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Abstract Brugada syndrome (BrS) is characterized by
ST-segment elevation in the right precordial leads and is
associated with increased risk of sudden cardiac death. We
have recently reported families with BrS and SCN5A
mutations where some affected members do not carry the
familial mutation. We evaluated the involvement of addi-
tional genetic determinants for BrS in an affected family.
We identified three distinct gene variants within a family
presenting BrS (5 individuals), cardiac conduction defects
(CCD, 3 individuals) and shortened QT interval (4
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individuals). The first mutation is nonsense, p.Q1695%,
lying within the SCN5A gene, which encodes for Nay1.5,
the o—subunit of the cardiac Na* channel. The second
mutation is missense, p.N300D, and alters the CACNAIC
gene, which encodes the o—subunit Cay 1.2 of the L-type
cardiac Ca*" channel. The SCN5A mutation strictly seg-
regates with CCD. Four out of the 5 BrS patients carry the
CACNAIC variant, and three of them present shortened QT
interval. One of the BrS patients carries none of these
mutations but a rare variant located in the ABCC9 gene as
well as his asymptomatic mother. Patch-clamp studies
identified a loss-of-function of the mutated Cay/1.2 channel.
Western-blot experiments showed a global expression
defect while increased mobility of Cay 1.2 channels on cell
surface was revealed by FRAP experiments. Finally,
computer simulations of the two mutations recapitulated
patient phenotypes. We report a rare CACNAIC mutation
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as causing BrS and/or shortened QT interval in a family
also carrying a SCN5A stop mutation, but which does not
segregate with BrS. This study underlies the complexity of
BrS inheritance and its pre-symptomatic genetic screening
interpretation.

Keywords Sudden cardiac death - Brugada Syndrome -
Genetics - SCN5A - CACNAIC

Introduction

Sudden cardiac death (SCD) is a leading cause of mortal-
ity, with an incidence close to 1 per 1,000 inhabitants each
year in Western societies. In most cases, SCD results from
ventricular fibrillation, occurring as the initial manifesta-
tion of a previously ignored cardiovascular disease. How-
ever, in 5-10 % of cases, SCD occurred in the absence of
ischemic or identifiable structural heart disease [9]. Among
these cases, an 18 % prevalence of a family history of
premature sudden death and unexplained accidents has
been estimated, raising the possibility of underlying heri-
table cardiac disease [2]. Among these disorders, Brugada
Syndrome (BrS) is characterized by a specific electrocar-
diographic (ECG) pattern of “coved-type” ST-segment
elevation in the right precordial leads (above 2 mm) and
associated with high risk of SCD before the age of 50 [7,
25]. BrS, the prevalence of which is estimated from 1 to 5
in 10,000 in Western countries to 12 in 10,000 in Southeast
Asia [11], was originally described as a monogenic disease
with autosomal dominant transmission.

Most mutations identified to date reside in SCN5A, the
gene encoding Nay1.5, the o-subunit of the major cardiac
sodium channel. These mutations are usually private and
induce a loss of function of Nay1.5. However, SCN5A
mutations are detected in only 20-25 % of BrS patients
[11] and are characterized by a low penetrance (~20 %)
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when found in large affected families [27]. SCN5A muta-
tions have also been associated with other cardiac electrical
anomalies, as long-QT syndrome type 3, conduction dis-
ease and sinus node dysfunction [4, 30, 34]. The same
SCN5A mutation can lead to different cardiac arrhythmia
phenotypes in the same family or even in a single patient,
suggesting that genetic background and environment could
play an important role in the occurrence of BrS [26, 32].
Furthermore, we have recently showed that in a subset of
BrS families apparently segregating a SCN5A gene defect
with proven pathogenicity, some BrS patients do not carry
the SCN5A mutation, suggesting that this gene defect is not
directly causal to the BrS occurrence [27].

Loss-of-function mutations in CACNAIC and CACNB2
genes encoding Cay1.2 and CayP2, the o and regulatory
subunits of the L-type calcium channel, respectively, have
been associated with a combination of BrS phenotype and
shortened QT interval [1]. Other genes have been linked to
BrS but their prevalence remains low [5].

