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The work, presented in this thesis, identified several (candidate) modulators of cardiac 
electrical function using various approaches, such as genetic approaches in rodents and 
humans, an in vitro proteomic approach, and electrophysiological studies in genetically 
modified mouse models and cellular systems. Here, I discuss the usefulness of exploiting 
these different approaches to discover novel modulators of cardiac electrical function. 
Moreover, I describe the limitations of the applied approaches and propose how these 
limitations can be circumvented. Finally, I propose directions that can be adopted in 
future studies aimed at identifying novel players in cardiac electrical function, and 
describe current and emerging technologies which can be employed in such studies.

Quantitative trait locus mapping and systems genetics as valuable tools for 
discovery of novel players in cardiac electrical function
In Chapter 2, we provided a review of genetic mapping studies in inbred mouse strains 
and their progeny (F2 mice, N2 mice and recombinant inbred strains), which led to the 
identification of novel genetic factors modulating cardiovascular traits, including cardiac 
electrical traits. Moreover, we described the process of discovery of novel genes in F2 
mice. In particular, we explained how Tnni3k, encoding troponin I-interacting kinase 3 
(Tnni3k), was previously established as a modulator of PR interval (ECG index of atrio-
ventricular conduction) in these mice. Of note, in subsequent studies (as described 
in Chapter 4 and in other studies1–4), genetic variation in TNNI3K was identified as a 
causal genetic defect underlying inherited supraventricular cardiac arrhythmias, cardiac 
conduction disturbances and dilated cardiomyopathy in several families. These latter 
studies confirm that genes uncovered through genetic studies in rodents, are relevant 
for cardiac electrical function in humans.

The utilization of recently developed mouse reference panels in genetic studies could 
also facilitate identification of novel players in cardiac electrical function. In addition to 
the mouse strains mentioned in Chapter 2, other strains of mice have emerged in more 
recent years, among which the Collaborative Cross (CC) recombinant inbred5 and the 
Diversity Outbred (DO)6 mouse panels, which both originate from eight founder inbred 
strains. CC lines and DO mice demonstrate higher genetic diversity and complexity, thus 
allowing more precise genetic mapping as compared to the mouse strains described in 
Chapter 2. Therefore, these mouse panels constitute a promising tool for identification 
of novel genetic loci and genes underlying cardiac electrical function in the future. Along 
with mice, other rodents can be utilized for genetic mapping studies. Our group has 
recently exploited HXB/BXH recombinant inbred rat strains to link new genes to ECG 
parameters7, underscoring the applicability of such approaches in rodents.

Genetic variants at loci unveiled in QTL (quantitative trait locus) analysis may influence 
the related trait through effects on transcript abundance or splicing8. To identify 
the gene/s underlying a particular QTL, QTL mapping may be integrated with eQTL 
(expression quantitative trait locus) or sQTL (splicing quantitative trait locus) analysis 
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in the same systems genetics approach8. Only a few studies, mentioned in Chapter 
2, have performed eQTL analysis combined with QTL analysis in rodents. In early 
studies, measurement of transcript abundance for eQTL analysis was done by means 
of microarrays. In recent years, RNA sequencing has become a very common approach 
in quantitative transcriptomics. It has many advantages over microarray analysis, such 
as a higher dynamic range, an increased ability to distinguish between isoforms resulting 
from alternative splicing, ability to detect low expression transcripts, the potential 
to identify genetic variants, and the absence of technical problems associated with 
hybridization of cDNA microarray probes9,10. After candidate causal genes are identified 
by integrating QTL with eQTL and/or sQTL analysis, the pathways and molecular 
processes in which these genes are implicated, can be unraveled8. This can be achieved 
by building co-expression networks using transcriptomics data7,11 and applying network 
prediction tools (e.g. STRING12)8. In this way, additional genes can be proposed as 
possible regulators of cardiac electrical function. Ultimately, the involvement of the 
uncovered genes and gene networks needs to be validated in downstream molecular 
biological and electrophysiological studies in genetically modified animal models or 
cellular systems.

Identification of branched chain amino acids as novel modulators of pro-ar-
rhythmia
In Chapter 3, we presented a phenotype-driven mouse ENU (N-ethyl-N-nitrosourea) 
mutagenesis screen13–17 as an approach for identification of novel players in cardiac 
electrical function. Through the screen, we identified a mouse line wherein mice 
were dying suddenly at young age in the absence of obvious symptoms. Genetic locus 
mapping and DNA sequencing identified a homozygous nonsense mutation in the Bcat2 
gene, encoding the mitochondrial branched-chain aminotransferase BCAT2 as the likely 
cause. Nuclear magnetic resonance (NMR) spectroscopy detected elevated levels of 
branched-chain amino acids (BCAAs, which are metabolized by BCAT2) in mutant 
mice, supporting the possible involvement of the identified Bcat2 mutation. Detailed 
phenotypic examination of mutant mice revealed conduction and repolarization 
abnormalities in vivo and ex vivo as well as arrhythmia inducibility ex vivo. Consistent 
with this, we revealed a significant correlation between plasma BCAA levels and ECG 
parameters of conduction and repolarization in the general population in humans. 
Cardiomyocytes isolated from the left ventricle of mutant mice were characterized 
by prolonged action potential duration, impaired calcium regulation and increased 
incidence of pro-arrhythmic triggered action potentials and early after depolarizations. 
A similar proarrhythmic phenotype was evidenced in human pluripotent stem cell-
derived cardiomyocytes (hPSC-CMs) after incubation with similarly elevated levels of 
BCAAs. Western blot analysis indicated activation of the mTOR pathway in cardiac 
tissue of mutant mice. The crucial involvement of this pathway in the pro-arrhythmic 
effects of elevated BCAAs was further demonstrated in hPSC-CMs. Specifically, 
incubation of these cells with the mTOR pathway inhibitor rapamycin reversed BCAA-

8
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induced pro-arrhythmic events (action potential prolongation, calcium dysregulation 
and early and delayed afterdepolarizations). Taken together, by combining advanced 
genetic approaches and in-depth phenotyping in mice, our study linked impaired BCAA 
metabolism to cardiac electrical dysfunction. To our knowledge, this study is the first to 
identify new modulators of cardiac electrical activity by means of a phenotype-driven 
ENU mutagenesis screen in mice.

