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Introduction

The prevalence of many complex human diseases 
such as asthma, cardiovascular disease, and dia-
betes has risen greatly over the past two decades 
in developed countries. In addition, the genetic 
causes of monogenic diseases have been identi-
fi ed, leading to a better understanding of their 
pathogenesis and to the development of preven-
tive strategies, diagnostic tools, and treatment. 
Considerable effort has been made to detect 
genetic loci contributing to quantitative pheno-
types and complex arrhythmogenic diseases. 
Genetic association and linkage studies comprise 
the two dominant strategies: association studies 
aim to fi nd disease-predisposing alleles [from 
single nucleotide polymorphisms (SNPs) or 
microsatellite markers] at the population level, 
whereas linkage studies focus on familial segrega-
tion. Predisposition to arrhythmia, e.g., acquired 
QT prolongation or torsade de pointes (TdP) 
during treatment with cardiac and noncardiac 
drugs, is still a major challenge for physicians. 
Recent advances in the knowledge of the genomic 
and physiological regulation of myocardial repo-
larization suggest that common alterations of 
cardiac (ion channel) genes are associated with 
slight electrophysiological changes and an 
increased susceptibility for ventricular arrhyth-
mia. The extent to which common genetic factors 
play a role is under current investigation and 
remains to be determined. The availability of 
extensive catalogues of SNPs in cardiac and non-
cardiac genes across the human genome is appli-
cable for further genetic and functional studies 

to address the issue of genetically determined 
arrhythmogenesis.

Human Genome and Single 

Nucleotide Polymorphisms: 

A Revival in Genomic Medicine

The annotated draft sequence of approximately 
three billion base pairs (bp) of the human genome 
has been completed much sooner than expected.1,2 
This was a major scientifi c and technological 
development for researchers with an interest in 
the molecular bases of rare and common disor-
ders, since awareness of the genomic diversity and 
molecular differences is expected to help in under-
standing the role of genetic contributions between 
individuals and disease. The variations at the 
nucleotide level are implemented to determine 
the physiological differences and individual phe-
notypic variance, including major biological func-
tions at the cellular and body level. Single 
nucleotide polymorphisms (SNPs) were the fi rst 
type of genetic markers that were used to make 
chromosomal genetic maps.3 However, due to a 
lower degree of heterozygosity and less genetic 
information when compared to polymorphic 
length (repeat) markers, SNPs became temporar-
ily 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 
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differences in the genetic code can be linked to 
unique personal features (e.g., eye color, height) 
and alterations of regular physiological function, 
varied response to environmental conditions, and 
predisposition for certain diseases. Of the approx-
imately 106 million SNPs in the human genome, 
only a fraction has been directly associated with 
functional signifi 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 depend on the nucleotide 
subtype, their genomic location and effect on 
protein structure/function, their abundance (allele 
frequency), and their contribution to subchromo-
somal compartments of SNPs in linkage disequi-
librium (haplotypes). The SNPs differ in their 
location within the genomic sequence (coding 
vs. noncoding areas), in the type of nucleotide 
exchange and the consequences for the amino 
acid sequence, and in their frequency (relative 
occurrence) in the human genome (Table 17–1). 
Polymorphisms that potentially have the greatest 
impact of phenotypic disease are rare within the 
genome.4 Current estimates of the degree of diver-
sity range from 1 : 500 to 1 : 1000, resulting in mil-
lions of variants in the human genome. An 

understanding of the genetic diversity and of its 
contribution to variations in normal and abnor-
mal physiology will have a potentially powerful 
effect on cardiovascular and genomic medicine.

Genetic association studies (or case–control 
studies) are an analysis of statistically signifi cant 
relationships between SNP alleles and phenotypic 
differences. The power of a genetic association 
study is a direct function of the number and 
quality of the SNPs used to screen a population 
for phenotypic variability. Because SNPs and hap-
lotypes can vary in their prevalence among dif-
ferent populations, an 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 popu-
lation is of different ethnicity, age, or gender. 
Large datasets of chromosomal SNPs have been 
published since 20002,5–8 along with improved 
methods to screen immense numbers of SNP can-
didates. Nearly three million variants have been 
reported and are catalogued in public databases 
(http://www.ncbi.nlm.nih.gov/SNP/) (http://www.
ncbi.nlm.nih.gov/projects/SNP/). Newer tech-
niques allow high-throughput genotyping to 
study simultaneously large numbers of SNP loci 

TABLE 17–1. Types and sequence location of DNA variation.a

Polymorphism Sequence  Occurrence Potential

type location Predicted protein and potential functional effects in genome disease impact

