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Abstract: The two-pore domain potassium channel, K2P3.1 (TASK-1) 

modulates background conductance in isolated human atrial cardiomyocytes 

and has been proposed as a potential drug target for atrial fibrillation 

(AF). TASK-1 knockout mice have a predominantly ventricular phenotype 

however, and effects of TASK-1 inactivation on atrial structure and 

function have yet to be demonstrated in vivo. The extent to which genetic 

variation in KCNK3, that encodes TASK-1, might be a determinant of 

susceptibility to AF is also unknown.  

To address these questions, we first evaluated the effects of transient 

knockdown of the zebrafish kcnk3a and kcnk3b genes and cardiac phenotypes 

were evaluated using videomicroscopy. Combined kcnk3a and kcnk3b 

knockdown in 72 hours post fertilization embryos resulted in lower heart 

rate (p<0.001), marked increase in atrial diameter (p<0.001), and mild 

increase in end-diastolic ventricular diameter (p=0.01) when compared 

with control-injected embryos. We next performed genetic screening of 

KCNK3 in two independent AF cohorts (373 subjects) and identified three 

novel KCNK3 variants. Two of these variants, present in one proband with 

familial AF, were located at adjacent nucleotides in the Kozak sequence 

and reduced expression of an engineered reporter. A third missense 

variant, V123L, in a patient with lone AF, reduced resting membrane 

potential and altered pH sensitivity in patch-clamp experiments, with 

structural modeling predicting instability in the vicinity of the TASK-1 

pore. These in vitro data suggest that the double Kozak variants and 

V123L will have loss-of-function effects on ITASK. Cardiac action 

potential modeling predicted that reduced ITASK prolongs atrial action 



potential duration, and that this is potentiated by reciprocal changes in 

activity of other ion channel currents.  

Our findings demonstrate the functional importance of ITASK in the atrium 

and suggest that inactivation of TASK-1 may have diverse effects on 

atrial size and electrophysiological properties that can contribute to an 

arrhythmogenic substrate. 
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To the Associate Editor 

Dr. Isabelle Baró  

Journal of Molecular and Cellular Cardiology 

 

Manuscript revision – JMCC7630-R2 3 DEC 2013 

 

Dear Dr. Baró, 

 

We would like to thank you and the reviewers for the evaluation of our re-

vised manuscript. We are pleased about the overall positive comments to-

wards the additional zebrafish morpholino data. Our responses to the re-

maining specific concerns raised are outlined in the Responses to Review-

ers. 

The submitting author declares that the co-authors have approved the sub-

mission of the revised manuscript to the Journal of Molecular and Cellular 

Cardiology. The authors declare no conflicts of interest.  

We hope this revised manuscript is now suitable for publication in the Jour-

nal of Molecular and Cellular Cardiology and thank in advance for your 

consideration. 

 

On behalf of all authors, 

Yours sincerely, 

 
Associate Professor 
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JMCC7630-R2 | Response to editor and reviewers 

We would like to thank the editor and reviewers for the evaluation of our revised manuscript. We 

are pleased that the reviewers liked the additional zebrafish morpholino data. Our responses to 

the remaining specific concerns raised are outlined below.  

We have addressed the concerns in a point-to-point fashion. For clarity, we have inserted the 

original comments (in italics). In the revised manuscript, changes compared to the previous 

version are underlined. 

 

REPONSES TO REVIEWER #2 

 

R2-1: The zebrafish study provide substantial amount of interesting data that support the 

importance of the TASK-1(like) channel in the development and the function of atria. It could 

probably be the starting point of a whole new study by itself, but I understand that the aim was to 

support the human variants data and give some evidence that TASK-1 loss of function could 

participate to a substrate for arrhythmogenesis and AF. However, no account of the 

investigation of the proarrythmic effect of kcnk3 deletion in the manuscript, whereas it appears 

in the "answer to reviewers" section: R2-1: "Our zebrafish data nicely show that TASK-1 

inhibition does have an atrial phenotype. Neither the murine nor the zebrafish models show 

spontaneous arrhythmias,(.) This is an important finding, since it shows that knck3 knock down 

is not proarrythmic per se, thus suggesting that TASK1 may be only one among other component 

of the AF substrate. This must be mentioned in the results section. Showing raw traces from the 

videomicroscopy recordings would be useful. 

We have now included the absence of spontaneous arrhythmias in morphant zebrafish embryos 

in the Results (revised MS: section 3.1, page 11, lines 7-9, 13023) and representative video 

tracings are included in the revised Supplemental Data.   

 

R2-2: SUPPLEMENTAL METHODS, zebrafish studies: "For the splice morpholinos the 

knockdown was confirmed by RT-PCR." These data are not shown. Please provide this important 

data set and add it to the Fig1 (or data suppl.) 

RT-PCR data showing intron retention with the splice site morpholino have been included as a 

new panel in Figure 1 (revised MS: Fig 1D).  
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JMCC7630-R2 | Response to editor and reviewers 

 

R2-3: What about selectivity of the antisense probes? Could other gene (e.g. other K2P) be 

impacted by the morpholinos? 

To ensure specificity when performing kcnk3 expression studies and knockdown experiments we 

have used two independent, orthologue-specific antisense RNA probes and morpholino antisense 

oligonucleotides, respectively. All probes and oligos were blasted against the entire zebrafish 

genome that confirmed that only the gene specifically targeted (kcnk3a or kcnk3b) had more than 

80% similarity to the probe/oligo. Furthermore, the in situ hybridizations were performed with 

two different probes per gene targeting different parts of the gene of interest and consistent 

staining patterns were observed. These details have been clarified in the Supplemental Data 

(revised MS: Supplemental Methods, page 2, para 1).  

 

R2-4: What about the confirmation of "start" morpholinos efficiency using RT-PCR? 

Levels of mRNA are generally unaltered when using start morpholinos and hence RT-PCR is 

unable to be used to test efficiency (see e.g. Eisen et al. Controlling morpholino experiments. 

Development 2008:1735-43). As “start” morpholinos are designed to test mRNA translation, 

efficiency could theoretically be assessed by using Western blotting to measure protein levels. 

However, this is unable to be done in this case due to the lack of robust antibodies against 

zebrafish kcnk3a and kcnk3b. In the absence of suitable antibodies, it is widely accepted in 

zebrafish literature to confirm the specificity of start morpholino-mediated gene knockdown by 

using a second splice morpholino to replicate the phenotype.  

 

R2-5: The title should be dampened: since no direct experimental data in favor of a direct pro-

arrhythmic effect in atria are provided, the term "contribute" sounds too strong; "may 

contribute" should be more convenient. 

The MS title has been amended as suggested.  

 

R2-6: Fig.1- F,G,H,I: these pictures would need a legend to improve rapid understanding of the 

figure (Atria vs ventricle, MO vs C). Please precise whether the pictures were taken in diastole 

or systole. If I understand properly, the green florescence is auto fluorescence upon fluo 

illumination, right? Please explain in the legend. 
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JMCC7630-R2 | Response to editor and reviewers 

We have added additional labelling to the images in Fig.1 (revised MS: Fig. 1G-1J) to indicate 

the different cardiac chambers and fish genotypes. All images are taken in ventricular diastole 

and this information is now included in the revised figure legend (revised MS, page 27). The 

green color is not autofluorescence, but rather is cardiac expression of green fluorescent protein 

(GFP). As outlined in the Supplemental Methods, these studies were performed using a 

transgenic zebrafish line, Tg(myl7:eGFP), that expresses GFP specifically in the heart. These 

details are also included in the revised legend to Fig.1 (revised MS: Figure legends, page 27). 

 

R2-7: Discussion : "TASK-1 is  present in the zebrafish heart at three days but due to the small 

chamber sizes, differentiation between atrial and ventricular levels of expression is challenging." 

So how after having said that how the authors can justify the relevance of the zebrafish model vs 

mouse model (ventricular expression of kcnk3)? The sentence may be turned in a more 

convincing way. 

We agree that this section of the Discussion is imprecise since we have not directly shown any 

data for atrial and ventricular expression of TASK-1 in the embryonic zebrafish hearts. To do 

this would require surgical micro-dissection of embryonic hearts to separate the atria and 

ventricles, which is difficult due to the extremely small structures involved, and has not been 

validated in the literature. The Discussion has been rephrased (revised MS: page 17, para 3, lines 

22-23 and page 18, para 1, lines 1-4).  

 

R2-8: Suppl Methods, cell culture and patch-clamp experiments", p5: Please provide the 

calculated free Ca2+ present in the patch pipette solution using appropriate software. I myself 

found around 400nM using http://www.stanford.edu/~cpatton/CaMgATPEGTA-TS.htm. Is this 

concentration not rather high to mimic cardiac diastolic [Ca2+]? Please comment. 

The free Ca2+ concentration in the pipette solution was calculated to 100 nM using the free EQcal 

software , and confirmed using a calcium electrode.  