Here we report a family with BrS, in which one stop-
mutation has been found in SCN5A but does not segregate
with BrS. Further genetic investigations revealed a loss-of-
function mutation in CACNAIC, carried by four family
members presenting BrS and shortened QT interval dura-
tion. However, we found one member affected by BrS who
does not carry any of the mutations but in which we
detected a variant of ABCC9, recently described as BrS
susceptibility gene [16]. Our results, in line with recent
reports on other familial cases, indicate that BrS is a rather
complex disease, with multifactorial inheritance.

Methods
Patient phenotyping

This study conforms to the Declaration of Helsinki. It was
conducted in accordance with the French guidelines for
genetic research and with the approval of the local medical
ethics committees. Informed written consent was obtained
from all patients. Baseline 12-lead ECGs were recorded at
a paper speed of 25 mm/s. According to the current
guidelines, BrS-ECG was defined as an ST-segment ele-
vation with type-1 morphology >2 mm in, at least, 1 lead
among the right precordial leads V1, V2, positioned in the
2nd, 3rd or 4th intercostal space, occurring either sponta-
neously or after provocative drug test with intravenous
administration of Class I antiarrhythmic drugs [25].
Ajmaline (1 mg/kg body weight) was used for drug testing.
An electrophysiological study (EPS) was carried out in
selected cases. Echocardiography, chest roentgenogram
and exercise testing excluded any underlying structural
heart disease. Laboratory tests excluded acute ischemia and
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metabolic or electrolyte disturbances. ECG parameters
were assessed: heart rate (HR), PQ interval in lead II, QRS
duration, maximal ST elevation in right precordial leads
and QTc duration in V4 (Bazett formula), blinded to the
genetic status.

Genetic analysis

Genomic DNA was extracted from peripheral blood leu-
kocytes using standard protocols. All SCN5A and CAC-
NAIC coding regions and exon boundaries were sequenced
for individual III-2 (Fig. 2a). Coding and splice-sites
regions of SCN5A, KCNH2, GPDIL, CACNAIC, CAC-
NB2b, SCNIB, KCNE3, SCN3B, MOG1, KCNE5, KCND3
and ABCC9 were sequenced for individuals II-2 and 1I-3
(Fig. 2a). DNA variants were considered as disease-caus-
ing rather than polymorphisms if: (1) absent in >190
Caucasian control alleles and in the 1,000 Genomes exome
database (http://www.1000genomes.org) (2) below 1 % in
the Exome Variant Server (EVS) of the NHLBI Exome
Sequencing Project, as EVS includes patients with cardiac
diseases  [http://evs.gs.washington.edu/EVS/  (02-2013
accessed)] and (3) present in highly conserved regions.
Gene mutations were annotated based on the following
cDNA reference sequences from Ensembl: SCNS5A,
ENST00000413689; CACNA1C, ENST00000399655.

cDNA constructs

The four pcDNA3 plasmids containing the cDNA of
human CACNAIC with exon 8, CACNAIC with exon 8A
fused with the yellow fluorescent protein (clone (EYFP)-
NoalC,77), CACNB2b, or CACNA2D1, were gifts from Drs
Nikolai Soldatov (NIH, Baltimore, MD, USA) and Charles
Antzelevitch (Masonic Medical Research Laboratory,
Utica, NY, USA). For CACNAIC mutation, site-directed
mutagenesis was performed with QuickChange II XL site-
directed (Stratagene, CA, USA) on pcDNA3-CACNAIC
and pcDNA3-CACNAIC clone [(EYFP)NalC,77] accord-
ing to the manufacturer’s instructions. The constructs were
re-sequenced to ensure that there was no other mutation.

Transfections

The African green monkey kidney fibroblast-like cell line
(COS-7) was obtained from the American Type Culture
Collection and cultured as previously described [3]. For
electrophysiology and biochemistry experiments, the cells
were co-transfected using FuGene6 (Roche Diagnostics,
USA) with a 1:1:1 molar ratio of WT or mutant human
CACNAIC, WT CACNB2b and WT CACNA2D] plasmids
(1 pg of each subunit plasmid). In addition, 0.4 pg of
plasmid encoding CD8 antigen was added to all

transfections as a reporter gene. For confocal microscopy,
the cells were co-transfected with the EYFP-tagged WT or
mutant human CACNAIC cDNA-containing plasmids.
Cells were used 72-96 h after transfection. The ratio
cDNAs/FuGene6 was 3.4 pg cDNA/7.5 pL. FuGene6.
Previous studies have shown that neither the fused yellow
fluorescent protein [(EYFP)NolC,77] nor the exon 8A
influenced Cay1.2 channel expression [18].

