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ABSTRACT 

The two-pore domain potassium (K
+
) channel TWIK-1 (or K2P1.1) contributes to background 

K
+ 

conductance in diverse cell types. TWIK-1, encoded by the KCNK1 gene, is present in the 

human heart with robust expression in the atria, however its physiological significance is 

unknown. To evaluate the cardiac effects of TWIK-1 deficiency, we studied zebrafish 

embryos after knockdown of the two KCNK1 orthologues, kcnk1a and kcnk1b. Knockdown of 

kcnk1a or kcnk1b individually caused bradycardia and atrial dilation (p <0.001 vs controls), 

while ventricular stroke volume was preserved. Combined knockdown of both kcnk1a and 

kcnk1b resulted in a more severe phenotype, which was partially reversed by co-injection of 

wild-type human KCNK1 mRNA, but not by a dominant negative variant of human KCNK1 

mRNA. To determine whether genetic variants in KCNK1 might cause atrial fibrillation (AF), 

we sequenced protein-coding regions in two independent cohorts of patients (373 subjects) 

and identified three non-synonymous variants, p.R171H, p.I198M and p.G236S, that were all 

located in highly conserved amino acid residues. In transfected mammalian cells, zebrafish 

and wild-type human TWIK-1 channels had a similar cellular distribution with predominant 

localization in the endosomal compartment. Two-electrode voltage-clamp experiments using 

Xenopus oocytes showed that both zebrafish and wild-type human TWIK-1 channels 

produced K
+
 currents that are sensitive to external K

+ 
concentration as well as acidic pH. 

There were no effects of the three KCNK1 variants on cellular localization, current amplitude 

or reversal potential at pH 7.4 or pH 6. Our data indicate that TWIK-1 has a highly conserved 

role in cardiac function and is required for normal heart rate and atrial morphology. Despite 

the functional importance of TWIK-1 in the atrium, genetic variation in KCNK1 is not a 

common primary cause of human AF. 
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1. Introduction 

Two-pore domain potassium (K
+
) channels (K2P) are an important class of K

+
 channels 

that have diverse functions in human physiology and disease [1-3]. Fifteen different K2P 

channels have been described and divided into six groups: TWIK (tandem of P domains in 

weak inward rectifying K
+
 channels), TREK (TWIK-related K

+
 channels), TASK (TWIK-

related acid-sensitive K
+
 channels), TALK (TWIK-related alkaline pH activated K

+
 channels), 

THIK (tandem-pore domain halothane inhibited K
+
 channels), and TRESK (TWIK-related 

spinal cord K
+
 channels) [2]. K2P channels contribute to background K

+
 conductance and 

resting membrane potential in many cell types [3]. Unlike other K
+
 channels, K2P channel sub-

units are comprised of two pore domains with four transmembrane helices and an 

extracellular region, and assemble as dimers [4,5]. K2P current activity is modulated by 

physical and chemical factors, including pH, temperature, membrane stretch, protein kinases, 

unsaturated fatty acids, neurotransmitters and anesthetics [6-8].  

TWIK-1 (or K2P1.1) was cloned from human kidney and was the first K2P channel 

identified [4]. Although widely expressed, the physiological significance of TWIK-1 channels 

has been questioned due to the difficulties encountered in demonstrating functional currents in 

heterologous systems. It has been proposed that TWIK-1 channels are present at the cell 

surface but silenced by SUMOylation [9]. Alternatively, recent data suggest that TWIK-1 is 

preferentially sequestered intracellularly within the recycling endosomes [10]. The discovery 

that mutation of a di-isoleucine motif in the C-terminus prevents constitutive endocytosis and 

stabilizes channels at the cell surface was a major advance, allowing TWIK-1 currents to be 

recorded in vitro [10]. TWIK-1 currents are increased by protein kinase C and activation of 

Gi-coupled serotoninergic and adrenergic receptors, and decreased by acidic pH, Ba
2+

 and 

drugs such as quinine and quinidine [4,10].   
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In the human heart, TWIK-1 is strongly expressed in the atria, with lower levels in 

Purkinje fibers and the ventricles [4,11-13]. Despite robust cardiac expression, TWIK-1 

currents have not been recorded from native cardiomyocytes and its role in heart function has 

remained elusive. It is thought that TWIK-1 might be one of a number of currents, including 

IK1, IKAch, IKATP, and ITASK, that contribute to background K
+
 conductance in cardiac myocytes, 

particularly in pathological conditions [3,11-20]. Although genetically-modified mice have 

been used to gain insights into other K2P channels, TWIK-1 currents have not been detected in 

the murine heart [21,22]. Zebrafish provide an alternative in vivo model for studies of ion 

channel function and have distinct advantages over rodents as their heart rate and action 

potential morphology are much more similar to humans [23]. We have recently shown that 

TASK-1 (or K2P3.1) has strong atrial-specific expression and function in zebrafish hearts and 

identified TASK-1 loss-of-function mutations in patients with atrial fibrillation (AF)  [24].  

In this study, we tested the hypothesis that TWIK-1 has a role in normal atrial biology 

and that perturbations of TWIK-1 activity contribute to a substrate for arrhythmogenesis. We 

found that TWIK-1 is expressed in zebrafish atria and show that the two zebrafish orthologues 

of the human KCNK1 gene, kcnk1a and kcnk1b, encode functional TWIK-1 channels. 

Knockdown of kcnk1a and kcnk1b in embryonic zebrafish altered resting heart rate and atrial 

size, with no effect on ventricular size and function. To determine whether genetic variants in 

TWIK-1 might be associated with AF, we screened two patient cohorts with familial AF and 

early-onset lone AF, respectively, and protein-altering variants were functionally evaluated.  
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2. Materials and Methods 

2.1. Zebrafish studies  

 2.1.1. Zebrafish models 

   Zebrafish were raised and maintained according to standard procedures [25]. All 

experiments using zebrafish were performed in compliance with institutional guidelines and 

were approved by the Garvan Institute of Medical Research/St Vincent’s Hospital Animal 

Ethics Committee and the Institutional Biosafety Committee. 

 To investigate the function of TWIK-1 in vivo, we studied its two orthologues in 

zebrafish, kcnk1a (ENSDART00000066259) and kcnk1b (ENSDART00000017202). 

Transcript expression was evaluated by whole mount in situ hybridization using antisense and 

sense digoxigenin-labelled RNA probes [24] and by RT-PCR on embryonic heart lysates as 

described [26]. Knockdown of kcnk1a and kcnk1b was performed by injection of morpholino 

antisense oligonucleotides (GeneTools, OR, USA) into fertilized Tg(myl7:eGFP) zebrafish 

eggs at the one-cell stage [27]. Morpholinos targeting splice sites (kcnk1a-I1E2-MO: 5’-

TTGTCTCTGCTGGAAAAAGATAGGT-3’ and kcnk1b-E1I1-MO: 5’-

CTAGCTCACTCACTCACCTGTGGTC-3’) or transcription start sites (kcnk1a-ATG-MO: 

5’-TCCCGACAGACACTGAAGCATTGTC-3’ and kcnk1b-ATG-MO: 5’-

AATTACCGGCGAGGGACTGAAGCAT-3’) were used. Optimal morpholino 

concentrations were determined using dose titration to achieve robust and specific phenotypes 

without causing generalized developmental defects and toxicity. The following concentrations 

were used in either single or double injections; kcnk1a: 3 ng splice-MO, 15 ng ATG-MO; 

kcnk1b: 6 ng splice-MO, 3 ng ATG-MO. Controls were injected with equivalent doses of the 

standard control morpholino (5’-CCTCTTACCTCAGTTACAATTTATA-3’) (Supplemental 

Fig. 1A).  
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kcnk1a and kcnk1b start site and splice morpholinos resulted in identical phenotypes, 

and for all subsequent studies the kcnk1a and kcnk1b splice morpholinos were used. To 

confirm their efficacy, RNA from morpholino-injected and control-injected embryos was 

extracted at 72 hours post-fertilization (hpf) and RT-PCR was performed using two sets of 

primers, one set placed in the exons flanking the targeted splice junction, and another set with 

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). 

