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ABSTRACT
Many genetic variants associated with ECG parameters have been identified

in the SCN5A locus, but it is unclear to what extent these mark important regulatory
regions. To this end, we deleted a ~17.5kb regulatory region downstream of Scn5a
that contains many variants associated with PR-interval and QRS duration prolonga-
tion. Deletion of the region from one allele results in loss of Scn5a expression from
that allele and conduction slowing, similar to the situation in heterozygous Scn5a cod-
ing mutants. Homozygous loss of the region, however, results in early embryonic
lethality beyond the effects expected from loss of Scn5a. One genetic variant,
rs6781009, maps within a cis-regulatory element that drives expression in the cardiac
conduction system. The variant alters the consensus sequence of a T-box binding 
element, resulting in altered function of the element. The regulatory element was 
active in the interventricular region of transient transgenic embryos and lost activity
when the minor allele variant (C) was introduced. Deletion of the element from the
mouse genome, however, did not affect Scn5a expression or conduction parameters.
Together, these data provide further functional evidence that regulatory elements in
the SCN5A locus act in synergy to assure correct SCN5A function in the cardiac 
conduction system. 

INTRODUCTION
Ventricular tachyarrhythmia followed by sudden cardiac death (SCD) is an

important contributor to mortality in the Western world. Most cases are the result of
ischaemic events due to coronary artery disease and related conditions. 1 However, in
~5-10% of the cases fatal arrhythmias are caused by heritable cardiac diseases. 2 Often,
these heritable diseases can be traced to altered conduction or repolarization due to
mutations in genes encoding cardiac ion channels. 3 One of these genes is SCN5A,
which encodes the main cardiac voltage-gated sodium channel Nav1.5, an important
regulator of the initial upstroke (sodium current, INa) of the cardiac action potential
(AP). 4 Loss of peak INa results in a decrease of AP upstroke, thereby creating a 
substrate for re-entry of the electrical signal. Through a cascade of events, this 
can eventually serve as a trigger for ventricular fibrillation. 5 Deletions and gain- or
loss-of-function mutations in SCN5A tip the delicate balance between inward and
outward currents. As such, they are associated with a wide range of cardiac arrhyth-
mias, 6 including bradycardia, 7 atrioventricular block, 8,9 atrial fibrillation, 10 Long QT
syndrome type 3, 11 Brugada Syndrome,12,13 progressive cardiac conduction disease
(also known as Lev-Lenègre Syndrome) 8,9 and Sick Sinus Syndrome. 7,12

For each of these diseases a large degree of phenotypic variability exists, even
between family members carrying the same mutant allele. Various genome-wide 
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association studies (GWAS) have identified a substantial number of genetic variants
associated with ECG parameters within the noncoding region around SCN5A. 13–24

These likely function as genetic modifiers of SCN5A function, which can explain part
of the phenotypic variability. Interestingly, a cumulative effect of genetic modifiers
has been suggested to increase susceptibility to Brugada Syndrome. 25 A more accurate
and wide scale identification of genetic modifiers could help with risk stratification,
which would greatly benefit these patients. 

The spatial and temporal expression of genes is regulated by cis-acting 
regulatory elements (enhancers). Based on data from the human genome project it is
estimated that there may be more than ~1 million active enhancers in all human cells.
26,27 Genetic variants within each of these regulatory elements can cause altered gene
expression and therefore progression towards a disease state. The common mecha-
nism by which these events take place is through changes in transcription factor 
occupancy, thereby altering the activity of the regulatory element. It has been 
suggested that the presence of a trait- or disease-associated variant in the noncoding
portion of the genome marks important regulatory regions for that particular trait or
disease. Therefore, identification and classification of the associated regulatory 
elements and their target genes is an important, but difficult task. 

To gain insight into the regulation of Scn5a, we have previously investigated
the regulatory landscape of the Scn10a-Scn5a locus and identified multiple regulatory
elements. 28 We demonstrated the importance of one of these elements when we
found that a variant in a regulatory element in SCN10A alters a T-box binding element
and is associated with reduced SCN5A expression levels in humans. 28,29 Here, we
sought to find other regulatory elements in the SCN10A-SCN5A locus with the 
potential to regulate cardiac SCN5A expression. Therefore, we deleted a large 
genomic region that contains several regulatory element and investigated its effects
on gene expression and conduction parameters. Based on the overlap with a genetic
variant, we next focused our attention on one of the regulatory elements in this 
domain and tested the functional effects of the genetic variant on regulation of Scn5a.

RESULTS
Intergenic region containing multiple genetic variants associated with QRS duration 
contacts the SCN5A promoter in human ventricular tissue

