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Mutations in Nav1.4 and Nav1.5 a-subunits have been associated with muscular
and cardiac channelopathies, respectively. Despite intense research on the structure
and function of these channels, a lot of information is still missing to delineate the
various physiological and pathophysiological processes underlying their activity at the
molecular level. Nav1.4 and Nav1.5 sequences are similar, suggesting structural and
functional homologies between the two orthologous channels. This also suggests
that any characteristics described for one channel subunit may shed light on the
properties of the counterpart channel subunit. In this review article, after a brief clinical
description of the muscular and cardiac channelopathies related to Nav1.4 and Nav1.5
mutations, respectively, we compare the knowledge accumulated in different aspects of
the expression and function of Nav1.4 and Nav1.5 a-subunits: the regulation of the two
encoding genes (SCN4A and SCN5A), the associated/regulatory proteins and at last, the
functional effect of the same missense mutations detected in Nav1.4 and Nav1.5. First, it
appears that more is known on Nav1.5 expression and accessory proteins. Because of
the high homologies of Nav1.5 binding sites and equivalent Nav1.4 sites, Nav1.5-related
results may guide future investigations on Nav1.4. Second, the analysis of the same
missense mutations in Nav1.4 and Nav1.5 revealed intriguing similarities regarding their
effects on membrane excitability and alteration in channel biophysics. We believe that
such comparison may bring new cues to the physiopathology of cardiac and muscular
diseases.
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Voltage-gated sodium channels (Nav) constitute a family of 10
members in mammals, Nav1.1 to Nav1.9 and Nax, expressed in a
large variety of tissues. In excitable cells such as striated myocytes,
they initiate action potentials that, in heart as well as in skeletal
muscles, trigger, and regulate the contraction. Because of their
key role in this function, mutations impacting their activity have
tremendous consequences. This review compares the knowledge
accumulated in different aspects of the expression and function
of Navl.4 and Navl.5 a-subunits, and focuses on “homologous”
mutations i.e., in the same (aligned) amino acids of the skeletal
muscle Navl.4 and of the cardiac Navl.5 leading to a large range
of muscular and cardiac disorders also called channelopathies.

CLINICAL DESCRIPTION OF THE MAIN
Navi.4 AND Nav1.5 RELATED
PATHOLOGIES

Clinical Description of Nav1.4 Related

Channelopathies

Navl.4, which is encoded by the SCN4A gene, is the pore-
forming subunit of the main sodium channel present in skeletal
muscles. Navl.4 related channelopathies that affect skeletal
muscle excitability (Vicart et al., 2005; Jurkat-Rott et al., 2010;
Nicole and Fontaine, 2015) are dominant diseases classified
in two opposite groups as defined by the prevalent clinical
symptoms: muscle stiffness and hypertonia (myotonia) episodes
[non dystrophic myotonias (NDM)], and muscle weakness
resulting in paralysis episodes (periodic paralyses; PP). It should
be noted that similar clinical pattern are also associated with
other channelopathies involving chloride channels (NDM) or
calcium channels (PP). Table 1 summarizes the main classes of

Navl.4-related skeletal muscle channelopathies. Detailed clinical,
electromyographic (Fournier et al., 2004, 2006), genetic and, in
fine, pathophysiological analyses have led to distinguish several
entities among skeletal muscle sodium channelopathies.

Nav1.4-Related non Dystrophic Myotonias

Myotonia may occur at the beginning of effort and be alleviated
(myotonia, with warm-up effect), or aggravated (paradoxical
myotonia, also named paramyotonia) by continuing effort.
Those myotonic or paramyotonic symptoms are associated
with myotonic discharges analyzed with electromyographic
investigations. NDM are opposed to dystrophic myotonias
as observed in Steinert (Myotonic Dystrophy type 1, DM1)
and PROMM (PROximal Myotonic Myopathy or Myotonic
Dystrophy type 2, DM2) diseases. Among NDM, at least two
entities differ clinically and electromyographically (Trip et al,
2009; Raja Rayan and Hanna, 2010).

- Paramyotonia congenita (PC) consists of cold-induced
stiffness often associated with some weakness of face and
extremities muscles, and paradoxical myotonia; it is associated
with a progressive decrease of compound muscle action
potential (CMAP) amplitude during repetitive short efforts
test at EMG (pattern I according to Fournier, Fournier et al.,
2004).

- Sodium channel myotonias (SCM) regroup the remaining
dominant sodium channel-related myotonias that are not
significantly cold-sensitive or paradoxical, and do not exhibit
any change of CMAP amplitude during repetitive short efforts
test at EMG (pattern III according to Fournier); this SCM
entity was initially termed “potassium-aggravated myotonia”
as potassium load triggers myotonia in some cases. This
group was further subdivided into three types: myotonia

TABLE 1 | Main classes of Nav1.4 skeletal muscle channelopathies (Trip et al., 2009; Raja Rayan and Hanna, 2010).

Clinical manifestations Triggers Paraclinics EMG canonical  First Most frequently References
pattern intention mutated
treatment residues
PC Stiffness followed by Cold Myotonia Mexiletine T1313 (ID lI-1V), McClatchey et al., 1992b;
weakness Type | (repeated R1448 (DIV S4) Ptacek et al., 1992;
Paradoxical myotonia short effort test) Hayward et al., 1996;
Featherstone et al., 1998;
Bouhours et al., 2004
SCM Stiffness at exertion Exertion Myotonia Mexiletine G1306 (ID H-IV), Lerche et al., 1993; Rudel
(most often), permanently Acetazolamide Type lll (repeated G1306A/V: et al., 1993; Ricker et al.,

at rest (myotonia
permanens), or
acetazolamide-
responsive
myotonia

HyperPP Short episodes (minutes) Fasting Normal or high

potassium level
during episodes
HypoPP Glucide-rich meals
Rest after exercise

Prolonged rest

Long-lasting episodes
(hours, days)

Markedly low
potassium levels
during episodes

short effort test)

Some myotonia

myotonia fluctuans 1994; Hayward et al., 1996
G1306E: myotonia
permanens

Acetazolamide T704 (DIIS5), Ptacek et al., 1991; Rojas

Type IV (long effort M1592 (DIV S6) etal.,, 1991; Yang et al.,
test) 1994, laizzo et al., 1995
No myotonia Acetazolamide R669, R672 (DIl Bulman et al., 1999;

Type V (long effort S4) Jurkat-Rott et al., 2000;
test) Bendahhou et al., 2001;

Sternberg et al., 2001

PC, Paramyotonia Congenita;, SCM, Sodium channel Myotonia; Hypo, Normo, Hyper PR, Hypo, Normo, Hyper-kalemic Periodic Paralysis.
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permanens, myotonia fluctuans, and acetazolamide-responsive
myotonia. While this classification is not used in clinics, it
has some relevance: myotonia permanens designates myotonia
that is present permanently, even at rest; myotonia fluctuans
designates myotonia that appears and disappears at some
moment, with no systematic concomitance with exertion, a
peculiar circumstance being exercise-induced delayed-onset
myotonia, that occurs some time after exertion has stopped;
acetazolamide-responsive myotonia is a treatment-related
designation, that underlines the fact that some SCM are
treatable by acetazolamide.

