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Abstract 

 

SCN10A encodes the voltage-gated sodium channel Nav1.8 and is highly similar in 

sequence to its neighbouring and family member gene SCN5A. Many mutations in 

SCN5A have been identified causing multiple clinical cardiac arrhythmia 

syndromes indicating its important role in cardiac conduction. In several genome-

wide association studies, genetic variations near and within the SCN10A locus 

have been found to be associated with differences in electrocardiogram (ECG) 

parameters, and cardiac arrhythmias, indicating a possible role of SCN10A in 

cardiac conduction function. Our previous findings showed that the expression of 

Scn10a appears to be repressed by T-box transcription factor Tbx3, which plays a 

major role in the development of cardiac conduction system. Recently, a human 

single nucleotide polymorphism (SNP) rs6801957, located in an intron of SCN10A, 

has been linked to prolonged QRS duration. We found that this SNP is located 

within the human orthologue of a DNA-fragment bound by Tbx3 that probably 

functions as a Scn10a/Scn5a enhancer in mouse. Here we demonstrate in vitro 

and in vivo the T-box mediated enhancing function of the human orthologue of this 

fragment, and that SNP rs6801957 affects its enhancing activity probably by 

reducing DNA-binding of T-box factors, which might lead to altered SCN10A and/or 

SCN5A expression and in turn ECG parameters. Thus, we provide  the first 

evidence for a possible mechanism underlying the effect of this SNP in cardiac 

conduction.        

 

Introduction 

 

SCN10A encodes the alpha subunit of the tetrodotoxin-resistant voltage-gated 

sodium channel Nav1.8. It is known to be expressed in the peripheral sensory 

neurons of dorsal root ganglia 
1, 2

, and it has only recently been revealed to be 

expressed in the heart. Scn10a is expressed in the interventricular septum, the 

working myocardium of the ventricles and the atria (albeit to a lower extent) (see 

Chapter 4), and in Purkinje cells 
3-5

. The expression of Scn10a is repressed by 

Tbx3 in the sinus node and atrioventricular node (see Chapter 4). SCN10A is 

located on chromosome 3 in humans and is 70.4% similar in sequence to its 

neighboring gene SCN5A, and both genes showing a high degree of conservation 

between men and mice 
6
. SCN5A encodes the main cardiac voltage-gated sodium 

channel and mutations have been associated with multiple clinical arrhythmia 

syndromes including long-QT syndrome and Brugada syndrome 
7-9

.  

In a previous study we assessed the co-occupancy of multiple cardiac 

factors by combining ChIP-seq data sets and identified a 2.5 kb enhancer fragment 

located within an intron of Scn10a that may regulate the expression of Scn10a and  
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Figure 1 SNP rs6801957 is located within sequence TBE1-2 that exerts enhancing activity. (A) 
Binding-sites of Tbx3, Nkx2-5, Gata4 and p300 overlap in TBE1-2 and TBE9 sequences that have 
been shown to function as enhancers. Human SNP rs6801957, which has been found to be linked to 
the QRS-interval 

4
, is located in an intron of SCN10A and within the human orthologue of TBE1-2, 

directly under a Tbx3-binding peak. (B) Top: Table showing the variants occur in human alleles Maj1, 
Maj2 and Min1 cloned in the luciferase reporter constructs. Maj1 and Maj2 contain the major (G) allele 
and Min1 the minor (A) allele of SNP rs6801957. Bottom: Graph showing that the human orthologue of 
TBE1-2 containing the major or minor allele of SNP rs6801957 shows enhancing activity when Nkx2-5 
and Gata4 are added in the in vitro luciferase reporter assay.  
 