These findings open roads for several new lines of research. While we show that 
abnormal cardiomyocyte repolarization underlies the QTc prolongation observed in 
mutant mice, the mechanisms responsible for the effect of BCAAs on cardiac conduction 
(PR-interval) still need to be unraveled. The PR-interval prolongation that we observed in 
mice with elevated BCAAs in our study indicates slowing of atrial and/or atrioventricular 
(through AV-node and bundles) conduction, but the exact area of the heart that is 
affected would need to be determined in future work. Several factors independently or 
in combination influence cardiac conduction in the AV-region, including cardiomyocyte 
electrophysiology (ion channel function), cell-cell coupling and tissue composition/
architecture18–22. Underlying structural abnormalities appear less likely, since mice 
with the ENU-induced Bcat2 mutation displayed structurally normal hearts, although 
a role for subtle yet relevant alterations such as fibrosis within the conduction system 
cannot be completely excluded. More likely, elevated BCAAs cause PR-interval 
prolongation through a functional mechanism. Indeed, ventricular cardiomyocytes from 
Bcat2 mutant mice displayed action potential prolongation and intracellular calcium 
dysregulation, both of which have been shown to affect AV-conduction23. Because 
prolonged PR-interval is known to be associated with the risk for atrial fibrillation in 
several studies24,25, one may speculate that the mechanisms that are involved in BCAA-
induced PR-interval prolongation, may underlie the previously reported association 
between BCAA dysregulation and atrial fibrillation26 . Interestingly, BCAT1 encoding 
a cytosolic branched chain aminotransferase, another enzyme participating in BCAA 
metabolism, occurs at a GWAS locus linked to PR interval and atrial fibrillation27. Our 
findings in Bcat2 mutant mice support the prioritization of the BCAT1 gene for functional 
studies to investigate its potential causal role at this GWAS locus.

In our study, we provide evidence that mTOR pathway activation mediates the adverse 
effects of elevated BCAA levels on electrophysiological properties of cardiomyocytes. 
Previously, BCAA-induced mTOR pathway activation was linked to an increase in reactive 
oxygen species (ROS) production28,29. Increased ROS levels in cardiomyocytes are known 
to cause impaired calcium homeostasis and calcium-dependent proarrhythmic events30, 
which we also observed in Bcat2 mutant mice as well as in hPSC-CMs incubated with 
high BCAA levels. Subsequent studies should further elucidate the mechanisms by 
which mTOR pathway activation leads to impaired cardiomyocyte electrophysiology. 
Moreover, future studies should aim to uncover additional molecular pathways 
mediating the pro-arrhythmic effects of elevated BCAAs. In prior research, BCAAs 
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have been shown to modulate phosphatidylinositol 3-kinase and AMPK signaling 
pathways31–33. Since both pathways have been previously implicated in the regulation 
of ion channels34–37, they should be investigated in more detail in future studies as 
potential mediators of adverse electrophysiological effects of elevated BCAA levels. 
The identification of the additional signaling cascades through which high BCAAs induce 
changes in electrophysiological characteristics of cardiomyocytes, and the identification 
of the ion channels with impaired function as a result of high BCAAs may provide new 
pharmacological targets for treatment of cardiac arrhythmias.

More broadly, our findings argue for detailed exploration of the modulatory effects of 
metabolism on cardiac electrical function in future studies. The results of our work are 
of particular relevance for patients suffering from metabolic disorders, such as diabetes 
and obesity. Our study suggests that elevated circulating levels of BCAAs, as reported in 
diabetes and obesity38,39, may (partially) explain the increased risk of cardiac arrhythmias 
and SCD associated with these conditions40–44. If this link is proven, plasma BCAA levels 
could be used as predictors of future arrhythmias in patients with these disorders, 
and means of lowering BCAA in these patients could be explored for prevention of 
arrhythmia. BCAAs belong to the group of essential amino acids not produced by the 
body, but derived from the diet45. Importantly, a decreased consumption of products 
enriched with BCAAs (such as meat and milk) has been shown to effectively reduce 
plasma BCAA levels38. One may speculate that implementation of such a BCAA-restricted 
diet could lower the risk of arrhythmias and SCD in individuals with diabetes and obesity. 
The effectiveness of such a diet should be assessed in future translational studies.

