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 Prevalence of many common and genetically 
complex human diseases such as asthma, car-
diovascular disease, and diabetes has risen 
greatly over the past two decades in developed 
countries and signi fi cantly contribute to the 
society’s health burden. In addition, the genetic 
causes of monogenic diseases have been increas-
ingly identi fi ed. In general, these conditions are 
declared as ‘rare diseases’ (RD) and are de fi ned 

by the EU as rare when they affect less than one 
persons in 2,000. The fact that there are more 
than 8,000 such diseases means that the overall 
number of patients is considerable despite the 
low prevalence of individual clinical cases. It is 
estimated that more than 80 % of rare diseases 
are genetic in origin, yet in most patients the 
aetiology of their disease remains undetected. 
However, large scale investigations (e.g., exome 
sequencing) has been made to better under-
stand their pathogenesis, and to develop preven-
tive strategies, diagnostic tools, and treatment. 
Together with deciphering the human genome 
and its natural complexity of variance  [  1–  3  ] , 
considerable effort has been made to detect 
genetic loci contributing to quantitative pheno-
types and complex arrhythmogenic diseases. 

    E.   Schulze-Bahr ,  MD  
     Department für Kardiologie und Angiologie , 
 Institut für Genetik von Herzerkrankungen (IfGH), 
Universtitätsklinikum Münster (UKM) ,
  Albert-Schweitzer-Campus (Gebäude D3) , 
 Münster   D-48149 ,  Germany    
e-mail:  eric.schulze-bahr@ukmuenster.de   

      Single Nucleotide Polymorphisms in Health 
and Cardiac Disease       
     Eric   Schulze-Bahr           

  Abstract 
 Recent advances in knowledge of the genome structure of ion channel genes and their physio-
logic role in myocardial repolarization have shown that genetic alterations of these key molecu-
lar components are associated with slight in-vitro effects and changes in  fi ne tune of normal 
repolarization. It is expected that next-generation sequencing technologies (e.g., targeted re- 
sequencing of ion channel genes) will booster knowledge for individual arrhythmia predisposi-
tion and will enable researchers to lower the costs of complex genotyping and to implement 
these data into a personalized, genomic-oriented medicine. In this chapter, the role of natural 
genomic variation according to two main hypotheses, i.e. the ‘common variant-common disease’ 
hypothesis and the ‘rare variants in common disease’ hypothesis will be discussed upon current 
knowledge.  
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 Since the introduction of high-throughput 
DNA sequencing technologies, the costs of re-
sequencing (i.e., non-repetitive portions) human 
genome felt down, and it has been reasoned that 
in a few years from now, costs will drop down to 
less than 1,000 US$. Therefore, the question is no 
longer whether, but when deep sequencing 
approaches will become routine in the diagnosis 
of genetic disorders and SNP detection. Since the 
 fi rst description of next-generation sequencing 
(NGS) systems 14–15 and the development of 
methods for genome partitioning  [  4,   5  ] , numer-
ous groups have successfully combined these 
methods to identify the molecular causes of 
monogenic disorders. In consequence, whole 
exome sequencing has been established as a 
potent and affordable strategy to identify dis-
ease-causing mutations in the 1 % of the human 
genome that codes for protein  [  6  ] . Thus, it is 
likely that whole genome approach will replace 
whole-exome sequence analysis in order to iden-
tify disease-causing mutations; by the way, also 
neutral variability in the human genome (e.g., 
see   http://www.1000genomes.org/    ) will be inves-
tigated and further available to facilitate knowl-
edge of disease modifying variants in non-coding 
sequences. This may further allow systematic 
elucidation of monogenic disorders as a clue to 
understand the pathogenesis of complex dis-
eases  [  7  ] . 

 Genetic association and linkage studies 
thereby comprise the two dominant strategies: 
association studies aim to  fi nd disease-predis-
posing alleles (from single nucleotide polymor-
phisms (SNPs) or microsatellite markers) at the 
population level, whereas linkage studies focus 
on familial segregation. A novel approach is a 
family-based association study design  [  8,   9  ] . 
Arrhythmia predisposition, e.g. acquired QT 
prolongation or torsade de pointes during treat-
ment with cardiac and non-cardiac drugs, is still 
a major challenge for physicians. Recent advances 
in knowledge on the genomic and physiologic 
regulation of myocardial repolarization suggest 
that common alterations of cardiac (ion chan-
nel) genes might be associated with slight elec-
trophysiologic changes and an increased 
susceptibility for ventricular arrhythmia. The 
extent, to which common genetic factors play a 
role, is under current investigations and remains 

to be determined. To date, no prospective data 
are available that link presence of certain SNP 
genotypes with a favorable or worse arrhythmia 
outcome. 