Nonsense Coding Prematurely truncated, most likely loss of protein Very low High
   function
Missense, Coding, Altered amino acid chain, mostly similar protein Low Low (to high)
 nonsynonymous  nonconserved  properties
Missense, Coding, conserved Altered amino acid chain, mostly different protein Low Medium to high
 nonsynonymous   properties
Rearrangements Coding Altered amino acid chain, mostly different protein Low High
 (insertion/deletion)   properties
Sense, synonymous Coding Unchanged amino acid chain, rarely an effect on Medium Low (to medium)
   exon splicing
Promotor and regulatory Noncoding, Unchanged amino acid chain, but may affect gene Low to Low to high, depending
 sequences Promotor/UTR  expression  medium  on site
Intronic nucleotide Noncoding, Altered amino acid chain, failed recognition of Low Low to high, depending
 exchange (<40 bp) Splice/Lariat sites  exonic structure   on site
Intronic nucleotide Noncoding, between Unchanged amino acid chain, rarely abnormal Medium Very low
 exchange (>40 bp)  introns  splicing or mRNA instability, site for gene
   rearrangements
Intergenic nucleotide Noncoding, between Unchanged amino acid chain, may affect gene High Very low
 exchange  genes  expression, site for gross rearrangements

Source: From Kääb and Schulze-Bahr.4

aUTR, untranslated region (5′ or 3′ region of a gene); bp, base pairs.
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(currently 500K per chip) and are based on matrix-
assisted laser desorption ionization time-of-fl ight 
(MALDI-TOF; e.g., Sequenom MassARRAY), 
pyrosequencing, or hybridization. There are, 
however, some inherent limitations to SNP studies. 
The two major issues are statistical power and 
replication of genetic fi ndings in another popula-
tion. In association studies, the prevalence of 
genetic marker alleles in unrelated subjects with a 
certain phenotype and (unaffected) controls will 
be compared, with the aim of correlating differ-
ences in disease frequencies between groups (or 
in trait levels for continuously varying characters) 
and allele frequencies for an SNP. Thus, the fre-
quencies of the two variant forms (alleles) of an 
SNP are of primary interest for the identifi cation 
of genes affecting disease. The traditional case–
control approach assumes that any noted differ-
ence in allele frequencies is related to the outcome 
measured and that there are no unobserved con-
founding effects. Unfortunately, allele frequencies 
are known to vary widely within and between 
populations, 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. Studies with small 
sample sizes may result in type II errors, i.e., not 
declaring a statistically signifi cant result when 
there may be a difference. These underpowered 
studies can be misleading because genes may be 
undetected, and reporting the odds ratio and 95% 
confi dence interval is recommended.9 The term β 
(beta) is defi ned as the chance of making a type II 
error. Values for β are typically 10–20%, meaning 
a power (1 − β) between 80% and 90%. In contrast, 
a sample size that is much larger than required 
may indicate that small differences are statistically 
signifi cant and thus commit type I errors (i.e., 
declaring a statistically signifi cant difference when 
it may not be present). The term α (alpha) refers 
to the chance of making a type I error; usually, a 
level of 0.05 or less is chosen.

Proposed guidelines have been developed 
that should facilitate the quality of association 
studies,10,11 including strategies to ascertain 
heritability and exact phenotyping of a trait, to 
perform population stratifi 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. To date, only a few of the several thou sand 
published association studies strictly meet the 
criteria to ascertain a (“true”) genetic associa   -
tion. For arrhythmogenic disorders, fi rst studies 
exist,12–15 but the majority of data is still unrepli-
cated by independent approaches. Differences in 
study outcome may be related to population 
stratifi cation, study design, still inappropriate 
marker selection, and lack of statistical power.4 
Discovery of meaningful SNP markers, e.g., indi-
cating an elevated risk of sudden cardiac death 
(SCD), is still far from being established. Common 
weaknesses of many association studies include 
a study design that fails to adequately identify 
true positives while eliminating false positives, 
poorly defi ned phenotypes and sampling from 
heterogeneous patient populations, inappropri-
ately matched controls, small sample sizes relative 
to the magnitude of the genetic effects, failure 
to account for multiple testing, population and 
sample stratifi cation, failure to replicate marginal 
fi ndings, and overemphasizing the interpretation 
of the study results. In the past, the optimum study 
design for association studies has been discussed 
because, often, studies were prone to population 
stratifi cation and biased or spurious results. Thus, 
replication of the fi ndings from genetic associa-
tion studies in other populations became a cor-
nerstone for maintaining data quality, and, so far, 
only a few studies merit these criteria. A shift from 
case–control and cohort studies toward a family-
based association designs has therefore been 
noted. These study designs have fewer problems 
with population stratifi cation, but have greater 
genotyping and sampling requirements, and data 
can be diffi cult or impossible to gather.

