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Abstract
Sudden arrhythmic death syndrome (SADS) in young individuals is a devastating and tragic event often caused by an undiag-
nosed inherited cardiac disease. Although post-mortem genetic testing represents a promising tool to elucidate potential disease-
causing mechanisms in such autopsy-negative death cases, a variant interpretation is still challenging, and functional conse-
quences of identified sequence alterations often remain unclear. Recently, we have identified a novel heterozygous missense
variant (N1774H) in the Nav1.5 channel-encoding gene SCN5A in a 19-year-old female SADS victim. The aim of this study was
to perform a co-segregation analysis in family members of the index case and to evaluate the functional consequences of this
SCN5Avariant. Functional characterization of the SCN5AN1774H variant was performed using patch-clamp techniques in TsA-
201 cell line transiently expressing either wild-type or variant Nav1.5 channels. Electrophysiological analyses revealed that
variant Nav1.5 channels show a loss-of-function in the peak current densities, but an increased late current compared to the
wild-type channels, which could lead to both, loss- and gain-of-function respectively. Furthermore, clinical assessment and
genetic testing of the relatives of the index case showed that all N1774H mutation carriers have prolonged QT intervals. The
identification of several genotype and phenotype positive family members and the functional implication of the SCN5AN1774H
variant support the evidence of the in silico predicted pathogenicity of the here reported sequence alteration.
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Co-segregation analysis

Introduction

Sudden death in the young is a devastating and tragic event.
Although a comprehensive medico-legal investigation can iden-
tify a clear cause of death in the majority of these cases, up to
30 % of the death remain elusive and are therefore termed as
sudden unexplained death [1, 2]. A significant percentage of
these young sudden death victims are caused by lethal and po-
tentially heritable cardiac channelopathies or cardiomyopathies,
not detectable during conventional autopsy procedures, so-called
sudden arrhythmic death syndrome (SADS) [3]. In the last years,
several studies applying whole-exome sequencing (WES) and
targeted gene analysis identified underlying cardiac diseases in
up to 30 % of sudden unexplained death cases [4–10], demon-
strating the importance of post-mortem genetic testing in other-
wise autopsy-negative unexplained death cases. Nowadays, the
challenge of a molecular autopsy is not the identification of var-
iants, but the interpretation of the vast amount of data. Accurate
variant classification is crucial to enable proper counselling of
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surviving family members [11]. Erroneously or prematurely ad-
judicating ambiguous variants as pathogenic has the potential to
unsettle patients and their families [12]. Consequently, co-
segregation studies and in vitro functional validation assays are
strongly required for an evidence-based classification of the path-
ogenicity of variants [13].

Recently, we have identified a novel heterozygous mis-
sense variant in the sodium voltage-gated channel α-subunit
type 5 encoding gene SCN5A in a 19-year-old female SADS
victim [14]. In this case report, the aim was to perform a co-
segregation analysis in family members and to evaluate the
functional consequences of the SCN5A N1774H variant by
electrophysiological recordings.

Materials and methods

Ethical approval for this study was provided by the Cantonal
Ethics Committee Zurich (KEK-ZH-Nr. 2013-0086), and the
study was conducted in full conformance with the principles
of the “Declaration of Helsinki” and with Swiss laws and
regulations. All available family members signed an informed
consent form for co-segregation analysis and gave approval
for publication of this case report (Cantonal Ethics Committee
Bern (KEK-BE-Nr. 2016-01602)).

Index case

A 19-year-old woman (weight, 68.4 kg; height, 179 cm;
European origin) gave birth to her first child 2 months before
she died. She had a minor cough but was otherwise healthy
when she suddenly collapsed at her home. The ambulance
transferred her to the hospital where, after the diagnosis of
irreversible brain damage, life-sustaining measures were
stopped. A comprehensive autopsy investigation was per-
formed at the Zurich Institute of Forensic Medicine in
Switzerland, according to standard forensic procedures, in-
cluding pharmacological, toxicological and histopathological
screening tests. Autopsy investigation showed a broadening
and fat-infiltrated right ventricle and the heart was slightly
enlarged (300 g). Pharmacological-toxicological screening
tests were negative for drugs and alcohol.