 

2.1.2. Rescue of zebrafish kcnk1a and kcnk1b knockdown using human KCNK1 mRNA 

To confirm the specificity of kcnk1a and kcnk1b knockdown, we investigated the 

reversal (“rescue”) of the morphant phenotype by co-injecting embryos with either 3 ng 

kcnk1a-I1E2-MO and 6 ng kcnk1b-E1I1-MO plus increasing doses of either wild-type human 

KCNK1 mRNA, or a dominant-negative variant of human KCNK1 mRNA carrying a 

p.G119E substitution in the pore domain [28]. KCNK1 mRNA was synthesized from 

linearized pLin plasmids containing human KCNK1 cDNA (cloning described in section 2.5 

below) using the mMessage mMachine T3 and T7 kits (Life Technology, CA, USA).  

 

2.1.3. Cardiac phenotype evaluation 

For phenotypic evaluation, embryos were raised at 28.5°C and treated with 1-phenyl 

2-thiourea from 24 hpf to delay pigment formation. Injected embryos were visualized at 72 

hpf at room temperature under low-dose anesthesia (tricaine 50 mg/L) using light microscopy 

and overall phenotypes were scored as either normal (no morphological abnormalities), 

moderately affected (abnormal cardiac morphology: chamber dilatation with no or minimal 

pericardial effusion, bradycardia, normal general morphology, straight or mildly curved tail), 
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or severely affected (generalized cardiac and extracardiac abnormalities: severely 

enlarged/elongated heart, pericardial effusion, shortened curved tail) (Supplemental Fig. 1B). 

Quantitative evaluation of cardiac size and function was performed in moderately-

affected embryos using video microscopy as described [24]. For measurements of ventricular 

and atrial dimensions, fish were positioned in the lateral view with head to the left or right, 

respectively. End-systolic and end-diastolic chamber volumes were calculated using the 

formula: volume = 4/3 * * l * s
2
, where l is long-axis and s the short-axis radius, as 

described [29]. Stroke volume was calculated as diastolic ventricular volume – systolic 

ventricular volume. 

 

2.2. Human atrial TWIK-1 expression  

Right atrial appendage tissue samples were obtained from patients with non-failing 

hearts who were undergoing cardiothoracic surgical procedures at St Vincent’s Hospital. 

Total RNA was isolated from frozen tissue using Qiazol (Qiagen, Valencia, CA, USA) and 

cDNA was synthesized using SuperScript III First Stand Synthesis SuperMix Kit (Invitrogen, 

Carlsbad, CA, USA) for real-time quantitative PCR, which was performed on a LightCycler 

480 thermal cycler (Roche, Basel, Switzerland). Gene expression levels were normalized to 

the reference gene Hprt1. 

 

2.3. Genetics study population 

The study population for genetics analysis consisted of two independent cohorts of AF 

patients: an Australian cohort consisting of 165 unrelated probands (61% men; median age 59 

years) with familial AF (defined as AF in two or more affected first degree individuals) and a 

Danish cohort consisting of 208 unrelated probands (81% men; median age 31 years) with 

early-onset lone AF (defined as AF onset before age 40 years and absence of systemic or 
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structural heart disease). Both cohorts were comprised of individuals of European 

background.  One hundred healthy Australian individuals who had no history of 

cardiovascular disease comprised a control group. Genetics screening and cardiac tissue 

collection protocols (see 2.2) were approved by the St Vincent’s Hospital Human Research 

Ethics Committee (HREC/12/SVH/230) and the Scientific Ethics Committee of Copenhagen 

and Frederiksberg (KF 01313322), and all participants gave written informed consent. 

 

2.4. Genetic screening 

Genomic DNA was extracted from peripheral blood using standard methods. Primers 

spanning all coding exons and flanking introns of KCNK1 (NM_002245.3) were designed, 

fragments were PCR-amplified and sequenced. Non-synonymous variants were verified by 

sequencing a second PCR product. To elucidate the population frequencies of KCNK1 

variants, we screened 100 healthy controls and accessed population data for European 

subjects in the Exome Sequencing Project (ESP) and Exome Aggregation Consortium 

(ExAC) databases. The functional consequences of non-synonymous sequence variants were 

predicted using the in silico programs, SIFT, PolyPhen2 and MetaSVM [30]. The AF study 

cohorts had been screened previously for variants in the KCNK3, KCNQ1, KCNE1-5, 

KCNH2, KCND3, KCNA5, KCNN3, KCNJ3-5, SCN5A, GJA5, and NPPA genes. 

 

2.5. Molecular biology 

KCNK1 cDNAs were cloned into pLin, a derivative of the pGEM vector, for expression 

in Xenopus oocytes. For expression in Madin-Darby canine kidney (MDCK) cells, human 

cDNA was cloned into pCI vector (Promega, Madison, WI, USA) and zebrafish cDNAs into 

pCDNA3 (Invitrogen). Human KCNK1 (hTWIK1) and zebrafish kcnk1a (zTWIK1a) 

constructs were cloned into HindIII/XhoI restriction sites in pLin and into EcoRI/BamHI 
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restriction sites in pCI and pCDNA3, respectively. Zebrafish kcnk1b (zTWIK1b) constructs 

were cloned into HindIII/SalI in pLin digested by HindIII/XhoI and into EcoRI/BamHI in pCI 

and pCDNA3. Site-directed mutagenesis was performed by PCR using Pfu Turbo DNA 

polymerase (Agilent Technologies, Santa-Clara, CA, USA) and cDNAs were sequenced. 

 

2.6. Mammalian cell expression and immunocytochemistry 

 Immunocytochemistry was performed as previously described [31]. Briefly, MDCK 

cells were plated on glass coverslips 24 h before transfection. Plasmids were transfected using 

Lipofectamine 2000 (Invitrogen) following the manufacturer’s recommendations.  

 

2.6.1. Cellular localization of zTWIK1a and zTWIK1b 

 Plasmids containing HA-tagged zTWIK1a or zTWIK1b constructs were transfected 

alone or with a second plasmid encoding an eGFP-Rab11 fusion protein. After 24 h, cells 

were fixed with PFA 4% in PBS and permeabilized in blocking buffer (PBS, 0.1% Triton X-

100, 5% horse serum). Cells expressing zTWIK1a or zTWIK1b alone were co-incubated for 2 

h in blocking buffer containing an anti-HA mouse monoclonal antibody (1:2,000; Sigma-

Aldrich, Saint-Louis, MO, USA) and an anti-calreticulin rabbit polyclonal antibody (1:1,000; 

Thermo Scientific, Waltham, MA, USA). Cells co-expressing eGFP-Rab11 were incubated in 

the same conditions with only anti-HA mouse monoclonal antibodies. After three washes in 

PBS, cells were incubated for 1h in blocking buffer containing Alexa594-coupled donkey 

anti-mouse antibody (1:2,000; Molecular Probes, Eugene, OR, USA) and Alexa488-coupled 

donkey anti-rabbit antibody (1:2,000; Molecular Probes). Cells expressing eGFP-Rab11 were 

incubated with Alexa594-coupled donkey anti-mouse antibody only. After three washes, 

samples were mounted in Mowiol (Sigma-Aldrich). Microscopy was performed using a 

confocal LMS780 (Carl Zeiss, Oberkochen, Germany). 
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2.6.2. Localization of wild-type and mutant hTWIK1 

 After 24 h, cells were fixed with PFA 4% in PBS, permeabilized in blocking buffer 

(PBS, Triton X-100 0.1%, 5% horse serum) and incubated first in blocking buffer containing 

a custom anti-TWIK-1 rabbit polyclonal antibody (1:1,000) for 2 h, and, after three washes in 

PBS, in blocking buffer containing Alexa594-coupled donkey anti-rabbit antibody (1:2,000; 

Molecular Probes) and Hoechst 33342 fluorescent stain (10µM) for 1h. After three washes, 

samples were mounted and imaged as described in 2.6.1.  