Regulatory elements function through physically interacting with their target
genes. We have previously identified several regulatory elements that are in close
contact with the Scn5a promoter in the mouse genome. 28 To establish that these are
capable of regulating SCN5A in the human genome, we performed high-resolution
4C-sequencing on human left ventricular tissue. We set our viewpoints at the SCN5A
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and SCN10A promoters and the two validated regulatory elements, RE1 (containing
rs6801957) and RE9. From all viewpoints, clear interactions are present between the
SCN5A promoter and the downstream intergenic region (Figure 1B). Additionally, all
contact profiles reveal a physical interaction of the SCN5A promoter and the intergenic
region with neighboring genes EXOG and ACVR2B. In order to exclude the possibility
that the interactions are the result of biological variation, we performed a replicate for
the SCN5A promoter viewpoint in an additional, biologically unrelated, ventricular 
sample. Overall, the two replicates show a similar contact profile (Figure 1C). From the
intergenic RE9 viewpoint, no interactions were observed with the SCN10A promoter. 
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Figure 1
Contact profiles of regulatory elements and promoters of the Scn10a-Scn5a locus combined
with the QRS-traits associated genetic variants. (A) UCSC genome browser view for
chr3:38486398-38837051 (hg19) showing the –log(P) for genetic variants associated with QRS
traits for left ventricular hypertrophy (QRS duration, Sokolow-Lyon, Cornell and 12-lead sum)
stretch out over SCN5A. (B) 4C-seq contact profiles for the human SCN5A locus show clear
interactions between the SCN5A promoter region and the regulatory elements RE1, located in
an intron of SCN10A, and RE9, located in the intergenic region downstream of SCN5A. (C)
Normalized contact intensities (gray dots) and their running median trends (black line) the two
SCN5A replicates. Medians are computed for 4 kb windows and the green band displays 
the 20–80% percentiles for these windows. Below the profile, statistical enrichment across 
differently scaled window sizes (from 2 kb (top row) to 50 kb (bottom)) is depicted of the 
observed number of sequenced ligation products over the expected total coverage of captured
products, with the latter being estimated based on a probabilistic background model. Local
changes in color codes indicate regions statistically enriched for captured sequences, which
correspond to the promoter-enhancer contacts described. We observed a significant increase
of interactions toward the 3’UTR of EXOG, nearby the region where several regulatory 
elements, including RE9, are located.
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To increase the likelihood of finding functional regulatory elements with the
potential to modify cardiac physiology and attribute to disease, we plotted the –log(P)
of GWAS identified variants associated with cardiac electrical traits to the 
SCN10A-SCN5A locus. 13–24 Interestingly, variants associated with P-wave duration and
PR interval were located over SCN10A, whereas variants associated with QRS traits
in left ventricular hypertrophy (QRS duration, Sokolow-Lyon, Cornell and 12-lead
sum) stretched out over SCN5A (Figure 1A). We observed an accumulation of 
QRS duration-associated variants with increasing statistical significance in the 
SCN5A-EXOG intergenic region (Figure 1A). These observations suggest that the
SCN5A-EXOG intergenic region plays an important role in the regulation of SCN5A
and possibly other genes in the region. 

Generation of a reference Scn5a knockout model
In order to attribute any functional consequences of loss of regulatory 

elements to Scn5a function, we wanted to compare these models to mice that are
functionally heterozygous for Scn5a. We therefore created a mouse model harboring
a frameshift mutation in exon 3 of Scn5a using TALEN-assisted deletion. In humans,
the targeted location contains two pathological missense mutation that are associated
with Brugada Syndrome (Figure 2A). 30–33 A frameshift mutation at this location was
therefore likely to result in a loss-of-function phenotype. No significant alternative
protein products are predicted to be formed in case of a frameshift mutation in exon
3. Oocyte injections yielded a 7bp deletion (Scn5a+/Δ7) in exon 3, which creates 
a frameshift model with a premature stop codon immediately following the site of
deletion. The predicted protein length of Scn5a+/Δ7 is 122aa instead of the full 2020aa
product (Figure 2A). Sequence analysis of regions with predicted off-target effects
did not reveal any additional genomic deletions (Supplemental Table 3). 34

To assess the effects of Scn5a+/Δ7 on mRNA production, we performed 
quantitative PCR analyses. The frameshift mutation in Scn5a+/Δ7 mice resulted in a
~50% downregulation of Scn5a, likely due to nonsense-mediated decay induced by
the premature stop-codon (Figure 2B). Expression of the neighboring gene Scn10a
was unaffected (Figure 2B). In line with previous publications on Scn5a-/- mice, 
interbreeding Scn5a+/Δ7 did not result in homozygous offspring at the time of birth. 35

Scn5a Δ7/Δ7 (n=8) embryos isolated at embryonic day 10.5 (E10.5) could be recovered
at Mendelian ratios. All homozygous embryos displayed impaired embryonic growth
and pericardial edema, whereas heterozygote littermates appear to develop normally
(Figure 2C). From these results, we concluded that Scn5a+/Δ7 acts as a Scn5a null allele
and can serve as a reference model for knock-out models of regulatory elements in
the Scn5a locus. We will continue to refer to this allele as Scn5a null throughout the
manuscript. 
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Deletion of the Exog-Scn5a intergenic region results in selective loss of Scn5a expression
The chromatin signature at the intergenic region downstream of Scn5a

suggests the presence of several active regulatory elements at this location. Review
of the available datasets on epigenetic marks associated with active regulation and
transcription 36 showed occupancy for H3K27ac, H3K4me1, H3K4me3, H3K36me3 and
RNA polymerase II in the regions where we previously identified 4 cardiac regulatory
elements. As a means to investigate the role of these regulatory elements in the 
regulation of Scn5a, we created a mouse line lacking the intergenic region of Exog and
Scn5a (abbreviated as ΔIREXS). Using TALEN-technology, we deleted ~17kb of the
intergenic region in which all 4 cardiac regulatory elements are located, without 
compromising the 3’UTRs of Scn5a and Exog (Figure 3A). Oocyte injections yielded
two founders, ΔIREXS-1 and ΔIREXS-2, which differ only by an additional contiguous
2bp deletion in ΔIREXS-2. Using the least stringent conditions for off-target binding
prediction on all possible combinations of TALEN activity, TALENT 2.0 software did
not predict any off-target effects (Supplementary Table 3). 34
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Figure 2
Generation and characterization of the Scn5a null mouse model. (A) Cartoon showing the 
effect of a 7bp deletion in exon 3 of Scn5a (Δ7), where a frameshift results in a premature stop
codon. Dark and light blue chain represent the amino acids that are normally present in the
human and mouse genome, with the corresponding genetic code provided below. The red 
asterisks represent pathological mutations identified in the human genome. (B) Quantitative
PCR shows a reduction of 50% in expression of Scn5a in the left ventricle, and no effect on
Scn10a. (C) Analysis at embryonic day 10.5 reveals embryonic lethality inembryos homozygous
for Δ7.
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We therefore continued to investigate the functional effects of ΔIREXS-1 and
ΔIREXS-2. Regulatory elements often regulate multiple genes within a topologically
associating domain (TAD). 37,38 From the contact profiles obtained by 4C-seq we 
determined that the TAD harboring SCN5A extends to approximately 0.5Mb on either
side of IREXS. Within this area, we observed a multitude of interactions between
IREXS and promoter regions of various genes within the TAD. Based on these 
observations, and the fact that the intergenic region harbors four regulatory elements,
we hypothesized that loss of this region would result in downregulation of several
genes in the region. Using quantitative PCR we observed a striking 50% downregu-
lation of Scn5a in left and right ventricular tissue from both ΔIREXS lines, similar to
the effects observed in the Scn5a null mice (Figure 3B, 3C). Unexpectedly, however,
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Figure 3
Generation and characterization of ΔIREXS mice. (A) Schematic representation of the deleted
region in ΔIREXS mice. (B) qRT-PCR analysis of all the genes located within the topologically
associating domain around Scn5a shows that Scn5a is the only gene in the domain affected by
deletion of IREXS in the left ventricle. (C) qRT-PCR of the genes most proximal to IREXS 
in the right ventricle shows similar results. (D) Homozygous loss of IREXS results in a severe
embryonic phenotype with loss of cardiac activity, pericardial edema and increased nuchal
translucency.