Electrophysiology

Whole-cell currents were recorded using the patch-clamp
technique (24 °C). The cells were continuously superfused
with Tyrode solution containing (in mmol/L): NaCl 145, KC1
4,MgCl, 1, CaCl, 1, HEPES 5, glucose 5, pH adjusted to 7.4
with NaOH. Wax-coated pipettes (tip resistance: 1.8 to
3 MQ) were filled with intracellular medium containing (in
mmol/L): CsCl 130, HEPES 10, EGTA 10, CaCl, 2, MgCl,
1, MgATP 4, TrisGTP 0.3, pH adjusted to 7.2 with CsOH.
Transfected cells were detected using Dynabeads® CD8
(Invitogen, Life Technologies). During data recording, the
studied cell was locally superfused with extracellular med-
ium containing (in mmol/L): NaCl 135, TEACI 20, HEPES
10, MgCl, 1, CaCl, 2, mannitol 20, pH adjusted to 7.3 with
NaOH. All products were purchased from Sigma. Stimula-
tion, data recording through an A/D converter (Tecmar
TM100 Labmaster, Scientific Solutions; 5 kHz filtering),
and analysis were performed with Acquisl software (Bio-
Logic). All current measurements were normalized using the
cell capacitance. Series resistances were compensated to
obtain minimal contribution of capacitive transients using a
VE-2 amplifier (Alembic Instrument, Qc, Canada).

Western blots

COS-7 cells of two 6-cm Petri dishes where lysed in
500 pL of lysis buffer (150 mM NaCl, 20 mM Tris pH 7.5,
1 mM EDTA, 1% Triton X-100 supplemented with
complete protease inhibitor mixture—Roche Diagnostics).
The cellular lysate was centrifuged 10 min at 1,000 g.
Protein concentration was systematically determined by
performing a Bradford assay (Biorad). Fifteen pg of protein
were denatured for 10 min at 50 °C in Laemli sample
buffer, separated by SDS-PAGE on 8 %-gels and trans-
ferred to nitrocellulose membranes (Amersham). 5 % fat-
free milk was used to block the nitrocellulose membrane.
The blots were probed with anti-Cay /1.2 (1:1,000) and anti-
GAPDH (1:1,000) and secondary HRP-coupled antibody
(mouse: 1:10,000, rabbit: 1:5,000). The blots were then
revealed using two different enhanced chemi-luminescence
kits: super signal west femto maximum sensitivity sub-
strate (Pierce) for the Cayl.2 revelation, and ECL plus
western blotting detection system (Amersham) for the
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others proteins revelation and analyzed with camera Im-
ageQuant RT ECL (GE Healthcare). The ImageQuantL
software (GE Healthcare) was used for image quantifica-
tion. Signals were normalized with respect to GAPDH
staining and then normalized the control condition.

Cell membrane biotinylation

Cells were treated for 1 h at 4 °C with 1 mL biotin per
6-cm dish (EZ link Sulfo-NHS-SS-Biotin; Pierce), washed
once with cold PBS 1x containing 100 mM glycine, then
twice with cold PBS 1x and lysed with 500 pL/dish of
lysis buffer. One hundred microliters of streptavidin-aga-
rose beads (Pierce) were added to 800 pg of cell lysate and
incubated overnight on a wheel at 4 °C. The beads were
washed three times with lysis buffer and the proteins were
cleaved and denatured for 30 min at 37 °C in Laemli
sample buffer containing DTT. Eluted proteins were ana-
lyzed by Western blot. Signals were normalized with
respect to transferrin receptor staining and then normalized
the control condition.

Antibodies

Anti-Cay1.2 Ab was obtained from Millipore (rabbit,
ABS5156); anti-GAPDH Ab (mouse, SC-32233), anti-rabbit
horseradish peroxidase Ab (SC-2054), and anti-mouse
horseradish peroxidase Ab (SC-2055) were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA); anti-transferrin
receptor Ab was obtained from Invitrogen (mouse, 13-6890).