 

2.7. Oocyte expression and electrophysiology 

Capped cRNAs were synthesized by using the AmpliCap-Max T7 High Yield Message 

Maker kit (Cellscript, Madison, WI, USA) and TWIK1 plasmids linearized by AflII. RNA 

concentration was quantified using a Nanodrop (Thermo Scientific). RNA quality was 

checked on a RNA nanochip (Agilent Technologies) using an Agilent 2100 Bionalyzer. Stage 

V–VI Xenopus laevis oocytes were collected, injected with 1-10 ng of each cRNA, and 

maintained at 18°C in ND96 solution (96 mM NaCl, 2 mM KCl, 2 mM MgCl2, 1.8 mM 

CaCl2, 5 mM HEPES, pH 7.4). 12 hours after injection, ND96 solution was replaced by a 

98K
+
 solution (98 mM KCl, 2mM MgCl2, 1.8 mM CaCl2, 5 mM HEPES, pH7.4).  Oocytes 

were used 1–3 days after injection. Macroscopic currents were recorded with two-electrode 

voltage clamp (Dagan TEV 200 amplifier, Minneapolis, MN, USA). Electrodes were filled 

with 3M KCl and had a resistance of 0.5–2 M. A small chamber with a perfusion system 

was used to change extracellular solutions and was connected to the ground by a 3M KCl 

agarose bridge. Stimulation of the preparation, data acquisition, and analysis were performed 

using pClamp software (Molecular Devices, Sunnyvale, CA, USA). For pH sensitivity 

experiments, all the recordings were done in standard ND96 or in K
+
-free 98Na

+
 (98 mM 
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NaCl, 2 mM MgCl2, 1.8 mM CaCl2, 5 mM HEPES) solutions adjusting pH with NaOH to 

values of 6 and 7.4. All recordings were done at 20°C. 

 

2.8. Statistics 

Statistical comparisons between groups were performed with the Kruskal-Wallis test 

using STATA/MP v.13.1 software (StataCorp, TX, USA) for zebrafish studies, and the Mann- 

Whitney test for human TWIK-1 expression data. Statistics for electrophysiology were 

performed using Excel (Microsoft, Redmond, WA, USA). Data are expressed as mean ± 

SEM. A p value <0.05 was considered significant.  
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3. Results 

3.1. Functional effects of TWIK-1 deficiency in zebrafish hearts 

3.1.1. Zebrafish kcnk1a and kcnk1b transcripts are expressed in the heart and central nervous 

system. 

The zebrafish orthologues, kcnk1a and kcnk1b, are 338 and 337 amino acid proteins that 

have 72% identity, with 69% and 71% identity, respectively, to the human TWIK-1 sequence 

(Supplemental Fig. 2). Investigation of the expression profiles of kcnk1a and kcnk1b in 72 hpf 

fish by whole-mount in situ hybridization showed ubiquitous expression with strong 

expression in the central nervous system and heart (Fig. 1A). RT-PCR on isolated embryonic 

heart lysates confirmed the presence of kcnk1 transcripts (Fig. 1B). 

 

3.1.2. Knockdown of zebrafish kcnk1a or kcnk1b leads to atrial dilation and bradycardia. 

Morpholino-mediated knockdown of either kcnk1a or kcnk1b caused qualitative 

abnormalities in cardiac morphology (atrial and/or ventricular dilatation ± pericardial 

effusion) and bradycardia in 64% (103 out of 162 for kcnk1a-MO) or 46% (84 of 182 for 

kcnk1b-MO) of injected embryos, respectively (Supplemental Fig.1A, left and middle panels), 

while macroscopic appearance was otherwise normal. This indicates that the two zebrafish 

KCNK1 orthologues have important, non-redundant functions in the heart. When kcnk1a and 

kcnk1b were targeted simultaneously (kcnk1a+b), there was a higher prevalence of abnormal 

embryos (189 /253 embryos [75%], Supplemental Fig. 1A, right panel) and the severity of the 

cardiac phenotype was increased: 75/253 (30%) of kcnk1a+b-injected embryos displayed a 

severe phenotype with pericardial effusion, cardiac dysmorphogenesis, and shorter curved 

tails, in comparison to 5/162 (3%) of kcnk1a-injected and 5/182 (3%) of kcnk1b-injected 

embryos, p < 0.01 for both groups (Supplemental Fig. 1A). These severely affected embryos 

were excluded from subsequent quantitative cardiac assessment. 
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Detailed quantitative evaluation of cardiac function was performed in kcnk1a, kcnk1b, 

and kcnk1a+b morphants (n >10 each group) at 72 hpf using video microscopy. The kcnk1 

morphants had significantly lower heart rates than the control embryos: kcnk1a, 129 ± 10 

beats per minutes (bpm); kcnk1b, 137 ± 6 bpm; kcnk1a+b, 131 ± 7 bpm, respectively vs 

controls, 155 ± 7 bpm, all p <0.001 (Fig. 1F). Furthermore, Kcnk1 morphants showed atrial 

dilatation with higher atrial end-diastolic volume when compared to controls: kcnk1a, 0.79 ± 

0.14 nL; kcnk1b, 0.73 ± 0.09 nL; kcnk1a+b, 1.07 ± 0.16 nL, respectively, vs controls, 0.54 ± 

0.08 nL, all p <0.001 (Fig. 1D, 1G). In contrast, ventricular end-diastolic volume was 

increased only when both genes were targeted simultaneously: kcnk1a, 0.59 ± 0.08 nL (p = 

0.25 vs. controls); kcnk1b, 0.62 ± 0.08 nL (p = 0.75 vs. controls); kcnk1a+b, 0.76 ± 0.11 nL 

(p = 0.01 vs. controls); controls, 0.63 ± 0.11 nL (Fig. 1H). Ventricular contractile function, 

estimated by mean stroke volume, was similar in kcnk1 morphants and controls: kcnk1a, 0.31 

nL ± 0.07 (p = 0.33 vs. controls); kcnk1b, 0.35 nL ± 0.06 (p = 0.75 vs. controls); kcnk1a+b, 

0.32 ± 0.06 nL (p = 0.56 vs. controls); controls, 0.34 ± 0.09 nL (Fig. 1I). During the periods 

of phenotype assessment, no spontaneous episodes of cardiac arrhythmias were observed. 

Representative videos are available in the online Supplemental Data. The described cardiac 

phenotypes were reproducible with morpholinos targeting either splice- or start-sites of 

kcnk1a and kcnk1b. The knockdown efficacy of kcnk1a and kcnk1b splice morpholinos was 

confirmed by RT-PCR (Fig. 1C).  

 

3.1.3. Human wild-type but not mutant KCNK1 partially compensates for loss of zebrafish 

kcnk1.  

To confirm specificity of the morpholino-mediated kcnk1 knockdown and to rule out 

potential off-target effects and toxicity, we investigated whether human KCNK1 mRNA is 

able to rescue the cardiac phenotypes observed in kcnk1 morphants. kcnk1a+b-injected 
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embryos were co-injected with 62.5, 125, or 250 pg of wild-type human KCNK1 mRNA. 

