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Knowledge	 about	 the	 molecular	 pathways	 involved	 in	 sudden	 cardiac	 death	 (SCD)	 is	
necessary	in	order	to	develop	preventive	strategies	and	novel	therapies.	Insight	into	these	
pathways	may	be	gained	by	dissecting	the	genetic	underpinnings	of	SCD.	This	 thesis	has	
accordingly	 focused	on	 the	 identification	of	 genes	 predisposing	 to	 SCD	 in	 the	 setting	of	
the	rare	Mendelian	arrhythmia	disorders	as	well	as	to	SCD	in	the	setting	of	the	myocardial	
ischemia	that	underlies	a	significant	part	of	the	SCD	in	the	older	segment	of	the	general	
population.	In	this	chapter,	I	summarize	the	data	presented	in	this	thesis	and	place	them	in	
the	context	of	future	perspectives	on	research	into	SCD.	

PART I - Genetic and molecular aspects of the cardiac sodium channel
The	first	part	of	the	thesis	focuses	on	the	cardiac	sodium	channel	macromolecular	complex,	an	
ion	channel	complex	that	plays	a	critical	role	in	cardiac	excitability	and	impulse	propagation.	
In	1995,	the	first	mutation	in	the	SCN5A	gene	encoding	the	pore-forming	(alpha)	subunit	
of	the	cardiac	sodium	channel	was	linked	to	a	rare	familial	arrhythmia	disorder,	the	long	
QT syndrome.1	Since	then,	hundreds	of	private	mutations	or	rare	variants	in	this	channel	
subunit	have	been	associated	with	a	range	of	different	arrhythmia	disorders.	
In chapter 3	we	have	reviewed	knowledge	on	the	structure-function	relation	of	the	cardiac	
sodium	channel.	Similar	to	other	ion	channels,	the	cardiac	sodium	channel	(NaV1.5)	is	part	
of	a	multi-protein	macromolecular	complex,	 forming	 the	basis	 for	 remarkable	molecular	
and	 functional	 complexity.	 These	 interactions	 entail	 stoichiometric	 interactions	 involved	
in	trafficking	of	the	channel	and	anchoring	 in	the	cell	membrane,	enzymatic	 interactions	
necessary	 for	 channel	 phosphorylation	 and	 ubiquitination,	 and	 biophysical	 interactions	
that	lead	to	the	modulation	of	channel	kinetics.	In	this	chapter	we	also	review	the	broad	
spectrum	of	inherited	arrhythmia	syndromes	associated	with	sodium	channel	dysfunction,2 
with	a	focus	on	the	clinical,	genetic	and	pathophysiological	aspects.	These	syndromes,	which	
among	others	 include	the	 long	QT	syndrome	and	the	Brugada	syndrome,	are	genetically	
heterogeneous	and	besides	mutations	in	SCN5A	have	also	been	associated	with	mutations	
in	genes	that	encode	proteins	that	interact	with	the	pore-forming	subunit	of	the	channel	
(e.g.	SCN1B, CAV3 and SNTA1	which	encode	the	sodium	channel	β1	subunit,	caveolin	3	and	
α1-syntrophin,	 respectively).	The	occurrence	of	disease-causing	mutations	 in	the	sodium	
channel-interacting	proteins	not	only	underscores	the	importance	of	these	interactions	but	
importantly	also	provides	a	strong	rationale	for	the	identification	of	additional	interacting	
proteins.
In chapter 4,	 we	 used	 an	 integrated	 approach	 comprising	 affinity	 purification,	 liquid-
chromatography	 mass	 spectrometry	 (MS)	 and	 bioinformatics	 to	 identify	 novel	 proteins	
that	interact	with	the	cardiac	sodium	channel	alpha	subunit.	We	isolated	sodium	channel	
protein	complexes	 from	a	mammalian	cardiomyocyte	cell	 line	using	a	number	of	affinity	
purification	approaches	which	allows	for	the	isolation	of	endogenous,	post-translationally	
modified	proteins	within	their	́ physiological´	context.	This	was	followed	by	the	identification	
of	 the	 co-purified	proteins	 by	MS.	Of	 the	broad	 spectrum	of	 co-purified	proteins,	 three	
of	 these	proteins	 (calmodulin,	 β1-syntrophin	 and	protein	 14-3-3)	were	previously	 found	
to	 associate	with	NaV1.5	 in	 yeast-two	hybrid	 studies	 and	 candidate	 protein	 approaches.	
