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Abstract

Rationale—Although multiple lines of evidence suggest variable expression of the cardiac
sodium channel gene SCN5A plays a role in susceptibility to arrhythmia, little is known about its
transcriptional regulation.

Objective—We used in silico and in vitro experiments to identify possible non-coding sequences
important for transcriptional regulation of SCN5A. The results were extended to mice in which a
putative regulatory region was deleted.

Methods and Results—We identified 92 non-coding regions highly conserved (>70%)
between human and mouse SCN5A orthologs. Three conserved non-coding sequences (CNS)
showed significant (>5-fold) activity in luciferase assays. Further in vitro studies indicated one,
CNS28 in intron 1, as potential regulatory region. Using Recombinase-Mediated Cassette
Exchange (RMCE), we generated mice in which a 435 bp region encompassing CNS28 was
removed. Animals homozygous for the deletion showed significant increases in SCN5A
transcripts, Nay/1.5 protein abundance, and sodium current measured in isolated ventricular
myocytes. ECGs revealed a significantly shorter QRS (10.7+0.2ms in controls vs. 9.7+£0.2ms in
knockouts) indicating more rapid ventricular conduction. In vitro analysis of CNS28 identified a
short 3’ segment within this region required for regulatory activity and including an E-box motif.
Deletion of this segment reduced reporter activity to 3.6+0.3% of baseline in CHO cells and
16+3% in myocytes (both P<0.05), and mutation of individual sites in the E-box restored activity
to 62+4% and 57+2% of baseline in CHO cells and myocytes, respectively (both P<0.05).

Conclusions—These findings establish that regulation of cardiac sodium channel expression
modulates channel function in vivo, and identify a non-coding region underlying this regulation.
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Introduction

Normal function of the sodium channel encoded by SCN5A is critical to initiation of the
action potential and its propagation in atrium and ventricle.! Mutations that decrease sodium
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current (Ing) by disrupting channel processing or function cause a series of overlapping
human arrhythmia syndromes, including Brugada Syndrome and conduction system
disease.12 In subjects of Asian ancestry, we have described a common variant in the SCN5A
core promoter that modulates the duration of the QRS interval, an index of ventricular
conduction, in normal subjects.3 In addition, the promoter variant appeared to modulate the
extent to which drug challenge prolonged QRS in patients with the Brugada Syndrome.
Notably, QRS prolongation is a hallmark of sodium channel block by drugs, and sodium
channel blockers are well-recognized to have proarrhythmic potential.4

Taken together, these findings implicate variability in SCN5A expression as a mechanism
underlying arrhythmia susceptibility in the whole heart. To date, few studies have addressed
mechanisms underlying transcriptional control of SCN5A expression. We have previously
identified the core promoter of human SCN5A and common polymorphisms in that region.>8
Others have reported that transgenic cardiac expression of the putative repressor Snail led to
decreased Iy, and dilated cardiomyopathy; further experiments suggested Scn5a is a Snail
target.” Snail is zinc-finger transcription factor known to target E-box motifs.8 Shang and
Dudley reported multiple alternate 5’-splice variants of the murine sodium channel ortholog;
these were developmentally regulated and both enhancer and repressor regulatory elements
and an alternate promoter were identified.

In this report, we first identified short sequences highly conserved between mouse and
human. Further studies implicated one of these conserved non-coding sequences (CNS),
designated CNS28 and located ~1.3 kb upstream of exon 2, as a potential regulator of
channel expression. To further test this hypothesis in vivo, we determined the
electrophysiologic properties of mice in which the CNS28 region was deleted. We find that
the absence of CNS28 results in striking increases in sodium channel expression in the intact
heart, with attendant increased sodium current and conduction. Additional experiments in
heterologous cells and cardiomyocytes implicate the loss of an E-box binding site as
responsible for this increase in sodium channel expression.