Alterations in TNNI3K kinase activity: supraventricular arrhythmias, conduc-
tion abnormalities and cardiomyopathy
In 2012, using a systems genetics approach in F2 mice (described in Chapter 2), our 
group uncovered the role of the Tnni3k gene, encoding troponin I-interacting kinase, 
in modulation of the PR-interval46. In this study, higher Tnni3k transcript levels in mice 
were shown to be associated with conduction slowing (PR-interval prolongation). 
Moreover, several other genetic mapping and functional studies in mice with 
different genetic background have linked increase in Tnni3k expression to worsening 
of cardiac phenotypes, including acceleration of cardiomyopathy47,48, aggravation of 
ischemia/reperfusion injury and increased oxidative stress49, and decreased heart 
regeneration50,51. Subsequent human genetic studies identified two rare variants in 
TNNI3K, p.Thr539Ala (c.1615A>G) and p.Gly526Asp (c.1577G>A), in two independent 
families exhibiting supraventricular tachycardias (SVTs) with or without conduction 
abnormalities and dilated cardiomyopathy1,2. In Chapter 4, we identified a new 
ultra-rare genetic variant (c.2302G>A, p.Glu768Lys) in TNNI3K in three independent 
multigenerational families with a similar clinical phenotype. The previously published 
p.Thr539Ala and p.Gly526Asp variants are located in the kinase domain of TNNI3K, while 
the p.Glu768Lys variant is found at the TNNI3K C-terminal serine-rich region, which is 
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known to regulate the kinase activity of the enzyme52. We therefore hypothesized that 
the disease features associated with these variants result from altered kinase activity 
of TNNI3K. It is noteworthy that some previous studies in mice have shown that the 
effect of Tnni3k on the phenotype is mainly determined by its kinase activity48,49,51. In 
this respect, TNNI3K likely influences the phenotype through phosphorylation of other 
proteins, among which possible regulators of cardiac electrical function and structural 
proteins. Because the phosphorylation targets of TNNI3K are unknown, we chose to 
examine the kinase activity of TNNI3K by assessing its autophosphorylation, previously 
shown to reflect the kinase activity of this enzyme52. The p.Glu768Lys TNNI3K protein 
displayed increased autophosphorylation in vitro, suggesting enhanced kinase activity of 
this mutant. In contrast, the TNNI3K protein harboring either p.Thr539Ala (c.1615A>G)1 
or p.Gly526Asp (c.1577G>A)2 demonstrated decreased autophosphorylation, pointing 
to reduced kinase activity. The gain-of-function in kinase activity of p.Glu768Lys TNNI3K 
protein that we observed in our study is in line with a gain-of-function model, that 
came into sight in previous studies in mice, in which higher levels of TNNI3K were 
associated with conduction slowing46 and progression of cardiomyopathy47,48. On the 
other hand, a loss-of-function mechanism due to decreased kinase activity, as found for 
the p.Thr539Ala and p.Gly526Asp variants, is difficult to reconcile with these previous 
observations in mice. Also, it is at odds with the observation that some mouse lines 
do not express TNNI3K53, implying that this enzyme is not absolutely required for 
survival. Importantly, it is also in conflict with genetic data obtained in the general 
population, where loss-of-function variants (premature stop codons, frameshifts and 
splice site mutations) in TNNI3K are present at the expected frequency (data from 
the gnomAD database), which indicates that there is no evolutionary selection against 
such variants54,55. Recently, two studies reported on the discovery of loss-of-function 
genetic variants in TNNI3K as causal genetic defects in two small families with cardiac 
conduction disease with or without cardiomyopathy3,4. Unfortunately, the clinical 
and genetic evidence in these studies is insufficient to exclude spurious association 
in these two families. Thus, the implication of loss-of-function genetic variants in 
TNNI3K in cardiac conduction disease, cardiomyopathy and arrhythmogenesis remains 
controversial.

Interestingly, a recent study of Gan et al.56 demonstrated that C57BL/6J mice with full 
knockout of Tnni3k gene and mice carrying the Lys489Arg mutation (leading to kinase-
dead TNNI3K) develop subtle alterations in cardiac geometry, consisting of a shortening 
of the long axis without changes in total cardiac weight.. These results implicate loss-
of-function effects of TNNI3K on cardiac morphology. Considering the subtle nature 
of the observed differences however, validation and electrophysiological studies are 
needed to resolve the observed contradictory data concerning the effects of loss-of-
function of TNNI3K.
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In Chapter 4, in an effort to explain how TNNI3K variants associated with reduced 
TNNI3K autophosphorylation cause disease, we proposed a mechanism based on 
TNNI3K homodimerization and oligomerization52. Considering that a heterozygous 
individual expresses both mutant and wild-type TNNI3K proteins, we posited that, 
upon dimerization/multimerization, TNNI3K mutant monomers that have a reduced 
phosphorylation capacity (e.g. p.Thr539Ala or p.Gly526Asp) will exert a dominant-
negative effect on the wild-type TNNI3K monomer, thereby changing the biochemical 
properties of the assembled protein. Indeed, a (conceptually different) dominant-
negative effect, based on protein aggregation of the mutant protein with wild type 
TNNI3K, is suggested for the Gly526Asp mutant in the study of Theis et al.2. In this 
setting, one could envisage that the formed TNNI3K protein aggregates can still bind 
their targets and sequester them, preventing these targets from performing their 
function in the cell. One way through which this can be reconciled with the gain-of-
kinase activity of the p.Glu768Lys TNNI3K protein would be that the latter, through its 
increased kinase activity, hyperphosphorylates its targets, thereby diminishing their 
function and eventually leading to cardiac electrical abnormalities and cardiomyopathy.

