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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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The primary arrhythmia syndromes: same mutation, different 

manifestations. 

Are we starting to understand why? 

 

 

Scicluna BP, Wilde AAM, Bezzina CR. 

 

Journal of Cardiovascular Electrophysiology 2008;19: 445-522. 

 

 

 

 

 

 

 

 

 

 

“What matters, therefore, is not the meaning of life in general but rather the specific 
meaning of a person’s life at a given moment” 

 
Viktor E. Frankl 
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Abstract 

The discovery of pathogenic mutations primarily in genes encoding 

cardiac ion-channel proteins underlying the primary cardiac arrhythmia 

syndromes has had a remarkable impact on the management of these 

disorders, especially in patients with the Long QT syndrome. The availability 

of a genetic diagnostic test has added an important diagnostic tool, providing 

new opportunities for patient management such as early (presymptomatic) 

identification and treatment of patients at risk of developing fatal arrhythmias, 

risk stratification, and installation of gene-specific therapy. However, the fact 

that the identification of the causal mutation within a family allows diagnosis 

in other family members
 
independently from the ECG features and the 

arrhythmic manifestations quickly led to the recognition that extensive 

variability in clinical manifestations (e.g. extent of ECG abnormality and/or 

symptomatology) may be observed
 
among family members carrying an 

identical mutation in a single
 
ion channel gene. It is commonly held that this 

clinical variability stems from interactions between environmental and 

genetic modifiers with the particular pathogenic mutation.  This “Molecular 

Perspectives” article reviews current knowledge on these modifiers of 

disease expression in the cardiac arrhythmia syndromes with particular 

reference to genetic modifiers.  
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Introduction 

The discovery of pathogenic mutations primarily in genes encoding 

cardiac ion-channel proteins
1
 underlying the primary cardiac arrhythmia 

syndromes has had a remarkable impact on the management of these 

disorders, especially in patients with the Long QT syndrome. Importantly, the 

availability of a genetic diagnostic test has added an important diagnostic 

tool, providing new opportunities for patient management such as early 

(presymptomatic) identification and treatment of patients at risk of 

developing fatal arrhythmias, risk stratification,
2,3

 and installation of gene-

specific therapy.
4,5

 Furthermore, the fact that the identification of the causal 

mutation within a family allows diagnosis in other family members
 

independently from the ECG features and the arrhythmic manifestations has 

demonstrated that the primary cardiac arrhythmias are not spared from the 

genetic phenomena of reduced penetrance and variable expression typical 

of monogenic disorders and the related consequences for clinical 

management.  

The penetrance of a disease is defined as the percentage of 

individuals possessing the same primary genetic defect that develop the 

associated clinical manifestations - the mutation carrier either expresses the 

disease phenotype or not.  Variable expression is defined as the variation in 

clinical features (type and severity) among carriers of the same primary 

genetic defect that can range from mildly affected to severely affected 

individuals even within the same family. Ever since their inception in genetic 

research these phenomena have been tightly linked to interactions between 

environmental and genetic modifiers with the particular pathogenic mutation.  

We shall here review current knowledge on these modifiers of disease 

expression in the cardiac arrhythmia syndromes with particular reference to 

genetic modifiers. 
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Variability in ECG manifestations and symptomatology in the primary 

cardiac arrhythmia syndromes 

Thus, in the primary cardiac arrhythmia syndromes extensive 

variability in clinical manifestations (phenotypic variability) may be observed
 

among family members carrying an identical mutation in a single
 
ion channel 

gene, where some individuals
 
carrying the mutation may exhibit overt ECG 

abnormalities or
 
suffer fatal arrhythmias, while others carrying the same 

primary
 
genetic mutation might not have the ECG changes or may never

 

develop any arrhythmias. The first notation of reduced penetrance was done 

for the Long QT syndrome by Vincent and co-workers back in 1992 in a 

large family displaying linkage to the KCNQ1 gene (encoding the 

repolarizing K
+
 current, Iks) locus on chromosome 11, even before the gene 

itself was identified as the culprit gene.
6
 In this study, not all 83 carriers of 

the chromosome 11 DNA markers associated with the disorder exhibited 

QT-interval prolongation. Examples were subsequently presented by Priori 

and co-workers who reported penetrances as low as 25% and 12.5% in 

small families with the Long QT syndrome
7
 and Brugada syndrome,

8
 

respectively. More recently in an extended multiplex South African kindred 

segregating the KCNQ1 gene founder mutation A341V, Brink et al. 

demonstrated large variability in QTc interval as well as symptomatology 

among 86 mutation carriers.
9
 Furthermore, a significant number of mutation 

carriers (12%) exhibited QTc-intervals within the normal range. Our group 

has made similar observations of variable expressivity among 43 carriers of 

the SCN5A gene (encoding the cardiac Na
+
 current, INa) mutation 1795insD 

segregating in a large Dutch kindred.
10,11

 Moreover, in the latter family 

besides variability in clinical severity, multiple primary electrical disease 

phenotypes, previously only recognized as distinct clinical entities, were 

observed including bradycardia-related QT-interval prolongation (typical of 

SCN5A-related Long QT syndrome), right precordial ST-elevation (the 

hallmark ECG feature of Brugada Syndrome), sinus bradycardia, and 

conduction defects,
12

 occurring in isolation or in combinations thereof. It was 
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subsequently recognized that combinations of multiple ECG manifestations, 

a phenomenon that has become known as “overlap syndrome” of cardiac 

sodium channel disease, is not uncommon in the cardiac sodium 

channelopathies.
13-15

 Electrophysiological studies in vitro
 
as well as in a 

transgenic mouse model
16,17

 have demonstrated that one specific mutation 

can indeed lead to multiple biophysical defects of the Na
+
 channel that 

explain the co-occurrence of the multiple phenotypes. However, the fact that 

not all phenotypic manifestations occur in all mutation carriers argues in 

favor for a role of environmental and genetic modifiers in the determination 

of the actual phenotypic manifestation of the mutation.  

 

Identification of modifiers 

The identification of modifiers of the ECG or arrhythmia phenotype is 

regarded as the next major goal in our understanding of the primary 

arrhythmia syndromes
18

. Some important modifiers are already recognized. 

Gender is a well known modifier of the ECG phenotype and arrhythmia 

manifestations in both the Long QT syndrome
2
 and Brugada syndrome.

14,19
 

Another modulator of phenotype in these disorders is age.
20-22

 In some 

cases of Long QT syndrome latent (sub-clinical) disease can be unmasked 

by QT-prolonging drugs
23-25

 or metabolic derangements such as 

hypokalemia.
26

 The signature ST elevations of Brugada syndrome can 

increase during vagal stimulation,
27

 hyperthermia
28

 and pharmacological Na
+
 

channel blockade.  

Genetic modulation of the phenotypic consequences of ion channel 

gene mutation has increasingly drawn the attention of several investigators 

in the last years and is expected to remain a major focus of arrhythmia 

genetics research in the years to come. In some instances co-inheritance of 

a second mutation (compound mutations) as occurs in approximately 5% of 

probands with the Long QT syndrome helps explain exaggerated disease 

severity compared to other family members carrying single disease 

alleles.
29,30

 Although their exact prevalence is unknown, compound 
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mutations in SCN5A may also account for more severe phenotypic 

manifestations in conduction disease
31

 and Brugada syndrome.
32

  

In the absence of compound mutations, another genetic mechanism 

for variable clinical presentation of the disease is the coexistence of modifier 

alleles carrying genetic variation that is frequent in the population. To 

investigate this hypothesis, we have recently compared the phenotypic 

effects of the Scn5a 1798insD mutation
17

 (homolog of the human SCN5A 

1795insD mutation mentioned above) in 2 different mouse genetic 

backgrounds, namely 129P2 and FVB/N.
33

 In this study we demonstrated 

that severity of conduction disease associated with this mutation depends on 

genetic background, providing the first conclusive evidence that intrinsic 

genetic modifiers influence disease severity in cardiac ion channelopathies.  

Genetic variation between individuals takes various forms with the 

largest part being due to single nucleotide polymorphisms (SNPs, “snips”) 

which make up about 90% of all human genetic variation (Figure 1). SNPs 

occur when a single nucleotide (A,T,C, or G) in the genome sequence is 

altered. They occur every 100 to 300 bases along the 3-billion-base human 

genome and are found both in coding and noncoding regions (the latter 

regions may have regulatory functions). For a variation to be considered a 

SNP, it must occur in at least 1% of the population. Genetic modification by 

polymorphisms may occur in two forms; interaction of genetic variation within 

the same (disease) gene locus, or, interaction of genetic variation at one or 

more genetic loci distinct from the disease gene locus itself. In both 

instances the interaction may exacerbate or alleviate the severity of the 

disease.  
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Figure 1. (a) SNPs. Shown is a short stretch of DNA from four versions of the same 

chromosome region in different people. Most of the DNA sequence is identical in 

these chromosomes, but three bases are shown where variation occurs. Each SNP 

has two possible alleles; the first SNP in panel a has the alleles C and T. (b) 

Haplotypes. A haplotype is made up of a particular combination of alleles at nearby 

SNPs. Shown here are the observed genotypes for 20 SNPs that extend across 

6,000 bases of DNA. Only the variable bases are shown, including the three SNPs 

that are shown in panel a. For this region, most of the chromosomes in a population 

survey turn out to have haplotypes 1–4. (c) Tag SNPs. Genotyping just the three tag 

SNPs out of the 20 SNPs is sufficient to identify these four haplotypes uniquely. For 

instance, if a particular chromosome has the pattern A–T–C at these three tag SNPs, 

this pattern matches the pattern determined for haplotype 1. Note that many 

chromosomes carry the common haplotypes in the population. Reprinted by 

permission from Macmillan Publishers Ltd: Nature 2003;426:789-796, copyright 

(2003). 
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Modulation of mutation effect by polymorphisms residing within the 

same gene 

Fascinating examples of modulation by genetic variation residing 

within the same gene as the primary genetic defect were first described in 

the cardiac Na
+
 channelopathies and are based primarily on in vitro 

electrophysiological studies. Initial heterologous expression studies into the 

biophysical defects caused by a given mutation considered the effect of the 

mutation in isolation i.e. they did not take into account any polymorphic 

variation residing in the same allele (in cis) or in the other allele (in trans). 

Such considerations were however made by Viswanathan and co-workers
34

 

who introduced the concept that the interaction of polymorphisms and 

mutations may exert relevant effects on the functional consequences of the 

mutation. These investigators studied the biophysical properties of the 

SCN5A T512I mutation found in a proband with conduction disease that was 

also homozygous for the H558R polymorphism (present with an allelic 

frequency of 18% and 28% in Whites and Blacks, respectively) in the same 

gene (Figure 2). The fact that the proband was homozygous for H558R 

immediately implied that the T512I mutation occurred on an allele that also 

encoded the R558 variant. Through careful comparison of the biophysical 

properties of wild-type Na
+
 channels, Na

+
 channels carrying the T512I 

mutation alone, and Na
+
 channels carrying both the T512I mutation and the 

R558 variant, they demonstrated that the biophysical defect associated with 

the mutation was mitigated by the presence of the polymorphism in the same 

channel molecule. Similar observations of “intramolecular complementation” 

by the SCN5A H558R polymorphism were made at around the same time by 

Ye and co-workers
35

 who through in vitro studies demonstrated that the 

plasma membrane-targeting defect associated with the SCN5A M1766L 

mutation was rescued when it was expressed on a Na
+
 channel also carrying 

R558.  
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Figure 2: Diagrammatic representation of mutations and modulating polymorphisms 

in their respective ion-channel domain.       

Mutation        Polymorphism  

 

 

More recently, Poelzing and co-workers
36

 also provided evidence for 

a trans-complementation effect of the R558 variant. In this study, they 

demonstrated that in heterologous cells, expression of R282H (mutation 

segregating in a Brugada syndrome family) mutant Na
+ 

channels alone did 

not produce any Na
+ 

current. However, co-expression of R282H mutant 

channels together with channels carrying the R558 variant produced 

significantly greater current than co-expression of the mutant with channels 

carrying the H558 variant, demonstrating that the polymorphism rescues the 

cell surface expression of the mutation. The molecular mechanism 

underlying this rescue however remains to be elucidated. 
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It has been proposed that such cis/trans-complementation effects in 

the SCN5A gene itself could underlie at least in part the low penetrance in 

Brugada syndrome
36

 and the wide variability in phenotype of cardiac Na
+
 

channel defects such as why loss-of-function mutations lead to different 

types of conduction disease,
34

 and why certain mutations can present with 

different phenotypes (e.g. QT interval prolongation versus ST-segment 

elevation) in different persons.
35

 However one must sound a word of caution 

in attempting to extrapolate these findings directly to the clinical situation. 

The question of whether the expression levels and the kinetic behavior of 

channels expressed in heterologous cell systems faithfully recapitulate their 

function in the intact heart remains a common limitation. Furthermore, 

statistical support for the effects of these polymorphisms in large multiplex 

pedigrees is missing. Nevertheless these studies underscore the need to 

start considering the context of polymorphisms on which mutations occur. 

  Alternative splicing of a single amino acid of SCN5A at the beginning 

of exon 18 causes insertion of glutamine at position 1077 (Q1077), resulting 

in two splice variants, one that forms a 2,016-amino acid protein designated 

Q1077 and a 2,015-amino acid protein designated Q1077del.
37

 Both splice 

variants exist in heart, with a 65% predominance of the shorter 2,015-amino 

acid variant Q1077del.
37

  The trafficking defect associated with the Brugada 

Syndrome mutation G1406R was shown to depend on the background splice 

variant in which it was expressed, being worse in the Q1077 variant. 

Although no evidence exists, one could speculate that conditions that upset 

the normal 2:1 ratio of the Q1077del and Q1077 variants could also 

modulate the phenotype associated with specific SCN5A mutations.  

Co-inheritance of the K897T polymorphism (allelic frequency ~24% 

in Caucasians) on the opposite allele has been proposed to expose latent 

Long QT syndrome in a patient with the mild A1116V mutation in KCNH2 

(encoding the repolarizing current, Ikr).
38

 In this study, coexpression of 

KCNH2-A1116V and KCNH2-K897T channels together resulted in 

significantly reduced current amplitude as compared with coexpression of 
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either channel with the wild-type. Thus, the presence of KCNH2-K897T is 

predicted to exaggerate the reduction in repolarizing K
+
 current caused by 

the A1116V mutation. However, for the latter as for the SCN5A-related 

examples described above, evidence is only based on in vitro 

electrophysiological studies. The K897T polymorphism has also received 

much attention as a locus controlling QT-interval in the general population, 

as discussed in a later section of this review, where we also caution against 

over-interpretation of electrophysiological data obtained in in vitro 

heterologous expression studies. 

 

Modulation of mutation effect by polymorphisms residing within a 

different gene 

Searching for polymorphic variation that may determine the impact 

of the primary mutation outside the gene carrying the primary genetic defect 

opens a plethora of possibilities. Starting most proximal to the ion channel 

gene or protein itself there are various points at which modulation of 

expression level or structure of an ion channel protein is possible. Such 

modification could act for example via transcriptional regulation, (alternative) 

splicing or post-translational modification. A case in point is a study 

performed on two mouse strains that in spite of carrying the same splice site 

mutation in the Scn8a gene exhibited markedly different expressivity of the 

hereditary neurodegenerative disease “motor-endplate disease” (med).
39

 In 

this study phenotypic variability and expressivity were correlated to splicing 

patterns of the Scn8a gene; in the mildly affected mice 10% of the transcripts 

were correctly spliced while in the severely affected mice 5% of the 

transcripts were correctly spliced.  Positional cloning in these mice identified 

the Scnm1 gene, a putative RNA splicing factor as a modifier gene.  

Another consideration is that ion channels do not function in isolation 

but form part of large dynamic multi-protein complexes comprising not only 

the pore-forming component and auxiliary -subunits but also regulatory 

kinases and phosphatases, trafficking proteins, components of the 
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cytoskeleton and extracellular matrix proteins.
40,41

 It can very well be 

envisaged that polymorphic variation in any of these interacting components 

may affect ion channel expression and function and consequently modulate 

the effect of a given mutation. 

To our knowledge, in the cardiac ion channel literature, there are as 

yet only 2 examples of modulation by polymorphisms residing in a gene 

different from that carrying the causal mutation. One involves the D85N 

polymorphism (allele frequency ~1% in Caucasians
42

) in the KCNE1 gene 

which encodes the modulatory -subunit for the KCNQ1-encoded Iks current. 

Here it has been suggested that the D85N polymorphism in KCNE1 

aggravates the Long QT syndrome phenotype in some families with mutation 

in KCNQ1.
29

   

A second example comes from our group and deals with modulation 

of the effect of the SCN5A mutation D1275N segregating in a family with 

atrial standstill.
43

 Besides carrying the SCN5A mutation, the 3 individuals 

affected by atrial standstill in this family were also homozygous for 2 linked 

polymorphisms forming a haplotype (Figure 1) in the regulatory (promoter) 

region of the GJA5 gene encoding the gap junction protein connexin 40. 

Reporter gene studies on the GJA5 promoter polymorphisms showed a 

reduction in reporter gene expression compared with the wild-type promoter 

sequence. This finding, together with the fact that individuals who inherited 

the D1275N change but were not homozygous for the GJA5 promoter 

polymorphisms exhibited mild PR interval prolongation but not atrial 

standstill, led us to suggest that the combined effect of the SCN5A mutation 

and the GJA5 promoter polymorphisms conspired to produce the atrial 

standstill in the affected individuals of this family. A similar observation was 

subsequently made in a Japanese boy with atrial standstill who carried the 

L212P mutation in SCN5A and who was heterozygous for the GJA5 

promoter polymorphisms.
44
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Genetic variation controlling ECG parameters 

Attempting to link genetic variants to the extent of ECG abnormality 

(e.g. QT interval prolongation or QRS-widening) or arrhythmia risk in patients 

with primary arrhythmia syndromes carries certain practical implications. The 

genetic component modulating the expression of the ECG trait or occurrence 

of arrhythmias is expected to be polygenic i.e. multiple genetic variants are 

expected to be operative, each providing a small contribution to risk. This 

implies that for adequately-powered genetic association or linkage studies 

for identification of such genetic variants, large numbers of individuals need 

to be considered. Moreover, in order to increase the power of such a search 

one must be careful in considering as much as possible a single mechanism 

with respect to the primary genetic defect, necessitating that the individuals 

under study must preferably possess the same mutation (a scenario that is 

not easy to achieve since mutations are mostly family-specific and very few 

founder mutations segregating in multiplex kindreds are known)
9,10,41

 or at 

least carry mutations in the same gene.  

Instead of attempting to build direct bridges between genetic 

variation to ECG manifestations or occurrence of arrhythmias in the primary 

cardiac arrhythmias some researchers are focusing on linking genetic 

variation to specific cardiac electrical phenotypes which could represent 

endophenotypes (intermediate phenotypes) in these disorders. These 

studies have till now primarily addressed the QT-interval, known to be 

influenced by genetic variation
45

 and have been carried out in (large) healthy 

population cohorts with available ECGs.  

 

Polymorphisms modulating the QT-interval 

Some studies have looked for association of specific 

nonsynonymous polymorphisms (i.e. leading to amino acid change) within 

candidate genes
42,46,47

 (Table). The first polymorphism to be linked to the 

QT-interval and that has attracted the interest of several researchers is the 

K897T polymorphism in KCNH2. Discordant findings have however been 
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reported for this polymorphism. While studies in Finnish women appear to 

link the allele encoding T897 to longer QT intervals,
48-50

 studies in Western 

European populations (German and French), that have investigated larger 

sample sizes, on the other hand appear to consistently link this allele to 

shorter QT-intervals,
46,47,51

 as did a study in the Framingham Heart Study 

population.
52

 The disparity between these studies could reflect population 

differences such as population-specific differences in the occurrence of other 

(functional) polymorphisms, possibly in regulatory regions of the gene, which 

are in linkage disequilibrium (correlated) to this polymorphism. In vitro 

electrophysiological studies on the polymorphism have also led to conflicting 

findings.
46,49,53

 Any biophysical differences between KCNH2 channel proteins 

carrying either K897 or T897 are likely to be very mild, reflecting the very 

small effects of these alleles on the QTc-interval which could be as small as 

-2 ms per T897 allele.
51

 Thus, conflicting data from in vitro 

electrophysiological studies may very well stem from differences in 

conditions under which these variants were studied. 

 

 

Gene 

 

Nucleotide 

change 

 

ref SNP ID 

 

Minor allele frequency (MAF) * 

 

Amino acid change 

(when applicable) 

 

Effect 

 

Reference 

KCNH2 A/C rs1805123 0.155
1
; 0.24

2
; 0.017

3
 K897T ↑ QT interval 48-50 

     ↓ QT interval 46,47,51,52 

KCNH2 A/G rs3807375 0.383
2
; 0.242

3
; 0,3

5
; 0.182

6
  ↑ QT interval 52 

KCNH2 A/G rs3815459 0.2
2
; 0.202

4
; 0.278

5
; 0.193

6
  ↑ QT interval 51 

KCNE1 G/T rs727957 0.152
2
; 0.022

4
; 0

5
; 0

6
  ↑ QT interval 51 

KCNQ1 A/G rs757092 0.358
2
; 0.167

3
; 0.398

5
; 0.367

6
  ↑ QT interval 51,55 

SCN5A A/G rs1805124 0.183
2
; 0.277

4
; 0.078

5
; 0.133

6
 H558R ↑ QT interval 42,55 

NOS1AP A/T rs4657139 0.29
2
; 0.033

3
; 0.311

5
; 0.25

6
  ↑ QT interval 54, 56 

  

Table: Polymorphisms modulating QT-interval in control subjects. Only those 

polymorphisms for which the effect has been confirmed in an independent 

sample/study are included. *MAF representative of HapMap data.  
1
Scandinavian 

Finn, 
2
Central European, 

3
sub-saharan African, 

4
African American, 

5
Han Chinese 

(Beijing), 
6
Japanese (Tokyo). 
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Gouas et al.
47

 compared the frequency of candidate polymorphisms 

within ion-channel encoding genes in 200 subjects with the longest QTc-

interval versus 200 subjects with the shortest QTc-interval, sampled from the 

extremes of the QTc distribution of a community-based sample in France. In 

accordance with the more-severe QT-intervals and higher incidence of 

arrhythmias in KCNQ1 mutation carriers who also carried the N85 variant of 

the KCNE1 D85N polymorphism,
29

 these investigators found an enrichment 

of the N85 variant in the high-QTc group. In the same study these 

investigators demonstrated an enrichment of the polymorphism encoding the 

R558 variant of the SCN5A H558R polymorphism in the group with the 

longest QT-interval, confirming the suggestion of such an association 

previously made by Aydin et al. in a German population.
42

 

While these studies investigated single or small numbers of 

candidate polymorphisms, the efforts of the genetic community in identifying 

and cataloging common genetic variation in the genome through the 

HapMap project (www.hapmap.org) as well as the availability of high-

throughput technologies for genotyping, has recently enabled a more-

comprehensive analyses of candidate genes
51,52

, as well as a genome-wide 

approach,
54

 leading to the identification of novel variants controlling QTc 

(Table). At the basis of these studies is the tagSNP approach. TagSNPs are 

SNPs that can serve as proxies for the correlated SNPs in a given haplotype 

allowing for the selection of a few SNPs for genotyping that capture most of 

the common genetic variation (Figure 1). In this approach, association of a 

trait with a genetic variant can be detected if the causal genetic variant is 

genotyped directly or more commonly if it is correlated with a genotyped 

SNP or combination of SNPs (haplotype).  

In their analysis of 174 SNPs spread throughout the K
+
 channel 

genes KCNQ1, KCNH2, KCNE1 and KCNE2 in a large community-based 

sample of Germans from the KORA project, Pfeufer and co-workers 

identified 3 novel variants controlling the QT-interval, rs757092 in KCNQ1, 

rs727957 in KCNE1 and rs3815459 in KCNH2.
51

 Besides confirmation of 

http://www.hapmap.org/
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these associations in an independent sample of the KORA population within 

the same study, the effects of rs757092 and rs3815459 were also 

subsequently confirmed by Gouas et al in their French sample.
55

 In a study 

concentrating on KCNH2 polymorphic variation carried out in the 

Framingham Heart Study population, Newton-Cheh et al. have recently 

linked another KCNH2 variant (rs3807375) with QT interval.
52

 Also here, the 

effect of the polymorphism was demonstrated in two independent samples of 

the study population. Since the minor allele of rs3807375 is correlated with 

the minor allele of rs3815459 from the study of Pfeufer et al.,
51

 it is likely that 

these two observations relate to the effect of the same functional 

polymorphism.  

The genome-wide association approach of Arking and co-workers
54

 was the 

first one to be carried out for a cardiac electrophysiological phenotype. The 

fact that the strongest association for QTc in this study was found for a SNP 

in a gene previously unlinked to cardiac electrophysiology underscores the 

power of this approach in identifying novel molecular players for the 

phenotype of interest. This was a SNP (rs4657139) located 5‟ of exon 1 of 

the NOS1AP gene (also known as CAPON), encoding a regulator of nitric 

oxide synthase. The association of variation in the NOS1AP gene with QTc 

interval has recently been replicated in an independent population.
56

 

NOS1AP is the C-terminal PDZ domain ligand to neuronal nitric 

oxide synthase (nNOS, encoded by the NOS1 gene) and affects NMDA 

receptor-gated Ca
2+

 influx.
57

  NOS1AP is expressed in human left ventricle.
54

 

Further knowledge on the effect of the NOS1AP gene product on cardiac 

electrophysiology presently relates to preliminary work in guinea pig 

ventricular myocytes.
58,59

 These studies demonstrated interaction of the 

NOS1AP gene product with nNOS in heart, and that over-expression of 

NOS1AP accelerates cardiac repolarization via a reduction of L-type Ca
2+

 

current (and to a lesser extent reduction of delayed rectifier K
+
 current). 