Materials and Methods (details for each method are presented in the on-line
supplement)

Identification of potential regulatory regions

To identify CNS elements, we compared the human SCN5A locus with its mouse ortholog
using the VISTA Genome Browser (http://pipeline.lbl.gov/cgi-bin/gateway?2).1911 Each of
92 CNS elements identified was then PCR amplified and assayed for activity as described
below and in the Supplement. Those showing >5-fold increase in reporter activity in
luciferase assays were then analyzed for potential muscle-specific transcriptional regulatory
modules using the M-SCAN algorithm (http://www.cisreg.ca/cgi-bin/mscan/MSCAN).12.13
For identification of potential repressive transcription factors in CNS28 we used rVista
(http://rvista.dcode.org/) to compare human and mouse sequences for conserved
transcription factor binding sites.1415

Reporter constructs

Reporter constructs measuring the activity of all 92 CNS constructs (Online Table I), human
CNS28 with the full length human SCN5A promoter (Table 1), and deletion analysis of the
alternate mouse Scn5a promoter (Table 1) were generated by cloning PCR fragments into
the pGL3-Promoter or pGL3-Basic vectors (Promega). Mutagenesis of the DC3 deletion
fragment was performed using the QuickChange XL I1 kit (Stratagene) using the primers
listed in Table 1. Reporter assays were conducted as previously described in CHO cells®:6
and in cardiomyocytes®6:16 jsolated from 1-2 day old mice.
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Generation of CNS28~/~ mice

We used mouse embryonic stem (ES) cells in which a region of the Scn5a gene was
modified to allow Recombinase-Mediated Cassette Exchange (RMCE)718 to be used to
easily generate animals containing allelic variants of human sodium channels under control
of Scn5a regulatory sequences. Using this approach, we previously generated H/H mice in
which the targeted region was replaced by the human SCN5A full-length cDNA.1° For the
present experiments, we modified the original H exchange construct to delete bases 1720 to
2154 (that encompass the CNS28 region), and then performed RMCE as previously
described to generate CNS28*/~ animals.1® After removal of the hygromycin resistance
cassette by breeding to a FIpE-expressing line, mice were then interbred to generate
CNS28~/~ animals. Experiments began after three backcrosses using littermate H/H mice as
controls. All experiments performed on mice were approved by the institutional animal care
and use committee.

Quantitative Real Time RT-PCR

Total mMRNA from adult mice atria or ventricles was isolated using the TR1zol method
(Invitrogen) and cDNA was prepared using the Transcriptor First Strand cDNA Synthesis
kit (Roche). Quantitative Real Time RT-PCR (gPCR) on SCN5A was performed with
TagMan probes targeting human SCN5A (Hs00165693_m1) using beta actin
(MmO00607939_s1) as a reference gene. gPCR targeting mouse Scnlb was performed using
TagMan probe (MmO00441210_m1) with Hprtl (MmO00446968_m1) as the reference gene.
Analysis was performed using SDS 2.2.2 software (Applied Biosystems).

Western blotting

Western blotting protocol and semi-quantitative protein analysis are described in the Online
Supplement.

Electrocardiogram (ECG) recordings and lidocaine challenge
ECGs and drug challenges were recorded as previously described.20

Isolation of mouse ventricular cardiomyocytes and sodium current recordings

Adult H/H and CNS28~/~ mouse cardiac ventricular myocytes were isolated by a modified
collagenase/protease method,! and sodium current studied as previously described.1?
Protocols and data analysis are presented in the Online Supplement.

Echocardiogram

Transthoracic echocardiograms were performed on resting conscious mice at the Murine
Cardiovascular Core, Vanderbilt University as previously described.?2 Signals were
acquired using a 15-MHz transducer (Sonos 5500 system, Agilent) and analyzed by a
sonographer who was blind to the genotype.

Data analysis

Results are presented as mean+SE, and statistical comparisons were made using the
unpaired Student’s t test. A value of P<0.05 was considered statistically significant.

Results

Conserved nucleotide sequences

In order to identify genomic elements that may play a role in the transcriptional regulation of
SCN5A, we compared human and mouse SCN5A sequences to identify conserved regions.
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Using the genomic sequence comparison program VISTA, we identified 92 CNS elements
77-446 bp long with >70% nucleotide identity between the human locus and its mouse
ortholog. 12/92 CNS elements were identified in the 47.7 kb 5" upstream region between
SCN5A exon 1 and the terminal exon of SCN10A gene, which is just upstream, and 15/92
CNS elements were identified in the 26.4kb 3’ downstream region between the terminal
exon (exon 28) of SCN5A and the exon 1 of the downstream gene ENDOGLL1. The highest
density was in intron 1 where 23 CNS elements were contained in 16kb (Figure 1A). 10
introns contained no CNS elements.

