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ORIGINAL RESEARCH

MicroRNAs Regulate TASK-1 and Are 
Linked to Myocardial Dilatation in Atrial 
Fibrillation
Felix Wiedmann, MD; Manuel Kraft, MSc; Stefan Kallenberger, MD, PhD; Antonius Büscher, MD;  
Amelie Paasche , BSc; Pablo L. Blochberger , BSc; Timon Seeger, MD; Natasa Jávorszky, BSc;  
Gregor Warnecke, MD; Rawa Arif, MD; Jamila Kremer , MD; Matthias Karck, MD; Norbert Frey, MD; 
Constanze Schmidt , MD

BACKGROUND: Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia. However, underlying molecular mecha-
nisms are insufficiently understood. Previous studies suggested that microRNA (miRNA) dependent gene regulation plays an 
important role in the initiation and maintenance of AF. The 2-pore-domain potassium channel TASK-1 (tandem of P domains 
in a weak inward rectifying K+ channel–related acid sensitive K+ channel 1) is an atrial-specific ion channel that is upregulated 
in AF. Inhibition of TASK-1 current prolongs the atrial action potential duration to similar levels as in patients with sinus rhythm. 
Here, we hypothesize that miRNAs might be responsible for the regulation of KCNK3 that encodes for TASK-1.

METHODS AND RESULTS: We selected miRNAs potentially regulating KCNK3 and studied their expression in atrial tissue samples 
obtained from patients with sinus rhythm, paroxysmal AF, or permanent/chronic AF. MiRNAs differentially expressed in AF 
were further investigated for their ability to regulate KCNK3 mRNA and TASK-1 protein expression in human induced pluripo-
tent stem cells, transfected with miRNA mimics or inhibitors. Thereby, we observed that miR-34a increases TASK-1 expres-
sion and current and further decreases the resting membrane potential of Xenopus laevis oocytes, heterologously expressing 
hTASK-1. Finally, we investigated associations between miRNA expression in atrial tissues and clinical parameters of our 
patient cohort. A cluster containing AF stage, left ventricular end-diastolic diameter, left ventricular end-systolic diameter, left 
atrial diameter, atrial COL1A2 (collagen alpha-2(I) chain), and TASK-1 protein level was associated with increased expression 
of miR-25, miR-21, miR-34a, miR-23a, miR-124, miR-1, and miR-29b as well as decreased expression of miR-9 and miR-485.

CONCLUSIONS: These results suggest an important pathophysiological involvement of miRNAs in the regulation of atrial expres-
sion of the TASK-1 potassium channel in patients with atrial cardiomyopathy.
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Atrial fibrillation (AF) is the most common sus-
tained cardiac arrhythmia with an increasing in-
cidence because of demographic aging.1 Over 

the past decades numerous aspects of structural and 
electrical remodeling processes within the atrial tis-
sue of patients suffering from AF have been identified. 
Structural remodeling in the context of AF involves an 

increase of atrial fibrosis that results in ectopic electri-
cal activity and increased conduction anisotropy within 
the atrial tissue.2,3 Electrical remodeling describes al-
terations in the expression of cardiac ion channels that 
are causally linked to the shortening of the atrial action 
potential duration (APD) and effective refractory period 
or the disruption of atrial calcium homeostasis.4-7 The 
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combination of a shortened APD, effective refractory 
period, and an increased ectopic activity results in ele-
vated susceptibility for AF.

Experimental studies have suggested that microRNAs 
(miRNA, miR) play an important role in the initiation and 
maintenance of cardiovascular diseases including AF.8 
MiRNAs are small, noncoding but highly conserved RNAs 
that regulate gene expression at the posttranscriptional 
level. After assembly of the RNA-induced silencing com-
plex, miRNA molecules can bind to a complementary se-
quence, usually located within the 3’-untranslated regions 
of the targeted mRNA, thereby inhibiting its translation or 
inducing its degradation.9,10 In AF, miRNAs are involved in 
electrical as well as structural remodeling.11 It was shown 
that miR-26 is involved in electrical remodeling. Increased 
expression of miR-26 in AF resulted in augmented ex-
pression of KCNJ2 encoding for the Kir2.1 potassium 
channel. Thereby, the IK1 current was increased caus-
ing an enhanced vulnerability for AF in mice.12 MiR-21 is 
an example for the involvement of miRNAs in structural 

remodeling. Upregulation of miR-21 in AF indirectly pro-
motes fibrosis via downregulation of SPRY1, a negative 
regulator of profibrotic cellular signaling pathways.13,14

Electrical remodeling in the form of APD and ef-
fective refractory period shortening represents a key 
feature of the pathological remodeling processes 
that occur in AF. Within the heart, TASK-1 (tandem 
of P domains in a weak inward rectifying K+ channel 
[TWIK]–related acid sensitive K+ channel 1; K2P3.1) that 
is encoded by KCNK3 is involved in regulating car-
diac conduction, repolarization, and the heart rate.15-17 
It belongs to the group of 2-pore-domain potassium 
channels that are responsible for a background “leak” 
potassium conductance modulating the cell’s resting 
membrane potential and cellular excitability.18 It was 
shown that TASK-1 expression is increased in patients 
with AF, resulting in shortened atrial APD.5,19 TASK-1 
inhibition results in prolongation of the APD in atrial 
cardiomyocytes and was shown to restore shortened 
APDs of patients with a return to values observed in 
sinus rhythm (SR).5 Owing to its atrial-specific expres-
sion, TASK-1 represents a promising drug target, lack-
ing ventricular proarrhythmic side effects that often 
limit antiarrhythmic drug therapy.19

The mechanisms responsible for the increased 
TASK-1 expression in AF are not known. We hypothe-
sized that miRNAs are responsible for the regulation of 
the KCNK3 gene, encoding for TASK-1. We used bioin-
formatics prediction tools to select miRNAs potentially 
regulating KCNK3 and studied their expression in atrial 
tissue samples obtained from patients with SR, paroxys-
mal AF (pAF), or chronic AF (cAF). We selected miRNAs 
that were differentially expressed in AF and analyzed their 
involvement in regulating KCNK3 gene expression and 
TASK-1 protein expression in human induced pluripotent 
stem cells (hiPSCs). Finally, we investigated associations 
between clinical parameters and miRNA expression in 
atrial tissue samples from patients with AF or SR.

METHODS
The data that support the findings of this study (if not 
already provided with this article) are available from the 
corresponding author upon reasonable request.

Study Patients
Right atrial appendage samples were obtained from 
61 patients (mean age 69.4±10 years; male/female 
43/18) undergoing open heart surgery for aortoc-
oronary bypass grafting or aortic valve replace-
ment. Patients were stratified according to their 
rhythm status of either SR (n=23), pAF (n=21), or 
cAF (n=17). As TASK-1 expression can be influenced 
by left ventricular dysfunction, the patient cohort 
was balanced for left ventricular ejection fraction. 

CLINICAL PERSPECTIVE

What Is New?
•	 Atrial fibrillation associated atrial remodeling is 

accompanied by distinct changes in atrial mi-
croRNA expression patterns.

