
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Genetic modifiers in familial cardiac rhythm disorders

Kolder, I.C.R.M.

Publication date
2012

Link to publication

Citation for published version (APA):
Kolder, I. C. R. M. (2012). Genetic modifiers in familial cardiac rhythm disorders. [Thesis, fully
internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/genetic-modifiers-in-familial-cardiac-rhythm-disorders(457fc984-9f7b-41df-a6fc-4f150ad21631).html


Chapter 7
General Discussion

And
Future Perspective



132

CHAPTER 7

General discussion
In this thesis, we have focused on identifying genetic modifiers of disease in families 
with Mendelian cardiac disorders associated with a high risk of sudden cardiac death 
(SCD). Our aim was to identify genetic modifiers that could explain, at least in part, the 
phenomena of reduced penetrance and variable disease expression observed in these 
families, features commonly encountered in Mendelian disorders in general. Part of the 
work focused on the more-prevalent Mendelian cardiac disorders, namely hypertrophic 
cardiomyopathy (HCM) and Long QT Syndrome Type 2 (LQT2). Work also focused on a large 
family presenting with the rare phenotype of “overlap” cardiac sodium channel disease 
(Long QT Syndrome, Brugada Syndrome, Conduction Disease).  In the primary electrical 
disorders we searched for genetic modifiers of heart rate and electrocardiographic (ECG) 
indices of conduction and repolarization as these constitute primary determinants of the 
disease. In HCM, we searched for genetic modifiers of echocardiographic parameters 
reflecting the extent of cardiac hypertrophy. Our studies included a linkage analysis and/
or association analysis approach and investigated candidate genetic variants and genes 
as well as an unbiased approach interrogating genetic variants genome-wide. In some of 
our studies we exploited the occurrence of founder mutations, allowing for the detection 
of genetic modifier effects in the setting of one or a limited number of primary gene 
defects, avoiding the heterogeneity in disease severity stemming from the different 
mutations encountered in patient sets with different primary gene defects. Besides 
confirming or refuting previously published associations at candidate loci, our studies 
uncovered multiple new loci modulating the traits of interest, providing a strong basis for 
future genetic validation studies and targeted functional studies in genes and pathways 
previously unlinked to cardiac electrical function. 

In our studies on HCM, we sought to reproduce earlier findings from two studies1, 2 that 
reported a pro-left ventricle hypertrophy effect of five single nucleotide polymorphisms 
(SNPs) within genes active in the renin-angiotensin-aldosterone system (RAAS). For this, 
we used a set of 389 individuals with HCM carrying one of three functionally-equivalent 
truncating founder mutations in the MYBPC3 gene that are prevalent in the Netherlands. 
Contrary to the previous studies, our findings do not provide support for a marked effect 
of these genetic variants on the phenotypic expression of left ventricular hypertrophy. 
However, our study was limited to five candidate polymorphisms and the role of other 
genetic variants in explaining the phenotypic variability among HCM patients, certainly 
merits investigation perhaps in future genome-wide studies.

In a study on LQT2 probands and families harbouring mutations in the KCNH2 gene (438 
patients), we investigated the possible modulatory effect of common genetic variants 
residing within or around 18 candidate genes on the extent of QTc-interval prolongation 
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in this disorder. For the first time, in this study we accounted for the varying effect of 
the primary gene defect (KCNH2 mutation in this case) on the extent of QTc-interval 
prolongation. In doing so, we confirmed and extended previous observations that the 
type and location of the KCNH2 mutation has a marked impact on disease severity3, 
providing a very strong argument for correcting for these effects in association studies 
searching for genetic modifiers. Our analysis confirmed previous observations that SNPs 
in the NOS1AP gene, known to impact on the QTc-interval in the general population4, 

5, modulate the severity of QTc-interval prolongation in LQT2. Importantly, this study 
provided the first evidence that specific genetic variation in KCNH2 (the gene which also 
harbours the primary gene defect in these patients), which does not impact on the QTc-
interval in the general population, is associated with the QTc-interval in patients with 
LQT2. This raises the intriguing possibility that this specific variant exerts its effect only in 
the setting of a KCNH2 mutation, where repolarization is already compromised, thereby 
providing a setting permissive to the identification of variants that are silent in the general 
population. The robustness of this association however must in the future be investigated 
in additional LQT2 probands and families. Studies in Long QT Syndrome patients with 
other gene defects will also be required to shed light as to whether this genetic variant is 
specific to KCNH2 mutation carriers as opposed to carriers of other Long QT Syndrome-
causing gene defects such as mutations in KCNQ1 and SCN5A.