Further assessment of genetic variants in TNNI3K in additional families with similar 
clinical features, as in our study and previous studies1–4, and their effect on the 
expression, localization and kinase activity of TNNI3K would help in understanding 
how genetic variation in this gene leads to disease. Considering the direction of effect, 
assessing the phosphorylation status of the targets of TNNI3K in the presence of 
disease-causing variants can provide more definitive answers. However, as these targets 
are still mostly unknown, the identification of TNNI3K phosphorylation targets is an 
essential next step. To uncover TNNI3K phosphorylation targets, a candidate-based 
approach (assessing the phosphorylation of known players in cardiac electrophysiology 
and structural proteins), as well as an unbiased approach (phospho-proteomics) may 
be considered. Electrophysiological and molecular biological studies in mice expressing 
different levels of TNNI3K46,53 could facilitate the identification of pathways and proteins, 
modulated by TNNI3K. Previously, increased expression of TNNI3K has been linked to 
PR-interval prolongation46, which as mentioned in the discussion of Chapter 3, implies 
possible slowed conduction in atria, AV-node or bundles. The conduction slowing could 
occur because of impaired cardiomyocyte electrophysiology, reduced cell-cell coupling 
or/and structural abnormalities. Therefore, presence of fibrosis/structural remodeling 
should be evaluated in mice with different levels of TNNI3K expression. Electrical 
properties of the atria and conduction through the AV-node should also be assessed.

Because of its mostly cardiac-specific expression53,57, TNNI3K is a promising 
pharmacological target for treatment of cardiac arrhythmias and cardiomyopathy. 
Several selective TNNI3K inhibitors have been already developed49,58–61 and a few studies 
have shown their beneficial effects on the ischaemic heart49,61. However, currently, 
pharmacological TNNI3K targeting is prevented by scarce knowledge about the function 
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of the enzyme in the cell as well as the unclarity concerning the molecular mechanisms 
by which disease-causing rare genetic variants lead to cardiac electrical abnormalities 
and cardiomyopathy.

Overall, our results support the causality of TNNI3K for the phenotype encompassing 
SVTs, cardiac conduction disease and cardiomyopathy and propose abnormal kinase 
activity of TNNI3K as a possible underlying mechanism. At present, this work has 
already contributed to the improvement of diagnostics in patients with similar clinical 
characteristics.

From GWAS to function: mechanistic role for the transcription factor HEY2 
in BrS
In addition to family-based approaches (as applied in Chapter 4), genetic variation 
underlying cardiac electrical (dys)function in humans can be identified in genome-wide 
association studies (GWAS) of arrhythmia disorders and ECG parameters. While GWAS 
have linked numerous genetic loci to cardiac electrical phenotypes, follow-up studies, 
aiming to determine the causal gene at GWAS loci lag behind locus identification. In 
Chapter 5, we uncovered HEY2, encoding a basic helix loop-helix (bHLH) transcriptional 
repressor, as an effector at the GWAS locus tagged by SNP rs9388451, previously 
associated with Brugada syndrome (BrS)62. Specifically, a cis-eQTL look-up in a public 
genotype-tissue expression resource, namely the GTEx dataset (http://gtexportal.org), 
revealed a significant association between the BrS risk haplotype and increased HEY2 
transcript levels in human left ventricular (LV) tissue63. Genome-wide co-expression 
analysis in human LV tissue uncovered a robust positive correlation between HEY2 
transcript abundance and that of KCNIP2, encoding KCHIP2 (potassium channel 
interacting protein 2). Transmural differences in KCNIP2 gene expression underlie the 
gradient of the cardiac transient outward potassium current (Ito) across the cardiac 
ventricular wall in humans64–66. In line with the co-expression analysis results, studies in 
Hey2 haploinsufficient mice (Hey2+/-) demonstrated transmural effects of Hey2 on Kcnip2 
and Kcnd2 abundance (underlying Ito in mice67). Finally, electrophysiological experiments 
in cardiomyocytes of Hey2+/- mice established the role of Hey2 in maintenance of 
transmural depolarization and repolarization gradients through effects on sodium (INa) 
and potassium (Ito) currents. In conclusion, integration of human transcriptomic data 
from a public database (GTEx)63 with functional studies in Hey2+/- mice enabled the 
identification of the likely causal gene and the potential mechanism underlying the 
association of the locus tagged by SNP rs9388451 and susceptibility to BrS.

Future studies should focus on dissecting the genetic mechanisms by which the risk 
locus leads to increased HEY2 expression. The haplotype tagged by the sentinel SNP 
rs9388451 completely encompasses the HEY2 gene and comprises multiple SNPs in 
high linkage disequilibrium (LD), i.e. are inherited together. Therefore, any SNP (not 
necessarily the sentinel SNP) could be responsible for the association of the identified 
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haplotype with HEY2 expression. It is highly likely that the causal SNP on this haplotype 
overlaps a cis-regulatory element (such as promoter or enhancer), which controls the 
transcription of HEY2. The causal SNP likely changes the functionality of this element 
(e.g. affects the binding of transcription factors) thereby affecting the expression of 
HEY2. The identification of the mechanism by which the identified locus impacts on 
HEY2 expression, will include several steps68–71. While HEY2 expression has been shown 
to be regulated by several signaling pathways72–74, current knowledge on regulatory 
elements and associated transcription factors that direct HEY2 transcription in the 
heart, is incomplete73,75–77 and needs to be expanded. For this, human and mouse cardiac 
epigenetic data, chromatic accessibility profiles and data such as that from STARR-seq 
(self-transcribing active regulatory region sequencing) experiments can be integrated. 
Several computational tools and databases (e.g. EMERGE78, Ensembl database79, which 
includes the results of the ENCODE project80) may also be used to identify candidate 
regulatory elements and associated transcription factors in cardiac tissue. Moreover, 
candidate regulatory elements can be prioritized based on their interactions with the 
candidate gene (HEY2) promoter. These interactions can be revealed by chromosome 
conformation capture assays and adaptations of these assays (e.g. Promoter Capture 
Hi-C81,82). The putative regulatory elements thus identified and the candidate causal 
SNPs therein can subsequently be validated in a step-wise approach through in vitro 
and in vivo studies68–71.