   Human Genome and Single Nucleotide 
Polymorphisms (SNPs): A Revival 
in Genomic Medicine 

 The annotated draft sequence of approximately 
three billion base pairs (bp) of the human 
genome has been completed earlier than 
expected  [  1,   3  ] . This was a major scienti fi c and 
technologic development for researchers with 
an interest in the molecular bases of rare and 
common disorders, since awareness of the 
genomic diversity and molecular differences are 
expected to help in the understanding of role of 
a genetic contribution between individuals and 
disease  [  2  ] . The variations at the nucleotide level 
are implemented to determine the physiological 
differences and individual phenotypic variance, 
including major biological functions at the cel-
lular and body level.  Single nucleotide polymor-
phisms  ( SNPs ) were the  fi rst type of genetic 
markers that were used to make chromosomal 
genetic maps  [  10  ] . However, due to their lower 
degree of heterozygosity and genetic informa-
tiveness when compared with polymorphic 
length (repeat) markers, SNPs became tempo-
rarily less attractive, until the completion of the 
human genome was done. In general, SNPs are 
single nucleotide base substitutions at a certain 
gene or genomic position and represent the 
major part of interindividual variability that 
accounts for only 0.1 % of genome sequences 
between individuals in health and disease. These 
small differences in the genetic code can be 
linked with unique personal features (e.g., eye 
color, tallness, …) and alterations of regular 
physiologic function, varied response to envi-
ronmental conditions and predisposition for 
certain diseases. Of the approximate 10 6  million 
SNPs in the human genome, only a fraction is 
directly associated with functional signi fi cance 
and related to complex traits so far. Thus, the 
complexity of the entire human genome map is 
undermined by distinct effects of SNPs that 

http://www.1000genomes.org/
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depend on the nucleotide subtype, their genomic 
location and effect on the protein structure/
function, their abundance (allele frequency) 
and contribution to subchromosomal compart-
ments of SNPs in linkage disequilibrium (haplo-
types). SNPs differ from their location within 
the genomic sequence (coding vs. non-coding 
areas), from the type of nucleotide exchange 
and the consequence for the amino acid 
sequence, and from the frequency (relative 
occurrence) in the human genome (Table  21.1 ). 
Polymorphisms with the potentially highest 
phenotypic disease impact are rare within the 
genome  [  11  ] . A well-recognized example is vari-
ation in the Factor V gene (e.g., the Leiden vari-
ant) and its association with deep vein 
thrombosis. An understanding of the genetic 
diversity and of its contribution to variations in 
normal and abnormal physiology will have a 
potentially powerful effect on cardiovascular 
and genomic medicine.  

  Genetic association studies  (or: case-control 
studies) are an analysis of statistically signi fi cant 
relationships between SNP alleles and phenotypic 
differences. The power of a genetic association 

study is a direct function of the number and qual-
ity of the SNPs used to screen a population for 
phenotypic variability. SNPs and haplotypes can 
vary in their prevalence among different popula-
tions. Thus, a SNP associated with a particular 
phenotype or quantitative trait in one population 
may not have the same frequency or effect in 
another population, e.g., when the population is 
of different ethnicity, age or gender. Large data-
sets of chromosomal SNPs have been published 
since 2000  [  1,   13–  17  ] , along with improved meth-
ods to screen immense numbers of SNP candi-
dates. More than three million variants have been 
reported and are catalogued in public data -
bases (e.g.,   http://www.ncbi.nlm.nih.gov/projects/
SNP/    ). Newer techniques allow high-throughput 
genotyping to study simultaneously large num-
bers of SNP loci (currently: >4.0 M markers per 
sample/chip; e.g., HumanOmni5-Quad, Illumina 
Inc.) and are based on matrix-assisted laser des-
orption ionisation time-of- fl ight (MALDI-TOF; 
e.g., Sequenom MassARRAY), pyrosequencing, 
or hybridisation. 