Overexpression of NOS1AP is thought to lead to a reduction of L-type Ca
2+

 

current by an upregulation of the nNOS-NO pathway. A common finding in 
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all of these studies is the fact that individual variants explain only a very 

small percentage of QT interval variation in the population (typically <1.5%) 

emphasizing the need for large sample sizes in searching for the underlying 

variants. Furthermore, effects could be gender dependent
46,51

 and it is 

therefore vital to consider gender as a confounder variable during design of 

such association studies. 

 

Polymorphisms modulating ECG conduction parameters 

We have recently explored the concept that variability in regulation 

of cardiac Na
+
 channel expression contributes to interindividual variability in 

cardiac conduction.
60

 In this study we demonstrated that a haplotype within 

the promoter region of SCN5A (HapB) which is common in Asians (allele 

frequency 22%) and absent in Whites and Blacks, reduced reporter gene 

activity in vitro and was associated with longer PR and QRS intervals both in 

control subjects as well as in Brugada syndrome patients. The presence of 

HapB also influenced the extent of QRS-widening during challenge with Na
+
 

channel blockers in Brugada syndrome patients, identifying variability in 

expression of the drug target (the Na
+
 channel) as a key mediator of variable 

response to Na
+
 channel blockade. The fact that HapB is common in Asians 

(in whom Brugada syndrome is common) while absent in whites and has a 

large negative impact on cardiac conduction, a long-recognized feature of 

Brugada syndrome, prompted us to suggest that it could contribute to 

differences in Brugada syndrome as a function of ethnicity.  

 

Polymorphisms modulating arrhythmia risk in common cardiac 

pathologies 

Myocardial infarction, cardiac ischemia and cardiomyopathy are 

common risk factors for life-threatening cardiac arrhythmias in the general 

population. However not all individuals with these pathologies suffer 

arrhythmias and it is commonly held that also here, genetic variation, 

perhaps even at the same genetic loci as those modulating arrhythmia risk in 
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the primary rhythm diseases, could modulate risk. In support for a role of 

genetic modifiers of arrhythmia risk during myocardial infarction, we have 

recently demonstrated that a family history of sudden death constitutes a 

strong independent risk factor for ventricular fibrillation during a first acute 

myocardial infarction.
61

 The nature of this genetic variation is however 

largely unknown. A polymorphism suspected to modulate arrhythmia risk in 

the general population is the S1103Y (referred to as S1102Y in some 

publications) polymorphism in SCN5A.
62,63

 This variant is thought to promote 

arrhythmia susceptibility during exposure to extrinsic factors such as QT-

prolonging medication, in line with a multi-hit pathogenesis for acquired 

cardiac arrhythmia.
64

 This polymorphism occurs with a frequency of 8-13 % 

in Blacks and is absent in Caucasians, again pointing to a possible role of 

ethnic-specific polymorphisms in different incidence of arrhythmias across 

ethnicities.
62,65

  

 

Concluding Remarks 

The identification of genetic variation modulating risk in the primary 

arrhythmia syndromes would improve personalized risk assessment 

enabling assignment of optimal therapy through the development of risk 

prediction algorithms incorporating genetic factors in addition to clinical 

parameters. Genetic variants that to date have been identified for ECG 

intermediate phenotypes have till now only been associated with small 

effects, raising concerns that genetic modulation of cardiac 

electrophysiological phenotypes in general may be too modest and may 

consequently lack clinical discrimination. One could still argue that the 

additive effect of co-inheritance of groups or combinations of such 

polymorphisms could on the other hand prove useful. Nevertheless, as 

exemplified by the identification of NOS1AP, previously unlinked to cardiac 

electrophysiology, as a modulator of QT-interval, our efforts in identification 

of such modifiers can still point the way to a better understanding of 
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processes such as cardiac repolarization and conduction with the potential of 

identifying new therapeutic targets. 
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Abstract 

Conduction slowing of the electrical impulse that drives the heartbeat 

may evoke lethal cardiac arrhythmias. Mutations in SCN5A, which encodes 

the pore-forming cardiac sodium channel α-subunit, are associated with 

familial arrhythmia syndromes based on conduction slowing. Yet, disease 

severity among mutation carriers is highly variable. We hypothesized that 

genetic modifiers underlie the variability in conduction slowing and disease 

severity. With the aim of identifying such modifiers, we studied the 

Scn5a
1798insD/+

 mutation in two distinct mouse strains, FVB/N and 129P2. In 

129P2 mice, the mutation resulted in more severe conduction slowing 

particularly in the right ventricle (RV) compared to FVB/N. Pan-genomic 

mRNA expression profiling in the two mouse strains uncovered a drastic 

reduction in mRNA encoding the sodium channel auxiliary subunit β4 

(Scn4b) in 129P2 mice compared to FVB/N. This corresponded to low to 

undetectable β4 protein levels in 129P2 ventricular tissue whilst 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 FVB/N. Using computer simulations, this difference in activation 

kinetics was predicted to explain the observed differences in conduction 

disease severity between the two strains. In conclusion, genetically 

determined differences in sodium current characteristics on the myocyte 

level modulate disease severity in cardiac sodium channelopathies. In 

particular, the sodium channel subunit β4 (SCN4B) may constitute a 

potential genetic modifier of conduction and cardiac sodium channel 

disease. 
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Introduction 

Conduction slowing of the electrical impulse which drives the 

heartbeat may evoke cardiac arrhythmias that result in sudden cardiac 

death.
1,2

 Monogenic inherited diseases associated with conduction slowing, 

e.g., Brugada syndrome, are linked to loss-of-function mutations in SCN5A, 

the gene that encodes the pore-forming α-subunit of the cardiac sodium 

channel (Nav1.5).
3,4

 Such primary arrhythmia syndromes 

("channelopathies") are highly relevant models to resolve arrhythmia 

mechanisms in common diseases, since the role of electrophysiologic 

changes can be studied in isolation as confounders, e.g., gross structural 

derangements, are absent. Moreover, since reduced penetrance and 

variable expressivity occur in these, as in many other, monogenic diseases, 

these models allow for dissection of the role of genetic modifiers which are 

likely to be of clinical relevance. For instance, in Brugada syndrome 

patients, disease penetrance may be as low as 12.5%.
5
 Furthermore, we 

have previously reported variable severity of conduction disease in a large 

Dutch kindred carrying the SCN5A-1795insD founder mutation associated 

with conduction disease and Brugada syndrome.
6,7

 While gender and 

environmental factors are likely determinants of intra-familial heterogeneity 

in ECG parameters and symptomatology, genetic background has also 

been proposed to affect the phenotypic consequences of ion channel gene 

mutations. Yet, molecular identification of genetic modifiers of disease 

severity in cardiac ion channelopathies is still rare.
8
 

 In this study, we aimed to identify novel genetic modifiers of 

conduction slowing. To overcome the complexities associated with defining 

modifiers in human populations, we studied transgenic mice carrying the 

mouse homolog (Scn5a
1798insD/+

) of the SCN5A-1795insD mutation. 

Scn5a
1798insD/+

 mice recapitulate various clinical features of patients with this 

mutation, including conduction slowing and bradycardia.
9
 We studied the 

effect of the Scn5a
1798insD/+

 mutation in mice of two distinct inbred genetic 

backgrounds, allowing for unbiased assessment of the role of modifier 
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genes on phenotype severity, without potential confounding influences such 

as environmental factors.
10

 We found that these strains display profoundly 

different severities of conduction disease, along with differences in cardiac 

gene expression profiles. In particular, ventricular expression levels of the 

sodium channel auxiliary subunit β4 (encoded by the Scn4b gene) were 

drastically reduced in the mouse strain with the most severe conduction 

phenotype, pointing to differences in sodium channel complex composition 

and sodium current characteristics between the two strains. This was 

subsequently confirmed by patch-clamp studies on isolated myocytes, 

demonstrating differences in sodium channel kinetics between the two 

strains, predicted to underlie the observed variation in severity of conduction 

disease. 
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Methods 

Generation of Scn5a
1798insD/+

 mice 

Heterozygous Scn5a
1798insD/+

 mice were generated and genotyped 

as previously described.
9
 Male chimeras were crossed with 129P2/OlaHsd 

females to give F1 heterozygous offspring (129P2-Scn5a
1798insD/+

) and 

maintained in this genetic background by backcrossing with 129P2 mice 

(Harlan). 129P2-Scn5a
1798insD/+ 

mice were outcrossed with FVB/N mice 

(Charles River Laboratories) for ≥ 6 generations, establishing a second line 

on the FVB/N background (FVB/N-Scn5a
1798insD/+

). Experiments were 

performed on adult (10- to 18-week old) mice, in accordance with 

governmental and institutional guidelines for animal use in research.  

 

Electrocardiographic (ECG) measurements and epicardial mapping 

experiments 

Details on ECG recordings, analysis, and flecainide acetate 

administration (20 mg/kg bodyweight i.p.) are provided in the online data 

supplement. Epicardial mapping experiments were performed on isolated, 

Langendorff-perfused hearts as previously described
9
 (see online data 

supplement).  

 

Micro-array analysis and quantitative RT-PCR 

For micro-array analysis, RNA from RV samples of wild-type and 

Scn5a
1798insD/+

 mice of both strains were compared (n=3 in each group) 

using Applied Biosystems Mouse Genome Survey Microarrays (see online 

data supplement). mRNA expression levels of selected genes were 

validated by quantitative RT-PCR (see online data supplement).  

 

Western blot analysis and antibodies 

Western blot analysis on membrane protein fractions isolated from 

mouse RV and LV tissue was carried out as described in the online data 

supplement.  
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Patch-clamp experiments 

Left ventricular myocytes were isolated by enzymatic dissociation as 

previously described.
9
 Action potentials (APs) were measured at 36ºC in the 

perforated whole-cell configuration of the patch-clamp technique. Sodium 

current density, activation and inactivation parameters were determined at 

room temperature using conventional voltage clamp protocols (see Figure 

5). For details on bath and pipette solutions, data acquisition and analysis, 

see online data supplement.   

 

Computer simulations 

Upstroke velocity in single isolated myocytes was simulated using 

the Luo and Rudy dynamic model of the mammalian subepicardial 

ventricular myocyte of LV origin („LRd model‟),
11

 with the transient outward 

current Ito conductance set to 0.5 mS/µF and the Ito equations as previously 

described.
12

 Conduction velocity was assessed in linear strands of 100 

longitudinally or transversally coupled LRd myocytes. The strain difference 

in INa kinetics was incorporated as a +5-mV shift in the INa steady-state 

activation curve and the effect of Scn5a
1798insD/+

 as a 50% reduction in the 

fully-activated INa conductance (for details, see online data supplement). 

 

Statistical analysis 

Data are presented as mean±SEM. Differences between groups 

were analyzed by (un)paired Student‟s t-test, nonparametric test, or ANOVA 

as appropriate. The level of statistical significance was set to p<0.05.  

 

Online data supplement 

http://circres.ahajournals.org/content/suppl/2009/04/30/CIRCRESAHA.109.1

94423.DC1/194423-R2_Online.pdf 
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Results 

Mice characteristics 

Heterozygous Scn5a
1798insD/+ 

offspring of both FVB/N and 129P2 

mouse strains were born at a Mendelian frequency; homozygotes were not 

viable. No differences in general appearance, (cardiac) morbidity or life span 

was observed between Scn5a
1798insD/+ 

mice of either strain.  

 

Strain-dependent severity of conduction slowing on surface ECG 

PQ-interval, QRS-duration and QTc-interval at baseline were 

significantly longer in Scn5a
1798insD/+

 (MUT) mice than in wild-type (WT) mice 

in both strains (Figure 1A/B). While 129P2-WT mice showed increased 

baseline PQ- and QRS-intervals compared to FVB/N-WT, the mutation had 

more severe effects on ECG parameters in 129P2 mice than in FVB/N mice, 

pointing to an interaction between genotype and strain (2-way ANOVA: PQ 

p<0.0005, QRS p<0.05, QTc p<0.05; Figure 1B). No differences in RR 

interval were observed between any of the groups (Figure 1B). 

Administration of the sodium channel blocker flecainide further exacerbated 

the differences in conduction parameters between WT and MUT mice, and 

between MUT mice of both strains. Strikingly, an almost 3-fold larger 

increase in QRS-duration (QRS) at 5 minutes post-flecainide was 

observed in 129P2-MUT
 
compared to FVB/N-MUT mice (2-way ANOVA 

p<0.05; Figure 1A/C). Furthermore, flecainide induced extreme sinus 

bradycardia and/or sinus arrest in 11 out of 13 (85%) 129P2-MUT,
 
but in 

only 8 out of 16 (50%) FVB/N-MUT mice. In addition, ventricular arrhythmias 

(ventricular extrasystoles and short runs of ventricular tachycardia, Figure 

1A) occurred after flecainide administration in 6 out of 13 (46%) 129P2-MUT 

mice, but in none of the 16 FVB/N-MUT mice. No atrial or ventricular 

arrhythmias were observed in WT mice of either strain. Biochemical analysis 

showed similar plasma flecainide concentrations in all 4 experimental 

groups (data not shown). Thus, the presence of the Scn5a
1798insD/+ 

mutation 

resulted in more severe conduction slowing in 129P2 mice than in FVB/N 
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mice. These effects were independent of differences between wild-type 

mice of both strains, indicating an interaction between the Scn5a
1798insD/+ 

mutation and mouse genetic background. 

 

 

 

 

Table 1. Mean electrophysiological parameters obtained from mapping experiments 

(SR: sinus rhythm; CS: stimulation from the center of the electrode; CV: conduction 

velocity; L/T ratio: longitudinal/transverse ratio). #p<0.05 versus 129P2-WT, *p<0.05 

versus FVB/N-Scn5a1798insD/+, †p<0.05 versus FVB/N-WT, ‡p<0.01 versus 

129P2-WT, §p<0.01 versus FVB/N-WT. 

 

 

 

FVB/N-WT FVB/N-MUT 129P2-WT 129P2-MUT 

p-value 

ANOVA 

Number of mice (n) 13 14 11 14  

RV activation time SR (ms) 5.2±0.3 6.0±0.4 5.1±0.7 7.5±0.5
#,
* .003 

LV activation time SR (ms) 4.4±0.3 4.7±0.4 5.0±0.5 5.9±0.5 .094 

RV activation time CS (ms) 8.3±0.7 11.7±1.1
† 

8.1±1.1 15.4±2.0*
,‡
 .001 

LV activation time CS (ms) 8.8±0.8 9.9±0.7 8.5±0.6 10.6±1.3 .333 

Longitudinal CV RV (m/s) 0.42±0.01 0.36±0.03 0.46±0.03 0.38±0.02
#
 .026 

Transverse CV RV (m/s) 0.29±0.02 0.20±0.02
§
 0.29±0.02 0.18±0.02

‡
 <.001 

L/T ratio CV RV 1.53±0.07 1.99±0.21
†
 1.54±0.07 2.11±0.17

#
 .018 

Longitudinal CV LV (m/s) 0.55±0.02 0.51±0.03 0.54±0.03 0.49±0.03 .560 

Transverse CV LV (m/s) 0.28±0.01 0.25±0.03 0.28±0.02 0.23±0.03 .459 

L/T ratio CV LV 2.01±0.11 2.19±0.17 2.05±0.12 2.22±0.18 .761 
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Conduction slowing in isolated hearts 

Epicardial mapping experiments in isolated Langendorff-perfused 

hearts of 129P2-MUT mice showed similarities with our previous 

observations in FVB/N-MUT mice (9), including conduction slowing, and 

reduced transverse conduction velocity (CV) in RV but not LV (Figure 2, 

Table 1). However, 129P2-MUT
 
hearts displayed more pronounced RV 

conduction slowing during both sinus rhythm and basic stimulation as 

compared to FVB/N-MUT (Figure 2B). Furthermore, longitudinal CV was 

decreased in RV of 129P2-MUT
 
mice, but not in FVB/N-MUT (Table 1). 

 

Right ventricular mRNA expression differences between strains 

To investigate the molecular basis of the strain-dependent effects 

on severity of conduction disease in Scn5a
1798insD/+

 mice, we performed 

cardiac mRNA expression profiling in both strains using whole-genome 

micro-arrays. Since conduction slowing in Scn5a
1798insD/+

 mice was more 

severe in RV than LV, we compared mRNA expression profiles of RV 

samples in young mice (age 10-12 weeks) of both strains and genotypes 

(mutant and wild-type). After quality control, 17,543 genes were available for 

comparative analysis between the groups. Results from 2-way ANOVA 

indicated significant differences in gene expression for strain effect but not 

for genotype (see online data supplement, Figure 1). Since genotype 

showed no effect, WT and MUT samples for each strain were pooled 

followed by one-way ANOVA analysis for strain effects. 
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Figure 1. Surface ECG measurements in adult mice. (A) Surface ECG recordings before and 5 and 10 minutes after flecainide administration 

(scale bars: 100 ms). In FVB/N-WT and 129P2-WT mice, flecainide induced slight increase in PQ- and QRS-duration but no rhythm abnormalities. 

In FVB/N-MUT mice, flecainide administration caused sinus arrest or sinus bradycardia, whereas 129P2-MUT mice showed sinus node dysfunction 

as well as ventricular arrhythmias in response to flecainide. (B) Mean ECG parameters at baseline for FVB/N-WT (n=26), FVB/N-MUT 

(n=37),129P2-WT (n=30), and 129P2-MUT (n=32) mice. (C) Mean values for increase in PQ- and QRS-duration 5 minutes after flecainide 

administration for FVB/N-WT (n=9), FVB/N-MUT (n=16), 129P2-WT (n=12), and 129P2-MUT (n=13) mice. 



 49 

 

Figure 2. Epicardial mapping in Langendorff-perfused hearts. (A) Typical examples of right ventricular (RV) activation maps for 

FVB/N-MUT and 129P2-MUT during sinus rhythm (left) and stimulation from the center of the electrode (right). Crowding of 2-ms 

isochrones in 129P2-MUT indicates areas of conduction slowing. (B) Mean values for total RV activation time during sinus rhythm 

(left) and during stimulation (right) in FVB/N-WT (n=11), FVB/N-MUT (n=12), 129P2-WT (n=8), and 129P2-MUT (n=12) mice.  
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Seventy-six genes (listed in online data supplement, Table 1) were 

found to be differentially expressed between both strains (p<0.001, online 

data supplement, Figure 2), of which, 3 encoded ion channel subunits 

expressed in heart. 129P2 mice displayed a more than 20-fold lower RV 

expression of Scn4b, which encodes the sodium channel auxiliary subunit 

β4, as compared to FVB/N. Two other ion channel genes were also 

differentially expressed, namely Kcne1 encoding a potassium channel 

accessory subunit and Scn10a encoding the sodium channel pore-forming 

subunit Nav1.8. A subset of the identified 76 genes was subsequently 

validated by quantitative RT-PCR, which revealed similar results to those 

obtained from the arrays (see online data supplement, Figure 3).  

 

Reduced ventricular Scn4b mRNA and β4 protein expression in 129P2 

mice 

 Since the sodium channel auxiliary subunit β4 was found to be 

differentially expressed between the two strains on micro-array analysis, we 

evaluated the expression levels of all known sodium channel beta-subunits 

in RV and LV of both strains by quantitative RT-PCR (Figure 3A). Scn4b 

mRNA levels displayed the most striking difference between the two strains, 

both in RV and LV, with expression being 12- to 15-fold lower in 129P2 

tissue compared to FVB/N. While Scn1b mRNA levels were significantly 

reduced in both RV and LV tissue of 129P2 mice compared to FVB/N mice, 

the fold change was only approximately 2-fold in both RV and LV. Scn2b 

mRNA displayed an approximately 2-fold increase in LV of FVB/N mice 

compared to 129P2, but was not significantly different in RV between both 

strains. In contrast, Scn3b mRNA levels were approximately 3-fold lower in 

RV of 129P2 compared to RV of FVB/N, but there were no differences in LV 

levels of Scn3b between the strains. 
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Figure 3. (A) mRNA expression levels of Scn5a, Scn1b, Scn2b, Scn3b, and Scn4b 

in RV and LV tissue of FVB/N and 129P2 mice (relative to GAPDH; *p<0.05; 

#p<0.001; n=5 in each group). (B) β1 protein expression is not significantly different 

between FVB/N and 129P2 LV tissue (β1 relative to calnexin, CNX: FVB/N 

0.010±0.002 and 129P2 0.016±0.005; p=NS). (C) Abundant β4 protein expression is 

observed in LV tissue from FVB/N mice, but is low to undetectable in 129P2 hearts. 

Similar calnexin (CNX) protein expression levels in both groups confirm equal 

protein loading. (D) Nav1.5 protein expression levels are not different between RV 

and LV tissue from 129P2 and FVB/N mice (Nav1.5 relative to calnexin, CNX: RV-

FVB/N 1.6±0.2, RV-129P2 2.1±0.3; LV-FVB/N 1.9±0.3, LV-129P2 1.7±0.2; p=NS). 
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 Only Scn1b and Scn4b mRNA were consistently reduced in both 

RV and LV of 129P2 compared to FVB/N, and we further investigated the 

effects that these differences in mRNA levels had on levels of the 

corresponding protein by Western blot analysis. β1 protein levels were not 

significantly different between the two strains in three independent Western 

blot experiments on LV tissue (Figure 3B). In contrast, three independent 

Western blot experiments on LV tissue samples consistently showed 

abundant β4 protein expression in FVB/N, but low to absent levels in 129P2 

(Figure 3C). Both Scn5a mRNA and Nav1.5 protein expression levels were 

not different between RV and LV of 129P2 and FVB/N mice (Figure 3A/D), 

indicating a substantial decrease in the auxiliary subunit β4 relative to the 

amount of Nav1.5 α-subunit in ventricular tissue of 129P2 mice.  

 

Action potential upstroke velocity in isolated myocytes 

To evaluate the functional consequences of the observed 

differences in ventricular β4 protein levels between the strains, and its 

impact on conduction, we first studied action potential (AP) upstroke velocity 

(dV/dtmax) as a measure of sodium channel availability in ventricular 

myocytes isolated from wild-type and Scn5a
1798insD/+ 

mice of both strains. At 

the physiological stimulation rate of 8 Hz (but not 2 Hz), dV/dtmax was 

smaller in myocytes of 129P2-WT mice than in those of FVB/N-WT mice, 

and FVB/N-MUT
 
and 129P2-MUT

 
mice displayed similar relative reductions 

in dV/dtmax with respect to their WT littermates at 2 and 8 Hz (Figure 4A/C). 

Thus, the Scn5a
1798insD/+ 

mutation decreased sodium channel availability to a 

similar degree in both strains. However, 129P2-MUT
 
mice displayed the 

lowest absolute values for dV/dtmax, in accordance with our finding that 

129P2-MUT
 
mice showed more pronounced conduction slowing (increased 

QRS width) on ECG analysis. Moreover, the mutation significantly 

prolonged the AP in both strains, with 129P2-MUT
 
mice overall displaying 

the longest AP duration at 90% repolarization (APD90) at 8 Hz (Figure 

4B/D).  
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Differences in sodium current characteristics between strains 

To further elucidate the electrophysiological effects of altered 

sodium channel complex composition, we next compared sodium current 

characteristics in isolated myocytes between mouse strains. As expected 

(9), the Scn5a
1798insD/+ 

mutation in itself did not affect channel kinetics (in 

either strains) but resulted in a drastic reduction in sodium current density in 

MUT compared to WT mice of both strains (Figure 5A, Table 2). When 

comparing the two strains, no differences in sodium current density 

(measured at a holding potential of -20 mV) or inactivation parameters were 

observed between 129P2 and FVB/N myocytes (Figure 5A, Table 2). 

However, activation kinetics from 129P2 myocytes were significantly 

altered, resulting in a 5-mV positive shift in steady-state activation in 129P2-

WT and 129P2-MUT myocytes compared to FVB/N-WT and FVB/N-MUT, 

respectively (Figure 5B, Table 2).  
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Figure 4. Representative examples of (A) upstroke velocities (dV/dtmax) and (B) 

action potentials measured from isolated myocytes from FVB/N-WT (n=11 myocytes 

from 4 hearts), FVB/N-MUT (n=10 from 4 hearts), 129P2-WT (n=14 from 4 hearts), 

and 129P2-MUT (n=11 from 3 hearts) at stimulation frequency of 8 Hz. (C) Averaged 

data for action potential upstroke velocity (dV/dtmax) at 2 Hz (left) and 8 Hz (right). (D) 

Averaged data for action potential duration at 90% repolarization (APD90) at 2 Hz 

(left) and 8 Hz (right). 
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Figure 5. Sodium current properties assessed with conventional voltage clamp 

(protocols shown as insets) in myocytes from FVB/N-WT (n=10), FVB/N-MUT 

(n=11), 129P2-WT (n=14), and 129P2-MUT (n=11) mice. (A) Average current-

voltage relationships for sodium current in all groups. (B) Voltage-dependence of 

activation with Boltzmann fits in solid lines. (C) Steady-state voltage-dependence of 

inactivation with Boltzmann fits in solid lines.  