Additionally,	proteins	encoded	by	genes	associated	with	inherited	arrhythmia	syndromes	
were	identified:	calmodulin	(CALM1),	the	ryanodine	receptor	2	(RYR2)	and	transmembrane	
protein	43	(TMEM43).	In	this	chapter	we	confirmed	the	interaction	of	NaV1.5	with	one	of	
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the	proteins	that	we	identified	by	our	approach,	myoferlin.	Myoferlin	is	highly	expressed	in	
heart	and	skeletal	muscle	and	has	not	yet	been	linked	to	disease.	We	demonstrated	that	it	
co-immunoprecipitates	with	NaV1.5	and	by	 immunohisto-	and	 immunocytochemistry,	we	
demonstrated	that	it	co-localizes	with	NaV1.5	at	the	intercalated	discs	of	cardiomyocytes.	
These	data	thus	identify	myoferlin	as	a	possible	modulator	of	the	cardiac	sodium	channel	
and	a	protein	that	should	be	followed	in	future	studies.		Such	studies	should	focus	on	the	
role	of	myoferlin	in	modulation	of	sodium	channel	localization	at	the	intercalated	disc,	its	
distribution	in	the	different	cardiac	sub-compartments,	its	possible	effects	on	the	kinetics	
of	 the	 sodium	 channel,	 as	well	 as	 its	 potential	 involvement	 in	 genetic	 predisposition	 to	
conduction	disease	and	arrhythmia	in	patients.	More	generally,	recent	experimental	data	
suggest	that	distinct	pools	of	the	sodium	channel	macromolecular	complex,	that	differ	in	the	
composition	of	interacting	proteins,	are	found	in	specific	sub-cellular	compartments	of	the	
cardiomyocyte,	such	as	the	intercalated	disc	and	the	lateral	membrane.	The	mechanisms	
that	lead	to	the	sub-cellular	compartmentalization	of	the	NaV1.5	complex	that	arises	due	
to	assembly	with	distinct	interacting	proteins,	and	the	possible	role	that	the	different	sub-
cellular	pools	exert	 in	 sodium	channel	 related	disease	 remains	a	major	 topic	of	ongoing	
research.
In	conclusion,	this	work	identified	both	known	as	well	as	novel	putative	constituents	of	the	
NaV1.5	macromolecular	complex	and	provides	a	roadmap	for	further	in-depth	biochemical,	
functional	 and	genetic	 investigations	 into	 this	 channel	 complex.	 Future	 studies	aimed	at	
validating	these	putative	interactions	should	involve	classical	biochemical	methodologies,	
including	 co-immunoprecipitation,	 which	 will	 enable	 differentiating	 the	 true	 interactors	
from	 proteins	 that	 were	 bound	 to	 the	 sodium	 channel	 non-specifically	 in	 the	 isolation	
procedures.	 In	 prioritizing	 proteins	 for	 these	 downstream	 studies,	 the	 integration	 of	
proteomic	data	with	other	genomic	data	sets,	including	GWAS	and	eQTL	data	will	likely	be	
useful.	Furthermore,	other	omic	datasets	such	as	those	obtained	in	animal	crosses	(as	we	
did	in	Chapter	4)	are	also	likely	to	be	very	informative.	Experimental	crosses	between	inbred	
animal	 strains	 have	been	 successful	 in	mapping	quantitative	 trait	 loci	 (QTL)	with	 effects	
on	highly	variable	phenotypes	such	as	ECG	indices	for	conduction	and	repolarization.	Such	
strategies	for	gene	discovery	will	add	additional	layers	of	information	to	prioritize	candidate	
molecules	 for	 functional	 studies,	 to	be	carried	out	at	 the	molecular,	cellular,	and	whole-
heart level.