182 | Chapter 7

we observed no effect on the other 14 genes within the TAD (Figure 3B, 3C). These
results show that the intergenic region of Exog-Scn5a is necessary for the expression
of Scn5a, but not the other genes in its transcriptional domain.

Phenotypic characterization of ΔIREXS shows early embryonic lethality. 
Homozygous loss of Scn5a is lethal at early stages of embryonic development.35

The observation that ΔIREXS results in heterozygosity for Scn5a, prompted us to 
investigate the effects of interbreeding heterozygous ΔIREXS. In accordance with the
hypothesis that ΔIREXS is required for Scn5a expression we were unable to obtain
homozygous offspring, suggesting embryonic lethality (Supplementary Table 4).
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Figure 4
Observed conduction parameters in wildtype, Scn5a null and ΔIREXS mice. For both the Scn5a
null ΔIREXS mice the P wave duration and PR interval are prolonged. Additionally, ΔIREXS
mice show a significant increase in QRS duration. We observed no difference in heart rate, 
although the spectrum in ΔIREXS mice is wide. QT and QTc were not altered in both mutant
lines. Center lines show the medians; box limits indicate the 25th and 75th percentiles as 
determined by R software; whiskers extend 1.5 times the interquartile range from the 25th and
75th percentiles, outliers are represented by dots. All animals were littermates from nests 
combining Scn5a null mice with the ΔIREXS line, as obtained after sufficient backcrosses of
each individual line. n = 22, 15, 16 sample points. * p < 0.01
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Analysis at E10.5 shows that homozygous ΔIREXS embryos (n=6, Supplementary
Table 4) are much more gravely affected compared to homozygous Scn5a null
embryos (Figure 2C, 3D). In contrast to their wildtype and heterozygous littermates,
no cardiac activity was observed in the homozygous ΔIREXS embryos. The embryos
are severely delayed in their development, display increased nuchal translucency and
pericardial edema (Figure 3D). We next evaluated the effects of Scn5a heterozygosity
combined with heterozygous ΔIREXS. Heterozygous Scn5a null mice were 
intercrossed with heterozygous ΔIREXS-1 and heterozygous ΔIREXS-2 mice. Out of
all possible genetic combinations of the offspring, no double heterozygous mice were
born, indicating that the combination of Scn5a loss on one allele and loss of the down-
stream regulatory elements on the other allele is lethal. Because Scn5a-/- embryos do
not survive past E11.5, 35 we isolated embryos from the different intercrosses at E10.5.
Here, we observed that double heterozygous embryos are smaller than their 
heterozygote and wildtype littermates (Supplemental Figure 1). Like the Scn5a null
embryos, double heterozygous embryos are delayed in development and show 
pericardial edema. The phenotype of the homozygous ΔIREXS embryos, however, 
is much more severe. Their morphology and size suggests that embryonic develop-
mental has been compromised shortly after gastrulation (E7.5-E8.5).

Deletion of the Exog-Scn5a intergenic regions causes conduction slowing
Mice heterozygous for Scn5a display a mixed phenotype of Brugada 

syndrome and progressive cardiac conduction disease, with prolongation of the 
P-wave, PR interval and QRS duration. 35,39,40 We hypothesized that if ΔIREXS 
exclusively regulates Scn5a without any cis or trans effects on other genomic regions,
its phenotype should overlap with, but not exceed, that of Scn5a null mice. Therefore,
we performed ECG analysis on ΔIREXS and Scn5a null mice. ECG recordings indicated
similar heart rates in anesthetized mice for all lines. The ECGs of the heterozygous
Scn5a null mice revealed a lengthening of the P-wave and PR interval, whereas 
the QRS duration and QTc are not altered (Figure 4). These results are similar to 
characteristics previously reported for Scn5a+/- mice, 35 thereby confirming that the
Scn5a+/Δ7 mice are functionally heterozygous for Scn5a. The ΔIREXS lines show
lengthening of the P-wave and PR interval and a broadening of the QRS complex
(Figure 4, Supplemental Figure 3). Additionally, for 4 of 16 heterozygous ΔIREXS mice
an abnormal outline of the QRS complex was observed (data not shown). This effect
was not observed in wildtype and heterozygous Scn5a null littermates. These results sug-
gest that ΔIREXS is involved in the regulation of other genes, besides Scn5a. Since we
did not observe any effects on other genes within the regulatory domain of Scn5a, it is
likely that these effects occur at a larger distance on the same chromosome or even in
trans on a different chromosome. To assess the genome-wide effects of ΔIREXS, 
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we performed RNA-sequencing on ΔIREXS, Scn5a null and wildtype littermates. 
Although qRT-PCR showed a significant downregulation of Scn5a in all heterozygote
samples, these observations could not be replicated by RNA sequencing. We assume
that this is due to technical problems and the experiment will need to be repeated. 
Unfortunately, we are therefore currently unable to determine the genome-wide effects
of ΔIREXS.