This information has been added to Supplemental Methods (revised MS: Supplemental Methods, page 5, 

para 3) 
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ABSTRACT 

The two-pore domain potassium channel, K2P3.1 (TASK-1) modulates background conductance 

in isolated human atrial cardiomyocytes and has been proposed as a potential drug target for 

atrial fibrillation (AF). TASK-1 knockout mice have a predominantly ventricular phenotype 

however, and effects of TASK-1 inactivation on atrial structure and function have yet to be 

demonstrated in vivo. The extent to which genetic variation in KCNK3, that encodes TASK-1, 

might be a determinant of susceptibility to AF is also unknown. To address these questions, we 

first evaluated the effects of transient knockdown of the zebrafish kcnk3a and kcnk3b genes and 

cardiac phenotypes were evaluated using videomicroscopy. Combined kcnk3a and kcnk3b 

knockdown in 72 hours post fertilization embryos resulted in lower heart rate (p<0.001), marked 

increase in atrial diameter (p<0.001), and mild increase in end-diastolic ventricular diameter 

(p=0.01) when compared with control-injected embryos. We next performed genetic screening of 

KCNK3 in two independent AF cohorts (373 subjects) and identified three novel KCNK3 

variants. Two of these variants, present in one proband with familial AF, were located at adjacent 

nucleotides in the Kozak sequence and reduced expression of an engineered reporter. A third 

missense variant, V123L, in a patient with lone AF, reduced resting membrane potential and 

altered pH sensitivity in patch-clamp experiments, with structural modeling predicting instability 

in the vicinity of the TASK-1 pore. These in vitro data suggest that the double Kozak variants 

and V123L will have loss-of-function effects on ITASK. Cardiac action potential modeling 

predicted that reduced ITASK prolongs atrial action potential duration, and that this is potentiated 

by reciprocal changes in activity of other ion channel currents. Our findings demonstrate the 

functional importance of ITASK in the atrium and suggest that inactivation of TASK-1 may have 



4 

diverse effects on atrial size and electrophysiological properties that can contribute to an 

arrhythmogenic substrate.   
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1. INTRODUCTION 

Two-pore domain K
+
 (K2P) channels are increasingly being recognized to be key 

determinants of background K
+
 conductance in cardiomyocytes. These channels, which are 

comprised of four transmembrane segments and two pore-forming domains, act as sensors of 

numerous physical, chemical and pharmacological stimuli, and provide dynamic regulation of 

cellular membrane potential under normal conditions and in disease states [1].  

Recently, there has been considerable interest in the K2P channel, TASK-1 (TWIK-related 

Acid-Sensitive K
+
 channel) that is expressed in a variety of tissues including the heart. TASK-1 

activity is modified by numerous factors including hypoxia, extracellular acidosis, inhalational 

anesthetics such as halothane and isoflurane, and signaling molecules such as phospholipase C, 

protein kinase C, and protein kinase A [1]. Studies in rodents have shown that TASK-1 is present 

in the ventricles and atria, with a ventricular predominance found in mice [2–5] . Concordant 

with this, homozygous TASK-1 knockout mice have been demonstrated by two groups to have a 

ventricular phenotype with prolonged QT interval, wide QRS, and increased ventricular action 

potential duration (APD) [3,5]. Reduced heart rate variability (HRV) has also been noted [3]. In 

human hearts however, TASK-1 is expressed mainly in the atria, especially the paranodal region, 

and in the atrioventricular node [6–9], and TASK-1 current, ITASK, is estimated to account for 

40% of resting current in atrial myocytes [9]. Because of this, it has been proposed that TASK-1 

might have a role in the pathogenesis of atrial fibrillation (AF) and TASK-1 modifying drugs as 

a potential novel therapeutic intervention. It remains unclear, however, whether TASK-1 

deficiency has any phenotypic manifestations that are specifically relevant to the development of 

AF. Pharmacological inhibition of ITASK using the compound A293 was found to prolong APD in 

isolated atrial cardiomyocytes [9], but the effects of TASK-1 deficiency on atrial structure and 



7 

function have not been evaluated in vivo. In patients with chronic AF, increased levels of TASK-

1 expression in the atrium have been observed in some studies but not others [6,8,10]. Reduced 

ITASK has been proposed to contribute to the anti-arrhythmic effects of amiodarone [11], but also 

to pro-arrhythmic effects in a canine post-operative AF model [12]. Determining the direction of 

association between TASK-1 and AF is of paramount importance for the potential usefulness of 

TASK-1 blockers or activators as AF therapy.   

In this study, we sought to characterize the atrial phenotype associated with TASK-1 

deficiency using the zebrafish model and found that transient TASK-1 knockdown in zebrafish 

results in bradycardia and atrial dilation. Further, to determine whether genetic variation in 

TASK-1 might have a role in AF, we screened the KCNK3 gene, that encodes TASK-1, in two 

independent populations with familial AF and early-onset lone AF, respectively. We identified 

three novel KCNK3 variants that were functionally characterized and found to have loss-of-

function effects. Our data collectively show that ITASK has an underappreciated and important 

role in the atrium and that TASK-1 deficiency can contribute to a substrate for arrhythmogenesis.  
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2. MATERIALS AND METHODS 

2.1 Zebrafish studies 

Expression of the two zebrafish orthologues of KCNK3 was evaluated by whole-mount in 

situ hybridization and RT-PCR. Knockdown was performed with morpholino oligonucleotides 

injected into fertilized zebrafish eggs at the one-cell stage. End phenotypic evaluation was 

performed 72 hours post fertilization (hpf) (see Supplemental Methods). 

 

2.2 Study populations and clinical evaluation 

The Danish study population comprised 208 Caucasian patients described previously [13] 

with early-onset lone AF (Supplemental Table 1). The control group comprised 216 unrelated 

Danish healthy blood donors (52% males), aged 30 to 48 (median 39) years with no cardiac 

symptoms and normal ECGs.  The Australian study population comprised 165 Caucasian 

individuals described in part previously [14] with familial AF (61% males), aged 17 to 90 

(median 59) years. The control group comprised 244 healthy volunteers (36% males), aged 16 to 

88 (median 44) years with no history of cardiovascular disease. All subjects gave written 

informed consent for study participation. Subjects with AF were evaluated by history and 

physical examination, ECG, and transthoracic echocardiography. Three-channel 24-hour Holter 

recording was performed in selected Danish subjects (see Supplemental Methods). Protocols 

were approved by the Scientific Ethics Committee of Copenhagen and Frederiksberg (KF 

01313322) or St Vincent’s Hospital Human Research Ethics Committee (H00/038). 

 

2.3 Genetic screening 
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Protein-coding sequences of the KCNK3 gene [NM_002246.2] were PCR-amplified from 

genomic DNA and sequenced. In subjects with KCNK3 variants, genetic screening of other 

cardiac ion channel genes and three common single nucleotide polymorphisms (SNPs) identified 

by GWAS to be associated with AF [15] was also performed (Supplemental Methods).  

 

2.4 Luciferase reporter assays 

Constructs carrying wild-type (WT) or mutant Kozak TASK-1 sequences were generated and 

luciferase assays were performed [16] (see Supplemental Methods).  

 

2.5 Cellular electrophysiology 

Chinese hamster ovary (CHO-K1) cells were transfected with WT or mutant cDNA constructs 

and currents were recorded using conventional patch-clamp techniques (see Supplemental 

Methods). 

 

2.6 In silico modeling 

A consensus TASK-1 homology model was generated using YASARA (YASARA Biosciences, 

Vienna, Austria). This model is based on TASK-1 amino acids 1-268 and refinement of a high-

resolution model using a CASP approved protocol [17] (Supplemental Methods). To model the 

effect of reduced TASK-1 current density on the atrial action potential we used the atrial 

cardiomyocyte model developed by Courtemanche et al. [18] (see Supplemental Methods).  

 

2.7 Statistical analyses 
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Data are presented as mean ± SEM. For statistical analyses, unpaired t-tests and one way 

ANOVA combined with a Bonferroni post hoc test were used. P<0.05 was considered 

statistically significant.  
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3. RESULTS 

3.1 Task-1 knockdown in zebrafish  

The zebrafish orthologues of KCNK3, kcnk3a and kcnk3b, share 72% and 66% amino acid 

identity with human TASK-1, respectively. Expression patterns of kcnk3a and kcnk3b were 

evaluated in 72 hpf fish. Whole-mount in situ hybridization using orthologue-specific probes 

showed that both genes were expressed in the central nervous system and in the heart (Fig.1A-

B), with cardiac expression confirmed by RT-PCR (Fig.1C). TASK-1 inactivation was achieved 

using both splice site (Fig.1D) and translation-blocking morpholinos and resulted in 

macroscopically normal fish (Fig.1E-F). Knockdown of either kcnk3a or kcnk3b alone did not 

produce any consistent heart phenotype indicating redundant roles of the two zebrafish 

orthologues, however, when both genes were targeted, cardiac abnormalities were present in 