We tested the effect of each CNS on the SV40 promoter driving luciferase both in Chinese
hamster ovary (CHO) cells and cardiomyocytes. There were three elements, CNS23, CNS28
and CNS32, that demonstrated a >5-fold increase in reporter activity (Figure 1B). The
MSCAN analysis, which we used to identify potential functionally important clusters of
muscle-specific transcription factors, designated 3 tandem TEF-1 (Transcriptional Enhancer
Factor 1) sites and a SRF (Serum Response Factor) recognition site in CNS28 (Figure 1C),
and no elements in the other two. There was a high degree of conservation across species at
the SRF and one of the TEF-1 sites. Accordingly, our further studies focused on the activity
of CNS28, a 435bp region located in the 5’ portion of intron 1.

Generating CNS28~/~ mice

In our previous studies, we replaced a region flanking the endogenous exon 2 transcription
site with a construct that contained approximately 2kb of mouse intron 1 along with the
human SCN5A cDNA. In homozygous mice, designated H/H, no murine Scn5a expression
was detected; ventricular myocyte sodium current and electrocardiograms (ECGs) were
identical to those in wild-type animals, indicating that the human channel generated
physiologic channel function.1® In the present experiments, we used site-directed
mutagenesis to remove the CNS28 element from our original exchange construct (Figure
2A) and then used Recombinase Mediated Cassette Exchange (RMCE) to generate
CNS28*/~ mice. Loss of CNS28 was confirmed by genotyping (Figure 2B), and matings of
CNS28*/~ x CNS28*/~ mice yielded pup distributions in Hardy Weinberg equilibrium with
32 H/H, 64 CNS28*/~, and 41 CNS287/~.

Sodium channel expression in CNS28~/~ mice

Our initial results indicated that the CNS28 fragment increased SV40-mediated reporter
activity. However, in CNS28~/~ mouse hearts, quantitative Real-Time PCR (qPCR), showed
that SCN5A transcripts levels were 42+12% more abundant in atria and 71+23% more
abundant in ventricles than in H/H mice (P<0.05 in both tissues, Figures 3A and 3B).
Western blotting showed concordant results: calnexin-normalized Na, 1.5 abundance in heart
was 31+10% higher in CNS28*/~ and 67+23% higher in CNS28~/~ mice than in H/H mice
(P<0.05 for both CNS28*/~ and CNS28~/~ when compared to H/H, Figures 3C and 3D).

These changes translated into increases in functional sodium channels (Figures 4A and 4B).
Peak Iy, amplitude measured at —30 mV was 59+14% greater in CNS28~/~ ventricular
myocytes compared to that in H/H cells (P<0.05, Figure 4C). Interestingly, we also observed
small but significant negative shifts in the voltage-dependence of sodium channel activation
and inactivation in CNS28~/~ myocytes (Figure 4D).

CNS28~/~ mice also showed ECG changes consistent with these findings. Compared with
WT, homozygotes displayed 12.3% shorter PR intervals (38.8+0.6ms vs. 34.1+0.7ms), 9.3%
shorter QRS intervals (10.7+0.2ms vs. 9.7+0.2ms), and 7.0% shorter QT intervals
(52.9+0.8ms vs 49.2+1.2ms) (all P<0.05, Figure 4E). After challenge with the sodium
channel blocker lidocaine, these intervals increased to a similar absolute extent in both
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genotypes, prolonging PR by 14.1 and 13.9 ms and QRS by 4.1 and 3.2 ms in H/H and
CNS28~/ respectively. Flecainide challenge showed similar results (data not shown).

In vitro transcriptional regulation by CNS28

The finding that deleting CNS28 increased channel transcripts and protein, with functional
consequences, indicates that this region includes sequences that suppress sodium channel
expression in vivo. This result is at odds with the initial screening experiment that identified
CNS28 as a potential positive regulatory sequence.