Genetic variant associated with prolonged QRS duration influences the function of a 
regulatory element by altering a T-box binding element

By deleting the Scn5a-Exog intergenic region, we have shown that this portion of
the genome is necessary for the regulation of Scn5a. However, a detailed investigation
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Figure 5
Genetic variant located in RE6 drives expression in the interventricular septum (A) Cartoon
depicting the location of RE6 in relation to SCN5A. (B) Position of the QRS-duration associated
variant in RE6. The minor allele for the variant (C) alters a consensus T-Box binding element.
(C) Luciferase assays with RE6 shows the element is less active in H10 cells when expressing
the minor allele. (D) Addition of cardiac transcription factors NKX2-5, GATA4, TBX3 and TBX5
shows a reduced response to TBX5 for the minor allele. Activation of the element by the other
factors is unaltered. (E) Transient transgenic activity assay shows that RE6 is active in the 
interventricular septum of the developing heart. When the minor allele is introduced, 
expression is lost. RE7, the regulatory element located just 1kb downstream of RE6 does not
display any apparent cardiac activity in this assay.
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of the region is necessary to specify how more subtle differences, such as genetic 
variants, contribute to human disease. Several genetic variants associated with 
prolonged QRS duration map within the Scn5a-Exog intergenic region. Interestingly,
one variant, rs6781009, is located within the sequence of the previously identified
regulatory elements RE6 (Figure 5A, 5B). This region is highly conserved between
species and motif analyses of the sequence indicates that the variant is located in a 
putative T-box binding element (Figure 5B). 

Functional analysis using a luciferase reporter assay in H10 cells showed high 
constitutive activity of RE6 containing the major allele (T) for rs6781009, which was
reduced when the minor allele (C; frequency 0.1769) was introduced into a large 
enhancer fragment as well as the enhancer core element. Additionally, we found that
the minor allele altered a highly conserved portion of the Tbx-binding motif 
(GGCGACAG), an alteration predicted to decrease its affinity for T-box factors. The
Tbx5-regulated activity of RE6 with the variant was decreased (Figure 5C, 5D). 
We observed no differences in activation by Nkx2-5, Gata4 and Tbx3 for both alleles
(Figure 5D). We hypothesized that if this regulatory element plays a role in the 
regulation of Scn5a, it should be expressed in similar areas of the heart. As such, we
cloned the human positional orthologs of RE6 containing either the major or the minor
allele in an Hsp68/LacZ reporter vector and determined the in vivo activity pattern.
When expressing the major allele for rs6781009, RE6 showed cardiac activity in 5 of
6 embryos. In line with the endogenous expression pattern for Scn5a, the activity is
strongest in the interventricular septum and lower in both ventricles (Figure 5E).
There is no apparent activity of RE6 in the atria. However, where the major allele for
rs6781009 was sufficient to drive cardiac expression of RE6 in the interventricular
septum, this effect is completely abolished by the minor allele (Figure 5E). Based on 4C-
sequencing, the downstream area contacting the Scn5a promoter contains both RE6
and RE7, which are located within ~1kb of each other. Therefore, we additionally tested
RE7 for its activity pattern. This element, however, did not display cardiac activity in
vivo. In 1 of 3 embryos, we observed activity in the embryonic outflow tract Figure 5E).

From these results we can conclude that RE6 is active in the interventricular 
septum, a region where Scn5a is endogenously expressed. This activity is negatively
affected by the presence of a minor allele for a QRS duration-associated variant 
in vitro and in vivo. Together, these observations suggest that RE6 is involved in the
regulation of Scn5a. 

Deletion of RE6 does not affect conduction velocity in the adult mouse heart
We investigated the hypothesis that RE6 is necessary for Scn5a expression by 
generating mice heterozygous for RE6. Using TALEN-mediated genome editing
technology we successfully removed 214bp from the enhancer core of RE6, including
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the T-box site that harbors rs6781009 in humans. Mice heterozygous for RE6 were
viable and fertile. However, mice heterozygous for RE6 did not show a significant 
reduction of Scn5a expression (Figure 6B). We have previously identified other 
regulatory elements in the Scn5a locus that are necessary for the correct expression
of Scn5a in the heart. It is likely that these regulatory elements work together to 
regulate Scn5a expression and effects of a single regulatory element might be difficult
to detect. We speculated that the effects of a dysfunctional regulatory element might
only be unmasked in a sensitized background. Therefore, we intercrossed mice 
heterozygous for RE6 with mice carrying the Scn5a null allele. As expected, we 
detected a ~44% reduction in Scn5a expression in the interventricular septum of the
Scn5a null mice (Figure 5B). The effect was slightly exacerbated in mice heterozygous
for Scn5a and RE6, where we observed a ~56% reduction of Scn5a expression. 
           We next assessed the effects on conduction velocity by optical mapping of adult
mouse hearts. As expected from the expression analyses, we did not find significant
differences for conduction velocity in heterozygous RE6 mice. We observed 
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Figure 6
Genomic deletion of RE6 from the mouse genome does not result in a significant reduction of
Scn5a expression or function (A) Cartoon depicting the location of RE6 in relation to SCN5A.
(B) qRT-PCR of right ventricular tissue and interventricular septum of Langendorff perfused
hearts show no effect on Scn5a expression for loss of RE6. The null mutants, however, show a
significant reduction in Scn5a expression in the interventricular septum. Testing of RE6 in a
sensitized background (Scn5a heterozygosity) does not have an additional functional effect on
Scn5a expression. (C-D) Measurements of longitudinal and transverse conduction velocity
shows similar results as quantitative expression already suggested. Conduction velocity is 
not altered by loss of RE6, while this effect is observed for Scn5a null mice. Crossing of RE6
heterozygous mice with Scn5a null mice did not reveal a significant functional effect on 
conduction velocity.
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significant conduction slowing in both longitudinal and transversal recordings of 
conduction velocity in the heterozygous Scn5a null mice (Figure 6C, 6D). The effects
were similar for left and right ventricle. We did not detect additional slowing of 
conduction in the additional presence of the RE6 deletion. From these results we 
conclude that the contribution of RE6 to the regulation of Scn5a is minimal, at most.
As such, loss of RE6 probably does not result in a functional effect on Scn5a expression
or conduction velocity in the adult mouse heart. 

