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General discussion and future perspectives

GEnERAl DISCuSSIOn AnD FuTuRE PERSPECTIvES

In this thesis, genotype-phenotype relationships from various inherited arrhythmia 
syndromes were studied using hiPSC-derived cardiomyocytes (hiPSC-CMs). Since its dis-
covery more than a decade ago, the hiPSC model is increasingly applied in the research 
field of cardiac electrophysiology. While initial studies were aimed at basic characteriza-
tion of the model and at testing the feasibility in disease modelling1, now the hiPSC 
model is increasingly incorporated in basic and translational studies. Nevertheless, it 
is expected that the development of the model per se as well as its optimisation for 
disease modelling and other purposes such as drug testing, is an ongoing process that 
will continue to develop.

Efficiency and reproducibility of hiPSC-CM generation: use of differentiation 
protocols

Differentiation of hiPSC into cardiomyocytes is currently quite an effective procedure. 
While initially the percentage of cardiomyocytes that was reached was only a few per-
cent using a variety of differentiation techniques, recent protocols suggest percentages 
of 80–90 % using well defined protocols which lack the use of undefined factors such 
as serum2. Moreover, the selection of cardiomyocytes based on surface markers3 or 
by metabolic selection using lactate4, as applied in Chapters 3, 4 and 6 in this thesis, 
increases this percentage even further. Because of the high differentiation efficiency and 
the ease of the protocols, the same protocols are now commonly used among different 
laboratories. While the study of cellular electrophysiological properties of hiPSC-CMs 
at the single cell level does not necessarily require a high number of cardiomyocytes 
(i.e. as performed in this thesis with the patch clamp technique), a high differentiation 
efficiency is required for a variety of molecular techniques and for the generation of 
complete monolayers of hiPSC-CMs to allow the study of conduction properties. More-
over, if the differentiation is consistently efficient, less variation between differentiation 
batches is expected, which is a relevant issue for experiments where the relative amount 
of non-cardiac cells affects the outcome of the experiments, such as gene expression 
analysis studies. In practise, however, even with efficient differentiation protocols, 
consistency among differentiation batches and among different cell lines is not always 
reached. Future studies are warranted that will provide insights into the mechanisms 
underlying the differences in differentiation efficiency across cell lines. Eventually, the 
use of the same protocol by different laboratories is desirable, as this will lead to an 
increased reproducibility of experiments by different research groups.
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Quality of hiPSC-CMs: maturation

As discussed in Chapter 2, the immature phenotype of hiPSC-CMs remains a hurdle, 
despite the different strategies that have been developed5. At this time, it is not com-
mon practice to apply these strategies, probably because they are either not so effective 
or are very laborious and unpractical. For example, culturing cells for prolonged periods, 
even for up to one year, improves the maturation state, as shown in Chapter 4, where 
we demonstrated that prolongation of culture time up to 2 months resulted in an in-
creased relative expression of the ‘adult’ isoform of SCN5A, exposing the phenotype of 
the I230T mutation in SCN5A. However, one can imagine that culturing hiPSC-CMs for 
longer periods is highly unpractical and costly. Although it is known that in principle the 
different strategies aimed at improving the maturation state exert a beneficial effect, 
details on the optimal duration and degree of specific interventions (e.g. frequency in 
electrical stimulation), and their utility of applying combinations of interventions, is still 
unclear. Future studies are required to gain further insights into these details, which will 
lead to more standardized protocols and thereby improvements in the reproducibility of 
experiments. In our studies we addressed an important disadvantage of the immaturity 
of hiPSC-CMs for electrophysiological studies, i.e., the virtual lack of the inward rectifier 
K+ current, IK1, by injection of an in silico IK1 with properties of Kir2.1 channels through 
dynamic clamp6, as applied in Chapter 3, 4, and 6. Although the intervention is artifi-
cial, the consequences of depolarized membrane potentials, i.e. inactivation of INa and Ito, 
are counteracted, generating a more physiological situation that resembles the human 
adult state more closely.

