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“This is not the end. It is not even the beginning of the end. But it is, perhaps,  

the end of the beginning.” 

 

Sir Winston Churchill 
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General Discussion 

 

 Rhythmicity of cardiac contraction relies on the ordered propagation 

of spontaneously initiated electrical impulses along the conduction 

framework. A controlled sequence of ion influx and efflux mechanisms 

involving a variety of ion-channel proteins, co-transporters and active 

transporters define the cardiomyocyte action potential, which is represented 

to the clinician as a surface electrocardiogram (ECG). Thus, heart rate and 

ECG indices for conduction (P-, PR- and QRS-interval) and repolarization 

(QT-interval) provide a wealth of information about cardiac electrical function 

and structural integrity.   

Aberrant heart rates and prolonged ECG indices of conduction and 

repolarization have been associated with risk of sudden, arrhythmic, cardiac 

death.
1
 Moreover, distinct abnormalities in ECG measurements and 

morphology are associated with the familial rhythm disorders that display 

with Mendelian inheritance and which are associated with increased risk of 

sudden cardiac death. The cardiac voltage-gated sodium ion-channel plays 

a critical role in cardiac electrical function where it allows for the fast influx of 

Na
+
 ions (termed the sodium current, INa) responsible for the fast 

depolarization of the cardiomyocyte (phase 0 of the action potential). 

Mutations in the gene encoding for the alpha subunit (SCN5A) have been 

causally linked to a number of inherited arrhythmia disorders.
2
 However, a 

relatively small percentage of probands harbor mutations in this gene, for 

example, approximately 20% of patients diagnosed with Brugada syndrome 

have SCN5A mutations,
3
 and in our experience it is approximately 30%. This 

suggests that other genes are involved in the pathogenesis of Brugada 

syndrome and probably also in the sodium ion-channel associated inherited 

arrhythmias. In order to search for novel genes that influence ECG 

parameters we performed a systems-based analysis in mice sensitized for 

conduction and repolarization defects with the pathogenic Scn5a-1798
insD/+

 

mutation (mouse homolog to the human SCN5A-1795insD mutation).
4
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Analysis of the Scn5a-1798
insD/+

 mutation in mice of distinct genetic 

backgrounds (129P2-OlaHsd and FVBN/J) showed that genetic background 

exerts a profound effect on the electrical outcome, where 129P2-OlaHsd 

mice were more severely affected when compared to FVBN/J mice (Chapter 

3). Based on strain-dependant analysis of genome-wide transcriptional 

profiles, we isolated Scn4b as a candidate gene. Scn4b encodes for an 

auxiliary subunit to Nav1.5, that is, Navß4, previously identified as a long-QT 

syndrome susceptibility gene.
5
 We show differential Scn4b transcript and 

protein abundance between the two mouse strains (FVBN/J > 129P2-

OlaHsd). 

To gain insight into the genetic underpinnings of ECG characteristics 

we generated a heterogeneous second filial generation (F2) mouse 

population by crossing Scn5a-1798
insD/+ 

mutant FVBN/J and 129P2 mice.. 

F2-(FVBN/J x 129P2)-Scn5a-1798
insD/+

 mice, as with all diverse mouse 

populations, serve as a genetically heterogeneous, segregating reference 

population that offers the genetic diversity characteristic of the human 

population. We performed a whole-genome scan of single-nucleotide 

polymorphic (SNP) markers in 508 mice, which we used to map genetic loci 

in association with variance in heart rate, ECG indices of conduction and 

repolarization, and drug-induced ventricular tachyarrhythmias (Chapter 4). 

We show that multiple genetic loci associate with these ECG parameters 

and arrhythmia, notably, when gender is considered as an interacting 

covariate. These loci, which individually span as much as  50Mb, encompass 

hundreds of genes each potentially harboring the causal variant. Moreover, 

we determined that the identified ECG trait associating loci explain a small 

proportion of the observed variance in these traits, in concordance with 

human genetic studies.
6,7

 This was rather unexpected considering that mice 

are housed and maintained in the same environment, thereby limiting the 

confounding environmental effects that are typical in a human population. 

We were possibly underpowered to map loci additional loci each explaining a 

small proportion of the variance in the ECG traits, considering that genetic 
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mapping studies often include thousands of samples. Thus, we turned our 

attention to cardiac gene expression profiling as a means of identifying 

genes affecting these parameters. Variability in gene expression is 

increasingly understood to impact on the variance in complex phenotypes,
8
 

for which defining disease “drivers” that act via interconnected gene 

regulatory networks presents the most searching examination. In chapters 5 

and 6, we made use of genome-wide transcript profiling to firstly aid in 

refining the genomic regions associating with ECG parameters and 

arrhythmia, and secondly, to assess whether we could identify co-regulated 

transcriptional networks that play a role in the variance of these complex 

ECG traits. Genetic variation underlying a QTL could impact the given trait 

by causally affecting the transcription of genes within the genomic region. 