71% (>250) of embryos. The phenotype was reproducible irrespective of whether start-  or splice 

site morpholinos were used. Similar to TASK-1 knockout mice [3,5], no spontaneous atrial or 

ventricular arrhythmias were observed in kcnk3a+b-injected embryos (morphant) zebrafish 

embryos. The morphants had significant bradycardia (123 vs. 147 beats per minute, p<0.001) 

compared with controls, with marked increases in atrial end-diastolic (105.4 vs. 81.2 µm, 

p=<0.001) and end-systolic diameters (72.3 vs. 63.1 µm, p<0.001). Morphant embryos also 

showed modest increases in ventricular end-diastolic (88.9 vs. 84.9 µm, p=0.01) and end-systolic 

diameters (67.7 vs. 64.1 µm, p=0.006) with no changes in ventricular systolic function 

(fractional shortening 24 vs. 24 %, p=0.45) (Fig.1G-N). Representative video recordings are 

available in the online Supplemental Data. Taken together, these findings indicate that TASK-1 

inactivation in zebrafish has a predominant atrial phenotype and might contribute to an atrial 

substrate for arrhythmogenesis.  
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3.2 KCNK3 sequencing 

We performed genetic screening of KCNK3 in a Danish cohort of 208 patients with early-

onset lone AF and identified three novel heterozygous KCNK3 variants in three patients. All 

three variants were absent in 216 ethnically-matched controls and in the dbSNP, 1000 Genomes, 

or Exome Sequencing Project databases. Two KCNK3 variants were synonymous (c654g>t 

(p.218P>P); c1056c>g (p.353R>R)), and did not affect splice sites. The third variant was a non-

synonymous change c.367g>c that resulted in a valine to leucine amino acid substitution 

p.123V>L (V123L). This variant was identified in a male subject with persistent AF that was 

first diagnosed at 35 years of age following a presentation with dyspnea. He had no family 

history of AF and there were no additional relatives available for genetic analysis (Fig.2A). 

Echocardiography showed upper normal left atrial diameter (38 mm) and normal left ventricular 

function (ejection fraction 60%). An ECG showed AF with a controlled ventricular rate (96 

bpm), normal QRS duration (94 ms), and QTc (457 ms), on metoprolol 50 mg and amlodipine 10 

mg daily. A 24-h Holter was performed to assess heart rate variability (HRV). When compared 

to an age- and gender-matched healthy population [19], there was a shift in the frequency bands 

indicating reduced HRV (Supplemental Table 2). 

KCNK3 screening in 165 Australian probands with familial AF identified seven 

heterozygous KCNK3 variants, including six variants in the 5’UTR and one synonymous amino 

acid change (Supplemental Table 3). Two 5’UTR variants, -4G>A and -3A>U, were novel and 

present in a single proband (HF-II-1, Fig.2B). Neither the -4G>A nor -3A>U variant was present 

in the proband’s unaffected sibling (II-2) but in the absence of parental DNA, we were unable to 

determine whether these variants were inherited or arose de novo. The proband had paroxysmal 
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episodes of AF since her late 40s. Echocardiography showed mild left ventricular dilation (61 

mm) and reduced contraction (ejection fraction 50%) with moderate atrial dilation (46 mm). An 

ECG during sinus rhythm showed sinus bradycardia (51 bpm,), with first degree atrioventricular 

block (PR 216 ms), normal QRS duration (102 ms), and normal QTc (422 ms), on atenolol 25 

mg and flecainide 75 mg daily. 

 

3.3 Additional variants 

Carriers of the V123L_ TASK-1 and novel 5’UTR variants were evaluated for the presence 

of variants in other ion channel genes and chromosomal loci associated previously with AF (see 

Supplemental Methods) [15]. The V123L_ TASK-1 carrier was also heterozygous for two SNPs, 

rs2200733 (4q25) and rs13376333 (1q21), while the -4G>A / -3A>U carrier was heterozygous 

for rs2200733 and three non-synonymous function-altering variants in K
+
 channel genes, 

E444K_KV11.1, S38G_KCNE1, and E145D_KCNE4 [14].  

 

3.4 KCNK3 Kozak variants reduce translation efficiency 

The -4 and -3 residues of TASK-1 are located within the Kozak sequence that surrounds 

the AUG start codon and that is known to be important for translation initiation by ribosomes 

[20] (Fig.3A). The -3 position has a particularly important role and loss of an A or G at this site 

has been shown to impair translation efficiency [20,21]. To evaluate the effects of the -4G>A 

and -3A>U variants, we performed transfection assays with luciferase reporters engineered to 

contain an AUG within either the WT or variant TASK-1 Kozak context (Fig.3B). When 

compared to WT_TASK-1, the double variant reduced luciferase activity by approximately 40% 
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(Fig.3C). This is indicative of reduced translation initiation efficiency and thus these TASK-1 

sequence variants are expected to reduce TASK-1 expression. 

 

3.5 V123L_TASK-1 reduces ITASK 

Residue V123 is located in the M2 transmembrane segment and is highly conserved across 

species (Supplemental Fig. S1). The functional impact of the V123L substitution was assessed 

using whole-cell patch-clamp experiments (Figure 4). Currents elicited by V123L_TASK-1 were 

markedly reduced compared to WT_TASK-1, and co-expression of WT and mutant constructs to 

mimic the heterozygous carrier state indicate that V123L_TASK-1 has a dominant-negative 

effect. Peak current densities (pA/pF) at 20 mV for WT, V123L, WT/V123L and control were 

9±1.1, 3.6±0.7, 4.7±1.1 and 1.5±0.2, respectively (WT/V123L vs. WT p<0.01; V123L vs. WT 

p<0.001; WT vs. control, p<0.001). Expression of V123L_TASK-1 also resulted in a depolarized 

resting membrane potential (Em) compared to WT. The Em for CHO-K1 cells expressing WT, 

V123L, WT/V123L, and control was (mV) -57.4±4.4, -37.3±3.3, -40.1±4.4, and -15.7±1.8, 

respectively (WT/V123L vs. WT, p<0.01; V123L vs. WT, p<0.01; WT vs. control, p<0.001). 

Similar results were obtained in Xenopus laevis oocytes (Supplemental Fig. S2). 

To determine whether reduction of ITASK might be due to a trafficking defect, confocal 

microscopy of CHO-K1 cells transiently transfected with WT or V123L channels was 

performed. WT_TASK-1 and V123L_TASK-1 were primarily seen in the endoplasmic reticulum 

in this system; however, the extent of cell surface expression of these proteins was similar 

(Supplemental Fig. S3).  

Molecular-dynamics simulations were performed employing the recently-published crystal 

structure of the human K2P1.1 [22]. TASK-1 open-pore-based complexes containing two alkyl 
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chains in both subunits at conserved sites were calculated and simulations were performed in a 

membranous environment (Supplemental Fig. S4). In these structural simulations, residue 123 is 

localized at the lateral fenestrae, potentially allowing for interactions with alkyl molecules 

(Fig.5A). Further, a stable attractive van-der-Waals interaction of Val123 is present with residue 

Leu11 in the transmembrane helix 1 (Fig.5B). These findings suggest that loss of the valine at 

this residue may affect the local structural stability of the TASK-1 pore. 

 

3.6 Modulation of V123L_TASK-1 by extracellular pH 

Since TASK-1 channels are modulated by extracellular pH [23], we investigated whether 

the V123L mutation altered pH sensitivity of channels expressed in X. laevis oocytes. Using two-

electrode voltage-clamp, we measured steady-state currents with pH ranging from 5.4 to 8.6. The 

inhibitory effect of acidic pH levels was characterized by half-inhibitory pH value (pHi). Both 

WT_TASK-1 and V123L_TASK-1 were extremely sensitive to extracellular pH (Supplemental 

Fig. S5). At 20 mV, the pHi for WT and V123L were 7.35±0.02 and 7.45±0.01, respectively, 

indicating small but significant differences in pH sensitivity (p<0.001). In agreement with a 

previous report [23], we found that the kinetics of both WT and V123L currents were unchanged 

by pH values, and that the inhibitory effect of external protons was not voltage-dependent (data 

not shown).  

 

3.7 Cardiac action potential modeling 

We performed computer simulations to investigate the effect of reduced ITASK on the rate 

dependency of APD and maximum diastolic potential (Em) (Figure 6). Reduced ITASK prolonged 

APD and depolarized Em, with more pronounced effects at shorter basic cycle lengths (BCL). 
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Also, the simulations show that ITASK reduction reduced maximal upstroke velocity Vmax (Fig.6D 

and Fig.6A insert).  

To explore how variations in ITASK might interact with other genetic and atrial 

environmental effects, we simulated the combined effects of K
+
 channel variants identified in the 

-4G>A / -3A>U family proband [14]. Subtraction of ITASK alone prolonged the APD90 from 296 

ms in the unmodified model to 317 ms (Fig.6E). Reductions of IKs by 50% (estimated effects of 

S38G_KCNE1) and IKr by 10% (E444K_KV11.1) exacerbated this effect and increased the 

APD90 to 348 ms. In this genetic background, additional modulation of ITASK that might occur 

with physiological stimuli such as changes in pH or pO2, shifted the APD90 from 348 ms to 341 

(+10% ITASK) or 356 ms (-10% ITASK), respectively. Simultaneous changes in ITASK, IKs, and IKr 

also altered how changes in other ion channels in the atrial cell model influenced AP duration as 

reflected in APD90 sensitivity coefficients of other ion currents (Fig.6F). The currents most 

affected were IKur, Ito and IKr. After ITASK subtraction, the sensitivity coefficient for IKur, increased 

approximately three-fold from 0.06 at baseline to 0.18, while the coefficient for Ito decreased 

from 0.26 to 0.17. There were no additional changes in either IKur or Ito when IKs and/or IKr 

conductance variations were included. In contrast, the sensitivity coefficient for IKr increased 

from -0.37 to -0.45 with ITASK subtraction and rose to -0.49 with a 50% reduction of IKs. These 

data suggest that reductions of ITASK due to the -4G>A and -3A>U KCNK3 variants are 

potentiated by the presence of additional K
+
 channel genetic variants resulting in further 

prolongation of atrial APD.  
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4. DISCUSSION 

Here we report the discovery of three novel KCNK3 variants in two patients with AF. In 

both cases, functional characterization of the KCNK3 variants predicted reduced atrial ITASK. 

