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“An expert is a man who has made all the mistakes, which can be made, in a  
very narrow field.” 
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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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