FRAP analysis

Fluorescence recovery after photobleaching (FRAP)
experiments were performed on 2-3 day-old EYFP-Cavl1.2
WT- or N300D-transfected COS-7 cells using a confocal
microscope Nikon A1R-Si (Nikon, France) equipped with
a x60, N.A. 1.4 oil-immersion lens. Environment
was controlled in an incubation chamber (Life Imaging
Service, Switzerland) at 37 °C and 5 % of CO,. Cells were
mounted in a 4-well Lab-Tek chamber in Opti-MEM
(Invitrogen). One rectangular 1-um? ROI along the cell
surface was photo-bleached by scanning with the 488 nm
line of the argon laser and recorded at a bandwidth of
500-550 nm. For the pre-bleach phases (30 s), one image
was recorded every 5 s, with the laser set to 5 %. The
bleach was performed for 1 s with the laser set to 100 %.
For the post-bleach phases, 1 image every 5 s for 1 min
and then 1 image per 10 s for 1 min were recorded with the
laser set to 5 %. The analysis of fluorescence was per-
formed using NIS element 3.2 and MetaMorph software’s.
Average fluorescence in ROIs was measured, background
subtracted and corrected for overall photobleaching in each

@ Springer

time frame. The average fluorescence within the ROI was
double-normalized so that the pre-bleach intensity was set
to one and the first frame after photobleaching to zero and
plotted as a function of time. The fluorescence recovery
was fitted by a double-exponential function.

Statistical analysis

Data are presented as mean = SEM. The statistical anal-
yses were achieved using SigmaPlot (Systat Software Inc.).
Unpaired, two-tailed Student ¢ test was used for group
comparison when normal distribution was positively tested
using Shapiro-Wilk test. Alternatively, Mann—Whitney
rank sum test was used. Wilcoxon signed rank test was
used for WB paired measurements. P < 0.05 was consid-
ered significant.

Computer simulations

For the right-ventricle model, pseudo-ECG was calculated as
in Gima and Rudy [13], by simulating the heterogeneous
transmural wedge (right ventricular outflow tract, 1 Hz,
100th beat shown). Mutations Q1695* and N300D were
represented by 50 and 44 % reductions in conductance of fast
Na™ current and L-type Ca®" current, respectively. For the
left-ventricle model, the single-cell model of human left
ventricular myocytes was used [17]. The model was modi-
fied from the CellMl.org model (Jul 20, 2012) to minimize
the stimulation artefact (stimulation amplitude: —50 pA/pF;
stimulation duration: 0.5 ms; Gy, 100 mS/uF). Equations
corresponding to the Na™ and the Ca*" currents were mod-
ified to reproduce the experimental data. As for the right-
ventricle model, mutations Q1695* and N300D were rep-
resented by 50 and 44 % reductions in conductance of fast
Na™ current and L-type Ca®" current, respectively.

Results
Family recruitment

A 22-year-old male (ITI-2), who experienced aborted SCD
from ventricular fibrillation, presented with a prolonged PR
interval (206 ms) and a mildly prolonged QRS interval
(108 ms) on the ECG at rest (Fig. | and Supplementary
Figure 1; Table 1). The ECG showed only a minor ST-
segment elevation in the right precordial leads. QTc
duration was slightly shortened and T-wave showed high
amplitude. Ajmaline challenge induced first severe pro-
longations of PR (240 ms) and QRS durations (Fig. 1,
ajmaline 5 min; Table 1). Eleven minutes after ajmaline
injection, there was an improvement of the conduction and
a type-1 Brugada ECG appeared in the upper precordial
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Fig. 1 ECG of the 22-year-old
proband (proband III-2),
showing ECG at rest, at 5 and
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leads with a 3-mm ST-segment elevation (Fig. 1, ajmaline
11 min, Supplementary Figure 1; Table 1). No morpho-
logical abnormalities were found during the echocardiog-
raphy and electrophysiological studies gave normal results.
Because of the SCD event, an ICD was implanted.
Familial investigations led to the identification of four
other family members (II-2, II-3, III-1 and III-3, Fig. 2a)
showing an ECG pattern during ajmaline challenge indi-
cating BrS (Fig. 2b, Supplementary Figure 2 to 5;
Table 1). The aspect of Patient II-2 ECG during ajmaline
challenge appeared to be different from that of his BrS
relatives, with a 6-mm ST-segment elevation. For patient
III-1, the challenge induced also severe prolongations of
QRS duration (200 ms, Supplementary Figure 6) and HV
interval: from 119 to 154 ms at 9 min of ajmaline. During
the ajmaline test, patient I11-4 presented with a saddle-back
pattern and a minor ST-segment elevation at the ECG

which did not reach BrS diagnostic criteria (ST-segment
elevation <2 mm, Fig. 2b) [25]. The patients II-1, II-3, III-
3 and I1I-4 presented with a shortened QTc duration at the
ECG (<350 ms) associated with tall T-wave except for
patient II-3 (Fig. 2b). Left anterior hemi-block and
incomplete right-bundle block were also observed for the
patients II-4 and III-1, respectively (Fig. 2b). Ventricular
tachycardia was observed in II-4 during ajmaline challenge
with no ST-elevation (Supplementary Figure 7).