Tissue engineering

Application of tissue engineering with hiPSC-CMs is probably the most effective strat-
egy to improve the maturation state and it is clear that this technique provides for a 
more realistic cardiac model as compared to a two-dimensional cell model7. Moreover, 
tissues can be constructed that harbour different cell types (e.g. including epicardial 
or endothelial cells)8, generating a tissue model that resembles the physiological state 
even more closely. Crucially, for studies on inheritable arrhythmia syndromes, tissue 
engineering will allow the study of electrophysiological properties, such as conduction 
velocity and arrhythmic events on the three-dimensional (3D) tissue level, as opposed 
to the cellular level or a two-dimensional monolayer of cells. For example, this would 
be a logical follow up approach on our study of hiPSC-CMs from mutation-negative 
Brugada Syndrome patients, which at the cellular level did not exhibit electrophysiologi-
cal abnormalities (Chapter 3). In 3D tissues, the conduction through gap junctions can 
be studied in hiPSC-CMs from these patients in a more physiological fashion, allowing 
assessment of the function of gap junctions besides that of ion channels. Until now, 3D 
tissues have not commonly been used for the study of arrhythmia syndromes. Because 
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protocols of the technique of tissue engineering are now becoming more accessible9, 10, 
it is expected that the use of this technique will become more feasible and standard-
ized in laboratories, leading to important new insights in the near future. In addition 
to studies on electrical properties, tissue engineering enables the study of contractile 
properties, which are informative in the study of genetically determined and acquired 
dilated and hypertrophic cardiomyopathies. Although contractile properties can be 
measured at the single cell level11, 3D tissues represent a more physiological state in 
which the interplay between cells and cell-cell contacts are recapitulated.

Cardiomyocyte subtypes

Next to immaturity, a drawback of the hiPSC-CM model is the variety of cardiomyocyte 
subtypes that are generated from standard differentiation methods. Although the ma-
jority of the cardiomyocytes exhibit a ventricular-like phenotype using these protocols12, 
in studies aimed at the characterization of ventricular cardiomyocytes the presence of 
other subtypes may result in large degree of variation (‘noise’) in the acquired data. At 
the single-cell level, a distinction can be made between atrial-like and ventricular-like 
hiPSC-CMs based on the plateau amplitude of the action potential, as previously shown 
in human embryonic stem-cell derived cardiomyocytes (hESC-CMs)12 and confirmed in 
hiPSC-CMs in Chapter 6 of this thesis. Other criteria, such as the APD90:APD50 ratio are 
also commonly used13, however evidence supporting these criteria is lacking. Impor-
tantly, these criteria are only applicable on studies at the single cell level.

Different strategies that result in an enrichment of cardiomyocyte subtypes are being 
applied, which are based on a selection of cells, enrichment, or both. Selecting cardiac 
subtypes could be reached by the use of a specific surface marker that is expressed only 
in the subtype that is desired14, however for most subtypes these surface markers lack 
enough specificity. Alternatively, a selection can be realized by the insertion of an anti-
biotic resistance gene or fluorescent marker that is driven by a promotor active only in 
a certain cardiomyocyte subtype14, 15. With both strategies, no enrichment occurs, which 
may be needed to acquire enough cells of the specific cardiac subtype. Enrichment can 
be reached by overexpressing certain transcription factors that drive the differentiation 
towards the specific subtype16, however it could be argued that this is a rather un-
physiological method. Possibly the most ‘physiological’ way to generate specific cardiac 
subtypes is by applying small molecules that are known to play a role in chamber spe-
cialisation of cardiomyocytes. Currently, some protocols have been developed that lead 
to an enrichment of atrial (for human embryonic stem cells)12, 17 and sinoatrial nodal cells 
(for hiPSCs)14, 18. Although some optimization of these protocols may be required, these 
studies have led to great advances in the use of hiPSC-CMs as cellular disease models. 
As we have demonstrated in Chapter 6, some mutations that are associated with in-
herited arrhythmia syndromes, such as the GNB5 mutation p.S81L, can only be studied 
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in a certain subtypes of cardiomyocytes due to the fact that the affected ionic current 
is not expressed in ventricular cardiomyocytes. Also, some disease-causing mutations 
affect cardiomyocyte subtypes differently and exhibit their effects in specific regions of 
the heart. For example, some SCN5A mutations cause sick sinus syndrome, while others 
are associated with atrial fibrillation or progressive conduction disease. Studying these 
mutations in different cardiomyocyte subtypes would provide new insights in the pleio-
tropic phenotype of SCN5A mutations. Next to atrial and sinoatrial nodal hiPSC-CMs, the 
generation of Purkinje cells and atrioventricular nodal cells will be of great benefit. Also 
for these subtypes, genetic variants exist that specifically act on these cells (for example 
SCN5A mutations that lead to multifocal ectopic Purkinje-related premature contrac-
tions and a haplotype at the DPP6 gene which is associated with idiopathic ventricular 
fibrillation19. For the distinction of these other subtypes, it is crucial that clear criteria are 
applied that distinguish these cells from other cardiac subtypes. For example, the atrial 
cardiomyocyte is characterized by the presence of both the acetylcholine-activated 
K+-current (IKAch) and the ultra-rapid delayed rectifier current (IKur), which is (in combi-
nation) not present in any other subtype. For other subtypes, such as atrioventricular 
nodal cells, an electrophysiological distinction may be more challenging as these cells 
share different properties with the sinoatrial nodal cell. The fact that within the different 
chambers different subtypes exist complicates matters even further. The occurrence of 
differences within subregions of the same cardiac chamber may in fact be of importance 
for different studies. For example, we have demonstrated in Chapter 7 that the effects of 
Hey2 knockout were clearly dependent on the region that was studied (subepicardium 
versus subendocardium). Therefore, studying the electrophysiological consequences of 
Hey2 expression in hiPSC-CMs clearly carries limitations. While the ability to distinguish 
in hiPSC-CMs between cells pertaining to the different subregions of the ventricular wall 
would be a great advantage, it is expected to be a challenge to develop protocols that 
will allow this. Again, criteria that clearly distinguish these different regions will be of 
crucial importance.