Recently, KCNK3 loss-of-function mutations have been identified in patients with pulmonary 

arterial hypertension [24]. Our findings now provide the first report of K2P mutations in a setting 

of cardiac disease. Interesting questions arise about the impact of TASK-1 deficiency on atrial 

electrophysiological properties and how these changes might predispose to AF.  

The V123L_TASK-1 variant reduced ITASK and depolarized resting membrane potential in 

transfected CHO-K1 cells and had a dominant negative effect on WT_TASK-1. In silico 

modeling suggested that V123L_TASK-1 reduces the structural stability of the TASK-1 pore and 

prolongs the atrial APD. The two Kozak variants -4G>A and -3A>U, in combination, reduced 

luciferase reporter activity. Although we were unable to evaluate TASK-1 expression directly 

due to a lack of patient heart tissue, it can be expected that these variants would reduce 

translation initiation efficiency and TASK-1 levels [20,21]. Similar Kozak sequence variants 

have been shown to be functionally deleterious and associated with a variety of human diseases 

[25].  

The consequences of TASK-1 deficiency in the heart have been evaluated mainly in 

murine models that have strong ventricular expression of TASK-1, with homozygous knockout 

mice consistently showing prolonged QTc and wide QRS [3,5]. Notably, both QTc interval and 

QRS duration were normal in the two patients with KCNK3 variants. Given the predominant 

atrial expression of TASK-1 in humans [6–9], murine models may thus not be ideal to study 

mechanisms underpinning AF. Zebrafish have numerous advantages as a cardiac disease model 

[26] and appear to be a highly relevant model to study TASK-1. Due to the small size of 3 day-
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old zebrafish hearts, chamber-specific expression of TASK-1 could not be readily evaluated. 

Nevertheless, we found that transient knockdown of the two KCNK3 homologues, kcnk3a and 

kcnk3b, resulted in a predominant atrial phenotype with sinus bradycardia and atrial dilation and 

only minimal ventricular dilation and normal ventricular contraction. In the human subjects with 

KCNK3 variants, the V123L_TASK-1 carrier had upper normal atrial diameter, while the -4G>A 

/-3A>U carrier also had bradycardia, moderately enlarged atria and mild ventricular dilation. 

Direct extrapolation of the zebrafish findings to humans is limited by differences in the relative 

extent of TASK-1 depletion and the numerous additional factors that affect heart rate and atrial 

size, including age, the presence and duration of AF, and concomitant anti-arrhythmic drug 

therapy. Despite these caveats, the zebrafish data confirm the functional importance of TASK-1 

in the atrium and indicate two potential factors that could predispose to AF, namely, slow heart 

rate and increased atrial size.  

Atrial membrane potential and APD are not fixed parameters but are dynamically altered 

by a variety of factors. We hypothesize that changes in atrial membrane potential and APD 

associated with loss-of-function KCNK3 variants might sensitize the cardiomyocyte to effects of 

other genetic and atrial “environmental” perturbations. A complete profile of the genetic make-

up of our two KCNK3 variant carriers is beyond the scope of this study, however it can be 

expected that each individual would harbor at least 20,000 exonic variants, many of which may 

alter protein function [27]. Evaluation of other ion channel genes associated with AF and the top 

GWAS SNPs indicates that additional potential disease-modifying genetic variants are present in 

both cases. We predict that TASK-1-mediated changes in resting membrane potential may 

modify the extent of normal adaptive changes of other ion channels as well as the threshold 

levels for manifestations of other ion channel genetic variants. Computer simulation of the 
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cumulative effects of reduced ITASK and three additional function-altering K
+
 channel variants, 

E444K_KV11.1, S38G_KCNE1, and E145D_KCNE4 identified in the -4G>A /-3A>U carrier, 

predicted reciprocal alterations of IKur, Ito and IKr and potentiated effects on atrial APD. KCNK3 

variant-mediated changes may be exacerbated by the presence of AF. For example, data from a 

post-operative canine AF model and from atrial tissues of patients with chronic AF, suggest that 

disease-related changes can independently depress ITASK activity and alter TASK-1 expression 

[6,7,10,12]. KCNK3 variant-mediated changes in resting membrane potential of cardiomyocytes 

may affect the susceptibility to adverse effects of other acquired stimuli that inhibit TASK-1 

function, such as hypoxia or acidosis that may occur in pathophysiological conditions, such as 

myocardial ischemia [1,23].  Noteworthy, we find that the V123L mutation results in altered pH 

sensitivity. Taken together, these observations suggest that KCNK3 genetic variation is one of a 

number of factors that are determinants of ITASK and atrial electrophysiological properties. 

Although the V123L_TASK-1 and -4G>A /-3A>U variants appear to have functional 

effects, we are unable to definitively establish these as causative of AF, since these were each 

demonstrated to be present in single individuals. The absence of arrhythmias in homozygous 

TASK-1 knockout mice suggests that TASK-1 deficiency per se may not be sufficient to induce 

arrhythmia. However, the electrophysiological defects in these mice and in our analyses of 

human KCNK3 mutations are consistent with TASK-1 contributing to a myocardial 

arrhythmogenic substrate and increased susceptibility to develop AF in the presence of 

arrhythmic stimuli. Prolongation of the atrial APD has been observed with other K
+
 channel 

genes mutations identified in families with AF and may increase the risk for reactivation of L-

type Ca
2+

 channels and predispose to early after-depolarizations that can trigger AF [9,28]. The 

changes in membrane potential seen with V123L_TASK-1 occur close to half-maximal steady-
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state inactivation voltages of atrial Na
+
 channels, and hence, a slight depolarization of the 

cardiomyocytes could significantly alter NaV channel availability [29].  Our simulation data 

suggest that a 40-60% reduction in ITASK depolarizes Em and decreases Vmax. Although Vmax is a 

non-linear index of NaV availability [30], these changes may result in slower impulse 

propagation in atrial tissue. Importantly, the effects on both Em and Vmax were more pronounced 

at short cycle lengths that would favor the development of AF. Paroxysmal episodes of AF can 

also be initiated by fluctuations in the autonomic nervous system, with sympathetic and vagal 

triggers in subsets of patients [31]. The sympathovagal balance can be assessed by HRV, and 

abnormal HRV with a sympathetic preponderance has been demonstrated in TASK-1 knockout 

mice [3]. Interestingly, the V123L_TASK-1 carrier showed abnormal time- and frequency 

domain indices that are suggestive of altered HRV with a parasympathetic predominance.  

There are a number of limitations of this study, including the small family size and lack of 

power to demonstrate robust genetic associations with disease. For the V123L variant, we used 

heterologous expression systems to assess TASK-1 function and these can only approximate the 

situation in native cardiac tissue. Heterologous systems are unable to adequately assess the 

magnitude of change in TASK-1 expression that might result from the -4G>A /-3A>U variants 

and the lack of readily-available patient heart tissue precludes definitive information to be 

obtained. Although we modeled the effects of TASK-1 variants at the single cell level, the 

effects of reduced ITASK may differ in coupled atrial tissue. 

 

5. CONCLUSIONS 

We have identified three KCNK3 variants in two subjects with AF. The V123L_TASK-1 variant 

alters ITASK, and membrane potential in CHO-K1 cells and is predicted to alter atrial APD, while 
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two contiguous Kozak sequence variants, -4G>A and -3A>U reduce luciferase reporter activity 

with likely effects on translation initiation efficiency and myocardial TASK-1 expression. 