 A huge and as yet unsolved problem is the 
identi fi cation of clinically relevant mutations in 

   TABLE 21–1    Types and sequence location of DNA variation  [  11  ]    

 Polymorphism type  Sequence location 
 Predicted protein and potential 
functional effects 

 Occurrence in 
genome 

 Potential disease 
impact 

 Nonsense  Coding  Prematurely truncated, most likely 
loss of protein function 

 Very low  High 

 Missense, non-synonymous  Coding, non-conserved  Altered amino acid chain, mostly 
similar protein properties 

 Low  Low (to high) 

 Missense, non-synonymous  Coding, conserved  Altered amino acid chain, mostly 
different protein properties 

 Low  Medium to high 

 Rearrangements (insertion/deletion)  Coding  Altered amino acid chain, mostly 
different protein properties 

 Low  High 

 Sense, synonymous  Coding  Unchanged amino acid chain, rarely 
an effect on exon splicing 

 Medium  Low (to medium) 

 Promotor and regulatory sequences  Non-coding, promotor/UTR  Unchanged amino acid chain, but 
may affect gene expression 

 Low to medium  Low to high, 
depending on site 

 Intronic nucleotide exchange (<40 bp)  Non-coding, splice/lariat sites  Altered amino acid chain, failed 
recognition of exonic structure 

 Low  Low to high, 
depending on site 

 Intronic nucleotide exchange (>40 bp)  Non-coding, between introns  Unchanged amino acid chain, rarely 
abnormal splicing or mRNA 
instability, site for gene 
rearrangements 

 Medium  Very low 

 Intergenic nucleotide exchange  Non-coding, between genes  Unchanged amino acid chain, may 
effect gene expression, site for 
gross rearrangements 

 High  Very low 

  From Tabor    et al.  [  12  ] . Reprinted with kind permission from Nature Publishing Group 

 Abbreviations:  UTR  untranslated region (5 ¢  or 3 ¢  region of a gene),  bp  base pairs  

http://www.ncbi.nlm.nih.gov/projects/SNP/
http://www.ncbi.nlm.nih.gov/projects/SNP/
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a plethora of functionally neutral single nucle-
otide polymorphisms. Common SNPs can be 
 fi ltered out through comparison with genomes 
and exomes from healthy individuals (e.g.,   http://
www.1000genomes.org/    )  [  18  ]  or dbSNP (see 
  http://www.ncbi.nlm.nih.gov/projects/SNP/    , 
despite an increasing contamination with clini-
cally relevant mutations), but this approach is 
not possible for the many rare SNPs in the human 
genome. Indeed, comprehensive NGS-based re-
analyses have recently found that 12 % of the 
previously reported mutations are not disease-
causing itself  [  19  ] . In principle, large-scale 
whole-genome sequencing may reduce the num-
ber of novel variants from 3.4 million to a mere 
150.000 per genome. Therefore, sequencing 
100,000 individuals and comparing the results 
with their complete medical records (e.g., see 
  http://www.personalgenomes.org/    ), would iden-
tify the vast majority of changes that do not give 
rise to disease. A comparable project is the 
NHLBI GO Exome Sequencing Project that 
focuses to discover novel genes and mechanisms 
contributing to heart, lung and blood disorders 
by pioneering the application of next-generation 
sequencing of the protein coding regions of the 
human genome across diverse, richly- phenotyped 
populations. These datasets and  fi ndings – 
obtained from potentially affected individuals – 
are also shared with the scienti fi c community 
(Exome Variant Server;   http://evs.gs.washing 
ton.edu/EVS/    ) and now showed that rare vari-
ants (e.g., less than 1 in 1,000 alleles) can be 
commonly identi fi ed in many cardiovascular 
genes. The presence of these databases, in con-
trary, enhances the need for certi fi ed and proven 
mutation databases for genes, such as such as the 
Human Gene Mutation Database (HGMD, see 
  http://www.hgmd.org/    ), or potentially the Human 
Variome Project (  http://www.humanvariome 
project.org/    ) or the Human Genome Organi zation 
(  http://www.hugo-international.org/    ). Without 
theses, the clear clinical signi fi cance of many 
genetic variants and the role of the relevant genes 
in disease may remain uncertain for a long time. 
Similarly to SNPs and recently being more rec-
ognized  [  2  ] , also many genomic imbalances were 
recurrently detected and were found in both, 
patients and healthy individuals (see central 
databases like Decipher,   http://decipher.sanger.

ac.uk/     or the Database of Genomic Structural 
Variations,   http://www.ncbi.nlm.nih.gov/dbvar    ). 