A 

B 
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Scn5a. Its enhancing activity is mediated by a transcriptional regulation-complex 

involving Nkx2-5, Gata4, Tbx5 and Tbx3. Overlapping binding-peaks of Tbx3, Tbx5 
10

, Nkx2-5, Gata4 and p300 
11

 were found in this enhancer region. The in vivo 

enhancer reporter assay showed cardiac activity in a pattern strongly resembled 

the expression pattern of both Scn10a and Scn5a. Several recent genome-wide 

association studies (GWASs), reporting genetic variations associated with 

differences in electrocardiogram (ECG) parameters, show that several variants 

near and within SCN10A are associated with the PR- and QRS-intervals, and 

cardiac arrhythmias, theoretically indicating a possible role of SCN10A in cardiac 

conduction 
3, 4, 12-15

. QRS-interval reflects the ventricular depolarization and is an 

indicator of the electrophysiological function of the ventricular conduction system, 

comprising the distal part of the bundle branches and Purkinje fibers 
16

. One of 

these reported human single nucleotide polymorphism (SNPs), SNP rs6801957 

located within an intron of SCN10A, is found to be associated with prolonged QRS-

interval that has recently been reported to be a potentially important predictor of 

Sudden Cardiac Death (SCD) 
17

. We found that this SNP is positioned in the 

human orthologue of the Scn10a/Scn5a enhancer fragment, directly under a Tbx3-

binding peak. Here, we provide a mechanism underlying how this SNP could 

functionally affect cardiac conduction, which involves disruption of T-box factors 

binding and thereby their mediated activity on this enhancer.   

 

Results 

 

Human sequence TBE1-2 exerts enhancing activity  

In our previous study (Chapter 4), overlapping of ChIP-seq data sets of cardiac 

transcription factors Tbx3, Nkx2-5 and Gata4 performed in adult mouse hearts 

revealed that co-occupancy of these factors in Scn5a and Scn10a was found in 

two putative regulatory sequences, which we named TBE1-2 (mouse 

chr9:119541166-119543699) and TBE9 (mouse chr9:119378500-119379597) (Fig. 

1a). It has been hypothesized that sequences bound by multiple cardiac 

transcription factors may function as enhancers 
10

. We demonstrated that TBE1-2 

and TBE9 indeed function as cardiac enhancers and we postulated that these 

enhancer sequences are responsible for the cardiac expression of Scn10a/Scn5a 

in mouse. The alignment of the human DNA sequence with TBE1-2 enhancer 

sequence showed that SNP rs6801957, which was reported to be associated with 

the QRS-interval 
4
, is positioned within this enhancer fragment (see magnification 

in Fig. 1a). This SNP is positioned in the intronic region of SCN10A and is linked to 

a G to A substitution in approximately 40% of the population 
4
.  

The human orthologous sequence of enhancer TBE1-2 containing SNP 

rs6801957, a ~2 kb fragment located in chr3:38765307-38767402, was analyzed  
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for enhancing activity using a luciferase reporter assay in Cos-7 cells (Fig. 1b). 

Upon addition of NKX2-5 and GATA4, the constructs containing the major (G) 

alleles Maj1 and Maj2 up-regulated the luciferase transcription when compared to 

the empty construct possessing the minimal promoter alone. The mouse equivalent 

constructs, also containing TBE1-2, showed similar up-regulation of the luciferase 

expression when NKX2-5 and GATA4 were added (not shown). The minor (A) 

allele Min1 also induced luciferase expression when NKX2-5 and GATA4 were 

added and the induction was higher than that exerted by Maj1 and Maj2. These 

results showed that the human TBE1-2 sequence possesses enhancing activity; 

this is the case for the major as well as the minor allele of SNP rs6801957.  

 

SNP rs6801957 affects TBX5/3- mediated enhancing activity 

SNP rs6801957 was found directly under a Tbx3 binding-peak assessed in the in 

vivo Tbx3 ChIP-seq performed in our previous study (Fig. 1a) and is positioned 

within a conserved T-box binding motif (Fig. 2a) as determined in our previous 

study by performing a de novo motif discovery on the Tbx3 ChIP-seq data using 

MEME (Fig. 2b). This motif was in good agreement with the T-box binding motif 

obtained in a recent in vitro ChIP-seq study using Tbx5 
10

. Since SNP rs6801957 

was found to be positioned in a T-box binding site, we hypothesized that it might 