DISCUSSION
The cardiac sodium channel is an important regulator of myocardial excitability

and cardiac conduction. Improper regulation of the gene encoding for its main building
block, SCN5A, is associated with a large variety in clinical phenotypes. 41 The presence
of multiple genetic variants associated with conduction traits in the noncoding regions
surrounding SCN5A suggest that these areas play an important role in the regulation
of SCN5A expression. We have previously identified a regulatory element upstream
of the Scn5a transcription start site that is necessary for proper Scn5a expression. 28,29

Misregulation of this element by a genetic variant resulted in a ~12% downregulation
of SCN5A per allele in healthy individuals. Since most genes are regulated by multiple
regulatory elements that cooperate to drive gene expression, we investigated the role
of other regulatory elements in the regulation of Scn5a expression. Using TALEN-
mediated genome editing, we generated an Scn5a null mutant and a model that lacks
the ~17.5kb intergenic region in between Scn5a and Exog (ΔIREXS). Heterozygous
deletion in both lines resulted in a 50% reduction of Scn5a expression and slowing of
cardiac conduction. The overlap between these two models is striking, as it shows
that the regulatory elements in IREXS are absolutely required for Scn5a expression.
Furthermore, it also shows that the previously identified regulatory element upstream
of Scn5a is not sufficient to retain part of the Scn5a expression in the absence of the
downstream regulatory elements. Therefore, it is likely that the regulatory elements
in the Scn5a locus act synergistically to maintain robust Scn5a expression. This is 
supported by the observation that all regulatory elements in the locus are spatially in
close proximity to the SCN5A gene promoter and each other. A similar mechanism
was reported in the regulation of the HoxD cluster, where multiple regulatory 
elements come together to function as a single regulatory unit. 42 In that case, the ab-
sence of some regulatory elements was not detrimental to gene expression, as long
as other elements were present to compensate for the loss. 42,43 Possibly, a similar
mechanism is at play in the Scn5a locus. This would explain the lack of effect on Scn5a
expression when we deleted RE6 from the locus. Although the activity pattern of RE6,
which overlaps with the in vivo expression pattern of Scn5a, is abolished by a genetic
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variant in a T-box binding element, we did not observe any functional effects on Scn5a
expression and function in vivo. Scn5a expression levels are similar for mice that lack
RE6 and their wildtype littermates. Furthermore, the conduction parameters of these
mice do not differ from wildtype littermates. When crossed with mice with an Scn5a
null allele to test RE6 function in a sensitized background, we did not observe any 
additional effect on conduction velocity. From these observations we conclude that
RE6 is not necessary for Scn5a expression, although it might still be sufficient. 

The human genome contains millions of genetic variants (current estimate of
dbSNP ~150 million), making it impossible to functionally test each and every one of
these. GWAS therefore rely on linkage disequilibrium for the identification of 
trait-associated variants. Rather than a specific variant, GWAS actually identifies a
specific region associated with the investigated trait. In many cases the leading GWAS
signal will mark a location which in itself is not related to the investigated phenotype,
but is in linkage disequilibrium with the actual causal variant. 44 The QRS duration-
associated variant rs6781009 in RE6, however, does affect activation of the regulatory
element when tested outside of its genomic context. It is possible that RE6 is part of
a network of regulatory elements, in which loss of one element is not sufficient 
to alter regulation of the target gene to a degree that we are able to detect. Recent
studies, mostly in drosophila embryos, have suggested that the concept of regulatory
redundancy is an evolutionary mechanism to ensure stable and reliable activation of
gene expression under stressful conditions. Contrary to the expectation of true 
redundancy, these so called shadow enhancers are more conserved between species
and show a higher degree of functional sites compared to non-redundant regulatory
elements. 45 However, although shadow enhancers are often highly conserved 
between species, the expression level driven by the different enhancers diverges 
between species. 46 Additionally, shadow enhancer functionality can differ between
different stages of development, as shown for the regulation of the Pomc gene in
metabolic dysfunction. 47 In that study, two enhancers synergistically drive gene 
expression during embryonic development, whereas their functionality is reduced to
an additive effect on regulation in adult mice. Only when both enhancers are deleted
from the genome, severe metabolic dysfunction is observed, while deletion of the 
individual enhancers had a modest or even no phenotypic effect. 47 Interestingly, we
found evidence for a functional role of RE6 in activity assays when tested individually
in one species (human), whereas no effect was observed by abrogation of the element
in its genomic context in the other species (mouse). This could indicate that RE6 acts
as a shadow enhancer, that is sufficient to drive expression of Scn5a in the interven-
tricular septum, but not necessary for full Scn5a functionality. To test the concept of
regulatory redundancy in the Scn5a locus, it would be interesting to investigate the
loss of specific regulatory elements together. 
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We have previously identified two other regulatory elements that are necessary
for Scn5a expression. 29 One of these two elements is also located in IREXS, and it
could be argued that the effects observed in ΔIREXS are solely caused by the deletion
of this element. However, complete loss of IREXS resulted in early embryonic lethality
with absent cardiac activity, a phenotype that is much more severe than seen in Scn5a-

/- embryos. This suggests that the regulatory elements in IREXS are necessary for 
regulation of other genes in the region. Unexpectedly, quantitative PCR did not reveal
an effect on mRNA production of other genes within 1Mb of IREXS. In vertebrates,
regulatory elements are usually capable of regulating multiple genes within a
megabase-sized TAD. 48 In fact, the largest functional promoter-enhancer distance
observed so far is 1.3Mb. 49,50 Based on the interactions observed in the SCN5A TAD,
we investigated all genes within ~0.5Mb on either side of IREXS. In theory, it is 
possible that the lack of visible interactions beyond this range is the resultant of 
technical limitations and that we missed relevant cis-regulatory interactions. 
However, another possibility is that IREXS contains regulatory elements that are 
capable of regulating transcription in trans. Interactions in trans occur mostly through
RNA products, such as long noncoding RNAs (lncRNAs). Recent work has identified
a new class of regulatory elements, the enhancer-associated lncRNAs. 51,52 These are
multi-exonic, poly-adenylated RNA transcripts that are derived from developmental
enhancers. Enhancer-associated lncRNAs are capable of regulating transcription 
in cis and trans, thereby expanding the canonical roles of enhancer sequences. 51–53

Based on the abundance of noncoding transcripts in IREXS, it is very well possible that
such an element exits at this location.