 The clinical use of SNPs is still far away from 
being established, at least in arrhythmia predic-
tion. This might be related to some inherent lim-
itations with SNP studies  [  20,   21  ] . The two major 
issues are  statistical power  and  replication  of 
genetic  fi ndings in another, independent popula-
tion set of same origin to avoid population 
strati fi cation. In association studies, the preva-
lence of genetic marker alleles in unrelated sub-
jects with a certain phenotype and (unaffected) 
controls will be compared and aim to correlate 
differences in disease frequencies between 
groups (or in trait levels for continuously vary-
ing characters) with differences in allele frequen-
cies at an SNP. Thus, the frequencies of the two 
variant forms (alleles) of an SNP are of primary 
interest for identi fi cation of genes affecting dis-
ease. The traditional ‘case-control’ approach 
assumes that any noted difference in allele fre-
quencies is related to the outcome measured and 
that there are no unobserved confounding 
effects. Unfortunately, allele frequencies are 
known to vary widely within and between popu-
lations, irrespective of disease status. For an 
appropriate study, an adequate sample size of the 
groups and a relatively high frequency of the 
minor SNP allele (to facilitate detection of allele 
frequency differences between the investigated 
populations) are needed. Usually, haplotype tag-
ging SNPs (tagSNPs) were selected on chip-based 
arrays to systematically analyze nearly every 
genes approach. Typical criteria for tagSNP 
selection are a pairwise-only tagging with r 2  >0.8 
and a minor allele frequency (MAF) >0.1. Studies 
with small sample sizes may commit  type II 
errors , i.e., not declaring a statistically signi fi cant 
result when there may be a difference. These 
underpowered studies can be misleading because 
genes may be undetected, and reporting of the 
odds ratio and 95 %-con fi dence interval are rec-
ommended  [  22  ] . The term  b  is de fi ned as the 
chance of making a type II error. Values for  b  are 
typically 10–20 %, meaning a power (1 −  b ) 
between 80 and 90 %. In contrast, a sample size 
that is much larger than required may declare 
small differences to be statistically signi fi cant 
and thus commit  type I errors  (i.e., declaring a 
statistically signi fi cant difference when it may 

http://www.1000genomes.org/
http://www.1000genomes.org/
http://www.ncbi.nlm.nih.gov/projects/SNP/
http://www.personalgenomes.org/
http://evs.gs.washington.edu/EVS/
http://evs.gs.washington.edu/EVS/
http://www.hgmd.org/
http://www.humanvariomeproject.org/
http://www.humanvariomeproject.org/
http://www.hugo-international.org/
http://decipher.sanger.ac.uk/
http://decipher.sanger.ac.uk/
http://www.ncbi.nlm.nih.gov/dbvar
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not be present). The term  a  refers to the chance 
of making a type I error; usually, a level of 0.05 or 
less is chosen. Due to the increasing, but also 
inconsistent number of GWAS publications, pro-
posed guidelines have been developed which 
should facilitate the quality of association stud-
ies  [  23,   24  ] , including strategies to ascertain  heri-
tability and exact phenotyping of a trait , to 
perform  population strati fi cation of cases and 
controls  (ethnicity, age and gender distribution), 
 to select physiologically and genetically meaning-
ful markers , to address the  probability of associa-
tion , and to  replicate  initial results in independent 
studies  [  25,   26  ] . A p-value <5 × 10 8  is considered 
as statistically signi fi cant for GWAS results. This 
quite stringent signi fi cance threshold, that is fre-
quently used when studying samples of European 
ancestry, accounts for about 1,000,000 indepen-
dent common variant tests in the human genome. 
To date, only a few of the several thousand pub-
lished association studies strictly meet the crite-
ria to ascertain a (‘true’) genetic association. For 
arrhythmogenic disorders,  fi rst studies exist 
 [  27–  30  ] , but the majority of data is still unrepli-
cated by independent approaches. Differences in 
study outcome may be related to population 
strati fi cation, study design, still inappropriate 
marker selection, and lack of statistical power 
 [  11  ] . Discovery of meaningful SNP markers  [  31  ] , 
e.g., indicating an elevated risk of SCD, is still far 
from being established. Common weaknesses of 
many association studies include study design 
failing to adequately identify true positives while 
eliminating false positives, poorly de fi ned phe-
notypes and sampling from heterogeneous 
patient populations, inappropriately matched 
controls, small sample sizes relative to the mag-
nitude of the genetic effects, failure to account 
for multiple testing, population and sample 
strati fi cation, failure to replicate marginal 
 fi ndings and overemphasizing interpretation of 
study results. In the past, the optimum study 
design for association studies has been discussed 
because, often, studies were prone to population 
strati fi cation and biased or spurious results. 
Thus, replication of the  fi ndings from genetic 
association studies in other populations became 
a cornerstone for the data quality, and, so far, 
only a few studies merit these criteria. In this 
line, a shift from case-control and cohort studies 

towards family-based association designs has 
been noted. These study designs have fewer 
problems with population strati fi cation, but 
have greater genotyping and sampling require-
ments, and data can be dif fi cult or impossible to 
gather.  