affect the response of the enhancer fragment to T-box factors and thus affect 

modulation of gene transcription. We analyzed the effect of the SNP using a 

luciferase reporter assay in Cos-7 cells (Fig. 2c). The luciferase reporter constructs 

containing major human allele Maj1 and Maj2 could be stimulated by TBX5 and 

repressed by TBX3 in the presence of NKX2-5 and GATA4, while the construct 

containing the minor human allele Min1 showed significantly less response to the 

T-box factors. Min1Mut, the human allele in which SNP rs6801957 was singularly 

mutated to the major allele base G, could be stimulated by TBX5 and repressed by 

TBX3. When the minor allele of SNP rs6801957 was introduced into the major 

allele Maj1Mut, the reporter construct showed significantly less response to TBX5 

and TBX3.  

Electromobility shift assay (EMSA) showed that the T-box of Tbx3 

associated with an Nppa probe, which served as a positive control, and with a 

probe representing major allele Maj1 (Fig. 2d). The association of the T-box of 

Tbx3 with a minor allele Min1 probe was less compared to its association with a 

Maj1 probe. Further, the T-box of Tbx3 was observed to have lower level of 

association with a probe possessing a 3bp-mutation in the T-box binding motif 

(Mut). Taken together, the SNP rs6801957 affects the binding of the T-box of TBX3 

and thus probably also TBX5 on the enhancer sequence and thereby diminished 

the enhancing activity modulated by these T-box factors. The results also suggest  
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Figure 2 SNP rs6801957 affects TBX5/3- mediated enhancing activity by interrupting the Tbox-
DNA association. (A) SNP rs6801957 is positioned within a highly conserved T-box binding motif. (B) 
Tbx3 binding-motif determined by a de novo motif discovery on the Tbx3 ChIP-seq data using MEME. 
(C) Top: Table showing the variants occur in human alleles Maj1, Maj2, Min1, Min1Mut and Maj1Mut 
cloned in the luciferase reporter constructs. Bottom: Graph showing that luciferase reporter constructs 
Maj1, Maj2 and Min1Mut, which contain the major (G) allele of SNP rs6801957, can be stimulated by 
TBX5 and repressed by TBX3; constructs Min1 and Maj1Mut, which contain the minor (A) allele of SNP 
rs6801957, show less response to TBX5 and TBX3. (D) Electromobility shift assay (EMSA) showing 
that the T-box of Tbx3 (Tbox3) associates with a probe representing major allele Maj1 of SNP 
rs6801957, and it associates at a lower level with a probe representing minor allele Min1 and a probe 
possessing a 3bp-mutation in the T-box binding motif (Mut). 
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Figure 3 In vivo reporter assay in zebrafish showing the enhancing activity of the human 
orthologue of enhancer TBE1-2 and the effect of SNPs associated with conduction. (A) Map of 
the Zebrafish Enhancer Detection (ZED) vector used in the in vivo reporter assay depicts the two 
different cassettes: the transgenesis internal cassettes composed of the cardiac actin promoter (light 
blue arrow) and red fluorescence protein (RFP; red box), and the enhancer detection cassette 
composed of a Gateway entry site (yellow box), the GATA2 minimal promoter (light blue arrow) and the 
green fluorescent protein (GFP; green box). (B) The enhancing activity of the major allele for rs6801957 
is tested by cloning Maj1 in the ZED vector in an in vivo enhancer assay in zebrafish. Representative 
picture from the cardiac region of the zebrafish shows GFP expression and thus enhancing activity in 
the ventricle. The RFP expression indicates positive transgenesis. (C) Top: Table showing the variants 
occur in human alleles Maj1, Maj1Mut, Maj3 and Maj3Mut cloned in the ZED reporter construct. Bottom: 
Graph showing that 60%-70% of the hearts of zebrafish containing constructs Maj1 and Maj3, which 
possess the major allele for rs6801957, show GFP expression. A significant reduction of GFP 
expression is found in hearts containing Maj1Mut and Maj3Mut construct, in which the major allele is 
mutated to the minor allele. SNP rs6795970 presents in Maj3, which has also been found to be 
associated with ECG-parameters, does not significantly affect GFP expression. 
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that this SNP itself, and not other SNPs in LD within this fragment, affects the 

TBX3/5 mediated enhancing activities.  