•	 MiR-34a might regulate the expression of atrial 
TASK-1 (tandem of P domains in a weak inward 
rectifying K+ channel [TWIK]–related acid sensi-
tive K+ channel 1) channels that were recently 
described to contribute to initiation and mainte-
nance of atrial fibrillation.

What Are the Clinical Implications?
•	 The correlation of microRNA levels in the atrium 

with clinical parameters may suggest that sub-
types of atrial fibrillation can be differentiated by 
analyzing microRNA expression.

Nonstandard Abbreviations and Acronyms

APD	 action potential duration
cAF	 chronic atrial fibrillation
COL1A2	 collagen alpha-2(I) chain
pAF	 paroxysmal atrial fibrillation
RMP	 resting membrane potential
SR	 sinus rhythm
TASK-1	 tandem of P domains in a weak 

inward rectifying K+ channel (TWIK)–
related acid sensitive K+ channel 1
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Furthermore, clinical baseline characteristics, medi-
cation, and laboratory diagnostics were assessed at 
the day of admission (Table). Two additional patients 
with SR were included for the analysis of circulating 
miR-34a. The study protocol including human tissue 
samples was approved by the ethics committee of 
the Medical Faculty Heidelberg (grant number S–
017/2013). Written informed consent was obtained 
from all individual participants by qualified medical 
personnel at least the day before surgery.

Isolation of Circulating miRNAs From 
Peripheral Blood Samples
Following 2 consecutive centrifugation steps, EDTA 
plasma samples were stored at −80 °C. Total RNA 
extraction from 200 µL EDTA plasma was performed 
using the miRNeasy Serum/Plasma Kit (Qiagen, Hilden, 
Germany), according to the manufacturer’s protocols. 
For more details see Data S1.

Real-Time Quantitative Polymerase Chain 
Reaction and Western Blot Analysis
Expression analysis and quantification of miRNA levels 
was performed using the TaqMan real-time quantitative 
polymerase chain reaction (RT-qPCR) system (Applied 
Biosystems, Foster City, CA).5,19 Immunoblotting was 
carried out as described earlier.19 For a more detailed 
description please refer to Data S1.

Molecular Biology and Xenopus Oocyte 
Electrophysiology
Copy RNA was synthesized, using the mMESSAGE 
mMACHINE T7 Transcription Kit (Thermo Fisher 
Scientific, Waltham, MA) and injected into stages V and 
VI defolliculated Xenopus laevis oocytes as described 
earlier20 and in Data S1.

Animal Studies
Studies involving animal experiments, performed on 
Xenopus laevis frogs have been reported according to 
the Animal Research: Reporting of In Vivo Experiments 
guidelines for reporting experiments involving ani-
mals21 and the investigation conforms to the guide 
for the Care and Use of Laboratory Animals (National 
Institutes of Health Publication 85–23) and the Directive 
2010/63/EU of the European Parliament. Approval has 
been granted by the local Animal Welfare Committee 
(reference number G165-19).

Cell Culture and Maintenance of hiPSCs
HiPSCs were derived from healthy donors by the 
Stanford Cardiovascular Institute Biobank, directed 

by Joseph C. Wu, via episomal reprogramming 
using Sendai-Virus and transferred to Timon Seeger 
using a material transfer agreement. The cells were 
differentiated to a cardiomyocyte-like phenotype 

Table.  Baseline Characteristics of Study Patients

SR (n=23) pAF (n=21) cAF (n=17)

Demographics

Female sex, n (%) 5 (21.7) 9 (42.9) 4 (23.5)

Age, y 67.5±11.5 70.7±8.7 70±9.4

Height, cm 173.9±7.5 170.8±8.5 178.4±9.9*

Body weight, kg 86.3±13.6 82.5±24.1 96.2±13.3

Body mass index, 
kg/m2

28.6±4.4 28.3±8.8 30.4±4.8

Smoker, n (%) 10 (43.5) 9 (42.9) 8 (47.1)

Echocardiography

LV ejection 
fraction, %

36.9±11.9 41.1±8.8 36.6±15.9

LV end-systolic 
diameter, mm

37.6±13.7 36.9±9.3 47.6±7.2

LV end-diastolic 
diametr, mm

51.8±16.3 50.2±8.6 57.2±7

Septal wall, mm 13.2±2.3 14.7±2.4 10.6±5.1

Left atrial diameter, 
mm

43.1±4.6 45.4±4.2 50±6.3

Medical history, n (%)

CAD 11 (47.8) 11 (52.4) 7 (41.2)

Myocardial 
infarction

6 (26.1) 9 (42.9) 2 (11.8)

AVD 4 (17.4) 9 (42.9) 6 (35.3)

Mitral valve 
disease

0 (0) 0 (0) 1 (5.9)

CAD+AVD 7 (30.4) 1 (4.8)* 3 (17.6)

LV assist device 1 (4.3) 0 (0) 0 (0)

Hypertension 23 (100) 21 (100) 16 (94.1)

Diabetes 6 (26.1) 9 (42.9) 7 (41.2)

Chronic 
obstructive 
pulmonary disease

0 (0) 2 (9.5) 4 (23.5)†

Concomitant medication, n (%)

Angiotensin-
converting enzyme 
inhibitor

9 (39.1) 10 (47.6) 9 (52.9)

Angiotensin II 
receptor type 
1-antagonists

4 (17.4) 5 (23.8) 3 (17.6)

Diuretics 12 (52.2) 13 (61.9) 13 (76.5)

Statins 17 (73.9) 16 (76.2) 12 (70.6)

Digitalis 1 (4.3) 1 (4.8) 2 (11.8)

Amiodarone 0 (0) 1 (4.8) 3 (17.6)

AVD indicates aortic valve disease; CAD, coronary artery disease; cAF, 
chronic atrial fibrillation; LV, left ventricular; pAF, paroxysmal atrial fibrillation; 
and SR, sinus rhythm.

*P<0.05, versus pAF and †P<0.05 versus SR from ANOVA followed by 
Bonferroni multiple comparisons procedure for continuous variables and 
from Fisher exact test for categorical variables.
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using established protocols.22,23 After differentia-
tion they were kept in RPMI 1640 medium (Gibco, 
Thermo Fisher Scientific) supplemented with B27 
(Gibco, Thermo Fisher Scientific). On days 25 to 35 
they were seeded for transfection in 24- and 48-well 
culture plates (Sarstedt, Nürmbrecht, Germany).

Transfection of hiPSCs
Transient transfection of hiPSCs with microRNA 
mimics or inhibitors (Qiagen) was performed using 
Lipofectamin 3000 without P3000 reagent (Life 
Technologies, Carlsbad, CA) according to manufactur-
er’s instructions. Transfections in 24-well plates were 
performed using 25 pmol miRNA inhibitor with 12.5 µL 
Lipofectamin 3000 and 2.5  pmol miRNA mimic with 
1.25  µL Lipofectamin 3000. Transfections in 48-well 
plates were performed using 10 pmol miRNA inhibitor 
with 5 µL Lipofectamin 3000 and 1 pmol miRNA mimic 
with 0.5 µL Lipofectamin 3000. Cells were harvested 
48 hours after transfection.