Increasing amounts of wild-type human mRNA led to a decrease in the number of affected 

embryos from 89% to 74% (209/236 in kcnk1a+b-injected embryos vs. 180/243 in 

kcnk1a+b/250 pg wild-type human mRNA-injected embryos, p <0.01; Fig. 1E), with the 

proportion of severely affected embryos reduced from 64% to 41% (150/236 in kcnk1a+b-

injected embryos vs. 99/243 in kcnk1a+b/250 pg wild-type human mRNA-injected embryos, 

p <0.01; Fig. 1E). Furthermore, mortality in kcnk1a+b-injected embryos was reduced from 

44% to 15% in those co-injected with wild-type human KCNK1 mRNA (185/421 in 

kcnk1a+b-injected embryos vs. 43/286 in kcnk1a+b/250 pg wild-type human mRNA-injected 

embryos, p <0.01; Supplemental Fig. 1C). 

To determine whether these rescue effects were directly due to TWIK-1 channel activity 

or channel-independent roles of the protein, we also evaluated a dominant-negative variant of 

human KCNK1 mRNA carrying a p.G119E substitution in the pore domain that has been 

demonstrated previously to result in a non-conducting TWIK-1 channel [28]. Unlike wild-

type human KCNK1 mRNA, the p.G119E human KCNK1 mRNA did not reduce the number 

of affected embryos (209/236 [89%] in kcnk1a+b-injected embryos vs. 142/158 [90%] in 

kcnk1a+b/250 pg p.G119E mRNA-injected embryos, p = 0.74; Fig. 1E),  and further 

increased the proportion of severely affected embryos (150/236 [64%] in kcnk1a+b-injected 

embryos vs. 123/158 [78%] in kcnk1a+b/250 pg p.G119E mRNA-injected embryos, p <0.01; 

Fig. 1E). Mortality was increased from 44% to 48% (185/421 in kcnk1a+b-injected embryos 

vs. 138/285 in kcnk1a+b/250 pg p.G119E human mRNA-injected embryos, p = 0.25; 

Supplemental Fig. 1C). Taken together, these data suggest that TWIK-1 has an evolutionarily 

conserved role in atrial function from zebrafish to humans, and that this is directly associated 

with its function as an active ion channel. 
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3.2. Effects of atrial remodelling on KCNK1 expression 

 These zebrafish data indicate that primary TWIK-1 deficiency can cause atrial 

dilatation. Changes in KCNK1 mRNA expression have been reported to occur as a 

consequence of various pathological conditions that alter cardiac structure and function, with 

reduced atrial transcript levels reported in one study of patients with chronic AF [11,14-18]. 

We evaluated KCNK1 transcript levels in right atrial appendage tissue samples from 22 

patients undergoing cardiac surgical procedures, 16 of whom had no history of AF 

(Supplemental Table 1). In these 16 patients, KCNK1 levels were significantly higher in those 

with atrial dilation (n=7; 9.49 ± 0.69 relative units) compared to those with normal atrial size 

(n=9; 5.70 ± 0.31 relative units, p = 0.0003; Supplemental Fig. 3). There were 6 patients with 

AF, all of whom also had atrial dilatation. In these individuals, KCNK1 expression was 

variable (5.90 ± 1.56 relative units, p = 0.26 compared to the no AF/normal atrial size group) 

with 5 patients having normal or relatively low levels and one outlier with a very high level. 

When all patients with atrial dilatation were considered (n=13), KCNK1 abundance was lower 

in the subset of individuals with AF compared to those without AF: p = 0.0513 (outlier 

included); p = 0.0025 (outlier excluded). These findings indicate that atrial remodelling can 

change TWIK-1 expression, with opposite directions of effect seen with atrial dilatation and 

AF.  

 

3.3. Genetic screening of KCNK1  

Given the strong expression of TWIK-1 in the human atrium and the atrial phenotype 

seen with kcnk1 deficiency in zebrafish, we hypothesized that KCNK1 might be a novel 

candidate gene for AF. Coding regions of the KCNK1 gene were sequenced in an Australian 

cohort with familial AF (n=165 subjects) and in a Danish cohort with early-onset lone AF 

(n=208 subjects). Three non-synonymous KCNK1 variants were identified: p.R171H, 
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p.I198M and p.G236S (Table 1). Clinical features of the AF cases carrying KCNK1 variants 

are shown in Table 2. These individuals had all been previously screened for other AF-

associated genes with one of the Danish p.R171H carriers found to have a rare KCNE2 variant 

[32].  

 p.R171H. This variant was identified in 7 Australian probands (all heterozygous 

carriers) and in 6 Danish cases (5 heterozygous, one homozygous) (Tables 1 and 2). The 

overall minor allele frequency (MAF) in the combined population (n=373 cases) was 1.88%, 

which was modestly greater than that observed in Australian healthy volunteers (1/100, 1.0%) 

and European population subjects in the ESP and ExAC databases. R171 is a highly 

conserved residue that is located in the cytoplasmic linker between the M2 and M3 domains 

(Fig. 2B, 2C). An R to H substitution at this site was predicted to be pathogenic by PolyPhen2 

and MetaSVM, the latter providing an ensemble prediction derived from integration of 9 

functional prediction algorithms [30]. Evaluation of 55 first-degree relatives of the 7 

Australian carriers showed that p.R171H was present in 21 of 34 affected individuals (62%) 

and in 5/21 unaffected individuals aged >50 years (24%, p = 0.01); co-segregation in a 

representative large kindred is shown in Fig. 2A.  

p.I198M. p.I198M was found in one Australian proband, HQ-II-2 (Tables 1 and 2) 

This variant was absent from controls and European subjects in the ESP database but has a 

MAF <0.001 in the ExAC database. I198 is highly conserved and is located within the M3 

domain (Fig. 2B, 2C); p.I198M was predicted pathogenic in SIFT, PolyPhen2 and MetaSVM. 

Family segregation analysis showed that this variant was present in the proband, a 45 year-old 

female with paroxysmal AF who had no risk factors apart from a positive family history, but 

was absent from her 81 year-old affected father who also had hypertension and coronary 

artery disease (Fig. 2A). DNA samples from other family members were not available for 

analysis.  
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p.G236S. This variant was identified in one Australian proband, JF-II-2 (Tables 1 and 

2). It was not found in 100 healthy volunteers but is a reported rare variant in the ESP and 

ExAC databases. G236 is a highly conserved residue in the extracellular loop separating the 

P2 and the M4 domains (Fig. 2B, 2C); p.G236S was predicted pathogenic by PolyPhen2. This 

variant was present in 3 of the 4 affected individuals in Family JF, including the proband (JF-

II-2), her sister (JF-II-1) and son (JF-III-1), who had been diagnosed with AF at 66 years, 67 

years, and 44 years, respectively (Fig. 2A). The variant was not detected in one family 

member, JF-III-3, who had a single episode of AF at 43 years of age while playing sports. 

Four family members, aged <50 years, carried this variant but had not been diagnosed with 

AF.  

  

3.4. Effects of species and genetic variation on the cellular localization of TWIK-1.  

To start to compare human and zebrafish TWIK-1 channels and to determine the effects 

of human KCNK1 variants, we studied the subcellular distribution of wild-type and mutant 

channels in non-polarized mammalian MDCK cells. In this cell model, immunolabelled 

hTWIK1 has a vesiculo-tubular and perinuclear staining pattern typical of the recycling 

endosomal compartment [10,31]. When transiently transfected into MDCK cells, both 

zTWIK1a and zTWIK1b co-localized with Rab11, a marker of the endocytic compartment, 

showing a similar distribution to hTWIK1 (Fig. 3A). The cellular localization of three human 

KCNK1 mutants, hTWIK1 R171H, hTWIK1 I198M and hTWIK1 G236S was also similar to 

wild-type hTWIK1 (Fig. 4). 

