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General Introduction

First chapter of Book:  “Heart Disease in Men”, Nova Science 
Publishers, Inc., NY 11788, USA. ISBN: 978-1-60692-297-2. 
Title: Familial Primary Arrhythmias: Genes, Mechanisms and 

Treatment: Present Perspective (Authors: Z. A. Bhuiyan and 
A. A. M. Wilde)
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The Heart is a specialised organ that contracts synchronously, pumping blood to the body 
and to the lungs. The upper two chambers of the heart are called atria (right and left), the bot-
tom two chambers are called ventricles (right and left).  Right atrium receives deoxygenated 
blood from all parts of the body except for the lungs and transports them to right ventricle.  
The left atrium receives oxygenated blood from the lungs and transports them to the left 
ventricle and then to rest of the body.  Cardiac excitation originates in the sinoatrial (SA) 
node and propagates through the atria into the atrial-ventricular (AV) node. The impulse then 
propagates through the Purkinje conduction system to the ventricles which then contract. The 
synchronized pumping action of the heart is caused by a flow of electricity through the heart 
that repeats itself in a cycle.

Heart muscle, Gap junction, Desmosome and Ion channel
Three layers of tissues, epicardium, myocardium and the endocardium forms the outer to in-
ner layers of the heart. Cardiac myocytes are the major functioning cells in the heart and are 
extensively coupled so that impulses propagate rapidly and uniformly. 
Individual cardiomyocytes are separated from each other by a specialised boundary called 
the intercalated disc (ICD), where gap junction proteins, desmosomes, macula adherens and 
ion channels are located.1 Gap junctions consist of tightly packed connexins which permits 
intercellular exchange of small molecules and excitatory current flow between neighbour-
ing cells. Desmosomes alongwith adherens junctions are responsible for the mechanical at-
tachments of individual cardiomyocytes. All these components of the intercalated disc are 
topologically segregated and serve distinct functions, disruption of one affects the function 
of others, predisposing the heart to arrhythmias.1-3 

Cardiac Action Potential
The cardiac action potential (AP) is generated by orchestrated interactions between various 
ion channels (Figure 1). The standard model used to describe the cardiac action potential is 
the action potential of the ventricular myocyte. This action potential has 5 phases (numbered 
0-4).  
Phase 4 (Figure 1) is the resting membrane potential, and during this phase the cell is not 
being stimulated. Phase 4 corresponds with the diastole during which the heart is both electri-
cally and mechanically quiescent and atria and ventricles are filled with blood. In this phase, 
atrial and ventricular myocytes have a stable, negative resting membrane potential of about 
-85 mV. 
Phase 0 (Figure 1) is the rapid depolarization phase, dominated by the sodium channel, which 
generates a large and fast inward current, INa, to depolarize the membrane. Upon activation, 
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channels enter into an inactivated stage which is non-conducting and refractory.  The ability 
of the cell to open the fast Na+ channels during phase 0 is related to the membrane potential at 
the moment of excitation. If the membrane potential is at its baseline (about -85 mV), all the 
fast Na+ channels are closed, and excitation will open them all, causing a large influx of Na+ 
ions into the cell. If, however, the membrane potential is less negative, the cell may not be 
excitable, and conduction through the heart may be hampered, increasing the risk for arrhyth-
mias. Phase 0 of the cardiac action potential is the trigger for the initiation of the contraction 
of the atria and ventricles.4

Phase 1 (Figure 1) is the early repolarization phase. Repolarization results from the rapid 
activation and inactivation of the outward, repolarizing, transient K+ current Ito against the 
background of a decrease in sodium channel permeability and an increase in calcium chan-
nel permeability.4 This influx of calcium ions (Ca2+) into the cell signals Ryanodine receptors 
(RyR2s) on the sarcoplasmic reticulum to release of Ca2+ into the cytosol. This Ca2+ induced 
release of Ca2+ leads to tropomyosin translocation and myofilament contraction. 
A delicate balance between inward and outward currents results in the plateau phase of the 
repolarization phases 2 and 3 (Figure 1). The repolarization phase is mediated by the orches-
trated activities of the delayed rectifier K+ currents (IKr and IKs), the inward rectifier K+ cur-
rent (IK1) along with a gradual decrease in net depolarizing currents. The resting membrane 
potential of the myocytes is maintained by the background IK1 (phase 4), which is linked to 
the next cycle of AP initiated by new influx of INa.
Summation of these action potentials can be detected on the body surface electrocardiogram 
(ECG) (Figure 1). Atrial depolarization manifest on the ECG as P waves, while ventricular 
depolarization and repolarizations are seen as QRS and T waves, respectively (Figure 1). 

Arrhythmia Mechanism and Types
Abnormalities in impulse generation, during propagation, or the duration and configuration 
of individual cardiac action potentials form the basis of disorders of cardiac rhythm.  Cardiac 
arrhythmias are responsible for an estimated one million cases of syncope and sudden car-
diac death (SCD), only among Europeans and Americans each year.5 Familial arrhythmias 
comprise a significant percentage in this population. Genetics and pathophysiology of the 
familial arrhythmias are quite complex and we have just begun to understand the intricate and 
complex processes behind the mechanism of arrhythmogenesis.
First reports linking genetic mutations to primary arrhythmias were published between 1995 
and 1997 from the laboratory of Dr. Mark T. Keating and Dr. Pascal Guicheney.6-11 There-
after, during the last 13 years, we have observed potential discoveries linking mutations in 
cardiac ion channels, gap junction protein encoding genes with a wide variety of inherited 
arrhythmia syndromes.12 Well coordinated crosstalks between the structural and electrical 
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components of the heart are required for proper cardiac function.2,13  Disruption/distortion in 
this communication could predispose the heart to arrhythmias with or without any structural 
defects in the heart.1,13

Arrhythmias are classified into two main categories: bradycardia and tachycardia. Tachy-
cardia is subclassified into supraventricular and ventricular tachycardia.  In bradycardia, the 
heart rate is less than 60 beats per minute. A heart rate faster than 100 beats per minute is 
called tachycardia. Supraventricular arrhythmias originate from the atria.  As named, ven-
tricular arrhythmias originates from the ventricles. A fast uncoordinated heart rate is called 
fibrillation.  Ventricular fibrillation (VF) is one of the most serious forms of all arrhythmias. 
General mechanisms of tachyarrhythmias include reentry, triggered activity (early after de-
polarizations, EAD; delayed after depolarizations, DAD), and abnormal automaticity.4 

Supraventricular Arrhythmia
A very common supraventricular arrhythmia is atrial fibrillation. A normal heart beats be-
tween 60 and 100 times a minute. During atrial fibrillation, the atria beat at 400 to 600 times 
per minute. In response to this, the ventricles usually beat irregularly with variable heart rate, 
depending on the refractoriness of the AV node. Atrial fibrillation is usually seen in patients 
with cardiovascular diseases, but could also be due to a genetic pathology.  Once AF is devel-
oped, it is well possible that it might last lifetime. 

Ventricular Arrhythmias
Tachyarrhythmias that originate in the ventricles are more debilitating than those that origi-
nate in the atria. In sustained ventricular tachycardia (VT), consecutive impulses arise from 
the ventricles at a heart rate of 100 beats or more per minute, which stops sometimes auto-
matically without any intervention. But prolonged sustained VTs need to be intervened by 
drug treatment or electrical conversion. Prolonged sustained VTs might degenerate further 
into a totally disorganized electrical activity known as VF.  VF also can many times present 
as the first manifestation of arrhythmia, which could be lethal in many occasions.

Cardiac Channelopathies
Ion channels are pore-forming protein complexes that provide controlled inward and outward 
ionic currents across the cell membranes, which is critical for cardiac contractility, rhythm 
generation and propagation.  Channelopathies could be either congenital (often resulting 
from mutation/s in various genes) or acquired (resulting from autoimmune attack or drug 
effect on an ion channel). A large number of dysfunctions are caused by mutations in genes 
coding for cardiac ion channels. Long QT syndrome (LQTS), Short QT syndrome (SQTS), 
Sick sinus syndrome (SSS), Isolated Cardiac Conduction defect (ICCD), Brugada syndrome 
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(BrS), Atrial Fibrillation (AF) and Catecholaminergic Polymorphic Ventricular Tachycardia 
(CPVT) are the presently known cardiac channelopathies.

Long QT syndrome (LQTS)
Congenital LQTS is an inherited disorder defined by prolongation of the QT interval. Patients 
with all forms of LQTS are predisposed to the ventricular tachyarrhythmia torsade de pointes 
(TdP) leading to recurrent syncope or sudden cardiac death.  In many cases, syncope or sud-

den death could be the first and the only manifestation. LQTS affects an estimated 1 in 2,000 
people world wide.14

The ECG hallmark of the LQTS is, as its name suggests, prolongation of the QT interval 
(corrected for heart rate i.e. QTc). Normal values of QTc are 440ms in males and 450 ms 
in females. In children age-dependent (and gender dependent) values are relevant. Values 
above 480ms in the absence of an identified cause are generally considered highly suspect 
for LQTS. The molecular basis of LQTS is heterogeneous and to date, mutations in at least 
12 different genes have been reported in LQTS patients (Table 1). Up to 70% of LQTS pa-
tients are reported to have a mutation in one of the 12 reported genes. Among the presently 
known 12 types of LQTs, the most common are LQT1, LQT2 and LQT3, caused by muta-
tions in cardiac ion channel genes KCNQ1, KCNH2 and SCN5A, respectively. Mutations in 
these three genes constitute more than 90% of genotyped patients.6-11,15 Among the remaining 
nine genes implicated in LQTS, ANK2, CAV3, and AKAP9 are regulatory/chaperone genes, 

Figure 1: Ionic currents contributing to the ventricular action potential (A) and schematic representation of a car-
diomyocyte displaying (only) those proteins involved in the pathogenesis of inherited arrhythmia syndromes (B). 
In panel A, the action potential is aligned with its approximate time of action during the ECG. In panel B, ankyrin-
B, an adapter protein involved in the long QT syndrome type 4, is not depicted. (Reproduced with modification 
and permission from authors).12
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KCNE1, KCNE2, KCNJ2 and SCN4B are ancillary subunits of major ion channel genes and 
CACNA1C is the pore forming α-subunit of the cardiac L-type calcium channel gene (Table 
1). Mutations in these genes, combined, comprise the remaining 10% of the presently geno-
typed LQTS.   
Among all reported mutations in LQT1 to LQT3, missense mutations are most common 
(72%), followed by frameshift mutations (10%), in-frame deletions, and nonsense and splice-
site mutations (5% to 7% each) (15). Around 8% of the LQTS patients carry mutations in 
two LQTS causing genes and had longer QTc and also 3.5 fold more risk of cardiac arrest.16 

Early after depolarization (EAD) is considered as the initiating arrhythmogenic mechanism 
in LQTS.4

LQT1: Mutations in the KCNQ1 gene cause the commonest form of LQTS referred to as 
LQT1, comprising around 50% of the total genotyped LQTS patients.  KvLQT1 (coded by 
KCNQ1) along with its β-subunit minK (coded by KCNE1) co-assemble to form the cardiac 
K+ channel (Figure 4), which is responsible for the slowly activating delayed rectifier out-
ward K+ current (IKs). In this form of the disease, syncope or sudden death is triggered by 
adrenergic drives e.g. emotional stress, physical exertion, diving, swimming etc.17 Schwartz 
et al. (2001) reported that LQT1 patients experienced the majority of their events (62%) 
during exercise and only 3% during rest/sleep.18  Swimming is a typical trigger for cardiac 
events in these patients. Mutation/s (mostly missense) in KCNQ1 cause loss-of-function of 
the mutant allele but this non-functional allele still could exert a dominant negative effect 
on the normal/wild type allele, which is the pathologic basis of autosomal dominant LQT1 
(Figure 2). Truncating mutations in the KCNQ1 are also non-functional and are not able 
(mostly) to exert dominant negative effect on the normal allele and hence the mono-allelic 
truncating KCNQ1 mutation carriers usually lack any significant phenotypes, neither on ECG 
nor clinically. 
Pathogenic mutations in the KCNQ1 could be located all over the coding exons (including 
their intronic junctions). Among all the mutations, patients with mutations at the transmem-
brane domains are at higher risk of LQTS-related cardiac events and have greater sensitivity 
to sympathetic stimulation.19-20 Homozygous or compound heterozygous mutations in the 
KCNQ1 gene are rare, but when present, cause the recessive type of the disease, Jervell 
and Lange-Nielsen syndrome (JLNS). Clinical phenotype in JLNS patients are severer 
(also longer QTc) than the dominant LQT1, and the cardiac manifestations appear more 
frequently during the early childhood.21 Patients with JLNS suffer additionally from bilateral 
sensorineural deafness. JLNS causing homozygous KCNQ1 mutations are predominantly 
truncating (except several missense mutations), leading to complete loss/absence of the func-
tional KvLQT1 protein and IKs channel. This IKs, is also present in the inner ear and is required 
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to maintain normal hearing.22  In some cases, homozygous/compound heterozygous KCNQ1 
mutations could still have some residual IKs function left, these patients suffer only from ar-
rhythmia but not from deafness (please see chapter-8 of this thesis).

LQT2: LQT2 is equally prevalent as LQT1, accounting for 35-40% of genotyped LQTS pa-
tients . Mutations in the KCNH2 gene are responsible for the LQT2 form of LQTS. KCNH2 
encodes for the HERG protein, and mutations could cause reduction in the rapid compo-
nent of the delayed rectifier repolarizing current (IKr). This reduction of the IKr contributes 
to lengthening of the QT interval (Figures 1 and 2). Molecular mechanisms that account for 
reduced IKr current in these patients are disruption of IKr channel synthesis, membrane traf-
ficking, gating, or permeation.23-24 29% of the syncopal attacks in LQT2 occur during rest/
sleep and only 13% of the syncopal attacks were reported during exercise.18  Sudden star-
tling noises e.g. alarm clock noise, telephone ringing often trigger syncopal events in these 
patients.18,25 Patients with mutations in the pore region of the KCNH2 gene are at markedly 
increased risk for arrhythmia-related cardiac events compared with patients with nonpore 
mutations.26 In neonates, 2:1 Atrioventricular block (AVB) is preferentially associated with 
KCNH2 mutations.27 Complete AV block complicated by LQTS were also found in 17% of 
adult patients with a mutation in the KCNH2 gene.28 Homozygous mutations in KCNH2 are 
rare and when present, patients suffer from a severe form of LQT, with 2:1 AV block and 
severe ventricular arrhythmias, well before and immediately after birth.29-31 

LQT-3: LQT3 accounts for <10% of genotyped LQT patients.  LQT3 is caused by gain of 
function mutations that disrupt fast inactivation of the α-subunit (Nav1.5) of the voltage-gated 
sodium channels encoded by SCN5A (Figures 1 and 2). Normally, wild-type (WT) Na+ chan-
nels open in response to membrane depolarization, then enter into an inactivation state that 
prevents reopening during sustained depolarization.32 LQT-3 causing mutations in SCN5A 
exert their deleterious effects by disrupting the inactivation process either by reducing the 
rate of channel inactivation or by increasing the likelihood of recovery from inactivation.32-33 
As a result, the inward sodium current persists abnormally during the plateau phase of the 
cardiac action potential (Figure 2). This persistent entry of positive electrical currents pro-
long the duration of the action potential.
LQT3 patients experience the majority of their events (39%) during during sleep/rest, and 
about 13% of the events were reported to occur during rest/sleep.18 Genotype and phenotype 
relationship in SCN5A mutations is intricate and complex. In several instances single SCN5A 
mutation were shown to exert two or even three distinct phenotypes of arrhythmias in the 
same family.34-36 Male patients with a mutation at the LQT3 locus could develop symptoms 
much earlier than the female patients.37 Homozygous SCN5A mutations have been described 
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in Long-QT syndrome with functional 2:1 AV block.38

LQT-4: LQT-4 represents the first non-channel form of LQTS. A mutation in ANK2, a 
member of a family of versatile membrane adapters, leads to intracellular calcium overload 
which contributes to the LQT4 syndrome (Table 1). In addition to QT prolongation, this syn-
drome is associated with sinus bradycardia and paroxysmal atrial fibrillation.39-40 
ANK2 is required for the localization and post-translational stability of Na+/Ca2+ exchanger 
in cardiomyocytes.41 Pathogenic effect of the ANK2 mutations could be moderate to severe 
and the clinical expressions depend on the severity of the mutation. All mutations (<10) till 
date described are missense mutations. 

LQT-5: The MinK protein is a cardiac K+ channel accessory subunit encoded by the KCNE1 
gene.  Mutations in KCNE1 are associated with the LQT5 form of LQTS (Figure 1 and 2) .42-43 
KCNE1 mutations reduce IKs and also exert dominant-negative effect on the wild type normal 
allele, which causes delayed cardiac repolarization (Figures 1 and 2), leading to an increased 
risk of arrhythmia in the heterozygous carriers.9 To date, <20 LQT5-related KCNE1 muta-
tions (all missense) have been reported, but this number and the incidence of mutations are 
very small compared with the principal LQTS mutations (LQT1-3). Heterozygous KCNE1 
mutation carriers were observed to have milder LQTS phenotypes in a study from Japan.44 
Homozygous KCNE1 mutation carriers were reported to suffer from JLNS.45-46

LQT-6: KCNE2 gene encodes MinK-related peptide 1 (MiRP1), a β-subunit of the cardiac 
potassium channel IKr (Figures 1 and 2).  Mutations in KCNE2 cause defects in the rap-
idly activating component of the delayed rectifier potassium current (IKr), responsible for the 
LQT6.47 Reported mutations in KCNE2 gene till date are <15, all are missense. Auditory/
acoustic stimulus like alarm clock noise, door ringing bell etc. could provoke syncopal at-
tacks in KCNE2 mutation carriers similar to KCNH2 mutation carriers.48

LQT-7:  This syndrome is also known as Andersen-Tawil syndrome (ATS). ATS is a rare 
disorder, manifested by occasional syncope and cardiac arrest.  ECG features include mild 
QT interval prolongation, abnormal U waves, frequent ventricular ectopy, bidirectional ven-
tricular tachycardia (VT) and polymorphic VT. This syndrome also exhibits extracardiac 
features which include skeletal muscle periodic paralysis and developmental problems, such 
as cleft palate, low set ears, short stature, and developmental features in the limbs.49 Major-
ity of clinically diagnosed ATS patients are reported to have a mutation in KCNJ2.49 KCNJ2 
encodes a pore-forming subunit of inwardly rectifying potassium channels (IK1), which main-
tains normal resting membrane potentials (Figures 1 and 2).50-51 To date, >35 heterozygous 



20

20

Clinical and Genetic Spectrum of Hereditary Cardiac Arrhythmia Syndromes

1



21

21

1

KCNJ2 mutations are reported in ATS, and ATS causing mutations in KCNJ2 showed loss-
of-function and dominant negative suppression effects.52 The clinical severity of ventricular 
arrhythmias are usually milder in ATS than in other types of LQTS,49 however, there are 
reports of aborted sudden death in unrelated ATS patients in several studies.53-54

LQT-8: Also known as Timothy syndrome (TS), combines severe QT prolongation with 
syndactyly, baldness at birth, and small teeth in 100% of cases and less penetrant cardiac 
structural malformations, autism, mental retardation, and facial dysmorphic features.55 There 
are two subtypes: TS1 and TS2. Mutations in the α-1 subunit of the L-type calcium current 
(ICa-L) encoding gene CACNA1C lead to LQT-8 (both subtypes). To date 13 cases of TS1 were 
reported and all occurred due to a single de novo missense G406R mutation in the exon 8A 
of CACNA1C gene.55 All TS1 individuals have syndactyly (webbing of fingers and toes).56 
Comparatively severer variant, TS2, arises due to mutations in exon 8. None of the two 
reported TS2 patients had syndactyly. TS1 and TS2 mutations in CACNA1C lead to a gain 
of function defect, augmenting the depolarising Ca2+ current during the plateau phase of the 
action potential (fig 2), thereby prolongs the action potential duration (Figures 1 and 2). 

LQT-9 and LQT-10: Fairly recent genes associated with LQTS are CAV3, which encodes 
Caveolin-3, and SCN4B, which encodes NaVβ4, an auxiliary β-subunit of the cardiac sodium 
channel.
Mutations in CAV3 and SCN4B produce gain of function in late I

Na
, causing an LQT3-like 

phenotype (Figure 1 and 2).57-59 They are named as LQT-9 (associated with CAV3 mutation) 
and LQT-10 (associated with SCN4B mutation).  

LQT-11: In the heart, sympathetic nervous system (SNS) regulation of cardiac action poten-
tial duration (APD) is mediated by β-adrenergic receptor (β-AR) activation, which requires 
assembly of AKAP9 (Yotiao) with the α-subunit (KvLQT1) of the IKs channel. 
Mutation in AKAP9 causes LQT-11 (Figures 1 and 2).60 To date only one mutation (S1570L) 
has been reported in AKAP9 with a detection rate of 2%.60 Mutation in AKAP9 negatively af-
fects the interaction between KvLQT1 and AKAP9 (Yotiao) and prolongs the action potential 

Figure 2: Pathophysiologic mechanisms of ion channel mutations in long QT syndrome (LQTS) and short QT syn-

drome (SQTS). (A) Schematic ECG representation. The red dotted line represents QT interval prolongation (left 

panel) and shortening (right panel) as can be observed in the LQTS and SQTS, respectively. (B) The ventricular 

action potential (AP). The red dotted line represents prolongation (left) and shortening (right) of action potential 

duration (APD) as can be observed in the LQTS and SQTS, respectively. *denotes the genes whose mutation/s 

indirectly causes the mentioned LQTS. (Reproduced with modification and permission from the authors).12
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ns: not specified

*skeletal muscle periodic paralysis, cleft palate, low set ears, short stature.

** syndactyly, baldness at birth, small teeth, and occasionally cardiac structural malformations, autism, mental 

retardation, facial dysmorphic features.

Table 1: Summary of genes and chromosomal loci (where genes are not known) for LQTS.
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duration.

LQT-12: The most recent gene reported to cause LQTS is α-1-Syntrophin (SNTN1). SNTN-
1 mutation causes gain of function of the cardiac sodium channel Nav1.5, pathophysiologic 
basis of LQT-12 (figure 2).61

 
Acquired LQTS
Acquired LQTS is caused by factors and substances that decreases potassium flux and im-
pair the ability of the myocardium to repolarize. Well-recognized conditions that negatively 
influence the “repolarization reserve” are female gender, hypokalemia, and drugs that in-
hibit cardiac potassium channels.62 A number of commonly prescribed drugs could prefer-
entially bind and block the HERG channel (encoded by KCNH2) due to its unique structure 
and increases predisposition to drug-induced arrhythmia.63-64 Mutations or polymorphisms 
in HERG may facilitate this binding.65 

Certain variants of MiRP1 (encoded by KCNE2) also contribute to a significant fraction of 
cases of drug-induced LQTS.66 One example is T8A-MiRP1 is a common SNP in the MiRP1, 
reported in about 1.6% of healthy individuals.47 Individuals harbouring this SNP had a nor-
mal electrocardiogram at rest but developed a very long QT interval on Bactrim [trimetho-
prim/sulfamethoxazole (TMP/SMX)] therapy due to the fact that the channels formed with 
T8A-MiRP1 are inhibited by SMX.66

S1103Y and L1825P in SCN5A has also been associated with acquired LQT3.67-69 Drugs af-
fecting the intracellular calcium overload also could cause acquired variant LQT in otherwise 
normal individuals. Procainamide and Quinidine induces LQT and torsades de pointes in oth-
erwise normal individuals who carried a SNP E1813K in the ANK2.70 These drugs suppress 
the ANK2 function in individuals harbouring the SNP E1813K and prolong the QT interval 
inducing intracellular calcium load. Autoimmune mediated LQTS has also been described in 
a patient with IgG containing anti-HERG antibodies.71

Electrocardiographic (ECG) features in the three common forms of Long QT 
syndrome: 
Typical ST-T-wave patterns are present in the majority of genotyped LQTS patients and can 
be used to identify LQT1, LQT2, and possibly LQT3 genotypes.72-73

The LQT1 form of the long-QT syndrome is associated with a broad T wave without  short-
ening of the QT interval at exercise (figure 3a). LQT2 is associated with low-amplitude, often 
bifid, T waves (Figure 3b). LQT3 is associated with a long isoelectric segment and a narrow-
based, tall T wave (Figure 3c).  Pause dependence of TdP onset in congenital LQTS is geno-
type specific, being predominant in LQT2 but almost absent in LQT1.74 Although patterns 
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Figure 3: ECG recordings from patients with LQT1, LQT2 and LQT3 and LQT8. 

A) 12 lead ECG of a 18 year old male with a KCNQ1 mutation. The QT interval is prolonged (QTc= + 500ms). 

The ST segment has a broad base and relatively large amplitude. Conduction interval is normal (standard calibra-

tion). B) 12 lead ECG of a 14 year old girl with a KCNH2 mutation. The QT interval is prolonged (QTc, +520ms). 

The ST segment is notched in lead V3 and has relatively low amplitude in the extremity leads. Conduction interval 

is normal (standard calibration). C) 12 lead ECG of a 12 year old boy with a SCN5A mutation. The QT interval 

is prolonged (QTc. + 600 ms). The ST segment has a long (almost) isoelectric segment with a large, sharp and 

narrow T wave. Conduction interval is normal (standard calibration). D) 12 lead ECG of a 2 year old boy with 

a CACNA1C mutation. The QT interval is very prolonged (620 ms; QTc= 911 ms) with upright T wave. The ST 

segment shows T wave alternans which are most evident in leads V3-V5.  E) Two lead ECG (lead II and III) from 

a 14 year old girl with KCNH2 mutation. In the middle part of ECG a TdP episode is seen that lasts a few seconds 

and terminates spontaneously. Prior to the TdP episode, ventricular extrasystoles disturb a regular sinus rhythm. 

Note the prolonged QTc particularly after the arrhythmia
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may suggest a specific genotype of the long-QT syndrome, exceptions have been described.  
Mutation list and their carrier patients are still inadequate in number to perform such geno-
type specific ECG analysis in LQT4-LQT12 patients.

Genotype-Phenotype
Clinical expression of LQTS is not uniform, variation in penetrance and expression are in-
fluenced by age, gender, genotype, environmental factors, therapy, and possibly by not yet 
identified modifier genes. The genotype-phenotype correlation in heterozygous carriers has 
been investigated in detail in the LQT1, LQT2 and LQT3 syndrome patients, as these 3 
forms constitute more than 90% of genotyped LQTS patients.15 During childhood, the risk of 
cardiac events is significantly higher in LQT1 males than in LQT1 females, whereas no sig-
nificant gender-related differences were seen in the risk of cardiac events among LQT2 and 
LQT3 carriers. During adulthood (also after age 40) LQT2 and LQT1 patients had a signifi-
cantly higher risk of cardiac events in females than respective males.75-77 In general, lethality 
of cardiac events seem to be more predominant in LQT3 patients than in LQT1 and LQT2 
patients.78 Women with LQTS have a reduced risk for cardiac events during pregnancy, but 
an increased risk during the 9-month postpartum period, especially among women with the 
LQT2 genotype.79 The QTc is an independent predictor of risk among patients with a muta-
tion at the LQT1 locus and those with a mutation at the LQT2 locus but not among those with 
a mutation at the LQT3 locus.37

Intrauterine Death, Sudden Deaths in Infants, Children and Adults: role of mu-
tations in Ion channel genes
Recurrent third-trimester fetal loss was reported in heterozygous R1623Q SCN5A mutation 
carriers in a single report.80 Intrauterine fetal death at 36 weeks of gestation was also reported 
in a homozygous KCNH2 mutation carrier.29 

Sudden cardiac death (SCD) in children could often be caused by a mutation in the cardiac 
ion channel gene.81-83 In a report, >50% of the children with an unexplained SCD was shown 
to have a mutation in one of the known cardiac ion channel genes.84 Though, mutations in 
SCN5A seem to be predominant in SIDS, mutations in KCNQ1 were also reported.85-86 New 
additions to this list are mutations in KCNH2, KCNE2 and CAV3, SCN4B and SCN3B.87a,b 
In 12% of the Sudden Arrhythmic Death Syndrome between 16-64 yrs of age were found to 
have LQTS.88

Diagnosis
Most common clinical features of LQT patients are palpitations, presyncope, syncope and 
sudden death. These clinical features also could be seen in patients with other arrhythmia 
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syndromes e.g. catecholaminergic polymorphic ventricular tachycardia and secondary ar-
rhythmia syndromes (due to various cardiomyopathies). 
A proper history taking relevant to the disease is required, which in many occasions lead to 
the specific subtype of LQTS. This history taking includes the proband him/herself and also 
of any family members with similar history. History also should be focused on precipitating 
factor/s which provoked the symptoms e.g. swimming, alarm noise, door ringing bell etc.
Physical examinations and Echocardiography (or MRI/CT) are required to exclude the pres-
ence of any structural abnormality in index patients with LQTS. An ECG exhibiting pro-
longed QTc at rest in a structurally normal heart is the sine qua non to the diagnosis. To rule 
out the acquired cases of LQTS (occurs in 5 to 20% of cases) patients should be screened 
for serum electrolytes (K+, Ca2+, Mg2+), hypothyroidism and other eliciting factors. Patients 
should be inquired about the use of drugs that can prolong the QT interval, which includes 
several antiarrhythmic drugs (www.torsades.org).
A great percentage (30-40%) of individuals with LQT1 has a non-diagnostic QTc at rest, and 
concealed LQT1, therefore unmasking LQT1 is clinically important as LQT1 represents one 
of the two most common subtypes of LQTS.89 Exercise or epinephrine QT stress test could 
sometime (not always) help in differentiating between a rare but functionally irrelevant “mu-
tation” in KCNQ1 versus a pathogenic, LQT1-causing mutation.89-91 Sotalol also could help 
in unmasking the concealed LQT.92

Similarly, identification of occult LQT2 patients remains an unresolved problem. Shimizu et 
al. demonstrated that epinephrine bolus (but not steady state epinephrine) increased Tpe in 
LQT2 patients.93 Erythromycin was also found prolong the Tpe in LQT2 patients and could 
be used in unmasking the disease.94

Single Nucleotide Polymorphism (SNP), Ethnicity and LQTS predisposition
The term Single nucleotide polymorphism (SNP) refers to single nucleotide DNA sequence 
variations within the genome, and which seems to exert no pathogenic effect. SNPs are 
present all over the genome (exons, introns, gene regulatory regions) and can change the 
amino acid codon (non-synonymous changes) and can also  be silent (synonymous changes). 
Some SNPs are found in equal frequency in all populations and some of them can be seen 
prevalently in specific ethnic/regional populations. For a nucleotide variation to be considered 
an SNP, generally accepted criteria are that this variant should be present in at least 1% of the 
population (Human Genome data base, NCBI). SNPs are usually considered harmless, but 
there are SNPs which can enhance the risk of a disease in specific populations. For example, 
S1103Y is a common SNP in SCN5A, about 13.2% of African Americans carry the Y1103 
allele. Heterozygous carriers for this genotype seem to be associated with increased risk for 
arrhythmia in adults with 8-fold increased risk of arrhythmias without marked channel dys-
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function in vitro.95 Infants with African-Americans origin with 2 copies of the common syn-
onymous SNP S1103Y in SCN5A are predisposed to 24-fold increased risk for SIDS.67,95-96 
Similarly, R1193Q comprises 12% of the alleles in Han Chinese compared to <0.2% in other 
populations, considerably increasing the risk for LQTs (and some times Brugada Syndrome) 
in the Han Chinese population.97 L1622I codon in ANK2 is conserved across species, and 
about 4% of the Africans share this allele.98 Effect of this SNP on arrhythmia susceptibility in 
the African populations remain to be studied. 

Clinical Management of LQTS 
Cessation of all drugs known to prolong the QT interval and the correction of electrolyte im-
balances and/or precipitating metabolic conditions should be the primary focus while treat-
ing LQTS patients. Because syncope or death in the LQTS is often adrenergically mediated, 
restriction of patients’ participation in athletic activities is generally recommended.17 It is not 
known whether this restriction should be extended to patients with forms of the disease in 
which adrenergic stressors are not prominent.17 Silent mutation carriers should be counselled 
about the characteristics of the disorder and also need to be properly informed about the risk 
of mutation transmission to offspring, also mentioning the fact that that offspring of a silent 
mutation carrier could express the disease phenotype when carried the mutation unlike his/
her silent mutation carrier parent.
The mainstay of therapy for the long-QT syndrome is and has been β-blockade. Long-acting 
preparations such as nadolol and metoprolol are usually used, and the efficacy of β -block-
ade is assessed by blunting of the exercise heart rate (e.g., by >20%).17-18 The percentages of 
patients who were free of recurrence with β-blocker therapy was reported to be higher and 
the death rate was lower among LQT1 patients (81% and 4%, respectively) than the LQT2 
(59% and 4%, respectively) and LQT3 (50% and 17%, respectively) patients. Furthermore 
β-blockade can be used as a prophylactic treatment in silent mutation carriers to reduce SCD. 
Since, women with LQTS (especially LQT2) have an increased risk during the 9-month 
postpartum period, β-blockers should be prescribed to reduce any cardiac events during this 
high-risk period.79 An implantable cardioverter–defibrillators (ICDs) can be considered for 
patients with recurrent syncope despite β-blocker therapy or in patients with high risk for 
cardiac arrest (e.g. symptomatic LQT2 and LQT3 with a documented QTc prolongation). 
β-blockers have limited efficacy in JLNS in which and early therapy with implanted cardio-
verter/defibrillators were recommended.21Another effective anti-adrenergic therapy is abla-
tion of the left stellate ganglion. This therapy, also called left cardiac sympathetic denervation 
(LCSD), has been shown to be effective alike β-blockers, particularly in LQT1 patients.18,99 

LCSD should be considered in patients with recurrent syncope despite beta-blockade and in 
patients who experience arrhythmia storms with an implanted defibrillator.99 Sodium-channel 
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blockers such as mexiletine and flecainide may normalize the QTc interval in patients with 
the LQT3 subtype, but they may also increase the risk of sudden death in patients with over-
lapping Brugada syndrome; their role as primary therapy in LQT3 thus remains uncertain. 
In vitro analysis was performed to check the efficacy of mexiletine showed some muta-
tions are responsive to mexiletine and some are not.100 Low-dose flecainide was reported 
as a promising therapeutic agent for LQTS patients with DeltaKPQ mutation carriers in the 
SCN5A.101 These findings should be carefully addressed in the clinical setting in patient 
cure. LCSD should also be considered in all forms of LQTS patients with recurrent syncope 
despite β-blockade and in patients who experience arrhythmia storms with an implanted defi-
brillator.99 Pacing has limited value in the treatment of LQTS but might be used to allow full 
dose β-blocker therapy or in young infants to postpone ICD implantation. A pause-dependent 
arrhythmias (LQT2) may be prevented by pacing and pacing protocols that favor relatively 
fast heart rates can prove useful in patients as they may prevent electrical storm.102 Several 
compounds (Nicorandil, NS3623) act as potassium channel openers and correct the QTc in-
terval, are still in the experimental stage.103-104 Though they seem to work as potassium chan-
nel activator, further functional and clinical research studies are required before they could 
be brought to the clinic.

Short QT syndrome
The short QT syndrome (SQTS) has been recognized recently as a new entity characterized 
by ion channel mutations, leading to sudden cardiac death due to VF associated with short 
refractory periods.
The short QT syndrome has been characterized by major and minor cardiac events, or symp-
toms. The major events include syncope, ventricular fibrillation and sudden cardiac death. 
The minor events include palpitations, light headedness/ dizziness, and paroxysmal atrial 
fibrillation. Sudden cardiac death could be frequent first symptom and first clinical presenta-
tion. Most patients have a significant family history of sudden cardiac death of relatives with 
a variable age distribution, ranging from 3 months to 70 years of age. The mean age of SQTS 
diagnosis is 30 years.105 It has been suggested that sudden infant death syndrome may in some 
cases be attributed to SQTS.106

ECG is characterized by a short QT interval of typically less than 300 ms with tall peaked, 
narrow symmetrical T waves. Short refractory periods lead to a propensity to develop atrial 
or ventricular fibrillation at electrophysiology study. SQTS is a genetically heterogeneous 
disease characterized by at least three different gene mutations of potassium channels in-
volved in cardiac repolarization. Three forms of SQTS have been diagnosed due to mutations 
in three different genes (Table 2), which are as follows:
SQT-1: A mutation in KCNH2 which causes gain of function (contrary to loss of function 



29

29

1
mutations) is responsible for SQT-1 (figures 1 and 2). To date, only one missense mutation in 
KCNH2 encoded HERG (N588K) have been described in SQT-1, that lead to gain of function 
and shortening of the action potential duration.107-108

SQT-2: Mutation in the KCNQ1 gene could also result in accelerated activation kinetics con-
sistent with a gain of function in the outward current and is considered the pathophysiology 
of short QT syndrome (SQT-2) (Figures 1 and 2).109-110

SQT-3: KCNJ2 encodes the pore-forming subunit of inwardly rectifying potassium channel 
(IK1). Mutation in this gene which causes gain of function of the IK1 channel, and the gener-
ated current do not decrease to the extent of normal potassium channels, shortens the action 
potential (Figures 1 and 2). ECG shows unique features of asymmetric tall T waves with a 
rapid descending portion.111 The QT-interval in the described patients are in the 320 ms range. 
The clinical syndrome is extremely heterogeneous with variation in symptoms and risk of 
sudden cardiac death within an individual genotype. At this point in time, it is difficult to 
link genotypes with definite phenotypic expression.112 Given the high incidence of sudden 
cardiac death in SQTS, an ICD is recommended unless there is an absolute contraindication 
to implantation. Pharmacologic therapy is a potential alternative to ICDs in patients in whom 
ICD implant is not feasible. Hydroquinidine so far has been as the only agent to revert short 
QT interval to normal.113-114

Brugada syndrome
Brugada syndrome (BrS) is a leading cause of death due to ventricular arrhythmias among 
young men in Southeast Asia, and also responsible for a considerable numbers of sudden car-
diac deaths worldwide. Among patients presenting with the syndrome, 20-50% are reported 
with a family history of sudden cardiac death. 
Heterozygous mutations in the cardiac Na+ channel encoding SCN5A gene cause approxi-
mately 20% of the cases of BrS. Heterozygous mutations in the α-1 (CACNA1C) and the 
β-2b subunits (CACNB2) of the cardiac L-type calcium channel genes (figure 1 and table 2) 
were recently reported in BrS patients (8%) in combination with short QT interval.115 Muta-
tion in GPD1-L and SCN1B gene has also been implicated in BrS comprising <2 % of BrS 
patients.116-118

All these BrS causing mutations, either by trafficking deficiency or abrogation in the electri-
cal property, or affecting its binding to the adaptor molecule ankyrin-G prevents accumula-
tion of SCN5A encoded Nav1.5 at cell surface sites in ventricular cardiomyocytes,116,119 which 
results in premature closing of the sodium channel or less available channels during phase 1 
of the action potential (Figure 1).
This loss or deficient sodium channel function manifests the BrS specific ECG in these pa-
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tients (Figure 4). Sodium channel blockers, cocaine, antidepressants and antihistamines are 
also known to facilitate the Brugada-type ECG by reducing the inward sodium current.120-121 
Actually, sodium channel blockers are clinically in use to unmask BrS in those cases in 
which there is a strong suspicion of the disease but no electrocardiographic proof. Reentry 
is considered the dominant mechanism in Brugada syndrome based on conduction slowing, 
easy VT/VF induction during electrophysiological study and the polymorphic nature of the 
arrhythmias.122

The main ECG findings in BrS are ST-segment elevation in the right precordial leads (V1-
V3), with or without the presence of incomplete or complete right bundle branch block (Fig-
ure 4). Occasionally, like in a French family with BrS, ST segment elevation and prominent J 
wave were observed in the inferior and also in right precordial leads. But, some family mem-
bers showed classic ECG pattern of ST segment elevation in the right precordial and not in 
the inferior leads.123 Among the two major types of ST segment elevations in BrS, coved-type 
morphology is required for the diagnosis, while the saddle-back type is an intermediate form 
that requires confirmation using pharmacological challenge (conversion into coved-type) or 
genetic analysis.122 A large majority of BrS patients goes undetected without a mutation. ECG 
characteristics indicative for SCN5A mutations are longer conduction intervals and higher ST 
amplitude.124

In the largest population of children affected by BrS described to date, fever represented the 
most important precipitating factor for arrhythmic events.125 Patients with a spontaneously 
appearing Brugada ECG have a high risk for sudden arrhythmic death secondary to ven-
tricular tachycardia/fibrillation.120-121 In the adult population, the risk of arrhythmic events is 
higher in previously symptomatic patients.120

Controversy exists in the management of asymptomatic patients with the classic ECG pat-
tern. Therapeutic intervention with antipyretics or termination of the culprit medication (e.g. 
antidepressants and antihistamines) is warranted and carrier family members should be in-
formed that some medications and disease states (fever) might increase their risk of arrhyth-
mias.120-121 In patients with previous symptoms (most likely) related to the occurrence of 
ventricular arrhythmias, there is general agreement that they should be protected with an 
implantable defibrillator. Longer follow-up in well-controlled clinical trials will be needed to 
better understand how to manage asymptomatic patients.

Cardiac Conduction Defect or Lev-Lenègre syndrome
Progressive cardiac conduction defect (PCCD) is a frequent disease commonly attributed 
to degeneration and fibrosis of the His bundle and its branches. Cardiac conduction disease 
(CCD) is mostly encountered as a consequence of cardiac injury (caused by ischaemia or 
surgery), as the major cardiac manifestation of neuromuscular diseases, or in association 
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with congenital cardiac abnormalities. However, isolated cardiac conduction disease (ICCD), 
with a progressive nature in some instances (also known as Lenegre and Lev disease) has 
also been described. 
Three distinct genetic forms have been distinguished in families displaying an autosomal 
dominant inheritance (Table 2).  One form involves mutations in SCN5A. Mutations in SC-
N5A cause (progressive) cardiac conduction defect, also called hereditary Lenegre disease, 
characterized by an age-related alteration in the conduction of the cardiac impulse through 
the His-Purkinje system, ultimately leading to a pacemaker implantation but no ST-segment 
elevation.126 An intriguing overlap exists between Lenegre disease and BrS: decreased avail-
ability of the sodium channel accounts for both clinical entities.127-128 Linkage to chromosome 
19q13.2–q13.3 and chromosome 16q23–24 has respectively been identified in two kindreds 
with the disorder (Table 2). The causative genes at each of these loci are yet to be identified.
Patients with CCD or Lev-Lenègre disease are usually treated with conventional pacemaker 
therapy. Dual chamber pacing (DDD pace makers) or VVI PM’s are mostly used in patients 
without or with atrial fibrillation.

Sick Sinus Syndrome
Sick sinus syndrome (SSS) encompasses a broad array of disturbances involving sinus node 
dysfunction. Common clinical manifestations are syncope, presyncope, dizziness, and fa-
tigue. ECG typically manifests sinus bradycardia, sinus arrest, and/or sinoatrial block. Epi-

Figure 4: 12 lead ECG of a 38-yr old 

resuscitated male with BrS. The electro-

cardiographic hallmark of the disease 

is clearly present i.e. the coved type 

ECG (marked ST-elevation) in the right 

precordial leads, conduction intervals are 

prolonged (PR 210 ms, QRS 120 ms) and 

the electrical axis is leftward. This ECG is 

indicative for a SCN5A mutation and that 

is indeed what this patient had.
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sodes of atrial tachycardias coexisting with sinus bradycardia (‘tachycardia-bradycardia syn-
drome’) are also common in this disorder. SSS occurs most often in the elderly associated 
with underlying heart disease or previous cardiac surgery, but can also occur in the fetus, 
infant, or child without heart disease or other contributing factors, in which case it is con-
sidered to be a congenital disorder (also see Table 2).129 In a significant portion of patients, 
however, this disease appears in the absence of an identifiable cardiac abnormality or other 

SQT: Short QT syndrome; BrS: Brugada syndrome; CCD: Cardiac Conduction Disease; SSS: Sick Sinus Syn-

drome; CPVT: Catecholaminergic Polymorphic Ventricular Tachycardia; FAF: Familial Atrial Fibrillation

Table 2: Summary of genes and chromosomal loci (where genes are not known) for SQTS, BrS, CCD, SSS, 

CPVT and FAF.
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associated conditions. Compound heterozygous mutations in SCN5A gene have been de-
scribed in five individuals between 2 years to 9 years with SSS.129 Schulze-Bahr et al.(2003) 
first reported a frameshift mutation (1631delC) in the pace-maker gene HCN4, in a 66 yr old 
woman of idiopathic sick sinus syndrome (also see Table 2).130 One year later, Ueda et al. 
(2004) reported a missense D553N mutation in   a 43-year-old woman who experienced first 
syncope at her 20 yrs followed by recurrent syncope at 34 yrs.131 Co-segregation of D553N 
with the phenotype being found in her family in  two other affected individuals.  These spo-
radic two cases were followed by two reports where the authors reported missense mutations 
(S672R and G480R) in the critical regions of HCN4 gene segregating in a large family with 
sinus bradycardia.132-133 The heart rate varied from 43 to 60 beats per minute in persons with 
the mutated gene in both families. Sporadic HCN4 mutation carriers had complex array of 
rhythm disturbances,130-131 which seems in contrast with the bradycardia as the only clini-
cal abnormality in the familial patients.132-133 Additionally, sinus node dysfunction was also 
observed in combination with other cardiac arrhythmias, including LQTS, BrS, idiopathic 
ventricular fibrillation and PCCD.134

Regarding therapy of SSS, pacemaker therapy may be appropriate in some cases, drug sup-
pression of arrhythmias in others, and both strategies may be required in many individuals.  
Anticoagulation is critical for treatment of many individuals with SND, particularly those 
with paroxysmal or persistent atrial fibrillation.  In general, pacemaker therapy is indicated 
and has proven to be highly effective in patients with SND when bradyarrhythmia has been 
demonstrated to account for symptoms.135

Catecholaminergic Polymorphic Ventricular Tachycardia (CPVT)
Catecholaminergic Polymorphic Ventricular Tachycardia (CPVT) is an arrhythmogenic 
disorder of the heart characterized by a reproducible form of polymorphic ventricular 
tachycardia, inducible by physical activity, stress or catecholamine infusion, which can 
deteriorate into ventricular fibrillation. Patients present with recurrent syncope, seizures or 
sudden death following physical activity or emotional stress. CPVT can be inherited as an 
autosomal dominant or recessive trait. ECG parameters, including the QTc interval are gen-
erally normal or borderline prolonged, however sinus bradycardia is frequently observed. 
The hall mark of the disease comprises ventricular arrhythmias of varying morphology that 
do not exist under resting conditions but appear only upon physical exercise, excitement or 
catecholamine administration (Figure 5). These arrhythmias are first seen as ventricular pre-
mature complexes, later in bigeminy, followed by bidirectional or polymorphic ventricular 
tachycardia eventually leading to ventricular fibrillation. Clinical penetrance in this disease 
ranges from 25 to 100%, with an average of 70 to 80%. Syncope appears to be the first 
symptom in more than half of the patients. When untreated, the mortality to CPVT is high, 
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reaching 30-50% by the age of 30 years.  
The gene locus corresponding for autosomal dominantly inherited CPVT(1) was initially 
mapped to chromosome 1q42-43, with eventual identification of missense mutations in 
the RYR2 gene in 50-60% of the patients (figure 1 and table 2).136-140 In a recent report 
2% of SIDS cases have been linked to CPVT causing mutations in RYR2.141 Mutations in 
RYR2 are mostly missense mutations (only few are deletion of an amino acid), mutations 
are clustered in the N-terminal, Central and C-terminal domains of RYR2 (our observa-
tion).142 Genomic rearrangements (large deletions/insertions) or copy number variations 
in RYR2 has not been reported, so far. Clinical phenotypes of the RYR2 mutation carriers 
are solely adrenergic driven CPVT, a single report suggests that RYR2 mutation could also 
be be causal to ARVD, which is still debated.137 To date, this is the only report of the co-
occurrence of a second disease entity (ARVD) reported in conjunction with familial CPVT 
patients. 137 Second variant of CPVT (2) is caused by homozygous or compound heterozy-
gous null mutation in the CASQ2 gene.143-145 The cardiac ryanodine receptor (RYR2) and 
CASQ2 governs the release of Ca2+ from the sarcoplasmic reticulum, which initiates muscle 
contraction (Figure 1). Mutations in these genes lead to premature release of calcium from 
the intracellular stores, thereby causes increased cytosolic Ca2+ concentration, which causes 
arrhythmia. Delayed after depolarizations (DAD) is considered the dominant mechanism 
for arrhythmogenesis in CPVT.146 
Mutations in RYR2 or CASQ2 do not comprise all the CPVT patients, still 50% of the 
CPVT patients go undetected without a genetic pathology, necessitating the identification of 
other variants of CPVTs and their pathophysiology. β-blockers without sympathomimetic 
activity are clinically effective in reducing syncope in CPVT patients, but implantation of 
an automatic internal defibrillator is occasionally needed in these patients. But, there remain 
still a small percentage of patients who are ill controlled with the present modalities of 
treatments.

