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Résumeé des travaux de these

Titre : Nouveaux mécanismes contribuant a la variabilité phéotypiques de mutations

N- et C-terminales du canal sodique cardiaque

L’activité électriqgue cardiaque est étroitement contrblée ‘patiVité coordonnée de
multiples canaux ioniques voltage-dépendants. L’'un des plus importamhdscasial sodique
cardiaque formé d'une sous-uniteNa,1.5, constituant le canal lui-méme et de nombreuses
protéines partenaires régulatrices. Ce canal permet la généda courant sodique entrant
Inas Qui est un déterminant essentiel de la vitesse de conductionnflexI|'électrique
cardiaque, qui se transmet du noeud sinusal aux oreillettes, puis ratguwes le long du
tissu conducteur, puis a travers le myocarde ventriculaire. Des mutationke dgenéSCN5SA
codant N@l.5, ont été impliquées dans de nombreuses arythmies cardiaques héseditai
telles que le syndrome du QT long (SQTL), le syndrome de Bau@#r), les dysfonctions
du nceud sinusal (DNS), et la fibrillation auriculaire (FA). Leghemies liées a des mutations
de SCN5A ont d'abord été considérées comme des entités cliniques distifites
récemment, un large spectre de phénotypes mixtes a ététéagps les arythmies liées aux
mutations deSCN5A regroupés sous le terme d'«overlap syndromes». En plus de leur
expression variable, les arythmies lieesS@N5A sont caractérisées par une pénétrance
incompléte. L'origine des phénotypes mixtes causés par une métagam deSCN5A et la
pénétrance incompléte de ces canalopathies, restent encorenmpaises. Cela a conduit a
souligner la complexité des maladies liées aux mutatioRECIGA et a suggérer que d'autres
facteurs génétiques ou environnementaux pouvaient moduler le phénotypaecliDans
notre travail, nous avons étudié trois facteurs qui pourraient expliggephénotypes
variables induits par des mutationsQIEN5A: l'interaction entre les sous-unii@sle Ngl.5,
les propriétés électriques différentes entre les cardiomg®eytriculaires et ventriculaires, et
le terrain génétique des patients.

Dans la premiére partie de ce travail de these, nous avonsédagada mutation
R104W située dans la partie N-terminale du canal sodique cardieqlé, identifiée chez
un patient de 33 ans atteint de SBr. Ce syndrome est une canalopatiague héréditaire a
transmission autosomique dominante et a pénétrance incompléte, mutdésns perte-de-
fonction de N@l.5 sont trouvées chez environ 25% des cas. Par des études bioch#hiques
électrophysiologiques, nous avons montré que le mutant R104W expriméaseulles

cellules HEK293 n’était associé a aucun courant sodigulestl est dégradé par le systeme



ubiquitine-protéasome. Lorsqu'il est co-exprimé avec le canalagauvimitant ['état
hétérozygote du patient, le mutant exerce un effet dominant négakifsscanaux sauvages,
et conduit & un décalage de la courbe dactivation vers des gdstepbsitifs.
L’immunocytochimie de cardiomyocytes de rats nouveaux-nés tragsfacec R104W et/ou
Nal.5 sauvage a montré que le mutant seul est principalement retenle détisulum
endoplasmique. De plus, sa co-expression avec le sauvage conduieatlarrée ce dernier.
Par ailleurs, la co-transfection de R104W avec R878C, un canaltncagzable d’atteindre la
membrane mais non fonctionnel, restaure une trés petite activiRL@®V. Ces résultats
nous ont amené a penser qu'une coopération entre les soussUNaES5 pouvait exister.
Par des études de co-immunoprécipitation, nous avons démontré pour kEr@rfeiique les
sous-unitéso. sauvages interagissaient entre elles, ainsi qu'avec les saéseumtutées
R104W. L"interaction entre les sous-unité®a,1.5 est un nouveau mécanisme qui pourrait
moduler l'effet fonctionnel de mutations &N5Aainsi que le phénotype clinique ; ceci
démontre l'importance de l'expression hétérozygote lorsque I'ore égdeffets fonctionnels
de mutations danSCN5A

Dans la deuxieme partie de ce travail de these, nous avonsédaéathd mutation
R1860Gfs*12, mutation tronquante dans la région C-terminale gke3\édentifiée dans une
famille présentant un tableau clinique mixte de DNS, FA, fldtgal, et de troubles de la
conduction sans SBr. La mutation a été identifiée chez le cas index, son pere eteson onc

Les analyses biochimiques et les études de patch-clamp ont \abjgug dans les
cellules HEK293 les canaux mutants R1860Gfs*12 sont partiellememadssg par le
systéme ubiquitine-protéasome, et associés a une réductiqp de bécalage positif de la
courbe d'activation, un décalage négatif de la courbe d'inactivatiameeaugmentation du
courant persistanid, par rapport au canal sauvage. A I'état hétérozygote, le muteetoe'e
pas d’effet dominant négatif sur le sauvage, mais induit un décaégif de la courbe
d'inactivation, ainsi qu'un courant sodique persistant. Le décalagefndgal@ courbe
d'inactivation conduit a une réduction marquée de la disponibilité ge3Na&e qui indique
une perte-de-fonction du mutant R1860Gfs*12. Par ailleurs, en mesydank des cellules
HEK293 exprimant le mutant, maintenues a des potentiels imitgratémtiel de repos des
myocytes auriculaires ou celui des myocytes ventriculaires, anarss montré que le mutant
induit une perte-de-fonction nettement plus prononcée dans les callviesiaires que dans
les cellules ventriculaires. Ces résultats ont été confipaesnodélisation informatique (des
potentiels d’action membranaires de cellules uniques auriculamesentriculaires) et

pourraient expliquer la survenue d'arythmies auriculaires dates feshille sans SBr, ni



arythmies ventriculaires. En outre, en recherchant la présermayaeorphismes associés au
risque de FA dans cette famille, nous avons mis en évidence queiheler, qui a développé

la maladie a un jeune age avec des symptémes plus sévérssngpere et son oncle, est
porteur d’alléles a risque en amontRI& X2, un gene largement associé au développement de
la FA. De plus, dans cette étude, nous avons mis en évidence gue {anigmistronquées
R1860Gfs*12 étaient encore capables d’interagir entre elles airsmiequdes sous-unités
sauvages, indiquant que les derniers 156 acides aminés,1l®& Na sont pas essentiels pour
l'interaction entre les sous-unitéa. Ces reésultats suggerent que les difféerences
électrophysiologiques entre les oreillettes et les vengsguidombinées au terrain génétique
des patients, sont des facteurs modulant I'expression phénotypique des mbGit6As

Na,1.5 interagit avec de nombreuses protéines partenaires, y compfastder
homologue au facteur de croissance des fibroblastes (FHF1B), di@ aela partie C-
terminale de N@..5 et module l'inactivation du canal. Cependant, le site exact eedation
de FHF1B sur le C-terminus de M fait I'objet d’'un débat et serait situé dans sa région
proximale ou ses régions proximale et distale. Dans la traspartie de ce travail de thése,
nous avons confirmé par des études de co-immunoprécipitation de FH&dBleaix mutants
tronqués R1860Gfs*12*10 et L1821fs*10, que les deux régions proximale et distale
Na/1.5 sont essentielles a l'interaction entre FHF1B gt. NaEn outre, nous avons démontré
par PCR quantitative que FHF1B est l'isoforme FHF la plus méaridans les ventricules
humains.

Puisque 75% des cas de SBr ne sont pas liés aux génes connus a l'originendessSBr,
avons criblé le géne candideGF12B codant une protéine partenaire, FHF1B, chez 182
patients atteints de SBr avec un génotype négatif pour la plupagedes connus et nous
avons identifié le variant V127M chez un patient. La valine en poslitest conservéee
dans plusieurs espéces, ainsi que dans les autres FHFs humaiasKHAHAB, FHF4), ce qui
est en faveur d’'un possible role dans la fonction de cette protéimmndéns, I'analyse
électrophysiologique de cellules HEK293 transfectées avet.N&t FHF1B sauvage ou
muté n'a pas montré de différence fonctionnelle.

Conclusion: l'interaction entre les sous-uniid¥a,1.5 est un nouveau mécanisme qui
pourrait moduler les effets fonctionnels de certaines mutationSQ@MN5A ainsi que les
phénotypes cliniques. Cela met en évidence l'importance de I'aaprBgéserozygote lorsque
I'on étudie les effets fonctionnels des mutati8&N5A En outre, les propriétés électriques

différentes entre les cardiomyocytes auriculaires et vetdites, et la présence de



polymorphismes chez les patients porteurs des mutations pourraiefiemiedphénotype

clinique et aider a expliquer la grande variabilité phénotypique des camispaddiques.

Mots Clés : Arythmie, Syndrome de Brugada, Fibrillation auriculaire,,N& SCN5A
PITX2 Polymorphisme
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Thesis summary

Title: New mechanisms underlying the variable phenotypes caed by N- and C-

terminal mutations in the cardiac sodium channel

Mutationsin the SCN5Agene, which encodes thesubunit of the cardiac sodium
channel Ngl.5, are implicated in different inherited cardiac arrhythmidse Thcomplete
penetrance observed in these diseases suggests the exastetiear factors modulating the
phenotype of these mutations. In this thesis work, we charactévizemutations identified
in SCN5A

The R104W mutant identified in a patient with Brugada syndrommet&ned in the
endoplasmic reticulum (ER), degraded by the proteasome and abdfishesdium current.
Co-expressed with wild type (WT) channels, R104W leads to WT clsalife retention,
causing a dominant-negative effect. We demonstrated that interdettareen Ngl.5 o-
subunits is responsible for the retention and the dominant-negative effect.

The R1860Gfs*12 mutation was identified in a family with atriahgthmias. In a
heterologous system, this mutant induces both loss- and gain-of-funffeots @n Nal.5.
Computer-model simulation showed that the loss-of-function was mom@yonced in atrial
than in ventricular cells. In addition, we showed that the presenceyoh@qghisms upstream
of thePITX2gene could explain the observed phenotypic variability in this family.

In conclusion, the interaction between thsubunits of Ngl.5, the different electrical
properties between atria and ventricles and the presence of polysmoespim patients with
SCN5Amutations, are important factors in the interpretation of the ituradteffects of these

mutations, which could explain the phenotypic variability of sodium channelopathies.

Keywords: Arrhythmia, Brugada syndrome, Atrial fibrillation, a5, SCN5A PITX2

Polymorphism
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Preface

Sudden cardiac death (SCD) is defined as an unexpected deathadcartliac cause,
which occurs within one hour following the onset of symptoms. Ventricatdrycardia (VT)
degenerating into ventricular fibrillation (VF) and to asystoiésmost common mechanism
underlying SCD. The disorganized and ineffective ventricular cdmaracluring VF will
deprive the vital organs from the oxygenated blood and result in afi@smsciousness. If
not treated quickly by an electric shock using an automated external dafipritleath occurs
within few minutes. It is a major health problem accounting for 20%tal mortality, and
50% of cardiovascular mortalityConsequently, identifying the patients at high risk of SCD
and treating them, became one of the medical challenges of the beginning 6f thenfiry.

Eighty percent of SCDs occur in individuals older than 40 yearsaeithnary heart
diseasé However, SCDs also occur in young people where cardiomyopatideprinary
electrical diseases (channelopathies) are the major causé€.dBrugada syndrome (BrS),
long QT syndrome (LQTS), and catecholaminergic polymorphic verdricisichycardia
(CPVT) constitute the main channelopathies leading to°SODr knowledge of the cellular
and molecular mechanisms underlying these channelopathies isssifficient, leading to
inadequate risk stratification of patients and families, andntesat options restricted mainly
to cardioverter defibrillator implantation. Nevertheless, basseaech, using heterologous
expressing systems or animal models, has proved its efficamproving our understanding
of the pathophysiology of these channelopathies.

In this thesis work, we studied the cardiac sodium channelopathiesasesgomith
SCN5Amutations, which are involved in a wide spectrum of disease phenotypE€S, BrS,
progressive cardiac conduction disease (PCCD), atrial fiboig#\F), sick sinus syndrome
(SSS), and dilated cardiomyopathies. Despite important progressasdanstanding the
mechanisms underlying the sodium channel dysfunction, risk straficand management
of patients with this channelopathy are still limited, mainlgsuse of its reduced penetrance
and variable expressivity. Moreover, so®E€N5Amutations were linked to a mixed clinical
picture known as cardiac sodium channel “overlap syndromes”. The vasigiiessivity of
the SCN5Amutations suggests an involvement of additional unknown mechanistetjogen
and environmental factors in the determination of the phenotypic siqmesf a given
SCN5A mutation. Better understanding of these modifiers is essdntiameliorate the
diagnosis, risk stratification, and treatment options in patients with sodium objaatel.

In this thesis we aimed to address the mechanisms underlyingrible phenotypes
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of SCNS5SA mutations, by the characterization of twW®CN5A mutations, R104W and
R1860Gfs*12 identified in patients with hereditary cardiac arrhygsmiMoreover, by
candidate gene approach in genotype-negative BrS patients, vdoichings approximately

for 75% of BrS cases, we aimed to identify a new gene involved in this hereditamhaia.
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|. The anatomical structure and electrical activity of the heart

1.1 General anatomical structure and function

The heart is a hollow striated muscular pump, which supplies the Wwbdiewith the
requirements of nutrients and oxygen through the blood circulation. It is divided imt@unid
left halves by a muscular wall that is called septum. Anottescular wall separates the
upper parts of the heart from the lower parts, resulting indbambers: right and left upper
atria, right and left lower ventricles (Figure 1A). Each on¢hete chambers has a specific
role in the circulatory system. The right atrium receivesthreoxygenated, waste-rich blood
from the whole body through two large veins; the superior and inferia gava. Then, by
the contraction of the right atrium, the blood passes through the ongiguspid valve into
the right ventricle. The right ventricle contracts in turn and theaxygenated blood passes
through the pulmonary valve into the pulmonary artery up to the lung. ®@onaenated,
blood returns to the left atrium through the pulmonary veins. During the contractiom left
atrium, blood passes through the one-way mitral valve into the éefriele. Then, it is
ejected into the systemic circulation through the largest artery, the(Bigtae 1B).

Each cardiac cycle consists of two basic phases: diaatalesystole During the
diastolic phase, the ventricles are relaxed, and blood passegpassim right and left atria
into the right and left ventricles. At the end of diastole ain& contract to eject an additional
amount of blood into the ventricles. In the systolic phase, therldftight ventricles contract
and blood moves into the aorta and the pulmonary artery, respeciitietysuccession of
diastolic and systolic phases is produced through the spontaneous attpatemaker cells.
The trigger activity of these cells is not under the control oingr@ous system. However,

cardiac frequency can be modulated by the autonomic nervous system.
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Figure 1: Anatomical structure of the heart and blood circulation
http://babyheart.in/tag/normal-structure-of-heart/
http://www.tutorvista.com/content/biology/biologyAtirculation-animals/blood-circulation-
mammalian-heart.php

1.2 Cardiac cells

The heart is composed of different cell types: the cardiomgecythich account for
approximately 75% of the total volume of normal myocardial ti$gaueaepresent 30-40% of
total cell numbers, and the non-myocyte cells which make up 70%rdific cells. The non-
myocyte cells include (1) the fibroblasts which represent 90#oofmyocyte cells, having
many critical functions such as extracellular matrix synshasd deposition, and cardiac
remodeling, (2) endothelial cells that line the entire circulatory systemm the heart to the
smallest capillaries, (3) smooth muscle cells, (4) neurons andfi@nmatory cells, mainly
macrophagé’s

The cardiomyocytes are divided into two main cell types: worKeantracting)

myocytes and conduction cells.

[.2.1 Working or contracting cardiomyocytes

Adult cardiomyocytes have a cylindrical shape, are approxiyna@€um long by 10-
25 um in diameter, and are organized as a network of branched.fibkey have a
specialized structure called a sarcolemma, which is a fusioplasima and basement
membrane surrounding the cells. The sarcolemma forms two spediaiructures: the
intercalated discs at the junction between adjacent cells, antlatieverse tubules at the

lateral membrane.
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The intercalated discs play an important role in the function @iamamuscle, and
consist of three types of membrane junctions: adherens junctions, desssoaath gap
junctions. Adherens junctions (containing N-cadherin, catenins, and vinculng, a
desmosomes (containing desmoplakin, desmocollin, desmoglein, plakophilin, and
plakoglobin), mediate cell-cell adhesion and anchor underlying cytéaksteuctures to the
cell membrane. Gap junctions allow the conduction of electricahalEg between
cardiomyocytes and exchanges of metabolites.

The transverse tubules (T tubules) are deep invaginations of thelesama
communicating with the sarcoplasmic reticulum (SR), an intraeeltdlcium (C&) reserve
whose release is controlled by the ryanodine receptors (RyR2jrarsenission of electrical
signals through the T-tubules causes massive release “5ffr@m the SR, leading to
contraction of the myofibrils (excitation-contraction coupling). Toistractile activity of
cardiomyocytes is generated by the fundamental contractile unitsatwmere, which
consists of thin (actin) and thick (myosin) filaments (Figure 2).
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Figure 2: Anatomical structure of cardiomyocytes
Modified fromhttp://antranik.org/myocardium/

.2.2 Cardiac conduction cells

Specialized cardiomyocytes are responsible for the initiation, caodu@&nd
propagation of electrical signals, due to their ability to autonomdusg. These cells are
present in the sinoatrial node (SAN), the atrio-ventricular nodNjAthe bundle of His and
Purkinje fibers (Figure 3). In the normal heart, the electsiadal begins by the spontaneous
excitation in the SAN, which is an area of specialized tatiated at the junction between the
superior vena cava and the right atrium. It is the natural and pripagemaker of the heart
since it is responsible for the initiation of electrical sigratlfaster rate than other areas of the
heart with pacemaker potential. This rate of electrical drgehacalled sinus rhythm, will
determine the number of heartbeats per minute (bpm), which is mproetiveen 60-100
bpm. From the SAN, the signal is rapidly conducted through the atihi@ #&VN, which also
contains specialized nodal cells, located between the atrithanentricles, in the interatrial
septum near the opening of the coronary sinus. The AVN delays theatiopaof impulse
to the ventricles, this delay is extremely important to enthat the atria have contracted and
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ejected blood into the ventricles before ventricular contraction.allst important to protect
the ventricles from excessive heart rate such as in casggadfarrhythmia. From the AVN
down to the apex, the electrical signal propagates through kpetibundle of conduction
fibers called the bundle of His. The bundle of His enters the wetatricular septum and
divides rapidly into right and left branches that end in the cardiac apex as @tidens. This

network of fibers ensures synchronized ventricular contraction.

Bachmann's Bundie
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Node

; Left Bundle Branch
Anterior

Internodal
Tract

Middle
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Cenduction
Posterior ’ Pathways
Internodal .

Tract

Right Bundle Branch
Atrioventricular (AV) Node

Figure 3: The cardiac conduction system
http://mdmedicine.wordpress.com/2011/04/24/heandogtion-system/

[.3  The electrical activity of the heart

[.3.1 Membrane potential

The sarcolemma of the cardiomyocyte defines two different aqueonis
compositions of intracellular and extracellular, by maintainargd gradients of ions across
these two compartments. This uneven distribution of ionic species, mainly potasS)uamdK
sodium (N&), across the membrane, leads to an electro-diffusion membramgigdptehich
is equal to the differential electrical potential across theatemma. Cations diffuse
passively (following their concentration gradients) across thelsanma through embedded
selective ion channels. The opening and closing of these channefsl depéhe change in
membrane potential. Thus these ion channels are called voltage-eeperite intracellular
medium is rich in K (150 mM) and the extracellular medium is rich in both" KEB5-145
mM) and C&" (1-2 mM). These ion concentration gradients are maintained tpyekence of
ion pumps such as the N&* ATPase, PMCA (Plasma Membrane?CATPase) and the

Na'/Ca* exchanger (NCX), which move ions against their electrochemical gradients.
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[.3.2 Resting membrane potential

Like most excitable cells, atrial and ventricular cardiomyacyi@ve a resting state in
which the electrical potential is stable across the sarcoeniims state is called the resting
membrane potential. It results from the selective permeabiflitje sarcolemma to Kions.

At resting membrane potential, most ion channels are closed ekeepbtassium channel
Kir2.1 (responsible forh). The efflux of K ions through this channel leads to a potential
difference across the membrane of about -80 and -85 mV for a@mi@l ventricular
cardiomyocytes, respectively, a value that is closest to thesiNequilibrium potential of the
K" ion. The resting membrane potential is less polarised in thé @gtia (Figure 5B) since
they have lower expression of Kir2.1 transcripts compared to valatricells (Figure 4) In
addition, atrial k1 has 5- to 10- fold smaller current density, smaller elementarguctance,
and shorter channel open times compared to ventriculdr. IAs a consequence, less
depolarizing current is required to reach the firing action potetiiashold in atrial cells
compared to ventricular cells, explaining the higher excitability ofl ateiés.

In contrast to atrial and ventricular myocytes, SAN myocyteaal@olarize enough
to reach the level of the resting membrane potential and sHow spontaneous
depolarization during diastole (Figure 5B). These diastolic depdiarnsacontribute to the
ability of SAN to generate spontaneous and repetitive action patemi the absence of
external electrical stimulation. This depolarization resultenftow intensity of k;, and the
high expression of hyperpolarization-activated channel that conduciswhaed-rectifying
mixed N& - K*‘funny’ current (k) when the membrane potentials descend below —40 to —45

mV during the repolarization phdSe

[.3.3 Cardiac action potential and ionic currents

The cardiac action potential (AP) represents a transient dadian wave that starts
when the membrane depolarizes. It is the consequence of a cadcexte movements,
depending mostly on changes in ion channel permeability. Each celekypbits a different
shape and duration of cardiac AP (Figure 4). This diversity idaltige variable expression
of ion channels™.

The cardiac AP consists of five phases (Figure 5):

* Phase 0: The rapid depolarization phase (initial upstroke)
Excitation by electrical signals from adjacent cells\atés the voltage-dependent

sodium channels. Opening of these channels gives rise to the isadittm current \,,
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which has a short duration but high intensity, and which triggers tlyefastr change in the
membrane potential (upstroke of the AP) toward the equilibrium (Neposential of N&
Indeed, entrance of sodium ions further depolarizes the membranengmeoie sodium
channels and leading to phase 0 depolarization (initial upstroke). Claufsingse channels is
rapid, but they need time to be reactivated. This time is cadlledéfractory period, it is
essential for cardiac cells as it prevents the genesisyohew AP until these channels are
able to open a second time.

In nodal cells, the slow depolarization during the resting memhprateatial leads to
the inactivation of most sodium channels, inhibiting them from partiogain the
depolarization phase. As a consequence, the depolarization phase retlseilsemainly due

to the ka,L and the ¢, v calcium currents (Figure 5B).

* Phase 1: The early repolarization phase
Inactivation of sodium channels, and opening of certain potassium thdkpe?2,
K.4.3, K,1.4) responsible for the transient potassium curggnead to a rapid outflow of K
and early membrane repolarization. In human ventricles, differancdensity and rate-
dependent properties of in endocardial and epicardial layers lead to transmuretrigial

gradients and variation in the AP durafion

* Phase 2: The plateau phase

The plateau phase of the cardiac AP represents the balancesrbdtvee inward
depolarizing and the outward repolarizing currents. The inward é-t@&" current,
generated by G&.2 calcium channels, is the main current maintaining the plateau finese
Cal.2 channels activate slowly at membrane potentials higher than -48mV their
inactivation depends on membrane potential and intracellufdr @@acentration. They also
have an important role in triggering the entry of @¢o the cell, which, in turn, leads to SR
Cd" release that is responsible for excitation-contraction coupfinthe end of the plateau
phase, the rectifier potassium channels start to be activatedrgiog for the replarization

phase.
* Phase 3: The repolarization phase

The rectifying potassium channels are in charge of the predomimatmtard

repolarizing currents. They consist of two channels with diftekinetics and conductance:
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the rapid activating (KL1.1, k, current) and the slow activating (K1, ks current) channels.
In the atrium, the ultra rapid activating potassium channgdl.B k., current) also exists.

Calcium channel closure and the increase in the outward potassiwantsu, Ik,
Ikur and k1 lead to membrane repolarization and phase 3 of the cardiac AR Wentricles,
the beginning of Phase 3 is mainly due to {h@nhd k, currents, thenh current participates
at the end of the membrane repolarization and in the maintenance i@sting membrane
potential. The atrial AP (Figure 5B) has a less pronouncedaplgibase compared to the
ventricular AP. This is due to differences in the repolarizimgnoels. The KL..5 channel is
highly expressed in the atrium compared to the ventricles (Fuas it is specific to atrial
cardiomyocyteS®, andly activates more rapidely thag |

* Phase 4: The resting membrane potential

When the repolarization is complete, the cell membranes retukntdbeir resting

membrane potential, which is maintained by the Kir2.1 potassium chagmairfent).
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Figure 4: lon-channel genes expression in various cardiac regions

The absolute expression levels of genes that are significaontly strongly expressed

in a region of interest relativi® the reference region indicated are provided by colour
coding: genes expressed 20-fold compared to the reference geflgdPRT:
hypoxanthine guanine phosphoribosyl transferase) in the tissue/regiateret are
indicated in bold and genes expressed a85 times the referencgene level are
shown in bold red. Values shown are differences that were st@tissignificant for
both right andleft-sided comparisons for atriumersusventricle and epicardium
versusendocardiumModified from Gaborit N.et al. J Physiol 2007
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from Michael G.et al. CardiovascRes 2008°. (B) Differences between nodal, atrial and

ventricular cardiac AP3vodified from Giudicessi J. Ret al Nat Rev Cardiol 2028 and Ravens
U. et al. Europace 2008'

1.3.4 Electrical communication between cardiac cells

The propagation of electrical activity in the heart needs spetetellular junctions,
called gap junctions. These structures directly connect the cytoptdstwo adjacent
cardiomyocytes and form low resistance pathways allowingelbetrical impulse to pass

rapidly between cells, ensuring synchronous contraction of the ntyocarGap junctions
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consist of connexins, which are four transmembrane domain protem$lwénd C-terminal
cytoplasmic domains. They are arranged in groups of six to formichanmels, or
connexons, containing an aqueous pore in the center. Two connexons of two amjiseane
aligned together to form a junctional channel (Figure 6). In workiggcytes, gap junctions
are present at the intercalated discs with desmosomes aragfadherens junctions. In nodal
cells, only small and dispersed gap junctions are present. Varwuge)xns have been
identified in the heaft'> Connexin 43 is highly expressed in the ventricles and atria, while

connexin 40 is more expressed in the atria. Nodal cells contain connexin 45.
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Figure 6: Gap junctions
http://en.wikipedia.org/wiki/Connexin

[.3.5 Excitation-contraction coupling

The contractile unit of the working myocytes is the sarcoméreorisists of thin
(actin) and thick (myosin) filaments (Figure 2). At rest,raeind myosin do not interact with
each other through the effect of two other proteins; tropomyosithan@&* binding protein
troponin-C.

As membrane depolarization spreads along the sarcolemma of cawdidesy it
leads to the opening of the voltage-gated calcium channel$,2C&£4&" entering the cell
binds to the ryanodine receptor RyR2, which is a ligand-gated cattiammel located on the
SR. Binding of C& to RyR2 allows calcium channels to open, resulting in a masss@se
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of C&* from the SR into the cytoplasm. This process is known as tcalitiduced calcium
release". C4 released from the SR binds to troponin-C, which causes the corifotaiat
change of the tropomyosin and allows actin-myosin interaction. Wdrolysis releases
energy that allows the myosin to pull the actin filaments |lgadin muscle contraction.
Binding of ATP to the myosin head leads to its detachment frdim, &ile ATP hydrolysis
leads to rebinding of the myosin head to actin. Then, relaxation takee pihen the
intracellular C&" concentration returns to normal. Most of the intracellul& @areuptaken

by the SR through the SR €aATPase (SERCA pump) or it moves out of cells through the
Na'/C&* exchanger or sarcolemmal CATPase®.

[.3.6 Electrocardiogram

The electrical activity of the heart can be recorded throlggttredes placed on the
patient’s body. This recording is called an electrocardiogig8G). ECG is a non-invasive
test that has a key role in the diagnosis of cardiac disedsessdhemic heart disease and
cardiac arrhythmias. ECG provides valuable informations, such asrataand regularity,
conduction, and chamber sizes and position. These data are obtained theosggntard
interpretation of the different waves and intervals of the ECiGu(eé 7)’. These waves

represent the sequence of depolarization and repolarization of both the atria antksentric
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Figure 7: ECG of normal sinus rhythm
Modified fromhttp://catatanmahasiswafk.blogspot.fr/2012/03/dkitl-pemeriksaan-ekg.html

P wave: rounded, positive wave that represents atrial depolanizbisually it

is between 80 to 100 ms in duration. We can calculate atréabyameasuring
the time interval between P waves.

QRS complex: represents ventricular depolarization, it is norrbatlyeen 60
and 100 ms. Ventricular rate can be calculated by measuringntiteal
between QRS complexes.

T wave: represents ventricular repolarization.

PR interval: is the interval between the beginning of the P veank the
beginning of QRS complex. Normally it is between 120 and 200 ms. It
represents the time the electrical signal needs to propagatéhe SAN to the
AVN. A PR interval longer than 200 ms means there is an AV block.

ST segment:represents the time during which the whole ventricles are
depolarized and is normally isoelectric. An abnormality of ioricrents
during this period is most often translated to a ST segmenttielevar
depression relative to the isoelectric line. To evaluate thelis, sie use the J
point, which is the point at which the QRS complex meets the §Mhesd.
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Physiologically, it is located in the extension of the PQrssg, which is used
as the baseline in order to look for a shift of J point.

« QT interval: represents the time needed for ventricular depatli@n and
repolarization, it is approximately equal to the duration of thieragotential
of ventricular myocytes. The duration of the QT interval variepming to
heart rate; it decreases when heart rate increases @&wkvsa. For this reason,
it is better to use the corrected QT interval, which can lmeilledéed according
to Bazett's formulaQTc = QTARR. The normal values are 350 to 450 ms for
males, and 360 to 460 ms for femafesShort and long QT intervals can be
indicative of inherited cardiac arrhythmias called short and Iohgy@dromes
(SQTS and LQTS), respectively.

To record an ECG, an electrode is attached to each ofinibs, and six other
electrodes are placed on the chest. With these ten electtoebse leads can be recorded
(Figure 8). Each lead represents a view of the electratafity of the heart from a particular
angle across the body. Six limb leads (I, Il, lll, aVR, aVL, aMF) view the heart in a
vertical plane, and six precordial leads (V1-V6) view the heart in the horizoats. pl

Regarding the anatomical relationships, leads I, Ill, and &&W the inferior surface
of the heart, leads V1 to V4 view the anterior surface, leadsl, ¥¥%, and V6 view the

lateral surface.

40



Figure 8: The twelve standard ECG leads
http://www.amperordirect.com/pc/help-ecg-monitonkat-is-ecqg.html
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ll. Cardiac arrhythmias

1.1 Mechanisms of cardiac arrhythmias

Any abnormality in the heart rate or in the regularity ofrhdaythm is called cardiac
arrhythmia. Cardiac arrhythmias can occur in a structurallynabheart as well as in heart
diseases. They have a highly variable clinical presentation, but shage common
electrophysiological pathways. Three well-known cellular mecmasiare responsible for

most of cardiac arrhythmias: automaticity, triggered activity anatngé.

[1.1.1 Automaticity

Automaticity mechanisms of cardiac arrhythmia can be edberto altered normal
automaticity or abnormal automaticity.

In altered normal automaticity, the electrical signal stewrione conductive cell region
like the SA or AV nodes with abnormal suppression or enhancement. Wmdarstand the
different mechanisms underlying the altered normal autoratigi looking at the AP of
nodal cells (Figure 5B). Any factor that changes the mar diastolic potential, the
threshold potential for AP initiation and the rate or slope of pHadepolarization, can be
responsible for altered impulse initiation. For example, the pagzymtic nervous system
decreases heart rate by hyperpolarizing the cells throughagitge conductance of ‘K
through the G-protein-gatedkchannel fach and decreasing hctivity'®?°. In contrast, the
sympathetic nervous system increases heart rate by ingeksourrent, enhancing the
spontaneous depolarization of pha$e 4

In abnormal automaticity, atrial and ventricular cardiomyoc¢ytdsch normally do
not have spontaneous activity, demonstrate automaticity propertiesodduss when the
maximum diastolic potential is shifted toward the threshold pailefiany ion currents are
involved in this process, resulting in a net inward depolarizing cuweéht decreased K
conductance. Premature beats, as well as atrial and ventracigcardia are examples of
abnormal automaticity related arrhythmias. Increased eXumse K* levels and low

intracellular pH can cause cardiac arrhythmia through this mectfgnism

[1.1.2 Triggered activity

Triggered activity is defined as impulse initiation caused bwaféer-depolarization,

which is a membrane potential oscillation occuring during or ediately after an A.
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Based on the time elapsed from the preceding AP, two type$tesfdapolarization are
present: early after-depolarization (EAD) and delayed after-depafiemm (DAD).

EADs occur during phase 2 or 3 of the AP (Figure 9A and B). AP praliomg
favored by lower outward potassium currents or an increase inumalmi sodium inward
currents, as well as low heart rate, can all enhance the developmEAD. EAD is the
underlying mechanism of arrhythmias seen in patients with3,Qlich as torsade de pointes
due to polymorphic ventricular tachycardia (¥T)

DADs (Figure 9C) occur during phase 4, due to an increased intracefa
concentration, which mediates the oscillations of membrane potéd@dinhg to new AP
initiation if they reached the stimulation threshold. Enhanced hatatis a predisposing
factor for DAD development. Digitalis toxicity-induced tachydiaf* and catecholaminergic

polymorphic VT are examples of DAD induced arrhythmias.

1.L1.3 Re-entry

The electrical signals in the heart normally propagate imglesdirection, from the
SAN down to the ventricles. Normally, depolarized cells enterfraatery period, during
which they are unable to be re-excited, since most ion channeilsaatizated. In re-entry
excitation (Figure 10), an area that was not activated durinigitieé wave of depolarization
due to unidirectional block (gray area), can be depolarized by the retrogyaale(lslue line).
Action potentials exiting the block, could re-excite areas that Amgady recovered from the
refractory period and AP can continue. However, if the AP findsexartable tissue, it will
end. So, several elements are needed to lead to a re-entiybgtrpte; myocardial areas that
differ in conductivity and refractoriness, (2) unidirectional block allow conduction
propagation in one direction and conduction block in the other (3) slow conduot®rot
allow recovery from the refractory state of tissue prepemtimal to the block and (4) an

initiating trigger.
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Figure 9: Representation of triggered activity
(A) Phase 2 early after-depolarization. (B) Phase 3 earbr-dépolarization. (C)
Delayed after-depolarizatioBaztanaga Let al. Rev Esp Cardiol (Engl Ed) 2012

N

Mormal Reentry

Figure 10: Representation of a re-entry excitation
http://www.cvphysiology.com/Arrhythmias/A008c.htm

1.2 Atrial arrhythmias

Abnormalities in heart rate or rhythm arising from the atriane called atrial
arrhythmias. There are several different types of atmdiythmias, which are discussed

below.

[1.2.1 Supraventricular tachycardia (SVT)

Supraventricular tachycardia is a rapid heart rhythm originating at or above the
atrio-ventricular node. There are different types of SVT; erewill discuss those that are

the most common.

» Atrial fibrillation (AF)

Discussed in chapter 11.2.3.
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» Atrial flutter (AFL)

Atrial flutter is the second most common pathological SVTs laimacro-reentrant
arrhythmia characterized by a regular atrial rhythm of 260-bpm, with AVN conduction
block, usually 2:1, resulting in a ventricular rate of 140-150 bpm. In tleepce of variable
AV conduction, the heart rate is irregular. Patients with paroaysAFL and rapid
ventricular response present with palpitation, dyspnea, chest discopre$yncope and
weakness. There are different types of AFL according to thehamésms causing the
arrhythmig®. The most common mechanism is counterclockwise (CCW) right AFL,
characterized by circular activation around the tricuspid annulus. athieation wave
propagates up over the septal right atrium, and then moves down overettodasental right
atrium, passing through the tricuspid annulus and the inferior vena @again reach the
septal right atriuf{ (Figure 11). On the ECG, there are flutter waves with a -teath
pattern that are negative in inferior leads (ll, lll, avVF) goditive in V1 (Figure 12). Atrial
flutter is more common in men. Advanced age and other medical condilikesheart
failure, chronic pulmonary disease, previous stroke, and myocardaattioh can increase
the risk of AFL. The main targets for the treatment of Adfe rate and rhythm control,

prevention of stroke, ablation and treatment of the underlying dfSease

Figure 11: Typical atrial flutter
This left anterior oblique view of the right atrium shows the ce#iof the cavae and
the coronary sinus and the crista terminalis (vertical stfipg arrows indicate the
direction of activation. The green dotted lines mark the crithimus of each circuit,
the target of ablationodified from Garcia-Cosio Fet al.Rev Esp Cardiol 202
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Figure 12: ECG signs of atrial flutter
Modified from http://www.dochemp.com/afib.html

e Atrial tachycardia
Atrial tachycardia is a focal tachycardia resulting fromicro re-entrant circuits or an
automatic focus. It is characterized by its occurence in skpetitive bursts as well as warm-
up phenomena in which the atrial rate increases slightly oveirshé fto 10 seconds before
stabilizing. On ECG, there is a P-wave preceding each QRS ewrtipgurel3). However, if

the rate is very rapid, P-waves may be hidden by QRS complexes.

EMEDU Ectopic Atrial Tachycardia
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\ddbalal . el bl

Unusual P-wave morphology
. Tachycardia (rate= 150)
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Figure 13: Ectopic atrial tachycardia
http://www.emedu.org/ecg/searchdr.php?diag=SVT
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» Atrio-ventricular nodal re-entrant tachycardia (AVNRT)

AVNRT is due to a re-entrant loop that involves the AVN and theratrit usually
affects adult people. In this arrhythmia, AVN has two conduction pagweoth slow and
rapid, and the electrical signal leaving the AV node can propagtieanterograde or
retrograde directions. In sinus rhythm, the electrical impyplsgpagates down the fast
pathway, enters the distal end of the slow pathway and both impualsesl ®ach other.
However, if premature atrial contraction reaches the AV node dthengefractory period of
the fast pathway, the impulse will propagate down the slow pathméayvhen it reaches the
end of the slow pathway, the fast pathway will have recovered fiemefractory state and
impulse may then move retro-gradely through the fast pathwaytingrea circuitous
movement. In typical AVNRT (slow-fast) the retrograde conductioours via the fast
pathway and the anterograg& the slow pathway. Consequently atrial activation appears

before, at, or just after the onset of the QRS complex (Figure 14).

Supravenmcu\ar Tachycardia: AV nodal reentrant tachycardla

bty ave 'slow-fast" conduction Vi

bbb o e st /“\r”ﬁ

\%wam:wueuw%wﬂ%ﬁw&»wt/uw
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Figure 14: AVNRT

P waves appears at the end of the QRS complex
http://www.emedu.org/ecg/tachycardia.htm

» Atrio-ventricular reciprocating tachycardia (AVRT)

Atrio-ventricular reciprocating tachycardia occurs more frequerl pediatric
patients due to an accessory pathway reponsible for a direcivattiacular connection.
Through this tract, the signal may propagate in anterograde otrlygnade only or in both
directions. Patients with tachycardia, and a delta wave on tRe(B@ial slurring of the QRS

complex), are diagnosed to have Wolff-Parkinson-White syndrome (WPW) (Figure 15
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Figure 15: WPW Syndrome
Short PR interval of less than 120 ms, normal P-wave, wide QRS cqrdplea wave

representing ventricular pre-excitation.
Modified from http://paramedicine101.blogspot.fr/2009/05/wolfffgason-white-syndrome.html

[1.2.2 Premature atrial contraction (PAC or premature atrial impulses)

PAC occurs when a region of the atria other than the SAN depoldrefese the
SAN, leading to premature beats. It is a common and benign ariyteen in stressful
conditions, and may occur after caffeine or alcohol intake. On E€®&easignal in PAC
does not start in the SAN, the P-wave has an abnormal shape withRidgaterval after the
PAC. QRS is normal as the signal propagates to the ventrictagyththe AVN (Figure 16).
Sometimes the atrial beat is so premature that it reabbeSVN during its refractory time,
and as a consequence, the signal does not propagate to the vergadies, fo the absence

of QRS complex after the P-wave.

(L68 secs .60 secs

t

Figure 16: Premature atrial contraction
Abnormal P-wave (arrow), followed by a longer RR interval, Q€bmplexes are

normal.
http://www.crkirk.com/thumbnail/arrhythmias/ectogibtm

[1.2.3 Atrial fibrillation (AF)

Atrial fibrillation (AF) is the most common cardiac arrhytlami affecting
approximately 1-2% of the populatf@nlts prevalence increases with age from 0.5% in those
aged 50-59 years to 9.0% in those aged 80-90 JeAis is a tachy-arrhythmia characterized

by uncoordinated activity of the atrial muscle leading to ul&g heartbeat. This
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uncoordinated activity results in reduced ventricular filling and bloagistn the atria, which
can lead to heart failure and thrombembolic stroke. On the ECGgclitaimcterised by the
absence of P wave, fibrillation (f) waves resulting in an laditib irregular baseline, variable
RR intervals, and normal QRS complexes with ventricular rateeaet 60 to 220 bpm,
depending mostly on patient’s age and the ASftidte (if there is an underlying AV disease or
if the patient has received medications that affect AVN conduction) (Figure 17)

TMEDU Atrial Fibrillation with moderate ventricular response | |
~ I. ! ——.". M e o, e et Mo | | | i, it s el ey e AN L
I R i iR ! L 14 |
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A A i) e _,|._._ W Rerd frans 31 hemy maentiane sunsi renl | ST Epnes By | EREEE HRI0 RS e W et ‘,I. e e 1 s
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Irregularly lrregular, No p-waves seen
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Figure 17: ECG signs of AF
http://www.emedu.org/ecg/oni.php

11.2.3.1 Different types of AF

Based on etiology, AF can be divided into secondary and lone Afan&ay AF, the
most common form, is caused by coexisting medical conditions, cadi@on-cardiac, such
as ischemic heart disease, hypertension, electrolyte depletiasmnpni&, lung cancer and
thyrotoxicosis. AF is also common after cardiothoracic operatiomdthtion, alcohol and
caffeine consumption, as well as both physical and emotional stresses easar&F risk.