Nav1.4-Related Periodic Paralysis

Among PP, two distinct entities are recognized (Raja Rayan
and Hanna, 2010): hypokalemic periodic paralysis (HypoPP)
is characterized by a marked hypokalemia concomitant with
paralysis episodes, and, on the opposite, hyperkalemic periodic
paralysis (HyperPP) is associated with a tendency to high
blood potassium levels during the paralysis episodes. From the
electromyographic point of view, both are characterized by a
marked decrease of CMAP amplitude after a 5min-long effort
(long effort test, also referred to as McManis test).

Overlap, borderline or mixed syndromes between PP and
NDM or between their subtypes have been reported (McClatchey
et al., 1992a; Sugiura et al., 2003; Webb and Cannon, 2008;
Yoshinaga et al., 2012). The age at onset is usually in early to
late childhood. Neonatal symptoms are not classically reported in
the most frequent Nav1.4 channelopathies, but dominant de novo
mutations are reported in moderate to severe neonatal clinical
presentations such as severe neonatal episodic laryngospasm
(SNEL) (Lion-Francois et al., 2010). In a general way, respiratory
symptoms are not common in PP and NDM, however a small
number of patients are exposed to laryngeal or diaphragmatic
weakness or myotonia that may be symptomatic.

The minimal prevalence of skeletal muscle Navl.4
channelopathies has been recently estimated to be 0.4:100,000
in England (Horga et al, 2013) and 1.4:100,000 in France.
Mutations in Navl.4 are mostly missense or rarely in-frame
deletions or insertions, usually with a dominant effect. However
exceptional recessive homozygosity (Arnold et al, 2015) and
a possible recessive compound heterozygosity (Tsujino et al.,
2003) have been reported in congenital myasthenic syndromes.
A small number of canonical mutations account for a significant
percentage of cases (Table 1), e.g., T1313M and R1448C/H for
PC, T704M for HyperPP, V445M (Rosenfeld et al., 1997), V12931
(Koch et al., 1995), and G1306A/V/E for SCM, mutations of
domains II and III S4 arginines (IIS4 and IIIS4) at position 669
(R>H), 672 (R>H/G/C/S), 1132 (R>Q) (Carle et al., 2006), 1135
(R>H) for HypoPP (Matthews et al., 2009). Mutations at 11S4
arginine 675 (R>Q/G/W) result in a special type of PP with both
features of HyperPP and HypoPP (Vicart et al., 2004). However,
beside those frequent canonical mutations, more than 70
different missense mutations at more than 55 different positions
in different domains of the protein have been reported in the
literature as causative mutations for Navl.4 channelopathies.
The penetrance of Navl.4 dominant mutations is variable for
each mutation: it is high for HyperPP (T704M), PC (T1313M/A

and R1448C/H) and SCM (V445M and V12931) mutations, and
lower, with cases of gender-related non-penetrance in pedigrees,
for some other mutations such as HypoPP mutations at position
669 or 672 (Ke et al., 2013).

Clinical Description of Nav1.5 Related

Channelopathies

Navl.5, which is encoded by the SCN5A gene, is the pore-forming
subunit of the main cardiac sodium channel. Navl.5 related
channelopathies affecting cardiac excitability are dominant
diseases that, similarly to Nav1.4 in the skeletal muscles, impact
cardiac excitability through loss of function or gain of function
effects on Nav1.5 activity. Table 2 summarizes the Nav1.5 related
channelopathies that are discussed in this review, which only
considers pathologies provoked by mutations in the same, i.e.,
aligned amino acids in Nav1.4 and Navl.5 (cf. Part Comparison
of Missense Mutations. Are there (dys-)Functional Homologies
between Navl.4 and Navl.5?): the Brugada syndrome (BrS),
the long QT syndrome (LQTS), and arrhythmic dilated
cardiomyopathy. The latter includes a novel form of cardiac
arrhythmia characterized by multifocal ectopic Purkinje-related
premature contractions (MEPPCs), associated or not with atrial
fibrillation and dilated cardiomyopathy. Consequently, Table 2 is
not an exhaustive list of Nav1.5 related channelopathies.

The Brugada Syndrome

The BrS is a primary electrical disorder that is characterized by a
specific ECG pattern consisting of ST-segment elevation followed
by a negative T-wave in the right precordial leads (Brugada and
Brugada, 1992), indicating abnormal electrical activity in the
upper part of the right ventricle (right ventricular outflow tract).
This ECG pattern is associated with an increased risk of sudden
cardiac death (SCD) resulting from polymorphic ventricular
tachyarrhythmias or ventricular fibrillation. The incidence of
BrS in the general population is currently estimated at 1:2000
(Antzelevitch et al., 2005). This syndrome is 8-10 times more
prevalent in males than in females and typically manifests during
adulthood, with a mean age of SCD of 41 & 15 years (Antzelevitch
et al., 2005). BrS was first described as a monogenic disease,
with autosomal dominant transmission. Although more than 20
genes have been proposed as causally related to BrS, mutations in
these genes explain less than 30% of the cases (Crotti et al., 2012;
Nielsen et al., 2013; Antzelevitch and Yan, 2015; Veerman et al.,
2015). Around 25% of BrS patients possess a mutation in SCN5A.
So far, ~300 mutations in SCN5A have been reported as related
to BrS (http://www.ncbi.nlm.nih.gov/clinvar). These mutations
lead to a loss of Navl.5 function and reduce Nat current (In).
Besides BrS, loss-of-function mutations in SCN5A also cause
isolated cardiac conduction disease and sinus node dysfunction
(Remme et al., 2008). ECG signs of conduction defects are also
a common feature of BrS. The other genes identified so far are
coding for proteins that are involved in generating or regulating
the sodium current (Antzelevitch and Yan, 2015), the L-type
calcium current (Antzelevitch et al., 2007; Burashnikov et al,,
2010; Béziau et al., 2014) or the transient outward potassium
current (Delpén et al., 2008; Giudicessi et al., 2011).
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TABLE 2 | Nav1.5 cardiac channelopathies.

Clinical Triggers Paraclinics ECG canonical First intention References
manifestations pattern treatment
Brugada syndrome Ventricular fibrillation or ~ Rest or sleep, febrile ST-segment elevation Implantable Brugada and Brugada,
(Brs) aborted sudden state, vagotonic on right precordial cardioverter- 1992; Antzelevitch
cardiac death, conditions leads (V1 and V2) defibrillator et al., 2005
syncope, nocturnal (ICD)

agonal respiration,
palpitations
Type 3 Long QT
syndrome (LQTS3)

Polymorphic ventricular
tachycardia (torsades
de pointes), ventricular
fibrillation, syncopes,
sudden death

Systolic dysfunction,
left ventricular
enlargement or
dilatation. Multiple
arrhythmias (text)

Rest or sleep,
bradycardia,
hypokaliemia, drugs
prolonging QT interval

For MEPPC: rest
(exercise suppresses
PVCs)

Arrhythmic Dilated
Cardiomyopathy

Prolonged QT interval B-blockers (with or

w/o mexiletine)

Wang et al., 1995;
Amin et al., 2013;
Giudicessi and
Ackerman, 2013

For MEPPC: McNair et al., 2011;

Quinidine Laurent et al., 2012;

Amiodarone Mann et al., 2012; Nair
etal., 2012;
Beckermann et al.,
2014

This list is not exhaustive, but corresponds to pathologies caused by Nav1.5 mutations that are homologous to mutations in Nav1.4 (cf. Tables 4, 5).