Atrial fibrillation
Atrial fibrillation is a rhythm disorder characterized by chaotic electrical activity of cardiac 
atria and is the most common type of sustained cardiac arrhythmias. AF is a leading cause 
of cardiovascular morbidity, and stroke. Most cases of AF are seen in association with other 
cardiac or systemic conditions, but, 10% to 30% of patients were reported to have lone 
AF.147 Though, our basic understanding about the ionic and molecular mechanisms of AF 
is still at the initial stage, increased inward rectifier K+ current and altered Ca2+ handling   
are presently thought to be the pathophysiologic basis of AF.148 Gain of function mutations 
in KCNQ1, KCNE2, KCNE3 and KCNE5 has been reported in AF (table 2).149-152 Loss of 
function mutation (E375X) in KCNA5 gene has also been reported in a family with lone AF 
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(Table 2).153

Mutations in cardiac gap-junction protein connexin 40 (GJA5) have been found in 25% 
of patients of idiopathic atrial fibrillation.154 Among the total 4-reported GJA5 mutations, 
three are somatic, one is a germline mutation. The cardiac gap-junction protein connexin 40 
(GJA5) is expressed selectively in atrial myocytes and mediates the coordinated electrical 
activation of the atria.  A recent report suggests that mutations in SCN5A may predispose 
patients with or without underlying heart disease to AF accounting for 6% of the AF cas-
es.155 AF can also present in 2% of patients with genetically proven LQTS, BrS and SQT, 
but the association of AF with genetically confrimed CPVT cases are not reported.156-158 

Darbar et al. (2008) recently reported a novel AF locus on chromosome 5p15, where the 
causative gene remains to be identified (table 2).159 Mutations in SCN1B and SCN2B have 
also been recently reported in AF (Table 2).160

Overlap syndromes
LQTS causing SCN5A mutations are associated with gain-of-function defect of the encod-

Figure 5:  6 lead (precordial 

leads, usual calibration) ECG 

of an individual harbouring a 

CPVT1 causing mutation in 

RYR2 gene, recorded during 

exercise stress test.

The ECG shows a sinus tachy-

cardia interrupted by isolated 

polymorphic extrasystoles and 

polymorphic extrasystoles in 

doublets. 
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ing Na+ channel, while BrS and ICCD causing mutations are typically associated with 
loss-of-function defects. Hence, two opposite functional pathophysiologies are responsible 
for LQT and BrS. 
There are several reports of where LQTS and BrS were observed in patients due to single 
identical mutation in the SCN5A gene. An insertion of an aspartic acid residue (1795insD) 
in the C-terminus of SCN5A can result in BrS, LQTS and ICCD features in the same pa-
tients.34,161 Also conduction at all cardiac levels is hampered in these patients. The deletion 
of a lysine (K1500) was found to be associated with BrS, LQTS, and ICCD.162 A French 
study in several families with BrS or ICCD identified a missense mutation G1406R patho-
genic to both phenotypes.35 E1784K mutation in SCN5A was recently described in a family 
with LQT3, BrS and SND.36 
How can a single mutation cause both phenotypes in the same patient (and also in mice) 
with the opposite effect on the channel function? Electrophysiologic analysis, invitro and 
also with 1795insD transgenic mice provided an answer. Drastic reduction of peak sodium 
current (causing BrS phenotype), delayed time course of fast inactivation and small persis-
tent sodium current pathogenic to LQT3 were observed in heterologous expression system 
and also in mice. 161,163

Figure 6: Schematic representation of the molecular organization of cardiac desmosomes. Cardiac desmosomes 

are multiprotein structures in the cell membrane and consist of three protein families: (1) transmembraneous 

proteins (cadherins): desmogleins (DSG-2) and desmocollins (DSC-2); (2) linker-(armadillo-repeat) proteins: 

plakoglobin (JUP) and plakophilin (PKP-2); and (3) plakins: desmoplakin (DSP). DSG-2 and DSC-2 comprise the 

transmembrane component of the desmosomal complex. Extracellular domains of the DSG-2 and DSC2 interface 

directly with their counterparts on adjacent cells. The intracellular domains of the DSG2 and DSC2 interact with 

plakoglobin JUP and PKP-2. PKP2 and JUP bind to the N-terminal domain of DSP. The C-terminus of DSP 

anchors intermediate filaments, mainly desmin (figure modified and adapted from  the review article of Sen-Chow-

dhry et al. J Am Coll Cardiol. 2007 ;50:1813-21).172b
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V1516D mutation in ANK2 was reported both in LQT and BrS patients.70 Very recently 
Darbar et al. (2008) elaborated that BrS and/or LQT3 causing mutations could also cause 
lone AF (155).155 AV block, DCM, Right ventricular fibrosis and conduction delay, sinus 
node dysfunction) were also observed with mutations in LQT/Brugada causing SCN5A 
gene.134,164-165

Mutations in the CAV3 gene were originally described in the autosomal-dominant limb- 
Mutation in this gene also recently has been described in LQTS patients. Despite no pheno-
type overlap, diverse diseases are observed due to mutations in the same gene.166-167 
This could be due to the fact that functional aberration due to mutation/s in CAV3, an 
adapter molecule for ion channel, could be mild to severe depending on the location of the 
mutation and could also be the fact that pathological consequences of certain mutations 
are organ specific. No phenotypic overlap or additional phenotype was reported in CPVT 
patients (excepting a report of ARVD association).137

Variability in clinical penetrance and sometimes with additional phenotypes due to identi-
cal cardiac ion channel mutations is likely to be modified, synergized (or attenuated) by 
environmental factors, gender and individual genetic back up. This individual variation in 
disease susceptibility could be due to SNPs located inside the pathogenic gene or could be 
located in a place far from the primary disease locus, and which might directly or indirectly 
be involved in the functional circuit of the pathogenetic gene. K897T is an otherwise harm-
less, frequently observed SNP in the KCNH2 gene, which was described to unmask the 
subclinical LQT2 phenotype in a patient who carried both A1116V mutation and the K897T 
SNP in the KCNH2 gene.168 3-other family members who harboured the A1116V mutation 
(but not K897T) were devoid of any clinical symptoms.168 Though, in this study conclusion 
was drawn from  the findings of a single symptomatic carrier, the approach of this study 
was quite novel. We recommend to perform similar study with more patients. Severity in 
clinical phenotype and longer QT intervals were also reported in patients who co-harboured 
a common SNP D85N in minK (encoded by KCNE1) along with the pathogenic LQT1 
causing mutation in KCNQ1 gene.16 A block of 6-SNPs in the promoter region of SCN5A 
modulates the phenotypes in Brugada patients (Bezzina et al. 2006), being prevalent among 
the South Asians, and was shown to be associated with cardiac conduction  disease preva-
lence/preponderance among South Asians.169 Another intragenic SNP H558R in SCN5A 
encoded Nav1.5 was also described as a modulator in BrS patients, where R558 carriers had 
attenuated BrS phenotype.170 Similar extensive studies (including replication studies) with 
both intragenic and extragenic SNP markers are required, which might answer about the 
interindividual variability, also ethnic variability in disease vulnerability and progression.  
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Diseases of Cardiac Desmosomes
Contractile function of the heart is dependent on the highly coordinated electrical and 
mechanical activation of the cardiac myocytes. Adherens junctions and desmosomes are 
responsible for mechanically coupling cardiac myocytes.171 Adherens junctions, consisting 
of classical N-cadherins, and its cytoplasmic binding partners, the catenins link the interca-
lated disc to the actin cytoskeleton intracellularly (Figure 6).171-172a,b In contrast to adherens 
junctions, desmosomes are not linked to the actin cytoskeleton; rather, they are associated 
with intermediate filaments, mainly desmin (Figure 6).  Desmosomes are located in tissues 
that are exposed to frictional and shear stress, especially abundant in myocardium and in 
skin epidermis. Defects in components of cardiac desmosomes could compromise their 
functional properties leading to myocyte detachment and death.173 During the recent few 
years mutations in various cardiac desmosomal genes has been linked to Arrhythmogenic 
Right Ventricular Dysplasia/Cardiomyopathy (ARVD/C) (Table 3). Desmosome impair-
ment is believed to predispose to tissue damage under conditions of mechanical stress, 
leading to the disruption and subsequent degeneration of cardiomyocytes. ARVD/C is a 
familial disease characterized by progressive fibrofatty replacement of the right ventricular 
(RV) myocardium.174 The main histologic feature is progressive loss of right ventricular 

Figure 7: 12 lead ECG of a resuscitated male, age 34 with ARVD/C. The ECG displays characteristic features 

including negative T-waves in leads V1-V6, a slow terminal right precordial upstroke and ventricular ectopy with 

LBBB morphology. Actually the ectopy seems to originate from the 3-predilection sites (“the triangle of dyspla-

sia”). The first extrasystoles originate in the RV apex, the second in the RV free wall and the third in the Right 

ventricular outflow tract. The combination of these findings is highly suggestive for ARVD/C.
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myocardium, which becomes replaced with adipose and fibrous tissue. These changes may 
be localized and in early disease are often confined to the so-called “triangle of dysplasia”: 
the inflow, outflow, and apical regions of the right ventricle.174 Aneurysm formation is typi-
cal. Diffuse myocardial involvement leads to global right ventricular dilation. Fibrofatty 
substitution of the left ventricle is common in advanced disease; the posterolateral wall is 
preferentially affected, with relative sparing of the septum. Patchy inflammatory infiltrates 
may be present in areas of myocardial damage. Left ventricular (LV) involvement occurs 
with disease progression and was present on histology in >75% of cases in a multicenter 
pathological study.175 ARVD/C is a genetically heterogeneous disease, most commonly in-
herited in an autosomal-dominant fashion with incomplete penetrance and variable expres-
sion. The estimated prevalence of ARVD/C in the general population ranges from 1 in 2000 
to 1 in 5000. The disease affects men more frequently than women, with an approximate 
ratio of 3:1.176

The major clinical features of ARVD/C are different types of arrhythmias with a left branch 
block pattern pointing to a RV origin of the arrhythmias. The most important electrocardio-
graphic abnormalities are T-wave inversion in the right precordial leads and the presence 
of late potentials in signal averaging ECG (Figure 7). The diagnosis of right ventricular 
cardiomyopathy is based on echocardiographic and angiographic documentation of local-
ized or widespread structural and dynamic abnormalities involving mainly or exclusively 
the right ventricle, in the absence of valve disease, shunts, active myocarditis, and coro-
nary disease.177 Endomyocardial biopsy is useful in the differential diagnosis.178 Diagnosis 

Table 3: Summary of genes and chromosomal loci (where genes are not known) for ARVD/C.
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of ARVD/C is recommended on the diagnostic criteria of the Task Force of the European 
Society of Cardiology/International Society and Federation of Cardiology. The Task Force 
Criterias are mentioned in Table 4. Clinical diagnosis requires either: two major criteria; 
one major plus two minor criteria; or four minor criteria; in each case with criteria from 
different categories. A prolonged S-wave upstroke in V1 through V3 on ECG was also fre-
quently found in ARVD/C patients in a study and were recommended as a diagnostic ECG 
marker.179

The majority of disease-causing mutations have so far been identified in genes encod-
ing proteins of specialized adhesive junctions between cells also known as desmosomes. 
Mutations in genes encoding Plakophilin-2 (PKP2) and Desmoplakin (DSP) were reported 
in unrelated ARVD/C index patients.180-183 Recently, mutations in Desmoglein (DSG2) 
and Desmocollin-2 (DSC2) genes have been found in up to 12% and 5% respectively of 
ARVD/C patients in whom PKP2 and some other genes encoding desmosomal proteins 
were excluded.184-186

Among the non-desmosomal genes reported to be linked to ARVD/C, are the cardiac ry-
anodine receptor gene RYR2 and the TGF-B3.137,187 Role of RyR2 and TGF-B3 mutations in 
ARVD/C pathogenesis are still a debated issue, more studies are required to elucidate their 
role, if there is any, on ARVD/C pathogenesis. A very recent addition to this list of genes in 
ARVD/C pathogenesis, is TMEM43, mutation of which causes ARVD/C-5.188-189 TMEM43 
is a putative response element for adipogenic transcription factor and mutation in TMEM43 
caused lethal, fully penetrant, sex influenced morbid disorder.189 We lack datas about the 

RV indicates right ventricle; EF, ejection fraction; LV, left ventricle; SAECG, signal-averaged electrocardiogram; 

LBBB, left bundle branch block; VT, ventricular tachycardia; ECG, electrocardiogram; ARVC, Arrhythmogenic 

right ventricular cardiomyopathy

Table 4: Diagnostic criteria for Arrhythmogenic Right Ventricular Cardiomyopathy
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predisposition of the various mutations in Dutch ARVD/C patients, their familial occur-
rence, disease penetrance etc.
In resuscitated and symptomatic (syncopal) patients an ICD is recommended. More dif-
ficult is the treatment of asymptomatic isolated patients or asymptomatic individuals from a 
symptomatic family. Risk stratification, including programmed electrical stimulation seem 
not very successful in ARVD/C. Whether all these patients need to be treated pharmacologi-
cally (e.g. with sotalolol) or with devices is unclear. Often the family history, mostly based 
on emotional arguments, leads the way.
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Aims and Outline 

Cardiac arrhythmias are responsible for an estimated one million cases of syncope and sud-
den cardiac death (SCD) among Europeans and Americans each year (Priori SG et al. Task 
Force on Sudden Cardiac Death, European Society of Cardiology. Europace. 2002;4: 3-18). 
Arrhythmias due to genetic causes comprise a significant percentage in this population. 
This frequency is speculated to be even higher in some populations where consanguineous 
marriages are quite often. Mechanism of these familial or genetic arrhythmias are quite 
complex and we have just begun to understand the intricate and complex process of the 
mechanisms of arrhythmogenesis. 
This project was subdivided in 14-different studies with the aim of identifying novel famil-
ial arrhythmias, the genes involved and the pathogenic mutation/s. In depth clinical analysis 
was performed in elaborating new variants of familial arrhythmias. Studies were also aimed 
at elucidating the pathophysiology of arrhythmogenesis due to genetic mutation/s. We have 
also aimed at discovering new modalities of treatment in drug resistant arrhythmia patients.

Chapter-1: This introductory chapter describes the basic known facts about the genetics 
and pathophysiology of various familial arrhythmias. Types and prevalence of presently 
known familial arrhythmias, phenotypes, and their clinical management has been described.

Chapter-2: We have identified two families from the northern part of the Netherlands, 
where 16-members suffered from clinical phenotypes of catecholaminergic polymorphic 
ventricular tachycardia (CPVT), combined with atrial fibrillation, atrial standstill and 
dilated cardiomyopathy. The observed clinical phenotypes are novel and familial. We have 
performed genome wide linkage analysis in this family. Eventually, we have identified the 
pathogenic genetic locus, gene and mutation in this family. We have discussed the func-
tional consequence of the mutation. Additionally, we have also elaborated how the mutation 
evolved in these two unlinked families due to replication infidelity in chromosomes.

Chapter-3: In the second chapter we have elucidated a new variant of CPVT identified in 
a consanguineous family from Sudan. Clinical manifestation of arrhythmias appeared at 
early age and was often associated with sudden cardiac death. We have identified a new 
locus pathogenic to this fatal variant of CPVT, which we named CPVT-3, as previously two 
variants of CPVT (1 and 2) have been discovered and molecularly characterized. We have 
also investigated plausible candidate genes in the linked locus with the aim to explore the 
pathophysiology of this novel and fatal variant of CPVT-3.
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Chapter 4-5: In the 3rd and 4th chapter, we have mentioned the development of a new 
screening method for effective diagnostic screening of the RyR2 gene in CPVT-1 patients. 
Mutation/s in this gene have been reported in ~50% of CPVT patients. With this newly de-
veloped method we have performed a pilot scanning study to identify the region of interest 
for effective screening of CPVT patients. CPVT cohorts (44 of Northern European descent, 
and 1 of Turkish origin) were included in this study. Findings in this study identified most 
mutation prone exons in the RYR2 gene, which are currently being used in patient care. 

Chapter-6: Currently β-blocker is the first line of therapy in CPVT. But, there are in-
stances where this therapy does not sufficiently protect the patient from fatal arrhythmias. 
We describe the remarkable long term efficacy of left stellate ganglion ablation in the drug 
resistant CPVT patients.

Chapter-7: We have identified a family from Saudi Arabia with a history of repeated 
early miscarriages and intrauterine fetal losses due to intrauterine persistent arrhythmias. 
We sought to identify the molecular mechanism of intrauterine arrhythmogenesis in this 
consanguineous family. Clinical, molecular and functional investigation was performed. By 
candidate gene mapping we have identified the gene and the pathogenic mutation causative 
to the fatal arrhythmias. We also characterized the biological and clinical consequences of 
the mutation. 

Chapter-8: Clinical, molecular and functional investigations were performed in two con-
sanguineous Arabian families with the history of sudden cardiac death of several children. 
By candidate gene mapping we have identified the gene and the mutation pathogenic to the 
fatal arrhythmias. We have functionally characterized the mutation. We have analysed and 
discussed their possible founder origin in the tribal community. We have also discussed the 
functional aspect of a novel molecular observation in restoring hearing phenotype in the 
affected children sparing the arrhythmia phenotype.

Chapter-9 to 10: This is an extension study mentioned in chapter 7 and 8. We have per-
formed clinical and genetic analysis in 6 children probands and their family members from 
supposedly unrelated 6-Saudi Arabian families, who had unexplained complex arrhythmias 
with history of unexplained sudden cardiac deaths (SCD) of siblings or family members. In 
chapter-10, we have performed clinical and genetic analysis of two children with long QT 
syndrome, patients originated from the Kelantan province of Malaysia. 

Chapter-11 to 14: Mutations in cardiac desmosomal genes have been recently reported in 
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relation to the pathogenicity of familial Arrhythmogenic Right Ventricular Dysplasia/Car-
diomyopathy (ARVD/C).
We have recruited 116-ARVD/C and ARVD/C like (with some features of ARVD/C, not 
fulling the task force criteria) patients in the Netherlands to elucidate the molecular patho-
genesis of ARVD/C in the Dutch population. We have screened the cardiac desmosomal 
genes in these cohorts. We have also performed genotype-phenotype analysis in the muta-
tion carriers. In a similar study, we have identified and screened a Caucasian family from 
the USA, afflicted with ARVD/C. We have elucidated and discussed the inconsistent nature 
of the desmosomal gene mutations in disease penetrance and progression.

In conclusion (chapter -15), this study was aimed at isolating new variants of genetic ar-
rhythmias, elucidating their pathophysiology in arrhythmogenesis and finding new modali-
ties in drug resistant life threatening arrhythmia syndromes.



63

63

1



64

64

Clinical and Genetic Spectrum of Hereditary Cardiac Arrhythmia Syndromes



65

65

Catecholaminergic Polymorphic 
Ventricular Tachycardia (CPVT)



66

66

Clinical and Genetic Spectrum of Hereditary Cardiac Arrhythmia Syndromes

2



67

67

2
The Expanding Spectrum of Human RYR2-related Disease: 
New Electrocardiographic, Structural and Genetic Features

Zahurul A. Bhuiyan,1 Maarten P. van den Berg,3,6 J.Peter van Tintelen,4 
Margreet Th. E. Bink-Boelkens,5 Ans C. P. Wiesfeld,3 Marielle Alders,1 Alex 

V. Postma,2 Irene van Langen,1 Marcel M.A.M. Mannens,1 Arthur A.M. 
Wilde,2,6

Department of Clinical Genetics,1 and Experimental & Molecular Cardiology 
Group,2 Academic Medical Center, University of Amsterdam, 

the Netherlands;
Departments of Cardiology,3 Clinical Genetics,4 and Pediatric Cardiology,5 

University Medical Center, University of Groningen, the Netherlands, and 
Interuniversity Cardiology Institute of the Netherlands.6

Circulation 2007; 116:1569-1576



68

68

Clinical and Genetic Spectrum of Hereditary Cardiac Arrhythmia Syndromes

2



69

69

2
Abstract
Background– Catecholaminergic Polymorphic Ventricular Tachycardia (CPVT) is a disease 
characterized by ventricular arrhythmias elicited exclusively under adrenergic stress. Ad-
ditional features include baseline bradycardia and, in some patients, right ventricular fatty 
displacement. The clinical spectrum is expanded by the two families described here.
Methods and Results– Sixteen members from two separate families have been clinically 
evaluated and followed over the last 15 years. In addition to exercise-related ventricular 
arrhythmias, they showed abnormalities in sino-atrial node (SAN) function, as well as AV-
nodal function, atrial fibrillation (AF) and atrial standstill (ASS). Left ventricular dysfunc-
tion and dilatation was present in several affected individuals. 
Linkage analysis mapped the disease phenotype to a 4 cM region on chromosome 1q42-
q43. Conventional PCR-based screening did not reveal a mutation in either RYR2 or 
ACTN2, the most plausible candidate genes in the region of interest.  Multiplex ligation-
dependent probe amplification and long-range PCR identified a genomic deletion involving 
RYR2 exon-3, segregated in all the affected family members (n=16) in these two unlinked 
families. Further investigation revealed that the genomic deletion occurred in both families 
due to Alu repeat-mediated polymerase slippage. 
Conclusions– This is the first report on a large genomic deletion in RYR2, which leads to 
extended clinical phenotypes, e.g. SAN- and AV-node dysfunction, AF, ASS and dilated 
cardiomyopathy. These features have not previously been linked to RYR2.

Key Words: genetics • cardiomyopathy • conduction • arrhythmia • alu repeats• replication 
slippage

Introduction
Catecholaminergic polymorphic ventricular tachycardia (CPVT) is an arrhythmogenic dis-
order of the heart characterized by a reproducible form of polymorphic ventricular tachy-
cardia, induced by physical activity, stress or catecholamine infusion, which can deteriorate 
into ventricular fibrillation. Patients present with recurrent syncope, seizures or sudden 
death following physical activity or emotional stress.1 CPVT can be inherited as an auto-
somal dominant or recessive trait.2-7 Typically, clinical cardiological examinations, includ-
ing baseline ECG and echocardiography, reveal mostly normal findings, and post mortem 
examinations, when carried out, have not disclosed any significant morphological altera-
tions in the fine structure of the heart, with the exception of mild fatty myocardial infiltra-
tion in a few patients.8-10 The hallmark of the disease comprises ventricular arrhythmias of 
varying morphology not present under resting conditions, but that appear only with physical 
exercise, excitement or catecholamine administration. These arrhythmias are first seen as 
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ventricular premature complexes, later in bigeminy, followed by bidirectional or polymor-
phic ventricular tachycardia, eventually leading to ventricular fibrillation.
Clinical penetrance in this disease ranges from 25–100%, with an average of 70–80%. Syn-
cope appears to be the first symptom in more than half of the patients. When untreated, the 
mortality from CPVT is high, reaching 30–50% by the age of 30 years.11  β-blockers with-
out sympathomimetic activity are clinically effective in reducing syncope,2,5 but implanta-
tion of an automatic internal defibrillator is occasionally needed in these patients.3 
The gene locus corresponding to autosomal dominantly inherited CPVT was mapped to 
chromosome 1q42-43 in two large Finnish families, and thereafter several groups reported 
various missense mutations in the RYR2 gene located in this locus.3-5,11   Clinical features 
of the probands and families examined by various groups were compatible with the CPVT 
phenotype,2-5 while those reported by Tiso et al.8 were judged to have arrhythmogenic right 
ventricular dysplasia features (ARVC2). It is a matter of debate whether CPVT and ARVC2 
represent two separate entities or partly overlapping forms of the same disease, in particular 
as the causative mutations cluster in the same regions of the RYR2 gene. 
In the present study, detailed clinical and genetic investigations were performed in two 
families with CPVT combined with additional features of dilated cardiomyopathy (DCM), 
progressive AV-block, sino-atrial node (SAN) dysfunction, atrial fibrillation (AF) and atrial 
standstill (ASS). Clinical evaluation of 16 family members has been conducted over a 
period of 15 years.  We have shown a genomic RYR2 deletion causal to the extended clini-
cal phenotype. This is the first deletion reported for RYR2, and it occurs due to polymerase 
slippage during replication. Analysis of the nucleotide sequences surrounding the deleted 
region suggested that the Alu-repeat sequences were involved in the deletion event, which 
was recapitulated in our in vitro study.

Materials and Methods

Clinical Evaluation
Family-1 came to our attention in 1987 when a 13-year-old girl (III:5; Figure 1a) was 
referred after near-drowning. She reported a similar episode one year earlier. Subsequent 
investigation revealed severe sinus bradycardia (30 beats/min) and ventricular arrhythmias 
(bigeminy, couplets), particularly during exercise-testing. An AAIR pacemaker was im-
planted and sotalol was added (with good effect). A 13-year-old nephew (III:13; Figure 1a) 
also experienced loss of consciousness with near-drowning and displayed a sick sinus syn-
drome-like disorder with sinus bradycardia and chronotropic incompetence, compounded 
by disturbed AV-node function (Wenckebach point 120 beats/min)  and ventricular ectopy 
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during exercise (bigeminy, non-sustained ventricular tachycardia). He received a VVIR 
pacemaker and treatment with a beta-blocker.  Screening of some family members was 
initiated right away (in the late 1980s) and others were referred in subsequent years (up to 
2006), either for presymptomatic cascade screening or because of symptoms. Subjects were 
evaluated by medical history, physical examination, standard 12-lead ECG, ergometry, am-
bulatory 24-hour ECG (Holter) monitoring and echocardiography. Rhythm and conduction 
abnormalities were defined using established criteria.12 Specifically, SAN dysfunction was 
considered if one of the following conditions was recorded during one or more occasions 

Figures 1a and 1b: Pedigree structure and clinical features of the two families with the RYR2 deletion mutation. 

Microsatellite repeats used for haplotype analyses are shown at the top. *Genotype not performed.
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when inappropriate for the physiologic circumstances: sinus bradycardia, sinus arrest, or SA 
exit block. Chronotropic incompetence, defined as a maximum heart rate during exercise 
testing < 85% that predicted for age and gender, was also taken to indicate SAN dysfunc-
tion. Atrial standstill (ASS) was defined as the absence of any discernible atrial activity on 
the ECG (no p-waves, no f-waves) or during pacemaker (PM) implant.  Using ergometry 
and Holter-recording, special attention was given to the occurrence of arrhythmias during 
physical or mental stress. DCM was diagnosed in the case of unexplained left ventricular 
(LV) systolic dysfunction (as evidenced by ejection fraction < .45 and/or fractional shorten-
ing < .25) in combination with LV dilatation (as evidenced by end-diastolic dimension > 
117% of the predicted value corrected for age and body surface area).13 LV function was 
considered “depressed” in the case of decreased systolic function and/or dilatation that did 
not qualify for DCM. After they gave written informed consent, blood was drawn from all 
eligible family members for genetic analysis. 
The second family (Figure 1b) was identified in 2002, when a brother  of the proband died 
suddenly while giving a speech at 50 years of age. Detailed clinical investigations were also 
performed in this family.

Linkage Analysis
A genome-wide scan was performed to map the causative gene using microsatellite repeat 
polymorphic markers from ABI-Prism for chromosomes 1 to 22 (ABI Prism Linkage 
Mapping Set). Fine mapping was performed using additional markers (D1S103, D1S179, 
D1S163, D1S2850, D1S2678 and D1S102). Phenotype and genotype data, and pedigree 
information were used for pairwise linkage analysis with the Fastlink software package. 
Two-point linkage analysis was performed assuming an autosomal dominant pattern of 
inheritance, a disease-allele frequency of 0.001, and a penetrance of 0 for non-carriers 
and 0.99 for heterozygous affected individuals. Gene frequency was assumed to be equal 
between males and females.

RYR2 and ACTN2 Mutational Analysis
Genomic DNA was isolated from peripheral blood lymphocytes (Gentra Systems, Min-
neapolis, MN 55441). The entire RYR2 coding exons (exons 1-105), the ACTN2 coding 
region (exons 1-21), and their exon-intron junctions were screened for mutations. Primer 
sequences and PCR conditions are available on request. Mutational analysis of the amplim-
ers was performed by sequencing bi-directionally on an ABI 377 sequencer. RNA or protein 
analysis could not be performed due to limited access to materials.
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Multiplex Ligation-Dependent Probe Amplification (MLPA)
Probes for MLPA analysis of RYR2 exons 3, 97 and 105 (SALSA MLPA Kit P168) were 
purchased from MRC Holland (Amsterdam, the Netherlands). MLPA was performed ac-

cording to the manufacturer’s instructions. For fine mapping the deletion region in RYR2, 
we designed several MLPA probes specific for exons 1, 2, 4, 5, 6, 7, 8, 10, 20, 36 (Supple-
mentary Table 1) and also several intronic probes in intron 2 and intron 3 (Supplementary 
Table 1).

Confirmation and Analysis of the Exonic Deletion in RYR2 by PCR
To confirm the deletion in RYR2, estimate the size of the deleted fragment and locate its 
boundaries, we performed PCR with the following primer combination: 5′-CACAGAA-
CAGGACCAAGTTAGAGGC-3′ (forward), located in intron 2, and 5′- CATTACCTTC-
CTGACACACTTCATCCTAG-3′ (reverse), located in intron 3. Sequence primers used for 
precise deletion mapping were: 5’-AATCCATAAATACAATAGA-3’, 5’-GAGGAGATC-
CAGAAATTCTA-3’, 5’-ATAAGCTGCATGACACT-3’, 5’-GTGGCAGGAGCCTG-
TAGTCC-3’ and 5’-CACTATGTTGGCCAGGCT-3’.

Figure 2a-b: 12 lead ECGs of patient III:5 (standard calibrations)

a. ECG prior to pacemaker implant. There is an absence of P-waves and an accelerated AV junctional escape 

rhythm (CL 880 ms). Repolarization is normal.

b. ECG during exercise. Pacemaker rhythm is intervened by polymorphic ventricular tachycardia (maximum 3 

beats with frequent fusion of the third ventricular beat with a paced complex).
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Histology
Cardiac tissue samples (Family 1: III:4; Figure 1a) obtained on autopsy were fixed in for-
malin and embedded in paraffin. Four-micron thick sections were stained with hematoxylin 
and eosin and a Masson trichrome stain.
The authors had full access to and take full responsibility for the integrity of the data. All 
authors have read and agree to the manuscript as written.

Results

Clinical Features of Family 1
The pedigree and the clinical characteristics of the investigated family members are shown 
in Figure 1a. The clinical course in the proband from family 1 (III:5; Figure 1a) was 
complicated by progressive AV-block, paroxysmal AF (age 20) and later ASS (Figure 2a). 
During exercise, she developed arrhythmias with typical CPVT characteristics (Figure 2b). 
Furthermore, serial echocardiograms showed gradual development of depressed LV func-
tion, for which treatment with enalapril was instituted. When she was age 28 years, her sis-
ter (III:4; Figure 1a) died suddenly, after which the proband had an ICD implanted. A few 
months later a rapid, asymptomatic, non-sustained ventricular tachycardia was recorded not 
particularly associated with exercise/stress (Figure 3). The clinical course in her 13-year-old 
nephew (III:13; Figure 1a) was also characterized by development of paroxysmal AF and 
depressed LV function. As part of the initial screening, nine family members were investi-
gated between 1987 and 1989. In two subjects (II:9, III:8; Figure 1a) no abnormalities were 
found, whereas five subjects (II:2, II:5, III:1, III:3, III:9; Figure 1a) showed mild abnor-
malities, ranging from isolated atrial or ventricular premature beats to short bouts of atrial 
tachycardia (AT) stable over the years. In two subjects, clinically significant abnormalities 
were found: a 45-year-old male (II:3; Figure 1a) with chronotropic incompetence, ven-
tricular arrhythmias and mental stress-related paroxysmal AF and his 14-year-old daughter 
(III:4; Figure 1a) who developed a similar clinical phenotype, including ASS. At the age of 
26 years, six months after delivery of her first child, she reported progressive dyspnea on 
exertion. Echocardiography showed DCM (end diastolic LV dimension 56 mm) with poor 
systolic function (ejection fraction ).26 She stabilized on medication (enalapril, furosemide, 
metoprolol, digoxin), without further deterioration of LV function. However, at the age 
of 30 years in 2002, she suddenly collapsed and died (no adrenergic trigger). At necropsy 
heart weight was 395 gm and microscopy showed mild myocyte hypertrophy and inter-
stitial fibrosis, but there were no other abnormalities (although the right ventricle was not 
investigated at autopsy). In addition to the above initial cohort, other family members have 
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meanwhile presented, either because of symptoms or to be screened. These included several 
subjects without abnormalities (III:7, III:11, III:12, III:14; Figure 1a), whereas others were 
found to have significant abnormalities (I-1, II:7, III:2, III:10; Figure 1a). All affected sub-
jects in the family are being treated with a β-blocker, titrated to the highest tolerated dose.

Clinical features of Family-2
The proband of the second family was evaluated at age 45 years (II:2; Figure 1b). Only 
atrial premature beats were found. Later, after the sudden death of one of her brothers (he 
was age 50, II:3; Figure 1b), she still had a normal baseline ECG but developed ventricular 

arrhythmias during exercise testing. Echocardiography revealed normal left and right ven-
tricular function. Her father (I:1; Figure 1b) needed a pacemaker but refused to have one; 
he died at the age of 78 years. No additional data were available.
Her oldest brother (age 48, II:1; Figure 1b) suffered from a sick sinus syndrome, paroxys-
mal AF (for which he received a pacemaker) and ultimately permanent AF with virtually 
indiscernible atrial activity. Over the years left ventricular dimensions increased (LVEDD 
and ESD 59 mm and 47 mm, respectively) and LVEF decreased. Her younger brother (II:3, 
Figure 1b), was known to have a non Q-wave myocardial infarction, AV block, ASS and 
depressed LV function; he was given a pacemaker at age 49, but died suddenly at age 50 
(II:3; Figure 1b).

Histology
Light microscopy of the RV endomyocardial biopsy obtained from III:4 (Family 1; Figure 
1a) showed no inflammatory changes and no fibrolipomatous changes indicative of ARVC 
(figure not shown). Myocardial biopsy of the left interventricular septum showed enlarged 

Figure 3: A rapid, presumably polymorphic, ventricular tachycardia is initiated during a 

relatively slow heart rate (60 bpm) by a premature beat with a long coupling interval (left panel). This initiation 

sequence is unusual for CPVT. The cycle length of the 36 beat tachycardia is 250 ms (mean). It terminated sponta-

neously (right panel).
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irregular hyperchromatic nuclei indicative of myocyte hypertrophy as well as a slight in-
crease in fibrillar collagen between myocytes indicative of interstitial fibrosis (Figure 4).

Genotype analysis
Linkage analysis in family-1 identified a single disease locus on chromosome 1, flanked 
distally by marker D1S2785 and proximally by D1S2850, which showed cosegregation 
with the disease phenotype (2-point log-of-the-odds [LOD] score of 4.5). In one patient 
(III:10) there is a recombination at marker D1S2785.  Screening of all the coding exons of 

RYR2  and ACTN2 in this locus revealed no mutation. 
MLPA analysis revealed an aberrant exon copy number in the proband. After quantification, 
the copy number of RYR2 exon 3 turned out to be 1.0 (Figure 5 and Supplementary Figure 
1), indicating that exon 3 of one of the alleles was deleted. PCR amplification using the in-
tron 2 and intron 3 primers confirmed this finding and revealed that the region deleted was 
approximately 1.1 kb (Figure 6a). Sequencing of the deleted fragment showed the deletion 
comprises exon 3, part of intron 2 and also part of intron 3 (c.169-198_273+823del). This 
deletion of the complete exon 3 (c.161 to c.272) is expected to make an RYR2 protein with 
an in frame deletion of 35 amino-acids p.Asn57_Gly91 (NM_001035). 

Figure 4: Light microscopy of left ventricular myocardium (see text for description). 
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Structural Characteristics of the Genomic Deletion
In order to delineate the extent of the putative deletion mutation, fine mapping MLPA 
analyses were done with the probes spread over the intron 2, exon 3 and intron 3 (Supple-
mentary Table 1).  MLPA probes int2fr6, int3fr1 (Figure 6c and Supplementary Table 1) 
were located upstream and downstream, respectively, to Alu-1. MLPA probe int3fr1 is just 
upstream of Alu-2. The findings suggest that the deletion which clearly affects exon 3, does 
not extend beyond the Alu-1 and Alu-2 sequences (Figures 6b and 6c). This genomic dele-
tion involves part of intron 2 (198 bp upstream of exon 3), exon 3 and part of intron 3 (819 
bp downstream of exon 3). This deletion was found in all the affected genotyped  patients 
in both families. An intragenic nucleotide variation (SNP) and also an independent geneal-
ogy study was performed to see whether this deletion mutation was due to a founder effect 
or had occurred in two independent events. Both studies showed that the two families are 
not linked (data not shown).

Figure 5: MLPA-based fine mapping analysis of the RYR2. The column heights represent the dosage of the 

respective segments in the genomic DNA with two alleles (value of approx. 1 corresponds to two alleles). The 

two-allele dosage for RYR2 exon 3, intron 2 fragment 7 (immediately upstream to exon 3) and intron 3 fragment 

1 (immediately downstream to exon 3) was found in the range of 0.5 (deleted alleles are marked by arrow).  Other 

fragments in intron 2 and also intron 3 (not shown in the figure) are near the value of approx. 1 which corresponds 

to two alleles.
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Analysis of the deletion mechanism
We observed that long-range PCR for precise delineation of the breakpoint region also 
resulted in a faint band in the controls (Figure 6a), similar in size to the patients, where 
MLPA showed no aberration. Sequencing of this faint PCR product (* marked in Figure 
6a) revealed that this faint/shadow band comprised the same breakpoint that was detected 
in the patients.This deletion is a Taq polymerase-mediated artefact which recapitulates the 
polymerase slippage in vivo in an ancestor of the patients. 

Discussion
Here we report two families with typical CPVT in conjunction with additional features of 
progressive AV-block, SAN dysfunction, AF and ASS. In addition LV function was de-
pressed in several subjects, including a female with DCM. The causal genetic defect is a 
large in-frame deletion in the N-terminus region of RYR2. 
The majority of previous investigators have linked RYR2 mutations to an electrical phe-
notype, i.e. catecholamine-induced (supra) ventricular arrhythmias in a structurally normal 
heart. A single group has proposed that RYR2 is also the gene for ARVC2.8 Our results are 
significantly different from previously published reports.2-5 Firstly, our patients have a large 
genomic deletion, whereas previous reports were all of missense mutations. Secondly, the 
clinical presentations of our patients who carry this deletion expand the CPVT phenotypes, 
with progressive AV-block and SAN dysfunction, AF, ASS and depressed left ventricular 
function to DCM. We also observed apparently non-stress related arrhythmias (Figure 3). 
Several patients are being successfully treated with β-blocker and PM therapy. Later, after 
the sudden death at age 30 years of an affected female patient with severe LV dysfunction 
(III:4),  prophylactic ICD therapy was installed in III:5 and III:13.  

Figure 6:  Alu repeat mediated RYR2 genomic deletion analysis in the patients described.

6a. PCR amplification with the primers flanking the Alu-repeats confirmed the deletion and revealed that the 

region deleted was 1.1 kb. A PCR product of 2.8-kb was obtained with DNA from the probands and the affected 

family members. PCR product resulted in a 3.9-kb fragment with DNA from a control. Faint band (* marked) in 

the control lane shows Taq polymerase mediated slippage in controls (for details see text).

6b. Comparison of the two Alu sequences within introns 2 and 3 involved in the rearrangement which led to the 

deletion of exon 3 of RYR2. Sequence identity between the two Alu repeats is indicated by double dots; the rear-

ranged sequence is shown in bold, the boxed sequence indicates the region where the breakpoint occurred.

6c. Diagram representing the Alu-Alu recombination. Alu sequences are located in intron 2, 190 bp upstream of 

exon 3 and also 536 bp downstream in intron 3. Location of the PCR primers used for amplification and analysing 

the breakpoint are shown. 
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While most patients with missense RYR2 mutations respond well to β-blocker therapy, 
some of our patients thus required more aggressive intervention (PM and/or ICD). Actually, 
bi-chamber ICD treatment might be the preferred treatment in affected individuals.
At the moment, there is a wide debate about the regulatory mechanism of RYR2 in cal-
cium ion handling.18-20 It centers around the question whether a mutation in RYR2 alters 
the affinity for the stabilizing molecule FKBP12.6. 18-20  Despite this debate about the role 
of FKBP12.6 in RYR2 handling, it is commonly agreed from various functional studies 
that RYR2 mutations lead to a “gain of function” that sensitizes the RYR2 to a premature 
release of calcium from the intracellular stores.18-20  All the previous functional studies were 
performed with various missense mutations in which drastic changes in the conforma-
tion of RYR2 were not expected. This conformation is more likely to be distorted when a 
large chunk of RYR2 is deleted, as found in our study.  Functional studies with our re-
ported RYR2 deletion might provide clear insight into the role of the FKBP12.6 in RYR2 
handling. Interestingly, despite divergence in clinical phenotypes, CPVT is the common 
phenotype between all  the described phenotypes. An intriguing question is how this dele-
tion of 35-peptides in RYR2 leads to the pathogenesis of extra features like DCM, SAN, AF 
and ASS.  Is it only a calcium ion handling defect or does it involve any other interacting 
partners in the complex to elicit the divergence in clinical phenotypes?
Alu-repeat mediated genomic deletion causing different diseases has already been de-
scribed.21-22 However, no such deletion has been reported in any ion channel genes, which 
could well be possible as Alu’s are interspersed elements in the whole genome. Our in vitro 
experiment elucidated that the short 35-nucleotides direct repeats at the end of the upstream 
and downstream Alu’s caused polymerase slippage during chromosomal replication, which 
deleted the region in between, in this case RYR2-exon3. Our finding is novel in elucidating 
and recapitulating the Alu mediated deletion that occurred in real life in an ancestor of the 
affected individuals. 
In conclusion, an N-terminal in-frame deletion of RYR2 elicits a divergence in phenotype 
including DCM, SAN, AF, and ASS combined with CPVT. Further, MLPA testing in RYR2 
is currently not routine practice in a diagnostic setting, but the importance of identifying 
the causative mutation in individual patients and their relatives pleads for including MLPA 
analysis in the routine genetic testing of those individuals in whom a mutation has been 
excluded by the current exon-scanning methods. 
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Supplementary Figure 1: MLPA based deletion/duplication analysis of the RYR2. The column heights represent 

the dosage of the respective segments in the genomic DNA with two alleles (value of approx. 1 corresponds to two 

alleles). The two-allele dosage for RYR2 exon 3 (marked by arrow) was found in the range of 0.5.  The control 

fragments and rest of the fragments from Desmoplakin, Plakophilin-2, RYR2, TGFβ3 and Plakoglobin are near the 

value of approx. 1, which corresponds to two alleles. 
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Supplementary Table 1: List of the MLPA probes used to delineate the deletion.
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Abstract
Introduction: Previously, autosomal dominant Catecholaminergic Polymorphic Venctricu-
lar Tachycardia [CPVT (1)] was mapped to chromosome 1q42-43 with identification of 
pathogenic mutations in RYR2. Autosomal recessive CPVT (2) was mapped to chromosome 
1p13-21, leading to the identification of mutations in CASQ2. In this study, we aimed to 
elucidate clinical phenotypes of a new variant of CPVT (3) in an inbred Arab family and 
also delineate the chromosomal location of the gene causing CPVT (3).
Methods and Results: In a highly inbred family, clinical symptoms of CPVT appeared early 
in childhood (7-12 years) and in three of the four cases, the first appearance of symptoms 
turned into a fatal outcome. Parents of the affected children were first-degree cousins and 
without any symptoms. Segregation analysis suggested an autosomal recessive inheri-
tance. Genome-wide search using polymorphic DNA markers mapped the disease locus 
to a 25-megabase interval on chromosome 7p14-p22. A maximal multipoint LOD score of 
3.17 was obtained at marker D7S493. Sequencing of putative candidate genes, SP4, NPY, 
FKBP9, FKBP14, PDE1C, TBX20, in and around this locus, did not reveal any mutation. 
Conclusions: We have identified a novel highly malignant autosomal recessive form of 
CPVT and mapped this disorder to a 25-megabase interval on chromosome 7p14-p22.
    