In this thesis, extensive work was carried out as to genetic modifiers in a large Dutch 
pedigree segregating the SCN5A-1795insD mutation, in which we searched for modifiers 
by linkage and association analysis in candidate genes as well as genome-wide. This family 
which presented clinically with both gain- as well as loss-of-function features of sodium 
channel disease, provided us with the unique opportunity to search for genetic modifiers 
of both the cardiac conduction as well as the repolarization process. The most important 
finding of the candidate gene study was the novel finding that genetic variation at the 
RCAN1 locus is associated with the PR-interval. RCAN1 encodes regulator of calcineurin 
1 and acts in calcineurin/Nfat signaling, a pathway already implicated in modulation of 
atrio-ventricular conduction6, 7. The identification of RCAN1 as a possible modulator of the 
PR-interval may be considered as a serendipitous finding as this region of chromosome 
21 was included in our analysis only by virtue of the fact that it lies upstream of the 
KCNE1 gene, which is in turn a strong candidate for the modulation of the QTc-interval 
but has no likely role in PR-interval modulation. Through extensive functional studies in 
mice carrying the homologous mutation (Scn5a1798insD/+) we demonstrate that abnormal 
intracellular calcium homeostasis as a consequence of the SCN5A-1795insD mutation 
provides a setting for activation of the calcineurin/Nfat pathway, subsequently impacting 
on the PR-interval. We argue that the activation of the calcineurin/Nfat pathway in this 
way provides a target for the action of the RCAN1 gene product and the related genetic 
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variation in modulation of the PR-interval. This would imply that the effect of the RCAN1 
variant would only be evident in SCN5A mutation carriers. In line with this, no effect of this 
SNP was detected in the general population. Furthermore we demonstrated a statistically 
significant interaction effect with SCN5A mutation-carriership when the study set was 
enlarged with additional SCN5A mutation carriers. To our knowledge, this is the first 
time that a SNP could be shown to interact with the primary genetic defect and thereby 
modulate the phenotype of a Mendelian rhythm disorder.

Further evidence implicating the calcineurin/Nfat pathway in modulation of the PR-
interval was provided in our genome-wide association study in the family. In this analysis, 
genetic variation within the LMCD1 gene encoding LIM and cysteine-rich domains protein 
1, a player in calcineurin/Nfat signaling8 was also found to modulate the PR-interval at high 
statistical significance. It will be very interesting to determine in future studies whether 
the effect of this genetic variant is restricted to carriers of an SCN5A mutation. In addition, 
the genome-wide association study uncovered multiple other potentially interesting loci 
modulating heart rate and ECG indices of conduction and repolarization, some of which 
with an SCN5A mutation-specific effect. These novel loci will benefit from replication 
studies in additional families with SCN5A mutations. This work clearly demonstrates the 
utility of the hypothesis-free genome-wide approach in identifying novel genes that were 
previously unlinked to cardiac electrical function and with the potential of opening new 
avenues for research.

Perspectives for the future
This thesis identified common genetic variants impacting on intermediate traits relevant to 
the disease. The identification of genes previously unlinked to the cardiac traits of interest 
provides novel targets for future research into cardiac electrical function at baseline and 
in disease and for development of new therapies. Importantly, the identification of such 
variants may aid, in the future, after careful evaluation, in risk stratification in patients, 
contributing to a “personalized medicine” approach to patient care. In this respect, 
it is important to realize that the common genetic variants dealt with in this thesis are 
generally associated with modest effect sizes and may therefore have a more-relevant 
role in the determination of risk when considered in aggregate. Furthermore, future 
studies in the patients sets studied in this thesis should also encompass other strategies, 
including the analysis of rare genetic variants which may be associated with larger effects9. 
The rapid increase in the number of genomes and exomes being sequenced now enables 
the identification of such rare variants and these may in the future be tested in patient 
sets using specialized chips (e.g. exome chip). Furthermore, one could also sequence 
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the exome and genome of the patients directly, with the added advantage that this has 
the ability of identifying private variants or variants that may be specific to the Dutch 
population.

Genetic variation may impact on a given trait and disease process either by impacting 
on protein function or by altering gene expression. In line with findings in genome-
wide association studies in general10 our genome-wide approach identified a number 
of associations in intergenic regions or gene-poor chromosomal areas. Such genetic 
variants are likely to exert their modulatory function by impacting on gene regulation 
and thereby gene expression. Expression quantitative trait locus (eQTL) analysis, not yet 
available in cardiac tissue, would aid in identifying any cis- or trans-eQTL effects of these 
genetic variants, providing a genetic mechanism for the effect observed and candidate 
gene identification for functional studies11. Combining the data generated here with other 
emerging resources such as Chip-seq in cardiac tissue12 will also aid this process.

 

Figure 1  |  An updated schematic representation of a cardiomyocyte depicting genes encoding channel 
subunits and interacting proteins involved in the primary electrical disorders or in cardiac electrical 
function.  



136

CHAPTER 7

Undoubtedly the expansion of bio-banks and related databases of patients with Mendelian 
cardiac disorders should be pursued as this will provide increased statistical power for 
variant and gene discovery in addition to the resources necessary for validation of findings 
in discovery sets. To this aim, effort in collecting and characterizing large sets harbouring 
founder mutations will be especially useful. 

In the case of the SCN5A-1795insD mutation in particular, where knock-in mice of two 
distinct inbred strains (FVB/NJ and 129P2) carrying the homologous mutation exist13, 14, 
future work should consider overlapping data generated from the gene-finding efforts of 
this thesis with those generated from studies in the segregating population of mice arising 
from the FVB/N-Scn5a1798insD/+ x 129P2-Scn5a1798insD/+ cross14. Such an effort provides unique 
possibilities for gene prioritization especially due to the possibility of a systems genetic 
approach in mice, for instance incorporating cardiac gene expression analysis, that may 
not be possible in patient studies. 
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