If BrS was first described as a monogenic autosomal dominant
disease, there is accumulating evidence suggesting that it follows
a more complex genetic model. Concerning SCN5A, segregation
studies performed in large affected pedigrees demonstrate that
mutations in this gene are characterized by a low penetrance
(47%). In some instances, a single SCN5A mutation can lead
to different cardiac arrhythmia phenotypes in the same family
or even in a single patient (Kyndt et al., 2001; Probst et al.,
2009). Moreover, in some pedigrees, the absence of the familial
SCN5A mutation is observed in some affected family members,
suggesting other origins for the disease (Probst et al., 2009).
Recently, a genome-wide association study in a large cohort of
BrS patients has provided the proof of concept that common
genetic variants outside the SCN5A gene, e.g., SCNI0A and
HEY?2 loci in the reported study, may have a large effect on the
development of the disease (Bezzina et al.,, 2013). Altogether,
these data suggest that the BrS most probably involves combined
contribution of different gene variants of variable impact.

The Long QT Syndrome

Congenital LQTS is defined by several criteria including a
prolongation of the QT interval corrected for heart rate, i.e.,
QTc, to values above 440 ms in males and 460 ms in females,
due to prolonged ventricular action potentials. LQTS patients
are predisposed to ventricular polymorphic tachyarrhythmias
(torsades de pointes) that may lead to syncope, seizure or SCD
(Amin et al., 2013). The most common form of LQTS (also
called Romano-Ward syndrome) is an autosomic dominant
disease. Its incidence in the population worldwide is about
1:2000 (Schwartz et al., 2009). To date, genetic defects in 15
different genes have been found in 70% of the LQTS patients
(Amin et al., 2013; Giudicessi and Ackerman, 2013). Similar
to BrS, the disease penetrance is most often incomplete and
highly variable, ranging from 25 to 100% (Priori et al., 1999;
Viadero et al., 2011). This suggests that additional genetic and

non-genetic factors may modify the clinical manifestations of a
given LQTS-causing mutation. In recent years, numerous studies
have shown that genetic variants play an important modulatory
role in establishing the disease severity (Amin et al, 2013).
Among non-genetic factors, hypokalemia, or treatment with
drugs inhibiting Ky11.1 (hERG) channels as side effect are well
known to favor arrhythmic events. Sex is also a well-known
modifier of QT interval duration in LQTS. Post-adolescence and
pre-menopause women have a lower repolarization reserve than
men and are therefore more prone to QT interval prolongation
and cardiac events. This is partially explained by the effects of
sex hormones on cardiac ion channel expression and function
(Tanabe et al., 1999; Zicha et al., 2003; Bai et al., 2005; Gaborit
et al., 2010). The most common types of LQTS are LQTS1 (30—
35% of patients; Ackerman et al., 2011), LQTS2 (25-40%), and
LQTS3 (5-10%), due to defects in KCNQI (Ky7.1 channel),
KCNH2 (Kyl1l.1), and SCN5A (Navl.5) genes, respectively.
Approximately 80% of all LQTS causal mutations are found in
these three genes. Clinically, LQTS3 is characterized by unusually
increased duration of the ST segment with a late appearance
of the T wave (Moss, 2002). It is often more lethal, although
less frequent, than LQTS1 and LQTS2 (Priori et al, 2003).
Bradycardia and pauses occurring at rest or more particularly
during sleep are often at the origin of the arrhythmias, although
fatal tachycardia-induced arrhythmias have also been reported
for a third of the patients. Most of the SCN5A mutations that were
reported to be related to LQTS3 (*200; http://www.ncbi.nlm.
nih.gov/clinvar) alter the fast inactivation process of the channel,
leading to persistent inward sodium current causing prolonged
membrane depolarizations (Wang et al., 1995; George, 2005).

Arrhythmic Dilated Cardiomyopathy

Dilated cardiomyopathy (DCM) is characterized by systolic
dysfunction and, in most patients, left ventricular enlargement or
dilatation. It has been associated with the mutations of more than
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30 genes, including SCN5A (McNair et al., 2011; Hershberger
et al., 2013). Sixteen SCN5A mutations are linked to familial or
sporadic cases with DCM with various types of arrhythmias, for
example, sinus node dysfunction, conduction delay, and atrial
and/or ventricular tachy-arrhythmias (Amin, 2014). Among
arrhythmic DCM, the MEPPC syndrome is a recently-described
autosomal dominant form of cardiac arrhythmia (Laurent et al.,
2012). It is characterized by frequent premature ventricular
contractions (PVCs) originating from various ectopic foci
along the fascicular-Purkinje system occasionally associated with
dilated cardiomyopathy, non-sustained ventricular tachycardias
(NSVTs), and sudden death. A similar phenotype was first
reported in 2003 by Bezzina and collaborators in a newborn
boy and his diseased sister, both genotyped with Nav1.5 W156X
and R225W mutations (Bezzina et al., 2003). Both parents and
an elder sibling, each one carrier of one or the other mutation,
were asymptomatic. For the sister, arrhythmias being the cause
of the DCM is unlikely because persistent arrhythmias were
only present for a short period. Two other mutations in Nav1.5
(R222Q and R225P) have been linked to this MEPPC syndrome
in several families (Laurent et al., 2012; Mann et al., 2012; Nair
et al., 2012; Beckermann et al., 2014). In these families, dilated
cardiomyopathy, when present, was suggested as a consequence
of severe primary electrical dysfunctions.

Phenotypic and Genotypic Overlap
between Cardiac and Skeletal Muscle

Sodium Channelopathies?

A recently published study shows that patients carrying (or not)
SCN4A causative mutations, present with mixed phenotype (BrS
and myotonic features) (Bissay et al., 2015). Although SCN4A
transcripts are present in human ventricles (Péréon et al., 2003),
it is difficult to understand how the gain of function SCN4A
mutations can be compared to the loss of function of SCN5A
mutations classically associated with Brugada, as discussed in the
study of Bissay and collaborators. Another study on a unique
family described four patients carrying a SCN4A mutation
and presenting with PC (Péréon et al., 2003), two of them
having slightly prolonged QTc interval. Both PC and LQTS3
are associated with a gain of function of Navl.4 and Navl.5,
respectively. In this case, it is tempting to hypothesize that the
mutant Navl.4 channels present in the heart are responsible for
the QT prolongation. Identifying more families with such overlap
phenotypes would help to confirm the potential mutual influence
of both channels on the pathogenesis of cardiac and muscular
diseases.

CHANNEL MOLECULAR BASES AND
GENE EXPRESSION

Voltage-gated sodium channels consist of an «-subunit,
constituting the pore, and accessory B-subunits controlling the
expression and activity of the pore-forming subunit. Nav1.4, the
most frequent Nav a-subunit expressed in the skeletal muscle
is a glycosylated transmembrane protein of 1836 amino acids
and has an apparent molecular weight of approximately 260 kDa

(George et al., 1992a,b). Navl.5, the most frequent Nav cardiac
a-subunit is 2015-2016 amino acid long, depending on the splice
variants, and has a similar apparent molecular weight (Gellens
et al., 1992; Makielski et al., 2003; Balasuriya et al., 2012).