Genome editing

For the last couple of years, techniques in genome editing have undergone tremen-
dous development, enabling the generation and study of mutant hiPSC lines with an 
isogenic background. Studying genetics variants in an isogenic background excludes 
the effects of other, unknown variants, increasing the reliability of the obtained results. 
Genome editing techniques were initially very laborious and time-consuming, usually 
requiring the insertion of a selection marker in the genome that could evoke unwanted 
effects. With the discovery of the Transcription Activator-like Effector Nuclease (TALEN)20 
and later Clustered Regularly Interspaced Short Palindromic repeats (CRISPR/Cas9)21 
technologies, the process of genome editing has become a lot easier and applicable 
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in most laboratories. Due to its efficacy, using the CRISPR/Cas9 technology one can 
now generate a genetically modified cell line within a few weeks 22. In Chapter 6 of this 
thesis, we applied the technique of genome editing using the CRISPR/Cas9 technology 
to generate cell lines that carried the mutation p.S81L in GNB5, which allowed us to 
specifically study the effect of this particular mutation in an isogenic background. In 
addition, reprogramming patient material into pluripotent stem cells was not necessary, 
which is another practical advantage.

Given the effectiveness and the great advantage of genome editing versus the use of 
multiple non-isogenic controls, it is expected that this technique will become manda-
tory in future studies entailing the study of genetic variants in hiPSC-CMs. However, the 
possibility of generating off-target mutations are currently a concern and research is 
still ongoing in optimizing this technique further23. Although possible off-target loci can 
be predicted based on in silico tools, genetic events sometimes occur at unpredicted 
sites in the genome24. Extensive genomic screening, e.g. using whole-genome or exome 
sequencing, may provide more information concerning the off-target events, however 
this is still a costly procedure. Currently, it is quite accepted to circumvent the ‘problem’ 
of unspecific effects of genome editing by selecting and analyzing multiple clones, 
which reduces the chance of finding effects that are not related to the desired genome 
editing event.

Modelling sodium channelopathies in hiPSC-CM

Previously, several studies have demonstrated the feasibility of using hiPSC-CMs for 
the study of cardiac sodium channelopathies that are related to mutations in the gene 
SCN5A25, 26. In Chapter 3 and 4 of this thesis, this was again confirmed for different mu-
tations. In Chapter 4, we demonstrated that the immature phenotype may mask the 
effects of these mutations, especially if they are located in exon 6, due to the expression 
of the fetal isoform of SCN5A in hiPSC-CMs. Extending the time in culture up to 2 months 
uncovered the (presumed) phenotype. However, for other mutations this extension may 
not be enough, as the mutation I230T that was studied here increased expression of the 
‘adult’ isoform per se by affecting a splice enhancer site. Possibly, other strategies that 
increase the maturation state may be used to enhance the usage of the adult SCN5A 
isoform further. While effects of mutations in the SCN5A gene are quite consistently 
recapitulated in hiPSC-CMs, it remains to be investigated whether this also holds for 
mutations affecting proteins that modulate the sodium channel, such as beta-subunits. 
The beta subunits SCN1B to SCN4B are expressed at different ratios in hiPSC-CMs as 
compared to adult cardiomyocytes, in accordance with the fetal state of hiPSC-CMs. The 
differences in expression of the beta subunits could even affect the consequences of the 
SCN5A mutation per se27. Whether these expression ratios also change with prolonged 
time in culture or by stimulating the maturation state by other means, is unknown.
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Next to the electrical function of the cardiac sodium channel it is not clear yet whether 
nonelectrical properties, i.e. functions of the channel that relate to the sodium channel 
as a major component of the macromolecular complex at the intercalated disc, resemble 
those of human adult cardiomyocytes. A recently performed study demonstrated the 
consequences of an SCN5A mutation that was linked to arrhythmogenic right ventricular 
cardiomyopathy on membrane expression of the structural protein N-cadherin in hiPSC-
CMs, implying that the interplay between these two proteins is present in hiPSC-CMs28. 
However, given the fact that hiPSC-CMs that are cultured using standard differentiation 
protocols lack clear intercalated discs5 suggests that not all components of the macro-
molecular complex are similar in hiPSC-CMs as compared to adult cardiomyocytes.