Based on these results we assessed reporter activity of constructs in which human CNS28
was included with the full length SCN5A promoter® rather than the SV40 promoter used in
the initial experiments. We compared activity of two constructs, each containing the SCN5A
promoter and luciferase, one with and one without CNS28 (Figure 5A). The construct
without CNS28 increased luciferase expression 33+4% in CHO cells and 87+35% in
myocytes (Figures 5B and 5C, both P<0.05), consistent with the repressor function indicated
by the in vivo findings.

We have previously identified a region upstream of exon 1 as the core SCN5A promoter.>:6
Experiments conducted by Shang and Dudley revealed a second, 1363 bp Scnba promoter in
the mouse.® The 5’ 435bp of this promoter are what we identified in our screen as CNS28.
Their analysis suggested that the 5’ 480bp contained a repressive element.® We hypothesized
that CNS28 contained this repressive activity and generated a series of smaller deletions of
the alternate promoter they described (Figure 6A). The rVista analysis identified 30 possible
transcription factor binding sites conserved between the human and mouse and therefore
break points were chosen between clusters of these sites (Online Figure ). The full alternate
promoter-luciferase construct (1,361 bp) was designated deletion construct 0 (DCO0), and
contains all the features of the Shang and Dudley promoter stated above. Deletion construct
1 (DC1) removes the initial 50 bp and deletion construct 2 (DC2) an additional 100bp.
Deletion construct 3 (DC3) eliminates 285 bp of the alternate promoter. Deletion construct 4
(DC4) takes away the entirety of CNS28 from the alternate promoter by deleting the first
435 bp.

In our luciferase reporter assay, the activity of DCO was used as the baseline reference in
both CHO cells and myocytes. Constructs DC1 and DC2 showed no difference in activity
versus DCO in either cell type. The DC3 construct virtually abolished reporter activity in
both cell types reducing activity to 3.3+0.1% of DCO in CHO cells, and 12+3% in myocytes
(both P<0.05). The last construct, DC4, restored activity to 79+6% and 67+11% of DCO in
CHO cells and myocytes respectively (Figures 6B and 6C, both P<0.05). There are two
points illustrated by this data. First, between DC2 and DC3 there is likely an enhancer
element that can counter the negative transcriptional activity we observe with CNS28;
therefore, DC3 shows the highest repressive activity. Second, removal of 150 base pairs
between DC3 and DC4 results in loss of that repressive activity. Sequence analysis of this
region shows that it contains an E-box motif (consensus sequence CANNTG).23 The
repressor Snail has previously been shown to bind E-boxes in the core promoter of SCN5A.”
Therefore we tested the hypothesis that this E-box may be important for repressor binding.
When the motif was mutated in DC3 (CATATG to CTTAAG), activity was restored to
62+4% of the activity of DCO in CHO cells and 66+10% in myocytes (Figures 6D and 6E,
both P<0.05). This increase in activity is similar to the increase we see between DC3 and
DC4 where the final segment containing the E-box is removed further supporting our
hypothesis.
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Discussion

Sodium channels are required for normal cardiac function

Na,1.5 expression is absolutely required for normal cardiac function; knockouts in mice and
in fish are embryolethal and cause cardiac developmental abnormalities.2425 More modest
reduction of sodium current slows cardiac conduction and creates an arrhythmia-prone heart
in the setting of monogenic disease?627 or during therapy with sodium channel blocking
drugs.* We have previously found an association between a variant haplotype in a regulatory
region of the cardiac sodium channel promoter commonly observed in Asian subjects and
variable QRS duration, and recent genome-wide association studies have identified an
association between the SCN5A-10A locus and variable PR and QRS durations.?8-30 These
data support the general hypothesis3132 that variable cardiac ion channel transcription
modulates the electrophysiologic properties of the heart. A contrary view is that feedback
mechanisms in the mammalian heart regulate transcription to achieve a tight range of normal
electrophysiologic behaviors,32 although monogenic diseases producing striking
electrocardiographic changes argue against such tight control. Previous work in this area has
focused on in vitro approaches and on establishing the functional consequences of coding
region variants in genetically-modified mice. However, no study to date has directly
evaluated the functional consequences of deleting non-coding potential regulatory regions of
a cardiac ion channel gene.