Key words: CPVT, Sudden Cardiac Death, Genetics, New Locus

Introduction
Significant percentages of Sudden Cardiac death (SCD) at or below the age of 40 yrs have 
a genetic background, mainly due to the Long QT syndrome (LQTS), Brugada syndrome, 
Conduction defects, Hypertrophic cardiomyopathy (HCM), Dilated cardiomyopathy 
(DCM), and Catecholaminergic Polymorphic Venctricular Tachycardia (CPVT).1-3  CPVT 
is one of the prevalent causes of SCD during childhood,4 and in adolescence.5 CPVT is an 
arrhythmogenic cardiac disorder characterized by reproducible form of ventricular tachy-
cardia, induced by physical activity, stress or catecholamine infusion, which can deterio-
rate into ventricular fibrillation and syncope. Leenhardt A et al.4 and Eisenberg SJ et al.6 
reported extensively on the clinical spectrum of CPVT patients. CPVT can be inherited 
in an autosomal dominant,7-10 or recessive way.11-13 Clinical cardiological examinations, 
ECG parameters, including the QTc interval are generally normal or borderline prolonged, 
however sinus bradycardia is frequently observed.10 Echocardiography generally reveals 
normal findings, and postmortem examinations, when carried out, do not reveal any signifi-
cant morphological alterations in the fine structure of the heart, with the exception of mild 
fatty infiltration in a few patients.14,15 The clinical penetrance ranges from 25 to 100%, with 
an average of 70-80%. Syncope appears to be the first symptom in more than half of the 
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patients and occurs in a wide age range between 3-51 yrs.4,10,16 When untreated, the mor-
tality of CPVT is high, reaching 30-50% by the age of 20-30 years.16 β-blockers without 
sympathomimetic activity are clinically effective in reducing syncope,8,10 but implantation 
of defibrillator was occasionally needed in some patients.9 

The gene locus corresponding for autosomal dominantly inherited CPVT (1) was initially 
mapped to chromosome 1q42-43,7 thereafter several groups reported various missense 
mutations in the RYR2 gene located in this locus.8-10,17,18 Identification of a recessive locus 
for CPVT (2) on chromosome 1p13-21,11 led to identification of pathogenic mutations in 
CASQ2.12,13,19 
In the present study, we describe the identification of a new malignant form of CPVT (3) in 
four closely related patients, inherited as an autosomal recessive trait with full penetrance 
during childhood. We have performed homozygosity mapping in this highly inbred family 
to determine the region. A novel locus for this malignant CPVT subtype maps to chromo-
some 7p14-p22. Furthermore, we have screened positional candidate genes present in the 
segregating and in the adjacent locus.        

Methods

Clinical Evaluation of the proband and the family members
The patients studied constitute the offspring of asymptomatic, consanguineous, Sudanese 
parents (Figure 2A), living in the United Arab Emirates (UAE). Clinical evaluation was 
done at the department of Pediatrics, Tawam Hospital of UAE University. Informed consent 
was obtained from the participants or their guardians in accordance with the regulations. 
Phenotyping was carried out on the basis of clinical history, physical examinations, resting 
and exercise induced ECGs, and echocardiography. Due to access/communication limita-
tions, the cousins, aunts and other extended family members could not be included in this 
study, however no history of sudden cardiac death in the extended family members was 
reported. 

Genetic Analysis
Genetic investigations were performed at the department of Clinical Genetics at the 
Academic Medical Centre of the University of Amsterdam. Genomic DNA was isolated 
from peripheral blood lymphocytes according to established protocols. Bi-directional DNA 
sequencing of the entire coding exons and intro-exon junctions of RYR2, CASQ2, KCNJ2, 
FKBP12.6, SCN5A, KCNH2, KCNQ1, KCNE1, KCNE2, KCNJ2 and NCX1 was performed 
according to established protocols in our laboratory.  Considering the consanguinity of the 
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parents, and the absence of sudden death at a young age among the immediate prior genera-
tion family members, we initially also performed homozygosity mapping around candi-
date genes RYR2, CASQ2, SCN5A, KCNH2, KCNQ1, CLCN2, ANK-B, CALNA2, KIR6.2, 
CACNA1C, KCNJ2, KCNE1, KCNE2, and KCNJ4, in which mutations were reported to 
cause electrical instability of the heart.1-3 Homozygosity mapping utilises the concept that 
affected individuals will be homozygous by descent for a mutation and polymorphic mark-
ers nearby. Microsatellite repeat markers from ABI-Prism Linkage Mapping Set encom-
passing these genes were used. Subsequently, a genome-wide scan was performed using 
the remaining polymorphic markers from chromosomes 1 to 22. These markers span the 
human genome with an average spanning/interval of 10 cM. Fine mapping was performed 
using additional markers D7S481, D7S526, D7S2557 and D7S493, identified at the GDB 
database. The genotyping was performed using an ABI 3100 Genetic Analyzer. Moreover, 
the entire coding exons of SP4 (exons 1-6), FKBP9 (exons 1-10), FKBP14 (exons 1-4), 
PDE1C (exons 1-19), NPY (exons 2-4), TBX20 (exons 1-6) and their exon-intron junc-
tions were screened for mutations. Primer sequences and PCR conditions are available on 
request. 

Linkage Analysis
Phenotype- and genotype data and pedigree information were combined for multipoint link-
age analysis with the use of the easyLinkage v5.02 software package.20 From this multipoint 
linkage analysis was performed running the Merlin program v1.0.1,21 with the assumption 
of an autosomal recessive pattern of inheritance, a disease-allele frequency of 0.0001, and 
penetrance of 0 for carriers and noncarriers and 0.99 for homozygous affected individuals. 
Gene frequency was assumed to be equal between males and females. The distance (cM) 
between markers was obtained from the Marshfield map.22

Results

Clinical analysis
3 children with an average age of 10±2 years died suddenly during playing (see below), one 
surviving male child (IV:9) had his first syncope and seizures at the age of 7 years. Subject 
IV:1: Her initial presentation was sudden death at the age of 10 years, while playing in a fun 
park. Resuscitation was unsuccessful, and she died before any work up could be completed. 
Subject IV:2: Collapsed at 12 years while skating in the mall. During resuscitation, he 
developed several episodes of VT. ECGs taken in the hospital after collapse showed mildly 
prolonged QTc (450-490 ms) together with documented premature ventricular contrac-
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tions (PVC’s) during and after resuscitation, unrelated to electrolyte problems. The PVC’s 
had RBBB morphology, with superior axis, indicating LV origin. He was on β-blockers 
(Propanolol 20 mg PO TID) until death. He remained in almost vegetative test until death 
at 14 years (vegetative state for 2 years) because of respiratory failure, due to pneumonia. 
No recurrence of VT was observed during that time. An echocardiogram did not reveal any 
structural anomaly of the heart. No post-mortem studies were performed on him or in any 
of his siblings who expired. Subject IV:4: Diagnosed at birth with severe form of tetralogy 
of Fallot (pulmonary atresia/ VSD). She underwent first palliative cardiac surgery as a neo-
nate (Blalock-Taussig shunt). Baseline ECG before surgery (at 3d) showed QTc= 440 ms. 
QTc at age 14 months was 480-490 ms. A second (corrective) cardiac surgery occurred at 3 
years. The postoperative ECG showed RBBB with QRS duration of 110 ms  and QTc=470-
490 ms (not corrected for widened QRS complex). She collapsed during sports at 8 years, 
and died immediately. Subject IV:9: The index patient is presently 7 years old, he is the 

only surviving patient. He presented to the ER after syncope occurred while playing in the 
backyard and was resuscitated promptly by an uncle. ECG showed borderline prolonged 
QTc= 480 ms (Figure 1A), while echocardiogram revealed normal findings. 24-hour Holter 
monitoring and an exercise stress test showed borderline prolongation of QTc (470-480 ms) 
(Figure 1B). Isolated PVC’s occurred at a heart rate (HR) of 144 bpm, couplets appeared at 
a HR of 170 bpm (Figure 1B) after exercising for 6 min, subsequently the test was termi-
nated. No hypotension or symptoms were reported. Ventricular arrhythmia disappeared 

Figure 1A: Resting ECG of patient IV:9
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when the HR was <144 bpm during recovery. He has been put on β-blocker (Metoprolol 
50 mg PO OD) and has had no further symptoms, and is restricted from exercise for last 18 
months. 
Amongst the other family members no significant clinical findings were present, except for 
mother III:2 who had two miscarriages, all in the first or second trimester (first miscarriage 
occurred after IV:2, and the second after IV:5, both are not shown in the pedigree). Siblings 
IV:5 to IV:7, had no signs of PVC upon 24-hrs Holter monitoring. The resting and exercise 
ECGs of father III:3 are normal, and mother III:4 recently delivered a healthy male new-
born, who has normal resting ECG, and normal echocardiogram. Her resting ECG is also 
normal.  Exercise ECG or Holter monitoring could not be performed in the other siblings 
(IV:8, IV:10 and IV:11) or in the parents of IV:9, though their base line ECG is normal, and 
they have no history of syncope.
  
Genetic Analysis
Karyotype analysis excluded any chromosomal aberration in IV:9. This study was per-
formed in several phases spanning over 3-years. The family initially came to our attention 
when IV:2 (Figure 2) had a syncopal attack at the age of 12 yr, and his immediate older 
sister IV:1 had already died at 10 yrs. Direct DNA sequencing of genes that are involved 
in electric impulse propagation of the heart (RYR2, CASQ2, KCNJ2, FKBP12.6, SCN5A, 
KCNH2, KCNQ1, KCNE1, KCNE2, KCNJ2, NCX1) did not reveal any mutation. Addition-

Figure 1B: Exercise-induced polymorphic ventricular tachycardia (PVT) in patient IV: 9.
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ally, sequencing of the putative promoter region and also genomic deletion analysis for 
RYR2 did not reveal any deletion (data not shown).
As all affected children were the progeny of consanguineous unaffected parents, we initi-
ated homozygosity mapping around the known CPVT causing genes, RYR2 and CASQ2, 
table-1 shows the unlinked haplotypes of the microsatellite repeats encompassing these 
gene in the affected children. Similarly, homozygosity mapping around other genes reported 
to cause electrical instability of the heart, did not produce any shared haplotypes among 
the affected subjects (data not shown). Subsequently, whole genome scanning revealed a 
homozygous region on chromosome 7p14-p22 (Figure 2), shared between IV:2 and IV:4 

Figure 2: Pedigree of the consanguineous family studied. Affected individuals are shown as filled circles (females) 

and squares (males). Normal individuals are depicted with empty symbols, and deceased individuals are indicated 

by slashes. The proband is indicated by an arrow. Double lines indicate consanguineous marriages. The region of 

homozygosity is demarcated by the box.

Table 1: Haplotype analysis of the four CPVT affected children 

with microsatellite repeat markers encompassing the RYR2 and 

CASQ2. No shared haplotype/s were detected among the affected 

children. Location of the genes (CASQ2, RYR2) are shown 

between the markers.
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and IV:9. Further, additional mapping with more closely spaced markers showed consistent 
inheritance of markers identical by descent (IBD) and was still observed in the affected 
subjects (Figure 2). This homozygous region is distally flanked by the D7S526 marker and 
proximally by D7S481. This is the only homozygous region which shows complete co-seg-
regation with the disease phenotype, while it is absent from the non-symptomatic children 
or a sibling with Pulmonary Stenosis (PS) and Ventricular Septal Defect (PSD) (IV:8). A 
maximal multipoint LOD score of 3.17 was obtained with marker D7S493 (Figure 3). 

Candidate Gene Screening in the Linked Recessive locus
The 25-Mb interval between D7S526 and D7S481 contains 172 expressed sequence tags 
(ESTs), 7 of them are known cardiac expressed genes (SP4, DNAH11, PDE1C, FKBP4, 
FKBP9, NPY and TBX20) (Figure 4).  SP4 was one of the most plausible candidate gene, 
mice deficient for SP4 were reported to have sudden cardiac death without any cardiac 
structural aberration.23 Another gene is NPY, which exerts an effect on maturation of L-type 
Ca2+ during postnatal development in vivo.24 Four additional cardiac expressed genes 
PDE1C, FKBP9, FKBP14 and TBX20, (Figure 4) located in the immediate out-skirt of 
the linked locus, were also screened. However, no significant sequence alterations were 
detected in coding exons or the exon-intron boundaries in any of the screened genes.

Figure 3: Multipoint LOD score of microsattelite 

markers on chromosome 7. The region between 0 

and 65cM is shown, vertical lines indicate position of 

identified markers.

Figure 4: Schematic map of the candidate region 

for CPVT(3). This shows a map of relevant poly-

morphic markers, gene/s of interest in the region 

and critical region (thick bar). 
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Discussion and Conclusion 
Our study demonstrates a new malignant variant of CPVT (with minor QT-prolongation) in 
an inbred family with autosomal recessive inheritance. No mutation was detected in any of 
the genes, RYR2, CASQ2, KCNJ2, FKBP12.6, SCN5A, KCNH2, KCNQ1, KCNE1, KCNE2, 
KCNJ2 and NCX1 which are all involved in the electrical impulse propagation of the heart.
We have mapped this autosomal recessive CPVT (3) locus to chromosome 7p14-p22. Re-
combinant analysis placed the homozygous region between markers D7S526 and D7S481, 
a region spanning 25 Mb.  No other genetic disease/s has been reported to be linked in this 
locus, but, Song L et al.25 recently identified the adjacent locus 7p12-q21 in a new variant 
of autosomal dominant cardiomyopathy, but no gene could be identified in their study. The 
CPVT phenotype in this family appears to be severe, because it is manifested by onset at an 
early age (mean age ±10 yrs) and is associated with sudden death during childhood (range 
8-12 year). In concordance with a recessive phenotype, neither the heterozygous carriers/
parents or brother (IV:6) showed any signs of PVC or CPVT.  Onset of CPVT(1) symptoms 
are reported as early at 3 yrs age but can be as late as 51 yrs.10 Many patients survive mul-
tiple syncopal episodes, but mortality rate without treatment is 30-50% by the age of 20-30 
yrs.4 Till now a total of 6 mutations, either homozygotes or compound heterozygotes in 
CASQ2 are reported in CPVT(2) patients.12,13,19  In all three studies, onset of symptoms was 
before the age of 7 yrs and by the age of 10 yrs the disease was fully penetrant. 
Though the number of affected children is small in our study (n= 4), the onset and sever-
ity of symptoms are comparable to the bi-allelic CASQ2 mutation carriers. Both RYR2 and 
CASQ2 mutation carriers were reported to have normal to borderline prolonged QTc, which 
was also observed in our affected subjects (average QTc= 470 ms). Typical onset of syn-
cope in our studied family is 10±3 years, and fatal at the first syncopal attack in three out of 
four cases. 
The homozygous region shared by the affected family members is a 25-Mb interval be-
tween markers  D7S526 and D7S481, it contains 172 genes of which 7 are known to be 
cardiac expressed (SP4, DNAH11, PDE1C, FKBP4, FKBP9, NPY and TBX20).  SP4 was 
one of the most plausible candidate genes, as mice deficient for SP4 survive to term, exhibit 
normal cardiac structure and function, but display sudden cardiac death and severe conduc-
tion system defects, including spontaneous ventricular arrhythmias (Nguyen-Tran van TB 
et al. 2000).23 We have also screened NPY, which is expressed in neurons of the intracardiac 
ganglia and exerts an effect on maturation of L-type Ca2+ during postnatal development 
in vivo.24 Four additional genes located in the immediate vicinity of 25-Mb interval, all 
expressed in human heart, were also screened. Among them, PDE1C, which functions as 
a Ca+2/calmodulin dependent cAMP and cGMP phosphodiesterase,26 possibly playing 
a role signal transduction, and FKBP9 and FKBP14 which are involved in calcium ion 
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handling. However, we did not check DNAH11 for mutations, although it is expressed in the 
heart, DNAH11 mutations cause situs inversus totalis in combination with primary ciliary 
dyskinesia phenotypes,27 which were absent from our patients. We could not detect any 
significant sequence alterations throughout the coding region in any of the screened genes, 
though it is possible that pathogenic sequence alterations lie in areas we didn’t investigate 
such as regulatory regions, like promoters and intronic sequences. Our patients don’t have 
homozygous deletions in either SP4 or NPY as we could always amplify the exons and the 
exon-intron junctions, which precluded us in performing MLPA based deletion/duplication 
analyses. Of the 172 expressed sequence tags (ESTs) confined to this region, 7 currently 
show expression in cardiac tissue. It remains well possible that the pathogenic mutation 
might lie in any of the yet undefined ESTs. 
Though our number of studied subjects is small, it led us to the identification of a second 
recessive locus for CPVT. Once the gene is isolated responsible for this particular pheno-
type, it could possibly lead to development of a successful treatment strategy in preventing 

unwanted premature SCD. 

Study Limitations
Major difficulty encountered in the present study was our inability to perform exercise 
ECG in IV:10, IV:11 and their parents (III:3 and III:4), similarly in III:2, IV:3, IV:5, IV:6, 
IV:7, IV:8 and their mother (III:2). Despite the mentioned people have no expressed clinical 

Table 2: Clinical data on patients with CPVT
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phenotype/s which suggests CPVT3 as autosomal recessive inheritance, exercise ECG in 
these clinically silent family members might have given more information in the carriers 
of one putative pathogenic allele. In this study, patients with CPVT3 had also borderly 
prolonged QT intervals. Though, we assume that this is an added phenotype combined with 
CPVT. But, exercise ECG in the non-symptomatic family members would have elucidated 
more about this phenomenon in the non-carriers and mono-alleleic carriers. 
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Abstract
Catecholaminergic polymorphic ventricular tachycardia (CPVT) is an arrhythmogenic dis-
ease characterised by adrenergic induced arrhythmias in the form of bi-directional and poly-
morphic ventricular tachycardia (PVT). CPVT is a distinct clinical entity associated with a 
high mortality rate of up to 50% by the age of 30 years. Recently the molecular diagnostics 
of this disease have become increasingly important as underlying mutations can be found 
in more than 60% of the identified CPVT patients. Coupled to the fact that β-blocking treat-
ment has a favorable outcome in CPVT patients, and given the risk of sudden death, the 
identification of causative mutations in CPVT is important as it can greatly augment early 
diagnosis and subsequent preventive strategies. In this chapter we will describe the molecu-
lar diagnostics of the three genes, the cardiac ryanodine receptor, the cardiac calsequestrin 
and Kir2.1, known to be involved in CPVT as performed in our lab.

Keywords: CPVT, RYR2, CASQ2, Kir2.1, DHPLC, sequencing

Introduction
Catecholaminergic polymorphic ventricular tachycardia (CPVT) is an arrhythmogenic dis-
ease characterised by adrenergic induced arrhythmias in the form of bi-directional and poly-
morphic ventricular tachycardia (PVT).1 CPVT is a distinct clinical entity associated with a 
high mortality rate of up to 50% by the age of 30 years. Its key features include childhood 
onset of syncope and collapse triggered by exercise and other stressful scenarios, with 
reproducible polymorphic and/or bi-directional ventricular tachycardia demonstrated during 
exercise testing and catecholamine infusion. Cardiac investigations show no evidence of 
structural heart disease and the resting 12-lead electrocardiogram is unremarkable includ-
ing the QT interval. Cases have been reported throughout the world and both sexes appear 
to be susceptible. Recently, the molecular diagnostics of this disease has become increas-
ingly important, as underlying mutations can be found in more than 60% of the identified 
CPVT patients.2-3 Coupled to the fact that β-blocking treatment has a favorable outcome in 
CPVT patients, and given the risk of sudden death, the identification of causative mutations 
in CPVT is important as it can greatly augment early diagnosis and subsequent preventive 
strategies. In this chapter we will describe the molecular diagnostics of the three genes cur-
rently known to be involved in CPVT, as performed in our lab.

Autosomal dominant CPVT, the cardiac ryanodine receptor (RYR2)
Many cases of CPVT are familial, and the first extensive report with a definite link-
age analysis was published by Swan et al., showing linkage of CPVT with chromosome 
1q42-43.4 This was followed by publications which associated mutations in a gene from 
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the 1q42-43 region, the cardiac specific ryanodine receptor type 2 (RYR2), with CPVT.1,5,6 

Ryanodine receptor channels are intracellular Ca2+ release channels forming a homote-
trameric membrane-spanning calcium channel on the sarcoplasmic reticulum (SR). The 
RYR2 gene is located on chromosome 1q42 and consists of 105 exons, which translate into 
15kb of cDNA. It encodes a protein of 4967 amino acids, making it the largest known ion 
channel to date. At present about 50 mutations have been reported in over 52 families.1,2,5-8 
The various mutations cluster within four regions within the RyR2 protein: the N-terminal 
side, around the binding site of FKBP12.6, a protein that stabilizes the RyR2 channel,9 the 
calcium binding site, and the channel-forming transmembrane domains.

Autosomal recessive CPVT, the cardiac calsequestrin gene (CASQ2)
In contrast to the majority of CPVT patients with an autosomal dominant mode of inheri-
tance (RYR2), two studies have recently demonstrated a recessive form of CPVT.3,10 The 
affected patients of these four families all shared an area on chromosome 1p13-21. Subse-
quently, homozygous mutations in the cardiac calsequestrin gene (CASQ2) located in that 
region were found to underlie this recessive form of CPVT. Strikingly, the heterozygous 
carriers of the mutations were devoid of any clinical symptoms or ECG anomalies. The 
phenotypes of the recessive CASQ2 CPVT patients seem more severe compared to RYR2 
CPVT patients. The CASQ2 gene consists of 11 exons and encodes a protein that serves 
as the major Ca2+ reservoir within the SR lumen of cardiac myocytes. However, although 
CASQ2 mutations are often autosomal recessive, some reports indicate that autosomal 
dominant inheritance with reduced penetrance can be part of the clinical spectrum of 
CASQ2 CPVT.3

Overlap diseases: Andersen and CPVT, the KCNJ2 gene
Mutations of the KCNJ2 gene are known to be causative in the Andersen syndrome (AS), a 
disease characterized by potassium-sensitive periodic paralysis, dysmorphic features, and 
PVT.11 However, mutations in KCNJ2 result in a pleiotropy of the phenotypic AS variations 
including all, some or just a single characteristic of the AS. Moreover, there is evidence that 
KCNJ2 only produces CPVT characteristics with a very low penetrance of prominent dys-
morphic features, suggesting that some Andersen syndrome patients may present as CPVT 
patients.12-13 These “overlap” patients have syncope, exercise induced polymorphic ventric-
ular tachycardia, and a normal QTc interval. However, in contrast to CPVT, they can also 
exhibit polymorphic ventricular beats at the resting ECG. The KCNJ2 gene is a background 
ion channel involved in maintaining the membrane potential of cardiomyocytes during dias-
tole. It is located on chromosome 17q23.1-q24.2 and consists of only one coding exon.
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Molecular diagnostics of CPVT
It is clear that there is a strong genetic component in CPVT, and currently in about 60% of 
the patients underlying mutations are found. Depending on the clinical presentation of the 
disease and the family history, the appropriate genes can be screened in the patients. The 
challenge of doing diagnostics for CPVT is the fact that the causative genes differ so much 
in size. The main gene involved in CPVT, RYR2, has 105 exons, CASQ2 has 11 and KCNJ2 
has 1 exon. The strategies for the genetic screening of patients with CPVT thus depend on 
the size of the genes involved, the equipment available and the cost-effectiveness. Our lab 
currently uses Denaturing High-Performance liquid chromatography (DHPLC) analysis for 
the RYR2 and the CASQ2 genes, and sequence analysis for the KCNJ2 gene. Below we will 
outline the various techniques we employ to screen CPVT patients for the genes of inter-
est. In our lab patients with a CPVT diagnosis are screened first for RYR2, subsequently for 
CASQ2 and finally for Kir2.1, this order is based upon the prevalence of mutations.

Materials

PCR
1. 10X PCR buffer (Roche) 
2. 5X PCR buffer; 1mL: 250 μl 1M Tris-HCl pH 9.0, 140μl 0.5M (NH4)SO4, 100μl 
DMSO, 75μl Tween-20, 435μl ddH2O
3. MgCl2 25 mM (Applied Biosystems)
4. dNTPs, 1.25mM for each NTP (Amersham Pharmacia)
5. primers (20pmol/μl) (see Note 1)
6. Super Taq (HT Biotechnology)
7. 5mM Betaine (Sigma)
8. Strip tubes/caps (VWR)
9. 96-wells plate (Biozym)  

Sequencing
1. BigDye Terminator v3.0 (Applied Biosystems)
2. 5x sequencing buffer (supplied with BigDye Terminator v3.0) (Applied Biosystems)
3. 5mM Betaine (Sigma)
4. Strip tubes/caps (VWR)

Gel electrophoresis analysis
1. Agarose



108

108

Clinical and Genetic Spectrum of Hereditary Cardiac Arrhythmia Syndromes

4

2. 1X Tris-acetate-EDTA (TAE): 0.04M Tris-acetate, 0.001M EDTA, pH 8.0 
3. Ethidium Bromide (10mg/mL)
4. 10X Loading Buffer; 25ml: 6.25g Ficoll 400, 20ml ddH2O, 0.5 ml EDTA (0.5mM), 0.25 
mk SDS (10%), 0.0625g Orange G (Merck), add ddH2O till 25 ml.

Denaturing High-Performance liquid chromatography (DHPLC)
1. 0.1 M triethylamine acetate (pH 7.0) (Transgenomic)
2. Acetonitrile  (Transgenomic) (see Note 2)

Equipment
1. Thermocycler
2. Gel electrophoresis device
3. Gel image capture device, Eagle-eye II (Stratagene)
4. ABI Prism DNA Analyser (Applied Biosystems)
5. Macintosh or PC with sequence analysis software (Applied Biosystems) and WAVE 
Maker softwareTM (Transgenomic)
6. DHPLC-WAVETM system (Transgenomic)

Methods

Direct Sequence  
PCR Reaction
1. Amplify genomic DNA for sequence analysis in 20μl reaction mixtures containing 
3.0μl genomic DNA (25 ng/μl), 4.0μl 5X PCR buffer, 1.2μl MgCl2 25 mM, 2.25μl dNTPs 
1.25mM, 0.4μl of each primer (20pmol/μl), 0.1μl Super Taq (HT Biotechnology), 4.0μl 
Betaine 5mM, and 4.65μl ddH2O (see Note 3).

2. Perform PCR using an initial denaturating step of 94°C for 3 minutes, followed by 35 
cycles of the following touch-down PCR protocol: denaturation at 94°C for 45 seconds, an-
nealing at 66-52°C (see Note 4) for 45 seconds, and the extension at 72°C for 1 minute.

3. Store the product mixture at 40°C until further use.

Gel electrophoresis analysis
1. The PCR products are tested on an agarose gel to determine the outcome and specificity 
of the reaction. Single, crisp bands indicate a successful PCR product that can be used for 
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subsequent sequence analysis.

2. Prepare a 1.5% (w/v) agarose gel with 1X TAE, with 5μl of 10mg/mL ethidium bromide 
added to each 100mL of gel solution. Run the electrophoresis in a 1X TAE buffer.

3. Add 1μl of 10x loading buffer to a sample of 5ul of each PCR product, subsequently load 
the reaction mixture onto the agarose gel. Use a stock ladder (100bp ladder) to determine 
size of products.

4. Perform electrophoresis at 100V/100mA; running time depends on product size and gel 
length.

5. Capture the gel image (photo/computer) under long wave UV to determine the result of 
the PCR. If the PCR was successful, the sample is sequenced.
 
Sequencing Reaction
1. Assemble the sequencing reaction (10μl total volume) by adding 3.0μl of 1/5 diluted 
PCR product to a strip tube containing 1.0μl BigDye Terminator v3.0, 1.0μl of sequencing 
primer (2pmol/μl), 2.0μl 5x sequencing buffer, 2.0μl 5mM Betaine and 1.0μl ddH2O (see 
Note 3 and 5).

2. Denature the DNA initially by incubating the reaction mixture at 94°C for 2 minutes.

3. Perform cycle sequencing with 24 cycles of denaturation at 960C for 10s, primer anneal-
ing at 50°C for 5s, and primer extension at 60°C for 4 minutes, and a single, final extension 
step at 60°C for 10 minutes (see Note 6).

4. Store the product mixture at 40C until loading onto the capillary DNA sequencer.

Denaturing High-Performance liquid chromatography (DHPLC)
PCR Reaction
1. Amplify genomic DNA for DHPLC analysis in 50μl reaction mixtures containing 2.0μl 
genomic DNA (25 ng/μl), 5.0μl 10X (DHPLC)-PCR buffer (Roche), 3.0μl MgCl2 25 mM, 
8.0μl dNTPs 1.25mM, 1.0μl of each primer (20pmol/μl), 0.1μl Super Taq (HT Biotechnol-
ogy) and 30μl ddH2O (see Note 7).

2. Perform PCR using an initial denaturating step of 94°C for 3 minutes, followed by 35 



110

110

Clinical and Genetic Spectrum of Hereditary Cardiac Arrhythmia Syndromes

4

cycles of the following touch-down PCR protocol: denaturation at 94°C for 45 seconds, an-
nealing at 66-52°C for 45 seconds, and the extension at 72°C for 1 minute (see Note 4)

3. Store the product mixture at 40°C until further use

Gel analysis of PCR products
1. PCR products for subsequent DHPLC analysis are checked using agarose gels in the 
same fashion as described under subheading 3.1.3. Only PCR products with single, crisp 
bands are to be used in the DHPLC analysis (see Note 8). 

DHPLC analysis
1. For each amplicon, the PCR product of wildtype DNA (healthy control) has to be mixed 
with the patient’s product at equimolar ratios (see Note 9); subsequently the resulting mix 
is subjected to a 5 min 95°C denaturating step in a PCR machine, followed by a gradual 
re-annealing from 95°C to room temperature over 1 hour. This ensures the formation of 
equimolar ratios of homo- and heteroduplex species. The mixed products can be stored at 
40C for several weeks, or used immediately. 

2. The temperatures needed for successful resolution of heteroduplex molecules are de-
termined by running amplicon-specific melting curves and by using the DHPLC melting 
algorithm WAVETM Maker of the WAVETM instrument. Melting curves are determined as 
follows: the elution time of a specific fragment under standard conditions is determined. 
This specific gradient is then tested for the same PCR product for temperatures ranging 
from 48˚C to 70˚C, and retention time versus temperature are graphed to yield a fragment 
specific melting curve. The optimal analysis temperature is defined by a maximal decrease 
of retention time in a minimal temperature range. However, the complexity of the melting 
curve may need between one and four different temperatures for fragment analysis. On 
average, 3 different temperatures to cover the entire DNA fragment of interest are necessary 
(see Note 10). The chosen temperatures are stored by the software and can be re-used for 
subsequent samples for the same amplicon.

3. The (mixed) samples are loaded into the DHPLC machine and covered with a (96 well) 
rubber mat to avoid evaporation of the products. It is advisable to also use a negative con-
trol (water-control of the PCR) and a positive control (a known aberration in the amplicon 
examined) during each DHPLC run. Enter into the DHPLC software whether you are using 
strips or plates and use an injection volume of 8μl per (mixed) DNA sample per tempera-
ture.



111

111

4

4. The (mixed) samples are separated at a flow rate of 0.9ml/min by means of a linear ac-
etonitrile gradient. Generally, analysis takes approximately 4-min/sample including column 
regeneration and re-equilibration to starting conditions. The column mobile phase consisted 
of a mixture of 0.1 M triethylamine acetate (pH 7.0) (buffer B) with 25% acetonitrile (buf-
fer A).

5. Subsequently the DHPLC is run with the optimal temperatures and gradients, and the 
results are stored for analysis.

Sequence variation identification by DNA analysis
Whether you want to determine sequence variations of aberrant DHPLC samples or directly 
identify variation in a patient’s sequence, the methods for finding sequence variations 
remain the same. Always sequence at least two different individuals, i.e. a (confirmed) 
healthy control DNA sample together with DNA samples of the patient(s) of interest. After 
the sequencing run on the ABI Prism 310 DNA Analyzer (or similar machines), trim and re-
analyse the sequence traces of all the sequences with the ABI Sequence Analysis software. 
In this way, poor quality bases can be removed and the sequencing signal can be boosted. 
Subsequently the ABI Factura program is used to mark and annotate sequence variations 
and areas of low signal quality. The final step is to align the cleaned up sequences. For this, 
we use the ABI Sequence Navigator program. After importing 8 sequences into the program 
(including a healthy control), “Clustal alignment” with the default settings will provide the 
best alignment. If necessary, sequences done with a reverse primer can also be imported 
and converted to inversed complementary sequences to complete the alignment (see Note 
11). After the alignment, we let the program mark all the differences in a given position 
with the option “create shadow/compute ambiguity sequences”. This marks all the places in 
the alignment with possible differences, including homozygous mutations/polymorphisms 
(Figure 1). Similar options for marking ambiguity in sequences are available in the ABI 
Auto Assembler program. We subsequently display the alignments at the points of interest 
(places with ambiguity) and determine the source of the ambiguity (Figure 1). In case of a 
possible mutation, polymorphism, or disruption of the reading frame, screenshots are taken 
for archiving, and the sequence of interest can be printed. It is important to understand that 
sequence variations can always arise from the PCR technique itself and therefore aberrant 
sequences need to be validated by amplifying control DNA and patient DNA in a additional 
subsequent PCR reaction. Moreover, it is important to check whether the aberrant sequence 
is really a mutation, or a (rare) polymorphism. In general, an aberration is labelled as a 
mutation if it is absent from more than 200 control alleles. However, the causality of any 
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Figure 1: Example of a clustal alignment of sequences in which any ambiguity between sequences is marked with 

an asterisk; in the lower panel, a close up of the ambiguity is displayed. Note that up to eight sequences can be 

aligned and analyzed at the same time.
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given mutation depends on: DNA analysis in family members coupled to the clinical history 
and expression analysis. Good quality sequences and the above-described approach provide 
a balance between speed of analysis and accuracy. We employ the sequencing techniques 
for various exons of CASQ2 (see Note 12) and all the Kir2.1 samples. Upon identifying a 
possible mutation, it is imperative to finish screening  the remaining exons as well.

Sequence variation identification by DHPLC analysis
The main reason to perform DHPLC analysis is that it is a fast and accurate method for 
mutations screening. Samples resulting in aberrant patterns always have to be sequenced to 
determine the nature of the sequence variation. Even if the DHPLC pattern resembles a pat-
tern of a known polymorphism for the amplicon examined, sequencing is still necessary, as 
this doesn’t exclude the possibility that a mutation close to the polymorphism is masked, or 
that an unknown mutation causes a similar pattern. DHPLC is used to filter out the wildtype 
sequences in order to decrease the amount of patient samples to be sequenced. It is impor-

tant to analyse the patient’s samples at each temperature indicated by the WAVE makerTM 
software, as some sequence aberrations can only be seen at one specific temperature. In 
order to obtain a reliable analysis, a second researcher should always check the DHPLC 
results. DHPLC samples are compared at each temperature and any aberrant patterns are 
marked and printed for archiving purposes (Figure 2). Subsequently, the sequence analysis 
on the aberrant samples can be done directly from the PCR product loaded in the DHPLC 
machine using the above-described methods. It is important to understand that amplicons 
with numerous sequence variations will severely hamper a reliable DHPLC analysis. There-
fore DHPLC analysis is only performed on amplicons that do not contain frequent polymor-

Figure 2: Examples of aberrant DHPLC profiles due to the presence of (A) no, one or two polymorphisms in exon 

43 of RYR2 and (B) a known mutation, E4076K, in exon 90 of RYR2.
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phisms (see Note 12). We employ DHPLC analysis for the majority of the CASQ2 samples 
and all the RYR2 samples. Upon identifying a possible mutation, it is imperative to finish 
screening the remaining exons as well.

Notes
1. Primers were designed with a target melting temperature of 600C. It is important to 
design the forward and reverse primer in introns as far upstream or downstream as neces-
sary, as this will ensure that any sequence variations around the splice- and branch sites 
are included in the analysis. Make sure that the chosen primers do not overlap with SNPs. 
Moreover, it is important to keep in mind that accurate DHPLC analysis is only possible 
±50bp down or upstream from any given primer. Primers for RYR2 are available from Tiso 
et al.;5 primers for CASQ2 and Kir2.1 are available from the authors upon request.

2. Acetonitrile is a hazardous chemical and can penetrate the skin, therefore caution is 
warranted when replacing the containers, always use gloves. Moreover, the waste product 
of the DHPLC machine also contains acetonitrile and it is therefore recommend to place a 
fumehood above the waste container to capture any hazardous fumes.

3. Betaine is used in the PCR and sequencing steps to reduce self-coiling of GC-rich areas 
and to lower melting temperatures; in our experience betaine has substantial beneficial ef-
fects on all PCR/sequence reactions.

4. In a PCR touchdown protocol, the annealing temperature is lowered (proportionally) 
each successive cycle; the first cycle is performed at the first temperature indicated in the 
protocol and is subsequently lowered each cycle until the last temperature mentioned is 
reached at the end of the final cycle. 

5. Sequence reactions can be purified using spin-columns or gel-filtration, however in our 
experience, a dilution of 1/5 of the PCR product works equally well, and saves time and 
costs. If the dilution of a PCR product produces unusable results during sequencing, one 
can always revert to other methods of purification.

6. If the product is GC rich, it might help if the temperature of the annealing step of the 
sequencing reaction is raised, for instance from 50˚C to 55˚C or even 58˚C.
7. When using the DHPLC in patient analysis, it is crucial to use PCR reaction buffers that 
do not contain solvent or detergents, such as DMSO, glycerol, TWEEN or betaine (of-
ten found in most PCR buffers). These products can damage the columns of the DHPLC 
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machine; therefore PCR buffers without such products should be used. However, if these 
products are necessary for a specific PCR, the PCR products can be filtered by column 
purification and subsequently used in the DHPLC.

8. PCR products for subsequent DHPLC analysis need to be specific; any double bands or 
smears on gel analysis points to a PCR with side products. These side products will inter-
fere with the DHPLC analysis by producing incorrect patterns and might even mask real 
polymorphisms or mutations.

9. Homozygous mutations are difficult to detect in a DHPLC. This is because aberrant ho-
mozygous patterns might differ only slightly, or even not at all, compared to (homozygous) 
normal alleles. Mixing of wildtype DNA with patient DNA results in heteroduplexes that 
are easier to detect. However, in case of a clear family history with autosomal dominant in-
heritance (most of the CPVT cases) one could take the risk to analyse patient DNA without 
mixing with wildtype DNA to speed up analysis.

10. A set of random samples, plus a positive control, is to be used for the initial optimisa-
tion of the PCR amplicons of interest. The DHPLC conditions are adjusted so that the 
elution profile of the positive control is different from the wildtype sample. When no 
positive control is available, conditions are considered to be optimal at the temperature and 
corresponding gradient immediately before a significant decrease in the retention time of 
the amplicon and/or an excessive broadening of the peak, indicating excess denaturation. 
Useful temperatures are typically located in the range of 50 to 75% helical fraction for the 
amplicons analysed.

11. Initially unidirectional sequencing per patient is used (i.e. only a forward primer). If 
aberrant sequences are found, a new PCR is done and in the subsequent sequence reaction, 
both the forward and reverse primers are used.

12. Direct sequencing is warranted for CASQ2 exons 1, 7 (contains a poly T tail in the 5’ 
intron; therefore a reverse primer is recommended), 8, 9 and 10 as they contain numerous 
polymorphisms.
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ABSTRACT 

Background: 
Pathogenic mutations in the RYR2-encoded cardiac ryanodine receptor cause type 1 
catecholaminergic polymorphic ventricular tachycardia (CPVT1), a cardiac channelopa-
thy with increased propensity for lethal ventricular dysrhythmias. Most RYR2 mutational 
analyses target 3 canonical domains encoded by < 40% of the translated exons. The extent 
of CPVT1-associated mutations localizing outside of these domains remains unknown as 
RYR2 has not been examined comprehensively in most patient cohorts. 

Methods:
Mutational analysis of all 105 RYR2 exons was performed using PCR, DHPLC, and DNA 
sequencing on 155 unrelated patients (49% females, 96% white, age at diagnosis 20 ± 15 
years, mean QTc 428 ± 29 ms) with either an explicit clinical diagnosis of CPVT (n = 110) 
or an initial diagnosis of exercise-induced long QT syndrome (LQTS) but with QTc < 480 
ms and a subsequent negative LQTS genetic test (n = 45).  200 controls individuals were 
examined to assess allelic frequency for all non-synonymous variants detected.

Results: 
Sixty-three (34 novel) possible CPVT1-associated mutations, absent in 400 reference 
alleles, were detected in 73 unrelated patients (47%). Thirteen new mutation-containing 
exons were identified.  Two thirds of the CPVT1-positive patients had mutations that local-
ized to one of 16 exons.  

Conclusions:
Possible CPVT1 mutations in RYR2 were identified in approximately 47% of this cohort. 
45 of the 105 translated exons are now known to host possible mutations. Considering that 
~65% of CPVT1-positive cases would be discovered by selective analysis of 16 exons, a 
tiered targeting strategy for mutation discovery may afford a more cost-effective approach 
to CPVT genetic testing. 

Key Words: Ryanodine Receptor, Catecholaminergic Polymorphic Ventricular Tachycar-
dia, Sudden Cardiac Death, Exertional Syncope
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INTRODUCTION

Catecholaminergic Polymorphic Ventricular Tachycardia (CPVT) is a potentially lethal, 
heritable arrhythmia syndrome often manifesting as exercise-induced ventricular arrhyth-
mias, syncope or sudden death.1  With mortality rates of 30-50% by age 35 years, CPVT 
is one of the most malignant cardiac channelopathies expressed predominately in young 
patients with otherwise structurally normal hearts and can easily elude diagnosis2.  While 
the resting 12-lead electrocardiogram (ECG) is typically normal, the hallmark arrhythmia, 
bidirectional VT, is often present during exercise stress testing and has been considered 
pathognomonic for CPVT.1,3 
CPVT stems from an alteration of intracellular calcium handling involving the critical 
calcium-induced calcium release mechanism of myocardial cells. At the molecular level, 
perturbations in the cardiac ryanodine receptor encoded by RYR2 account for at least 50% 
of CPVT cases and is annotated as type 1 CPVT (CPVT1).3  Mutations in CASQ2-encoded 
calsequestrin are responsible for the very rare, autosomal recessive form known as type 2 
CPVT (CPVT2).2,4 

The cardiac ryanodine receptor (RyR2) is one of the largest ion channel proteins, is encoded 
by the 105-exon-containing RYR2 gene and comprises 4967 amino-acids; localizes to the 
sarcoplasmic reticulum, and controls intracellular calcium release and cardiac contraction. 
Since the sentinel discovery of a CPVT-causing RYR2 mutation5, a cluster distribution 
involving three discrete protein regions has been reported.  Based in a potential physi-
ological role for these “hot-spots”, they have been termed “domains” I, II and III (Figure 
1)6,7. Similar mutation clustering is observed in the RYR1 gene which encodes the skeletal 

Figure 1: Mutation Clustering in the cardiac ryanodine receptor (RyR2). 

Mutations are distributed in three “hot-spots” regions, called domains I (N-terminal), II (central) and III (channel 

region)6,7. AA: amino-acid number estimated for each domain.

Adapted from George CH, et.al7., and Yano M, et. al6.
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muscle RyR1 and is linked to malignant hyperthermia and central core disease8-10.  However 
since the majority of CPVT cases haven’t been taken through the entire RYR2 scan, the 
prevalence of mutations residing outside these three canonical domains remains unknown 
(~61 exons that encode for 2570 amino-acids).  
Currently, among research laboratories and clinical diagnostic laboratories, there is no con-
sensus or clear definition of the “RYR2 targeted scan” resulting in enormous discrepancy in 
the number of exons studied by each research group or commercial company. This situation 
has an important impact in “gene-negative” definition, genotype-phenotype correlation and 
patient quality of care. In the present study, we sought to determine the prevalence of muta-
tions throughout RYR2’s entire open reading frame in a large cohort of cases referred to 2 
different institutions for exertional syncope and, using a combined analysis of the previ-
ous reported mutations and the novel mutations found on this cohort, we propose a novel, 
targeted “genetic approach” for CPVT1 genetic testing.

METHODS

Study Participants
We studied a cohort of 155 unrelated patients referred to the Windland Smith Rice Sudden 
Death Genomics Laboratory at Mayo Clinic, Rochester, MN and Department of Clinical 
Genetics, Academic Medical Center, University of Amsterdam, Netherlands for genetic 
testing between August 2001 and June 2008. A clinical diagnosis of CPVT was rendered 
in 110 patients by either one of the authors (MJA, AAMW) or the referring physician. Of 
these, 78 were classified as “strong CPVT phenotype” because of exertional syncope plus 
documentation of bidirectional or polymorphic ventricular tachycardia (BVT/PVT) while 
32 were classified as “possible CPVT phenotype” based on exertional syncope, stress test 
induced ventricular ectopy but absence of BVT/PVT.  In addition, 45 cases were referred 
as “possible/atypical Long QT Syndrome (LQTS)” because of exertional syncope and QTc 
values < 480 ms.  All were genotype negative for the 12 known LQTS-susceptibility genes.  
Following receipt of written consent for this, Mayo Foundation Institutional Review Board 
and Amsterdam Academic Medical Center Review Board approved protocol, genomic DNA 
was extracted from peripheral blood lymphocytes using the Purgene DNA extraction kit 
(Gentra, Inc, Minneapolis, MN, USA). In cases with suspected mosaicism, additional DNA 
from saliva was isolated using the ORAgene kit (DNA Genotek, Ottawa, Ontario, Canada) 
and DNA from skin fibroblasts and hair-roots was isolated using the QIAamp DNA minikit 
(Qiagen, USA). 
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Mutational Analysis
Comprehensive open reading frame/splice site mutational analysis of all 105 RYR2 exons 
was performed using polymerase chain reaction (PCR), denaturing high performance liquid 
chromatography (DHPLC), and DNA sequencing as described previously.11   The flanking 
primers used for PCR were published previously or designed with Oligo software (Molecu-
lar Biology Insights, Inc., Cascade Colo.) and are available on request. We also searched for 
large genomic rearrangements affecting exon 3 as reported previously12.
All putative pathogenic variants must have been absent in 400 reference alleles (100 
healthy white and 100 healthy black) obtained from the Human Genetic Cell Repository 
sponsored by the National Institute of General Medical Sciences and the Coriell Insti-
tute for Medical Research (Camden, New Jersey) in order to be considered as potentially 
disease-related.

  
Statistical Analysis
We used the JMP Statistical Software (JMP 6.0, 2005; SAS Institute Inc, Cary, NC). All 
continuous variables are reported as mean ± SD. Differences between continuous variables 
were evaluated using unpaired Student t tests, and nominal variables were analyzed using 
chi-square analysis Statistical significance was considered at p < 0.05.