Post-mortem genetic testing (whole-exome sequencing,
WES) of the 19-year-old woman has previously been per-
formed within a proof-of-concept study of five young sudden
unexplained death cases [14]. The deceased carried a sequence
variant in the C-terminus of SCN5A (NM001099404.1,
Chr3:g.38592543T>G, c.5320A>C, N1774H), which was not
previously reported in the literature or in public population
databases (Fig. 1). The variant was evaluated according to the
recommendations of the American College of Medical
Genetics (ACMG) standards and guidelines for the interpreta-
tion of sequence variants [13]. Several in silico protein

prediction tools (SIFT, MutationTaster, Poly-Phen2, MAPP,
Grantham distance score, and AGVGD) predicted the amino
acid replacement as probably damaging to the protein structure
and function. In addition, the variant is located in a highly
conserved region across several species. The SCN5A sequence
alteration was classified as a variant of unknown significance
(VUS), as co-segregation and functional studies had not yet
been performed. A second missense variant was located in
SCN5A (NM_001099404.1, rs1805124, c.1673A>G,
H558R). This variant is described as a disease-associated poly-
morphism with conflicting pathogenicity [15]. Both SCN5A
variants have been submitted to the Leiden Open Variation
Database (ID: 00225626) (https://databases.lovd.nl/shared/
individuals/00225626).

Mutagenesis

The variant SCN5A N1774H and the deletion of the three
amino acids 1505-KPQ-1507 (ΔKPQ) were generated using
the plasmid coding for the human Nav1.5 channel and the
commercial mutagenesis kit Q5® Site-Directed Mutagenesis
Kit from New England BioLabs®inc according to the manu-
facturer’s protocol. The ΔKPQ mutation was used as a posi-
tive control due to the described conduction abnormalities
leading to QTc prolongation [16]. All the variants were veri-
fied by sequencing of the full-length coding sequence.

Cell culture and transfection

TsA-201 cells (ATCC: 96121229) were cultured at 37 °C with
5%CO2 inDMEMmedium (Gibco, Fisher Scientific, Zurich,
Switzerland) and 10 % heat-inactivated foetal bovine serum.
For electrophysiological experiments, TsA-201 cells up to
passage P20 were transiently transfected with 600 ng cDNA
plasmids of interest in 35-mm petri dishes by using JetPEI
(Polyplus, 101-10N). The cDNA plasmids of interest were
human voltage-gated cardiac sodium channel hSCN5Awild-
type (WT), hSCN5A ΔKPQ and hSCN5A N1774H. For the
electrophysiological recordings, to mimic the homozygous
state, TsA-201 cells were transfected either with hSCN5A
WT or N1774H. To mimic the heterozygous state, cells were
co-transfected with hSCN5A WT and N1774H at a ratio of
1:1. Additionally, all transfections included 300 ng pIRES-
hβ1-CD8 cDNA, encoding the hβ1 subunit and CD8 antigen
as a reporter gene. The ratio of JetPEI and total cDNAwas 1:3.

Electrophysiological recordings

Patch-clamp recordings, in a whole-cell configuration, were
performed at room temperature (24 ± 1 °C) in transiently
transfected TsA-201 cells. The VE-2 amplifier (Alembic
Instruments Inc., Montreal, Canada) was used for the main
biophysical properties (I–V relationship, activation, and
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steady-state inactivation) in the homozygous state and the
Axopatch 200B amplifier (Molecular devices, Berkshire,
United Kingdom) for the late current recordings. The same
Axopatch amplifier was used for the main biophysical prop-
erties in the heterozygous state. Currents were filtered at 5 kHz
with the Hum Bug lowpass filter (Quest Scientific, North
Vancouver, Canada).

For the main biophysical properties in the homozygous
state, TsA-201 cells were bathed with a solution containing
50 mmol/L NaCl, 80 mmol/L NMDG-Cl, 2 mmol/L CaCl2,
1.2 mmol/L MgCl2, 5 mmol/L CsCl, 10 mmol/L HEPES and
5 mmol/L glucose (pH was adjusted to 7.4 with CsOH).
Pipettes (tip resistance 1.5 to 2.5 MΩ) were filled with a so-
lution containing 60 mmol/L CsCl, 70 mmol/L Cs-Asp,
1 mmol/L MgCl2, 10 mmol/L HEPES, 11 mmol/L EGTA
and 5 mmol/L MgATP (pH was adjusted to 7.2 with CsOH).