Lone AF occurs in younger patients with structurally normal hearts ahd absence
of other secondary medical conditions, accounting for 10-30% of. AFis always a
diagnosis of exclusion.

Genetic risk factors, especially mutations in genes encoding ion channelsocha a
involved.

The European Society of Cardiology (ESC) issued an AF fitaggin according to
episode timing and termination, thus AF can be divided into five ¥{pes

o First diagnosed AE A patient presents for the first time with AF
regardless of its duration or presence and severity of symptoms.

o Paroxysmal AF. AF episode that lasts less than seven days and
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terminates spontaneously, usually within 48 hours.

o Persistent AE AF lasts more than seven days or does not terminate
spontaneously requiring electrical or pharmalogical cardioversion.

o Long-standing persistent AE AF that has lasted one or more years
before rhythm control is decided.

o Permanent AF. The presence of AF is accepted by the patient and
the physician, and as such, no further rhythm control interventions

are carried out.

11.2.3.2 Symptoms of AF

Atrial fibrillation has a wide variety of clinical presentats, ranging from
asymptomatic to patients presenting with symptoms of AF contiplisasuch as brain stroke,
heart failure, or cardiovascular collapse. However, the most comgsymptoms are
palpitations, dyspnea, fatigue, lightheadedness, and chest pain. Heisesymptoms are not
specific, diagnosis of AF cannot only be made on the clinical presentation.

ECG is the gold standard test for the diagnosis of AF (FigureHoRyever, a Holter
monitor (a portable device for continuously recording ECG for at [B&shours) may be

needed, if the ECG does not demonstrate AF despite a strong suspicion.

11.2.3.3 Management of AF

The first step in the management of AF is the clinical etadn of the patient’s
cardiac stability. If the patient is hemodynamically unstableergency electrical
cardioversion is needed. However, if the patient has a stable ktoitdition, then history,
physical examination and diagnostic tests should be done in ordetdrmine the potential
causes, triggers, and co-morbid conditions.

AF treatment aims to improve symptoms and prevent future comgtisaPrevention
of AF complications through anti-thrombotic therapy, ventricular rate control eatinent of
underlying disease may improve the symptoms. However, in some rog#as control is
also needed. The main approaches for the treatment of AF corentoofagulation, rate and

rhythm control, treatment of any underlying diseases, and abfatigRigure 18).
» Antithrombotic therapy

Treatment with antithrombotic drugs depends mainly on the preseraesence of

risk factors for developing stroke and thrombo-embolism. There ang stare systems that
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can be used to assess stroketiskccording to this score system, the choice of anticoagulant

will be decided?

» Rate control

This aims to reduce the heart rate to normal levels without csiometo normal sinus
rhythm. Patients with rapid ventricular response are treatddraté control medication in
order to have a target ventricular rate between 80-100 bpmtanrdse acute setting. In
stable patients, this can be achieved through oral medicatl@ndédta-blockers or non-
dihydropyridine calcium channel antagonists. If the patient is uestaitravenous (1V)
verapamil, metoprolol, or amiodarone, in the case of severely degrésf$ ventricular
function can be used. In case of slow ventricular response, intravenopise@ttan be used,
but most patients need urgent cardioversion or temporary pacemakantatiph in the right

ventricle. This acute rate control strategy must be followed by a long—termolcstrategy.

» Rhythm control
o Cardioversion

Cardioversion aims to convert the abnormal heart rhythm to a noimal hythm. It
is usually used in a patient who is severely compromised, or wuitiptems that did not
improve with rate control management. It can be performed by pbalogécal or electrical
approaches.

Pharmacological cardioversion is initiated by IV bolus administraof anti-
arrhythmic drugs. In contrast to electrical cardioversion, phentogical cardioversion does
not require sedation or anaesthesia. However, its success naferig to that of electrical
cardioversion.

Direct current cardioversion (DCC) is a medical procedure usembrvert cardiac
arrhythmia into a normal sinus rhythm using electricity.eltes on the delivery of a high-
energy shock through the chest wall to the heart muscle througbléatnode pads that are
applied to the skin with a general ansethesia. Before doingiedtatardioversion in AF,
transesophageal echocardiogram is mandatory in patients having8kFwith no adequate
anticoagulation over the preceding three weeks, in order to ruletr@ltthrombus, since
electrical cardioversion enhances showering embolism. The succ#ss electrical shock
treatment can be determined by ECG showing the presence airtmore consecutive P-

waves after the shock.

51



o0 Maintenance of sinus rhythm
After cardioversion, maintenance of sinus rhythm can be achievead amiti-
arrhythmic drugs, like flecainide and others, according to thediac status It is
recommended to start with the safer drug, even though it magdeffeecacious, before using
a more effective one with more side effects. Moreover, the typeedication used depends
on the patient’s medical background.

» Catheter ablation

Catheter ablation is an invasive procedure used to ablate ofgesitie abnormal
cardiac tissue causing the arrhythmia. In AF, it is mainlyd useablate the firing spots
responsible for triggering activity, or to create lines of teleal block in the atria that
interrupt the abnormal electrical circuits, allowing the pademto regain its control of heart
beats.

As ablation is an invasive procedure, it is usually reservegdtents who have
remained symptomatic despite the use of optimal rate and rhyohninol therapy. Before
deciding to perform catheter ablation, benefit-risk ratios ohtadsi must be evaluated. For
example, it is usually used in patients with symptomatic paroalysia that is resistant to at
least one anti-arrhythmic drug. However, in persistent or longlistg persistent AF, or in
patients with heart disease, medical therapy is recommendeeé bhéfation since the benefit-

risk ratio in these cases is not well established.
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Figure 18: Management cascade for patients with AF
EHRA = European Heart Rhythm Association; ACEI =

= angiotensnverting

enzyme inhibitor; AF = atrial fibrillation; ARB = angiotensieceptor blocker; PUFA
= polyunsaturated fatty acid; TE = thrombo-embolistdified from Camm A. Jet al Eur

Heart J 2018
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11.2.3.4 Mechanisms of AF

AF results from abnormalities in the signaling pathway; wileeeelectrical signal is
generated from both the sinus node and multiple random regions in the atrium (Figure 19).

Three classical hypotheses underlie the development of AR d&otiaity, single-
circuit re-entry and multiple-circuit re-enfry

Focal activity results from spontaneous rapid firing of a singlenoltiple ectopic
atrial foci, usually in the left atrium, due to an increase in @eaition, or the presence of
after-depolarization. Pulmonary veins account for trigger actini5-95% of patients with
paroxysmal AF, and other sites, other than the pulmonary veins,rdpgearesponsible for
the rest’.

Re-entrant arrhythmia circuits arise from differential inggulpropagations within
atrial tissue, and necessitate the existence of a focanreficonduction block. This block
can be either fixed or dynamic. Fixed block can be structuralestrephysiological, like
myocardial fibrosis and heterogeneity of ion channels. Dynamitfumctional” factors
include membrane-voltage and intracellular®Ceycling properties that determine AP
duration and conduction velocity.

In addition, according to Coumel’s triangle of arrhythmogerigsise mechanism of
AF can be explained in terms of substrate, triggers, and modulating factors

Electrical and structural remodeling of the heart is the mostapent substrate.
Electrical remodeling include mechanisms involved in intracell@&f handling, leading to
shortened refractory period and enhancement of re-entry. Restoo&tginus rhythm can
reverse the electrical remodeling. In structural remodelinge tisea loss of cardiomyocytes,
diffuse and patchy fibrosis, and scarring. These structural chasigesthe conduction
velocity and enhance electrical uncoupling, allowing the genegis.dbtructural remodeling
is irreversible even with the restoration of normal sinus rhythm.

Regarding the triggers, the exact mechanism that underliegmitiaion of these
firings is unclear. However, enhanced automaticity, after-aegation and re-entry could be
the possible underlying mechanisms. A trigger can then interdcthve substrate to generate
AF; and modulating factors, such as atrial and pulmonary veirctstret hormonal and

autonomic nervous factors, may facilitate the initiation or the further devetamhAF.
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Figure 19: Generation sites of multiple electrical impulses in AF
http://www.educationforhealth.org/data/files/resmsg/atrial-fibrilliation-part-1-pathophysiology-c-

cottrell.pdf

11.2.3.5 Genetics of AF

The majority of AF is sporadic and non-familial, as most caseAFobccur with
structural heart disease. Nevertheless, familial forms oh@fe been identified. In 1943, the
first familial form of AF was reported in three brothersgiased with autosomal dominant
AF®. After that, several studies have confirmed the heritabilitplt®** Familial AF is
particularly present in patients with lone AF, where approximately 30% of qulelbeave first
degree relatives with A&*%“2 It has been shown that 5% of patients with AF, and 15% of
patients with lone AF had a positive family history (one to nine maait relatives
affectedj®. In addition, in the same study four multi-generation familiesevigentified in
which AF was transmitted in an autosomal dominant mahnEuarthermore, other studies
have showed that 38% or 41962 of lone AF patients had a first or second degree family
member with AF. Moreover, in a prospective cohort study within tteanfhgham Heart
Study, it has been shown that having one parent with AF doubled the ps&didted AF in
the offspring compared to no parental AF. In addition, the risk inedeagen the parents
developed AF before the age of 75 y&ark agreement with this study, it has recently been
shown that the risk of developing lone AF at a young age, inaedte greater numbers of
affected relatives and decreasing age at onset of AF in thkgives®. All this evidence

supports the theory that genetic factors may have a role in AF development.
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Rare genetic variants have been identified through either lirdkaggsis or candidate
gene approaches in AF families. Even though these mutations haveléetdred in two or
more family members with lone AF, the penetrance of AF in thémadies is highly
variable. In addition, in the more common secondary AF, not all patgtiisecondary risk
factors, like hypertension or heart failure, develop AF, suggestingrésence of other
modifiers such as single nucleotide polymorphisms (SNPs), whichd calier AF
susceptibility. Genome-wide association studies (GWAS) have igehtf number of SNPs

that can increase AF susceptibility.

« AF loci identified by linkage analysis (Table 1)

Brugadaet al in 1997 discovered the first AF loci on chromosome 10 (10g22-g24) in
three different families with autosomal dominant*AF After that, several loci have been
identified in familial AF (Table 1). Screening for candidateege in these loci led to the
identification of the first gené&KCNQ1)implicated in AR’, which encodes the-subuint of
the delayed-rectifier cardiac potassium channg).(IThis identification led researchers to
think that other genes encoding ion channels or subunits and factorsediddte ion
channels, could be involved in AF development. Consequently, other genes leave be
identified by linkage studies and candidate-gene approaches. Hoveevegre than half of
the loci, the genes implicated in AF development have not yetibeatified (Table 1). In
most of these studies, AF has an autosomal dominant inheritance’faftéf>* except in
one study where AF was inherited in an autosomal recessive maweoarring during the

fetal stage, and associated with neonatal sudden*death
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OMIM Locus Gene Functional effect

ATFB1 10g22-q2%# Unknown Unknown
SYNPO2L?
ATFB3 11p15.%’ KCNQ1 Effects on atrial action
potential repolarization
ATFB2 6q14-16° Unknown Unknown
5p139°° NUP155  Nucleoporin involved in the
nuclear pore complex
10p11-g2¥ Unknown Unknown
5p15° Unknown Unknown
ATFB6 1p36-p35’ NPPA Shortening of the atrial

action potential duration

Table 1: Summary of AF-susceptibility loci identified by linkage analgis

e Monogenic mutations in AF

Several studies have identified rare variants associated with §&nes encoding ion
channels and accessory subunits, cardiac gap junctions, and signalléogles. Up to date,
AF has been associated with mutations in 25 different gerdsst of these genes encode
ion channel subunits involved in cardiac depolarization or repolarizationtiénaicstudies
of these mutations showed both gain- and loss-of-function effects, sSmgydhe complexity
of AF. Moreover, these rare mutations occur in less than 1% offi€nps®, suggesting that
other rare or common variants, in addition to the environmental factordd contribute to

AF genesis.

o lon channel mutations (Table 2)

% Mutations in potassium channel genes
The voltage-gated potassium currentg, (I, lkur) are involved in the repolarization
phase of the atrial AP. Other potassium channgl3 @re of importance for the control of
resting potential. Gain-of-function as well as loss-of-function tara within potassium
channel genes have been identified in AF.

> KCNQ1
The KCNQ1 gene encodes the pore-formingsubunit, KLQT1, of the cardiacgk
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channel complexes (KCNQ1/KCNE1, KCNQ1/KCNE2 and KCNQ1/KCNE3). Tlay an
important role in repolarization of the cardiac AP. Some gaimioétion mutations have
been identified iKKCNQ1leading to an increase of thg potassium current and a decrease
in the atrial AP duration and refractory period. TKENQ1 gene represents the first gene
historically involved in familial AF. The first mutation, S140G, waentified following
linkage of an autosomal dominant persistent AF to the 11pl15.5 locus ihires€
multigenerational family. Functional study of this mutation showeaia-of-function effect
on ks potassium currefit Since this initial discovery, five other gain-of-functi®®€NQ1
mutations have been identified in sporadic or familial cases df AF

Loss-of-function of the & potassium current leads to the prolongation of cardiac
repolarization and LQTS. Numerous loss-of-function mutationsK@NQ1 have been
identified in LQTS*%® The study of a cohort of LQTS patients showed that 2% of them
(especialyKCNQZXrelated LQT1) have early-onset AF (aged less than 50)yeargpared to
a background prevalence of 0.%%n addition, it has been shown that some LQT1 mutations
can lead to variable mixed clinical pictures of AF and L&TS

In addition toKCNQJ, mutations in genes encoding the auxiliary suburitSNEL
KCNE2 KCNEH and the atrial natriuretic peptiddlRPPA), that regulate thexd potassium
current, have also been identified in patients witt?’AE°®~"° Functional studies of these

mutations showed gain-of-function effects on thgobtassium current.

» KCNH2
The KCNH2 gene encodes the Kvlldsubunit underlying ¥, involved in the
repolarization phase of cardiac AP. TRENH2 gain-of-function mutation N588K has been
identified in families with SQTS and AF. Increasedl¢ads to shortening of AP duration and
refractoriness, and enhancement of re-entrant arrhythfian addition, a mutation in the
KCNE3gene encoding the MiRP2 accessory subunit has been identifiedentpatith lone

AF, and a functional study showed a gain-of-function effect of this mutatiogdn |

» KCNA5
The KCNAS5 gene encodes the, K5 subunit responsible for the atrial specific
repolarizing currentyl,. Both gain’*”® and loss-of-function mutatiofts’®in KCNAS have
been identified in patients with AF, which further supports the hypatlileat shortening as

well as prolongation of the AP duration can increase susceptibility to AF.
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» KCND3
The KCND3 gene encodes the pore-forming ghannel subunit ¥4.3 that interacts
with the K channel-interacting protein (KChIP2) underlying the transient outWarclirrent
(lw). Some gain-of-function mutations in tKECND3 gene have been involved in Brugada
syndromé&®® Recently, a new gain-of-function mutationKEND3 (A545P) was identified
in a proband with early onset persistent AF at the age of 22. The prdmhmobt have
Brugada syndrome even after flecainide challenge. Computedasion showed that the

mutant is associated with a reduction of the AP dur&tion

» KCNJ2

The KCNJ2gene encodes the Kir2.1 channel proteat underlies the inward rectifier
potassium currentsd The k; is mainly involved at the end of the repolarization phase and in
the resting membrane potential. In atrial cek$2.1 has lower expression and smaller
current density and conductance with shorter opening times compahedventricles. These
differences lead to a more depolarized resting membrane pbterdidighly excitable atrial
cell®. As of today, three gain-of-function mutations KKCNJ2 have been identified in
patients with AB*%2"8* The increase inl accelerates the repolarization phase and the return
to resting membrane potential, leading to shortening of AP duratidnceeation of a

favourable substrate for re-entry, a mechanism involved in AF.

» KCNJ8
The KCNJ8 gene encodes the cardiagK channel Kir6.1 which facilitates a non-
voltage-gated inwardly rectifying potassium current, leadinga tehortening of the AP
duration under conditions of metabolic stfés©ne gain-of-function mutation has been
identified inKCNJ8gene in lone AE®°

> ABCC9
The ABCC9gene encodes the regulatory SUR2A subunit of the cardigcdhannel.
One loss-of-function mutation has been identified in a female pat#ht early-onset

adrenergic AF originating from the vein of Marsfall

K/

+« Mutations in genes encoding sodium channel subunits
The SCN5Agene encodes thesubunit of the cardiac sodium channel,N&, which

is responsible for the depolarization phase of the cardiac APy Matations iINSCN5Ahave
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been identified in several arrhythmic cardiac diseases likgd8la syndrome, long QT
syndrome, sick sinus syndrome and atrial fibrillation.

In AF, some studies have report8@N5Amutations associated with gain-of-function
effect$®® loss-of-function effects®2 or gain- and loss-of-function with increased late
sodium current (current that inactivates very slowly or does not inactivalle Iga )**%*

The M1875T mutation was identified in a Japanese family with autisgdominant
AF®. The majority of the patients had a similar clinical pictafealpitation due to PACs,
starting in their teens, then progressing to paroxysmal and petsi&F, without QT
prolongatiofi. The K1493R mutation was discovered in a woman and her son with lone atrial
fibrillation®®. Both mutations prolonged the time constants of both fast and slowwitiact,
and caused positive shift of the steady-state inactivation, suggaggmg-of-function effect.

In addition, the mutant M1875T increased the peak sodium curggniNeither of these
mutations increased the late sodium current. The gain-of-function ofatttkac sodium

channel could lead to repolarization failure, or early after-degal&wns inducing triggered
activities. Also, it might increase the conduction velocity aruilifate the maintenance of
fibrillation waves. All of these conditions favor the occurrentéle. In addition, functional

study of the K1493R mutant in HL-1 atrial cardiomyocytes showed neehnaent of the

window current, lower threshold for AP firing, and spontaneous depdlansasuggesting a
cellular hyperexcitability, a phenomenon that can lead t5.AF

The loss-of-functionSCN5Amutation D1275N has been reported in two families
presenting with atrial arrhythmias (AF, cardiac conduction deseand sick sinus syndrome)
as well as dilated cardiomyopatfy’ This mutation was also found in a third family with
atrial arrhythmia and intra-cardiac conduction defects but witlpoominent ventricular
dilatatiorr’. Another mutant, N1986K, was identified in a proband with AF, and his father
who presented with AF and sick sinus syndrome requiring pacenraptaniatiori>. Both
mutations, D1275N and N1986K, have a loss-of-function effect by posititeoslictivation
and negative shift of steady-state inactivation, respectively.

The third mechanism by which Na5 could play a role in AF is the generation of the
late sodium current (k). In a cohort study of patients with early-onset loné€A€ight non-
synonymous mutations and two rare variants were identifi&CIN5A five of these variants
and mutations had previously been associated with LQTS. Howeventallion carriers had
a normal or borderline QT but some of them showed Qinterval prolongation after a
flecainide challenge, performed to rule out Brugada syndrome. Furcsiuibes of these

variants demonstrated electrophysiological parameters of gath{oss-of-function effects.
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Nevertheless, five of them increasgg.l In another cohort of patients with either lone AF or
AF associated with heart disease, variants associated wiagec ;. have also been
identified®. This high prevalence of long QT variants in patients with AF atdi that Ja.
could play a role in the genesis of AF by providing a substrabeghrAP prolongation, and
a trigger by early and delayed after-depolarizaffoifsIn agreement with this study, patch-
clamp experiments performed in isolated right atrial myodytes patients undergoing heart
surgery for permanent AF, showed that permanent AF was assawmitttedbcreased Na.5
expression and peakaldensity, and thatyl, was significantly greatd? In addition, in the
AKPQ LQTS mouse model, which had a three-fold increaggd prolonged atrial action
potentials, EADs and triggered activity were fothdince EADs and triggered activity in
AKPQ mice atria were due to enhancggl,lranolazine, a selectivg,l blocker, suppressed
EADs and triggered activity inKPQ heart?.

In the heart, the-subunit Ngl.5 interacts wittg-auxiliary subunits that modulatg.l
Mutations in genes encoding these suburBiS€N1B SCN2B and SCN3B have also been
identified in patients with AB %2 These mutations decrease thgcurrent, which further

supports the implication of the loss of sodium current in the pathogenesis of AF.

o Non-ion channel mutations

In addition to mutations in ion channel genes, mutations in other gecedsiren gap-
junction proteins GJAL®, GJA5% %) and transcription factors GATA4% ! and
GATA6 ™ involved in cardiac development have been identified in patients with AF

Despite the fact that many genes have already been involved, isudh rare variants
are present in less than 1% of patients with*’ABnd cannot explain all the heritability
aspects of AF. Nevertheless, identification of these mutatiores giew insights into the
genetic aspects of the disease, and the underlying mechafigscaused by these genetic

variations.
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OMIM Genes Chromosome  Protein Current Functional consequeces
ATFB 3 KCNQ1 11pil5 KLQT1 lks Gain-of-function effect on current’°*
KCNE1 21022.12 minK ds Gain-of-function effect on current®
ATFB4  KCNE2 21g22 MiRP1 e Gain-of-function effect on curren®
KCNE5 X@22.3 MiRP4 ks Gain-of-function effect on current®
ATFB6  NPPA 1p36-p35 ANP ds Gain-of-function effect ond current*
KCNH2 7g36.1 K11.1 ke Gain-of-function effect ong currenf"?
KCNE3 11qg13.4 MiRP2 & Gain-of-function effect ong angli, current$®
ATFB7  KCNA5 12pil3 K1.5 kur Gain-of-function effect on |, crrent*”
Loss-of-function effect on, currenf>"®
KCND3 1p13.2 K4.3 ko Gain-of-function effect onJcurrent!
ATFB9  KCNJ2 17023-g24 Kir2.1 d Gain-of-function effect orkl current®#*4
KCNJ8  12p11.23 Kir6.1 datp Gain-of-function effect onchsp currenf>s®
ATFB 12 ABCC9 12pi12.1 SUR2A daTp Loss-of-function effect onckre current’
ATFB 10 SCN5A  3p21 Nal.5 a Gain-of-function effect onyl current 8899
Loss-of-function effect on ) current>9°°2
Mixed functional effect ong,current®
ATFB 13 SCN1B 19qg13.1 R1 a Loss-of-function effect onycurrenf® 1%
ATFB14 SCN2B 11023 R2 da Loss-of-function effect onycurrent®
SCN3B 11¢23.3 R3 A Loss-of-function effect ony current®®?

Table 2: Different ion channel genes involved in AF
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% Polymorphisms associated with non-familial AF (Table 3)

Single-nucleotide polymorphisms (SNPs) represent the most common ofype
inherited genetic variations. Genome-wide and candidate gene assoghidies have
identified SNPs that could modulate disease susceptibility andgbbgisial traits such as PR
interval and QRS duration. Most of the identified SNPs are Iddateon-coding regions of
the genome, and some of them can affect gene transcription by nmoglvégulatory factors,
such as cis-regulatory elements and transcription factors.rtNeless, most SNPs should
only be considered as genetic markers of a region of interesis)/gutatively co-inherited
with nearby functional SNPs (in linkage disequilibrium). In additi@me SNPs, especially
those that are nonsynonymous, could directly alter protein functions.

GWAS performed in general AF populations led to the identificatiomariants that
could contribute to AF susceptibility. In 2007, the first GWAS panied in three European
and one Chinese populations showed that two variants on chromosome 4q25 (rs2200733,
rs10033464) were linked to AB. Association of these variants with AF was stronger in
younger patients and in those with lone AF, but was also significaoitler patients. These
two variants were confirmed by several other studies, espeti@lys2200733%** |n a
recent meta-analysis study, an additional SNP, rs6817105, at thdczarsevas associated
with AF with the highest scol®. The closest gene to this locus is the transcription factor
PITX2 which plays an important role in the determination of cardiad-tefhasymmetry?*

123 pITX2suppresses the formation of a left-atrial sinus node and playspamtant role in

the formation of the pulmonary vein myocardidft® These variants may dysregulate
PITX2 expression, leading to an abnormal structure or function of tiheateum and
pulmonary veins predisposing to AF. GWAS allowed the identificatiosewgéral other loci
linked to AF?%1?5713% The variants in these loci are not only in genes encoding ion deanne
(KCNN3?® HCN4“%, but also near or within genes involved in cardiopulmonary
developmentRRRX) and signal transductiotCAV1)'*. Moreover, in general populations,
multiple loci modulating the PR interval length have been identifieGWAS, and some of
them were found to be associated with'&AE*? However, most of these loci have not been
confirmed by the recent metanalysis in ‘AF Nevertheless, these studies suggest that
studying the intermediate phenotype of AF, as PR interval dutdtiamay help in the
identification of new variants linked to AF.

Candidate gene association studies in AF patients identified ayvafi&NPs that
may affect AF susceptibilitj>. These polymorphisms are located in genes encoding cardiac
ion channels (Table 3), and regulatory proteMBRA®, SLN'*4 eNOS*>® Table 3), a gap
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junction protein GJAS®"'%, circulatory hormones ACE, AGT:39140136.141-143 5

inflammatory mediator iiterleukin-6*%, matrix metalloproteinasesMiMP2**>, MMP9*4%
and other§

Functional studies of some of these variants highlight a probable linkedetthese
SNPs and AF. The polymorphism E145D (rs12621643, minor allele frequency 38.@96) i
KCNE4 gene, which encodes tigesubunit (MiRP3) of the LLQT1 potassium channel, was
associated with AF in the Chinese populatfanThis variant showed a gain-of-function
effect on the {s potassium currelt’. Study of the G38S polymorphism (rs1805127, minor
allele frequency 33.1) ilKCNE1 encoding thep subunit (minK) of KLQT1, and the
incidence of AF showed that the presence of the G variant iecrels risk of developing
AF. Whereas, when having two GG alleles, the risk increased ftintfiEr'>° In contrast to
KCNE4E145D, the G allele oKCNE1 G38S reduced the<d current, due to decreased
K\LQT1 membrane expression, and computer simulations demonstrated ARial
prolongation, especially in the presence of a reduced repolarizatsamvee and the
occurrence of early afterdepolarization under specific condifibnsiowever, variants
identified by the candidate gene association studies were noteepny the recent meta-
analysis study?®.

How these common genetic variants, or their combination with othetoréa
determine AF susceptibility remain to be investigated. The mi@epathways underlying
AF could be the same in both sporadic and familial AF. Future asswocstudies in large
cohorts will be helpful in identifying new SNPs, especially thogh & strong effect but
which may have been missed due to their low allele frequenciespeaific haplotypes in
which multiple SNPs are inherited in blocks, in order to have a thonadgrstanding of the

genetic aspects of AF.
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OMIM SNP Locus Gene SNP location relative to closegene Functional effect

ATBF5 rs220073%3>1% 4925 PITX2 Intergenic Right-left cardiac asymmetry, developtr@mpulmonary vein
rs1704217% myocardium
rs10033464 >/
rs681710%%
rs684308%°
rs17570669"
rs385344%'°

ATBF8  rs719334%° 16922 ZFHX3 Intronic Unknown
rs210626320127152
rs25125%%° 5934 NKX2-5 Intergenic Cardiac development, especially pulmprains and sinus

node

rs1337633%° 1921 KCNN3 Intronic Calcium-activated potassium channel inedln atrial
rs 66662580 repolarization
rs3903238° 1924 PRRX1 Intergenic Development of great vessels
rs380798&°130120 7931 CAV1 Intronic Atrial signal transduction protein
rs10821415° 922 C90ORF3 Intronic Unknown
rs10824028° 10g22 SYNPO2L Intergenic Cardiac protein that localizes to thdist
rs1152591%° 14923 SYNE2 Intronic Structural protein of the cardiac sarcoene
rs716488%° 15q24 HCN4 Intronic lon channel {) involved in cardiac pacemaking
rs1805123 K897T3 7936 .1 KCNH2 Exonic Potassium channel involved in repolarization
rs1805120, F513F>

ATFB10 rs1805124 H558R>® 3p21 SCN5A Exonic Sodium channel involved in depolarization
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rs11708996*

rs6800541* 3p22.2  SCNI10A
rs6590357, S573°° 11q24 KCNJ5
rs7118824 L270L*°

rs7118833 H278H°

rs1805127 G383*>91%1  21g22.12 KCNE1
rs12621643 E145047148 2036.1 KCNE4
rs17003955 P33$>’ Xq22.3 KCNE5

Intronic
Intronic

Exonic

Exonic
Exonic

Exonic

Sodium channel involved in depolarizafion

Potassium channel involved in repolarizatio

Auxiliary subunit that modifies potassiunrreunt
Auxiliary subunit that modifies potassiunrreunt

Aucxiliary subunit that modifies potassium rent

Table 3: SNPs associated with AF
* |dentified by candidate gene associations studies
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[1.3 Bradyarrhythmias and conduction blocks

Bradyarrhythmias are defined as a heart rate below 60 bpntaanbe divided into
two major categories depending on the site of conduction abnormalsiiss node
dysfunction (SND) and atrio-ventricular (AV) block. Sinus bradg@alis a physiological
condition predominantly caused by increased vagal tone; it is commonly seeriesatbi in
young people at rest and during sleep. In addition, it can be caushuids/such as beta-
blockers and calcium-channel blockers. Persistent symptomatis bradycardia with heart
rate below 40 bpm is a pathological condition and usually represerggkhgnus syndrome
that will be discussed later. On ECG, P-waves and QRS commexe®rmal, but the heart

rate is very slow (Figure 20).

Figure 20: Sinus bradycardia
Normal P-waves and QRS complexes with a heart rate of 37 bpm.
http://rrapid.leeds.ac.uk/ebook/05-circulation-06.html

Atrio-ventricular conduction block is characterized by a delayitréof conduction
of the atrial impulses to the ventricles. According to ECi&mia, it is divided into first-,
second- and third-degree (complete) block. In addition, depending on thearditac
electrophysiological recoding, AV block can be further differéatianto supra-, intra-, or
infra-Hisian block.

» First-degree AV block (Figure 21A)

First-degree AV block corresponds to a conduction delay of atnlilses to the
ventricles, characterized by constant abnormal prolongation of thetétal on ECG (PR >
0.2 s) with every P-wave normally followed by a QRS complex (Figure.Zll# conduction
delay may occur within the atrium, AV node (the most common), or i ttkinje system.
Patients with first degree AV block are usually asymptomatic. Howevieengamay become
symptomatic when there is a severe prolongation of PR infeswaluring exercise as the

heart rate increases but the PR interval does not shorten accordingly.
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» Second-degree AV block (Figure 21B&C)
Failure of conduction of some atrial impulses to the ventrickdteein second degree
AV block. According to the ECG criteria, it is divided into tw@ég: type | (Mobitz | or
Wenckebach) and type 1l (Mobitz 11).
In Mobitz | (Figure 21B) there is a progressive prolongationhef PR interval
(indicated by arrows) before the occurrence of a non-conducted/®-Wae first conducted
P-wave after the non-conducted one has the shortest PR interidbltz 11 (Figure 21C)

there is a constant PR interval before and after the non-conducted P-wave.

» Third-degree or complete heart block (Figure 21D and E)

Third-degree or complete heart block corresponds to a failure of camdwéteach
atrial impulse to the ventricles, resulting in complete AV atiggtion with a higher atrial rate
than ventricular one. It may be congenital or acquired, with eitteel AV node, bundle of
His, or the right and left bundle branches as the sites of block. Haviagow QRS complex
(Figure 21D) with ventricular escape rhythm of 40-60 bpm indidai&tsthe block is located
at the AVN level, which is usually the case in congenital AV-bld¢gwever, wide QRS
complex (Figure 21E) and/ or a ventricular rate of 20 to 40 bpm poirat blatck in the His-
Purkinje system, which is often seen in acquired AV blocks.

Acquired AV block may be due to extrinsic causes such as dseigstrolyte
disturbances and others, or intrinsic causes like ischemic, inflmnymar infectious heart
diseaseS® However, in approximately 50% of AV block cases, idiopathic progrssiv
degenerative fibrosis of the cardiac conduction system, named agreé.eme_ev disease, is
the leading caus®. The treatment of choice in patients with AV block is peremarcardiac
pacing. Indication for cardiac pacing depends on the type andolocatithe AV block,

symptoms, and concurrent diseases.
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Figure 21: AV conduction blocks
(A) First-degree AV block. (B and C) Mobitz | and Mobitz 1l ead-degree AV

blocks. (D and E) narrow and wide QRS complex third degree AV blocks.
Modified from http://www.unm.edu/~lkravitz/EKG/avblocks.html

[1.3.1 Sick sinus syndrome (SSS)

SSS is characterized by abnormalities in the SAN impulseatiymand propagation

leading to atrial rates that are inadequate for physiologcglirementsTheseabnormalities

may include sinus bradycardia, sinus arrest, sinoatrial exitkpbland chronotropic

incompetenceSSS can be caused by an intrinsic disease of the sinus nodegxiribgic

cause¥® SSS occurs more frequently in the elderly with a peak inclén the seventh and

eighth decades of lite° the idiopathic degenerative fibrosis of nodal tissue being the mai

69



causé®. However, it can occur in fetuses, infants, and chifdfet?? especially after cardiac
surgery for congenital heart disease. SSS may also occouigyadults without structural
abnormalities, and present a familial form, suggesting that geaetars could be involved

in the genesis of the SNEY16>-168

11.3.1.1 Automaticity of SAN

The sinus node was discovered in 1907 by Keith and Flack while exanhnmgn
heart histolog}f®. Early on, it was described as a small condense area of iissue right
atrium, where the superior vena cava enters the dtfidf) but further studies showed that
the SAN is more diffuse, and extends down the inferolateral aspect of theesristaatis in a
cigar shap¥? In addition, Chandleet al identified in 2009 a paranodal area which has a
molecular architecture intermediate between the SAN aral atriscle$™ It could facilitate
the exit of the AP from the SAN into the atrial muscle. Thé&NS&the natural pacemaker of
the heart since it generates impulses faster than othes afehe heart with pacemaker
potential. Pacemaker activity of the SAN relies mainly on gmsmtaneous depolarisation that
occurs during diastole (pacemaker potential). SAN Automati@sy been modelled as two

clockg 4176

the membrane voltage clock and the calcium clock (Figure 22). Thénaeen
voltage clock represents the net disequilibrium between the ddcaytward potassium
currents and the activation of inward currents. The calcium clockrilcoi®s to SAN
automaticity through Ca release from the ER, which can activate thé-8a&* exchanger,

generating an inward depolarizing current.
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Figure 22: Five ionic currents involved in SAN pacemaking

A SAN myocyte is shown. Membrane clock: during the pacemaker patehtre is a
voltage-dependent decay of outward currentsofl outward rectifier K current; 1)
and a voltage-dependent activation of at least three inward cutkgffissiny current;
2), lcaL (L-type C&" current; 3) andds r (T-type C&" current; 4). C& clock: during
the final phase of the pacemaker potential, there is an activatiowafd kaca (Na'-
Cd* exchange current; 5) in response to a spontaneous releasé ofrdda the
sarcoplasmic reticulunvia the ryanodine receptor (RyR2). Because thé-Ckk*
exchanger exchanges one intracellulaf*Gan for three extracellular Ndons, it is
electrogenic and generates an inward currgatdlon removing C& from the cell.
Cd" release from the sarcoplasmic reticulum also occurs asudt of Ca'™-induced
Cd" release in response to“Cantry into the celVia Icaand kar. The sarcoplasmic
reticulum is replenished with &aby reuptake of Ca into the sarcoplasmic reticulum
via SERCA2 (Sarco/Endoplasmic Reticulum *CaATPase). Store-operated Ca
channels (SOCC) at the cell surface membrane may also halgplenish the
sarcoplasmic reticulum with &aMonfredi O.et al Pacing Clin Electrophysiol 201%°

Normally, AP is initiated in a small area of the node chllee leading pacemaker site,
also known as the center of SAN. Then, it is conducted to atrial lentismugh the
transitional and peripheral region, where cells are larger and arganizetf’. The leading
pacemaker site is not static and can be shifted in responseteimatxfactors such as
sympathetic and parasympathetic stimuldtibrThe AP is slow and small in the center of the
SAN compared to its periphery and the surrounding atrial celfgerBices in ion channels
and gap junction expression between the SAN and atrial cetlsiiaicfor the automaticity of
the SAN and the shape of nodal AP (Figure 23).
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» Outward currents
While Kir2.1 underlies the} current responsible for the stable resting membrane
potential in atrial and ventricular cells, it is absent in noddis'®>'’® This leads to an
unstable resting membrane potential, and is responsible for the &gty nodal cells.
During AP, the delayed rectifier potassium channels underlyingnd k, are activated to
account for the repolarization phase, and the decay of these chatoets the inward
currents to depolarize the cells. So, it is believed thdetay accounts for the earliest part of

the pacemaker potentt&t*"®(Figure 23).
> Inward currents

% The funny current

The hyperpolarization-activated or funny curreptid the major determinant of
diastolic depolarization in the SAN. The hyperpolarization-acti/atelic nucleotide—gated
channels (HCN) are responsible for theurrent; there are four HCN channels encoded by
different genesHCN1-HCN4. HCN1 and HCN4 are the predominant cardiac isoforms that
are present mainly in the human SAN The HCN channels have unique characteristics
including permeability to Kand N4, activation at hyperpolarized membrane potential and
modulation by cAMP. These properties make them ideal for modulatcepzker potential
not only during normal rhythm generation but also during heart réegulay the autonomic
nervous systeml® The importance of;lin pacemaker activity is supported by HCN4

mutations associated with SSS that will be discussed below.

+ Sodium and calcium currents

Early studies have suggested tha{INa plays a minor role in the depolarization phase
of the SAN, since the maximum diastolic potential (MDP) is matgdy negative, and the
SAN has a long diastolic depolarization phase, and as such, most scldammels are
inactivated’®. Later on, several studies have showed the importance,&fS\ia modulating
the AP in SAN pacemaker cells, aBCN5Amutations have been reported in patients with
inherited form of SSS.

Studies on the human SAN showed that thglMachannel was absent from the center
of the SAN, but was present in the periphery, at the junction witl aells'">*"® A large
inward current with Ja characteristics was recorded in human SAN ¥llDespite that most
Na channels may reside in the inactivated state in SAN celisast argued thatyd may
contribute to human SAN pacemaker activity, and that the atriuentsexan effective
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hyperpolarizing load on the periphery of the SAN, thereby brinthegperipheral cells to a
more hyperpolarized potential where not all "Nehannels are steady-state inactivated
(window current)®>. Consequently, the AP upstroke is slow in the center of the SAN{ and
is the L-type C& current £, that is responsible for the depolarization phase. In contrast to
atrial and ventricular cells, where the 2 channel is the major isoform contributing to
lcar, nodal cells express ¢1:a3'’® which has a more negative threshold potential than
Cal.2'3 a feature that makes this channel more appropriate for paceauikily, as it is
activated earlier in the pacemaker AP. Blockiag labolishes AP generation in the center of
the SAN, while blocking NA.5 slows pacemaker activity at the periphery. This evidence
suggests that the presence ofINa at the periphery is important to provide sufficient inward
current for atrial muscle stimulation, resulting in AP conductionoduhe nodal cels® In
addition to the sodium and L-type €aurrents, the T-type Eacurrent, a1, may contribute

to the generation of the pacemaker potential of the SAN, mainlyasitetwo thirds of
diastolic depolarization (Figure 23,

Moreover, the N&Ca"* exchanger contributes to pacemaker activity elicitated by odtwa
movement of C4 during diastole, generating an inward current. It has been suggested tha

the Nd-C&* exchanger accounts for the last exponential phase of the pacemaker pStential

» Gap junctions
The electrical coupling in the center of the SAN is weak,nijdbecause of low
connexin expression (Cx43 and Cx40). Instead, Cx45, which forms small corwhcta
channels, is expressed in the center. However, electrical mguptireases at the periphery
of the SAN with the expression of Cx43 and Cx40. This organisatioonpfexin favours the
exit of the electrical signal from the node center throughptrghery, but at the same time
protects the cells in the center from the inhibitory hyperpotagiznfluence of atrial

muscleg®3173182
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Figure 23: Typical APs recorded from atrial muscle (light gray) and theenter of
the SAN (black)
The temporal contributions of the main ionic currents to the pacerpakential are
shown by the black barbtonfredi O.et al Pacing Clin Electrophysiol 2018,

1.3.1.2 Genetics of SSS

As the automaticity of the SAN has been modelled as membramgeahd calcium
clocks, it is not surprising that mutations affecting the men#reltage clock RCN5Aand
HCN4, Table 4 and 5), the calcium clocRYR2and CASQ2'®% or both of them
(ANKB)'®° have been identified in patients with SND. Mutations affectirgy nembrane

voltage clock are discussed below.