Figure 2: RyR2 channel topology 

and localization of mutations and 

polymorphisms

Linear topology of the cardiac 

ryanodine receptor; putative patho-

genic mutations (yellow circles) and 

polymorphisms (blue circles) found 

on this study-cohort are shown in the 

approximate location.  The number 

within the circle corresponds to the 

mutation # on Table 1. 
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RESULTS

The demographic characteristics of the 155 unrelated patients included on this study are 
shown in Table 1. 96% were Caucasians, 49% were females, age at symptoms was 20±15 
yrs, and average QTc was 428 ± 29 msec.  The mean age of onset of symptoms was signifi-
cantly lower in RYR2 mutation positive subjects compared to those with a negative genetic 
test (16.7 ± 12.317 vs 23.8 ± 16.6 respectively, p< 0.004).
Overall, 77 mutations (63 unique, 34 novel), disease causing mutations were identified in 
73 cases (47%).  (Table 2, Figure 2).  41/73 mutation positives (56%) were females. Each 
mutation was absent in 400 references alleles and was highly conserved across species. 

Table 1:  Demographics Characteristics of the Cohort



126

126

Clinical and Genetic Spectrum of Hereditary Cardiac Arrhythmia Syndromes

5



127

127

5



128

128

Clinical and Genetic Spectrum of Hereditary Cardiac Arrhythmia Syndromes

5

The yield of the genetic test was significantly higher among the 78 cases classified clini-
cally as “strong CPVT phenotype” compared to the 32 cases diagnosed as “possible CPVT 
phenotype” (60% vs 37.5%, p < 0.04). Notably, nearly one-third of the “gene negative 
LQTS” cases had a rare missense mutation in RYR2 (Table 1, Figure 3). Four out of the 73 
RYR2 mutation-positive cases hosted multiple mutations (5.5%).  Ten mutations found in 11 
cases resided outside the three canonical domains, specifically, between domain I and II; 8 
of them exhibiting a strong CPVT phenotype. Three large genomic rearrangements com-
prising exon 3 were detected in three unrelated cases involving a 3.6kb deletion in one and 
a 1.1kb deletion in two cases.
One proband had a maternally inherited Y4149S (tyrosine, Y, at position 4149 mutated to 
serine, S) missense mutation. Although the proband’s mother was asymptomatic and had an 
unremarkable exercise ECG; germline mosaicism was suspected clinically because more 
than one offspring was affected.  Accordingly, Y4149S mosaicism was detected in her be-
ing highest in the hair-roots (~25%), less in leucocytes (~20%) and in fibroblasts and buccal 
epithelium (~15-18%).
Twelve non-synonymous single nucleotide polymorphisms (6 novel) were also identified, 
7 of them were seen only in controls and 5 in cases and controls (Table 2). Four novel 
polymorphisms localize between domain I and II. The most common polymorphism was 
Q2958R with an heterozygous prevalence of 34% in Caucasians and 10% in African-Amer-

Table 2: Compendium of RYR2 mutations and polymorphisms reported to date

Putative mutations are indicated in black, n=129 (including 2 large genomic rearrangements involving exon 3, not 

detectable by regular genetic scan), polymorphisms in grey n=15.

Predicted location: NT = Amino-Terminal, CL = Cytoplasmic Loop, FKBP = 12.6 (Calstabin) binding domain, 

TMD = Transmembrane domain, CT = C Terminal. *Large genomic rearrangement comprising intron 2-3 and 

intron 2-4 resulted in inframe deletion of exon 3.  AA: African Americans Controls, CC: Caucasians Controls. 

†Mosaicism.
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icans; followed by G18865S with a prevalence of 6%, 4% and 2% respectively. V377M 
was found only in African-Americans with a prevalence of 3%. Finally, Y2156C, E2183V, 
M2389L, V4010M, A4282V and G4315E are rare variants observed only once in different 
control subjects.  Thus, within the exons hosting putative CPVT1-associated mutations, the 
background prevalence of rare amino acid substitutions among the 200 apparently healthy 
volunteers was 3% (3/100 Caucasians and 3/100 African Americans, Table 2)

DISCUSSION

Exertional Syncope: LQTS or CPVT?
Phenotypically, CPVT closely mimics LQTS, particularly “concealed LQT1”. It has been 
reported that nearly 30% of CPVT cases have been misdiagnosed as “LQTS with normal 
QT intervals” or “concealed LQTS”.13  Recently, we demonstrated that nearly 6% of 269 
LQTS genotype negative patients hosted a CPVT1-causing RyR2 mutation14. Here, we 
included only referral cases of “atypical/possible LQTS” with a phenotype of exertional 
syncope and QTc < 480msec.  Herein, the yield of RYR2 mutations on this selected cohort 
was 31%; indicating the importance of differentiating between a clinical diagnosis of CPVT 
and LQTS. CPVT-related arrhythmias can be easily reproduced during an exercise stress 
test, isoproterenol infusion or by other forms of adrenergic stimulation15. The induction of 
polymorphic ventricular tachycardia or bidirectional VT, characterized by 180° alternating 
QRS axis on a beat-to-beat basis, sets CPVT apart from “concealed” or “borderline” LQTS.   
RYR2 genetic approach: Targeted scan and tiered strategy
Our results confirm that mutation clustering exists. The functional significance of mutation 
clustering remains unclear;  it has been suggested however, that a domain-domain interac-
tion is crucial for channel function16-18 and a defective inter-molecular interaction may be 
crucial in disease phenotypes.  Interestingly, in this study 11/64 (17%) putative mutations 

Figure 3: Prevalence of RYR2 

mutations by subgroups

The sensitivity of the entire RYR2 

scan on this cohort is shown on the 

left. Bars on the right side show 

the sensitivity in the 3 different 

subgroups of this cohort.
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localize outside the three canonical domains, specifically, close to the domain I (between 
domain I and II). The region between domain II and III (exons 49 to 82) remains as a very 
large “mutation free” area where no disease-causing mutation have been described to date 
in CPVT cases.  In fact, we found only one common polymorphism in this region, RyR2-
Q2958R in exon 61. Interestingly, a mutation in exon 75 (RyR2-R3570W) was reported by 
Marjamaa et. al. in 2 sudden unexplained death syndrome victims with dilated hearts, none 
of the living mutation carriers showed exercise-induced ventricular arrhythmias19.  This 
same group reported recently a mutational analysis conducted in 33 Finnish cases with 
CPVT, interestingly, they only found mutations between the canonical domains I and II and 
represents the only group worldwide reporting this atypical mutation distribution in RYR220. 
Thus, the majority of CPVT cohorts exhibit a RYR2 “hot spot” region that localize more 
precisely to exons 3-28, 37-50 and 83-105 (63 exons). Based upon our results and after ana-
lyzing a large publicly available compendium of the 127 RYR2 putative mutations known 
to date (Table 2), we propose an expanded genetic approach for research/investigational 
laboratories.  A reasonable RYR2 scan will include the analysis of at least 45 exons in total 
known to host all published mutations reported to date.  Since some exons (19) imbibed in 
the hot-spot region remain free of mutations so far, a more ambitious and “comprehensive” 
RYR2 genetic test would include these exons as well resulting in a 64-exon scan (exons 
3-28, 37-50, 83-105 and 75).  The area surrounding exon 3 is highly susceptible to large 
Alu-repeat-mediated genomic rearrangements; we documented 3 unrelated cases hosting 
large heterozygous deletions involving exon 3 that couldn’t be detected by regular genetic 
screening using DHPLC or direct DNA sequencing. Validating this observation, exon 3 

Figure 4: Tiered Strategy

Schematic representation of the 105 coding exons of the RYR2 gene. Boxes in colors: all the exon-containing mu-

tations reported to date. Boxes in white: exons free of reported mutations. The tiered strategy was build based on 

the number of mutations containing in each exon as shown by three different colors. The 1st tier included 16 exons, 

2nd tier 13 exons and 3rd tier 16 exons. Exons containing control variants were not included.
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deletion was also reported recently in a different cohort where 2 unrelated cases out of 
33, hosted  a 1.1kb deletion, including exon 3.20 So far, cases with exon 3 deletion exhibit 
a strong CPVT phenotype, however, the precise physiological consequences of exon 3 
inframe deletion remain to be determined. 
The mutation clustering phenomena might facilitate a tiered strategy that may yield a more 
cost-effective approach for CPVT genetic testing.  Figure 4 summarizes this proposed tiered 
strategy.  This approach was developed considering the number of mutations in each exon 
reported to date in the literature, excluding exons containing only polymorphisms.  As such; 
127 distinct mutations were analyzed, including those found within this cohort.  The first 
tier comprises those exons (N=16) reporting > 3 unique CPVT-associated mutations.  The 
second tier includes 13 exons with at least 2 mutations reported while the third tier consists 
of the final 16 exons so far hosting only a single mutation.  
If we applied this strategy to our cohort, 64.5% of the mutations would have been detected 
after the first tier, 21% after the second tier, and only 14.5% after the third tier (Figure 5). 

In case of negative results, analysis of large genomic rearrangements involving exon 3 is 
encouraged followed by of calsequestrin 2 (CASQ2) and perhaps Kir2.1 (KCNJ2) muta-
tional analysis21. Finally, in selected “strong CPVT phenotype” cases where ~ 30 – 40% 
will remain gene-negative, analysis of the remaining 60 exons lying outside this tiered 
strategy might be warranted, beginning with those exons that localize within the 3 canoni-
cal domains and adjacent to the hot spot exons.  With analysis of only 16 of RYR2’s 105 
exons, this tiered strategy is predicted to detect more than 60% of the RYR2 positive cases.  
However, it is important to consider that cases with compound heterozygosity might be 
missed by this method.  For example, in this study 4/74 RYR2 positives (5.5%) had double 
mutations in RYR2.  This 3-tiered approach would have missed the second mutation in all 
these 4 compound heterozygous/multiple mutation individuals if the scan would have been 
stopped after the first tiered where the first mutations resided.

Figure 5. Yield of the Tiered Strategy

Retrospective analysis of the mutations 

detected in our cohort and in the world-wide 

compendium of mutations reported to date. 

The percentage of mutations that would be 

detected using the tired strategy is shown.
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Polymorphisms in RYR2, not that rare and with potential functional effect
It has been considered that RYR2 is not a polymorphic gene.  However, 15/142 (10.5%) 
missense variants reported to date were found in controls. We did not scan the entire RYR2 
gene in control subjects.  Instead, since we focused on the exon-containing mutations, the 
rate of nonsynonymous genetic variation throughout all of RYR2 may be higher.
Importantly however, among the exons now known to host possible CPVT1-associated 
missense mutations, similarly rare amino acid substitutions were found in only 6 of the 200 
control subjects examined in this study.  Although not a true case-control genetic epidemio-
logic study, if validated, this would suggest that among cases where CPVT is strongly sus-
pected, there would be a 95% estimated probability that the identification of a rare missense 
mutation would likely represent the pathogenic basis for the patient’s CPVT rather than 
merely being an amino acid substitution that is just there, just rare, just because.
We have learned that common polymorphisms in other ion channels have the potential to 
modify the clinical phenotype22,23; polymorphisms in RYR2 may have the same potential. 
RyR2-Q2958R is the most common RYR2 polymorphism; was described for the first time 
9 years ago24 and is particularly common in Caucasians (34%). The second most common 
polymorphism in RYR2 is G1886S (20% African Americans, 9% Caucasians) followed 
by G1885E (6% Caucasians).  Interestingly, in vitro studies in heterologous systems have 
demonstrated that both G1885E and G1886S polymorphisms caused a significant increase 
in the cellular Ca(2+) oscillation activity compared with RyR2 wild-type channels.  Further, 
when both polymorphisms were introduced in the same RyR2 subunit, the store-overload-
induced calcium release activity was nearly completely abolished25. In the clinical setting, 
compound heterozygosity involving these two polymorphisms has been associated with 
right ventricular dysplasia26. The potential functional effects of the 6 novel polymorphisms 
identified in this study are unknown.

Mosaicism in RYR2
This is the first report involving RYR2 mosaicism which was transmitted to descendants, 
presumably causing sudden death in two children and full blown CPVT in one child from 
the age of 9 years. RYR2 mutations, in many circumstances (~20% in our cohort) are de 
novo in origin, but it could also be present in a mosaic form in the asymptomatic parents, 
which requires attention during genetic counseling as well as during genetic screening. 
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CONCLUSION

Although intimidating as one of the largest genes in the human genome, results from this 
comprehensive open reading frame analysis involving one of the largest cohorts of unre-
lated patients examined to date combined with a meta-analysis of all published CPVT1-
associated mutations indicate that only 45 of RYR2’s 105 translated exons host a putative 
CPVT1-associated mutation.  Moreover, an initial targeting of only 16 exons will yield the 
vast majority of mutations though compound heterozygosity may be missed.  Finally, given 
the present estimate of 3% frequency for rare missense mutations among controls, one must 
be cognizant of the possibility of a “false positive” especially as the pre-test probability of a 
CPVT diagnosis decreases.  The ~33% yield that was observed among the “possible” cases 
of CPVT indicates that perhaps 90% of the mutations identified among cases of “possible 
CPVT” or so-called “atypical LQTS” with exercise-induced syncope and QTc < 480 ms are 
pathogenic whereas 10% of those mutations may represent “false positives”.
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Summary
Catecholaminergic polymorphic ventricular tachycardia (CPVT) is a potentially lethal 
disease characterized by adrenergically-mediated ventricular arrhythmias manifesting 
especially in children and teen-agers. ß-blockers are the cornerstone of therapy, but some 
patients are not fully protected and receive an implantable cardioverter defibrillator (ICD). 
Given the nature of CPVT, ICD shocks may trigger new arrhythmias leading to multiple 
shocks. We describe the remarkable long term efficacy of surgical left cardiac sympathetic 
denervation in three young adults with CPVT, all symptomatic prior to and symptom-free 
after the procedure.
 
Introduction
Catecholaminergic polymorphic ventricular tachycardia (CPVT), first recognized in the 
1970’s,1,2 is a genetic disorder caused by mutations in genes involved in the calcium homeo-
stasis of cardiac cells. Following initial observations that linked CPVT to chromosome 1,3 
two disease-causing genes were identified: the Ryanodine receptor gene (hRyR2)4,5 and the 
cardiac calsequestrin gene (CASQ2).6,7 CPVT presents with life-threatening ventricular 
arrhythmias, usually polymorphic ventricular tachycardia (VT) or ventricular fibrillation 
(VF), especially in conditions of increased sympathetic activity including physical exercise 
or emotional stress.8,9 It often becomes manifest at young age and the first event may be 
lethal.
The management of CPVT is difficult. Most patients are protected by ß-adrenergic block-
ing agents but many continue to have symptoms and/or documented exercise-induced VTs. 
The current views hold that for these patients the only additional therapy available is the 
implantable cardioverter defibrillator (ICD).10 However, as even modest exercise initiates 
fast VTs that trigger ICD shocks the quality of life of these patients is often diminished. In 
addition, ICD’s do not protect all patients11 and physicians sometimes resort to the extreme 
measure of cardiac transplantation.12

We present evidence that left cardiac sympathetic denervation (LCSD), an antifibrillatory 
intervention that largely prevents norepinephrine release in the heart,13,14 might reduce these 
adrenergically-mediated life-threatening arrhythmias. We also propose that LCSD may 
represent a novel and effective treatment for those young CPVT patients who are not fully 
protected by ß-blockers. 

Clinical Cases
Patient 1 carries a de novo hRyR2 missense mutation, F4511L, absent in his relatives and 
in 117 controls. Since age 10 he had frequent syncope and at age 17 an episode of polymor-
phic VT was documented during a bicycle exercise stress testing at 50 watts. Despite pro-
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pranolol (240mg) he had a cardiac arrest due to VF after an emotional encounter. In 1988, 
at age 18, he underwent LCSD. During the following 19 years he remained asymptomatic 
although non-sustained VT can still be induced by exercise but only at 120 watts and above.
Patient 2 carries the hRyR2 mutation, E4076K, absent in 100 controls and strongly seg-
regating within the family, characterized by adrenergically-dependent symptoms and 
premature sudden death under typical circumstances. She became symptomatic at age 10 
and remained symptomatic despite full dose ß-blockade (2.5mg/kg metoprolol, i.e.100mg) 
and continued to have VT during exercise. Her family members were successfully treated 
with ß-blockers. Because of the negative impact of these exercise-induced arrhythmias on 
her quality of life, in 2005, at age 17, she underwent LCSD. During the next 24 months 
she remained asymptomatic and ventricular arrhythmias appear only at higher workloads. 
Figure 1 shows recordings from a stress test prior to and immediately after LCSD. The total 
arrhythmia burden (ventricular extrasystoles per minute) in all available exercise stress tests 
in this patient (all on the same dose of metoprolol) is shown in figure 2. In the left panels 
frequent extrasystoles (> 50/min) were seen at respectively 686, 450 and 183 days prior to 
surgery. The right panels were obtained 2, 12 and 236 days after surgery. There is a clear 
reduction in the number of extrasystoles which after the procedure do not exceed 20/min 

Figure 1: 12-lead ECG during an exercise test several months prior to the LCSD (calibrations are standard). At a 

heart rate of 120 bpm (after 4.42 min of exercise) the first extrasystoles appeared quickly followed by polymorphic 

doublets and triplets. Seven days post surgery no ectopy at all was observed. The example given is at a heart rate 

of 164 bpm after 10.32 min of exercise.



143

143

6

at peak exercise. Note that the exercise test also lasts longer in the test at 236 days post 
surgery.
Patient 3 carries the hRyR2 G3946S mutation. Since age 11 this boy suffered many epi-
sodes of syncope with documented exercise-related polymorphic VT. An ICD was implant-
ed in 1995. Despite treatment with high doses of propranolol and mexiletine he received 
numerous shocks including 5 consecutive appropriate shocks. For this reason he underwent 
LCSD in 1998. He was discharged on the same pharmacological therapy. During the subse-

quent 9 years he has remained fully asymptomatic and without any ICD discharge.
LCSD is performed in 35-40 minutes, following an incision at the base of the neck, by an 
extrapleural approach without opening the chest. The lower part of the stellate ganglion is 
ablated together with the second and third thoracic ganglia; the fourth ganglion is cauther-

Figure 2: The arrhythmia burden during all exercise tests prior to and following LCSD. The number of ventricular 

extrasystoles/min (VE/min) and heart rate are shown against time of exercise (HF (spm) = Heart rate (beats per 

minute). The vertical lines in all panels indicate the end of exercise (left line) and the end of the test (right line). In 

the left panels frequent extrasystoles (> 50/min) were seen at respectively 686, 450 and 183 days prior to surgery. 

The right panels were obtained 2, 12 and 236 days after surgery. There is a clear reduction in the number of extra-

systoles which do not exceed 20/min after the procedure. Note that the exercise test also lasts longer in the test at 

236 days.
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ized. Preserving the upper half of the stellate ganglion prevents the occurrence of Horner’s 
syndrome.

Discussion
CPVT is a malignant disorder affecting young individuals and for which, in individual 
cases, current therapies are unsatisfactory. Adrenergic stimuli trigger difficult to treat life-
threatening arrhythmias. ß-adrenoreceptor blockade does not provide full protection, nor 
does ICD implantation11. The latter is particularly ill-suited for CPVT because the pain and 
fear generated by the shocks may initiate arrhythmic storms with multiple shocks11. LCSD 
may represent a viable solution for CPVT patients not fully protected by ß-blockers as 
exemplified by the patients described here. 

Rationale for LCSD
The arrhythmogenic mechanism in CPVT has been shown to involve catecholamine-
induced activation of cAMP-dependent protein kinase A which phosphorylates several key 
Ca++ handling proteins including the ryanodine receptor 2 (RyR2). This increases calcium-
activated calcium release from the sarcoplasmic reticulum. Mutant RyR2 channels show 
a gain-of-function effect resulting in excessive calcium release during sympathetic activa-
tion generating depolarizing membrane currents, delayed afterdepolarizations and cardiac 
arrhythmias16,17. Hence, the two most critical steps in the arrhythmogenesis of CPVT are 
represented by increased catecholamines and by the attendant increased release of calcium. 
The therapeutic strategy presented here focuses on interfering with the release of norepi-
nephrine at the myocardial level.
LCSD interrupts the major source of norepinephrine released in the heart and has multiple 
antiarrhythmic effects14. It increases the threshold for VF13 and increases ventricular refrac-
toriness18. As LCSD is a preganglionic denervation, there is no reinnervation. Also, since 
LCSD does not reduce to zero the catecholamines content in the ventricles, it does not lead 
to post-denervation supersensitivity19.
LCSD has been shown to be highly effective in a high-risk subgroup of post-myocardial 
infarction patients20 and in the long QT syndrome (LQTS) in which it has been shown, in a 
mean follow-up of 8 years, to reduce by 90% the major arrhythmic events among patients 
not protected by full-dose ß-blocker therapy21. 
LCSD does not preclude an ICD implant when the strategy aims at having the ICD as a 
safety net and at LCSD plus ß-blockers to minimize the risk of life-threatening arrhythmias.

Management of CPVT
β-blockers, universally regarded as the first-line therapy for CPVT, have been reported to 
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have a very high success rate by some8,22, but not all9,23, investigators. Recently, verapamil 
has successfully been added in 5 non-genotyped CPVT patients.24 Asymptomatic per-
sistence of frequent ventricular premature beats during exercise does not justify a major 
change in therapy. The main clinical issue is what to do when patients continue to have 
frank syncope or sustained VT under stress. Current views10,25 recommend ICD implant 
for any CPVT patient who still presents arrhythmias despite maximally tolerated doses of 
β-blockers. Physicians, however, need to address what happens after the ICD implant.
Given the nature of the disease, in CPVT patients appropriate ICD shocks may potentially 
be life-saving but also produce pain and fear, both resulting in a catecholamines release 
which might then initiate a new episode of VT/VF and a second shock, sometimes initiating 
a vicious cycle. Furthermore, as not infrequently inappropriate defibrillator shocks occur, 
they may also lead to arrhythmia storms and in this case the ICD actually becomes proar-
rhythmic. The apparent lack of alternatives for patients failing β-blockers has even led to 
a cardiac transplant for a 17 year old CPVT patient who suffered from “innumerable” ICD 
shocks. Interestingly, before the occurrence of reinnervation, his clinical condition im-
proved markedly without arrhythmic episodes. Indeed, complete denervation may produce 
denervation supersensitivity (i.e. excessive responses to catecholamines) with serious 
unwarranted effects.
There are several significant advantages with LCSD. This is a therapy done once and for-
ever, because preganglionic denervation precludes possible reinnervation. LQTS patients 
operated even more than 30 years ago have remained completely free of cardiac events21. 
It overcomes the limitations of medical therapy represented by incomplete compliance, 
especially in teen-agers. It can well complement an ICD, when really necessary, because it 
will markedly decrease the probability of arrhythmic events while having in place a device 
likely to interrupt VF and to restore sinus rhythm. 
One unifying point of these three cases is represented by the significant improvement in 
their quality of life, associated with the reduction of the adrenergically-mediated cardiac 
arrhythmias.

Conclusion
The ability to antagonize or to reduce cardiac sympathetic activity seems the cornerstone 
of successful therapeutic interventions in CPVT, with ß-adrenoreceptor blockade as the 
standard treatment. Whenever ß-blockers fail, the current trend is to implant an ICD. While 
ICD therapy may indeed effectively protect against life-threatening arrhythmias, in CPVT 
this treatment may trigger arrhythmic storms and multiple shocks with negative effects on 
the patients’ quality of life. The present report provides evidence that LCSD may represent 
a very effective alternative treatment, especially indicated for those patients who are not ad-
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equately controlled by ß-blockade. Data on a larger number of CPVT patients treated with 
LCSD are warranted to properly assess the impact of this physiologically-based treatment 
modality for CPVT.
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Long QT Syndrome (LQTS)
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Abstract

Background:
Inherited arrhythmias may underlie intrauterine and neonatal arrhythmias. Resolving the 
molecular genetic nature of these rare cases provides significant insight into the role of the 
affected proteins in arrhythmogenesis and (extra-) cardiac development. 

Objectives:
We have performed clinical, molecular and functional investigation in a consanguineous 
Arabian family with repeated early miscarriages and two intrauterine fetal losses in the 
early part of the 3rd trimester of pregnancy due to persistent arrhythmias. 

Methods:
In-depth clinical investigation was performed in two siblings, both developed severe ar-
rhythmia during the 2nd trimester of pregnancy. Homozygosity mapping with microsatel-
lite repeat polymorphic markers encompassing various cardiac ion channel genes linked 
to electrical instability of the heart was performed. Screening of the candidate gene in the 
homozygous locus was done. Biochemical and Electrophysiology analysis was performed 
to elucidate the function of the mutated gene.

Results:
Screening of the HERG gene in the homozygous locus detected a homozygous non-sense 
mutation Q1070X in the HERG C-terminus in the affected children. 
Biochemical and functional analysis of the Q1070X mutant showed that the mutant HERG 
though have the properties to traffick to the plasma membrane and could form functional 
channels, are destroyed by the Non-sense Mediated Decay (NMD) pathway before its trans-
lation. NMD leads to near absence of HERG in the homozygous Q1070X mutation carriers 
causing debilitating arrhythmias (already prior to birth) in the homozygous carriers and 
apparently without any phenotype in the heterozygous carriers.

Conclusions:
Homozygous HERG Q1070X is equivalent to a near functional knockout of HERG and 
clinical consequences appear early, originating at the early stages of embryonic life. HERG 
Q1070X is rendered functionless by the NMD pathway before it could form a functional 
ion channel.
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Abbreviation list
LQT, long QT syndrome; ECG, electrocardiogram; AV, atrioventricular; QTc, corrected QT 
interval; HERG, human ether-a-go-go–related; NMD, Non-sense mediated decay.

 
Introduction  
Congenital LQTS is an inherited disorder defined by prolongation of the QT interval. 
Patients with LQTS are predisposed to the ventricular tachyarrhythmia torsade de pointes 
(TdP) leading to recurrent syncope or sudden cardiac death.  LQTS affects an estimated 1 
in 2,000 people world wide.1 The molecular basis of LQTS is heterogeneous and caused 
by mutations in one of several genes including KCNQ1, HERG, KCNJ2, KCNE1, and 
KCNE2 encoding potassium channel subunits, the cardiac sodium channel gene SCN5A, 
L-type calcium channel gene CACNA1C, and ANK2, a membrane anchoring gene.2 Muta-
tions involving the gene HERG are responsible for the LQT2 form of LQTS.2,3 In cellular 
expression studies, HERG mutations are associated with reduction in the rapid component 
of the delayed rectifier repolarizing current (IKr).

4 Diminution in the repolarizing IKr current 
contributes to lengthening of the QT interval, the electrocardiographic hallmark of LQT2 
patients. 
Cardiac IKr channels are composed of HERGa and HERGb subunits,5 which differ in their 
amino terminal sequence. Functional HERG channels result from the co-assembly of 
4 HERG subunits (HERGa and HERGb) into a tetrameric protein. Proposed molecular 
mechanisms that may account for reduced IKr current in patients with HERG mutations are 
disruption of protein synthesis, protein trafficking, gating, or permeation, and degradation 
of mutant mRNA by the nonsense-mediated mRNA decay (NMD) pathway.6-8 Homozygous 
missense mutations in HERG are associated with a severe form of LQT,9,10 with symptoms 
appearing in the early years of life. Natural human knockout of the larger isoform, HERGa 
had more severe effects, with intrauterine fetal death and also severe fetal arrhythmias in a 
new born, where tachyarrhythmias were diagnosed in the utero.11 Bi-allelic non-sense muta-
tions affecting both HERG isoforms (HERGa and HERGb) have not yet been described. 
In this report, we have identified a family with recurrent stillbirths and neonatal/intrauterine 
long QT syndrome, the disease locus was mapped to HERG, a HERG mutation segregat-
ing with disease was identified, but the cell surface expression and electrophysiology were 
amazingly normal.  Because the mutation truncated the distal C-terminus of the protein, 
we then examined whether loss of interaction with a HERG C-terminus interacting protein, 
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14-3-3ε, might contribute to the phenotype.  In addition, we investigated the hypothesis that 
Q1070X results in accelerated mRNA degradation and thus failure of protein translation, 
the phenomenon of “nonsense mediated decay” recently implicated as a new loss-of-func-
tion of mechanism in ion channel and other diseases.  

Methods

Clinical data
The study was performed according to a protocol approved by the local ethics committee. 
The patients studied constitute the offspring of asymptomatic, consanguineous, Arabian 
parents (Fig. 2A). There were two miscarriages at 8 (II:1) weeks and 10 (II:2) weeks of 
pregnancy, followed by the delivery of a stillborn (II:3) hydropic baby who had reported 
irregular heart beat, at 29th weeks of pregnancy. Autopsy was performed, complete work-
up for still birth, and chromosome culture was also performed. Fourth pregnancy was 
uneventful  with the delivery of a healthy male infant (II:4).  The fifth pregnancy (II:5) was 
complicated by brady and tachyarrhythmia in the second trimester followed by fetal demise 
at 29 weeks.  Autoantibody screening was undertaken, which was negative for antinuclear 
antibodies, Anti SS-A, Anti SS-B, Anti Sm and Anti RNP. 
The mother was 29 years old when she conceived the proband (II-6). She was closely fol-
lowed throughout the pregnancy. The first fetal echocardiogram was performed at 16 weeks 
and from 20 weeks the fetus was monitored weekly.  Brady and tachyarrhythmias were seen 
from 22 weeks. The proband was followed closely after birth, with continuous monitoring, 
ECG and echocardiogram. Resting ECG, exercise induced ECG and 24 hours Holter moni-
toring were performed in both parents.

Haplotype and Mutation analyses
Considering the consanguinity of the parents, and the absence of cases of sudden death in 
the family, we have performed  homozygosity mapping around several candidate genes 
SCN5A, KCNH2, KCNQ1, CLCN2, ANK-B, CALNA2, KIR6.2, CACNA1C, KCNJ12, 
KCNE1, MIRP1, and KCNJ4, in which mutations were reported to cause electrical instabil-
ity of the heart. Homozygosity mapping utilises the concept that affected individuals will 
be homozygous by descent for a mutation and polymorphic markers nearby.  Microsatellite 
repeat markers from ABI-Prism Linkage Mapping Set (PE Biosystems) encompassing these 
genes were used. After PCR, the amplified fragments were separated using the ABI Prism 
377 automatic DNA sequencer (PE Biosystems), and analyzed with the Genotyper program 
(PE Biosystems). DNA from peripheral blood lymphocytes and amniotic fluid cells was 
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isolated by PUREGENE kit (Gentra Systems, Minneapolis, MN 55447). All 15 exons of the 
KCNH2 gene were amplified from genomic DNA by the PCR primers described by Itoh T 
et al (1998).12 PCR products were purified using QIAquick PCR purification kit (Qiagen), 
and were sequenced bi-directionally on an ABI 377 sequencer. 

cDNA and Minigene constructs
Mutant KCNH2 cDNA (Q1070X) was generated using PCR-based site-directed muta-
genesis and subcloned into the eukaryotic expression vector pCGI.13 The minigene was 
constructed by PCR amplification of genomic DNA fragment spanning from HERG exons 

Figure 1: A-D: ECG recordings in father (I:1), mother (I:2) and brother (II:4) and the proband (II:6). Leads I, II, 

and III are shown for each tracing. All three individuals showed normal sinus rhythm with QTc of 453, 464 and 

406ms, respectively. The conduction interval is normal. D: Proband, 12-lead ECG taken on the day he was born, 

showing prolonged QTc, AV conduction disturbances and torsade de pointes arrhythmias.
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12 to 15 as previously described.8  The N-terminus of the minigene was tagged by Myc 
epitope, which is in-frame with the HERG (encoded by KCNH2) translation sequence.  The 
Q1070X mutation in the minigene was generated using the pAlter in vitro site-directed mu-
tagenesis system (Promega, Madison, WI).  Human 14-3-3ε cDNA containing expression 
vector was kindly provided by Dr. Dirk Isbrandt, Institute for Neural Signal Transduction, 
ZMNH, Germany.14

Transfection
HEK-293 cells were incubated at 37 ºC in 5% CO2 and cultured in Minimal Essential Me-
dium (MEM) supplemented with 10% fetal bovine serum, penicillin (100 U/ml, Invitrogen), 
streptomycin (100 μg/ml, Invitrogen), and non-essential aminoacids (0.1 mM, Invitrogen). 
Transient transfections were performed with Superfect (Qiagen) using 3 μg HERG cDNA 
(homomeric channels) or 1.5 μg WT and Q1070X cDNA (heteromeric channels). 14-3-3ε  
is member of a protein family that participates in wide variety of biological processes in-
cluding potentiating HERG activity by stabilizing the HERG in its phosphorylated state.14,15  
To study the effect of 14-3-3ε on biophysical properties of Q1070X HERG channels (as it 
lacks the C-terminus S1137), co-transfection of 1.5 μg HERG cDNA and 14-3-3ε cDNA 
was performed. Transfected cells were identified under epifluorescent microscopy using 1 
μg of green fluorescence protein (GFP) as a reporter gene. All measurements were done 48 
hours after transfection. For Western blot and RNAse protection assay (RPA) analyses, the 
HERG cDNAs and minigenes in pcDNA5/FRT vector were stably transfected into Flp-In 
HEK293 cells as previously described .8

Electrophysiology & Statistical Analysis
HERG currents were measured using the whole-cell configuration of the patch-clamp tech-
nique as described previously. Detailed method has been described in the supplementary 
section.
 
Western blot analysis
Western blot procedures were described previously.17  Briefly, Flp-In HEK293 cells stably 
transfected with wild-type HERG or the Q1070X mutant cDNAs were lysed in a buffer 
containing 50 mM Tris-HCl, pH7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, and 
protease inhibitors.  The cell lysates were subjected to SDS-PAGE and then electrophoreti-
cally transferred onto nitrocellulose membranes.  HERG proteins were detected with an 
anti-HERG antibody against the N-terminus (Santa Cruz) and visualized with ECL detec-
tion kit.
RNAse protection assay of mRNA transcripts from minigene transfected cells
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RNA isolation and RPA were performed as previously described.8  Briefly, cytosolic RNA 
was isolated from Flp-In HEK293 cells stably expressing HERG minigenes using the 
RNeasy kit (Qiagen) and analyzed with the riboprobes using the RPAIII and BrightStart 
BioDetect kits (Ambion).  Yeast RNA was used as a control for the complete digestion of 
the probes by RNAse.  The expression level of the hygromycin B resistance gene from the 
pcDNA5/FRT vector was used as a loading control for normalization.  The intensity of each 
band was quantified using Scion Image software.

Results

Clinical Analysis
II-5: Fetal bradycardia with a heart rate of ~ 90bpm without fetal hydrops was noted  at 22 
weeks, and the patient (I:2) was referred to a tertiary fetal medicine unit. Fetal echocar-
diography carried out at 23+2 weeks of gestation showed persistent ventricular tachycardia, 
and hydrops with mild ascites, pericardial and pleural effusions, and skin oedema. Ven-
tricular and atrial rates were 210-220bpm and 120-130bpm respectively. The fetal heart 
was structurally normal. There was however, important circulatory compromise as shown 
by almost cessation of flow through the right heart. Maternal treatment with oral flecainide 
was commenced which led to a decrease in the rate of tachycardia (~ 170–190bpm). At 24 
weeks episodes of sinus rhythm (rate ~ 120bpm) were documented. These were short-lived 
and alternated with 2:1 AV block (atrial rate = 120 bpm, ventricular rate = 60 bpm). A fetal 
ECG performed at 24+5 weeks demonstrated a VT and showed the presence of persistent 
and periodic waveforms at 3Hz (rate ~180bpm). Despite therapeutic flecainide levels, the 
fetus continued to show frequent and increasing episodes of tachycardia alternating with 
episodes of 2:1 block. At 26+3 weeks, sotalol was added, without effect. Fetal hydrops 
had progressed considerably with massive ascites, pericardial effusion and skin edema. 
Amiodarone was commenced at 27 weeks and sotalol and flecainide stopped. 18 hrs after 
commencing amiodarone mother complained of shortness of breath and chest pains. An 
ECG showed 1st degree heart block with a QTc of 461ms.  Maximal QTc = 519 ms at 36h, 
normal QTc = 416 ms a week later. By 28 weeks gestation there was evidence of a maternal 
pericardial effusion. In view of the maternal health and poor prognosis for the fetus, labour 
was induced.   A stillborn female baby was delivered. At autopsy fetal hydrops was con-
firmed. Detailed examination of the heart revealed patchy endocardial fibroelastosis, com-
patible with chronic cardiac failure. No structural abnormalities were noted. There was no 
evidence of a metabolic disease. Histological examination of the cardiac conduction system 
showed a well formed sinus node, AV node, AV bundle and bundle branches.
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II-6: During this pregnancy, the first fetal echocardiogram was performed at 16 weeks  
which showed normal rhythm and normal myocardial function. Mother (I:2) was followed 
weekly from 20 weeks  on, and at 22 weeks, persistent bradycardia at 60 bpm was noted.  
The mother was placed on  dexamethasone 4mg  daily, and one week later, with ongoing 
bradycardia, on ritodrine 10 mg Q4H. One week later, the fetal heart rate showed a mixed 
pattern, with approximately 50% sinus rhythm, and the remainder episodes of brady and 
tachycardia. There was no hydrops present. Ritodrine was discontinued, and the mixed pat-
tern continued for the next few weeks. 
At 29 weeks ventricular ectopy was noted, with rhythm changes from 120 to 220 bpm,  
most likely  due to ventricular tachycardia,  with  dissociation  noted on  fetal echo M-
mode.  At 30 weeks, with the possible diagnosis of LQT syndrome, propanolol was  started  
at a low dose, with gradual increase to 10mg Q6H.  Dexamethasone was continued until 32 
weeks. 
The fetus showed episodes of ventricular arrhythmia, however with decreased frequency 
and better controlled heart rate.  On repeated fetal echo there was no hydrops, and no 
evidence of haemodynamic dysfunction.  At 32 weeks, an elective Cesarean  delivery was  
performed, with the delivery of an 1800 g boy with Apgar scores of 7 at one and 9 at five 
minutes. At delivery, the irregular heart rate was confirmed.  On admission at the neonatal 
ICU, the baby had normal vital signs. Cardiac monitoring showed short runs of polymor-
phic ventricular tachycardia and (functional) AV block with variable escape rhythms with 
different QRS morphology and a  QTc of 605ms (Fig. 1D). Lidocaine loading dose was 
given twice and maintenance therapy of 20mg/kg/min was established without any effect 
on the aberrant rhythm. Lidocaine i.v, and magnesium sulphate all proved ineffective in 
controlling the arrhythmia.  Therefore, central access was obtained, a temporary pacemaker 
was inserted, and  a β-blocker  started. At 12 hours of age, the child underwent placement 
of a permanent epicardial pacemaker (VVI), resulting in a stable rate of 150bpm. The baby 
was discharged home after a month in stable condition, on β-blocker treatment. On fol-
lowup examinations, the child is healthy and growing well. He is now 14-months of age. 
The pacemaker is functioning well, and the ECG shows ventricular pacing, with a rate of 
100-120bpm. The brother (II:4) of the proband (II:6) is now six years old, growing well, 
and his ECG is normal (Fig. 1C). Mother is now 24 weeks pregnant with a son with no 
signs of intrauterine arrhythmia. No other organ is found to be affected in the proband 
(II:6), as well as in the heterozygous carrier brother and parents. ECG of both parents 
showed borderline QTc intervals (Fig. 1A and 1B), without having any symptoms, but the 
mother showed several premature extra systoles during 24-hour Holter monitoring.
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Figure 2A: Pedigree of the studied family and homozygosity mapping with the microsatellite repeats encompass-

ing the HERG gene. Affected individuals are shown as filled circles (female) and squares (male). Obligate carriers 

by genotyping are denoted by with black dots in symbols. Deceased individuals are indicated by slashes, proband 

is indicated by an arrow. There were two miscarriages at 8th and 10th weeks, respectively, which are shown as tri-

angle shaped symbols. Results of genotypic analysis are shown for 4-different markers D7S661, D7S636, D7S798 

and D7S2465, two on each side of the HERG gene are shown below each individual. The disease haplotype is 

denoted with a filled vertical bar, and normal haplotypes are indicated by open vertical bar (I:1) and hatched verti-

cal bar (I:2). Consanguineous marriage is indicated by =. Note that the affected children (II:5, II:6) inherited two 

disease carrying HERG alleles, one from each parent.

Figure 2B: Screening of the HERG gene shows substitution of nucleotide “C” for a “T” at cDNA position 3208 

(NCBI ref: NM_000238) which creates a stop codon at this position.  Left panel shows homozygous changes in 

the proband (II:6) and the still born sister (II:5) of the proband. Right panel shows heterozygous changes of the 

same nucleotide in the father (I:1), mother (I:2) and in an another son (II:4) and the recently conceived child (II:7).
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Genetic Analysis
Homozygosity mapping around the Candidate genes (mentioned in materials and methods) 
showed homozygosity of the microsatellite-repeat markers encompassing the HERG gene 
in the proband (II:6) and his still-born sister (II:5) (Fig. 2A), which led us to screen the 
HERG gene in the proband. We have identified a homozygous non-sense mutation in exon 
14 of HERG at nucleotide position 3208 (c.3208 C>T; NCBI Ref. NM_000238) in II:6 
(Fig. 2B), which causes a premature stop codon at peptide position p.1070 that eliminates 
the distal C-terminal domain of the protein. The same mutation was found heterozygously 
in both parents (I:1 and I:2) (Fig. 2A and 2B), and also in the other living brother (II:4) 
(Fig. 2A and 2B). It was not present in 200 control individuals. Analysis of DNA isolated 
from amniotic fluid cells derived from the stillborn sister (II:5) (Fig. 2A) revealed that she 
also carried the homozygous mutation in HERG (Fig. 2B).  Mother is now 24th weeks 
pregnant with a son (II:7),  who is also a heterozygous carrier for the Q1070X mutation.

Western blot analysis of the Q1070X mutant protein
To study biochemical properties of the Q1070X mutant, we performed Western blot analy-
sis of HERG channel proteins.  As shown in Fig. 3, wild-type HERG expressed two protein 
bands: a lower band of 135 kDa and an upper band of 155 kDa.  The 135 kDa band repre-
sents the core-glycosylated immature form of the channel protein located in the ER, and 
the 155 kDa band represents the complex-glycosylated mature form of the channel protein 
located in the plasma membrane.18 Similar to wild-type HERG, the Q1070X mutant also 
generated two protein bands of 125 kDa and 145 kDa, reflecting a truncation of 90 amino 
acids by the mutant termination codon.  The relative level of the two protein bands in the 
Q1070X mutant was comparable to that of wild-type HERG, suggesting that the Q1070X 
mutant protein also having complex-glycosylated mature form comparable to what found in 
the WT HERG in the plasma membrane.  

Figure 3: Western blot analysis 

of the Q1070X mutation.  Flp-In 

HEK293 cells were stably transfected 

with wild-type HERG or Q1070X.  

The cell lysates were subjected to 

SDS-PAGE and immunoblotted 

with anti-HERG antibody against 

the N-terminus.  Results shown are 

representative of three independent 

experiments.



164

164

Clinical and Genetic Spectrum of Hereditary Cardiac Arrhythmia Syndromes

7

Figure 4: Biophysical properties of WT and Q1070X-HERG currents. (A) Current density: representative HERG 

Itail traces recorded at -120 mV. The graph shows the mean peak Itail for WT and Q1070X, normalized to the 

cell capacitance. (B). Activation: representative families of HERG current traces of WT and Q1070X transfected 

cells. Corresponding I-V curves show the mean Itail (indicated by arrow), normalized to maximum value, and 

plotted as a function of the prepulse voltage.  The solid lines represent Boltzmann equation fits. (B) Inactivation: 

representative families of HERG current traces and corresponding mean inactivation time constants (taus) plotted 

as a function of the test pulse voltage. Arrows indicate channel inactivation. The time constants were calculated 

using a monoexponenial fit. (C). Recovery from inactivation: representative families of HERG current traces and 

corresponding mean time constants of recovery from inactivation plotted as a function of the test pulse voltage. 

Arrows indicate channel recovery. Time constants were calculated using a monoexponential fit.  (D) Deactiva-

tion: representative families of HERG current traces and corresponding mean fast (squares) and slow (rectangles) 

deactivation time constants plotted as a function of the test pulse voltage. Arrows indicate channel deactivation. 

Deactivation time constants were calculated using a double-exponential fit. “n” indicates number of cells. Time 

scales and protocols shown as insets. 
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Electrophysiology
Electrophysiologic properties of WT and Q1070X channel are presented in Fig 4. In Fig 
4A, representative Itail from WT and Q1070X transfected cells are shown. Mean peak 
Itail, normalized for cell capacitance, for WT and Q1070X channels were not significantly 
different (-171±10 and -164±16 pA/pF, respectively). Activation I-V relations of WT and 
Q1070X, as shown in figure 4B, matched closely. Accordingly, V1/2 and k values for WT 
and Q1070X activation were not significantly different (-15.9±1.8 and -15.2±1.8 for V1/2, 
and 6.9±0.2 and 7.1±0.3 for k value, respectively). Next, we studied voltage-dependence of 
inactivation of WT and Q1070X channels. Both channels showed a voltage-dependent de-
crease in inactivation time constant. However, inactivation of Q1070X was faster than WT 
at all test voltages, and statistical significance was reached at voltages between 0 to 60 mV 
(P<0.05; Fig. 4C). Recovery from inactivation showed a voltage-dependent increase in WT 
and Q1070X channels. Although no significant differences in recovery time constants were 
found at voltages between -120 to -60 mV, at higher voltages (-50 to -30 mV) Q1070X 
channels recovered significantly faster from inactivation than WT (P<0.05). Finally, fast 
and slow time constants of deactivation were measured, and showed no significant differ-
ence between the two channels (P>0.05 for comparisons at all voltages).
To determine whether Q1070X has a dominant negative effect, we have measured HERG 
current density after co-expression of WT and Q1070X in HEK-293 cells. Compared to 
WT, co-expression of WT and Q1070X did not alter mean peak Itail at -120 mV: 150±13 
and 153±18 pA/pF for WT and WT+Q1070X respectively (n=5 for each group). 
14-3-3ε protein has been shown to play an important role in the β-adrenergic stimulation of 
the HERG channel activity.14,15 In the case of HERG channels, 14-3-3e binding stabilizes 
a phosphorylated state and enhances HERG activity by shifting channel activation toward 
hyperpolarizing membrane potentials.15 Previous findings suggest that β-adrenergic stimula-
tion induces phosphorylation of particular serine (S) residues in the HERG channel.19 In 
vitro experiments have shown that phosphorylation of the N-terminal S283 and C-terminal 
S1137 residues in the HERG channel stimulated binding of 14-3-3ε.15 This binding pro-
duced a hyperpolarizing shift in the V1/2 activation, and consequently producing a possible 
increase in the HERG channel activity. Furthermore, particular C-terminal HERG muta-
tions, lacking the 1137 residue and clinically associated with stress-induced arrhythmias 
in LQT2, have been shown to disrupt 14-3-3ε induced enhancement of the HERG channel 
activity.14 Therefore, we studied the effect of 14-3-3ε on V1/2 activation of the Q1070X 
channel, which also lacks the S1137 residue (Fig. 5). After co-expression of WT HERG 
with 14-3-3ε, V1/2 showed, as expected, a hyperpolarizing shift to -23.2±1.0 mV (n=8; 
P<0.05). In contrast, co-expression of 14-3-3ε with Q1070X induced a depolarizing shift of 
V1/2 to 10.0±1.7 (n=12; P<0.05).
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Minigene analysis of the Q1070X mutation
As the Q1070X mutant has a normal membrane localisation and functional properties at-
tributable to functional IKr and which could not explain the mechanism of fatal arrhythmias 
in the homozygous Q1070X carriers, we ought to search for an alternative mechanism as 
described in various disease pathology.20-22 NMD is an RNA surveillance mechanism that 
selectively degrades mRNA transcripts containing Premature Termination Codons (PTC) 
resulting from nonsense or frameshift mutations. The role of NMD as a disease-causing 
mechanism of PTC mutations is becoming increasingly evident.20-22 (new) According to the 
proposed rule, NMD occurs when translation terminates > 50 to 55 nucleotide upstream of 
the 3’-most exon-exon junction. 20-22 The molecular mechanisms of NMD have been studied 

Figure 5: Co-expression of WT and Q1070X with 14-3-3ε. Representative families of HERG current traces and 

corresponding I-V curves from WT or Q1070X transfected cells in the absence or presence of 14-3-3ε.
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extensively into the pathogenicity of various diseases (for detailed please see review 20-
22). Recently, KCNH2 nonsense mutations have been shown to cause a decrease in the level 
of mutant mRNA by the NMD pathway.8 To study whether the Q1070X mutation is subject 
to NMD, we used a minigene construct containing the KCNH2 genomic sequence spanning 
from exon 12 to exon 15.17  In these experiments, Flp-In HEK293 cells were stably trans-
fected with either the wild-type or Q1070X mutant minigenes, and the expressed mRNA 
was analyzed by RPA.  Fig. 6A shows the structure of the minigene and the mRNAs after 
splicing.  The Q1070X mutation results in a PTC in exon 14, which is expected to trigger 
NMD.  As shown in B, the mRNA level of the Q1070X minigene was significantly (88%) 
lower than that of the wild-type minigene.  To test whether NMD is responsible for the 
decrease in Q1070X mutant mRNA, we examined the effect of the protein synthesis inhibi-
tor cycloheximide (CHX), which has been shown to abrogate NMD.8  The cells expressing 
wild-type or Q1070X minigenes were treated with CHX for 3 hours before RNA isolation.  