 

Computer simulations 

To investigate whether the observed differences in sodium current 

activation kinetics between FVB/N and 129P2 myocytes explain, at least in 

part, the differences in severity of conduction disease between the two 

strains, we performed computer simulation experiments using the LRd 

model. Figure 6A shows dV/dt traces during the action potential upstroke of 

an LRd model cell in response to the stimulation protocol applied in our 

patch-clamp experiments, i.e., with a stimulus current amplitude such that 

the AP upstroke started just before the end of the 3-ms stimulus.  Maximum 

upstroke velocity determined from these dV/dt traces (Figure 6B) amounted 

to 394, 329, 239, and 194 V/s in FVB/N-WT, 129P2-WT, FVB/N-MUT, and 

129P2-MUT, respectively, thus predicting a similar trend as observed in our 

patch-clamp experiments (Figure 5). Figures 6C and 6D illustrate the 

predicted effects of alterations in sodium current on action potential 

propagation and conduction velocity. The +5-mV shift in INa activation of 

129P2-WT compared to FVB/N-WT (obtained from our patch-clamp 

experiments) results in a decrease in conduction velocity from 50 to 44 

cm/s, whereas the 50% reduction in INa conductance of FVB/N-MUT 
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compared to FVB/N-WT decreases conduction velocity to 39 cm/s. The 

combined effect of the shift in INa activation and reduction in INa conductance 

amounts to a decrease in conduction velocity to 32 cm/s for 129P2-MUT. 

Qualitatively similar results were obtained for transverse conduction velocity 

(data not shown). 

 

 

Figure 6. (A) dV/dt traces during the initial phase of the action potential of LRd 

model cells. (B) Maximum upstroke velocity determined from the dV/dt traces of 

panel A. (C) Action potential propagation in linear strands of longitudinally coupled 

LRd model cells. Arrows indicate direction of propagation. Cell #1 of the strand was 

stimulated at 2 Hz and the position of a propagating action potential is shown at 15 

ms after the AP upstroke of cell #1. (D) Conduction velocity determined from the 

propagated action potentials of panel C.  
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Discussion  

To elucidate the role of genetic background on modulation of 

cardiac conduction disease in sodium channelopathy, we conducted in vivo, 

in vitro, and cellular electrophysiological studies, along with gene expression 

analysis, in transgenic mice from two distinct inbred strains both carrying the 

Scn5a
1798insD/+ 

mutation. We demonstrate different severity of conduction 

disorder in the two mouse strains along with variation in cardiac sodium 

channel beta-subunit expression and differences in sodium current 

characteristics on the myocyte level.  

In ventricular myocytes, multiple redundant mechanisms exist which 

ensure maintenance of normal cardiac conduction, and multiple stressors 

may be required to reduce conduction reserve sufficiently to elicit electrical 

disturbances and arrhythmias.
13-15

 The consequences of a decreased 

conduction reserve may remain concealed during normal physiological 

conditions, but render the heart more susceptible to conduction slowing and 

arrhythmia in the presence of an additional stressor, e.g., a sodium channel 

mutation and/or drug challenge. 129P2 mice possess reduced conduction 

reserve compared to FVB/N mice as evidenced by their more severe 

conduction disease phenotype as a consequence of the Scn5a 1798insD 

mutation. Their conduction reserve is further compromised after drug 

challenge with the sodium channel blocker flecainide, which also renders 

them more susceptible to arrhythmias.  

The variability in cardiac conduction disease (including sinoatrial, 

atrioventricular and intraventricular conduction abnormalities) between the 

FVB/N and 129P2 mouse strains is reminiscent of the highly variable 

disease severity observed in patients carrying the SCN5A-1795insD 

mutation,
6
 and points to a significant role for genetic background. Although 

cardiac conduction (reserve) is most likely a polygenic trait controlled by 

multiple genetic factors influencing various pathway (such as cell-cell 

communication, tissue architecture etc.), we propose that the genetically 

determined low levels of β4 observed in 129P2 mice compared to FVB/N 
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contribute to the decreased conduction reserve in this strain. Compared to 

FVB/N, sodium current measurements in myocytes from 129P2 mice 

showed a significant positive shift in steady-state activation. Using computer 

simulations, this shift in activation kinetics was predicted to slow conduction. 

Thus, although cardiac conduction in general may be affected by numerous 

factors, our current observations imply intrinsic differences between the two 

mouse strains at the level of the sodium current, which are very likely 

related to differences in sodium channel composition. In addition, upstroke 

velocity is slower in 129P2 and thus may additionally contribute to reduced 

conduction. Also, at mouse physiological heart rates (≥6 Hz), action 

potential duration tended to be prolonged in 129P2, as a consequence of 

which, time for sodium channel recovery from inactivation is shortened. This 

may reduce sodium channel availability even further, emphasizing the 

complex inheritance of this trait.  

Interestingly, a mutation in the gene encoding the intracellular 

scaffolding A-kinase anchoring protein 10 (AKAP10) also affects 129P2 and 

FVB/N mice differentially. 129P2 mice carrying a mutation in AKAP10 

disrupting the final
 
51 amino acids display an early mortality phenotype, 

while FVB/N mice with the same mutation are protected.
16

 AKAP10 

regulates vagus nerve sensitivity and atrioventricular conduction, and the 

functional AKAP10 polymorphism I646V is associated with shorter PR-

intervals in humans and is disproportionately
 
low among healthy older 

people.
17

 These findings are in line with our observation of a more severe 

conduction phenotype in 129P2 mice and provide further support to the idea 

that the 129P2 and FVB/N strains differ in genetic susceptibility to 

conduction disturbance. 

Mutations in SCN5A have been linked to a number of arrhythmia 

syndromes, including Brugada syndrome, conduction disease, sinus node 

dysfunction, and long QT syndrome.
18

 Various SCN5A mutations have been 

associated with mixed phenotypes, a presentation that has become known 

as “overlap syndrome of cardiac sodium channelopathy”.
19

 The reduced 
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disease penetrance and variable disease expression observed in these 

syndromes clearly suggests a potential role for genetic modifiers.
7,8,20,21

 The 

genetic variation that underlies inter-individual variability in phenotype in 

carriers of the same disease-causing mutation, as shown in our study and 

previous reports,
6,7,20,21

 may reside within the disease locus itself or at other 

loci in the genome. With respect to variation within the SCN5A gene itself, a 

number of studies have pointed to a role for the common H558R 

polymorphism.
22,23

 Furthermore, we have previously demonstrated that a 

haplotype in the promoter region of SCN5A, common in Asians, affects 

SCN5A gene expression and leads to variability in cardiac conduction at 

baseline and in response to drug block.
24

 We now provide evidence that 

variability in expression level of an auxiliary subunit (β4) of the cardiac 

sodium channel also impacts on cardiac conduction and modulates the 

effect of mutations in SCN5A. Variation in gene expression is abundant in 

all organisms studied to date and it is becoming increasingly clear that 

modifications in gene regulation could be responsible for much of the 

observed phenotypic variation in natural populations.
25

 DNA variation 

affecting Scn4b transcript abundance could occur either through cis-acting 

DNA variation at the Scn4b locus itself or through trans-acting DNA 

variation located in genes encoding transcription factors or proteins affecting 

RNA processing. Future genetical genomic studies in these inbred strains 

will ultimately provide further insight into this issue. 

 Sodium channel β-subunits are auxiliary subunits to the pore-

forming α-subunit of sodium channels that influence sodium channel density 

and kinetics,
26-28

 and therefore constitute excellent candidates as modifiers 

of cardiac conduction. We have recently shown that mutations in the 

SCN1B gene encoding the β1-subunit are associated with decreased 

Nav1.5 sodium current and lead to conduction disease and Brugada 

syndrome.
29

 The β4-subunit has only recently been identified
30

 and its 

functional role is not fully resolved. It is, however, known to be highly 

expressed in brain, heart and skeletal muscle, similar to β1.
31

 In brain, 
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down-regulation of β4 has been associated with sodium channel dysfunction 

and neurite degeneration in Huntington‟s disease.
32

 In mouse 

cardiomyocytes the β4-subunit appears to be preferentially localized at the 

intercalated disc.
33

 The importance of the β4-subunit for cardiac function is 

underscored by the recent association of a missense mutation in SCN4B 

with long QT syndrome.
34

 This mutation was shown to enhance persistent 

sodium current upon co-transfection with SCN5A in HEK293 cells. Crucially, 

in this study a physical interaction between Nav1.5 and β4 was described, 

further pointing to a regulatory role of β4 in cardiac sodium channel 

function.
34

 

 Although the predominant involvement of the RV in conduction 

slowing observed in Scn5a
1798insD/+

 mice of both strains correlates well to the 

clinical features of Brugada syndrome, its exact mechanism remains 

unclear. Possible contributing factors include transmural differences in 

sodium channel distribution,
35

 regional differences in inward rectifier current 

(IK1) density
36,37

 and differences in size and structure between RV and LV.
38

 

In the severely affected 129P2 strain, RV conduction velocity was slower 

than in the less severely affected FVB/N strain. Since Scn4b expression 

was lower in RV of 129P2 versus FVB/N, and in view of our findings at the 

sodium channel level between these two strains, SCN4B may constitute a 

likely modifier gene of RV conduction, potentially also modulating the 

Brugada syndrome phenotype.  

In conclusion, we identified the sodium channel auxiliary subunit β4 

as a potential genetic determinant of conduction, and a disease modifier in 

sodium channelopathy. The identification of genetic determinants of disease 

expressivity may facilitate diagnosis, risk stratification and treatment 

selection in patients with cardiac sodium channel disease. Our findings may 

spawn future studies that are aimed at investigating the relevance of β4 in 

common diseases associated with decreased cardiac excitability, including 

heart failure and myocardial ischemia. 
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Abstract 

Cardiac arrhythmias associated with sudden death are influenced 

by multiple biological pathways and are modulated by numerous genetic 

and environmental factors. Elevated heart rate and prolonged ECG indices 

of conduction and repolarization have been associated with risk of sudden 

death. Insight into the genetic underpinnings of these parameters thus 

provides an important means to the dissection of the genetic components 

modulating risk of sudden cardiac death. In this study we mapped 

quantitative trait loci (QTL) modulating heart rate, ECG indices of 

conduction and repolarization, and susceptibility to arrhythmia, in a 

conduction disease-sensitized F2 mouse population. 

Heart rate, P-duration, PR-, QRS- and QT-interval were measured 

at baseline (n=502) and after flecainide administration (n=370) in mutant F2 

progeny (F2-MUT) resulting from the FVB/NJ-Scn5a1798
insD/+

 X 129P2-

Scn5a1798
insD/+

 mouse cross. Episodes of sinus arrhythmia and ventricular 

tachyarrhythmia occurring post-flecainide were treated as binary traits. F2-

MUT mice were genotyped using a genome-wide 768 single nucleotide 

polymorphism (SNP) panel. Interval mapping uncovered multiple QTL for 

ECG parameters and arrhythmia. A sex-interacting scan identified QTL 

displaying sex-dependency, and a two-dimensional QTL scan unmasked 

locus-locus (epistasis) interactions influencing ECG traits. A number of QTL 

coincided at specific chromosomal locations, suggesting pleiotropic effects 

at these loci. Through transcript profiling in myocardium from the parental 

mouse strains we identified genes co-localizing at the identified QTL that 

constitute highly relevant candidates for the observed effects. 

The detection of QTL influencing ECG indices and arrhythmia is an 

essential step towards identifying genetic networks for sudden, arrhythmic, 

cardiac death. 
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Introduction 

Cardiac arrhythmias associated with sudden death are influenced 

by multiple biological pathways and are modulated by numerous genetic 

and environmental factors.
1-3

 Electrocardiographic (ECG) indices of heart 

rate (HR), conduction and repolarization have been associated with risk of 

sudden death in individuals with heart disease,
4,5

 as well as in the general 

population.
6
 These ECG parameters constitute heritable traits

7-10
 and 

comprise important quantifiable intermediate phenotypes of sudden 

arrhythmic death.
11

 Insight into the genetic underpinnings of these ECG 

parameters thus provides an important means to the dissection of the 

genetic components modulating risk of sudden cardiac death.  

We previously generated mice carrying the Scn5a-1798
insD/+

 

mutation,
12

 which is the mouse homolog of the SCN5A-1795insD mutation, 

identified in a human kindred manifesting an “overlap syndrome” of sodium 

channelopathy with variable conduction disease severity.
13

 The mice 

recapitulate various aspects of the phenotype observed in patients 

harboring this mutation, including bradycardia, conduction disease and QT-

interval prolongation, with conduction disease being aggravated upon 

challenge with the sodium channel blocker flecainide.
12

 Analysis of the 

phenotypic consequences of the pathogenic mutation in mice of two 

different inbred genetic backgrounds - FVB/NJ and 129P2 - uncovered large 

differences in disease severity.
14

 The 129P2-Scn5a1798
insD/+ 

(129P2-MUT) 

mice exhibit more severe baseline PR-, QRS- and QT-interval prolongation, 

as well as a greater increase in QRS-duration upon flecainide challenge, in 

comparison to FVB/NJ-Scn5a1798
insD/+

 (FVB/NJ-MUT) mice. In addition, 

129P2-MUT mice are exclusively susceptible to flecainide-induced 

ventricular tachyarrhythmias (VT) whereas the FVB/NJ-MUT mice are 

susceptible to flecainide-induced sinus arrhythmias (SA).
14

 The large 

differences in phenotypic manifestations between these mice of distinct 

genetic backgrounds makes them ideal models for uncovering genetic 

factors modulating ECG parameters and arrhythmia.  
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In this study, we carried out a disease-sensitized polygenic trait 

analysis (15, 16) in heterozygous mutant filial generation 2 progeny (F2-

MUT), generated by crossing FVB/NJ-MUT and 129P2-MUT mice, to map 

novel quantitative trait loci (QTL) controlling HR, ECG indices of conduction 

and repolarization, and susceptibility to arrhythmias. 
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Materials and Methods 

 

Mouse breeding and husbandry  

The transgenic 129P2-Scn5a1798
insD/+

 (129P2-MUT) and FVB/NJ-

Scn5a1798
insD/+

 (FVB/NJ-MUT) mice were generated as previously 

described.
14

 (129P2xFVB/NJ)-Scn5a1798
insD/+

 F1 mice (F1-MUT) were 

reared from these mice, and subsequently intercrossed to produce 502 

Scn5a1798
insD/+

 F2 progeny. All mice were supplied with the same SDS diet 

(SDS CRM(E) PL; Special Diets Services, UK) and water ad libitum and 

maintained on a 12-hour light/dark cycle in a temperature and humidity 

controlled environment. All experiments were performed on heterozygous 

mutant (Scn5a1798
insD/+

) F2 mice (F2-MUT) and in accordance with 

governmental and institutional guidelines for animal use in research. 

 

Genotyping 

 All mice were genotyped for the Scn5a1798
insD/+ 

transgene as 

previously described.
12

 For the genome-wide scan, the F2-MUT and three 

mice from each parental strain were genotyped across the 19 autosomes 

and X chromosome by means of an Illumina Golden Gate mouse medium 

density (768 SNP) panel. This genotyping was carried out at Harvard 

Partners Center for Genetics and Genomics (HPCGG, Cambridge MA, 

USA). Mice with call rates < 95% and single nucleotide polymorphisms 

(SNPs) with a call rate < 95% and a minor allele frequency (MAF) < 0.45 

were removed from the analyses. Genotyping errors were identified using 

error LOD scores.
17

 

 

ECG measurements 

 F2-MUT mice at 12 to 16 weeks of age (n=502) were weighed, 

lightly anaesthetized by isoflurane inhalation (4.0 % v/v induction; 0.8-1.2% 

v/v maintenance) with 800 ml/min oxygen and allowed to acclimatize for 5 

minutes. The ambient temperature within the ECG recording hood was kept 
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warm by means of a heat lamp. A 3-lead surface ECG was acquired digitally 

from subcutaneous 23-gauge needle electrodes at each limb of mice in the 

prone position using the Powerlab acquisition system (ADInstruments). 

Each channel was amplified and sampled at a rate of 1 kHz and a high-pass 

filter setting of 15Hz. Baseline surface ECG traces were recorded for the 

duration of 5 minutes. In a subset of mice (n=370) human-injection-grade 

flecainide acetate (20mg/kg) was administered by intraperitoneal injection 

and a continuous surface ECG was recorded for the duration of 20 minutes. 

A 3 minute ECG trace was analyzed for HR, and the signal average ECG 

(SAECG) calculated from each of leads I and II, aligned at QRS maximum, 

was analyzed for P-, PR-, QRS-, and QT-duration using the LabChart7Pro 

software (ADInstruments). The calculated SAECG indices from both leads 

were averaged and utilized for subsequent QTL mapping. We excluded 

mice that exhibited ECG parameter standard deviations greater than 1.5ms 

between leads. The QRS-duration was measured from the onset of the Q-

wave to the return of the S-wave to the resultant signal averaged isoelectric 

line (see Figure 1A). Measurements for all these ECG indices were done at 

baseline and between the 5
th
 and 8

th
 minute post-flecainide administration. 

This time interval was selected based on the fact that sinus arrhythmia (SA), 

and/or ventricular tachyarrhythmia (VT), when present, typically occurred 

after the 8
th
 minute post-flecainide time point. QT-intervals were corrected 

for RR-interval according to Mitchell et.al.
18

: QTc = QT/(RR/100)
1/2

. The 

entire post-flecainide ECG traces were analyzed for the presence or 

absence of VT (Figure 1B) and/or SA (Figure 1C).  

 

QTL mapping and statistical analysis 

 For each continuous ECG trait, the distribution was checked using a 

histogram and the Shapiro-Wilk test, and we assumed data to be normally 

distributed with W > 0.9. The episodes of SA and VT were handled as 

binary traits. Differences between male and female F2-MUT were 

determined using the t-test. QTL mapping was performed using the R/qtl 
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package based on the R-statistical program, as previously described.
19

 

Detailed QTL mapping methodology is described in the online data 

supplement. Briefly, for each trait, two genome-wide scans were performed: 

model 1 with genotype and the covariates sex, weight and age as main-

effects, and model 2 as model 1 but with an additional sex*genotype 

interaction effect. The logarithm-of-odds (LOD) scores were calculated by 

interval mapping using the expectation-maximization (EM) algorithm. 

Results from model 2 are presented as the gain in LOD (ΔLOD) score, 

equivalent to the difference in LOD score for the model with sex*genotype 

interaction [model 2] and the LOD score for the model without sex*genotype 

interaction [model 1]. A sex-interacting locus was called when this difference 

(the gain in LOD, ΔLOD), is genome-wide significant. Throughout, two 

significance thresholds were applied: a single-trait genome wide 

significance threshold (p<0.05) and a more stringent multiple-trait genome 

wide significance threshold (p<0.007; Bonferroni correction for seven traits). 

Corresponding empirical LOD thresholds were determined using 10,000 

permutations (swapping phenotypes (ECG parameters, sex, age and 

weight) and genotypes, thus destroying the phenotype-genotype 

relationship, but maintaining the LD patterns between markers). For a main 

effect QTL (model 1), this corresponded to LOD score thresholds of 3.75 

and 4.68, respectively. For a sex interacting QTL (model 2), this 

corresponded to LOD thresholds of 2.24 and 3.18, respectively.  

To identify regions of the genome that have a significant effect on 

the given trait when inherited as a pair or group, that is, interacting loci 

(epistasis), we performed pair-wise genome scans for each trait, also known 

as a two-dimensional genome scan, which analyzes coinheritance of SNP 

markers and trait variance. Significant epistatic interactions were defined 

according to previously reported intercross thresholds of 9.1, 7.1, 6.3, 6.3, 

3.3 for the full, conditional-interactive, interaction, additive, and conditional-

additive LOD scores, respectively, obtained by 10,000 simulations of 

crosses with 250 individuals.
20
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A 1.5-LOD drop was defined as the support interval of a QTL and 

the genomic location of flanking SNP markers was noted based on NCBI 

build 37.1. A multiple regression analysis was performed for each trait using 

a model that included all significant QTL (main-effect, sex-interacting and 

epistatic) and the covariates (sex, age, and weight). All analyses were 

carried out using the R statistical package (version 2.9.2; R Foundation for 

Statistical Computing, Vienna, Austria). 

 

Transcript analysis in parental strains 

Genome-wide transcript analysis of right ventricular (RV) RNA 

preparations isolated from both the 129P2 and FVB/NJ parental mouse 

strains was performed previously,
14

 and expression data was deposited in 

the public gene expression omnibus (GEO) database of NCBI (Accession #: 

GSE19741). The rationale for choosing right ventricular tissue (as opposed 

to left) was that in previous epicardial mapping studies on wild-type and 

Scn5a-1798
insD/+

 mutant FVB/NJ mice
12

 we uncovered a greater degree of 

conduction slowing in the right ventricle as compared to left ventricle and 

reasoned that relevant molecular players may therefore exhibit more 

pronounced differences in this tissue portion. 

 

In silico haplotype block analysis 

 QTL support intervals of the main-effect QTLs were narrowed down 

by in silico haplotype block analysis
21

 using the Broad2 mouse hapmap 

project within the Mouse Phenome Database. The rationale behind this is 

that haplotype blocks in which the FVBN/J and 129P2 strains are non-

identical-by-descent constitute the most probable genomic location 

harboring the causal genetic variation.
22

  

 

Online data supplement 

http://www.sciencedirect.com/science/article/pii/S0022282810003408 
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Figure 1. Mouse ECG indices measured from signal averaged ECG (SAECG) (A).  ECG morphology at the onset of a flecainide-

induced ventricular tachyarrhythmia, VT (B) and sinus arrhythmia, SA (C). Spectrum of conduction disease severity among F2-MUT, 

F1-MUT, 129P2-WT, 129P2-MUT, FVB/NJ-WT and FVB/NJ-MUT mice. WT, wild-type; MUT, Scn5a1798
insD/+

 transgenic; Horizontal 

error bars denote QRS-interval SEM; Vertical error bars denote PR-interval SEM. 
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Results 

 

ECG analysis 

The mean (+/- standard deviation) baseline and post-flecainide ECG 

indices are summarized in Table I. Sex significantly affects the baseline 

ECG indices for HR and PR-interval.  Graphical representation of PR-

interval and QRS-duration measurements among the F2-MUT mice 

highlights the variability in conduction disease severity (Figure 1D). 

Flecainide administration induced VT (n=58) of the polymorphic and 

monomorphic morphology, and SA (n=64), which included type I and type II 

sino-atrial block (Figure 1B & C). 

 

Main-effect QTL mapping 

 The genome-wide LOD plots with respect to model 1 (genotype, 

age, sex and weight as main-effects) for baseline HR, PR-interval, QRS-

duration and flecainide-induced VT, are shown in Figure 2. Significant main-

effect QTL at baseline and after flecainide administration are summarized in 

Table 2 together with the respective QTL support intervals. At the more 

stringent multiple-trait significance threshold, main-effect QTL were 

uncovered for baseline PR-, and QRS-duration and for post-flecainide VT. 

Single-trait significant QTLs were uncovered for baseline and post-flecainide 

HR and QRS-duration. No main-effect QTL were detected for baseline and 

post-flecainide P-wave duration, QTc-interval, and flecainide-induced SA. 

The allele effect-size plots for the main-effect QTL are shown in Figure 3. 

Univariate analysis showed that the nearest SNP marker to the QTL peak for 

baseline HR, baseline PR-interval, baseline QRS-duration, flecainide-

induced VT and post-flecainide QRS-duration (Figure 3A-E) explained 

4.38% (P=2.48x10
-5

), 3.9% (P=7.71x10
-5

), 3.74% (P=1.17x10
-4

), 4.81% 

(P=8.14x10
-6

) and 3.77% (P=0.0012) of the observed variation for these 

respective traits. 
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Baseline ECG characteristics 

ECG trait 

F2-MUT Mean±SD 

(n=502) 

♂F2-MUT Mean±SD 

(n=269) 

♀F2-MUT Mean±SD 

(n=233) P* 

Heart Rate (bpm) 449.86±58.91 461.39±55.42 436.55±60.12 1.13x10
-6

 

P (ms) 15.86±3.80 15.54±3.81 16.24±3.76 0.019 

PR (ms) 39.64±3.52 38.77±3.51 40.64±3.27 7.47x10
-10

 

QRS (ms) 11.16±1.44 11.13±1.49 11.19±1.38 0.303 

QTc (ms) 41.34±6.42 41.15±6.15 41.57±6.62 0.233 

Post-Flecainide ECG characteristics 

ECG trait 

F2-MUT Mean±SD 

(n=370) 

♂F2-MUT Mean±SD 

(n=192) 

♀F2-MUT Mean±SD 

(n=178) P* 

 Heart Rate (bpm) 382.84±60.17 390.24±57.84 374.86±61.76 0.007 

P (ms) 24.65±6.73 24.50±6.35 24.81±7.14 0.326 

PR (ms) 58.19±7.91 57.88±7.55 58.53±8.29 0.217 

QRS (ms) 19.23±4.33 19.57±4.34 18.87±4.31 0.059 

QTc (ms) 48.71±9.91 49.18±11.24 48.21±8.25 0.171 

 
Table 1. ECG indices measured in the F2-MUT progeny at baseline and after flecainide 

administration. * P-value based on the two-sample t-test, t, males vs. females. 
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Baseline main-effect QTL 

ECG trait Chromosome LOD* P† Nearest SNP‡ QTL S.I. (Mb)** 

Heart Rate 4 4.49 0.012 rs3719891 136-151 

PR 3 5.01 0.003 rs13477506 135-159 

QRS 7 4.74 0.007 rs13479375 77-124 

Post-Flecainide main-effect QTL 

ECG trait Chromosome LOD P Nearest SNP QTL S.I. (Mb) 

Heart Rate 4 4.16 0.025 rs3719891 136-151 

QRS 3 3.88 0.04 rs13477506 88-159 

VT 4 4.80 0.006 rs13478002 103-151 

 
Table 2. Summary of significant main-effect QTL detected for baseline and post-

flecainide ECG traits and arrhythmia. *logarithm-of-odds; † empirical genome-wide P-

value determined by 10,000 permutation tests across all ECG traits and SNPs; 

‡genetic marker nearest to QTL peak; **1.5 LOD drop QTL support interval and 

flanking marker genomic distance based on NCBI build 37.1; S.I., support interval; 

Mb, megabases; VT, ventricular tachyarrhythmia. Genome-wide single-trait and 

multiple-trait significant LOD score thresholds were  3.75 (P<0.05) and 4.68 

(P<0.007), respectively. 