The SCN4A gene which encodes Navl.4 is composed of 24
exons, all containing coding sequence. No alternative splicing
events have been reported in the literature. Navl.5 is encoded
by the SCN5A gene, composed of 28 exons, among which
exons 2-28 contain the coding sequence. Exon 1 and part of
exon 2 encode the 5" untranslated region (UTR) while exon 28
contains the 3’-UTR (Wang et al., 1996). Intron 2 of SCN4A
and intron 3 of SCN5A are AT-AC type I introns. Intron 21
of SCN4A and intron 25 of SCN5A are AT-AC type II introns
(Wu and Krainer, 1999). All other introns are canonical GT-AG
introns. Unlike Nav1l.4, mRNA variants of Navl.5 are detected
in the heart of mammals, resulting from alternative splicing.
In human and murine hearts, 3’-UTRs present two different
splicing variants, generating short or long poly-adenine tails
(Shang and Dudley, 2005). In addition, three rare variants were
identified only in human, corresponding to alternative splicing
of exon 28A by exons 28B-28D coding for truncated and non-
functional forms of Navl.5 (Shang et al., 2007). To date, only
the mechanisms of this splice site are understood. They involve
interactions with two splicing factors, the RBM25 and LUC7F3
proteins (Gao et al,, 2011; Gao and Dudley, 2013). Four and
three splice variants, which differ from the canonical non-coding
sequence, were described for the 5’UTR of human and mouse
SCN5A mRNAs, respectively. These transcripts originate from
the alternative splicing encompassing exons 1 (designated 1A, 1B,
1C, and 1D) and 2, and are preferentially expressed in the heart as
compared with other tissues. Also, a neonatal isoform containing
a neonatal exon 6A of 31 nucleotides has been reported. This
form presents a difference of seven amino acids in the $3-54 loop
of domain I, in comparison with exon 6 of the adult form (Rook
etal., 2012). Ventricular myocardial analysis displayed abnormal
splicing of SCN5A exon 6, characterized by over-expression of
this neonatal isoform, in one patient who present DCM with
conduction system disease (Wahbi et al., 2013). These findings
suggest a potential implication of mis-splicing of SCN5A in the
cardiac defect observed in this patient.

Two distinct sodium currents and channels were historically
described in skeletal muscle depending upon the developmental
and innervation status of the myofiber. SkM1, the TTX-sensitive
sodium channel expressed in innervated adult myofibers,
corresponds to Navl.4 and is the main skeletal muscle sodium
channel (Trimmer et al, 1989; Kallen et al., 1990). SkM2,
the TTX resistant sodium channel expressed in immature and
denervated myofibers, corresponds to Navl.5. In rodents, SCN4A
expression increases just after birth concomitantly with the
decrease of SCN5A gene expression (Stocksley et al., 2005).
SCN4A expression is not sensitive to myofiber denervation by
contrast to SCN5A gene expression, which was found to be
upregulated in response to denervation (Awad et al., 2001).

The SCN4A promoter contains distinct positive-acting
promoter E-box and negative-acting repressor E-box that
cooperate to yield specific gene expression in differentiated
skeletal myofibers (Kraner et al,, 1998, 1999). It is suggested
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that the muscle specificity of SCN4A expression result from
the binding of two basic helix-loop-helix transcription factors
(bHLH) of the muscle-specific MyoD family, myogenin and
MRF4 for initiation and maintenance, respectively, to the
positive-acting promoter E-box located upstream the translation
initiation site. NFI would be another major regulator of SCN4A
gene expression acting in concert with bHLH factors, especially
MRF4 (Hebert et al., 2007). The density of Navl.4 is around
20 times higher at the neuromuscular junction (NM]J), in part
as a result of local mRNA accumulation (Stocksley et al,
2005). Although the promoter element responsible for the
transcriptional regulation of subsynaptic genes in response to
neuronal factors at the NMJ is the N-box (TTCCGG) (Méjat
etal., 2003), no N-box is present within the promoter of SCN4A,
suggesting the involvement of other regulatory elements.

Similarly to alternative splicing, more is known concerning
the regulation of the SCN5A promoter, compared with SCN4A.
After the identification of a first promoter region for human
SCN5A which includes multiple positive and negative cis-
acting elements extending into intron 1 (Yang et al, 2004),
two other promoter regions for murine SCN5A (designated
P2 and P3) containing two distinct cardiac-specific enhancer
regions were identified and functionally characterized (Shang
and Dudley, 2005). In human and rat, the segment immediately
upstream of the major transcription start site contains three
GC boxes that could serve as binding sites for the Spl
transcription factor, which are homologous to the CACC boxes
recognized in promoters of muscle restricted genes, and an E-
box binding site for bHLH factors (Yang et al., 2004). The
human sequence also includes an additional C-rich motif which
is recognized as a major regulator of expression in myocytes.
Further, Yang and collaborators have characterized a binding
site for GATA in intron 1, which is also known as a key
regulator of gene expression in the heart. Surprisingly, variants
in SCNI0A (encoding Nav1.8 of which expression is extremely
low in heart and undetectable in atrioventricular bundle) are
associated with alterations of cardiac conduction parameters
and BrS (van den Boogaard et al, 2014). Van den Boogaard
and collaborators have shown that the SCNIOA variants act
more likely through an alteration SCN5A gene expression
level. They have demonstrated that a cis-regulatory element
located in SCN10A gene -which is immediately located next to
SCN5A- was able to interact with both SCN5A and SCNI10A
promoters. Furthermore, they described, using healthy human
heart samples, a direct correlation between the SCN5A (but not
SCNI10A) expression and the presence of the rs6801957 risk-
associated SNP in the SCN10A intronic enhancer. Together, their
data provided a genomic mechanism explaining how a common
genetic variant at SCNI0A locus influences cardiac physiology
and predispose to Brs.