Bioinformatical Methods
The bioinformatical screening approach for identifica-
tion of miRNAs that theoretically interact with human 
KCNK3 mRNA was performed using the microRNA.
org and TargetScan databases. The microRNA.org 
website uses the miRanda algorithm for target pre-
dictions. This algorithm is based on a comparison 
of the complementarity of miRNAs to 3’-untranslated 
regions. The binding energy of the miRNA-mRNA 
duplex structure, the evolutionary conservation 
of the entire target site, and its position within the 
3’-untranslated region are calculated and included in 
the final result, which is a weighted sum of match and 
mismatch values for base pairs and gap penalties. 
TargetScan predicts biological interactions of miR-
NAs and mRNAs by screening the 3’-untranslated 
region of a mRNA for the presence of conserved 
8mer, 7mer, and 6mer sites that match the seed re-
gion of the respective miRNA. In addition, sites with 
mismatches in the seed region that are compensated 
by conserved 3’ pairing are also included. Finally, the 
predictions are ranked, based on targeting efficiency 
estimated from the cumulative weighted Context++ 
scores of the sites and their probability of conserved 
targeting.24,25

Statistical Analysis
GraphPad Prism 9 (GraphPad Software Inc., La Jolla, 
CA), ImageJ software version 1.51f26, and Microsoft 
Excel (Microsoft, Redmond, WA) software was used 
for evaluating qPCR and Western blot data. Statistical 
evaluations and cluster analyses of experimental and 
clinical data were conducted using MATLAB (The 
MathWorks, Natick MA). First, measurements of 

miRNA and proteins were normalized to medians of 
SR samples in 2 batches of performed experiments 
with n1=31 (10 with SR) and n2=30 (13 with SR) sam-
ples. Paired and unpaired t tests (2-tailed tests) were 
applied to compare the statistical significance of the 
results. P<0.05 was considered statistically significant. 
Spearman rank-order correlation coefficients were cal-
culated for miRNA expression levels, numeric or rank-
ordered clinical parameters and mRNA levels (COL1A2 
[collagen alpha-2(I) chain], DDR2 [discoidin domain-
containing receptor 2], S100A4 [S100 calcium-binding 
protein A4], TASK-1). To assess changes in miRNA ex-
pression due to presence of binary features, log2 fold 
changes were calculated for the presence versus ab-
sence of the feature. Groups with present or absent 
features were compared using 1-way ANOVA. The 
Benjamini-Hochberg method was applied to correct 
for multiple testing. Comparisons with P<0.05 after 
adjustment for multiple testing were denoted as signifi-
cant. Comparisons with P<0.05 before adjustment that 
failed significance after correction for multiple testing 
were regarded as tendency toward an increase or de-
crease. Hierarchical cluster trees were created using 
the complete-linkage clustering algorithm.

RESULTS
Differential Expression of miRNAs in AF
To study the molecular mechanisms, underlying func-
tional upregulation of TASK-1 currents in patients with 
AF, the posttranscriptional regulation of KCNK3 was 
assessed in detail. A bioinformatical screening for miR-
NAs that theoretically interact with the human KCNK3 
mRNA using the microRNA.org and TargetScan data-
bases yielded 16 potential miRNA candidates (Figure 1, 
red). We further included 7 miRNAs (miR-1, miR-21, 
miR-26a, miR-29b, miR-30a, miR-31, miR-133a) that 
were previously associated with AF (Figure 1, black). 
Expression of these 23 miRNAs was quantified in 
right atrial appendage samples from patients with SR 
(n=23), pAF (n=21), and cAF (n=17; Figure  1) using a 
TaqMan-based qPCR approach. A pool of miR-26b, 
U47, and RNU6B expression was used as internal 
control. Abundance of miR-133a, miR-1, miR-125a, 
miR-26a, miR-30a, and miR-21 was highest among 
the selected miRNA candidates, whereof only miR-125 
was not already described to be associated with AF. 
Besides miR-125 the most frequent miRNAs predicted 
to interact with KCNK3 are miR-23a, miR-23b, miR-28, 
and miR-34a.

To assess AF-associated regulation of these miR-
NAs, expression in patients with pAF or cAF was 
compared with controls with SR (Figure 2). Figure 2A 
illustrates clusters of miRNA fold changes in all patients 
relative to the median of patients with SR. A cluster of 
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miRNAs with an AF-related increase in expression was 
observed (miR-31, miR-21, miR-124, miR-34a, miR-
23a, miR-29b, miR-1, miR-133a, miR-202, miR-449a; 
purple horizontal bar in Figure 2A).

In patients with pAF and cAF, expression of miR-
9, miR-28, and miR-485 was significantly reduced 
(Figure  2B through 2E). Furthermore, miR-338 was 
significantly downregulated in cAF. Significant up-
regulation of miR-23a, miR-34a, miR-29b, miR-21, 
and miR-124 was observed in patients with cAF 
(Figure  2C, 2E). To identify miRNAs with possible 
pathophysiological relevance for AF, we plotted the 
overall expression level of each miRNA against the 
absolute values of fold changes in cAF (Figure 2F). 
In this visualization, those miRNAs that were most 
abundant and differentially expressed appear in 
the upper right corner. Among the differentially ex-
pressed miRNAs with highest expression levels and 
predicted interactions with KCNK3 were miR-9, miR-
23a, miR-28, miR-34a, and miR-124. These candi-
dates were selected for further analysis.

Correlations Between Expression of 
miRNAs and KCNK3
In right atrial appendage tissue samples obtained from 
patients with cAF, a significant upregulation of KCNK3 
mRNA by 44.0% (P=0.0079 from t test) could be ob-
served (Figure 3A). Tissue samples from patients with 
pAF showed a tendency toward higher KCNK3 expres-
sion that did not reach statistical significance (28.0%; 

P=0.088 from t test). This is consistent with previous 
reports of TASK-1 upregulation in AF.5,19,27 One would 
expect that binding of miRNA to its target mRNA 
causes decreased translation and degradation, result-
ing in downregulation of the respective target protein. 
Therefore, AF-mediated downregulation of miRNA 
would cause KCNK3 upregulation. This was observed 
for miR-9 (downregulation in cAF by 48.8%; P<0.0001 
from t test; Figure 3B) and miR-28 (downregulation in 
cAF by 30.1%; P=0.0030 from t test; Figure 3C). In con-
trast, an increased expression in cAF was observed 
for miR-23a (upregulation in cAF by 82.0%; P<0.0001 
from t test; Figure 3D), miR-34a (upregulation in cAF 
by 67.8%; P<0.0001 from t test; Figure 3E) and miR-
124 (upregulation in cAF of 111.3%; P=0.0089 from t 
test; Figure 3F). Furthermore, a negative correlation of 
KCNK3 mRNA levels and the respective miRNA ex-
pression would be expected. However, no significant 
negative correlations between KCNK3 and miRNA 
levels were observed. Instead, miR-23a was positively 
correlated with KCNK3 mRNA (Spearman  ρ=0.43; 
P=0.0005; Figure 3G through 3K).