In conclusion, we have shown that the downstream regulatory region IREXS is
of vital importance for expression of Scn5a. Deletion of the region results in Scn5a
heterozygosity, which suggests a synergistic interplay of multiple regulatory elements
in the region. We identified a new regulatory element within IREXS that shows an
activity pattern overlapping endogenous Scn5a expression. Furthermore, we show
that this activity pattern is disrupted by a QRS duration-associated genetic variant.
Genomic deletion of this element, however, does not affect the expression of Scn5a,
which illustrates the importance of functional follow-up of GWAS identified variants.
In contrast, the phenotype of ΔIREXS mice is more severe than that of Scn5a null mice,
suggesting that other coding genes are affected by deletion of this region. We were
unable to identify an affected transcript within 1Mb of the location of IREXS, indicat-
ing that the target gene is located further away, perhaps even in trans. If deletion of
IREXS results in dysregulation of genes in trans, it is likely that a lncRNA is present at
this location. This would be an exciting discovery, as such a transcript could have 
important consequences for diagnostic and therapeutic strategies in the treatment of
Scn5a-related cardiac conduction diseases.
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METHODS
4C template preparation and sequencing 4C templates were prepared as previously
described. 54 In short, snap frozen left ventricular tissue of healthy donor hearts was
crushed using a metal dounce homogenizer until tissue powder was obtained. 
Chromatin was cross-linked with 2% formaldehyde in PBS with 10% FCS for 10 min
at room temperature, nuclei were isolated and cross-linked DNA was digested with
a primary restriction enzyme recognizing a 4 bp restriction site (DpnII), followed by
proximity ligation. Cross-links were removed and a secondary restriction enzyme 
digestion (Csp6I), followed again by proximity ligation. For all experiments, 200 ng
of the resulting 4C template was used for the subsequent PCR reaction, of which 16
(total: 3.2 µg of 4C template) were pooled and purified for next-generation sequencing.
The PCR products were purified using two columns per sample of the High Pure PCR
Product Purification Kit (Roche cat. no. 11732676001). The kit separates the PCR 
products that are larger than 120 bp from the adaptor-containing primers (which are
~75 nucleotides (nt) and ~40 nt in size, respectively). Similar results were obtained
with products from a single PCR reaction (200-ng template). PCR primers were 
designed using previously described criteria (described in detail in the method 
sections of chapters 3 and 6 of this thesis). 54 Supplemental Table 1 shows all the
primers used in this study. 4C sequencing and statistical analysis were performed as
previously described 55 (described in detail in the methods sections of chapters 3 and
6 of this thesis). The algorithm used for data analysis is designed to correct for 
sequencing errors and non-unique sequences with consideration of higher coverage
of fragment ends located in close proximity of the viewpoint. Interactions were 
normalized based on the median coverage for running windows of 4kb (black line)
and sliding windows of 2-50kb of linearly increasing size (depicted as color-coded
multiscale diagrams). All median values represent enrichment relative to the maxi-
mum attainable 4 kb median value, whereas sliding windows represent enrichment
relative to the maximum attainable 12 kb median value. The 20th and 80th percentiles
are also computed and depicted as the green area around the 4 kb running windows.

TALEN deletion of genomic regions Genomic locations of Scn5a exon 3, IREXS 
and RE6 were targeted for genome editing using TALEN. The regions were 
selected based on the following criteria: 1) TALEN binding sites were selected that
ranged from 15–20 bases in length. 2) the spacer length was selected to be 15 or 16
base pairs. 3) TALEN cut sequences were selected around a restriction enzyme 
centrally located within the spacer. TALENs were designed with TALENT2.0 
software (https://tale-nt.cac.cornell.edu/) and assembled according to Golden Gate
cloning protocol. 56 TALEN recognition sites and spacer regions are summarized in 
(Supplemental Table 2). Once assembled, the RVDs were cloned into a destination
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vector with the appropriate TALEN backbone to generate mRNA expression plasmids
– pC-GoldyTALEN and RCIscript-GoldyTALEN. In vitro transcription of TALEN
mRNA was conducted by linearizing the expression plasmids with SacI endonuclease
at 37°C for 2–3 hours, transcribing the linearized DNA (T7 mMessage Machine kit,
Ambion) and purifying the mRNA by phenol/chloroform extraction (T7 mMessage
Machine kit user manual protocol) for injection. Next, one-cell embryos were 
microinjected with 7.5-10ng of TALEN mRNA. Offspring of the foster mice were
screened by PCR over the region targeted by TALEN and a subsequent digestion with
the restriction enzyme for the site that was selected in the spacer for each TALEN pair.
DNA of positive offspring was sequenced to determine the exact effects of the
TALEN deletion. We used the TALENT 2.0 software to predict off-target effects for
the selected TALEN pairs. Using the least stringent settings, no off-target effects were
predicted for IREXS and RE6. For the Scn5a null mice, 3 potential off-target binding
sites were predicted, which were screened for genomic deletion at these loci accord-
ingly. No off-target effects were found.  

Mice Founder mice of all lines were crossed back to a clean FVB background for at least 3
generations, after which the lines were intercrossed for evaluation of homozygosity. 
Embryos were isolated at embryonic day 10.5 for further analysis. Dissection was performed
in ice-cold PBS. Amnion genomic DNA was used for PCR analysis of the genotype. 

Quantitative expression analysis Total RNA was isolated from the left and right 
ventricle of adult mutant (Scn5a null, ΔIREXS and ΔRE6) and wildtype mice with the
TRIzol kit according to manufacturer’s protocol (Invitrogen). cDNA was reverse 
transcribed from 300ng total RNA using the Superscript II system (Invitrogen). 
Expression of different genes was assayed with quantitative real-time PCR using the
Roche LightCycler 480 system. Primer sequences are listed in Supplemental Table 5
Relative start concentration (N(0)) was calculated as previously described. 57 Values
were normalized to expression levels. 