PART II - Genetic risk factors for rare inherited arrhythmia syndromes
In	 the	 second	part	 of	 this	 thesis,	we	 investigated	 the	 genetic	 cause	 of	 two	 rare	 familial	
disorders	characterized	by	the	occurrence	of	lethal	ventricular	arrhythmias	in	children	and	
young	adults.	Since	the	mid-1990s,	mutations	in	genes	encoding	ion	channels,	ion	channel	
modulatory	proteins	and	structural	proteins	have	been	linked	to	inherited	cardiac	disorders	
that	predispose	to	arrhythmia.	However,	a	number	of	cardiac	phenotypes	associated	with	
SCD	at	young	age,	oftentimes	characterized	by	marked	variability	in	disease	severity,	remain	
as	yet	genetically	unresolved.
In chapter 5	we	studied	a	four-generation	Dutch	family	with	progressive	cardiac	conduction	
disease, atrial arrhythmias and sudden cardiac death.3	Genome-wide	linkage	analysis	mapped	
the	disease	locus	to	chromosome	1p22-q21	with	a	 logarithm	of	odds	(LOD)	score	of	5.1.	
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Subsequent	re-sequencing	and	multiplex	ligation-dependent	probe	amplification	analyses	
(MLPA)	were	used	 to	 identify	a	 large	deletion	 in	 the	LMNA	 gene,	encoding	 the	nuclear-
envelope	protein	lamin	A/C.	By	mapping	the	breakpoints	of	the	deletion,	we	discovered	that	
this	large	deletion	was	part	of	a	complex	gene	rearrangement	involving	an	inversion	flanked	
by	two	large	deletions.	Characterization	of	the	breakpoint	junctions	suggested	a	mutational	
event	involving	serial	replication	slippage	in trans	during	DNA	replication.	Histolopathologic	
analysis	of	cardiac	tissue	from	a	family	member	who	died	suddenly	at	the	age	of	50	years	
showed	misshapen	cell	nuclei	and	abnormal	lamin	A/C	immunostaining,	indicative	of	lamin	
A/C	 haploinsufficiency.	 These	 data	 further	 expand	 the	 LMNA	mutational	 spectrum	with	
a	 large	 genomic	 rearrangement.	 Recent	 studies	 have	 demonstrated	 a	 role	 for	 structural	
variants	in	susceptibility	to	disease,	including	long	QT	syndrome.4	Although	the	prevalence	
of	 large	deletions,	 insertions	and	duplications	 involving LMNA	 is	currently	unknown,	this	
study	underscores	that	MLPA	is	an	important	additional	means	of	optimizing	the	diagnostic	
mutation	detection	rate	in	families	with	inherited	conduction	disease	and	sudden	death.	
Mutations	 in	 LMNA	 have	 a	 pleiotropic	 effect	 and	 cause	 a	 wide	 spectrum	 of	 over	 10	
different	 clinical	 disease	 entities,	 including	 cardiac,	 skeletal,	 metabolic	 disorders	 and	
progeria,	 a	 premature	 aging	 disorder.	 The	 pathogenetic	 mechanisms	 associated	 with	
LMNA	mutations	 are	unclear	 and	 remain	an	ongoing	debate.	 The	most	 important	 (non-
mutually	 exclusive)	 hypotheses	 include	disruption	of	mechanical	 support	 to	 the	nucleus	
leading	to	increased	nuclear	fragility	in	mechanically	stressed	tissue,	which	results	in	tissue	
death	and	degeneration;	and	pathogenic	and	tissue-specific	alterations	in	gene	expression	
by	 defective	 nuclear	 signalling	 pathways.	 Moreover,	 genotype-phenotype	 correlations	
(for	instance,	the	link	between	LMNA	haploinsufficiency	and	cardiac	conduction	disease),	
and,	importantly,	the	tissue-specific	mechanism	of	the	different	mutations,	remain	largely	
unknown.	With	 respect	 to	 the	 latter,	 translational	 studies	have	 the	potential	 to	uncover	
therapeutic	intervention	strategies	that	are	specific	to	the	particular	clinical	presentation.	
