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Chapter 1 
 

 

Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“A man has always to be busy with his thoughts if anything is to be accomplished.” 
 

Antonie van Leeuwenhoek 
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Concerning systems genetics 
 

Our understanding of human diseases is hampered by the intricacy 

of the system in which they are manifested. Disease traits are influenced by 

a complex interplay of a broad range of heritable and environmental factors. 

These interacting factors are thought to affect entire biological networks that 

in turn heighten or diminish the risk of disease or influence disease severity. 

Complex disease traits can be considered evolving properties of molecular 

networks, which respond to genetic and environmental perturbations that 

associate with the disease via transcriptional, translational and other 

molecular, cellular and tissue networks
 
(Figure 1).

1
 Systems genetics is a 

holistic approach to studying biological processes that operate as an 

integrated system causally affected by genetic variation. It inter-relates 

genotype and phenotype in complex traits and disease, integrating the 

questions and methods of systems biology with those of genetics. It focuses 

on networks of interactions between genes and traits, as well as between 

traits themselves. Given what must be considered to better understand these 

molecular interactions, systems genetics is greatly empowered by recent 

advances in different “omic” technologies, including genome-wide single 

nucleotide polymorphism (SNP) genotyping and genome-wide transcript 

profiling.
2
  

 

 

 

 

 

 

 

 

 

Figure 1: RNA and protein networks responding to DNA variation and environmental stimuli 

associated with disease. 
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Prelude to understanding a complex cardiac phenotype 

 

Sudden, arrhythmic, cardiac death constitutes a complex trait that is 

influenced by numerous interacting biological and environmental factors. 

Sudden cardiac death (SCD) is known to occur in the setting of Mendelian 

arrhythmia syndromes, oftentimes characterized by abnormal surface ECG 

manifestations.
3
 As for most Mendelian disorders, these inherited arrhythmia 

syndromes display incomplete penetrance and variable expressivity of 

clinical manifestations, which complicates greatly the clinical management of 

patients with these disorders.
4,5

 Incomplete penetrance is defined as the 

fraction of a population harboring a pathogenic mutation that presents the 

clinical manifestations of the disorder. Variable expressivity is defined as the 

spectrum of disease severity among mutation carriers, ranging from clinically 

unaffected to severely affected individuals. Disease penetrance and 

expressivity are increasingly understood to originate from interactions of the 

causal gene mutation with modifier loci littered throughout the genome. A 

comprehensive review of genetic modifiers in the inherited arrhythmia 

syndromes is presented in chapter 2 of this thesis. 

The emergence of genome-wide technologies to systematically 

characterize DNA variations in whole populations has heralded an exciting 

new age in understanding the genetic basis of cardiac electrical disorders. 

Genome-wide association studies (GWAS) have identified a number of 

SNPs associated with ECG indices of conduction and repolarization. Unlike 

simple Mendelian disorders, in which highly penetrant mutations segregate 

with the phenotype in families, allowing for causal gene discovery by  linkage 

analysis, complex genetic disorders are the result of multiple genes of small 

effect sizes. Indeed, as expected in complex genetic traits, the variants 

identified as modulators of ECG parameters through GWAS in the general 

population are associated with very small effect sizes.
5
 The ability to uncover 

the genetic underpinnings of ECG traits, known intermediate phenotypes of 

SCD,
6-8

  is a powerful property of GWAS. On the other hand GWAS alone 
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cannot give us complete insight into the complex genetic and environmental 

interactions that are associated with these traits.
9
 Complementary strategies 

to human GWAS, such as mouse models and the application of systems-

based approaches constitute highly relevant alternative means to elucidate 

the genetic etiology and molecular mechanisms that underlie ECG 

quantitative traits and risk of SCD.  

Genomic studies in mice represent an important strategy for gene 

discovery as they circumvent some of the limitations inherent to human 

population studies, most notably, different environmental exposures and 

unrecognized population substructure.
10

 Despite interspecies differences, 

genetic susceptibility to disease is demonstrated to play a similar role in both 

mouse models and humans.
10

 Hybrid mouse populations, such as the 

second filial generation (F2) of an outcross, is a genetically heterogeneous, 

segregating reference population that offers the genetic diversity 

characteristic of the human population.. Furthermore, disease-sensitization 

of hybrid mice provides a unique strategy to enhance the detection of smaller 

effect genes.
11,12

 Disease-sensitization involves the intercross of two mice 

harboring the same pathogenic mutation, which originate from distinct 

genetic backgrounds and present highly variable phenotype manifestations. 