Molecular genetics analysis

BrS-ECG pattern carried by the male proband (III-2) led us
to sequence coding regions of the SCN5A gene in first
intention. One substitution was detected at the genomic
position (hgl9, GRCh37) chr3:38592780 (c.5083 C > T;
Fig. 3a), which introduces a premature stop codon in the

@ Springer
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Fig. 2 a Pedigree, phenotype
and genotype of the family.
Males and females are indicated
by squares and circles,
respectively. Phenotypes
presented by the family
members are depicted by a blue
top left square for a QTc
duration <360 ms and/or tall
T-wave, yellow top right square
for cardiac conduction defects,
red bottom left square for a
Brugada syndrome. Question
mark: ECG with a saddle-back
pattern. Arrow proband.
Diagonal line indicates the
deceased individuals. /CD
implantable cardioverter
defibrillator. b Representative
surface ECG of individuals II-1,
11-2, 11-3, 1I-4, III-1, III-3 and
III-4 before (top) and during
(bottom) ajmaline test
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Fig. 3 Genetic analysis A B
(electropherogram) revealed a SCN5A
heterozygous ¢.5083 C>T 1694 1695 1696 1694 1695 1696 Q1695*
SCN5A missense mutation . ;
(a) and a heterozygous c.898 FQ T LA T Vo a subunit of Nav1.5 J
A>G CACNAIC missense TTC CAG ACC TTC YAG ACC () nA)
mutation (c¢). b and e Location “ I | "
of the resulting change on the
predicted channel structures. Ao ‘ﬁﬁ . VeN VN
d Evolutionary conservation of | \ A I ‘” DI DIl DiNl DIV
the N300 amino-acid in \ A nny
mammalian Cay1.2 E— -
v WT p.Q1695*
C E
CACNA1C
209 300 301 299 300 301 N300D .
v N Q Y ND Q J a subunit of Cav1.2
TAC AAC CAG TAC RAC CAG | ﬁﬂ fif g | ﬁﬁ
v U v U v U
A DI DIl DIl DIv
p.N300D
D
290 FMGKMHKTCYNQEGIIDVPAE 310 MUS MUSCULUS
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320 FMGKMHKTCYNQEGIIDVPAE 340 RATTUS NORVEGICUS
277 FMGIQ’.IHKTCY%EGIADVPAE 297 MACACA MULATA
281 FMGKMHKTCYNQEGIADVPAE 301 CANIS FAMILIARIS

extracellular loop connecting segment 5 and 6 of Na,l1.5
domain IV (p.Q1695%; Fig. 3b). Segregation analysis
revealed that the SCN5A p.Q1695% mutation, also carried
by the proband’s brother (III-1), is inherited from the
mother (II-4). The mutation could neither be found in
ethnicity-matched controls (190 alleles were tested) nor in
the Exome Variant Server (EVS: evs.gs.washington.edu/
EVS; ~6,500 individuals). The two other siblings, despite
presenting with shortened QT interval and/or BrS, do not
carry the familial SCN5A mutation (Fig. 2a). In conse-
quence, because the association of BrS with shortened QTc
interval has been causally related to mutations in the cal-
cium channel Cay1.2 complex [1], we also sequenced the
proband’s CACNAIC and CACNB2b genes, encoding the o
subunit Cay1.2 and the B2 accessory subunit of the L-type
Ca”* channel, respectively. A missense variant was found
in CACNAIC, at the genomic position chrl12:2595410
(c.898 A>G; Fig. 3c). The corresponding substitution tar-
gets a highly conserved asparagine (Fig. 3d) to an aspartic
acid in the extracellular loop connecting segment five and
six of Cayl.2 domain I (p.N300D; Fig. 3e). This missense
variant, which was not found among 576 ethnicity-matched
control alleles and had an allele frequency of 0.03 % (4/