For the late current, TsA-201 cells were bathedwith a solution
containing 130 mmol/L NaCl, 5 mmol/L CaCl2, 1 mmol/L
MgCl2, 5.6 mmol/L CsCl, 10 mmol/L HEPES and 11 mmol/L
glucose (pH was adjusted to 7.4 with NaOH). Pipettes (tip resis-
tance 1.5 to 2.5 MΩ) were filled with a solution containing
60 mmol/L CsCl, 70 mmol/L Cs-Asp, 1 mmol/L MgCl2,
10 mmol/L HEPES, 11 mmol/L EGTA and 5 mmol/L MgATP
(pH was adjusted to 7.2 with CsOH). For the main biophysical
properties in the heterozygous state, the bath solution contained
25 mmol/L NaCl, 105 mmol/L NMDG-Cl, 2 mmol/L CaCl2,
1.2 mmol/L MgCl2, 5 mmol/L CsCl, 10 mmol/L HEPES and
5 mmol/L glucose (pH was adjusted to 7.4 with CsOH). Pipettes
(tip resistance 1.5 to 2.5 MΩ) were filled with the same solution
as described earlier.

Data were acquired and analysed with the Axon™
pCLAMP™ 10 Electrophysiology Data Acquisition &
Analysis Software, Version 10.7.0.3 (Axon Instruments,
Union City, CA, USA) and GraphPad Prism 7, version 7.01
(GraphPad Software, San Diego, CA, USA).

Sodium current densities (pA/pF)were calculated dividing the
peak current by the cell capacitance. I–V relationship (IV) were
fitted with the following equation: y = (Gmax(Vh-Vrev,Na))/(1 +
exp.[(Vh–V50)/k]), in which y is the normalized peak current

(pA/pF) at a given holding potential (Vh), V50 is the voltage at
which half of the channels are activated, k is the slope factor and
Gmax is the maximum conductance. Steady-state activation
(SSA) and steady-state inactivation (SSI) curves were fitted with
the following single Boltzmann equation: y = 1/(1 + exp.[(Vh–
V50)/k]), in which y is the normalized conductance (SSA) or
peak current (SSI) at a given holding potential (Vh), V50 is the
voltage at which half of the channels are activated (V50, act) or
inactivated (V50, inact) respectively, and k is the slope factor.

A late sodium current percentage was calculated by dividing
the non-tetrodotoxin subtracted inward current at a 200-ms post-
stimulation by the peak current value. The protocol performed to
quantify the late sodium current has been previously published to
investigate sodium channel gating under non-equilibrium condi-
tions [17]. This protocol consists of a single sweep containing a
step pulse from the holding potential at − 100 mVuntil + 20 mV
during 100 ms. Then a ramp from + 20 mV until − 100 mV
during 100 ms. Ten sweeps have been averaged. The time be-
tween each sweep was 3 s. The late current has beenmeasured at
the end of the step pulse (corresponding at 200 ms) and divided
by the peak current recorded at the beginning of the step pulse.

Cell surface biotinylation assay

Following 48 h of incubation, transiently transfected TsA-201
cells were treated with 0.5 mg/ml EZ-link™ Sulfo-NHS-SS-
Biotin (BioVision, 2323-100) diluted in cold 1× PBS for
15 min at 4 °C. Then the cells were washed twice with
200 mM glycine in cold 1× PBS and twice with cold 1× PBS
to inactivate and remove the remaining biotin, respectively. The
cells were lysed for 1 h at 4 °C with 1× lysis buffer consisting of
(50 mM HEPES (pH was adjusted to 7.4), 150 mM NaCl,
1.5 mM MgCl2, 1 mM EGTA (pH 8); 10% glycerol, 1 %
Triton X-100, 1× Complete Protease Inhibitor Cocktail (Roche,
34,045,200). Cell lysates were centrifuged at 13,200 rpm at 4 °C
for 15min. Twomilligrammes of the supernatant were incubated
with 50 μl Streptavidin Sepharose High Performance beads (GE
Healthcare, 17-5113-01) for 2 h at 4 °C. The beads were subse-
quently washed three times with 1× lysis buffer and eluted at

