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OUTLINE OF THE THESIS

Sudden	cardiac	death	(SCD)	 is	defined	by	abrupt	and	unexpected	death	due	to	a	cardiac	
cause,	most	often	attributed	to	sustained	ventricular	arrhythmias.	These	lethal	arrhythmias	
often	occur	 in	 older	 individuals	 (at	 an	 average	 age	 of	 65	 years).	 However,	 SCD	 can	 also	
occur	at	younger	ages	and	in	the	setting	of	as	yet	undiagnosed	inherited	or	acquired	cardiac	
disease.	 SCD	 is	 a	 major	 contributor	 to	 mortality	 in	 the	 general	 population	 and	 studies	
conducted	 in	Europe	and	North	America	have	shown	that	 it	accounts	 for	50-100	deaths	
per	100,000	 individuals	 per	 year.	 The	pathophysiology	of	 SCD	 is	 complex;	 SCD	occurs	 in	
a	broad	range	of	cardiac	pathologies	and	 is	 thus	 likely	governed	by	a	broad	spectrum	of	
environmental	 factors	 and	 molecular	 pathways	 and	 linked	 to	 a	 broad	 range	 of	 cardiac	
phenotypes.	Classically,	disorders	associated	with	life-threatening	ventricular	arrhythmias	
are	dichotomized	into	two	categories,	based	on	incidence,	age	of	onset	and	the	underlying	
cardiac	pathology	and/or	genetic	architecture.

(1) Rare inherited syndromes predisposing to SCD. These	syndromes	are	associated	with	SCD	
in	the	young	and	typically	have	a	Mendelian	pattern	of	inheritance	with	clear	transmission	
from	one	generation	to	the	next.	The	origin	of	SCD	in	these	young	individuals	(typically	<	
35	years)	is	broad	and	includes	congenital	heart	disease,	heritable	cardiomyopathies,	and	
inherited	 primary	 electrical	 disease.	 The	molecular	mechanisms	 underlying	 the	 primary	
electrical	 diseases	 identified	 so	 far	 include	 dysfunction	 of	 ion	 channels	 important	 for	
cardiac	electrical	activity	and/or	alterations	in	proteins	that	interact	with	and	modulate	ion	
channels.

(2) Common multifactorial forms of SCD. The	majority	of	SCD	 in	the	general	population	
occurs	 in	 individuals	with	an	average	age	of	65	years	 in	 the	setting	of	complex	acquired	
disorders,	 such	 as	 coronary	 artery	 disease	 and	myocardial	 infarction.	While	 a	 heritable	
component	in	the	determination	of	risk	for	SCD	in	the	setting	of	these	disorders	has	been	
well	established,	the	genetic	factors	and	mechanisms	that	contribute	to	arrhythmia	risk	are	
largely	unknown.	

The	 endeavor	 to	 understand	 the	 determinants	 of	 risk	 for	 SCD	 is	 an	 important	 parallel	
between	research	in	the	rare	and	common	rhythm	disorders,	with	the	following	fundamental	
research	questions	applying	to	SCD	in	the	general	population	as	well	as	to	SCD	in	families	
with	Mendelian	cardiac	disorders:

-	Which	individuals	are	at	increased	risk	for	SCD?
-	Which	molecular	and	genetic	factors	modulate	risk	for	SCD?	
-	What	are	the	underlying	mechanisms	by	which	these	factors	influence	arrhythmia		 	
			susceptibility?

Understanding	the	cellular,	molecular	and	genetic	basis	of	SCD	is	a	fundamental	goal	in	the	
cardiac	arrhythmia	field	as	this	has	the	potential	to	enable	the	presymptomatic	identification	
of	 individuals	 at	 risk	 of	 potentially	 lethal	 arrhythmias	 and	 the	 development	 of	 novel	
therapies.	In	this	thesis,	I	have	employed	a	range	of	systematic	high-throughput	strategies,	
including	whole-exome	sequencing	and	mass	spectrometry-based	protein	identification,	to	
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advance	our	understanding	of	Mendelian	and	complex	forms	of	SCD.	
In Chapter 2,	 the	 current	 status	 of	 gene	 discovery	 in	 the	 rare	 and	 common	 arrhythmia	
disorders	 is	reviewed.	This	chapter	highlights	the	 impact	that	gene	discovery	has	had	on	
the	management	of	patients	with	the	rare	inherited	disorders.	It	dwells	on	the	challenges	
encountered	in	genetic	research	for	novel	gene	discovery	and	explores	the	possibility	for	
an	increased	understanding	of	cardiac	electrical	function	that	lies	in	follow-up	studies	on	
genetic	loci	that	have	recently	been	associated	with	a	number	of	electrocardiographic	traits.	