The integration of genetic mapping and gene expression data, expression 

QTL (eQTL) mapping, has provided a means to refining the vast list of 

positional candidates within QTL regions. eQTLs can be further 

characterized as being cis-regulated (when the eQTL maps to the physical 

location of the cognate gene) or trans-regulated (eQTL maps outside the 

physical location of the cognate gene and can be on a different 

chromosome) Cis-regulated eQTLs that co-localize with QTLs are 

particularly important because they most likely harbor genetic variation in 

control of transcription and potentially causal to the physiological QTL. By  

mapping genetic loci that affect gene expression in cardiac tissue from >100 

F2-MUT mice, we isolated candidate genes underlying ECG trait QTLs for 

further functional studies (Chapter 5). The genes we propose as positional 

candidate genes for conduction ECG trait QTLs include Cyr61 and Tnni3k 

for PR-interval and Ctsc for QRS-duration. The genes we propose as 

positional candidate genes for flecainide-induced VT include Hspb7 and 

Ctnnbip1. These genes represent quite interesting targets for ECG traits, for 

example, Tnni3k encodes a cardiac-specific serine/threonine protein kinase 

that was isolated as a murine cardiomyopathy susceptibility gene.
9
 

Intriguingly, we observed that our ECG trait QTL positional candidate genes 
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do not include ion-channel nor ion-channel auxiliary subunit genes. Clearly, 

genes encoding for ion-channels and their subunits would have made 

immediate veritable targets for further validation; however, our data show a 

potential role for novel biological pathways in modulation of ECG 

parameters. To gain more insight into the biological pathways influencing 

cardiac electrophysiology, we constructed a gene co-expression network 

and isolated clusters of co-regulated genes significantly enriched in a variety 

of biological themes (Chapter 6). The most significantly enriched biological 

pathways we uncovered include mitochondrial metabolic processes, immune 

response reactions and contractile fiber reactions. We determined central 

genes within this co-expression network and show that an immune response 

related gene, Cxcl9, represents a co-expression network effector molecule. 

Application of recombinant cxcl9 to cardiomyocytes in vitro shortened the 

action potential duration via a reduction in L-type Ca
2+

 current; effects that 

we show are mediated by cxcl9 binding to its G-protein coupled receptor, 

cxcr3. Our finding lends further weight to the influence of autocrine and/or 

paracrine immune/inflammatory factors on cardiac electrophysiology and 

potentially in primary electrical disease expressivity. Collectively, the work 

presented in this thesis is a telling testament of the complex interactions 

governing ECG manifestations. Multiple genetic loci and defined biological 

pathways that include mitochondrial metabolic processes and immune 

response reactions potentially play important roles in the variance of ECG 

parameters, which are certainly worth further exploration.   

 

 

Future Perspectives 

 

The past decade provided marked insights into the genetic 

predisposition to primary electrical disorders. Genes such as SCN5A, are no 

longer regarded as orphan membrane-bound ion-channels, exclusively 

responsible for altering the cell permeability to sodium ions, but are  
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increasingly recognized as critical components of vast macromolecular 

complexes that maintain cellular and tissue structural integrity. Many 

channel-interacting proteins (ChIPs), including the Scn4b protein product 

Navß4 (described in chapter 3), are known to dynamically bind the C-

terminus domain of the cardiac sodium ion-channel, which are likely altered 

by the Scn5a-1798
insD/+

 mutation in mice, and likewise the SCN5A-1795insD 

mutation in humans. An investigation of these ChIPs, especially Navß4, in 

the context of the SCN5A-1795insD mutation has not been addressed to 

date.  

The integration of genetic mapping and transcriptional profiling 

provided a tool to refining the ECG trait QTL positional candidate genes. 

This approach relies on the assumption that genetic variation underlying the 

physiological QTL alters gene transcriptional activity. However, the causal 

variant underlying a QTL potentially resides in coding regions (exons) that 

affect protein stability and/or kinetics. The difficulty in identifying the causal 

variant underlying QTL is compounded by the large haplotype blocks present 

in a F2 mouse model. In order to circumvent this burden, elaborate hybrid 

mouse populations generated from a multiple inbred mouse strain cross, for 

example heterogeneous stock mice
9
 and the promising Collaborative 

Cross,
10

 have been developed. Moreover, complementing our mouse ECG 

trait QTL analysis with a human genome-wide association study (GWAS), 

specifically in the family harboring the founder SCN5A-1795insD mutation, 

will likely prove invaluable in isolating additional relevant candidate genes 

impacting on ECG traits. A conclusion from the network analysis in chapter 6 

is that an immune response chemokine, Cxcl9, involved in T-cell trafficking, 

can modulate cardiomyocyte action potential dynamics. The mechanisms of 

cxcl9 induced reductions in L-type Ca
2+

 currents, without a shift in channel 

kinetics, are interesting and worth further examination.  

Systems-based approaches, such as the ones we present in this 

thesis will play increasingly important roles in the identification of risk factors 

for lethal arrhythmias. Embracing these network-based methodologies 
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coupled with the incessant innovations in genomics and computing will aid in 

developing comprehensive point-of-care tests, which in turn provide the 

clinician with invaluable acumen for efficient and tailored treatment 

strategies.  
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