Fig. 1 Genetic analysis of the SCN5A N1774H variant. a Sanger sequencing of the C-terminus of SCN5A confirms the presence of a novel missense
variant in the index case resulting in the N1774H substitution. b The topology of the Nav1.5 channel and the position of the variant
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37 °C for 30 min with 30 μl of 2× NuPAGE sample buffer
(Invitrogen, NP0007) plus 100 mM DTT. The input fractions
were re-suspended with 4× NuPAGE Sample Buffer plus
100 mMDTT, yielding a final protein concentration of 2 mg/ml,
and then incubated at 37 °C for 30 min.

Western blot

Protein samples were loaded on precast 4–12 % Bis-Tris poly-
acrylamide gradient gels (Invitrogen, NP0322BOX), transferred
with the Trans-Blot Turbo Transfer system (Bio-Rad, Cressier,
Switzerland) and detected by the SNAP i.d.® 2.0 detection sys-
tem (Millipore, C73105) with the following antibodies: anti-α-
actin (Sigma, A2066), anti-Nav1.5 (peptide sequence NH2-
DRLPKSDSEDGPRALNQLSC-CONH2 generated by Pineda,
Berlin, Germany) and anti-Na/K ATPase (Abcam, ab7671). All
pictures were taken by the Li-Cor Odyssey Infrared Imaging
System (LI-COR Biosciences GmbH, Bad Homburg,
Germany) and further processed with the Li-Cor Image Studio
Software lite v.5.2 (LI-COR Biosciences GmbH).

Data analysis and statistical methods

Whole-cell patch-clamp samples were collected on at least
three individual transfections. The investigator was sightless

to the samples before the data was analysed. A second inves-
tigator re-produced the results using blinded samples. Data are
presented as the mean ± SEM. A statistical significance was
calculated with the GraphPad Prism 7, version 7.01
(GraphPad Software) by either a two-tailed Student t test or
ANOVA, as applicable. P < 0.05 was considered significant.

Results

Clinical assessment and genetic testing in family
members

Further clinical analyses and genetic testing were performed in
relatives of the index case (Fig. 2a). Themother of the index case
(II.1) is an asymptomatic mutation carrier who does not exhibit
the phenotype in the ECG at rest. The toddler (IV.1) of the young
woman has a QTc prolongation of 495 ms during sleep, but the
echocardiogram is normal (Fig. 2b). The brother of the deceased
(III.2), also an asymptomatic mutation carrier, exhibits important
QTc prolongation at night (QTc 500–540 ms) (Fig. 2c). Further
inquiry in the family revealed that a maternal aunt (II.2) of the
index case is an asymptomatic mutation carrier with a history of
palpitations, a prolonged QTc of 560 ms in the ECG and inter-
mittent atrioventricular block (AVB) Mobitz II (Fig. 2d). One of

a

b

c

e

f

d

Fig. 2 Pedigree and ECG’s of the investigated family. a Four-generation
pedigree showing the individuals evaluated and the genotype or
phenotype observed. Red arrow: initial index case, in which the SCN5A
N1774H variant was detected for the first time. QTc values are shown
below each individual. Ages at clinical evaluation are shown above each
individual. A single asterisk indicates age at sudden death. b-f 12-lead

resting ECG (sweep speed 25 mm/s, 10 mm/mV) of b the son (IV.1) of
the index case, c the brother (III.2), d the aunt (II.2), e the cousin (III.4)
and f the second cousin (III.5). SCD, sudden cardiac death; mo, months.
(For interpretation of the references to colour in this figure legend, the
reader is referred to the online version of the article)
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her daughters (III.3) died suddenly at the age of 11 while
climbing up a bar during school sports classwithout any previous
symptoms or any suspected diseases. Post-mortem examination
designated the case as an autopsy-negative sudden unexplained
death. Unfortunately, there was no more tissue available to per-
form genetic testing for this study. This aunt (II.2) has two more
daughters and one son, all asymptomatic. The son (III.4), al-
though asymptomatic until now, is a carrier of the sequence
alteration and exhibits significant QTc prolongation, particularly
at night, with measurements reaching 600 ms (Fig. 2e). One of
the two daughters (III.5), also a mutation carrier, exhibits QTc
prolongation of 510 ms (Fig. 2f). The other daughter (III.6) does
not carry the variant and the QTc is normal. Due to the high risk
of sudden cardiac death in individuals II.2, III.4 and III.5, a
cardiac implantable defibrillator was offered and implanted as
primary prevention.