   Analysis of SNPs in Cardiac 
Arrhythmogenesis: Towards 
a Dissection of Common ECG Traits 

 Phenotypic variation in arrhythmia develop-
ment is well known from families with inher-
ited, arrhythmogenic disorders that have 
demonstrated an important phenotypic spec-
trum of the same mutation in affected family 
members  [  32,   33  ] . Recent reports have high-
lighted the importance of a family history of 
sudden death as a risk for  ventricular 
 fi brillation  (VF) in patients experiencing acute 
myocardial infarction (AMI), pointing to the 
possibility of a genetic predisposition. Familial 
aggregation demonstrated an increased risk of 
SCD among patients with a parental history of 
cardiac arrest  [  34,   35  ] , but a clearly de fi ned 
genetic basis is not known to date  [  36  ] . Sudden 
death was found to share the same pro fi le of 
risk factors for coronary artery disease and, 
thus, was not speci fi cally predictable in the 
general population. These observations are 
also recognized from in patients with more 
polygenic disorders, such as myocardial infarc-
tion, for which not every patient develops ven-
tricular  fi brillation during acute ischemia  [  37, 
  38  ] . In a case-control study in patients with a 
 fi rst ST-elevation myocardial infarction 
(STEMI) and similar infarct sizes and loca-
tions, it was recently shown that (cumulative) 
ST-segment elevation was signi fi cantly higher 
among cases and that familial sudden death 
occurred more frequently among cases than 
controls  [  37  ] . Two population-based studies of 
the late 1990s demonstrated an increased risk 
of SCD in  fi rst-degree relatives of SCD victims 
and provided some evidence that genetic com-
ponents may be involved in SCD of unknown 
(probably atherosclerotic) origin  [  35,   39  ] . 
A family history of MI/SCD was associated 
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with SCD (RR = 1.57), after adjustment for 
other common risk factors and person–years 
at risk among ( fi rst degree) relatives  [  39  ] . After 
differentiating between family history of MI or 
of SCD, the positive family history of early-
onset SCD  fi nally was associated with a 2.7-
fold increase in risk of SCD. In victims of VF in 
the setting of their  fi rst, acute MI it has been 
also reported that SCD of degree relative is a 
strong risk factor for ventricular  fi brillation 
(OR = 2.72)  [  37  ] . 

 Thus, arrhythmia development may have a 
common and modi fi able substrate in both, rare 
inherited (monogenic) and common (polygenic) 
forms of various arrhythmias and a positive 
family history can be noted in both. In addition, 
multiple factors – such as age, gender, and envi-
ronmental condition – play an important role in 
the modulation of the phenotype. Structural and 
electrical remodeling during acute ischemia, 
altered hemodynamic loads, or changes in neu-
rohormonal signaling are recognized key fea-
tures that alter ion channel gene expression. 
Down-regulation of major repolarizing potas-
sium currents, I 

to
 , I 

Kr
 , I 

Ks
 , and I 

K1
 , has been 

described in several models of heart failure and 
resembles a condition of “acquired QT prolonga-
tion” and reduced, but reversible repolarisation 
reserve  [  40  ] . Cellular abnormalities through dis-
turbances in the electrical cell-cell coupling and 
a local reduction of conduction velocity facilitate 
re-entrant ventricular arrhythmias. These cellu-
lar abnormalities can be found in the structur-
ally diseased heart. The extent of genetically 
controlled variation is not clear to date, but it is 
of potential interest and under recent investiga-
tions. Of note, some studies already focused on 
associations of SNPs in ion channel genes and a 
relation with myocardial infarction. Since KATP 
channels are involved in membrane regulation 
during metabolic stress, studies focused to iden-
tify variants in the  KCNJ11  gene associated with 
SCD after myocardial infarction  [  41  ] . These 
channels are composed of four pore-forming 
Kir6.2 (KCNJ11) subunits and four sulfonylurea 
receptor subunits (SUR2A); sarcolemmal KATP 
channels regulate membrane potential and 
action potential duration, whereas the mitochon-
drial KATP channels are involved in ischemic 
preconditioning. So far, two non-synonymous 