Transient TASK-1 knockdown in zebrafish results in bradycardia and atrial dilatation. Our data 

highlight the key role of TASK-1 as a determinant of structure and function of atrial 

cardiomyocytes and suggest that TASK-1 loss-of-function contributes to an arrhythmogenic 

substrate.  
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FIGURE LEGENDS 

Figure 1. Expression and knockdown of kcnk3a and kcnk3b in 72 hpf zebrafish. Whole-mount in 

situ hybridization using orthologue-specific antisense riboprobes against kcnk3a (A) and kcnk3b 

(B). Moderate expression is seen in the central nervous system with relatively weaker expression 

in the heart (arrowhead). (C) RT-PCR showing cardiac expression of kcnk3a and kcnk3b in 

isolated wild-type zebrafish hearts. (D) RT-PCR from splice-site morpholino-injected (MO) and 

control-injected (control) embryos showing reduced amounts of endogenous knck3 transcript in 

MO (lane 1) vs. control (lane 3), as well as intron retention due to abnormal splicing in MO (lane 

2) but not control (lane 4) embryos. Gross phenotype in 72 hpf embryos co-injected with kcnk3a 

and kcnk3b (kcn3a+b) (E) or control morpholinos (F). Representative images of the (G) 

ventricle, V, and (I) and atrium, A, in 72 hpf Tg(myl7:eGFP) zebrafish injected with kcn3a+b 

(G,I) or control morpholinos. (H,J). Cardiac expression of GFP is indicated by green 

fluorescence and all images are taken in ventricular diastole. Scale bar = 100 µm. (K-N) 

Phenotypic evaluation in kcn3a+b injected (solid bars) and control-injected (C, open bars) 

embryos. Mean heart rate (K), short-axis atrial end-diastolic and end-systolic diameters (L), 

short-axis ventricular end-diastolic (EDD) and end-systolic diameters (ESD) (M), and ventricular 

fractional shortening (N) are shown. *p≤0.01; **p<0.001; NS=non-significant. 

 

Figure 2. Genetic information. (A) Pedigree of proband (arrow) with c.367G>C (V123L) 

KCNK3 variant. (B) Pedigree of proband (arrow) with -4G>A and -3A>U variants (Family HF). 

Phenotypes are denoted as: documented AF (dark blue symbol), symptomatic but not 

documented AF (light blue symbol), no history of AF (open symbols). Squares: male, circles: 

female family members, respectively.  
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Figure 3. Translation efficiency of the -4G>A and -3A>U KCNK3 variants. (A) Sequence logo 

plot of Kozak consensus sequence around AUG start codons in human mRNA. Relative 

abundance and extent of conservation are indicated by the height of each nucleotide (note the 

boxed AUG start codon has been scaled down from a value of 2 bits). Shown below is the 

corresponding region of TASK-1 mRNA and identified sequence variants. (B) Renilla luciferase 

constructs showing the inserted TASK-1 sequence flanking the start codon. Underlined bases in 

MUT highlight the base changes identified in the Kozak consensus sequence  (C) Luciferase 

activity from HeLa cells transfected with double mutant Kozak TASK-1 (red) or wild-type 

TASK-1 (blue) Renilla Luciferase plasmids. Data were normalized to a co-transfected Firefly 

Luciferase construct, with wild-type activity set to 100%; n=3-5 runs for each group.  

 

Figure 4.  Electrophysiological characterization of V123L_TASK-1. (A) Representative 

recordings of CHO-K1 cells expressing WT, V123L, WT/V123L, or mock-transfected cells 

(control). Current was recorded during 500 ms voltage-clamp pulses from -120 to 100 mV in 20 

mV steps from a holding potential of -80 mV. (B) Steady-state current-voltage relationships 

showing significant differences between WT, V123L, WT/V123L and control. (C) Em of CHO-

K1 cells expressing WT, V123L, WT/V123L, or control. Measurements were performed under 

current-clamp mode before step protocol was applied. **p<0.01, ***p<0.001.  

 

Figure 5. Open-state pore homology model of TASK-1 based on the TWIK-1 structure. (A) The 

backbone of one TASK-1 subunit is shown in red and the other in blue, with the channel surface 

shown in light gray. Val123 residues (cyan or yellow) are fatty acid alkyl chain-facing. The 
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magnified region depicts lateral fenestrae that allow binding of a fatty acid alkyl chain. (B) Side 

chains of Val123 and Leu11 form stable interactions. The residues are shown in CPK color code.  

 

Figure 6. Modeling of reduced TASK-1 current density in an atrial cell model. (A) Simulated 

action potentials are shown for BCL of 1000 ms and 400 ms under control conditions (Ctrl, 

black) and 40% (red), 50% (blue), and 60% (green) reduced TASK-1 current; red. = reduction. 

The first derivatives (dV/dt) of the action potential upstrokes at BCL 400 ms are shown in the 

insert. (B, C, D) Rate dependence of APD90, Em , and Vmax. Legends as in A. (E) Simulation of 

combined effects of reduced ITASK together with S38G_KCNE1 (IKs) and E444K_KV11.1 (IKr) 

variations present in the -4G>A/-3A>U carrier, Action potential waveforms at baseline (black) 

and with incremental effects of 50% reduction of ITASK (blue)+50% reduction of IKs (red)+10% 

reduction of IKr (green). (F) APD90 sensitivity coefficients for major cardiac ion channels under 

baseline conditions (black) and after 50% reduction of ITASK (blue)+50% reduction of IKs (red). 



Figure 1
Click here to download high resolution image

http://ees.elsevier.com/jmcc/download.aspx?id=240391&guid=24949a15-6148-4d4b-9887-c10cfac35392&scheme=1


Figure 2
Click here to download high resolution image

http://ees.elsevier.com/jmcc/download.aspx?id=240392&guid=f60f66a4-40de-4a70-b4e9-d7b64df1acd7&scheme=1


Figure 3
Click here to download high resolution image

http://ees.elsevier.com/jmcc/download.aspx?id=240393&guid=51b0430b-aa99-40e0-bd6a-5c1c3c5fb32b&scheme=1


Figure 4
Click here to download high resolution image

http://ees.elsevier.com/jmcc/download.aspx?id=240394&guid=205f252e-466b-4b6e-9079-9f74e6eec828&scheme=1


Figure 5
Click here to download high resolution image

http://ees.elsevier.com/jmcc/download.aspx?id=240395&guid=d38392c2-1bf6-4909-b544-af610fbcecc1&scheme=1


Figure 6
Click here to download high resolution image

http://ees.elsevier.com/jmcc/download.aspx?id=240396&guid=1bfd7b00-3b0a-4dd8-bf7b-e75c855c1b56&scheme=1


SUPPLEMENTAL DATA 

Genetic variation in the two-pore domain potassium channel, TASK-1, may contribute 

to an atrial substrate for arrhythmogenesis  

Bo Liang, Magdalena Soka, Alex Horby Christensen, Morten S. Olesen , Anders P. Larsen, 

Filip K. Knop, Fan Wang, Jonas B. Nielsen, Martin N. Andersen, David Humphreys, Stefan 

A Mann, Inken G. Huttner, Jamie I. Vandenberg, Jesper H. Svendsen, Stig Haunsø, Thomas 

Preiss, Guiscard Seebohm, Søren-Peter Olesen, Nicole Schmitt‡, Diane Fatkin 

Contents 

A. SUPPLEMENTAL METHODS ........................................................................................................ 2 

Zebrafish studies ................................................................................................................................. 2 

Genetic screening ................................................................................................................................ 3 

Holter monitoring and measures of electrocardiographic parameters ................................................ 4 

Molecular biology ............................................................................................................................... 4 

Luciferase reporter assays ................................................................................................................... 4 

Cell culture and patch-clamp experiments .......................................................................................... 5 

Molecular homology modelling of human TASK-1 ........................................................................... 5 

Cardiac action potential modeling ...................................................................................................... 6 

Heterologous expression in Xenopus laevis oocytes and two-electrode voltage clamp experiments . 7 

Confocal microscopy and imaging ..................................................................................................... 8 

B. SUPPLEMENTAL TABLES ............................................................................................................. 9 

Table S1. Clinical characteristics of the Danish AF population ......................................................... 9 

Table S2. Values of 24-h heart rate variability parameters of V123L_TASK-1 affected patient 
compared to healthy population. ....................................................................................................... 10 

Table S3. KCNK3 variants identified in Australian familial AF population. ................................... 11 

C. SUPPLEMENTAL FIGURES ......................................................................................................... 13 

Figure S1. TASK-1 amino acid residue V123 is conserved across different species. ...................... 13 

Figure S2. Current levels and resting membrane potential of V123L_TASK-1 compared to WT are 
reduced in Xenopus laevis oocytes.................................................................................................... 14 

Figure S3. V123L_TASK-1 mutant localizes like the WT channels in CHO-K1 cells. ................... 15 

Figure S4. Estimation of TASK-1 model. ......................................................................................... 16 

Figure S5. pH sensitivity of V123L_TASK-1 in Xenopus laevis oocytes. ....................................... 17 

D. SUPPLEMENTAL VIDEOS ........................................................................................................... 18 

Video 1. Cardiac phenotype in control-injected zebrafish embryo. .................................................. 18 

Video 2. Cardiac phenotype in kcnk3a+b-injected zebrafish embryo .............................................. 18 

SUPPLEMENTAL REFERENCES ..................................................................................................... 19 

 

1 
 

Supplementary Material PDF version



A. SUPPLEMENTAL METHODS 

Zebrafish studies 

To assess the function of TASK-1 in vivo, we studied this gene in zebrafish, which express 

two KCNK3 orthologues (kcnk3a: ENSDART00000063816; kcnk3b: 

ENSDART00000074838). All zebrafish experiments were performed in transgenic 

Tg(myl7:eGFP) zebrafish that express GFP specifically in the heart. To evaluate expression 

of kcnk3a and kcnk3b, we performed whole-mount in-situ hybridization in 72 hours post 

fertilization (hpf) zebrafish using digoxigenin-labelled antisense RNA probes. All sequences 

for RNA probes and antisense morpholino olignonucleotides (see below) were blasted against 

the zebrafish genome and the only genes that showed more than >80% similarity to these 

sequences were kcnk3a or kcnk3b, respectively. Specificity was further confirmed by 

performing hybridizations with two unique probes per gene. To evaluate cardiac expression 

of kcnk3a and kcnk3b, RNA was isolated from pooled embryonic heart lysates followed by 

reverse transcriptase polymerase chain reaction (RT-PCR).  