  

 

 



 

77 

 

 

Figure 2. Genome-wide LOD plots for baseline heart rate (A), PR-interval (B), QRS-

duration (C), and flecainide-induced ventricular tachyarrhythmia, VT (D). The lower 

horizontal line in the plots denotes the empirical genome-wide single-trait LOD score 

significance threshold (LOD=3.75, P<0.05), while the upper horizontal line denotes 

the empirical genome-wide multiple-trait (Bonferroni-corrected) LOD score 

significance threshold (LOD=4.68, P<0.007).  
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Figure 3. Allele effect size plots for ECG trait main-effect QTL. Baseline heart rate 

Chr 4 QTL at nearest SNP marker rs3719891 (A), baseline PR-interval Chr 3 QTL at 

nearest SNP marker rs13477506 (B), baseline QRS-duration Chr 7 QTL at nearest 

SNP marker rs13479375 (C), flecainide-induced ventricular tachyarrhythmia, VT, Chr 

4 QTL at nearest SNP marker rs13478002 (D), and post-flecainide QRS-duration Chr 

3 QTL at nearest SNP marker rs13477506. Error bars denote SEM; 129P2 allele, A; 

FVB/N allele, B. 
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Sex-interacting QTL mapping  

To investigate the contribution of sex-genotype interactions to the 

variance in baseline and post-flecainide ECG traits we performed genome-

wide scans using sex*genotype as interacting covariate (model 2, see 

methods). The results of the sex-interacting QTL analysis are summarized in 

Table 3. The whole-genome ΔLOD plots are shown in the online 

supplemental material (online data supplement, Figure 1). Altogether we 

detected 13 sex-interacting QTLs that influence HR, ECG indices for 

conduction and repolarization, and flecainide-induced arrhythmias, that 

passed the single- trait significance threshold. Two of these, the QTL for 

baseline QRS on chromosome 5 and the QTL for flecainide-induced SA on 

chromosome 8, also passed the more stringent multiple-trait significance 

threshold. The sex-specific allele effect-size plots at the nearest SNP marker 

of these two QTL are shown in online data supplement, figure 2. Univariate 

analysis showed that the Chr 5 (rs13478473) QTL for QRS-interval and the 

Chr 8 (rs13479653) QTL for SA, explain 3.6% (P=0.0002) and 3.3% 

(P=0.00045) of the observed variance in these traits, respectively.  

 

Two-dimensional genome scan 

 In order to find locus-to-locus interactions (epistasis) influencing 

baseline ECG parameters we performed a pairwise genome scan using 

genotype (locus) as main-effect and locus*locus interaction effect.  A 

significant interaction was found impacting HR between a locus on Chr 1 

(rs13476119) and a locus on Chr 8 (gnf08.118.027). Homozygosity for the 

129P2 allele (AA) at the Chr 8 locus and homozygosity for the FVB/NJ allele 

(BB) at the Chr 1 locus results in a dramatic increase in heart rate (online 

data supplement, figure 3A). For P-duration a locus on Chr 1 (rs3683997) 

was found to interact with a locus on Chr 17 (rs6390174) and combined 

homozygosity for the FVB/NJ allele (BB) results in a decrease in P-duration 

(online data supplement, figure 3B). For PR-interval an interaction was 

uncovered between a locus on Chr 3 (rs13477126) and a locus on Chr 10 
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(rs13480638). Homozygosity for the FVB/NJ allele (BB) at the Chr 3 locus 

and heterozygosity for the FVB/NJ and 129P2 alleles (AB) at the Chr 10 

locus result in a decrease in PR-interval (online data supplement figure 3C).  

 

 

Baseline sex-interacting QTL 

ECG trait Chromosome ΔLOD* P† Nearest SNP‡ QTL S.I. (Mb)** 

Heart Rate 3 2.67 0.02 rs13477506 38-154 

 X 2.78 0.016 rs13484070 9-158 

P 11 3.16 0.008 rs6197743 41-92 

PR 2 2.83 0.016 rs4136610  59-91 

 5 2.5 0.026 rs13478433 91-140 

QRS 5 3.82 0.002 rs13478473 91-134 

 12 2.94 0.009 rs13481445 37-109 

 15 2.24 0.04 rs13482602 3-102 

 17 2.24 0.04 rs3660112 49-77 

QTc 2 2.85 0.01 rs13476639 28-145 

Post-Flecainide sex-interacting QTL 

ECG trait Chromosome ΔLOD* P† Nearest SNP‡ QTL S.I. (Mb)** 

SA 8 3.47 0.004 rs13479653 6-77 

VT 7 3.11 0.008 rs13479414 83-140 

  9 3 0.009 rs6385855  21-46 

  

Table 3. Summary of ECG trait sex-interacting QTL detected at baseline and after 

flecainide administration. *gain in logarithm-of-odds (LOD); † empirical genome-wide 

P-value determined by 10000 permutation tests across all ECG traits and SNPs; 

‡genetic marker nearest to the QTL peak; **1.5 LOD drop QTL support interval and 

flanking marker genomic distance based on NCBI build 37.1; S.I., support interval; 

Mb, megabases; SA, sinus arrhythmia binary trait; VT, ventricular tachyarrhythmia 

binary trait. Genome-wide single-trait and multiple-trait significant LOD score 

thresholds were  2.24 (P<0.05) and 3.18 (P<0.007), respectively.  
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Multiple regression analysis 

To assess the magnitude of the variance explained by the identified 

QTL when considered in aggregate, we combined all main-effect, sex-

interacting, and epistatic QTL in a multiple regression model. This was done 

for the baseline ECG traits (online data supplement, Table I). Significance 

was based on the multiple regression F test.  This analysis showed that the 

identified loci and covariates (age, sex, weight) together account for 18.82% 

(P=1.67x10
-12

) of the variance in HR, 7.59% (P=0.0022) for P-duration, 

26.06% (P=3.33x10
-16

) for PR-interval, 19.19% (P=1.16x10
-10

) for QRS-

duration, and 7.32% (P=1.47x10
-5

) of the variance in QTc-duration. 

 

In silico haplotype block analysis 

 QTL support intervals of the main-effect QTLs were narrowed down 

by in silico haplotype block analysis. The resultant genotype variation maps 

are presented in Figure 4. On average this led to a reduction of the QTL 

interval by ~30%.  

 

QTL overlap and co-incidence of QTL with genes differentially 

expressed between the parental strains 

 In order to identify QTL that potentially show pleiotropic effects on 

ECG indices and arrhythmia we inspected all QTL support intervals for 

overlap (Figure 5). Main-effect QTL for HR and flecainide-induced VT 

overlap on Chr 4 (Figure 5A). The main-effect QTL for baseline PR-interval 

and post-flecainide QRS-duration overlap on Chr 3 (Figure 5B). The 

baseline QRS-duration main-effect QTL and flecainide-induced VT sex-

interacting QTL overlap on Chr 7 (Figure 5C). Sex-interacting QTL for QRS-

duration and PR-interval overlap on Chr 5 (Figure 4D). Sex-interacting QTL 

for QTc-duration and PR-interval overlap on Chr 2 (Figure 5E). To identify 

candidate genes within QTL support intervals, we inspected the genomic 

location of genes encoding transcripts of differing abundance between 

myocardium of the two parental strains (P < 0.01) for co-localization within 
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the QTL support intervals. Since transcript abundance was compared in 

ventricular tissue from the two strains, we limited this analysis to the 

ventricular ECG traits, namely QRS-duration, QTc-interval and VT. Genes 

that are sited within main-effect QTL support intervals for these traits and 

that display differential expression between the two mouse strains are 

presented in online data supplement, table II.  

 

 

 

Figure 4. Haplotype block structure at main-effect QTL support intervals indicating 

the genomic regions that are not identical-by-descent (IBD) between the FVBN/J and 

129P2 parental strains. Regions that are not identical-by-descent are represented in 

red. Causal variants are expected to be located in these regions. (A) PR-interval Chr 

3 QTL region, (B) Heart rate Chr 4 QTL region, (C) VT Chr 4 QTL region, and (D) 

QRS-interval Chr 7 QTL region. For each QTL region, the 1.5 LOD drop support 

interval is depicted. VT, ventricular tachyarrhythmia; SA, sinus arrhythmia; Chr, 

Chromosome. Genomic distance refers to NCBI build 37.1. 
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Figure 5.   QTL overlap.  Baseline heart rate and flecainide-induced VT main-effect 

QTL on Chr 4 (A), baseline PR-interval and flecainide-induced QRS-duration main-

effect QTL on Chr 3 (B), baseline QRS-duration and flecainide-induced VT, sex-

interacting QTL on Chr 7 (C), baseline QRS-duration and PR-interval sex-interacting 

QTL on Chr 5 (D), and, baseline QTc and PR-interval sex-interacting QTL on Chr 2 

(E). The solid horizontal line denotes the empirical genome-wide multiple-trait 

(Bonferroni-corrected) LOD score significance threshold for model 1 (main effect; 

LOD=4.68, P<0.007). The horizontal dashed line represents the empirical genome-

wide multiple-trait (Bonferroni-corrected) LOD score significance threshold for model 

2 (sex-interacting; ΔLOD=3.18, P<0.007). VT, ventricular tachyarrhythmia.  
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Discussion 

In this study, we present the first genetic mapping analysis for 

cardiac electrical traits in mice. QTL analysis of ECG traits in a disease-

sensitized F2 mouse population unmasked multiple genetic modifier loci 

influencing baseline and post-flecainide HR, ECG indices of conduction and 

repolarization, and susceptibility to flecainide-induced SA and VT. We 

identified genes that are differentially expressed in myocardium of the two 

parental strains, and for which the genomic location coincides with support 

intervals for identified QTL, thereby representing relevant candidate genes 

for the observed effects.  

Despite recent successes in defining novel genes underlying cardiac 

ECG traits by genome-wide association studies in human populations,
23-27

 

QTL mapping studies in mice are an important strategy for gene discovery 

as they circumvent some of the limitations inherent to human population 

studies, most notably, the inconsistent phenotype penetrance due to varied 

environmental exposure and unrecognized population substructure.
28,29

 In 

spite of interspecies differences, genetic susceptibility to disease is 

demonstrated to play a similar role in both mouse models and humans,
28

 

and mouse QTL have been shown to translate into human disease 

susceptibility loci.
30,31

  

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

associated with higher HR, greater PR-interval prolongation, less severe 

QRS-interval prolongation, and increased susceptibility to flecainide-induced 

VT (Figure 3). The greater PR-interval prolongation associated with 

homozygozity for 129P2 alleles at the main-effect Chr 3 PR QTL is in line 

with the longer PR-intervals in wild-type and mutant (parental) 129P2 mice 

compared to their FVB/NJ counterparts
14

 (Figure 1D). Similarly, the 

increased susceptibility to flecainide-induced VT in mice homozygous for 

129P2 alleles at the VT Chr 4 QTL is in accordance with the increased 

susceptibility for post-flecainide VT in mutant mice of this inbred strain.
14

 In 

contrast, the QRS-duration main-effect QTL on Chr 7 behaves in the 
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opposite direction to that predicted by the parental strains (Figure 3C). At 

this locus, homozygosity for the 129P2 alleles results in a shorter QRS-

duration compared with the FVB/NJ allele. Such QTL, where the effect of the 

QTL is in the opposite direction to that predicted from the phenotypes of the 

two parental strains, are referred to as “cryptic”. This can lead to more 

extreme phenotypes in F2 progeny than in either parental strain, often 

referred to as transgressive segregation.
32

 Cryptic QTL have been 

previously reported for a cardiac phenotype.
33

 

The use of a sensitized cross allowed the detection of multiple QTL. 

Further sensitization by flecainide administration, which has been used to 

unmask subclinical forms of Brugada syndrome
34

 allowed for the detection of 

loci that would otherwise have been undetectable. Accordingly, a locus on 

the distal region of Chr 3, which was below the significance threshold in the 

baseline QRS-interval scan (LOD=3.06, Figure 2C) reached significance 

after flecainide challenge (LOD=3.88, Table 2). The identified QTL, in 

aggregate, together with covariates (age, sex, weight) explain between 7.5% 

and 26% of the variance in the continuous traits studied. This implies that 

multiple other modifier loci with weak effects, most likely contribute to the 

observed variance, which is in line with complex genetic regulation of these 

ECG traits.  

We detected a considerable number of sex-interacting QTL 

influencing the variance in ECG indices and susceptibility to arrhythmia 

(Table 3). This is not unexpected given that ECG indices and susceptibility 

to arrhythmia differ between males and females.
35-37

 Sex-genotype 

interactions play a pivotal role in the long-QT syndrome.
38,39

 In Brugada 

Syndrome, there is a male predominance in the manifestation of 

spontaneous coved-type ST-segment in the right precordial leads, the 

diagnostic criterion for Brugada syndrome.
40

 Further support for the 

existence of sex-dependant effects of genetic loci comes from studies 

showing differences in ionic current densities.
41,42

 In addition, sex was 

reported to contribute to the differences in pharmacological induction of VT 
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in mice.
43

 We detected 2 sex-interacting genetic modifier loci for flecainide-

induced VT (Table 3), respectively on Chr 7 and Chr 9. The sodium channel 

auxiliary subunit, Navβ4, encoded by the Scn4b gene, previously shown to 

be differentially expressed (mRNA and protein) between the two parental 

strains
14

 is located within the Chr 9 QTL support interval. Collectively, these 

sex-interacting QTL provide further evidence for the integral role of sex-

genotype interactions on the variance in common ECG indices and 

susceptibility to arrhythmias. 

A number of QTL for ECG traits and arrhythmia coincided at specific 

chromosomal locations (Figure 5), suggesting pleiotropic effects at these 

loci. These are of particular interest in highlighting common genes and/or 

molecular pathways that alter ECG parameters and susceptibility to life-

threatening arrhythmias. The Chr 3 QTL associated with baseline PR-

interval and flecainide-induced QRS-duration (figure 5B) also overlaps the 

previously described heart failure modifier 2 locus affecting cardiac function 

in a mouse model of dilated cardiomyopathy.
16

 Moreover, the Chr 2 sex-

interacting QTL modulating QTc-duration and PR-interval (figure 5E) 

overlaps the reported heart failure modifier 1 locus.
16,44

 Reports of dilated 

cardiomyopathy and heart failure in the context of sodium channel 

dysfunction and conduction disease
45-48

 support the concept of common 

genetic variation underlying the overlap between electrical alterations and 

structural disease. Tnni3k (cardiac Troponin I-interacting kinase) has been 

recently reported as the gene underlying the heart failure modifier 2.
49

 Of 

note, the Chr 5 QTL impacting both QRS-duration and PR-interval (Figure 

5D) harbors two genes, ARHGAP24 and TBX5, recently associated with  

PR-, QRS-, and QT-duration in humans by genome-wide association studies 

(GWAS).
25,27

 The loci identified as modulators of ECG parameters in human 

GWAS findings, as expected in complex genetic traits, explain a very small 

percentage of the observed variance. For instance, the 10 loci found to be 

associated with QTc collectively explain only 3.3% of the variance in QTc.
24

 

Larger association studies and complementary strategies, such as our 



 

87 

 

mouse ECG QTL study, are required to provide unequivocal evidence for 

novel genetic associations. 

Genetic variation at QTL is expected to affect the trait either by 

altering protein function through an amino acid change in the protein 

sequence or by affecting the level of gene expression. It is becoming 

increasingly clear that differences in gene regulation could be responsible for 

much of the observed phenotypic variation in natural populations.
50

 Many 

loci that have been discovered through genome-wide association analysis in 

human populations map outside open reading frames and likely act by 

affecting transcriptional or translational efficiency.
51

 The genes we identified 

in this study as being differentially expressed in RV myocardium from the 

two parental strains and co-localizing to the identified QTL for QRS-duration, 

QTc, and VT, constitute relevant candidates for future studies in deciphering 

the genetic variation underlying these ECG trait QTLs.  

Identification of the specific causal genes underlying detected QTL 

presents a daunting task requiring the integration of various genomics and 

statistical approaches.
52

 Recent advances in resources and methodologies, 

such as “genetical genomics”,
53

 promise to reduce the technical burden 

traditionally associated with identification of specific susceptibility genes 

underlying QTL.
26,27

 Thus, the QTL impacting ECG parameters and 

arrhythmia incidence identified in this study comprise an important 

benchmark towards identification of genes and molecular pathways for 

sudden, arrhythmic, cardiac death. 

 

Limitations 

The QT-interval in mice reflects both depolarization and 

repolarization events in the myocardium and therefore, loci found to impact 

on the QT-interval, do not necessarily impact on the repolarization process, 

but could also impact on conduction.  
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The sex-specific variation observed in ECG traits might, at least in 

part, be a reflection of a sex-dependant response to the anaesthetic agent 

isoflurane. 

 In silico interval-specific haplotype analysis to narrow down the QTL support 

intervals is based on the premise that genetic variation causing the QTL lies 

within a region that is not identical-by-descent between mouse strains, 

assuming that no spontaneous variation occurred throughout the years of 

mouse strain evolution from common ancestors.
54

 The variation we observe 

in RV transcript abundance between the parental strains are not necessarily 

due to underlying genetic variation affecting gene expression.  
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“An expert is a man who has made all the mistakes, which can be made, in a  
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Abstract 

Incomplete penetrance and variable expressivity of the clinical 

manifestations of ion-channel mutations greatly complicate the management 

of the inherited arrhythmia syndromes, which include long-QT syndrome, 

Brugada syndrome and cardiac conduction defects. Transgenic mice 

harboring the cardiac voltage-gated sodium ion-channel gene mutation, 

Scn5a1798insD/+, recapitulate many of the electrocardiographic (ECG) 

manifestations in patients carrying the homolog mutation, SCN5A1795insD, 

including conduction defects. Conduction disease severity varies greatly 

depending on the genetic background of the inbred mouse strain harboring 

the Scn5a1798insD/+ mutation. Our group has exploited these strain-

specific differences in ECG traits to map quantitative trait loci (QTL) on 

chromosomes 3, 7 and 4 that respectively influence the variance in PR-

interval, QRS-duration and susceptibility to VT in F2 progeny of the 129P2-

Scn5a1798insD/+ and FVBN/J-Scn5a1798insD/+ cross. We aim to integrate 

transcriptional profiling, expression QTL mapping and gene co-expression 

network analysis in order to prioritize positional candidate genes within these 

chromosomal intervals for future functional studies. 

Genome-wide transcriptional profiling was carried out on 

myocardium from 109 mutant F2 mice that had been previously ECG-

phenotyped and genotyped using a genome-wide panel of single nucleotide 

polymorphisms. Expression QTLs were mapped and the 1.5 LOD interval at 

the QTL loci PR-interval, QRS-duration and susceptibility to flecainide-

induced VT were investigated for the co-incidence of expression QTLs. We 

performed quantitative trait-transcript correlation analysis to determine the 

relationship of each eQTL to the pertaining ECG trait. Ctsc and Tnni3k 

respectively represent likely positional candidate genes for the effects 

observed at the QTL for QRS- and PR-interval. Furthermore, by integrating 

differential transcript abundance analysis between VT and no-VT groups and 

eQTL mapping we refined the chromosome 4 flecainide-induced VT QTL to 

a handful of genes that include Hspb7 and Ctnnbip1.  
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Introduction 

The inherited arrhythmia syndromes are a group of disorders caused 

primarily by mutations in cardiac voltage-gated ion channel genes and are 

associated with increased risk of sudden cardiac death.
1
 The incomplete 

penetrance and variable expressivity commonly encountered in affected 

families greatly complicate the management of patients with these 

syndromes.
2
 Although genetic factors capable of modifying the 

electrocardiographic (ECG) manifestations and susceptibility to arrhythmia in 

mutation carriers have started to be uncovered,
3,4

 the nature of these genetic 

modifiers remains largely unknown. The identification of these genetic 

factors in humans is difficult since such studies are hampered by small 

patient numbers, uncontainable environmental influences and phenotypic 

variability stemming from diverse primary genetic defects that also lead to 

variation in disease severity. The identification of such genes will not only 

help explain the clinical variability in the Mendelian rhythm disorders but will 

also provide insight into the genetic underpinnings of cardiac 

electrophysiological function. Genome-wide association studies have in 

recent years uncovered a number of novel loci influencing cardiac ECG 

traits;
5-7

 however the genes underlying the association signals at these loci 

are yet unresolved and a major portion of the heritability for these 

parameters remains unexplained. This argues for complementary strategies 

to uncover novel genes and biological pathways modulating these cardiac 

electrophysiological phenotypes. 

Transgenic mice harboring the cardiac voltage-gated sodium 

channel gene mutation Scn5a-1798
insD/+

, recapitulate ECG manifestations 

observed in patients carrying the homologous mutation SCN5A-1795insD, 

including conduction defects.
8
 Conduction disease in Scn5a-1798

insD/+
 mice 

of the 129P2 genetic background (129P2-Scn5a-1798
insD/+

, 129-MUT) is 

more severe than in mutant mice of the FVB/NJ strain (FVB/N-Scn5a-

1798
insD/+

, FVB/NJ-MUT).
9
 Moreover, the sodium-channel blocker flecainide, 

commonly used to unmask latent Brugada Syndrome ECG,
10

 provokes 
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mouse strain-specific ventricular tachyarrhythmias (VT).
9
 The profound 

differences in conduction disease severity and susceptibility to flecainide-

induced arrhythmias make these two mouse strains ideal tools for 

uncovering genetic modifiers influencing these traits. We have previously 

exploited these strain-specific differences in ECG parameters to map 

quantitative trait loci (QTL) on chromosomes 3, 7 and 4 that respectively 

influence the variance in PR-interval, QRS-duration and susceptibility to 

flecainide-induced VT in F2 progeny of the 129P2-MUT
 
and FVB/NJ-MUT 

cross.
11

  

In this study we aimed to identify positional candidate genes at these 

chromosomal loci that could be responsible for the observed effects. Genetic 

variation underlying QTL may impact on the respective trait through effects 

on gene expression.
12

 We therefore performed genome-wide transcript 

profiling of cardiac tissue in a subset of the mouse F2 population we 

previously used for mapping the ECG and arrhythmia QTL, to map genetic 

loci influencing gene expression, also known as expression QTLs (eQTLs). 

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) (figure 1).
13

 Cis-regulated eQTLs are particularly 

important because they most likely harbor genetic variation in control of 

transcription, thereby potentially underlying the physiological QTL.  We 

uncovered a number of cis- and trans-regulated eQTLs that co-localized to 

the previously detected PR-interval, QRS-duration and flecainide-induced VT 

QTLs. Genes that display eQTLs that overlap with physiological QTLs, 

constitute highly relevant positional candidates for the QTL effect on the trait, 

particularly when the transcript level of that particular gene also correlates 

with the trait of interest (quantitative trait transcripts). Using this strategy we 

identified positional candidate genes for underlying the PR-, QRS-duration 

and flecainide-induced VT QTL. Integration of quantitative trait transcript 
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analysis further refined these positional candidates for future validation 

studies. 

 

 

 

Figure 1: Cis- and trans-eQTLs. LOD plot curves for the eQTLs of two genes in 

relation to the physical position of the same genes. A. The Tnni3k gene is located at 

approximately 155Mb on chromosome 3 (red bar) and the only major LOD score 

peak for Tnni3k transcript abundance coincides with the gene‟s genomic position; 

therefore, suggesting cis-regulation. B. The Tnfaip3 gene is located at approximately 

19Mb on chromosome 10 (red bar) and the LOD score peaks for Tnfaip3 transcript 

abundance do not coincide with the gene‟s genomic position; thus, suggesting trans-

regulation.  
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Materials and Methods 

 

Mouse breeding and husbandry  

The transgenic 129P2-Scn5a-1798
insD/+

 (129P2-MUT) and FVB/NJ-

Scn5a-1798
insD/+

 (FVB/NJ-MUT) mice were generated as previously 

described.
9
 (129P2xFVB/NJ)-Scn5a-1798

insD/+
 F1 mice (F1-MUT) were 

reared from these mice, and subsequently intercrossed to produce 120 

Scn5a-1798
insD/+

 (heterozygous) F2 progeny (F2-MUT). All mice were 

supplied with the same SDS diet (SDS CRM(E) PL; Special Diets Services, 

UK) and water ad libitum and maintained on a 12-hour light/dark cycle in a 

temperature and humidity controlled environment. All experiments were 

performed on F2-MUT mice and in accordance with governmental and 

institutional guidelines for animal use in research.  