Furthermore, the molecular mechanism(s) by which HEY2 affects ion channel expression 
in cardiomyocytes awaits further exploration. In our study, HEY2 expression correlated 
positively with KCNIP2 expression in human LV tissue. Moreover, we showed that a 
decrease in Hey2 dosage led to reduced transcript abundance of Kcnip2 and Kcnd2 
in mice. These findings suggest that HEY2 promotes KCNIP2 and KCND2 expression. 
Yet, HEY2 typically functions as a transcriptional repressor72,83,84, therefore, it is 
plausible that HEY2 influences KCNIP2 and KCND2 transcription not directly, but 
rather by repressing the transcription of other proteins (e.g. transcription factors, 
which normally repress KCNIP2 and KCND2 transcription). This could eventually lead 
to the enhancement of KCNIP2 and KCND2 expression. Indeed, several studies, aiming 
to identify HEY2 target proteins in different cells (HEK29384, murine embryonic stem 
cells and cardiomyocytes differentiated from them72, human induced pluripotent stem 
cell-derived cardiomyocytes (hiPSC-CMs)85, and murine neonatal cardiomyocytes after 
stimulation of hypertrophy86,87), have demonstrated the impact of HEY2 dosage on the 
expression of genes involved in development and transcriptional control. Transcriptomic 
analysis in ventricular tissue of wild type and Hey2 deficient mice in combination with 
epigenetic, chromatin conformation capture and chromatin accessibility data may 
provide additional HEY2 targets, which could potentially regulate transcription of 
KCNIP2 and/or KCND2.

8
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The full characterization of the molecular events governing HEY2 expression and 
deciphering the molecular underpinnings of HEY2 action on ion channel expression could 
expose new players in cardiac electrophysiology and ultimately enable identification of 
new therapeutic targets and allow additional genetic testing options for BrS.

Identification of novel sodium channel interacting proteins
In addition to transcription factors such as HEY2, which determine transcript abundance 
of ion channels in cardiomyocytes, proteins which interact with ion channels and 
regulate their cellular localization and/or biophysical properties are obvious candidates 
as novel modulators of cardiac electrical function. These proteins can be identified using 
molecular biology techniques, for instance through proteomic analysis. In Chapter 6, we 
conducted an unbiased proteomic screen in H10 cells, comprising affinity enrichment 
coupled to mass spectrometry for the discovery of novel interacting partners of the 
cardiac sodium channel NaV1.5, an essential player in cardiac conduction. Assuming 
that the expression level of the interacting partners would impact on the expression 
and function of NaV1.5, and as a result on cardiac conduction, we prioritized candidate 
interacting proteins by assessing the correlation of their gene transcript with ECG 
parameters. This was done using available transcriptomic and ECG conduction 
parameter correlation data in F2 mice46,88 and recombinant inbred (RI) rat strains7. 
Furthermore, we checked for localization of genes corresponding to putative interacting 
proteins at loci identified in GWAS studies of ECG parameters of conduction in humans. 
Finally, we validated the interaction of several candidate interacting proteins with 
NaV1.5, namely SEC62, TMED10, GOSR2, SEC22b, NAPA, VAP-A, VAP-B, Rab-11B and Rab-
14, by means of co-immunoprecipitation analysis in HEK293 cells. These proteins are 
implicated in different steps of intracellular protein trafficking89, among which (i) protein 
translocation into the endoplasmic reticulum (ER), (ii) anterograde targeting of the 
vesicles with its cargo (transported proteins) from the ER through Golgi apparatus to the 
plasma membrane, (iii) retrograde transport from Golgi to the ER, and (iv) endocytosis 
followed by protein recycling to the plasma membrane or degradation. The trafficking 
of NaV1.5 within the cell occurs via the ER-Golgi-vesicle system89,90, therefore, we believe 
that the uncovered proteins could play a role in the regulation of NaV1.5 trafficking and 
localization.

Future studies should further validate the identified interactions and demonstrate 
their significance for NaV1.5 in the cardiomyocyte. The unbiased proteomic screen and 
co-immunoprecipitation analyses in our study were performed using heterologous 
cell expression systems (H10 and HEK293 cells), hence, the identified interactions 
should be further verified and characterized in cardiac tissue or hiPSC-CMs. Moreover, 
our proteomic approach enables identification of molecular complexes, associated 
with NaV1.5, but does not allow distinction between direct and indirect interactions. 
Various methods (e.g. bimolecular fluorescence complementation (BiFC)91, fluorescence 
resonance energy transfer (FRET)92,93) can be used to test the possible direct interaction 
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between the candidate proteins and the NaV1.5 channel. The proteins we identified 
likely influence the trafficking of NaV1.5 and consequently may impact on its levels 
at the sarcolemma. Live-cell imaging experiments and functional electrophysiological 
studies in cells (ideally cardiomyocytes) are needed to determine such effects. 
Moreover, prior research has been focused on characterization of proteins necessary 
for localization of NaV1.5 at specific subcellular domains, such as intercalated disc (ID) 
and lateral membrane (LM)94. It would be interesting to determine whether some of 
the proteins we identified in Chapter 6 are responsible for differential transport to 
the ID or the LM, or for anchoring of NaV1.5 within these membrane domains. Mouse 
models overexpressing or deficient in the particular candidate interacting partner of 
NaV1.5, could be used to confirm the effect of the given protein on cardiac conduction. 
Moreover, genes encoding the identified proteins may be screened for mutations in 
patients, particularly those with cardiac conduction disturbances.