In Chapter 3, we tested the efficiency of compounds that could potentially stimu-
late sodium channel function in the scenario of nonsense mutations by promoting 
translational readthrough. However, the tested drugs gentamicin and PTC124 did not 
exhibit any (clinically relevant) effect. Other compounds have been identified that may 
exhibit a higher potency than the drugs studied in Chapter 329. Nevertheless, in most 
of the performed assays a large subset of mutations does not respond to any of the 
compounds or only to a very small extent30. Therefore, it is questionable whether any 
of these compounds can be used in the setting of SCN5A nonsense mutations. Research 
in the concept of promoting readthrough as a therapeutic tool for nonsense mutations 
should be aimed at a better understanding of the underlying mechanism (in both failing 
and in successful scenarios) and at the identification of compounds that exert consistent 
effects among different mutations such that it can inform us on the likelihood that the 
approach could be successful for specific mutations.

Hey2: from GwAS locus to mechanism

In Chapter 7 of this thesis, we have provided new insights into the previously identi-
fied association between genetic variation at the HEY2 locus and Brugada Syndrome. 
We demonstrated that the Brugada Syndrome risk allele is associated with higher HEY2 
expression in human heart, providing evidence that HEY2 is the causal gene at this locus. 
We showed that in human heart, the expression of HEY2 is strongly correlated with that 
of KCNIP2, which encodes a subunit of the ion channel that mediates the transient out-
ward current Ito. By studying mice that are haploinsufficient for Hey2, we demonstrated 
that Hey2 plays a role in establishing the transmural electrophysiological gradient in 
the right ventricle through effects on depolarization and repolarization specifically in 
subepicardial cardiomyocytes, where Hey2 is most strongly expressed. These findings 
provided evidence that HEY2 regulates electrical patterning across the ventricular wall 
and established its role in the pathophysiology of Brugada Syndrome through effects 
on depolarization and repolarization. This study furthermore illustrated the utility of 
combining gene expression studies in human heart with studies in mice as a means of 
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dissecting the mechanism underlying a locus identified by GWAS. Nonetheless, there 
are several issues that remain to be investigated. First of all, while the genetic haplo-
type that results in increased disease susceptibility is known, the exact causal single 
nucleotide polymorphism (SNP) within the haplotype remains elusive. Eventually, this 
information is required to exactly delineate the mechanism through which Hey2 expres-
sion is affected in patients carrying the risk allele. Also, the molecular cascade by which 
Hey2 affects expression of the gene KCNIP2 is unresolved. Given the fact that Hey2 is 
a transcriptional repressor and expression of KCNIP2 is positively correlated with HEY2 
expression, we hypothesize that these effects are indirect, i.e. are mediated through 
changes in the expression of a separate transcription factor.

While we confirmed changes in the amplitude of the J-point in ECGs of the Hey2 het-
erozygous knockout mouse, which implicated effects of Hey2 on early repolarization, 
it should be noted that the murine J-point does not represent the J-wave in humans31. 
Further studies are required to evaluate the consequences of Hey2 expression on ECG 
parameters in human. Interestingly, genetic variation at the Hey2 locus was significantly 
associated with ST-T wave amplitude in a GWAS recently performed in individuals from 
the general population32, implying that this locus also affects the ECG in the general 
population.

It could be speculated that patients carrying the genetic haplotype at the Hey2 locus 
develop Brugada syndrome through a different mechanism than patients who do not 
carry this variation. Since these patients may express a specific electrophysiological 
signature including an increased Ito, hypothetically these patients respond better to 
specific therapies such as quinidine, which strongly inhibits Ito among others. In addi-
tion, it would be interesting to evaluate whether the risk of arrhythmic events is different 
in patients that carry the risk allele as compared to those who carry the major allele. 
Eventually, this knowledge would be helpful in clinical decision-making and patient 
counseling.