CNS28 regulates cardiac sodium channel expression

Our initial in silico screen identified 92 highly conserved non-coding sequences and
preliminary reporter experiments, using the S\V40 promoter, suggested that one, CNS28,
included positive regulatory elements for SCN5A. Driven by this initial result, we generated
CNS28~/~ mice and unexpectedly these animals demonstrate dramatic increases in sodium
channel transcripts and in channel protein expression. This increased Na,1.5 is functional:
the CNS28~/~ mice have significantly larger peak Iy in isolated ventricular myocytes and
shorter PR and QRS, indicating rapid ventricular conduction. The increased sodium current
also displayed unexpected shifts in the voltage-dependence of channel activation and
inactivation; the mechanism requires further study but one possibility is a change in the
extent of interaction with ancillary proteins, such as beta-subunits, that are known to
modulate channel gating.33 For example, using real-time PCR we found no alterations in
expression of Scnlb in CNS28~/~ mouse hearts (Online Figure I1). This supports the notion
that while more sodium channels are present concomitant increases in function modifying
protein partners may not occur. Changes in the Nay/1.5 macromolecular complex could lead
to alteration in channel gating. Further experiments examining changes in expression and
localization of other Nay1.5 partners3* may assist in elucidating the underlying mechanism.
Another possibility is raised by the clustering of Scn5a with Scn10a and 11a in the mouse
and human genomes; thus, it is conceivable that removal of CNS28 impacts the level of
expression of these channels in heart. Such a change in the channel profile in the heart could
result in shifts in the inactivation and activation of cardiac sodium current. However, in
preliminary experiments we observe no change in Scnlla expression in the two lines, and
have been unable to amplify Scn10a, suggesting this channel is not abundantly expressed in
heart. Importantly, heart wall measurements, examination of contractile function (Online
Table 1), and survival rates were no different in CNS28~/~ mice compared to H/H animals.

Molecular basis for CNS28 actiivity

Our study identified a 435bp segment of DNA whose deletion increases channel expression,
and reporter experiments using the more physiologically relevant SCN5A promoter are
consistent with this result. Our analysis of deletion constructs demonstrates that a repressor
element lies within a 226bp fragment at the 3’ end of CNS28. The five binding sites
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conserved between mouse and human in this region identified by rVista include: E47, E12,
E2A, MYOD, and T3R. None of these factors are good candidates to act as a repressor.
However, in the 226bp segment, we also identified a single E-box motif in the mouse and
two in the human. Mice overexpressing Snail, which binds E-box sites in the SCN5A core
promoter, exhibit a reduction in Scn5A transcript and protein.” We observed an increase in
luciferase expression following mutation of the E-box, arguing this motif is critical for
repression of SCN5A. E-boxes are typically bound by basic helix-loop-helix factors, such as
HAND proteins.23 However, given the previous studies linking Snail to SCN5A, our work
raises the possibility that the CNS28 E-box is a Snail binding region and this interaction is
needed in vivo to regulate SCN5A transcript levels.

One limitation of our study is that in order to identify elements relevant to SCN5A
transcription we choose to examine highly conserved elements between the mouse and
human and replace the mouse Scn5a allele with a human SCN5A. However, in the animals
we generated, potential mouse regulatory sequences, including the core promoter, are intact
and therefore the effects we see following deletion of CNS28 are in the murine context and
may or may not apply to humans. However, E-boxes are evolutionarily conserved in both
mouse and human promoter regions so likely have similar functions in both species.

We hypothesize that increased sodium channel expression should translate to protection
against arrhythmias that are mediated by decreased sodium channel function; settings in
which this mechanism is thought to be operative include acute ischemia especially with
sodium channel block? and the Brugada Syndrome.3:25:35 As a first test of this hypothesis,
we examined the extent to which challenge with a sodium channel blocker slowed
conduction in H/H and CNS28~/~ mice. In this experiment, both lidocaine and flecainide
prolonged PR and QRS to a similar extent; thus, with drug challenge, absolute conduction
times remained shorter in the CNS28~/~ animals. The further elucidation of mechanisms
affecting SCN5A transcription may point to entirely novel ways in which to intervene to
stabilize cardiac electrophysiologic activity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Non-standard Abbreviations and Acronyms

CHO Chinese Hamster Ovary

CNS Conserved Non-coding Sequence
ECG Electrocardiogram

H Humanized SCN5A Allele

Nay,1.5 Voltage-gated Cardiac Sodium Channel
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RMCE Recombinase Mediated Cassette Exchange
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Novelty and Significance
What is known?