Figure 6: Analysis of the Q1070X mutation using minigene constructs.  A: The structure of the Myc-tagged mini-

gene and spliced mRNAs.  The positions of wild-type termination codon (TER) and mutation-induced PTC are 

indicated.  B: Analysis of mRNA by RNAse protection assay (RPA).  Flp-In HEK293 cells were stably transfected 

with wild-type HERG or Q1070X minigenes, and the expressed mRNA was analyzed by RPA.  Cells expressing 

wild-type and mutant minigenes were treated (+) or not treated (-) with 100 μg/ml of CHX for three hours before 

RNA isolation.  The level of hygromycin B resistance gene (Hygro) served as a loading control.  The quantitative 

data after normalization using protected hygromycin B resistance gene mRNA are plotted as percentage of wild-

type control from three independent experiments.  
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Treatment with CHX had no effect on the level of wild-type mRNA, but significantly in-
creased the level of Q1070X mutant mRNA, suggesting that the mutant mRNA is degraded 
by NMD.  
    
Discussion
HERG is the gene encoding IKr, the rapid component of the delayed rectifier. Heterozygous 
missense mutations, and mutations giving rise to premature truncations are causally in-
volved in LQT2. The HERG non-sense mutation Q1070X described in the present study is 
expected to lead to a premature termination codon at the C-terminal region of HERG chan-
nels.  The parents are consanguineous, and both are heterozygous for the same mutation.  
There is virtually no clinical phenotype in the heterozygous carriers, with only borderline 
prolonged QT interval in the father and the mother (I:1) (Fig. 1A and 1B), and no symptoms 
or ECG changes in the child with heterozygous Q1070X (Fig. 1C). In addition, the siblings 
of both parents are asymptomatic, and no suspected premature sudden cardiac death has 
occurred in 3 generations. Despite the heterozygous HERG truncating mutation carriers 
showed no apparent LQT phenotype, homozygosity led to a profound QT prolongation, 
with 2:1 (functional) AV block and severe ventricular arrhythmias well before and immedi-
ately after birth. In both II-5 and II-6 (Fig. 2A), homozygosity for the HERG mutation (Fig. 
2B) was detected. In both individuals, significant fetal arrhythmias were observed, with 
severe hemodynamic deterioration. 
Our Western blot and patch clamp analyses showed that the Q1070X mutant trafficked 
normally to the plasma membrane and generated near normal HERG current with minor 
kinetic changes (faster inactivation) and perturbation of 14-3-3ε regulation. Although at-
tenuated 14-3-3ε activity has been proposed as a disease causing mechanism in LQT2 by 
Choe et al,14 this alone could not explain the absence of phenotypes in the heterozygous 
carriers, and severe (fatal) phenotypes in the homozygous carriers.  Using a minigene 
construct, we showed that the Q1070X mutation led to a marked decrease in mutant mRNA 
transcripts by the NMD pathway.  The degradation of mutant mRNA transcripts by NMD 
would preclude the formation of functional mutant HERG channels. Thus, in homozygous 
Q1070X patients, most HERG mRNA transcripts are expected to be destroyed by the NMD 
mechanism before they could form functional channels.  We conclude that elimination of 
mutant HERG mRNA is the disease-causing mechanism for the severe clinical phenotypes 
in the homozygous carriers.  In heterozygous Q1070X carriers NMD eliminates most of 
the mutant HERG mRNA, leading to haploinsufficiency, thereby reducing the dominant-
negative effect of the mutant protein. This explains the normal clinical  phenotype and 
borderline QT interval in them.
Clinical phenotypes in homozygous Q1070X carriers presumably also includes 2 miscar-



169

169

7

riages at 8-10 weeks and 2 still birth with documented arrhythmias at 29th weeks and 28 
weeks, respectively. Hence, these observations may extend the LQT phenotype into the 
early stages of life leading to miscarriages and still births. Mouse homologue of HERG 
(Merg) expresses as early as 2-cell stages of development and its distribution become 
localised following compaction at the 8-cell stage.23 This relocalization of Merg could be 
affected by treatment with specific inhibitors of Merg-channel function,23 and mice with a 
complete knockout of Merg gene (Merga and Mergb) die during early development.24 In a 
separate study antisense “knockdown” of the zebrafish HERG ortholog (Zerg)  in the single 
cell stage elicited bradycardia to asystole depending on the dose.25 Both experiments in 
mice and zebra fish suggest that HERG is essential for rhythmic propagation from the very 
early stages of life.  
We have previously described a non-sense mutation that presumably lead to lack of the 
HERGa isoform, retaining the HERGb isoform.11,26 The phenotype compared reasonably 
well with the current phenotype although the arrhythmias seem to appear later in the intra 
uterine life and no still birth were present. Clinical phenotypes although severe, are rela-
tively attenuated among homozygous missense mutation carrier.9,10 They include frequent 
ventricular premature beats in the late stage of pregnancy and in the neonatal period associ-
ated with prolonged QTc and 2:1 functional AV block. 
In conclusion, this study based on homozygosity for the nonsense Q1070X mutant dem-
onstrates that degradation of the mutant HERG mRNA by NMD causes almost complete 
loss of HERG, leading to a severe exclusively cardiac phenotype that presumably includes 
miscarriages and still birth.  Because our data show that the Q1070X mutant can form 
HERG channels with near normal function, interventions to prevent degradation of the 
mutant mRNA transcripts might be a potential therapeutic approach for homozygous HERG 
Q1070X patients, as has been found effective in non-sense mutation carriers in CFTR (cys-
tic fibrosis), dystrophin (Duchenne muscular dystrophy), and AVPR2 gene associated with 
X-linked nephrogenic diabetes insipidus.27-29
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Abstract
Romano-Ward syndrome (RWs) and Jervell and Lange-Nielsen Syndromes (JLNS) are two 
inherited arrhythmia disorders caused by monoallelic or bi-allelic mutations, respectively, 
in the KCNQ1 or KCNE1 genes. Both disorders could cause Long QT syndrome either 
without deafness (RWS), or with deafness (JLNS). We have performed clinical, molecular 
and functional investigation in two consanguineous Arabian families with history of sudden 
death of several children. Importantly, none of the affected individuals had (or have) any 
hearing impairment.  Homozygosity mapping followed by molecular analysis identified a 
novel splice acceptor site mutation (homozygously) in intron 1 of the KCNQ1 gene (c.387 
-5 T>A), in these two apparently unlinked families. RNA analysis revealed that this splice 
site mutation causes incomplete transcriptional aberration of the KCNQ1 gene, leaving 10% 
of the normal allele transcript intact, which restores the hearing function. Our molecular 
and functional data provide the first evidence that small amount (as low as 10%) of normal 
KCNQ1 current can effectively maintain the hearing function but fails to maintain cardiac 
repolarization characteristics within normal limits. 
Additionally, we have revealed four extra low frequency aberrant isoforms emphasizing the 
importance of intronic and other non-coding sequences in maintaining cellular homeostasis 
as pathologic changes in a single nucleotide can affect splicing events at distant sites. The 
novel KCNQ1 mutation found in this study is very likely a founder mutation in the southern 
province of Saudi Arabia emphasizing its screening in the LQT population in this region.

Key words: Long QT syndrome, KCNQ1, Intronic mutation, Hearing Rescue

Abbreviations
SCN5A: Sodium channel, voltage-gated, type V, alpha subunit
KCNH2: Potassium voltage-gated channel, subfamily H (eag-related), member 2
KCNQ1: Potassium voltage-gated channel, KQT-like subfamily, member 1
KCNE1: Potassium voltage-gated channel, Isk-related family, member 1
KCNE2: Potassium voltage-gated channel, Isk-related family, member 2
ANK-B: Ankyrin 2
KCNJ4:  Potassium inwardly-rectifying channel, subfamily J, member 4
KCNJ11: Potassium inwardly-rectifying channel, subfamily J, member 11
KCNJ12: Potassium inwardly-rectifying channel, subfamily J, member 12
CALNA2: Calcineurin A beta subunit
CLCN2: Chloride channel 2 
CACNA1C: Calcium channel, voltage-dependent, L type, alpha 1C subunit
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Introduction
Jervell and Lange-Nielsen syndrome (JLNs) is an autosomal recessive disorder clinically 
manifested by severe cardiac arrhythmias and congenital bilateral sensory neural deafness 
.6 On ECG, the cardiac phenotype is characterized by a prolonged QT interval and poly-
morphic ventricular arrhythmias (torsade de pointes). These cardiac arrhythmias may result 
in recurrent syncopes, seizure, or sudden death. Homozygous or compound heterozygous 
mutations in the KCNQ1 or KCNE1 genes could cause JLNS.2,5,10,15,19 In contrast to JLNS, 
heterozygous mutations in either of the genes (KCNQ1, KCNE1) are responsible for au-
tosomal dominant Romano-Ward LQT1 syndrome (RWS).4,5,16,18 Heterozygous carriers for 
JLNs causing mutations usually show a milder cardiac phenotype including only moderate 
prolongation of the QT interval.23 Another important distinguishing clinical feature between 
the homozygous and heterozygous mutation carriers (KCNQ1/KCNE1 genes) is that the 
heterozygous carriers don’t show any congenital hearing impairment.4,5,10,15,16,18 KCNQ1 and 
KCNE1 proteins co-assemble to form the cardiac K+ channel, responsible for the slowly 
activating delayed rectifier outward K+ current (IKs).

14 However, IKs channel has also been 
detected in the inner ear as a functional channel.20,21 In the inner ear, IKs channel functions 
as K+ charge carrier for sensory transduction and the generation of the endocochlear poten-
tial in the endolymph required to maintain normal hearing.20,21 In a mouse model Knipper M 
et al. (2006) elucidated decline of functional IKs channel as the primary cause of deafness.7 

Though, JLNS causing homozygous or compound heterozygous KCNQ1 mutation carriers 
in general suffer from congenital deafness and cardiac arrhythmias, yet, there are several 
reports where homozygous mutation carriers suffered only from cardiac arrhythmias and no 
deafness.8,11,12,22 Mechanism of hearing function preservation in severe arrhythmia patients 
(with homozygous/ compound heterozygous KCNQ1/KCNE1 mutations), remained unclear.  
It was suggested that these recessive mutations are probably mild mutations and thus are 
unable to abolish the IKs channel completely like in the JLNS patients25, and the residual IKs 
could effectively maintain hearing, but not the normal cardiac electrical potential proper-
ties.8,12 Proper and quantitative experimental data to support this hypothesis is lacking.
To date only one splice site mutation in KCNQ1 has been described in connection to JLNS 
patients.26  A homozygous mutation (c.477 +1 G>A) at the splice donor site in exon 2-intron 
2 junction (mentioned as exon-2 in the study of Zehelein et al. 2006)26 in the KCNQ1 gene 
found as causal mutations in JLNS patients.  At the mRNA level this donor site mutation 
exclusively produced KCNQ1 transcripts lacking exon 2 leading to a frameshift at the 
129th amino acid (p.129fs205X),26 homozygous mutation carrier siblings are profoundly 
deaf in addition to the severe LQT cardiac phenotype.26

In the present study, we have performed clinical, molecular and functional studies in two 
consanguineous Arabian families with history of sudden cardiac death of several children. 
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Importantly, none of the affected individuals had any hearing impairment. Our study has 
elucidated a novel mutation, which is highly likely to be a founder mutation, in the KCNQ1 
gene pathogenic to severe recurrent and familial arrhythmias in a Yemeni tribe from 
southern part of Saudi Arabia.  In depth molecular, functional and clinical analysis eluci-
dated several new findings: a) intronic mutation in our patients did affect transcriptional 
aberration, but  10% of KCNQ1 gene still could escape aberrant transcription, which could 
effectively rescue the hearing in our patients, but not the cardiac repolarization function; b) 
intronic mutation detected in this study could jeopardise the homoeostasis in the exon-in-
tron splicing leading to aberrant splicing which includes exon skipping, inclusion of introns 
in the mRNA and also activation of cryptic splicing. Further, this aberration affects not only 
the following exon/intron immediately downstream to the mutation-spot, exons/introns 
further downstream/ in a distant location could also be affected.
This is the first real evidence of dose effect of KCNQ1 protein on functional and clinical 
consequences into the heart and ear function. 

Experimental Procedures

Clinical Analysis   
Clinical consultation of the patients was performed at the Prince Sultan Cardiac Centre, 
Riyadh, Saudi Arabia. We have done our investigation in two probands from two unlinked 
families originating from the Southern part of Saudi Arabia. Both probands are offsprings 
of asymptomatic, consanguineous, Arabian parents (Figure 1A, family A and B). We have 
done our study on these two symptomatic and alive individuals who were affected by re-
peated syncope. The subjects underwent detailed cardiovascular examination and audiologi-
cal examination. 

Mutation and Haplotype analyses
Genetic investigation was performed at the Department of Clinical Genetics, Academic 
Medical Center, University of Amsterdam, the Netherlands.
Considering the consanguinity of the parents, and the absence of cases of sudden death 
among the siblings of both parents in the family-A, we have performed  homozygosity 
mapping around several candidate genes SCN5A, KCNH2, KCNQ1, KCNE1, KCNE2, ANK-
B, KCNJ4, KCNJ11, KCNJ12, CALNA2,   CLCN2, CACNA1C, and in which mutations 
were reported to cause electrical instability of the heart. Microsatellite repeat markers from 
ABI-Prism (PE Biosystems, Foster City, CA, USA) encompassing these genes were used. 
After PCR, the amplified fragments were separated using the ABI Prism 377 automatic 
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DNA sequencer (PE Biosystems), and analyzed with the Genotyper program (PE Biosys-
tems). DNA from peripheral blood lymphocytes was isolated by PUREGENER kit (Gentra 
Systems, Minneapolis, MN 55447). All 16 exons of the KCNQ1 gene were amplified from 
genomic DNA by the PCR primers (available on request). PCR products were sequenced 
bi-directionally on an ABI 377 sequencer (PE Biosystems). 
Thereafter, we have performed a haplotype analysis in both family-A and family-B (Fig-
ure 1A) based on the microsatellite repeat markers (D11S4046, D11S1338, D11S902) and 
intragenic (KCNQ1) exonic SNPs c.1638 G/A (exon 13), c. 1986 C/T (exon 16) (NCBI ref. 
NM_000218).

Identification of aberrantly spliced KCNQ1 mRNAs using RT-PCR
mRNA analysis for KCNQ1 has been successfully performed with the RNA from lympho-
cytes in previous studies.17,26 

Total RNA was extracted from leukocytes of fresh blood using PAXgeneTM Blood RNA 
kit (PreAnalytiX, Qiagen & BD, Venlo, Netherlands and Franklin Lakes, NJ, USA) ac-
cording to the manufacturer’s instructions. First strand cDNA synthesis was performed by 
SuperScript™ III Reverse Transcriptase (Invitrogen, CA, USA) according to their protocol. 
This first strand cDNA was used for PCR amplification, for which exon specific primers 
spanning exons 1 through 5 were used (information is available on request). Primers are as 
follows: KCNQ1-Exon 1-For-1: 5’- CGCGCGTCTCCATCTACAGCAC-3’; KCNQ1-Exon 
1-For-2: 5’-GCGTCTACAACTTCCTCGAGCGT-3’; KCNQ1-Exon 3-Rev: 5’-AGAG-
GCGGACCACGTACTCCGTC-3’; Transcripts were sequenced bidirectionally in an ABI-
377 sequencer (PE Biosystems). 
We have additionally amplified the RT-PCR product (patients and controls) with the primers 
KCNQ1-Exon1-For-3: 5’-ATGGCCGCGGCCTCCTCCCCG-3’; Exon 5-Rev-1: 5’- TAG-

Figure 1A: Pedigree of the studied families and homozygosity mapping with the microsatellite repeats and in-

tragenic SNP markers in and around the KCNQ1 gene. Affected individuals are shown as filled circles (female) and 

squares (male). Obligate carriers by genotyping are denoted by with black dots in symbols. Deceased individuals 

are indicated by slashes, proband is indicated by an arrow. Results of genotypic analysis are shown for 4-different 

markers D11S4046, D11S1338, D11S902, and two intragenic SNPs in exon 13 and exon-16 of the KCNQ1 gene 

are shown below each individual. Consanguineous marriage is indicated by =.

Figure 1B: A-D: ECG recordings in father (V:1; family A), mother (V:2;family A) and brother (VI:3;family A) 

and the proband (VI:4;family A) and proband II:4 (family B). Leads II, and V5 are shown for each tracing. V:1, 

V:2 and VI:3 showed normal sinus rhythm with QTc of 424, 456 and 381 ms, respectively. The conduction interval 

is normal. Proband in both families (VI:4, family A; II:4, family B) show prolonged QTc of 557 and 529, respec-

tively.
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CATCCTCAGGATCTGCAG-3’ and cloned in a TOPO cloning vector (TOPO Cloning 
Kit, Invitrogen, CA, USA) and were then transformed into Escherichia coli XL-1 Blue. 50 
transformants containing plasmids were directly sequenced bi-directionally on an ABI 377 
sequencer (PE Biosystems). 

cDNA constructs for Functional Study
Wild type (WT) KCNQ1 and KCNE1 cloned in pSP64 were kindly provided by Dr. Mi-
chael C. Sanguinetti, University of Utah, Salt Lake City, Utah, USA. For mammalian cell 
transfection, we have subcloned the WT KCNQ1 and WT KCNE1 from the above plasmids 
in the eukaryotic expression vector pCGI. 
Mutant KCNQ1 cDNA was generated by RT-PCR amplification of the lymphocyte RNA 
from the patient. For amplification and cloning the mutant KCNQ1 following PCR primers 
were used: KCNQ1-HindIII-For (exon1: TTAAGCTTATGGCCGCGGCCTCCTCCCCG 
and KCNQ1-EcoRI-Rev (exon-5): GTGAATTCTAGCATCCTCAGGATCTGCAG and the 
amplified RT-PCR product cloned into the eukaryotic expression vector pCGI.

Cell preparation and heterologous expression
HEK-293 cells were cultured in Minimal Essential Medium (MEM) supplemented with 
10% fetal bovine serum, penicillin, streptomycin, and non-essential amino acids. To express 
KCNQ1 + KCNE1 channels, cells were transiently transfected with lipofectamine using 1 
μg wild-type (WT) or 1 μg mutant KCNQ1 cDNA and 1 μg KCNE1 cDNA for homomeric 
channels, and 1 μg WT KCNQ1 cDNA, 1 μg mutant KCNQ1 cDNA and 1 μg KCNE1 
cDNA for heteromeric channels. Green fluorescence protein was co-transfected to identify 
transfected cells under epifluorescent microscopy. After transfection, the cells were incu-
bated in 5% CO2 at 37ºC for 48 hours.
Electrophysiology: KCNQ1+ KCNE1 currents were recorded using the whole-cell configu-
ration of the patch-clamp technique with an Axopatch-200 amplifier (Axon Instruments). 
Pipettes were pulled from borosilicate glass to have tip resistances of 2-3 MΩ when filled 
with solution containing (in mM): 145 KCl, 1 MgCl2, 5 EGTA, 5 MgATP, and 10 HEPES 
(pH 7.2 with KOH). Cells were superfused with solution containing (in mM): 140 NaCl, 
5.4 KCl, 1.8 CaCl2, 1 MgCl2, 5.5 glucose, and 5 HEPES (pH 7.4 with NaOH). Currents 
were filtered at 5 kHz and digitized at 10 kHz. Membrane capacitance and series resistance 
were compensated to obtain minimal contribution of the capacitive transients. Data acquisi-
tion and analysis were performed using the pCLAMP 10.0 software (Axon Instruments). 
All recordings had a holding potential of -80 mV and were made at room temperature.
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Statistics
Values are expressed as means ± SEM. Statistical analysis for in vitro experiments was car-
ried out using two-way repeated measures of variance (ANOVA). P<0.05 was considered as 
statistically significant.

Results

Clinical Analysis 
Family A: Proband (VI:4, Figure 1A) is a 3 year old boy. He was referred to a Pediatric 
Neurology clinic due to suspicion of epilepsy. He had an episode of loss of consciousness 
while swimming. Neurology evaluation was normal. He was later evaluated at the Cardiol-
ogy clinic and diagnosed with Long QT with QTc: 557 ms (Figure 1B and Table 1). His 
audiogram was normal.  He was given atenolol 12. 5 mg/day and he further did not develop 
any syncope. There was a family history of SCD of several members; one brother (VI:1, 
Figure 1A) died at the age of 10 year while diving, one sister (VI:2, Figure 1A) died at 5 
year of age while playing in the ground. She had prior history of unconsciousness during 
swimming and activity, but, was without any medication. She was diagnosed with LQTS. 
One niece (VI:5, Figure 1A), known with a history of syncope, died at 12 year. None of the 
children had any history of hearing impairment. Parents are first degree relatives and with-
out any complaints and their ECG is normal (Figure 1B), however, no provocative testing 
(exercise ECG) on the parents was performed.

Table 1: ECG parameters of the proband and the family members from family A, and from the proband in 

family B.
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Family B: Proband is now a 16 year old boy (II:1; Figure 1A). No complication was 
reported during intrauterine stage and also during birth. At age 1 he started to have general-
ized seizure with cyanotic lips and the seizure lasted for about 1-2 minutes. He had multiple 
attacks of seizure till he was 4 year, seizure was triggered by physical activity. He was 
given phenytoin which could not control the seizures. 
At age 4, was referred to the Prince Sultan Cardiac Centre, Riyadh, for proper evaluation 
and his ECG showed prolonged QT. He was prescribed propranolol (adjusted for age) and 
after that he did not develop any seizure. Presently, he is quite active and regularly plays 
football at school. Now, he is receiving 20 mg of propranolol thrice daily. His present ECG 
showed a prolonged QTc interval of 529 ms (Figure 1B and Table 1). Audiogram was com-
pletely normal. Further family history revealed that proband’s older brother (II:4; Figure 
1A) died at age 2 year with similar seizure disorder. He had also normal hearing. Parents 
are first degree relatives without any clinical complaints, genetic investigation was per-
formed in the father, but the mother declined for a genetic screening. Parents and remaining 
siblings are devoid of any symptoms and they declined for any further test.

Figure 2: Screening of the KCNQ1 gene shows substitution of nucleotide “T” for an “A” at intron-1 (c.387 -5 

T>A, arrow marked) (NCBI ref: NM_000218). Left panel shows homozygous changes in the probands (II:6, fam-

ily A; II:4, family B). Right panel shows heterozygous changes of the same nucleotide in the carriers. Exon-intron 

boundary was shown by a dotted line with arrow pointing towards exons.
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Genetic Analysis
Family A: Homozygosity mapping around the candidate genes (mentioned in materials and 
methods) showed homozygosity of the microsatellite-repeat markers encompassing the 
KCNQ1 gene only in the proband (II:6, Figure 1A). Homozygosity of the microsatellite-
repeat markers were not found for any other candidate genes (please see experimental pro-
cedures) in this proband, which led us to screen the KCNQ1 gene in this family. We have 
identified a homozygous mutation in intron 1 of KCNQ1 at 5-base upstream from the first 
nucleotide of exon-2 (c.387 -5 T>A; NCBI Ref. NM_000218) in II:6 (Figure 2).  The same 
mutation was found heterozygously in both parents (I:1 and I:2, Figure 1A) and Figure 2), 
and also in the other living brother (II:4, Figure 1A) and (Figure 2). It was not present in 
200 control individuals.

Family-B: Family-B is not knowingly linked to family-A. But, due to their ancestral origin 

from the southern part of the Saudi Arabia, we have first decided to check for KCNQ1 
gene in the proband. We have identified the same homozygous mutation in intron 1 of 
KCNQ1 at 5-base upstream from the first nucleotide of exon-2 (c.387 -5 T>A; NCBI Ref. 
NM_000218) in II:4 (Figure 2).  This was found heterozygously in the father (I:1) (Figure 

Figure-3A: Agarose gel analysis of RT-PCR products, RNA obtained from probands with homozygous muta-

tions (II:6, family A; II:4, family B) and non-carrier family members.  Lane 1 and 3: Probands from both families 

show predominantly the mutant (170 bp) fragment and a faint normal sized fragment (261 bp) intensity of which 

is about 10% of the lower aberrant fragment. Lane 2 and 4: RNA analysis from non-carrier (WT) family members 

show only the wt-fragment of 261-bp. Heterozygous carriers were not analysed for this assay.

Figure 3B: cDNA generated from the RNA was sequenced. Left panel shows cDNA sequences of part of exon-1 

followed by exon-2. Right panel shows the cDNA sequences generated from homozygous carrier probands, in this 

panel exon-1 sequences are followed by exon-3 sequences missing the exon-2. 
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Figure 4: Schematic representation of exons-introns of the KCNQ1 and the location of the intronic mutation 

detected in patients in this study. Exons are depicted as squares, filled square (box) represent the exon involved in 

the transcriptional aberration due to intronic mutation. Hatched boxed represents exons E1a and E1b, alternatively 

transcribed in two isoforms 1 and 2, respectively. WT isoforms (1 and 2) due to normal splicing are shown; below 

them the mutant transcripts are shown. Translation consequences of the mutant transcripts are shown at the right 

hand side of the transcripts.

Figure 5: RT-PCR amplified mRNA was cloned in E. coli and sequenced to analyse various transcripts and their 

ratios. Ratios of various transcripts and their putative consequence on protein translation have been mentioned.
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1A). Mother’s DNA was not available for analysis.
This finding of the same intronic KCNQ1 mutation in both families prompted us to inves-
tigate whether this mutation originated from a single source (founder mutation). Figure 1A 
shows that mutated allele/s in both families share the same haplotype based on microsatel-
lite repeats and KCNQ1 intragenic SNPs, which means that the mutation in these appar-
ently unrelated families originated from a single source. 

cDNA Analysis
Figure 3A shows RT-PCR product amplified from leukocyte mRNAs, by KCNQ1-Exon 
1-For-1: 5’- CGCGCGTCTCCATCTACAGCAC-3’, KCNQ1-Exon 3-Rev: 5’-AGAGGCG-
GACCACGTACTCCGTC-3’ primers. In contrast with the single WT band (261-bp) identi-
fied in normal individuals, the affected individuals had shorter bands (170-bp) as well as the 
normal-sized (261-bp) faint band.  Intensity of this WT faint band in the patients is about 
10% of the shorter band (170-bp). Direct sequencing of these both transcripts revealed skip-
ping of exon-2 in the shorter transcript from the patients (Figure 3B). 
Additionally, E. coli cloning and sequencing of RT-PCR amplified transcripts from the 
patients revealed more aberrant variants of KCNQ1 transcripts shown in figures 4 and 5, 
which were absent in the controls.  As shown in the figures 4 and 5, exon-2 only skipping 
variant mRNA remained the major transcript (85%) in the patients, followed by WT tran-
script (10 %). 
Minor transcripts (Figure 5) are in-frame inclusion of intronic CAG (from intron 1) without 
skipping any exons (<2%); inclusion of intronic CAG (from intron 1) and activation of sec-
ond cryptic splice site within exon-3 leading to deletion of last 56- nucleotides from exon-3 
(<2%); complete skipping of exon-2, exon-3 and exon-4 (<2%).  The distance between the 
mutation site in intron-1 and the exon-4 is 43-kb, which means that an intronic mutation 
could affect splicing aberration in nearby exons as well as exons in a distant site.

Functional analysis of the major spliced mutant
WT KCNQ1 produces two mRNA transcripts, which differs in the exon-1. We have shown 
in our mRNA experiments that the aberrant splicing caused by the c.387 -5 T>A mutation 
leads to a truncated KCNQ1 protein p.Val129fsX205 in isoform-1.  Regarding the second 
isoform, a frameshift occurs immediately after the first methionine codon. This finding led 
us to make the first truncating isoform for functional study as the isoform-1 still preserves 
some native features of KCNQ1. We have made the mutant KCNQ1 cDNA without exon-2 
from lymphocyte RNA (see methods) and checked their biophysical properties in HEK293 
cells. 
Cells expressing WT KCNQ1+ KCNE1 channels (1 μg each) showed a slowly activating 
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time-dependent outward current from membrane potentials positive to -10 mV with its 
amplitude increasing at more positive membrane potentials (Figure 6B, upper panel; Figure 
6C). Cells expressing mutant KCNQ1 + KCNE1 channels (1 μg each) also showed an 
outward current with a time-dependent component. However, the currents activated faster 
and decayed more rapidly to a steady value. The currents were of smaller amplitude, and 
showed a linear relation with increasing membrane potentials (Figure 6B, middle panel; 
Figure 6C). These properties are characteristic for endogenous HEK-293 currents,27 and 
strongly suggest non-functional mutant KCNQ1+ KCNE1 channels. 
Since heterozygote carriers have both WT and mutant KCNQ1 alleles, we co-expressed WT 

Figure 6:  Heterologous expression of 

KCNQ1+minK channels in HEK-293 

cells. A. Voltage clamp protocol: cur-

rents were elicited by depolarization 

steps of 5 seconds between -60 and 120 

mV in 10 mV increments applied every 

15 seconds, followed by a repolariza-

tion step of 1 second to -50 mV. B. 

Representative current traces from cells 

expressing WT (upper panel), mutant 

(middle panel) or WT and mutant (lower 

panel) KCNQ1+minK channels. C. Cur-

rent-voltage relations for KCNQ1+minK 

currents obtained by plotting average 

current amplitudes at the end of the de-

polarization steps versus the membrane 

potentials. “n” indicates number of cells.
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and mutant KCNQ1 channel subunits to determine whether the presence of mutant KCNQ1 
subunits alters WT KCNQ1+ KCNE1 currents. Similar to cells expressing WT KCNQ1 
channel subunits, cells co-expressing WT and mutant KCNQ1 channel subunits showed a 
slowly activating time-dependent outward current from membrane potentials positive to -10 
mV with its amplitude increasing at more positive membrane potentials (Figure 6B, lower 
panel; Figure 6C). At each tested membrane potential, the presence of mutant KCNQ1 
channel subunits did not alter the amplitude of the WT KCNQ1+ KCNE1 currents. Hence, 
no dominant negative effect on WT currents could be demonstrated.

Discussion
In this study, we describe a novel homozygous mutation in the splice regulatory site at in-
tron-1 of the KCNQ1 gene which causes only severe arrhythmias (without any deafness) in 
several children from two presumably unlinked families.  In all our patients swimming and 
exercise were the triggers for the arrhythmia events, which is typical of arrhythmias caused 
by KCNQ1 mutations.13,23  A previous study from Germany26 described a splice regulatory 
site mutation involving the same exon as in our study in the KCNQ1 gene in children with 
JLNS (arrhythmia and deafness). As described in this study from Germany,26 JLNS causing 
mutations in KCNQ1 are mostly truncating and cause complete abolishment of IKs channel 
function.25  Intronic mutation in the Zehelein et al.study (2006)26 (Figure 7, panel-A) results 
in complete skipping of KCNQ1 exon-2 leading to transcriptional aberration with a frame-
shift of the protein at 129th amino acid 129fs205X (Figure 7, panel-B).  Two siblings who 
carried homozygous mutations suffered from severe cardiac arrhythmias with significantly 
prolonged QTc and profound sensorineural deafness, i.e. a true JLNS phenotype. Heterozy-
gous carrier parents had no clinical phenotype. Functional studies with the mutant KCNQ1 
channel showed that there was no discernible IKs current, which is compatible with the ear 
phenotype (deafness) as this channel is required for K+ cycling in the inner ear endolymph 
that maintains the hearing.20,21 This is more frequently observed in mutations that are causal 
to JLNS, i.e. no dominant negative effect.3,9,23

In contrast to the findings of Zehelein et al. (2006),26 the analysis of leukocyte KCNQ1 
transcript in our patients has identified a mutation in intron 1 (Figure 7, panel-A) that has 
resulted in incomplete skipping of exon-2, such that WT transcript comprised 10% of the 
total transcripts.  Furthermore, unlike the patients of the Zehelein et al. (2006) study,26 our 
homozygous mutation carrier patients have normal hearing, but for both studies heterozy-
gous carriers show no cardiac phenotype. Our findings have led us to conclude that this 
residual WT rescued the hearing in our patients who have otherwise LQT related cardiac 
symptoms.
Cotransfection of mutants showed a dominant negative effect on the WT KCNQ1 in the 
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study by Zehelein et al. (2006),26 which is in contrast to our findings where there was no 
dominant negative effect on the WT KCNQ1. In our study, we used mammalian HEK293 
cells for functional studies. KCNQ1 cDNA cloned in a plasmid vector driven under a 
promoter effective for transcription in these cells is more reminiscent of the native con-
dition than injecting prepared mRNA into xenopus oocytes as used by Zehelein et al. 
(2006).26 Heterozygous carriers are left with 60% normal IKs current with no cardiac or 
hearing phenotype. On the other hand, homozygous carriers are left with approximately 
10% of the normal current which in our patients is able to maintain hearing function, but 
not the cardiac function. These data, for the first time, provide a real evidence of the previ-
ously suggested hypothesis of residual IKs in maintaining hearing function in the bi-allelic 
KCNQ1 mutation carriers.8,12 Biophysical study with the mutant protein showed that that, 
90% of the transcripts due to c. 387 -5T>A homozygous mutation are unable to perform 
any IKs function and have no negative effect on the residual 10% of the WT current. This 
suffices to preserve hearing function whereas the cardiac phenotype is typically severe. The 
functions of the other transcripts were not studied, but as the quantity of these transcripts is 

Figure 7: Panel-A shows the location of intronic mutation (arrow head) and their effects on splicing and clinical 

phenotypes of the homozygous mutation carriers found in this study and also in the study by Zehelein et al. (2006). 

Panel-B shows the schematic diagram of the KCNQ1 potassium channel. * mark shows that the protein is trun-

cated after this part due to skipping of exon-2 in the studies by Zehelein et al. (2006) and in the present study

Channel consists of 6 transmembrane segments/domains (S1 to S6).
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very low it is not expected that they will play an important role. Some might argue, whether 
the aberrant transcripts are stable. We have not studied whether the aberrant transcripts are 
susceptible to the Nonsense Mediated Decay (NMD) pathway as this aberration leads to a 
premature stop codon.1  But, our biophysical analysis showed that the aberrant RNA, if it 
escapes NMD, would make a non-functional protein without any dominant negative effect 
on the normal allele in the heterozygous carriers. In the homozygous carriers, patients are 
left only with residual IKs current made from the non-skipped residual KCNQ1. The two 
families investigated in this study are not knowingly linked, investigation with polymorphic 
markers, in and outside of the causative gene, showed that the mutation in both families 
originated from a single origin. In a highly endogamous society, where marriages within 
families and within the same tribe are the norm rather than the exception, we could specu-
late that the reported mutation could well be a founder mutation in this tribal community 
from Southern Saudi Arabia. This emphasizes population screening for this mutation in 
children with arrhythmias from this region without any structural defect in the heart.
In conclusion, this is the first report of a homozygous mutation in any cardiac ion chan-
nel genes that causes an incomplete aberration of transcription with minor leakage of the 
WT transcript. In addition, it is the first clinical proof of evidence that only residual IKs is 
sufficient enough to preserve ear function, in the presence of a severe cardiac phenotype. 
Another, basic finding of this study is the identification of aberrant transcripts far from 
the location of the mutation. This signifies that the intronic and exonic nucleotides are in 
homeostasis to maintain the transcriptional machineries in order. 
Finally, the identification of the the regulatory components/machineries that relieve the 
mutant alleles found in our study from aberrant transcription might form the basis of an 
effective therapeutic strategy in rescuing the cardiac phenotypes in these patients. We have 
examined the patients on several occasions and none of them showed any deafness and 
there was no history of deafness among any children who died of SCD. A detailed study of 
hearing could be crucial to measure the level of hearing, but this was not possible as both 
families refused to appear in the hospital when informed and explained of the genetic find-
ings.
Though the residual IKs is sufficient to maintain the hearing in the children, it might be of 
clinical significance to screen patients for hearing function, if consent given, on a long term 
basis to check whether this function remains constant or is affected by age progression.
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Abstract
Congenital Long QT syndrome (LQTS) is an inherited cardiac arrhythmia disorder charac-
terized by prolongation of the QT interval; patients are predisposed to ventricular tachyar-
rhythmias and fibrillation leading to recurrent syncope or sudden cardiac death.  We have 
performed clinical and genetic investigation in six Saudi Arabian families with history of 
sudden unexplained death of children. Clinical symptoms, ECG phenotypes and genetic 
findings led to the diagnosis of LQT1 in two families (recessive) and LQT2 in four families 
(three recessive and one dominant). Onset of arrhythmia was more severe in all recessive 
carriers and occured during early childhood in all recessive LQT1 patients. Arrhythmia 
originated at the intrauterine stages of life in the recessive LQT2 patients. LQT1 causing 
mutation c.387 -5 T>A in KCNQ1 gene and LQT2 causing mutation c.3208 C>T in KCNH2 
gene are presumably founder mutations in the Assir province of Saudi Arabia. Further, all 
LQTS causing mutations detected in this study are novel and have not been reported in 
other populations. 

Key words: Sudden Cardiac Death, Genetics, Long QT Syndrome (LQTS), Consanguinity, 
Founder Mutation

Introduction
Long QT syndrome (LQTS) in Saudi Arabia was first reported in 1993 by a group of doc-
tors at the Riyadh Armed Forces Hospital.38 Four children between 6-48 months old, from 
a single family, had recurrent episodes of syncopes and seizures, they were first misdiag-
nosed with epilepsy, but were later confirmed to have LQTS.38 Family history revealed 
that 2-children from this family had similar episodes of sudden loss of consciousness and 
3-family members had sudden unexplained death.38 Several years later, after this first report, 
we see two sporadic case reports with comparatively severer variants of neonatal LQTS 
combined with 2:1 AV block.16,20

The first reported Saudi Arabian LQTS patients were clearly familial in origin and seemed 
to have a genetic/familial background, but, the pathophysiology explaining the LQTS in 
these children with structurally normal heart was lacking.16,20,38 Congenital LQTS is an 
inherited disorder defined by prolongation of the QT interval. Patients with LQTS are pre-
disposed to the ventricular tachyarrhythmia torsades de pointes (TdP) leading to recurrent 
syncope or sudden cardiac death.  LQTS affects an estimated 1 in 2,000 people world-
wide.10 The ECG hallmark of the LQTS is prolongation of the QT interval (corrected for 
heart rate i.e. QTc). Normal values of QTc are <440ms in males and <460 ms in females.32 
The molecular basis of LQTS is heterogeneous and to date, mutations in at least 12 differ-
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ent genes have been reported in LQTS patients.5,8,24,32,42,47 Up to 70% of LQTS patients are 
reported to have a mutation in one of these genes.5,8,24,32,42,47  Among the presently known 
12 types of LQTS, the most common are LQT1, LQT2 and LQT3, comprising 90% of the 
genotyped LQTS patients.10-11, 27, 32-33, 39-40, 43-44

LQT-1 to LQT-3 are autosomal dominant diseases, caused by heterozygous mutations 
in the cardiac ion channel genes KCNQ1 (LQT1), KCNH2 (LQT2) and SCN5A (LQT3). 
Jervell and Lange-Nielsen syndrome (JLNS) is an autosomal recessive disorder clinically 
manifested by severe arrhythmias with an additional phenotype “bilateral sensory neural 
deafness”,18 which is caused by homozygous or compound heterozygous mutations in the 
KCNQ1 or KCNE1 genes.6,12,27,34,44 We have reported for the first time clinical and genetic 
findings in a single Saudi Arabian family with repeated intrauterine fetal losses due to a 
LQT2 causing mutation in KCNH2 gene.3 In the present study, we have summarised our 
clinical and genetic findings conducted in probands (children) from six supposedly unre-
lated Saudi Arabian families, who had unexplained complex arrhythmias with history of un-
explained sudden cardiac deaths (SCD) in their siblings or in the family.  We have identified 
the genetic pathology causal to the fatal/malignant arrhythmias in the children investigated, 
pathophysiology of LQTS in the three families having been reported in our previous stud-
ies.3-4 All the genetic mutations identified in the studied patients are novel and have never 
been described in other populations. Further, we have identified two plausible founder 
mutations pathogenic to LQTS, in the Assir region of Saudi Arabia.  We have discussed 
how consanguinity exerts a role in cardiac disease severity compared to the usual variant of 
autosomal dominant LQTS. We have also discussed how our novel genetic findings could 
effectively be used in patient screening with similar disorders, clinical management and 
family counselling.

Materials & Methods

Clinical Evaluation of the Probands and the family members:
Patients investigated in this study are all Saudi nationals, originated from various part of 
Saudi Arabia (table 1). Clinical evaluation was done at the Department of Pediatric Cardi-
ology, Prince Sultan Cardiac Center (PSCC), Riyadh, Khamis Mashayt Military Hospital, 
Saudi Arabia and at the Department of Cardiology, Academic Medical Center, University of 
Amsterdam, The Netherlands. Clinical phenotypes were deduced from the clinical history, 
physical examinations, ECG and Echocardiography. Patients in this study were consulted 
between January 2006 and August 2008. The QT interval was measured from the onset of 
the QRS complex to the end of the T wave. The end of the QT interval was defined as the 
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intersection of a tangent to the steepest downslope of the last limb of the T wave and the 
baseline, in lead II or V5. The QTc was calculated according to the Bazett formula as the 
QT interval divided by the square root of the R-R interval, where the R-R interval is mea-
sured in relation to the preceding QRS complex.2 Genetic investigation has been conducted 
at the Department of Clinical Genetics, Academic Medical Center, University of Amster-
dam, The Netherlands. 

DNA Analysis:
Genomic DNA was isolated from the peripheral blood lymphocytes according to estab-
lished protocols at our laboratory. Entire coding exons, including their intronic boundaries 
of the genes, KCNQ1 (NCBI ref: NM_000218), KCNH2 (NCBI Ref. NM_000238), SCN5A 
(NM_198056 and NM_000335), were amplified by polymerase chain reaction (PCR) 
according to the established protocols in our laboratory.  Amplified PCR products were 
sequenced bi-directionally on an ABI 377 sequencer (Perkin Elmer, Foster City, CA 94404). 

Haplotype Analysis for Identification of Founder Mutation:
Haplotype analysis is performed with microsatellite polymorphic repeat markers, which are 
tandemly repeated DNA sequences found in varying copies in our genomes and are trans-
mitted from parents to children. These polymorphic repeat markers are frequently used for 
delineating the diseased locus in inherited genetic diseases. In case of a familial disease, all 
the diseased subjects in a family ideally would ideally share an identical region of a chro-
mosome (pathogenic locus) that could be deduced from the length of various microsatellite 
repeats present in that part of the chromosome.  We have used microsatellite polymorphic 
repeat markers from the ABI-Prism Linkage Mapping Set (ABI PE Biosystems), to map the 
chromosomal loci encompassing KCNQ1 and KCNH2 genes.
Microsatellite repeat markers used for mapping the chromosomal locus encompassing 
KCNQ1 gene are D11S4046, D11S1338 and D11S902. Microsatellite repeat markers used 
for mapping the chromosomal locus encompassing KCNH2 gene are D7S505, D7S1826, 

Table 1: Summary of the mutations detected in the Long QTS patients in this study.
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D7S642, D7S2461 and D7S483. After PCR amplification, the size of the microsatellite 
repeats was measured with the genotyper program using the ABI Prism 377 automatic DNA 
sequencer (ABI PE Biosystems).

Results

Family A: 
Clinical Analysis: Proband is a 3 yr old boy (arrow marked, figure 1). After suffering an 
episode of loss of consciousness while swimming he was referred to the cardiogenetic 
clinic at the PSCC and was diagnosed LQTS with a QTc of 557 ms (ECG not shown). He 
was given atenolol 12.5 mg/day and he did not develop any further syncope. There is a 
family history of SCD of several members. Proband has normal hearing and there is also no 
history of deafness with the family members who had unexplained SCD.
Genetic Analysis: 
We have identified a homozygous mutation in intron 1 of the KCNQ1 gene 5-nucleotide 
upstream from the first nucleotide of exon-2 (c.387 -5 T>A; NCBI Ref. NM_000218) in the 
proband, reported previously.4  Both parents were found heterozygous for the same muta-
tion (figure 1).

