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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

 

 

 



 

129 

 

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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