» SSS andSCN5A genetic mutations

Both loss- and gain-of-function mutations in tBEN5Agene have been identified in
patients with SSS. In 2003, Bensetnal screened th8CN5Agene in a series of ten pediatric
patients with congenital SSS treated with pacemaker implantdtiomthis pioneering study,
four cases were diagnoseduterg where SSS was associated with congenital heart defects
such as aortic and pulmonary valve stenosis, arfiGid5Amutations were found. For the six
other patients, SSS was diagnosed between two and nine years oftageabbsence of heart
disease, and transmitted as an autosomal recessive traitonifhlete penetranc&CN5A
molecular analysis led to the discovery of compound heterozygous muiatifives patients
from three different families. The three probands exhibited thewolg compound
heterozygous mutations: G1408R-P1298L, T220I-R1623X, and delF1617-R1632H.
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Functional studies showed that G1408R and R1623X expressed alone producednp curre
and the others showed mild to severe channel dysfunction. Each petrboted one non-
functional or severe mutation on an allele, in combination with demrhutation on the other
allele. Interestingly, the subjects who carried only one of theatations were either
asymptomatic, or experienced latent cardiac conduction systeaséisgich as first degree
AV block. However, previous studies have reported that two of theseionstas1408R and
delF1617, led to BrS or conduction abnormalities (G1483Rand long QT syndrome
(delF1617%9), suggesting the role of additional factors in the phenotypical expnesisthese
diseases. Later on, familial SSS was widely studied, and $eS€d5A loss-of-function

mutations have been identifféd®®"°’

(Table 4). These mutations lead to no or redugegd |
due to non-functional channel or altered biophysical properties. As shovable 4, some of
these mutations are associated with mixed clinical pictureslie€S of several mutations
(T2201, P1298L, delF1617, and E161K) in a two-dimensional model of intact 3#NRA
tissue showed that these mutations slowed down pacemaking and comg@roniise
conduction across the SAN-atrium, leading to possible sinus arr8#&Mexit block. These
abnormalities are likely to be exacerbated by vagal nerinatgcand this may account for a
high risk of cardiac arrest in SSS patients at night, whenl| \am#vity is prominent®
Recently, other mutations BCN5Agene have been identified in patients with SSS without
functional studies. The compound heterozygous mutations A735V/D1792N
D349N/D1790N® and the frame shift mutation F1775Lfs*i5 all are new mutations,
except A735V which was previously reported in 8PS

A mouse model with a null mutation in tis&CN5Agene further confirmed the role of
the sodium current in pacemaker function and the contributiddGM5Amutations in the
pathophysiology of SSS. The homozyg@&GN5A™ mice diedin utero and showed severe
defects in ventricular morphogené8fs However, heterozygous mice had a normal survival
rate but presented with a number of electrophysiological abndiesalincluding impaired
atrio-ventricular conduction, delayed intramyocardial conduction, inetdeasentricular
refractoriness, and ventricular tachycardia with charadtisif re-entrant excitatiGff.
Telemetric ECG studies and isolated hearts showed sinus brdidysémwed SA conduction,
and sino-atrial exit bloéR® These findings directly implicate the role of sodium current in
the conduction of AP in the SAN as well as between the SAN arglitheunding atrial cells,
and are in line with thE CN5Aloss-of-function mutations identified in patients with SSS.

Bradycardia and sinus pause have also been reported in LQEStpatithSCN5A

mutations (LQT3** '3 (Table 4). In most of the LQT3 mutations, incomplete or slowed
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channel inactivation induces a small persistent inward sodium guwieich accounts for the
delay in the repolarization and the prolongation of the QT intervash&sn in Table 4, most
LQT3 mutations associated with sinus node abnormalities induce botlsistgrer sodium
current and a negative shift of inactivation. In order to deternf these alterations may
account for the sinus bradycardia and the sinus pause seen inga@@its, Veldkampet
al* studied the 1795inD mutation identified in a family with a mixed céihpicture of sinus
bradycardia, CCD, LQTS and BrS, in a SAN AP model. This model shbat the 10-mv
negative shift of inactivation decreased the sinus rate by degedBe diastolic
depolarization rate, and the persistent current decreased aials/rAP prolongation despite
the simultaneous slight increase in diastolic depolarizationHatsever, the combination of
persistent current (1% to 2%) and the shift of inactivation led1@% decrease in sinus rate

and abolished the slight increase in the depolarization rate seen with pecsigtemtalone.
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Mutations Channel characteristics Current characteristics Phenotype References
E161K Loss-of-function Reduced current  density, SSS, BrS, LQT Smitet al, 2005%
positive shift in activation
T187I Non-functional No current SSS, BrS Makiyaetal., 2005°*
T220I Loss-of-function Reduced current  density, SSS Bensoret al, 2003%
negative shift in inactivation DCM, AF, heart block Olsonet al, 2005*
R367H Non-functional No current Atrial standstill, BrS Takeharaet al, 2004
SUNDS Vattaet al, 2002
G514C Loss-of-function / gain-of-function Positive shift in activation CCD, bradycardia Tanet al, 2001**
reducing {, Destabilized
inactivation tending to
increase |5
R878C Non-functional No current SSS Zhanget al, 2008%
D1275N Loss-of-function Positive shift in activatidast ~ SSS, DCM, PCCD Olsonet al, 2005*
recovery Atrial stand still with Groenewegeet al, 2003
connexin SNP
P1298L Loss-of-function Reduced current  density, SSS Bensoet al, 2003%’
negative shift in inactivation
G1408R Non-functional No current SSS Bensoret al, 2003%’
BrS or CCD Kyndtet al, 2001
W1421X Non-functional No current (predicted) SSS Blial, 2006%7
K1578fs/52 Non-functional No current SSS, BrS on poation Makiyamaet al, 2003°*
delF1617 Loss-of-function Reduced current density, SSS Bensoret al, 2003%’
negative in shift inactivation LT Splawskiet al, 2000%°
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R1623X

R1632H

R121W

L212P

AK1500

delKPQ 1505-1507

V1763M

E1784K

1795insD

Non-functional

Loss-of-function

Non-functional

No current SSS
SSS, BrS
Negative shift in inactivatjo SSS
slow recovery from
inactivation
No current SSS, atrial flutter,

episodes of VT, PCCD

Loss-of-function / gain-of-functionNegative shifts in activation Atrial standstill only

Loss-of-function / gain-of-function

Gain-of-Function

Gain-of-function

Gain-of-Function

Gain-of-Function

and inactivation, delayed with connexin SNP
recovery from inactivation

Negative shift and reduced
slope of inactivation, positive
shift —of activation and
increased late current

LQT, BrS, PCCD;

sinus pauses

Sustained inward  currentLQT, Sinus bradycardia;
during membrane
depolarization. Mutant LQT, BrS, PCCD

channels fluctuate between
normal and non-inactivating
gating modes

Persistent tetrodotoxin-  Sinus bradycardia/
sensitive but lidocaine-  tachycardia; LQT
resistant current. Positive shift
of the inactivation curve,
steeper activation curve. Faster
recovery from inactivation

Small residual steady-statd.QT, sinus bradycardia
current throughout prolonged with occasional sinus
depolarization. Negative shift pauses

in inactivation. 7.5-fold LQT, BrS, sinus node
increase in flecainide affinity dysfunction

in resting-state channels

Negative shift in voltage- Sinus bradycardia,
dependence of inactivation;

Bensoret al, 2003%"

Makiyamaet al., 2005°*

Bensost al, 2003%’

Holstet al.,2009**

Makita et al, 2005*°

Grantet al, 2002%*

Bennettet al, 1995
Grantet al, 2002%
Wanget al, 1995%

Changet al, 2004%’

Wei et al, 1999

Makita et al, 2008

Bezzimd al, 1999
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persistent inward currents CCD, LQT and BrS

D1790G Gain-of-Function Negative shift in inactivation, LQT, sinus arrest
but no D1790G-induced
sustained inward current

L1821fs/10 Loss-of-function/gain-of-function Reduced  current  density, SSS, CCD, VT
negative in shift inactivation,
increased late current

A1924T Gain-of-function Negative shift of activation Atrisfandstill
Brs

Veldkampet al, 2003

Abriedt al, 2006
Benhorinet al, 20033

Taet al, 2007*°

Lopezet al, 2017
Rooket al, 1992

Table 4: Na' channel mutations associated with sinus node dysfunction
Modified from Lei M.et al. Prog Biophys Mol Biol 2008°
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» SSS andHCN4 genetic mutations
Six HCN4 mutations have been identified in patients with SSS (Table %f all
which are loss-of-function mutations. The decreaseisndue to multiple mechanisms
like altered biophysical propertfé&2?* trafficking defect®*?*> synthesis

§?222% and decreased sensitivity of the channel to cyclic adenosine

defect
monophosphate (cCAMPY. In addition, two mutations have dominant-negative effect
on the WT channet&®?® These mutations are associated with variable clinical
manifestations such as asymptomatic sinus bradyéaréia syncope with QT
prolongation and torsade de poifféssymptomatic sinus bradycardia with normal
chronotropic and exercise capafffy or syncope with intermittent AF and
chronotropic incompetent®. One mutation was reported in sporadic cZSewhile

the others were familial and transmitted in an autosomal dominagt®w*
Recently, the mutation K530N was identified in a family whichvetigped
tachycardia—bradycardia syndrome and persistent AF in an agedeégpananner,
indicating that the dysfunction in the f-channel may contribute tal¢évelopment of

atrial arrhythmia*
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Mutation

Channel characteristics

Current characteristics Phenotype

P544fsX30
(HCN4 573Xy?°

D553N?°

S672R%

G480R*

A485V?%

K530N?24

Loss-of-function

Loss-of-function

Loss-of-function

Loss-of-function

Loss-of-function

Loss-of-function

Negative shift of Patient with symptomatic sinus
activation at long bradycardia, intermittent AF,

activation protocol, chronotropic incompetence
insensitive to increased
CAMP, dominant-

negative on WT

Reduced ¢urrent caused Patient  with sinus node
by decreased surfacedysfunction, QT prolongation,
expression of the PVT, torsade de pointes, AD
channel, dominant-
negative on WT

Negative shift of Familial  with  asymptomatic

activation, faster bradycardia, AD
deactivation, no change
of cAMP-induced

channel activation

Reduced turrent, slow Familial with  asymptomatic
and negative shift of bradycardia, normal exercise
activation capacity, AD

Drastic decreased in |Familial  with symptomatic
negative shift of bradycardia, AD
activation

Negative shift of Familial with  tachycardia—
inactivation at the bradycardia syndrome and
heterozygous state persistent AF in an age-dependent

fashion, AD

Table 5: HCN4 mutations associated with SSS syndrome
AD = autosomal dominant.
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1.4 Ventricular arrhythmias

» Premature ventricular contractions (PVC)

Like PACs, PVCs are ectopic impulses occuring when a region oWehgicle
depolarizes leading to premature beats. PVCs are usually a bamigithmia relatively
frequent in healthy persons, but they can be caused by cardiac ordimnadiseases.
Prognosis depends on the morphology and frequency of PVCs, as welltlzs type and
severity of the associated heart diseases. In general, polymorphscRVE poorer prognosis
than those that are monomorphic, since they can be transformed inteculantachycardia
and fibrillation. On ECG, PVC is characterized by an abnormailye QRS complex,
abnormal T wave, and an absence of the P wave followed by a cotopgmsause (Figure
24).

Figure 24: Premature ventricular contraction

VPB: ventricular premature beat.
http://www.medicine-on-line.com/html/ecg/e0001etedi08.htm

» Ventricular tachycardia (VT)

VT is a rapid heart beating entity originating in the ventsicleccuring with or
without structural heart disease. Reentry is the main causetofasrhythmia. On ECG, it is
demonstrated by atrio-ventricular dissociation with a rapid vemanaate, and wide QRS
complexes (QRS > 120 ms) (Figure 25).

According to QRS morphology, VT is divided into monomorphic or polymorphic
forms. In monomorphic VT, ventricular activation starts either imgle focus, or due to a
re-entrant circuit caused by a stable substrate. On ECG cQiRflexes have the same form.
However, in polymorphic VT, they have different forms indicatingk@ration in ventricular
activating sites. Polymorphic VT is more dangerous since it carramsformed into

ventricular fibrillation.

82



Figure 25: Ventricular tachycardia
http://www.medicine-on-line.com/html/ecg/e0001emht

» Ventricular fibrillation (VF)

VF is the major cause of sudden cardiac death. It is chaedetry a rapid
asynchronous fluttering ventricular contraction without effective blejedtion, leading to
severe hypotension, syncope, and sudden death within a few minutdsuifittefated. On
ECG, VF is recognised by its irregular disorganised osiota without QRS-complexes
(Figure 26).

Figure 26: Ventricular fibrillation
http://cardiac.northbayhealthcarenursing.com/ventricular-fibrillation.html

» Torsade de pointes (TdP)

TdP is a stereotyped polymorphic ventricular tachycardia, lysaakociated with
LQTS, with a 2- to 3-fold increased frequency in females coetptr male¥®. Transmural
dispersion of depolarization with EAD as a common tigger is the wmignnmechanism of
TdP. On ECG, it is characterized by fluctuating amplitude anstihg of QRS complexes
around the isoelectric line (Figure 27). In most circumstancestérdinates spontaneously,

however degeneration into VF may occur resulting in sudden death.
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Figure 27: Torsade de pointes
http://lifeinthefastlane.com/ecqg-library/tdp/

» Hereditary ventricular arrhythmias

Hereditary ventricular arrhythmias are rare diseasesciated with a high risk of
sudden cardiac death, especially in young patients. Seventy pertesmodre pure electrical
diseases (ion channel diseases), while 30% are caused by aobgthenstructural heart
disease€€’. Long QT syndrome (LQTS), short QT syndrome (SQTS), catetidagic
polymorphic ventricular tachycardia (CPVT), and Brugada syndrom8) (Bpresent the
most common primary hereditary ventricular arrhythmias. They naaenly caused by
mutations in the genes encoding ion channel and regulatory proteiob/ed in the

generation of the cardiac action potential (Figure 28). They saecated with incomplete
penetrance, and variable expressfity
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I.-mediated
disease

Figure 28: lon channels involved in hereditary cardiac arrhythmias
Blue and green circles represent loss- and gain-of-function onsgatiSolid and

dashed lines indicate autosomal dominant and recessive inheritasutised from
Giudicessi J. Ret al. Trans| Res 2018

o0 Long QT syndrome (LQTS)

LQTS is a heterogeneous group of hereditary disorders chézadtdoy abnormal
prolongation of the QT interval on the ECG (@#60 ms in males and Q%460 ms in
females), with an increased risk of life-threatening ventricatanythmias, like torsade de
pointes (TdP), ventricular tachycardia, and ventricular fibrillatemmditions that can lead to
sudden deafR®. Currently, mutations in 15 genes encoding ion channel proteins and their
partners have been reported in LQTS. These mutations enhance the ziegatarrents ({,

Ica-L) Or diminish the repolarizing currentgdl Ik, lk1). The most common genes involved in
LQTS areKCNQ1 (LQT1), KCNH2 (LQT2), andSCN5A(LQT3), and mutations in these
genes account for approximately 60-75% of genotype-positive LQTi&nX°. According
to the presence of extracardiac manifestations, six diffeseitypes of LQTS are
distinguished:
1. The autosomal dominant Romano-Ward syndrome is the most common
LQTS. It is not associated with extracardiac manifestations.
2. The rare autosomal recessive Jervell and Lange-Nielsen syn{ibh8),
characterized by the presence of bilateral sensorineurfaledsan addition

to severe QT prolongation, it is mainly caused by homozygous or
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compound heterozygous loss-of-function mutations KENQT3**

(JLNS1) orK CNEF*?%*3(JLNS2).

3. Timothy syndrome (TS) is an extremely rare multisysterorder, which
manifests by the presence of variable degrees of autisrtrispedisorder,
syndactyly, and severe cardiac arrhythfifast is caused by some specific
loss-of-function missense mutations in ©&CNA1Cgené®.

4. The Andersen-Tawil syndrome (ATS) is another rare multisystisorder
with mild QT prolongation and moderate risk of life-threatening veuiar
arrhythmia. Patients with ATS have variable dysmorphic phl$eatures
(low-set ears, micrognathia, and clinodactyly), and periodic pisahs
extracardiac manifestations. It is caused by loss-of-functiatations in
theKCNJ2gené®®,

5. The ankyrin-B syndrome (ABS) is caused by mutations inAIRK2 gene
encoding the adaptor protein ankyrin B. Patients have QT prolongation,
sick sinus syndrome and episodic atrial fibrillatitn

6. The recurrent infantile cardiac arrest syndrome is a receftisgstem
form of LQTS caused by mutations in the genes encoding th&iGading
protein, calmodulin. It is characterized by severe QT prolongatidn, 2:
atrio-ventricular block, neurodevelopmental delay, seizures, and recurrent
cardiac arrest during early infarfcy

The main treatment for LQTS is beta-blockers. In some casesmplantable
cardioverter defibrillator (ICD) may be needed. In additioniepéd with LQTS should avoid
all medications that cause prolongation of QT interval. Theofisuch drugs is available on

the following WebsiteWyww.qtdrugs.orj

o Catecholaminergic polymorphic ventricular tachycardia (CPVT)

CPVT is a rare disease characterized by normal ECGtaivith adrenergic-mediated
polymorphic ventricular tachyarrhythmias during effort or emoti@adss, and with a high
mortality rate of up to 50% in severe untreated cases up to thef @feyears®?* |t is
mainly caused by mutations in genes involved in calcium homeostesisardiac ryanodine
receptor gene RYR2 autosomal dominarfff, and the gene encoding the cardiac
calsequestrin GASQ2, autosomal recessiVE}?*??** Recently, mutations in the
transmembrane sarcoplasmic reticulum protein triadiRDN, autosomal recessivé],
another protein involved in calcium homeostasis, have been reported. ThésEoms
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increase the cytosolic €aconcentration, leading to delayed after-depolarizations that trigge
arrhythmias. Beta-blockers are the mainstay of treatnoer@®PVT, and in certain cases ICD

can be used.

o Short QT syndrome (SQTS)

SQTS is a hereditary disease described for the first tin®0G*° characterized by
short QT interval (QTc<320 ms) with syncope and unexplained abrialentricular
arrhythmia (atrial fibrillation, polymorphic ventricular tadaydia, and ventricular
fibrillation) that could lead to sudden de#ftf*’ In contrast to LQTS, SQTS is a very rare
disease caused by gain-of-function mutations in the ge@&H2 (SQT1),KCNQ1(SQT2),
and KCNJ2 (SQT3§? affecting the potassium repolarizing currents, (s, Ik1). Treatment
options are limited; ICD can be used in cases with a high risk of sudden death.
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[1.4.1 Brugada syndrome (BrS)

Brugada syndrome is an autosomal inherited cardiac channelopithincomplete
penetrance®. It is characterized by a structurally normal heart wittymcal ST segment
elevation in the right precordial leads of the E¢GThe Brugada brothers, in 1992, were the
first to describe BrS as a clinical enfity Patients with BrS have an increased risk of sudden

cardiac death by ventricular fibrillatiot.

11.4.1.1 Epidemiology

As the ECG pattern of BrS can be intermittent, often concemieddependent on
ECG lead position, it is difficult to ascertain the true prawadeof BrS in the general
population. It has been estimated that the prevalence of a Briygggeld ECG pattern is
approximately 0.05%, with a mean age of sudden death of 41+15Ye#tswever, this
prevalence varies worldwide with the highest prevalence in Adiaywed by Europe and the
United StateS. Despite the fact that BrS is generally considered to bewsosomal
dominant disease, its prevalence is up to 10 fold higher in men thannwenheincreased
severity>>?*3 BrS typically occurs in adulthood with mean age of diagnosisesetw0 and
45 year8® an age at which most arrhythmic events happen, mainly dugag st at re§t*
23 However, BrS can occur in childf@f®® According to the consensus document, BrS
represents 4% of all sudden deaths and at least 20% of sudden dep#i®nts with
structurally normal heat?. In addition, in 2002, BrS and sudden unexplained nocturnal
death syndrome (SUNDS) have been identified as the same€nftyNDS, which has the
same ECG manifestation as BrS, is the most common causetbfidegae young healthy
Asian population (usually male) during sleep, highly present iaildind, Japan, the
Philippines and Cambodi®?*"**® Besides, some mutations in the BrS-related genes have
been identified in sudden infant death syndrome (SIDS), an unexplained sleddierof an

infant usually during sleep in the first year of #0810

11.4.1.2 Electrocardiographic characteristics

ECG abnormalities represent important criteria in the diagnosis of Be$e &re three
different ECG patterns, however only type-1 ECG is diagnostic (Figure 29):

1. Type 1 is characterized by an ST-segment elevation equal teategthan 2 mm in

one or more right precordial leads V1, V2, positioned in fe3 or 4" intercostal
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space. The ST-segment elevation has a coved type appearance @iodvesifby a
negative T-wave. This ECG pattern can be observed spontaneousfieroitha
administration of sodium channel blockers like flecainide and ajmakme it
represents the gold standard in BrS diagnosis.

2. Type 2 has an ST-segment elevation equal to, or greater than Iollmwed by
positive or biphasic T-wave with saddleback appearance.

3. Type 3 has an ST-segment elevation of less than 1mm of sackdlgpa, coved type
or both. Type 2 and 3 ECG patterns are not diagnostic of BrS.

Signs of conduction abnormalities, like prolonged P wave duration and &Raist and
right bundle branch block, are often seen in BrS ECGs, esperigligtients withSCN5A
mutationg®—2%4

Importantly, through patient examination including personal and famdtoryi ECG,
echocardiography and coronary angiography, other causes of Bi€rsegjevation should be
carefully ruled out, such as myocardial ischemia or infarctiongtstral cardiac abnormalities

and arrhythmogenic right ventricular cardiomyopathy (ARVC).
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Figure 29: Examples of Brugada type 1, 2, and 3 ECG patterns
(A) Brugada type 1 (coved) in leads V1 and V2 (arrows); (BygBda type 2

(saddleback) in leads V2 and V3 (arrows); (C) Brugada type 3 in leadoditied from
Li and Behr.Future Cardiology 2074

1.4.1.3 The pathophysiology of BrS

Two main hypotheses have been reported to explain the pathophysiolBg$:dhe

repolarization and the depolarization hypotheses.

» Repolarization hypothesis

Yan and Antzelevitch first proposed the repolarization hypothesis i k89ed on
results from an arterially perfused wedge preparation ofctirene right ventricf€®. In
accordance to this hypothesis, there is a net enhancement of the repolariangat the end
of phase one of the action potential that leads to the augmentattoa APtnotch in the right
ventricular epicardium.

In normal heart, there is a gradient expression of the tramsiemard potassium )
channels through the ventricular wall, which are highly expressed in thedgpecaompared
to the endocardiufi®®®?®® mainly in the right ventricf®. This gradient accounts for the
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notch and dome morphology during phase 1 of cardiac AP of the epitafigure 30A). In
BrS, reduction of the inward depolarizing currentg or lca, or enhancement of the
repolarizing potassium curreng, lby mutations in the genes encoding these ion channels,
increases the net repolarizing currents, and leads to an enhahadrnige right ventricular
notch and exaggeration of the transmural voltage gradient manifgstbd blevation of the
ST-segment on the ECG (Figure 30B). If the repolarization oépieardium precedes that of
the myocardium and endocardium, the T wave is positive resulting iaddleback
morphology on the ECG (Figure 30B). If the enhancement of the netabcompanied by
epicardial action potential prolongation, the myocardium and the endaceavdil repolarize
before the epicardium, reversing the transmural gradient and detadine inversion of the T-
wave and the elevation of coved ST-segment, the typical ECGdsataen in BrS (Figure
30C). Further enhancement in the net repolarizing currents coultbléass of the AP dome
in some but not all epicardial cells and not in the endocardium (F3fid& This dispersion
of repolarization within the epicardium and also transmurally, eseat arrhythmic substrate
that may cause phase-2 re-entry triggering polymorphic ventridialeinycardia and
ventricular fibrillation (Figure 30EJ?’2 In human, simultaneous recording of monophasic
AP from the epicardium and endocardium in patients with BrS showée-apd-dome
morphology in the epicardial sites, which was absent in the endocasdidmn control
patients®”®

The repolarization hypothesis is in agreement with the predominamtrence of BrS
in males, since in animals, a highgrédxpression is seen in males compared to fefffales
Moreover, higher testosterone levels are found in male patients Bvf compared to
control¢”®, and disappearance of typical BrS-ECG after castration has reperted’®.
Recent unpublished data by Antzelevitch and collaborators in human inducgubtphir
stem cell-derived cardiomyocytes, showed that testosteroreages the expression gf ih
these cardiomyocytes by augmenting the Kv4.3 mRNA expregsidm addition, Songt al
showed that the estrogen hormone inhibits the Kv4.3 expression andkimgffin the

myometrium of pregnant r&ts.
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Figure 30: The repolarization hypothesis

(A) Normal transmembrane APs showing a prominent phase 1 notch imdepita
(Epi) and M cells (M) due to a high, Ichannel expression. (BReduction in ga
channel function increases phase 1 notch leading to a steep trahsmiiage
gradient, inscribing an elevated J-wave on the surface ECGP(@pngation of
epicardial repolarization results in a negative T-wave on thacECG. (D)}urther
reduction in {;leads to loss of the AP dome in some epicardial cells but not pthers
leading to transmural and epicardial dispersion of repolarizatiorPl{gse 2 re-entry
leads to short coupled extrasystoles, triggering ventricular l&tioih. AP: Action
potential; Endo: Endocardialodified from Li and Behr. Future Cardiol 201%

» Depolarization hypothesis

Another hypothesis was proposed by Nagatsal in 2002, based on the conduction
delay observed in the right ventricular outflow tract (RV&T)During depolarization, the
right ventricle is depolarized before the RVOT, resulting nneectrical gradient from the
more positive right ventricle to the RVOT (Figure 31C and D), wheelds to an ST-segment
elevation on ECG. As the depolarization of the RVOT is delayesl eleictrical gradient is
reversed during the repolarization of the right ventricle, neguib a negative T-wave on the
ECG (Figure 30E and F). Loss-of-function mutations in the cardiacisodnannel Nd..5,
which underlies the depolarization phase of the cardiac AP, coulch@nhiae conduction

delay. Premature beats arising in the border zone betwelgnaadrdelayed depolarization
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could cause a re-entry circuit, leading to VTANA The depolarization hypothesis is
consistent with several ECG signs of conduction delay seen inrii8ding longer P-wave,
PQ and QRS interva® %' Moreover, Doppler echocardiogragffyand epicardial mapping
studie$® in BrS support this hypothesis by demonstrating delay in rigintricalar
contraction, and delayed depolarization over the RVOT epicardium, teghecFinally,
study of an explanted heart of a BrS patient carryin@N5Amutation showed evidences of
right ventricular hypertrophy, fibrosis with fatty infiltra and conduction delay, which were
more prominent in the RVOT*,

The depolarization hypothesis challenges the concept that By&ire ahannelopathy
without structural heart disease. In addition to the fibrosis and thgpby seen in the
explanted heart of a BrS patient, other structural abnormalim® reported such as
myocarditis, apoptosis, fibrofatty replacement of the RV fre# widh RV enlargement,
dilatation and RVOT enlargeméfit?%°

From all evidence mentioned above, we conclude that BrS is nat jushofactorial
disease. Each of the above hypotheses alone cannot completely éxpldisease, and it is

certainly possible that BrS is a disease with multiple mechanisms.

93



RVOT
delayed

RV
early

A

RVOT

|

RVOT

V2 ..

@
2

S
2

Figure 31: The depolarization hypothesis

(A and B) Conduction delay in RVOT versus RV. (C and D) Thetrtat gradient
between RV and RVOT results in an ST-segment elevation in Vghanhigh
intercostal lead configuration. (E and F) Delayed repolaoraif the RVOT reverses
electrical gradient from the RVOT to the RV leading to negafi-waves on the
surface ECG. RA: Right atrium; RV: Right ventricle; RVORight ventricular

outflow tract; V2IC3: Surface ECG lead V2 in the third intetabspaceModified from
Li and Behr. Future Cardiol 2018
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11.4.1.4 Diagnosis of BrS

According to the second consensus report in 280fhe diagnostic criteria for BrS
were strict, and required the presence of a type 1 ECG paitteen @ccurring spontaneously
or following the administration of a sodium channel blocker, in twmore right precordial
leads, with at least one of the following clinical criteria:

0o Documented VF/polymorphic VT

o Family history of sudden cardiac death (SCD) in members <45
years old

o Type 1 ECG in family members

0 Inducible VT/VF with programmed electrical stimulation

0 Syncope or nocturnal agonal respiration

However, according to the recent consensus statement if°2ah&se criteria have
since been changed, and a BrS diagnosis now only requires theceresea type 1 ECG
pattern, spontaneously or following the administration of a sodium chamwe&eb| in at least
one right precordial lead (V1,V2), positioned {{, 39, or 4" intercostal space.

For type 2 and 3 ECG patterns; the appearance of thesecE&1@es in one or more
right precordial leads V1, V2, positioned ifi’239, or 4" intercostal spaces under baseline
conduction, with conversion to type 1 after using sodium channel blockeenssdered
diagnostic for BrS.

11.4.1.5 BrS treatment

» Implantable cardioverter defibrillator (ICD)
According to the most recent consensus RéHpran ICD is the only effective
treatment to prevent sudden death in patients with BrS.
According to this report, an ICD:

o is recommended for BrS patients who are survivors of a cardiast arr

and/or have documented spontaneous sustained VT with or without

syncope.

0 can be useful in patients with a spontaneous diagnostic type 1 EGG wit
history of syncope, which could be related to ventricular arrhythmias.

0 may be considered in BrS patients with inducible VF.

0 is not indicated in asymptomatic BrS patients with a drug induqes 1

ECG and on the basis of a family history of sudden cardiac death alone.
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» Drug therapy

Until now, limited support is present for the use of medicatiohertrteatment of BrS,
since there is a shortage in large randomized studies on thivefiess of proposed drugs in
these patients. However, based on the cellular mechanisms respdositihe Brugada
phenotype, drugs that reduge dr enhancecl, could be therapeutic options for BrS. The
most studied medication in BrS is quinidine, which blocks ghand k, potassium currents.
It has shown efficacy in the treatment of electrical stana in the prevention of spontaneous
or induced ventricular arrhythmias. Some studies suggest that it can be Used @D or as
an alternative, especially in patients who are asymptomaticexperience drug-induced
arrhythmia&®®2°* The problem with this medication is the high rate of side efféke
diarrhoea, and thrombocytopefiia Isoproterenol, which increasescal is another
medication that has been used in treating an electrical Sto@ther medications have also

been evaluated for their efficacy in BrS treatrignt

> Ablation

Endocardial ablation of ventricular ectopic beats (mainly in ¥®R), which trigger
VF, has been effective in treating VF stoffis®® However, as ablation is an invasive
procedure, it is usually used after the failure of other piesa According to the recent
consensus repGft, catheter ablation may be considered in BrS patients wittstaryiof
arrhythmic storms or repeated appropriate ICD sH8€ks

Recently, another approach for ablation has been reported by Nadeshah&avho
showed that the ablation of the region of conduction delay in the rightcte, mainly the
anterior aspect of RVOT epicardium, in nine patients with restugpisodes of VF leads to
VF suppression and normalization of the ECG patterns in 8/9 patig¢atstab years of
follow-up.

> Additional recommendations

Patients with BrS should avoid all medications that could inducpealtfeCG pattern
and/or ventricular arrhythmia, such as psychotropic drugs, antilm&samnd anaesthetics.

The list of these drugs is available on the following websitew.brugadadrugs.o)if>
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11.4.1.6 Genetics of BrS

BrS is an autosomal dominant disease with incomplete penetrawcevaaiable
expression. It is considered as a channelopathy since, until now, &8 geooding ion
channel and ion-channel regulatory proteins have been associateBr&ftf"° (Table 6).
However, mutations in these genes have been identified in less3@anof affected
individuals™*>%

Mutations in the SCN5A gene is the most common genotype, accounting for
approximately 18 to 30% of the BrS ca&S&swith a higher frequency in familial than in
sporadic casé¥. The first mutations were identified by a candidate-gene appina998 in
families with idiopathic VB®® Since then, an increasing numberS&N5Amutations have
been reported, and up to now there are nearly 300 publiSA#¢6A mutationd®. The
reported mutations include missense, nonsense, frame-shift, spmiceasitl in-frame
deletion/insertion mutations. Functional studies of some of these om#tati heterologous
systems showed loss-of-function effects on the sodium current fleyedt mechanisms
including®®

» Decreased surface expression ofINa protein due to:

* Retention and premature degradation of the mutant proteins
by the ER quality control systéni>*

* Failure of the mutant to interact witlf-subunits or
regulatory  proteins like ankyrin®, SAP97®
syntrophir*®, and FHF$"’, all which have an important role
in stabilising channel expression at the surface as well as
targeting N@l.5 to special domains in cardiomyocytes.
Here, mutations may be in th8§CN5A gene, like the
mutation E1053R*® that abolishes the interaction with
ankyrin-G, or in the genes encoding regulatory proteins, as
the mutation Q7&’ in FGF12, which reduces the binding
of FHF1 to Nal.5.

> Expression of non-functional channéfs*®
Some mutant channels have a normal membrane expression
but they conduct either very small or no sodium currents, as

the mutations are located in the channel pore.
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> Altered gating propertié¥319-324
Delayed activation (activation at more positive potential),
earlier inactivation (inactivation at more negative potential),
faster inactivation, enhanced slow inactivation and delayed

recovery from inactivation, all lead to decreased |

Autosomal transmission @CN5Amutations is not always observed. This is not only
due to partial penetrance, but also to the fact that some Br&tpatee not carry the familial
mutation, suggesting another genetic origin. Indeed, in a study of ge feamilies carrying
SCN5Amutationé®, type-1 Brugada ECG pattern was not observed even after dilengea
in nearly half of the mutation carriers. However, it was geowing drug challenge in five
mutation-negative patients, and spontaneously in three others. In thesgaipemutation
carriers were found to have longer PR intervals and QRS durationsnthracarriers,
consistent with other studf@$2°22°* suggesting that mutant channels have loss-of-function
effects but do not cause BrS. These findings suggest that thee singglel of autosomal
dominant inheritance of BrS cannot completely explain the diseadeS@N5AmMutations
alone are sometimes not sufficient to induce the disease (although mosbmeaatiers have
conduction problems indicating the loss-of-function effects of thegatmons), but they may
act as factors favouring BrS in the presence of a spedfietig background. Moreover, the
existence of genotype-negative BrS patients indicates that etlk@own rare or common
genetic variants could play a role in the disease, and #gdtime genetic testing cannot
exclude the disease.

In addition to SCN5A mutations in the genes encoding thesubunits and the
regulatory proteins of N&.5 have been involved in BrS, and all lead tqIN& loss-of-
function effects (Table 6). Moreover, loss-of-function mutationsha gene encoding the
components of L-type calcium channeBACNAL1C CACNB2BandCACNA2D) and private
gain-of-function mutations in the outward potassium current havebakso reported (Table
6). However, these mutations are rare, and account for less than 1% of all tlesd&s'S c

Although several genes have been reported in BrS, mutations in theese agenot
completely explain the disease phenotype. Meanwhile, other fadtergédnetic modifiers,
drugs, gender and imbalance in autonomic tone could influence the BrS ypeenot
Moreover, the presence of structural heart disease in some afaBeS has challenged the
concept that BrS is a pure channelopathy. So, it is likelygdnag¢tic susceptibility along with
other modulating factors lead to BrS, in combination but probably not in isolation.
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OMIM Gene Locus Protein  Current Functional effects Reérence
BrS1 SCN5A 3p21 Nal.5 INa Loss-of-function Cheet al, 1998%
Brs2 GPD1-L 3p22.3 GPD1L da Loss-of-function Londoet al, 2007%
BrsS3 CACNA1C 12p13.3 Cel.2 lcaL Loss-of-function Antzelevitckt al, 2007
Brs4 CACNB2 10p12 CalR2 ka Loss-of-function Antzelevitckt al, 2007
BrsS5 SCN1B 19q13.1 Nai1 Na Loss-of-function Watanabet al, 2008%’
Brsé KCNE3 11q13-14  MiRP2 d Gain-of-function Delpéret al, 20082
Brs7 SCN3B 11023.3 NaR3 a Loss-of-function Hiet al, 2009%°
Brss HCN4 15q24.1 HCN4 I¢ Loss-of-function Uedat al, 2009**°
KCNH2 7036.1 hERG1 ke Gain-of-function ltotet al, 2009% Verkerket al,
20053
KCNJ8 12p11.23 Kir6.1 datp Gain-of-function Medeiros-Dominget al, 201(°
CACNA2D1  7921-q22 Ca@25-1 lcaL Not available Burashnikoet al, 20163
RANGRF 17p13.1 MOG1 Na Loss-of-function Kattygnaratét al, 201F%*
KCNE5 Xqg22.3 MiRP4 b Gain-of-function Ohnet al, 2011%*°
KCND3 1p13.3 K4.3 ko Gain-of-function Giudicesst al, 201 7%
SLMAP 3p14.3 SLMAP Ina Loss-of-function Ishikawaet al, 2012%’
TRMP4 19q13.3 TRMP4 NS& Both Liuet al, 2013%®
SCN2B 1123 NaR2 a Loss-of-function Riurcet al, 2013%
FGF12 3028 FHF1 la Loss-of-function Hennessey al, 2013%
PKP2 12p11 PKP2 Na Loss-of-function Cerronet al, 2013%

Table 6: Mutations in genes associated with Brugada syndrome

* May act as modifier factors/odified from Nielsen M. Wet al Front Physiol 201%°
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11.4.1.7 Conduction abnormalities in patients with BrS

The presence of conduction abnormalities, specifically right bundlachvrdlock
(RBBB), were involved in the early definition of BrS, in associatoth the persistent ST
segment elevation in the right precordial I€ddsHowever, in the consensus reports of
2002%°. 2005°° and recently 20%8’, ST elevation is the only maintained diagnostic ECG
criterion of BrS. Nevertheless, several studies have showpdtiants with BrS have various
conduction abnormalities at different levels of the conduction syteftt

A recent multicentric study by Maust af®*including 325 BrS patients showed that only
21% of patients did not have any conduction abnormality on the ECG. Theitynajor
patients had various conduction abnormalities including increased P-waagowufirst
degree AV block, right bundle branch block, fascicular block, and prolongatidisef
ventricular (HV) interval, occurring separately or in varioambinations in the same patient.
These abnormalities were more frequent when a BrS-ECG typé#terrpwas induced by a
class 1 drug. Moreover, several studies showed that BrS patemying SCN5Amutations
have longer PR intervals and QRS durations than non-carriers, sugdbstingese ECG
abnormalities may be used to predict the presenc@CM5Amutation$® 2%t These ECG
abnormalities could also be used in the future for risk stratdicaf patients, since some of
them have been linked to specific outcomes. Such abnormalities indedbréatening
ventricular arrhythmias with QRS prolongatiéh®**?® SD in women with longer PR
intervaf*’, and SD and/or ICD therapy with a first degree AYB

These conduction abnormalities are similar to those seen in tigieedisease® 3
a progressive cardiac conduction disease (PCCD), which is ar@radt by progressive
prolongation of the conduction parameters (P wave, PR interval, QRSJight or left
bundle branch block. PCCD may result in complete heart block letmmgcope or sudden
death, but is not associated with ventricular arrhythmias. ltoist wften caused by fibrosis
affecting the cardiac conduction system. In the heritable farss;df-function mutations in
the SCN5A gene or Ng.5 regulatory proteins have been repdftedf’3*34¢ These
mutations reduce\}, by the same mechanisms mentioned previously for BrS. However some
of these mutations cause PCCD alone or PCCD with BrS (ovenapasye), indicating that
the ka reduction is sufficient to cause conduction abnormalities eith®G@D or in BrS.
However, in some cases, other factors in additionttoks are required for the development

of ST segment elevation, the standard ECG sign of BrS.
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The conduction abnormalities observed in Lenégre disease are pragneihi age,
requiring a pacemaker implantation in the older patients. Sirpilagressive conduction
abnormalities were also reported in soB@N5ABrS mutations carriet® Nevertheless, the
two diseases remain two distinct clinical entities, asShe segment elevation and the life-

threatening ventricular arrhythmias, two main BrS features, are ahde@dD.
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[1l. The cardiac sodium channel Na1.5

The cardiac sodium channel forms a large protein complex in ardtomyocyte
sarcolemma. The main pore-forming Ml& o-subunit is responsible for the large inward
sodium current ;) underlying the depolarization phase of the cardiac action paitenkie
Na,1.5 a-subunit is a glycosylated protein of 2016 amino acids. It has fouologous
domains (I-1V), each consisting of six transmembrastelical segments (S1-S6), with N-
and C-terminal cytoplasmic domains (Figure 32A). The four domasmsarnected to each
other by cytoplasmic linkers, while the transmembrane segraemtitnked to each other by
alternating extracellular and cytoplasmic loops (P-loops). Thaniplof the four domains
enables the formation of the ion-conducting pore, which is lined bxtracellular loops
between the S5 and S6 segméhigure 32B), that determine the selectivity for'Nahe S4
segments of domains | to IV are positively charged, and actva#tage sensor to trigger
channel activation. Depolarization of the cardiomyocytes by @attstimuli leads to
outward movement of the S4 segments, allowing the channel to acivatthus the opening
of the pore. Channel activation is rapid compared to channel in@mtiyvallowing the
channel to open for a short period of tiftfe
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Figure 32: Schematic presentation of the NR5 a-subunit
Modified fromWilde and Brugada, Circ Res 2614

.1 Conformational changes of Ngl.5 during channel activation and
inactivation
Depending on the variations of the membrane potential, the sodium chanrewe
three conformational states (closed, open, and inactivated). The transitionrbitessestates
relies on the status of the activation and inactivation gates (Figure 33).
» Closed but capable of opening. In this state only the activatien gat

is closed.
> Open allowing the entrance of Nan this state both activation and

inactivation gates are opened.
» Closed and not able to open. In this state only the inactivation gate

is closed.
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Figure 33: Conformational changes of Na.5
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At the resting membrane potential, the sodium channels are closathlbub open.
Upon depolarization by electrical stimuli, conformational changethefchannels permit
transition to the open state. Maintenance of depolarization leatt tactivation of all the
Na,1.5 channels (at around -20mV). Further depolarization resultapm rinactivation
through the closure of the inactivation gate. Most channels arevatact at the end of the
action potential upstroke (Phase 0). However, during the plateau phsrsalldraction of
channels remain available, and may reopen resulting in late saditment (ko). Under
normal conditions,n. is very small compared to Peak with no impact on the AP shape.
However, it is of great importance in type Il LQTS wh&EN5Amutations increaseq..
Then, during Phase 4, channels will progressively return back to résting state, this
transition is called reactivation.