To evaluate loss of gene function, we used antisense morpholino oligonucleotides (Gene 

Tools, OR, USA) targeting splice sites or translation start sites in kcnk3a and kcnk3b. 

Morpholinos were injected into fertilized eggs at the one cell stage. The following 

morpholinos were used: kcnk3a-splice (5’-CCTTGGAGCGCCTGACATACCTATA-3’): 0.3 

mM/kcnk3b-splice (5’-GTCAACTCTAAGATTTACCTATGGT-3’): 0.3 mM, kcnk3a-start 

(5’-CCTGATGTTTTGTCTCTTCATGGTC-3’): 0.05 mM/kcnk3b-start (5’-

GCACGTTTTGCCTCTTCATCTTCTC-3’): 0.025 mM, or similar doses of a standard 

control morpholino (5’-CCTCTTACCTCAGTTACAATTTATA-3’). To confirm the efficacy 

of both kcnk3 splice morpholinos, RNA from morpholino-injected and non-injected control 

embryos was extracted at 72 hpf and RT-PCR was performed using two sets of primers: one 

set had each primer placed in the exons flanking the target splice junction (to amplify 

endogenous WT zebrafish mRNA), and the other set had the forward primer placed in the 

exon 5’ of the target splice junction and the reverse primer placed in the following intron (to 

demonstrate intron retention due to splicing defects). The embryos were kept at 28°C and 1-

phenyl 2-thiourea was added 24 hpf to inhibit pigmentation.  

End phenotypic evaluation was performed at room temperature in 72 hpf fish under low-dose 

anesthesia (tricaine 50 mg/L), using a Leica DM IL inverted microscope (Leica 

Microsystems, Wetzlar, Germany) with fluorescent illumination and a Nikon DS-Qi1MC 
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camera (Nikon Instruments, NY, USA) with NIS Elements AR v.3.1 software (Nikon 

Instruments). Heart rate and ventricular dimensions were evaluated with the embryo 

positioned on its side facing left. For atrial assessment, the embryo was flipped over facing 

right. Short-axis ventricular systolic and diastolic diameters, short-axis atrial systolic and 

diastolic diameters, and heart rate were determined. Fractional shortening (FS) was calculated 

as (end-diastolic ventricular diameter – end-systolic ventricular diameter)/(end-diastolic 

ventricular diameter). Comparisons between groups were performed with Kruskal-Wallis 

tests using Stata/SE v.12.1 software (StataCorp, TX, USA). 

Genetic screening 

Genomic DNA was extracted from blood samples using the QIAamp DNA Blood Mini Kit 

(QIAGEN, Hilden, Germany) from all patients and healthy controls. Primers for the coding 

exon and flanking intron sequences of KCNK3 (GenBank accession No. NC_000002) were 

designed using the NCBI reference sequence NM_002246.2 and directly sequenced using 

either an ABI PRISM® 3700 or ABI PRISM® 3730 DNA analyzer (Applied Biosystems, 

Foster City, CA, USA). Identified variants were verified by re-sequencing of a second PCR 

product. Please note the different control group sizes for the Danish (216) and Australian 

(244) cohorts. 

In probands with non-synonymous variants in KCNK3, we also performed bidirectional 

sequencing of genes previously associated with AF: SCN1-3B (NM_001037.4, NM_004588, 

NM_018400.3), KCNQ1 (NM_000218.2), KCNH2 (NM_000238), SCN5A (NM_000335), 

KCNN3 (NM_002249.5), KCNA5 (NM_002234.2), KCNE1/2/3/5 (NM_001127668, 

NM_172201, NM_005472.4, NM_012282.2), KCNJ2,5 (NM_000891.2,NM_000890.3), 

KCNN3 (NM_002249.4) NPPA (NM_006172.3), and LMNA (NM_005572). We further 

tested for three distinct genetic loci on chromosomes 1q21, 4q25, and 16q22 that have been 

associated with atrial fibrillation in genome-wide association studies (GWAS) [1,2]. Primers 

and PCR conditions are available upon request. 

The authors would like to thank the NHLBI GO Exome Sequencing Project and its ongoing 

studies which produced and provided exome variant calls for comparison: the Lung GO 

Sequencing Project (HL-102923), the WHI Sequencing Project (HL-102924), the Broad GO 

Sequencing Project (HL-102925), the Seattle GO Sequencing Project (HL-102926) and the 

Heart GO Sequencing Project (HL-103010). 
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Holter monitoring and measures of electrocardiographic parameters  

Three-channel 24-hour Holter recording was obtained from the proband carrying 

V123L_TASK-1 using a Reynolds Lifecard CF recorder (Delmar Avionics, Irvine, USA). 

Modified V2, V3, and V5 leads were used for analysis. Recordings were analyzed using 

Model 563 Stratascan Holter Analysis System (Delmar Avionics, Irvine, USA). The ECG 

intervals and QRS complex were measured. QT intervals were corrected for heart rate (QTC) 

using Bazett’s formula [3]. The following measures of HRV were analyzed: SDNN, RMSSD, 

pNN50 [4], LF, HF, and basic T-wave morphology parameters. The normalization of LF and 

HF (nuLF and nuHF) was performed by subtracting the very low frequency component from 

the total power (TP). Please note that healthy controls (141) were selected from two previous 

studies [5,6]. 

Molecular biology 

The plasmid pEXO-HK852SmaI carrying cDNA for TASK-1 (GenBank Acc. No. 

NM_002246) was a kind gift from F. Lésage (U Nice Sophia Antipolis, France). The coding 

sequence was PCR-amplified and cloned into the mammalian expression vector pXOOM. 

The point mutation V123L (c.367G>C) was introduced using standard mutated 

oligonucleotide extension PCR from the plasmid template harboring the cDNA of interest. 

For expression in Xenopus laevis oocytes, in vitro transcription was performed using standard 

procedures. 

For reporter assays, constructs were generated by PCR-amplifying the entire human Renilla 

luciferase (hRL) protein coding sequence from pRL [7,8]. The forward primer contained the 

following sequences: Nhe-I restriction site, the Kozak consensus (WT or MUT), the start and 

second codon of TASK-1 and 18 nt of sequence starting from the third codon of Renilla 

luciferase in pRL. The common reverse primer was complementary to the 3‘UTR of hRL. 

The PCR product was digested with NotI and NheI, gel-purified and ligated into the pCIneo-

hRL vector (Promega, Fitchburg, USA).  

Luciferase reporter assays 

Luciferase assays were performed as previously described [8]. Briefly, test plasmids based on 

Renilla Luciferase were transiently transfected into HeLa cells together with 100 ng of 

Firefly luciferase as an internal control for transfection efficiency normalization. Transfected 

cells were incubated for 3 hours, then lysed and submitted to the assay. The difference of 

luciferase expression across the samples was measured using the Dual-Luciferase Reporter 
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Assay System (Promega, Fitchburg, USA) according to the manufacturer’s instructions on a 

FLUOstar Optima plate reader (BMG Labtech, Ortenberg, Germany). Data for mutant 

constructs were compared with wild-type (WT) constructs and expressed as fold-change 

differences. 

Cell culture and patch-clamp experiments 

CHO-K1 cells were transiently co-transfected with 2 μg TASK-1 in pXOOM (WT or V123L) 

and 0.2 μg of pcDNA3-EGFP as a reporter gene using Lipofectamine and Plus reagent 

(Invitrogen, Glostrup, Denmark) according to the manufacturer’s instructions.  

Patch-clamp experiments were performed at room temperature 2 days after transfection. The 

internal solution consisted of (in mM) KOH 31, KCl 110, HEPES 10, EGTA 10, CaCl2 5.17, 

MgCl2 1.42 and K2-ATP 4 (pH 7.2 with KOH); the external solution consisted of (in mM) 

NaCl 140, KCl 4, CaCl2 2, MgCl2 1.2 and HEPES 10 (pH 7.4 with NaOH). The free Ca2+ 

concentration in the pipette solution was calculated to 100 nM using the free EQcal software, 

and confirmed using a calcium electrode. Currents were recorded by application of voltage-

step protocols detailed in the figure legends. 