The	 thesis	 consists	 of	 three	 parts.	 The	 first	 part	 focuses	 on	 the	 identification	 of	 novel	
components of the cardiac sodium channel macromolecular complex, an ion channel 
complex	 which	 plays	 a	 critical	 role	 in	 cardiac	 excitability	 and	 impulse	 propagation.	 The	
second	 part	 of	 the	 thesis	 investigates	 the	 genetic	 cause	 of	 two	 rare	 familial	 disorders	
characterized	 by	 increased	 risk	 for	 lethal	 ventricular	 arrhythmias	 in	 children	 and	 young	
adults.	The	third	part	focuses	on	the	identification	of	genetic	variants	that	modulate	risk	for	
SCD	in	the	setting	of	acute	myocardial	ischemia,	and	the	functional	characterization	of	a	risk	
locus	associated	with	SCD	in	this	setting	using	a	translational	approach.	

PART I - Genetic and molecular aspects of the cardiac sodium channel
In	 excitable	 tissues,	 such	 as	 the	 heart,	 voltage-gated	 sodium	 channels	 are	 crucial	 for	
membrane	excitability	and	rapid	propagation	of	the	electrical	impulse.	Genetic	defects	in	
genes	encoding	the	cardiac	sodium	channel	and	its	accessory	subunits	are	linked	to	various	
rare	disorders	associated	with	SCD.	
Chapter 3	presents	an	overview	of	insight	gained	into	rare	inherited	arrhythmia	syndromes	
involving	 mutations	 in	 the	 SCN5A	 gene	 that	 encodes	 the	 pore-forming	 subunit	 of	 the	
cardiac	sodium	channel	or	in	genes	encoding	its	ancillary	subunits.	The	overview	describes	
structure-function	aspects	of	the	cardiac	sodium	channel	complex	and	reviews	the	multitude	
of	clinical	presentations	associated	with	mutations	in	SCN5A.  
In	the	past	decade,	it	has	become	clear	that	the	sodium	channel	pore-forming	subunit	NaV1.5	
does	 not	 function	 in	 isolation	 but	 is	 part	 of	 large	multi-protein	 complex	 that	 comprises	
proteins	that	regulate	the	kinetics	of	the	channel	and	its	localization	and	degradation.	The	
validity	of	this	concept	is	reflected	in	the	discovery	of	mutations	in	genes	encoding	these	
interacting	proteins	in	individuals	with	inherited	arrhythmia	disorders.	
Chapter 4	 of	 this	 thesis	 entails	 a	 number	 of	 unbiased	 large-scale	 affinity	 purification	
approaches	that	were	employed	in	conjunction	with	mass	spectrometry,	with	the	aim	of	
uncovering	novel	proteins	that	interact	with	the	C-terminal	domain	of	the	NaV1.5	channel.	
This	 work	 identified	 both	 known	 as	 well	 as	 novel	 putative	 constituents	 of	 the	 NaV1.5	
multiprotein	macromolecular	complex.