SCN5A N1774H decreases peak current density
but increases late current

In the homozygous state, the TsA-201 cell line transiently
transfected with N1774H variant reveals a significant de-
crease (around 48 %) of the peak current densities mediat-
ed by the variant compared to the WT (Fig. 3a, b; Table 1).
In addition, main biophysical properties of N1774H
(steady-state inactivation (SSI) and activation (SSA)

curves) are significantly shifted compared to Nav1.5 WT
channels (Fig. 3c; Table 1). The SSI curve of N1774H is
significantly shifted by − 3.5 mV in a hyperpolarizing di-
rection, while the SSA curve is shifted by + 3.8 mV in a
depolarizing direction.

To mimic the heterozygous state, the co-transfection of the
Nav1.5 WTand N1774H was performed at the ratio of 1:1. In
the same experiment, we also repeated the transfection with
either Nav1.5 WT or N1774H. In this case, the peak current
densities have been recorded with a lower sodium ion concen-
tration (25 mmol/L instead of 50 mmol/L) in the bath solution
due to the high sensitivity of the amplifier. Consistent with the
results in the homozygous state, the peak current densities of
homozygous N1774H revealed a significant decrease (around
37 %) compared to Nav1.5 WT, but no significant difference
was observed betweenWTand the co-expressedWT/N1774H
condition (Fig. 4a, b, and d; Table 2). These results suggest
that the N1774H variant does not mediate a dominant negative
effect on Nav1.5 WT channels. Moreover, the SSI curve of
N1774H is shifted by − 1.4 mV in a hyperpolarizing direction,
while the SSA curve is shifted by + 2.1 mV in a depolarizing
direction compared toWT (Fig. 4c). However, these shifts are
not statistically significant probably due to our experimental
conditions (e.g. smaller sodium current). Altogether, the var-
iant N1774H consistently shows a decrease of the sodium
current densities without a dominant negative effect.

Fig. 3 a Representative whole-cell INa traces showing the decrease of
current density with the Nav1.5 N1774H variant compared to WT. b
Current-voltage relationships (I/V) in cells transfected with either WT
(white circles) or Nav1.5 N1774H variant (black circles) of sodium

channels (*; p < 0.05). c Steady-state inactivation (SSI, left) and
activation (SSA, right) curves of either WT (white symbols) or Nav1.5
N1774H variant (black symbols) of sodium channels (*; p < 0.05). The
number of cells is indicated in parentheses
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Interestingly, late sodium current measurements using the
non-equilibrium protocol highlight the increase of a persistent
inward current with the variant N1774H (+ 363 %) compared
to wild-type channels as also observed with the canonical muta-
tion ΔKPQ used as a positive control (+ 903 %) (Fig. 5a, b).

The presence of persistent current in combination with the
decrease of the peak currents suggest that the variant N1774H
leads to a decrease in the peak current densities but increased
the late current in the TsA-201 cell model.

N1774H has a decreased protein expression

To understand the underlyingmechanism of theN1774H variant,
we analysed the total Nav1.5 protein expression in the total input

and the surface biotinylated fraction using cell surface biotinyl-
ation assay and western blot. We observed that both Nav1.5 WT
and N1774H are expressed in the transient transfected TsA-201
cells. The total N1774H protein expression was reduced signifi-
cantly by 51 %, and its surface expression by 24 % compared to
WT (Fig. 6a, b and Supportive Figure 1). Taken together, the
N1774H variant shows a decreased protein expression.

