.0145 5′-GGAUUCCUGGAAAUACUGUUCU-3′

hsa-miR-23a-star −2.0400 0.0034 5′-GGGGUUCCUGGGGAUGGGAUUU-3′

hsa-miR-138 −2.1212 0.0037 5′-AGCUGGUGUUGUGAAUCAGGCCG-3′

hsa-miR-27a-star −2.1417 0.0220 5′-AGGGCUUAGCUGCUUGUGAGCA-3′

hsa-miR-21-star −2.1631 0.0367 5′-CAACACCAGUCGAUGGGCUGU-3′

hsa-miR-299-3p −2.1797 0.0151 5′-UAUGUGGGAUGGUAAACCGCUU-3′

hsa-miR-1270 −2.2206 0.0058 5′-CUGGAGAUAUGGAAGAGCUGUGU-3′

hsa-miR-193b-star −2.3089 0.0002 5′-CGGGGUUUUGAGGGCGAGAUGA-3′

*
Positive values indicate that microRNAs were upregulated in the permanent AF group compared with the SR group. Negative values indicate that

miRNAs were downregulated in the permanent AF group compared with the SR group.
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