» Decreased cardiac sodium current, through mutations or drug block, increases
susceptibility to brady- and tachyarrhythmias.

*  While in vitro experiments have identified putative regulatory elements in the
cardiac sodium channel genes SCN5A, the extent to which these alter channel
function in vivo is unknown

What new information does this article contribute?

*  We identify multiple non-coding regions in SCN5A displaying cross-species
sequence conservation.

» Informatic and promoter-reporter studies implicate one of these, conserved non-
coding sequence 28 (CNS28), as a potential regulator of channel expression.

»  We have compared SCN5A expression and function in mice with humanized
cardiac sodium channels to mice that are identical except they lack a 435 base
pair (bp) fragment, which includes CNS28, in intron 1.

» Removal of these 435 bp increases SCN5A expression and sodium current
amplitude, and speeds cardiac conduction.

» Deletion of a putative Snail binding region within the 435 bp element partially
relieves its repressive activity.

Multiple lines of evidence suggest that reduced expression of the human cardiac sodium
channel gene SCN5A can lead to arrhythmias. However, no study to date has explored the
in vivo consequences of deleting potential regulatory non-coding regions of a cardiac ion
gene. In this study we first identified conserved non-coding sequences (CNS) when the
mouse and human genes are compared. Initial experiments identified one, CNS28, as a
potential regulator of channel expression. We have previously generated mice in which
the murine ortholog Scnb5a is ablated and the human SCN5A cDNA expressed in its place.
In the present experiments, we generated mice in which a 435 bp region encompassing
CNS28 was removed. Removing CNS28 increased SCN5A mRNA, protein, and sodium
current, and was associated with enhanced conduction (decreased PR and QRS intervals).
Promoter-reporter experiments showed that removal of an E-box in CNS28 increased
reporter activity. These findings support the hypothesis that variable expression of
cardiac ion channels can alter the electrophysiologic properties of the intact heart.
Understanding the mechanisms underlying ion channel regulation could lead to potential
new therapies for arrhythmias.
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Human: CTCGTTGGGGTCATCGGTGACATGTTTTGCAGAAGTAAGATCAAGGCAAA
Mouse: CTTATAGGGGTCACTAATGACATGCCCC-ATGGAGTGAGCTCAGGGCAAA

Dog: ===-- CACT GTTTCACGGGAGTGAGATCAAGGCAAA
Myocytes Cow: CTCET GCAGTGACGTGTGT- - CAGGAGTCAGATCAAGGCCAA
Pig: CTTAT TIT T AGTCAGATCAAGGCAAA

Human: GCTGACCCTICG--TGAGGGGAAAGGATTCTGTTC-TGGCAGAGATGTCCA
Mouse: GC----CCTTGGCTGACAGGAA AGTGTGTCCC GACATCTTCA

Dog: GCCTGCCTTTGGTTGACGGAA TCTGTCC-TGGCAGA 'CTCCA
Cow: GCCGATCTTTG----ACGGAA TTGTCC- CTCCA
Pig: GCTGGTCTITG----TTGGTA C- TCCA
Human: AC. L CT A CCA- GGTT
Mouse: GC. CAGTC! TGAGCCGGT ' TTT
Dog: ACAGGTGTCCACCCTIGCCCTCTTGAGCTGGTECCCGGCCATTCCTGGGTT
COW: SR - o o e o o /i ' o o o o CCCGGCCCTGCCTGGGTT
Pig: B -~ -----m---reessscse—eo CCCAGTCATGCCCGGGTT
Human: T TTAGCEATGCAGCCTCCCGECT- -~~~ ~~~~~ -
Mouse: T ATTA TCCTGECT--~-~--~~-~~-~ TGGTG- -
Dog: T ATTAGCGACACC ECCTTCC---~~C -