MiRNA-Mediated Regulation of TASK-1 
Expression in hiPSC
To further analyze possible regulation of KCNK3 mRNA 
and TASK-1 protein expression by miR-9, miR-23a, 
miR-28, miR-34a, and miR-124, hiPSC were trans-
fected with mimics or inhibitors of the respective miR-
NAs and KCNK3 mRNA (Figure  4A and 4B) as well 

Figure 1.  miRNA expression levels.
Relative expression levels of miRNAs normalized to the geometric mean of miR-26b, U47, and 
RNU6B. For miRNAs indicated in red, interactions with KCNK3 were predicted. For miRNAs 
indicated in black, an involvement in the pathophysiology of atrial fibrillation was previously 
described. Data shown as median with min to max (n=61). miRNA indicates microRNA; and Rel., 
relative.
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as TASK-1 protein expression (Figure 4C through 4F) 
was assessed via qPCR and immunoblot. Following 
transfection of miR-9, miR-23a, miR-28, miR-34a, 
or miR-124 inhibitors, a significant downregulation 
of KCNK3 mRNA by miR-34a inhibitor (42.2%, n=5; 
P=0.0066 from t test) compared with control could be 
observed (Figure 4A). On TASK-1 protein levels this ef-
fect could be confirmed (67.4%, n=5; P=0.0020 from t 
test), with further downregulations of TASK-1 by miR-9 
(62.2%, n=5, P=0.0055 from t test), miR-23a (67.1%, 
n=5, P=0.0023 from t test), and miR-124 (76.6%, n=5, 
P=0.0013 from t test) inhibitors (Figure 4C, and 4E).
After transfection with miR-9, miR-23a, miR-28, miR-
34a, and miR-124 mimics a significant downregulation 
of KCNK3 mRNA by miR-9 (40.7%, n=6; P=0.00044 
from t test), miR-23a (38.9%, n=6; P=0.00028 from 
t test), and miR-34a (37.8%, n=6; P=0.00034 from t 
test) was observed (Figure 4B); however, no significant 

effect on TASK-1 protein levels could be seen with only 
a trend toward an upregulation for miR-124 and miR-9 
(Figure 4D and 4F).

Effects of miRNA Mimics and Inhibitors 
on the TASK-1 Current in Xenopus laevis 
Oocytes

To study the effects of the respective miRNA mim-
ics or inhibitors on TASK-1 channel functionality, the 
heterologous expression system of Xenopus lae-
vis oocytes was employed. Following co-injection of 
KCNK3 mRNA in addition to different miRNA mimics 
or inhibitors, resting membrane potential (RMP) and 
whole cell potassium currents were measured 24 to 
72 hours after injection, using the 2-electrode voltage-
clamp technique. Currents were evoked by application 
of the pulse protocol depicted from a holding potential 

Figure 2.  Differently expressed miRNAs.
A, Heat map of miRNAs fold change (log2) relative to median of sinus rhythm. Values in red are more and in blue are less abundant. 
B and C, Fold change (log2) of miRNA expression in paroxysmal atrial fibrillation (n=21; B) and chronic atrial fibrillation (n=17; C) 
compared with SR samples (means; error bars, standard error; *, P<0.05; **, P<0.01; ***, P<0.001 from t test followed by Bonferroni 
correction for n=23 comparisons). (D and E) Log2 fold changes for pAF (D) and cAF (E) relative to SR and negative log10-scaled P 
values of t tests (horizontal dashed line, P=0.01). (F) Differential expression of miRNAs in cAF relative to SR. Expression levels relative 
to housekeeping genes and absolute values of log2 fold changes were analyzed to assess which miRNAs are abundant as well as 
differentially expressed (red font, predicted interaction with KCNK3; black font, previously described association with AF; means of 
n=61 patients±SEM are indicated). AF indicates atrial fibrillation; cAF, chronic atrial fibrillation; miRNA, microRNA; pAF, paroxysmal 
atrial fibrillation; and SR, sinus rhythm.
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of –80  mV and currents were quantified at the end 
of the +20 mV voltage pulse (Figure 5A through 5E). 
Upon co-injection of KCNK3 mRNA with the miR-34a 
inhibitor Xenopus laevis oocytes displayed significantly 
higher RMPs as compare to cells, treated with a con-
trol inhibitor (RMPmiR-34a inh. –42.4±3.0 mV; RMPCtrl  inh. 
–51.8±2.8 mV; n=21–24; P=0.026 from t test; Figure 5F 
and 5G). Outward potassium currents of cells, receiv-
ing the miR-34a inhibitor, however, did not differ from 
cells with the control inhibitor (n=21–24; P=0.84; 026 
from t tests; Figure 5A and 5C). Upon co-injection of 
KCNK3 mRNA together with the miR-34a mimic, a re-
duction in RMPs from –55.0±1.4 mV (control mimic) to 

–64.29±1.1  mV (miR-34a mimic; n=24–28; P<0.0001 
from t test) could be observed (Figure 5F and 5H). This 
was accompanied by higher TASK-1 currents (control 
mimic: 1.82±0.14  µA; miR-34a mimic: 2.49±0.24  µA; 
n=24–28; P=0.02 from t test; Figure 5A and 5B). No 
statistically significant changes in RMPs and potas-
sium currents were observed after co-injecting mim-
ics or inhibitors of miR-9, miR-23a, miR-28 or miR-124 
(Figure 5A, 5F).

Figure  5D and 5E depict the current-voltage re-
lationship of the respective TASK-1 currents. A sig-
nificant increase in TASK-1 current can be observed 
upon co-injection of KCNK3 mRNA and the miR-34a 

Figure 3.  Effect of heart rhythm on expression of KCNK3 and selected miRNAs.
(A through F) miRNA and KCNK3 expression levels in sinus rhythm (n=23), paroxysmal atrial fibrillation (n=21), and chronic atrial 
fibrillation (n=17); miRNA measurements were normalized to the geometric mean of miR-26b, U47, and RNU6B, KCNK3 measurements 
to IPO8; boxes: medians, 25%- and 75%-percentiles; whiskers: minimal and maximal values; P values of 2-tailed t tests with P<0.05, 
regarded as significant, are indicated. (G through K) Expression levels of KCNK3 relative to miRNA expression levels (n=61; r, p, 
Spearman rank order correlation coefficients and P values). cAF indicates chronic atrial fibrillation; miRNA, microRNA; pAF, paroxysmal 
atrial fibrillation; and SR, sinus rhythm.
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Figure 4.  Expression of KCNK3 in transfected hiPSCs.
Human induced pluripotent stem cells (hiPSC) were transfected with miRNA mimics, inhibitors, or controls. Expression was 
measured by real-time PCR (qPCR; A and B) or Western blot (C through F) 48 hours after transfection. qPCR data normalized to 
IPO8 expression after transfection with miRNA inhibitors (A) or miRNA mimics (B) with respective controls (n=1–6). Representative 
Western blots of inhibitors (C) and mimics (D). Human TASK-1 (hTASK-1) protein relative to GAPDH for miRNA inhibitors (E) or 
miRNA mimics (F) with respective controls (means of n=5; error bars, SEM; P values of 2-tailed t tests with P<0.05, regarded as 
significant, are indicated). miRNA indicates microRNA; qPCR, quantitative polymerase chain reaction; Rel., relative; and TASK-1, 
tandem of P domains in a weak inward rectifying K+ channel (TWIK)–related acid sensitive K+ channel 1.
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mimic (Figure 5D) whereas application of the miR-34a 
inhibitor did not results in significant current changes 
(Figure  5E). The effect of the miR-34a mimic on the 
RMP could be observed to a similar extent at either 24, 
48, or 72 hours after injection (Figure 5H), whereas a 
time-dependent effect on outward potassium currents 
could be observed, showing a maximum at 72 hours 
after injection (Figure  5B). In a similar fashion, com-
parable effects of the miR-34a inhibitor on the cell’s 
RMPs could be observed after 24, 48, and 72 hours 
(Figure 5G). Again, outward potassium currents did not 
differ between cells co-injected with the miR-34a in-
hibitor or a control inhibitor (Figure 5C).