We have shown previously that hTWIK1 is rapidly and constitutively internalized from 

the plasma membrane and that this endocytosis requires a di-leucine-like motif that is present 

in the cytoplasmic C-terminus [10]. If this motif is mutated (I293A-I294A in hTWIK1, or 

I293A-M294A in mouse TWIK1), the channel is massively relocated to the plasma 
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membrane allowing current recording at the cell surface [10,20]. This di-leucine-like motif is 

conserved in zTWIK1a and zTWIK1b (Supplemental Fig. 2) and was introduced into 

zTWIK1 constructs. Similar to hTWIK1 I293A-I294A (denoted hTWIK1*),
 
the zTWIK1b 

I293A-M294A mutant (denoted zTWIK1b*), relocated to the plasma membrane (Fig. 3A). In 

contrast, zTWIK1a I293A-V294A (denoted zTWIK1a*) showed strong co-staining with 

calreticulin, indicating relocalization to the endoplasmic reticulum (Fig. 3A). None of the 

KCNK1 variants altered the distribution of hTWIK1* at the cell surface (Fig. 4), indicating 

that these mutations do not affect the ability of the channel to reach the plasma membrane 

before internalization and addressing to the recycling endosomes.  

 

 3.5. Effects of species and genetic variation on the cellular electrophysiology of TWIK-1 

channels  

3.5.1. Comparison of zTWIK1 and hTWIK1 channel activity 

The electrophysiological properties of zebrafish TWIK-1 channels and the effects of 

human KCNK1 variants were investigated in Xenopus oocytes. To facilitate these analyses, 

we mutated the conserved residues corresponding to hTWIK1* K274E, a more active form of 

hTWIK1 that is expressed at the cell surface [20]. In normal conditions (ND96, pH7.4), both 

zTWIK1a* K274E and zTWIK1b* K274E produced weaker currents than hTWIK1* K274E 

(Fig. 3B). The corresponding I/V curves showed reversal potentials (E-Rev) that were similar, 

and consistent with K
+
-selective channels (-85.83 ± 1.88 mV for hTWIK1* K274E, n=6, -

82.44 ± 3.00 mV for zTWIK1a* K274E, n=9 and -84.11 ± 2.85 mV for zTWIK1b*-K274E, 

n=9) (Fig. 3C). 

Previously we have shown that, when exposed to acidic pH or hypokalemia, hTWIK1 

activity is reduced, concomitant with a shift of E-Rev [20]. These changes are related to a loss 

of K
+
 selectivity and increased Na

+
 entry. To evaluate the effects of pH and K

+
 on the 
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zTWIK1 channels, recordings were made under baseline conditions (ND96, pH7.4), then after 

successive changes in the external medium to K
+
-free 98Na

+
 pH7.4, and 98Na

+
 pH6. For each 

condition, currents were measured at 10 s intervals following voltage ramp stimulation from -

120 mV to +60 mV from a holding potential of -80 mV. We switched from one condition to 

the other without stopping the recording and the profile of reversal potential changes was 

assessed. To generate corresponding I/V relationships, we extracted values of the last ramp 

recorded in each of these conditions and at the end of the recording. When exposed to 

hypokalemia (98Na
+
 pH7.4), both zTWIK1a and zTWIK1b behaved like hTWIK1, with their 

respective E-Rev shifting logically to hyperpolarized values (Fig. 5A). Whereas the reversal 

potentials of zTWIK1b* K274E and hTWIK1* K274E stay stable at this value (-108.55 ± 

5.21 mV, n=9 and -100.83 ± 2.99 mV, n=6), the E-Rev of zTWIK1a* K274E is unstable and 

progressively goes back to depolarized values suggesting an early change of selectivity (after 

2 min in hypokalemia, E-Rev of zTWIK1a* K274E reaches -109.11 ± 3.46 mV and then 

decreases and tends to stabilize to -88.66 ± 2.12 mV, n=9) (Fig. 5A). When exposed to acidic 

pH (98Na
+
 pH6), zTWIK1b* K274E, in turn, loses its stability and its E-Rev starts shifting 

toward depolarized values indicating a loss of selectivity (-83.11 ± 3.31 for zTWIK1b* 

K274E, n=9 at the end of the recording). In the same condition, the E-Rev of zTWIK1a* 

K274E pursues its shift started in hypokalemia to depolarized values in a similar manner to 

hTWIK1* K274E (respectively -59.00 ± 3.22 mV for zTWIK1a* K274E and -67.5 ± 6.93 

mV for hTWIK1* K274E at the end of the recording) (Fig. 5A). I/V relationships between 

hTWIK1 and zTWIK1 channels in condition of hypokalemia and acidic pH are shown in Fig. 

5B. When hTWIK1* K274E is exposed to hypokalemia (98Na
+
 pH7.4), the I/V curve shifted 

to hyperpolarized values and the inward currents almost abolished (Fig. 5B, left panel). When 

exposed to acidic conditions (98Na
+
 pH6), the whole I/V curve is shifted to depolarized 

values and the amplitudes of both outward and inward currents are affected suggesting that 
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not only the channel is inhibited but also that its selectivity changes during acidification. 

When zTWIK1a* K274E is exposed to hypokalemia, the I/V relationship is slightly shifted 

toward hyperpolarized values (Fig. 5B, middle panel) but, as it is recorded at the end of the 

condition, this shift is biased by the shift back that occurred after the second minute of 

recording (Fig. 5B, left panel) and as described in Fig. 5A. When this channel is exposed to 

acidic pH, its I/V curve is shifted back to depolarized values in a similar manner to the human 

channel but only for the inward currents. This suggests that acidification stimulates the 

activity of the channel as the same time as it changes its selectivity. When zTWIK1b
*
 K274E 

was exposed to hypokalemia, the I/V relationship calculated at this condition was strongly 

shifted to hyperpolarized values compare to the basal condition and, as expected with a highly 

selective K
+
 channel, its inward currents was abolished (Fig. 5B, right panel). When the 

external medium was replaced by acidic medium, zTWIK1b behaved more like hTWIK1 and 

the whole I/V curve of zTWIK1b
*
 K274E was shifted to depolarized values. 

 

3.5.2. Electrophysiology of human KCNK1 variants  

 None of the three human KCNK1 variants, p.R171H, p.I198M or p.G236S, altered the 

current amplitude of hTWIK1* K274E (Fig. 6A, 6B) or its sensitivity to acidic pH (Fig. 6C). 

To verify that this lack of effect was not the consequence of the I2933A-I294A or the K274E 

mutation, we introduced p.R171H, p.I198M, and p.G236S into another active form of 

hTWIK1 that traffics as the native channel. Replacing leucine 146 by an aspartate (hTWIK1 

L146D) suppresses a hydrophobic barrier in the pore, producing much greater current [20,33]. 

hTWIK1 L146D exhibits the same sensitivity to external pH as hTWIK1* K274E. Inserting 

p.R171H, p.I198M or p.G236S in hTWIK1 L146D did not significantly affect current 

amplitudes at pH 7.4 (Fig. 6D, left panel). To test a pH-dependent effect of the genetic 
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variants, we lowered the pH from 7.4 to 6 and found that all three variants behaved as wild-

type hTWIK1 (Fig. 6D, right panel).  
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4. Discussion 

The functional significance of TWIK-1 channels has been a subject of debate and 

uncertainty. Here we studied zebrafish and human TWIK-1 channels and provide the first in 

vivo evidence that TWIK-1 has a conserved role as a determinant of cardiac function.  