Many interacting partners of ion channels have been previously identified by 
means of yeast two-hybrid screens or by means of affinity purification coupled to 
mass spectrometry (AP-MS)95–100 (similar to our approach). While yeast two-hybrid 
screens identify binary interactions in the yeast cell environment101, AP-MS allows 
characterization of the whole macromolecular complex, associated with the protein 
of interest in mammalian cells102. Most of the studies applying AP-MS to identify 
interacting partners of cardiac ion channels96,99 (including our study), were based on 
the overexpression of the (tagged) protein of interest (the bait protein). Considering that 
such overexpression can lead to spurious interactions, candidate interactions should 
preferably be confirmed in cardiomyocytes or cardiac tissue expressing endogenous 
levels of the bait protein. In this case, however, affinity purification can be hampered 
by the absence of a high-quality antibody against the bait protein. Only one study (by 
Lundby and colleagues in 2014)100 reported on the identification of interacting partners 
of cardiac ion channels using an AP-MS approach, wherein affinity enrichment was 
performed using antibodies against endogenously expressed ion channels in mouse 
cardiac tissue. Specifically, this study uncovered interacting partners of 3 ion channels, 
encoded by genes causing repolarization disorders including Long QT syndrome (KCNQ1, 
KCNH2, CACNA1C). Similar to our approach, Lundby and colleagues overlaid AP-MS data 
with data from GWAS studies (in their case GWAS of QTc interval) to select plausible 
regulators of cardiac repolarization. Ultimately, by functional studies they confirmed 
the role of the selected candidate interacting proteins in modulation of ion channels 
and cardiac repolarization100.

In addition to issues with quality of antibodies against endogenous proteins for affinity 
purification, other limitations and challenges are faced by researchers who use the 
AP-MS approach for identification of novel interactions (reviewed in Iacobucci et 
al.103). First of all, it is difficult to discriminate between true interactors of the protein 
of interest and non-specific background contaminants, which co-purify with true 
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interactors in any mass spectrometry study104. Reducing the amount of non-specific 
background contaminants and enrichment for true interactors in a set of candidate 
interacting proteins are crucial. This can be achieved for instance, by experimental 
replicates and by performing multiple negative-control purifications. The contaminant 
repository for AP-MS data CRAPome105 helps in filtering out non-specific background 
proteins, as we showed in Chapter 6. Another limitation of the classical AP-MS approach 
is its poor ability to uncover transient and weak protein-protein interactions, since these 
interactions can be destroyed during cell lysis103. Because ion channels are integral 
membrane proteins, their isolation for affinity purification might require the use of 
stringent lysis conditions, which are not favorable for preserving the interactions of ion 
channels with other proteins, especially if these interactions are transient and/or weak103. 
Several novel technologies and methods can be used to circumvent this limitation of 
the classical AP-MS approach (reviewed in Iacobucci et al.103). One of them is a Biotin 
proximity labeling method (BioID)106. In this method, a protein of interest fused to a 
promiscuous biotin protein ligase of E.coli is stably expressed in cells. After incubation of 
these cells with biotin, the fusion protein biotinylates proximate (interacting) proteins. 
These proteins can be isolated by affinity purification using streptavidin beads and 
subjected to mass spectrometry analysis. Regardless of a few drawbacks of BioID (e.g. 
possible altered localization or function of a fusion bait protein103), this approach can be 
particularly effective for identification of (transient) interactions of integral membrane 
proteins such as ion channels. The BioID method has been recently successfully applied 
to characterize the interactome of the cardiac potassium channel Kir2.1107. In addition to 
proximity-dependent labeling methods such as BioID, Cross-Linking Mass Spectrometry 
(XL-MS), which made significant progress in mapping of protein-protein interactions in 
the last few years103,108, could potentially identify transient interactions of ion channels. 
Cross-linkers are reagents which when applied to living cells or tissues before cell lysis 
can stabilize transient protein interactions in the native state103,108, which can then be 
identified by mass spectrometry. Moreover, XL-MS could provide insight into structural 
organization of protein complexes of ion channels. Recently, Chavez et al.109 uncovered 
419 non-redundant interactions and described structural features of several protein 
complexes in mouse cardiac tissue using XL-MS, demonstrating the applicability of this 
method for characterization of protein-protein interactions in the heart. Future progress 
of XL-MS technology and novel developments in XL-MS data analysis should improve the 
ability of this method to identify novel protein-protein interactions, including those of 
ion channels. Recent advances in experimental protocols110, instrumentation111–114 and 
computational methods of data analysis108 have greatly increased sensitivity, throughput 
and dynamic range of the mass spectrometry-based proteomics and reproducibility 
of the results115. These innovations can be exploited in the future to uncover novel 
interacting partners of ion channels.
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Microtubule plus-end binding proteins: novel modulators of Nav1.5 trafficking
As mentioned above, NaV1.5 is located at distinct regions of the sarcolemma 
(cardiomyocyte subcellular microdomains), such as the intercalated disc (ID) and the 
lateral membrane (LM)116, where it interacts with microdomain-specific proteins94. 
Sodium channels from both subcellular microdomains have functional relevance 
for cardiac conduction117–119, although the functional impact of NaV1.5 at the ID is 
considered to be more pronounced. This is the result of higher NaV1.5 levels and 
higher INa at the ID region compared to the LM117,120. Several arrhythmia-associated 
conditions, such arrhythmogenic cardiomyopathy and heart failure, are characterized 
by microdomain-specific reduction in NaV1.5 and INa

119,121. While a number of ID- and 
LM-specific proteins crucial for localization of NaV1.5 at these subcellular microdomains 
have been identified94,122,123, the proteins implicated in the delivery of NaV1.5 to specific 
microdomains remain mostly unknown. This hampers the development of novel 
therapeutic interventions for arrhythmia-associated disorders.