Analysis of Single Nucleotide 

Polymorphisms in Arrhythmias: 

Toward Common Genetic 

Constellations for Arrhythmogenesis

Phenotypic variation in the development of 
arrhythmia is well known from families with 
inherited, arrhythmogenic disorders that have 
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demonstrated an important phenotypic spectrum 
of the same mutation in affected family members.16,17 
These observations are also seen in patients with 
more polygenic disorders, such as myocardial inf-
arction, for which not every patient develops ven-
tricular fi brillation during acute ischemia.18 In a 
case–control study in patients with a fi rst ST eleva-
tion myocardial infarction (STEMI) and similar 
infarct sizes and locations, it was recently shown 
that (cumulative) ST segment elevation was sig-
nifi cantly higher among cases and that familial 
sudden death occurred more frequently among 
cases than controls.18 Thus, development of 
arrhythmia may have a common substrate modi-
fi cation in both, rare inherited and common, poly-
genic 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 conditions—play an important role in 
the modulation of the phenotype. Structural and 
electrical remodeling during acute ischemia, 
altered hemodynamic loads, or changes in neuro-
hormonal signaling are recognized as key features 
that alter ion channel gene expression. Downregu-
lation of major repolarizing potassium currents, 
Ito, IKr, IKs, and IK1, has been described in several 
models of heart failure and resembles a condition 
of “acquired QT prolongation.” Cellular abnor-
malities through disturbances in electrical cell–cell 
coupling and a local reduction of conduction 
velocity facilitate reentrant ventricular arrhyth-
mias. These cellular abnormalities can be found in 
the structurally diseased heart. The extent of the 
genetically controlled variation is not clear to date, 
but it is of potential interest and has recently been 
investigated.

Population-based studies demonstrated an 
increased risk of SCD among patients with a 
parental history of cardiac arrest,19,20 but a clearly 
defi ned genetic basis is not known.21 In contrast 
to patients with cardiac dysfunction, in patients 
without intraventricular conduction defects or a 
normal cardiac function, QTc prolongation is a 
nonnegligible risk factor for sudden cardiac death 
independent of age, history of myocardial infarc-
tion, heart rate, and drug use. This has been 
shown in the Rotterdam Study, a prospective 
population-based cohort study, in which 125 
patients died of sudden cardiac death (mean 
follow-up of 6.7 years) and patients had a 3-fold 

increased risk for a prolonged QTc interval.21–23 
Recently, a quantitative infl uence of ion channel 
gene variation on myocellular repolarization was 
described in twins14 and in the general popula-
tion.12,13,24 Genomic studies are currently making 
progress in narrowing these candidate gene 
regions and in identifying these variants (SNPs or 
haplotype constellations) in coding and noncod-
ing sequences. Also, patients with drug-induced 
QT prolongation have been investigated for the 
presence of (clinically inapparent) gene muta-
tions in long QT syndrome (LQTS) genes. In 10–
15% of patients such mutations can be found.25–27 
Recently, common protein variants (SNPs) in 
cardiac ion channels have been identifi ed (Table 
17–2), which also may have a potential impact on 
susceptibility to arrhythmia and pharmacoge-
netic strategies for circumvention of arrhythmia 
as well as for therapy. Yang et al. screened the 
coding regions of the three major LQT genes 
(LQT1-3) in 92 patients with drug-induced LQTS 
and additional controls.28 The allele frequencies 
of three common, nonsynonymous polymor-
phisms (SCN5A-H558R, SCN5A-R34C, HERG-
K897T) did not signifi cantly differ between the 
two groups. Similar fi ndings were reported by 
Paulussen et al.29 and indicate no particular con-
comitant effect of the presence of an LQTS gene 
polymorphism and the occurrence of TdP.

These observations and more general consid-
erations led to the concept that beyond the 
“rare disease paradigm” [meaning that rare gene 
mutations cause (rare) Mendelian disorders] a 
“common variant–common disease hypothesis” 
may be present. Here, common SNPs in ion 
channel genes may determine arrhythmogenesis. 
It is anticipated that not a single SNP, but several 
SNPs in one or more genes together exhibit a 
detectable, functional effect. For severe atrial 
conduction impairment, a heterozygous mutation 
(D1275N) in the cardiac sodium channel gene 
SCN5A has been reported that was probably 
aggravated by the presence of two SNPs within 
regulatory regions of gap junction protein con-
nexin 40.30,31 For patients with Brugada syndrome 
as well as control individuals, an SCN5A promoter 
haplotype (so-called HapB) was associated with 
longer PR and QRS interval durations and 
response to sodium channel blockers.32 These 
examples of genomic interplay are assumed to 
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TABLE 17–2. Ion channel gene variants identified in patients with drug-induced QT prolongation or torsade de pointes occurrence.