Inactivation of the sodium channel involves two distinguishable kinetiepses, the
slow and fast inactivation. Fast inactivation takes place by laabdichain mechanism, in
which the inactivaion particle formed by the hydrophobic tripleinanacids, the IFM-motif
(isoleucine 1485, phenylalanine 1486, and methionine 1487), located in the awtoplas
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linker between domains Ill and IV (IFM), binds to its dockingssitexcluding the linkers
between the segments S4 and S5 in domains Ill and IV, and the cytapésinof the S6
segment in domain IV, which together form the inactivation®§ateast inactivation is linked
to activation. It is thought that the outward movement of the voltgsoss during activation
leads to the exposure of the docking sites, allowing their interaatiith inactivation
particles. Thus the S4 segments could be a part of both the actiatd inactivation
processes. Moreover, the cytoplasmic C-terminal domain, particthiar proximal structural
region, has a role in the inactivation process as it stabittresclosed state, preventing
channel re-openirg’.

Under prolonged depolarization, sodium channels enter into the slow itiactiva
state; a more stable nonconducting state from which channels needimerto reactivate,
compared to the fast inactivation. In addition, the molecular mechamstarlying slow
inactivation is less well understood, and it does not require théviagon particle (the linker
[1I-1V). However, it was proposed that conformational change$©én35-S6 P-loops, which

form the channel pore, could underlie this prot€ss

1.2 Expression and localization of Ng1.5 in the cardiomyocytes

After synthesis in the ER, NR5 a-subunits undergo post-translational modification.
They are anchored to the cytoskeleton and possibly stored in thelslabcmpartments,
before being finally targeted to the membrane to carry out thastibn. Then, from the
membrane, they are internalized into endocytic vesicles and ddgredevever, little is
known about the the detailed processes underlying the synthesis &iokitigabf Na,1.5 a-
subunits.

Despite the fact that N&5 a-subunits alone can act as voltage-gated sodium
channels, it has been demonstrated that these channels are patippbtam complexes that
modulate biological and/or biophysical properties of the channels. Immiocbeynical
studies in cardiomyocytes have shown the presence of tiebSdasubunit at the intercalated
discs, lateral membranes, and T-tubties>® At these sites, the MA5 a-subunit interacts
with various proteins, creating different protein complexes thatl@calized to specific
regions of the cell membrane. According to the localization cfetltemplexes, two distinct
functional pools of Nd.5 channels are present, one at the lateral membranes and theg other

intercalated dis¢a*>%®

(Figure 34). At the lateral membrane, N& interacts with the
syntrophin-dystrophin complex, whereas at the intercalated disasteitacts with the

synapse-associated protein 97 (SAP97). These partner proteins wvdiscessed later in
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detail. These two pools are not only different in their composition, abet in their
biophysical properties. Macropatch studies have showed that sodium chaintredslateral
membranes have decreased peak sodium current density with a nslétioé steady-state
inactivation, and slower recovery from inactivation, compared to chanoeated at the
intercalated disés®. A possible third pool of N4.5 may also be present at the T-tubtifes
The exact role of these pools in the (patho)-physiology of cardioytgs remains to be
elucidated, and future studies are needed to explore their functional roles.

In addition to these distinct pools, &b shows heterogeneous expression across the
ventricular wall, with a transmural gradient increasing frdme tpicardium toward the
endocardiurh®’.

Lateral Membrane Na1.5

dystrophin )/"J;‘f\

utrophin

Figure 34: Representative schematic of the \Na5 multiple pools model
Shy D.et al Biochim Biophys Acta 2018
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[11.3 Functional and clinical relevance of Ng1.5-interacting proteins

Na 1.5 is a part of a protein complex which includes a number of partners thateegulat

the function, membrane expression and the subcellular localizatiom,df5R*>*° (Figure

35). Mutations in the genes encoding several of these parthemprbteie been linked to
inherited cardiac arrhythmias, which further highlights the ingmme of these proteins in the
(patho)-physiology of the heart. According to their functions, thinpes of N@l.5 could be
divided into (1) anchoring or adaptor proteins that play a role in ##icking and
subcellular localization of the channel, (2) enzymes that intevdbtand modify channel
structure, such as protein kinases and ubiquitin ligases, and (3) prib@inmodulate the

biophysical properties of the chantiél
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Figure 35: Schematic representation of NR5 and its modulating proteins
Rook M B.et al Cardiovasc Res 2012
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[11.3.1 Regulation of Na,1.5 by beta subunits (Nap)

Naw3 subunits are single-segment transmembrane proteins with eltia@ceN-
terminal, and intracellular C-terminal domafiis In humans, there are four types of Rav
(NavB1-Naw4) encoded by four geneSCN1Bto SCN4B All are expressed in the he@®
In cardiomyocytes, N&v subunits are mainly localized at the T-tubules/Z-lines, and
intercalated dis¢g360-3¢!

Nav3 subunits associate with the &b a-subunit and modulate its subcellular
localization, surface expression as well as its biophysiolbgicgperties. Moreover, Nv
subunits play a role in the adhesion of,N& to the cytoskeletal proteins and extracellular
matrix, and in the recruitment of enzymes, signalling mole¢cud@d cytoskeletal adaptor
proteins>®. However, current data concerning the effects of fNswbunits on NA.5 are
sometimes contradictory, probably owing to the various models used, diffdrences in
experimental conditions. In addition, the specific site(s) of interabetween Ng¥ subunits
and Ngl1.5 remains unknown.

Until now, several mutations in thg-subunits have been reported in different
hereditary cardiac arrhythmias, supporting the role offNiav normal cardiac electrical
activity. Such arrhythmias include cardiac conduction diseaseD)GSCN1B*), AF
(SCN1B®%® sScN2B® SCN3B™!%3 Brs GCN1B°!%0327 SCN2B*, SCN3B?°3%3,
idiopathic ventricular fibrillation (IVF) $CN3B%¥), and LQTS $CN4B®). All of these
mutations associated with CCD, BrS, IVF, and AF have a losgrafibn effect on N,
which is a typical mechanism underlying this kindS@&N5Achannelopathy. In contrast, the
mutation in Na@4 increases the late sodium current, the same effect as cefmr@CN5A
mutations linked to type Il LQTS.

Most of these mutations are localized within the extracelNtgerminal region of the
B-subunits, suggesting the importance of this region in the interagiibrand regulation of
Na,1.5.

> Navpl
The SCN1Bgene encodes two splice variants, cafiddand31B, both expressed in
the human hedrf®> TheB1B subunit does not contain the transmembrane domain, and is a
secreted proteffi®3®” The Nag1 transcript is highly expressed in the human heart compared
to Nay2 and Nap3 subunits, with two-fold expression in the atrium compared to the

ventricle. Moreover, higher expression of NHv transcript in the endocardium than the
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epicardium has been obser{e@he B1-subunit co-immunoprecipitates with a6**° and
co-localizes with it within the ER®, suggesting a role for tHgL-subunit in the transport of
Na,1.5 to the membrane. Several studies suggested that the interativeerb&ay$l and
Na,1.5 could occur at several sites, between the extracellular doofal and the
extracellular loops S5-S6 of DI, D®P*" but also between the carboxyl termini of the two
subunit§’*3"2

In cardiomyocytes, phosphorylation of the amino acid tyrosine 181 in tkeenr@al
domain of thepl-subunit determines its subcellular localization. The phosphoryjited
subunits co-localize with N&.5, connexin-43 and N-cadherin at the intercalated discs,
whereas the non-phosphorylated subunits are present at the T-tibules

The effects of theBl-subunit on Ng.5 in heterologous expression systems are
variable, depending on the cellular model used. However, most studieddravastrated an
increase in peakyd density’>="® positive shift of steady-state inactivatioi®’®*"! and
decreasedyh >’ "

In contradiction, in dissociateBCN1Bnull cardiomyocyte¥®, increased peakd and
Ina. have been observed, with slowed repolarization. These result®rasistent with the
observed increase in mMRNA and & protein expression, and the prolonged QTc interval
and slow heart rate seen in this model. However, no change, An5Ngating properties was
observed. In addition to its cardiac features, this model has neusdlaficormalities like
ataxic gate and seizures, resulting from the dysregulatidgheoheuronal sodium channels
(Nal1.1, 1.3, 1.6%°.

Discrepancies between the results obtained in the heterologdemsyand in the
animal model highlight the limitations of the two approaches, amgpest that the
heterologous systems may not be the ideal model to mimic thelagysal environment of
the channels in cardiomyocytes, especially considering the existencetiplemadrtners.

Mutations in the SCN1B gene have been reported in patients with &ED
Brs’9199327 or AF®% Co-expression of all these mutafii-subunits with Ngl.5 in
heterologous systems showed decreased pgakmpared to the co-expressiwith the WT
B1-subunit, suggesting a role f@d-subunits in sarcolemmal expression of, N&. These
results are consistent with the reduction observed for all BrS and CEATN5Amutations,
and some&CN5Amutations linked to AF.
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» Navp2

The Nap2 subunit co-immunoprecipitates and co-localizes with/1M¥a at the
intercalated discs in cardiomyocyt®4>® The Nag2 subunit is present in human heart, but
at lower levels compared to N&/. The functional effects of N2 are variable. In several
studies, co-expression of Ni& with Na1.5 had no effect on the sodium curréht®®38!
while in one study the modulation of Na5 by Nay2 depended on the sialylation status of
Navp2%2 When completely sialylated, Ng& caused a negative shift of activation of N&.
Mutations in theSCN2Bgene have been reported in patients witti?A#f BrS=°. The BrS
mutation is a C-terminal mutation that decreased the pgakyl decreasing the surface
expression of NA.5, without affecting its gating propertiés The AF mutations are located
in the extracellular N-terminal domain and are also assdciaithh decreasedy) peak but
with a positive shift in steady-state-activafforSince the Ng82 subunits do not co-localize
with Na,1.5 in the ER®®, the reduced peak. density and surface expression of,N& with

the NaB2 mutants suggest a role for N$2vin the stability of Ngl.5 at the membrane.

> Navp3

Like the other Na§ subunits, there is a discrepancy in the functional effects ¢fi3Na
on Nal.5, depending on the expression systems utilized. In Xenopus oocytegs3 Nav
increased the peakyJl density, caused a positive shift of steady-state inactivation, and
enhanced the recovery from inactivafin However, co-expression of Ni® in CHO and
HEK cells showed no effect on the peak Wwith negative shift of steady-state inactivation
363378 decreased the late current, and slowed recovery from inaativiati€HO cell§"®
SCN3Bknockout mice showed results that are concordant with those obserMedadpus
oocytes. The isolated cardiomyocytes from these mice present with eéecpea N, density
and negative shift of steady-state inactivatian

Mutations in Nap3 have been reported in BR3®*% IVF**® SIDS®* and AR1%2
Most of these mutations are located in the extracellular arainartus of Na@3, and all lead
to decreasedy} density, with alteration in gating properties for some mutatiormsebdler, a
reduced surface expression of,N& induced by the N8 mutants has been foulig?°%33
These results implicate a role for Nb&@vin the regulation of surface expression and the gating

properties of Nav1.5, as well as the importance of its N-terminal domain in thegerfsnc
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> Navp4

The Na4 subunit co-immunoprecipitates with &6°** Co-expression of the
Navs4 subunit with Ngl.5 does not modify the peaj,,| but leads to a negative shift in the
steady-state inactivatid®*®* The contribution of N&4 in cardiac diseases was revealed by
the identification oSCN4Bmutations linked to LQTE? and SIDS*.

The first SCN4Bmutation (L179F) is located in the transmembrane domain of the
NavB4 subunit, and was identified in a family with LQTS and a historyr@xpected and
unexplained sudden dedth Another C-terminalSCN4Bmutation (S206L) was linked to
SIDS®. Co-expression of these mutants with,N& in HEK293 cells resulted in an increase
in InaL With a positive shift in the steady-state inactivattof™® Adenovirus infection of adult
rat ventricular myocytes with the mutant S206L confirmed the sesbitained in HEK293
cells’®. The S206L infected cardiomyocytes displayed increaggavith longer AP duration
compared to WT infected cardiomyocyt¥sThese results are consistent with the underlying

mechanism of LQTS.

[11.3.2 Anchoring-adaptor proteins

» al-Syntrophin

The cardiac sodium channel & is a part of the dystrophin multiprotein
compleX®. It has been shown by pull-down studies thafiNainteracts with dystrophin and
utrophin by the adaptor protein syntropfifit®’ This interaction occurgia the three last C-
terminal amino acids of N&.5, Serine-Isoleucine-Valine, which form the PDZ binding motif
of Na,1.5%%° (Figure 35). The dystrophin-syntrophin-l& complex is mainly localized at
the lateral membrane of cardiomyocytes (Figure€>34)n the cardiomyocytes of dystrophin-
deficient mice, both total N&.5 protein expression and sodium current were decr&sed
Moreover, immunostaining studies showed reduced lateral membranssapref Nal.5,
without affecting the NA..5 expression at the intercalated didtsThese loss-of-function
effects on Ngl.5 are in line with the conduction defect seen in this model, demodsinate
the prolongation of the QRS compf&k Recently, J. S. Rougiet al demonstrated that the
reduction in total protein expression is due to a proteosomal degradzt Na1.5°
Interestingly, in the heart of dystrophin-deficient mice, ina@dasxpression of utrophin was
observed, suggesting a compensating mechanism. Moreover, mice laokingystrophin
and utrophin showed more pronounced loss-of-function effects ¢i.Naompared to

dystrophin deficient mic&”.
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The importance of the interaction between,IN&a and syntrophin is further
emphasized by the identification of LQTS mutations (LQT12) inSNd Algene encoding

al-syntrophin. These mutations increased prakid ka >293%

» SAP97

SAP97 (Synapse Associated Protein 97) is one of the MAGUK prdafeiesibrane-
Associated Guanylate Kinase) that are characterized byrésence of multiple domains for
protein-protein interactions including PDZ domaMsMAGUK proteins have an important
role in the organization of several ion channels through the formatiomudtf-protein
complexes. MAGUK proteins are involved in the targeting, traffickind localisation of ion
channels in the braiff and in the heaft>39*-39

In cardiomyocytes, SAP97 and ZO-1 (zonula occludens) are the majorUMAG
proteing®. Petitprezet al have demonstrated that the PDZ domains of SAP97 interact with
the PDZ binding motif of NA.5, and that NA.5 and SAP97 are co-localized at the
intercalated discs of cardiomyocytes, but not at the lateralbmzera like the syntrophin-
dystrophin comple¥X® (Figure 34). Silencing of SAP97 leads to decreased surfacessipre
of Na,1.5 and {, current in HEK cells and cardiomyocytes, suggesting a wl&SAP97 in
the regulation of NA..5 surface expressioh.

Moreover, SAP97 interacts with the42/3 (I,, current), K1.5%*3% (I, current),
and Kir2.X% potassium channels. These interactions enhance channel exprestien at
plasma membrane of cardiomyocytes.

Recently, our team has identified mutations inbh&1 gene encoding SAP97 in BrS
patients. Functional studies of these mutations showed loss-of-funtféots @n k, current,
and gain-of-function effects og, lcurrent, resulting in a net increased repolarizing current, a
mechanism that underlies BrS (Kattygnarathal, unpublished data). These results, along
with the fact that multiple channels interact with SAP97, sugtiest Nal1.5 is part of
multichannel protein complexes, and that SAP97 is a key partnbe ifotmation of these
complexes, regulating the targeting of ion channels to specé@impartments in

cardiomyocytes. Moreover, SAP97 becomes a new susceptibility gene for BrS

» Ankyrin-G
Ankyrins are membrane-cytoskeleton adaptor proteins that anchdorareproteins
to the actin and spectrin cytoskeleton. There are three ankyrirs ¢geN&1, ANK2 and
ANKS3) encoding three different ankyrin proteins (ankyrin-R, ankyrinA8 ankyrin-G).
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Ankyrin-B and ankyrin-G are present in the h&ArtMutations in theANK2 gene have been
linked to LQT4>". Nevertheless, there is no data suggesting a direct regulatiéa b by
ankyrin-B. However, there is a direct interaction between ramiy and the ankyrin-binding
motif in the cytoplasmic linker II-1ll of N@.5****%3% |n cardiomyocytes, ankyrin-G
colocalizes with NgL.5 at intercalated discs and in T-tubdfsA mutation in the ankyrin-G
binding-motif of Ngl.5 (E1053K) has been identified in a patient with BtSE1053K
abolishes the Na.5-ankyrin-G interaction, and disrupts the localization of1Na at the
cardiomyocyte membrafig.

Silencing of ankyrin-G in cardiomyocytes leads to a decr@agetal and surface
Na, 1.5 expression, localization of Ma5 in the perinuclear region, and a decrease of total

Ina>? So far, no mutations in thENK3gene have been reported.

» MOG1

The RANGFRgene encodes MOG1 (multicopy of suppressor gspl), a small ppbtein
28-kDa. High mRNA levels of this ubiquitously expressed gene waswausén cardiac
tissue. This protein plays a role in nuclear protein traffickiryits interacion with GTP
binding nuclear protein R&H. By yeast two-hybrid assays, Wat al demonstrated that
MOGL1 is a partner of N&.5'°%. The interaction between MOG1 and ,N& was further
confirmed byin vitro pull-down assays, and by co-immunoprecipitation studies in both
HEK?293 and cardiac cells. MOG1 interacts with the linker llefiiNa,1.5 (Figure 35), and
the two proteins colocalize at the intercalated discs of cardioytgs. Over-expression of
MOGL1 in neonatal cardiomyocytes, or co-expression of MOG1 with.Ban HEK293 cells
increases they} density. The increased current density is due to enhanced sexfaession
of Na,1.5. Recently, the MOG1 mutation E83D was reported in a patient witet@y of
syncope and cardiac arrest, who displayed a type 1 BrS EC@npatEr resuscitatiof’. In
HEK293 cells stably expressing &b, expression of E83D mutant alone or with WT MOGL1
failed to increase the peakaldensity, suggesting a loss-of-function effect of the mutant on
Na,1.5 and a dominant-negative effect on the WT MOG1. Immunostaining studies of adult rat
cardiomyocytes transfected with the mutant MOG1 showed decresadade expression of
Na,1.5 compared to the WT, indicating abnormal trafficking of the channel.

» a-Actinin-2

Foura-actinin isoforms are encoded by four distinct genes; they ansbyers of the F-
actin cross-linking protein family which includes spectrin andrdp$iin. These proteins are
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involved in many physiological functions, including binding of the transbrane proteins to
the actin filament networka-Actinin-2 interacts with the linker 1lI-IV of NA.5, and
increases then) density in a heterologous expression system by enhancing tleeesurf
expression of NA.5, without affecting the biophysical properties of the channel.
Immunostaining studies on human ventricular cardiomyocytes showedathatinin-2
colocalizes with Ngl.5 at the sarcomeric Z-lin® Thus,a-actinin-2 could stabilize N&.5
channels at specific cellular membrane compartments by rnégtdinteraction with the

channels or through otheractinin-2-associated proteins.

[11.3.3 Enzymes interacting with and modifying the channel

» Ubiquitin-protein ligases of the Nedd4/Nedd4-like family

The ubiquitin-protein ligase enzymes (E3s enzymes) covalently link tibigaismall
protein of 76 amino acids, to target proteins. Ubiquitination of membramoteins leads to
their internalization, then to their degradation by the lysosonmrateasome systems, or to
their de-ubiquitination by specific proteases and recycling badkeomembrarf@’. The
Nedd4/Nedd4-like proteins are a family of nine different enzymesrevNedd4-2 is the
isoform with the highest expression level in human A%art

The Nedd4-like ligases bind specifically to the PY motif (proliyegsine (xPPxY))
in the C-terminal domain of Na5"“% as well as those motifs in other cardiac ion
channel&>4%84%% By yeast-two hybrid and GST-pulldoi#f it has been demonstrated that
the ubiquitin-protein ligase Nedd4-2, a member of Nedd4/Nedd4-likeyfaomds to Nal.5.
Nedd4-2 and NA.5 co-expression leads to channel internalisation without affetiiad
Na,1.5 protein expression, and decreasgdtirrent®° Moreover, it has been shown that
under basal conditions, a fraction of ll& channels is ubiquitinated, both in HEK293 cells
and in mouse hedff. These results suggest that the Nedd4-2 ligase modulates feee sur
expression of NA.5, however, the exact mechanism underlying this modulation remains to

be elucidated.

> Ca2'/calmodulin-dependent protein kinase 1l (CaMKII)

CaMKIl is a serine/threonine protein kinase, which has an impontalet in
intracellular C& signaling, by transducing the increased intracellulaf® @ato multiple
proteins phosphorylation, including the cardiac ion chafifelfNa,1.5 is regulated by
CaMKIl, which co-immunoprecipitates with and phosphorylates,1M¥a resulting in
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alteration of its gating properti€d**2 However, the results concerning CaMKII effects on
Na,1.5 are conflicting. It has been shown that adenovirus-mediated qwessioon of
CaMKIléc, the prominent cardiac isoform, in rabbit ventricular cardiomyscigd to a
negative shift of steady-state inactivation, enhanced interteediactivation and slow
recovery from inactivation, and increased laté't. Another study showed that the inhibition
of CaMKIlI in rat ventricular myocytes by KN93, a selectar@tagonist of CaMKIl, has the
same effects, with a decreased late cuttérthis discrepancy may be due to differences in
expression systems, procedures or protein isoforms used in diffdtelies. It has been
recently shown that CaMK3t interacts with the linker I-11 of N&.5, and phosphorylates the
serine S516 and threonine T594 residties

» Protein tyrosine kinase Fyn and protein tyrosine phosphataes
PTPH1

The tyrosine kinase Fyn, which belongs to Src family tyrosineskinphosphorylates
the tyrosine Y1495 located in the linker IlI-1V, beside the IFM-fotvolved in Ngl.5
inactivatior!'* (Figure 35). Phosphorylation of Y1495 leads to a positive shift in daelpt
state inactivation, and enhanced recovery from inactivation. Howleeite of interaction of
tyrosine kinase Fyn on NR5 is unknown. Tyrosine phosphatase PTPHL interacts directly
with Na1.5 via the PDZ domaiff®>. In HEK293 cells, co-expression of PTPH1 leads to
negative shift of steady-state inactivation, this effect depenainthe integrity of the SIV
motif of Na,1.5'*. The effect of PTPH1 on NA&5 is opposite to that of the tyrosine kinase
Fyn, suggesting that the balance between tyrosine kinases GWgynyaand phosphatases
(such as PTPH1), may regulate the degree gL Rgpohosphorylation, and by this way the

channel inactivation.

[11.3.4 Proteins that modulate the biophysiological properties of Ngl.5 upon binding

» Calmodulin (CaM)

The C-terminal domain of N&.5 has an 1Q motif (IQxxxRxxxxR), which forms the
binding motif of the CaM, a ubiquitous Gasensing protein that has a role in several cellular
processes®™8 CaM interacts also with the linker IlI-IV of Navf$*? (Figure 35).
However, there is a discrepancy in the functional effects & Ga Nal.5. Steady-state
inactivation and entry into slow inactivation have been shown to be aiimeased,

increased, or not chand&d*’*1*2! Another study showed that CaM results in negative
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shift of the voltage dependence of activation without affectingrthetivatiorf? It has been
proposed that, at basal Eaoncentration, CaM binds to the 1Q motif of &. When the
Ca'? level increases, the CaM binds to*€aesulting in CaM conformational changes that
weaken the interaction between CaM and the 1Q motif. The dissddtaM can then bind to
CaMKiIl or to the other CaM binding domain in the linker 111’f% The interaction with the
linker 111-IV will inhibit channel inactivatiod****° Moreover, when CaM is released, the 1Q
motif can interact with EF-hand &abinding domain located in the proximal C-terminal

region of N@1.5, and this interaction enhances the affinity of EF domain t6*€a

» Telethonin

Telethonin is a small sarcomeric protein shown to be a partnddagf.5 by
immunofluorescence and co-immunoprecipitation studies in mouse lesre,t but its
interaction site on the channel remains unkntiviTelethonin is mainly expressed in striated
muscle§?”® but expression in smooth muscles of the gastrointestinal tract alsas
observet®. Mutations in theTCAP gene, encoding telethonin, have been reported in limb
girdle muscular dystrophy (LGMD2G) and hypertrophic and dilatedi@ayopathie®®4*’
Another mutation iInTCAP, R76C, was found in a patient with intestinal pseudo-
obstructioi?. In the human gastrointestinal tract,,N& is expressed in the smooth muscle
cells and in the interstitial cells of Cajal (IC&) which generate active pacemaker currents
responsible for smooth muscle contraction. Interestingly, expresstbe &76C mutant with
the Ngl1.5 channel in a heterologous expression system caused a nelg#itioketse voltage-
dependent activation and increased the window sodium current. Moreovacingjleof
telethonin in HEK293 cells stably expressing,N8§, led to a positive shift in voltage-
dependent activation ofJ?* suggesting that the R76C mutation enhances the effect of
telethonin on Ngl.5'**. However, no cardiac phenotype was observed in the patient carrying
the R76C mutation.

» Glycerol phosphate dehydrogenase 1-like protein (GPD1L)

The GPDI1L, encoded by th@PD1L gene, is homologous to glycerol phosphate
dehydrogenase (GPD1) that catalyzes the reversible convesigtycerol-3-phosphate
(G3P) to dihydroxyacetone phosphate (DHAP), however the functio®bflG is unknown.
This gene on chromosome 3p24 has been linked to BrS by linkage analyailarge
multigenerational family, and a mutation cosegregating withi& ghenotype in this family
has been identifidd®**® Since then, mutations iBPD1L have been reported in subjects
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from a cohort with SID8™. Functional analysis of these mutations showed a loss-of-function
effect on Nal.5, by decreasingyd through the reduction of NR5 surface expression. Two
more recent studies have demonstrated that the modulatigplyf GPD1L occurwia the
protein kinase C (PKC¥** In HEK293 cells, when co-expressing the GPD1L mutant and
Na/1.5, the decrease in the surface expression ¢f.Blaand in \, was dependent on the
phosphorylation of serine 1503 by P#¢ a process already known to decreagée™f. In
addition, it has been shown that there is an interaction betwedrbNand GPD1L, and that
the mutations did not affect this interaction, but the enzymativitgcof GPD1L**?
However, the site of interaction of GPD1L on A& remains unknown. Another study
showed that the reduction qfslcaused by the mutant GDP1L can be reproduced by adding
an activator of PKC or NADH, and inhibited by an inhibitor of PKCobiNAD* **3 The
phosphorylation of the channel by the PKC/GPD1L could thus constiturle laetween the
metabolic state of the cell and its excitability by modulating the sodiumnturre

» 14-3-3 protein

The 14-3-3 dimeric cytosolic adaptor proteins interact with a wateety of other
proteins and are involved in the regulation of cell signaling patsvaag ion channef®. An
interaction between the 14-3r&hannel and NA.5 was revealed by yeast two-hybrid assay
and confirmed by co-immunoprecipitation studfsThis protein binds to the cytoplasmic
loop DI-DIl of Na,1.5 (Figure 35) and co-localizes with J4&b at the intercalated discs of
cardiomyocytes. Co-expression of 1443\8ith Na,1.5 in COS cells led to a negative shift in
steady-state inactivation and slowed recovery from inactivatiomever, the peak current
density was not affected. These results indicate that #1-8e8Id alter the biophysical
properties of Ngl.5 but not its trafficking, at least in COS céifsDifferent isoforms of the
14-3-3 protein family are present in the heart, thus further stadeeseeded to define the

exact role of these cardiac isoforms and their possible implication in hesasefs’

» Plakophilin-2 and desmoglein-2
Plakophilin-2 and desmoglein-2 are desmosomal cardiac proteins encodéeé by
genesPKP2 and DSG2, respectively. The association of plakophilin-2 with the, I\N&
channel was demonstrated by GST-pulldown assay and co-immunopriecipitatdied®’.
Immunostaining analysis showed co-localization of the two proteitiseeantercalated discs
of cardiomyocytes. Silencing of plakophilin-2 by shRNA in adult ratdomyocytes
significantly decreased the sodium current density, negativelifjedhthe steady-state
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inactivation, increased the time needed for the recovery from vation of Ngl.5, and
slowed the action potential propagafiyh These results were confirmed in the heterozygous
knockout mouse model oPKP2 where isolated ventricular cardiomyocytes showed a
decrease in the sodium current and an accelerated inactivation,h6fa Mutations in
PKP2 have been reported irrhythmogeniaight ventricular cardiomyopathy (ARVEY.
Recently, mutations iRKP2have been identified in patients with B¥SIn the HL-1 derived
cardiac cell line, knockdown dPKP2 led to decreasedyd and decreased localization of
Na,1.5 at the intercalated discs. Transfection of PKP2-deficient ld&Hs with WT PKP2,
but not the mutants, restores the functional defects ¢f.B5f2. The same rescue experiment
was performed irhuman induced pluripotent stem cell cardiomyocytes from an ARVC
patient with a homozygous loss-of-functiBiP2 mutatiori®. These results confirm the role
of PKP2 in the regulation of N&5, and add a new candidate gene to the list of BrS genes.
Regarding desmoglein-2, a recent study by Retzal showed an interaction between
desmoglein-2 and N&.5 by co-immunoprecipitation studies performed in mouse heart

lysaté“®.

Mutations inDSG2also cause ARVE®. Using a mouse model of ARVC over-
expressing the mutant desmoglein-2 N271S, reduggavas observed in cardiomyocytes
without changes in biophysical properfis

The site(s) of interaction of these desmosomal proteins qd.MNas (are) still
unknown, and the role of these proteins in the targeting or maintenarntarofels in the
desmosomes remains unclear. Nevertheless, these results eintliaatthe presence of
plakophilin-2 and desmoglein-2 at the intercalated discs are necésstre proper function

of Na,1.5.

» Caveolin-3

The function of N@l.5 is regulated bf-adrenergic stimulation. Stimulation of tBe
adrenergic receptor by isoproterenol increaggsltt has been proposed that this increase in
Ina IS due to two mechanisms: one is protein kinase A-dependent (Bp@ndent), the other
is PKA-independent.

PKA stimulation induces phosphorylation of the serine at the positionrE2629 in
the linker I-Il of Nal1.5""*3 (Figure 35). In addition to these phosphorylation sites, the
linker I-11 has three ER specific retention motifs (RXR)ttbauld interact with ER chaperon
proteins preventing the trafficking of Ma5. Elimination of these various motifs either
reduces or abolishes the effect of PKA onINa. This suggests that the phosphorylation of
Na,1.5 by the PKA and the presence of these motifs are requirdtef®KA effects, and that
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phosphorylation could hide these retention motifs and allow the transpbid,bf to the
membrané&™

Isoproterenol is also able to increasg ih the presence of a PKA inhibifd?. The
time needed for this effect is short (less than 10 minutes), aneffdat is reversible upon
washing of theg3-agonist, suggesting that lab proteins could be in a storage compartment
and could be released following adrenergic stimulation. Then, isuggested that caveolae
could underlie this PKA-independent mecharif$mCaveolae are small invaginations of the
plasma membrane, rich in several proteins, including ion channels, arehplayportant role
in cell signaling, protein trafficking and cholesterol homeost¥si Caveolin proteins
represent important components of caveolae, and caveolin-3 is the meatircaxpressed in
cardiac myocyté4’. It has been shown that caveolin-3 co-immunoprecipitates with. Bin
rat cardiac tiss&® and in HEK293 cell lysaté® but its site of interaction on NB5
remains unknown. Immunostaining studies demonstated co-localization \df5Nand
caveolin-3 at the membrane off&and human cardiomyocyféd Along with Na1.5, thea-
subunit of the stimulatory heterotrimeric G-proteina@fsis localized in the caveolar
membran&®. The effect of @son Na1.5 mimicsB-adrenergic stimulation. Thus, it has been
proposed that N&.5 could be stored in the caveolae, and that activatiorogbysadrenergic
stimulation leads to the opening of the caveolae, resulting in increased expre$&ph Dt
the membrane. The inhibition @fadrenergic effects on NR5 expression by a caveolin-3
antibody, supports this hypothe¥fs

Mutations in theCAV3gene, encoding caveolin-3, have been reported in patients with
LQTS*® and SIDS*. Functional studies of these mutations showed increased late current,
which is in accordance with the phenotypes.

» Fibroblast growth factor homologous factors (FHFs)

The fibroblast growth factor homologous factors (FHF) constitutebses of the
fibroblast growth factor (FGF) family, however they are unaldestimulate the FGF
receptors, and lack the N-terminal secretion signal sequences.qGenig, they are not
secreted, but remain intracellular, and bind to the C-terminal doofaihe voltage-gated
sodium channels (VGSCs), and to islet-brain-2 (IB2), the neuronal enitactivated protein
(MAP) kinase scaffold protefl’ The genes encoding the four FHFs (FHF1 to PHiré
officially namedFGF12 FGF13 FGF11, FGF14, respectively. They are mainly expressed in
excitable cells, especially in the nervous system, and to er lestent in the hedrf. Each
FHF has multiple isoforms resulting from alternative promotelgeisand 5 alternative
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splicing, leading to 10 FHF isoforms in humans that differ inatmno-terminal regioft*
(Figure 36). Each isoform has N-terminal, core, and C-termigame (Figure 36). The core
and the C-terminal regions of FHFs show high degrees of sityilaetween the various
FHFs. In heterologous expression systems, differences indakzhation of the two A and B
isoforms have been observed. The A isoforms mainly have a nucleladbon, while the B
isoforms are cytoplasmic and nucl®arThis is due to the presence of a nuclear localization
signal in the A isofornf$3Figure 36).

0 Interaction of FHF with the C-terminal domain of the VGSCs

A yeast-two-hybrid screen for partners of ,[N& was the first to demonstrate that
FHF1B interacts with the C-terminal domain of &, a sodium channel expressed in
nociceptive neuroffd®’. Then further studies have showed that FHF1A, FHF1B, FHF2A, and
FHF3A interact with the cardiac sodium channelN&>**° FHF2B with the neuronal
sodium channel Na.6%*’, and other FHFs with other VGSC%

The exact interaction site of of FHF1B on & is debated, located either in the
proximal (amino acids 1773-1832} or in the proximal and the distal parts of,N& C-
terminus (amino acids 1773-1968) Moreover, differences in the effects of FHF1B on
Nal.5 were also observ&d**® In HEK293 cells, co-expression of FHF1B with &
leads to a negative shift of steady-state inactivatfpor a positive shift of the steady-state
inactivation of Na1.5"°

Crystal structure of FHF2A demonstrates a conserved surface BhlEheore domain
involved in the binding of VGSCs to the FHP%s Thirteen residues at different positions in
the protein sequence, conserved among the different FHF isoforms atH@&¥E, constitute
the VGSC binding site (Figure 38J. Moreover, the alternatively spliced N-termini of FHFs
have been excluded as binding sites with VGSCs, since the truncétibbe N-terminal
region of FHF isoforms FHF2A, FHF3A and FHF4B does not affect thigraction with the
VGSC$®>® Recent study has showed that the hurR&F12 polymorphism rs17852067
(P149Q), which is located in the core region but not in the previously reported bindéntg site
Na/l1.5, could also modulate the interaction of FHFs with the V&8Csuggesting that
multiple FHF sites could be involved in the VGSC interaction.
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Figure 36: Structure-based sequence alignment of the 10 human FHF dsafs
For comparison, the sequence of fibroblast growth factor FGF2 igegtlin the alignmentSecondary structure elemenfd {312, g11)

are indicated above and below alignments, and residues containing these elenkaotsri secondary structurese boxed 81 and 12
strands of FHF1 are indicated by dashed boxes. A slash in eacimseqouarks the junction betweelternatively spliced N-terminal

region and FHF homology core region. The FHF homologycore region is shaded in light gray, and the 18-residue-long C-términa
extension not shared with FGFs is indicated by a box drawn aroursgédbences. Residued the FHF homology region engaged in

channel binding are shaded in darker gtdgderlined residues in the FHF1A isoform indicate the nuclear localizatipresees. p.Q7R:

FGF12B BrS mutation identified by Hennessey Jek.af%. p.vV127M: FGF12B variant identified in a BrS patient in our laboratory.

Modified from Goetz Ret al J Biol Chem 200%5°.
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o0 Expression of the FHF isoforms in the heart

The cardiac expression of the different FHF isoforms wasivela unknown, until a
recent study byaS Pitt's grouf®®, showing thaFGF13is the most expressed FHF in adult
mouse ventricular myocytes. By a quantitative reverse-trgataseé polymerase chain
reaction (QPCR), using isoform-specific primers, they demonsttiaee&GF13-VYis highly
expressed in adult mouse cardiomyocytes. Hi&F13-V and FGF13-Y isoforms are
expressed at low levels, the other isoforms nearly undetectaglegB37A). However, at the
protein level, only FHF2 (most probably FHF2-VY) could be detectedy Yement results
from the same grodp, using gqPCR on RNA from nonfailing human ventricular tissue,
showed that in the human he&GF12-Bis the main isoform, where&&GF12-Awas nearly
undetectable (Figure 37B). TR&G13-Yand/orFGF13-VY(gPCR was unable to distinguish

between these two isoforms) were the second most highly expressed isofgumes 3#B).
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Figure 37: Relative mRNA expression of FHF isoforms in mouse (A) and ham
(B) cardiomyocytes
Modified from Wang Cet al Circ Res 201°f% and Hennessey J &t al Heart Rhythm 201%8*

o The role of FHF in regulating Na,1.5 channel function
In adult mouse cardiomyocytes, M&b co-immunoprecipitated with FHF2, and co-
localization of both proteins was observed at the lateral membrahintercalated dist€.
Silencing ofFGF13in rat and mouse ventricular myocytes led to reduced pga&k hegative
shift of steady-state inactivatitii**® and delayed recovery from inactivation of,N&"™2
Cell surface biotinylation of isolated cardiomyocytes showededsed surface expression of

Na,1.5"8 accounting for the decreased, lalong with the altered biophysical properties.
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However, silencing ofFGF13 does not affect the mRNA level or total protein
expression of NA.5, suggesting a role of FHF in the trafficking of,N&. Silencing of
FGF13in neonatal rat ventricular myocyte monolayers showed a sloaretliction velocity
compared to control myocytes. The reducggand delayed recovery from inactivation of
Na,1.5 could explain the conduction abnorméfity

In addition to N&l.5, it has been shown that FHF2 regulates the L-type, voltage-gate
Cd* channel (Cal.2f*°. FGF13 knockdown decreases the Zacurrent density with
alteration in the localization of theec, the Cal.2 pore-forming subunit. FHF2 modulates the
targeting ofasc to the T-tubuleS®, possibly through the protein junctophilin-2, a protein
involved in the juxtaposing of the tubular L2 to the sarcoplasmic reticulum Ry&2
Silencing ofFGF13 leads to decreased surface expressiomefnd decreased &acurrent
density, without affecting the biophysical propefti@sMoreover, decreased Earelease
from the sarcoplasmic reticulum was also observed. Measured actientials fronFGF13
silencing adult rat ventricular cardiomyocytes showed decreasedeal amplitude, with
shortening of AP half-width, consistent with the loss-of-function &fea both Ngl.5 and
Cal.2"*.

o FHF genetics

The role of the FHFs has been mainly studied in the nervous s\staime FHFs are
highly expressed in the central and peripheral nervous sySfearsd several loss-of-function
mutations have been identified in tR6&F14 genein spinocerebellar ataxia 27 (SCA27), a
hereditary neurodegenerative disé&s8** Functional studies of the firftGF14 mutation
identified in SCA27, F145S, in rat hippocampal neurons showed decreasedogieatol
sodium current density, reduced Nehannels localization at the axon initial segment, and
decreased neuronal excitability in a dominant-negative*ttayr mouse model lacking
FGF14 showed an ataxia phenotype, which is in line with decreasécciNmnel function
and decreased neuronal excitabffity Moreover, it has been shown that double knockdown
of bothFGF12andFGF14leads to a severe ataxia phenotype

The role of FHFs in heart disease is less well known, howewsryarecent study
reported a mutation iRGF12-B(Figure 36) in a patient with BF%" The missense mutation
Q7R was identified in a 61 years old male patient who had a suspiBICG of BrS type
during flecainide treatment for AF. Flecainide test to unmaskifigiGced type 1 ECG pattern
of BrS. The mutant Q7R has a reduced binding affinity for ther@ihal domain of NA.5
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compared to the WT. However, it does not affect the interaction d¢f1BHwith the
junctophilin-2. In order to study the effects of this mutation on theusodind calcium
currents in the native environment where all the partners gf.Blare present, aRGF13
shRNA strategy was used to supress the endogdr@&d.3 of adult rat cardiomyocytes.
Then, FGF13 was replaced by a WT or mutaRGF12-B human variant. In this system,
knockdown of FGF13 decreased the sodium and calcium current densities, with
mislocalization of the GA.2, and negative shift of steady-state inactivation afLlMa in
harmony with previous studi€&**°® Replacement oFGF13 by WT or mutantFGF12-B
restored the calcium current density and the localization gf.ZaHowever, only the WT
FGF12-B was able to restorend and the negative shift of steady-state inactivation of
Na1.5% These results suggest tHaEG12-B the highly expressed FHF isoform in the
human heart, is a new candidate gene in BiGF12-B mutations could lead to BrS by
affecting the sodium channel without perturbing the calcium chanmel, vace versa.
However,FGF12-B mutations affecting both the calcium and sodium channels couldalso b

present.
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THESIS OBJECTIVES






Mutations inSCN5A the gene encoding the Nab a-subunit, have been implicated in
many inherited cardiac arrhythmias, which were firstly consiii@is separate clinical entities
with distinct phenotypes. However, a wide spectrum of mixed disphsaotypes was
recently reported iSCN5Arelated arrhythmias, referred to as “overlap syndromes” of
cardiac sodium channelopathy. In addition to their variable expressigrargneharacterized
by incomplete penetrance. The reasons behind these two featur@és wekraown, but this
suggests that other genetic and environmental factors, combined witticspdered
biophysical properties of a giv&dCN5Amutation could play an important role in the
modulation of the clinical phenotype. The main aim of my thesis w@& to study such
modulating factors. Moreover, since no mutation was found in 75% of Br:satieaimed
to identify a new candidate gene in BrS.