Measurements were made with pClamp10 software and a MultiClamp 700B amplifier 

(Molecular Devices, Axon Instruments, Sunnyvale, CA, USA) sampling at 20 kHz and 

filtering at 5 kHz. Borosilicate glass pipettes were pulled on a DPZ-Universal puller (Zeitz 

Instruments, Martinsried, Germany). The pipettes had a resistance of 1.5–2.5 MΩ when filled 

with intracellular solution. The series resistance recorded in the whole-cell configuration was 

2–5 MΩ and was compensated (80%). The seal resistance in all experiments was greater than 

1.0 GΩ. All experiments were performed on minimum three batches of transfected cells. 

Molecular homology modelling of human TASK-1 

A consensus TASK-1 homology model was generated using YASARA (YASARA 

Biosciences, Vienna, Austria). Several individual modeling steps using the YASARA 

Structure were required. The TASK-1 consensus homology model is based on the TASK-1 

amino acids 1-268 and refinement of a high-resolution model using a CASP approved 

protocol [9]. The PDB-data base was searched for known structures with a similar sequence 

using PSI-BLAST [10] identify potential modeling templates. The templates were ranked 

based on the alignment score and the structural quality according to WHAT_CHECK [11] 

obtained from the PDBFinder2 database [12]. TASK-1 models were built for the top scoring 

templates 2R9R, 3RBZ and 3UKM. For each available template, the alignment with the 
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target sequence was iteratively optimized using the evolutionary information contained in 

related sequences (SwissProt and TrEMBL), the structural information contained in the 

template and the predicted target secondary structure [13] was used to obtain a structure-

based alignment correction (partly based on SSALN scoring matrices) [14]. An indexed 

version of the PDB was used in order to determine the optimal loop anchor points and to 

collect possible loop conformations. Insertions, deletions, and dead-end elimination were 

used to find an initial rotamer solution in the context of a simple repulsive energy function 

[15]. The loops were optimized by trying hundreds of different conformations, re-optimizing 

the side-chains for all of them. Fine-tuning of side-chain rotamers was performed by 

considering electrostatic and knowledge-based packing interactions as well as solvation 

effects. An unrestrained high-resolution refinement with explicit solvent molecules was run 

using the AMBER03 force field and the result was validated using YASARAs methodology 

to ensure that the refinement did not move the model in a wrong direction. A final hybrid 

model was built from 13 individual models and bad regions in the top scoring model were 

iteratively replaced with corresponding fragments from the other models. The following 

specific parameters have been chosen for TASK-1 modeling: Slow modelling speed, 6 PSI-

BLAST iterations in template search, EValue Max: 0.5, 50 conformations tried per loop 

(LoopSamples), 10 residues were added to the termini (TermExtension). 

Cardiac action potential modeling 

The CellML version of the Courtemanche model [16] (curation level 2) was downloaded 

from the CellML repository on Feb 8, 2012 

(http://models.cellml.org/exposure/0e03bbe01606be5811691f9d5de10b65). The COR 

program (http://cor.physiol.ox.ac.uk, version 0.9.31.1409 [17] was used to translate the 

CellML code into the Matlab (MathWorks, Natick, MA, USA) language and the simulations 

were performed in Matlab, using the ode15s solver. 

The Courtemanche model does not specifically include a TASK-1 component or a similar 

potassium background current. To represent the TASK-1 current we used a previously 

described Markov model of TASK-1 developed by Limberg et al. [18]. However, instead of 

adding the TASK-1 component to the Courtemanche model and examining the effect of the 

loss-of-function mutations by reducing maximum density of the current, we instead 

subtracted the TASK-1 component from the Courtemanche model. This way, the original 

Courtemanche model served as the reference control condition. For our simulations, we 

assumed that the model implicitly contains 5 nS/pF of TASK-1 conductance under baseline 
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conditions. The V123L mutation was estimated to reduce TASK-1 density by 40% (-2 nS/pF) 

in a heterozygous patient and 60% (-3 nS/pF) in a homozygous patient as judged from 

functional expression data in CHO-K1 cells (see Results). Similarly, we estimated that the 

double Kozak TASK-1 mutants would reduce TASK-1 density by approximately 50% (-2.5 

nS/pF). 

A dynamic restitution protocol was performed by pacing the model at basic cycle lengths 

(BCL) of 1000, 750, 500 and 400 ms. At each BCL the model was paced for 50 beats before 

reducing the BCL. The minimum diastolic potential (Em), maximal upstroke velocity (Vmax) 

and APD at 90% repolarization (APD90) was measured for the last beat at each BCL. APD90 

was determined as the time from Vmax to the time of 90% repolarization. The protocol was 

performed for each condition (Control, 40%, 50% and 60% reduction of TASK-1 current, 

respectively). In an additional set of simulations, the model was modified to assess the 

combined effects of KCNK3, KCNH2 and KCNE1 gene variations identified in the Family 

HF proband. To model E444K_KV11.1 (KCNH2), the maximum IKr conductance was reduced 

by 10% [19]. Since none of the available cardiac cell models contain explicit descriptions of 

the effects of accessory ion channel proteins, their influence can only be estimated based on 

experimental effects on cell current. To model S38G_KCNE1 (KCNE1), the maximum IKs 

conductance was reduced by 50% [20].  

A sensitivity analysis was performed as described previously [19]. Briefly, for each condition 

(control, 50% TASK-1 reduction, 50% TASK-1 reduction + IKs reduction), 500 independent 

runs of 10 action potentials each were performed. For each run, 18 current parameters of the 

model were scaled with random scaling factors picked from a log-normal distribution with a 

mean of 1 and a standard deviation of ten percent. After each run, the APD90 of the 10th 

action potential was determined and stored. Then, a partial least squares regression analysis 

was performed to obtain sensitivity coefficients which correlate changes in model current 

densities with APD90 changes, as described in [19]. 

Heterologous expression in Xenopus laevis oocytes and two-electrode voltage clamp 

experiments 

Xenopus laevis oocytes were purchased from EcoCyte Bioscience (Castrop-Rauxel, 

Germany) and injected with 2 ng of TASK-1 cRNA (wild-type (WT) or V123L_TASK-1 

mutant (MUT)) using a Nanoject Microinjector (Drummond Scientific, Broomall, USA). The 
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oocytes were kept in Kulori solution (in mM: 90 NaCl, 4 KCl, 1 MgCl2, 1 CaCl2, 5 HEPES, 

1CaCl2, pH 7.4) at 19°C and currents were recorded after 60 hours.  

TASK-1 currents in Xenopus laevis oocytes were recorded using a two-electrode voltage-

clamp (TEVC) amplifier (Dagan CA-1B, Chicago, USA) at room temperature. Oocytes were 

immersed in Kulori solution and subject to a constant flow of Kulori solution during 

recordings. Currents were recorded by application of voltage-step protocols detailed in the 

figures legends. Measurements were made with Pulse software (HEKA electronics, 

Lambrecht, Germany). Recording electrodes were pulled from borosilicate glass using a 

DMZ-Universal Puller (Zeitz Instruments, Martinsried, Germany) and had a tip resistance 

between 0.3 and 2.0 MΩ when filled with 2 M KCl. All experiments were performed on 

minimum three batches of oocytes. 

Confocal microscopy and imaging 

Transiently transfected CHO-K1 cells grown on glass coverslips were fixed in 3% 

paraformaldehyde in PBS for 15 minutes at room temperature. Blocking and permeabilization 

was performed by a 30-minute incubation with 0.2% fish skin gelatin in PBS supplemented 

with 0.1% Triton X-100 (PBST). The cells were incubated for one hour in primary antibodies 

diluted in PBST. Rabbit anti-rTASK-1 (APC-024, 1:100, Alomone Labs, Jerusalem, Israel) 

was employed as primary antibody. Secondary antibodies were diluted in PBST and applied 

for 45 minutes. The coverslips were mounted in Prolong Gold (Invitrogen, Glostrup, 

Denmark). As secondary antibody an Alexa Fluor®555-conjugated donkey anti-rabbit IgG 

(1:200) was employed. Alexa®Fluor 488 Phalloidin (1:200) was used to stain actin filaments 

and 4´,6-diamidino-2-phenylindole (DAPI, Invitrogen) was used to stain the nucleus. All 

Alexa Fluor®-coupled reagents were purchased from Invitrogen (Glostrup, Denmark). 

Laser scanning confocal microscopy was performed using the Zeiss LSM 780 confocal 

system. Images were acquired using a 63x oil immersion objective, NA 1.4 with a pinhole 

size of 1 and a pixel format of 1024x1024. Line averaging was used to reduce noise. 

Sequential scanning was employed to allow the separation of signals from the individual 

channels. The zoom images were obtained by scanning the same XYZ plane as the standard 

image, but with an increased the laser intensity leading to increased excitation of the 555 

fluorophore. The images were treated using the Zen 2010 software (Zeiss) and Adobe 

Photoshop CS5. 
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B. SUPPLEMENTAL TABLES 

 

Table S1. Clinical characteristics of the Danish AF population 

 All (n=208) Men (n=168) Women (n=40) 

Median age of onset, y (IQR) 31 (26-36) 31(26-36) 27(20-34) 

Height, cm 182±9 185±7 170±8 

Weight, kg 88±17 92±14 73±21 

BMI, kg/m2 27±18 28±19 25±7 

Blood Pressure, mmHg    

     Systolic  130±16 130±16 128±15 

     Diastolic 79±11 79±11 76±9 

AF type    

     Paroxysmal, % 58 54 76 

     Persistent, % 34 38 19 

     Chronic, % 8 8 5 

Family history of AF    

1ST degree relatives with AF, % 34 31 49 

All numbers are reported as mean ± standard-deviation unless otherwise noted. IQR; 

Interquartile range, BMI; Body mass index. 
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Table S2. Values of 24-h heart rate variability parameters of V123L_TASK-1 affected 

patient compared to healthy population. 