Association and Cluster Analysis of 
miRNA Expression and Clinical Patient 
Characteristics
We further studied associations between miRNA ex-
pression and clinical parameters of our patient cohort. 
For these analyses, further miRNAs that were previ-
ously shown to be involved in AF remodeling were in-
cluded (miR-1, miR-21, miR-26a, miR-29b, miR-30a, 
miR-31, and miR-133a).12,13,14,28,29,30,31,32,33 As some of 
these miRNAs are associated with structural remode-
ling and fibrosis, we also included COL1A2, DDR2, and 
S100A4 mRNA levels as genetic markers of fibrosis.

For continuous and rank-ordered parameters, we 
performed hierarchical clustering of rank-order cor-
relation coefficients between miRNA expression levels 
and parameter values (Figure 6A). A group of parame-
ters associated with myocardial dilatation and AF (left 
atrial diameter, left ventricular end-diastolic diameter, 
left ventricular end-systolic diameter, and AF stage) 
that further contained TASK-1 and COL1A2 expres-
sion levels was associated with increased expres-
sion of miR-25, miR-21, miR-34a, miR-23a, miR-124, 
miR-1, and miR-29b (as part of a cluster indicated in 
Figure 6A by a horizontal maroon and a vertical pur-
ple bar). Tendencies toward positive correlation in the 
same cluster were observed for miR-31, miR-449a, 
miR-133a, miR-23b, miR-125b, and miR-30a. These 
parameters were further associated with reduced ex-
pression of miR-9 and miR-485 (part of a cluster indi-
cated by a horizontal blue and a vertical purple bar). In 
addition, tendencies toward negative correlation in this 
cluster of myocardial dilatation parameters were ob-
served for miR-26a, miR-28, miR-193a, miR-338, and 
miR-708. Furthermore, a significant negative correla-
tion was observed between creatinine and miR-193a. 
DDR2 was negatively correlated with miR-34a and 
miR-23a. The parameter DDR2 showed tendencies to-
ward negative correlations with miR-21, miR-124, miR-
133a, miR-1, miR-29b, and miR-23b and tendencies 
toward positive correlations with miR-193a, miR-9, and 
miR-708.

For binary clinical parameters, we clustered log2 
fold changes of miRNA expression levels for pres-
ence of the respective attribute (Figure  6B). The as-
sociation between antiplatelet drug intake and an 
increased expression of miR-193a that was still sig-
nificant following Benjamini-Hochberg adjustment for 
multiple-testing is indicated by a black square. Again, 
effects with P<0.05, indicated by grey squares, were 
regarded as tendency toward increased or decreased 
expression and used to describe groups of effects as-
sociated with several clinical parameters or miRNAs. 
Further, antiplatelet drug intake was associated with 
tendencies toward decreased expression of miR-26a, 
miR-708, and miR-202. The parameter intake of hydro-
chlorothiazide showed tendencies toward decreases 
in expression of miR-21, miR-34a, and miR-23a (also 
part of the cluster associated with myocardial dilatation 
parameters, Figure 6A) as well as a tendency toward 
increased expression of miR-28. Moreover, a tendency 
toward increased expression of miR-31 was observed 
for patients with intake of a direct oral anticoagulant 
or an angiotensin II receptor type 1 blocker. Presence 
of chronic obstructive pulmonary disease was associ-
ated with tendentially increased expression of miR-21 
and miR-23a that was also positively correlated with 
AF stage. This seems coherent with the observed as-
sociations of miRNA expression with myocardial dil-
atation owing to the pathophysiological link between 
chronic obstructive pulmonary disease and right heart 
strain as well as dilatation.

Furthermore, clusters of correlation coefficients 
for miRNA expression indicated groups of miRNAs 
with similar expression characteristics (Figure S1). In 
particular, 4 groups of co-expressed miRNAs were 
observed (I: miR-1, miR-21, miR-23a, miR-29b, miR-
31, miR-34a, miR-124, and miR-133a; II: miR-23b, 
miR-25, miR-125b, and miR-874; III: miR-9, miR-26a, 
miR-28, miR-30a, miR-193a, and miR-338; and IV: 
miR-202, miR-215, miR-449a, miR-485, and miR-
708). Because previous investigations of electrical 
remodeling revealed links between AF and heart fail-
ure, we separately analyzed associations of these 
factors with miRNA expression by 2-factor ANOVA 
(Figure S2). Whereas the factor “AF” showed signifi-
cant associations for several miRNAs, no significant 
associations were observed for heart failure following 
correction for multiple testing. Only 1 significant inter-
action between AF and heart failure was observed for 
miR-449a.

Collectively, correlations between miRNA expres-
sion and clinical parameters revealed a cluster of clin-
ical parameters associated with myocardial dilatation 
in patients with AF. Parameters involved in myocardial 
dilatation showed significant correlations with a group 
of miRNAs comprising miR-1, miR-9, miR-21, miR-23a, 
miR-25, miR-29b, miR-34a, miR-124, and miR-485.
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An analysis of circulating miR-34a in peripheral 
blood samples that were available from 16 individuals 
revealed significantly higher levels in patients with AF 

compared with controls with SR (n=5–11; P=0.028; 
Figure  7A). When patients with AF were substrati-
fied into pAF and cAF groups, there was a significant 
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increase in circulating miR-34a levels in the pAF group 
(n=5; P=0.0046; Figure 7B) whereas a trend was ob-
served in the cAF group that failed to reach statistical 
significance (n=5–6; P=0.12; Figure 7B). With increas-
ing atrial miR-34a or KCNK3 levels, an increase in cir-
culating miR-34a in peripheral blood was found within 
the analyzed patients (Figure 7C and 7D).

DISCUSSION
The goal of this study was to gain insights into the 
mechanism responsible for upregulation of TASK-1 
expression associated with AF. To this end, we inves-
tigated a potential direct regulation of KCNK3 mRNA 
and therefore TASK-1 protein by miRNAs in AF. We 
identified miRNAs that are abundantly expressed and 
strongly regulated by AF stages, validated associations 
with TASK-1 expression by cellular electrophysiology 
experiments, and identified clusters of affected miR-
NAs and clinical parameters.