GNB5 mutations: remaining issues to explore

In Chapter 6, we studied the consequences of the GNB5 mutation p.S81L on the para-
sympathetic response in hiPSC-CMs. In our study we demonstrated that the mutation 
resulted in an increased IKAch density, explaining the severe bradycardia in patients 
carrying this specific variant. It remains to be investigated whether such a mechanism 
also holds for mutations that result in a complete loss-of-function, i.e. homozygous or 
compound frame-shift or nonsense mutations, which were also described in patients 
suffering from this particular multisystem disorder33. Interestingly, studies in GNB5 
knockout mice suggest that GNB5 ablation results in a delayed inactivation of IKAch chan-
nels, while IKAch density is not affected34. It would be interesting to evaluate whether the 
p.S81L exhibits different effects as compared to loss-of-function effects and whether 
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the effects of GNB5 knockout in humans are similar to those in mouse. Moreover, with 
regard to the neurological manifestation of the disease, the effects of GNB5 mutations 
on G protein-couplet inwardly-rectifying channels (GIRK) channels in neurological 
cells remain to be investigated. hiPSCs that are differentiated into neuronal cells are 
potentially suitable models for this purpose. In addition, the exact molecular pathways 
underlying the observed effects of our study are elusive. It could be speculated that the 
p.S81L GNB5 mutation affects protein folding properties of Gβ5, resulting in an altered 
interaction with other proteins that are involved in G-protein signaling, such as those of 
the family of Regulators of G-protein signaling (RGS). Molecular studies evaluating the 
interaction between Gβ5 and its binding partners would enhance our insights in this 
regard.

Finally, we provided proof-of-principle for therapeutic intervention using a specific 
IKAch blocker. In vivo studies, preferably performed in mammals, are warranted to further 
determine the therapeutic potential of this approach. Moreover, in vivo studies would 
provide clarity whether this strategy is beneficial in also treating the neurological mani-
festations of the disease.

From phenotype to genotype: hiPSC-CMs in the clinical setting

One possible application that was thought to become available after the discovery of 
hiPSC-CMs was its potential to guide in clinical decision-making, which would as such 
contribute to the so-called personalized medicine paradigm. In case of the inherited 
arrhythmia syndromes, this could in theory be applied in patients that carry a genetic 
variant in which the consequences are uncertain. Generating hiPSC-CMs from these 
patients would provide insights in the clinical consequences and as such help the clini-
cian in estimating the risk of arrhythmia in each individual. In addition, insight into the 
disease mechanism and the individual response to pharmaceutical compounds could be 
assessed in the hiPSC-CMs that are generated from each patient, which provides infor-
mation regarding the effects and side-effects among different putative drugs. While this 
strategy appears tempting, at this time the costs and duration of this approach would 
hinder a translation to the clinics. At the moment, the time from sampling unipotent cells 
from the patients until the generation of hiPSC-CMs is at least a few months, after which 
the characterization has to occur. This is simply too long and laborious to be applied in 
this setting. Advances in cellular reprogramming techniques as well as the development 
of high throughput assays to assess electrophysiological function and drug response 
would contribute to the development of a clinical application of hiPSC-CMs.

hiPSC-CMs: prophecy fulfilled?

While initially the discovery of the hiPSC model led to great enthusiasm in the cardiac 
community, some degree of scepticism arose relating to its immaturity and variability 
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among cultures. Notwithstanding these drawbacks, the hiPSC model has proven to be 
a powerful tool in the study of arrhythmia syndromes and drug development and has 
led to important insights. With the ongoing development of the model, it is expected 
that the maturation state will improve, providing a more faithful recapitulation of the 
human, adult situation. The fact that the model is of human nature is an advantage over 
other models that should not be underestimated. Besides the clear electrophysiological 
differences between human and other species that are apparent from the cardiac action 
potential, less apparent differences, such as those in the genetic landscape, can be of 
crucial importance. Nevertheless, it should be realized that animal models can never be 
replaced completely. The interplay between cardiac regions, the impact of the nervous 
system and hormonal influences among others are aspects that can only be mimicked 
to some extent in a culture dish. For each research question that is to be studied, the 
advantages and disadvantages of the different models should be considered and kept 
in mind.
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