@ Springer

12,974 alleles) in EVS, was detected in five other family
members (II-1, II-3, II-1, III-3 and III-4; Fig. 2a), all
presenting with shortened QTc interval and/or BrS. Neither
SCN5A nor CACNAIC variants were found in patient II-2.
Since ABCC9 gene, encoding SUR2A, the regulatory sul-
fonylurea receptor of the cardiac ATP-sensitive K* chan-
nel, has been most recently identified as a BrS
susceptibility gene [16], we sequenced this gene. In this
patient, we found a rare SNP (rs149325742,
MAF = 0.0077 %) corresponding to the substitution of
A>T at the position chr12:22070007, leading to an amino
acid changing an isoleucine to an asparagine in position
146 (p.I146N). This substitution is predicted to be dam-
aging and possibly-damaging for the biological function of
the protein by the bioinformatics tools SIFT [22] and
Polyphen2 [28], respectively. This variant was found in his
unaffected mother (I-2) but not in his two affected brothers
(II-1 and II-3).

Functional analysis

To determine a possible pathogenic role of the N300D
variant in Cayl.2, in vitro analyses were performed in
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Fig. 4 a Mean peak Ca*"
current density recorded in 0.0
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CD8 cDNAs, at 0 mV (holding o
potential: —80 mV; 200-ms i
pulse; 0.2 Hz). ***P < 0.001. ~
Inset stimulation protocol and -E’
representative Ca®" current 2 5.0 -
recordings. b Peak Ba®" current 0 :
density versus voltage for WT 1:
(filled circles) and N300D (open S
circles) Cay1.2 channels. Left ;
inset normalized I/V curves. o
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holding potential at —80 mV;
200-ms pulses from —60 to
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COS-7 cells, by co-transfection of vectors expressing WT
or N300D Cay1.2, Cayf2b and Cayo231.

First, calcium currents (I, 1) were recorded. Amplitude
of the current density was drastically reduced (~ 88 %) in
the presence of N300D versus WT Cay 1.2 (Fig. 4a). Since
Icop was hardly measurable with N300D Cayl1.2, Ba*t
was substituted to Ca>™ as permeant ion to further inves-
tigate Cayl.2-mediated currents. Comparison of measur-
able N300D versus WT currents in these new conditions
shows that, despite the current reduction, the voltage sen-
sitivity of N300D Cay1.2 remained unchanged as depicted
in the inset (Fig. 4b).

To understand the mechanisms underlying the strong
reduction in Ic,;, we analyzed the global expression of
Cay1.2 and its expression at the cell surface by Western

-20 0 20 40 60 80
Voltage (mV)

blot and surface biotinylation assays. We found that the
global expression of N300D Cay1.2 was reduced by more
than 50 % when compared with the WT Cay1.2 (Fig. 5a),
its expression at the cell surface being reduced by 30 %
(Fig. 5b).

This expression decrease lead us to investigate the
causes of these defects at the membrane by using FRAP
assays on EYFP tagged WT/N300D Cay 1.2 channels. This
technique allows evaluating the channel mobility. We
photo-bleached the tagged proteins and measured the rate
of fluorescence recovery, which we used as an index of the
net movement of the unbleached Cay 1.2 EYFP proteins in
the plasma membrane of COS-7 cells expressing Cayl1.2
(Fig. 6). Quantitative FRAP analysis at 126 s post-bleach
revealed a decreased immobile fraction for the N300D
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Fig. 5 Biochemical assays A B
were performed on COS-7 cells WT + -
transfected with WT or N300D
CACNAIC, CACNB2b and
CACNA2DI cDNAs. Western N30D - ¢ .
blots of whole-cell lysates (a) or
of the biotinylated fraction (c), 260 kDa —| <—Ca,1.2 5 101 —&—
and expression of Cay1.2 el v P4
normalized with GAPDH signal 135 kDa — > T
and relative to WT (b, 6 » 0O
independent experiments; S &
. . -~ (o]
Wilcoxon signed rank test c O 0.5 -
before normalization to WT s2 "
condition, *P < 0.05), or o N OfiTQ
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receptor signal and relative to 34 kDa — 8
WT (d, 3 independent —— ] {— GAPDH
experiments) 0.0
Total lysate WT N300D
Cc D
WT + - -
N300D - + -
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95 kD § g o
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to
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Cell surface lysate WT N300D