 

SNP rs6801957 affects enhancer function in vivo 

We tested the enhancing effect of human TBE1-2 sequence in an in vivo reporter 

assay in zebrafish by cloning this sequence into the Zebrafish Enhancer Detection 

(ZED) vector that is composed of two different cassettes. The enhancer detection 

cassette contains the gata2 minimal promoter driving the expression of an 

enhanced green fluorescent protein (EGFP) reporter gene that allows the detection 

of the enhancer activity. The other cassette contains the cardiac actin promoter 

driving the expression of a red fluorescent protein (RFP) that serves as internal 

control for the transgenesis efficiency (Fig. 3a) 
18

. 60%-70% of the hearts of 

zebrafish containing Maj1 and Maj3 constructs, both representing the major (G) 

human allele for rs6801957, showed GFP expression in the ventricle, which 

reflects enhancing activity (Fig. 3b and 3c). The RFP expression observed in these 

hearts indicates positive transgenesis (Fig. 3b). When the major allele for 

rs6801957 was mutated to the minor (A) allele at this position, a significant (20%) 

loss of detectable GFP expression was observed (Fig. 3c). Further, the SNP 

rs6795970 present in the Maj3 construct, a SNP which was also found in a GWAS 

study to be associated with ECG-parameters and is in linkage disequilibrium (LD) 

with rs6801957 
3, 4, 12-15

, did not detectably affect the GFP expression in this system 

(Fig. 3c). These results demonstrated the enhancing activity of the human 

orthologue of enhancer fragment TBE1-2 are influenced by SNP variant rs6801957 

in vivo, and confirmed that this SNP itself is responsible for a change in the 

enhancer activity.  

 

Discussion 

 

Human single nucleotide polymorphism (SNP) rs6801957 identified to be 

associated with prolonged QRS duration 
4
, is positioned directly under a Tbx3-

binding ChIP-seq peak and within a region that probably functions as a 

Scn10a/Scn5a enhancer in mouse (see Chapter 4). Here we demonstrate that the 

human orthologue of this fragment also functions as an enhancer in an in vitro and 

an in vivo enhancer study. We provide the first evidence for the possible 

mechanism of how this SNP could affect cardiac conduction. The SNP is 

positioned within a highly conserved T-box binding site. An in vitro enhancer study 

revealed that the SNP diminishes the T-box factor mediated enhancing activity, 

which is probably due to reduced binding of T-box factors on the DNA caused by 

the SNP as supported by an EMSA analysis. An in vivo enhancer study in 

zebrafish confirms that SNP rs6801957 affects the function of the enhancer 
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sequence. Taken together, SNP rs6801957 influences the T-box factor mediated 

cardiac activity of an intragenic SCN10A positioned enhancer sequence, which we 

hypothesize might lead to altered SCN10A and/or SCN5A expression, explaining 

the association of this SNP with the conduction time. 

When SNP rs6801957 is present in the enhancer sequence, NKX2-5 and 

GATA4 mediated enhancing activity apparently increases (Fig. 1b). However, when 

T-box factors are added to the transfection assay, the NKX2-5/GATA4/T-box factor 

mediated enhancer function diminishes (Fig. 2c). This might be explained by the 

differences between the in vitro and in vivo system. The diminished T-box binding 

on the DNA caused by the SNP (Fig. 2d) might lead to decreased binding of the T-

box interacting partners NKX2-5 and GATA4 on the DNA and thereby inhibiting the 

effects of these transcription factors on the enhancer function in vivo. Without 

additional T-box factors in the transfection assay, the SNP might provide a 

condition that permits stimulation by NKX2-5 and GATA4 in the absence of any 

background T-box factor mediated repression, thereby explaining the apparent 

observable increase enhancing activity in vitro.  