Our data show that the two zebrafish orthologues of the human KCNK1 gene, kcnk1a 

and kcnk1b, encode functional TWIK-1 channels. In mammalian MDCK cells, zTWIK1a and 

zTWIK1b co-localized with Rab11, a specific endosomal protein. This intracellular 

localization was similar to hTWIK1 and was dependent on a conserved di-leucine-like 

endocytosis motif. Mutation of this motif resulted in strong expression of hTWIK1* and 

zTWIK1b*
 
at the plasma membrane. Although zTWIK1a* maintained a predominant 

intracellular distribution, the presence of some zTWIK1a
*
 at the cell surface is likely given 

that TWIK-1 current was detectable in injected Xenopus oocytes. Like hTWIK1* K274E 

channels, zTWIK1a*
 
K274E and zTWIK1b*

 
K274E produced K

+
 currents that are sensitive 

to external K
+ 

concentration as well as acidic pH. While displaying unstable ion selectivity in 

hypokalemia as well as at acidic pH, zTWIK1a appeared to be less robust than zTWIK1b, 

which displayed a dynamic selectivity only when simultaneously exposed to hypokalemia and 

acidic pH. These overall similarities in the cellular distribution and electrophysiological 

properties between zTWIK1 and hTWIK1 channels suggest that they have equivalent 

physiological roles. 

Knockdown of kcnk1a and kcnk1b using morpholino oligonucleotides in 72 hpf 

embryos resulted in reductions in resting heart rate and atrial dilatation, with preserved 

ventricular function. These changes are unlikely to be non-specific off-target effects since 

they were reproducibly seen with both start-site and splice-site morpholinos, were potentiated 

by simultaneous targeting of both zebrafish gene orthologues, and were able to be partially 

rescued by injection of human KCNK1 mRNA. These rescue effects were not seen with a 
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dominant-negative variant of human KCNK1 mRNA, suggesting that the cardiac phenotypic 

changes are directly attributable to altered K
+
 flux and not to channel-independent properties. 

Notably, expression of the p.G119E human KCNK1 increased the proportion of severely-

affected embryos and increased mortality, suggesting that this variant has a dominant negative 

effect, potentially impacting on TWIK-1 homo-dimers, or hetero-dimerization with other K2P 

channels such as TASK-1 and TREK-1 [28,34]. Our data findings suggest that TWIK-1 is 

required for normal sinus node automaticity and atrial development in zebrafish. In 

physiological conditions, cardiac IK1 current might be expected to compensate for the loss of 

TWIK-1. However, the clear phenotype resulting from TWIK-1 knockdown in zebrafish 

hearts implies that either IK1 is less prominent in fish than in mammals, or that TWIK-1 

function is important for expression of other ion channels at the plasma membrane. Cardiac 

pacemaker channels, HCN2 and HCN4, [35] and the K
+
 channels, KCNQ1/ KCNE1 [36], 

HERG [37], and Kv1.5 [38], have all been shown to transit by a Rab11-positive recycling 

compartment. Channel activity of TWIK-1 may be important for the normal dynamics of this 

recycling compartment. In support of this hypothesis, we have previously shown that TWIK-1 

forms a complex with the small G protein, ARF6, and its nucleotide exchange factor, EFA6, 

and that this complex plays a role in the internalization/recycling of membrane receptors [31]. 

These findings are likely to be applicable also to TWIK-1 function in the human heart, given 

the similarities of electrophysiology and atrial-predominant expression [11-13].  

 The dose-response relationship for both injected morpholino and rescue human 

mRNA indicates sensitivity of cardiac function to TWIK-1 levels. Our zebrafish data show 

that a primary deficiency of TWIK-1 is sufficient to cause atrial dilatation. Conversely, 

patients with atrial dilatation had elevated levels of KCNK1 transcript. In a previous study, 

patients with chronic AF had lower atrial TWIK-1 expression compared to patients with sinus 

rhythm [11]. Similarly, we found that amongst patients with atrial dilatation, those with AF 
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had relatively lower levels of KCNK1 transcript than those without AF. The effects of AF 

alone were unable to be evaluated in the absence of sufficient numbers of individuals with AF 

and normal atrial size. Decreased KCNK1 levels have been found in atrial tissue from patients 

with mitral valve disease [14], and increased levels in sinus nodes of rats with heart failure, 

and in the ventricles of mice treated with amiodarone, and patients with Brugada syndrome or 

new-onset heart failure [15-18]. It is as yet unclear whether these secondary changes in 

TWIK-1 abundance are adaptive or maladaptive, and consequently, whether they act to 

compensate or exacerbate the disease phenotypes. The functional consequences of these 

changes are difficult to predict since there is no direct evidence linking KCNK1 mRNA levels 

to channel cell surface density and current amplitude in cardiac myocytes. 

There are several ways in which changes in TWIK-1 activity could impact on the 

propensity for cardiac arrhythmias. Our zebrafish morpholino data suggest that TWIK-1 

deficiency could provide a substrate for atrial arrhythmias since both bradycardia and atrial 

dilatation have been associated with increased risk of developing AF in humans [39,40]. 

Although spontaneous episodes of AF were not seen in any of our zebrafish models, 

observations were limited to the periods of phenotype assessment and the possibility that 

arrhythmias might have occurred at other times is unable to be excluded. Other factors that  

could mitigate against manifestation of AF include the young age at which the zebrafish were 

studied, the lack of a critical atrial mass to sustain fibrillatory circuits, or the lack of an 

appropriate AF-initiating trigger. We were unable to determine whether our zebrafish 

phenotype is recapitulated in humans since we did not identify any patients with loss-of-

function KCNK1 mutations. In any case, the presence of atrial dilatation would be difficult to 

interpret since this may be a consequence of, as well as a cause of AF.  

In addition to effects on the atrial substrate for arrhythmia, reductions in K
+
 flux 

through TWIK-1 channels at the resting membrane potential could reduce the threshold level 
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for responses to arrhythmogenic triggers such as delayed after-depolarizations. TWIK-1 

channels usually conduct K
+
 ions, and in settings of low pH or hypokalemia, they can also 

become permeable to Na
+
 ions [19,20,41. This phenomenon has specific relevance in the 

heart, since hypokalemia is common in hospitalized patients [42] and paradoxical 

depolarization due to Na
+
 influx could increase ectopic impulse generation.  

Given its atrial-specific expression, TWIK-1 blocking drugs might be particularly 

useful to selectively treat atrial arrhythmias with a low risk of ventricular side effects [11]. It 

remains to be determined, however, whether reducing or increasing TWIK-1 activity by drug 

therapy would be beneficial or desirable. Although our zebrafish data suggest that reversal of 

TWIK-1 deficiency may reduce the atrial substrate for AF, TWIK-1 activating drugs would 

not necessarily be beneficial as they would shorten the atrial action potential duration and 

potentially so could promote a re-entrant mechanism for AF. Thus, as with many other 

cardiac K
+
 channels, an excess or deficiency of TWIK-1 could be pro-arrhythmic and 

channel-modulating therapies need to be administered with caution.  

We hypothesized that KCNK1 was a potential novel candidate gene for human AF. 

The rationale for this was based in part on our previous observations in which inactivation of 

kcnk3a and kcnk3b zebrafish orthologues resulted in bradycardia and atrial dilatation, and 

KCNK3 variants identified in patients with AF were also found to have loss-of-function 

effects [24]. To investigate this further, we screened a cohort of Australian probands with 

familial AF and found non-synonymous KCNK1 variants in 9 individuals (9/165, 5%). This 

relatively low prevalence of protein-altering variants was replicated in a second cohort 

comprised of Danish patients with early-onset AF (6/208, 3%). Family co-segregation 

analysis showed that the KCNK1 variants were present in a majority, but not all of the 

affected family members, indicating that the variants were unlikely to be primary disease-

causing mutations but could be phenotype modifiers. No differences were found, however, 
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between wild-type and mutant TWIK-1 current amplitudes or sensitivity to external pH. 

Although these experiments were optimized to maximize cell surface expression of TWIK-1 

channels, there are a number of limitations of heterologous systems. Hence, we are unable to 

exclude the possibility that these channels might behave differently in a cardiac milieu and 

that in vivo models of variant channels might demonstrate functional differences.  