polymorphisms (R371H, P266T) in two highly 
conserved pore regions are known that showed 
altered modulation by intracellular ATP and pro-
tons and differences in channel density  [  42  ]  and, 
thus, are potential candidates for genetically 
determined electrophysiologic differences under 
ischemic conditions. Interestingly, mutations in 
the  KCNJ8  gene have been associated with idio-
pathic ventricular  fi brillation  [  43–  45  ] . Phase 2 
re-entry is a key mechanism for ventricular 
 fi brillation complicating acute myocardial infarc-
tion as well as arrhythmias associated with 
Brugada syndrome. In this line, a heterozygous 
SCN5A gene mutation (G400A, located in  cis  
with the H558R polymorphism) was reported in 
a patient who developed an arrhythmic electri-
cal storm during acute myocardial infarction 
and suggested a hidden genetic predisposition to 
the severity of arrhythmias that in the setting of 
acute myocardial ischemia  [  46  ] . Another study 
indicated signi fi cant changes (up to 63 % down-
regulation) of sodium channel transcription in 
dependence of the SNP composition within the 
potential SCN5A promoter region when investi-
gated by transient transfection of promoter- 
reporter constructs in CHO cells or in neonatal 
cardiomyocytes  [  47  ] . These results may further 
support a concept of interindividual variability 
in transcription of this cardiac ion channel gene 
and arrhythmogenesis. 

  Population - based studies for SCD  are ongo-
ing to highlight potential causes among patients 
with a positive parental history of cardiac arrest 
 [  34,   35  ] , but a clearly de fi ned genetic basis is not 
known to date  [  36  ] . In contrast to patients with 
cardiac dysfunction, in patients without intra-
ventricular conduction defects or a normal car-
diac function, QTc prolongation is a 
non-negligible risk factor for sudden cardiac 
death independent of age, history of myocardial 
infarction, heart rate, and drug use. This has 
been shown in the Rotterdam Study, a prospec-
tive population-based cohort study, in which 
125 patients died of sudden cardiac death (mean 
follow-up 6.7 years) and a prolonged QTc inter-
val had a threefold increased risk  [  36,   48,   49  ] . So 
far,  fi rst GWAS have been directed to evaluate 
the role of common genetic variation in modu-
lation of SCD or VF risk  [  38,   50,   51  ] . Since the 
causes and confounding factors for SCD are 
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diverse, it is not unexpected to note that in two 
GWAS studies reported  [  38,   50  ] , did not con fi rm 
and replicate each other, i.e., the SNP at chromo-
some 2q24.2 (rs4665058) at the  BAZ2B  gene 
locus was not seen in the Dutch case-control set. 
Similarly, the  CXADR  gene signal was not 
detected in the study involving European ances-
tors; this may be due to several factors, includ-
ing not only insuf fi cient statistical power and 
random chance, but also differences in study 
design (population strati fi cation) and pheno-
type de fi nition. Future studies, entailing expres-
sion quantitative trait locus (eQTL) analysis in 
cardiac tissue as well as the genome-wide 
identi fi cation by ChiP-Seq of regulatory regions 
occupied by transcriptional enhancers and tran-
scription factors  [  52  ]  will shed additional light 
on the pathophysiology. 

 Recently, a quantitative in fl uence of ion chan-
nel gene variation on the myocellular repolariza-
tion has been described in twins  [  29  ]  and in the 
general population  [  27,   28,   30  ] . Of note, the heri-
tability re fl ecting the degree of variance in ECG 
indices between individuals is for the QTc inter-
val in the range of 25–50 % and for the PR inter-
val between 34 and 40 %, at least depending on 
the population set studied, see  [  53  ] . Genomic 
studies are currently on the way to narrow candi-
date these gene regions and to identify these 
variants (SNPs or haplotype constellations) in 
coding and non-coding sequences. An example 
has been shown very recently  [  54  ] ; in the study 
by Amin and co-workers sequence variance of 
the 3 ¢ -UTR at the LQT-1 ( KCNQ1 ) locus was 
investigated by microRNA binding sites that may 
in fl uence  KCNQ1  expression of mutant or wild-
type allele. As a novel concept, three single nucle-
otide polymorphisms (rs2519184, rs8234, and 
rs10798) were associated in an allele-speci fi c 
manner with QTc and symptom occurrence and, 
intriguingly, with concordant, but altered gene 
expression upon luciferase reporter assays. These 
data raised the idea that clinical disease expres-
sion may be a function of the ratio between nor-
mal and mutant allele expression and other 
factors  [  54  ] . 

 It has long been surmised that  drug - induced 
torsade de pointes  is an acquired condition that 
may occur in the context of a mutation encoding 
for a cardiac ion channel gene responsible for 

repolarization. This was enhanced due to the 
recognition of LQTS gene mutation carriers 
with normal or nearly normal ECGs (incomplete 
or non-penetrance)  [  55,   56  ] . First reports on 
patients with drug-induced QT interval prolon-
gation and LQTS ion channel gene mutations 
and were reported nearly a decade ago  [  57–  59  ]  
and are listed in Table  21.2 . In at least 15–20 % of 
patients LQTS genes mutations can be found 
 [  60  ] , even some reports are indicative for a 
higher ratio  [  73,   74  ] . Altogether, these factors 
further diminish ‘repolarization reserve’  [  75  ]  to 
a critical extent and allow the generation of 
afterdepolarizations and triggered activity pre-
ceding torsade de pointes. The observation that 
in the majority of patients with idiosyncratic 
drug reactions and TdP development a LQTS 
gene mutation cannot be found, is possibly 
related to undetected mutations in these, predis-
posing variants or other target genes responsible 
for cardiac repolarization  [  11  ] .  