ASSOCIATED/REGULATORY PROTEINS

Although expression of Navl.5 or Navl.4 a-subunits alone
results in the generation of functional channels in heterologous
expression systems, it is now quite clear that the regulation of
gating and/or expression of the Nav subunits substantially relies

on a variety of other accessory/regulatory proteins (Abriel, 2010;
Rook et al., 2012). Interestingly, the alignment of Navl.5 and
Navl1.4 amino acid sequences could facilitate the identification of
novel associated/regulatory proteins of the counterpart channel
subunit. In addition, this direct sequence comparison has
contributed, as for NavB1 (Makita et al., 1996), and will certainly
continue to contribute to localizing the structural determinants
involved in the channel regulation. In this respect, Table 3
and Figure1 recapitulate the Navl.5 or Navl.4 amino acid
sequences previously identified to mediate interaction with
associated/regulatory proteins, and indicates the corresponding
sequences in the other Nav a-subunit. Whereas, a number
of Navl.5 interacting proteins, with their binding sites in the
channel subunit, have been described in the literature (see
references in Table 3), very little is known for Nav1.4 (Figure 1).
Nevertheless, it is interesting to note that the amino acid
sequence similarity obtained for some binding sites is high,
suggesting the possibility that both channel subunits share
the same associated/regulatory proteins. This is the case for
example of calmodulin, which associates with the very well
conserved (100% sequence similarity) IQ-motif on both Navl.5
and Navl.4 C-terminal domains (Tan et al, 2002; Young
and Caldwell, 2005). Most of the proteins shown to interact
with Navl.5 on a site conserved in Navl.4 are ubiquitously
expressed (dynamitin, 14-3-3, CaMKII, MOG-1, calmodulin,
FGF, PTPH1/PTPN3, SAP97), suggesting that an interaction with
Navl.4 may take place in the skeletal muscle cells (Marfatia
et al,, 2001; Blair et al., 2006). When not ubiquitously expressed,
proteins known to interact with Navl.5 are also expressed in
skeletal muscle (o actinin2) that argue for a possible interaction
with Navl.4 (Foley and Young, 2014). Conversely, weaker
sequence similarity may suggest different affinities, sites or
absence of interaction/regulation. This is the case for example
of Navpl for which the region within D1/S5-S6 that confers
regulation of Navl.4 in Xenopus oocytes (Makita et al., 1996) is
not very well conserved in Navl.5 (63.1% sequence similarity)
which is also regulated by Navf1, suggesting that the structural
determinants of the interaction of Navl.5 or Navl.4 with
Navf1 are different. Finally, it is striking to note the complete
absence of the PY-motif from the C-terminus of Navl.4. This
suggests that the regulation of Navl.4 channel internalization
and/or degradation is achieved through different mechanisms as
compared to Navl.5 for which cell surface expression is regulated
through the ubiquitin-proteasome pathway (van Bemmelen et al.,
2004; Rougier et al., 2005). These mechanisms remain to be
identified.

COMPARISON OF MISSENSE MUTATIONS.
ARE THERE (DYS-) FUNCTIONAL
HOMOLOGIES BETWEEN Nav1.4 AND
Nav1.5?

Around 300 mutations in SCN5A have been identified in patients
presenting with BrS, 31% being frameshift, nonsense or splice-
site mutations, and 69% being missense or rarely in-frame
deletions/insertions (Kapplinger et al., 2010). When studied in

Frontiers in Pharmacology | www.frontiersin.org

January 2016 | Volume 6 | Article 314


http://www.frontiersin.org/Pharmacology
http://www.frontiersin.org
http://www.frontiersin.org/Pharmacology/archive

Comparing Nav1.4 and Nav1.5 Channels

January 2016 | Volume 6 | Article 314

Loussouarn et al.

(penupuo)
¥00zZ “feje buem 107 0e6l Ly
8002 "B190D  INOQ AO8L LY
(ee yz2) 0002 “[e 1o Bismelds €101 NrLLLa 8002 “"[e 18 N\
MH40—4SS 010z “fe 1o Jebuiiddey Sig 10VLES ACLLLY ‘ABL0LS (ee 1L92)
(9201-€08) 010z “[e 1o sebuyddey Sig 1/66Y ‘HS96d ‘DSS0Ld HAD—4SS
%2 05 :90uenbes JusfeAnb3 200z ‘e 1o Houd sig 05964 ‘Mes013 (0o0zL-0v6) FOON
G00Z “’[e 18 1oe1sniy sig Hezo Ly
€002 e 10 19|lews ] G00zZ "B sBISEL €107 NBYOLL  #00Z “[e 18 JelUuoN
(ee 6) 100z “[eje uewlaydy €107 S.66Y (ee 6)
as33asvidA G00zZ “ei0 BBl €107 Ol/64 asavAvidA
%8'LL 9002 “[e 19 Jejuino4 (e€6-526) 000Z “[e 10 ZHemyos  £107 NLv6S (SS0L-L10L)  D-uufjuy
(626-21G:712-G59) (ee zzel) 210z “[e 10 8jodysy
ee 09 ISE| 41 Ul %0°08 HIl—03v (ee 62)
(v8Y—2St:6v7-81LY) (¢2G-15Y) MAD-D33
BB [g IS Qlul %L /8 :90uBNbes JuseAInb3 (br2-21) IMAED
9002 “[e 10 Sinojly
(eeze) ava—oav (ee Lg)
(28t-1SY) v1d—b3a3
%72'99 :90uBNbes JusfeAInb3 (Lov-LLv) -l
G00zZ “ei0JsBISEL €107 MZ9ya  v10z “lele upeyD
(ee 82) HYM-0AV 110z “le e JBNON  INOd Movy3 (ee gg)
(8.1-15Y) 010z “fe 1o Jebuiiddey sig M6EY3 IMN—033
%.1'G8 :90uenbas jusfeAinby 8002 ‘e 10 Jeqieq 4V AL9Y1‘AShrH M8zr3a (bpr-LLp)  umweuig I-1al
010z “[e 1o sebuddey Sig 39869 ‘HI8ED ‘OYLEM
010z ‘e 1o sebuiddey Sig MB9SIN T129¢d ‘D298
010z “[e 10 sebuyddey Sig argen ‘Xored ‘NozeL
010z “fe 10 Jebuiiddey sig /18X dGLET I00SA
010z e 1o Jebuiiddey Sig ‘Oz8ed ‘d8.cH ‘9.2
7002 “[e 19 Jexoequessoy sig Ho.eY
G002 “'[e 19 1oe1sniy sig HOZeY
7002 “[e 10 ejeyexel sig H.98H
200z e 10 SHUS sig MBIEIN ‘D2984
S00z “le 10 eweApep Sig Nosed
2002 “[e 1o Juyeld sig 1£5e1L
2002 “[e 10 BNeA sig ALSED
S00Z e 19 JaloN sig HszeT
9661 “[e 10 BIMEA) €002 “1e 19 IA sig NZLEM (e L11)
(ee gp1) 7002 “[e 18 BINWIN sig S262D MO —OMH
AMO-OMO ©G00Z “[e 10 Yoy sig Hzszy (888-8.2) doo| 95-5S
%1'€9 (eev-8L2) 200z “fe 1o Houd Sig SBLED INYBZA ‘He8gd  :@ouenbes jusieAnbl LgneN Ia
salbo salbo
S90UaJ9j9Yy -|oyiled suoneiniy Sajis m:__u:_m saduaidjeyd -|oyjed suoneniy So|s m:_ﬁ:_m m:_wuo‘_n_
Auepwis Bunoeaajul
2ouanbas ee 9, ¥ LABN G'LABN G'L/¥" LAeN uoibay

*sajis Buipuiq Buipuodsaliod pue suidjoid Aioje|nbai/pajeIoosse [duueyd ' LAEN pue G'LAeN jo uosiiedwo) | € 31gVL

Frontiers in Pharmacology | www.frontiersin.org


http://www.frontiersin.org/Pharmacology
http://www.frontiersin.org
http://www.frontiersin.org/Pharmacology/archive

Comparing Nav1.4 and Nav1.5 Channels

Loussouarn et al.