 

5. Conclusions 

Here we show that zebrafish constitutes a good model for studying the role of TWIK-

1 in cardiac physiology. Our data provide new perspectives on the role of TWIK-1 in 

cardiomyocyte biology and underline the importance of this K2P channel as a determinant of 

atrial structure and function. TWIK-1 channel activity is affected by a number of factors 

including cell surface expression, pH and hypokalemia. In the patient cohorts studied, we 

found no evidence that heritable genetic variation in TWIK-1 is a common cause of AF. The 

extent to which changes in TWIK-1 expression due to atrial remodeling of diverse etiologies 

might contribute to arrhythmia initiation and maintenance remains to be determined.  
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Table 1. Protein-altering KCNK1 variants identified in 373 unrelated patients with AF*  

Chr. Location Nucleotide Protein Minor allele frequency  dbSNP In silico predictions 

(Hg19)   AF cases Controls ESP ExAC  SIFT PolyPhen2 MetaSVM 

 

1:233802497 

 

c.512G>A 

 

p.R171H 

 

0.0188 

 

0.0100 

 

0.0121 

 

0.01202 

 

rs143945189 

 

Tolerated 

 

Probably damaging 

 

Deleterious 

1:233802579 c.594C>G p.I198M 0.0013 Absent Absent 0.0001498 Novel Damaging Possibly damaging Deleterious 

1:233802691 c.706G>A p.G236S 0.0013 Absent 0.0002 0.0002724 rs201030634 Tolerated Possibly damaging Tolerated 

 

*Study cohort comprised of Australian familial AF probands (n=165) and Danish early-onset lone AF cases (n=208). Data were compared with 100 

Australian healthy control subjects and European subgroups in the ESP and ExAC population databases.  

AF, atrial fibrillation; ESP, Exome Sequencing Project; ExAC, Exome Aggregation Consortium. 
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Table 2. Clinical characteristics of AF probands with non-synonymous KCNK1 variants  

 

ID 

 

 

Sex 

 

Age at 

study (yr) 

 

 

AF 

 

Age at AF 

 dx (yr) 

 

AF risk factors 

 

ECG 

 

LVEF  

(%) 

 

LA diameter 

(mm) 

KCNK1 p.R171H 

BT-III-1 M 64 Paroxysmal 64 Family history AF >55 37 

DI-II-7 M 68 Chronic 67 Family history, dilated cardiomyopathy AF 31 44 

JJ-II-1 F 44 Paroxysmal 41 Family history SR >55 33 

JN-II-1 M 69 Chronic 23 Family history, tachy-brady syndrome AF >55 59 

KR-II-2 M 61 Paroxysmal 45 Family history SR >55 47 

MP-II-1 M 81 Chronic 66 Family history, hypertension AF >55 50 

W-III-18 M 53 Paroxysmal 52 Family history SB  >55 47 

DK-1 M 50 Paroxysmal 39 Family history SR NA NA 

DK-2 F 50 Persistent 36 Family history SR >55 Normal 

DK-3 F 52 Paroxysmal 35 None SR >55 46 

DK-4 M 42 Persistent 30 None SR >55 42 

DK-5 M 42 Paroxysmal 30 Family history SR >55 Normal 

DK-6* M 39 Paroxysmal 26 None SR >55 32 
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KCNK1 p.I198M 

HQ-II-2 F 45 Paroxysmal 45 Family history SR >55 30 

KCNK1 p.G236S  

JF-II-2 F 67 Paroxysmal 66 Family history, hypertension SR >55 40 

 

* Homozygous carrier 

AF, atrial fibrillation; LA, left atrium; LVEF, left ventricular ejection fraction; NA, not available; SB, sinus bradycardia; SR, sinus rhythm. 
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Figure legends 

Fig.1. Expression and knockdown of kcnk1 in embryonic zebrafish. (A) Whole-mount in situ 

hybridization using orthologue-specific sense and antisense riboprobes against kcnk1a and 

kcnk1b shows ubiquitous expression of both transcripts at 72 hpf with strongest expression in 

the brain and heart (arrowhead); >20 embryos were stained in each group. (B) RT-PCR 

confirms presence of kcnk1a and kcnk1b transcripts in isolated embryonic hearts at 72 hpf. 

(C) RT-PCR from 72 hpf lysates of embryos injected with either kcnk1a (1a) or kcnk1b (1b) 

splice-morpholino (MO) or control-morpholino (control). kcnk1 morphants show reduced 

amounts of wild-type (wt) mRNA (lane 1) and the presence of a mutant transcript with intron 

inclusion (splice, lane 2) compared to controls (lanes 3 and 4). (D) Representative bright 

field (left panels) and fluorescent (right panels) images of 72 hpf Tg(myl7:eGFP) embryos 

injected with either 6 ng control morpholino (top panels) or a combination of 3 ng kcnk1a 

plus 6 ng kcnk1b splice morpholinos (lower panels). Outlined are the atria (green) and 

ventricles (blue) recorded at end-diastole; embryos are orientated in a lateral position facing 

to the right; scale bars, 100 µm. Note marked atrial dilatation in kcnk1 morphants. (E) Bar 

graph showing the proportion of embryos exhibiting normal (open bars), moderate (gray bars) 

or severe (black bars) cardiac phenotypes after injection with either kcnk1a+b-splice 

morpholinos alone, or co-injection with increasing amounts of wild-type (wt), or mutant 

(mut) p.G119E human KCNK1 mRNA. Note reduction in proportion and severity of affected 

embryos when co-injected with wild-type but not the mutant KCNK1 mRNA. See Methods 

and Supplemental Fig. 1B for definition of phenotypes. See Results for numbers of embryos 

in each group. (F-I) Quantitative phenotype evaluation of moderately-affected embryos (n 

>10 each group) injected with control morpholino (open bars), kcnk1a splice morpholino 

(light gray bars), kcnk1b splice morpholino (dark gray bars), and kcnk1a+b- splice 

morpholinos (black bars): mean (± SEM) data are shown for (F) heart rate, (G) atrial end-
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diastolic volume (AEDV), (H) ventricular end-diastolic volume (VEDV), (I) ventricular 

stroke volume. * P<0.001 in comparison to controls. 

 

Fig.2. Non-synonymous KCNK1 variants identified in AF probands. (A) Family co-

segregation of the KCNK1 p.R171H, p.I198M and p.G236S variants; p.R171H was present in 

13 probands and family co-segregation in one representative large kindred is shown. 

Phenotypes are denoted as: AF (solid symbols), palpitations with no documented AF (hashed 

symbols); no evidence of AF (open symbols), or unknown (gray symbols). Probands are 

marked with an arrow. For each genotyped family member, the presence (+) or absence (-) of 

the KCNK1 variant is indicated; NA, not available. (B) Alignment of KCNK1 sequences 

across multiple species shows that variant residues are highly conserved. (C) Topological 

organization of TWIK-1 showing location of 3 human variants (red). Functional domains of a 

TWIK-1 subunit are based on its crystal structure (PDB ID: 3UKM): transmembrane 

segments (M1-M4), extracellular cap (cyan helix), pore domains (P1 and P2), pore helices 

(purple) and selectivity filter sequences (yellow). Intracellular domains (absent in the 

structure) are schematized by dashed blue lines. Note that p.R171 is located in the cytosol in 

the non-crystallized part of the protein. 