The detailed objectives of my thesis work were around the following two axes:
1. By the functional characterization of t@&€N5Amutations, and the
screening analysis of common polymorphisms associated with AFBE®d
in SCN5Amutation carriers, | tried to demonstrate how the specifezadion
of the biophysical properties of a given mutation, combined with thetigen
background of mutation carriers, could modulate the clinical picture.
2. By candidate gene approach in a group of patients with BrS, hedarc
for new mutations in a gene encoding a partner g1.19a

To carry out this project, | used several methodological approachedingdifferent
technigues of biochemical analysis and molecular biology, trarsfieati heterologous
expression systems, and genotyping.

These methods, in addition to patch-clamp analysis, allowed us to demt®ribe
involvement of three factors in modulating the phenotypic expressionedaus
by SCN5Amutations: the interaction between theINa a-subunits (article 1), the mutant
biophysical defects associated with the differences in larieal properties between the

atrial and ventricular cardiomyocytes, and the genetic background of thetpéaiicle 2).
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MATERIALS & METHODS






I. Functional studies

.1  Expression vectors and site-directed mutagenesis

The plasmids used in our study are expression vectors designedafomalian
systems. Plasmids pcDNA3.1-SCN5A (no tag) and pcDNA3.1-GFP-SCNk#&rminal-
GFP) were gifts from Dr H. Abriel (Bern, Switzerland). Phéds pGFP-N3-SCN5A (C-
terminal-GFP) and pRcCMV-FLAG-SCN5A (N-terminal-FLAG) wegifts from Dr F. Le
Bouffant (Nantes, France) and Dr N. Makita (Nagasaki, Japameateely. The plasmid
pcDNA3.1-HA-SCN5A (HA-WT) was a gift from Dr P. Mohler (Colimns, OH, USA). The
plasmid pGFP-N3-SCN5ANter (C-terminal-GFP) was generated in our team by removing
the first 381 nucleotides CN5A(127 amino acids), and replacing the residue 128 by a
methionine. We created the plasmid pNter-IRES2-mRFP1 by clomengeiquence of the first
132 amino acids of N&.5 into the pIRES2-mRFP1 vector carrying the red fluorescent
protein (RFP) reporter gene. All plasmids contained the hHlarmeobf SCN5A The
plasmid pIRES2-acGFP1-FHF1B (C-terminal ¢igg) was a gift from Dr G. S. Pitt (Durham
NC, USA). Plasmid pcDNA3-CD4-KKXX was a gift from J. Mérdigntes, France). This
plasmid was designed to express the CD4 protein carrying the ER retentiot. KKX

= Site-directed mutagenesis

Na, 1.5 mutants R104W, R104K, R121W, R878C, R1860Gfs*12 and L1821fs*10, and
FHF1B mutant V127M were prepared using the QuikChange Il XL -[Biected
Mutagenesis Kit (Stratagene, USA) according to the manufat instructions and were
verified by sequencing. The principle of this technique is to int®duenutation into the
gene encoding the protein of interest. Briefly, each wild-typsmid was amplified by PCR
in its entirety with a pair of primers bearing the desiragation in their center. Then the
PCR products were subjected to enzymatic digestionDpthl. This endonuclease enzyme is
specific for methylated DNA, and is used to digest the par&@itfaDNA template, which is
methylated due to its production in bacteria, leaving only théyne@R-synthesized mutated
plasmid (not methylated). The primers used for each mutagenesis arenliStdala 7.
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Primer Sequence* Length (nt)
SCN5A-R104W-F GCAAGACCATCTTCGGTTCAGTGCCACC 29
SCN5A-R104W-R GTGGCACTGAACEGAAGATGGTCTTGCC 29
SCN5A-R104K-F GGCAAGACCATCTTBAGTTCAGTGCCACCAAC 33
SCN5A-R104K-R GTTGGTGGCACTGAATT GAAGATGGTCTTGCC 33
SCN5A-R121W-F CCTTCCACCCCATGGGAGAGCGGCTGTG 29
SCN5A-R121W-R CACAGCCGCTCTCRGATGGGGTGGAAGG 29
SCN5A-R878C-F TCAGGCCTGCTGCAIGCTGGCACATGATG 30
SCN5A-R878C-R CATCATGTGCCAGCAGGCAGCACGCCTGA 30
SCN5A-R1860Gfs*12-F CTTTGCCTTCACCAAAGGGTCCTGGGG 27
SCN5A-R1860Gfs*12-R CCCCAGGACCOTTGGTGAAGGCAAAG 27
SCN5A-L1821fs*10-F TTGCCGATGCCCTBCTGAGCCACTCCGTAT 27
SCN5A-L1821fs*10-R ATACGGAGTGGCTAGACAGGGCATCGGCAA 27
FGF12B-V127M -F ATGAAGGGGAACAGATGAAGAAAACCAAGCC 32
FGF12B-V127M -R GGCTTGGTTTTCTTCATCTGTTCCCCTTCAT 32

Table 7. Forward (-F) and reverse (-R) primers used for ite-directed
mutagenesis

*Mutated nucleotides are bolded, enlarged and in red; deleted nucleotides are in blue.

= Bacterial transformation

The newly synthesized mutated plasmids were transformed indLth@ Gold strain
of E. coli. The DNA was added to the competent bacterial cells and incubateg for 30
min. Bacteria were then transformed by a heat shock for 3atsEt’C. After 500 uL super
optimal broth (SOC) medium was added to the bacteria, they wesa gor 1h at 37°C with
shaking at 225 rpm. This outgrowth step allows the bacteria to gent@ antibiotic
resistance proteins encoded on the plasmid backbone. The transformatiore was then
spread onto agar plates containing the appropriate antibiotic and duemight at 37°C.
Only the bacteria that received the plasmid were able to guuav form colonies. The
following day, five colonies were selected and grown overnight at 37°C with 225 rpmghakin
in liquid lysogeny broth (LB) medium containing the selection antibiotic.
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= Plasmid extraction
From this bacterial culture, the extraction of the plasmid vessec out using the
PureLink® Quick Plasmid Miniprep Kit (Life Technologies, USA). Baial cells were lysed
using an alkaline/SDS procedure and the lysate was then applisdita anembrane column
that selectively binds the DNA. The plasmid was then eluted ierwead sequenced over the
entire gene of interest, in order to verify the presencéeflesired mutation and to ensure

that no other mutation was inserted.

[.2  Heterologous expression systems and cell culture

The cell line HEK293 (Human Embryonic Kidney) was used as the ned@mologous
expression system for patch-clamp and biochemical analysised, these cells are human
and they do not express endogenous sodium channels. HEK cells waredcuit DMEM
medium (Gibco, Life Technologies, USA) containing 10% fetal calfireg(FCS), 50 1U/ml
penicillin, and 50 pg/ml streptomycin at 37°C in an incubator with 592.G&Ze also used a
stable HEK293 cell line expressing the cardiac sodium chann&l9\avhich was a gift from
Dr H. Abriel (Bern, Switzerland). This cell line was maintane the same culture medium
as previously described above, but also complemented with 25 g/ml @i¢cgve antibiotic
Zeocin (Life Technologies) in order to select for cells exgirgg the gene of interest. Cells

were not kept in culture for more than 20 passages to maintain homogeneity of tise result

1.3 Transient transfection of HEK293 cells

The day before transfection, cells were plated into 6-well plé&te patch-clamp
analysis or into T25 flasks (25 éfor biochemical analysis. When the cells reached 70-80%
confluence, they were transfected using the cationic lipofectatPES (Polyplus
Transfection, USA) according to the manufacturer's recommendaftidres amounts of
transfected plasmids are specified in each article. For pdofp recordings, 24h after
transfection, cells were rinsed with phosphate buffered saline; (BiBS Technologies),
detached using 20@ Trypsin-EDTA per well, resuspended in fresh medium and re-pédted
a lower density on 35-mm petri dishes (suitable for the patch-cémtnpp) to obtain single
cells the next day. Biochemical analyses were performed 36 h afteetiaorsf

In order to inhibit proteasome activity, cells were incubateth wituM of MG132,
which is a specific, reversible and cell-permeable inhibitohef26S proteasome subunit, or

with 0.1 % dimethyl sulfoxide (DMSO) as a control for 24 h before protein extraction.
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.4  Biochemical analysis

[.4.1 Total protein extraction

Forty-eight hours after transfection, HEK293 cells were washext twith PBS and
lysed in a RIPA lysis buffer (50 mM Tris pH 7.5, 500 mM NacCl, 1%108lF0.1% SDS, 0.5%
deoxycholate), and complete protease inhibitor cocktail (Roche, Ggriiaarl h at 4°C with
rotation. The soluble fractions from two subsequent 4°C 30-min 14g0&éntrifugations
were then used for the experiments. To load each lane of the SGB-Rith equivalent
amounts of total proteins, the protein concentration of each lysateneasured in duplicate

by the Bradford assay using a BSA (Bovine Serum Albumin) standard curve.

1.4.2 Cell surface biotinylation

Cell surface biotinylation is a powerful tool designed to stadly surface protein
expression. Biotin is a small vitamin efficiently reactinghwprimary amino groups to form
stable amide bonds, and is subsequently used as a marker of labkdedl®s. Since biotin
has a small size, it does not disrupt the properties of the tagdetule. Binding of biotin to
primary amino groups is conferred by its ester group N-hydroxysndde (NHS). Several
different NHS esters of biotin are available, such as thie-8IHS ester reagent that we used
in our experiments (Figure 38). Since it is a water-soluble ml@ecbiotinylation
experiments can be performed in the absence of organic solvents. fiorada it is a
charged molecule, thus unable to cross biological membranes, angrpramines present
on the cell surface will be biotinylated. To purify the biotatgd proteins, we used
neutravidin agarose resins. Neutravidin is a deglycosylated form of avidich wha tetramer
with a strong affinity to biotin. The interaction between biotin anidia represents one of
the strongest existing non-covalent bonds. Finally, to elute the battyproteins from the
neutravidin resins, the biotin intramolecular disulfide bridge is redingedithiothreitol
(DTT) (Figure 39).

Forty-eight hours after transfection with WT or mutant constritiEd293 cells were
washed twice with ice-cold PBS and incubated for 60 min at 4°C RBt& containing 1.5
mg/mL of EZ Link Sulfo-NHS-SS-Biotin (Pierce, USA). Platesre washed twice and then
incubated for 10 min at 4°C with PBS with 100 mM glycine to quench unlibiad, and
washed twice with PBS. Cells were then lysed for 1 h at 4tCtwe lysis buffer described in
the previous paragraph. After centrifugation at 14 §@@ 30 min at 4°C, supernatants were

incubated with immobilized neutravidin beads (Pierce, USA) overnigiftGaand pelleted by
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centrifugation at 14 00@ for 1 min at 4°C. After three washes with lysis buffer, the
biotinylated proteins were eluted with the Laemmli sample bafienplemented with 50 mM
DTT at 37°C for 30 min. Biotinylated proteins were then analyzedwegtern blot.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was usadnegative control of
biotinylation, and transferrin receptor (TfnR), as a positive control.

0
+ - H
i .04 N
0=5§ N I
0 0 0

SulfoNHS SS Biotin

Covalent bond with primary Cleavable by reduction  Captured by neutravidin
amines exposed at the cell
surface

Figure 38: Structure of the EZ-LinK™ SULFO-NHS-SS-Biotin
Modified from http://www.piercenet.com/product/ez-link-sulfo-nhsss-biotin-biotinylation-kits

Biotin Biotinylation Capture Elution by reduction

Membranous protein

Membranous protein

Neutravidin beads '

Figure 39: Principle of cell surface protein biotinylation

[.4.3 Immunoprecipitation

This technique aims to purify a protein of interest and its partinem a cell lysate.
The total cell lysate containing the protein X is incubated wwitgnetic beads (Dynal,
Norway) on which has been adsorbed an anti-X antibody allowingptiwfis precipitation
of the protein X and its partners if X is part of a protein complex (Figure 40).

Forty-eight hours after transfection, HEK293 cells were washed with R&&sed in
a specific lysis buffer (150 mM NaCl, 50 mM Tris-HCI, pH 7.5, T%on, and complete
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protease inhibitor cocktail). Cell pellets were pipetted up and dowm28,tflushed 20 times
through a 22-gauge needle, incubated on a rotating wheel for 1 h at 4°Ginahd

centrifuged for 10 min at 16 000 g. Magnetic beads were washed witicePBS-tween

0.02%, incubated with the antibody against the protein of interest fot e&bbra temperature,
washed twice again with PBS-tween 0.02%, and incubated with the garedl lysates.
Samples were incubated overnight at 4°C on a rotating wheel. Wdtghing the beads four
times with PBS-tween 0.02%, proteins were eluted with the Ldiesample buffer at 37°C

for 30 min with agitation, and analyzed by western blot.

. ' A Incubation with anti-X antibody
‘ Cell IyS|s A tagged magnetic beads ' I
HEK cells
- Protein of interest (X)
. Partner of protein of interest U

. A Magnetic separation

Other proteins

Elutlon ' I '
Immunoprecipitated proteins I

OO0

Figure 40: Principle of the immunoprecipitation technique

.4.4 \Western blot

After migration on a SDS-PAGE gel (8-16%), proteins were fearexd to a
nitrocellulose membrane (Life Technologies, USA) at a constamagelof 36 V for 2 h.
Aspecific sites of fixation were blocked by incubation of thenieane with 5% skim milk in
PBS-Tween 0.1% for 1 h. The membrane was then incubated overnightprmary
antibodies at 4°C diluted in block. The different antibodies used in ody stre listed in
Table 8. After three 10 min washes with PBS-Tween 0.1% and one B&htRe membrane
was incubated with infrared IRDye secondary antibodies (LI-COBsdinces, USA),
diluted to 1/10 000 in 5% skim milk in PBS-Tween 0.1%, for 1 h at recampeérature and
protected from light. After two 10 min washes with PBS-Tween Oatfib two with PBS,
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protein detection was performed using the Odyssey infraredingnasystem (LI-COR
Biosciences). Signals were quantified using the ImageJ seftasad normalized to WT

levels.
Antibody Species Company Working dilution
GFP Rabbit Torrey Pines Biolabs (USA) 1/2000
Flag Mouse Sigma (USA) 1/500
GAPDH Rabbit Abcam (UK) 1/2000
TR Mouse Life Technologies (USA) 1/500
6xHistidine Mouse QIAGEN (Germany) 1/2000
Nal.5 Rabbit Alomone (Israel) 1/100
HA Rat Roche (Germany) 1/500

Table 8: Primary antibodies used in western blot

II. Molecular biology

1.1 Total RNA extraction

Total MRNA was extracted from frozen mouse or human hearts Uigtigpl (Life
technologies, USA) and the Pure ITfkRNA mini kit (Life technologies, USA). A small
piece of frozen heart was homogenized in 500 pL of TRIzol, incubatedn5aimioom
temperature while vortexing to allow complete dissociation of nuahké@iprcomplexes. Then
200 pL of chloroform was added and samples were mixed vigorouslynayftal5 sec and
incubated at room temperature for 1-2 min. Lysates were thenfugatr at 15 00@ for 10
min at 4°C. This step separates the RNA in the upper aqueous ploasehé DNA and
protein in the middle and lower organic phases. RNAs were therpipaged in 70% ethanol
and transferred to a spin column. After two washes, RNAs weredelith RNase-free

water.

1.2 RNA reverse transcription

This technique synthesizes complementary strand DNA (cDNA) fesmRNA
template using arRNA-dependent DNA polymerase (reverse transcriptase). The cDNA

contains only the coding sequerafea gene and can be then amplified by PCR.
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Here, we reverse-transcribed total RNA using oligo-dT pmerhich are short
sequences of deoxy-thymine nucleotides that bind to the RNA polylatetail, providing a
free 3'-OH end that can be extended by the reverse transeriptayme to create the
complementary DNA strand. Then the RNAse enzyme was addedntoveethe original
template mRNA, leaving single stranded cDNA (sscDNA) (Fegtil). This sscDNA could
then be converted into a double stranded DNA (dscDNA) by the DNA polymerase.

We used the reverse-transcription kit SuperScript® Il Firsarfsk Synthesis System
(Life Technologies, USA). We utilized 1ug of total RNA per 20 pdaction. At the
beginning, we prepared the primer/RNA mix (1ug RNA, 1pL 50 uMddT, 1pL 10 mM
dNTPs, and water to a final volume of 10uL), which was denatured atf65%min and
then cooled on ice for 1 min. Then we added 10 puL of cDNA synthesig2mix 10X RT
buffer, 4uL 25 mM MgCI2, 2uL 0.1 M DTT, 1uL RNAse out, 1uL superpsdil enzyme)
and the reverse transcription reaction was incubated at 50°C forrb0Afai terminated the
reaction by heating the sample to 85°C for 5 min. Finally, RBiAaval was performed by
treating the sample with 1pL of RNase H and by heating to 37°C for 20 min.
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MRNA ACGGEUAGCUACCUAAGCAAAAAAAA

OligodTprimer TTTTTTTT i .
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Figure 41: Principle of reverse transcription

1.3 Quantitative real time PCR

The principle of quantitative real time PCR (gPCR) is to detext quantify a
fluorescent reporter whose emission is directly proportional toatheunt of amplicon
generated during the PCR reaction, and thus to the initial anawfutémplate. It is a
quantitative method that gives us an absolute or relative value ohitie@ amount of
template. gPCR is similar to standard PCR, but its key fe&ubreat the amplified DNA is
detected as the reaction progresses in real time, in contrsstndard PCR where product
detection is performed at the end.

Detection of amplicons by fluorescence is based on the use of the §¥Bn DNA-
binding dye. This fluorescent compound has a greater emission inteuigty it binds to
double stranded DNA. Its presence in the reaction mixture doedtaothe effectiveness of
PCR. Fluorescence measurement is performed at the end of émsiextphase when all
DNA is synthesized as a double strand (Figure 42). Three phasdsecaentified in a
quantitative PCR reaction. The baseline phase, where the fluoresoé&tsity is very low.
The exponential phase, after a number of cycles, demonstratirc¢henulation of PCR
products resulted in a measurable variation in the intensity cértheed fluorescence. The
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starting point of the exponential phase is called the threshold 9. It corresponds to the
number of cycles at which the fluorescence intensity differs from backgroundthoeshold

line), and it is directly related to the amount of matrix orijynpresent in the sample. For
example if we have two samples X and Y, and the CtX < CtY,nti@ans that the initial
amount of template of X is more than Y (Figure 42). The third aridoleesse is the plateau

phase representing the saturation of the reaction caused by the accumula@iénprb8ucts.

Plateau phase

37.840H

34,3404

30,840

27,344

23,840

20,340

16.840H

Exponential phase
13,3404

9,840

Fluorescence (483-533)

B.340

Threshold

2,540

Baseline

PCR cycle number \
CtX=18 CtY=24
Figure 42: Fluorescence curves detected during PCR amplificati

* Primers used for gPCR

For our study of the relative expression of B@F12 andFGF13isoforms in human
and mouse hearts, we designed primers located in the homologoushetgieen human and
mouse FHF transcripts, as well as primers specific to eamtbrm. Moreover, in order to
selectively amplify the cDNA and not the genomic DNA, primeese designed spanning

adjacent exons with large introns in between (Figure 43 and Table 9).
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Figure 43: Primers used for the detection oFGF12 and FGF13 mRNA
transcript levels in adult human and mouse hearts

FHF Forward primer (5’ — 3’) Reverse primer (5 - 3’) Product
isoforms length (bp)

FGF12-A ATAGCCAGCTCCTTGATCC TAGTCGCTGTTTTCGTCCTT 296
FGF12-B GGAGAGCAAAGAACCCCAG | TAGTCGCTGTTTTCGTCCTT 120
FGF13-vV GCTTCTAAGGAGCCTCAG TGAGGTTAAACAGAGTGTAAG 136
FGF13-VY | TGCTTCTAAGGTTCTGGATG | TGAGGTTAAACAGAGTGTAAG 305
FGF13-VY/Y | GTGTCACGAAATCTTCTGCT | TGAGGTTAAACAGAGTGTAAG 191
RPL32* GCCCAAGATCGTCAAAAAGA | GTCAATGCCTCTGGGTTT 100

Table 9: gPCR primer pairs used for detecting=GF 12 and FGF 13 transcripts in
adult human and mouse hearts

* Ribosomal protein L32 used as a normalizer

= gPCR

The cDNA reverse-transcribed from 1 pg of total RNA wasduse perform the

gPCR. The primer effectiveness was determined by quantit®@®® using a range of

successive cDNA dilutions. Quantitative PCR was performed in Sigaleges. Samples were

run in triplicate, each well contained® of total cONA solution, 1ul of each sense and

antisense 10 uM primer, 1@ of 2X SYBR Green buffer (LightCycl&480 DNA SYBR

Green | Master, Roche). Negative controls were realized undeathe conditions but with
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no template. The gPCR was performed using the LightCycler 480imea@oche, Germany)
with the following PCR program: (i) denaturation 10 min at 95°C, 4b) cycles of
amplification (denaturation at 95°C for 10 s, hybridization of prina&r60°C for 20 s, and
extension at 72°C for 20 s), (iii) melting step (denaturatid®®ba&C for 30 s, hybridization at
68°C for 30 s, then the samples were heated gradually (0.06°C/se@gt@to 95°C). This
increase in temperature led to dsDNA dissociation (or melimg)single strands, releasing
the dye, and causing a change in fluorescence. The result isltiagnmairve profile
characteristic of the amplicon (Figure 44).

To assess the relative expression of FHF isoforms in human and mearse, we
calculated the difference between the Ct of each isoformt &irall, to normalize any
differences due to the amount of nucleic acids placed in each weslused the Ct of a
reference gene encoding the ribosomal protein IBRLBJ to calculate theACt = Ct of
RPL32minus the Ct of each FHF isoform. Then, we calculated\txét = ACt of each FHF
isoform minus the\Ct of the most highly expressed FHF isofofaGE12-Bin human heart,
FGF13-VYin mouse heart). Then the relative expression of each isoformvg®galculated
using the formula Q =2, whereAACt of the highlyexpressed isoform is = 0 and Q = 1.
The other isoforms havAACt < 0 and Q < 1, so each FHF isoform was compared to the
highly expressed one.
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Figure 44: Melting curve of a gPCR
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lll. Genotyping

Our laboratory has a large collection of DNA from patients witherited cardiac
arrhythmias. For the screening analysid=GfF12 182 BrS probands, without mutations in
the SCNSAMOG], DLG1, KCNE3andSCN1Bgenes, were included in our study. Diagnosis
of BrS was based on the accepted criteria of the recent constatment in 20¥3" the
presence of a spontaneous type-1 ECG pattern (ST segment ele?ation in one or more
right precordial leads) spontaneously or following the adminigsiradf a sodium channel
blocker. Structural heart disease was excluded by echocardiography.

Blood samples were obtained for genetic analyses after signéenwinformed
consent was obtained, and following approval by the local ethics cawnuftthe Pitié-
Salpétriere Hospital. The study was conducted according to theigdeis of the Helsinki

declaration.

1.1 The genomic regions analyzed

All sequences were obtained from the reference databases "N@8I"Ensembl
genome browser". PCR primers (Table 10) were designed to grapliéxons within their

flanking intronic regions (approximately 50 base pairs upstream and downstream

FGF12-B Forward primer (5’ — 3’) Reverse primer (5" - 3’) Product
exons length
(bp)
Exon 1 CAATCTGCTGCTGCTCCTAA CCTTCCTGCCACACTTCC 397
Exon 2 AACACCCAACTCCCAAATAC CAAGAAGGATAAAGGAAAAGAC 404
Exon 3 CTCCATTTTTCTACCAAGTTC TACAAAACCTCAAAATAATCCC 372
Exon 4 GTATGATGAATCTTTGTAACCA GGGCAAGAAGCAGAATTGAT 432
Exon 5 TGACTGAAAGAACTGAAAGAAAA | GGTAAATGGGAAGGAAGGGAA 363

Table 10: Primers used forfFGF12-B sequencing
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I11.2 DNA concentration measurement

Before starting the sequence analysis, the concentration hengburity of each
genomic DNA sample were evaluated using a spectrophotometer (Mpn@&drThermo
Scientific, USA). Nucleic acids have an absorbance waveleofytt60 nm. The DNA
concentration is given in ng/ The purity of the sample is determined by a 260/280 ratio

(DNA/protein). A ratio of ~1.8 is generally accepted as “pure” for DNA.

1.3 Sequence analysis oF GF12-B

All FGF12-Bexons and intronic junctions were amplified by PCR. PCR produces wer
purified using the P100 column (BioRad ®) and the sequencing reactonealized using
the Sanger method with Big Dye Terminator v.3.1 kit (Applied Biosyst®), followed by a
G50 (Sephadex®) purification. The Sanger method depends on the incorporattwainef c
terminating dideoxynucleotides by the DNA polymerase during thaesee reaction. The
sequence reaction mixture contains the DNA template, forwarcevarse primer, DNA
polymerase, normal deoxynucleosidetriphosphates (dNTPs), and modified idesleot
(dideoxyNTPs) that terminate DNA strand elongation (Figure 4bg¢sé& chain-terminating
nucleotides do not carry the 3'-OH group needed for the formation of a phoséiodend
between two nucleotides, causing DNA polymerase to stop the extesfsDNA when a
ddNTP is incorporated. These ddNTPs are fluorescently labelleddetbeted in automated
sequencing machines. At the end of the sequencing reaction, htsgofiezarious sizes were
generated. They were then separated, according to their gim@gtationvia a 16 capillary
3130 sequencer (Applied biosystems ®, Life technologies, USA). Whenatlp@dnts pass
through the detection sensor, a laser beam excites their flanoesavhich is in turn captured
by a camera coupled to a charger that converts this fluorescetweelectrical data
transferred to the computer in the 3130 Data Collection softwageir@=45). Sequence
analysis was then performed using the CodonCode Aligner v3.7.1 softveate.obtained
sequence was aligned to the reference sequence. Sequence vagientsomfirmed by

sequencing a second DNA sample from the individual carrying the supposed variant.
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Figure 45: Principle of the Sanger method for sequencing
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[. Article 1

Dominant-negative effect of SCN5A N-terminal mutations through the interaction of

Na,1.5 a-subunits

.1  Summary of the study

Introduction

Mutations in theSCN5Agene account for approximately 25% of BrS cases. The N-
terminal mutation R104W was identified in an asymptomatic 33-giekmale patient with
spontaneous BrS type 1 ECG pattern. Programmed electrical aionuin this patient
induced sustained ventricular tachycardia degenerating into veatricotillation, and the
patient was treated by an implantable cardiac defibrillatisr fadher, who had a similar ECG
pattern, died suddenly during sleep at the age of 61.

Several mutations in the N-terminal domain of,N& have been reported, however
the functional role of this region remains unknown. In this study, wedatm investigate the
role of the N-terminal domain of NRB5 on channel function, subcellular localization, and
protein expression, by the characterization of the functionaltefeédhe mutant R104W, as
well as another N-terminal mutation, R121W, previously publiSfié®f Moreover, we
created two constructANter, where the N-terminal region was deleted, and Nter,endraly
the N-terminal region was present.

Methods and Results

Patch-clamp analysis in HEK293 cells transfected with the W&l'ptutant channels,
R104W, R121W, or the construaNter showed that the two N-terminal mutants and the
ANter abolished the sodium current. Moreover, co-expression of therfiregmutants with
the WT channels led to a dominant-negative effect on the WT channels with a ssitive
the activation curve, but not th&Nter. Immunocytochemical analysis in rat neonatal
cardiomyocytes co-transfected with the N-terminal mutantstl@dCD4 construct carrying
the KKXX endoplasmic reticulum (ER) retention motif showed that N-terminal mutants
were retained in the ER, and their expression with the WToled T channel retention. In
HEK293 cells, total protein extraction and cell surface biotiigha experiments
demonstrated that the total and surface protein expression of thenidl mutants were
reduced compared to the WT. Moreover, treating the cells witH32Ga 26S-subunit

ubiquitin-proteasome inhibitor, increased the total protein expressiotheof mutants,
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suggesting the degradation of the mutants by the ubiquitin-proteagsteammsHowever, the
ANter was slightly degraded and normally adressed to the memf@iameetention of the
mutant channels in the ER and their subsequent degradation could ehplaitogs-of-
function effects in the homozygous state, while the retention of theil\the ER in the
presence of the mutant could account for the dominant-negative edfettsuggests a
cooperation between the Na5 a-subunits. Co-immunoprecipitation study in HEK293 cells
transfected with two different NA.5-tag constructs demonstrated that the W3ubunits
interacted with each other, as well as with the mutant R104Wheé\snutant was able to
inhibit the trafficking of the WT, most probably through the intecacbetween N@..5 a-
subunits, we hypothesised that the WT subunits could be able to transpuatl gart of the
mutant subunits with it to the membrane. To test this hypothé&sNiterminal mutants
R104W and R121W were co-transfected with the trafficking-compdtginhon-functional
Na,1.5 mutant, R878C. Patch-clamp analysis showed that the R878C subunitzbleete
restore a very small sodium current density with a positive shifie activation curve. This
partial rescue confirmed the interaction between thd Na-subunits during their transport
to the membrane, while the positive shift of activation suggests sibfgsooperation
between Ngl.5 a-subunits at the membrane. Finally, expression of the Nter Ww&hA(T
Na,1.5 increased the sodium current density by two-fold compared to the WT.
Discussion

The dominant-negative effect of mutant ion channel subunits on the Whasiégen
described mainly for ion channels consisting of multiplsubunits, like the potassium
channels KLQT1%’ which form homotetramers, but a5 o-subunits were not known to
oligomerize. Thus, the dominant-negative effect of the N-terminaamis observed in our
study was unexpected, while it has been reported once, for thekirajtdefective mutant
L325R*® In this study, the authors hypothesized that the mutant channelses@utdthe
dominant-negative effect by affecting the biosynthesis or @fécking of the WT. In our
study, we showed for the first time that an interaction betvids1.5 a-subunits exists, and
that it is not affected by the presence of the mutant R104W. fiteisaction could underlie
the dominant-negative of the mutant. Under normal condition, theoWdbunits interact
with each other, most propably in the ER, and traffic togetihethe plasma membrane.
However, the mutant R104W was retained in the ER and degraded by thetintbi
proteasome system, and through the interaction with thexM{Ibunits, it retained the WT

with it in the ER. Consequently, few Whi-subunits interacting with each other reached the
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membrane, accounting for the dominant-negative effect. The mechanismtarit channel
retention remains to be elucidated. It is possible that thermliftal mutatnts caused
conformational changes preventing the proper folding of thd.Blgrotein, resulting in its
degradation by the ER-associated degradation (ERAD) system. hastaiat the trafficking-

defective N-terminal mutants, the R878C mutant and\i¥iter-Na, 1.5, which were normally
expressed at the membrane, did not have dominant-negative effect W thEhe partial

rescue by the trafficking-competent R878C on the N-terminal mutariteer supports the
cooperation between Nh5 a-subunits.

By studying the N-terminal mutants, th&Nter-Na1.5 and the Nter, our study
highlights the important role of the N-terminal region of N&. The proper expression of the
ANter-Ng1.5 at the membrane, with its inability to conduct sodium current sutigegsthe
N-terminal domain is not essential to the trafficking ofIN&, but it is important for channel
opening. Moreover, the positive shift of activation when the N-terminatamts were
expressed with the WT or with R878C, suggests the involvement biFthieminal domain in
channel activation, and a possible functional cooperation betwegdn5Nasubunits at the
membrane.

From a clinical point of view, the loss-of-function effects of tgtant R104W in the
heterozygous state are most probably responsible for the BrS in this patient.

Conclusion

Our study demonstrated for the first time a physical intenadetween NA.5 o-
subunits, likely occuring in the ER, accounting for the dominant-negatiget®fof the N-
terminal mutants, and its partial rescue by the R878C mutant. diticad our results

highlight the role of the N-terminus of a5 in the channel activation and opening.
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Aims Brugada syndrome (BrS) is an autosomal-inherited cardiac arrhythmia characterized by an ST-segment elevation in
the right precordial leads of the electrocardiogram and an increased risk of syncope and sudden death. SCN5A, en-
coding the cardiac sodium channel Na,1.5, is the main gene involved in BrS. Despite the fact that several mutations
have been reported in the N-terminus of Na, 1.5, the functional role of this region remains unknown. We aimed to
characterize two BrS N-terminal mutations, R104W and R121W, a construct where this region was deleted, ANter,

and a construct where only this region was present, Nter.

Patch-clamp recordings in HEK293 cells demonstrated that R104W, R121W, and ANter abolished the sodium
current ly,. Moreover, R104W and R121W mutations exerted a strong dominant-negative effect on wild-type
(WT) channels. Immunocytochemistry of rat neonatal cardiomyocytes revealed that both mutants were mostly
retained in the endoplasmic reticulum and that their co-expression with WT channels led to WT channel retention.
Furthermore, co-immunoprecipitation experiments showed that Na,1.5-subunits were interacting with each other,
even when mutated, deciphering the mutation dominant-negative effect. Both mutants were mostly degraded by
the ubiquitin—proteasome system, while ANter was addressed to the membrane, and Nter expression induced a
two-fold increase in ly,. In addition, the co-expression of N-terminal mutants with the gating-defective but traffick-
ing-competent R878C-Na,1.5 mutant gave rise to a small In,.

and results

Conclusion This study reports for the first time the critical role of the Na,1.5 N-terminal region in channel function and the
dominant-negative effect of trafficking-defective channels occurring through a-subunit interaction.
Keywords Arrhythmia e Brugada syndrome e Na,1.5 ® SCNSA e Sodium

! cardiac voltage-gated sodium channel Na, 1.5, have been identified
in ~25% of affected Indiyiduals’ and commonly reveal loss-of-function
properties reducing the sodium current iy, either by gating abnormal-
ities, trafficking defects, or premature stop codons leading to haplein-

1. Introduction

Brugada syndrome (BrS) is an inherited autosomal-dominant cardiac
channelopathy with incomplete penetrance. It is characterized by a

structurally normal heart with a typical electrocardiographic (ECG)
pattern showing an ST-segment elevation in the right precordial
leads (V1-V3) and an increased risk of sudden cardiac death by ven-
tricular fibrilation.' Mutations in SCN3A, the gene encoding the

sufficiency.’ Na,15 constitutes the e-subunit of the cardiac Na*
channel complex, which includes other transmembrane subunits and
intracellular partners that participate In its expression and function,*
Although Na,1.5 subunits are not known to cligomerize, a dominant-
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negative effect of a mistation has been previously reported;” and the
common polymorphism H558R has been shown to partially restore
Ina impaired by mittations when expressed on different constructs®”
suggesting a cooperation between a-subunits.

Several mutations have been identified in the N-terminus of Na,1.5
in patients with BrS or long QT syndrome, but their functional con-
sequences on fy, have not been studied in vitro, except for two of
them. The non-functional R121WW mutant was reported in conduction
disease, associated with protein degradation, and the R43Q mutation
showed a hyperpolarizing shift of the activation under lidocaine®®
The role of the N-terminal region of Na,1.5 on the trafficking, local-
ization, and regulation of channel function remains largely unknown,

In this study, we characterized two Na,1.5 N-terminal mutations:
R104W identified in a BrS patient, R121W which was previously
reported.a a chimeric channel where the N-terminus of Na, 1.5 was
deleted, ANter, and a construct where only the N-terminus of
Na,1.5 was present, Nter. Qur results suggest that the N-terminal
region of Na,1.5 plays a key role in the cardiac sodium channel func-
tion and demonstrate a physical interaction between Na,15
a-subunits,

2. Methods

2.1 Patient

The proband was diagnased with BrS on the basis of a spontaneous type-1
pattem on the 12-lead ECG (ST segment elevation =2 mm in ane or
more right precordial keads) and family history according to the consensus
report.’ Blood samples were obtained afier signed writien informed
cansent for genetic analyses and after approval by the lozal ethics commit-
tee of the Pitié-Salpétriére Hospital. The study was conducted according
1o the principles of the Helsinki Declaration.

2.2 SCN5A mutation analysis

DNA was extracted from peripheral blood kucocytes according to stand-
ard procedures, Screening for mutations in the SON3A gene (GenBank ac-
cession number NG_00B93.1) was performed by genomic DNA
amplification of all exons and splice junctions. PCR products were directly
sequenced with the Big Dye Terminator v.3.1 kit (Applied Biosystems) on
an ABI PRISM 3730 automatic DNA sequencer (Applied Biosystems), Var-
fants and mutations were identified by the visual inspection of the se-
quence with Seqscape sofiware (Applied Biosystems),

2.3 SCNSA cDNA cloning and mutagenesis
Plasmids pcDNA31-SCNSA (no tag) and pcDNA3A-GFP-SCNSA
{N-terminal-GFP) were the gifis of Dr H. Abriel (Bern, Switzerland), Plas-
mids pGFP-N3-SCNSA (C-terminal-GFP) and pReCMV-FLAG-SCNSA
{N-terminal-FLAG) were the gifis of Dr F, Le Bouffant {Nantes, France)
and Dr N, Makita (Nagasski Japan), respectively. The phlsmid
pcDNA3.1-HA-SCNSA (HA-WT) was the gift of Dr P. Mohler (Columbus,
OH, USA). The plasmid pGFP-N3-SCNSA-ANter (C-terminakGFP) was
generated by removing the first 381 nucleotides of SONSA (127 aming
acids), and replacing residue 128 by a methioning, The plasmid
pNter-IRES2-mRFP1 was ¢creaed by cloning the sequence of the firs 132
amino acids of Na, 15 in the pIRES2Z-mRFP1 vector carrying the red fluores-
cent protein reporter gene, All plasmids contain the hH1a isoform of
SCN5A. The plasmid peDNA3-CD4-KKXX and the anti-CD4-KKXX anti-
body were the gifts of Dr ). Mérot (Nantes, France), This plasmid has
been designed to express CD4 carrying the KKXX motif of ER retentian.
Mutants R104W, R104K, R121W, and RE7BC in Na,15 were prepared
using the QuikChange Il XL Site-Directed Mutagenesis Kit (Stratagene)
according to the manufacturer’s instructions and verified by sequencing

2,4 HEK293 cell culture and transfection

HEK293 cells were maintained in DMEM supplemented with 10%
heat-inactivated foctal calf serum and 1%  penicillin/streptomycin,
HEK293 cells, which do not express endogenous Na, channels, were
transfected with pcDNAZ-GFP-SCN3A WT or mutants in 35-mm
dish well using JET PEl (Polyplus Transfection, New York, LSA) according
ta the manufacturer’s instructions, Cells were transfected with a totzl of
0,6 pg of plasmid per 35 mm dish, 1o avold saturating currents. To mimic
the heterozygous state of the BrS patient, cells were co-transfected with
0.3 pg of pcDNA31-GFP-SCNSA WT and 0.3 pg of each mutant channel
plasmid, A HEK293 cell line stably expressing human Na,15 (gift of Dr
H. Abriel, Bern, Switzerland) was cultured in the presence of 25 pg/ml
of zeogin {Invitrogen).

2.5 Electrophysiological recordings

Patch<lamp recordings were carried out in cells transfected with a total
of 0.6 pg of plasmid 1o avoid saturating currents, in the whole-cell config-
uration at room temperature (22 + 1°C) as previowsly reported.™® Solu-
tions for patch-clamp recordings are described in the Supplementary
material online.

lonic currents were recorded by the whale-cell patch-clamp technique
with the amplifier Axopatch 2008, (Axon Instruments, CA, USA), Pach
pipettes (Corning Kovar Sealing code 7052, WPI) had resistances of
1.5-25MQ, Currents were filtered at 5kHz (—3 dB, B-pole low-pass
Bessel filtler) and digitized at 30 kHz (NI PCI-6251, National Instruments,
Austin, TX, USA), Data were acquired and analysed with ELPHY® sofi-
ware (G.Sadoc, CNRS, GiffYvette, France).