(penupuo)

S00¢
‘llempeD pue Bunox

5002 200z “[e 1o ueL
‘lempeD pue BunoA (eez1)
(eegt) HOTIHHYAVHOI
HOTTHHHAVHOI G00Z “[ejo oueyodeN €107 Heleld mow-pj
%000 (SvLL—bELL) GO0z “lei@eisel €107 460610 (6161-8061) UlnpoweD 1030
8661 “lelo uloyueg €107 20%81d
010z ‘e 10 Jebuiiddey sig IL98IA ‘F2€810
1002 “[e 1o UBULSYOY €107 Hozsld
200z “leo BN £101 dsesi
1002 [ 10 elonY an 0G6/ LA
€002 “[e 1o usbueuen  £]O0 asuige.
6661 e 1o euizzeg an asuige/
8661 "l Uy 1O 906.1d L 10Z "[e 1o Buep
(ee 1g) 0002 “e 1o MsmedS €107 NZ8.LS £00zZ e 19 NI
asi—1d3 8002 “'[e 10 eIMEN an Mp8.13 (ee 1g)
(0691-0191) 000z “le 1o psmelds €107 Mp8L13 3917143
%1'G6 :90uUsNbes jusjeinb 200z "[e 10 Uold sig Mp8.13 (¥98L-¥8LL)  €1/21494 1030
9661 “'[e 10 BINEN (ee 62)
(ee og) OAV—NTI dooy
9IS—NTI (8v21-0zL1) 93-GS
%106 (b251-G¥S1L) 010z “[e 1o sebuddey sig Sclh/1D  :eousnbes jusieAnbl LdneN Ad
1102 “[e 10 JIENOIN Aele] 7102514
(ee £9) 0002 “[e 10 seugyoseq sig MeZLSid 6002 e 10 1810d
#00z “'[e 10 sinoynog 0d veLeLL AA—4Nd £00Z “le@ ey €107 60G1-20G | dMOA (ee gg)
€002 e 30 suwopnng Ood  Welell (8re1-9621) S00Z “'[e 10 sHWS sig S20S1ED adi—iNa
%376 7661 “'[e 10 vesseld Od  A90gLD :eousnbes juseninbl 010z “[e 1o sebuddey sig MLZSH ALOS T (€251-1LpL)  ulnpowen
000z “le 10 psmelds €107 ALOG T
866 “'[e 10 Jeneyyosio|4 Od 390819 (ee £9) G00zZ “le 1o oueyjodeN €107 18671 0102 “e 10 8uBlZ
010z “[ejo sloouel4-uor]  TINS  3J90ELD AA—4Na 200z “'le 1o uelL sig NY6Y LA (ee gg)
GB6 | “'[e 10 JINOIUN NOS  390¢lD (8ve1-9621) /00Z “le 1o Buepy €107 798y 14 adi—iNa
%376 800z "1 AeD  INANS  M/6ZIN  :@ouenbes jusieAnb3 G00Z “le@ueisel €107 31871D (€251-1LPL)  Z-uunoy-» Al Al
salbo salbo
sooualvey -|loyied suonemniy sa)s Buipuig saoual9)ey -loyled suonenp sajis Buipuig suisjoud
Auepwis Bunoesayul
aouanbas ee 9, ' LABN G'LABN G'L/¥" LABN uoibay

panunuo) | ¢ 371aVL

January 2016 | Volume 6 | Article 314

Frontiers in Pharmacology | www.frontiersin.org


http://www.frontiersin.org/Pharmacology
http://www.frontiersin.org
http://www.frontiersin.org/Pharmacology/archive

Comparing Nav1.4 and Nav1.5 Channels

Loussouarn et al.

"BIUOJOAW 21ydo.3SAg-UON [BrBUOBU 818A8S ‘WANS ‘BlUSBUOD BlUOjOAWERIEH ‘Dd ‘WsedSobuAleT ojposidT [ejeuosn

olpeIods “JINS ‘BILOIOAYY lpULERYD WNIPOS ‘WOS ‘AyredoAwolpie) pajela ‘Wod ‘Sig pue 117 JO delerQ ‘g/7 ‘ewoipuAs 11 Buoj ¢ 8dAl ‘€17 ‘UonglqH [eLy Hy ‘BwoipuAs epebnig ‘'Sig 'spue snujwus}-O pue -N 483-0 pue
J1-N ‘surewopIaul Jejnjjeoriaul ‘gj Al PUB | SURWOP Ul SJuswbas sueIquisWEAUI 9S PUEB GS Usamiaq sdoo) Buijoauuod Jeinjjeoeiixe (9S-GS)AIQ PUB (9S-GS)Id Al 01 | Surrwop Ald 01 |d ‘Papoda. ale ays Buipulq yoes Ul 8Sessip uewiny
ul payiuapl suopeINW pioe oujwe aibulS 'L ABN 10e0X8 Sjpuueyo ABN uBwny e uj ussaid si (1" 1ABN Ul H)S(8' LABN Ul I)JASdd, 8} BuipuIg SNSuasuod z-yPpapN 1Byl 8/qeadiiou St 3 (200Z e 1o 1ajiews ) suioid yibusy jing yum

DOIPNIS ©q 0} SURWSI J] *SIONISUOD DLBWIYO AQ pe3seBbns Ajuo S| uLiyuR yim UoRoRISIUI " L ABN “JWIY WI0] NDJ 1Y 1//8MYOS,/BI0 ToUqUIS GO MMM//:OIY 8sqem Buimojjo) eyl BuISn pelewiise 8/em SpuuRyo (£°52e000 dN) ' LABN
puB (1°6/ 1256 dN 82usnbag eousieiey [GON) G LABN Usemiaq SeiLe|iwls eousnbes pioe oulwe % oy ‘pajusesaid ele Lediejunod [auueyo ey} Uo aouenbss jusieanbs ayj pue (pjoq ut) eys Buipuiq payiuspl ey [euueyo yoes Joo

(ee g) 110z “'[e 1o zaldiied
NS (eeg)
(9e81-vE81) NS
%0°001 :00UeNbas Jus|eANb3 (9L02-¥102) /6dVS
9002
(ee g) “|e 18 ussiadsep
NS (eeg)
(9e81-ve81) AIS
%0001 :90uBNbes JusfeAnb3 (9102-v102) IHdLd
8661 e 10 88D £00Z “"fe ¥ N0
(eeg) (ee g)
A1S AIS
%0001 (9g81L-ve8t) (9L02-v10g) uydonuis
7002
:__m 18 Usjpwiwieg UeA
(ee 2)
ASAASdd
mow-Ad
ABojowoy oN ABojowoy oN (0861-1261) Z-vPPaN
salbo salbo
S90UaI9)9Y -|oyled suonenp says Buipuig saoual9ey -loyled suonemnpy says Buipuig suisjoid
RAuepwis Bunoeiaqul
@ouanbas ee 9, " LABN G'LABN G'L/¥" LAeN uoibay

panunuo) | € 319vVL

January 2016 | Volume 6 | Article 314

Frontiers in Pharmacology | www.frontiersin.org


http://www.ch.embnet.org/software/LALIGN_form.html
http://www.frontiersin.org/Pharmacology
http://www.frontiersin.org
http://www.frontiersin.org/Pharmacology/archive

Loussouarn et al.