Cow: TGATGTGGTAATTAGCAACACGGCCTTCCCCTCCCATTGGCTGAGETG-~
Pig: TGATGTGGTAATTAGCGACACTGCCTCCCCCTTCCAGTGGTGATGATGGC

Human: -TCACAGTCAGGAGCTGCTCCGACCACATCCTGTTTTGGTGGGGCAGTTG

Mouse: -TCATAGTCAGGAGCC-CTCT AC. e AGCCTGACA
Dog: -TCCCAGTCAGGA! GTGTCT TTTGTT CAGTCA
Cow: -TCCCACT GGGC .CCA TCCTGTTT 'TCG
Pig: ATCCCAGTCGGGAGCTGAGCCGACCAI CCTGTTT CAGTCA
Srf
Human: GGACT ACACCAG
Mouse: GAAATGCATTCTT 'TGCTGTC. ACAGAGTGTGT! CCAG
" T Dog: GGAGCACATTCTTTGGTCTCCATGTCATAG-CAGAGCATGTTCACACCAG
9 6 3 3 6 9 12 15 Cow: GGCACACATTCTCCA GTGTCAGAGT CAGAGCCTGTTCACACCAG
. . X Pig: G6G--CACATTCTCTGGCCTCC! ATAGT CAGAGC
Relative Luciferase Expression S
Human: GTTCT GGCCACCA CACATTCTCCC
Mouse: GTTCTGAATCTTTTGAGGCCACC. 'TCTCCCT CGT
Dog: GTCCTGEATCGTTTGAGGCCACT CCACATTCTCCCGGTT
Cow: GTCCTGGATCATCTGAGGCCACT A TCTCCCT
Pig: GCCCT AAGGCCACT TCT T
TEF-1
Human: CACAT CTC:! ~GTGGT ¢
Mouse: CACACACATATGC-CTGT Al TTCACCA--6! 'CGCC
Dog: CACATGT TGGT CCCAGTGGACG--GTGGTGACTATT

Cow: CACTCBTGGGCECCTGGCTGGAAGTCCTAGTGCAGGC-GGEETCACCATT
Pig: CACATGCGGGTGC-CAGCTAGATGTCCTAGTGGTCACCGCEGTCACCACT
TEF-1
Human: TTCCGGTTCTGCTG
Mouse: TTCCGGTGCTGGGG
Dog: TTCTGGTTCTGCTG
Cow: TTCTGEGTTCTGCT-
Pig: TTCTGATTCTGCTE

Figure 1.

Identification of CNS28. A. A portion of the VISTA human to mouse sequence comparison
for SCN5A with the locations of Exon 1, Exon 2, and CNS28 marked. The peaks show
regions of high conservation across species. Peaks that are shaded pink satisfy the CNS
selection criteria of 70% identity between sequences. B. Initial luciferase experiments of all
92 CNS constructs in CHO cells and myocytes with CNS23, CNS28, and CNS32 marked by
arrows. C. Human CNS28 aligned with mouse, dog, cow, and pig orthologs with the TEF-1
and SRF sites suggested by MSCAN marked.
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Figure 2.

ngeration of CNS28~/~ mice. A. General overview showing generation of the CNS28~/~
mouse using Recombinase Mediated Cassette Exchange (RMCE). Briefly, the region of the
wild-type mouse Scn5a locus between sites (1) and (3), including exon 2 and portions of
introns 1 and 2, was previously modified by gene targeting to contain two inversely-oriented
LoxP sites flanking a cassette that contains a neomysin resistant gene and the thymidine
kinase (TK) gene.1®. An exchange vector that includes the human SCN5A cDNA flanked by
the portions of introns 1 and 2 in the targeted regions was previously used to generate H/H
mice. In the present experiment, the exchange vector was modified to remove a 435 bp
fragment in intron 1 to generate the CNS28~/~ mice. The 5’ end of CNS28 is located 1361
bp upstream from the start of exon 2. A hygromycin-resistance cassette in the exchanged
DNA was removed by breeding to FIpE-expressing animals leaving a single residual FRT
site. B. Genotyping reaction across CNS28 showing H/H, CNS28*/~, and CNS287/~. These
lanes were run on the same gel but were noncontiguous.
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Relative transcript and protein amounts in H/H and CNS28~/~. SCN5A atrial mMRNA (A) and
ventricular MRNA (B) levels analyzed by quantitative Real-Time PCR. CNS28~/~ mice had
42+12% more expression in atria and 71+23% more in ventricles compared to H/H. C.
Whole heart protein expression levels analyzed by Western Blot. Bands were analyzed on
the same gel. D. Band densitometry analysis of the western blots showing relative Nay/1.5
amounts normalized to Calnexin. Nay/1.5 abundance in heart was 31+10% higher in
CNS28*/~ mice and 67+23% higher in CNS28~/~ mice. *P<0.05 compared to H/H.
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Figure 4.