Several miRNAs of those predicted as direct regu-
lators of KCNK3 mRNA were positively (miR-23a, miR-
34a, and miR-124) or negatively correlated with KCNK3 
expression (miR-9 and miR-28) (see Table S1 for pub-
lished knowledge of these miRNAs in the context 
of AF). Negative correlation of miRNA with its target 
mRNA is plausible because of miRNA-mediated re-
pression of translation and induction of mRNA degra-
dation, whereas the expression of miRNA/mRNA pairs 
can be positively correlated as well.34-36 This positive 
correlation was explained by regulatory networks that 
include feedback motifs.36-38 In this case, an external 
stimulus results in increased transcription and mRNA 
expression, and a negative feedback mechanism 
could result in increased expression of the miRNA that 
inhibits the gene. This would result in a positive cor-
relation between mRNA and miRNA levels. In other 
cases, miRNA/mRNA pairs can depend on the same 
transcription factor or can be part of the same tran-
scriptional modules.34,36,38 Further, a mechanism was 
described by which miRNAs can directly increase the 
translation of their target mRNAs through miRNA fa-
cilitated recruiting and binding of translation activating 
protein complexes.39

Transfection of the miRNA candidates into hiPSCs 
followed by qPCR and Western blot analysis revealed 
significant effects. The inhibitors of the positively cor-
related miRNAs (miR-23a, miR-34a, and miR-124) led 
to significant downregulation of TASK-1 protein levels 
as their enhancing effect on the expression of TASK-1 
was abolished. For miR-34 this effect was even visible 
on mRNA level. This could either be explained by the 
time between isolation and transfection. mRNA, after 
being degraded by miRNA, has already been restored 
but proteins take a longer time to be expressed, result-
ing in normal mRNA levels but decreased protein lev-
els. Another possible explanation are feedback loops, 
leading to increased mRNA levels after reduction of 
protein levels.40,41

In contrast to the inhibitors, the mimics of these 
miRNAs led to only a slight effect. On protein levels no 
significant change was observed, but a trend toward 
increased expression is seen for miR-124 and normal 
expression levels for miR-34a and miR-23a compared 
with transfection control.

A regulatory effect of miR-124 and miR-34a on 
TASK-1 has already been described in cells infected 
with HIV-1.42 There, a downregulation of TASK-1 by 
miR-124 and miR-34a has been observed. Although 
this is in contrast to our data, it can be explained by the 
experimental setting. The regulatory network of the in-
teraction between miRNA and mRNA is a highly com-
plex system. HIV-1 infection may influence this system, 
leading to different results compared with noninfected 
cells. Further, in human pulmonary artery smooth mus-
cle cells the transfection with miR-34a mimic led to a 
strong increase of TASK-1 expression, which is in line 
with our observed results.43

The negatively correlated miRNAs (miR-9 and miR-
28) showed inconclusive results. Whereas miR-9 led to 
an upregulation of TASK-1, miR-28 showed no change 
in expression. This effect is unexpected for a negatively 
correlated miRNA as the upregulation of the miRNA 
should lead to the downregulation of the affected pro-
tein. Therefore, an involvement of these miRNAs in the 
regulation of TASK-1 expression is not likely.

To further validate our observations of changed ex-
pression levels in AF, correlation between miRNAs and 
KCNK3 and their significant effects on KCNK3 mRNA 

Figure 5.  TASK-1 is regulated by miR-34a.
Effects of miRNA mimics and inhibitors on resting membrane potential (RMP) and transmembrane current in Xenopus laevis oocytes 
after co-injection with TASK-1 were quantified. A, Current measurements 48 hours after co-injection of all tested miRNAs with TASK-1 
(means of n=21–28; error bars, SEM). (B and C) Current measurements 24–72 hours after co-injection of TASK-1 with miR-34a mimic 
(B, green) or miR-34a inhibitor (C, green) in comparison to controls (grey; means of n=14–29; error bars, SEM). (D and E) Current-
voltage-relation 48 hours after co-injection of TASK-1 with miR-34a mimic (D, green) or miR-34a inhibitor (E, green) in comparison 
to controls (grey, n=21–28). (F) RMP measurements 48 hours after co-injection of all tested miRNAs with TASK-1 (n=21–28). (G and 
H) Measurements of RMP 24 to 72 hours after co-injection of TASK-1 with miR-34a inhibitor (G, green) or miR-34a mimic (H, green) 
in comparison to controls (grey, means of n=14–29; error bars, SEM; P<0.05 of 2-tailed t tests were indicated). miRNA indicates 
microRNA; and TASK-1, tandem of P domains in a weak inward rectifying K+ channel (TWIK)–related acid sensitive K+ channel 1.
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and TASK-1 protein expression, electrophysiological 
experiments have been performed. Co-expression of 
KCNK3 with miR-34a resulted in increased TASK-1 
currents, confirming the already described upregula-
tion of TASK-1. Therefore, in line with our other data 
it can be concluded that miR-34a positively regulates 
TASK-1 expression in AF. Further, the RMP decrease 
by miR-34a mimic and the RMP increase by miR-
34a inhibitor are consistent with a previous study that 
showed an RMP destabilization in response to TASK-1 
knockdown.44

We found several miRNAs that were differentially 
expressed in AF and are therefore of interest for fu-
ture research. In previous studies, reduced expression 
of miR-9 has been associated with cardiac fibrosis 
and hypertrophy that may both play a role in cardiac 
remodeling in AF.45,46 Similarly, miR-23a has been 
shown to be prohypertrophic and to be regulated by 
the transcription factor NFATc3.47 For miR-34a a po-
tential role in early electrophysiological remodeling in 
AF has been proposed via regulation of ankyrin-B.48 
Also, miR-34a is reported to be induced in the aging 
heart and to reduce cardiac contractile function by 

inducing DNA damage responses and telomere at-
trition.49 Considering that AF is common in the aged 
population, miR-34a upregulation might play a role in 
the pathogenesis of AF.

To investigate associations of miRNA expression 
with different clinical patient characteristics, we per-
formed a cluster analysis that yielded a variety of cor-
relations between miRNA expression and different 
clinical parameters. Most interestingly, the parameters 
left atrial diameter, left ventricular end-systolic diame-
ter, left ventricular end-diastolic diameter, AF stage and 
expression of TASK-1 and COL1A2 in atrial samples 
clustered with a group of miRNAs. This cluster is in-
dicative of pathophysiological processes associated 
with dilatation and fibrosis that are closely linked to AF. 
Previously, the end-systolic diameter and end-diastolic 
diameter of the left ventricle as well as left atrial diam-
eter were identified as strong predictors of AF.50 In the 
future, analyzing transcriptional modules associated 
with these miRNAs could reveal pathways associated 
with the molecular pathology of AF. Known associa-
tions of miRNAs with AF could be confirmed (miR-21, 