As	opposed	to	the	clinical	phenotype	described	in	chapter	5,	the	family	studied	in	chapter 
6	 presented	 with	 sudden	 cardiac	 death	 from	 ventricular	 fibrillation	 in	 the	 absence	 of	
recognized	 electrocardiographic	 or	 structural	 abnormalities,	 a	 condition	 referred	 to	 as	
idiopathic	ventricular	fibrillation	(IVF).5	Here	the	lack	of	diagnostic	tools	complicates	clinical	
risk	assessment.	 Its	elusive	clinical	presentation	also	makes	the	disorder	difficult	to	track	
genetically.	In	an	attempt	to	uncover	the	underlying	genetic	cause	of	sudden	cardiac	death	
in	 this	 family,	whole-exome	 sequencing	was	performed	on	 two	 successfully	 resuscitated	
young	patients.	We	identified	a	novel	mutation	in	CALM1	encoding	calmodulin,	linked	to	IVF	
in	this	family.	This	mutation	causes	the	substitution	of	a	phenylalanine	for	leucine	at	position	
90	and	is	 located	between	two	EF-hand	motifs	which	control	calcium	binding.	Mutations	
in	 calmodulin	 have	 recently	 been	 linked	 to	 long	 QT	 syndrome	 and	 catecholaminergic	
polymorphic	ventricular	tachycardia,	two	other	inherited	arrhythmia	syndromes	associated	
with	SCD	in	childhood.	Although	this	requires	further	studies,	we	speculate	that	mutations	in	
calmodulin	cause	disease	through	different	mechanisms	that	could	occur	through	effects	on	
calcium	binding	and/or	(calcium-dependent)	binding	to	target	proteins,	such	as	the	cardiac	
sodium	channel.	Of	note,	two	members	of	the	IVF	family,	who	carried	the	CALM1 mutation,	
including	one	of	 the	parents,	 remained	asymptomatic.	We	postulate	 that	other	 genetic,	
environmental	or	developmental	modifiers	act	 in	concert	with	calmodulin	dysfunction	to	
determine	ventricular	arrhythmia	susceptibility	in	members	of	this	family.	
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The data in chapters 5 and 6	provide	 insight	 into	 the	genetic	architecture	of	Mendelian	
disorders	associated	with	ventricular	arrhythmias.	Both	families	illustrate	variable	disease	
severity	 and	 incomplete	 penetrance,	 characteristic	 features	 of	 the	 inherited	 arrhythmia	
disorders	 that	 complicate	 the	quest	 for	 causal	 gene	discovery	 in	 these	disorders.	 Future	
studies	 should	be	aimed	at	uncovering	 the	additional	 genetic	 factors	 that	modulate	 the	
phenotype	 in	 these	 two	 families,	as	 this	would	have	a	 significant	 impact	on	accuracy	of	
risk	stratification	among	mutation	carriers.	Given	the	expected	 frequency	and	effect	size	
of	these	modifier	loci,	challenges	remain	in	the	power	to	detect	and	localize	these	alleles,	
in	addition	to	the	challenge	to	dissect	 the	modifier	 loci	 into	 individual	genes	 in	order	 to	
place	them	into	a	biological	context.	Such	studies	cannot	be	conducted	in	small	families	but	
require	large	sample	sizes,	either	very	large	families,	or	large	sets	of	families	or	probands.	