Family B: 
Clinical Analysis: Proband is a 16 yr old boy (II:5; figure 1). At age 1 yr he first developed 
generalized seizure with cyanotic lips and the seizure lasted for about 1-2 minutes and had 
multiple attacks of seizure till he was 4 years.  Seizure in this boy was triggered by physi-
cal activity. He was given phenytoin, which could not control the seizures. At age 4, at the 
Prince Sultan Cardiac Centre, Riyadh, he was diagnosed to have LQTS with a QTc interval 
of 529 ms (figure 1). He was prescribed propranolol (adjusted for age) and after treatment 
he did not develop any further seizures. The family history revealed sudden unexplained 
death of several family members. None of the family members, including the proband, had 
hearing defect.
Genetic Analysis:
A homozygous mutation in intron 1 of KCNQ1 gene 5-base upstream from the first nucle-
otide of exon-2 (c.387 -5 T>A; NCBI Ref. NM_000218) was detected, which is exactly the 
same mutation found in family-A (figure 1).  
Clinical information and in depth pathophysiology of the mutation in these two families 
have been described elsewhere.4 However, we were not able to perform any clinical investi-
gation of the obligate heterozygous carrier parents and other family members, who had not 
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complained of symptoms pertaining to arrhythmias. 

Family C: 
Clinical Analysis: Proband (arrow marked, figure 2) in this family is a girl. She had mul-
tiple short lasting attacks of syncope with seizures from the age of 12 years from which 
she recovered spontaneously. No medication was given. At age of 16 years she had her 
first episode of severe convulsion with tonic-clonic seizures. On admission to the hospital, 

Figure 1: Top left: Pedigree of the family-A and B and their haplotypes encompassing the KCNQ1 gene. Non-

filled circles and squares are non-carriers for the mutation Affected individuals are shown as filled circles (female) 

and squares (male). Deceased individuals are indicated by slashes, probands are indicated by an arrow. The disease 

haplotype is denoted with a filled red vertical bar, and normal haplotypes are indicated by other colours Consan-

guineous marriage is indicated by =.

Top right: Screening of the KCNQ1 gene shows substitution of nucleotide “T” for an “A” at intron-1 (c.387 -5 

T>A, red arrow marked) (NCBI ref: NM_000218). Left panel shows DNA sequence of a non-diseased control 

individual (black arrow), right panel shows the homozygous mutation in the probands (red arrow). Exon-intron 

boundary is shown by a dotted line with arrow pointing towards exons.

Below: 12 lead ECG of the proband (II:5) from family-B shows a prolonged QTc interval of 529ms. 
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detailed investigations were done. Her EEG, MRI, Echocardiogram and serum electrolytes 
revealed no abnormality. Her hearing was normal. She was discharged after two weeks with 
antiepileptic medication, which she never took. Then, at the age of 19 years, after the birth 
of her first child, at 4th weeks postpartum, she had another episode of severe convulsion 
with tonic-clonic seizures.  This episode of convulsion was initiated after having heard a 
sudden telephone ring. 
A dual chamber ICD was inserted, and propranolol was prescribed (adjusted for age). Since 
then she developed no episodes of convusion. Proband has 3 children, one girl of 3 years, 
two boys of 18 months and 3 months. No family history of similar episodes were reported. 

Figure 2: Top left: Pedigree of the family-C. Affected individual is shown by filled circle (female) or square 

(male). Non-filled circles and squares are non-carriers for the mutation. Proband is indicated by an arrow. Black 

dot within the circle is a heterozygous mutation carrier.

Top middle: Screening of the LQT2 causing KCNH2 gene shows substitution of nucleotide “G” for an “A” 

(c.2362G>A, red arrow marked). Left panel shows DNA sequence of a non-diseased control individual (black ar-

row points to control wild type sequence), right panel shows the heterozygous mutation (red arrow) in the proband 

and her 3-yrs old daughter.  Far right: Aminoacid (glutamic acid, also abbreviated as E) is highly conserved in this 

location of the HERG protein (encoded by KCNH2 gene) among various species (compared between the human, 

mouse, rabbit, zebrafish).

Below: 12 lead ECG of the proband (I:2) from family-C. ECG shows a high peaked, broad based, large amplitude 

T wave, QTc interval is 580 ms.
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The ECG of the proband (figure 2) shows sinus rhythm (60 bpm), normal conduction 
parameters, intermediate electrical axis and abnormal ST-T segments. The T-wave is broad 
based and has a large amplitude in most leads. In lead V2, there is a biphasic T-wave that is 
typical for LQT2, QTc interval is 580 ms.
Genetic Analysis: Mutation c.2362G>A (p.Glu788Lys) was detected in the KCNH2 gene 
(which encodes for HERG protein). Glutamic acid (E) in this position at HERG is highly 
conserved amongst diverse species (compared between human, mouse, rabbit and zebrafish) 
(figure 2). This mutation has not been described before and has never been found in our 
control populations. This mutation has also been detected in her 3 year old daughter, who is 
asymptomatic. Parents of the proband were not tested for this mutation.

Family D:  
Clinical analysis: Patient (arrow marked, figure 3) is a female child. At age 6 years, she 
had her first episode of syncope and tonic-clonic seizures, from which she recovered within 
3-4 minutes. She consulted a neurologist, and was given antiepileptic medication, which she 
continued for two years and then she stopped. No occurrence of syncope and presyncope 
reported during these two years.
At age 12 years, she again developed similar episodes of syncope and tonic-clonic convul-
sions, from which she recovered within 3 minutes. During this period, patient had been 
suffering from flu symptoms, mild cough, runny nose and fever. She was brought to the ER, 
she was found to have bradycardia with heart rate of 36 beats/min. Thereafter, she devel-
oped polymorphic ventricular tachycardia at a rate of 160 beats/ minute. She was resus-
citated and admitted to the hospital. Later, during her hospital stay, the patient developed 
another episode of torsades de pointes and she recovered after treatment with magnesium 
sulfate. Her hearing was normal.
Her ECG report mentions a prolonged QT interval (QTc=516 ms) with functional 2:1 block. 
Her electrolytes were within normal range. Echocardiography revealed a normal heart 
without any structural abnormalities.  A dual chamber ICD was implanted and oral propra-
nolol was prescribed. ECG (figure 3) taken post ICD shows atrial paced rhythm (60 bpm), 
normal conduction intervals and an intermediate electrical axis. The ST segments are low in 
amplitude in the inferior extremity leads and in the left lateral leads.
This patient is now 14 years and 6 months old and no further symptoms of syncope have 
developed since then. She is the only child of the parents. This family comes from Jeddah, 
and is not consanguineous. Parents are devoid of any symptoms pertaining to arrhythmias.  
But, there is a history of unexplained SCD of one aunt (mother’s sister) at the age of 19 yrs. 
Non-symptomatic family members declined to perform any clinical investigation.
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Figure 3: Top left: Pedigree of the family-D. Affected individual is shown as filled circle (female) or square 

(male). Non-filled circles and squares are non-carriers for the mutation. Proband is indicated by an arrow. Black 

dots within the circle or square are mutation carriers, without any clinical complaints.

Top right: Screening of the LQT2 causing KCNH2 gene shows two heterozygous mutations in the proband. First 

mutation is substitution of nucleotide “C” for a “T” (c.1609C>T, red arrow marked). Second mutation is duplica-

tion of one basepair A at position 2334 (c.2334dupA, red arrow marked). DNA sequences from the non-diseased 

individuals were denoted by black arrows.

Below: 12 lead ECG of the proband (I:2) from family-D. This ECG was taken after an ICD implantation. ECG 

shows an atrial paced rhythm (60 bpm), normal conduction intervals and an intermediate electrical axis. The ST 

segments are low in amplitude in the inferior extremity leads and in the left lateral leads. ECG in this figure shows 

a QTc of 440 ms, but at a faster rate QTc increased to 560ms because of increased U-wave amplitude (not shown) 
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Genetic Analysis: Two different heterozygous mutations (compound heterozygous) in the 
KCNH2 gene (causal to LQT2) were detected in this patient. The first mutation is a nucleotide 
change c.1609C>T (NCBI Ref: NM_000238) which results in an amino acid substitution 
p.Arg537Trp (R537W) in the fourth transmembrane segment of the HERG protein (encoded 
by KCNH2 gene). This mutation has not been described before and has never been found 
in our and published control populations. Arginine (R) in this position at HERG is highly 
conserved across various species (when compared between human, mouse, rabbit, zebrafish) 
and the substitution from Arginine (R) to Tryptophan (W) also causes a drastic change in the 
amino acid property. Substitution of the basic arginine for the non-polar tryptophan reduces 
the hydrophilicity and therefore surface exposition probability of the HERG protein is likely 
to be altered. Further, this mutation is located in a functionally important S4 domain, which 
is the principal voltage sensor of HERG K+ channel.30

The second mutation is duplication of nucleotide A at position 2334 in the cDNA, result-
ing in a frameshift at position 782 in the HERG protein and premature termination of the 
protein after 22 altered amino acids (p.Ile782fsX22). This mutation is also novel and not 
present in control populations. 
The mother is a carrier of the mutation p.Arg537Trp (R537W) and the father is a carrier 
of the mutation p.Ile782fsX22, both of them are clinically asymptomatic. No other family 
members were genetically investigated.

Family E: 
Clinical Analysis: Proband (arrow marked, figure 4) in this family is a boy, now 3-years 
old. He had alternative episodes of brady and tachyarrhythmias from 22 weeks of gestational 
age. Due to the continuation of arrhythmia, he was delivered at 32 weeks of gestation by cae-
sarean section. Cardiac monitoring showed short runs of polymorphic ventricular tachycardia 
and (functional) AV block with variable escape rhythms with different QRS morphology and 
a QTc of 605ms.3 At 12 hours of age, he underwent a permanent epicardial pacemaker (VVI), 
which resulted in a stable heart rate of 150 bpm. Additionally he is receiving atenolol (6 mg 
b.d.s). Parents are consanguineous; they are healthy without any complaints of arrhythmia. 
Mother had history of two miscarriages at 8 (II:1) weeks and 10 (II:2) weeks of pregnancy, 
followed by the delivery of a stillborn (II:3) hydropic baby who had a reported irregular heart 
beat, at the 29th week of pregnancy. Her fourth pregnancy was uneventful with the delivery 
of a healthy male infant (II:4).  The fifth pregnancy (II:5) was complicated by brady and 
tachyarrhythmia in the second trimester followed by fetal demise at 29 weeks.  
Genetic Analysis:The proband was detected to carry a homozygous non-sense mutation in 
exon 14 of KCNH2 gene (encoding HERG) at nucleotide position 3208 (c.3208 C>T; NCBI 
Ref. NM_000238), which creates a premature stop codon at the 1070th amino-acid position 
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of HERG protein (gene KCNH2) that eliminates the distal C-terminal domain of the HERG 
protein (p.Q1070X). Both parents are heterozygous carriers for this mutation (figure 4). In 
depth clinical information and functional analysis explaining the disease pathogenicity due 
to this mutation has been described previously.3 

Family F:
Clinical analysis: In family F, proband (arrow marked, figure 4) is a neonate (male), he 
is now ten weeks old. His mother was first referred to Khamis Mushayt Military hospital at 
32-weeks of gestation due to bradycardia and later evaluated at the Prince Sultan Cardiac 
Center, Riyadh. Echocardiogram of the fetus revealed no abnormality. A male child was 
delivered at full term by caesarean section (due to two previous caesarean sections). On birth 
his weight was 2.4 kg. On birth the neonate was asymptomatic, but on day 5, he was noticed 
to have poor feeding by parents and suddenly stopped breathing at home and became limp 
and cyanosed. He received cardio-pulmonary resucitation by a relative at home and regained 
consciousness. Patient was brought to the same hospital, where he was diagnosed to have car-
diopulmonary arrest and needed resuscitation. ECG showed torsades de pointes arrhythmia. 
DC shocks were given, and a temporary pacemaker was inserted, which was later replaced by 
a permanent epicardial pacemaker (VVI), resulting in a stable rate of 120 bpm. Additionally, 
he is on propranolol 3 mg t.d.s. CT scan  of brain did not  reveal any abnormalities.
Two siblingss of the proband (4 and 6 years) are healthy without any clinical signs of ar-
rhythmia. The parents originate from the Assir region, they are not knowingly consanguine-
ous. The father is 36 years old, he has history of occasional light headache on exertion. The 
mother is 31 years old, she has history of episodic tonic-clonic convulsion since she is 18 

Figure 4: Top panel: Pedigree of the studied family and their haplotypes encompassing the KCNH2 gene. Affected 

individuals are shown in filled circles (female) and squares (male). Non-filled circles and squares are non-carriers 

for the mutation. Deceased individuals are indicated by slashes, probands are indicated by arrows. Miscarriages 

are shown as triangle shaped symbols. The disease haplotype is denoted with a filled red vertical bar, and normal 

haplotypes are indicated by other colours Consanguineous marriage is indicated by =.

Middle panel: Screening of the KCNH2 gene shows substitution of nucleotide “C” for a “T” at cDNA position 

3208 (NCBI ref: NM_000238) which creates a stop codon at this position.  Left chromatogram shows DNA 

sequence of a non-diseased control individual (black arrow), central chromatogram shows homozygous mutation 

(red arrow) in the probands of family E and F. Right chromatogram shows the DNA sequence from the parents 

(both families) who carry the mutation heterozygously (red arrow).

Below panel: ECG shows sinus tachycardia with almost complete AV block, wide complex escape rhythm with 

very long QTc intervals (QT > 600 ms).
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years old. She first experienced the syncopal event with only brief loss of consciousness at 
age 26 year. There after she had similar episodes 2 times. She has been on carbamazepine 
(tegretol 200 mg b.d.s) which controlled her symptoms. Symptoms in mother were pre-
cipitated by anger. Furthermore, the mother had a history of miscarriage at 12 weeks of 
pregnancy. However, both parents declined to perform any clinical investigations despite 
their heterozygous carrier status.

Figure 4 shows an ECG from the neonate taken after DC shock. The ECG shows complete 
AV block, wide complex escape rhythm with a QTc interval of > 600 ms.
Genetic Analysis: We have identified the same homozygous non-sense mutation in exon 
14 of KCNH2 gene (encoding HERG), that was detected in the proband of family E. Both 
parents are heterozygous carriers for this mutation (figure 4). 

Haplotype Analyses in Detecting the Ancestral Origin of the Mutations:
Family A and B: Patients in Families A and B originated from the Assir region. LQT1 
causing identical mutation c.387 -5 T>A in KCNQ1 gene was detected in the probands of 
both families, whose parents carried the mutation in the heterozygous form
Both families are not knowingly linked. Haplotype analysis with the polymorphic microsat-
ellite repeats encompassing the KCNQ1 gene show that the probands in both families share 
the identical haplotypes/alleles homozygously (figure 1), emphasizing the fact that this 
mutation in all the children in both families originated from the single ancestor. Probands’ 
parents in both families harbored the identical pathogenic alleles (filled red bar, figure 1), 
heterozygously.
Family E and F: Families E and F originated from the Assir-region. Patients in these 
families were diagnosed with the recessive variant of LQT2. Identical homozygous mutation 
c.3208 C>T has been detected in KCNH2 gene in patients from both families.
Both families are seemingly unlinked. Haplotype analysis with the polymorphic microsatel-
lite repeats encompassing the KCNH2 gene show that the probands in both families share 
the identical haplotypes/alleles (figure-4) emphasizing the fact that this mutation in all the 
children in both families originated from the single ancestor. Probands’ parents in both 
families harbored the identical pathogenic alleles (filled red bar), heterozygously.

Discussion
In this study we have investigated six Saudi families with history of syncope and sudden 
unexplained death of fetus and children. We have performed an in-depth clinical and genet-
ic analysis to elucidate the pathophysiology of unexplained deaths or unexplained syncopal 
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attacks. Clinical diagnosis in patients from family A and B were autosomal recessive LQT1. 
Patient in family C was diagnosed with autosomal dominant LQT2. Probands from family 
D, E and F were confirmed to have autosomal recessive LQT2. In all cases, pathogenic mu-
tations in the LQTS causing cardiac ion channel genes led to the definitive diagnosis, added 
by the clinical symptoms and ECGs. 
The genetic and clinical findings in this study are quite intriguing for several reasons: 
1) In total, we have investigated 6-families, among them 4 are homozygous/recessive carri-
ers for the mutations and the mutations originated from an ancestral source; 
2) All the detected LQTS causing mutations are novel, being reported only in these Arab 
families in this study; 
3) Due to the homozygous mutations, clinical phenotypes are also more severe in the stud-
ied families. We suggest that the genetic and phenotypic observations stems from the high 
rate of consanguineous marriages in this country, which is between 34% and 80% depend-
ing on the province.13 The incidence of other diseases e.g. haemoglobinopathies, glucose-
6-phosphate dehydrogenase deficiency, and several metabolic disorders are also higher 
among the Arabs due to this consanguinity.1 A recent study by El-Mouzan et al. (2008) 
found congenital structural heart defects also significantly higher among the offspring of 
the consanguineous couples.14 Studies explaining the role of consanguinity in the pathol-
ogy of sudden unexplained cardiac deaths or sudden explained syncopes in this region are 
lacking, especially among the children. Our study provides the first scientific evidence that 
consanguinity plays a pivotal role into unexplained sudden deaths in the children in this 
community.
LQT1 is an autosomal dominant disease caused by a single mutation in the KCNQ1 gene. 
Recessive (homozygous/compound heterozygous) mutations in this gene cause mostly 
JLNS, but in rare instances only LQT1.6,12,18,27-28 Till now, we see only three reports, world-
wide, that describe recessive mutations in LQT1.21,28,31 In our study with only six families, 
we report two families with recessive LQT1 and the identified mutation is very likely to be 
a founder mutation in Assir region of Saudi Arabia. This rate of recessive LQT1 is unusu-
ally high. Similarly, recessive LQT2 is also very high in this community. Previously, only 
three reports have been published worldwide, explaining the fatal phenotypes in young 
recessive KCNH2 mutation carriers.17,19,29  Contrarily, in this single study we report two 
families with recessive KCNH2 mutation c.3208 C>T (p.Q1070X). This mutation is also a 
founder mutation in this region. 
In family C, we have identified a LQT2 causing heterozygous mutation Glu788Lys in the 
HERG (encoded by KCNH2 gene). Generally, reported mutations in LQT2 patients are 
heterozygous. The patient in this study developed arrhythmia symptoms postpartum, and 
telephone ring provoked the symptoms, both are very common denominators in LQT2 
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patients.32,35,37,46 Patient has a remarkably large-amplitude T-wave, which is often not seen 
in KCNH2 mutation carriers, typical ECG in LQT2 is associated with low-amplitude, often 
bifid, T waves.26,49 LQTS patients occasionally might carry mutations in two LQT causing 
genes with higher risk of cardiac arrest.45 However, we did not find a second mutation in 
the rest of the known LQTS causing genes in this patient. Her daughter is also a carrier for 
the mutation, she is 3 years old and has had no symptoms of arrhythmia and is receiving 
no medication. We advised her daughter to be followed up every 3-6 months, as KCNH2 
mutation carriers were reported to develop clinical symptoms of arrhythmia after the age of 
10 years.48

The proband in family D is a carrier for double heterozygous (compound heterozygote) 
mutations in KCNH2. Her arrhythmia symptoms are also very severe, like the homozy-
gous mutation carriers in family E and F. Proband’s mother is carrier for the mutation, 
p.Arg537Trp, and she does not have symptoms. But, the family history reveals that the 
proband’s otherwise healthy aunt (mother’s sister) died at 19 years due to unexplained 
reason. We are tempted to speculate that she might have carried the p.Arg537Trp mutation 
in the HERG (gene: KCNH2). It is a well established fact that not all LQTS causing muta-
tions are always equally penetrant in expressing their clinical phenotypes, some individuals 
are more prone to develop disease symptoms than others. This perhaps explains why the 
mother is devoid of symptoms despite having a mutated allele. The father of the proband 
carries a frameshift mutation p.I782fsX22 and he does not have any symptoms. Similarly, 
we observe that heterozygous Q1070X mutation carriers in family E and F also have no 
arrhythmia symptoms and also no ECG phenotype (except the proband’s mother in family 
F). We have previously shown that the heterozygous mutation Q1070X is unable to exert 
a dominant negative effect on the normal allele; hence they are less likely to suffer from 
arrhythmia phenotypes.3  But, there are reports where patients with heterozygous frameshift 
mutations and also non-sense mutations were found to have suffered from the disease.7,15 
Individual specific modifier (gene or environment) were shown to play a role in disease 
manifestation, progression and pathogensis in LQT2.9,23 In our study we observe that LQT2 
causing Q1070X (homozygous) mutations in HERG (encoded by KCNH2 gene) might lead 
to early miscarriages and abortions, and gestational arrhythmias. The experimental findings 
in mice and zebra fish could be aligned with human findings, where researchers suggested 
that KCNH2 encoded HERG is essential for rhythmic propagation from the very early 
stages of life and absence of this protein could lead to deaths in early intrauterine stages.22,25 

Family A-B (also E and F) are not knowingly linked, as claimed by both families. We have 
scientifically proved that LQT1 causing KCNQ1 mutations in family A-B have a common 
ancestral origin and this mutation has like spread in this community over several genera-
tions due to high incidence of consanguineous marriages. A similar result was also obtained 
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for patients in family E and F, where LQT2 causing mutation in KCNH2 gene also origi-
nated from a single ancestral source in both families. We would predict that there would be 
a considerable number of individuals with the mentioned ancestral/founder mutations (both 
in KCNQ1 and KCNH2 genes) in this region. 
In this study, we have chiefly identified the recessive mutation carrier patients. As LQTS is 
an autosomal dominant disease, we were expecting to encounter more dominant mutation 
carrier patients. Very likely explanation is that, all these patients were referred to Prince 
Sultan Cardiac Centre, where mostly only very severe patients are referred. Nevertheless, 
our study points to the fact that recessive LQTS could have fatal clinical phenotypes in chil-
dren and are prevalent in Saudi Arabia. As the dominant mutation carriers are also suscepti-
ble to arrhythmia risk, they should be sought for. Community clinical and genetic screening 
in the tribal communities will identify the disease risk population. As there is simple effec-
tive treatment available for prevention of syncope and sudden death, carriers will benefit 
from the screening. Carriers could also be counseled for behavior modification therapy in 
curbing the sudden deaths. Schwartz et al.35 described LQT1 patients experience the major-
ity of their events (62%) during exercise or swimming. In our study LQT1 patients (family 
A and B) also suffered from syncopal attacks during swimming or playing. Similarly, sud-
den startling noises e.g. alarm clock noise, telephone ringing often trigger syncopal events 
in LQT2 patients,32,46 which we have observed in our patient in family-C. 
ECG phenotypes and identification of triggering factors (e.g. exercise, swimming, tele-
phone ring, door bell etc.) in disease occurrence were shown effective in cascade screening 
for a genetic mutation in LQTS patients.41 Due to high rate of endogamous marriages in the 
Assir region, we would expect that the mutations in KCNQ1 (c.387 -5 T>A) and KCNH2 
(c.3208 C>T) could be frequent in LQTS pathogenicity. Information about arrhythmia 
triggering factors among the LQTS patients combined with information about the extended 
family, might develop an effective targeted, simplified, genetic screening strategy in this 
region. The KCNQ1 and KCNH2 founder mutations identified in this study could be used 
as a first line of genetic investigation before proceeding to full length screening of LQTS 
causal genes.
Finally, we have observed that many of our patients suddenly disappeared or refused to 
perform further genetic or clinical analysis in family members. Perhaps, this is considered 
to be a shameful circumstance or a taboo. A proper genetic and psychosocial counselling 
service needs to be developed to deal with this issue as in many cases the first clinical mani-
festation could be sudden death at young age in the mutation carriers.
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Conclusion
This is an extension of our previous report elucidating the genetic pathology into the causa-
tion of syncopes and sudden cardiac deaths in children from Saudi Arabia.3-4 All identified 
six mutations causal to LQTS are novel. Four of the six families in this study harbored 
founder mutations causal to LQTS. Recessive LQTS related arrhythmias are likely to be 
prevalent in the Assir region, predisposing them to severe congenital arrhythmias. A pilot 
screening strategy to identify the risk population in this region could be considered.
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Abstract: 
Long QT syndrome (LQTS) is predominantly a genetic cardiac arrhythmia disorder. We 
report clinical and genetic findings in two unrelated Malay children with LQTS. First child 
presented with intrauterine and neonatal bradyarrhythmia and a QTc of 530ms. Second 
child had bradyarrhythmia, 2:1 atrioventricular block and a QTc of 560 ms. We have found 
a Long QT, type 1 causal mutation, p.Ile567Thr in the KCNQ1 gene in the first child. A 
pathogenic mutation could not be detected in the second child, explaining the heterogeneity 
of this disease. We first report a genetic mutation causal to LQTS in a Malay child.

Introduction:
Congenital Long QT syndrome (LQTS) is an inherited cardiac arrhythmia disorder charac-
terized by prolongation of the QT interval; patients are predisposed to ventricular tachyar-
rhythmias and fibrillation leading to recurrent syncope or sudden cardiac death. LQTS 
affects an estimated 1 in 2,000 people world wide.1 LQTS in Malaysia was first reported 
in 1990 in a 26-year old woman, who presented with complete heart block and prolonged 
QT interval.2 At that time, the genetic pathophysiology of LQTS was still undiscovered. 
Later, in a report from Singapore, genetic clues causal to LQTS have been investigated in a 
family with several LQTS affected members but without any detectable genetic pathology.3 
There have not been any further reports on LQTS since then from Malaysia or Singapore, 
despite LQTS being one of the significant causes of sudden unexplained deaths, both in 
adults and in children.1,4 70% of the LQTS patients were reported to have a mutation in one 
of the presently known 12 LQTS causing genes; mutations in SCN5A, KCNH2 and KCNQ1 
comprise the 90% of the genotyped LQTS patients.1 
Here, we report the clinical and genetic findings in two children with LQTS, native of 
Kelantan province of Malaysia. 

Case report-1:
The neonate, now 7 weeks old, was detected perinatally to have a low heart (ranging 
between 100-110 bpm) rate in utero, and because of that, he was delivered via Cesarian 
section at 38th week due to fetal distress. The child remained asymptomatic at birth with 
a heart rate ranging from 66 beats/min during sleep to 110/min when fully awake and cry-
ing. An ECG performed on day 1 of life, displayed a prolonged QT, with a corrected QT 
(Bazett’s correction) of 530 ms, and bifid T waves in more than 3 leads (Figure 1). Investi-
gations were carried out to rule out acquired causes of the LQTS, calcium and magnesium 
levels were normal as were glucose. 
The child is now on β-blocker propranolol (0.3mg/kg/day) with recovery of his heart rate 
to be above 80/min and since then, he had become more active. Basal ECG of his mother is 
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normal and she has no complaints pertaining to arrhythmias. We have performed an exer-
cise ECG of the mother, at a heart rate of 128/min, her QTc was 510 ms (Figure 1), which 
returned to normal after the exercise. There is no known history of early deaths on the 
maternal side, although there is a history of premature death of a brother of the mother at 
young age without an obvious reason. On the paternal side there is history of hypertension 
and coronary heart disease, but no early deaths. 
In the neonate, we have screened the main three LQTS (LQT1, LQT2 and LQT3) causing 
genes, KCNQ1 (NCBI ref: NM_000218), KCNH2 (NCBI ref: NM_000238) and SCN5A 
(NCBI ref: NM_000335), respectively, as mutation in these three genes comprise 90% of 
the mutation positive LQTS patients.3 We have identified a pathogenic missense mutation 
p.Ile567Thr (c.1700T>C) (NCBI Ref. NM_000218) in exon 14 of the KCNQ1 gene in 
the neonate (Figure 1). No other mutation was detected in the KCNH2 and SCN5A genes. 
Proband (neonate) inherited the p.Ile567Thr (KCNQ1) mutation from his apparently asymp-
tomatic mother.

Case report -2:
Patient is an 18 months old boy, the younger of 2 siblings. He was admitted to University 
Sains Malaysia Hospital for acute gastroenteritis with moderate dehydration. He presented 
with history of diarrhoea and vomiting for 2 days which was associated with fever. How-
ever on hospital admission he was noted to have bradycardia with heart rate ranging from 
40 to 62 per minute. He had no history of syncope or seizures, and had been born full term 
via spontaneous vaginal delivery with birth weight of 2.7 kg. Antenatal and postnatal his-
tory was uneventful. Physical examinations revealed no abnormalities. There was no facial 
dysmorphism. Cardiovascular examination was normal. His weight was 10 kg (10th percen-
tile). Blood investigations did not reveal any abnormality in the potassium, calcium and 
magnesium levels.
His ECG showed bradycardia with various degrees of intermittent heart block and QTc of 
560 sec (Figure 2). In addition there was also inverted T wave. He was given intravenous 
Lignocaine (infusion of 50 mg/kg/min) and subsequently prescribed propanolol 0.2 mg/kg/
dose b.d.s. However there was no improvement of heart rate. He has been discharged on 

Figure-1: Screening of the KCNQ1 gene shows substitution of nucleotide “T” for a “C” at exon-14 arrow marked) 

(NCBI ref: NM_000218) in the proband (patient). This nucleotide substitution causes a non-synonymous change 

of a conserved amino-acid (p.Ile567Thr) in KvLQT1 protein (encoded by KCNQ1 gene), which has been under-

lined. DNA sequence of a non-diseased control individual is also shown. Proband is arrow marked in the pedigree. 

ECG of the neonate shows a QTc of 530 ms with bifid T waves. Resting ECG from proband’s mother shows QTc 

of 440ms, during exercise QTc prolonged to 510 ms.
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low dose propanolol, while awaiting surgical insertion of a pacemaker at the National Heart 
Institute, Kuala Lumpur. He continues to tolerate the low heart rate well.
We also have performed ECG on both parents and his sister. Father and his sister’s ECG 
were normal but the mother’s ECG showed sinus rhythm with QTc of 480 ms (Figure 2).  
Both parents and his sister are doing well. The mother, father and the sister were 28, 36 and 
5 years old respectively. There was no history of sudden death in the family, but his father 
has had many episodes of syncope (without cause) and has presently been referred to the 
National Heart Institute, Kuala Lumpur and is due for an electrophysiology study with tilt 
table testing.
We have screened the following LQTS causing genes in this child: KCNQ1 (causal 
to LQT1; NCBI ref: NM_000218), KCNH2 (LQT2; NM_000238), SCN5A (LQT3; 
NM_000335), ANK2 (LQT4; NM_001148), KCNE1 (LQT5; NM_000219), KCNE2 
(LQT6; NM_172201), KCNJ2 (LQT7; NM_000891), exon-8 of CACNA1C (LQT8; 
NM_199460), CAV3 (LQT9; NM_033337), SCN4B (LQT10; NM_174934), AKAP9 
(LQT11; NM_147185) and SNTN1 (LQT12; NM_003098). A pathogenic mutation could 
not be detected in any of these LQTS causing genes. As the conventional PCR cannot 
identify a large genomic deletion/duplication, which in some instances were shown to cause 
LQTS,5 we have used Multiplex ligation-dependent probe amplification (MLPA) kits, P108 
SCN5A and  P114-A2 LQT (MRC Holland, Amsterdam) to exclude any large genomic 
rearrangements (deletion or duplication) in the following genes KCNQ1, KCNH2, SCN5A, 
KCNE1 and KCNE2.  We could not detect any rearrangement in any of these genes.

Discussion and Conclusion:
LQTS is a heterogeneous disease, mutations in one of the presently known 12 genes con-
stitute 70% of the LQTS patients.1 We have found a LQTS causing pathogenic mutation 
p.Ile567Thr in KCNQ1 gene in case one, which he inherited from his mother. His mother is 
devoid of any LQTS related symptoms, but, on exercise, her ECG showed a prolonged QTc 
(510 ms) (Figure 1),1 exercise is known to unmask the ECG phenotypes in LQTS muta-
tion carriers.1 Variability in clinical penetrance is a well-known phenomenon in LQTS and 
~50% of the LQTS causing mutation carriers are reported to be asymptomatic, which could 
explain why the proband’s mother does not have any symptoms despite having the identical 
pathogenic mutation.1 We were not able to investigate family members from the mother’s 
side, but there is no apparent history of SCD or syncope in her family members. LQTS 
causing mutation, p.Ile567Thr in KCNQ1 gene detected in case-1 has been reported previ-
ously also in an Italian LQTS patient.6 As to the function, mutations in KCNQ1 are known 
to reduce the slowly activating delayed rectifier outward K+ current (IKs) of the cardiac 
action potential, which in turn lengthens the QT interval in LQTS patients.1 In line with 
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the report of this mutation in the previously reported Italian patient and in this report in a 
Malay patient, we ought to consider that the p.Ile567Thr mutation in KCNQ1 a recurrent 
mutation in LQT1 pathology.6 
Patient mentioned in case report-1 harboured a mutation in KCNQ1, who had bradycar-

Figure-2: ECG of the second child, his father and mother are shown. ECG of the child shows a prolonged QTc of 

560 ms and 2:1 AV block. ECG from the mother shows borderly prolonged QTc of 480 ms. ECG from the father is 

normal. Proband is arrow marked in the pedigree.
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dia during intrauterine stages and also postnatally.  Lupoglazoff et al. (2004)7 reported 23 
LQTS afflicted neonates for a causal genetic mutation, divided clinically in two different 
groups, a) LQTS with 2:1 atrioventricular block and b) LQTS with bradycardia.  In the re-
port by Lupoglazoff et al. (2004),7 neonates with LQTS and sinus bradycardia preferentially 
harboured a mutation in the KCNQ1 gene; LQTS with 2:1 AV block were preferentially 
associated with a mutation in KCNH2 gene. Concordant with the findings by Lupoglazoff et 
al. (2004), neonate with sinus bradycardia in our report (both gestational and postnatal, case 
one) was found to carry a mutation in KCNQ1. Neonate in case-1 was treated effectively 
with propranolol, which was shown an effective way of treating these patients (Lupoglazoff 
et al. 2004).
The second patient mentioned in case report-2, had LQTS combined with 2:1 AV block.  
Mutations in KCNH2 have been reported in neonates with similar disorders, homozygous 
mutations in SCN5A also has been reported in patients with LQTS with AV block.7-8 We 
have also previously reported homozygous mutations in KCNH2 gene in LQTS neonates 
with AV block.9-10 We have not found a mutation in either of these three genes in the patient 
mentioned in second case report. Mutation in SCN4B gene was reported to cause intermit-
tent 2:1 atrioventricular block and a QTc of 712 ms in a 21 months old Mexican female 
child .11 Our analysis did not yield a mutation in SCN4B in the second patient who had LQT 
phenotype admixed with heart block. Additionally, we have not found a mutation in rest of 
the presently known LQTS causal genes. In rare instances, LQTS was reported to occur due 
to genomic rearrangements of the LQTS causing genes,5 in patient-2 no such deletion or 
duplication in any of the main LQTS causing genes were found.
It is a known fact that 30% of the LQTS patients go undetected without a mutation.1 
Further, neonates with atrioventricular block were not always found to have a mutation in 
the presently known LQTS causing genes.7 Mutation in a presently unidentified gene or a 
mutation in the regulatory region in one of the known LQTS causing genes could not be 
excluded in our second patient.12 At present, the second child is awaiting a pacemaker inser-
tion at a tertiary heart institute in Kuala Lumpur.
Finally, as gene specific clinical management is available, LQTS patients and their fam-
ily members should be routinely screened for a pathogenic mutation in the causal gene/s. 
In case of LQT1, as in our first patient, presymptomatic β-blockers were shown to reduce 
mortality in 81% of the LQT1 patients.13 In conclusion; we report clinical and genetic find-
ings in two Malay children with LQTS. To our knowledge, this is the first molecular report 
about the identification of a pathogenic LQTS causing mutation in a LQTS patient from 
Malaysia and also from Singapore.
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Abstract

Background: Arrhythmogenic Right Ventricular Cardiomyopathy (ARVC) is a familial 
disease, with male preponderance, characterized by progressive fibrofatty replacement of 
the right ventricle and ventricular arrhythmias.  Mutations in plakophilin-2 (PKP2), a des-
mosomal protein, have been reported to underlie familial ARVC.  We report a novel ARVC 
PKP2 mutation and present the clinical findings in 3 female mutation carriers.  

Methods and Results: A female proband presented with resuscitated cardiac arrest, and 
was diagnosed with ARVC due to right ventricular enlargement and regional hypokinesis, 
along with repolarization abnormalities and frequent ventricular ectopy.  A novel 28 bp 
insertion in exon 11 of the PKP2 gene was found which causes a frameshift in the coding 
region.  This results in a change in the amino acid sequence of the protein with a premature 
stop codon at position 740.  Four first degree relatives were screened, and the mother and 
younger sister were identified as mutation carriers.  The mother was phenotypically normal, 
while the younger sister has repolarization abnormalities and frequent ventricular ectopy.  

Conclusions: We report a novel PKP2 mutation which causes familial ARVC.  All muta-
tion carriers in this kindred were women, and the family showed incomplete penetrance and 
variable expression of ARVC.  Premature truncation of the plakophilin-2 protein appears to 
be the predominant mechanism whereby PKP2 mutations elicit the ARVC phenotpye.  

Key Words: cardiomyopathy, heart arrest, genetics, arrhythmia, women

 
Abbreviations 
ARVC = Arrhythmogenic right ventricular cardiomyopathy
ECG = electrocardiogram
SAECG = signal-averaged electrocardiogram
MRI = magnetic resonance imaging 
PCR = polymerase chain reaction
DHPLC = denaturing high-performance liquid chromatography 

Introduction
Arrhythmogenic right ventricular cardiomyopathy (ARVC) is an inherited disease char-
acterized by progressive fibrofatty replacement of the right ventricular myocardium and 
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ventricular arrhythmias.  It affects males disproportionally, and carries an increased risk 
for sudden death, particulary during exercise.1,2  ARVC is most commonly inherited in an 
autosomal dominant fashion, with significant genetic heterogeneity and at least 9 different 
genetic loci mapped.3  To date, 5 genes have been implicated in autosomal dominant ARVC, 
including transforming growth factor-β3 (TGFβ3) in ARVC1,4 the cardiac ryanodine 
receptor (RYR2) in ARVC2,5 and 3 desmosomal proteins: desmoplakin (DSP) in ARVC8,6 
desmoglein-2,7  and plakophilin-2 (PKP2) in ARVC9.8  

 

 Global 

and/or 

Regional 

Dysfunction 

and 

Structural 

Alterations 

Tissue 

Characterization 

of Walls 

Repolarization 

Abnormalities 
Depolarization 

Abnormalities 
Arrhythmias Family 

History 

Major Severe 

dilatation and 

reduction of 

RV EF with 

no (or only 

mild) LV 

impairment. 

Localized RV 

aneurysms. 

Severe 

segmental RV 

dilatation. 

Fibrofatty 

replacement of 

myocardium on 

endomyocardial 

biopsy 

 Epsilon waves or 

localized 

prolongation 

(>110ms) of the 

QRS complex in 

right precordial 

leads. 

 Familial 

disease 

confirmed 

at 

necropsy 

or surgery. 

Minor Global RV 

dilatation and 

reduced EF 

with normal 

left ventricle. 

Regional 

right 

ventricular 

hypokinesis. 

 Inverted T waves 

in V2 and V3 
Late potentials 

on SAECG 
LBBB VT on 

ECG, Holter, 

exercise 

testing. 

Frequent 

ventricular 

extrasystoles 

(>1000/24 

hours) 

(Holter.) 

Familial 

history of 

premature 

sudden 

death due 

to 

suspected 

ARVC. 

Familial 

history 

(clinical 

diagnosis 

based on 

present 

criteria.) 

 

Table 1:  Diagnostic criteria for Arrhythmogenic Right Ventricular Cardiomyopathy

RV indicates right ventricle; EF, ejection fraction; LV, left ventricle; SAECG, signal-averaged electrocardiogram; 

LBBB, left bundle branch block; VT, ventricular tachycardia; ECG, electrocardiogram; ARVC, Arrhythmogenic 

right ventricular cardiomyopathy
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Plakophilins with other proteins assemble to form desmosomes, complex structures which 
provide structural and functional integrity to adjacent cells.  They are abundant in cells that 
experience mechanical stress and appear to have a primarily structural function.9  Plakophi-
lin-2 interacts with multiple other cell adhesion proteins and is the primary cardiac plako-
philin.10  Ablation of mouse Pkp2 results in defects of cardiac morphogenesis and junctional 
architecture with embryonic lethality.11  It is thought that mutant PKP2 in cardiac desmo-
somes impairs cell to cell contacts and disrupts adjacent myocytes.  Areas of high stress 
and stretch are thought to be particularly vulnerable, explaining the focal involvement and 
exercise-related risk of arrhythmias in ARVC.8   

Here we report a novel PKP2 mutation in a female proband with ARVC.  In addition, 2 
female relatives were identified as mutation carriers, and underwent additional clinical 
screening.  We report the spectrum of clinical findings in these 3 female patients with pla-
kophilin-2 mutations.  

Methods

Patients and Clinical Variables
All individuals gave written, informed consent for procedures and genetic analysis.  Clini-
cal evaluation included 12-lead electrocardiogram (ECG), signal-averaged electrocardio-
gram (SAECG), 2-dimensional transthoracic echocardiography, cardiac magnetic resonance 
imaging (MRI), maximal exercise testing according to standard protocols, and 24-hour 
ambulatory ECG monitoring.  Conventional time domain criteria were used to determine an 
abnormal signal-averaged ECG.12  The proband also underwent intracardiac electrophysi-
ology study with programmed ventricular stimulation, right ventricular angiography, and 
endomyocardial biopsy.  Diagnosis of ARVC was based on the diagnostic criteria of the 
Task Force of the European Society of Cardiology/International Society and Federation of 
Cardiology.13  The criteria are given in table 1.  Clinical diagnosis requires either: 2 major 
criteria; 1 major plus 2 minor; or 4 minor, from different categories.  

Genetic Studies
Genomic DNA was isolated from peripheral blood lymphocytes (Gentra Systems) in the 
proband and in her family members.  The entire cardiac RYR2 coding region (ref seq. 
NM_001035, exons 1-105) and PKP2 (ref seq. NM_004572.2, exons 1-14) were screened 
for mutations. Primer sequences and polymerase chain reaction (PCR) conditions are avail-
able on request.  Mutational analysis of the amplicons was performed by denaturing high-
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performance liquid chromatography (DHPLC, Transgenomic Wave).  PCR products with 
altered DHPLC peak were purified using QIAquick PCR purification kit (Qiagen) and were 
sequenced bidirectionally on an ABI 377 sequencer.
 

Figure 1:  12-lead ECG of proband (top) shows low voltage in the limb leads and T-wave inversion in leads V1 to 

V5.  In contrast, T-wave inversion is seen only in leads V1 to V3 in the proband’s sister (bottom). 
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Results

Clinical Investigation
The proband, a previously healthy 16-year-old girl at the time of presentation, was swim-
ming when she became lightheaded and left the pool.  She then lost consciousness and 
was pulseless. Rescusitation was initiated, and on paramedics arrival she was noted to be 
in ventricular fibrillation. She was defibrillated successfully.  Her electrocardiogram after 
recovery revealed low voltage in the limb leads, T-wave inversion in leads V1-V5 (Figure 
1), and normal QRS duration.  Her left ventricle was normal, but her right ventricle was 
enlarged with free-wall hypokinesis evident by echocardiography, MRI, and angiogram.  
The right ventricular outflow tract in systole measured 28 mm in the parasternal long-axis 

view, and 29 mm in the parasternal short-axis view.  The RV medial lateral dimension in 
the apical 4-chamber view in diastole was 45 mm, and in systole 38 mm.  Endomyocardial 
biopsy revealed focal and interstitial fibrosis with myocyte cellular and nuclear enlarge-
ment, consistent with, but not diagnostic for ARVC.  Subsequent ambualtory ECG moni-
toring revealed frequent ventricular extrasystoles (>1,000 in 24 hours), and SAECG was 
positive for late potentials.  She thus fulfills criteria for clinical diagnosis of ARVC (4 minor 
criteria in different diagnostic categories, see Table 2).  She underwent electrophysiology 
study with programmed ventricular stimulation (single, double, and triple extrastimuli at 
3 drive cycle lengths from the right ventricular apex and outflow tract).  She had multiple 
nonsustained episodes of polymorphic ventricular tachycardia induced with double and 
triple extrastimuli, and had a defibrillator implanted.  She has remained free of events on 
beta-blocker therapy, and is now 18 years old.  She had no family history of known ARVC 
or sudden unexplained death.  

 ECG SAECG Echo MRI Holter Diagnostic criteria Modified criteria for 

relatives of ARVC patients 

Proband TWI V1-V5 Positive LP Global RVE Regional RV 

HK 

1200 PVC’s 

in 20 hours 

4 minor (TWI, LP, regional 

HK, Frequent PVC’s) 

 

Sister TWI V1-V3 Negative LP Normal Regional RV 

HK 

238 PVC’s 

24 hours 

3 minor (TWI, regional HK, 

FH) 

Regional HK, > 200 

PVC’s, TWI 

Mother normal Negative LP Normal Normal 10 PVC’s 24 

hours 

1 minor (FH only) None 

 

Table 2:  Clinical Features of Mutation Carriers

ECG indicates electrocardiogram; SAECG, signal-averaged electrocardiogram; MRI, magnetic resonance imag-

ing; ARVC, Arrhythmogenic right ventricular cardiomyopathy; TWI, T-wave inversion; LP, late potentials; RVE, 

right ventricular enlargement; HK, hypokinesis; PVC’s, premature ventricular contractions; FH, family history
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Identification of the PKP2 mutation  
Screening of RYR2 (exons 1-105) did not reveal any mutations.  Sequencing the PKP2 gene 
revealed an insertion of 28-nucleotides at cDNA position 2196 in exon 11 which gener-
ates a frameshift in the coding region of PKP2.  This results in a change in the amino acid 
sequence after residue 732 in this 881-amino acid protein, with a premature stop codon 
at position 740 of the mutant protein.  After identification of the PKP2 mutation in the 
proband, her 4 first degree relatives were screened.  The same mutation was identified in the 
mother and sister, but not in the father or brother (Figure 2).  

Evaluation of mutation carriers  
Clinical evaluation of mutation carriers included 12-lead ECG, SAECG, 2-D echocardiog-
raphy, cardiac MRI, maximal exercise testing according to standard protocols, and 24-hour 

Figure 2A: Sequence analysis of the PKP2 gene shows insertion of nucleotides at c.2196 (exon 11) in proband 

(arrow marked), mother and the affected sister.  Black, grey, and white symbols indicate definitely affected, 

possibly affected, and unaffected individuals, respectively.  +/- indicates heterozygotes for the PKP2 mutation, -/- 

indicates 2 normal PKP2 alleles.   

Figure 2B:  PCR amplified exon 11 of PKP2 gene, II-2 proband;  I-1 father;  I-2 mother; II-1 brother; II-3 sister. 