 Heritability and a  quantitative in fl uence on 
the QT interval  has been described particularly 
in twins  [  29  ]  as well as in the general population 
 [  27,   28,   30,   76  ] . In consequence, a ‘common vari-
ant – common phenotype’ hypothesis has been 
proposed that implies the in fl uence of frequent 
(ion channel and other) genetic variance (e.g., 
SNPs) to modulate the QT interval in terms of a 
quantitative trait. The expectation is that multi-
ple SNPs, whether alone or in combination, have 
protective or deleterious effects on the QT inter-
val  [  27  ] . A series of genome-wide or candidate 
gene SNP studies have been conducted and 
tested for the propensity of single SNPs to modu-
late repolarization or the arrhythmia phenotype. 
In Fig.  21.1 , those with a signi fi cant p-value 
(<10 −8 ) are shown. Some of them are known in 
close location of cardiac ion channel and LQT 
genes, others not. Meanwhile, also in cardiac ion 
channels common protein variants (non-synon-
ymous SNPs) have been identi fi ed and were seen 
in a setting with QT drug prolonging drugs 
(Table  21.2 ). Yang et al. screened the coding 
regions of the three major LQT genes (LQT1-3) 
in 92 patients with drug-induced LQTS and con-
trols  [  59  ] . The allele frequencies of three, com-
mon, non-synonymous polymorphisms 
(SCN5A-H558R, SCN5A-R34C, HERG-K897T), 
however, did not signi fi cantly differ between the 
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two groups. Similar  fi ndings were reported by 
others  [  77  ] . In the African population, a particu-
lar SNP in the cardiac sodium channel gene 
 SCN5A  (LQT-3) gene was reported to predispose 
to prolong the QT interval, which appears to be 
ethnic-related (SCN5A_S1102Y)  [  78  ] . This SNP 
that was primarily found in West African and 
Caribbean (10.1 % frequency for Y1102 allele) 
increases the risk of cardiac arrhythmias in the 
presence of drugs such as amiodarone. SCN5A_
Y1102 itself does not cause LQTS, but induces a 
small and potentially inherent and chronic risk 
of acquired arrhythmia in the setting of addi-
tional risk factors, such as medications, 
hypokalemia, or structural heart disease. 
Additional, longitudinal studies are still required 
to con fi rm the predictive utility of the Y1102 
allele. Meanwhile, an association of SCN5A_
Y1102 with sudden cardiac death and sudden 
infant death in blacks  [  79–  81  ]  has been described; 
in-vitro data indicate susceptibility for repolarization 

delay and arrhythmia during acidotic/ischemic 
environmental conditions. Recently, another 
propensity for ventricular arrhythmias in black 
patients with heart failure and reduced ejection 
fraction was proposed  [  82  ] . Moreover, gene-gene 
interaction intragenic variance may affect func-
tion of wild-type sodium (SCN5A) channels and 
modulate the cardiac arrhythmia phenotype. 
This particularly refers to naturally occurring 
splice variants of LQTS genes  [  83–  85  ]  upon 
quantitative mRNA analysis from the cardiac tis-
sue and to the observation that these common 
variants had a different electrophysiologic 
behavior than full-length clones. Of interest, 
baseline differences in isoform-mediated sodium 
currents were profoundly modulated when 
a common SCN5A polymorphism (SCN5A_
H558R) was present and exhibited functional 
differences. In addition to SCN5A_Y1102, 
a series of other, non-synonymous SNPs have 
been noticed in the sodium channel  [  86,   87  ]  
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  FIGURE 21–1.    Human    chromosomes (ideograms) and SNPs (rs identi fi er; gene symbol in  red ; minor allele frequency [%]; p-value, only <10 −8 ) with 
a reported effect on QT interval duration       
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and other LQTS genes  [  61,   63  ] , but a role as a 
modulating component of repolarization is 
undetermined. Very recently, a set of 176 drug-
induced LQTS patients as genotyped for a total 
of 1,424 single nucleotide polymorphisms in 18 
candidate genes (among them 1,386 SNPs tag-
ging common haplotype blocks) were compared 
to controls  [  88  ] . After all, the  KCNE1  gene poly-
morphism D85N (rs1805128) was present in 
8.6 % of cases, 2.9 % of drug-exposed controls, 
and 1.8 % of population controls (odds ratio of 
9.0) and suggestive for a susceptibility allele that 
may be associated with the rare adverse drug 
reaction torsade de pointes.  