PART III - Genetic risk factors for ischemia-induced ventricular arrhythmias
The	third	part	of	this	thesis	focuses	on	the	identification	of	genetic	variants	that	modulate	
risk	for	SCD	in	the	setting	of	acute	myocardial	ischemia,	a	major	pathophysiological	instigator	
of	ventricular	arrhythmias	on	the	population	level,	and	the	functional	characterization	of	a	
risk	locus	associated	with	SCD	in	this	setting.	Despite	the	plethora	of	efforts	that	have	been	
made	to	determine	SCD	risk	factors,	our	ability	to	identify	individuals	at	risk	for	SCD	remains	
inadequate.	In	line,	progress	in	understanding	the	molecular	and	genetic	mechanisms	that	
determine	susceptibility	to	ventricular	arrhythmias	has	been	limited.	This	is	a	very	difficult	
task	considering	that	SCD	is	a	manifestation	that	occurs	in	the	setting	of	a	heterogeneous	
set	 of	 clinical	 conditions.	 Furthermore,	 SCD	 occurs	 (by	 definition)	 suddenly	 and	 usually	
unexpectedly,	therefore	difficulties	in	case	ascertainment	underlie	limited	statistical	power	
in	 studies	 aimed	 at	 the	 identification	 of	 genetic	 variants	 associated	 with	 risk.	 There	 is	
unequivocal	evidence	that	family	history	of	SCD	is	an	independent	risk	factor	for	SCD	in	the	
general	population	as	well	as	in	patients	with	an	acute	myocardial	ischemia	(MI),	suggesting	
a	genetic	component	is	susceptibility.6–8	Accordingly,	we	hypothesized	that	common	genetic	
variants	predispose	to	risk	of	SCD.	
In chapter 7,	we	 tested	 this	hypothesis	by	 conducting	a	genome-wide	association	 study	
(GWAS)	to	uncover	genetic	variants	that	modulate	susceptibility	to	ventricular	fibrillation	
(VF)	in	a	case-control	set	of	515	patients	with	myocardial	infarction	(MI)	who	suffered	VF	
(cases)	and	457	patients	with	MI	who	did	not	suffer	VF	(controls).9	We	identified	genetic	
variants	on	chromosome	21q21	associated	with	VF	in	the	setting	of	myocardial	infarction.	
We	replicated	this	finding	in	an	additional	case-control	set	which	consisted	of	146	out-of-
hospital	cardiac	arrest	patients	that	had	MI	and	VF	when	admitted	to	the	hospital,	and	391	
MI survivors.
In chapter 8,	we	discuss	the	concept	of	a	heritable	component	in	the	determination	of	risk	
for	SCD	and	the	nature	of	genetic	variation	modulating	risk.10	Furthermore,	we	review	our	
efforts	in	searching	for	genetic	modulators	of	VF	risk	in	the	setting	of	acute	MI,	and	speculate	
about	the	role	of	the	chromosome	21q21	locus	in	arrhythmia.	This	locus	had	not	previously	
been	linked	to	arrhythmia	and	the	mechanism	by	which	common	genetic	variation	at	this	
locus	confers	an	increased	risk	to	VF	is	unknown.	The	haplotype	at	the	chromosome	21q21	
impacting	on	risk	for	VF	is	not	located	within	a	gene	and	therefore	is	expected	to	modulate	
VF	risk	by	impacting	gene	expression.
In chapter 9,	we	 investigated	the	mechanism	by	which	common	genetic	variation	at	 the	



SUMMARY AND FUTURE PERSPECTIVES  | 227 

10

21q21	locus	confers	increased	risk	for	arrhythmia	in	the	setting	of	myocardial	ischemia.11 We 
showed	that	the	VF	risk-allele	at	the	chr21q21	locus	is	associated	with	lower	CXADR (encoding	
the	coxsackie	and	adenovirusreceptor	CAR)	transcript	abundance	in	human	heart.	Through	
studies	we	conducted	in	a	CAR	haploinsufficient	mouse	model	(CAR+/-),	we	demonstrated	
that	 CAR	 deficiency	 leads	 to	 ventricular	 conduction	 slowing,	 increased	 arrhythmia	
susceptibility	upon	pharmacological	uncoupling	of	gap	junctions,	and	increased	arrhythmia	
vulnerability	 during	 the	 early	 phase	 of	 acute	myocardial	 infarction.	Mechanistically,	 we	
showed	that	the	electrophysiological	consequences	of	CAR	haploinsufficiency	are	mediated	
by	 reduced	 sodium	 current	 density	 specifically	 at	 the	 intercalated	 disc.	 Moreover,	 CAR	
co-immunoprecipitated	with	NaV1.5	 in vitro,	 suggesting	that	CAR	affects	sodium	channel	
function	 through	 a	 physical	 interaction	with	NaV1.5.	 This	 observation	 is	 in	 line	with	 the	
emerging	concept	that	cross-talk	exists	between	structural	and	electrical	players	within	the	
intercalated	disc	region.