Comparing Nav1.4 and Nav1.5 Channels

A DI ]l I DIV
ouT IR
IN
N-ter
ID 1I-11
C-ter
B
N-ter DI ID I-l1 DIl ID 1I-1l1 Dill ID I-1Iv DIV C-ter
Navl4 1-127 | 128-450 451-574 | 575-802 | 803-1026 | 1027-1295 @ 1296-1350 | 1351-1598 | 1599-1836
#ofaa 127 323 124 228 224 269 55 248 238
Navl.5  1-127 | 128-416 @ 417-713 | 714-939 | 940-1200 | 1201-1470 @ 1471-1525 @ 1526-1772 | 1773-2016
#ofaa 127 289 297 226 261 270 55 247 244
FIGURE 1 | (A) Schematic representation of the localization of the binding sites of associated/regulatory proteins identified for Nav1.4 (blue), Nav1.5 (pink), or both
(purple). Nav1.4 interaction with ankyrin is only suggested by chimeric constructs, it remains to be studied with full length proteins (Lemaillet et al., 2003). DI to DIV,
domains I to IV; ID, intracellular interdomains; N-ter and C-ter, N-and C-terminus ends. (B) Table presenting the amino-acid (aa) numbering and length of specific
regions and domains in Nav1.4 and Nav1.5 proteins. It is noticeable that Nav1.4 IDI-Il total amino-acid length is shorter than Nav1.5 IDI-II.

patch-clamp in heterologous expression systems, mutated Nav1.5
channels are showing different types of loss of function, such as a
decrease in current density, a positive shift in the activation curve,
a negative shift in the inactivation curve, or a loss of regulation
by PKA (Tarradas et al., 2013; Zeng et al., 2013; Aiba et al., 2014).
Mutations in SCN5A have also been found in patients presenting
with LQT syndrome (named LQTS3 when SCN5A is mutated).
As opposed to BrS, mutated channels in LQTS3 patients show
a gain a function, mainly through an increase in a persistent
Na™ current (cf. Part Clinical Description of the Main Navl.4
and Navl.5 Related Pathologies). As a result, BrS mutations
are associated to membrane hypo-excitability, whereas LQTS3
mutations are associated to prolonged action potential, referred
here as membrane hyper-activity.

In the skeletal muscle, a similar binary classification
is observable among the 70 mutations identified so far,
that are nearly exclusively missense or rarely in-frame
deletions/insertions. NDM are linked to membrane hyper-
excitability, often due to defective inactivation and hence a gain
of function of Navl.4 channel activity (Clarke et al., 2011). On
the contrary, hypoPP is linked to membrane hypo-excitability,
and is often due to the apparition of an aberrant current through
the gating pore that can be a proton or a monovalent cation
current (Sokolov et al., 2007). This so-called “omega” current

(or gating pore current) causes paradoxical depolarization of
myofibers in low K*, which inactivates Navl.4 and renders
myofibers non excitable. Seemingly paradoxical, hyperPP is
associated with gain of function of Navl.4 (as observed for
myotonia) but loss of function on skeletal muscles (paralysis). As
for myotonia, defective inactivation of Navl.4 is often observed
and favors membrane depolarization. The paradox is resolved
if we consider that wild type Navl.4 channels will be more
inactivated due to a slightly more depolarized membrane, thus
causing a loss of sarcolemmal excitability and myofiber paralysis
(Cannon, 2015). The development of myotonia or hyperPP may
depend on the degree of membrane excitability. This has been
suggested for instance when in the same family, females carrying
the M1370V mutation develop only a myotonia (PC) whereas
males are presenting with both myotonia and hyperPP (Okuda
et al., 2001).

Navl.4 and Navl.5 are similar. If we consider the aligned
region between Navl.5 and Navl.4, which represents 95% of
Navl.4 sequence, 67% of the amino-acids are identical. Knowing
that, one can wonder whether mutations have been identified
at equivalent positions in both channels, and whether, in this
case, the new amino-acid is the same, such as Q270K in both
Navl.4 and Navl.5 or V445M in Navl.4 and V411M in Navl.5
(V445 is aligned with V411). It is possible to use an online
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TABLE 4 | List of equivalent amino acids found to be similarly mutated in patients with cardiac (Nav1.5) or skeletal (Nav1.4) pathologies.

Nav1.4 References

Region

Pathology

Nav1.5 Pathology References

Same amino acid substitutions occurring in both channels lead to consistent pathologies (in green) regarding membrane excitability. PC, Paramyotonia Congenita; MEPPC, Multifocal
Ectopic Purkinje-related Premature Contraction; LQT3, Type 3 Long QT syndrome; SIDS, Sudden Infant death syndrome; Hypo, Normo, Hyper PR, Hypo, Normo, Hyper-kalemic Periodic
Paralysis; SCM, Sodium channel Myotonia; BrS, Brugada Syndrome; CM, Cardiomyopathy; AF, Atrial Fibrillation; SNEL, Sporadic Neonatal Episodic Laryngospasm.

TABLE 5 | List of equivalent amino acids found to be differently mutated in patients with cardiac (for Nav1.5) or neuromuscular (for Nav1.4) pathologies.

Region Nav1.4 mutation  Pathology References

Nav1.5 mutation = Pathology = References

Divergent amino-acid substitutions occurring in the two channels lead either to consistent (in green) or inconsistent (in red) pathologies regarding membrane excitability. Hypo, Normo,
Hyper PR, Hypo, Normo, Hyper-kalemic Periodic Paralysis; MEPPC, Multifocal Ectopic Purkinje-related Premature Contraction; SCM, Sodium channel Myotonia; PC, Paramyotonia
Congenita; LQT3, Type 3 Long QT syndrome; BrS, Brugada Syndrome.

compilation that has been proposed using a paralog annotation
approach in order to retrieve homologous or nearly homologous
variants in both genes (Ware et al., 2012; Walsh et al., 2014).
If the same mutations of homologous residues exist, do they
give rise to similar dysfunction on both channels? If yes, we
can expect that both mutations give rise to the same change in
membrane excitability. For instance, if a Nav1l.5 mutation leads
to hyper-activity of cardiac cells (LQTS3), the corresponding
mutation in Navl.4 may also give rise to a hyper-excitability

phenotype of the skeletal muscle cells such as HyperPP, PC,
or SCM. Tables4, 5 present all the corresponding amino
acids found to be mutated in patients with cardiac (Navl.5)
or neuromuscular (Nav1.4) pathologies. Table 4 and Figure 2A
list the mutations for which the amino acid substitutions are
the same, and Table 5 and Figure 2B those for which they are
divergent.

When looking at Table4 and Figure 24, it is striking to
observe that all paralog mutations give rise to clearly consistent
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A DI DIl

N-ter
ID lI-11

DI DIl
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ends.
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D -1V
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FIGURE 2 | Schematic representation of the equivalent Nav1.4/Nav1.5 amino acids with similar (A) or divergent (B) mutations in patients with skeletal
(Nav1.4) or cardiac (Nav1.5) pathologies. Upward triangles indicate a gain of function on membrane excitability and downward triangles a loss of function on

membrane excitability. Green and red triangles indicate consistent and inconsistent effects on Nav1.4 and Nav1.5 regarding membrane excitability, respectively. Upper
amino acid number/letter, Nav1.4; Lower amino acid number/letter, Nav1.5. DI to DIV, domains | to IV; ID, intracellular interdomains; N-ter and C-ter, N-and C-terminus

DIV

C-ter
DIV

C-ter
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TABLE 6 | Variations of biophysical parameters compared to wild type channels for five equivalent mutations identified in Nav1.4 and Nav1.5 that have

been studied extensively in patch clamp.