Discussion

In this case report, we describe the functional consequences of a
novel SCN5A variant N1774H, detected in the intracellular C-
terminus region of Nav1.5, initially diagnosed in a 19-year-old

Fig. 4 a Representative whole-cell INa traces recorded from TsA-201
cells transiently transfected with Nav1.5 WT, N1774H or co-transfected
with Nav1.5 WT/N1774H. b I/V curves show the current density and
voltage relationship of the three listed conditions. c Steady-state

inactivation (SSI, left) and activation (SSA, right) obtained using the
Boltzmann equation. The whole-cell patch-clamp protocols are illustrated
under the respective curves. d Peak current density of each condition.
Data are presented as mean ± SEM, *p < 0.05. ns, not significant

Table 1 Biophysical properties of the homozygous state Nav1.5 WT and Nav1.5 N1774H variant

Sodium current density Steady-state inactivation Activation curve

INa (pA/pF) k V1/2 (mV) k V1/2 (mV)

Nav1.5 WT − 321 ± 75 (n = 11) 5.2 ± 0.1 (n = 12) − 78.7 ± 0.7 (n = 12) 6.1 ± 0.2 (n = 11) − 29.0 ± 0.7 (n = 11)

Nav1.5 N1774H − 165 ± 30 (n = 12) 5.8 ± 0.1 (n = 10) − 82.5 ± 0.8 (n = 10) 7.0 ± 0.2 (n = 12) − 25.5 ± 0.8 (n = 12)

P value * ** ** ** **

*p < 0.05, **p > 0.01; wild-type versus Nav1.5 N1774H variant. The number of cells is indicated in parentheses
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female SADS victim. The electrophysiological characterisation
revealed a significant loss-of-function for the peak current densi-
ty but an increased late current compared toNav1.5WTchannels.
The main clinical phenotype observed in this family was long
QTsyndrome (LQTS), which might be due to the increase of the
late sodium current. Moreover, one patient exhibited also AVB
Mobitz II, which can be the consequence of a loss-of-function
mediated by the N1774H variant. We showed the co-segregation
with the disease and channel function affection, which will re-
classify the variant as likely pathogenic, based on the ACMG
guidelines.

In general, phenotypes in SCN5Amutation carriers are highly
diverse, which in part can be explained by the fact that different
biophysical aspects of the channel could be affected by the var-
iant, leading to various arrhythmia syndromes such as long QT
syndrome type 3 (LQT3), Brugada syndrome (BrS), conduction
disease, sick sinus syndrome, atrial fibrillation, atrial standstill
and sudden infant death syndrome [18, 19]. It is interesting that
several sequence alterations in the C-terminus region of Nav1.5
display mixed phenotypes, known as cardiac sodium channel
overlap syndromes [20]. The most common mutation in
SCN5A associated with BrS and LQT3 is the E1784K variant
and is classically associated with both phenotypes in vitro and
clinically [21, 22]. Another amino acid replacement N1774D at
the same position as the here investigated variant N1774H has
recently been described in a 1-day-old boy with a prolonged
heart rate corrected QT intervals (QTc) of 680 ms and familial
history of sudden death in infancy [23]. Functional characteriza-
tion of N1774D displayed tetrodotoxin-sensitive-persistent late
sodium current leading to a gain-of-function. In addition, the
same amino acid replacement has been reported in a male foetus
with typical clinical signs of LQT3 involving convulsion, ven-
tricular tachycardia, torsade de pointes, AVB and QTc interval of
670 ms [24]. Also in the C-terminus, very close to our reported
variant, is the founder mutation SCN5A-1795insD reported in
several Dutch families, characterised by electrocardiographic fea-
tures of LQTS, BrS and/or progressive cardiac conduction de-
fects [25]. However, it is still unclear why some variant carriers
exhibit predominantly one phenotype despite that in vitro both
are equally important. Usually, LQTS is the predominant pheno-
type, whereas BrS appears with age [26]. These cardiac sodium
channel overlap syndromes have important therapeutic implica-
tions since some patients with a gain-of-function phenotype may
benefit from sodium channel blockers treatment, whereas pa-
tients hosting variants exhibiting a loss-of-function phenotype
in vitro may have a higher risk to develop arrhythmias when
treated with sodium channel blockers [27, 28].