 

Genotyping 

 Genotyping for the Scn5a1798
insD/+ 

mutation was done as previously 

described.
8
 Genome-wide genotyping across the 19 autosomes and X 

chromosome was carried out previously by means of a mouse genome-wide 

medium density single nucleotide polymorphism panel (768 SNPs, Illumina 

Golden Gate).
11

 Mice with call rates < 95% and single nucleotide 

polymorphisms (SNPs) with a call rate < 95% and a minor allele frequency 

(MAF) < 0.45 were removed from the analyses. Genotyping errors were 

identified using error LOD scores.
14

  

 

ECG measurements  

 ECG analysis of F2-MUT mice at 12 to 14 weeks of age (n=120) 

was performed as previously described.
11

 Briefly, mice were weighed, lightly 

anaesthetized by isoflurane inhalation (4.0 % v/v induction; 0.8-1.2% v/v 

maintenance) with 800 ml/min oxygen and allowed to acclimatize for 5 

minutes. The ambient temperature within the ECG recording hood was kept 

warm by means of a heat lamp. A 3-lead surface ECG was acquired digitally 
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from subcutaneous 23-gauge needle electrodes at each limb of mice in the 

prone position using the Powerlab acquisition system (ADInstruments). Each 

channel was amplified and sampled at a rate of 1 kHz and a high-pass filter 

setting of 15Hz. Baseline surface ECG traces were recorded for the duration 

of 5 minutes. A 3 minute ECG trace was analyzed for HR, and the signal 

average ECG (SAECG) calculated from each of leads I and II, aligned at 

QRS maximum, was analyzed for PR- and QRS-duration using the 

LabChart7Pro software (ADInstruments). The calculated SAECG indices 

from both leads were averaged and utilized for subsequent QTL mapping. 

We excluded mice that exhibited ECG parameter standard deviations 

greater than 1.5ms between leads. The QRS-duration was measured from 

the onset of the Q-wave to the return of the S-wave to the resultant signal 

averaged isoelectric line. In a subset of mice (n=100) human-injection-grade 

flecainide acetate (20mg/kg) was administered by intraperitoneal injection 

and a continuous surface ECG was recorded for the duration of 20 minutes. 

The entire post-flecainide ECG trace was analyzed for the presence or 

absence of sustained (> 1 minute) monomorphic and/or polymorphic VT 

(Figure 2).  

 

 

 

Figure 2: Electrocardiographic morphology of post-flecainide i.p. ventricular 

tachyarrhythmia (VT) phenotype in F2-MUT mice.  
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RNA preparation and microarray analysis 

F2-MUT mice were euthanized by CO2-O2 asphyxiation. Hearts were 

excised, washed in 1XPBS, and dissected LV free-wall flash-frozen in liquid 

N2. Total RNA was isolated from LV (free-wall) samples (n=120) using the 

QIAGEN RNeasy mini kit 50 protocol for isolating total RNA from animal 

tissue using spin technology (QIAGEN Inc.) according to manufacturer‟s 

protocol. Total RNA yield (μg) and purity (260nm:280nm) were determined 

spectrophotometrically using the NanoDrop spectrophotometer (USA). The 

integrity (RIN > 9.0) of the re-suspended total RNA was determined using 

the RNA Nano Chip Kit on the Bioanalyzer 2100 and the 2100 Expert 

software (Agilent technologies). Synthesis, amplification and purification of 

anti-sense RNA was performed by using the Illumina TotalPrep RNA 

Amplification Kit (Ambion art. No. AM-IL1791) following the Illumina Sentrix 

Array Matrix expression protocol at ServiceXS (Leiden, The Netherlands). A 

total of 750ng biotinylated cRNA was hybridized onto the MouseRef-8v2 

Expression BeadChip (Illumina).  

The raw scan data were read using the beadarray package (version 

1.12.1)
15

 available through Bioconductor.
16

 Quality control checks showed no 

evidence of experimental bias between arrays. Illumina‟s default pre-

processing steps were performed using beadarray. In short, estimated 

background was subtracted from the foreground for each bead. For replicate 

beads, outliers greater than 3 median absolute deviations (MADs) from the 

median were removed and the average signal was calculated for the 

remaining intensities.  A variance-stabilization transformation
17

 was applied 

to the summarized data in order to remove the mean-variance relationship in 

the intensities. Resulting data was then quantile normalized.
18

 

 

Expression QTL mapping  

 eQTL mapping was performed using the R/eqtl package based on 

the R-statistical program, as previously described.
19

 Briefly, for each 

transcript probe (n=26,529) a genome-wide scan was performed with 
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genotype and the covariates sex, weight and age as main-effects. The 

logarithm-of-odds (LOD) scores were calculated by interval mapping using 

the expectation-maximization (EM) algorithm. Throughout, two significance 

thresholds were applied: a single-transcript genome-wide significance 

threshold (p<0.05) and a multiple-transcript genome-wide significance 

threshold (p<1.88x10
-6

, Bonferroni correction for 26,529 transcript traits). 

Corresponding empirical LOD thresholds were determined using 10,000 

permutations (swapping phenotypes (transcript abundance, sex, age and 

weight) and genotypes, thus destroying the phenotype-genotype 

relationship, while maintaining the LD patterns between markers). This 

corresponded to LOD score thresholds of 3.98 and 6.83, respectively. A cis-

eQTL was called when the genomic distance between the mapping SNP and 

transcript was less than 10Mb.
20

  

 

Quantitative trait-transcript correlation analysis 

Transcripts for which we identified eQTLs co-localizing with PR- and 

QRS-interval QTLs were tested for correlation with the respective ECG trait 

by generating Spearman‟s correlation coefficients (rho) (SPSS software, ver. 

16.0; SPSS, Chicago, IL). We make us of the Bonferroni multiple-

comparison correction (correcting for the number of genome-wide significant 

eQTLs within the given ECG QTL locus), that is, for PR-interval p<0.0031 

and for QRS-duration p<0.0025 as significance thresholds. Transcripts for 

which we identified eQTLs colocalizing with the flecainide-induced VT QTL 

on chr 4 were analyzed by student t-test for differential abundance between 

the VT and non-VT groups. We adjusted the significance to cater for false 

discovery rate (FDR) by using the “p.adjust” function and Benjamini-

Hochberg method of the R statistical package (significance based on q-value 

at FDR 0.05). 
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Ethics statement 

All experiments were performed in accordance with governmental 

and institutional guidelines for animal use in research. 
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Results 

 

Electrocardiographic characteristics 

 The PR-interval and QRS-duration characteristics among the 120 

F2-MUT used for gene expression analysis, F1-MUT and WT and 

Scn5a1798insD/+ mice from both FVBN/J and 129P2-OlaHsd genetic 

backgrounds were previously presented.
11

 Of the 100 mice from the F2 

subset that were administered flecainide i.p. 14 mice developed sustained 

monomorphic and polymorphic VT. 

 

Expression QTL mapping and relationship to cardiac conduction QTL  

 Genome-wide gene expression data was obtained by microarray 

analysis of left ventricular (LV) tissue of the 120 F2-MUT mice. After 

background correction, transformation and normalization we carried out 

linkage analysis to map the genetic loci that influence the abundance of 

26,529 individual probe transcripts. A total of 109 F2-MUT mice were used in 

this analysis as 11 mice were excluded since their genotypic data did not 

pass our quality control criteria (call rate >95% and MAF <0.45, see methods 

for details). The eQTLs that passed our pre-set (multiple comparison 

corrected) genome-wide significance threshold (LOD>6.98; p<1.88x10
-6

) 

were classified as cis- or trans-eQTLs by comparing the genomic location of 

the transcript with respect to the mapping SNP marker (see Methods). 

Consistent with previous eQTL studies,
21

 cis-eQTLs were more abundant 

than trans-eQTLs.  

Cis- and trans-eQTLs located within the 1.5 LOD drop support 

intervals of the previously detected PR-interval and QRS-interval QTLs
11

 

were identified. The eQTLs that mapped within the 1.5 LOD drop interval of 

the PR-interval QTL on Chr 3 are presented in Table 1. Correlation between 

transcript abundance and PR-interval was evidenced for a subset of genes 

displaying cis-eQTL effects, namely Eif4e, Gbp1, Cyr61, and Tnni3k, and 
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two genes that displayed trans-eQTL effects, namely Socs2 and Igfals 

(Table 1).  

The allele effect-size plot for the Eif4e, Gbp1, Cyr61, and Tnni3k cis-

eQTLs are shown in figure 3A-D. These plots show differential transcript 

abundance of Gbp1 and Tnni3k depending on the genotype at the chr3 

locus, where AA mice (homozygous for the 129P2 allele) displayed the 

highest transcript levels, BB mice (homozygous for FVB/n alleles) displayed 

the lowest transcript levels, and AB mice (heterozygous for the 129P2 and 

FVB/N alleles) displayed intermediate levels. In contrast, transcript 

abundance of Eif4e and Cyr61 was highest in mice of the BB genotype, 

lowest in mice of the AA genotype, and intermediate in AB genotype mice. 

The eQTLs that map within the 1.5 LOD drop interval of the previously 

detected QRS-duration QTL on Chr 7
11

 are tabulated in table 2. We 

identified 10 cis-eQTLs of which Ctsc and Sec11a correlate to QRS-duration 

(table 2). Htatip2, Vrk3, Bcat2, Nosip and Olfml1 present trans-eQTLs that 

correlate to QRS-duration (table 2). The allele effect-size plots for Ctsc and 

Sec11a cis-eQTLs are shown in figure 3E and 3F, respectively. The 

transcript abundance of both Ctsc and Sec11a were highest in mice 

homozygous for the 129P2 allele (AA genotype) and lowest in mice 

homozygous for the FVB/N allele (BB genotype) at the chr7 locus. 
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Figure 3: Effect sizes for electrocardiographic impulse conduction trait cis-eQTL  

genes at associating SNP marker. AA, 129P2 allele homozygozity; BB, FVBN/J allele 

homozygozity; AB, heterozygous alleles. 
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Gene symbol Refseq ID Gene name LOD* SNP marker** 

eQTL 

classification 

Correlation to 

PR 

Rho (p-value) 

Eif4e NM_007917 eukaryotic translation initiation factor 4E 21.58 rs6407142 cis -0.191 (0.036) 

Gbp1 NM_010259 guanylate binding protein 1 9.30 rs6407142 cis 0.244 (0.007) 

Ccbl2 NM_173763 cysteine conjugate-beta lyase 2 19.77 rs13477494 cis 0.058 (0.526) 

Cyr61 NM_010516 cysteine rich protein 61 7.54 rs13477494 cis -0.369 (3.3x10
-5
) 

Myoz2 NM_021503 myozenin 2 12.10 rs13477494 trans -0.089 (0.331) 

Gipc2 NM_016867 GIPC PDZ domain containing family, member 2 8.05 rs13477494 cis 0.122 (0.184) 

Abca4 NM_007378 
ATP-binding cassette, sub-family A (ABC1), 

member 4 
12.63 rs13477494 trans 0.065 (0.450) 

Shmt1 NM_009171 serine hydroxymethyltransferase 1 (soluble) 6.94 rs13477506 trans 0.061 (0.512) 

Bcl6 NM_009744 B-cell leukemia/lymphoma 6 9.71 rs13477506 trans -0.171 (0.062) 

Socs2 NM_001168655 suppressor of cytokine signaling 2 25.31 rs13477506 trans 0.283 (0.0017) 

Igfals NM_008340 
insulin-like growth factor binding protein, acid labile 

subunit 
21.43 rs13477506 trans 0.215 (0.019) 

Esrrb NM_001159500 estrogen related receptor, beta 7.17 rs13477506 trans 0.169 (0.065) 

3110057O12RIK NM_026622 RIKEN cDNA 3110057O12 gene 10.34 rs13477506 trans 0.313 (0.0005) 

Tnni3k NM_177066 TNNI3 interacting kinase 65.56 rs13477506 cis 0.238 (0.009) 

Extl2 NM_001163514 exostoses (multiple)-like 2 8.01 rs13477506 trans 0.031 (0.733) 

Gpr177 NM_026582 G protein-coupled receptor 177 7.93 CEL.3_159340478 cis -0.173 (0.059) 

  

Table 1: Mapping and classification of cis- and trans-regulated gene expression QTLs 

colocalizing to the chr 3 PR-interval QTL. eQTLs of genome-wide (bonferroni multiple 

comparison corrected) significance (p<1.88x10
-6

) are tabulated. *LOD, logarithm of odds; 

**SNP marker, top mapping single nucleotide polymorphism marker. 
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Gene Symbol Refseq ID Gene name LOD* SNP marker** 

eQTL 

classification 

Correlation to 

QRS 

Rho (p-value) 

Csrp3 NM_013808 cysteine and glycine-rich protein 3 16.88 rs3705155 cis 0.172 (0.074) 

Btbd1 NM_146193 BTB (POZ) domain containing 1 8.25 rs3705155 trans -0.141 (0.125) 

Zfp30 NM_013705 zinc finger protein 30 13.21 rs13479319 trans 0.015 (0.879) 

Crtc3 NM_173863 CREB regulated transcription coactivator 3 8.14 rs13479324 cis 0.151 (0.117) 

Tm2d3 NM_026795 TM2 domain containing 3 7.26 rs13479324 cis -0.152 (0.115 

Alpk3 NM_054085 alpha-kinase 3 8.55 rs13479324 cis 0.171 (0.075) 

3110040N11Rik NM_026077 RIKEN cDNA 3110040N11 gene 8.90 rs13479347 cis -0.174 (0.071) 

Mrps11 NM_026498 mitochondrial ribosomal protein S11 9.84 rs13479347 cis 0.187 (0.052) 

Sec11a NM_019951 SEC11 homolog A (S. cerevisiae) 10.89 rs13479375 cis -0.204 (0.033) 

Ctsc NM_009982 cathepsin C 48.78 rs13479375 cis -0.259 (0.007) 

Fam103a1 NM_025997 
family with sequence similarity 103, member 

A1 
7.65 rs13479375 cis 0.086 (0.372) 

Picalm NM_146194 
phosphatidylinositol binding clathrin 

assembly protein 
27.51 rs13479375 cis -0.174 (0.070) 

Dhdh NM_027903 dihydrodiol dehydrogenase (dimeric) 8.19 rs13479395 trans 0.146 (0.130) 

Htatip2 NM_016865 HIV-1 tat interactive protein 2 11.86 rs13479395 trans 0.233 (0.015) 

Vrk3 NM_133945 vaccinia related kinase 3 10.25 rs13479395 trans -0.191 (0.046) 

Bcat2 NM_009737 
branched chain aminotransferase 2, 

mitochondrial 
8.29 rs13479395 trans -0.189 (0.049) 

Pop4 NM_025390 
processing of precursor 4, ribonuclease 

P/MRP family 
7.79 rs13479395 trans -0.123 (0.204) 

Nosip NM_025533 nitric oxide synthase interacting protein 9.87 rs13479414 trans -0.239 (0.012) 

Olfml1 NM_172907 olfactomedin-like 1 6.97 rs3673653 trans -0.205 (0.033) 

Tarsl2 NM_172310 threonyl-tRNA synthetase-like 2 7.74 rs6386601 trans 0.107 (0.270) 

  

Table 2: Mapping and classification of cis- and trans-regulated gene expression QTLs 

colocalizing to QRS-duration chr 7 QTL. eQTLs of genome-wide (bonferroni multiple 

comparison corrected) significance (p<1.88x10
-6

) are tabulated. *LOD, logarithm of odds; 

**SNP marker, top mapping single nucleotide polymorphism marker. 
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Expression QTLs related to flecainide-induced VT QTL  

 

We detected 38 cis-eQTLs that map within the 1.5 LOD drop interval 

of the previously detected VT QTL on Chr 4
11

 (table 3). In order to further 

refine the likely positional candidate genes within this genomic interval we 

investigated the possible relation between these positional candidate genes 

and VT by differential transcript abundance analysis between the VT and 

non-VT group. We show that 15 cis-eQTL transcripts are differentially 

abundant (FDR adjusted p<0.05) between the VT (n=14) and non-VT (n=86) 

groups (Table 3).  
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Gene symbol Refseq ID Name LOD* SNP marker** 
eQTL 

classification 
VT Diff. exprs.

†
 p-value FDR adjusted

#
 

Bsdc1 NM_133889 BSD domain containing 1 32.37 rs13478002 cis no  

Hmgn2 NM_016957 
high mobility group nucleosomal binding 

domain 4 
28.66 rs13478002 cis no  

Trnp1 NM_001081156 TMF1-regulated nuclear protein 1 13.25 rs13478002 cis no  

Hmgcl NM_008254 
3-hydroxy-3-methylglutaryl-Coenzyme A 

lyase 
41.22 rs13478002 cis yes 0.0239 

Fam54b NM_029759 family with sequence similarity 54, member B 18.38 rs13478002 cis no  

Sepn1 NM_029100 selenoprotein N, 1 18.00 rs13478002 cis no  

Xkr8 NM_201368 
X Kell blood group precursor related 

family member 8 homolog 
7.48 rs13478002 cis yes 0.0082 

Paqr7 NM_027995 
progestin and adipoQ receptor family member 

VII 
7.44 rs13478002 cis no  

Olfr1406 NM_146763 olfactory receptor 1406 7.46 rs13478002 trans no  

BC002163 NM_001030274 
NADH dehydrogenase (ubiquinone) Fe-S 

protein 5 
7.07 rs13478002 trans no  

Ece1 NM_199307 endothelin converting enzyme 1 11.16 rs13478002 cis yes 0.0284 

Capzb NM_009798 
capping protein (actin filament) muscle Z-

line, beta 
12.95 rs13478002 cis yes 0.0355 

C1qb NM_009777 
complement component 1, q 

subcomponent, beta polypeptide 
8.19 rs13478002 cis yes 0.0239 

Mul1 NM_026689 
mitochondrial ubiquitin ligase activator of 

NFKB 1 
35.84 rs13478002 cis no  

Trp26 NM_025411 thioredoxin family Trp26 10.89 rs13478002 cis no  

Aldh4a1 NM_175438 
aldehyde dehydrogenase 4 family, 

member A1 
22.75 rs3688566 cis yes 0.0293 

Tmco4 NM_029857 transmembrane and coiled-coil domains 4 15.81 rs3688566 cis no  

Dnajc16 NM_172338 
DnaJ (Hsp40) homolog, subfamily C, member 

16 
8.88 rs3688566 cis no  

Clcnkb NM_019701 chloride channel Kb 8.01 rs3688566 cis no  

Hspb7 NM_013868 
heat shock protein family, member 7 

(cardiovascular) 
77.69 rs3688567 cis yes 0.0082 

Ddost NM_007838 
dolichyl-di-phosphooligosaccharide-

protein glycotransferase 
7.64 rs6230717 cis yes 0.0082 

Fv1 NM_010244 Friend virus susceptibility 1 7.28 rs6230717 cis no  

Hp1bp3 NM_010470 heterochromatin protein 1, binding protein 3 7.28 rs6230717 cis no  

Nmnat1 NM_133435 nicotinamide nucleotide adenylyltransferase 1 7.20 rs6230717 cis no  

Fbxo44 NM_173401 F-box protein 44 40.15 rs6230717 cis yes 0.0082 

Masp2 NM_010767 mannan-binding lectin serine peptidase 2 11.97 rs6230717 cis yes 0.0182 

Dffa NM_010044 DNA fragmentation factor, alpha subunit 11.26 rs6230717 cis no   

 

Table 3: Mapping and classification of cis- and trans-regulated gene expression QTLs 

colocalizing to the flecainide-induced ventricular tachyarrhythmia (VT) chr 4 QTL. eQTLs 

of genome-wide (bonferroni multiple comparison corrected) significance (p<1.88x10
-6

) are 

tabulated. *LOD, logarithm of odds; **SNP marker, top mapping single nucleotide 

polymorphism marker; 
†
 VT binary trait Diff. Exprs., Differential gene expression between 

sustained VT (n=14) and non-VT (n=86); 
# 

False Discovery Rate (0.05) adjusted p-value. 
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Discussion 

 In this study we used a systems genetics approach in a conduction-

disease sensitized F2 mouse population harboring the Scn5a-1798
insD/+

 

mutation to prioritize positional candidate genes located within QTL 

previously linked to ECG conduction indices and arrhythmia in these mice. 

We scanned for genomic co-localization of transcript eQTLs with QTLs for 

PR-interval, QRS-interval and flecainide-induced VT. Furthermore we 

analyzed these transcripts for their relationship with PR-, QRS-intervals and 

VT by quantitative trait transcript analysis. We provide evidence for Cyr61, 

Eif4e, Gbp1 and Tnni3k in relation to the PR-interval, which have cis-eQTLs 

overlapping with the chromosome 3 eQTL for this trait, making them likely 

positional candidates for the PR-interval QTL. We demonstrate that Ctsc and 

Sec11a present cis-eQTLs co-localizing with the QRS-duration QTL on 

chromosome 7, making them attractive candidates for modulation of 

ventricular conduction by this locus. Furthermore, we show that multiple cis-

eQTLs co-localize to the VT QTL on chromosome 4, where some transcripts 

show differential abundance between the susceptible and non-susceptible 

VT groups thus constituting likely positional candidates. 

Ctsc (DppI), which encodes for the lysosomal protease, cathepsin c, 

and previously unlinked to cardiac electrophysiological function, represents 

the most appealing positional candidate for the QRS-duration QTL on chr 7. 

It exhibits the strongest correlation to QRS-duration of all eQTLs at this 

locus, albeit falling short of our stringent multiple-test correctèd significance 

threshold (Table 2). Ctsc is known to be involved in the inflammatory 

process where cytotoxic lymphocytes from mice lacking Ctsc had inactive 

granzymes A and B,
22

 and is necessary for neutrophil recruitment into 

diseased aorta amplifying vascular wall inflammation that in turn leads to 

abdominal aortic aneurysm.
23

 Recently, DPP6, a dipeptidyl peptidase family 

member of Ctsc, was implicated by haplotype sharing to be associated with 

idiopathic ventricular fibrillation
24

 and has been characterized as a 

modulatory subunit of voltage-gated K
+
 ion-channels.

25
 Moreover, the 
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involvement of lysosomal proteins in ion-channel turnover processes,
26

 

raises the intriguing possibility that Ctsc plays an important role in sodium 

ion-channel turnover and surface membrane expression. However, the 

“cryptic” properties of the QRS-duration chr 7 QTL
11

 make assigning 

causality a daunting task. Thus, the role of Ctsc in cardiac electrophysiology, 

either alone or in combination with the Scn5a-1798
insD/+

 mutation, will need 

further experimentation. Among the PR-interval chromosome 3 QTL 

positional candidate genes, Tnni3k, which encodes troponin 1 cardiac-3 

interacting kinase, and Cyr61, which encodes the cysteine-rich, angiogenic 

inducer 61, are perhaps the most promising. Cyr61  presents the strongest 

correlation to PR-interval that also satisfies our multiple-test corrected 

significance threshold. Importantly, Cyr61-null mice exhibit impaired cardiac 

valvuloseptal morphogenesis that results in severe atrioventricular septal 

defects.
27

 ECG analysis of Cyr61-null mice is certainly warranted.  Tnni3k is 

highly and specifically expressed in heart and was recently identified as a 

genetic modifier of cardiomyopathy disease progression in mice.
28

  

The sodium ion-channel blocker flecainide has been utilized 

extensively in unmasking subclinical forms of Brugada syndrome,
10

 however 

the use of this Class I antiarrhythmic drug is known to elicit lethal ventricular 

arrhythmias.
29

 Our diverse F2 mouse population provides a unique model 

system to define genes and physiological pathways influencing the 

susceptibility to flecainide-induced VT. The difficulty in interpreting the VT 

chr 4 eQTL findings lies in the fact that we detected multiple cis-eQTLs co-

localizing to the chr 4 VT QTL (Table 3). This raises the intriguing possibility 

that a common transcriptional activator/repressor exists within this region 

governing the transcriptional activity of all of these positional candidates, 

such as a locus control region
30

 modulating the transcriptional activity of the 

chr 4 cis-eQTLs.  Evidently, further biochemical tests and mouse models are 

needed to understand the transcriptional dynamics of the chr 4 cis-eQTL “hot 

spot” impacting on susceptibility to flecainide-induced VT. Perhaps the two 

most interesting genes for which we uncovered cis-eQTLs co-localizing to 
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the chr 4 VT QTL are Hspb7 and Ctnnbip1. Hspb7 encodes for a small heat 

shock protein selectively expressed in cardiovascular tissue,
31

 designated as 

a risk factor for idiopathic dilated cardiomyopathy in association studies in 

humans.
32

 Ctnnbip1 encodes the catenin, beta interacting protein 1, which is 

known to bind beta-catenin (CTNNB1),
33

 a fundamental component of 

cardiomyocyte cell adhesion.
34

 This raises the interesting concept of 

heterogeneity in cardiomyocyte cell adhesion setting the stage for impaired 

conduction of the electrical impulse with ensuing predisposition to re-entry 

arrhythmogenesis. Although we cannot exclude the contribution of other cis-

eQTLs in this region, both Hspb7 and, especially Ctnnbip1 represent initial 

positional candidate genes for flecainide-induced VT. 