To measure peak fy, amplitude and determine current—voltage rela-
tianships (1Y curves), currents were elicited by test potenthls of 0.2 Hz
frequency 1o —100 1o 60mV by increments of 5 or 10 mV from a
holding potential of —120 mV. For the activation-¥,,, pratocol, currents
were elicited by 100-ms depolarizing pulses applied at 02 Hz from a
holding patential of =120 mY, in 5 or 10mV increments between
=100 and +60 mV, The seady-state inactivation-V,, protocol was estab-
lished from a holding potential of —120 mV and a 2-s conditioning pre-
pulse was applied in 5 or 10mVY increments between —140 and
+30 mV, followed by a 50-ms test pulse to —20 mV at 0.2 Hz,

Data for the activation-Vy, and steady-state awailability-V, relationship
of Ina were fitted 1o the Balzmann equation:

Y= U1 + expl- (Vor Vap) IK]}

where Vi, i the membrane potential, Vyp is the half-activation or half
aaibability patential, and k is the inverse slope factor, For acthation-¥,,
curyes, ¥ represents the relative conductance and k is >0 For
availability-Vi, curves, ¥ represents the relative current (lyaflnaman) and
kis <0,

2.6 Rat neonatal cardiomyocyte isolation

and transfection

All animals were cared according to the Guide for the Core and Use of Lo
boratory Animals (NIH Publication No, 85—-23, revised 1996) and under the
supervision of authorized researchers in an approved kboratory (agree-
ment number B75-13-08), Neonate 1-day-old rats were euthanized by de-
capitation, Their hearts were dissected, digested with collagenase A
(Roche Diagnostics, Meylan, France) and incubated in culture medium
after 1.5 h pre-plating on 60-mm plastic dishes in arder to remave fibro-
blasts, Non-adherent cells were plated at a density of 4 x 10° cellsiwell
on 35-mm dishes containing glass coverslips coated with 10 mg/ml
laminin (Rache Diggnastics) in culture medium DMEM (high glucosel
L-ghaming; Gibco ref 41965 039), supplemented with 10% horse
serum, 5 FBS, 1% penicillin/streptomycin, cytosing B-D arabinofurancside
25 mgfml, and incubated for 24 h (37°C, 5% CQy). Cells were transfected
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Dominant-negative suppression of Na, 1.5 channel

In 2 1%-COx Incubator with 0.6 pg of N-terminal-GFP fused constructs of
WT or mutant Na,1.5 using Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s instructions,

2.7 Immunocytochemistry

Indirect immunofluorescence was performed on rat neonatal cardiomyo-
cytes (RNC) primary culture fixed with methanal for 10 min at —20°C.
Cells were then washed twice for 5 min with phosphate buffer saline
(PBS). blocked in PBS-5% BSA for 30 min at room temperature, Cells
were incubated for 1 h with primary antibodies: rabbit anti-GFP (1:300,
Torrey Pines Biolabs) to detect Na,1.5-GFP, mouse anti-Flag (1:300, Stra-
tagene), chicken anti-calreticulin for ER (1200, Abcam), rabbit anti-glantin
for Golgi apparatus (1:1000, Abcam), rabbit ami-Lampl for lysosomes
(1200, Abcam), and rabbit anti-LC3 for proteasome (1:1000, Sigma). De-
tection was performed after two washes with PBS and 1 h of incubation
with secondary antibodies; chicken anti-mouse Alexa Fluor 594, goat antj-
rabbit Alesa Fluor 488 (1:1000, Malecular Probes), and the nuclear dye
DAPI (1:500, Sigma) diluted in the blacking buffer. Control experiments
were performed by omitting the primary antibodies.

2.8 Imaging

Labelled cardiomyacytes were observed with an Olympus epifluorescent
mkroscope (60x). Images were acquired with a CoolSnap camera
(Ropper Scientific) and analysed with Metamorph software (Molecular
devices) equipped with a 3D-deconvolution madule. For each sample,
series of consecutive plans were acquired (sectioning step: 0.2 pm).

2.9 Protein extraction

Fortycight hours after transfection with WT or mutant constructs,
HEK293 cells were washed with PBS and lysed in the lysis buffer
(50 mM Tris pH 7.5, 500 mM NaCl, 1% NP40, 0.1% SDS, 0.5% deaxyche-
late, and complete protease inhibitor cocktail from Roche) for 1 h at 4°C
on awheel The soluble fractions from two subsequent 30 min centrifuga-
thons at 14000 g (4°C) were then used for the experiments, To load each
lane of the SDS—PAGE with equivalent amounts of total protein, the
protein concentration of each lysate was measured in duplicate by the
Bradford assay using a BSA standard curve.

2.10 Biotinylation assay

Forty-eight hours after transfection with WT or mutant constructs,
HEK293 cells were washed twice with PBS and biotinylated for 60 min
a 4°C using PBS cantaining 1.5 mg of EZ Link Sulfo-NHS-55-Bigtin
(Pierce). Plates were incubated for 10min at 4°C with PBS-100 mM
glycine (to quench unlinked biotin) and washed twice with PES. Cells
were then lysed for 1h at 4°C with the lysis buffer (composition
described in the previous paragraph). After centrifugation at 14000 g
for 30 min (4°C), supernatants were incubated with immobilized neutra-
vidin beads (Pierce) over night at 4°C and pelleted by centrifugation. After
three washes with the lysis buffer, the biotinylated proteins were eluted
with the Laemmli sample buffer with DTT 2X at 37°C for 30 min, Bioti-
nylated proteins were then analysed by western blot as described below.

2,11 Co-immunoprecipitation

Co-immunoprecipitation experiments were performed as previously
described,' Briefly, toml cell lysates were pre-absarbed with Protein A
Dynabeads (Dynal, Norway) for 2h at 4°C The unbound extracts
were then incubated with Dynabeads Protein A crosslinked to the rat
manaclonal anti-HA antibody (clone 3F10, Roche, USA). Western blots
were revealed using either the rat manoclonal anti-HA antiboady (clone
3F10, Rache, USA) or the mouse monaclonal anti-GFP antibody (Clon-
tech, USA) at 1:1000 dilutions.

2.12 Western blot

Proteins were separated on a 10% acrylamide SDS—PAGE gel, then trans-
ferred 1o a nitrocellulose membrane and incubated with primary anti-
badies followed by infrared IRDye secondary antibodies (LIFCOR
Blosciences, USA), Proteing were detected using the Odyssey Infrared
Imaging System (L-COR Biosciences, USA). Signals were quantified
using Image| software and normalized to WT levels.

2.13 Statistical analysis
Data are presented as means £ SEM, Statistical significance was estimated
with SigmaPlot® software by Student’s t-test or ANOVA, as appropriate.
P < 005 was considered significant.

3. Results

3.1 Identification of a Na,1.5 N-terminal
mutation in a BrS patient
The proband (II.1) was an asymptomatic 33-year-old male with a spon-
taneous BrS type 1 ECG pattern, combining ST-segment elevation and
inverted T waves in lead V1, and an incomplete right bundle branch
block pattern (PR = 208 ms, QRS = 124 ms) (Figure 1A and B). Echo-
cardiography, myocardial scintigraphy, and coronary angiography
showed small akinetic areas in the right ventricular infundibulum,
healthy coronary arteries, and normal left ventricular function, Pro-
grammed electrical stimulation induced sustained ventricular tachycar-
dia degenerating into ventricular fibrillation, The patient received an
implantable cardiac defibrillator (ICD). Ne ICD discharge occurred
during the 7-year follow-up, His father presented with similar ECG ab-
normalities (Figure 18) and died suddenly in his sleep at the age of 61,
SCNSA was screened and a variant, 310 C2> T, was identified in
exon 3 in the proband, which induces the substitution of the evolu-
tionarily conserved arginine 104 by a tryptophan (p.R104W)
(Figure 1C—E). This variant was not found in 300 Caucasian controls
and nefther in the 14000 alleles of the NHLBI Exome Sequencing
Project (Seattle, WA, http:fevsgswashingtonedwEVS/): it was not
transmitted to the proband’s healthy offspring and was considered
to be a putative mutation responsible for BrS,

3.2 The R104W mutation abolished Iy,

Na* current was recorded in HEK293 cells 36 h after transfection
with WT or R104W constructs. Ina traces and IV relationships are
shown in Figure 2A and B. Peak current densities and P-values are
given in Table 1. When the R104W mutant channel was expressed
alone, no current could be detected Conditions known to allow
some misfolded proteins to escape the ER quality control and reach
their final destination,™"® were used such as co-expression of
R104W with the Na,31 subunit, decrease in cell incubation tempera-
ture to 30°C and addition of mexiletine (a class | anti-arrhythmic
agent). but none of these restored any In.

The substitution of arginine 104 by ancther positively charged
residue, lysine, restored only 12% of the WT current, suggesting
that the alterations of channel function critically depend on the
R104 residue (see Supplementary material onling, figure $T). Interest-
ingly, the ¥y, of the R104K activation curve was shifted by +8.6 mV,
while inactivation was unaffected.
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Figure | Identification of the R104W SCN5A mutation in a patient with BrS. (A) Pedigree of the family. The praband (Il.1), who carries the mutation,
is indicated by an arrow. Squares represent males, circles females, filled symbols affected subjects, and open symbals healthy subjects. (B) ECG record-
ings of precordial leads (V1—V6) of the proband and his father at rest, showing typical type1 BrS pattern. (C) Schematic representation of the hNa, 1.5
a-subunit. Stars represent the location of mutations characterized in this study. (D) Sequences of Na,1.5 N-terminus across species and among
voltage-dependent sodium channels (E). Conserved amino acids are in boxes. Residues R104 and R121 are indicated by stars. Sequence accession
numbers are given in the Supplementary material online.

functional Neterminal Na,1.5 mutant, R121W.2 and observed that, as
R104W, R121W was mostly retained in the ER (Figwe 3). Interestingly,

Ret meonital ‘cadiomyveyiss [RING) trarectsd with Nagrgl | some channels .were‘also .retal.ned in intracellular compartrrt-errts
. ) . : when co-expressed in 3 1,1 ratic with R104W (Figure 4), suggesting a

GFP-tagged channel constructs were labelled with an anti-GFP antibody dominant-negative effect of the N-teminal mutant

to assess channel location. R104W showed strong perinuclear and !

intracytoplasmic labelling which was clearly different from WT mem-

brane localization (Figure 3). We stained specific sub-cellular compart-

ment proteins, but it & only by cotransfecting RNCs with R104W

3.3 Expression in rat neonatal
cardiomyocytes

3.4 Dominant-negative effect of N-terminal
mutants

and CDA4 carrying the KKXX motif of ER retention, that we saw an im-
portant co-localization of mutant channels and the ER vesicles
{Figure 3). Ve compared R104W lowlization in RNCs to another non-

To test whether N-terminal mutants had 2 dominant-negative effect
on WT channels, we recorded Iy, in HEK293 cells co-transfected
with the WT channel and R104W or R121W channel in a 1:1 ratio.
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Figure 2 Electrophysiological characterization of Na,1.5 channels. In (A-D) panels, the transfected plasmids carry the N-terminal-GFP-tagged
Na,1.5. In (E and F) panels, the GFP is fused to the C-terminus of Na,1.5. Numbers of cells and statistical analysis are indicated in Table 1. (A) Rep-
resentative Na* current traces of Na,1.5 WT, R104W, and WT +R104W channels. Solid lines indicate the zero current level. (B) Current density—
voltage relationships in cells co-transfected with WT, R104W, WT + R104W, WT + R121W, or WT + R878C channels. Only R878C did not exert
a dominant-negative suppression on WT .. (C) Activation curves of WT + mutants were shifted to more positive potentials (D) Current density—
voltage relationships in Na,1.5-stable HEK cells transfected with GFP alone as a control, R104W or R121W mutant channels. Cells were perfused with
a 25 mM-Na" solution to avoid saturating currents. R104W and R121W significantly decreased y, when compared with cells transfected with GFP
alone (GFP: —59.7 £ 5.8 pA/pF, n = 17; R104W: —255 + 34 pA/pF, n = 11, P= 0.03; R121W: —32.8 4+ 10.1 pA/pF, n =7, P = 0.03). (E) Current
density—voltage relationships in cells transfected either with WT, ANter, or WT 4 ANter. Deletion of the Na,1.5 N-terminus did not exert a
dominant-negative effect on WT channels. (F) Peak current density at —20 mV of WT channels alone (n= 10) or co-expressed with the N-terminal
fragment, Nter (n = 9; ***P<0.001).
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Table | Biophysical and kinetic properties of WT and mutant Iy,

Inactivation

P-yalue  Activation

Peak current

Na* channels

GFP position

density (pA/pF)

“Pvalue

“k@mvy  Pvalue

Palue

~804 £05(=11)

164 + 27 (n

WT

Ne GFP
N-term

ns

—B2+04
—B88+05

ns

=%

(n
H=17

—27+12
—442 +1

e

—B17 + 0.6 (n=10)

160 + 11 (n= 18)

nd {n=15}

WT

ggs

gge

ggs

ggs

nd (n=13)
nd (n=15)

R104W

R121W

RBTBC

b

ns —4646+05

—B2B+05(=9)

* 66 +02

—365+17 (=10}

*

136 + 117 (1= 10}
294 + 5 (n=15)

12 WT + 12 R10AW
12 WT + 4z RI21W
12 WT + 4,2 RB7BC

61+02
64 +02

#
Ao
Ead

I+ 06 (=12
—15+14(n=5)

na

—36B8+14(n=13)

#
*

T4+ 69 (1=17)
=9)

57+13(
241+ 48 (n=15)

12 RB7BC + 17 R104W
1z RB7BC + 17 R121W

]
& &
Il Il
& &
oo
-— o
+H H
w8
™ .
- -
B
*
*
-
& -
Il Il
& _ &
3ﬁ£
+ Iy
m Sw
RER
5
4
B
+
Bk
'_
29 %2

C-term

Data are presented as means + SEM. Peak current density is given at — 20 mV.

WT, wild type; nd, not detectable; na, not available because of too small currents; and ns, not significant.

*P = 0,001, **P < 0.05, **P <0005 com|

pared with M- or C-terminal GFP-tagged WT channel. Note that no difference in biochemical parameters was observed between MN-terminal-GFP-tagged channel and not tagged Na,1.5.

This led to a drastic reduction in the peak current densities by ~80%
of the WT current density (Table 7 and Fgure 2B). In contrast, the
co-expression of WT channels and R878C, a trafficking competent
but gating-defective mutant'*'S did not exert a dominant-negative
effect, as previously shown ' (Table 1 and Figure 28), The Nterminal
mutant dominant-negative effect was further confirmed by transfect-
ing a HEK Na,1.5 stable cell line with R104W or R121W (Fgure 2D),

In cells co-expressing WT and either R104W, R121W, or RB78C
channels, an unexpected shift of the ¥, of activation to more positive
potentials was observed compared with WT alene (Table 1 and
figure 2(), We observed no difference in activation slope factors
(Table 7). In addition, we observed significant decreases in the fast in-
activationtime constant of the current and of the fast time constant of
recovery from inactivation (see Supplementary material online, Figure
52). Voltage-dependent inactivation remained unchanged in cells
co-expressing WT and R104W, whereas the slope factor was only
slightly increased (Table 7).

3.5 Na,1.5 a-subunits interacted with each
other

To check whether this dominant-negative effect could be due to an
interaction  between NaJ5  a-subunits, we performed
co-immunoprecipitation in HEK293 cells transfected with either
HA-WT alone, GFP-WT alone, HA-WT + GFP-WT or HA-WT +
GFP-R104W (figure 5). Na,1.5 a-subunits tagged with either HA or
GFP were used in order to disctiminate between the two channels
and address whether they interact. Vwhen immunoprecipitation was
performed with the anti-HA antibody, and western blot revealed
with the anti-GFP antibody in cells expressing both HA-WT + GFP-
WT or HA-WT + GFP-R104W, a specific band at the expected
size was present for both GFP-WT and the GFP-R104W (Figure 5,
boxed area), This indicates that the HA-WT Na,1.5 a-subunit that
was pulled down by the HA antibody. interacted with the GFP-tagged
Na,1.5 a-subunit (both, mutant or WT), These results show that an
interaction occurs between WT Na,1.5 a-subunits and also between
WT and the R104W mutant.

3.6 Deletion of the N-terminus of Na,1.5
abolished Iy,

To further characterize the role of the Na,1.5 N-terminal region, we
designed a construct where this region was deleted, ANter. When
expressed alone in HEK293 cells, no current was detected (Table 1
and Figure 2E). In contrast to N-terminal mutants, when ANter was
co-expressed with WT in a 1:1 ratio, no dominant-negative effect
was observed (Table 1 and Fgure 2E), In addition, the voltage-
dependent activation was unchanged compared with WT, contrasting
with the shift observed for co-expression of WT and mutants
(Table 1).

On the other hand, co-expression of the Na, 1.5 N-terminus, Nter,
and the full WT channel led to a two-fold increase in Iy, density com-
pared with cells expressing WT channels only (Fizure 2F),

3.7 Degradation of N-terminal mutant
channels

Western blots were performed with total transfected HEK293-cell
lysates to assess the expression of N-termingl mutants, Figure 6A
shows a significant decrease in the total protein expression of
R104W, R121W, and R104K channels, when compared with WT

158



Dominant-negative suppression of Na,1.5 channel

59

Nav1.5 CD4-KKXX Merge

WT

R104W

R121W

Figure 3 R104W and R121W are mostly retained in the ER in RNC. Three-dimensional deconvolution images of RNC co-transfected with
GFP-Na,1.5 (green) and CD4-KKXX (red). Nuclei are stained with DAPI (blue). (A—C) Na,1.5 WT, (D—F) R104W, and (G—[) R121W. Note that
in the merged image (C) Na,1.5 WT is mostly expressed at the plasma membrane, as opposed to CD4-KKXX, which is retained in the ER. In contrast,
N-terminal mutant merged images (F and ) show numerous internal yellow dots, indicating that Ma, 1.5 mutants are mostly retained in the ER, similarty

to CD4-KKXX, Scale bar: 10 pm.
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Figure 4 R104W impairs WT channel wrafficking in RNC. Three-dimensional deconvolution images of RNCs co-transfected with GFP-Na,1.5
(green) and Flag-Na, 1.5 (red). (A—C) GFP-Na,1.5-WT 4 Hag-Na,1.5-WT channels, (D—F) GFP-Na,1.5-R104W 4 Flag-Na,1.5-WT channels. The
co-expression of both WT channel constructs exhibits clear membrane staining, whereas the co-expression of WT and R104W mutant shows

more intracellular labelling of both channels. Scale bar: 10 pm.

(reduced by 55, 63, and 64%, respectively) or to the R878C mutant.
Furthermore, the incubation of cells with the 265-subunit ubiquitin-
proteasome inhibitor, MG132, prevented the degradation of the
two N-terminal mutants (Fgure 6B), without restoring any Ina. To
test whether R104W mutant could cause the degradation of WT
channels, we co-transfected cells with GFP-tagged and non-tagged

channels to distinguish WT from mutant channels. Figure 6C shows
that WT channels were not degraded in the presence of R104W,
To assess whether the N-terminal mutants reached the plasma mem-
brane, we performed cell surface protein biotinylation and showed an
important reduction in R104w, R121W, and R104K channel mem-
brane expression compared with WT (reduced by 61, 61, and 91%)
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Figure 5 Co-immunoprecipitation of Na,1.5 a-subunits. Co-immunoprecipitation of Na,1.5 a-subunits tagged with either HA or GFP was per-
formed in HEK293 cells. HA-WT, GFP-WT, HA-WT + GFP-WT, or HA-WT + GFP-R104W were transfected as indicated above the lanes. To
assess interaction between Na,1.5 a-subunits, the total cell lysates were immuncprecipitated with anti-HA antibody crosslinked to beads. The
blots were hybridized with an anti-HA antibody (top gels: blot Ab: HA) or an anti-GFP antibody (bottom gels: blot Ab: GFP). The left side corresponds
to the total cell lysates of ransfected cells before IP. The right side (IP with HA Ab) corresponds to the elution fractions from beads. The results
demonstrated an interaction between Na,1.5 a-subunits, both for WT + WT and WT + mutant (boxed area). These are representative blots

from a total of three identical experiments.

or to the R878C mutant (Agwe 60). In contrast, ANter was slightly
degraded {reduced by 21%) but was mostly expressed at the mem-
brane (figure 6E).

Overexpression of N-terminal mutants did not cause reticular
stress by the unfolded protein response pathway activation (5ee Sup-
plementary material online, fgure 53).

3.8 Complementation of N-terminal
mutants by R878C

In ling with the Na,1.5 channel e-subunit cooperation suggested by
the dominant-negative effect and the shift of activation, we hypothe-
sized that it might be possible to rescue dominant-negative Na,1.5
mutants by complementation, using the trafficking-competent
but non-functional Na 1.5 mutant, R878C. Interestingly, the co-
expression of RE78C with R104W or R121W in a 1:1 ratio gave
rise to small currents of 2 and 8.5% of the WT current, respectively
(Rgure 7A and B). It is noteworthy that the ¥y, of activation of the
current generated by the co-expression of R121W and RB78C was
more shifted than the Vyn of activation of the current elicited by
the co-axpression of R121W and WT (Table 7 and Figure 7C). The ac-
tivation of R104W + RB78C was also likely shifted towards positive
potentials, but the activation curve could not be reliably determined
because of the too small iy, (fAgure 78). Altogether, our results
showed the complementation of trafficking-defective and non-
functional N-terminal mutants by a non-functional but trafficking-
competent Na,15 mutant,

4. Discussion

Cur study highlights for the first time the important role of the N-
terminal domain of Na,15. We describe several novel findings by
the analysis of two mutant channels, R104W and R121W, and two
truncated proteins, ANter, and the N-terminus fragment. The two
mutants and the truncated channel abolished Iy, but only the
mutants exerted a dominant-negative effect on WT channels, Unex-
pectedly, we demonstrated the capacity of RB7BC, a trafficking-
competent but gating-defective mutant, to partially rescue N-terminal
mutant function. Finally, we evidenced an interaction between WT
Na,1.5 a-subunits, and we showed that this interaction was still
present between WT and R104W channels.

We identified the missense Na,1.5 mutation, R104W, in a young
asymptomatic patient with a typical type-1 BrS ECG pattern. The
R121W mutation has previously been reported in a BrS patient”
and in a patient with cardiac conduction disease® where it was asso-
ciated with a loss of channel function and pretein degradation. Substi-
tution by a tryptophan of these two conserved arginine abolished iy,
as did the truncation of the N-terminys, Other mutations have also
been identified in the Na,1.5 N-terminus in BrS and long QT syn-
drome patients.” Altogether, this suggests the importance of this
poorly explored domain in the function of Na,1.5,

In our study, missense mutations in the N-terminus of Na,1.5 led to
retention and degradation of mest of the channels, while the trunca-
tion of the N-terminus did net preclude channels to reach the plasma
membrane. The mechanism of mutant channel retention remains to
be elucidated. It is likely that cells expressing the mutants use
ER-associated degradation (ERAD) as a protective mechanism to
remove proteins that fail to acquire their native conformation
Indeed, during ERAD, misfolded proteins are moved from the ER to
the cytosol and degraded by the ubiquitin—proteasome system.'® A
similar mechanism has already been highlighted with the N-terminal
$21P mutant in Na, 1.6, which is retained in the Golgi apparatus and
further degraded,” Most of the ANter channel seemed to escape
this quality-control pathway, suggesting that the replacement of argi-
nines 104 and 121 by tryptophans caused severe confermational
changes of the N-terminus pessibly involved in a negative regulatory
pathway.

A dominant-negative effect of mutant ion channel subunits has fre-
quently been reported for channels formed by multiple ce-subunits,
such as KyLQT1 in long QT syndr'ome‘.18 Na,15 a-subunits were
net known to interact, therefore, the dominant-negative effect we
observed was unexpected, while reported once in studying the
trafficking-defective mutation L325R° Here, we highly suggest that
the WT cardiac sodium channel a-subunits can interact with each
other, Moreover, this interaction, which can be direct or indirect,
seems not to be affected by the R104W mutation. This could
explain the dominant-negative effect of the missense mutants by an
impairment of WT channel trafficking consecutive to the mutant
channel retention, Interestingly, several N-terminal mutations in
CACNATA, the gene encoding the brain Ca,2.1 channel, whose struc-
ture is similar to Na,1.5, induced a dominant-negative effect on WT
channels responsible for ataxia,'””° leading the authors to postulate
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pared with WT.

that mutant proteins interfere with either the biosynthesis or the traf-
ficking of WT channels,

These results prompted us to explore the possibility of comple-
mentation, a concept studied in the field of CFTR channels'~* Pre-
vious reports have demonstrated the rescue of trafficking-defective
Na,1.5 mutants by co-expressing the H358R polymorphism in a dif-
ferent construct.®” The mechanisms of this ‘complementation phe-
nomenon’ remain to be elucidated We propose that the two
N-terminal Na,1.5 mutants studied here are subject to two opposite
forces: the first, and the strongest, ensures cell quality centrol and
retains the mutants in the ER impairing WT channel trafficking,
whereas the second, through an interaction between a-subunits,
drives the mutant channels to the plasma membrane and restores
the function of a very small proportion of mutant channels,

Interestingly, our experiments led us to determine the role of the
Na,1.5 N-terminus in the function of the channel, Indeed the
co-expression of Nter with the WT channel increased Iy, density,
suggesting that the presence of the N-terminal fragment enhances
WT channel trafficking, This cccurs by an unknown mechanism,
nevertheless, we can hypothesize that Nier acts as a decoy, allowing
more WT channels to bypass a regulatory system and reach the
plasma membrane. Moreover, when we truncated the Na, 15 N-
terminus in the ANter channel, the channel was correctly addressed
to the plasma membrane but was unable to generate any current, sug-
gesting that the N-terminal region is crucial to channel opening,

Furthermore, we showed that R104K induced a small 1y, with a posi-
tive shift of voltage-dependent activation compared with WT chan-
nels, Similarly, co-transfection of the N-terminal mutants with either
WT or RE78C channels led to a positive shift of voltage-dependent
activation. Qur results are in accordance with a previous study by
Lee et al.?* who demonstrate that the activation of Na,1.2 and
Na,1.6 depends on their respective N-terminal sequence. Besides,
these results are in concordance with the significant decreases in
the fast inactivation time constant of the current and of the fast
time constant of recovery from inactivation that we observed in
cells co-expressing WT and R104W channels. Te our knowledge,
the present study is the first to support that the N-terminal part of
Na, 1.5 can play a role in the kinetics of the cardiac sodium channel,
The mechanism by which the presence of the mutants at the
plasma membrane affects the kinetics of WT channels remains to
be investigated. Nevertheless, these results are consistent with
another study showing a tight cooperation in channel gating by
double and triple simultaneous openings, suggesting a mechanism of
synergy between Na, channels™ We propose that this synergy
occurs by interaction between Na, 1.5 a-subunits,

From a clinical point of view, the R104W mutation, heterozygous in
the BrS patient, should be assodiated with reduced expression of WT
channels in cardiomyocytes, through a pathephysiclogical mechanism
leading to retention and degradation of mutant proteins, In addition,
Na,1.5 channels present at the membrane would open at 32 more
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positive membrane potential threshold and inactivate faster (loss of
function), 50 a greater voltage stimulus is needed to achieve the cell
depolarization contributing to slow down the action potential propa-
gation, These are mechanisms known to contribute to the patient's
Br§ phenotype, Extrapolation of our data to patient management
remains nevertheless hazardous since many other facters, still
unknown, may occur to modulate the Na,1.5 function. However, it
is worth noting that such Na,1.5 mutations associated with a
reduced number of channels at the membrane, and causing shifts in
activation, may lead to more severe consequences than reported
mutations leading to hapleinsufficiency,

Supplementary material

Supplementary material is available at Cardiovasaular Research online,
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Supplemental methods

SCN5A sequence alignment

SCN5Asequence alignment was performed using the following NCBI aoccessimbers:

Homo sapiens: NP_932173.1, Mus musculus: NP_067519.2, Canis lupus: NP_001002994.1,
Gallus gallus: XP_418535.2, Xenopus tropicalis: XP_002932534, Danio rerio: DQ837300.1.
(E) Alignment of N-terminal sequences of human voltage-dependéntidanels Nd..1 to

Na,1.9. Sequence alignment was done using the following accession nuriaglst:
NP_001189364.1, N&.2: NP_001035233.1, Nh3: NP_008853.3, Na.4: NP_000325.4,
Na,l.5: NP_932173.1, N&.6: NP_001171455.1, Nh7: NP_002968.1, N&.8:
NP_006505.2, NA.9: NP_054858.2.

Solutions and drugs

Thirty-six hours after transfection, HEK293 cells were trygsgdiand seeded to a density
that enabled single cells to be identified. Green positive gatre chosen for patch-clamp
experiments. Cells were bathed in an extracellular Tyrodei@olabntaining (in mM): 135
NaCl, 4 KCL, 2 MgC}, 2.5 CaCl, 1 NaHPQO, 20 glucose, 10 HEPES, pH 7.4 (NaOH).
Patch pipette medium was (in mM): 5 NaCl, 140 CsCl, 2 Mg€IMg-ATP, 5 EGTA, 10
HEPES, adjusted to pH 4.2 with CsOH. During current recordintg, weke perfused with an
external solution with reduced Naoncentration containing (in mM): 80 NaCl, 50 CsCl, 2
CaChb, 2.5 MgC}, 10 HEPES, and 10 glucose, adjusted to pH 7.4 with CsOH. HEK293
Na,1.5-stable cell line perfusion medium contained (in mM): 25 NaCl, 1083,0.5 CaG,

10 HEPES, 10 glucose, 2.5 MgCalso adjusted to pH 7.4 with CsOH.

Some HEK293 cells transfected with R104W or R121W mutants were exlifivith the
class | anti-arrhythmic agent mexiletine at several conggons (30, 60, 140, 250 or 500
pHM) for 24h after transfection. Cells were then returned to tlwemal buffer 30 min before
patch-clamp recordings.

RNA extraction and reverse transcriptase-PCR (RT-PCR)

Forty-eight hours after transfection with WT or mutant channakected cells were
treated with DTT 500 uM for one hour to induce UPR (Unfolded Protespdtese) as a
positive control. Total RNA was extracted from DTT-treated and-treated cells using
TRIzol reagent with the PureLink mRNA Mini Kit (Invitrogen, CASA). One ug of total
MRNA was reverse-transcribed with the SuperScriptlll RRR@@ (Invitrogen, CA, USA).
PCR was then performed as previously reported using primers XBRartb
CCTTGTAGTTGAGAACCAGG and XBP1-reverse GGGGCTTGGTATATATGTEG
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Supplemental Figure 1: Electrophysiological characterization of W and R2104K
channels.

To determine whether the absence of the positively charged naturesidtie 104 is
responsible for the loss of function of the R104W mutant, arginine 1@4reydaced by
another positive amino acid, lysine. (A) Representativeddarent traces of Na.5 WT and
R104K channels in HEK293 cells transfected with a total ofy@.&®f plasmid. Solid lines
indicate the zero current level. (B) Current density-voltagatiogiships of WT and R104K
channels. R104K gave rise to a small of 12% of WT L, density (WT: 160£11 pA/pF,
n=18 vs R104K: 19.4+2.3 pA/pF, n=9,4.001), suggesting that arginine 104 has a more
specific role than simply providing a positive charge. (G}aétivation relationships of WT
and R104K channels. R104K activation was rightward shifted by 8.6 mV coinfmah&'T
(WT: -44.2+1.6 mV, n= 17vs R104K: -35.7+2.1 mV, n=8, $.001). R104K V), of

inactivation was not changed compared to controls (WT: -81.7£0.6 mV, ws RQ04K: -
79.2+0.6 mV, n=6, ns).
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Supplemental Figure 2: Inactivation and recovery from inactivaton of
WT+R104Wchannels.

A. Kinetics of activation. Time to peak obtained from current tratieged with the standard
I-V protocol, was the time delay between the beginning of theptdseé and the time to reach
the current peak. No significant differences were measured innpeesd R104W mutant
channels compared to WT alorie. Kinetics of inactivation. The fast and slow £s) time
constants of inactivation as determined by fitting decaying cucwes obtained from the
-V protocol to a double-exponential function. In cells expressia@4®R/ mutant,t; of
inactivation was faster compared to cells expressing WT alamis 1 was unaffected (data
not shown). This suggested that the presence of the R104W mutant chaeotddaff
inactivation kinetics of WT channel€. Recovery from inactivation ofy} at holding
potentials of -120 mV (left panel) or -100 mV (right panel). Tastd conditioning-pulses of
25 ms were separated by the recovery thihfFom 0.5 ms to 1000 ms. Relative currents were
calculated as peakd elicited by test-pulse versus that elicited by conditioningguior two
different holding potentials: -100 mV and -120 mV. At a holding pote(i#&) of -120 mV,
Trast Of WT channels was significantly shorter (3.0+0.4 ms (n=10)) tharof WT+R104W
channels (4.7+0.5 ms (n=15); P<0.05). At a HP of -100 m\,was not different between
WT and WT+R104W channelsgowwas 43£17 ms, (n=10) for WT, and 60£14 ms, (n=15)
for WT+R104W, and were not significantly different. * P<0.05, ** P<0.01, *** P<0.001.
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Supplemental Figure 3: RT-PCR of XBP-1 mRNA from HEK293 cls transfected with
N-terminal Na,1.5 mutants.

Accumulation of unfolded proteins in the ER can cause reticulassaed activate signaling
pathways including the unfolded protein response (BRBPR activation leads to the XBP-1
MRNA splicing of 26 nucleotides (S-XBP-1) causing a framesinft the generation of a
longer active protein. Analysis of these spliced transcriptsad as a marker of reticular
stresS. MW indicates molecular weight and NT non-transfected cells. @eilg incubated
with DTT, known to induce reticular stress and used as a posditeol, contained S-XBP-1
MRNA, suggesting that the mutant Nav1.5 channel transfection doesuset reticular stress
by UPR activation.

Supplemental references
1. Yoshida H, Matsui T, Yamamoto A, Okada T, Mori K. XBP1 mRNAihiced by ATF6

and spliced by IRE1 in response to ER stress to produce a highlg &anscription
factor.Cell 2001;107:881-891.

2. Brewer JW, Hendershot LM. Building an antibody factory: a jolife unfolded protein
responselNat Immunol005;6:23-29.
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.3 The N-terminal domain is not the site of interaction between NA.5 a-
subunits

Our previous study demonstrated for the first time thal Na-subunits interact with
each other. So, our aim was then to search for the site ohdhtm between NA.5 a-
subunits. As the N-terminal mutant R104W has a dominant-negative efiethe WT by
retaining it in the ER, we thought that the N-terminal domain qfL.acould be the site of
interaction between N&.5 a-subunits. To test this hypothesis, co-immunoprecipitation
studies were performed in HEK293 transfected with either HA-WA@FHP-WT or HA-WT +
ANter-GFP, and HA-WT alone as a negative control. Immunoprecgntatvere performed
with the anti-GFP antibody, and western blot revealed with theH#tand anti-GFP
antibodies. In cells expressing HA-WT + GFP-WT or HA-WT\Mter-GFP, a specific band
at the expected size of HA-WT was present (Figure 46), indic#tat the WT andNter o-
subunits interacted with each other. Our results suggest thatehectian between Na.5a-
subunits is not N-ter-N-ter. However, we cannot exclude that teeagtion could occur for
example between the N-terminus and the C-terminus, or betweentémmni@i. To test this
hypothesis further constructs are needed where both N- andn@aédomains are deleted.
In addition, it is possible that the interaction occurs at diffesties along the channel,
involving the P-loops and the cytoplasmic linkers.

HA-WT  HA-WT HA-WT HA-WT  HA-WT  HA-WT
+ + + +
GFP-WT ANter-GFP GFP-WT ANter-GFP

- - = S B Giot Ab: HA

- B W oo

Total cell lysate IP with GFP Ab

Figure 46: Co-imunoprecipitation study between WT N4.5 and ANter a-
subunits
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[l. Article 2

A truncating SCN5A mutation combined with genetic variability causes sick sus

syndrome and early atrial fibrillation

1.1  Summary of the study

Introduction

Mutations in theSCN5Agene encoding the cardiac sodium channgll/Sahave been
associated with a variety of arrhythmic disorders, highlightiregimportant role of NA.5
channel function in hereditary cardiac arrhythmi@&N5Again-of-function mutations are
linked to LQTS type 3, while loss-of-function mutations induce cardiandaction
abnormalities, BrS, SSS, and some mutations have also been reporteéd Im addition,
several SCNS5A mutations are associated with mixed clinical phenotypes, now kraswvn
“‘overlap syndrome”. The mechanisms by which @@N5A mutation leads to variable
clinical picture remain unknown, but this suggests the involvement of ddlctrs in
modulating the disease phenotypes.

The C-terminal cytoplasmic domain of N&b plays an important role in the transport
and the localization of N&.5 at the membrane, through the interaction with several partner
proteins involved in channel trafficking, such as SAP97, syntrophin and Nedid& also
involved in channel inactivation by stabilizing the closed state preventing chrarm@tning.

In this study we characterized the C-terminal mutation R1860Gfsthit;h is a
frame-shift mutation changing the amino acid arginine at positi860 into glycine and
causing premature termination of & protein at position 1871, resulting in a loss of
interaction with several C-terminal-partner proteins. R1860Gfs*12idesdified in a family
with a mixed clinical picture of SSS and AF or flutter, and oaentricular-block.
Spontaneous BrS ECG pattern or ventricular arrhythmias wemepated in this family. In
addition, ajmaline test in one mutation carrier ruled out BrS but eatathe@ conduction
abnormalities.

Methods and Results

Patch-clamp analysis of HEK293 transfected with the C-tetmimatant
R1860Gfs*12 alone showed that the mutant induced a drastic reductiqg @érisity, a
positive shift of activation, a negative shift of steady-staéetivation and an increase in
persistent current compared to WT. The total protein expressitve ofiutant was decreased

compared to the WT, which was consistent with the reductiop,imldnsity. In addition,
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treating the cells with MG132, a 26S-subunit ubiquitin-proteasome inhilntcneased the
total protein expression of the mutant, suggesting its partialgsateal degradation. At the
heterozygous state, the mutant did not have a dominant-negative effidet WA channel,
but the steady-state inactivation remained importantly lefteshifand a persistent current
was still present. Since the clinical phenotype in this famég mostly atrial, we thought that
differences in the electrophysiological properties betwaggom and ventricles could be the
underlying cause. By measuring, lof the WT and heterozygous state in HEK293 cells at
holding potentials mimicking the resting membrane potentials o#latn ventricular
cardiomyocytes, we showed that the mutant has more pronounced losstoirf@ffect at
the atrial potential compared to the ventricular one. Moreover, theysiggh properties of
Na’ current for the WT and the heterozygous state were included intonputer model
simulation of atrial and ventricular membrane action potentidigshashowed that the mutant
induced a more marked decrease in AP maximum upstroke velocity, avinarked
lengthening of the action potential duration in atrial cells compared to véatranes.

Since we demonstrated in our previous study that Na-subunits interact with each
other, we tested whether the R1860Gfs*12 truncated mutant stilldtedrevith the WT. By
co-immunoprecipitation studies, we showed that the mutamtbunits interacted with the
WT as well as with themselves.

The proband in this family developed the disease at a youngoageaced to her
father and uncle, who carry also the mutation. She had severe SS#gettpei implantation
of a pacemaker at 13, and AF at 20. This suggests that the dsekground of the proband
could have a role in modulating the disease phenotype. We screethésifamily 17 SNPs
linked to AF, and we showed that the proband was the only mutatiorr egnoehad one at-
risk allele located upstream BfTX2 a gene widely associated with AF.

Discussion

The mixed clinical picture caused by a sin§l@N5Amutation raised the possibility of
the involvement of other factors in modulating the disease phenotypthisl study, by
characterizing the C-terminal truncating mutation R1860Gfs*12, we shalat the
differences in the electrophysiological properties betweeratifiem and ventricles and the
altered biophysical properties of the mutant, combined to the gdrastikground of patients
could be some of these factors.

The R1860Gfs *12 is the most distal truncat8@@N5Amutation identified so far. It is
located in the C-terminal region, which has an important role ichthanel function through

the interaction with many partner protéitis R1860Gfs*12 mutation carriers presented with
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a mixed clinical picture, mostly atrial with variable seie(SSS, artial fibrillation or flutter
with atrioventricular block).

In the heterozygous state mimicking the heterozygosity of thenpstithe altered
biophysical properties, mainly the significant negative shiftteddy-state inactivation, and
the persistent sodium current could explain the clinical phenotypeinthreased persistent
Na’ current might cause early after depolarizations (EADs), arayeklafter depolarizations
(DADs), thereby inducing triggered activities accounting foX& The negative shift of
steady-state inactivation combined to the persistent current coukspensible for the SSS
and the conduction abnormalities through the reduction &f ddannel availability at the
normal resting potential of cardiac cells and by the proloogati the AB'%. However, these
finding cannot explain why the clinical presentation in this famis mostly atrial and why
no ventricular arrhythmias were observeag.recording in HEK293 cells at holding potential
mimicking the constitutively different resting membrane potentélatrial and ventricular
cells, and the computer model stimulation demonstrated a more pronceffeedof the
mutant in atrial conditions compared to the ventricular ones, that coudthire the
prominence of atrial arrhythmias in this family. Indeed, it be@sn demonstrated that resting
membrane potential of atrial cells is more depolarized, anctritieal depolarization and
current threshold for action potential initiation are smaller ralatells than in ventricular
cells'’®* indicating that atrial cells are more readily excitabieg are constitutively more
susceptible to develop arrhythmia. These findings suggest thateheddiunctions of N4..5
channel caused by sor&€N5Amutations, like R1860Gfs*12, could have a greater impact in
the atria than in the ventricles, depending on the mutation biophysmaerties, and thus
predisposing to the development of atrial arrhythmias more readily than tzuiamtones.