Mutated allele is larger in size due to insertion of 28 nucleotides at cDNA position 2196.  PCR primers used to am-

plify the exon 11 were 5’-CTTCATCAACCTCTGGTAATC-3’(sense) and 5’-CTTCAGCATGTACATATTACAC-

3’(anti-sense). 
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ambulatory ECG monitoring.  Invasive tests (intracardiac electrophysiology study and 
right ventricular biopsy) were deferred.  The patient’s mother was 45 years old at the time 
of clinical investigation.  Her 12-lead ECG, SAECG, echocardiogram, and cardiac MRI 
were normal.  She had no arrhythmias on exercise treadmill testing, or on 24-hour ambula-
tory ECG monitoring.  She had only 10 ventricular extrasystoles in 24 hours.  Aside from 
a family history of ARVC based on clinical criteria in her daughter (the proband), she has 
no diagnostic criteria suggestive of ARVC.  At this time, she appears to be a silent mutation 
carrier.  The patient’s younger sister was 16 years old at the time of clinical investigation.  
She had T wave inversion in leads V1-V3 (Figure 1).  Her SAECG and echocardiogram 
are normal.  Cardiac MRI revealed mild segmental hypokinesis of the right ventricular free 
wall.  She had no arrhythmias on exercise testing or on 24-hour ambulatory ECG monitor-
ing, with 238 ventricular extrasystoles in 24 hours.  She presently has 3 minor criteria in 
different categories for ARVC (T wave inversion, regional hypokinesis, and family history, 
see Table 2).  Currently, she is not being treated but has been advised to have prompt evalu-
ation of any cardiac symptoms.  

Discussion
We report the clinical findings in 3 female carriers of a novel mutation in plakophilin-2 
that underlies ARVC.  The proband presented with resuscitated cardiac arrest as her first 
symptom, but had sufficient clinical features to make the diagnosis of ARVC at the age of 
16.  Of the 2 other family members with the mutation, 1 appears to be unaffected by ARVC 
(a silent mutation carrier) at the age of 45.  The other has several features of ARVC, and 
is likely affected but does not currently meet diagnostic criteria.  This report highlights 
the incomplete penetrance and variable expression of ARVC, the importance of screening 
first degree relatives of patients with genetic arrhythmia syndromes, the need for repeated 
investigations of young patients with possible ARVC, and the limitations of the current 
diagnostic criteria.  

The initial report of PKP2 mutations in ARVC did not systematically evaluate familial dis-
ease in all probands.  Two of the 32 kindreds in that report were available for detailed clini-
cal analysis.  In both kindreds, several mutation carriers were identified with either no or 
mild disease phenotypes.8  This is consistent with our finding of incomplete penetrance of 
ARVC due to plakophilin-2 mutations and recently reported findings in additional families 
with PKP2 mutations.14-16  Several reasons for incomplete penetrance have been suggested, 
including modifier genes, environmental triggers, and gender effects.  The high proportion 
of males among individuals affected with ARVC suggests that gender may have a signifi-
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cant effect.  We observed a wide spectrum of clinical manifestations in 3 female mutation 
carriers, from no apparent disease at age 45, to ventricular fibrillation as the first symptom 
at age 16.  Similarly variable expression has been previously reported in ARVC due to 
PKP2 mutations.14,16  This suggests that factors other than gender are important in determin-
ing penetrance of ARVC due to plakophilin-2 mutations.  

It is likely that the newly identified mutation underlies ARVC in this family.  The muta-
tion causes a premature stop codon at position 740 in exon 11, and is predicted to result 
in a truncated protein.  Of the 25 initially decribed PKP2 mutations that underlie ARVC, 
18 of them result in premature stop codons.8  Two of these previoulsy described mutations 
(Q726X and R735X) result in truncations in close proximity to our novel mutation.  Fur-
thermore, a different deletion/insertion mutation that also results in a premature stop codon 
at amino acid 740 has recently been reported in 6 families with ARVC in 2 separate publi-
cations.14,15  It is thought that lack of plakophilin-2 or incorporation of mutant protein into 
cardiac desmosomes impairs cell to cell contact and disrupts adjacent myocytes.  Mutations 
that result in abnormally truncated proteins appear to be a relatively common mechanism of 
PKP2 dysfunction in ARVC.  Of the now 47 published PKP2 ARVC mutations, 35 result in 
premature stop codons.8,14-16  

The criteria for the clinical diagnosis of ARVD have been widely accepted, and are useful 
in that they provide a uniform approach to the diagnosis of a a disease with a broad spec-
trum of clinical manifestations.  They are, however, imperfect as a true “gold standard” for 
diagnosis.17  The difference between major and minor criteria in the category of structural 
alterations depends on subjective assessments, prompting the suggestion that the guide-
lines include quantitative measurements of right ventricular size and function.18  Further 
limitations of the guidelines regarding family history are highlighted by this kindred.  The 
proband meets clinical criteria for diagnosis, and therefore, confers upon her relatives 1 
minor criterion.  If she were to have her disease “confirmed” by surgery or autopsy, her 
relatives would then be assigned 1 major criterion.   It is important to distinguish between 
confirmed and suspected disease; however, some patients have unambiguous ARVC, but 
have not had “proof” of disease by surgery or autopsy.  If we consider our proband to have 
“confirmed” ARVC, she would then confer a major criterion to her sister, in whom clinical 
diagnosis would then be made (1 major and 2 minor criteria).  

Based on prospective evaluation of family members of probands with ARVC, Hamid et al. 
suggested that the diagnostic criteria be modified for first degree relatives of ARVC patients 
to require only 1 minor criterion.19  Furthermore, this group recommends that the number of 
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ventricular ectopic beats required to qualify as a minor criterion may be reduced from 1,000 
to 200 in a 24 hour period.  Using this modified system, the proband’s sister would be con-
sidered affected, as she has 3 abnormalities (T wave inversion, > 200 PVC’s n 24 hours and 
regional hypokinesis) in the context of a relative with ARVC.  Although she is affected with 
ARVC and at some risk for sudden death, her risk is likely lower than patients who meet 
current Task Force criteria.  Also, at age 16 her disease appears to be less severe than her 
sister who had cardiac arrest at age 16, but who also had more ventricular ectopy, greater 
degrees of RV structural abnormalities, more diffuse repolarization abnormalities, and an 
abnormal SAECG.  Given her lack of symptoms and mild disease at this time, we have 
opted not to implant a defibrillator, but to continue close follow-up.  A defibrillator will be 
considered if she has progression of her disease or develops worrisome symptoms.  

Although genetic testing for ARVC is not yet in widespread clinical practice, it seems inap-
propriate to ignore genetic information when determining disease status if available.  For 
example, the more broad criteria for family members of ARVC patients could be applied 
to the proband’s brother and father as well.  If one of these individuals had a minor ECG 
abnormality, it would be inappropriate to diagnose them with ARVC, as they lack the PKP2 
mutation identified in the proband.  However, the diagnosis of ARVC cannot be made by 
genetic information alone, as the proband’s mother appears unaffected, despite carrying the 
mutation.  The incomplete penetrance found in most genetic arrhythmia syndromes high-
lights the importance of clinical criteria.  However, the current Task Force criteria are likely 
too restrictive to identify patients with ARVC early in the course of the disease, while modi-
fied criteria for all family members could result in misdiagnosis of unaffected individuals.  
Currently, identification of a pathogenic genetic mutation needs to be coupled with clinical 
diagnostic criteria for ARVC, not only to establish the diagnosis, but also to determine the 
risk for ventricular arrhythmias and to guide therapeutic decisions.  
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Abstract

Background: Mutations in the plakophilin-2 gene (PKP2) have been found in patients 
with arrhythmogenic right ventricular dysplasia/cardiomyopathy (ARVC). Hence, genetic 
screening can potentially be a valuable tool in the diagnostic workup of patients with 
ARVC. 

Methods and Results: To establish the prevalence and character of PKP2 mutations and to 
study potential differences in the associated phenotype, we evaluated 96 index patients, in-
cluding 56 who fulfilled the published task force criteria. In addition, 114 family members 
from 34 out of these 56 ARVC index patients were phenotyped. In 24 of these 56 ARVC 
patients (43%), 14 different (11 novel) PKP2 mutations were identified. Four different mu-
tations were found more than once; haplotype analyses revealed identical haplotypes in the 
different mutation-carriers, suggesting founder mutations.  
No specific genotype-phenotype correlations could be identified, except that negative T-
waves in V2 and V3 occurred more often in PKP2 mutation carriers (p<0.05). 
Of the 34 index patients of whom family members were phenotyped, 23 familial cases 
were identified. PKP2 mutations were identified in 16 out of these 23 ARVC index patients 
(70%) with familial ARVC. On the other hand, no PKP2 mutations at all were found in 11 
probands without additional affected family members  (p<0.001). 

Conclusions:  PKP2 mutations can be identified in nearly half of the Dutch patients fulfill-
ing the ARVC criteria. In familial ARVC, even the vast majority (70%) is caused by PKP2 
mutations. However, nonfamilial ARVC is not related to PKP2. The high yield of muta-
tional analysis in familial ARVC is unique in inherited cardiomyopathies.

Introduction
Arrhythmogenic right ventricular dysplasia/cardiomyopathy (ARVC) is a disease with 
primarily right ventricular involvement that is characterized by fibrofatty infiltration of the 
myocardium and inflammatory infiltrates.1-7 The clinical presentation is highly variable 
but characterized mainly by ventricular arrhythmias, syncope and sudden cardiac death 
(SCD) during various activities.1,5,8-16 Diagnosis may be difficult in individual cases but is 
facilitated by criteria proposed by a generally accepted consensus report (task force).17-20 
These criteria are based on morphological, functional, and ECG features in addition to 
family history.17 At least 50% of patients have affected relatives, suggesting a genetic basis 
for ARVC. The mode of inheritance is autosomal dominant with reduced and age-related 
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penetrance.20-25 
Until recently, 5 loci and 4 potentially causative genes encoding plakoglobin (JUP), desmo-
plakin (DSP), transforming growth factor-β3 (TGFβ3), and the cardiac ryanodine receptor 
(RYR2) had been identified. However, only a small subset of ARVC patients showed muta-
tions in these genes.26-29 
The recent discovery of plakophilin-2 (PKP2) mutations in 32 out of 120 probands (27%) 
with ARVC of western European descent suggests an important role of this gene in the 
pathogenesis of this disorder.30 Plakophilin-2, an armadillo-related protein, forms with other 
proteins including plakoglobin and desmoplakin, an integral part of cardiac desmosomes. 
These major cell adhesion complexes link desmosomal cadherins with desmoplakin and 
the intermediate filament system, providing structural and functional integrity to adjacent 
cells.31 These structures are considered important for rigidity of cells and cell signaling.32-34 
The exact pathogenesis of PKP2 mutations in ARVC is speculative, but cell-cell contact is 
believed to be impaired leading to disruption of cardiomyocytes in response to mechanical 
stretch or stress, particularly in the so-called triangle of dysplasia (right ventricular outflow 
tract, inferobasal area and apex).7,30    
If the PKP2 mutations indeed occur as frequently as recently suggested, genetic screening 
would constitute an important tool in diagnosing persons at risk for this potentially life-
threatening disorder. To evaluate this tool, screening of the PKP2 gene in a large cohort of 
Dutch ARVC patients referred to 4 tertiary referral centers throughout the Netherlands was 
performed. The goals of this study were to establish the prevalence and character of PKP2 
mutations and to study phenotypic differences. 

Methods

Clinical evaluation and diagnostic criteria
Ninety-six Caucasian unrelated index patients were evaluated in 4 university hospitals in 
the Netherlands. A history was taken from all patients, and they were evaluated by physical 
examination, 12-lead ECG, 24-hour Holter monitoring, exercise testing, and 2-dimensional 
transthoracic echocardiography. In addition, 60 patients underwent MRI, 46 had nucleotide 
scintigraphy, 38 had a signal-averaged ECG, 72 underwent left and right ventricular cine-
angiography, 62 had an electrophysiologic study, and 27 had a right ventricular endomyo-
cardial biopsy. 
The diagnosis of ARVC in index patients was established in accordance with criteria pro-
posed by a task force.17 To verify the diagnosis, all patients were discussed by experienced 
cardiologists from the different centers in a consensus meeting. The onset of ARVC mani-
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festations was defined as the age at which initial symptoms most likely related to ARVC 
emerged, including paroxysmal tachycardia, prolonged syncope and successful resuscita-
tion. 
The local institutional review committees approved of the study. Informed consent was 
obtained from all participating patients. 
The population consisted of 56 index patients (mean age at presentation 35.2 yrs; 14 
women) fulfilling the ARVC criteria: ≥ 2 major criteria (n=20), 1 major and 2 minor criteria 
(n=34), or 4 minor criteria (n=2). In 34 of these index patients, additional family members 
had been clinically investigated to address the task force criteria. ARVC was considered 
proven familial when ≥1 additional family members were found to fulfill these criteria. Sus-
pected familial ARVC was defined as having either 1 major and 1 minor or 3 minor criteria 
in another family member. 
In addition, we tested 40 index patients with some ARVC features who did not fulfilling the 
task force criteria.

Mutational analysis
DNA for PKP2 sequence analysis was isolated from peripheral blood samples accord-
ing to standard protocols. Most patients were pre-screened using denaturing gradient gel 
electrophoresis (DGGE) or denaturing high-performance liquid chromatography (DHPLC). 
Polymerase chain reaction products showing aberrant patterns by DGGE or DHPLC were 
reamplified and sequenced. DNA from a subset of patients was sequenced completely.  The 
screening included all coding sequences but also 60-100 bp of flanking intronic sequences. 
Primers and conditions for DGGE and DHPLC are available upon request; primers used 
for direct sequencing were obtained from Gerull et al.30 Direct sequencing for both sense 
and antisense strands was performed by using a BigDye Terminator DNA sequencing kit 
(version 2.0) on a 3100 Genetic Analyzer (Applied Biosystems, Foster City, Calif) with 
SeqScape software (version 2.1.1, Applied Biosystems). If a novel mutation was identified, 
at least 150 ethnically matched control individuals were screened to recognize common 
polymorphisms. In 9 families (U2, U3, U4, U6, A3, M6, G1, G2 and G6) we were able to 
study the segregation of 6 different mutations because both clinical data and DNA from 
family members were available.

Haplotype analysis
To determine whether the identical mutations found are recurrent or have a common found-
er, we performed haplotype analyses using 5 repeat markers within a region of 300 000 bp, 
including the entire genomic region of the PKP2 gene. For the positioning of the markers 
related to the human sequence, the August 2004 human reference sequence (NT_009714 
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region 25602762-25908664 bp), based on NCBI Build 35 version 1, was used. Primers 
used to amplify these markers are available on request. For each mutation that was found 
more than once, there was at least 1 index-patient from which additional family members 
were available for haplotype analysis. This enabled the reconstruction of haplotypes and the 
verification of the phase. Subsequently, these haplotypes were investigated in other index 
patients carrying the identical mutation.

Statistical analysis
Clinical characteristics in ARVC patients with and without a PKP2 mutation were com-
pared by χ2 test. Values of P<0.05 were considered significant.  All data were analyzed with 
the Statistical Package for Social Sciences (SPSS version 12.0; SPSS, Inc., Chicago, Ill).

The authors had full access to the data and take full responsibility for its integrity. All au-
thors have read and agree to the manuscript as written.

Results

Mutational analyses 
Unique sequence variants were identified in 24 of 56 unrelated index patients fulfilling the 
ARVC criteria (43%) (Table 1 and Figure 1). One patient (U1) had 2 variants. Mutations 
were identified in 7 of 20 patients (35%) with ≥ 2 major criteria, 16 of 34 (47%) patients 
with 1 major and 2 minor criteria, and 1 of 2 patients with 4 minor criteria. 

Figure 1: PKP2 gene structure and (position of the) mutations identified in this study in patients fulfilling the 

ARVC criteria. Mutations indicated in bold represent truncating mutations, mutations above the schematic gene 

are novel mutations, mutations below the gene have been described previously. The number after the mutation 

indicates the number of times that mutation occurred in this study. The numbers in brackets indicate the numbers 

of times the mutation was found by Gerull et al.30 UV indicates unclassified variant
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In the additional group of 40 patients not fulfilling the criteria, 2 mutations (c.397C>T and 
c.2386T>C) were identified (5%). 
Four different mutations were found more than once: c.235C>T (5 index patients), 
c.397C>T (2 index patients), c.2386T>C (5 index patients) and c.2489+1G>A (3 patients). 
Of the 14 different mutations, 4 were missense, 7 were nonsense, 2 were insertion/deletion-
frameshift and 1 was a splice site mutation. Eleven of these were novel (Table 1 and Figure 
1).

Table 1: Overview of PKP2 mutations in patients fulfilling the ARVC criteria
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Pathogeneity of the mutations identified
Twelve of 14 sequence variants identified were considered to be disease causing because 
of change of charges or predicted major rearrangements of the protein. Moreover, they all 
affect highly conserved residues. Of the missense mutation c.76G>A (p.Asp26Asn) and the 
second mutation identified in patient U1, c.184C>A (p.Glu62Lys), the pathogeneity cannot 
be established with certainty because they were not located in highly conserved regions or 
amino acids, were located outside functional domains, or did not change the polarity of the 

amino acid involved. Until functional assays are available, these mutations have to be con-
sidered “unclassified variants”. None of the 14 variants identified were found in 300 control 
alleles, thus excluding the possibility of being a common polymorphism. In 9 patients, we 
studied the segregation of 6 different mutations in family members (c.235 C>T in U2, G1 
and G6, c.397C>T in A3 and U3, c.1211-1212insT in U4, c.1848C>A in G2, c.2544G>A in 
U6, and c.2489+1G>A in M6). No disconcordances were found; ie, affected family mem-
bers also carried the identical mutation. Furthermore, we identified 2 missense mutations 
(c.209G>T [5 times] and c.2615C>T [2 times]), that were considered to be polymorphisms. 
The c.209G>T missense mutation was identified in 4 of 300 control alleles and did not seg-
regate with the disease in relatives of patient U2 whereas the truncating mutation (Arg79X) 
in that family did. The c.2615C>T mutation is not located in a highly conserved region, nor 
does it lead to a substantial change in biochemical properties of the amino acid involved. 
Moreover, this mutation was identified in unrelated patients A3 and U3, both of whom were 
carriers of a cosegregating truncating mutation (Gln133X).

Haplotype analyses 
Haplotype analyses revealed allele sharing among the patients carrying an identical 
mutation (including patients G7 [c.397C>T] and A10 [c.2386T>C] that did not meet the 
criteria). The shared alleles were identical in patients having the same mutation, but were 
(largely) different between the different mutations. The most likely associated haplotypes in 
all index patients with the different identical mutations are represented in Tables 2 through 

Table 2: Haplotype (in bold) associ-

ated with the c.235C>T mutation
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5. These data suggest that the frequent mutations are from common founders rather than 
being recurrent. 

Clinical data and comparison between mutation and non-mutation carriers
Index patients with established ARVC were referred because of ventricular tachycardia 
episodes (n=52), ventricular fibrillation (n=3) and SCD in a sibling with proven ARVC at 
autopsy (n=1). The age at initial presentation, diagnostic criteria and the follow-up of indi-
vidual patients fulfilling the ARVC criteria are presented in Tables 6 and 7 for PKP2 muta-
tion carriers and patients without a PKP2 mutation. Comparing Comparing PKP2 mutation 
carrier and noncarrier ARVC patients showed no significant differences in terms of the 
average age at initial presentation, occurrence of familial sudden death, and characteristics 
according to the task force criteria, with the exception of negative T waves in V2 and V3 (in 
23 of 24 mutation carriers versus 22 of 32 in noncarriers; p<0.05). In addition, no signifi-
cant differences were noted in follow-up duration and number of implantable cardioverter-

Table 3: Haplotype (in bold) associ-

ated with the c.397C>T mutation

Figure 2. Yield of mutational analyses in relation to the outcome of family screening. 
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defibrillators (Table 8). In all patients with implantable cardioverter-defibrillator therapy, 
additional anti-arrhythmic drug treatment was used.  All other patients were treated only 
with drugs.
Finally, the occurrence of end-point events (documented sustained ventricular tachycardia 
episodes, ventricular fibrillation, appropriate implantable cardioverter-defibrillator therapy, 
successful resuscitation and SCD) did not reach significance between the groups. 
Figure 2 shows a flowchart of investigation of family members in relation to the yield of 
molecular analyses. Briefly, in 34 of the 56 index patients fulfilling the ARVC criteria, 
cardiologic evaluation of family members had been carried out previously. Twenty-three 
(68%) had familial ARVC (per index patient, average 3.1; range 1-12 family members ana-
lyzed). In 11 index patients, no affected family members could be identified (average, 3.9; 
range 1-9 family members per index patient analyzed).  
In the absence of familial disease, no PKP2 mutations were identified, whereas in familial 
forms of ARVC, a PKP2 mutation was found in 16 of 23 index patients (70%) (P<0.001).    

Discussion

Prevalence and spectrum of PKP2 mutations in ARVC patients
In the population studied, 14 different mutations were identified in 24 of 56 patients fulfill-
ing the ARVC criteria (43%). Gerull et al.30 identified 25 different mutations in 32 of 120 

Table 4: Haplotype (in bold) associated with the c.2386T>C mutation

Table 5: Haplotype (in bold) associated 

with the c. 2489+1G>A mutation
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probands (27%) fulfilling the task force criteria. In both studies, the majority of mutations 
results in a truncated or aberrant protein as a result of insertion-deletion, nonsense or splice 
site mutations. These results highlight the importance of the PKP2 gene in the pathogenesis 
of ARVC in the Dutch population.
The fact that 10 of 14 PKP2 mutations are predicted to result in a truncated protein product 
suggests a loss of function, resulting in haploinsufficiency. On the other hand, missense 
mutations giving amino acid substitutions, most likely result in protein variants with defects 
in protein function(s) and/or instable protein products. Moreover, these nonfunctional vari-
ants might interfere with the function of the normal allele product. Because PKP2 has been 

Table 6: Clinical characteristics of ARVC probands with PKP2 mutations.
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shown to form an essential component of desmosomes, the functional consequences of 
mutations can be expected at the level of desmosome formation and consequential effects in 
cell-cell adhesion and signalling.31,33,34 

Recurrent or founder mutations?
Three mutations from the initial study by Gerull et al.30 were supposed to be recurrent 
(c.235C>T, c.2146-1G>C and c.2203C>T; identified 6, 2 and 2 times respectively) because 

Table 7: Clinical characteristics of ARVC probands without PKP2 mutations.
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no shared alleles were identified. Interestingly, one of their recurrent mutations (c.235C>T) 
was found 5 times in this study. In contrast to their results, our haplotype analyses did show 
allele sharing in all 5 index patients carrying this mutation, suggesting a common founder. 
It should be noted that in this study parental genotypes were only partially available as well. 
The occurrence of founder mutations in the Dutch population, also in inherited cardiologi-
cal disorders, is clearly recognized. 35-36 The population reported by Gerull et al.30 is likely 
to be more heterogeneous as they indicate it is from western European descent. In addition, 
for the c.397C>T, c.2386C>T and c.2489+1C>A mutations that we identified 3, 6 and 3 
times, respectively, our results suggest a founder rather than a recurrent mutation. 

Penetrance and variable phenotypes
Hamid et al.24 already recognized that 11% of relatives from ARVC index patients were 
found to have isolated minor cardiac abnormalities, most often T-wave inversion in the 
right precordial leads. These persons, however, did not fulfill the task force criteria. Given 
the mode of inheritance, Hamid et al. suggested that the ECG abnormalities are likely to 
represent early disease. Nava et al.37 also ascertained less severe clinical forms in family 
members with a more favorable outcome than previously thought. They also considered 
subtle ECG and echocardiographic abnormalities diagnostic for ARVC. Given the clinical 
variability and reduced and age-dependent penetrance of ARVC, the clinical criteria lack 
sensitivity in family members.24,37

Table 8: Comparison of ARVC 

patients with and without PKP2 

mutations
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This variable expression of the PKP2 gene was also confirmed in our additional patient 
group that did not fulfill the ARVC criteria because 2 ARVC-related mutations were identi-
fied in these 40 patients. Although the clinical course of the disease can not be predicted 
from DNA analysis, it helps in identifying those persons at risk for developing disease-
related symptoms. In those individuals, regular follow-up is advisable. 

Genotype-phenotype relationships
No specific genotype-phenotype correlation could be detected in the group of patients car-
rying a PKP2 mutation. This may be due to small sample size; however, given the intrafa-
milial variability major genotype-phenotype correlations were not expected.24,37 Moreover, 
the presence or absence of a PKP2 mutation could not be related to age at onset, events 
during follow-up, or any specific clinical manifestation, except for negative T-waves in V2 
and V3 that were more frequently encountered in mutation carriers. 
Regular screening of family members of the index patients was strongly advised and started 
already years before the DNA analyses were initiated. Nevertheless, family members from 
22 index patients fulfilling the ARVC criteria have not been evaluated for various reasons. 
In the other 34 patients, 114 additional family members underwent cardiological screening 
to evaluate manifestations of ARVC. In 70% of these index patients with affected family 
members, a PKP2 mutation was identified, whereas no mutations were found in 11 index 
patients in whom investigation of family members revealed no signs of ARVC (P<0.001). 
This high yield of mutations in familial ARVC underscores the importance of this gene in 
the pathogenesis of inherited forms of this disease. On the other hand, the absence of PKP2 
mutations in nonfamilial ARVC cases suggests the possibility of a nongenetic origin, eg, 
myocarditis or alternatively a spontaneous mutation in another gene. 38,39 
Finally, all 5 index patients with familial ARVC and sudden death in family members <35 
years of age appeared to be PKP2 mutation carriers.

Study limitations 
Patients referred to tertiary referral centers probably reflect the more severe end of the 
disease spectrum; therefore, the population studied cannot be regarded as representative of 
the variable expression of the disease. The familial character of ARVC could be established 
only in family members who voluntarily agreed to cardiological examination after genetic 
counseling. Different reasons, eg, psychological or socioeconomic, might underlie the 
choice to refrain from participation in screening, leading to a bias in family evaluation.   
The evaluation and interpretation of data obtained after cardiological investigation and 
interpretation of criteria may vary between different centers. To prevent this, consensus 
meetings were organized, with all centers participating. 
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In 15 ARVC patients (5 PKP2 mutation carriers and 10 non-carriers) the RYR2 gene was 
excluded as the causative gene. Because patients not carrying a PKP2 mutation and PKP2 
mutation carriers might have mutations in other ARVC-related genes that have not been 
screened, this is a potential limitation. In DNA analysis, large rearrangements (duplications/
deletions) of a gene can be missed by DGGE, DHPLC, or sequencing analysis. Besides, 
mutations in the promotor region of the gene can not be excluded. Given the size of the 
control group, it can not be completely excluded that a certain mutation represents a low-
frequency polymorphism. 

Conclusions
PKP2 mutations can be identified in nearly half of Dutch patients fulfilling the ARVC task 
force criteria. However, in familial ARVC, mutation detection increases up to 70% of pa-
tients, and even up to all cases of familial ARVC combined with a positive family history of 
premature SCD. This remarkably high yield of PKP2 mutations demonstrates its predomi-
nance in the genetic origin of ARVC and is unique in inherited cardiomyopathies. However, 
in nonfamilial ARVC, PKP2 mutations were absent, suggesting a different origin.                 
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Abstract
Arrhythmogenic Right Ventricular Cardiomyopathy (ARVC) is a heart muscle disorder 
of unknown cause that is characterized by fibrofatty replacement primarily of the right 
ventricular myocardium which can lead to life threatening arrhythmias. It is a disease with 
a very diverse phenotype. In the present article we describe two sisters with each a different 
expression of this disorder. The first patient died suddenly at age 18 during exercise. The 
second patient, her 17-year-old sister, didn’t have any abnormalities at first cardiac consul-
tation, but a few years later she met several diagnostic criteria for ARVC and an internal 
cardioverter defibrillator was implanted because of life threatening arrhythmias. Genetic 
analysis identified a mutation in the plakophilin-2 (PKP2) gene, a recently discovered 
causal gene for ARVC. Cardiac evaluation of a third sister didn’t reveal any abnormalities 
and no mutation in the PKP2 gene was found. Thus, ARVC can vary in its clinical presenta-
tion not only between siblings but also in time. This raises difficulties for the physician for 
diagnosis, treatment and follow-up. It is important for the physician involved, to consider 
this disease in patients with palpitations and syncope especially when there is a family his-
tory of ARVC or unexplained  sudden death.

Key Words
Cardiomyopathy, right ventricle, sudden death, genetics 

Arrhythmogenic Right Ventricular Cardiomyopathy (ARVC) is a relatively newly recog-
nized disease. It was described for the first time by Frank and Fontaine in 1978.1 Histologi-
cally ARVC is characterized by loss of cardiomyocytes and progressive fibrofatty replace-
ment of predominantly the right ventricular myocardium that constitutes a substrate for 
electrical instability and a focus for ventricular arrhythmias.2 In early stages of the disease, 
in childhood or even in utero, there is presumably only fatty replacement with mild fibrosis 
and the disease may be better described as Arrhythmogenic Right Ventricular Dysplasia 
(ARVD). At a later stage inflammation might occur with replacement fibrosis. It is likely 
that environmental factors contribute to the disease at that stage and thus a form of cardio-
myopathy may be the preferred terminology. The clinical manifestations can have a very 
different presentation. The patient can be totally asymptomatic and the condition can be 
discovered or suspected on a routine electrocardiogram. On the other hand, sudden death 
may be the first symptom and possibly ARVC counts for up to 20% of sudden death cases 
under the age of 30 years.3 Right- or left ventricular congestive heart failure presumably can 
be also the presenting symptom in rare cases.
ARVC can be a familial disease in up to 50 % of the cases. Therefore ensuring a proper 
diagnosis is not only important to the patient but also to his/her relatives.
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The present article will show the various manifestations of the disease and discusses the 
diagnosis, clinically as well as genetically, and treatment options.
 
Case report 1.
The first patient is a previously healthy 18-year-old woman and competitive endurance 
sports athlete, who died suddenly during a running contest. Autopsy revealed a mildly 
hypertrophic and dilated left ventricle compatible with the effects of endurance sports 
activities. There were no coronary artery or valvular abnormalities. The right ventricle was 
markedly dilated and there was a striking transmural fatty degeneration   No other abnor-
malities were found.
Histologic examination proved right ventricular cardiomyopathy .In combination with the 
sudden cardiac death, Arrhythmogenic right ventricular cardiomyopathy is present. 

Case report 2.
Patient B is a 31-year-old woman and one of the two sisters of the previous patient. She has 
no medical history and is also a competitive endurance athlete. At age 18, after the sudden 
death of her sister, she undergoes cardiac evaluation which appears completely normal, 
including a normal electrocardiogram and two dimensional echocardiogram. However 13 
years later she is referred again to the cardiologist having dyspnea on exertion. Careful his-

Figure 1: Electrocardiogram from the patient in case report 2. It shows a sinus bradycardia with inverted T-waves 

in leads V1 – V3.
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tory analysis reveals that this ‘dyspnea’ was due to the occurrence of paroxysms of palpita-
tions which she doesn’t feel during her endurance contests. During that visit she also men-
tioned that her father died suddenly three years before at age 65. There are no risk factors 
for coronary artery disease. On physical examination a healthy, trained woman was seen. 
Her blood pressure was 120/70 mm Hg and her pulse rate 60 per minute regular and equal. 
An early systolic ejection murmur was heard at the 4th left intercostal space but remaining 
physical examination was normal. This time the electrocardiogram showed a sinusbradycar-
dia and inverted T-waves in precordial leads V1 till V 3. (Figure 1) 
Chest X-ray and echocardiogram were normal. During exercise testing the electrocardio-
gram showed short runs of ventricular complexes which had a left bundle branch block 
morphology with superior axis. (Figure 2) This morphology corresponds with an origin of 
ectopy inferiorly in the right ventricle. Holter monitoring disclosed more than 1000 ven-
tricular complexes per 24 hour. She was advised to avoid peak exercise and a beta blocking 
agent was prescribed. After that, only solitary ventricular premature complexes were noted 
on the exercise test.
Subsequently a MRI showed a diffuse thinning of the right ventricular wall. 
After the initiation of the beta blocker she developed symptomatic bradycardia and electro-

Figure 2: Electrocardiogram of the patient in case report 2 showing premature ventricular complexes and ven-

tricular couplets with a left bundle branch block configuration (LBBB) and left axis deviation, during maximal 

exercise.
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physiological testing was performed during which ventricular fibrillation could easily be 
induced. Meanwhile, echocardiography of the right ventricle showed mild dilatation and 
apical hypo- and akinesia. After this an implantable cardioverter defibrillator (ICD) was 
implanted and she was treated with the beta-blocking agent Sotalol. No ICD discharges or 
arrhythmic events have been reported so far. 
Four years after the implantation, she leads a normal life, participates in non competitive 
sports regularly and has fulfilled two uncomplicated pregnancies.
 
Genetic analysis
After the recent identification of the Plakophilin-2 (PKP2) gene mutation as a causal gene
mutation for ARVC 4, we analyzed this patient for the presence of PKP2 mutations. Ge-
nomic DNA was isolated from peripheral blood lymphocytes (Gentra Systems, Minneapo-
lis, USA) and the entire PKP2 coding region was screened for mutations. Primer sequences 
and PCR conditions are available on request. Mutational analysis of the amplimers was 
performed by DHPLC (Transgenomic). PCR products with altered DHPLC peaks were pu-
rified using QIAquick PCR purification kit (Qiagen, Hilden, Germany) and were sequenced
bidirectionally on an ABI 377 sequencer.
In patient 2 at base position 2421 a Cytosine (C) was replaced by an Adenine (A) causing a
premature termination codon at position 807 (Tyrosine 807X)(Figure 4). It is highly likely 
that this alteration underlies her clinical phenotype. A third sister was also genetically tested 
and appeared not to have the PKP2 mutation.

Discussion
Arrhythmogenic Right Ventricular Cardiomyopathy (ARVC) was initially defined as ‘total 
or partial replacement of right ventricular muscle by adipose and fibrous tissue associated 
with arrhythmias of left bundle branch block configuration’.1,2 
The typical anatomic findings are aneurysmatic regions due to myocardial thinning. In these 
regions the myocardial wall is replaced by fibro-fatty tissue with scattered residual myocar-
dial bundles, a perfect substrate for arrhythmias. 
Specific sites of involvement include the right ventricular outflow tract, the apex, and the 
infundibular region, the so-called ‘triangle of dysplasia’. (Figure 4) The fibrofatty tissue 
replacement can also affect the left ventricular myocardium with a relative sparing of the 
septum.5,6,7 These sites form an excellent substrate for re-entry which can lead to arrhyth-
mias such as premature ventricular complexes, ventricular tachycardia and ventricular 
fibrillation. Because of the predominant origin in the right ventricle these arrhythmias have, 
frequently but exclusively, a left bundle branch block morphology (Figure 2). 
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The prevalence of ARVC in the general population is estimated at 0.02 to 0.1%, but this 
may be underestimated because of diagnostic difficulties and physicians being unaware of 
this disease.5 Both sexes are equally affected and there is a peak of risk of developing the 
disease during the fourth decade.5 ARVC is an important cause of sudden death in young 
adults accounting for approximately 11 percent of the cases. In athletes, such as the women 
described in this article, ARVC counts for 22 percent of the sudden death cases.8 Although 
this suggests that exercise is a risk, sudden death occurs most frequently during sedentary 
activity.6

The definite diagnosis of ARVC is based on the histological demonstration of transmural fi-
brofatty replacement of right ventricular myocardium at either autopsy or surgery. Myocar-
dial biopsy lacks sufficient sensitivity because, for safety reasons, the biopsy is performed 
in the septum in stead of the ventricular free wall where the typical pathological changes 
are localized. 9 

For clinical practice Mc Kenna et al. defined diagnostic criteria for ARVC. The diagnosis 
is based on a number of major and minor criteria involving structural, histological, electro-
cardiographic, arrhythmic and genetic factors.10 To fulfil the appropriate criteria for ARVC, 
patients have to meet either two major criteria, one major and two minor criteria, or four 
minor criteria (Table 1). 
The patient in case report 1 died suddenly and the diagnosis was made by autopsy. At that 
time, patient 2 fulfilled only one major criterion consisting of her sisters proven ARVC. 
Hence the diagnosis could not be made. During the second evaluation this second sister also 
had repolarization abnormalities on her ECG (minor, Figure 1), arrhythmias on exercise 

Figure 3: Screening of the PKP2 gene shows a substitution of nucleotide “C” for an “A” at cDNA position 2421 

(arrow marked) (NCBI ref: NM_004572.2) which causes premature termination of the PKP2 protein at position 

807 (Q807X). Left panel shows the nucleotide sequence from a control (wild type).
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I. Global and/or regional dysfunction and structural alterations 

 Major 

 Severe dilatation and reduction of right ventricular ejection fraction with no (or only mild) LV 

impairment 

 Minor 

 Mild global right ventricular dilatation and/or ejection fraction reduction with normal left 

ventricle. 

 Mild segmental dilatation 

 Regional right ventricular hypokinesia 

II. Tissue characterization of wall 

 Major 

 Fibrofatty replacement of myocardium on endomyocardial biopsy. 

III. Repolarisation abnormalities 

 Minor 

 Inverted T waves in right precordial leads (V2 and V3) in people aged > 12 years, in absence 

of right bundle-branch block. 

IV. Depolarization/conduction abnormalities 

 Major 

 Epsilon waves or localized prolongation (>110 ms) of the QRS complex in right precordial 

leads (V1-V3) 

 Minor 

 Late potentials on signal-averaged ECG 

V. Arrhythmias 

 Minor 

 Left bundle-branch block type ventricular tachycardia (sustained and nonsustained) by ECG, 

Holter, or exercise testing. 

 Frequent ventricular extrasystoles (>1000/24 hours) on Holter. 

VI. Family history 

 Major 

 Familial disease confirmed at necropsy or surgery. 

 Minor 

 Family history of premature sudden death (<35 years) due to suspected right ventricular 

dysplasia. 

 Familial history (clinical diagnosis based on present criteria). 

 Table 1: Task Force Criteria for diagnosis of ARVC. (Mc Kenna et al. Br Heart J 1994;71:215-8)

The diagnosis of ARVC would be fulfilled by the presence of 2 major, 1 major plus 2 minor, or 4 minor criteria 

from different groups.
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test (Figure 2) and Holter (minor), and later also localized right ventricular akinesia on 
echo (major) along with late potentials during electrophysiological testing (minor). Genetic 
analysis revealed a mutation in the PKP2 gene which is, at present, not a diagnostic crite-
rion, but confirms the diagnosis.

A third sister had the major criterion consisting of 
the death of her sister with proven ARVC but oth-
erwise no clinical abnormalities and was screened 
negative for the PKP2 mutation.
ARVC is found to be familial in 30 to 50% of 
the cases.11 It is usually inherited in an autosomal 
dominant manner with reduced and age-related 
penetrance11, but autosomal recessive forms have 
been reported. Several genetic loci have been 
reported to be associated with the disease and mu-
tations in 6 genes have been identified: ryanodine 
receptor, plakoglobin, desmoplakin and recently 
transforming growth factor-β, plakophilin-2. and 
desmoglein 12,13,14,15,16,17,18,19 Patients with muta-
tions in the ryanodine receptor gene , also called 
ARVC2, are more prone to develop arrhythmias.20 
The recognition that ARVC is frequently famil-
ial and can cause arrhythmic death leads to the 
challenge to identify family members who are at 

risk. Difficulties arise in diagnosing the presymptomatic subjects because identification of 
minimal structural abnormalities is difficult because of the irregular shape and asymmetri-
cal contractile pattern of the right ventricle. Even on Magnetic Resonance Imaging (MRI) 
the diagnosis of ARVC cannot be made on the presence of intramyocardial fat or wall thin-
ning alone. A study from Bomma demonstrated a high frequency of misdiagnosis of ARVC 
on MRI.21

Asymptomatic ARVC patients should have an annual follow-up and currently there is no 
current evidence for medical treatment is this group. However, competitive exercise should 
be avoided. Patients who presented with well tolerated and non-life threatening ventricular 
tachycardia can be treated conservatively with anti-arrhythmic drugs, guided by Holter 
monitoring and exercise testing and, in selected cases, by programmed electrical stimula-
tion. The most effective drug used in treating ARVC patients with non-life threatening ven-
tricular tachycardia is Sotalol with an efficacy rate of 68% followed by Amiodarone with 
a efficacy rate of 15%.22 Radiofrequency ablation is an alternative in this group of patients 

Figure 4: The ‘triangle of dysplasia’ consisting 

of the right ventricular outflow tract (1), the apex 

(2) and the infundibulum (3).
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who are unresponsive or intolerant to anti-arrthythmic drugs.23, 24 Patients who have been 
resuscitated or who have had a hemodynamically unstable ventricular tachycardia like the 
patient in case report 2, should be treated with an Implantable Cardioverter-Defibrillator.25 
Prophylactic ICD implantation will becoming more important in certain families depend-
ing on the aggressiveness of their gene mutation. In these families genetic screening would 
constitute an important tool in diagnosing persons at risk for this potentially life-threatening 
disorder.

Conclusion
The two previous described cases illustrate the wide variety in clinical presentation of Ar-
rhythmogenic Right Ventricular Cardiomyopathy. 
The clinical manifestations of ARVC are various and age dependent. Therefore the diag-
nosis of this illness can be difficult. For every physician, not only cardiologists but also 
general physicians, internists and sport physicians, it is important to be aware of this 
disease when a patient presents with syncope or palpitations, especially when there is a 
family history of sudden death. Because of the major implications and the prevention of 
sudden death, it is recommended to screen both clinically and genetically family members 
of known ARVC patients. In the near future, genetic testing will probably provide the gold 
standard for diagnosis.26
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Abstract

Background 

This study aimed to evaluate the prevalence and type of mutations in the major desmosomal 
genes, Plakophilin-2 (PKP2), Desmoglein-2 (DSG2) and Desmocollin-2 (DSC2), in Ar-
rhythmogenic Right Ventricular Dysplasia/Cardiomyopathy (ARVD/C). We also aimed to 
distinguish relevant clinical and ECG parameters.

Methods & Results 
Clinical evaluation was performed according to the Task Force Criteria (TFC). We analyzed 
the genes in: (a) 57 patients who fulfilled the ARVD/C TFC (TFC+), (b) 28 patients with 
probable ARVD/C (1 major and 1 minor, or 3 minor criteria) and (c) 31 patients with 2 
minor or 1 major criteria. In the TFC+ ARVD/C group, 23 patients (40%) had PKP2 mu-
tations, 4 (7%) had DSG2 mutations, 1 patient (2%) carried a mutation in DSC2, while 1 
patient (2%) had a mutation in both DSG2 and DSC2. Among the DSG2 and/or DSC2 mu-
tation-positive TFC+ ARVD/C probands, 2 carried compound heterozygous mutations and 
1 had digenic mutations. In probable ARVD/C patients and those with 2 minor or 1 major 
criteria for ARVD/C, mutations were less frequent and they were all heterozygous. Nega-
tive T waves in the precordial leads were observed more (p<.002) among mutation carriers 
than non-carriers, and in particular in PKP2 mutation carriers.

Conclusions 
Mutations in DSG2 and DSC2 are together less prevalent (10%) than PKP2 mutations 
(40%) in Dutch TFC+ ARVD/C patients. Interestingly, bi-allelic or digenic DSC2 and/or 
DSG2 mutations are frequently identified in TFC+ ARVD/C patients, suggesting that a sin-
gle mutation is less likely to cause a full blown ARVD/C phenotype. Negative T waves on 
ECG were prevalent among mutation carriers (p<.002). 

Key Words: Arrhythmia • Cardiomyopathy • Desmosomes • Genetics
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Introduction
Arrhythmogenic Right Ventricular Dysplasia/Cardiomyopathy (ARVD/C) is a familial 
disease characterized by progressive fibrofatty replacement of the right ventricular (RV) 
myocardium.1 The main histological feature is progressive loss of RV myocardium, which 
is replaced with adipose and fibrous tissue. These changes may be localized and in the early 
stages are often confined to the so-called “triangle of dysplasia”: the inflow, outflow, and 
apical regions of the RV.1 Aneurysm formation is typical. Diffuse myocardial involvement 
leads to global RV dilation. Left ventricular (LV) involvement occurs with disease progres-
sion and was present on histology in >75% of cases in a multicenter pathological study.2 
ARVD/C is a genetically heterogeneous disease and is most commonly inherited as an auto-
somal-dominant trait with incomplete penetrance and variable expression. Its clinical pic-
ture is mainly characterized by the occurrence of ventricular arrhythmias and related con-
sequences.3-4 Estimates of the prevalence of ARVD/C in the general population range from 
1 in 2,000 to 1 in 5,000; it affects men more frequently than women, with an approximate 
gender ratio of 3:1.3-4 A familial background has been demonstrated in 30-50% of ARVD/C 
cases 3-5 and the majority of disease-causing mutations have so far been identified in genes 
encoding proteins of specialized adhesive junctions between cells, also known as desmo-
somes.5-18 Mutations in the PKP2 gene encoding Plakophilin-2 are the most prevalent and 
were identified in up to 43% of unrelated ARVD/C index patients.5,7,10 Dominant mutations 
in genes encoding Desmoglein-2 (DSG2) and Desmocollin-2 (DSC2) have been reported in 
up to 12% and 5% of ARVD/C patients, respectively.12,16-17,19-20 Rarely, dominant mutations 
in the Plakoglobin (JUP), Desmoplakin (DSP) and TMEM43 genes have been reported in 
patients with ARVD/C, with recessive mutations in JUP and DSP being causal for the car-
diocutaneous diseases, Naxos disease and Carvajal syndrome, respectively.6,8,21-24 
This study is an extension of our previous study in which we elucidated PKP2 mutations 
in our Dutch ARVD/C cohorts.5 Our goal now was to evaluate the prevalence of mutations 
in three cardiac desmosomal genes, PKP2, DSG2 and DSC2, and to study their impact on 
clinical phenotypes in three groups: (a) patients fulfilling the ARVD/C task force criteria 
(TFC+),25 (b) patients with probable ARVD/C (1 major and 1 minor, or 3 minor criteria), 
and (c) patients with either 2 minor or 1 major criteria for ARVD/C.25 Genotype-phenotype 
analysis, of both clinical and ECG features, was also performed to identify potentially dis-
tinguishing features. 

Methods
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Clinical evaluation and diagnostic criteria
We evaluated 116 white, unrelated, index patients in four university hospitals in the Nether-
lands. A case history was taken from all patients, and they were physically examined and 
evaluated by 12-lead ECG, 24-hour Holter monitoring, exercise testing, and 2-dimensional 
transthoracic echocardiography. Diagnosis of ARVD/C was based on the diagnostic criteria 
of the Task Force of the European Society of Cardiology/International Society and Fede-
ration of Cardiology.25 (Table 1). In cases of doubtful diagnosis, patients were discussed 
with experienced cardiologists from the four centers in a consensus meeting. The 116 index 
patients were subdivided into: (a) 57 TFC+ patients, (b) 28 probable ARVD/C (who had 3 
minor criteria, or 1 major and 1 minor criteria) and (c) 31 patients with 2 minor or 1 major 
criteria of ARVD/C (not including family history). 8 TFC+ patients from our previous study 
were excluded due to absence of DNA.5 Instead, 8 new TFC+ patients were included in 
this study (Table 2, marked ‘n’). The onset of disease manifestation was defined as the age 
at which initial symptoms most likely related to ARVD/C emerged, including paroxysmal 
tachycardia, prolonged syncope, and successful resuscitation. 