 In the  fi rst study of the general (healthy) pop-
ulation, the in fl uence of 174 (out of around 270 
possible) common LQTS gene variants (LQT-1, 
-2, -5, -6) on the QT interval were investigated in 
a total of 3,966 unrelated individuals from the 
general population  [  27  ] . Using a two-step design 
and a population-based linear regression for-
mula to calculate gender- and age-speci fi c QT 
values (named QTc_RAS), four SNPs (one in 
intron 1 of LQT-1 gene, one 5 ¢  of LQT-5, KCNH2_
K897T, and another one in the same KCNH2 
haploblock, respectively) were detected with a 
slightly lower QTc_RAS value (for each of the 
four SNPs < 2.0 ms). Genetic association data 
were not reported for the more commonly used 
QT formulas. In another publication  [  28  ] , 
con fi rmed linkage was found between a 5 ¢  SNP 
(rs10494366) in NOS1AP gene with QT interval 
with an average genetic effect for QTc_RAS of 
~4 ms. NOS1AP (CAPON) is a regulator of neu-
ronal nitric oxide synthase, as a new target that 
potentially is involved in modulating cardiac 
repolarization and the minor allele of the 
NOS1AP genetic variant was reported to explain 
around 1.5 % of QT interval variation  [  28  ] . In a 
subsequent study, replication of this association 
was addressed in the Old Order Amish, a geneti-
cally isolated population, where a heritability of 
the QT interval was 0.50–0.09  [  89  ] . Two of the 
four NOS1AP SNPs were signi fi cantly associated 
with variation in adjusted QT interval and 
explained a fraction of 0.9 % of QT interval vari-
ability, with an average genetic effect on adjusted 
QT of 6.1 ms  [  89  ] . Subsequently, NOS1AP SNPs 
were proposed to in fl uence the clinical course in 
congenital LQTS and sudden cardiac death in 

blacks  [  90,   91  ] , probably through the modulation 
of L-type channel activity  [  92  ] . Meanwhile, 
increasing numbers of publications using GWAS 
approaches in large population sets  [  93–  95  ]  are 
indicating the presence of small-sized SNP 
effects (1–10 ms) on the QT interval (see Fig.  21.1  
and  [  53  ] ). The majority of these SNPs are located 
in intronic regions and further studies are 
needed to evaluate the mechanisms for repolari-
sation modulation.  

   Future Directions 

 Recent advances in knowledge of the genome 
structure of ion channel genes and their physi-
ologic role in myocardial repolarization have 
shown that genetic alterations of these key 
molecular components are associated with 
slight in-vitro effects and changes in  fi ne tune 
of normal repolarization. The extent to which 
minor genetic factors altogether are associated 
with susceptibility to arrhythmias remains to 
be determined, but  fi rst evidence is present. 
Following the concept of ‘repolarization 
reserve’  [  40  ] , it is likely that torsade de pointes 
occurrence, arrhythmia occurrence during 
acute myocardial infarction or drug response 
(as well as side effects) are also dependent on 
an individual genetic background. Genetics of 
arrhythmogenesis switches from gene 
identi fi cation and single pathway understand-
ing to genomic medicine by integrating com-
plex gene and environmental information. 
Future research will

   identify all relevant genes and their genomic  –
structure for repolarization,  
  determine the extent of the variability of the  –
QT interval and of the response to action 
potential-prolongation that is genetically 
controlled,  
  investigate the role of functionally relevant  –
SNPs and haplotype constellations in LQTS 
and other gene loci for their quantitative con-
tribution to repolarization,  
  integrate identi fi ed genetic factors with other  –
known factors for cardiac risk, according to 
their relative importance, in a network algo-
rithm for arrhythmogenesis.    
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 These data should be available within the next 
few years and advances, along with additional 
technological improvements in DNA analysis 
and data management. It is expected that next-
generation sequencing technologies (e.g., tar-
geted re-sequencing of ion channel genes) will 
booster knowledge for individual arrhythmia 
predisposition and will enable researchers to 
lower the costs of complex genotyping and to 
implement these data into a personalized, 
genomic-oriented medicine. Apart from the 
‘common variant-common disease’ hypothesis, 
the increasing evidence for a role of ‘rare variants 
in common disease’ will be elucidated  [  96–  99  ] .      
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