Subunit Mutation Pathologies Cell AV0.5  AVO0.5fast Mutant/WT Fast Mutant/WT References
model act (mV) inac (mV) inacttau* i persistent
Nav1.4 1141V HEK ? Petitprez et al., 2008; Amarouch et al., 2014
Nav1.5 1141V HEK ? Amarouch et al., 2014; Swan et al., 2014
Navi.4 Q270K HEK 12.5 Carle et al., 2009
Navi.5 Q270K CHO 9.9 Calloe et al., 2011
Nav1.4 N440K HEK Lossin et al., 2012
Nav1.5 N406K CHO Kato et al., 2014
Nav1.4 V445M HEK ? Takahashi and Cannon, 1999
Nav1.5 V411M HEK 75% Horne et al., 2011
Navi.4  V1589M HEK 100% Mitrovic et al., 1994
Navi.5  V1763M hiPSC-CMs ? Ma et al., 2013

Recording were all done at room temperature (except for Nav1.4 N440K: not indicated). *Fast inactivation tau is measured at —30 mV except when indicated. Green, consistent effect;
red, inconsistent effect; SCM, Sodium Channel Myotonia; ExPVC, exercise-induced polymorphic ventricular premature complexes; PC, Paramyotonia Congenita;, LQT3, Type 3 Long
QT syndrome; Normo, Hyper PR, Normo, Hyper-kalemic Periodic Paralysis; Conduc, conduction disease; hiPSC-CMs, cardiomyocytes generated from human induced pluripotent cells;

?, means not determined.

functional effects, except one which is at first unclear, as detailed
below. Indeed, all Nav1.4 mutations linked to membrane hyper-
excitability (PC, SCM, and HyperPP) correspond to Navl.5
mutations linked to membrane hyper-activity (LQTS3), except
R675Q (R814Q in Navl.5). The comparison between Navl.4
R675Q and Navl.5 R814Q is not obvious because the pathology
induced by Navl.4 R675Q mutation is difficult to classify as
Normo/Hyper PP or Hypo PP (Vicart et al, 2004). Indeed,
patients experienced normal as well as decreased potassium levels
concomitant to attacks. The rat ortholog of human Nav1.4 R675Q
generates an omega current activated by depolarization when
expressed in Xenopus oocytes (Sokolov et al., 2008) (cf. above).
The omega current represents less than 1% of the peak pore
current but it remains constant after slow inactivation of the
pore current and requires high hyperpolarizations to deactivate.
Therefore, it is suspected that this current, carried by Na™ and
K" ions, maintained during trains of action potentials and with a
residual non-deactivated activity at resting potential could lead to
sodium accumulation and a decrease in membrane excitability. It
will be interesting to test whether the corresponding mutation in
Navl.5 is also responsible for an omega current. Moreover, the
R675Q Navl.4 mutation gives rise to a hyperpolarizing shift of
the inactivation curve and a slower recovery from inactivation
when expressed in HEK293 cells. (Vicart et al., 2004; Wu et al.,
2014). Altogether, these observations suggested us to rank it as
a hypo-excitability causing mutation, consistent with the BrS
phenotype (loss of function) induced by the homologous Nav1.5
mutation R814Q.

Table4 and Figure2A summarize the (dys-)functional
homology between the equivalent mutant in Nav1.4 and Nav1.5.
On the contrary, Table 5 and Figure 2B show that divergent
amino acid substitution at the equivalent position leads to some
inconsistencies (in red, 5/12). This suggests that the nature of the

amino acid substitution is determinant for the direction of the
functional net effect (loss or gain of function).

At last, we focused on five equivalent mutations that have been
studied extensively in patch-clamp in both Navl.4 and Navl.5.
Table 6 shows changes in each biophysical parameter for these
mutations. When looking at the direction of the functional effects
(gain or loss of function), we observe two major points. First, a
strikingly similar functional effect of the same mutations in both
channels. Second, all the gain of function mutations leading to
hyper-activity/excitability provoke an increase in the persistent
current, when measured, suggesting that this mechanism plays a
major role in the pathogenesis of Nav channelopathies.

Recently, an omega current has been observed in Navl.5
mutant channels identified in patients presenting with
arrhythmic DCM or MEPPC (Gosselin-Badaroudine et al,
2012b; Moreau et al,, 2015b). This omega current, due to
mutations of arginine in the S4 of domain I, is similar to the
one observed in Nav1.4 (Sokolov et al., 2007; Struyk et al., 2008;
Francis et al., 2011; Gosselin-Badaroudine et al., 2012a; Groome
et al., 2014). This further strengthens the functional similarity
between Navl.4 and Navl.5 in pathophysiological situations. A
common feature of MEPPC, is an increase in window current
provoked by the Navl.5 R225W, R222Q, and R225P mutations,
increasing cardiac excitability of the fascicular-Purkinje system
(Laurent et al., 2012; Mann et al., 2012). Another common
feature of two of these mutations: R222Q and R225W is the
presence of an omega current. This Navl.5 omega current may
be responsible for the peculiar cardiac phenotype (Moreau et al.,
2015a), similar to the omega current of Nav1.4 being responsible
for the hypoPP phenotype, through sodium accumulation and a
decrease in membrane excitability (Sokolov et al., 2008). Indeed,
most of the SCN5A mutations linked to DCM are located
in the voltage sensor domain (VSD) as pointed by McNair
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et al. (2011). However, in some cases DCM may be secondary
to arrhythmias and window current increase. For instance,
preventing arrhythmias by quinidine improved the ventricular
function (ejection fraction) in patients with the Navl.5 R222Q
mutation, via a decrease in the window sodium current (Laurent
et al., 2012). The use of specific inhibitor of the alpha pore and
the omega (or gating pore) current would allow to test for the
respective role of the altered gating (activation, inactivation)
and the omega current on the development of the pathology.
Noteworthy, the various localization of the Navl.4 mutations
giving rise to omega current (in domains I, II, and III) strongly
suggests that similar mutations in Navl.5 will be identified in
domain IT and III in addition to the ones already identified in
domain I (Moreau et al., 2015b).

To conclude, given the sequence similarity between Navl.4
and Navl.5, any characteristics described for one channel subunit
may shed light on the properties of the counterpart channel
subunit, such as the presence of specific protein partners, or
the effects of a specific amino acid substitution. One can
argue that the effect of a mutation on Navl.4 is difficult
to compare with Navl.5 since the different molecular and
cellular environment may drastically modify the effect of the
mutation. Nevertheless, we noticed that the same mutation
lead to comparable effect regarding membrane hypo or hyper-
excitability (Table4 and Figure2A). This suggests that the
cellular environment is usually not able to invert the effect
of a mutation from gain to loss of function phenotypes and
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