  Amino acid
Gene Current alteration Drug/setting Functional assay Minor allele Reference

KCNE2 IKr T8E Trimethoprim (TMX)/ E8-MiRP1 weakly reduced IKr current peak density; 1.6% 29, 45, 46
    sulfamethoxazole  Chinese hamster ovary (CHO) cells; SMX and
    (SMX); quinidine;  TMX had almost no effecton on wild-type
    amiodarone  channels, but SMX was reported to inhibit more
     than 50% of A8-MiRP1 at −40 mV; mutant
     channels were four times more sensitive to SMX
     than wild type
 IKr Q9E Clarithromycin, low  Rare in whites, but 33, 45
    K+   not in Afro-
      Americans
 IKr M54T Procainamide T54-MiRP1 significantly reduced IKr current peak Rare 46
     density (CHO cells); no influence on drug-related
     channel inhibition was seen
 IKr M57T Oxatomide T57-MiRP1 significantly reduced IKr current peak Rare 46
     density (CHO cells); no influence on drug-related
     channel inhibition was seen
 IKr A116V Quinidine V116-MiRP1 significantly reduced IKr current peak Rare 46
     density (CHO cells); no influence on drug-related
     channel inhibition was seen
KCNH2 IKr M124T Probucol Coexpression of wild-type hERG and T124-hERG Rare 47
     resulted in markedly smaller amplitudes of IKr

     (Xenopus oocytes); probucol decreased the
     amplitude of the hERG tail current, decelerated
     the rate of channel activation, accelerated the
     rate of channel deactivation, and shifted the
     reversal potential to a more positive value
 IKr R328C Not reported  Rare 48
 IKr P347S Cisapride/  Rare 29, 49
    clarithromycin
 IKr R486H Quinidine  Rarea 25
 IKr A561P Clobutinol P561-hERG led to an intracellular trafficking defect; Rarea 50
     when coexpressed with wild-type hERG, voltage
     dependence was shifted toward more negative
     potentials (3–3.5 mV); clobutinol further blocked
     heteromeric channels
      51
 IKr R784W Amiodarone W784-hERG mediated a reduced IKr current (by Rare 28
     ∼75%) and a positive shift of voltage
     dependence of activation
KCNQ1 IKs R243H Halofantrine;  Rarea,b 25
    hydrochinine
 IKs Y315C Cisapride In vitro expression of mutant KvLQT1 protein Rarea 52
     showed a severe loss of current with a dominant
     negative effect on the WT-KvLQT1 channel
 IKs R555C Terfenadine  Rare 53, 54
 IKs R583C Dofetilide C583-KvLQT1-mediated IKs was reduced by ∼50% Rare 28
     compared with wild type, and the voltage
     dependence of activation was shifted positively
     by 19.6 mV (CHO cells)
SCN5A INa G615E Quinidine E615-SCN5A was indistinguishable from wild-type Rare 28
     mediated INa currents (tsa-201 cells)
 INa L618F Quinidine F618-SCN5A was indistinguishable from wild-type Rare 28
     mediated INa currents (tsa-201 cells)
 INa S1103Y Amiodarone Y1103-SCN5A mediated an increased INa channel 7–10% (Afro- 28
     activation (HEK 293)  Americans or
      West Africans/
      Caribbeans only)
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alter the designation of a specifi c phenotype from 
mild to pronounced, even in carriers of the same 
mutation. Typically, more frequently occurring 
SNPs should be used, but large numbers of cases 
and controls would still be needed because of 
their low phenotypic impact. The following 
assumptions underlie these investigations:

1. An important fraction of susceptibility to a 
given disease may be explained by the relatively 
modest effects of a small number of relatively 
common variants.

2. Many of these common variants are either 
SNPs themselves or genomic markers in linkage 
disequilibrium with the functional variant, and 
arise at rates lower than the rate at which new 
SNPs appear.

3. Rates at which SNPs become common are 
low enough that many of the SNP carriers inher-
ited this variant from a single ancestor.

4. Recombination rates at SNP loci are low; 
therefore carriers of a common disease-linked 
variant will have the same SNP (haplotype) pattern 
that appeared on the ancestral chromosomal locus 
near the causal variant.