Collectively, our systems genetics approach has refined the cardiac 

conduction and VT QTLs to a handful of candidate modifier genes. Of these, 

Ctsc and Tnni3k represent primary positional candidate genes for QRS- and 

PR-interval QTLs, while Ctnnbip1 and Hspb7 represent prime candidates for 

flecainide-induced VT QTL.  We postulate a role for these genes in 

modulation of the penetrance and expressivity of the Scn5a-1798
insD/+

 

mutation. 
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Abstract 

Prolonged electrocardiogram (ECG) indices of conduction and 

repolarization are risk factors for sudden cardiac death and drug-induced 

arrhythmia. Although they are heritable traits, the genetic underpinnings of 

these cardiac electrical traits are largely unknown. To isolate novel biological 

pathways impacting on ECG traits we employed a systems-based approach, 

leveraging the variation in heart rate, PR-, QRS- and QT-interval and cardiac 

gene expression among sensitized F2 mice harboring the cardiac sodium 

channel mutation Scn5a-1798
insD/+

, derived from the 129P2-Scn5a1798
insD/+

 

and FVB/NJ-Scn5a1798
insD/+ 

cross. 

We measured heart rate, PR-, QRS- and QT-interval on surface 

ECG in 120 F2 mice and carried out pan-genomic transcriptome profiling of 

cardiac left ventricular tissue. A cardiac gene co-expression network was 

constructed, identifying 14 modules of co-regulated genes enriched for 

genes involved in distinct biological processes that include mitochondrial 

metabolic processes and immune response reactions. We isolated a central 

gene within this co-expression network, cxcl9, encoding the secreted 

monokine induced by interferon-gamma (Mig, cxcl9), as a downstream 

network effector and show differential transcript and protein abundance 

between parental strains (129P2>FVBN/J). 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 pertussis toxin (PT) pretreated 

cardiomyocytes and cardiomyocytes from cxcr3 knock-out mice. 

We constructed a cardiac gene co-expression network and isolated 

clusters of genes involved in distinct biological processes. Functional 

validation of a highly connected co-expression network effector molecule 

demonstrated for the first time a role for chemokine modulation of cardiac 
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electrohysiological properties through modulation of cardiac ion channels. 

We propose the Cxcl9-Cxcr3 signaling axis as a modifier of cardiomyocyte 

action potential duration. 
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Introduction 

 

 Prolonged electrocardiogram (ECG) indices of conduction and 

repolarization are risk factors for sudden cardiac death and drug-induced 

arrhythmia.
1,2

 These continuous ECG parameters are heritable traits
3,4

 

influenced by multiple genetic and environmental factors. Recent genome-

wide association studies in samples of the general population have 

uncovered a number of genetic loci harboring variation underlying the 

variance in PR-, QRS- and QT-interval.
4-6

 However, the genes mediating the 

observed effect at these loci remain to be identified, as are the underlying 

physiological pathways. This together with the fact that a large part of the 

heritability remains unexplained argues for other experimental strategies to 

uncover novel genes and biological pathways underlying these electrical 

traits. 

 Knock-in mice carrying the Scn5a-1798
insD/+

 mutation,
7
 the mouse 

homolog of the SCN5A-1795insD mutation in humans, recapitulate the 

prolonged conduction and repolarization associated with this mutation in 

patients.
8
 Moreover, Scn5a-1798

insD/+ 
mutant mice of the 129P2 genetic 

background (129-MUT) display a greater severity of conduction and 

repolarization disease compared to mutant mice of the FVB/N strain (FVB-

MUT).
9
 These differences, coupled to the distinct genetic backgrounds of 

these two mouse strains provide a powerful tool for uncovering genetic 

factors modulating these traits.  

 In this study, we leveraged the variability in cardiac gene expression 

and the variation in PR-, QRS- and QT-interval among mutant F2 progeny 

from the 129-MUT x FVB-MUT cross (F2-MUT) and undertook a gene co-

expression network approach to isolate functional biological pathways and 

genes impacting on heart rate, cardiac conduction and repolarization. A 

gene co-expression network captures the relationship between transcripts in 

gene expression data by pair-wise correlation analysis to identify highly 

connected clusters of co-regulated genes, modules, which may form a 
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functional biological pathway.
10

 The weighted gene co-expression network is 

constructed in an unsupervised manner, that is, without regard to the trait, 

and transcriptional modules within this network are then related to the 

biological trait of interest. Thus, rather than relating thousands of genes to 

the trait, modules represent a biologically motivated data reduction method 

that greatly alleviates the problem of multiple testing inherent in genomic 

data analysis. Furthermore, the analysis allows for the prioritization of highly 

connected genes involved in distinct biological processes.
10

   

 We constructed a cardiac gene co-expression network and identified 

modules of co-regulated transcripts that are highly enriched for mitochondrial 

metabolic processes, immune response reactions and contractile fiber 

pathways. We experimentally validated the monokine/chemokine induced by 

interferon-γ (Mig) encoded by the Cxcl9 gene as a co-expression network 

effector molecule. Recombinant cxcl9 shortened the action potential duration 

via modulation of L-type Ca2+ currents. Moreover, we provide novel 

experimental evidence for a role of the cxcl9-cxcr3 G-protein coupled 

signaling axis in cardiomyocyte electrophysiology and potentially in 

modulation of cardiac electrical traits.  
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Materials and Methods 

 

Ethics statement 

All experiments were performed in accordance with governmental 

and institutional guidelines for animal use in research. 

 

Mouse breeding and husbandry  

129P2-Scn5a-1798
insD/+

 (129-MUT), FVB/NJ-Scn5a-1798
insD/+

 (FVB-

MUT), F1-(129P2xFVB/NJ)-Scn5a1798
insD/+

 (F1-MUT) and F2-

(129P2xFVB/NJ)-Scn5a1798
insD/+

 mice (F2-MUT) reared from the F1-MUT 

intercross (18 couples) of the parental 129P2-MUT x FVB/N-MUT cross 

were generated as described previously.
9,11

 All mice were supplied with the 

same SDS diet (SDS CRM(E) PL; Special Diets Services, UK) and water ad 

libitum and maintained on a 12-hour light/dark cycle in a temperature and 

humidity controlled environment. Genotyping for the Scn5a-1798
insD/+

 

mutation was done as described previously.
7
  

 

ECG measurements and analysis 

ECG measurements were carried out on parental strains (WT and 

Scn5a-1798
insD/+

), F1-MUT and F2-MUT mice at 12 to 14 weeks of age 

under light isoflurane inhalation anaesthesia (4.0% v/v induction; 0.8-1.2% 

v/v maintenance with 800 ml/min oxygen). Surface ECG analysis was 

performed as described previously.
11

 Briefly, a 3-lead surface ECG was 

acquired digitally from subcutaneous 23-gauge needle electrodes at each 

limb of mice in the prone position using the Powerlab acquisition system 

(ADInstruments). Each channel was amplified and sampled at a rate of 1 

kHz and a high-pass filter setting of 15 Hz. ECG traces were recorded for the 

duration of 5 minutes. A 3 minute ECG trace was analyzed for heart rate 

(RR-interval), and a signal averaged ECG (SAECG) from these 3 minutes 

was analyzed for PR-, QRS- and QT-intervals using the LabChart7Pro 
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software (ADInstruments). QT-intervals were corrected for RR-intervals 

according to Mitchell et.al.
12

: QTc=QT/(RR/100)
1/2

.  

 

RNA preparation and microarray analysis  

Mice were sacrificed by CO2-O2 asphyxiation. Hearts were excised 

immediately, washed in 1XPBS, and the left-ventricle (LV) free-wall was 

dissected and flash-frozen in liquid nitrogen. Total RNA was extracted from 

F2-MUT LV samples (n=120) using the QIAGEN RNeasy mini kit. Total RNA 

yield and purity (260nm:280nm) were determined spectrophotometrically. 

The integrity (RIN>9.0) of the re-suspended total RNA was determined using 

the RNA Nano Chip Kit on the Bioanalyzer 2100 and the 2100 Expert 

software (Agilent). Synthesis, amplification and purification of anti-sense 

RNA was performed using the Illumina TotalPrep RNA Amplification Kit 

(Ambion) following the Illumina Sentrix Array Matrix expression protocol and 

a total of 750 ng biotinylated cRNA was hybridized onto the MouseRef-8v2 

Expression BeadChip (Illumina). Preparation of cRNA and chip hybridization 

was carried out at ServiceXS (Leiden, The Netherlands). 

The raw scan data were read using the beadarray package (version 

1.12.1)
13

, available through Bioconductor.
14

 Quality control checks showed 

no evidence of experimental bias between arrays. Illumina‟s default pre-

processing steps were performed using beadarray. In short, estimated 

background was subtracted from the foreground for each bead. For replicate 

beads, outliers greater than 3 median absolute deviations (MADs) from the 

median were removed and the average signal was calculated for the 

remaining intensities. A variance-stabilization transformation
15

 was applied to 

the summarized data in order to remove the mean-variance relationship in 

the intensities. Resulting data was then quantile normalized.
16

 All non-

normalized and quantile-normalized data are available at the gene 

expression omnibus of NCBI (GEO) with accession number GSE27236. 
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Construction of the cardiac weighted gene co-expression network  

The weighted gene co-expression network construction algorithm
17

 

was used to build the F2-MUT LV co-expression network. This was carried 

out using the R statistical package (version 2.10.1; R Foundation for 

Statistical Computing, Vienna, Austria) as described by Langfelder and 

Horvath.
18

 In brief, building the weighted co-expression network firstly 

involved the construction of a Pearson product moment correlation matrix 

between transcript pairs. For computational reasons we selected the 4000 

most variable probe transcripts. The resultant correlation matrix was 

transformed into an adjacency matrix by using a “soft” power function 

aij=|cor(xi, xj)|
β
, which defines the weighted co-expression network. We 

determined the power parameter β=7, which satisfied the scale-free topology 

criterion based on a previously proposed model fitting index.
19

 The model 

fitting index is defined as the linear model coefficient (R
2
) of the regression 

line between log(p(k)) and log(k), where k represents the number of edges 

connecting to a given node (gene) and p(k) is the distribution frequency of k 

in the co-expression network. The smallest integer of the power parameter β 

for which the model-fitting index R
2
 ≥ 0.8 was chosen.  

 

Gene module isolation and association to ECG traits 

The adjacency matrix was further transformed into a topological 

overlap matrix to enable the identification of modules of highly correlated 

genes. These modules are sets of genes with high “topological overlap”,
18,19 

where we compared connection strengths of pairs of genes with all other 

genes in the network. We used the previously described dynamic cut-tree 

algorithm
20

 to define the modules that correspond to branches of the 

resulting hierarchical clustering dendrogram. Thus, the topological overlap 

matrix enables the detection of not only a direct interaction between a pair of 

genes but also their indirect interactions with all other genes in the network. 

Each module represents a cluster of co-regulated genes with a distinct 

expression profile pattern from other identified modules. The grey module 
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represents genes that were not defined to any module. 

We made use of the module “eigengene” (ME) concept,
21,18

 which is 

considered as a weighted average of the module gene expression profiles 

(principal component), to identify modules significantly associated with the 

continuous ECG trait, QTc. Briefly, the measure of statistical significance 

between the module and the trait is defined as the absolute value of the 

correlation between the i-th gene expression profile xi and the sample trait T: 

GSi = |cor(xi, T)|. A nominal p-value (p<0.05) and traitwise Bonferroni 

multiple-comparison correction (correcting for the 14 modules) were applied. 

Thus, the significance threshold for associations with ECG traits was 

determined to be p<0.0036. Network visualizations were generated by a 

force-directed layout of adjacency measures (aij) using Cytoscape version 

2.6.3 (www.cytoscape.org).
22

  

The modules we identified in the co-expression network were 

analyzed for enrichment of biological themes using the Database for 

Annotation, Visualization, and Integrated Discovery (DAVID),
23

 specifically 

gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes 

(KEGG) pathway enrichment. We report Fisher exact p-values and 

corresponding Bonferroni multiple-comparison corrected p-values. 

 

Enzyme-linked immunosorbant assay (ELISA) for Cxcl9   

 Ventricular cardiac tissue (comprising ventricular free-wall, septum 

and apex) from F2-MUT mice (n=120), 129P2 and FVBN (WT and Scn5a-

1798
insD/+

) mice (n=6 each) was suspended in lysis buffer (300nM NaCl, 

30mM Tris, 2mM MgCl2, 2mM CaCl2, 1% (v/v) Triton X-100, pH7.4) 

supplemented with a protease inhibitor cocktail (Complete Mini, Roche 

diagnostics), homogenized and centrifuged at 2400rpm. Total protein 

concentration was determined for the resultant supernatants using the BCA-

protein assay kit (Pierce). Cxcl9 protein abundance was measured using the 

mouse Cxcl9 ELISA Duo-Set immunoassay kit (Cat.#:DY492, R&D systems, 
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MN, USA) in accordance with the manufacturer‟s instructions. ELISA results 

were normalized to total protein concentration.  

 

qRT-PCR 

 Real time RT-PCR for quantification of Cxcl9 transcript abundance 

in LV tissue samples of WT and Scn5a-1798
insD/+

 mutant FVB/N and 129P2 

mice (n=4 per group) was performed using a LightCycler system (LC480, 

Roche Applied Science). Primers (forward primer 5‟cctagtgataaggaatgcacg; 

reverse primer 5‟tcccattctttcatcagcttct) were designed to avoid overlap with 

array probes. Data was analyzed using the LinRegPCR program.
24

 

Transcript levels were normalized to Hprt (forward primer 

5‟cctaagatgagcgcaagttgaa; reverse primer 5‟ccacaggactagaacacctgctaa).  

 

Cellular electrophysiology 

Mouse ventricular myocytes were isolated by enzymatic dissociation 

as previously described.
7
 Mice were of FVB/N genetic background unless 

otherwise mentioned. Quiescent rod-shaped cross-striated cells with a 

smooth surface were selected for measurements. Action potentials and 

sarcolemmal ion currents were recorded at 36±0.2°C with the amphotericin-

B-perforated patch-clamp and ruptured patch-clamp technique, respectively, 

using an Axopatch 200B Clamp amplifier (Molecular Devices Corporation, 

Sunnyvale, CA, USA). Voltage control, data acquisition, and analysis were 

performed using custom software. Potentials were corrected for the 

estimated change in liquid junction potential. Adequate voltage control was 

achieved with low-resistance pipettes (1.5-2.5 MΩ), and series resistance 

was compensated by ≥80%. Signals were filtered (low-pass, 1 kHz) and 

digitized (2 kHz), except for action potential measurements, where filtering 

and digitizing frequencies were 5 kHz and 20 kHz, respectively. Cell 

membrane capacitance (Cm) was determined as described previously.
25
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Current-clamp experiments 

Action potentials were measured using a modified Tyrode‟s solution 

containing (mM): NaCl 140, KCl 5.4, CaCl2 1.8, MgCl2 1.0, glucose 5.5, 

HEPES 5.0; pH 7.4 (NaOH). Pipette solution contained: K-gluconate 125, 

KCl 20, NaCl 10, amphotericin-B 0.22, HEPES 10; pH 7.2 (KOH). Action 

potentials were elicited at 6 Hz by 3 ms, 1.2X threshold current pulses 

through the patch pipette. We analyzed resting membrane potential (RMP), 

maximal upstroke velocity (dV/dtmax), action potential amplitude (APA), and 

action potential duration at 20, 50 and 90% repolarization (APD20, APD50, 

and APD90, respectively). Data from 10 consecutive action potentials were 

averaged. Action potentials were measured in the absence and presence of 

mouse recombinant Cxcl9 (Cat#:492-MM-010/CF, R&D systems, MN, USA) 

in the same myocyte. In order to obtain steady-state conditions, action 

potential recordings were started 4 minutes after application of rmCxcl9. In 

subset of experiments, myocytes were pretreated with 2 µg/ml PTX 

(Calbiochem, EMD Chemicals, Inc. San Diego, Ca, USA) for 3 hr at 37°C.  

 

Voltage-clamp experiments  

L-type Ca
2+

 current (ICa,L) was measured using a two-step protocol 

(Figure 4A). Extracellular solution contained (mM): TEA-Cl 145, CsCl 5.4, 

CaCl2 1.8, MgCl2 1.0, glucose 5.5, HEPES 5.0; pH 7.4 (NMDG-OH). Pipette 

solution contained: CsCl 145, K2-ATP 5.0, EGTA 10, HEPES 10; pH 7.2 

(NMDG-OH). ICa,L was measured in the presence of 0.2 mM 

4,4‟diisothiocyanatostilbene-2,2‟-disulfonic acid (DIDS; Sigma-Aldrich, MO, 

USA) to block the Ca
2+

-activated Cl
-
 current. ICa,L was measured in paired 

experiments, i.e., in the absence and presence of rmCxcl9 in the same 

myocyte. Considering ion currents may show run-down and shifts in 

(in)activation shortly after patch rupture,
26

 control ion current measurements 

were started after a 10 minutes equilibration period and the effects of cxcl9 

were measured 4 minutes after application. Current densities were 

calculated by dividing current amplitudes by Cm. Voltage-dependence of 
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(in)activation was determined by fitting a Boltzmann function (y=[1+exp{(V-

V1/2)/k}])-1 to the individual curves, yielding half-maximal voltage V1/2 and 

slope factor k. Current decay of ICa,L were fitted with a double-exponential 

function to obtain the time constants of the fast and the slow components of 

current decay: y=[Afexp(–t/f)]+[Asexp(–t/s)], where f and s are the time 

constants of fast and slow components, and Af and As the fractions of the 

fast and slow component. 

K
+
 currents were measured during 5s hyper- and depolarizing 

voltage clamp steps from a holding potential of –80 mV. Extracellular 

solution contained (mM): TEA-Cl 145, CsCl 5.4, CaCl2 1.8, MgCl2 1.0, 

glucose 5.5, HEPES 5.0; pH 7.4 (NMDG-OH). Pipette solution contained: 

CsCl 145, K2-ATP 5.0, EGTA 10, HEPES 10; pH 7.2 (NMDG-OH). K
+
 

currents were measured in the presence of 0.25 mM CdCl2 to block the ICa,L.  

In adult mouse ventricular myocytes, total outward K
+
 current has been 

shown to consist of various different components with four kinetically distinct 

depolarization-activated K
+
 currents.

27
 We defined steady-state currents 

negative to –40 mV as the inward rectifier K
+
 current (IK1). Steady-state 

currents positive to –40 mV were defined as the noninactivating KV current 

(Iss). The decay phases of the transient currents activated upon 

depolarization are best described by the sum of 2 exponentials, reflecting the 

inactivating currents Ito,f and IK,slow.
28

 

 

 

 

Statistics 

Data from electrophysiology measurements are mean±SEM unless 

otherwise stated. Group comparisons were made using the t-test or Two-

Way Repeated Measures ANOVA followed by pairwise comparison using 

the Student-Newman-Keuls test. p<0.05 defined statistical significance. 
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Results 

 

Cardiac Gene Co-expression Network Construction and Biological 

Pathway Enrichment 

 Heart rate and ECG indices of conduction (PR- and QRS-duration) 

and repolarization (QT-interval and QTc) were measured in 120 F2 mice 

from the 129-MUT x FVB-MUT cross.
11 

We carried out transcriptome 

profiling in the same 120 F2-MUT mice and constructed a cardiac gene co-

expression network, isolating modules of co-regulated genes and their key 

constituents. Genome-wide gene expression data was obtained by 

microarray analysis of left ventricular (LV) tissue of the 120 F2-MUT mice. 

After background correction, transformation and normalization of expression 

data, we isolated 13,547 genes. For computational reasons we used the 

4000 most varying transcripts to carry out weighted gene co-expression 

network analysis (WGCNA) to identify co-expression modules based on the 

matrix of pairwise (between transcripts) Pearson correlation coefficients (see 

Methods for further detail).
10

 Each module of co-regulated genes we defined 

in this way was assigned a unique color label in the resultant dendrogram 

and topological overlap matrix (TOM) (Figure 1A). We identified 14 modules 

(clusters) of co-regulated transcripts, each containing at least 30 transcripts, 

which we subsequently analyzed for enrichment of functional biological 

themes using GO categories and KEGG pathways. Figure 1B illustrates the 

gene co-expression network with identified transcriptional modules labeled 

according to significant enrichment for functional or structural properties. 

Table 1 of the Appendix lists the comprehensive results of functional 

enrichment analysis for the cardiac co-expression modules. The most 

prominent of GO biological processes are immune response reactions (Red 

module), co-factor metabolic reactions (Green and Turquoise modules) and 

circadian rhythm reactions (Purple module). The mitochondrion (Blue, 

Brown, Green, Magenta, Turquoise and Yellow modules) and contractile 

fiber compartments (Black module) represent the most significant of GO 
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cellular compartments. Ribonucleoprotein processes and RNA binding (Blue, 

Brown, Turquoise and Yellow modules) represent the most significantly 

enriched GO molecular functions. 

 

Cardiac gene co-expression network modules related to heart rate and 

ECG indices of conduction and repolarization 

The 14 gene co-expression modules were represented and 

summarized by their first principal component (which is referred to as the 

module eigengene (ME)).
10,17

 We next computed associations between the 

module eigengene and RR-, PR-, QRS-, QT-interval, and QTc in order to 

determine whether the co-expression network, via its co-regulated modules, 

is related to these traits (for details, see Methods). 11 of the 14 gene 

modules were found to be related to heart rate, PR-, QRS-, QT-duration and 

QTc, either in combination or in isolation (nominal p-value<0.05) (Table 1). 

By applying a traitwise Bonferroni-corrected p-value threshold in defining 

statistical significance (14 modules, p<3.610
-3

) we delineate the magenta 

and turquoise modules for QT-interval and QTc (Table 1). Bi-variate analysis 

of the module eigengene and ECG trait (adjusting for gender) are presented 

Table 2. The module that satisfies our traitwise Bonferroni-corrected p-value 

threshold is the magenta module for both the QT-interval and QTc.  