By screening 17 SNPs linked to AF, we showed that the probandsdfathily was
the only mutation carrier to carry an AF at-risk allele tedaupstream of th@ITX2 gene,
which encodes a transcription factor involved in the development of the reddagsand the
pulmonary veif?*'%> PITX2 variants have been widely associated with AF development,
mainly early onset AE>*?° This association has also been reported to contribute to post-
cardiac surgery AF? and to recurrence of AF after catheter abldfiband cardioversioi*.

In atrial-specificPITX2 knockout mouse model, reduced mRNA and IN& protein levels
were observed® We hypothesized that thBtTX2 variant could lead to early morphological
changes and further loss-of-function of & channels in the proband’s atrium compared to
her father and uncle, accounting for the occurrence of severe SEargndnset AF in the

proband.
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Conclusion

The constitutive differences in the resting membrane potentialeba atrium and
ventricle combined with the altered biophysical properties ofl1/¥a and the genetic
background of patients are factors that could modify the phenotysedaby SCNS5A
mutations, and most probably responsible for the predominance of deaatnythmias in
these patients carrying the R1860Gfs*12 mutation.
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Abstract

Background: Mutations in theSCN5Agene encoding theo-subunit of the cardiac Na
channel, Ngl.5, can result in several life-threatening arrhythmias.

Objective: To characterize a distal truncatiS@¢ N5SAmutation, R1860Gfs*12, identified in a
family with different phenotypes including sick sinus syndrome JS&8al fibrillation (AF),
atrial flutter and atrioventricular-block.

Methods: Patch-clamp and biochemical analysis were performed in HEK293 eaitddcted
with wild-type (WT) and/or mutant channels.

Results: The mutant channel expressed alone caused a 70% reductidémsity compared
to WT currents, consistent with its partial proteasomal degraddtited also to a negative
shift of steady-state inactivation and to a persistent currdfiien mimicking the
heterozygous state of the patients by co-expressing WT and R1860GtsahRels, the
biophysical properties ofyd were still altered, and the mutant chanmesubunits still
interacted with the WT ones. Since the proband developed paroxysivadl Young age, we
screened 17 polymorphisms associated with AF risk in this farailg, showed that the
proband carries at-risk polymorphisms upstrearRI®iX2, a gene widely associated with AF
development. In addition, when mimicking the difference in resting bmeme potentials
between cardiac atria and ventricles in HEK293 cells, or usingpuimmodel simulation,
R1860Gfs*12 induced a more drastic decreasg.iatlthe atrial potential.

Conclusion: We have identified a distal truncat&CN5Amutant associated with gain- and
loss-of-function effects, leading to SSS and atrial arrhythmi constitutively higher
susceptibility to arrhythmias of atrial tissues and genetic lmlitiacould explain the complex
phenotype observed in this family.

Keywords
Arrhythmia; Atrial fibrillation; Ng1.5; SCN5A; Sodium; PITX2; Polymorphism; SNP
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Abbreviations

AF = atrial fibrillation

AP = action potential

BrS = Brugada syndrome
ECG = electrocardiogram
HP = holding potential

HR = heart rate

Ina = inward sodium current
LQTS =long QT syndrome
SNP = single nucleotide polymorphism
SSS = sick sinus syndrome
TTX = tetrodotoxine

WT = wild type
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Introduction

Coordinated activity of multiple ion channels tightly controls genamaaind propagation
of cardiac action potentials (AP)Mutations in theSCN5Agene, encoding the Na5 a-
subunit of the cardiac sodium channel, have been involved in numerous inherdieet ca
arrhythmias including long QT syndrome (LQTS), Brugada syndrom®)(Bnd rare cases
of sick sinus syndrome (SSS) and atrial fibrillation (ARAtrial arrhythmias are being
increasingly diagnosed in patients with BrS (incidence of 6-38%9 well as LQTS
Originally, the variousSCN5Arelated arrhythmias were considered separate clinicalesntit
with distinct phenotypical characteristics. Recently, a widectsppm of mixed disease
phenotypes was reported in these arrhythmias, referred to iaposygndrome of cardiac Na
channelopattfy The reasons why the sanCN5A mutation can result in different
phenotypes remain unknown, but it raises the possibility that thesdisearessivity is
influenced by altered biophysical properties and genetic modifiers

In this study, we characterized the,& C-terminal truncating mutation R1860Gfs*12
identified in a family presenting with a complex clinical pret of SSS and AF or atrial
flutter. Heterologous expression of the mutant channels alone or wildktype (WT)
channels led to a reduction i ldensity, a persistent current and a drastic alteration of the
inactivation properties. Interestingly, because of the constitutdiefsrent resting membrane
potentials in atrial and ventricular tissues, the atrium of thengatmight be more susceptible
to the altered biophysical properties of the mutant channels and, thmesprompt to develop
arrhythmias. Moreover, the proband carries at-risk polymorphisms apstEPITX2, a gene
widely associated with AF development. Altogether, our resultsdcexplain the mixed

clinical phenotype of this family.
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Methods

Patient
Blood samples were obtained after signed written informed consegemetic analyses
and after approval by the local ethics committee. The studycerducted according to the

principles of the Helsinki Declaration.

Mutation and SNP analysis

Genomic DNA was isolated from leukocytes according to standard procefaresning
for mutations was performed by genomic DNA amplification of xatinss and splice junctions
of several genes responsible for arrhythmias (Supplemental methMddsalso genotyped
single nucleotide polymorphisms (SNP) associated with’ASupplemental Table 1).

PCR products were directly sequenced with the Big Dye Terminédr kit on an ABI
PRISM 3730 automatic DNA sequencer (Applied Biosystems). Variaets identified by

visual inspection of the sequences with Seqgscape software (Applied Biosystem

SCN5A cDNA cloning and mutagenesis

Plasmids pcDNA3.1-hH1la (no tag) and pcDNA3.1-GFP-hH1la (N-terminBl}G¥Fere
the gift of Dr H. Abriel (Bern, Switzerland). The plasmid pREGFLAG-SCN5A (N-
terminal-FLAG) was the gift of Dr N. Makita (Nagasaki, Japak) these plasmids contain
the hHla isoform ofSCN5A Nal.5 mutant R1860Gfs*12 was prepared using the
QuikChange Il XL Site-Directed Mutagenesis Kit (Strataenaccording to the
manufacturer’'s instructions and verified by sequencing. The plagiRES2-acGFP1-
FHF1B (C-terminal Hig was the gift of Dr G. S. Pitt (Durham NC, USA).

HEK?293 cell culture and transfection

HEK293 cells were transfected with jetPEI (Polyplus TrangfectNew York, USA)
according to the manufacturer’s instructions. For patch-clamp regsidHEK293 cells were
transfected with pcDNA3.1-GFP-hH1a WT or mutant in 35-mm well disivgh a total of
0.6 pg of plasmid per 35 mm dish. To mimic the heterozygous stdte phtient, cells were
co-transfected with 0.3 pg of pcDNA3.1-hH1a (no tag) WT and 0.3 pg dilpA8-GFP-
hHla mutant. For biochemical analysis, cells were plated in 25lasks and transfected
with 2 pg of pcDNA3.1-GFP-hH1a WT or mutant.
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Electrophysiological recordings

Patch-clamp recordings were carried out in the whole-cell amafigpn at room
temperature[(2°C). Solutions for patch-clamp recording are described in the Suppé&ment
methods. lonic currents were recorded with the amplifier Axop2@6B (Axon Instruments,
CA, USA). Patch pipettes (Corning Kovar Sealing code 7052, WPI) Iségtanreces of 1.5—
2.5 MQ, when filled with pipette medium. Currents were filtered at 1@ ki3 dB, 8-pole
low-pass Bessel filter) and digitized at 50 kHz (NI PCI-6251tjddal Instruments, Austin,
TX, USA). Data were acquired and analyzed with ELPHY2® softw@.eSadoc, CNRS,
Gif/Yvette, France).

Current—voltage relationships (I/V curves) and the steady-si@tévation-\f, protocols
were as previously reportédData for the activation-y and steady-state inactivation;V
relationships of\. were fitted to the Boltzmann equation as previously repbrted

The putative involvement of a persistent " Naurrent was assessed by using 100 uM
tetrodotoxine (TTX). Currents were elicited by a 500-ms ste@@omV from a holding
potential of -120 mV. The percentage of persistent current waslatd by dividing the
TTX-sensitive |, amplitude determined at the end of the pulse by the pgalniplitude
obtained before TTX application.

Computer simulations of atrial and ventricular membrane actionniate were

performed using Oxsoft Heart Model V. 4.8 as described in the Supplemental methods.

Protein extraction and Western blot

They were performed as previously repoftdtimary antibodies used were: rabbit anti-
GFP (1:2000, Torrey Pines Biolabs, USA), mouse anti-Flag (1:500, Sig8&#), and rabbit
anti-GAPDH (1:2000, Abcam, UK). Total protein signals were firathymalized to GAPDH

levels and then to WT levels.

Co-immunoprecipitation

Co-immunoprecipitation experiments were performed as described in the
Supplemental methods. Briefly, total cell lysates were incdbatith Dynabeads (Dynal,
Norway) crosslinked toanti-GFP antibody (Torrey Pines Biolabs, USA) for 2 h at room
temperatureWestern blots were revealed using eittadabit anti-GFP (Torrey Pines Biolabs,
USA), or mouse anti-Flag (Sigma, USA) antibodies.
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Statistical analysis
Data are presented as means + SEM. Statistical sigriBcavas estimated with
SigmaPlot® software by Student’s t-test or ANOVA, as approgrix 0.05 was considered

significant.
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Results

Identification of a truncating mutation in SCN5A

The proband (111.2) was a 26-year-old female diagnosed at 13 withes8%S associated
with severe sinus bradycardia, symptomatic sinus pauses anapsy(iigure 1A and B)
which required a pacemaker implantation. At the age of 20, paraxysimwas documented
in the memories of the pacemaker. She secondarily developet defree AV-block (PR =
280 ms, QRS = 80 ms, QTc = 360 ms). Her father (Il.2) was diagnat 27 with an
asymptomatic sinus node dysfunction. At the age of 42, he had one episatdal flutter
after jogging, and was treated by cardioversion. Moreover, hdogexefirst degree AV-
block with left anterior hemi-block (PR =240 ms, QRS = 80 ms, 9460 ms) (Figures 1A
and Ca-b). The proband's uncle (1.1) was diagnosed with SSS wihyginect a pacemaker
implantation at 30. None displayed spontaneous Brugada ECG pattern dopddve
ventricular arrhythmias. The proband's father underwent an agnettiallenge that excluded
BrS ECG pattern (Figure 1Cc-d). It induced bradycardia (40 /o@a)s severe prolongation
of the PR interval (300 ms) and the QRS complex (240 ms). In addiilms sode
dysfunction with junctional escape rhythm, and supraventricular pueeneontractions were
observed (Supplemental Figure 1). Echocardiograms ruled out struutaraldisease except
for mild atrial dilatation in the proband’s father. The mother dredgdroband’s sister were
asymptomatic (Figure 1A).

We sequenced the coding regions of fourteen genes involved in carthighmaias and
identified a unique mutation IBCN5A a deletion of one base pair (A) at the position 5578 in
exon 28 (c.5578delA). This deletion induced a frameshift mutation, p.R1860Gfs*1& whi
changed the amino acid arginine at position 1860 into glycine followekD hyame-shifted
amino acids before a premature stop codon (Supplemental Figure robaad, her father
and uncle carried this mutation, whereas her mother and sister digFigote 1A). This
variant has never been described and is absent from publicly available databases.

Suspecting the possible contribution of additional genetic factoréFodevelopment,
we genotyped the family members for 17 SNPs that altesugeeptibility (Supplemental
Table 1). Interestingly, the proband, who experienced severe SSS Bndnsat AF, is the
only mutation carrier to have one at-risk allele of rs6817105 and rs2200783logstream
of the PITX2 gene, which she received from her mother (Figure 1A and Suppleriabial
1). In addition, the father had 2 copies of the protective allelks3853445, another SNP
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located upstream of tH&ITX2 gene, while the proband carried only one copy (Figure 1A and
Supplemental Table 1). The multimarker risk score for AF based miced rs2200733,
rs17570669 and rs3853445 genotypess higher in the proband (1.74) compared to her
father (<1) and uncle (<1).

The R1860Gfs*12 mutation produced a loss- and gain-of-function of Nh5

Na" currents were recorded in HEK293 cells 36 h after transfectitmWi or mutant
channels.\, traces and I/V relationships are shown in Figure 2. Peak culeasities andp-
values are given in Table 1. Alone, R1860Gfs*12 showed a drastic @dwdtiy, density
compared to WT channels (Figure 2A and B). Furthermore, the l@mathgharacteristics of
the C-terminal mutant channels were impaired (Table 1, FRforand D). Indeed, the;) of
activation for R1860Gfs*12 was shifted by +7.1 mV, and thg &f inactivation was shifted
by -24.5 mV compared to WT. No change in recovery from inactivation ohaerved
(Supplemental Figure 3). Fast and slow time constants of inaotivat,s: and tsjon) Were
significantly increased compared to WT channels (Table 1, Figure 3A-C).

The presence of a TTX-sensitive persistent dlarent was assessed using 100 TTX
(Figure 3D and Supplemental Figure 4). The mutant channel gethergiersistent current of
4% of the peak current.

Co-expression of WT and R1860Gfs*12hannels also led to a loss- and gain-of-function
of Na,1.5

To mimic the heterozygous state of the patient, cells wereansfected with the WT
channel (no tag) and the R1860Gfs*12 mutant channel (GFP tagged) in aid.:1nrao-
transfected cells, peak current densities were slightly red(kigdre 2A and B), but not
significantly different from the WT alone, as for thg \of activation. In contrast, the;) of
steady-state inactivation remained significantly shiftedl®/6 mV compared to WT (Table
1, Figure 2C and D). Moreovet,siandrgow Were significantly increased at the heterozygous
state compared to WT alone (Table 1, Figure 3A and B), and thet@etrsiarrent was still
present (Table 1, Figure 3D and Supplemental Figure 4).

Since the steady-state inactivation of the mutant channels alaoeeapressed with WT
channels were drastically shifted, we measuggduccessively from a holding potential (HP)
of -86 and -83 mV mimicking the ventriculars atrial resting membrane potentidls:
Interestingly, we showed that the 3-mV difference in HPs wi#ficient to enhance the

reduction of |, due to the mutation in the atrium compared to the ventricle @igg).
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Indeed, the current reduction was 17% for WT channels, 25%/for R1860Gfs*12, and
40% for, R1860Gfs*1at a HP of -8%s-86 mV.

Differences between WT and heterozygous channel characterigresincluded into
computer-model simulations of single atrial and ventricular celinbrane action potentials
(Supplemental methods). The AP maximum upstroke velocity ([dytlof the
heterozygous state exhibited an important decrease in the &8Ml) (compared to the
ventricular myocyte (33%), as well as a marked lengthenintgeAP duration in the atria
(Figure 4).

The R1860Gfs*12 mutant was partially degraded by the ubiquitin-proteasomsystem

Western blots of total lysates from transfected HEK293 cgligwed a significant
decrease of70 % in the total protein expression of the mutant channels whepacedto
WT, in accordance with the reduction of the current density (Figurg Breover,
incubation of the cells with the 26S-subunit ubiquitin-proteasome inhibitor 134G
significantly increased the mutant total expression, suggestingteapomal degradation of
the R1860Gfs*12 mutant (Figure 5A).

The R1860Gfs*12 mutant interacted with WTa-subunits

We have previously demonstrated by co-immunoprecipitation that.®Na-subunits
interact togeth&r To assess if the R1860Gfs*12 truncating mutant still interacté thvé
WT channel, we performed co-immunoprecipitation in HEK293 cells &ated with either
Flag-WT + GFP-WT or Flag-WT + GFP- R1860Gfs*12, and Flag-Wanalas a negative
control. Immunoprecipitations were performed with the anti-GFP antjletty western blot
revealed with the anti-Flag antibody. In cells expressing FlaghVGIFP-WT or Flag-WT +
GFP- R1860Gfs*12, a specific band at the expected size of Flag-WT wastp(feigure 5B),
indicating that the WT and the R1860Gfs*12 truncatesdibunits interacted with each other.

To test whether the R1860Gfs*1&-subunits could interact with each other, co-
immunoprecipitation was performed in HEK293 cells transfected Mafg-R1860Gfs*12 +
GFP-R1860Gfs*12. Figure 5B shows that the interaction between truncatgalinits still
occurred. Thus, our results suggested that the last 156 amino adds@terminal domain
of Na,1.5 were not essential for the interaction betweeyl Sa-subunits.
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Discussion

We functionally characterized a novel frameshift deletios@N5Ainducing the most
distal truncation of the C-terminus of &b reported so far, identified in a family with early
SSS and atrial arrhythmias. We report that the R1860Gfs*12 nslianied a loss- and gain-
of-function phenotype, which, combined with the variable genetic background of theomutat

carriers, may explain the patients’ clinical features.

Functional characteristics of R1860Gfs*12Zhannels

Mutations in SCN5Aare known to cause various types of arrhythmias including BrS,
LQTS, sinus node dysfunction, AF, and overlap syndforire general SCN5Amutations
leading to a decrease igal(loss-of-function) have been associated with conduction slowing
and BrS. Gain-of-function mutations 8CN5Aare typical of LQTS. Nevertheless, numerous
reports have shown that a single,N& mutation may induce various combinations of clinical
phenotypes Here, the R1860Gfs*12 mutant channel expressed alone was mostlgedegra
causing a severe reduction i, tensity. Moreover, it induced a 7-mV positive shift of
activation, which could delay the action potential, and a dramatic -2Shiit/of the steady-
state inactivation, which is likely due to the location of the trawithin a region involved
in the inactivation of Nd..5 and would decreasg,bnd affect the action potential velocity. In
addition, we showed an inactivation defect delaying the fast andirsémtivation. This loss-
of-function phenotype was associated with gain-of-function chardatsrsgnce the mutant
produced a significant persistent Naurrent. When co-expressing this mutant with WT
channels in order to mimic the heterozygosity of the patients, the stessliratdivation was
also importantly left-shifted, and a persistent current wadspsient. These parameters have
been shown to be a substrate for atrial fibrillation by causepglarization failure, early
after-depolarizations and delayed after-depolarizatiolls Moreover, regarding the
important role of N@.5 channels in the sino-atrial node functfdfi the negative shift of
inactivation and the persistent current could account for the sinus nefienchjon in this
family™”.

We have recently shown that Mzb a-subunits were able to oligomerize, leading to the
dominant-negative effect of some BISCN5A mutations through the retention of WT
channels by mutant chanrfel$iere, we showed that the truncated R1860Gfs*12 mutant
channels were still interacting with the WT channels. This tresiggests that the last 156
amino acids of the C-terminal domain of M& are not the main site far-subunit

interaction. In addition, the significant negative shift of the stestaye inactivation in cells
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co-expressing mutant and WT channels suggests thdtNa&subunits also function as
oligomers. Alternatively, the C-terminus of &b is a site of interactions with several
proteins that have important roles, not only in channel function but alke stdbilization of
the channels within the plasma membrdniVe verified that the truncated R1860Gfs*12
channel did not interact with FHF1B (Supplemental methods, and Suppérhignire 5). A
similar loss of interaction with partners such as SAP97 and syntraphid contribute to a

loss of stability and expression of the truncated channels at the cell metfibrane

R1860Gfs*12gain- and loss-of-function features underlie a complex clinical phengpe
Since N@l.5 channelgre expressed in both the atrium and the ventricle, it is uneleathe
R1860Gfs*12 mutation carriers showed only atrial but no ventricular tarmgs. One
hypothesis is that the constitutively different electrophysiokdgproperties of atrial and
ventricular cells might be an underlying cause. Indeed, it has bleown that the resting
membrane potential is more depolariZéd and the \, density is more important with a
negative shift in the steady-state inactivation in the atriumpeped to the ventriclé
Moreover, atrial cells are more readily excitable than vergicells’. This suggests that the
atrium is constitutively more susceptible to develop arrhyththias the ventricle. This led
us to explore the R1860Gfs*12 mutant current density at the asrtak ventricular resting
membrane potential. Here we showed that a 3-mV difference ingesembrane potentials
led to a significant decrease of the peak current by 40%eiratriavs the ventricle for the
mutant alone, and by 25% when the mutant was co-expressed witbh#ihels. These
results were confirmed byomputer-model simulations showing that co-expression of mutant
and WT channels led to a more important decrease in the maximunokepselocity
([dV/dt]max in the atrial compared to the ventricular myocytes, as wela asgnificant
increase in the AP duratiom.herefore, thisSSCN5Amutation could have different tissue
consequenceand could contribute to the predominance of an atrial phenotype in this family.
A very few C-terminal truncating mutations have been identifigdai.5'*%° but their
functional consequence have not been studied, except for the C-temnnealting mutation
L1821fs*10. This mutation has been detected in a patient with a comipiecal phenotype
of congenital SSS, cardiac conduction disorder with recurrent monomorphiccukar
tachycardia, but no Bf& Functional characterization of this mutant evidenced biophysical
properties very similar to the ones of R1860Gfs*12, displaying a gaithloss-of-function
phenotype. Nevertheless, Tanal only reported the absence of a dominant-negative effect of

the mutant on the WT channel.ldensity’, while we observed an alteration of the
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inactivation biophysical parameters and the presence of a petsisurrent, when
R1860Gfs*12 was co-expressed with WT channels. Altogether, these olmseraiggest
that other parameters, such as additional genetic factors, nmfjheénce the clinical

expression of the R1860Gfs*12 mutation.

Genetic background of the R1860Gfs*12 mutation carriers

The early occurrence of sinus node dysfunction in the proband at éhef 4@ years,
followed by atrial fibrillation at 20 was suggestive of a spedienetic background in this
patient. Thus, we explored the possibility that polymorphisms assdciwith AF could
modulate the phenotypic expression of the R1860Gfs*12 mutation. Interestmgiyroband
is the only mutation carrier who received tRETX2 at-risk alleles for AF (rs6817105,
rs2200733)". Furthermore, she received only oRETX2 protective allele (rs385344%)
while her father had 2 copies. The role of the PITX2 transcripiotof has been reported in
the development of the sinus nad®l pulmonary vein myocardidf which is an important
site for AF initiation. Among the numerous variants associated M, the 4925 variants
upstream of th@ITX2 gene have the largest effect in early and lat& ’AReduced PITX2c
expression, the main cardiac isoform, was found in AF patients asdskown to induce
atrial electrical and structural remodeling in a murine mod#l & reduction of mMRNA and
Na,1.5protein level§'. Thus, it is tempting to speculate that the presence of 4g25tsaria
could induce early atrial morphological changes and further loss ofidonof Nal1.5
channels in the atrium in the proband, and may thus account for theemoeuof severe SSS
with AF at young age compared to her father who had asympto8f@8¢and her uncle who
developed SSS later in his life. Of course, additional factorg afso contribute to the

clinical phenotypes.

Conclusion

In conclusion, we showed that a C-terminal truncated Na-subunit interacts with WT
a-subunits. Their co-expression induced only a mild reduction oftheehsity but a marked
shift in inactivation and gave rise to a persistent currentpatible with SSS and AF. The
mutant biophysical defects associated with the difference stinge membrane potentials
between atrium and ventricle combined with genetic factorsitneigplain the predominantly
atrial expression of this mutant. A better knowledge of the functieffi@tts of mutations in
SCN5Aand the genetic background of the mutation carriers should help in the fatur

explain the large phenotypical variability of the sodium channelopathies.
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Table 1. Biophysical and kinetic properties of {, from WT and mutant channels

Activation Inactivation
Na’ channels Peak current P Vip(mV) P k(mv) P V2 (MV) P k(mv) P 1 (ms) P Ts(mMs) P
density (pA/pF)
WT -280.8+22.2 -44.2+1.6 7.0+£0.4 -84.5+£1.9 -8.1+0.6 0.48+0.02 2.54+0.30
(n=20) (n=17) (n=12) (n=15) (n=15)

R1860Gfs*12 -80.3+16.4 ko 37114 **  6.1+06 ns -108.1+1.8 *** -6.3+x0.4 ns 1.27+0.05 ** 9.80+0.80 ***

(n=13) (n=12) (n=8) (n=22) (n=22)
% WT+ %2 -237.0£22.5 ns -40.842.0 ns 5.9+04 ns -101.1+1.7 *** -6.330.5 ns 0.69+0.05 ** 455+0.40 ***
R1860Gfs*12 (n=14) (n=12) (n=11) (n=17) (n=17)

Data are presented as means + SEM. Peak current derastgalculated at -20 mV. WT indicates wild type, *0R005, *** P<0.001 and ns: not

significant compared with WT channelgMndicates half activation or inactivation valleinverse slope factor, angandrs fast and slow time constants

of Iy, inactivation.
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Figure 1: Pedigree and ECG recordings of the family

(A) Pedigree of the family. The proband (l1l.2) is indicatedayarrow. Squares represent males, circles females, +ségms; mutation carriers and non-
carriers. The haplotypes for 5 SNPs located upstream &f1Th¢2 gene are indicated under each subject. At-risk allglesvritten in red and protective ones

in blue. (B) ECG recordings of the proband. The pacemaker spikes are mhthgarows. The proband's ECG showed prolongation of the PR interval, a sign
of first degree AV block. (C) ECG recordings of the fatfie2) showing the atrial flutter that he developed at 42 (aj, las normal sinus rhythm after
cardioversion with left axis deviation (b). (c and d) EC@ordings of 1I-2 during the ajmaline test (lmg/kg over 5 nhi@)underwent at 64. At basal
condition (c, time 0), the patient has a regular sinus rhythm whmag rate (HR) of 60 beats/min, a prolongation of the PR adtef240 ms, and a QRS
duration of 120 ms. After the injection of ajmaline (d, time 7 panddycardia was observed (HR= 40 beats/min) with a prolongzititve PR interval (300

ms) and of the QRS duration (240 ms), without sign of BrS. Rapid sodium-bicarbdnsiten was then immediately started.
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Figure 2: Electrophysiological characterization of Ngl.5 channels (1)

(A) Representative families of Naurrent traces of WT, R1860Gfs*12 and WT + R1860Gfs*12 channelsC(Bjent density-voltage relationships.
R1860Gfs*12 current density is significantly reduced compared ToavWd WT + R1860Gfs*12 channels. (C) Activatiop-¥elationship of R1860Gfs*12

was shifted to more positive potentials compared to WT andMR1860Gfs*12 channels. (D) Steady-state inactivatipne®ationships were shifted
towards negative potential for R1860Gfs*12 and WT + R1860Gfs*12 chanmeigaced to WT channels. Numbers of cells and statistical asalyesi

reported in Table 1.
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Figure 3: Electrophysiological characterization of Ngl.5 channels (2)

(A) and (B) Fast and slow time constants andts, respectively) for WT, R1860Gfs*12 and WT + R1860Gfs*12 channels wotted against the test
potential. R1860Gfs*12 and WT + R1860Gfs*12 showed an overall slowingeofast and slow rates of inactivation compared to the WTT(@e
superimposed representatiyg traces corresponding to the above conditions. The R1860Gfs*12 and theRAG60Gfs*12 current traces were normalized
to the peak of the WT current (L200 pA). (D) Ratios of the persistent ‘Naurrent amplitude (end of pulse) over the pagkamplitude for WT, WT +
R1860Gfs*12 and R1860Gfs*12 channels, reported in percentage. (E) Rahes\g loss between HPs of -86 and -83 mV for WT, WT+ R1860Gfs*12 and
R1860Gfs*12. Peak current density was calculated at -20 mV. * indiea@85, ** P<0.01, *** P<0.001, and n the number of tested cells.
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Figure 4: Computer model simulations of single atrial ceéland ventricular cell membrane action
potentials

Computed AP time courses and expanded time-scale inset exhfb#inme derivatives (dV/dt) of
the AP upstroke, in A: atrium and in B: ventriclomputed dV/dt time courses exhibit a higher
decrease in [dV/dt], for the “heterozygous atrium” condition than for WT (respectivéB/V/s vs.
212 VIs) whereas the decrease was smaller for “heterozygmisicle” condition than for WT
(respectively: 147 V/s vs. 220 VIs).
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A Total cell lysates

WT R1860Gfs*12
— — e — No,1.5
> . GAPDH
B Co-immunoprecipitation
FLAG-WT FLAG-WT FLAG-WT FLAG- FLAG-WT FLAG-WT FLAG-WT FLAG-
+ + R1860G + + R1860G
GFP-WT  GFP- + GFP- GFP-WT  GFP-  +GFP-
R1860G R1860G R1860G R1860G
C— — ———— - -“ Blot Ab: GFP
— e SR . | wee= e e BlolAD: Flag
Total cell lysate IP with GFP Ab

Figure 5: Biochemical analysis

HEK cells were transfected with GFP-{4& (A) and with GFP-NA.5 and/or Flag-NA.5 (B). Data
are represented as arbitrary units. Glyceraldehyde 3-phosphatiratgnase (GAPDH) was used as
total protein loading control. (A) Western blots of total cell lysatesvghat the R1860Gfs*12 protein
quantity is significantly lower than the WT. Incubation ohstected cells with MG132 prevented the
degradation of the C-terminal mutant; ££0.001. (B) Co-immunoprecipitation of Ma5 a-subunits
tagged with either Flag or GFP. Immunoprecipitation was peddrmwith the anti-GFP antibody, and
western blot revealed with the anti-Flag antibody. Theselteedemonstrated an interaction between
R1860Gfs*12u-subunits, and between WT and R1860Gfsgdsibunits.
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Supplemental material

Methods

Genes screened in the proband

Mutational analyses were performed for the following gem&@SNQ1 (NM_000218),
KCNH2 (NM_000238), SCN5A (NM_198056), KCNE1l (NM_000219), KCNE2
(NM_172201), KCNE3 (NM_005472), KCNE1L (NM_012282), NPPA (NM_006172),
KCNAS5 (NM_002234), KCNJ2 (NM_00891), GJA5 (NM_005266 and 181703)SCN1B
(NM_001037 and 1990375CN2B(NM_004588) ancsCN3B(NM_018400).

Solutions and drugs

Thirty-six hours after transfection, HEK293 cells were trypsidiand seeded to a density
that enabled single cells to be identified. Green positive ca@te whosen for patch-clamp
experiments. Cells were bathed in an extracellular Tyrode @olatntaining (in mM): 135
NacCl, 4 KCI, 2 MgC}, 2.5 CaCJ, 1 NaHPQ,, 10 HEPES, 20 glucose and adjusted to pH 7.4
with NaOH. Pipette medium was (in mM): 5 NaCl, 140 CsCl, 2 MgEMg-ATP, 5 EGTA,
10 HEPES, adjusted to pH 7.2 with CsOH. During current recording,wetle perfused with
an external solution with reduced Neoncentration containing (in mM): 80 NaCl, 50 CsCl, 2
CaClb, 2.5 MgC}, 10 HEPES, and 10 glucose, adjusted to pH 7.4 with CsOH.

Computer simulations of membrane action potential

Computer simulations of membrane action potential (AP) were achieiag Oxsoft
Heart Model V. 4.8 (written by and available from Pr. Denis Epl@®xford University;
copyright by OXFORD Ltd, UKY This mathematical modeling software solves the equations
developed to model currents associated with ion channels, exchamggnsnaps in the heart,
and then reconstitute the cellular action potential. We selectdmbcuse of its easy
commercial availability and because it contains all the pammeteeded to verify the
importance of the changes i, Iparameters: the fast and backgrouggdconductances, the
shifts of m, and Iy, -voltage relationships, the time constant\gfihactivation on the decay of
the AP, and the maximum velocity of the AP upstroke, [dWgt]We used the built-in

models of single atrial cell and ventricle cell APs. Restirgmbrane potentials (Ewere
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adjusted according to experimental pre-setting holding potergdsn{V for atrium and -86
mV for the ventricle) by simply altering the appropriate inputk] , as allowed by the model
entries. Changes inyd entries between WT and heterozygous (hetero) currents were
incorporated in the built-in parameters and the resulting eftectdhe computed AP time
course and the corresponding upstroke velocity were retrievedy patameters were
changed as follows and used for both atrium and ventricle:

Gna-fasthetero: 0.84 X Gutast WT,

Gna-backgroundn€tero: 1.5 X @atastWT,

he (Vm) hetero: -16.5mV shift of h(Vm) WT

M. (Vi) hetero: -4.0mV shift of ;j(Vm) WT

T(Vm) hetero: 1.8 x(V) WT.

Co-immunoprecipitation

For co-immunoprecipitation of N&.5 a-subunits, HEK293 cells were co-transfected
with 3 pg of pPRcCMV-FLAG-SCN5A WT or mutant and 3 pg of pcDNAGFP-hH1a WT
or mutant in 75-cmz flasks. For co-immunoprecipitation ofiIN@and FHF1B, cells were co-
transfected with 1.5 pug of pcDNA3.1-GFP-hH1a WT or mutant and 2 ptR&S2-acGFP1-
FHF1B in 25-cm? flasks. Forty-eight hours after transfection, BEXcells were washed
with PBS and lysed in lysis buffer (150 mM NaCl, 50 mM Tris-H&H 7.5, 1% Triton, and
complete protease inhibitor cocktail from Roche, Germany). Ciditpavere pipetted up and
down 20 times, flushed 20 times through a 22-gauge needle, rotateld &r2C, and finally
centrifuged for 10 min at 16000 g. Magnetic Dynabeads (Dynal, Nyrwenre washed twice
with PBS-tween 0.02%, incubated with the anti-GFP antibody (TormgsHiolabs, USA),
or the anti-Hig antibody (Qiagen, Germany) for 2 h at room temperature, Wdshee again
with PBS-tween 0.02%, and incubated with the pre-cleared $ys&@mples were rotated
overnight at 4°C. After washing the beads 4 times with PBS-tween (.p&%eins were
eluted with the Laemmli sample buffer at 37°C for 30 minutes unde&tiag, and analyzed
by Western blot.
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Figures

Supplemental Figure 1: Sinus node dysfunction during ajmaline té$n the proband’s

father (patient 11-2)
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(A) ECG recording of patient 11-2 eight minutes after thgileing of ajmaline injection (5 mg/kg

over 5 min) shows sinus node dysfunction characterized by tlee@bsf P waves and junctional
escape rhythm; and supraventricular premature contractionsix@gi® minutes after the beginning
of ajmaline injection, the P waves reappeared, regular smdbhm was observed, but a marked
bradycardia was still present. V1+, V2+ and V3+ correspond tat pgecordial leads placed in
superior position (3rd intercostal space).
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Supplemental Figure 2: Identification of the R1860Gfs*12 mutation
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Sequence chromatogram of the proband's genomic DNA showing thermdedétan adenine at
position 5578. This frameshift mutation changed the amino acidiegat position 1860 into glycine
and caused premature termination of the protein at position 1871.

Supplemental Figure 3: Recovery from inactivation ol \, at a holding potential of -120 mV
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Test- and conditioning-pulses of 25 ms were separated by the netionet from 0.5 ms to 1000

ms. Relative currents were calculated as peakelicited by test-pulse versus that elicited by
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conditioning-pulse. No change in the recovery from inactivation wlaserved for the mutant

compared to the WT.

Supplemental Figure 4: R1860Gfs*12 and WT + R1860Gfs*12 mutant channels rgeable to
generate a TTX-sensitive persistent Nacurrent
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Panels (A), (B) and (C): Representatiygrecordings obtained in the absence and in the presence of
100 uM TTX, generated by WT, R1860Gfs*12 and WT + R1860Gfs*12 channelscte®ly. For
comparison, the peak and late current are shown at diffemieéss R1860Gfs*12 and the

heterozygous WT + R1860Gfs*12 channels exhibited a marked incredSexisensitive persistent
current compared to the WT channels.
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Supplemental Figure 5: Absence of interaction between the rminal mutant R1860Gfs*12
and FHF1B

Several partners interact with the C-terminus ofIN® including the Fibroblast Growth
Factor Homologous Factor 1B (FHF1B), which modulategl Nainactivation. Its interaction site on
Na,1.5 was debatet’. It was first reported to be located in the proximal C-teaihdomain (amino
acids 1773-1832) and later not only in the proximal but also in the distal parthe Ngl1.5 C-
terminus (amino acids 1773-19888y co-immunoprecipitation, we demonstrated that R1860Gfs*12
mutant did not interact with FHF1B, even after increasing thal tprotein expression of
R1860Gfs*12 with the proteasome inhibitor MG132, indicating the involvewienbth the proximal
and distal parts of N&.5 C-terminus in the interaction with FHF1B.

WT R1860G WT WT R1860G WT WT R1860G WT WT R1860G WT

MG132 - - - 4+ + 4+ - - -+ + o+

Na L5 o o o S — Blot Ab: GFP

FHFIB e s o — —— Blot Ab: His,
Total cell lysates IP with Hisg Ab

HEK293 cells were transfected with GFP-WT, GFP-WT or GFPamuwith FHF1B (C-terminal
Hiss-tag). Cells were treated with or without MG132. Immunoprecipitativere performed with anti-
Hiss antibody (Ab), and blots were revealed with the antikEigibody or with the anti-GFP antibody.
The results demonstrated that only the WT channel was pgegegbiwith the FHF1B and not the
mutant, even after treating the cells with MG132.
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Supplemental Table 1: Genotypes of SNPs associated with atrfddrillation in the patient’s family

Gene SNP Location Major/minor allele MAF(%) 11 12 113 mi 12
PITX2 rs6817105 4:111705768 T>C 11.9 TT TT T/IC TT TIC
PITX2 rs220073%° 4:111710169 C>T 11.5 c/IC Cc/IC CcIT ciIc CIT
PITX2 rs10033462'°  4:111720761 G>T 9.7 GIG GIG GIG GIG GIG
PITX2 rs17570669 4:111736882 A>T 6.2 AA  AA  AA  AA  AA
PITX2 rs38534458 4:111761487 T>C 26.1 TIC C/IC CT clIc CT
ZFHX3 rs719334% 16:73029160 C>T 16.4 CIC CIT CIC CIC CIC
ZFHX3 rs21062611%1  16:73051620 C>T 18.1 CIC CIT CIC CIC CIC
KCNN3 rs1337633% 1:154814353 C>T 33.6 C/IC CIC CIT CIC CIC
HCN4 rs7164884% 15:73652174 A>G 16.8 AIG  AA AA AA  AA
PRRX1 rs3903239 1:170569317 A>G 44.8 AIG AIG AA AA  AA
SYNE2 rs115259% 14:64680848 G>A 48.7 AIA  GIA GIA GIA AIA
C9orf3 rs1082141% 9:97713459 C>A 39.7 AIA CIA CIC CIC CIC
SYNPO2L rs1082402% 10:75421208 A>G 16.4 AIA  AA AA AA  AA
CAV1 rs38079841°1°  7:116186241 G>A 42 AIA  AIA  GIG AIG AIG
NKX2-5 rs251253° 5:172480336 T>C 38.9 TIC CcC TIT CT T
SCN10A rs6800541° 3:38774832 T>C 42 TIC TIC TT TT CT
SCN5A rs11708998 3:38633923 G>C 20 GIC GIC GIC GIG CIC

Risk alleles are in red and protective alleles in blue. MAF = mineledtequency in HapMap-CEU.
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1.3 Study of the recently BrS-associated SNPs in the family with the
R1860Gfs*12 mutation

In the family with the R1860Gfs*12 mutation, in addition to the SNPs dirtkeAF,
we explored the possibility that reported BrS associated $di#d modulate the phenotypic
expression. We screened the three SNPs recently shown toob&@sswith Br&’® (Table
11). All R1860Gfs*12 mutation carriers have three risk alleles, whilihe pioneer study,
most of the BrS patients have two to four risk alleles, and asnitvave one to three risk
alleles. The role of these SNPs remains unclear since 1.5%uropean population is
expected to carry more than four risk alleles.

SNP rs11708996 rs10428132 rs9388451
Gene SCN5A SCN10A HEY2, NCOA7
Location 3:38633923 3:38777554 6:126090377
Major/minor allele G>C G>T T>C
MAF(%) 20 42 46.5
Uncle G/IC GIT T/IC
Father G/IC GIT T/IC
Mother G/IC GIG T/T
Proband cIC GIT T/T
Sister G/IG G/IG TIC

Tablell: BrS associated SNPs in the family with the R1860Gfs* BCN5SA
mutation
Risk alleles are in red.
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lll. Fibroblast Growth Factor Homologous Factor 1B

.1 The proximal and distal regions of the C-terminal domain of Ngl.5
interacted with FHF1B

The C-terminal domain of N&.5 is the site of interaction of several partner proteins
regulating channel function. Among these partners is the Fibrolasivth Factor
Homologous Factor 1B (FHF1B), which regulates channel inactivatimh surface
expressioff*4°*4°54%8 Racently, theFGF12 gene encoding FHF1B has been reported as a
new candidate in Br&’. The site of interaction of FHF1B on a5 is debated. Liet al
showed that FHF1B binds to the C-terminal acid-rich domain (antius 4773-1832) of
Na,1.5"* while Wanget al reported that both this proximal domain and a more distal region
of the C-terminus (amino acids 1773-1908) are reqtiiteB8o we used the R1860Gfs*12
truncated Ngl.5 mutant and another already published L1821fs*10 truncated.INa
channel®® to test their interaction with FHF1B. According to Léi al the L1821fs*10
channel should loose its interaction with FHF1B but not the R1860Gfs*12 muthiié
according to Wangt al, the two mutants should loose their interaction.