Figure 6.  Associations between clinical parameters and miRNA expression.
A, Clusters of rank-order correlation coefficients (Spearman) for numeric or rank-ordered parameters and miRNA expression. 
Dendrogram groups of miRNAs and clinical parameters are indicated by colored bars and grey separation lines (miRNA groups: 
maroon, orange, blue; parameter groups: purple, grey, yellow; grey squares, P<0.05; black squares, P<pcrit,BH=7.6·10-4 from Benjamini-
Hochberg adjustment for multiple-testing; (B) Clusters of log2 fold changes of miRNA expression dependent on presence vs absence 
of binary features (grey squares, P<0.05 from 1-way ANOVA; black squares, P<pcrit,BH=2.2·10-6 from Benjamini-Hochberg adjustment 
for multiple-testing; dendrogram groups are indicated by colored bars and grey separation lines. ACE indicates angiotensin-converting 
enzyme; AF, atrial fibrillation; ALT/GPT, alanine transaminase/glutamic-pyruvic transaminase; AST/GOT, aspartate transaminase/
glutamic oxaloacetic transaminase; AT1, angiotensin II receptor type 1; AVR, aortic valve replacement; BMI, body mass index; CABG, 
coronary artery bypass graft; COL1A2, collagen alpha-2(I) chain; COPD, chronic obstructive pulmonary disease; CRP, C-reactive protein; 
DDR2, discoidin domain-containing receptor 2; DOAC, direct oral anticoagulant drug; EDD, end-diastolic diameter; ESD, end-systolic 
diameter; GFR (CKD-E), glomerular filtration rate from Chronic Kidney Epidemiology Collaboration formula; HCT, hydrochlorothiazide 
intake; MDRD, Modification of Diet in Renal Disease; GGT, gamma-glutamyl transferase; LA; left atrium; LDH, lactate dehydrogenase; 
LV, left ventricle; LVEF, LV ejection fraction; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; 
MCV, mean corpuscular volume; miRNA, microRNA; PCI, percutaneous coronary intervention; RBC, red blood cell count; RDW-CV, red 
cell distribution width coefficient of variation; S100A4, S100 calcium-binding protein A4; and TASK-1, tandem of P domains in a weak 
inward rectifying K+ channel (TWIK)–related acid sensitive K+ channel 1.

Figure 7.  Analysis of circulating miR-34a levels.
A through D, Circulating miR-34a level were analyzed from peripheral blood samples of SR (n=5, ie 3 patients from the study 
population and 2 additional matched SR controls), pAF (n=5 patients from the study population), and cAF (n=6 patients from the 
study population). Circulating levels of miR-34a tended to be higher in patients with increased atrial miR-34a tissue levels (C) or with 
increased atrial KCNK3 mRNA levels (D). Means of n=5–6 are presented relative to the internal standard miR-16 (for circulating miR-
34a), the aforementioned pool (tissue levels of miR-34a) or IPO8 (KCNK3); error bars, SEM; P values of 2-tailed t tests with P<0.05, 
regarded as significant, are indicated. cAF indicates chronic atrial fibrillation; miRNA indicates microRNA; pAF, paroxysmal atrial 
fibrillation; and SR, sinus rhythm.
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miR-29b, and miR-34a) and new associations with AF 
were identified (miR-9, miR-23a, miR-485).

According to our analysis of miRNA-expression in 
the atrial myocardium, indicators of myocardial dila-
tation (left atrial diameter, left ventricular end-diastolic 
diameter, left ventricular end-systolic diameter) 
grouped together with AF stage, TASK-1 expres-
sion, and COL1A2, a marker of tissue fibrosis. It is 
interesting to note that these pathophysiologically 
reasonable associations were derived only from ex-
perimental measurements of miRNA expression. This 
suggests that miRNA expression changes are linked 
to the pathophysiological continuum of myocardial 
strain, dilatation, tissue fibrosis, and the appearance 
of AF. Functional links between miRNAs and cellular 
pathways involved in cell growth, inflammation, or dif-
ferentiation are well characterized. Therefore, under-
standing associations between miRNA expression 
and clinical determinants of atrial cardiomyopathy is 
relevant for identifying links to underlying cellular pro-
cesses that can be targeted using modulators of the 
involved cellular pathways.

In a small subgroup of the analyzed patient col-
lective in which blood samples were available, it 
could be observed that miR-34a levels circulating in 
peripheral blood were significantly upregulated in AF 
(Figure 7). Further studies on larger patient popula-
tions are, however, warranted to assess whether this 
indicates that atrial miR-34a are released into the 
bloodstream, where they could serve as biomarkers 
of atrial cardiomyopathy. Nevertheless, the diagnos-
tic value might be limited by the fact that altered levels 
of circulating miR-34a have also been described in 
patients suffering from oncological diseases (Ewing 
sarcoma, acute myeloid leukemia, prostate cancer, 
or breast cancer), Alzheimer’s disease, or coronary 
heart disease.51-56

Limitations
The sample size of this study is limited owing to re-
stricted access to human tissue samples. Although, 
the present study cohort, containing 61 patients, is 
large compared with other studies that investigated 
changes in miRNA expression in AF, increasing our 
sample size would allow identifying associations be-
tween single clinical parameters and expression of 
miRNAs with higher statistical power. Another limita-
tion is that tissue samples are restricted to the right 
atrial appendage. Therefore, it is possible that sig-
nificant changes between the appendage and other 
parts of the atrium or the left atrium are not assessed. 
Some miRNA candidates were included in the anal-
ysis because of their predescribed association with 
atrial cardiomyopathy (miR-1, miR-21, miR-26a, miR-
29b, miR-30a, miR-31, miR-133a). In these cases, 

correlation of miRNA and TASK-1 levels may also be 
explained solely by the shared association with AF. 
Furthermore, as the samples are from patients un-
dergoing heart surgery, no healthy control group is 
available. The use of miRNA mimics and inhibitors 
is suitable for testing effects of miRNAs on specific 
target genes. However, results obtained via transient 
transfection with miRNA mimics and inhibitors have 
to be interpreted with caution, as they can have un-
specific side effects on gene expression. Also, follow-
ing transfection, they may be located in intracellular 
vesicles, and therefore not accessible for loading into 
Argonaute as functionally active miRNAs.57,58

CONCLUSION
Taken together our results point towards an important 
pathophysiological involvement of miRNAs in regulat-
ing the expression of the TASK‑1 potassium channel 
in AF. Here, miR-34a was identified to regulate the ex-
pression of atrial TASK-1. The correlation of miRNA lev-
els in the atrium with clinical parameters may suggest 
that subtypes of atrial fibrillation can be differentiated 
by analyzing miRNA expression. Further studies will 
validate the relevance of circulating miRNAs in predict-
ing the presence of atrial cardiomyopathy.
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Data S1. Methods 

 
RNA isolation and quantitative real-time qPCR 

Tissue samples were stored and transported in chilled cardioplegic solution as described earlier [5, 

19]. Sections of the tissue sample were homogenized using a TissueRuptor (QIAGEN, Hilden, 

Germany). Total RNA of tissue homogenates was isolated using the mirVana miRNA isolation kit 

(Ambion, Life Technologies, Carlsbad, California, United States) and RNA isolation from cultured 

hiPSCs was done using TRIzol Reagent (Invitrogen, Thermo Fisher Scientific, Waltham, MA, 

USA) according to the manufacturer’s instructions. For reverse transcription of miRNA into 

complementary DNA (cDNA) the TaqMan microRNA Kit for reverse transcription (Applied 

Biosystems, Foster City, California, United States) and specific RT primers (TaqMan MicroRNA 

Assay, Applied Biosystems) were used. Reverse transcription of total RNA was performed using 

the Maxima First Strand cDNA Synthesis Kit (Thermo Scientific). Quantitative real-time 

polymerase chain reaction (qPCR) experiments were performed using the StepOnePlus (Applied 

Biosystems) PCR system and TaqMan MicroRNA probes and primers according to the 

manufacturer’s protocol as described [5, 19]. All qPCR reactions, as well as control experiments 

without cDNA, were performed in triplicates. KCNK3, S100A1, DDR2, and COL1A2 mRNA 

expression was normalized to IPO8 as described [5, 19]. Measurements of miRNA expression were 

normalized by the geometric mean of miR-26b, U47, and RNU6B expression. 