 

Isolation and validation of highly connected genes in the cardiac gene 

co-expression network 

A key feature of networks that fulfill scale-free topology is the 

existence of central nodes (genes) that participate in a large number of 

processes, termed hub genes.
10

 WGCNA assumes that all genes within a 

co-expression are connected and the relative importance of each gene 

within the network can be quantified by measuring the strength of their 

respective connectivity. This measure of gene connectivity is designated as 

the k value.
10,18

 In order to isolate central genes within the co-expression 

network we computed k values and Spearman‟s rho for the gene and ECG 
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traits (Table 3). Cytoscape visualizations of top connected genes in the 

respective co-expression network module are shown in Figure 2.  
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Figure 1: Cardiac co-expression network. A. Topological overlap matrix (TOM) heat map plot detecting transcriptional modules from genome-wide 

gene expression arrays. Branches in the hierarchical clustering dendrograms (top and left side) correspond to detected co-regulated modules with the 

respective color-coded module memberships displayed in the color bars. Co-regulated transcriptional modules correspond to blocks of highly 

interconnected genes in the heat map, which are displayed boxed in black. Genes with high intra-modular connectivity are located at the tip of the 

module branches since they display the highest interconnectedness with the rest of the genes in the module; B. Cardiac co-expression network 

visualization displaying the color-coded transcriptional modules. Network edges (black lines) connect significantly correlated genes (circles). Legend 

labels identify significant (Bonferroni multiple-comparison corrected) gene ontology (GO) terms for functional or structural properties of the co-

regulated transcriptional modules. Visualization was achieved by force-directed layout (Cytoscape 2.6.3) of pairwise adjacency values.  
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 RR PR QRS QT QTc 

Module Eigengene p value rho p value rho p value rho p value rho p value rho 

MEblack 0.2057 -0.116 0.0058 -0.251 0.9908 -0.001 0.9202 0.009 0.3295 0.090 

MEblue 0.2174 -0.113 0.4956 0.063 0.7622 0.028 0.1758 -0.124 0.3861 -0.080 

MEbrown 0.4006 0.077 0.9382 -0.007 0.4780 -0.065 0.0092 0.237 0.0317 0.196 

MEgreen 0.0602 -0.172 0.5909 -0.049 0.4450 -0.070 0.0667 0.168 0.0093 0.237 

MEgreenyellow 0.0052 -0.254 4.50E-05 -0.366 0.5355 0.057 0.2476 0.106 0.0217 0.210 

MEgrey 0.2313 0.110 0.9762 0.003 0.9000 0.012 0.6835 -0.038 0.4690 -0.067 

MEmagenta 0.2874 -0.098 0.7987 0.023 0.3721 -0.082 0.0027 0.273 0.0035 0.266 

MEpink 0.1127 -0.146 0.0542 -0.176 0.1085 0.147 0.2066 0.116 0.0287 0.200 

MEpurple 0.2623 0.103 0.5320 0.058 0.4251 -0.073 0.1851 -0.122 0.1277 -0.140 

MEred 0.4889 0.064 0.4812 0.065 0.7472 -0.030 0.0317 0.196 0.1204 0.143 

MEsalmon 0.2997 -0.095 0.7940 0.024 0.0183 -0.215 0.6275 -0.045 0.9053 -0.011 

MEtan 0.0187 -0.215 0.3703 -0.082 0.0182 0.215 0.9639 0.004 0.3969 0.078 

MEturquoise 0.7916 -0.024 0.3186 0.092 0.4650 0.067 0.0019 -0.281 0.0038 -0.263 

MEyellow 0.7983 0.024 0.1675 0.127 0.5139 0.060 0.0171 -0.218 0.0116 -0.230 

 
 

 

Table 1: Correlation of the module eigengene (ME) and ECG trait. The rows are labeled by the module color and the 

columns are labeled by ECG trait (RR, QT, QTc), p-value and Spearman‟s rho.  
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 RR PR QRS QT QTc 

Module Eigengene p value b p value b p value b p value b p value b 

MEblack 0.2843 0.124 0.4156 -0.093 0.9931 -0.001 0.7640 0.036 0.9572 0.006 

MEblue 0.1415 -0.132 0.5782 0.049 0.8747 0.015 0.2066 -0.117 0.5755 -0.052 

MEbrown 0.5629 0.052 0.8682 -0.015 0.5025 -0.062 0.0132 0.227 0.0435 0.185 

MEgreen 0.0099 -0.230 0.4530 -0.066 0.5106 -0.061 0.0445 0.186 0.0036 0.266 

MEgreenyellow 0.8590 0.027 0.1524 -0.211 0.2734 0.171 0.0113 0.391 0.0151 0.374 

MEgrey 0.3263 0.088 0.7007 -0.034 0.9905 -0.001 0.6021 -0.048 0.3601 -0.085 

MEmagenta 0.3216 -0.089 0.5531 0.052 0.2599 -0.104 0.0019 0.282 0.0033 0.266 

MEpink 0.3000 -0.094 0.1453 -0.129 0.1392 0.138 0.0890 0.159 0.0299 0.201 

MEpurple 0.1031 0.147 0.3763 0.078 0.3233 -0.092 0.0739 -0.166 0.0311 -0.199 

MEred 0.2582 0.101 0.2962 0.092 0.7899 -0.025 0.1295 0.140 0.3165 0.092 

MEsalmon 0.1683 -0.123 0.7562 -0.027 0.0597 -0.173 0.5795 -0.051 0.7658 -0.028 

MEtan 0.0342 -0.191 0.6003 -0.047 0.0286 0.203 0.9907 -0.001 0.4517 0.070 

MEturquoise 0.7833 -0.025 0.5689 0.050 0.5384 0.057 0.0039 -0.263 0.0086 -0.240 

MEyellow 0.8631 0.016 0.3983 0.075 0.5669 0.053 0.0333 -0.197 0.0297 -0.200 

  

Table 2: Bi-variate analysis (gender adjusted) of the module eigengene (ME) and ECG trait. The rows are labeled by 

the module color and the columns are labeled by ECG trait (RR, QT, QTc), p-value and beta value (b).  
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Gene Symbol Module GS.RR* p.GS.RR** GS.QRS
Δ
 p.GS.QRS

ΔΔ
 GS.PR

§
 p.GS.PR

§§
 GS.QT

#
 p.GS.QT

##
 GS.QTc

†
 p.GS.QTc

‡
 kME

‖
 

PSMB9 red 0.1256 2.97E-02 -0.0618 5.02E-01 0.1488 1.05E-01 -0.1574 6.29E-03 0.0543 3.49E-01 0.98 
CD274 red -0.0153 7.92E-01 -0.1525 9.63E-02 -0.0514 5.77E-01 -0.2004 4.80E-04 -0.0354 5.41E-01 0.96 
STAT1 red 0.2130 2.02E-04 -0.0302 7.43E-01 0.0310 7.37E-01 -0.2029 4.05E-04 0.0893 1.23E-01 0.96 
GBP3 red 0.1032 7.44E-02 -0.0594 5.19E-01 0.0870 3.45E-01 -0.1583 5.99E-03 0.0159 7.83E-01 0.96 

CXCL9 red 0.1961 6.38E-04 0.0835 3.65E-01 0.1165 2.05E-01 -0.1460 1.13E-02 -0.0023 9.68E-01 0.95 
PSMB8 red 0.0774 1.81E-01 0.0285 7.57E-01 -0.0527 5.68E-01 -0.1633 4.57E-03 0.1737 2.53E-03 0.95 
INDO red 0.0463 4.25E-01 -0.0399 6.65E-01 -0.1483 1.06E-01 -0.1357 1.87E-02 0.0971 9.32E-02 0.94 
TAP1 red 0.1141 4.84E-02 -0.0287 7.56E-01 0.0276 7.65E-01 -0.1935 7.53E-04 0.0355 5.40E-01 0.94 

PARP14 red 0.0430 4.58E-01 -0.0006 9.95E-01 -0.0794 3.89E-01 -0.1774 2.04E-03 0.1157 4.53E-02 0.93 
BATF2 red -0.0688 2.35E-01 0.0688 4.55E-01 -0.0984 2.85E-01 -0.2084 2.79E-04 0.0102 8.61E-01 0.93 
UCK2 black -0.1771 2.07E-03 -0.0763 4.07E-01 -0.3250 2.93E-04 -0.1264 2.86E-02 0.0585 3.12E-01 0.92 

RBBP7 magenta -0.1466 1.10E-02 -0.0938 3.08E-01 0.0315 7.32E-01 0.2594 5.33E-06 0.2931 2.34E-07 0.91 
LOC100038882 red 0.2537 8.65E-06 0.0028 9.76E-01 0.0368 6.90E-01 -0.1778 1.99E-03 0.0061 9.16E-01 0.91 

AI314180 turquoise -0.0073 8.99E-01 0.1255 1.72E-01 0.0425 6.45E-01 -0.1775 2.03E-03 -0.2222 1.04E-04 0.91 
HTATIP2 tan -0.2258 7.97E-05 0.1658 7.04E-02 -0.0930 3.13E-01 0.1082 6.13E-02 0.2019 4.33E-04 0.91 

PLN turquoise -0.0299 6.06E-01 0.0654 4.78E-01 0.0928 3.13E-01 -0.2097 2.54E-04 -0.2782 9.80E-07 0.91 
SERPINA3F red -0.0640 2.69E-01 0.1353 1.41E-01 -0.1069 2.45E-01 -0.2226 1.01E-04 -0.0976 9.14E-02 0.90  

 

Table 3: Gene-to-ECG trait correlation significance and gene connectivity measures. *GS.RR, Spearman‟s rho 

value for transcript abundance and RR-interval; **p.GS.RR, p-value for transcript abundance and RR-interval 

Spearman‟s correlation; 
Δ
GS.QRS, Spearman‟s rho value for transcript abundance and QRS-interval; 

ΔΔ
p.GS.QRS, 

p-value for transcript abundance and QRS-interval Spearman‟s correlation; 
§
GS.PR, Spearman‟s rho value for 

transcript abundance and PR-interval; 
§§

p.GS.PR, p-value for transcript abundance and PR-interval Spearman‟s 

correlation
 #

GS.QT, Spearman‟s rho value for transcript abundance and QT-interval; 
##

p.GS.QT, p-value for 

transcript abundance and QT-interval Spearman‟s correlation; 
†
GS.QTc, Spearman‟s rho value for transcript 

abundance and QTc; 
‡
p.GS.QTc, p-value for transcript abundance and QTc Spearman‟s correlation; 

‖
kME, gene 

connectivity measure derived from the correlation with other gene expression profiles within the co-expression 

module. 
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Figure 2: Cytoscape co-expression network module visualizations of adjacency measures (aij). Force-directed layout of 

the central highly connected genes in A. black module, B. brown module, C. blue module, D. green module. 
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Figure 2 (continued): Cytoscape co-expression network module visualizations of adjacency measures (aij). Force-directed 

layout of the central highly connected genes in E. green-yellow module, F. purple module, G. pink module, H. magenta 

module. 
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Figure 2 (continued): Cytoscape co-expression network module visualizations of adjacency measures (aij). Force-

directed layout of the central highly connected genes in I. yellow module, J. tan module, K. salmon module, L. red 

module, M. turquoise module. 
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We considered the secreted monokine/chemokine induced by 

interferon-gamma (Mig, cxcl9) encoded by the Cxcl9 gene, presenting high 

connectivity (kME=0.95, Table 3) within  

the immune response enriched red module (26.6% genes within red module 

enriching the immune response GO term; p=1.59x10
-20

) as a putative co-

expression network effector (readout). We confirmed differential abundance 

of Cxcl9 transcript and protein in ventricular tissue, respectively by qRT-PCR 

and ELISA, in the two parental strains, uncovering higher levels of transcript 

and protein in 129P2 compared to FVB/NJ parental mouse strains (Figure 

3A and 3B). Furthermore, we hypothesized that cxcl9 can modulate 

cardiomyocyte elctrophysiology through direct effects on ion channel 

function, in analogy to recent evidence in neurons.
29

 We applied 

recombinant mouse cxcl9 protein (rmCxcl9) to ventricular cardiomyocytes 

freshly isolated from FVB/NJ mice and assessed its effects on action 

potential properties. Figure 4A shows representative action potentials 

measured in absence (control, CTRL) and presence of rmCxcl9. We 

observed a significant shortening of the action potential duration (APD) after 

application of rmCxcl9. On average, rmCxcl9 caused a 13% reduction in 

APD at 90% repolarization (APD90; Figure 4B). rmCxcl9 did not have any 

effect on the resting membrane potential (RMP), the action potential 

upstroke velocity (dV/dtmax) or the action potential amplitude (APA). The 

effects of rmCxcl9 on APD were completely reversible (Figure 4B). 
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Figure 3: A. qRT-PCR analysis of Cxcl9 transcript abundance (normalized to Hprt 

transcript abundance) in cardiac left ventricle of FVB/NJ and 129P2 (wild-type, WT 

and Scn5a-1798
insD/+

, MUT) mice. B. ELISA for assessment of Cxcl9 protein 

abundance (normalized to total protein abundance) in ventricular tissue lysates of 

FVB/N and 129P2 (WT and MUT) mice. Error bars denote SD. * p<0.05, **p<0.01. 
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Figure 4: Action potential measurements in freshly isolated mouse ventricular 

cardiomyocytes under baseline conditions and after stimulation with recombinant 

mouse cxcl9 (rmCxcl9). A. Representative examples of action potentials measured in 

cardiomyocytes from wild-type FVB/N mice at 6 Hz under control conditions (CTRL), 

in the presence of recombinant mouse cxcl9 (rmCxcl9) and after washout. B. 

Summary of the reversible effects of rmCxcl9 on action potential properties. 

Stimulation with rmCxcl9 shortened the action potential by 13% at 90% repolarization 

(APD90). No significant differences of rmCxcl9 were observed on resting membrane 

potential (RMP), maximal action potential upstroke velocity (dV/dtmax) or maximal 

action potential amplitude (APA). Error bars denote SEM. * p<0.05. 
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We next sought to identify which sarcolemmal ion current(s) 

contribute to the rmCxcl9-induced action potential shortening by studying 

major currents active during the plateau and repolarization phases of the 

action potential. This was done by investigating the ICa,L and various K
+
 

currents in the absence and presence of rmCxcl9. ICa,L was measured using 

a two-step protocol (Figure 5A); essentially activating ICa,L during the first 

depolarizing pulses (P1), and subsequently measuring voltage dependency 

of inactivation during the second pulse (P2). Figure 5B shows representative 

ICa,L recordings upon depolarizing pulses to 0 mV in control conditions 

(CTRL), in the presence of rmCxcl9, and after washout. Application of 

rmCxcl9 decreased the ICa,L , an effect which was reversible upon washout 

(Figure 5C). For example, at 0 mV peak, ICa,L was decreased by 21%. 

Neither activation nor inactivation properties were affected by application of 

rmCxcl9 (Figure 5D). K
+
 currents were measured during 5s hyper- and 

depolarizing voltage clamp steps from a holding potential of –80 mV (Figure 

6A). Figure 6B shows representative recordings upon hyperpolarizing pulses 

to –120 mV and depolarizing pulses to 50 mV in control conditions (CTRL) 

and the presence of rmCxcl9. Currents during both hyper- and depolarizing 

pulses elicited in absence and presence of rmCxcl9 were virtually 

overlapping. Mean densities of steady state currents (Figure 6C) were 

similar in absence and presence of rmCxcl9, indicating that neither the 

inward rectifier K
+
 current (IK1) nor the noninactivating KV current (Iss) were 

affected by rmCxcl9. In addition, rmCxcl9 affected neither the fast nor the 

slow transient K
+
 currents (Ito,f and IK,slow, respectively) (Figure 6D).  
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Figure 5: L-type calcium current (ICa,L) properties in freshly isolated mouse 

ventricular cardiomyocytes under baseline conditions and after stimulation with 

recombinant mouse cxcl9 (rmCxcl9). A. Two-step protocol activating ICa,L during the 

first depolarizing pulses (P1), and subsequently measuring voltage dependency of 

inactivation during the second pulse (P2). B. Representative ICa,L recordings upon 

depolarizing pulses to 0 mV in control conditions (CTRL), in the presence of 

recombinant Cxcl9 (rmCxcl9) and after washout. C. Determination of the mean ICa,L 

densities showing a decrease in response to rmCxcl9; at 0 mV peak ICa,L was 

decreased by 21 % after rmCxcl9 application. D. Voltage-dependence of 

(in)activation and current decay of ICa,L were not affected by the application of 

rmCxcl9. Error bars denote SEM. * p<0.05. 
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Figure 6: Measurement of K
+
 currents in isolated ventricular myocytes. A. K

+
 currents 

were measured during 5s hyper- and depolarizing voltage clamp steps from a holding 

potential of –80 mV. B. representative recordings upon hyperpolarizing pulses to –

120 mV and depolarizing pulses to 50 mV in control conditions (CTRL) and the 

presence of recombinant mouse Cxcl9 (rmCxcl9). C. Mean densities of steady state 

currents were similar in absence and presence of rmCxcl9. D. No effect was 

observed on Ito,f nor IK,slow. CTRL, control conditions; CXCL9, stimulation with 

rmCxcl9. 
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Cxcl9 exert its effects on the cardiomyocyte action potential via the G-

alpha(i)-coupled receptor, Cxcr3 

Since Cxcl9 is known to act through the G-alpha(i)-coupled receptor 

Cxcr3,
30

 we hypothesized that the action potential shortening effect of cxcl9 

is mediated via Cxcr3 receptor binding and G-protein signaling. Firstly, we 

assessed the involvement of G-alpha(i)-coupled receptors by pretreating 

cardiomyocytes with pertussis toxin (PTX). No action potential shortening 

was observed upon application of rmCxcl9 to PTX-pretreated 

cardiomyocytes (Figure 7A), indicating that indeed cxcl9 modulates the 

action potential via G-alpha(i)–coupled receptor signaling. We next 

investigated the effect of rmCxcl9 on cardiomyocytes isolated from Cxcr3 

knockout mice (Cxcr3
-/-

). Application of rmCxcl9 did not lead to action 

potential shortening in these cells (Figure 7B). Since the Cxcr3
-/- 

mice were 

of the C57BL6 strain (i.e. different from the strain in which we had 

established the cxcl9 effects on action potential shortening), we also 

confirmed that rmCxcl9 also shortened the action potential in 

cardiomyocytes isolated from wild-type C57BL6 mice (data not shown). 

These experiments demonstrate that Cxcl9 abbreviates the cardiomyocyte 

action potential via the G-alpha(i)-coupled receptor, Cxcr3. 
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Figure 7: Action potential measurements in isolated ventricular cardiomyocytes pre-

treated with pertussis toxin (PTX, A) and ventricular cardiomyocytes isolated from 

Cxcr3
 -/-

 mice (B) under baseline conditions and after stimulation with recombinant 

mouse cxcl9 (rmCxcl9). Cardiomyocytes ppre-treated with PTX and cardiomyocytes 

isolated from Cxcr3
-/-

 mice did not display action potential shortening upon 

stimulation with rmCxcl9. CTRL, control conditions; CXCL9, rmCxcl9 stimulated 

conditions. 
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Discussion 

We constructed a cardiac gene co-expression network from 

cardiac tissue of a genetically heterogeneous F2 mouse population 

harboring the cardiac sodium channel mutation Scn5a-1798
insD/+

 and isolated 

modules of co-regulated genes predominantly involved in mitochondrial 

metabolic reactions, immune response processes and contractile fiber 

pathways. We functionally validated one of the highly connected genes, 

Cxcl9, as co-expression network effector demonstrating a novel role for an 

immune response gene in modulation of cardiomyocyte electrophysiology. 

We show that the secreted chemokine, Cxcl9, increases cardiomyocyte 

repolarization through a reduction in ICa,L. We demonstrate that the effects of 

cxcl9 on the action potential are mediated via cxcr3 receptor binding. A 

reduction in ICa,L results in a net decrease in (depolarizing) inward current 

during the repolarization phase of the cardiac action potential, thereby 

abbreviates the action potential duration. 

Given the complexity of the cardiovascular system and 

cardiovascular disease, systems-based approaches, as the one we 

employed here, are likely to play an increasingly important role in elucidating 

the higher-order interactions underlying complex clinical traits as are cardiac 

electrical function and arrhythmias.
31,32

 Although access to human cardiac 

tissue is an important limitation to this approach, the fact that recent studies 

suggest that mouse and human co-expression networks show considerable 

overlap,
33

 provides a rationale for carrying out these studies in genetically 

heterogeneous mouse populations. 

Our approach led to the identification of multiple genes in a co-

expression network that potentially impact on cardiac electrophysiology via 

distinct biological processes that include mitochondrial metabolic reactions 

and immune response pathways (Appendix, Table 1). Cxcl9, a (14kDa) 

secreted monokine/chemokine belonging to the CXC chemokine subfamily 

and one of the highly connected network genes (Table 3), presented us with 

a veritable target to assess the functional consequences of the co-
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expression network on cardiomyocyte biophysics. Chemokines were 

originally recognized for their ability to induce directed migration of 

leukocytes (chemotaxis) and facilitate controlled cellular accumulation and 

activation during an inflammatory response through receptor-dependent 

interactions with their specific G-protein-coupled receptor(s) expressed by 

responsive cells.
34

 However, chemokines regulate a wide range of 

processes in addition to leukocyte migration; they are involved in the 

pathogenesis of various chronic inflammatory conditions, autoimmune 

disorders and neurodegenerative disorders as well as in embryogenesis, 

angiogenesis and metastasis.
35-37

 Of note, in a role that is quite independent 

of their traditional role in the regulation of leukocyte chemotaxis, chemokines 

are increasingly being recognized as modulators of neuronal excitability and 

it has become apparent that the cellular elements of the nervous system 

(including neurons themselves) are able to both synthesize and respond to 

chemokines.
38,39

 For instance there is now a large body of data indicating 

that chemokines and their receptors can influence, by paracrine and 

autocrine effects, both the acute and chronic phases of pain via regulation of 

ion channel function.
40,41

 In this respect two distinct targets for the actions of 

chemokines have been
 
described, namely nociceptive sensory (dorsal root 

ganglia) neurons and microglia
 
within the dorsal horn of the spinal cord. One 

of the best studied examples
 
of the phenomenon of neuromodulation by 

chemokines involves the chemokine CCL2 and its receptor CCR2.
 
These 

molecules are not normally expressed at very high levels in the dorsal root 

ganglia or spinal cord
 
but are strongly upregulated in nociceptive

 
neurons in 

association with chronic pain states.
42,43

 Moreover, total deletion of
 
CCR2 

receptors or CCR2 receptor antagonists block pain behavior
 
in a number of 

experimental models, whereas overexpression of
 

CCL2 enhances pain 

hypersensitivity.
42-44

 CCL2 has been shown to activate CCR2 receptors on 

dorsal root ganglia, producing
 

excitatory effects via transactivation of 

transient receptor potential (TRP) channels
 

expressed by the same 

neurons.
45

 Inflammatory chemokines thus seem to play a dual role in 
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neuropathological conditions as they serve to regulate inflammatory 

responses and simultaneously act upon elements of the nervous system. By 

analogy one could hypothesize that a similar scenario may exist in the heart, 

whereby chemokines may not only regulate leukocyte traffic but also act to 

modulate cardiac electrophysiological properties. Our finding that Cxcl9 

impacts directly on cardiac electrophysiological properties provides the first 

evidence in support of such a role. 

Secretion of Cxcl9 is known to be induced by interferon gamma-

induced Janus kinase/ signal transducer and activator of transcription 1 

(JAK/STAT) signaling.
46,47

 Indeed, Stat1 was also isolated as a hub gene 

within the red module, potentially implicating (genetic variation in) Stat1 as a 

higher-level regulator of this module. In line with this, the other two hub 

genes we isolated for this module, both immune response genes, Cd274 

(also known as B7-h1 and Pd-l1) and Psmb9 (also called Lmp2) are also 

transcriptionally regulated by the IFN--STAT1 pathway.
48

 In the heart Cxcl9 

is known to be a key factor in cardiac allograft rejection.
49

 Like most 

chemokines, Cxcl9 production and secretion is normally associated with 

activation of the inflammatory response and is not constitutively expressed at 

high levels. Although we cannot exclude that the presence of the Scn5a 

mutation in these mice may in some way elicit an inflammatory response, 

Cxcl9 transcript and protein abundance were not different between wild-type 

and mutant mice of both the FVB/N and 129P2 strains (Figure 3A and B). 

Monocytes-macrophages, neutrophils, and endothelial cells are 

known to produce Cxcl9 in murine cardiac allografts during acute rejection,
49

 

and the only characterized receptor for Cxcl9 is the G-alpha(i)-coupled 

receptor, Cxcr3.
30,49-52

 In our study, we show that Cxcl9 exerts its effect on 

cardiomyocyte electrophysiology via Cxcr3 (Figure 7), thus defining a novel 

role for the Cxcl9-Cxcr3 signaling axis in modulation of the action potential. 

The cell type producing the Cxcl9 responsible for the observed effects is yet 

unresolved.  
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Quite interestingly, the gene encoding phosphlamban (PLN), an 

inhibitor of cardiac sarcoplasmic reticulum Ca
2+

-ATPase (SERCA2a), was 

isolated as a hub gene in the turquoise module. This module was also 

determined to associate with QTc, thus raising the possibility of a cause and 

effect relationship. The PLN locus has been recently implicated in 

modulation of QTc in two recent large-scale genome-wide association 

studies in humans.
5,53

 Besides providing further support for the concept that 

calcium cycling in myocytes influences repolarization, our observation on 

PLN underscores the utility of our approach in mice to identify biological 

pathways pertaining to GWAS candidate genes for cardiac electrical 

function. 

In conclusion, we constructed a cardiac gene co-expression 

network and isolated clusters of genes involved in distinct biological 

processes that include mitochondrial metabolic processes and immune 

response reactions. By functional analysis of a highly connected co-

expression network molecule, Cxcl9, a chemokine known to be involved in 

immune response reactions, we demonstrated a novel role for chemokine 

modulation of cardiac electrohysiological properties. We propose the Cxcl9-

Cxcr3 signaling axis as a modifier of the cardiomyocyte action potential. 
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Future Perspectives 

 

 

 

 

 

 

 

 

 

 

 

 

“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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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.  
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Ondanks de identificatie van verschillende factoren die het ontstaan 

ervan beïnvloeden, blijft plotselinge, aritmische hartdood een van de 

belangrijkste oorzaken van wereldwijde mortaliteit. Afwijkingen van cardiale 

impuls initiatie, geleiding en repolarisatie vertegenwoordigen fundamentele  

tekenen van een dreigende cardiale gebeurtenis met dodelijke afloop.  De 

genetische onderbouwing van abnormale ECG kenmerken is nog 

grotendeels onbekend, hetgeen zou pleiten voor de identificatie van die 

genetische loci die mogelijk verband houden met verschillen in ECG 

parameters. Toch verklaart de relevante, bekende genetische variatie tot op 

heden slechts een zeer klein deel van de variance in deze complexe ECG 

eigenschappen; bovendien vertegenwoordigen deze genetische varianten 

slechts relatief kleine toenamen van het risico.  Wij ondernamen een 

systeem-gebaseerde analyse van abnormale electrofysiologie van het hart, 

ter identificatie van die genen en regulerende factoren die impact uitoefenen 

op deze intermediaire fenotypen tot plotselinge hartdood. 

      Hoofdstuk 2 van dit proefschrift geeft een overzicht van de kennis 

over modifiers van erfelijke aritmie syndromen, in het bijzonder met 

betrekking tot genetische modifiers. Deze overwegend autosomaal dominant 

erfelijke syndromen zijn niet gevrijwaard van genetische fenomenen zoals 

variabele expressie en incomplete penetrantie.  Dit bemoeilijkt in hoge mate 

het beheer van deze aandoeningen.  De toepassing van complementaire 

strategieën ter verkrijging van beter inzicht in de etiologie van deze primaire 

aritmie syndromen zal de last aanzienlijk verlichten van het identificeren van 

diegenen met risico op dodelijke cardiale aritmieën.    

Mutaties in het SCN5A gen dat codeert voor het porie-vormende 

natrium kanaal  α-subeenheid,  houden verband met familiaire aritmie 

syndromen gebaseerd op, onder andere, geleidingsvertraging. Daar de ernst 

van geleidingsstoornissen onder dragers van de SCN5A mutatie zeer 

variabel is, zijn wij onderzoek begonnen naar de genetische modifiers die 

ten grondslag liggen aan deze variabiliteit. Hoofdstuk 3 beschrijft het 

onderzoek naar zulke modifiers. We bestudeerden de Scn5a-1798insD/+ 
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mutatie in twee verschillende muizenstammen, FVB/N en 129P2. We laten 

zien, dat 129P2 muizen ernstigere geleidingsvertraging vertonen, met name 

in het rechter hartkamer, in vergelijking met die gevonden in FVB/NJ muizen. 