Along with unbiased approaches, such as proteomics (as described in Chapter 6), 
hypothesis-driven approaches can be applied to uncover the modulators of NaV1.5 
microdomain-specific targeting. Previously, trafficking of NaV1.5 within the cell was 
shown to occur via the microtubule network124. The microtubule-associated plus(+)-
end tracking protein EB1 (End binding protein 1) dynamically stabilizes microtubules 
by promoting their elongation and tethers microtubules to cellular structures125–127, 
likely facilitating ion channel delivery and anchoring. Prior studies demonstrated the 
significance of EB proteins for localization of sodium channels at the axon initial segment 
of neurons128,129. In adult cardiomyocytes, EB1 predominantly resides at the ID130, where 
NaV1.5 and Cx43 are mainly located117,131. In HELA cells, EB1 was shown to directly 
participate in the delivery of Cx43 to the cell-cell border by ensuring microtubule 
interaction with adherens junctions132. Moreover, decreased Cx43 expression at the ID 
caused by cardiac ischemia/oxidative stress and right ventricular pressure overload was 
associated with changes in subcellular localization of EB1130,133. Furthermore, a decrease 
in EB1 levels at the ID after right ventricular pressure overload and in the setting of 
Cx43 C-terminus truncation was accompanied by alterations in NaV1.5 localization and 
INa

130,134. Considering the above, we hypothesized that in addition to trafficking of Cx43, 
EB1 is involved in trafficking of sodium channels in cardiomyocytes, in particular in 
targeting NaV1.5 to the ID region. In Chapter 7, we demonstrated enhanced NaV1.5 
trafficking in HEK293 cells and increased plasma membrane NaV1.5 cluster density in 
hiPSC-CMs following EB1 overexpression. In line with this, EB1 overexpression increased 
INa and Vmax in hiPSC-CMs, while EB1 knockout had the opposite effect. Moreover, by 
showing that acute EB1 knockout in zebrafish leads to reduced ventricular Vmax and 
conduction velocity, we provided evidence for the role of EB1 in the modulation of 
cardiac conduction. The negative correlation of ventricular expression of Mapre1 
gene (encoding EB1) with QRS duration in F2 mice46,88 further highlighted the in vivo 
functional relevance of EB1 for cardiac conduction. The interaction of EB1 with another 
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microtubule-associated protein CLASP2 (cytoplasmic linker associated protein 2) has 
been previously shown to promote microtubule polymerization and stabilization135–137. 
This EB1-CLASP2 interaction has been shown to be enhanced by the compound 
SB216763 (SB2), which inhibits GSK3β-dependent phosphorylation of CLASP2138. In 
our study, incubation of LV cardiomyocytes from wild-type mice with SB2 led to the 
enhancement of whole-cell INa. with a preferential increase of NaV1.5 and INa at the ID. 
This was accompanied by a decrease in GSK3β expression at the ID (in line with the 
previously reported inhibitory effect of SB2 on GSK3β139) and increased microtubule 
detyrosination, associated in prior studies with faster trafficking140,141. At the same time, 
SB2 did not affect whole-cell INa or NaV1.5 expression in cardiomyocytes derived from 
Clasp2-deficient mice, underscoring the essential role for CLASP2 in mediating the 
observed effects of SB2.

Our study provides the first evidence that the EB1-CLASP2 complex modulates NaV1.5 
preferentially at the ID. Future studies should explore how the EB1-CLASP2 protein 
complex cooperates with other plus-end tracking proteins126,127,142–145 to enable NaV1.5 
trafficking and anchoring at the ID. Moreover, the EB1-CLASP2 protein complex may 
act together with other proteins of the ID to establish microtubule capture sites and 
determine specific places for localization of NaV1.5134. In particular, proteins of the 
adherens junctions125,131, desmosomal proteins146 and ankyrin G128 are crucial for 
tethering of microtubules to different membrane structures (e.g. adherens junctions, 
axon initial segment), and some of them interact with EB1 and/or CLASP2128,129,147–

149. Several of these proteins also regulate NaV1.5 localization and function in 
cardiomyocytes97,146,150–154. The interplay between the EB1-CLASP2 protein complex and 
proteins of ID in targeting and anchoring of NaV1.5 still needs to be fully characterized. 
In addition to the ID, NaV1.5 is also present at the LM, where it associates with the 
dystrophin-syntrophin complex94. However, the exact pathways and (microtubule 
network) proteins involved in NaV1.5 trafficking to the LM remain to be elucidated in 
future studies.

Arrhythmogenic cardiomyopathy (ACM) is a rare inherited disorder caused 
predominantly by mutations in genes encoding desmosomal proteins (e.g. plakophillin 
2155 and desmoplakin156) and characterized by reduced levels of NaV1.5 at the ID121, which 
contribute to cardiac conduction slowing and arrhythmias in this disorder157. Some of 
the ACM-causing mutations have been shown to disrupt interaction of desmosomal 
proteins with EB1 causing alterations in EB1 localization and in microtubule dynamics149. 
The results of our study suggest that these changes in EB1 distribution could lead to 
decreased delivery and eventually loss of NaV1.5 at the ID, as observed in ACM. This 
assumption is further supported by another study, in which detachment of microtubule 
plus-ends (marked by EB1) from adherens junctions of the ID in plakophillin 2 deficient 
cardiomyocytes was accompanied by a reduction in NaV1.5 levels and INa specifically at 
the ID146. Moreover, in the study of Asimaki et al.158, the SB2 compound, which promotes 
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EB1-CLASP2 interaction138, prevented or reversed disease development in zebrafish and 
neonatal rat cardiomyocyte models of arrhythmogenic cardiomyopathy. In particular, 
it normalized INa, which was reduced in these models without affecting total cellular 
sodium channel protein content158. These results point to a potential role for the EB1-
CLASP2 complex in ACM. Additionally, GSK3β levels are increased at intercalated discs 
in ACM159. Findings from our study suggest that this relocation of GSK3β to the ID could 
hamper the EB1-CLASP2 interaction in this ID region, impairing microtubule dynamics 
and eventually decreasing trafficking of NaV1.5 to the ID. Future studies are needed to 
further elucidate the role of EB1-CLASP2 protein complex, in addition to the modulatory 
effects of GSK3β, in ACM.