 

 

Focus of this dissertation 

 

This thesis focuses on a systems genetics approach to uncover 

novel genes and molecular networks that influence cardiac electrical traits in 

mice harboring a cardiac sodium (Na
+
) channel (Nav1.5) mutation. Nav1.5 is 

encoded by the Scn5a gene and is responsible for the fast depolarization of 

the cardiomyocyte. Many mutations in the SCN5A gene have been 

characterized and associated with lethal cardiac electrical disorders. The 

pathologies associated with cardiac sodium channel mutations have been 

termed sodium channelopathies. The SCN5A1795insD mutation was 
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identified segregating throughout a large Dutch kindred presenting SCD and 

a trio of inherited arrhythmia syndromes, namely long-QT syndrome, 

Brugada syndrome (BrS) and progressive cardiac conduction disease, either 

in isolation or in combinations thereof.
13

 As expected of Mendelian 

arrhythmia syndromes, incomplete penetrance and variable expressivity of 

ECG defects is prevalent.  

Mice carrying the homologous mutation Scn5a1798
insD/+

 recapitulate 

the clinical manifestations associated with this mutation among family 

members. An in-depth analysis of the phenotypic consequences of the 

mutation in the setting of two different mouse (inbred) genetic backgrounds, 

FVBN/J and 129P2/OlaHsd, uncovered profound differences in phenotype 

severity. With respect to ECG indices for conduction and repolarization, 

129P2/OlaHsd mice are more severely affected by the mutation when 

compared to FVBN/J mice. Chapter 3 of this thesis describes these strain-

dependant differences in ECG manifestations together with a combined 

electrophysiology and genomic analysis. Furthermore, 129P2/OlaHsd mice 

are exclusively susceptible to flecainide-induced ventricular 

tachyarrhythmias (VT) when compared to FVBN/J mice. The large 

differences in conduction disease severity and arrhythmia susceptibility 

makes these mouse models ideal for generating a disease-sensitized hybrid 

population to search for conduction disease modifiers and arrhythmia 

susceptibility genes. 

We reared 532 second filial (F2) generation Scn5a-1798
insD/+ 

mutant 

mice (F2-MUT) by crossing 18 129P2/OlaHsd–Scn5a-1798
insD/+

 and FVBN/J-

Scn5a-1798
insD/+

 couples (Figure 2). ECG traces were recorded at baseline 

and after the administration of flecainide. We genotyped all mice for 768 

SNP markers littered throughout the mouse genome. In chapter 4 we 

provide evidence for genomic regions that are associated with variance in 

ECG traits and susceptibility to flecainide-induced arrhythmias. These 

genomic loci are termed quantitative trait loci (QTL), which represent a novel 
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benchmark in identifying genes and molecular networks that influence ECG 

characteristics and arrhythmia susceptibility. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Generation of the second filial (F2) generation of mice harboring the 

Scn5a-1798insD/+ mutation. F0, parental generation of inbred mice (129P2 and 

FVB/N); F1, first filial generation of F0 cross resulting in identical mice of 

heterozygous alleles; F2, second filial generation segregating disease-causing 

alleles; star, disease-causing locus. 

 

 

Assigning causality to a particular gene or set of genes, underlying a 

QTL is a daunting task since mouse QTL are typically large genomic regions 

encompassing hundreds of genes. For this reason we integrated whole-

genome SNP genotyping with genome-wide transcript profiling,
14

 therefore, 

transcript abundance is analyzed as the phenotype in expression QTL 
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(eQTL) mapping. It is becoming increasingly evident that differences in gene 

regulation could be responsible for much of the observed phenotypic 

variation in natural populations.
15

 Thus; genetic variation underlying a QTL 

can impact on gene expression. eQTLs that coincide with ECG trait QTL, 

which in turn affect the trait, represent highly relevant targets for further 

functional studies. In chapter 5 we present an eQTL analysis of left ventricle 

(LV) genome-wide transcript profiles from 109 F2-MUT mice and isolate 

positional candidate genes for the PR-, QRS-duration and susceptibility to 

flecainide-induced VT QTLs.  

In chapter 6 we construct a cardiac gene co-expression network 

from genome-wide gene expression profiles. We identify 14 modules of co-

regulated genes that significantly enrich distinct biological themes, including 

mitochondrial metabolic processes, immune response reactions and 

contractile fiber processes. We functionally validated an immune response 

module, postulating that a central gene within this module, cxcl9, encoding 

the secreted monokine induced by interferon-gamma (Mig, cxcl9), 

represents a co-expression network effector (readout) that influences 

cardiomyocyte electrophysiology. Patch-clamp studies on freshly isolated 

mouse ventricular cardiomyocytes showed that application of recombinant 

cxcl9 resulted in shortening of the action potential duration, an effect 

mediated by a reduction in the L-type Ca
2+

 current. We also demonstrated 

that the effects of cxcl9 on action potential duration depend on its binding to 

the G protein-coupled receptor chemokine receptor 3 (cxcr3) as these 

effects were abolished in cardiomyocytes isolated from cxcr3 knock-out 

mice. Thus, we demonstrate a novel role for chemokine modulation of 

cardiomyocyte electrophysiological properties and propose the Cxcl9-Cxcr3 

signaling axis as a potential modifier of cardiac electrical traits. 
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