Bij het uitvoeren van genoom-brede mRNA expressie profilering in de twee 

muizenstammen ontdekten wij in de 129P2 muizen een drastische 

vermindering van het mRNA dat codeert voor de natrium kanaal auxiliaire 

subeenheid β4 (Scn4b), in vergelijking met dat gevonden in FVB/N muizen. 

Dit kwam overeen met lage tot niet-detecteerbare β4 eiwitniveaus in 129P2 

hartkamer weefsel, terwijl overvloedig β4 eiwit werd gedetecteerd in FVB/N. 

Metingen van natrium stromen in geïsoleerde myocyten afkomstig van de 

twee muizenstammen gaven aan dat natrium kanaal  activatie in myocyten 

van 129P2 muizen plaatsvond bij meer positieve potentialen dan het geval 

was bij FVB/N muizen. Dit verschil in activatie kinetiek werd voorspeld door 

computer simulaties als de verklaring voor de geobserveerde verschillen 

tussen de twee muizenstammen met betrekking tot de ernst van de 

geleidings stoornissen. Hieruit concluderen we dat de natrium kanaal 

subeenheid β4 (SCN4B) mogelijk een potentiële genetische modifier is van 

cardiale  geleidings-en natrium kanaal stoornissen.  

      De aanzienlijke verschillen in ECG manifestaties tussen deze 

muizen met verschillende genetische achtergronden maakt ze ideale 

modellen voor het blootleggen van die genetische factoren verantwoordelijk 

voor het moduleren van ECG parameters en vatbaarheid  voor aritmie. 

Hoofdstuk 4 beschrijft hoe we deze verschillen exploiteerden.  Eerst 

genereerden we een disease-sensitized F2 muis populatie door het kruisen 

van Scn5a1798insD/+ transgene muizen met 129P2 en FVB/N genetische 

achtergronden.  Hierna analyseerden we de ECG fenotypen van deze 

hybride muizen om zo de genetische loci in kaart te brengen, die invloed 

uitoefenen op de betreffende ECG eigenschap. De hartslag frequentie (HR), 

P-duur, PR-, QRS-, en QT- intervallen werden gemeten bij aanvang en na 

toediening van flecainide. Episoden van sinus aritmie en ventriulaire 

tachyaritmie die plaatsvonden na flecainide toediening werden beschouwd 
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als binaire eigenschappen. Door het toepassen van genetische interval 

mapping ontdekten we meerdere kwantitatieve trait  loci (QTL) voor deze 

ECG parameters en aritmieën.  Een aantal van de QTL viel samen op 

specifieke chromosomale locaties, hetgeen pleiotrope effecten op deze loci 

suggereert.  Homozygotie voor de 129P2 allelen bij het main-effect QTL is 

geassocieerd met een hogere HR, grotere PR-interval prolongatie, korter 

QRS-interval en de toename van gevoeligheid voor flecainide-geinduceerde 

ventriculaire tachycardie (VT), in vergelijking met hetgeen gevonden bij 

FVB/N homozygote allelen.  We detecteerden een aanzienlijk aantal 

geslachts-afhankelijke QTL die invloed uitoefenen op de variance in ECG 

parameters en vatbaarheid voor aritmie; dit was te verwachten, gezien het 

feit dat deze ook verschillen tussen humane mannen en vrouwen.  Belangrijk 

is, dat QTL impacting op zowel QRS-duur als PR-interval  twee genen 

betreft, zijnde ARHGAP24 en TBX5. Deze genen zijn onlangs in verband 

gebracht met PR-, QRS-, en QT-duur in de mens. 

      De identificatie van de specifieke causale genen die ten grondslag 

liggen aan de gedetecteerde QTLs stelt de onderzoeker voor een lastige 

taak, waarbij integratie is vereist van verschillende genomics en statistische 

benaderingen. Hoofdstuk 5 beschrijft de analyse van genoom-brede 

genexpressie in hartkamer weefsel, geïntegreerd met het in kaart brengen 

van QTL. Dit maakt het mogelijk om de genetische loci te isoleren, die 

genexpressie beïnvloeden. Deze expressie (e)QTLs  werden vervolgens 

geanalyseerd voor co-localisatie met de hiervoor beschreven ECG 

eigenschap QTL, en beoordeeld op correlaties met die eigenschap. Hiermee 

verfijnden we deze genomische intervallen tot een beperkt aantal  genen 

waaronder Ctsc, Cyr61 en Tnni3k   waarschijnlijk positionele kandidaten voor 

geleidingsvertraging QTL, en Ctnnbip1  en  Hspb7 voor de flecainide-

geïnduceerde VT QTL. 

      Gezien de complexiteit van het cardiovasculaire systeem en 

cardiovasculaire aandoeningen zullen systeem-gebaseerde benaderingen 

ongetwijfeld een rol van toenemend belang spelen in het ontrafelen van de 
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hoger-orde interacties die ten grondslag liggen aan cardiale electrische 

functie en aritmieën. In Hoofdstuk 6 wordt de constructie toegelicht van een 

cardiaal gen co-expressie netwerk om de relatie te  tussen transcripten te 

vatten in genexpressie data. Dit maakte de identificatie mogelijk van clusters 

van co-gereguleerde genen die een aanzienlijk verrijkende invloed hebben 

op specifieke  biologische netwerken, inclusief mitochondriale processen, 

immuun respons reacties en contractiele vezel processen. We 

zeer verbonden genen gedefinieerd binnen deze netwerk modules. We 

isoleerden het Cxcl9 gen, dat codeert voor de monokine/chemokine-

geïnduceerde door interferon-ϒ als een co-expressie netwerk effector. 

Recombinant cxcl9 veroorzaakt het verkorten van de duur van de 

ventriculaire actiepotentiaal (APD) in de muis. Wij tonen aan, dat APD 

modulatie door cxcl9 hoofdzakelijk wordt gemedieerd door een vermindering 

van  sarcolemmal   L-type  Ca
2+

 stroom, eerder dan door toename van K+ 

stromen.  Bovendien werd het effect van recombinant cxcl9 op de APD niet 

waargenomen in myocyten die werden voorbehandeld met pertussis toxin 

(PTX), noch in myocyten die geïsoleerd werden uit transgene muizen zonder 

de bekende cxcl9 receptor      de chemokine (C-X-C motif) receptor 3, Cxcr3.  

Hiermee presenteren wij bewijs voor een nieuwe rol van de cxcl9-cxcr3 

signalerings-as in het moduleren van cardiomyocyt electrofysiologie. 
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Table  

 
Black 

Category* Term %
†
 PValue Bonferroni 

GOTERM_CC GO:0030017~sarcomere 7.27 3.22E-07 4.92E-05 

GOTERM_CC GO:0031674~I band 6.36 5.03E-07 7.69E-05 

GOTERM_CC GO:0044449~contractile fiber part 7.27 5.29E-07 8.10E-05 

GOTERM_CC GO:0030016~myofibril 7.27 7.80E-07 1.19E-04 

GOTERM_CC GO:0043292~contractile fiber 7.27 1.05E-06 1.60E-04 

GOTERM_CC GO:0030018~Z disc 4.55 1.30E-04 0.019707 

 

Blue 
Category Term % PValue Bonferroni 

GOTERM_CC GO:0031090~organelle membrane 11.23 1.52E-12 5.93E-10 

GOTERM_CC GO:0005739~mitochondrion 15.36 3.43E-12 1.34E-09 

GOTERM_CC GO:0044429~mitochondrial part 8.42 5.72E-12 2.24E-09 

GOTERM_CC GO:0031967~organelle envelope 7.83 1.53E-09 5.98E-07 

GOTERM_CC GO:0031975~envelope 7.83 1.77E-09 6.90E-07 

GOTERM_CC GO:0019866~organelle inner membrane 5.47 5.74E-09 2.24E-06 

GOTERM_CC GO:0005740~mitochondrial envelope 6.06 2.54E-08 9.94E-06 

GOTERM_CC GO:0031966~mitochondrial membrane 5.76 4.48E-08 1.75E-05 

GOTERM_CC GO:0005743~mitochondrial inner membrane 5.02 5.83E-08 2.28E-05 

GOTERM_CC GO:0005829~cytosol 6.35 2.56E-05 0.009954 

GOTERM_MF GO:0008092~cytoskeletal protein binding 5.17 1.72E-05 0.011502 

GOTERM_MF GO:0000166~nucleotide binding 17.58 1.74E-05 0.011649 
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GOTERM_CC GO:0031974~membrane-enclosed lumen 10.93 4.36E-05 0.016899 

GOTERM_CC GO:0005794~Golgi apparatus 7.24 5.61E-05 0.021712 

GOTERM_CC GO:0005840~ribosome 3.10 6.50E-05 0.025089 

GOTERM_CC GO:0012505~endomembrane system 6.06 6.61E-05 0.025508 

GOTERM_CC GO:0000267~cell fraction 6.50 7.90E-05 0.030431 

GOTERM_CC GO:0043233~organelle lumen 10.49 8.45E-05 0.032492 

GOTERM_MF GO:0003712~transcription cofactor activity 2.95 4.97E-05 0.032885 

GOTERM_BP GO:0008104~protein localization 7.68 1.96E-05 0.036189 

KEGG_PATHWAY mmu05010:Alzheimer's disease 2.95 2.35E-04 0.036299 

GOTERM_BP GO:0006412~translation 4.28 2.06E-05 0.038091 

GOTERM_MF GO:0003723~RNA binding 6.94 6.40E-05 0.042144 

GOTERM_CC GO:0005938~cell cortex 2.36 1.20E-04 0.045754 

 
 

Green 
Category Term % PValue Bonferroni 

GOTERM_CC GO:0005739~mitochondrion 18.52 1.44E-07 2.93E-05 

GOTERM_BP GO:0051186~cofactor metabolic process 6.35 1.68E-06 0.001709 

GOTERM_BP GO:0051188~cofactor biosynthetic process 4.76 2.93E-06 0.002973 

GOTERM_CC GO:0044429~mitochondrial part 9.52 1.75E-05 0.003572 

 
 
 

Brown 
Category Term % PValue Bonferroni 

GOTERM_CC GO:0005739~mitochondrion 20.63 1.08E-25 3.96E-23 
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GOTERM_CC GO:0005840~ribosome 5.64 6.43E-14 2.36E-11 

GOTERM_CC GO:0044429~mitochondrial part 8.99 2.60E-12 9.56E-10 

GOTERM_CC GO:0030529~ribonucleoprotein complex 8.29 4.82E-12 1.77E-09 

GOTERM_BP GO:0006412~translation 6.70 9.74E-13 1.79E-09 

KEGG_PATHWAY mmu03010:Ribosome 3.53 3.83E-11 5.09E-09 

GOTERM_MF GO:0003735~structural constituent of ribosome 4.23 8.27E-11 4.64E-08 

GOTERM_CC GO:0005740~mitochondrial envelope 6.53 9.54E-09 3.50E-06 

GOTERM_CC GO:0031967~organelle envelope 7.76 2.56E-08 9.39E-06 

GOTERM_CC GO:0031975~envelope 7.76 2.86E-08 1.05E-05 

GOTERM_MF GO:0005198~structural molecule activity 6.35 1.44E-07 8.08E-05 

GOTERM_CC GO:0031966~mitochondrial membrane 5.82 2.46E-07 9.05E-05 

GOTERM_CC GO:0005829~cytosol 7.41 3.18E-07 1.17E-04 

GOTERM_CC GO:0019866~organelle inner membrane 5.11 7.57E-07 2.78E-04 

GOTERM_CC GO:0005743~mitochondrial inner membrane 4.94 8.72E-07 3.20E-04 

GOTERM_CC GO:0031090~organelle membrane 9.17 1.97E-06 7.24E-04 

GOTERM_CC GO:0043232~intracellular non-membrane-bounded organelle 16.93 4.05E-06 0.001487 

GOTERM_CC GO:0043228~non-membrane-bounded organelle 16.93 4.05E-06 0.001487 

GOTERM_CC GO:0033279~ribosomal subunit 2.12 6.58E-06 0.002412 

GOTERM_CC GO:0044455~mitochondrial membrane part 1.76 2.03E-05 0.00744 

GOTERM_CC GO:0044445~cytosolic part 1.94 2.70E-05 0.009853 

KEGG_PATHWAY mmu00190:Oxidative phosphorylation 2.65 7.87E-05 0.010407 

GOTERM_MF GO:0008135~translation factor activity, nucleic acid binding 2.29 2.88E-05 0.016006 

GOTERM_CC GO:0005759~mitochondrial matrix 3.00 6.34E-05 0.023011 

GOTERM_CC GO:0031980~mitochondrial lumen 3.00 6.34E-05 0.023011 

KEGG_PATHWAY mmu05010:Alzheimer's disease 3.00 2.75E-04 0.035909 

KEGG_PATHWAY mmu05016:Huntington's disease 3.00 2.93E-04 0.038257 
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Purple 
Category Term % PValue Bonferroni 

GOTERM_CC GO:0005578~proteinaceous extracellular matrix 23.08 2.84E-10 2.58E-08 

GOTERM_CC GO:0031012~extracellular matrix 23.08 4.32E-10 3.93E-08 

KEGG_PATHWAY mmu04710:Circadian rhythm 7.69 5.00E-06 1.00E-04 

GOTERM_CC GO:0044421~extracellular region part 23.08 5.03E-06 4.58E-04 

GOTERM_BP GO:0048511~rhythmic process 11.54 6.39E-06 0.002075 

KEGG_PATHWAY mmu04512:ECM-receptor interaction 7.69 0.001427 0.028151 

GOTERM_BP GO:0007623~circadian rhythm 7.69 1.35E-04 0.043082 

 

Magenta 
Category Term % PValue Bonferroni 

GOTERM_CC GO:0005739~mitochondrion 30.43 1.46E-09 1.88E-07 

GOTERM_CC GO:0005743~mitochondrial inner membrane 11.96 6.96E-06 8.97E-04 

GOTERM_CC GO:0019866~organelle inner membrane 11.96 1.10E-05 0.001422 

GOTERM_CC GO:0031966~mitochondrial membrane 11.96 4.55E-05 0.005857 

GOTERM_MF GO:0000166~nucleotide binding 26.09 5.11E-05 0.008756 

GOTERM_CC GO:0005740~mitochondrial envelope 11.96 7.57E-05 0.009719 

GOTERM_MF GO:0017076~purine nucleotide binding 22.83 1.62E-04 0.02749 

GOTERM_CC GO:0031967~organelle envelope 13.04 2.43E-04 0.03086 

GOTERM_CC GO:0031975~envelope 13.04 2.51E-04 0.031845 

GOTERM_MF GO:0005525~GTP binding 9.78 2.01E-04 0.034042 

GOTERM_MF GO:0032561~guanyl ribonucleotide binding 9.78 2.39E-04 0.040249 

GOTERM_MF GO:0019001~guanyl nucleotide binding 9.78 2.39E-04 0.040249 

KEGG_PATHWAY mmu03040:Spliceosome 6.52 8.39E-04 0.046732 
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Turquoise 
Category Term % PValue Bonferroni 

GOTERM_CC GO:0005739~mitochondrion 19.16 6.62E-30 2.48E-27 

GOTERM_CC GO:0044429~mitochondrial part 8.30 2.99E-14 1.12E-11 

GOTERM_CC GO:0031980~mitochondrial lumen 3.70 3.36E-10 1.26E-07 

GOTERM_CC GO:0005759~mitochondrial matrix 3.70 3.36E-10 1.26E-07 

GOTERM_CC GO:0030529~ribonucleoprotein complex 6.13 3.91E-08 1.46E-05 

GOTERM_CC GO:0005740~mitochondrial envelope 5.36 1.31E-07 4.93E-05 

GOTERM_CC GO:0031975~envelope 6.51 3.11E-07 1.17E-04 

GOTERM_CC GO:0031974~membrane-enclosed lumen 11.24 3.17E-07 1.19E-04 

GOTERM_CC GO:0031967~organelle envelope 6.39 6.67E-07 2.50E-04 

GOTERM_CC GO:0043233~organelle lumen 10.73 1.13E-06 4.23E-04 

GOTERM_CC GO:0031966~mitochondrial membrane 4.85 1.52E-06 5.72E-04 

GOTERM_CC GO:0031090~organelle membrane 8.30 1.67E-06 6.25E-04 

GOTERM_CC GO:0070013~intracellular organelle lumen 10.60 1.92E-06 7.19E-04 

GOTERM_CC GO:0005840~ribosome 3.19 2.80E-06 0.00105 

GOTERM_BP GO:0006412~translation 4.21 2.29E-06 0.004753 

KEGG_PATHWAY mmu00020:Citrate cycle (TCA cycle) 1.15 4.17E-05 0.006358 

GOTERM_CC GO:0005783~endoplasmic reticulum 8.05 2.13E-05 0.007947 

GOTERM_CC GO:0019866~organelle inner membrane 3.96 3.54E-05 0.013175 

GOTERM_MF GO:0003723~RNA binding 6.51 2.34E-05 0.01588 

GOTERM_MF GO:0003735~structural constituent of ribosome 2.43 4.01E-05 0.027036 

GOTERM_CC GO:0005743~mitochondrial inner membrane 3.70 8.54E-05 0.031512 

GOTERM_CC GO:0005764~lysosome 2.68 8.75E-05 0.032278 

GOTERM_BP GO:0051186~cofactor metabolic process 2.81 1.58E-05 0.032414 

GOTERM_CC GO:0000323~lytic vacuole 2.68 9.46E-05 0.03486 

GOTERM_BP GO:0006091~generation of precursor metabolites and energy 3.45 2.30E-05 0.046661 
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Red 
Category Term % PValue Bonferroni 

GOTERM_BP GO:0019882~antigen processing and presentation 16.13 9.68E-24 6.44E-21 

GOTERM_BP GO:0006955~immune response 26.61 2.39E-23 1.59E-20 

GOTERM_BP GO:0048002~antigen processing and presentation of peptide antigen 12.10 5.86E-22 3.90E-19 

KEGG_PATHWAY mmu04612:Antigen processing and presentation 12.90 5.97E-16 2.44E-14 

GOTERM_CC GO:0042611~MHC protein complex 8.87 8.19E-13 1.07E-10 

KEGG_PATHWAY mmu05322:Systemic lupus erythematosus 11.29 2.52E-12 1.11E-10 

GOTERM_CC GO:0042824~MHC class I peptide loading complex 4.84 1.17E-09 1.53E-07 

GOTERM_BP GO:0006952~defense response 15.32 1.93E-09 1.28E-06 

KEGG_PATHWAY mmu05330:Allograft rejection 7.26 3.01E-08 1.32E-06 

KEGG_PATHWAY mmu05332:Graft-versus-host disease 7.26 3.01E-08 1.32E-06 

KEGG_PATHWAY mmu04940:Type I diabetes mellitus 7.26 5.88E-08 2.59E-06 

KEGG_PATHWAY mmu04514:Cell adhesion molecules (CAMs) 9.68 6.88E-08 3.03E-06 

GOTERM_CC GO:0042825~TAP complex 4.03 5.36E-08 7.02E-06 

KEGG_PATHWAY mmu05320:Autoimmune thyroid disease 7.26 1.71E-07 7.53E-06 

GOTERM_BP GO:0002684~positive regulation of immune system process 10.48 2.19E-08 1.46E-05 

GOTERM_MF GO:0042287~MHC protein binding 4.84 8.58E-08 1.60E-05 

GOTERM_BP GO:0050778~positive regulation of immune response 8.87 3.93E-08 2.61E-05 

GOTERM_MF GO:0042288~MHC class I protein binding 4.03 2.11E-07 3.94E-05 

GOTERM_CC GO:0042613~MHC class II protein complex 4.03 3.17E-07 4.15E-05 

GOTERM_BP GO:0048584~positive regulation of response to stimulus 9.68 7.55E-08 5.02E-05 

INTERPRO IPR014745:MHC class II, alpha/beta chain, N-terminal 4.03 2.27E-07 5.98E-05 

INTERPRO IPR003191:Guanylate-binding protein, C-terminal 4.03 2.27E-07 5.98E-05 

KEGG_PATHWAY mmu05416:Viral myocarditis 7.26 1.37E-06 6.04E-05 

GOTERM_BP GO:0002252~immune effector process 8.06 2.50E-07 1.66E-04 
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GOTERM_MF GO:0005525~GTP binding 10.48 3.12E-06 5.84E-04 

GOTERM_MF GO:0019001~guanyl nucleotide binding 10.48 4.04E-06 7.56E-04 

GOTERM_MF GO:0032561~guanyl ribonucleotide binding 10.48 4.04E-06 7.56E-04 

GOTERM_CC GO:0042612~MHC class I protein complex 4.84 6.68E-06 8.74E-04 

GOTERM_BP GO:0032020~ISG15-protein conjugation 3.23 1.36E-06 9.04E-04 

KEGG_PATHWAY mmu03050:Proteasome 4.84 5.26E-05 0.00231 

GOTERM_MF GO:0017076~purine nucleotide binding 23.39 1.28E-05 0.002399 

GOTERM_BP GO:0002821~positive regulation of adaptive immune response 4.84 3.75E-06 0.00249 

GOTERM_MF GO:0032555~purine ribonucleotide binding 22.58 1.80E-05 0.003365 

GOTERM_MF GO:0032553~ribonucleotide binding 22.58 1.80E-05 0.003365 

GOTERM_BP GO:0016064~immunoglobulin mediated immune response 5.65 5.22E-06 0.003463 

GOTERM_MF GO:0003924~GTPase activity 6.45 2.01E-05 0.003757 

GOTERM_BP GO:0019724~B cell mediated immunity 5.65 6.27E-06 0.004161 

GOTERM_CC GO:0000502~proteasome complex 4.84 3.32E-05 0.00434 

GOTERM_BP GO:0002475~antigen processing and presentation via MHC class Ib 3.23 1.17E-05 0.007763 

KEGG_PATHWAY mmu05310:Asthma 4.03 1.87E-04 0.00821 

GOTERM_BP GO:0002449~lymphocyte mediated immunity 5.65 1.56E-05 0.010314 

GOTERM_BP GO:0009615~response to virus 5.65 1.56E-05 0.010314 

GOTERM_MF GO:0000166~nucleotide binding 24.19 8.18E-05 0.015186 

GOTERM_MF GO:0042277~peptide binding 6.45 8.39E-05 0.015563 

GOTERM_MF GO:0042605~peptide antigen binding 3.23 9.37E-05 0.017364 

 

Yellow 
Category Term % PValue Bonferroni 

GOTERM_CC GO:0005739~mitochondrion 27.46 2.59E-20 6.57E-18 

GOTERM_CC GO:0044429~mitochondrial part 15.16 5.65E-15 1.44E-12 

GOTERM_CC GO:0005743~mitochondrial inner membrane 9.84 6.38E-11 1.62E-08 
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GOTERM_BP GO:0006091~generation of precursor metabolites and energy 9.02 1.64E-11 1.78E-08 

GOTERM_CC GO:0019866~organelle inner membrane 9.84 1.83E-10 4.66E-08 

GOTERM_CC GO:0031966~mitochondrial membrane 10.25 8.75E-10 2.22E-07 

GOTERM_CC GO:0005740~mitochondrial envelope 10.25 2.94E-09 7.46E-07 

KEGG_PATHWAY mmu05012:Parkinson's disease 6.15 1.13E-08 1.12E-06 

KEGG_PATHWAY mmu05010:Alzheimer's disease 6.97 1.27E-08 1.25E-06 

KEGG_PATHWAY mmu00190:Oxidative phosphorylation 5.74 7.38E-08 7.31E-06 

GOTERM_MF GO:0003735~structural constituent of ribosome 5.74 7.21E-08 2.48E-05 

GOTERM_CC GO:0005759~mitochondrial matrix 6.15 1.21E-07 3.08E-05 

GOTERM_CC GO:0031980~mitochondrial lumen 6.15 1.21E-07 3.08E-05 

KEGG_PATHWAY mmu05016:Huntington's disease 6.15 6.44E-07 6.37E-05 

GOTERM_CC GO:0030529~ribonucleoprotein complex 9.84 3.01E-07 7.64E-05 

GOTERM_CC GO:0031967~organelle envelope 10.66 3.47E-07 8.81E-05 

GOTERM_CC GO:0031975~envelope 10.66 3.72E-07 9.44E-05 

GOTERM_BP GO:0022900~electron transport chain 4.92 1.79E-07 1.94E-04 

GOTERM_CC GO:0031090~organelle membrane 12.70 2.36E-06 6.00E-04 

GOTERM_CC GO:0070469~respiratory chain 3.69 4.66E-06 0.001182 

GOTERM_CC GO:0005840~ribosome 5.74 5.11E-06 0.001297 

GOTERM_CC GO:0031974~membrane-enclosed lumen 14.75 3.86E-05 0.009746 

GOTERM_BP GO:0006412~translation 6.56 1.40E-05 0.015086 

GOTERM_CC GO:0070013~intracellular organelle lumen 13.93 1.05E-04 0.026278 

GOTERM_CC GO:0043233~organelle lumen 13.93 1.10E-04 0.027621 

 
Table: Gene Ontology (GO) enrichment of biological themes in the cardiac co-expression network modules associating with 

RR-interval, QT-interval and QTc. Only those themes that are significant after Bonferroni correction for multiple comparisons 
are included. *category, gene ontology category – CC, cellular compartment; BP, biological process; MF, molecular function. 
† % genes, percentage of genes within the transcriptional module enriching the GO category term. 
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