In vivo ECG recording Animals were anaesthetized with 1.5% isoflurane. Electrodes
were placed at the right (R) and left (L) armpit and the left groin (F). A reference
electrode was placed at the right groin. ECGs were recorded (Biosemi, Amsterdam,
the Netherlands; sampling rate 2048 Hz, filtering DC 400 kHz (3 dB)] for a period of
5 min. From these leads, a standard six-lead ECG was calculated as follows: I = L-R, II
= F-R, III = F-L, aVR = R-(L+F)/2, aVL = L-(R+F)/2, and aVF = F-(L+R)/2.

Luciferase assays H10 cells were grown in 12-well plates in DMEM supplemented
with 10% FCS (GibcoBRL) and glutamine. After 48 hours, the cells were transfected
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using polyethylenimine 25 kDa (PEI, Brunschwick) at a 1:3 ratio (DNA:PEI). Reporter
construct was generated by ligating DNA for RE6 to pGL2basic+minimal promoter
(control reporter). Standard transfections used 1.0 �g 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 
cotransfected 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.

Transgenic mouse enhancer assay DNA fragments obtained from the genomic 
location of RE6 and RE7 in the Scn5a-Scn10a locus were cloned into the Hsp68-LacZ
reporter vector as previously described. 58 DNA was injected into the pronucleus of 
a fertilized Friend virus B-type strain egg, and approximately 200 injections/construct
were performed. Embryos were harvested at embryonic day 10.5 and stained with 
X-gal to detect LacZ activity. 

Optical mapping of wildtype and mutant mice Mice were stunned by inhalation of
CO2 and killed by cervical dislocation, after which the heart was excised, cannulated,
mounted on a Langendorff perfusion set-up, and perfused at 37°C with Tyrode’s 
solution ((in mmol/L) 128 NaCl, 4.7 KCl, 1.45 CaCl2, 0.6 MgCl2, 27 NaHCO3, 0.4
NaH2PO4, and 11 glucose (pH maintained at 7.4 by equilibration with a mixture of
95% O2 and 5% CO2)). The perfused solution contained 10 uM Blebbistatin to reduce
motion artifacts. The hearts were perfused with 0.5 ml of 0.4 mM di-4-Anneps and
subsequently placed in an optical mapping setup. Excitation light was provided by a 
5 Watt power LED (filtered 510 +/- 20 nm). Fluorescence (filtered >610 nm) was
transmitted through a lens system on a CMOS sensor (100 x 100 elements, MICAM
Ultima). All optical signals were spatially binned (5x5 pixels), filtered using a 0-100Hz
finite impulse response filter, and normalized. Activation times were defined at
dVm/dtmax. Activation patterns were measured during sinus rhythm and ventricular
pacing at a basic cycle length of 120 ms (twice the diastolic stimulation threshold). We
defined longitudinal fiber direction by the highest conduction velocity using custom
made software (ORCA 59). Simultaneous recording of a pseudo-electrocardiogram,
using electrograms placed 5 mm from the heart, was performed, and the QRS duration
was determined according to previously described methodology. 60

Statistical analysis Results are expressed as mean ± SEM. Details of the various 
statistical analyses can be found in the methods subsection of a specific experiment. In 
general, unless otherwise stated in the text or figure legend, significance refers to p < 0.05.
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SUPPLEMENTAL FIGURES
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Supplemental Figure 1
Heterozygous Scn5a null embryos and heterozygous ΔIREXS embryos develop normally, 
whereas development in double heterozygous embryos is severely impaired and results in 
embryonic lethality.
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Supplemental Figure 2
Evaluation of the individual ΔIREXS lines show no significant differences for the conduction
parameters that were significantly altered compared to wildtype (PR interval and QRS 
duration). Center lines show the medians; box limits indicate the 25th and 75th percentiles as
determined by R software; whiskers extend 1.5 times the interquartile range from the 25th and
75th percentiles, outliers are represented by dots. All animals were littermates from nests 
combining Scn5a null mice with the ΔIREXS lines, as obtained after sufficient backcrosses of
each individual line. n = 22, 9, 7 sample points.
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SUPPLEMENTAL TABLES

SCN10A               Forward         AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACGCTCTTCCGATCTGA
promoter                                          ctttccctctgcttaggatc
                                  Reverse          CAAGCAGAAGACGGCATACGATGATGAATATGGGAGAGTGC

RE1                          Forward         AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACGCTCTTCCGATCTGA
                                                               gagaggtttgggaactgatc
                                  Reverse          CAAGCAGAAGACGGCATACGAGTGAGGGCTGTCACATTCT

SCN5A                 Forward         AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACGCTCTTCCGATCTGA
promoter                                          AGCAAGTGGGGTCTCGGATC
                                  Reverse          CAAGCAGAAGACGGCATACGAaaccactgtggaaaactgtc

RE9                         Forward         AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACGCTCTTCCGATCTGA
                                                               GAAGGACATTTGGGTAGATC
                                  Reverse          CAAGCAGAAGACGGCATACGACTCCTTCACTATGGCCCT

Supplemental Table 1
4C primer sequences with adapters. 