We demonstrate that SNP rs6801957 alters the function of a 

SCN10A/SCN5A enhancer sequence; thereby we hypothesize that this SNP could 

affect the expression of SCN10A and/or SCN5A. Whether the expression of 

SCN10A/SCN5A is increased or decreased by the present of the SNP remains 

elucidated. Our in vitro evidence suggests that the SNP causes decreased T-box 

mediated enhancing activity. Further, our in vivo enhancer assay also indicates 

reduced enhancer activity in the presence of SNP rs6801957. Thereby, we 

hypothesize that the SNP reduces the expression of SCN10A/SCN5A in heart 

regions where SCN10A/SCN5A and Tbx3/5 are co-expressed, which are found in 

the ventricular conduction system (distal part of the bundle branches and Purkinje 

fibers) (see Chapter 4) 
3, 4, 19, 20

.  Since Tbx3 and Tbx5 are structurally very similar 

and recognize similar DNA binding-consensus (see Chapter 3) 
21, 22

, it is possible 

that they compete with each other for binding of SCN10A and SCN5A in the 

ventricular conduction system and that stoichiometry might be the key factor in this 

competition.  

The conduction function of the ventricular conduction system is indicated 

by the QRS-interval. In addition to the association found between the SCN10A 

locus and prolonged QRS, pharmacologic inhibition of SCN10A has been shown to 

lead to prolongation of QRS-interval 
4
, indicating a possible role of SCN10A in 

rapid depolarization of the ventricles. Further, our evidence suggests that SNP 

rs6801957 diminishes the T-box binding on the enhancer sequence and thereby 

disrupting the enhancing activity mediated by TBX5/TBX3. Tbx5 plays important 

morphological and functional role in the ventricular conduction system 
23-25

. It 

stimulates the enhancer activity that probably regulates SCN10A/SCN5A 
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expression (Fig. 2C and Chapter 4) 
26

. Disruption of the Tbx5 binding on the 

enhancer by the SNP could lead to lower SCN10A/SCN5A expression in the 

ventricular conduction system, leading to slower ventricular activation reflecting as 

prolonged QRS. The observation in Tbx5
-/+

 mice showing significantly longer QRS-

interval than wild-type mice 
25

 might suggest decreased Tbx5 mediated enhancer 

function on the expression of SCN10A/SCN5A . Taken together, SNP rs6801957 

could cause reduced T-box binding on the enhancer, thereby inhibiting the correct 

level of expression of SCN10A/SCN5A in the ventricular conduction system and in 

turn leading to slower depolarization of the ventricle that reflects in prolonged QRS-

interval. This might be a mechanism explaining why SNP rs6801957 is associated 

with prolonged QRS-interval as found in the GWAS study 
4
.  

The function of Scn10a in cardiac conduction has yet to be elucidated and 

significant, clear, myocardial expression is a controversial issue 
27

. Scn10a
-/-

 mice 

showed shorter PR-interval compared to wild-type mice, indicating that 

Scn10a/SCN10A lengthens cardiac conduction 
3
. A contradictory finding of the 

function of SCN10A has been reported in another study in that inhibition of 

SCN10A was shown to prolong QRS-interval, indicating that SCN10A acts in 

shortening cardiac conduction 
4
. Nevertheless, these results together with the 

findings of the association of SCN10A with changes in ECG-parameters in different 

GWAS studies 
3, 4, 12-15

 show that SCN10A plays a role in the cardiac conduction, 

though the exact nature of this role remains to be determined.  

How the protein level of SCN10A influences the cardiac conduction is 

unclear. On the other hand, the function of SCN5A in cardiac conduction has been 

extensively investigated. It has been demonstrated that the alteration in the 

expression level of SCN5A is associated with numerous human cardiac disease 

conditions including ventricular arrhythmias 
28, 29

. We demonstrated that SNP 

rs6801957 affects the enhancer function and hypothesize that it might affect the 

expression of SCN10A or SCN5A or both; however, we do not expect a dramatic 

change of the protein level of SCN10A or SCN5A since the effect of the SNP on 

conduction times was small 
4
. We do expect, however, that in combination with 

either a more severe morbidity causing mutation or other SNPs predisposing to 

similar weakened traits, the effects of this reduction in enhancer activity may 

become important in terms of their effects on electrophysiology and arrhythmia. 