Cayl.2 compared to the WT (29 &4 and 45 + 3 %,
n =15 -9, for WT and N300D, respectively). The fluo-
rescence recovery included a fast and a slow phase. The
relative contribution of the fast and slow phases was
unchanged in N300D Cay1.2-expressing cells (fast phase:
0.15£0.03 and 0.19 £0.05 for WT and N300D,
respectively; slow phase 0.79 + 0.05 and 0.71 £ 0.06 for
WT and N300D, respectively). The fast time constants
were also similar (12.3 + 3.3 and 9.9 £ 2.3 s, for WT and
N300D, respectively). On the contrary, the slow time
constant was reduced in cells expressing N300D Cay1.2
(103.0 &+ 15.4 and 200.0 & 25.9 s for N300D and WT,
respectively) indicating a lower stability of the mutated
channel at the cell surface.

To evaluate to which extent the impaired L-type Ca*"
current can modify the action potential, we implemented
in silico models [13, 17] with Cay1.2 N300D and Nay1.5
Q1695* currents. As illustrated in Fig. 7a, an accentua-
tion of the epicardial right-ventricle action potential

@ Springer

notch was detected when the L-type Ca®' current was
decreased. In addition, we observed that the same L-type
Ca®*" current decrease induced a reduction of the left
ventricle AP duration, a proposed mechanism responsible
for the shortening of the QT interval (Fig. 7b). When the
Na*t current was decreased by Q1695*% mutation in the
right-ventricle AP model, we observed a wide QRS in
pseudo-ECG (Fig. 7a). Finally, when we implemented
the Na® current change in addition to the Ca®" current
change, we partly normalized the AP duration in both
models.

Discussion

In this study, we have identified two genetic mutations
within a family with BrS, shortened QT interval and CCD.
It is likely that the familial CACNAIC loss-of-function
mutation contributes to BrS phenotype and shorter QTc



Basic Res Cardiol (2014) 109:446

Page 11 of 15

Fig. 6 a Representative images A
of COS-7 cells expressing
EYFP-Cay1.2 WT acquired
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circles) and N300D (open
circles) EYFP-tagged Cay1.2.
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interval while the SCN5A mutation is associated with
severe CCD.

Here, a default of co-segregation is observed between
the SCN5A mutation and the BrS phenotype. Indeed, out of
five family members affected by the BrS, only two carry
the mutation. Furthermore the SCN5A mutation was found
in a member without BrS. However, all 3 SCN5A mutation
carriers present CCD, with PR and QRS intervals above
normal values comprised between 120 and 200 ms, and
between 60 and 120 ms, respectively. In addition, trans-
mural conduction defect is observed when the Na™ current

was decreased in the right-ventricle AP model, correlating
with the severe CCD phenotype of all the SCN5A mutation
carriers.

Previous nonsense mutations have been reported in the
same region of Nayl.5 (p.S1710 + 75*% and p.S1812%),
leading to isolated CCD [30, 31]. We hypothesis that the
p-Q1695* mutation leads to total loss of function without
dominant-negative effect. To support this idea, the reported
stop mutation p.S1812%, localized in the same region of
Nay1.5, enhances a total loss of function due to a defect of
protein  expression [14]. Furthermore, BrS-related

@ Springer



Page 12 of 15

Basic Res Cardiol (2014) 109:446

Fig. 7 a Pseudo-ECG (rop) and
transmural right-ventricle action
potentials (bottom thin A
endocardium, dashed mid-
myocardium, thick epicardium)
from WT (black), Q1695*
(blue), N300D (red), and
N300D + Q1695* (green).
Q1695* had wide pseudo-QRS
duration. N300D had ST
elevation and inverted T-wave
and shorter QT interval
compared with other cases. The
double mutant had ST elevation
and inverted T-wave, but
normalized QT interval. b The
effects of the two mutations
introduced in a single-cell left
ventricle AP computer

model [17]. WT (black), N300D
(red), Q1695* (blue),

N300D + Q1695* (green) and
superimposed (bottom) APs.
Stimulation: 1 Hz

Right ventricle

WT
Cay1.2 N300D

Na,1.5 Q1695*

50 mV

100 ms

(p-D1816V{sX7) or atrial-fibrillation related
(R1860Gfs*12) C-terminus truncated mutants did not dis-
played any dominant negative activity [12, 21]. To date,
C-terminus truncated Nav1.5 mutants with dominant-neg-
ative effect have not been described, yet and the known
dominant-negative mutations are substitutions [10, 15, 24].