4C viewpoint                              Primers with adapter

aTAL1                   chr9
                                 119469416-119469431            HD NI NH HD HD HD HD NG NG HD HD NI HD HD HD

TAL2                     chr9:
                                 119469385-119469400          NI HD HD NI NI NI NI NG HD NG NG HD NI HD NI

TAL3                      chr9
                                 119392340-119392359             NH NH NH NI NI NG NH NI HD NG NG HD NI NH NH NG NG NH NG HD

TAL4                     chr9
                                 119392305-119392324              NH HD HD NG NH NI NH HD HD NG HD NG NH HD NG NG HD HD NH NH

TAL5                     chr9
                                 119374922-119374937              NI NH HD NG NH NI HD NH HD NG NG NH NG NH NH

TAL6                     chr9
                                 119374891-119374907             NH NI NH NG NG HD HD NG HD NG NI NH NH NH NH NG HD

TAL7                     chr9
                                 119388720-119388748            NH HD HD NI HD HD HD NI NH NI HD HD HD HD NI NH HD HD NG NI NI 
                                                                                              HD HD HD HD HD NI NG NG NG
TAL8                     chr9
                                 119388765-119388785             NG NG NH NG NI HD HD NG NI NI NG NI NI NI NI NG NH NG HD NI

Supplemental Table 2
TALEN location and RVD sequences for all mouse models

TALEN               Genomic location                  RVD sequence
                                (mm9)                                          
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TAL1 + TAL1                                             None

TAL1 + TAL2                                            chr4:46265580-46265634

TAL2 + TAL2                                            None

TAL3 + TAL3/4/5/6                          None

TAL4 + TAL3/4/5/6                          None

TAL5 + TAL3/4/5/6                          None

TAL5 + TAL3/4/5/6                          None

TAL7 + TAL7                                            None

TAL8 + TAL7                                           None

TAL8 + TAL8                                           None

Supplemental Table 3
Predicted off target binding events, predicted using TALENT 2.0 Paired Target Finder with
least stringent settings (Minimum Spacer Length: 15; Maximum Spacer Length: 30; Score 
Cutoff: 4.0; Upstream Base: T or C; Dimer Types to Find: Both)

Combined TALEN                            Predicted off-target binding
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Supplemental Table 4
Overview of mice born from intercrossing the Scn5a null mice with ΔIREXS mice. 

Expected           -                                10                           25%                         50% 25%
ratios

ΔIREXS-1           6                               7.7                     2.5 (33%)              5.2 (67%) 0  (0%)

ΔIREXS-2           2                               9.0                    3.5 (39%)              5.5 (61%) 0  (0%)

Inter-               Total                  Average                   WT                        +/Δ                        Δ/Δ
breedings    nests                     pups                     n (%)                    n (%)                    n (%)
Pups P7            (n)                          (n)                              

Expected           -                                 -                             25%                        50%                         25%
ratios

Scn5a null           4                              40*                     6 (15%)               24 (60%)                8 (20%)

ΔIREXS-1            3                                28                       8 (33%)               14 (50%)                 6 (21%)

ΔIREXS-2           3                              24*                     6 (25%)               14 (58%)                  2 (8%)

Inter-               Total                     Total                        WT                        +/Δ                        Δ/Δ
breedings    nests                embryos                 n (%)                    n (%)                    n (%)
Embryos         (n)                         (n)
ED10.5                  

Expected            -                   10                      25%                25%                     25%                            25%
ratios

Scn5a null x      10                 6.4                       2.4                   1.9                       2.1                                0 
ΔIREXS-1                                                           (38%)            (30%)                   (33%)                         (0%)

Scn5a null x       11                 6.0                       1.9                    1.3                       2.7                                0 
ΔIREXS-2                                                          (32%)            (22%)                   (46%)                       (0%)

Intercross     Total      Average              WT          Scn5a+/Δintergenic+/ΔRE               Scn5a+/Δ x 

                           nests         pups                n (%)           n (%)            n (%)              intergenic+/ΔRE

                             (n)              (n)                                                                                                           n (%) 
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Supplemental Table 5
qRT-PCR primers for the SCN5A TAD

            -                   1                      2                2                      2                             2

        1                 6                       2                    1                        2                                 0 
                                                          (            (                    (                         (

         1                  6                       1                     1                        2                                 0 
                                                          (             (                    (                        (

    T      A               W           S                S   

                           n          p                 n            n             n              i
                             (               (                                                                                                           n  

                                  

Gene                                     Primers (5‘-3')

Scn5a                                        Forward:             GGGACTCATTGCCTACATGA
                                                     Reverse:              GCACTGGGAGGTTATCACTG

Scn10a                                     Forward:             CTAGTCTGTTGTTTTCTGCG
                                                     Reverse:              GCGAAGAGCAGCGTGCGAATC

Xylb                                           Forward:             CGGGAGGAGCATCTCACAATAA
                                                     Reverse:              CATGAAAAGCTCGGTATGCGGA

Acaa1a_1                                 Forward:             GGATGACAAGGGTGACAAGAAA
                                                     Reverse:              CATCACTCACCTGACTGGAGTT

Acaa1a_2                                Forward:             TGTGGCTGAGCGGTTTGGCATT
                                                     Reverse:              TGTCACCCTTGTCATCCAGGAC

Myd88                                    Forward:             CCGCATGGTGGTGGTTGTTTCT
                                                     Reverse:              GGAATCAGTCGCTTCTGTTGGA

Oxsr1                                        Forward:             GAGAGATACAGCAGAGGGTGTT
                                                     Reverse:              CACCAGATGCCAGTTTGAAAGT

Osr1                                           Forward:             CACACTGATGAGCGACCTTACA
                                                     Reverse:              CCCACACTCTTGACACTTGAAA

Slc22a13                                   Forward:             AGACCCTGAAGGACACCCTCCA
                                                     Reverse:              CACCCTCACACTGGAAGTTCTT

Slc22a14                                  Forward:             CTCCGTGACAGCATAGAGTACA
                                                     Reverse:              CACTTCAGAATCAGCCACAATG

Acaa1b                                     Forward:             CCTTGGGGTCCTGAGGTCCTAT
                                                     Reverse:              CCTAACTTCTCCACACAGTAGA

Dlec1                                         Forward:             AGCCAGGGAGGATCATGCGTTT
                                                     Reverse:              CCACCACCAGTGTAGATTCATA

Pcld1                                         Forward:             GCCGTCAGACAGCAGTTATTAC
                                                     Reverse:              AGGAGTCATAATCCTCTACCAT

Vill                                              Forward:             ACAGCCAGTCCTACGAGGAGAT
                                                     Reverse:              GGTGACCTGCCTTGTTATCACT

Eef2                                           Forward:             TGGAGCCTATCTATCTGGTGG
                                                     Reverse:              GTCTCAGCTACCACTTGGCT