This	work	 uncovered	 a	 common	 haplotype	 linked	 to	 arrhythmia	 in	 the	 setting	 of	 acute	
myocardial	 ischemia.	 In	particular,	 in	view	of	the	small	effect	size	of	the	 identified	 locus,	
the	ultimate	clinical	applicability	of	these	findings	to	VF	risk	prediction	however,	is	a	long	
road	ahead.	Nevertheless,	our	functional	follow-up	studies	illustrate	the	utility	of	the	GWAS	
approach	in	illuminating	unsuspected	molecular	players.	Our	data	support	a	novel	role	for	
CAR	 in	mediating	 arrhythmogenesis	 during	 perturbed	 conditions	 such	 as	 gap	 junctional	
uncoupling	or	myocardial	ischemia.	
Future	 studies	 will	 entail	 a	 focus	 on	 the	 consequences	 of	 aberrant	 CAR	 expression	 or	
CAR	dysfunction	 in	 the	human	heart.	 For	 instance,	mutations	 in	CXADR have as yet not 
been	 associated	 with	 human	 arrhythmia	 syndromes.	 Furthermore,	 CAR	 is	 involved	 in	
the	 pathogenesis	 of	 myocarditis,	 which	 is	 associated	 with	 ventricular	 arrhythmias	 and	
sudden	death.	Viral	infection,	which	may	be	due	to	adenoviruses	or	enteroviruses	such	as	
coxsackievirus,	are	a	cause	of	myocarditis.	Virus	particles	 form	a	complex	with	CAR,	and	
the	formation	of	this	complex	is	necessary	for	viral	infection	of	the	heart.12	It	is	tempting	
to	 speculate	 that	 viral	 occupancy	 of	 CAR	 impacts	 on	 (local)	 conduction	 and	 promotes	
arrhythmia.
In	 general,	 the	 genetic	 architecture	 of	 ventricular	 arrhythmias	 in	 the	 setting	 of	 acute	
myocardial	 ischemia	 remains	 largely	 unexplored.	 With	 the	 advent	 of	 next-generation	
sequencing	technologies,	the	emerging	paradigm	that	both	‘common	low-penetrance’	as	
well	 as	 ‘rare	 higher-penetrance’	 variants	 impact	 on	 risk	 becomes	 increasingly	 testable.	
This	however	crucially	depends	on	the	availability	of	large	deeply	phenotyped	SCD	patient	
cohorts.13

CONCLUDING REMARKS

Research	conducted	over	the	past	20	years	has	 led	to	the	 identification	of	several	genes	
associated	with	the	rare	inherited	arrhythmia	syndromes.	More-recently	genetic	variants	
predisposing	to	SCD	risk	in	the	general	population	have	also	started	to	be	uncovered.	The	
studies	 presented	 in	 this	 thesis	 are	 efforts	 to	 further	 improve	our	 understanding	of	 the	
genetic	and	molecular	underpinnings	of	SCD.	Hopefully	the	candidate	molecules	and	genes	
identified	will	provide	leads	for	future	studies	aimed	at	identifying	previously	unexplored	
molecular	mechanisms	and	pathways	underlying	cardiac	electrical	function	and	SCD.
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