The N300D CACNAIC variant is carried by six out
seven patients presenting BrS and/or a shortened QT
interval. A QTc interval value below 360 ms is considered
as shortened, and when below 330 ms, short QT syndrome
is diagnosed [25]. Heterologous expression of N300D
Cay1.2 leads to a major loss of function consistent with
BrS phenotype associated with a shorter than normal QT
interval as demonstrated in previous studies [1, 8]. This
supports the hypothesis that Cay 1.2 p.N300D variant plays
a main role in BrS and/or shorter QT outcome, here. The
lower Cay1.2global expression and its larger mobility at
the cell surface suggest acceleration of Cay 1.2 turn-over by
destabilization which may lead to a quicker degradation of
the protein. However, further experiments are needed to
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unveil the molecular mechanisms responsible for these
effects.

In BrS, one of the mechanisms proposed is an imbalance
of inward (Iny, Ic,) and outward (I, Ik,, Ixs) currents that
may cause apparition of a characteristically pronounced
notch on the epicardial right-ventricle AP [5]. This pro-
vides a possibility of phase-2 re-entry and to ventricular
arrhythmias. Computer simulations results are in agree-
ment with BrS phenotype and shortened QT interval
originating from CACNAIC. Dominant negative Cay2.1
constructs have been described [20, 23] and a dominant
negative Cay 1.2 splice variant has also been observed in rat
[33]. Therefore, a possible dominant-negative effect of
Cay 1.2 p.N300D variant on WT Cay 1.2 inducing a larger
than 44 % current decrease in heterozygous conditions
cannot be excluded. However, the simulation results
obtained with a 44 % reduction only are already in favor of
a causative CACNAIC mutation.

Finally, implementation of the Na™ current change in
addition to the Ca®" current change, mimicking the
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presence of both mutations, partly normalized the AP
duration in both models, in agreement with the two double-
carriers’ phenotype in this family, presenting moderate or
no QT shortening.

In summary, we identified a pathogenic variant in the
CACNAIC gene, as cause of BrS and/or shortened QT
interval, in a family carrying a stop mutation in the SCN5A
gene which does not segregate with the phenotype. We
observed that the CACNAIC mutation has been identified
in 4 patients out of 6,489 (MAF: 0.03 %) from the NHLBI
GO Exome Sequencing Project aimed “to discover novel
genes and mechanisms contributing to heart, lung and
blood disorders”. Hence, we can speculate that the CAC-
NAIC mutation has a significant prevalence in this cardi-
opathy-dedicated database as other proved BrS mutations
found in this database such as GPDIL A280 V [29]. This is
in line with a potential underestimation of BrS prevalence
as discussed in Letsas et al. [19] study. Alternatively, we
can also speculate that low frequency variants play a role in
the pathophysiological mechanism of BrS.

Despite clear electrophysiological, molecular evidences
and subsequent in silico modelling results, regarding the
effects of Ca,1.2 p.N300D channel impairment, two car-
riers did not present clear or any BrS trait (III-4 and II-1).
This mutation shows an incomplete penetrance in this BrS
family as previously reported in other BrS families [1, 8,
27]. This observation is in line with the hypothesis we
previously formulated, speculating on a significant impact
of the genetic background in the pathophysiology of BrS
[27]. This hypothesis is stressed by the individual II-2
presenting a typical BrS-ECG pattern. He harbours a rare
variant in ABCC9, described as a potential BrS suscepti-
bility gene [16], however his mother who carries the
ABCC9 variant, does not present a BrS-ECG pattern even
after drug challenge. Variants in other genes or in non-
coding region could explain this phenocopy and, more
generally, the variability of expressivity found in this
family. Indeed, through a case—control genome-wide
association study led on BrS, we have recently reported
common variants with large cumulative effects [6]. The
genotyping of the six risk alleles was performed but only
one risk allele was found in individual II-2.

Our study also points to the complex interpretation of
BrS genetic testing and more specifically for the SCN5A
gene. Indeed, based on the SCN5A molecular diagnosis
usually proposed to the first degree relatives, patient II-3 or
his siblings would not have been diagnosed for BrS.

As in this family, we do need to revisit the genetic
model and the molecular diagnostics of BrS patients/fam-
ilies and search for new variants in other candidate genes to
improve (1) the genotype/phenotype relationship of this
syndrome (2) the pre-symptomatic detection within rela-
tives and (3) the risk stratification.
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