It is possible that rare genetic variants in the MAPRE1 gene, affecting EB1 cellular levels 
or function, are present in individuals with cardiac conduction disturbances, and it is 
therefore worthwhile to examine the MAPRE1 gene for the presence of such variants 
in such patients.

Finally, our study showed that the EB1-CLASP2 protein complex is a promising 
pharmacological target for modulation of INa preferentially at the ID. The SB2 compound, 
which impacts on this complex through its effects on GSK3β would not be a clinical 
option since it may disrupt multiple cellular processes, in which GSK3β is involved160. 
Nevertheless, the identification of the EB1-CLASP2 protein complex as a regulator of 
NaV1.5 trafficking, and future exploration of the mechanisms involved, may ultimately 
lead to the development of safer and more specific pharmacological treatments for 
patients, exhibiting cardiac electrophysiological abnormalities due to specific loss of 
INa at the ID.

Future perspectives: emerging developments in genomics and proteomics
The most recent and emerging developments in genomics and proteomics enhance the 
potential of these approaches to identify novel players in cardiac electrical function.

The optimization of protocols and the lowering of costs of whole genome sequencing 
(WGS) should promote the use of this technique in disease gene and genetic variant 
discovery in humans. While such WGS-based studies have a huge potential for the 
discovery of genetic variants impacting cardiac electrical function, they require 
enrollment of large number of individuals. In the last years, collaboration of scientists 
in different fields resulted in the establishment of international consortia, allowing the 
recruitment of more patients than ever before (e.g. International LQTS/BrS Genetics 
Consortia)161, and these consortia continue to expand. Moreover, large databases 
containing genetic and health information of individuals from the general population 
have recently emerged (e.g. UK Biobank with 500,000 participants)162. These are 
expected to be used to uncover novel genetic factors, modulating cardiac electrical 
traits in the general population.
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While most current next-generation sequencing methods generate short sequencing 
reads, long-read sequencing methods have been developed and are continuously being 
improved163. Applying long-read sequencing technologies in genetic studies could 
facilitate detection of structural variants (copy number variations, insertions, deletions, 
translocations and inversions) and aid in discrimination between isoforms originating 
from alternative splicing163. The latter can be particularly useful for sQTL studies.

Several novel RNA sequencing approaches have been established in the last years. 
Among them, single-cell and single-nucleus RNA sequencing approaches164,165 can 
be used to unravel cell-type specific mechanisms and pathways underlying cardiac 
electrophysiology. Tomo-seq166,167, spatial transcriptomics (ST)168 and fluorescent in 
situ RNA sequencing (FISSEQ)169,170 can be applied to determine genome-wide gene 
expression in the spatial context. All mentioned novel RNA sequencing approaches can 
identify region (cardiac compartment)-specific modulators of cardiac electrical function. 
Importantly, the majority of these approaches have been recently adapted for analysis 
of adult heart transcriptomics171–175.

In addition to developments in genomics, novel proteomic approaches have recently 
appeared. XL-MS, mentioned above, enables characterization of protein complexes 
in their physiological context, although it still requires optimization of protocols 
and improvements in data analysis. Imaging mass-spectrometry could provide 
information about spatially-restricted protein signatures115,176,177. Moreover, several 
single-cell proteomics approaches have recently emerged178–182, however, sensitivity 
and reproducibility of these methods still needs to be largely improved. Consequently, 
studying ion channels macromolecular complexes using novel proteomic approaches 
still remain very challenging.

In the last years, multi-omics approaches, in which data from several –omics methods 
(genomics, proteomics, metabolomics etc.) are integrated, have become frequently 
used in studies aiming to identify the molecular underpinnings of human disease183. 
This approach provides more opportunities to identify causal genes and underlying 
mechanisms than single-omics methodologies and can be considered as a promising 
strategy for uncovering novel players in cardiac electrical function.

Concluding remarks
By using various approaches, the studies described in this thesis have led to the 
identification of several novel (candidate) modulators of cardiac electrical function. 
While each approach has its own advantages and limitations, the integration of several 
approaches in the same study facilitated the discovery of novel potential players in 
cardiac electrophysiology and provided (additional) evidence for causality of identified 
genetic variants and genes. The work in this thesis furthermore demonstrates that 
functional studies are crucial for corroboration of the role of the uncovered genes in the 
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regulation of cardiac electrical function and for unraveling the underlying mechanisms. 
The acquired knowledge may inform the development of novel treatments for cardiac 
arrhythmias and facilitate improvements in risk stratification approaches. Follow-up 
work should further decipher the molecular mechanisms, by which the identified genes/
proteins contribute to cardiac electrical (dys)function. It is hoped that the application of 
emerging genomic and proteomic approaches in future studies will continue to deepen 
our understanding of the molecular underpinnings of cardiac electrical function and 
arrhythmia.
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