  
V123L_TASK-1 (n=1) 

 

Healthy (n=141) [6] 

  Mean ± SD Percentile 05-95 

Age, y 51 

 

40.8±14.4 23-67 

Gender 1 

 

1 ⁄ 

BMI, kg/m2 27.5 

 

24.9±31 20-31 

Mean heart rate, bpm 61.6 

 

74.3±8.9 59.5-91.3 

Time domain HRV 

    SDNN, ms 164.1 

 

157.1±45.1 87.0-235.5 

    RMSSD, ms 28.9 

 

41.8±22.9 14.1-91.6 

    pNN50,% 5.2* 

 

11.8±10.1 6-32.1 

Frequency domain HRV 

    HF, ms² 117 

 

281±322 29-774 

    LF, ms² 98* 

 

1073±701 175-2528 

    TP, ms² 444* 

 

2690±1712 579-6382 

    nuHF 34.9 

 

18.3±9.1 7.8-38.5 

    nuLF 29.2* 

 

81.7±9.1 61.5-92.2 

    LF/HF ratio 0.8* 

 

5.7±3.1 1.6-11.9 

HRV, heart rate variability; SDNN, standard deviation of the normal-to-normal intervals; 

RMSSD, square root of the mean of the sum of the squares of differences between adjacent 

NN intervals; pNN50, NN50 count divided by the total number of all NN intervals; HF, high 

frequency; LF, low frequency; TP, total power; nu, normalized units. Abnormal value: * yes, 

vs. percentile 05-95 of healthy population. 
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Table S3. KCNK3 variants identified in Australian familial AF population. 

Location Nucleotide 

change 

Amino acid 

change 

AF probands 

(n=165) 

Control subjects 

(n=244) 

Ref. 

   Genotype Allele frequency Genotype Allele frequency  

5’UTR -148G>A - GG 160 (97.0 %) 

GA 5 (3.0%) 

AA 0 (0%) 

G 0.98 

A 0.02 

GG 238 (99.2%) 

GA 2 (0.8%) 

AA 0 (0%) 

G 0.996 

A 0.004 

Novel 

5’UTR -128G>C - GG 164 (99.4%) 

GC 1 (0.6%) 

CC 0 (0%) 

G 0.997 

C 0.003 

GG 240 (100.0%) 

GC 0 (0%) 

CC 0 (0%) 

G 1.0 

C 0.0 

Novel 

5’UTR -120G>T - GG 33 (20.0%) 

GT 68 (41.2%) 

TT 64 (38.8%) 

G 0.41 

T 0.59 

GG 30 (12.5%) 

GT 111 (46.3%) 

TT 99 (41.2%) 

G 0.36 

T 0.64 

 

rs12476527 

5’UTR -32G>T - GG 164 (99.4%) 

GT 1 (0.6%) 

TT 0 (0%) 

G 0.997 

C 0.003 

GG 240 (100.0%) 

GC 0 (0%) 

CC 0 (0%) 

G 1.0 

C 0.0 

Novel 

5’UTR -4G>A - GG 164 (99.4%) 

GT 1 (0.6%) 

TT 0 (0%) 

G 0.997 

C 0.003 

GG 240 (100.0%) 

GC 0 (0%) 

CC 0 (0%) 

G 1.0 

C 0.0 

Novel 

5’UTR -3A>T - GG 164 (99.4%) 

GT 1 (0.6%) 

G 0.997 

C 0.003 

GG 240 (100.0%) 

GC 0 (0%) 

G 1.0 

C 0.0 

Novel 

11 
 



TT 0 (0%) CC 0 (0%) 

Exon 2 693C>T G231G GG 164 (99.4%) 

GT 1 (0.6%) 

TT 0 (0%) 

G 0.997 

C 0.003 

NA NA Novel 

UTR, untranslated region; Ref, reference.
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C. SUPPLEMENTAL FIGURES  

 

 

Figure S1. TASK-1 amino acid residue V123 is conserved across different species.  

Amino acid alignment of K2P1.1 sequences using ClustalW2 with default settings (GenBank 

Acc. No. NP_002237 (human); NP_203694 (rat); NP_034738 (mouse); XP_540117 (dog); 

DAA24456 (bovine); NP_001186719 (sheep); NP_001025333 (zebrafish). Arrow marks 

residue V123. 

human
rat
mouse
dog
bovine
sheep
zebrafish

L L G I P L T L V M F Q S L G E
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L L G I P L T L V M F Q S L G E
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Figure S2. Current levels and resting membrane potential of V123L_TASK-1 compared 

to WT are reduced in Xenopus laevis oocytes. 

(A) Representative recordings of oocytes expressing wild-type (WT), WT/V123L, V123L, or 

mock-injected oocytes (control). Current was recorded during 500 ms voltage-clamp pulses 

from -140 to 60 mV in 20 mV steps from a holding potential of -80 mV. (B) Steady-state 

current-voltage relationship. Measurements were performed at the end of the current step. 

WT was significantly different from WT/V123L, V123L or control by one-way ANOVA 

with a Bonferroni post-hoc test (***p<0.001; WT/V123L, V123L or control versus WT). The 

arbitrary quantification current at 20 mV (normalized to peak current of WT at 60 mV, in %) 

for WT, WT/V123L, V123L or control was 24.75±2.46, 6.49±1.02, 4.01±0.84, and 0.47±0.04 

respectively (p<0.001; WT/V123L, V123L or control versus WT). (C) Resting membrane 

potential (Em) of oocytes expressing WT, WT/V123L, V123L, or control. Measurements 

were performed before step protocol was applied. Em for WT, WT/V123L, V123L or control 

was -70.94±1.96 (n=18), -55.80±2.40 (n=20), -50.26±2.75 (n=19), and -20.31±1.82 (n=13) 

respectively. WT was significantly different from WT/V123L, V123L or control by one-way 

ANOVA with a Bonferroni post-hoc test (***p<0.001; WT/V123L, V123L or control versus 

WT). 

 

14 
 



 

Figure S3. V123L_TASK-1 mutant localizes like the WT channels in CHO-K1 cells.  

Both WT TASK-1 and the V123L mutant (red) localize primarily intracellularly in CHO-K1 cells (A). In a small fraction of WT (B) and V123L 

mutant (C) channels localizes to the plasma membrane as indicated by the white arrows in the zoomed images. Low laser intensity was used to 

avoid saturation of the signal from the ER-staining. The zoomed images in B and C were obtained by scanning the same XYZ plane as in A, but 

using a higher intensity of the laser to excitate the fluorophore labeling TASK-1 (red). Phalloidin was used to mark the actin cytoskeleton 

(green) and function as a membrane marker. DAPI (blue) was used to stain the nucleus. Scale bar=20 μm.
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Figure S4. Estimation of TASK-1 model.  

(A) A Z-score describes how many standard deviations the model quality is away from the 

average high-resolution X-ray structure. Negative values indicate that the homology model 

looks worse than a high-resolution X-ray structure. The overall Z-scores for all models have 

been calculated as the weighted averages of the individual Z-scores using the formula Overall 

= 0.145*Dihedrals + 0.390*Packing1D + 0.465*Packing3D. A cartoon of the optimized 

model is shown to the right. (B) The quality of the consensus TASK-1 model was estimated 

for each individual residue. This hybrid model scored better than all 13 individual homology 

models.
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Figure S5. pH sensitivity of V123L_TASK-1 in Xenopus laevis oocytes.  

(A) Currents of oocytes expressing WT (n=10) or V123L (n=10) were measured at different pH values at 20 mV, and the absolute peak currents 

were fitted with a Hill equation. (B) The absolute peak currents were normalized to peak currents measured at pH 8.6 and fitted with a Hill 

equation. There were no differences in the Hill coefficient between WT (1.67±0.04) and V123L_TASK-1 (1.67±0.03, p>0.05). (C) Half-

inhibitory pH value (pHi) of WT or V123L. The inhibitory effect by acidic pH levels was characterized by pHi. The pHi for WT or V123L was 

7.35±0.02 (n=10) and 7.45±0.01 (n=10), respectively (***p<0.001). There were no differences in the Hill coefficient between WT (1.67±0.04) 

and V123L_TASK-1 (1.67±0.03, p>0.05). 
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D. SUPPLEMENTAL VIDEOS 

 

 

 

 

 

 

(Video 1 - 20x, still) 

Video 1. Cardiac phenotype in control-injected zebrafish embryo. 

Control-injected 72 hpf zebrafish embryo showing normal heart rhythm and normal atrium. 

 

 

 

 

 

(Video 2 - 20x, still) 

Video 2. Cardiac phenotype in kcnk3a+b-injected zebrafish embryo 

72 hpf zebrafish embryo co-injected with kcnk3a+b morpholinos shows bradycardia and 

atrial dilatation. 
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