This case report of a young SADS victim illustrates the im-
portance of post-mortem genetic testing in combination with
family screening and functional characterization of the identified
variant in order to understand the underlying mechanism possi-
bly leading to the sudden death event. Notably, many variants,
which were initially reported as pathogenic, may have beenTa
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classified erroneously and show only little or no functional ef-
fects [29]. Furthermore, accurate investigations are crucial to
identify additional family members at risk in whom death-
predisposing disorders had remained unrecognized so far.

The patch-clamp analysis of Nav1.5 N1774H showed a loss-
of-function in peak current densities. The hyperpolarizing shift
in SSI and the depolarizing shift in SSA curves indicate that less
N1774H channels are available compared to Nav1.5 WT at a
given test potential. The loss-of-function in the peak current

densities is consistent with our biochemistry experiment results,
in which N1774H shows a decreased protein expression in TsA-
201 cells. This indicates that the underlying mechanism of the
loss-of-function is due to the decreased N1774H protein expres-
sion. Furthermore, N1774H does not negatively regulate the
channel function when co-expressed with Nav1.5 WT, suggest-
ing that N1774H exerts no dominant negative effect [30].
Nevertheless, we also observed an increased late current in
N1774H compared toWTchannels. The underlyingmechanism

Fig. 6 Nav1.5 protein expression analysis. TsA-201 cells were transiently
transfected with Nav1.5 WT and N1774H. a Upper panel: statistical
analysis of western blots with input showed that the Nav1.5 protein
expression of N1774H was significantly decreased compared to WT;
lower panel: representative western blot with input. b Upper panel:
statistical analysis of western blots with surface showed that the Nav1.5
protein expression of N1774H was significantly decreased compared to

WT; lower panel: representative western blot with the surface. Data are
represented as relative Nav1.5 protein expression ± SEM. ***p = 0.0002
and p = 0.0319. Sodium potassium ATPase (Na/K) served as a positive
loading control in both total cell lysates (input) and in surface biotinylated
fraction (surface). Actin served as a positive loading control in input and
at the same time as a negative loading control in the surface

Fig. 5 a Representative whole-cell INa traces showing the late current
using non-equilibrium protocol with the Nav1.5 N1774H and ΔKPQ
variants compared to WT. b Dot plot showing the significant increase,
compared toWTcondition (white circles), of the persistent current due to

either the deletion of KPQ amino acid (black triangles) or the point mu-
tation of the Nav1.5 channel N1774H (black circles) (*; p < 0.05). The
number of cells is indicated in parentheses
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of the increased late current has been reported as the physiolog-
ical modulator alterations such as Ca2+, calmodulin and phos-
phorylation [31]. A recent publication shows strong evidence
that the increased late current is due to the impaired Nav1.5 C-
terminus to the inactivation gate by disease-causing mutations
[32]. Taken together, our data strongly suggest that N1774H
may lead to a potential overlap syndrome.

Based on the limitations due to the experimental model
used in this investigation (TsA-201 cell line), the functional
consequences of this variant in native cardiomyocytes might
be different. In fact, in cardiac cells, contrary to the TsA-201
cell line, Nav1.5 channels are mainly expressed in specific
structures within macro-molecular complexes allowing spe-
cific regulation of the voltage-gated sodium channel. Further
investigations using another model close to cardiomyocytes
such as cardiomyocytes derived from induced pluripotent
stem (iPS) cells from the patients could be an alternative to
decipher how pathogenic this variant is. Another limitation is
that the second SCN5Avariant H558R was not included in the
electrophysiological experiments with N1774H. Although
H558R is the most common polymorphism in SCN5A, the
role of this polymorphism on other variants within SCN5A is
not fully understood [15]. Some studies have shown mitigat-
ing or aggravating effects on other mutations. Other studies
did not show significant effects on the phenotype of SCN5A-
E161K and SCN5A-E1784K carriers [21, 33]. Nevertheless,
additional investigations are required to further validate the
possible influence of the H558R polymorphism on N1774H.

Conclusion

We conclude that there is strong clinical evidence and in vitro
functional data to consider the reported SCN5A variant
N1774H as disease-causing, with a predominant clinical phe-
notype of long QT syndrome and sudden cardiac death.
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