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Despite the identification of various factors that influence its 

pathogenesis, sudden arrhythmic cardiac death remains one of the major 

causes of  mortality worldwide. Abnormalities of cardiac impulse initiation, 

conduction and repolarization represent fundamental signs of an impending 

lethal cardiac event. The genetic underpinnings of abnormal ECG 

characteristics are still largely unknown, which would argue for the 

identification of those genetic loci that may be associated with variance in 

ECG parameters. Yet, to date, the relevant, known genetic variation  

explains only a minute proportion of the variance in these complex ECG 

properties, and they confer only relatively small increments of risk. We 

undertook a systems-based analysis of abnormal cardiac electrophysiology 

in order to identify those genes and regulatory factors impacting on these 

intermediate phenotypes to sudden cardiac death.   

      In chapter 2 of this thesis we review what is known about modifiers 

of the inherited arrhythmia syndromes, with particular reference to genetic 

modifiers. These predominantly autosomal, dominant inherited syndromes 

are not spared from the genetic phenomena of   variable expressivity and 

incomplete penetrance.  This greatly complicates the management of these 

disorders. The application of complementary strategies to better understand 

the etiology of these primary arrhythmia syndromes will greatly alleviate the 

burden of identifying those individuals at risk of lethal cardiac arrhythmias.   

      Mutations in the SCN5A gene, encoding  the pore-forming cardiac 

sodium channel α-subunit, are associated with familial arrhythmia 

syndromes, based on, among others, conduction slowing. The severity of 

conduction disease among SCN5A mutation carriers is highly variable and 

we embarked on the search for genetic modifiers underlying this variability.  

Chapter 3 deals with the identification of such modifiers.  We studied the 

Scn5a-1798insD/+ mutation in two distinct mouse strains, FVB/N and 

129P2.  We show that 129P2  mice exhibit more severe conduction slowing 

particularly in the right ventricle (RV) as compared to that in FVB/N mice. We 

performed genome-wide mRNA expression profiling in the two mouse strains 
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and uncovered a drastic reduction in mRNA that codes for  the sodium 

channel auxiliary subunit β4 (Scn4b) in 129P2 mice as compared to that 

found in  FVB/N mice. This corresponded with low to undetectable β4 protein 

levels in 129P2 ventricular tissue whereas abundant β4 protein was detected 

in FVB/N. Sodium current measurements in isolated myocytes from the two 

mouse strains indicated that sodium channel activation in myocytes from 

129P2 mice occurred at more positive potentials compared to that in FVB/N. 

This difference in activation kinetics was predicted by computer simulations 

to explain the  observed differences in the severity of conduction disease 

between the two strains.  From this we conclude  that the sodium channel 

subunit β4 (SCN4B) may constitute a potential genetic modifier of 

conduction and cardiac sodium channel disease.  

      The considerable differences in ECG manifestations between these 

mice of distinct genetic backgrounds makes them ideal models for 

unmasking those  genetic factors that modulate ECG parameters and 

arrhythmia susceptibility. Chapter 4 describes how we exploited  these 

differences.   First a disease-sensitized F2 mouse population was generated 

by crossing Scn5a1798insD/+ transgenic mice of 129P2 and FVB/NJ genetic 

backgrounds.  We then analyzed the ECG phenotypes of these hybrid mice 

to map genetic loci that influence the ECG trait in question. Heart rates (HR), 

P-duration, PR-, QRS- and QT-intervals were measured at baseline and 

after flecainide administration. Episodes of sinus arrhythmia and ventricular 

tachyarrhythmia occurring post-flecainide were treated as binary traits. By 

interval mapping we uncovered multiple quantitative trait loci (QTL) for these 

ECG parameters and arrhythmias. A number of QTL coincided at specific 

chromosomal locations, suggesting pleiotropic effects at these loci. 

Homozygosity for the 129P2 alleles at the main-effect QTL is associated with 

higher HR, greater PR-interval prolongation, shorter QRS-interval, and 

increased susceptibility to flecainide-induced venticular tachycardia (VT), as 

compared to findings on FVB/N homozygous alleles. We detected a 

considerable number of gender- interacting QTL influencing the variance in 
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ECG indices and susceptibility to arrhythmia. This was to be expected, given 

that ECG indices and susceptibility to arrhythmia differ also between human 

males and females. Importantly, QTL impacting both QRS-duration and PR-

interval harbors two genes, that is,  ARHGAP24 and TBX5, which have 

recently been associated with PR-, QRS-, and QT-duration in humans. 

      The identification of the specific causal genes underlying detected 

QTLs presents a daunting task requiring the integration of various genomics 

and statistical approaches.  Chapter 5 describes, genome-wide gene 

expression analysis in cardiac ventricular tissue, integrated with QTL 

mapping. This enabled us to isolate genetic loci that influence gene 

expression. These expression (e)QTLs were then analyzed for co-

localization with our previously described ECG trait QTL, and assessed for 

correlations with those traits.  In so doing we refined these genomic intervals 

to a handful of genes that include Ctsc, Cyr61 and Tnni3k, likely positional 

candidates for ECG indices of conduction, and Ctnnbip1 and Hspb7 for the 

flecainide-induced VT QTL.    

      Given the complexity of the cardiovascular system and 

cardiovascular disease, systems-based approaches are likely to play an 

increasingly important role in elucidating the higher-order interactions 

underlying cardiac electrical function and arrhythmias. In chapter 6 we 

explain the construction of a cardiac gene co-expression network to capture 

the relationship between transcripts in gene expression data. This enabled 

us to identify clusters of co-regulated genes that significantly enrich distinct 

biological pathways, which include mitochondrial metabolic processes, 

immune response reactions and contractile fiber processes. Furthermore, we 

defined central highly connected genes within these network modules. We 

isolated the Cxcl9 gene, encoding the monokine/chemokine-induced by 

interferon-γ as a co-expression network effector. Recombinant cxcl9 

provokes a shortening of mouse ventricular action potential duration (APD) 

and we show that APD modulation by cxcl9 is predominantly mediated by a 

reduction in sarcolemmal L-type Ca
2+

 current rather than by increases in K+ 
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currents. Furthermore, the effect of recombinant cxcl9 on the APD was  

observed neither in pertussis toxin (PTX) pretreated myocytes nor in 

myocytes isolated from transgenic mice lacking the known cxcl9 receptor, 

the chemokine (C-X-C motif) receptor 3, Cxcr3. Thus, we present evidence 

for a novel role of the cxcl9-cxcr3 signaling axis in modulating cardiomyocyte 

electrophysiology.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
      