Note that the effect of a SNP associated with cardiac conduction could become 

more explicit in the aging process, since aging is a primary risk factor for cardiac 

arrhythmias 
28, 30

.  

Although our evidence strongly implicates that enhancer TBE1-2 is able to 

drive cardiac expression of Scn10a and/or Scn5a, more extensive experiments 

such as the chromatin conformation capture 
31

 and genetic modification of mice are 

needed to define this enhancer as a true Scn10a and/or Scn5a enhancer.  
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This study provides a possible mechanism underlying the effect of a 

genetic variant in SCN10A on the cardiac conduction times. This mechanism might 

also be responsible for the effects of other SNPs located within the same SCN10A 

locus. Identifying functional non-coding DNA sequences regulating the cardiac 

conduction provides a substantial tool for the search in functional SNPs and 

cardiac arrhythmias causing mutations located within these sequences, offers 

knowledge of their impact on the cardiac conduction and therefore allowing the 

prediction of disease susceptibility and progression. 

 

Methods 

 

Luciferase assays 

COS7 cells, grown in 12-well plates in DMEM supplemented with 10% FCS (Gibco-

BRL) and glutamine, were transfected using polyethylenimine 25 kDa (PEI, 

Brunschwick) at a 1:3 ratio (DNA:PEI). Reporter construct was generated by 

ligating putative enhancer regions to pGL2basic+minimal promoter (control 

reporter). Standard transfections used 1.4 μg of reporter (or control reporter) vector 

co-transfected with 3 ng phRG-TK Renilla vector (Promega) as normalization 

control. pcDNA3 constructs expressing Gata4, Nkx2-5, Tbx3, and Tbx5 were co-

transfected as appropriate. Transfections were carried out at least three times and 

measured in duplo. Luciferase measurements were performed using a Promega 

Turner Biosystems Modulus Multimode Reader luminometer. All data was 

statistically validated using an ANOVA two-way test for all combinations. 

 

Electrophoretic Mobility Shift Assay 

Sybr green (Promega) non-radioactive electromobility shift assay was performed 

using 20 pM of oligonucleotide probe and 400 ng of bacterially expressed and 

purified MBP-Tbx3 (Tbox) or MBP only (control) as previously described 
32

. Three 

individual analyses were used to quantify binding efficiencies using the Aida image 

analysis software. Oligonucleotide probes used are:   

Major    CAGAGTTCATGCTCTCTGCTGTCACCTAGACAAAGGCATG  

Minor    CAGAGTTCATGCTCTCTGCTGTTACCTAGACAAAGGCATG  

Mutated  CAGAGTTCATGCTCTCTGCTGGTGCCTAGACAAAGGCATG 

 

In vivo zebrafish enhancer assay  

Enhancer sequences Maj1, Maj1Mut, Maj3 and Maj3Mut were amplified by 

PhusionTAQ PCR (New England Biolabs, Ipswich, MA, USA) and cloned into the 

ZED vector by Gateway technology (Life Technologies BV, Bleiswijk, The 

Netherlands). ZED-Maj1; ZED-Maj1Mut; ZED-Maj3 and ZED-Maj3Mut were 

injected in WT zebrafish embryos at 1-cell stage at a final concentration of 15 ng/μl 
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in presence of 25 ng/μl TOL2 transposase RNA. Embryos were kept at 28.5ºC in 

E3 medium and scored for heart-specific RFP and subsequently heart-specific 

GFP fluorescence at 48 hpf on a Leica MZFLIII fluorescence stereomicrocope 

(Leica Microsystems GmbH, Wetzlar, Germany) set up with appropriate 

fluorescence filters. In vivo imaging of the embryos at 48 hpf was carried out on a 

Zeiss Axioskop 2 Mot plus fluorescence microscope (Carl Zeiss MicroImaging 

GmbH, Jena, Germany) mounted with a Leica DFC490 CCD camera (Leica 

Microsystems) using appropriate fluorescence filters. 
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