HEK293 cells were transfected with 1.5 pg of pcDNA3.1-GFRtNa(N-terminal
GFP) WT or mutated with 2 ug of pIRES2-acGFP1-FHF1B (@Gvteal His-tag), or with
pcDNAS3.1-GFP-Ngl.5 WT alone as a negative control. Immunoprecipitation was performed
as described in the Material and Methods and in Figure 47. Only ThM&MP-Ngl.5 was
immunoprecipitated with FHF1B (Figure 47A). Since the two mut&#860Gfs*12 and
L1821fs*10 are partially degraded by the ubiquitin-proteasome systercheeoked whether
increasing total protein expression with MG132, a 26S-subunit ubiqudtegsome
inhibitor, could restore the interaction with FHF1B. Immunoprecipitatismg anti-Hig
antibody was done after treating the cells with MG132 (Figure) 4&khough we increased
total protein expression of the two mutants with MG132, this did natreegthe interaction
with FHF1B (Figure 47A). Reciprocal co-immunoprecipitation wis® gerformed (Figure
47B). FHF1B protein was successfully precipitated with the Whrméla but not with the
two mutants.

The loss of interaction of the two mutants with FHF1B confithesinvolvement of
both the proximal and distal parts of the,N& C-terminus in the interaction with FHF1B as

reported by Wangt al*®.
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Figure 47: Both proximal and distal regions of NA.5 are involved in the
interaction with FHF1B

(A) FHF1B was immunoprecipitated using an antigHatibody, and the bound
proteins were then detected by western blot analysis withkG&iRi and anti-His
antibodies. Only the WT GFP-NRa5 was immunoprecipitated with FHF1B even after
increasing the total protein expression of the two mutants with MGB3Reciprocal
co-immunoprecipitation  performed using the anti-GFP antibody for
immunoprecipitation of GFP-N&.5, and the anti-Hgsand anti-GFP antibodies for
western blot analysis. FHF1B protein was precipitated withAfiiechannels but not
with the two mutants.

.2 FGF12-B is the most highly expressed FHF isoform in the human

ventricles

The expression of the different FHF isoforms in the heart wiagively unknown,
until a recent study which demonstrated by gPCRFG&13-VYis the most expressed FHF
isoform in the adult mouse ventricular myocyt&sbut no study was done at that time in
human. So, we aimed to study the expression of FHF isoforms in hanthrmouse
ventricles. RNA extraction from human and mouse ventricles andseett@nscriptase were
performed as described in the Material and Methods. Then, we mpedogPCR using
isoform-specific primers foFGF12 isoforms A and B, an8GF13isoforms VY, VY/Y and
V (Table 9 of Material and Methods). Primers are located if¢imeologous region between
human and mouse FHF transcripts. All the data were correcteceterance gene encoding
the ribosomal protein L32RPL32, and then normalized tBGF13-VYin mouse and to
FGF12-Bin human. In the mouse he&GF13-VYwas the most highly expressed isoform,
FGF13-Vwas expressed at low levélGF12-Bwas detectable, blRGF13-YandFGF12-A
were undetectable (Figure 48A). These results are in linethdtiprevious study in mouse

hearf>® except that th€GF13-Yisoform in our study was undetectable. In the human heart,
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FGF12-Bwas the most highly expressed isofoGF13-VYwas detectable, blRGF13-Y
and FGF12-Awere undetectable (Figure 48B). Our results are consistémtawiery recent
study, that was unpublished at the time we started our work, which dhbat&GF12-Bis
most the highly expressed isoform in human K&in this study, the gPCR was unable to
distinguish between thé&GF13-VY and FGF13-Y isoforms, and these isoforms were
expressed at approximately 40%F&F12-Bin human ventricles. In our studyGF13-VY
was detectable but at a very low level comparedF@F12-B while FGF13-Y was

undetectable.
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Figure 48: Relative mRNA expression of FHF isoforms in mous&)(and human
(B) ventricular cardiomyocytes

FGF13-VYwas the most expressed isoform in mouse heart, \W@EL2-Bwas the
highly expressed isoform in human heart.

For comparison with the previous studies see Figure 37.

[11.3 Screening of FGF12-B in patients with BrS

Since no mutation was found in 75% of BrS patients, and FHF1B is mepart
Na, 1.5, we screened theGF12-Bgene coding for the most highly expressed FHF isoform in
human ventricles in a group of BrS patients. Our study population caheisi82 unrelated
patients diagnosed with BrS based on the presence of a spontaneslE@G pattern (ST
segment elevatior2 mm in one or more right precordial leads) spontaneously or following
the administration of a sodium channel blocker. Structural hearsdiseas excluded by
echocardiography. Informed consent for genetic testing was diyeeach patient. All
probands were negative for mutationSSGNS5AMOGY], DLG1, KCNE3andSCN1B
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All FGF12-B exons and intronic junctions (GenBank accession number
NM_004113.5) were amplified by PCR (PCR primers are reported ire Tidblof Material
and Methods), and the sequencing reaction was realized using the Sanger metheBugh t
Dye Terminator v.3.1 kit (Applied Biosystems) as described in theeial and Methods.
Sequence analysis was then performed using the CodonCode Aligner v3.7.1 software.

A ¢.379 G>A transversion in exon 4, predicting a valine-to-methionineisulust at
position 127 (p.V127M), was identified in one patient (Figure 36 and 49A). Aéghwof the
FGF12 amino acid sequences demonstrated that the valine acid in positios hityhly
conserved across species, and it is also conserved in the R@#/and, FGF13andFGF14,
suggesting the importance of this residue (Figure 49B). Moreovewdhant has never been
described and is absent from the following publicly available databases:

* http://www.1000genomes.org/ensemble-browser

* http://evs.gs.washington.edu/EVS/

» http://genome.sph.umich.edu/wiki/Exome_Chip_Design

Using the Polymorphism Phenotyping v2 (PolyPhen-2), a programmprdictts the
possible impact of a variant on the structure and function of protein,

(http://genetics.bwh.harvard.edu/pph2the V127M variant is predicted to be probably

damaging.
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Figure 49: Thd=GF12-B variant p.V127M

(A) DNA sequence chromatogram showing the nucleotide chasgé#ing in a valine
(V) to methionine (M) substitution at position 127 compared to contro). (B
Conservation of the valine 127 across species and among the human FHFs.

[11.4 Preliminary functional study of the variant V127M in FGF12-B

The plasmid containing the variant V127M in FGF12-B was preparededgisected
mutagenesis of the WT pIRES2-acGFP1-FGF12-B where the FGIEEEBninus was fused
to a Hig-tag. Patch-clamp analysis of HEK293 cells stably expresdmd.5 transfected
with the WT or mutant FGF12-B was performed in our team. In ourrieneets, expression
of the WT FGF12-B did not affect the peals &nd caused a negative shift of the steady-state
inactivation of Nal.5. However, no difference was observed in the functional effects on the
Na' current between the WT and the mutant FGF12-B (Figure 50). Asdtezologous
system does not represent the physiological environment of ventriautiiomyocytes, and
since it was recently reported that the effects of the cesgfmn of FHFs on N&.5 or on the
calcium channel Ga.2 in HEK293 cells were different than in adult ventricular
cardiomyocyte®* we plan to study the V127M variant in adult rat ventricular
cardiomyocytes, where the endogen®i@aF13 is knocked out. These experiments will be

performed through a collaboration with the group of Geoffrey Pitt in the USA.
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Figure 50: Preliminary functional study of the=GF 12-B variant V127M

(A) Current density-voltage and (B) activation-Vm relationships iglMNastable HEK
cells not transfected as a control (n = 6), or transfected vtiiteraVT (N = 8) or the
V127M FGF12-B variant (n = 9). Sodium current density and activation-Vm
relationship are not affected by the coexpression of the WheoW127M FGF12-B
variant. (C) Steady-state inactivation-Vm relationships whriiesl towards negative
potential with both the WT and the V127M FGF12-B variant compared to non-
transfected condition. n = number of cells
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Identification of pathogenic mutations in genes encoding cardiacchannels in
hereditary cardiac arrhythmias (channelopathies) has improved dahagement of these
disorders, and genetic testing has proved its efficacy in tieypnptomatic identification of
mutation carriers and subsequently, their early treatment. Howevge variability in the
clinical phenotype and incomplete penetrance have been observedarchannelopathies.
This renders the identification of mutation carriers who areiskt of developing fatal
arrhythmias difficult, and raises the possibility of the involeam of other unknown
mechanistic, genetic, and environmental factors in the determinatiohe phenotypical
expression of the disease. Better understanding of these modddetiong could help in the
future to explain the large variability in the phenotype and to imprskestratification and
treatment.

In this thesis work, we address8@€N5Amutations, which are involved in a wide
spectrum of disease phenotypes including LQTS, BrS, PCCD, AF, &$5,dilated
cardiomyopathies. Moreover, a mixed clinical picture now known as ‘@vegndrome” has
been reported iBCN5Achannelopathiéd’. Currently, a growing number &CN5Avariants
have been identified, but few of them are characterized by @dgsiological studies. This
further complicates the interpretation of genetic testing sioceesof these variants are
benign and may not be the actual cause of the disease.

By characterizing two SCN5A mutations, R104W and R1860Gfs*12, we
demonstrated three possible mechanisms that could play a role dietdrenination of the
phenotypic expression &CN5Amutations. Moreover, we highlighted the role of theIN&

N-terminal domain in the channel function.

The interaction between Nal.5 a-subunits

We characterized the N-terminal mutant R104W, which was idehtifiea BrS
patient. Using co-immunoprecipitation studies with two distinct1Naa-subunit tagged
constructs, we demonstrated for the first time thatlau-subunits interact with each other,
and that this interaction was responsible for the dominant-negafieet ef the R104W
mutant on the WT channels. When expressed alone, the R104W wasdrétaithe ER,
degraded by the ubiquitine-proteasome system, anqwas detectedCo-expression of
R104W with WT, led to WT retention the in the ER through the interadietween Nd.5
a-subunits, resulting in a dominant-negative effect. B&N5AmMutations have been studied
in conditions mimicking patient heterozygous state, since the laagk3\-subunits were

not thought to oligomerize, contrary to many potassium channels thah for
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homotetramef§”*"847 Nevertheless, a dominant-negative effect caused by,a3Nmutant
has been reported once for the trafficking-defective mutant L325Retbtathe pore region
(loop S5-S6) of domair*i® The authors hypothesized that the mutant channels exerted the
dominant-negative effect by affecting the trafficking of WHaonels. Another recent study
has confirmed the interaction between,N& o-subunits, which is responsible for the
dominant-negative effect of the BSCN5Amutation R1432&° This trafficking-defective
mutant is located in the pore region (loop S5-S6) of domain Ill, andshbdlik,. In the
heterozygous state, the mutant decreases WT surface expres#ioa,resultant dominant-
negative effect. In contrast to the R104W N-terminal mutant, both L3#%¥RR1432G
mutants were not degraded by the ubiquitin-proteasome system. Theadbmegative effect
observed for the three mutations, L325R, R1432G and R104W, is mutation spedifiot a
generalized mechanism. Indeed, for example we have shown thaaffieking competent
but non-functional channels, R878C atmd-Na,1.5, do not exert a dominant-negative effect
on WT channels.

The three trafficking-defective mutants, L325R, R1432G and R104W, most likel
caused the retention of WT channels due to the interaction betwednb NMasubunits.
However, the mechanisms underlying the retention of each of thetetsr seem to be
different. The mutant L325R caused an 80% reductioRznuhile no ka was recorded with
R1432G and R104W mutants, suggesting that a small part of L325R was atdetiahe
membrane. In addition, incubating the cells at low temperature dr wmixiletine,
experimental conditions known to partially rescue some misfolded clsanmsicue the
mutant L325R*® but not the R104W and R1432G mutdttsMoreover, the N-terminal
mutant R104W was degraded by the ubiquitine-proteasome system, but rattipere
mutants L325F® and R1432&°. These differences suggest that these mutants do not follow
the same retention pathway, and that misfolding is not the only amgerlying the
intracellular retention. Therefore, further studies are rddeexplore the mechanisms
underlying this mutant channel retention. We hypothesized that the Rifi#tsion caused
conformational changes in the mutant,N& protein, which then unmasked an ER retention
motif leading to its retention. This hypothesis is in line with experiments in neonatal rat
cardiomyocytes showing a co-localization of the mutant R104W and CD4-KKEXX¥nstruct
containing the ER retention motif, KKXX.

Since the trafficking-defective mutant R104W was able to inhiist trafficking of
WT channels, most probably through the interaction betwegh. Ba-subunits, it is possible

that trafficking-competent channels could be able to transport kh @maunt of the mutant

214



channels with them to the membrane. By expressing the N-termui@nts R104W and
R121W with the trafficking-competent but non-functional,N& mutant R878E> we
showed that the mutant R878C restored a very small This mechanism of
transcomplementation has been previously reported for the cystasié transmembrane
conductance regulator (CFTR), a cAMP-activated chloride ch&hi# Interestingly, it has
also been demonstrated that the com@G@N5Apolymorphism, H558R, located in the linker
I-11, is able to restore the trafficking-defective R282H amit located in the pore region (loop
S5-S6) of domain |, when it was present in the second allele, but tiet same allet®. It is
possible that the assembly of the,N& a-subunits in the ER masks an ER retention signal in
the misfolded protein, or it provides an export signal from the ER, as it hasuggmsted for
the CFTR mutarit*®2 Another possibility is that the interaction between thglMaa-
subunits could stabilize both proteins allowing proper folding. Shinlagattrnet af®*
have recently shown that small peptides containing the polymorphism H&%8Rble to
restore the trafficking-defective R282H mutant by promoting prdpkling in the ER.
Moreover, in the same study, the small peptides were able toerdise trafficking of five out
of nine mutant proteins with the mutations located in the pore regidonodin 1, but did not
have an effect on the WT, suggesting that the peptides spdgifiestored some mutants.
Interestingly, in this study acute expression of the peptides imtifaeellular solution during
the patch-clamp analysis did not rescue the mutant channels, suggesti this peptide
effect occurs mostly in the ER. In our study, co-expression of (heN&/1.5 and the NA.5
N-terminus, Nter, induced a two-fold increasenfn The mechanism underlying this increase
in Ina remains unknown. We hypothesize that the Nter could saturateRtlypiddity control
machinery, allowing more WT channels to escape this systenmeaaok the membrane. Other
possible explanations are that the Nter occludes the retention sigpeovides exit codes,
enhancing channel export from the ER or other cellular compagmieatther studies are
needed to understand the mechanisms responsible for this increagg Wel should
invesigate whether the Nter increases the surface expresfsiba WT, and if it is able to
rescue the N-terminal mutant R104W or other trafficking-defeathutants. Moreover, co-
immunoprecipitation studies between & a-subunits and the Nter or the small peptides
containing the H558R are needed to see if these small peptides interact dithdNa,1.5.
Altogether, these data strongly suggest that the interacttore®e Ngl.5 a-subunits
occurs in the ER before trafficking to the membrane, either irmgaor enhancing it.
Nevertheless, an interaction at the membrane could also be gccline observed positive

shift of activation of the N-terminal mutants in the heterozygtate @and of the N-terminal
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mutants rescued by R878C, as well as the negative shift ofysttsid inactivation of the C-
terminal mutant R1860Gfs*12 in the heterozygous state, highly suggésintbeaction
between Ngl.5 a-subunits also exists at the membrane, and thgt.®e-subunits function
as oligomers. Our results are in line with a previous studyodstrating double and triple
simultaneous openings and closings of the sodium channels, and the authors hygddtredsize
there is a tight cooperation in channel gatiignterestingly, a recent study has demonstrated
that one mutant is able to completely restore the gatingtdedéthe another mutant located
in the second allet®. The compound heterozygo@&&CN5Amutations, D1690N located in
loop S5-S6 of domain IV, and G1748D located in the S6 of domain IV, werefieent a
BrS patient®®. Both mutants are trafficking-defective leading to a severe reductlQg imith
altered biophysical properties for the G1748D mutant. When expregsgkdthe WT
channels, both mutants have a dominant-negative effect on WT channelgor€ssn of
D1690N with G1748D, mimicking the heterozygous state of the patienpletaty restored
the gating defects of G1748D, while it partially restored its traffickiefgcts.

Detailed aspects of the interaction betweelNen-subunits remain to be elucidated.
In the study of mutant R1432%, the authors reported that co-transfection offtheubunit
with Na,1.5 is essential for the dominant-negative effect, as well aghéorinteraction
between Ngl.5 a-subunits. The experiments in this study were performed in HEKB®83, t
same heterologous system used in our study. Nevertheless, in gucattrdnsfection with
the B1-subunit was not required neither for the interaction betweegh. SNasubunits, nor for
the dominant-negative effect. We cannot exclude that the interadotitmeen Ngl.5 is
mediated by the1-subunit, since th@l-subunit is endogenously expressed in HEK293

cells*®’

. So it remains to be verified if tfgd-subunit is needed for the interaction between the
a-subunits. Co-immunoprecipitation study in HEK293 cells, where the endogd¢iisus
subunit is suppressed by RNiterference, or in another heterologous system wfgre
subunit is absent are needed to test this hypothesis. However, ifténaction ispl-
dependent, it remains unknown why, in the study of the R1432G mutant, tlaetiote was
dependent on the co-expression of fhesubunits since they are endogenously expressed. A
possible explanation is that the mutant R1432G weakens the interfaetween Ngl.5 and

the B1-subunit and over-expression of thg-subunit is needed to overcome this problem.
However, further studies are needed to better understand the msechaf interaction

between Ngl.5 a-subunits.
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The site of NglL.5 involved in the interaction between & a-subunits needs to be
fully defined. Such information would be very useful in order to predetpotential effects
of SCN5Amutations on this interaction as well as in determining trdribution of this
interaction (dominant-negative effect or rescue) to the higaifiable clinical manifestations
of SCN5Amutations. By co-immunoprecipitation studies usingANger construct and the C-
terminal truncating R1860Gf*12 mutation, we demonstrated that the N- aedmihal
truncated channels were still able to interact with WT,1N&m channels. In addition, the
R1860Gfs*12ua-subunits interacted with each other. These results showed kigdef the
N-terminal domain or the distal region of the C-terminal domain did not inhibibtaection
betweena-subunits. These data combined with the results of the rescue @fféet small
peptides around the H558R polymorphism, and the increasg with the Nter, suggest that
multiple sites of Ngl.5 could be involved in this interaction. Further studies are needed t
define these interaction sites.

In conclusion, the interaction between,N& a-subunits is a new concept in the field
of sodium channels that were not previously thought to oligomerize.sTaisew mechanism
that could modulate phenotypic expression, and highlight the importanceenbZygfous
expression when characterizi®gCN5Amutations. Nevertheless, the dominant-negative and
the rescue effects should be confirmed in cardiomyocytes, whieohaainel partners are
physiologically present. Moreover, the rescue effects of the H558Rides, and the
increasedp, with Nter are interesting findings that should be confirnmedvo. These small
peptides may lead to the development of new treatment stratémiethe sodium
channelopathies. These peptides have the advantage of being smalhfsagfmihe target

gene, which should reduce the difficulties usually encountered with gene therapy.

The role of the Ng1.5 N-terminal domain in channel function

The role of the Nd..5 N-terminal domain in channel function was previously largely
unknown, even though several N-terminal mutations associated witl5 L @dnduction
abnormalities or BrS have been repottédBy the characterization of the N-terminal mutants
R104W, R121\§*3% and of the two constructANter, where the N-terminal region was
deleted, and Nter, where only the N-terminal region was present, we highlightegbtrant
role of the N@l.5 N-terminal domain in channel function. Our results demonstratechthat t
N-terminal domain is not necessary for the trafficking ofIN&to the membrane, since the

ANter Na 1.5 was able to reach the membrane. Nevertheless, the misseasenmsuR104W
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and R121W, led to channel ER retention and their subsequent degradatiores(ts
suggest that these missense mutations cause severe conforh@targes in the channel
proteins compared tANter, leading to the retention of the mutant channels by the yualit
control system, while most of tieéNter Ng 1.5 has escaped from this system and reached the
membrane. However, the mechanism of mutant channel retention retoabes clearly
defined. It is plausible that cells could use the ERAD systequickly move the misfolded
proteins from the ER to the cytosol, and then degrade them by theitubproteasome
systent®® This would prevent the accumulation of misfolded proteins in the Rtk
occurrence of reticular stress. This hypothesis correlatesowitresults showing that treating
the transfected cells with MG132, a 26S-subunit ubiquitin-proteasometarhibcreased the
total expression of the mutants, suggesting that they are degradéde bybiquitine-
proteasome system. Moreover, we reinforced this hypothesis bpndaating that the
mutant proteins did not induce reticular stress in HEK293 cellsiléBiynto the Ngl1.5 N-
terminal mutants, the N-terminal mutant S21P in the neuronal sodianmel Nal.6 was
retained in the Golgi apparatus and degrafied

The ANter Ngl1.5 was expressed at the membrane but was unable to coRguct |
proposing a role for the N-terminal domain in channel opening, whishnbt previously
been reported. Moreover, the positive shift of activation observed in teehgous state
and for the small current rescued by R878C, further supports the imenveof the N-
terminal domain in channel activation and opening. Our results areeirwith recent data
from Gutteret af*° characterizing several N-termin@8CN5Amutations identified in LQTS
and BrS. In this study, the expression of the BrS R104Q mutant in HEK288s in the
absence ofy, similar to the R104W mutant, suggesting an essential roldhéoamino acid
104 in N@l.5 channel function. However, expression of R104Q in Xenopus oocytes gives a
small ka with a negative shift of the steady-state inactivation, whichredses channel
availability. This difference between the two heterologous systeould be due to
differences in the cellular mechanisms between the two mode&tsestingly, the other five
N-terminal BrS mutants in this study condugi similarly to the WT channel, but with a
positive shift of activation for two of them. This positive shiftagtivation is similar to that
observed in our study in the heterozygous state of R104W and in thieedesurrent.
Combined with the fact that tlieNter construct did not alter the voltage-activation of the WT
Na /1.5, this alteration in the activation is most probably due to the mirtal domain of
Na,1.5. Surprisingly, in three of the six BrS mutations, and one of the LH@&S mutations

218



characterized in this study, no functional defects were observeth singgests that they may
be rare polymorphisms and not disease-causing mutations, and tishbwuld be cautious
when interpreting the results of genetic testing. Neverthelesthis study none of these
mutations was studied in the heterozygous state, and other unknown ri@@yocentribute to

the disease phenotype.

The C-terminal truncated mutations are associated with a mixed clined phenotype

The C-terminal domain of N&.5, consisting of 243 amino acids, has an important
role in regulating channel gating and expression through itsaatien with many partner
protein$>. It has been demonstrated that the C-terminal domain has a prestioztliral
region consisting of sir-helices and an unstructured distal re§fariThe proximal structural
region stabilizes the inactivated state of the channel during gedotepolarization through
a direct physical interaction with the llI-IV linker inactii@ gaté®. Interruption of this
interaction destabilizes inactivation and increases the chantteefchannel to reopen during
prolonged depolarization. Few C-terminal, & truncating mutations have been reported in
BrS (L1786Efs*2, F1808Ifs*3, E1823Hfs*10, and R1860Kfs*f%) and in overlap
syndrome (L1821fs*18° and D1816Vfs*?*3. Of these mutations, only L1821fs*10 and
recently D1816Vfs*7 were functionally characterized.

The R1860Gfs*12 mutation identified here is the most distal truncatutgtion in
the C-terminus of NA.5. Because of its location in the last exon of $&N5Agene, the
induced premature stop codon is expected to escape the RNA qoalityl system and the
truncated protein is likely to be present in patient cardiomyocytesthree family members
carrying the R1860Gfs*12 mutation had a mixed clinical picture, mastial (SSS, AF or
atrial flutter with atrioventricular conduction block), with varialdeverity. Similarly to
R1860Gf*12, the other tw&CN5Atruncating mutations L1821fs*1§ and D1816Vfs*7%
were associated with variable clinical picture and severibyvéver, the clinical presentation
of the R1860Gfs*12 carriers was mostly atrial, while the L1821fs*a0 B1816Vfs*7
carriers presented atrial and ventricular arrhythmias. The pdoterrying L1821fs*10 was a
12-year old male with congenital SSS, CCD and recurrent monomorphié& Yropafenone
test was performed to rule out BrS and induced severe prolongdtiQR® complexes
without ST segment elevation. Other mutation carriers in the damdy were either
asymptomatic or had some conduction abnormalities. The mutant D1816Mis*identified
in a family where all mutation carriers had PR and QRSvalemprolongation compared

non-carriers. The proband was a 53-year old woman who underwent frequsrtdespof
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ventricular fibrillation requiring 20 defibrillations over 72 hours. Iddiion, she had
paroxysmal AF, and sinus bradycardia at basal conditions ancdiéeainide test, however,
no BrS ECG pattern was revealed. Interestingly, a flecatesteperformed in one son and
two sisters of the proband carrying the same mutation induced 4 tgp& ECG pattern in
the son and one sister, while it was negative in the second sistehad permanent AF.
Moreover, other asymptomatic mutation carriers were also preséné family. This high
variability in the clinical picture observed with the C-termitrahcating mutations could be
due to specific alterations in the sodium current propertiesebtiegly, functional studies of
these three mutants performed in heterologous systems showed bothamhitess-of-
function effects on NA.5.

Gain- and loss-of-function effects of the C-terminal truncating mutabns

When expressed in heterologous expression systems (HEK293 or QM tbe
three truncated mutants display both gain- and loss-of-functiorntefiédeey induced a drastic
reduction in {, with a positive shift in the activation curve. The decreaseayrisl most
probably due to a decreased surface expression of the mutantsalitioese truncated
Na,1.5 abolished the sites of interaction with many partner proteimdve in membrane
channel stabilizatioh>. Moreover, the decrease iRalis consistent with the results from
Cormier et al demonstrating that truncation of &b distal C-terminus (L1921X truncated
construct) reduced current densfly In addition, L1821fs*10 and R1860Gfs*12 mutants
induced a negative shift of the steady-state inactivation deegeelsannel availability, while
the mutant D1816Vfs*7 induced a positive shift of the steady-statgviaon and enhanced
the recovery from inactivation, effects that would increase chamraglability. Moreover,
L1821fs*10 and R1860Gfs*12 increased the fast and slow time constants tofatiac and
increased Na., parameters that were unaffected by the mutant D1816Vfs*7. The othserve
alteration in the inactivation by the two mutants L1821fs*10 and R1860Gfs*d@nmsstent
with the involvement of the proximal region of the C-terminus in chanaetivation. It has
been demonstrated that truncation of the sixth helix in the proxiegadn and the distal
region of N@l.5 (S1885X truncated construct) decreasgdimduced a negative shift of the
steady-state inactivation, and increaseg'". However, it remains unknown why the mutant
D1816Vfs*7 had a different effect on the steady-state inaabiwatvith no k.. One
possibility is that the mutant D1816Vfs*7 could affect the interactdh unknown partner

proteins that modulate channel inactivation.
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In the heterozygous state, neither of the three truncated mutants tachinant-
negative effect on WT channels. Nevertheless, alteration of theyisiocphproperties were
observed for both D1816Vfs*7 and R1860Gfs*12: positive shift of activation andlysséate
inactivation, with enhanced recovery from inactivation for D1816Vfs*Td aignificant
negative shift of steady-state inactivation, prolonged time antsbf inactivation andyi.
for R1860Gfs*12.

The complex functional effects caused by the C-terminal trurgcatiutations could
be responsible for the mixed clinical picture observed, but they dxplairethe prominence
of atrial arrhythmias in patients carrying the R1860Gfs*12 nanatompared to the other
two mutations which caused atrial and ventricular arrhythmias.|@thigs to hypothesize that
the significant negative shift of steady-state inactivatiod the presence ofd. combined
with the constitutive difference in the resting membrane potergialeen atria and ventricles
could be responsible for the prominence of atrial arrhythmia infaimdy. Mimicking this
difference in HEK293 cells or using computer-model simulation evetenwore pronounced

effects of the mutant R1860Gfs*12 in the atria compared to the ventricles.

The R1860Gfs*12 biophysical defects associated with the constittg difference in
resting membrane potentials between atrium and ventricle mght induce a prominence
of atrial arrhythmias

It has been shown in both dé@fsand rabbit&* that the resting membrane potential of
atrial cells is more depolarized than ventricular cells (8386 mV). In addition, \, density
IS more important in atria than in ventricles, with an hyperp@torm of the steady-state
inactivation of -16mV’°. Moreover, the critical depolarization and current thresholds for
action potential initiation are smaller in atrial cells thanventricular cells indicating that
atrial cells are more readily excitable than ventricular She$he impact of soOmS&CN5A
mutations might thus be greater in the atria than in the vestrighel may predispose to the
development of atrial arrhythmias more readily than to ventri@rias. By measuringg in
HEK293 cells transfected with the WT and/or the R1860Gfs*12 mutantnel® and
maintained at a holding potential mimicking the resting membranentmdte of atrial or
ventricular cardiomyocytes, we demonstrated that the mutant inducadre& important
decrease iny}, at atrial potential compared to ventricular one. Moreover, thetlfiat the
steady-state inactivation of Ma5 in the atria is shifted by -16mV compared to the
ventricle4® could exacerbate this loss of current density, since aegrpaicentage of atrial

Na,1.5 channels would be inactivated at a given resting or take-off @btemtnpared to the
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ventricular N@l.5 channels. We confirmed our results by including the biophysiopkrties

of the WT and the heterozygous currents into computer-model siomsla&if single atrial and
ventricular cell membrane action potentfalsA marked decrease in AP maximum upstroke
velocity ([dV/dt]may), representing the maximum speed of depolarization, and a lengthening of
the AP duration were observed in the atrial compared to the ventricylacytes. We
hypothesized that the significant shift of steady-state wetadn leads to a severe reduction
in channel availability in atrial cardiomyocytes, which are endepolarized compared to the
ventricular ones. Compared to the mutant R1860Gfs*12, the D1816Vfs*7 mutati@rscar
have both atrial and ventricular arrhythmias. The mutant D1816Vfs*7 asede channel
availability but it also caused a significant positive shift @fvation, which is a major loss-
of-function feature, since channels are able to open at more depdlgrieentials. We
hypothesized that this positive shift of activation in the heterozygtais of the mutant
D1816Vfs*7 might lead to a marked loss @f in both atrial and ventricular cells. This effect
may account for the occurrence of atrial and ventricular #mniigs compared to the mutant
R1860Gfs*12 showing an unaffected channel activation in the heterozygtaisCienputer
modeling of the D1816Vfs*7 mutation might be needed in order to test pothesis. From

a clinical point of view, regarding the important role of,N& channels in the SAN function,
the negative shift of steady-state inactivation in the hegjgmmes state and the persistent
current could account for the sinus node dysfunction observed in the feanrlying the
R186Gfs*12 mutation. Indeed, the SAN AP model showed that the negativefssiéady-
state inactivation decreases the sinus rate, by decreasid@st@ic depolarization rate, and
the persistent current decreases the sinus rate by AP protonmgatpite the simultaneous
slight increase in diastolic depolarization fateHowever, the combination of a persistent
current and a shift of inactivation lead to a decrease in the steigand abolish the slight
increase in the depolarization rate seen with persistent catogr@. Moreover, an increase in
the persistent current above a critical level leads to agplatscillation and repolarization
failure resulting in sinus pause or arf&stin addition, the association of the prolonged time
constant of fast and slow inactivation and thg Imight cause repolarization failure, early
after-depolarizations (EADs) and delayed after-depolarizatidhaDé)*>°"*** thereby
inducing triggering activities accounting for AF. This is supported Istudy using isolated
atrial myocytes from patients with permanent AF, which shotied permanent AF is
associated with significantly greateg, decreased peakaldensity and NA..5 expressiot.

In addition, in the study of a cohort of patients with early-onsetAdfiea high prevalence of
SCN5Amutations previously associated with LQT3 have been identifiecaaliig to ...
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However, it is important to emphasize that our study in a hetenadogystem or using a
computer model, like other studies in the field, may not comple¢dlgct what happens in
the cardiomyocytes, due to the tissue specific variability of stdand interacting proteins.
Nevertheless, characterization of ion channel mutations in heterolegpusssion systems
provides information about the biophysical phenotypes possibly leadingetclinical
symptoms. Further studies are needed in a physiological envirotikeeatmouse model, or
human cardiomyocytes, in order to better understand the pathogenic yaiishelying the
disease.

A specific biophysical defect of a giv&dCN5Amutation might be able to explain the
variability in the clinical expression between different mutatidng it cannot explain the
variability in the clinical phenotypes and in the severity of tseabe among family members
carrying the same mutation. This has drawn our attention to thieigpetion of the patient’s

genetic background in the modulation of the disease phenotype.

The genetic background of theSCN5A mutation carriers could modulate the clinical
phenotype

By screening 17 SNPs linked to AF, and 3 SNPs linked to BrS ifathiy carrying
the R1860Gfs*12 mutation, we showed that the proband, who had severe SS3yamusetr
AF, was the only mutation carrier to have one at-risk alleleimvihe locus 4925 upstream of
the PITX2 gene. The 4925 variants have been widely associated with ARopent,
mainly early onset AF. This association has been replicatedny stadies>*?° and 4qg25
variants have also been reported to contribute to post-cardiac suxgéfyand to AF
recurrence after catheter ablafibhand cardioversioii®. These SNPs are located 150-kb
upstream th&ITX2 gene PITX2 encodes a homeobox transcription factor of the paired type,
which has a very important role in the left-right asymntétry?*> in the normal development
of the sinus nodé* and the pulmonary veif?, which is an important site for AF initiatiof.
Loss of thePITX2c isoform expression in mice can lead to a right atrial isaagon, a
failure to suppress the default pathway for sinus node development qfulim®nary
myocardiumt®>*%® In humans, thé®ITX2c isoform is highly expressed in the left atrium
compared to the right atrium and ventriéféslt has been demonstrated that patients with
sustained AF have decreased atR&I'’Xx2c RNA expression compared to patients in sinus
rhythnf’®, The PITX2¢" mouse model has no obvious alteration in cardiac morphology, but
does display shorter atrial AP duration, and an increased risk toopewelucible AF

compared to W¥’. In this model, a number of cellular and molecular pathways, including
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genes related to calcium ion binding, gap and tight junctions and ion tharare altered. In
addition, in atrial-specifi®ITX2 deficient mic&’®, the ECG showed evidence of AVN block
and absence of P waves, despite the presence of properly organizaadS® nodes.
Electrophysiological studies showed that the left atrium of thigise model had more
depolarized resting action potential and smaller action potertiglitude. Moreover, both
MRNA and protein levels of Kir2.1 and a5 channels were decreased in the atrial chamber.
We hypothesized that the 4925 variants could modulate the expresdioeRITX2 gene,
inducing early atrial morphological changes and further loss-of-function df Nehannels in
the proband’s atrium, accounting for the occurrence of severavBl$8F at a young age. A
recent study by Ritchiet al'®® has demonstrated that the 4q25 variants, especially rs2200733
and rs10033464, modified the clinical expression of signaling molecul®amthannel gene
mutations associated with familial AF. In this study, sevenbjexts in eleven families, in
which AF was present in two or more family members, weraudsd. Family members
shared an AF causing mutation, and the probands had lone AF. Genotypings@2ib@733
and rs10033464 SNPs was performed in the seventy subjects. Statestalgkis
demonstrated a significant association between the presence of bétivatgihts and AF
mutations in the development of AF. All these data support the hypothasi4q25 variants
could act as genetic modifiers of the clinical phenotype by modgldhe expression of
cardiac ion channels. However, there are several questions, whigim terbe answered. The
first is how these reported variants could alter the expressionrahe/ function ofPITX2.
Secondlywhether the arrhythmogenic substrate formed by the atiaratiPITX2 expression
is established during the embryonic sfdy&° or during later stages of heart
developmerif’*#> Moreover, how the 4g25 variants interact with the other AF-asedciat
variants to modulate the phenotypes, and which of these varianthenasost important
effect in AF development remain to be elucidated. Quantitattie & PITX2 mRNA using
human atrial biopsies from patients carrying the 4925 variantd t@utiseful to test if these
variants altePITX2expression.

Modulation of the phenotypic expression of ion channel gene mutations by common
genetic variants is a major focus of recent research on ttegicge of arrhythmia. Remmet
al in 2009 have demonstrated that the genetic background can modulate stsemigg®.
By comparing the phenotypic expression of 8@N5Amutation 1798insD in two different
mouse genetic backgrounds (129P2 and FVB/N), they demonstrated that tBenii2@Pad
a more severe phenotype than the FVB/N ones. Recently, GWASH&redi diseases and
traits have identified common variants (SNPs) that could modulagask susceptibility.
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Since the diagnosis of the disease is often made only when aldhmieshold is exceeded, a
large number of predisposing-variant carriers will be presenthen healthy control
population. GWAS of the intermediate phenotypes, which are traits i@gsbavith, or
predisposing to specific diseases, have proven their efficacyentifying modulating
variants with greater statistical power. Then, these identifiednta can be investigated for
their association with the disease. GWAS on ECG parametdns meneral population have
identified genetic variants modulating §%°% PR interval¥***° QRS duratiotf****and
heart rat&°°%°% These variants are not only located in, or near genes encoding ion
channels, but also in or near genes encoding transcription factore Vdréants represent
good candidates to be investigated for their contribution to spediases. Studies such as
this are starting to become more popular. Indeed, the common gen&its/at NOS1AP
modulating the QT interval in the general population were found to medhlatQT interval
duration and the risk of arrhythmias in long QT syndrddm@® Variants associated with PR
interval prolongation were also found to be associated witi°A®

GWAS have provided a huge number of SNPs that can modulate physiotogjisal
or disease development. However, the major difficulty is to linkeheariants to specific
genes, to detect the true functional variants, and to determineitiderlying mechanisms of
action. Despite these difficulties, the concept that a combinatimrefind common variants
contribute to disease development could have a significant impact amatregement of the
disease, through the identification of patients who arehaglarisk to develop disease or to

display severe phenotypes.
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CONCLUSION






Expression of disease mutations is a complex process whereactorg modulate the
functional defects caused by a given mutation to lead to a clipihElotype. In this thesis,
we characterized three mechanisms that contribute to the vigyiabilhe phenotypes caused
by mutations inNSCN5A interaction between the MNa5 a-subunits, the differences in the
constitutive electrical properties between atrial and ventricagadiomyocytes, and the
genetic background of the mutation carriers.

Many aspects of the regulation of the,N& cardiac sodium channel remain to be
elucidated, given the large number of partner proteins interactihgtiwé channel, and our
limited knowledge of itsn vivo regulation. In addition, channel regulation may vary at the
cellular level (intercalated dises lateral membranes), as well as at the tissue level, given
differences in the expression of the channel and its partners aifispmrdiac tissues
(ventricle vs atrium vs Purkinje fibers, rightvs left heart, epicardiunvs endocardium). The
classical view of sodium channelopathies, which links a single igemettation with a
specific disease, does no longer exist. Obviously, the overalttefbf any giverSCN5A
mutation should be considered in an integrated system combining thi dgaa&ground, the
alteration caused by the mutation, and the physiological cazdiamnment. Animal models
or the new approach of human induced pluripotent stem cell cardiomyamykl help us to
better understand the complexity of the cardiac pathophysiolagh &rdiomyocytes from
patients carrying common and/or rare genetic variants would usefal model to explore
how the genetic background of patients combined with the altered bicghyoperties of a

given ion channel mutation could modulate the disease phenotype.
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Résumé en francais

Titre : Nouveaux mécanismes contribuant a la variabilité phénotypiquede mutations

N- et C-terminales du canal sodique cardiague

Les mutations du geér@CN5A codant la sous-unité du canal Nacardiaque Nd.5,
sont responsables d’arythmies cardiaques héréditaires. La péeéinanmpléte observée
dans ces maladies suggere l'existence d'autres facteurs modytéuéinbtype associé a ces
mutations. Dans ce travail de these, nous avons caractérisé deatiomsuidentifiées dans
SCN5A Le mutant R104W, identifié chez un patient atteint du syndromeradga@a, est
retenu dans le réticulum endoplasmique (RE), dégradé par le protéeisabwit le courant
Na’. Co-exprimé avec le canal sauvage, R104W conduit a la rétenti@iuileicdans le RE,
résultant en un effet dominant négatif sur les canaux sauvagesamssdémontré que ce
nouveau meécanisme mettait en jeu une interaction entre les sowsseumied Ngl.5. La
mutation R1860Gfs*12 a été identifiee dans une famille présentantydesigs auriculaires.
Dans un systeme d'expression hétérologue, ce mutant induit a lanéoperte et un gain de
fonction de Nal.5. La modélisation informatique nous a permis de montrer que ladgerte
fonction était plus prononcée dans les cellules auriculairesyentéaculaires. De plus, nous
avons montré que la présence de polymorphismes en amont dBlg2alans cette famille
pouvait expliquer la variabilité des phénotypes observés. En conclusitaratition entre les
sous-unités. de Nal.5, les propriétés électriques différentes entre oreilletterdticule et la
présence de polymorphismes chez les patients porteurs de musiNBésont des facteurs
importants dans linterprétation des effets fonctionnels de ceations, contribuant a la

variabilité phénotypique des canalopathies.Na

Mots Clés : Arythmie, Syndrome de Brugada, Fibrillation auriculaire,,]N&, SCN5A
PITX2 Polymorphisme