PART II - Genetic risk factors for rare inherited arrhythmia syndromes
The	identification	of	the	causal	genetic	defect	in	families	with	the	Mendelian	cardiac	disorders	
enables	 genetic	 testing	which	 in	 turn	 allows	 for	 the	 presymptomatic	 implementation	of	
preventive	measures	(e.g.	implantation	of	a	cardioverter	defibrillator)	in	patients	carrying	
the	familial	genetic	defect.	Furthermore,	family	members	that	test	negative	for	the	familial	
mutation	 can	 be	 reassured	 and	 exempted	 from	 further	 clinical	 follow-up.	 Besides	 risk	
stratification,	the	identification	of	the	underlying	genetic	defect	may	spur	functional	studies	
that	could	further	our	understanding	of	the	molecular	determinants	of	SCD	risk	and	enable	
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the	development	of	targeted	therapies.
Chapter 5	entails	genetic	studies	on	a	family	presenting	with	autosomal	dominant	cardiac	
conduction	disease,	atrial	and	ventricular	arrhythmias	and	sudden	death.	Here	genome-
wide	 linkage	analysis	 followed	by	 re-sequencing	and	multiplex	 ligation-dependent	probe	
amplification	analysis	(MLPA)	was	used	to	identify	a	gene	rearrangement	in	the	LMNA	gene,	
encoding	the	nuclear-envelope	protein	lamin	A/C,	as	a	cause	of	the	disease	in	this	family.	
Chapter 6	 entails	 a	 similar	 effort,	 this	 time	 aimed	 at	 investigating	 the	 underlying	
genetic	defect	 in	a	 small	 family	presenting	with	 idiopathic	ventricular	fibrillation	 (IVF)	 in	
childhood	and	adolescence.	 IVF	 is	characterized	by	ventricular	fibrillation	 in	 the	absence	
of	 electrocardiographic	 abnormalities	or	 structural	 heart	 disease.	 Through	whole-exome	
sequencing	in	two	siblings	who	were	successfully	resuscitated	from	cardiac	arrest	at	young	
age	we	 identified	 a	mutation	 in	 the	CALM1	 gene	 encoding	 calmodulin	 as	 a	 highly	 likely	
cause of the disease. 

PART III - Genetic risk factors for ischemia-induced ventricular arrhythmias
Multiple	 epidemiological	 studies	 have	 provided	 robust	 evidence	 for	 the	 contribution	 of	
heritable	factors	to	SCD	susceptibility	in	complex	cardiac	disease	in	the	older	segment	of	
the	population.	 Family	history	 for	 SCD	constitutes	an	 independent	 risk	 factor	 for	 SCD	 in	
the	 general	 population	 as	well	 as	 in	 patients	with	 an	 acute	myocardial	 ischemia	 (MI),	 a	
main	pathophysiological	 instigator	of	 ventricular	arrhythmias.	 This	 led	us	 to	hypothesize	
that	common	genetic	variants	predispose	to	risk	of	SCD	and	test	this	hypothesis	in	a	case-
control	set	of	patients	with	myocardial	infarction	where	the	cases	consisted	of	patients	with	
MI	who	suffered	ventricular	fibrillation	(VF),	while	controls	consisted	of	patients	with	MI	
but	without	VF.		
Chapter 7	 entails	 the	 first	 genome-wide	 association	 study	 aimed	 at	 identifying	 genetic	
variants	responsible	for	predisposition	to	VF	in	this	setting.	This	work	led	to	the	identification	
of	a	VF	susceptibility	locus	in	a	non-coding	region	on	chromosome	21q21	close	to	the	CXADR 
gene	encoding	the	coxsackie	and	adenovirus	receptor	CAR.	This	 locus	has	not	previously	
been	linked	to	arrhythmia.	
In chapter 8,	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.
Chapter 9 considers the CXADR	gene	as	a	highly	likely	candidate	for	the	effect	on	VF	risk	
observed	 at	 the	 chromosome	 21	 locus.	 CAR	 is	 a	 cell	 adhesion	molecule	 predominantly	
located	 at	 intercalated	 discs	 of	 the	 cardiomyocyte.	 While	 CAR	 has	 been	 recognized	
primarily	for	its	involvement	in	virus-mediated	myocarditis,	recent	studies	in	CAR	knockout	
mice	 revealed	 atrio-ventricular	 conduction	 slowing.	 This	 chapter	 focuses	 on	 molecular	
and	electrophysiological	studies	in	human	heart	and	in	CAR	haploinsufficient	mice	aimed	
at	 investigating	the	genetic	mechanism	at	this	 locus	and	at	appraising	the	role	of	CAR	in	
ventricular	conduction	and	susceptibility	to	ventricular	arrhythmia	in	the	setting	of	MI.