 

Fig.3. Comparisons between human and zebrafish TWIK-1 channels. (A) Immunostaining of 

transfected Madin-Darby canine kidney cells observed using confocal microscopy. The 

distributions of HA-zTWIK1a, HA-zTWIK1a*, HA-zTWIK1b, HA-zTWIK1b* and 

calreticulin were detected 24 hours post-transfection with anti-HA and anti-calreticulin 

antibodies using red and green fluorescence, respectively; eGFP-Rab11 was detected with 

green fluorescence. Mutating the motif I293A-V294A in HA-zTWIK1a* and I293A-M294A 

in HA-zTWIK1b* modified the cellular distribution of these channels. Scale bar 15 µm. (B,C) 
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zTWIK1 currents are smaller but similar to hTWIK1 currents. (B) Currents evoked during 

voltage pulses ranging from -120mV to 60mV in 10mV steps from a holding potential of -80 

mV. Recordings were obtained from Xenopus oocytes 1-3 days after cRNA injection. (C) I/V 

relationships determined from zTWIK1a* K274E (n=9 cells), zTWIK1b* K274E (n=9 cells), 

and hTWIK1* K274E (n=6 cells) currents after 1 day of expression. Mean ± SEM for each 

data point are shown.  

 

Fig.4. Immunostaining of transiently transfected Madin-Darby canine kidney cells observed 

in wide-field microscopy 24 hours post-transfection. TWIK-1 distribution is detected with an 

anti-TWIK-1 antibody (red). Nuclei are labeled with DAPI (blue), and for wild-type hTWIK1 

and hTWIK1* (mutation of an internalization motif), plasma membranes are visualized with a 

GFP-coupled marker (green). Transfection with p.R171H, p.I198M, or p.G236S 

hTWIK1variants resulted in staining of the recycling compartment that was similar to wild-

type hTWIK1 (upper panels). Transfection with hTWIK1* showed similar relocation to the 

plasma membrane for wild-type and mutant hTWIK1 (lower panels). Scale bar, 20 m.  

 

Fig. 5. Effect of hypokalemia and external pH variations on zTWIK1 currents. (A) 

Comparison of reversal potential variations between hTWIK1* K274E (white circles) and 

zTWIK1a* K274E (red stars, left panel) and between hTWIK1* K274E and zTWIK1b* 

K274E (blue triangles, right panel) during recording. Kept in ND96 (96 mM NaCl, 2 mM 

KCl, 2 mM CaCl2, 1.8 mM MgCl2, 5 mM Hepes) pH7.4, the oocytes are successively 

perfused with 98Na
+
 buffer (98 mM NaCl, 2 mM CaCl2, 1.8 mM MgCl2, 5 mM Hepes) at pH 

7.4 and pH 6. (B) I/V curves relatives to currents recorded from hTWIK1* K274E, 

zTWIK1a* K274E and zTWIK1b* K274E at the end of each condition (ND96, pH7.4; 98Na
+
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pH7.4) and at the end of the recording (98Na
+
 pH6). The numbers of cells recorded per 

condition are indicated in brackets. 

 

Fig. 6. Electrophysiological characterization of KCNK1 variants. Recordings were obtained 

from Xenopus oocytes 1 day after injection of cRNA encoding variants in the context of 

hTWIK1* K274E or hTWIK1 L146D. (A) Currents elicited by voltage pulses from -120 mV 

to +60 mV in 10 mV increments from a holding potential of -80 mV. (B) Corresponding 

current-voltage relationships showing impact of p.R171H, p.I198M, and p.G236S variants on 

hTWIK1* K274E at pH7.4; mean (± SEM) currents measured at the steady state of the 

depolarization pulses are shown. (C) Reversal potential shift from pH 7.4 to pH 6 in Xenopus 

oocytes. No significant effects of the p.R171H, p.I198M, or p.G236S variants were seen in 

the context of hTWIK1* K274E or hTWIK1 L146D respectively. (D) Impact of variants on 

hTWIK1 L146D at pH7.4 (left panel) and at pH6 (right panel). Numbers of oocytes are 

indicated in brackets. 
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Supplemental Table 1. Clinical details of heart tissue donors 

Patient  Age Sex Primary diagnosis 
 

History of 
AF 

LA diameter 
(mm) 

 
4 79 F Coronary artery disease No 28 

6 50 M Aortic stenosis No 37 

8 42 M Infective endocarditis No 33 

11 62 M Coronary artery disease No Normal 

19 63 M Coronary artery disease No 38 

22 58 M Coronary artery disease No 40 

27 60 M Coronary artery disease No 37 

30 84 M Coronary artery disease No 39 

31 73 F Coronary artery disease No 37 

9 85 F Aortic stenosis/Coronary 

artery disease 

No 41 

12 71 F Aortic stenosis No 53 

15 82 M Aortic stenosis No 41 

23 57 M Coronary artery disease No Mild dilation 

24 50 M Coronary artery disease No 41 

36 53 M Coronary artery disease No 43 

38 68 M Coronary artery disease No 53 
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7 61 F Aortic regurgitation/ 

Coronary artery disease 

Yes Mild dilation 

14 81 M Aortic stenosis Yes 47 

17 81 M Aortic stenosis Yes 50 

28 73 F Coronary artery disease Yes Mild dilation 

33 61 M Coronary artery disease Yes 46 

34 76 F Mitral regurgitation Yes 48 



 4 

Supplemental Figure Legends 

Supplemental Fig. 1. Knockdown of kcnk1 in embryonic zebrafish. (A) Bar graphs showing dose 

titration for injections with kcnk1a-splice (left), kcnk1b-splice (middle) or kcnk1a+b (right) 

morpholinos. The proportion of injected embryos displaying normal, moderate or severe cardiac 

phenotypes at 3 dpf is indicated in open, gray or black bars, respectively. Concentrations used for 

quantitative phenotype assessments and rescue experiments are indicated in red. (B) Representative 

brightfield photographs of injected embryos at 3 dpf. Phenotype classification into normal, 

moderately affected (cardiac abnormalities with normal overall morphology) and severely affected 

(severe cardiac plus extracardiac abnormalities). See Methods 2.1.3 for criteria used to define 

phenotype severity. (C) Bar graph displaying the mortality rate at 1 - 3 dpf of embryos injected with 

either kcnk1a+b-splice morpholinos alone, or co-injected with increasing amounts of wild type 

(wt), or mutant (mut) p.G119E human KCNK1 mRNA.  

 

Supplemental Fig. 2. Alignment of human and zebrafish TWIK-1 sequences. Identical, semi-

conserved, similar and non-conserved residues are indicated in black, blue, green and red 

respectively. Zebrafish TWIK-1 orthologues, zTWIK1a and zTWIK1b, encoded by kcnk1a and 

kcnk1b, respectively, have 72% sequence identity, with 69% and 71% identity respectively to 

human TWIK-1 (hTWIK1). Channel topology is depicted above the sequences, and shows the 

location of the 4 transmembrane domains (M1 to M4) and 2 pore domains (P1 and P2). Pores and 

transmembrane domains are highly conserved; the cytoplasmic C-terminal domain is weakly 

conserved. Black arrows show the residues mutated to increase TWIK-1 activity (L146, I293/294, 

K274). Red arrows indicate the location of sequence variants identified in patients with atrial 

fibrillation. 

 

Supplemental Fig. 3.  TWIK-1 expression in human heart tissue. KCNK1 transcript levels were 

assessed using qPCR in right atrial appendage tissue samples from patients undergoing 
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cardiothoracic surgical procedures (see Supplemental Table 1 for patient characteristics). The 

abundance of KCNK1 is expressed relative to a reference gene Hprt1. Scatter plots show mean 

levels and individual data points for patients with and without a history of atrial fibrillation (AF) 

and/or left atrial enlargement (LAE, defined by LA end-diastolic diameter >40 mm or a qualitative 

report of dilatation). *** denotes p <0.001.  
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Supplemental Videos. Representative 2s videos of beating Tg(myl7:eGFP) fluorescent zebrafish 

hearts injected either with kcnk1a+b splice morpholinos or control morpholino. Embryos are 

orientated in a lateral position facing to the right, the atrium appears in the foreground on the left, 

the ventricle in the background on the right. Note atrial dilatation and bradycardia in kcnk1 

morphants.  

Video 1: control MO.avi 

Video 2: kcnk1a+b MO.avi 
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