Protein isolation and Western blot analysis 

Protein immunodetection was performed by sodium dodecyl sulphate (SDS) gel electrophoresis 

and Western blotting as described [5, 19]. HiPSCs were lysed in radioimmunoprecipitation (RIPA) 

lysis buffer containing 50 mM Tris–HCl (pH 7.4), 0.5 % NP-40, 0.25 % sodium deoxycholate, 



 
 

150 mM NaCl, 1 mM EDTA, 1 mM Na3VO4, 1 mM NaF, and protease inhibitors (Complete mini, 

Roche Diagnostics, Mannheim, Germany). The protein concentration was determined using the 

Pierce bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific). Equal amounts of 

protein were separated on SDS polyacrylamide gels. Nitrocellulose membranes were developed by 

sequential exposure to blocking reagent containing 5 % dry milk and 3 % bovine serum albumin 

(BSA), primary antibodies directed against TASK-1 (1:200; APC-024; Alomone Labs, Jerusalem, 

Israel) and appropriate HRP-conjugated secondary antibodies (1:3,000; ab6721; Abcam, 

Cambridge, UK). Signals were developed using the enhanced chemiluminescence assay 

(WesternBright ECL HRP substrate, Advansta, San Jose, CA, USA) and quantified with Fiji 

(National Institutes of Health, Bethesda, MD, USA). Protein content was normalized to 

glyceraldehyde 3–phosphate dehydrogenase (GAPDH) using anti-GAPDH primary antibodies 

(1:10,000; G8140-01; US Biological, Swampscott, MA, USA) and corresponding secondary 

antibodies (1:3,000; sc-2005; Santa Cruz Biotechnology, Dallas, TX, USA) for quantification of 

optical density. 

Oocyte Preparation 

Oocytes were prepared as described previously [20]. In short, ovarian lobes from Xenopus laevis 

(Xenopus Express, Vernassal, France) were extracted under tricaine (Pharmaq, Fording bridge, 

United Kingdom) anesthesia (1 g/l, pH 7.5). A maximum of four surgeries were performed on each 

individual frog. After the final taking of oocytes, anaesthetized frogs were killed by decerebration 

and pithing. After manual dissection and collagenase treatment (Collagenase D, Roche 

Diagnostics), collagen free oocytes were selected and transferred to standard oocyte solution 

(SOS), containing 100 mM NaCl, 2 mM KCl, 1 mM MgCl2, 1.8 mM CaCl2, 5 mM 4–(2–

hydroxyethyl)–1–piperazineethanesulfonic acid (HEPES), 2.5 mM pyruvic acid, and 50 mg/l 



 
 

gentamicin sulphate, adjusted to pH 7.7 with NaOH. Oocytes were injected by a Nanoject II system 

(46 nl per oocyte; Drummond Scientific Company, Broomall, PA, USA) with a mixture of copy 

RNA (cRNA) of hTASK-1 (30 ng/µl), and respectively mimics or inhibitors of the researched 

miRNA as well as controls (2.5 µmol/l). 

RNA preparation 

Plasmid DNA encoding for human TASK-1 (PubMed sequence: NM_002246) was kindly 

provided by Steve Goldstein (Chicago, IL, USA). RNA was prepared as described previously [20]. 

In short, after plasmid linearization and in vitro transcription with mMessage mMachine T7 

Transcription Kit (Thermo Fisher Scientific) the integrity of the RNA transcript was confirmed by 

agarose gel electrophoresis. RNA concentrations were measured via spectrophotometry (ND–

2000, peqLab Biotechnology GmbH, Erlangen, Germany). RNA was diluted with nuclease free 

water to the desired concentration. 

Electrophysiology 

Two-electrode voltage-clamp (TEVC) recordings from Xenopus oocytes were performed 48 h after 

injecting miRNAs for screening experiments, and 24 to 72 h after injecting miRNAs for time-

resolved experiments as described previously [20]. Whole cell currents were measured by an OC-

725C amplifier (Warner Instruments, Hamden, CT, USA) using the pCLAMP10 software (Axon 

Instruments, Foster City, CA, USA) for data acquisition and analysis. The standard bath solution 

contained 101 mM NaCl, 4 mM KCl, 2 mM MgCl2, 1.5 mM CaCl2, and 10 mM HEPES, adjusted 

to pH 7.4 with NaOH. The microelectrodes were manufactured by a Flaming/Brown P-87 

micropipette puller (Sutter Instruments, Novato, CA, USA) from glass pipettes (GB 100F-10, 

Science Products, Hofheim, Germany). The pipettes were backfilled with a modified bath solution 



 
 

containing 102 mM NaCl, 3 mM KCl, 2 mM MgCl2, 1.5 mM CaCl2, and 10 mM HEPES, adjusted 

to pH 7.4 with NaOH, and had a resistance between 1.5 and 3.0 MΩ. Holding potentials were –

80 mV. Experiments were performed at room temperature (20–22 °C). Leak currents were not 

subtracted. 

 

 

 

 

 

 

 

 

 

 



 
 

Table S1: Overview of selected miRNAs in atrial fibrillation  

 
 

Summary of current published knowledge on selected miRNAs and their regulation as well as 

target structures in human atrial fibrillation studies.  

AF: Atrial fibrillation; Ank-B: Ankyrin-B; POAF: post-operative atrial fibrillation. 

miRNA Target Regulation Patients References 

miR-9 Unknown Upregulated AF patients [58] 
 

Unknown Upregulated AF patients [59] 

miR-23a Unknown Downregulated POAF patients [60] 
 

Unknown Upregulated AF patients [61] 

miR-28 Unknown Upregulated AF patients [62] 

miR-34a AnK-B Upregulated AF patients [47] 

miR-124 Not investigated in AF patients 



 
 

Figure S1: Cluster analysis of miRNA expression changes. Clusters of rank-order correlation 

coefficients (Spearman) for miRNA expression indicate groups of miRNAs with similar expression 

characteristics indicated by purple, grey, yellow and blue bars (black squares, p < pcrit,BH = 0.022 

from Benjamini-Hochberg adjustment for multiple-testing). 

 
 

 

 

 

 

 

 

 



 
 

Figure S2: Association of miRNA and mRNA expression with atrial fibrillation (AF) and 

heart failure (HF) stages. For miRNA and mRNA expression, effects of factors ‘AF’ and ‘HF’ as 

well as their interaction were assessed by two-way ANOVA (red boxes, p < pcrit,BH = 0.0050 from 

Benjamini-Hochberg adjustment for multiple-testing). 

 
  