Ethnicity-specifi c and population-specifi c dif-
ferences in the frequency of an SNP allele in 

cardiac ion channel genes have to be considered, 
since they recently became evident.33 The SNP 
KCNH2-K897T (rs1805123) has been investigated 
in different studies to address an effect on QT 
interval duration. So far, no convincing data 
were reported, because some,12,35,35 but not all 
studies28,36,37 suggested an effect on QTc interval 
duration. SCN5A-S1103Y (also SCN5A-S1102Y, 
referring to the shorter splice form of SCN5A) is 
another frequent LQT gene polymorphism that 
has been identifi ed primarily in West Africans 
and Caribbeans (ca. 19%) and in Afro-Americans 
(ca. 13%), but is very rare in whites, Asians, and 
Hispanics.38 Y1103 allele carriers (YY or SY) were 
reported to have a higher relative risk for ven-
tricular arrhythmia, which was not linked to 
baseline repolarization parameters38 and sudden 
cardiac death in infants (SIDS).39,40,41

The majority is related to sudden cardiac death 
in myocardial ischemia or during heart failure. 
The instability of membrane electrophysiological 
properties of myocardium and local conduction 
impairment led to lethal ventricular arrhythmias. 
Since ATP-sensitive potassium (KATP) channels 
are involved in membrane regulation during met-
abolic stress, studies focused on identifying vari-
ants in the KCNJ11 gene associated with SCD after 

TABLE 17–2. Continued

  Amino acid
Gene Current alteration Drug/setting Functional assay Minor allele Reference

 INa F1250L Sotalol L1250-SCN5A was indistinguishable from wild- Rare 28
     type mediated INa currents (tsa-201 cells)
 INa P1825L Cisapride The C-terminal mutant L1825-SCN5A mediated  55
     INa current with slow decay and prominent 
     TTX- insensitive, noninactivating component
     (gain of function), a reduced peak density (loss
     of function), shifted voltage dependence of
     activation (more positive potentials) and of  56
     inactivation (more negative potentials) (tsA-201
     cells)
    L1825-SCN5A channels showed impairment of
     intracellular trafficking (CHO cells) and failed to
     generate QT prolongation; exposure with
     cisapride rescued cell surface expression of
     L1825-SCN5A and exaggerated the LQT3
     phenotype

aHeterozygous mutation carriers may have a normal QT interval; for SCN5A, amino acid residues are numerated according to their position on the long 
splice variant.
bReported from recessive forms of long QT syndrome.
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myocardial infarction.42 These channels are com-
posed of four pore-forming Kir6.2 (KCNJ11) sub-
units and four sulfonylurea receptor subunits 
(SUR2A); sarcolemmal KATP channels regulate 
membrane potential and action potential dura-
tion, whereas the mitochondrial KATP channels 
are involved in ischemic preconditioning. So far, 
two nonsynonymous polymorphisms (R371H, 
P266T) in two highly conserved pore regions are 
known that show altered modulation by intracel-
lular ATP and protons and differences in channel 
density43 and, thus, are potential candidates for 
genetically determined electrophysiological dif-
ferences under ischemic conditions.

Future Directions

Recent advances in our knowledge of the genomic 
structure of ion channel genes and their physio-
logical role in myocardial repolarization have 
shown that genetic alterations of these key molec-
ular components are associated with slight in vitro 
effects and changes in fi netuning normal repolari-
zation. The extent to which minor genetic factors 
are associated with susceptibility to arrhythmias 
remains to be determined, but initial evidence for 
this is present. Following the concept of “repolari-
zation reserve,”44 it is likely that TdP as well as 
arrhythmia during acute myocardial infarction or 
drug response (as well as side effects) are also 
dependent on individual genetic backgrounds. 
The genetic factors involved in arrhythmogenesis 
switch from gene identifi cation and single pathway 
understanding to genomic medicine by integrat-
ing complex gene and environmental informa-
tion. Future research will

1. Identify all relevant genes and their genomic 
structure for repolarization.

2. Determine the extent of the variability of the 
QT interval and of the response to action potential 
prolongation that is genetically controlled.

3. Investigate the role of functionally relevant 
SNPs and haplotype constellations in LQTS and 
other gene loci for their quantitative contribution 
to repolarization.

4. Integrate identifi ed genetic factors with 
other known factors for TdP risk, according to 
their relative importance, in a network algorithm 
for arrhythmogenesis.

These data should be available within the next 
few years and advances, along with additional 
technological improvements in DNA analysis and 
data management, will enable researchers to lower 
the costs of complex genotyping and to imple-
ment these data into a personalized, genomic-
oriented medicine.
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