Increased amounts of Nay1.5 in CNS28~/~ are functional. Representative traces of INa from
a ventricular myocyte isolated from either an H/H (A) or CNS28~/~ (B) mouse. C. Current-
Voltage relationship was evaluated in H/H and CNS28~/~ mice. I, amplitude measured at
—30 mV was 59+14% greater in CNS28~/~ ventricular myocytes compared to that in H/H
cells. D. Voltage dependence of activation and inactivation measured in isolated ventricular
myocytes where we observed small but significant negative shifts in the voltage-dependence
of sodium channel activation and inactivation in CNS28~/~. E. Representative ECG traces
averaged over 10 second intervals for H/H and CNS28~/~ mice. CNS28~/~ mice display
12.3% shorter PR intervals, 9.3% shorter QRS intervals, and 7.0% shorter QT intervals
compared to H/H. *P<0.05 compared to H/H.
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Figure 5.

Activity of human CNS28 on the full length human SCN5A promoter. A. Graphical
representation of the vectors used. Luciferase activity driven by the full length human
SCN5A promoter with and without CNS28 in CHO cells (B) and neonatal cardiomyocytes
(C). SCN5A promoter with CNS28 is designated 100% activity. When CNS28 is not present
luciferase activity increases by 33+4% in CHO cells and 87+35% in myocytes. *P<0.05.
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Figure 6.

Progressive deletion construct analysis the alternate promoter. A. A schematic showing the
progressive truncations of the CNS28 portion of the mouse alternate promoter in the
luciferase constructs used. The translation start site is designated as +1. Analysis of the
deletion constructs in CHO cells (B) or neonatal myocytes (C). DCO is designated 100%
activity. DC3, which deletes the majority of CNS28 from DCO, reduced reporter activity in
both cell types to 3.3£0.1% of DCO in CHO cells, and 12+3% in myocytes. Removal of the
last portion of CNS28, DC4, restored activity close to baseline. Mutating the E-box
consensus sequence in DC3 restores reporter activity to 62+4% of the activity of DCO in
CHO cells (D) and 66+10% in myocytes (E). *P<0.05 compared to DCO.
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PCR and Mutagenesis Primers

TABLE 1

Primer

Sequence

CNS28~/~ mouse genotyping

Human CNS28 for pGL3-SCN5A Promoter

Alternate mouse promoter deletion constructs

E-Box Mutagenesis

E
R

F_sall
R_BamHI
DCO-F
DCI1-F
DC2-F
DC3-F
DC4-F
DC-R

E

R

ATGGAGGCCAAAGGTCAGCTTGCAG
TGAGCATGTTGAAGAGCGAGTGAACCAG
TGAGGTACCGTTCTGAATCTTTTGAGGCC
TCAAGATCTGATTCTAAAGACGGGAAATG
TGAGGTACCCTTATAGGGGTCACTAATGACATGCC
TGAGGTACCCCCTTGGCTGACAGGAAGAGAGTGTG
TGAGGTACCGTGGTAATTAGCGGTGCAGCCTCCT
TGAGGTACCGTTCTGAATCTTTTGAGGCCACCAGG
TGAGGTACCAGTCTAGCTAGGGACGGTGCTGC
TCAAGATCTCACAGGCTCTCCTCAGGCTGCCT
ACGTCACACACTTAAGCCTGTTGGAAGTCC
GGACTTCCAACAGGCTTAAGTGTGTGACGT
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