Genetic studies
Genomic DNA was extracted from whole blood or paraffin-embedded tissues according to 
the established protocol (Qiagen). Detailed procedures for screening the PKP2 gene were 
described earlier.5 DSG2 and DSC2 coding regions (exons 1-15 and exons 1-16, respecti-
vely) were screened for mutations. Primer sequences and PCR conditions are available on 
request. Mutational analysis of the amplimers was performed by denaturant high perfor-
mance liquid chromatography (DHPLC) (Transgenomic Wave) and denaturing gradient gel 
electrophoresis (DGGE). PCR products with altered DHPLC peak or DGGE variants were 
purified using QIAquick PCR purification kit (Qiagen) and were sequenced bidirectionally 
on an ABI 377 sequencer. 
In this study, the pathogenic nature of the identified missense mutations were judged on the 
basis of four criteria (for an overview of criteria potentially useful for classifying variants 
see Goldgar et al.26): (1) the differences in physico-chemical properties of the amino acids 
involved in the respective substitutions, (2) the evolutionary conservation of the amino 
acids across several species, (3) the presence in an evolutionary conserved region, and (4) 
the localization within a functionally important domain (predicted or unpredicted). Mis-
sense mutations were considered pathogenic when the respective amino acid substitutions 
satisfied two or more of these criteria. Amino acid substitutions were considered unclas-
sified variants (UVs) when these satisfied none or only one of the criteria mentioned above 
and are not known as single nucleotide polymorphisms. In all cases, the reported mutations/
variations were not identified in at least 150 ethnically-matched control persons. Notably, in 
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some cases the mutations had been reported in previous studies in ARVD/C patients.

Statistical analysis
Clinical characteristics in the patients with a PKP2, DSG2 or DSC2 mutation/UV were 
compared using Fisher’s exact test. Values of P<0.05 were considered significant. All data 
were analyzed with the Statistical Package for Social Sciences (SPSS version 15.0; SPSS, 
Inc., Chicago, IL).

Results

Clinical evaluation
Clinical data of the 57 TFC+ and 28 probable ARVD/C patients are shown in Tables 2 and 
3, respectively. The average age of first clinical presentation was 33 years in PKP2, 36 
years in DSG2, 42 years in DSC2, and 14 years for combined DSC2/DSG2 mutation car-
riers and 37 years for non-mutation carriers (range 14-68 yrs); these ages did not differ sig-
nificantly between men and women. 
Genetic studies

Figure 1a. Schematic representation of the DSG2 mutations and unclassified variants (UVs). Most mutations 

except three (indicated by *) are previously unreported.12,17 ** indicates the mutation was detected in two unrelated 

patients/families and was also reported previously. UVs are shown in italics.
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We screened the PKP2, DSG2 and DSC2 genes in 116 patients. 

TFC+ group
Of 57 TFC+ ARVD/C patients, most of whom were included in our previous study5, 23 
carried a mutation in PKP2 (Table 2; Figure 1c). Four TFC+ patients had mutations in 
DSG2 (Figure 1a and 1c and Table 2); two of them (patients-25 and -41 had mutations (and 
unclassified variants (UVs) in both alleles. Patient-25 carried compound heterozygous, 
p.Pro205Leu mutation and an UV p.Gly1083Ser in DSG2. Patient-41 was homozygous for 
p.Asp297Asn in DSG2. 
Patients-39 (female) and -52 (male) had an identical mutation p.Arg46Gln in DSG2 (Table 
2). In addition they carried p.Val158Gly (DSG2) on the same allele, which has been descri-
bed as a mutation in a UK study.17 In our study, we also found this p.Val158Gly in our con-
trol population, and similar results were recently reported by Posch et al.27, thus we should 
consider p.Val158Gly as a non-synonymous SNP. 
Patient-24, a 56-year old male, was the only patient in this group who had a heterozygous 
mutation p.Ile603Thr only in DSC2 (Table 2 and Figure 1b). Patient-40 carried a heterozy-
gous p.Val392Ile mutation in DSG2 and p.Leu732Val mutation in the DSC2 gene (Figure 
1a, Table 2). We could not identify any mutations in any of these three genes in 28 (49%) 
TFC+ patients (Figure 1c). A schematic representation of the mutation yield from the PKP2, 
DSG2 and DSC2 screening is shown in Figure 1c. 

TFC- group

Figure 1b. Schematic representation of the DSC2 mutations and UVs. UVs are shown in italics.
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 Major Minor 

Severe RV dilatation and 

reduction in systolic function with 

no (or only mild) LV impairment 

Mild global RV dilatation and/or reduced 

EF with normal LV  

Localized RV aneurysms Regional RV hypokinesia 

Global and/or regional 

dysfunction and structural 

alterations 

Severe segmental RV dilatation Mild segmental RV dilatation 

Tissue characterization of 

walls 

Fibrofatty replacement of 

myocardium on EMB 

 

Repolarization 

abnormalities 

 Negative T-waves (V2 and V3); >12 years 

of age in the absence of RBBB 

Depolarization 

abnormalities 

Epsilon waves or localized 

prolongation of the QRS complex 

in V1-V3 (>110ms) 

Late potentials on SA-ECG 

 Sustained and non-sustained VT with 

LBBB morphology (on ECG, Holter, 

exercise testing) 
Arrhythmias 

 >1000 ventricular extrasystoles/ 24 hrs 

Family history Familial disease confirmed at 

necropsy or surgery 

SCD (<35 yrs) due to suspected disease in a 

family member 

  Family history of clinical diagnosis based 

on present criteria 

RV right ventricle, LV left ventricle, EF ejection fraction, EMB endomyocardial biopsy, RBBB right bundle  

branch block, LBBB left bundle branch block, VT ventricular tachycardia, SCD sudden cardiac death 

Figure 1c: Graphical representation of PKP2, DSG2, DSC2 gene screening in the ARVD/C, probable ARVD/C, 

and patients with attenuated features of ARVD/C. Filled bars represent TFC+ patients, slashed bars represent 

probable ARVD/C, and dotted bars represent patients with attenuated features of ARVD/C. The x-axis represents 

analyzed genes and the y-axis represents percentages of mutations identified in each group. On top of each bar, the 

number of mutation carriers or non-mutation carriers of the respective genes are represented.

Table 1. Task force criteria for the diagnosis of Arrhythmogenic Right Ventricular Dysplasia/Cardiomyopathy. 

Either 4 minor criteria, 2 major, or 1 major + 2 minor criteria are sufficient to make a diagnosis of ARVC.25 

EF=ejection fraction, EMB= endomyocardial biopsy, LBB= left bundle branch, LV=left ventricular, RV=right 

ventricular, SCD=sudden cardiac death, VT= ventricular tachycardia.
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     Repolarization 

abnormalities 

Depolarization/conduction 

abnormalities 

Arrhythmias     

Index 

patient  

Gender  Age initial 

presentation  

Structural 

alteration  

Tissue 

characteris

ation 

Negative T 

wave  

Epsilon wave Late 

potential  

LBBVT  VES Family 

history  

PKP2 DSG2 DSC2 

P-1 m 35 ++  +  + +  ++ c.1211_1212insT  

frameshift 

  

P-2 m 24 ++  + ++  +      

P-3 m 32 ++  +   +   c.148_151delACAG 

frameshift 

  

P-4 m 46 ++  + ++  +      

P-5 m 21 ++       ++    

P-6 f 17 ++  +    + ++ c.2489+1 G>A 

frameshift 

  

P-7 m 17 ++  +  + +   c.2489+1G>A 

frameshift 

  

P-8 m 22  ++ +   +      

P-9n f 17   +    + ++    

P-10 f 22  ++ +  + +      

P-11 m 35 ++  +    + + Trp848X   

P-12 m 30 + ++ +   +   Cys796Arg   

P-13 m 33 ++ ++ +  + +  + Cys796Arg   

P-14 m 58 + ++ +  + +      

P-15 m 58 + ++   + +      

P-16 f 53   +    + ++ Arg79X   

P-17 f 39 ++ ++ +   +      

P-18 f 31  ++ +  + +   Tyr616X   

P-19 m 17 ++ ++ +   +      

P-20 m 46  ++ +  +   +    

P-21 m 48 +  +  + +      

P-22 f 44 ++  +   +      

P-23n m 44 +   ++  +      

P-24n m 56   + ++ +  +     Ile603Thr  

P-25 m 30 ++  + ++  + +   Pro205Leu; 

Gly1083Ser 

 

P-26 m 41 ++  + ++  +   Tyr86X   

P-27 m 38  ++    +  +    

P-28n m 48 + ++   + +      

P-29 m 38   + ++  + +  Trp676X   

P-30n m 22 ++  +    +     

P-31 m 43 +  + ++  +  + Arg79X   

P-32 f 41   + ++  +      

P-33 m 28 ++   ++  +      

P-34 f 30 +  +   +  ++ Tyr807X   

P-35 m 29 ++  +   +  + 2489+4A>C 

frameshift 

  

P-36 f 40 ++  +   +   Arg79X   

P-37 m 43 ++  +   +      

P-38 m 21 +  +   +  ++ Cys796Arg   

P-39n f 25 ++  +   + +   Arg46Gln 

 

 

P-40 f 14 ++    + +    Val392Ile Leu732Val 

P-41 m 36 ++  +   +  +  Asp297Asn 

(homozygous) 

 

P-42 m 47 +   ++ + +      

P-43 m 48 ++   ++  +      

P-44 f 58 +   ++  +      

P-45 f 50 ++     +  + Gln133X   

P-46 m 29 ++  +   +   Arg79X   

P-47 f 37 + ++ +   +   Cys796Arg   

P-48 m 39 ++  +   +   Asp26Asn   

P-49 f 42   +  + +  + Ser688Pro   

P-50n m 24 ++  + ++  + +     

P-51n m 38 ++  +   +      

P-52 m 33 +  + +  + + +  Arg46Gln  

P-53 m 28 ++  +   +  ++ Arg79X   

P-54 f 40 ++  + ++  +   Cys796Arg   

P-55 m 12 ++  +   +      

P-56 m 22 ++  +   +  + Arg79X   

P-57 m 34 ++  + ++  +      

m male, f female, LBBVT left bundle branch block ventricular tachycardia, VES ventricular extrasystoles 
 

Table 2. Clinical characteristics of the probands with TFC+ ARVD/C patients.

 ++ indicates a major criterion; + minor criterion; f, female; m, male. Mutations identified in the PKP2, DSG2 and 

DSC2 are indicated. UVs are shown in italics.
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Probable ARVD/C patients
In the patients with probable ARVD/C (n=28), we detected one heterozygous truncating 
mutation c.397C>T (p.Gln133X) in PKP2 (patient-63; Table 3). Patient-59 had a hete-
rozygous UV p.Leu15Gln in DSG2 (Figure 1a, and Table 3). Leu15 in DSG2 is not very 
well conserved across diverse species, but it is located in a functionally important signal 
sequence domain. Patient-64 carried a heterozygous mutation p.Asp350Tyr and Patient-75 
carried an UV p.Pro289Ser, in DSC2 (Figure 1b and Table 3). We were able to study the 
segregation of the mutation in the family of patient-64: it was also found in a brother and a 
sister, with a positive signal averaged-ECG as a sole manifestation, at ages 48 and 47 years 
respectively.

Table 3. Clinical characteristics of the probable ARVD/C patients. 

++ indicates a major criterion; + minor criterion; f, female; m, male. Mutations identified in the PKP2, DSG2 and 

DSC2 are indicated. UVs are shown in italics.
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Patients with 1 major or 2 minor criteria for ARVD/C
In this TFC-group of patients (n=31) who had only 1 major or 2 minor criteria of ARVD/C, 
we detected two UVs in PKP2: c.1592C>T (p.Ile531Ser), which has been reported in 
the Finnish population as a polymorphism28, and c.1012A>G (p.Thr338Ala). In DSG2 
five heterozygous mutations (including one UV) were found: p.Val56Met, p.Ile73Val, 
p.Val149Phe, p.Val392Ile, p.Asn1067Asp (UV),(Figures 1a, 1b). 
The patient with p.Val392Ile amino-acid change was a female of 34 years. She had negative 
T waves at V4-6, a low voltage ECG, was later diagnosed with dilated cardiomyopathy at 

Figure 2a: ECGs of a male symptomatic patient at baseline 

(2a) and during palpitations (2b). At baseline there is a sinus 

rhythm of 60 bpm, intermediate electrical axis, normal con-

duction intervals and normal repolarization with exception 

of the negative T-waves in the precordial leads V1-V4. Fig 

2b shows ventricular tachycardia (250 bpm) with left bundle 

branch morphology and an intermediate electrical axis sug-

gesting its origin in the RV free wall

Figure 2b: Histology: high powered visualiza-

tion of fibrolipomatosis surrounding atrophic 

cardiomyocytes and indicative of ARVD/C. The 

endomyocardial biopsy was taken from patient-59 

who carries the heterozygous p.Asp350Tyr muta-

tion in the DSC2 gene.
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the age of 47 years, and experienced an out-of-hospital cardiac arrest due to ventricular 
fibrillation. She died with RV failure at 56 years and histology showed typical features of 
ARVD/C in the RV and dilated cardiomyopathy (DCM) with fibrosis in the LV. p.Val392Ile 
mutation in DSG2 was diagnosed post mortem in paraffin-embedded tissue material. Her 
sister had died suddenly at the age of 32 years. Her nephew (the dead sister’s son) showed 
negative T-waves in V4-V6 and was diagnosed with DCM at the age of 49 years after expe-
riencing a near-syncope. He was also found to carry this p.Val392Ile DSG2 mutation. These 
data suggest a left-dominant arrhythmogenic cardiomyopathy. 

Mutation characteristics
The DSG2 mutations identified in our study, p.Val392Ile, p.Val56Met, and p.Arg46Gln, 
were previously reported in studies from the USA, UK and Germany.12,17, 27 We identified 
four novel DSG2 mutations: p.Ile73Val, p.Val149Phe, p.Pro205Leu, and p.Asp297Asn (Fi-
gure 1a). In addition, we detected three novel UVs in DSG2 (p.Leu15Gln, p.Asn1067Asp 
and p.Gly1083Ser) (Figure 1a). In DSC2 we identified three novel mutations, p.Asp350Tyr, 

Figure 3: Histology: high powered visualization of fibrolipomatosis surrounding atrophic cardiomyocytes and 

indicative of ARVD/C. The endomyocardial biopsy was taken from patient-59 who carries the heterozygous 

p.Asp350Tyr mutation in the DSC2 gene.
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p.Ile603Thr, p.Leu732Val, and one UV, p.Pro289Ser (Figure 1b). The mutations in various 
groups of patients are shown in Figure 1c. 
The DSG2 and DSC2 mutations we identified are all missense mutations (Figures 1a, 1b 
and Tables 2, 3), in contrast to PKP2 mutations, which are mostly truncating/frameshift 
mutations.5 In this study, three patients (patients-25 and -41, TFC+ group; and 1 patient 
with two minor criteria) among the DSG2 mutation carriers were familial cases. The DSC2 
mutation carriers were all sporadic, with no family history pertaining to ARVD/C. 

Genotype-phenotype relationships/phenotypic characteristics
Figures 2a and 2b show examples of a classical ARVD/C ECG recorded from a male symp-
tomatic patient in this study. Figure 3 shows a representative ARVD/C histopathology of 
myocardial tissue taken from patient-64. We have compared various pertinent phenotypic 
features (age of onset, cardiac structural alteration, ECG features, VES) among the patients 
with defects in PKP2 (n=24), DSG2 (n=5), DSC2 (n=3), and both DSG2/DSC2 (n=1). Pa-
tients without a mutation in any of these three genes were also compared with the mutation 
carriers and TFC+ and probable ARVD/C patients were included in this analysis.
The presence of T wave inversions in right precordial leads on 12-lead ECG in individuals 
with a mutation (PKP2, DSG2 and DSC2) was significantly higher than that of individuals 
without a mutation (P <.002). Among the 54 patients with a negative T wave, 26 carried 
mutation/UVs in one of the three genes. In contrast, only 4 patients (of 31) with a normal, 
positive T wave carried a mutation/UV. This difference in T wave was more evident among 
the PKP2 mutation carriers.5 Disease onset was slightly earlier among the small group of 
DSG2 carrier patients (including the one with an additional DSC2 mutation) compared to 
those with a PKP2 mutation in the TFC+ group (34 years vs 36 years; not significant. No 
other significant differences in any other parameters could be established. 

Discussion 
In this multicenter Dutch study we have systematically evaluated a large number of 
ARVD/C patients, both clinically and genetically. We have screened three cardiac desmoso-
mal genes (PKP2, DSG2 and DSC2) in 116 patients, of whom 57 were TFC+. PKP2 muta-
tions were most prevalent in TFC+ patients, who comprised just under half of the ARVD/C 
patients (40%). Mutations in DSG2, DSC2 or both were found in 4, 1 and 1 of ARVD/C 
index patients, respectively (7%, 2%, 2%); this frequency is similar to reports published 
from other countries.12,14,17 DSG2 mutations ranged between 3.5-17% in our probable 
ARVD/C patients and in those with 1 major or 2 minor criteria for ARVD/C. The DSC2 
mutation frequencies in these groups were 7% and 0%, respectively. In approximately 50% 
of our TFC+ ARVD/C patients, we identified no mutation in any of the three desmosomal 
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genes screened, although large deletions or mutations in regulatory regions (promoter/in-
tronic) cannot be excluded. Mutations in other genes related to ARVD/C are believed to be 
involved far less often and might add only a few more patients to our groups.4

In this study we have identified compound heterozygous or homozygous mutations in 
DSG2 in two unrelated patients. In addition, a third patient carried mutations in both 
DSG2 and DSC2. Interestingly, all three patients fall in the full blown ARVD/C group 
(TFC+). Moreover, in two patients from the TFC+ group, p.Arg46Gln (DSG2) occurred 
with p.Val158Gly on the same allele. Haplotype analysis confirmed a common founder 
(data not shown). Previously, p.Val158Gly has been reported in two families as potentially 
pathogenic,16 however, we found p.Val158Gly in 1% of our control subjects, similar to the 
frequency reported by Posch et al.27 Thus we cannot conclude at this stage whether the pre-
sence of this p.Val158Gly adds to the pathogenicity of the p.Arg46Gln mutation. Though 
previous studies detected compound heterozygous DSG2 mutations in two TFC+ ARVD/C 
patients,12,14 the majority of the mutation carriers were heterozygous for a DSG2 mutation, 
unlike our ARVD/C patients,.12,14 But it should be noted that previous studies did not look 
for digenic mutations in their ARVD/C cohorts.5,7,9,10,12-16,19,20 This suggests that the heterozy-
gous missense mutations in the genes encoding demosomal cadherins (DSG2/DSC2) are as-
sociated with a less fulminant phenotype. This is corroborated by the fact that we identified 
mutations in these genes predominantly in the probable ARVD/C patients or group of pa-
tients with 1 major or 2 minor criteria. However, this observation in small groups has to be 
confirmed in a larger series. Further, we have only identified missense mutations in DSG2 
and in DSC2 in our Dutch cohort, whereas three published reports reported mainly mis-
sense mutations, as well as some truncating mutations, in these two genes in their ARVD/C 
cohorts.12,14,17 Moreover, except for the family with the p.Val392Ile mutation, we found no 
significant predilection for left ventricle involvement among DSG2 mutation carriers in our 
study, as has been reported in a UK population by Syrris et al. 2007.17 

Patient-40 (TFC+) and another unrelated patient (not shown in Table) harbored the identical 
mutation p.Val392Ile in DSG2, but their clinical presentation is quite variable. Patient-40 
had full blown features of ARVD/C (TFC+) (Table 2), while the patient from the 2 minor 
and 1 major criteria group demonstrated a left-dominant arrhythmogenic cardiomyopathy. 
We think the difference in phenotype could be attributed to the fact that patient-40 (TFC+) 
harbored a second mutation, p.Leu732Val, in DSC2.
During this study, we also observed a frequent polymorphism, p.Glu713Lys (DSG2), 
equally prevalent among controls and the ARVD/C population (4%), which has also been 
described by Posch et al. as an innocent SNP.27 However, suspicion about the pathogenicity 
of p.Val56Met (DSG2) should be verified as we did not detect p.Val56Met in controls in our 
study, in contrast to Posch et al.27 
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In DSC2, variant p.E896fsX5 was detected in three different families and in 4% of our con-
trol population. We therefore now consider this to be a non-pathogenic common variant in 
our population, although in a previous study it was considered pathogenic.16

As to the phenotype, we have observed predominance of negative T waves in V1-V3 
among the mutation carriers, more specifically among the PKP2 mutation carriers. Turrini 
et al. (2001)29 while retrospectively studying ECG parameters in various groups of ARVD/C 
patients, found negative T waves in precordial leads as a predictor of sudden cardiac death. 
Unfortunately they provided no genotype data for the ARVD/C patients in their study.28 
Another study from the Netherlands suggested that repolarization abnormalities in ARVD/C 
could facilitate the occurrence of ventricular arrhythmias in these patients.29 We observed 
the significant predominance of negative T waves among individuals with the PKP2 muta-
tion, which could be used to direct genetic screening.5 

In conclusion, we found DSG2 and DSC2 mutations in approximately 10% of TFC+ pa-
tients in our Dutch ARVD/C cohort. We also identified mutations in these genes in 10% of 
probable ARVD/C cases. Interestingly, we found compound and digenic mutations exclusi-
vely in TFC+ patients, suggesting a dose effect of mutations correlating with disease seve-
rity, although larger studies are needed to confirm this observation.
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Summary

Mechanism of arrhythmias are quite complex and we are still in the mid early phase in 
our understanding about the intricate and complex process of arrhythmogenesis. Various 
cardiac ion channels are required for the generation of action potential. Proper functions of 
these channels and well coordinated functions of cardiac desmosomes and gap junction pro-
teins are fundamental to undisturbed electrical activity. Interference/hindrance in the finely 
orchestrated mechano-electrical properties of the heart (either due to ion channel defects, or 
defects in desmosomes or in the gap junctions) could cause various forms of arrhythmias. 
As mentioned in the beginning of this thesis, principal aim was to explore the clinical and 
molecular pathophysiology of yet undefined/uncharacterized inherited cardiac arrhythmias. 
We have identified several families from various parts of the globe (Netherlands, Sudan,  
Saudi Arabia and Malaysia) with novel or rarely observed familial arrhythmias. We have 
clinically characterized the phenotypes of the affected in these families, thereafter we have 
performed genetic analyses in these families in an attempt to elucidate the pathophysiology 
of the arrhythmias. Our study explored several fundamental insights into the mechanism 
of arrhythmias.  We also aimed at developing a new modality of treatment in drug resistant 
CPVT patients.
Finally, our study was aimed to identify population specific mutations frequencies in car-
diac desmosomal genes in native Dutch ARVD/C cohorts.  Genotype-phenotype analysis 
was performed, which ought to develop a population specific data on desmosomal gene 
mutations and their effects on clinical phenotypes in the Dutch population.  

Chapter-2: 
We have described two families who had CPVT as a common clinical phenotype. Apart 
from CPVT, additional abnormalities in sino-atrial node (SAN) function and AV-nodal 
function, atrial fibrillation (AF) and atrial standstill (ASS) were observed. Furthermore, left 
ventricular dysfunction and dilatation was present in several affected individuals. We have 
followed up these two families for 20+ yrs period and characterised their clinical pheno-
types over time. By linkage analysis, we have mapped the disease locus to a 4 cM region on 
chromosome 1q42-q43.  Ryanodine receptor 2 gene (RYR2) and ACTN2 is located in this 
locus. We could not find any mutation neither in RYR2, nor in ACTN2  genes by conven-
tional PCR-based screening. Subsequently, we have identified a complete exonic deletion 
(exon-3) in RYR2 gene by multiplex ligation-dependent probe amplification and long-range 
PCR. We have revealed that the genomic deletion occurred due to Alu repeat-mediated 
polymerase slippage during chromosomal replication. This is the first and only report on a 
large genomic deletion in RYR2, which leads to extended clinical phenotypes, e.g. SAN- 
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and AV-node dysfunction, AF, ASS and dilated cardiomyopathy. These features have not 
previously been linked to RyR2 dysfunction.

Chapter-3: 
We described the discovery of a novel variant of CPVT, which we termed as CPVT-3. 
CPVT-3 was diagnosed in four closely related patients, inherited as an autosomal recessive 
trait, the disease was found to be highly penetrant already in childhood. Three children with 
an average age of 10±2 years died suddenly during exertion, one surviving male child had 
his first syncope and seizures at the age of 7 years, during playing. ECG and phenotypic 
characteristics are reminiscent of CPVT (1) and CPVT (2), but clinical phenotypes are more 
malignant in presentation in three cases first presentation was sudden loss of unconcious-
ness followed by death. We have performed homozygosity mapping in this highly inbred 
family from Sudan to determine the pathogenetic locus. A novel locus for this malignant 
CPVT subtype mapped to chromosome 7p14-p22. Screening of the coding regions of the 
positional candidate genes SP4, FKBP9, FKBP14, PDE1C, NPY, TBX20 did not reveal a 
mutation. Further studies are required to identify the causative gene and mutation in this 
novel, autosomal recessive variant of CPVT (3). 

Chapter-4 to 5:  
RYR2 consists of 105 coding exons. Direct sequencing of each exon is time consuming 
and not-economical. We developed a novel DHPLC based screening method to identify 
sequence aberrations. With this method added by sequence strategy we have screened 45 
CPVT patients for RYR2 mutation/s.
We have reconfirmed that mutations in RYR2 are clustered in the N- and C-terminal do-
mains, as well as in the central domain. Mutations detected in our study are predominantly 
private and 28% of the mutations are located in exon 90, followed by a considerable num-
ber of mutations in exon 3 and exon 14 (24% of total mutations). Mutation in the promoter 
region and also large genomic rearrangements are rare in RYR2 comprising <5% of the 
aberration. Mental retardation was observed as an associated phenotype in 4 probands, with 
mutations exclusively in the C-terminus. RYR2 mosaicism could occasionally occur and has 
implications during genetic counselling.
  
Chapter-6:  
Though, in most cases of CPVT, β-adrenergic blocker is the mainstay of therapy. But, the 
protective effect of β-adrenergic blocker in alleviating the symptoms are incomplete. Many 
continue to have symptoms and/or documented exercise-induced VTs despite β-adrenergic 
blockers. We presented evidence that left cardiac sympathetic denervation (LCSD), an 
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antifibrillatory intervention that largely prevents norepinephrine release in the heart, might 
reduce these adrenergically-mediated life-threatening arrhythmias. We proposed that LCSD 
may represent a novel and effective treatment for those young CPVT patients who are not 
fully protected by β-blockers.

Chapter-7:  
We have performed clinical, molecular and functional investigation in a consanguineous 
Arabian family with repeated miscarriages at 8-10 weeks and two fetal losses at 29th weeks 
and 28 weeks of pregnancy, most likely due to persistent arrhythmias originating at the 
intrauterine stages. Our investigation showed that the severe arrhythmia started during the 
2nd trimester of pregnancy, which is a novel observation. One child who survived from 
the fatal consequences of the intrauterine arrhythmias was born at 32nd weeks of fetal life 
by elective caesarean section. Immediately after birth he was found to have profound QT 
prolongation (QTc= 605 ms), with 2:1 (functional) AV block and severe ventricular arrhyth-
mias. No clinical and abnormality in ECG among the parents were found.
Candidate gene mapping found the susceptible locus encompassing the KCNH2 gene. 
Screening of the KCNH2 gene in the homozygous locus detected a homozygous non-sense 
mutation Q1070X in the HERG C-terminus in the affected children.  Biochemical and func-
tional analysis of the Q1070X mutant showed that the mutant HERG though have the prop-
erties to traffick to the plasma membrane and could form functional channels, are destroyed 
by the Non-sense Mediated Decay (NMD) pathway before its translation. NMD leads to 
near absence of HERG in the homozygous Q1070X mutation carriers causing debilitating 
arrhythmias (already prior to birth) in the homozygous carriers and apparently without any 
phenotype in the heterozygous carriers.
Findings from this study stressed the fact that current methods for investigating mutant 
cardiac ion channels are mostly one sided. In order to explore the disease pathogenicity, 
functional disintegrity of the mutant channel with its interacting proteins and signal path-
ways also must be investigated (Morten Grunnet, PhD, FHRS, Editorial commentary, Heart 
Rhythm, 2008; 5: 562-564), which is in addition to measure the electrical properties of the 
mutant channels, 

Chapter-8:  
We have performed clinical, molecular and functional investigation in two consanguineous 
Arabian families with history of sudden death of several children. Parents in both families 
are devoid of any cardiac symptoms and also no abnormality on ECG was detected. The 
history included exertion induced phenotypes among all the victims, and extreme QTc pro-
longation (QTc= 557ms and QTc= 529 ms, respective in proband of two families). None of 
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the affected individuals had any other impairment.  We decided to perform a homozygosity 
mapping around candidate genes linked to electrical instability of the heart. Locus sur-
rounding the KCNQ1 gene was linked to both families, which led us to screen the KCNQ1 
gene. We have identified a novel splice acceptor site mutation (homozygously) in intron 
1 of the KCNQ1 gene (c.387 -5 T>A), in these two apparently unlinked families. RNA 
analysis revealed that this splice site mutation causes incomplete transcriptional aberration 
of the KCNQ1 gene, leaving 10% of the normal allele transcript intact, which restored the 
hearing function. Our molecular and functional data provided the first evidence that residual 
amount (as low as 10%) of normal KvLQT1 (coded by KCNQ1) current could effectively 
maintain the hearing function but fails to maintain cardiac repolarization characteristics 
within normal limits. 
Additionally, we have revealed four extra low frequency aberrant isoforms emphasizing the 
importance of intronic and other non-coding sequences in maintaining cellular homeostasis 
as pathologic changes in a single nucleotide can affect splicing events at distant sites. The 
novel KCNQ1 mutation found in this study is very likely a founder mutation in the southern 
province of Saudi Arabia emphasizing its screening in the LQTS population in this moun-
tain region of Saudi Arabia.

Chapter-9 and 10:
In chapter-9, we have identified the genetic pathology causal to the fatal/malignant ar-
rhythmias in the children, investigated. All the genetic mutations identified in this study are 
novel in origin, never described in other populations. Our study elucidated that the LQT1 
causing splice site mutation c.387 -5 T>A in KCNQ1 gene and the LQT2 causing non-sense 
mutation c.3208 C>T (p.Q1070X) in KCNH2 gene, are very likely founder mutations in 
the Assir province of Saudi Arabia. Genetic and clinical findings in this study are quite 
intriguing for several reasons: 1) In total, we have investigated 6-families, among them 4 
are homozygous/recessive carriers for the mutations and the mutations originated from an 
ancestral source; 2) All the detected LQTS causing mutations are novel, being reported only 
in these Arab families in this study; 3) Due to the homozygous mutations, clinical pheno-
types are also severer in the studied families. We suggest that the genetic and phenotypic 
observations stems from the high rate of consanguineous marriages in this country.
In chapter-10, we have investigated two unrelated children with LQTS originated from 
Kelantan province, Malaysia. In one child, we have found a LQT1 causing mutation 
p.Ile567Thr (c.1700T>C) in the KCNQ1 gene. We consider this a recurrent site for mutation 
as the mutation has been reported previously in a patient from Italy. In the second patient 
from Malaysia with LQTS combined with 2:1 AV block, no mutation was in any of the 
presently known LQTS causing genes. We also could not find any genomic rearrangement 
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in the main LQTS causing genes. Mutation in a presently unidentified gene or a mutation in 
the regulatory region (including intronic) in one of the known LQTS causing genes could 
be causal to the LQTS phenotype in the second patient.

Chapter-11 to 14:  
Familial Arrhythmogenic Right Ventricular Dysplasia/Cardiomyopathy (ARVD/C) is 
predominantly an autosomal dominant inherited heart disease with variable expression and 
incomplete penetrance. This study aimed to evaluate the prevalence and character of muta-
tions in ARVD/C patients in the desmosomal genes Plakophilin-2 (PKP2), Desmoglein-2 
(DSG2) and Desmocollin-2 (DSC2) and to study the mutation effect on clinical presenta-
tions. PKP2 mutations were most prevalent in Task Force Criteria positive (TFC+) patients, 
comprising nearly half of the ARVD/C patients (~40%) and also accounted for 70% of the 
cases with a positive family history for ARVD/C. Mutations in DSG2 were found in only 
7% of the Dutch ARVD/C index patients. Moreover, DSG2 mutations were found with a 
similar frequency in our patients who were TFC–. Mutation frequency is even lower in the 
DSC2 gene in all groups. Compound heterozygous or homozygous mutations were found in 
two individual cases. In one patient, mutations in both DSG2 and DSC2 have been detected. 
Interestingly all three patients fall in the full blown ARVD/C group. In conclusion, in our 
Dutch ARVD/C cohorts, we confirm that PKP2 mutations with a familial preponderance are 
exclusively found in TFC+ patients, whereas DSG2 and DSC2 mutations (combined) are 
seen in less than 10% of TFC+ and TFC– patients. Importantly, bi-allelic or digenic muta-
tions constituted 50% of the DSG2 and DSC2 mutation positive TFC+ ARVD/C patients, 
suggesting a single mutation itself, either in DSG2 or DSC2, are less likely to cause a full 
blown phenotype. Yet the presence of a second mutation in a second gene or the same 
desmosomal gene/s could worsen the phenotype. Negative T waves, an indicator of cardiac 
repolarisation abnormality were prevalent among the mutation carriers.
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Samenvatting
De mechanismen voor het ontstaan van hartritmestoornissen zijn heel complex. Voor de 
opbouw van het actiepotentiaal zijn verschillende hartionkanalen vereist. Het juist functio-
neren van deze kanalen, samen met een goede coördinatie van de werking van hartdesmo-
somen en gap junction eiwitten, zijn essentieel voor een juiste elektrische aansturing van 
het hart. 
Verstoring van mechano-elektrische eigenschappen van het hart (ten gevolge van ionka-
naal-, desmosoom-  of gap junctiondefecten) kan verschillende vormen van hartrit-
mestoornis veroorzaken. Het hoofddoel van  het onderzoek dat in dit proefschrift wordt 
beschreven is klinisch en moleculair pathofysiologisch onderzoek van nog onbekende en 
nog niet gekarakteriseerde geërfde hartaritmieën.
De hoofdstukken 2-6 concentreren zich op CPVT (Catecholaminergic Polymorphic  Ven-
tricular Tachycardia), een ziekte gekarakteriseerd door ventriculaire aritmie veroorzaakt 
door inspanning. In hoofdstuk 2 wordt een deletie in het RYR2 gen beschreven die  tot een 
klinisch fenotype leidt, dat niet eerder is geassocieerd met RYR2. Verder  wordt, zowel 
fenotypisch als genotypisch, een nieuwe variant van CPVT beschreven, genoemd CPVT3.  
CPVT3 werd in de chromosomale regio 7p14-p22 gelocaliseerd , maar verder onderzoek is 
vereist om precies het causale gen te identificeren (Hoofdstuk 3).
In de hoofdstukken 4 en 5 wordt een gecombineerde strategie, om mutaties in het RYR2 
gen in een groep van 78 CPVT patiënten te identificeren, beschreven. De mutaties en de 
fenotypische gevolgen worden besproken. In hoofdstuk 6 wordt het gebruik van LCSD 
(Left Cardiac Sympathetic Denervation) beschreven als een nieuw en doeltreffend thera-
peutisch middel voor jonge CPVT patiënten.
De hoofdstukken 7-10 concentreren zich op het Lange QT Syndroom (LQTS). In hoofdstuk 
7 werd een consanguïne Arabische familie met herhaalde miskramen, waarschijnlijk ten 
gevolge van aanhoudende aritmie vroeg in het embryonale leven, onderzocht. Er werd een 
truncerende mutatie (Q1070X) in het HERG gen aangetoond. Als deze mutatie homozygoot 
aanwezig is, is deze verantwoordelijk voor deze ernstig vorm van aritmie die reeds begon in 
het 2de trimester van zwangerschap.
In hoofdstuk-8 werden twee bloedverwante Arabische families, met een geschiedenis van 
plotselinge dood van enkele kinderen, onderzocht. Ouders in beide families vertonen geen 
afwijkende hartsymptomen en ook geen afwijkingen op het ECG. Homozygotie map-
ping rond kandidaatgenen, geassocieerd met elektrische instabiliteit van het hart, leidde 
tot de identificatie van een locus dat het KCNQ1 gen bevat. Analyse van het KCNQ1 gen 
voor mutaties resulteerde in de identificatie van een nieuwe homozygote splice acceptor 
site  mutatie in intron 1 van het KCNQ1 gen (c.387 -5 T>A). Dezelfde verandering werd 
in beide, niet aantoonbaar verwante, families geïdentificeerd. RNA analyse openbaarde dat 
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deze splice site mutatie de transcriptie van het KCNQ1 gen niet volledig uitschakelt en dat 
de overblijvende functionele activiteit van de normale transcripten (10%), voldoende is 
om de gehoorfunctie te behouden, terwijl dit percentage onvoldoende is voor een correcte 
hartrepolarisatie. 
Deze nieuwe KCNQ1 verandering is heel waarschijnlijk een “founder” mutatie in de 
zuidelijke provincie van Saudi-Arabië. Genetische screening in de LQTS bevolking in 
dit gebied van Saudi-Arabië kan een doeltreffend middel zijn om plotselinge hartdood te 
voorkomen.
In hoofdstukken 9 en 10 werd het genetische defect, dat verantwoordelijk is voor fatale 
arrythmiën in kinderen van Saudi-Arabië (hoofdstuk 9) en Maleisische families (hoofdstuk 
10) gekarakteriseerd. 
In hoofdstuk 11 tot en met 14 werd de mutatiefrequentie van genetische veranderingen vast-
gesteld en werden mutaties in de desmosomale genen Plakophilin-2 (PKP2), Desmoglein-2 
(DSG2) en Desmocollin-2 (DSC2) in patiënten met aritmogene rechterkamerdysplasie 
[Arrhythmogenic Right Ventricular Dysplasia/Cardiomyopathy (ARVD/C)] gekarakteri-
seerd. ARVD/C is een autosomaal dominante erfelijke hartziekte met variabele expressie en 
onvolledige penetrantie. In deze studies werd tevens een fenotype-genotype relatie in kaart 
gebracht. In ons cohort van Nederlandse ARVD/C patiënten worden de meeste mutaties in 
het PKP2 gen gevonden, terwijl DSG2 en DSC2 veranderingen, soms in combinaties, in 
minder dan 10% van de patiënten worden gezien. Bi-allelische- of digene- veranderingen 
werden, opvallend genoeg, in 50% van de dragers van DSG2 en DSC2 mutaties gevonden. 
Dit suggereert dat één enkele verandering, ofwel in het DSG2 of het DSC2 gen, waarschijn-
lijk een onvolledig fenotype veroorzaakt. De aanwezigheid van een tweede verandering, in 
een ander of hetzelfde desmosomaal gen, kan dus het fenotype verergeren.
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Future Directions

During the last decade, we have seen a growing list of genes and mutations linked to the 
pathophysiology of arrhythmias of genetic origin. But, we still lack genetic pathobiological 
evidences for a large number of patients with inherited arrhythmias or sporadic arrhyth-
mias with a suspected genetic origin. Presently, speeded efforts are ongoing to identify new 
genes, germline mutations and linking the mutations to the pathology of various congenital 
arrhythmias. Somatic mutations, common in various oncological disorders, were also re-
cently reported in cardiac gap-junction protein connexin 40 (GJA5) in AF patients.1 Somatic 
mutations are present only in the affected tissues or organs and are not transmitted to the 
offspring unlike the germline mutations. Perhaps, due to limitations in access, somatic 
mutations have not been seriously looked for in most cardiac ion channel or desmosomal 
genes, which might add to the list of genes and mutations. We and others could see that 
the yield in RYR2 mutations in familial CPVT cases is >80%, but this rate drops to ~50% 
(average 30%) in sporadic cases, although their CPVT diagnosis were clinically confirmed 
by experienced cardiologists in this field.2-4 RYR2 mutations confined to the diseased tissues 
(somatic mutations) might be looked for in mutation negative CPVT cases. A similar strat-
egy could also be taken in screening the desmosomal genes in ARVD/C (or ARVD/C like) 
patients. A pilot screening could be initiated with the archived cardiac tissues. 
Presently, the precise mechanistic basis of RyR2 dysregulation into the pathogenesis of 
CPVT is a debated issue. Attenuation in binding affinity of the FKBP12.6 protein for RyR2, 
although proposed as the main pathology in altered Ca2+ handling in CPVT-1, is not sup-
ported unanimously.5-7 It was further proposed that this interaction between FKBP12.6 and 
RyR2 is conformation dependent.8 All the functional studies were done in the context of a 
single missense mutation in RYR2. In our study (Bhuiyan et al. 2007), our patients lack the 
N-terminal 35 amino-acids p.Asn57_Gly91 in RyR2.9 We could speculate that, this confor-
mation is surely more distorted with a large deletion in RYR2, as found in our study. This 
could be a good model in solving the ongoing puzzle about the  role of FKBP12.6 in CPVT 
-1 pathogenesis and will lead us one step ahead in understanding the pathology of CPVT. 
Like the novel CPVT-3 locus in our study (Bhuiyan et al. 2007), there are convincing stud-
ies where the locus has been identified, but the candidate gene/s are yet to be found.10 Gene 
copy-number variations (CNV) were reported in various familial diseases and also were 
shown to influence disease penetrance.11 Role of CNVs, big deletions/insertions, mutations 
in the regulatory regions would shed new light in cardiac arrhythmia pathology. 
We see an intriguing observation regarding HERG autoantibody mediated LQT2.12 Studies 
are also awaited about the role of autoantibody mediated various cardiac channelopathies. 
Studies also lack about the modulators (some say modifier) which perhaps play a pivotal 
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role in disease pathogenesis, manifestation and progression. Disease penetration among 
mutation carriers varies, sometimes even within the family members. What makes them 
susceptible despite having both the same mutation? Why one develops fibrillation earlier, or 
not at all, than other?  Complex interaction of various factors (SNPs, environment), perhaps 
plays a role in the interindividual variation of disease expression.  As we have previously 
mentioned, we see only few studies elucidating the modifier effect of an otherwise silent/
innocuous SNPs (within the causative gene and or in the genes in the functional network) in 
exaggerating/ameliorating the clinical presentation of arrhythmias.13-15 β-adrenergic block-
ade is the first line of treatment in patients with arrhythmias. Modifier/modulatory effects of 
common SNPs of the adrenergic signalling pathway genes on the clinical severity, therapy 
outcome, both in cardiac channelopathies and desmopathies remain to be extensively stud-
ied.   We also miss twin studies conducted in this field, which would have shed more light 
into this topic of gene environment interaction in familial arrhythmia cases due to a known 
mutation.  
Extensive studies are required not only characterizing each ion channel function, elucidat-
ing the signalling pathways with identification of important signalling molecules are also 
crucial. This would lead to the identification of novel surrogate clinical/bio markers in 
disease diagnosis and progression and novel therapeutic intervention. Very few studies are 
focusing on the gene and mutation specific clinical management. Current treatments for ar-
rhythmias are also limited mainly to β-blockers and in therapy resistant cases by expensive 
devices such as implantable defibrillators and pacemakers. Novel therapeutic approaches 
including biological interference treatment modalities may be developed. 

Functional role of Nonsense Mediated Decay (NMD) in Arrhythmogenesis:
We have shown for the first time the role of nonsense-mediated decay (NMD) into the 
pathogenesis of LQT2 arrhythmias.16-17  NMD removes aberrant mRNAs with premature 
termination codons from eukaryotic cells.18 In our study, we have found that heterozygous 
Q1070X HERG mutation carriers have virtually no LQT2 phenotypes. On the other hand 
homozygous carriers suffered from intrauterine fatal arrhythmias, where the severest phe-
notype is observed in homozygous KCNH2 mutation carriers.17 In vitro functional assays 
with the Q1070X mutant showed normal cellular localisation and electrical properties. We 
have eventually discovered that mutant Q1070X mRNAs are susceptible to NMD degrada-
tion, which leaves nearly negligible amount of mRNA to make any functional HERG pro-
tein. This finding also explains why heterozygous carriers have no phenotype as the mutant 
allele is unable to translate to protein and confer its dominant negative effect on WT HERG 
for functional aberration. Haploinsufficiency of HERG did not cause LQT2 phenotypes in 
our studied patients.17 From the published report, we see that not all non-sense or frameshift 
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KCNH2 mutation carriers are without any phenotype.16,19 This could possibly be caused by 
the fact that, not all non-sense or  frameshift KCNH2 mutations are equally susceptible to 
NMD degradation, which needs to be investigated. Interindividual variation in NMD might 
also be evident in some cases which remain to be investigated.20 

Emerging role of microRNA in Arrhythmia pathogenicity:
We have mentioned in the beginning of this chapter that an extensive crosstalk between 
mechanical and electrical junctions is required for proper, coordinated heart function. Sev-
eral recent reports add a new component, microRNA (miRNA) to this orchestrated function 
that is essential to prevent the heart from generating arrhythmias.  miRNAs are endogenous 
~22-nucleotide non-coding RNAs that regulate gene expression at the post-transcriptional 
level by annealing to inexactly complementary sequences in the 3’-untranslated regions of 
target mRNAs of protein-coding genes.21 MiRNAs negatively regulate gene expression by 
promoting mRNA degradation and inhibiting mRNA translation. MiR-133 was found to 
repress KCNH2 expression and prolonged the QT interval in diabetic hearts of experimental 
animals.21 An elevated level of miR-1 was observed in patients with coronary artery dis-
ease, which has been reproduced in the mouse heart model of myocardial infarction.22 This 
increased miR-1 reduced the expression of Cx43 and Kir2.1, which in return caused slowed 
electrical conduction and prolongation of repolarization potential and predisposed the heart 
to arrhythmias.
Given the emerging role of miRNAs in arrhythmogenesis, more research is needed espe-
cially in the context of their role into the pathogenetic mechanism of arrhythmias. Modu-
lation of expression of cardiac miRNAs might be a future therapeutic strategy, but more 
studies are required before bringing it to the clinic. Their route of delivery should also be 
studied. Do all the ion channel genes, genes in the pathway, all express in a similar intensity 
day and night, perhaps not. Do their expression change/modify due to various stimuli or 
disease triggering agents?  They also don’t express in all heart compartments in a similar 
fashion.23 This rhythm of expression of various ion-channel genes, miRNAs and also their 
signalling genes need to be investigated.
An understanding from various viewpoints is required to understand the pathobiology of 
arrhythmias, leading to a gene and individual specific, effective clinical management.
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