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Importance of the field: For patients with inherited and congenital heart disorders, 
causative mutations are often not identified due to limitations of current screening 
techniques. Identifying the mutation is of major importance for genetic counseling 
of patients and families, facilitating the diagnosis in persons at-risk and directing 
clinical management. Next generation sequencing (NGS) provides unprecedented 
opportunities to maximize mutation yields and improve clinical management, genetic 
counseling and monitoring of patients.
Areas covered in this review: We review recent NGS applications, focusing 
on methods relevant for molecular diagnostics in cardiogenetics. We discuss 
requirements for reliable implementation into clinical practice and challenges that 
clinicians, bioinfomaticians and molecular diagnosticians must deal with in analyzing 
resulting data.
What the reader will gain: Readers will be introduced to recent developments, 
techniques and applications in NGS. They will learn about possibilities of using it 
in clinical diagnostics. They will become acquainted with difficulties and challenges 
in interpreting the data and considerations around communicating these issues to 
patients and the community.
Take home message: Although several obstacles are to overcome and much still 
to learn, NGS will revolutionize clinical molecular diagnostics of inherited and 
congenital cardiac diseases, maximizing mutation yields and leading to optimized 
diagnostic and clinical care.

Keywords:  cardiogenetics, molecular clinical diagnostics, next-generation sequen-
cing, targeted enrichment, exome sequencing, inherited and congenital heart disease

Article highlights:
1. Novel clinical molecular diagnostic methods in cardiogenetic diagnostics are to be found in the 

field of Next generation sequencing (NGS) and novel applications that have recently become 
available with the launching of this technology will become part of daily diagnostic practice.

2. The main challenges of the implementation of NGS in daily diagnostic work are the as-
surance of good quality control and reliable data analysis and interpretation.

3. The most important consideration for clinical counseling will be the ascertainment of 
variants with uncertain clinical significance and the only reasonable way to deal with 
this problem is to pursue maximum data dissemination in the scientific community.

4. NGS provides unique solutions and will bring shorter reporting times, maximize muta-
tion detection rates, and decrease costs if all the disease-related genes can be tested in 
parallel in a single experiment.

5. Despite the technological, bioinformatical and ethical problems, the use of NGS technology 
will lead to much improved and more effective diagnostic and preventive care for patients 
suffering from inherited and congenital heart disorders (CHD) and their relatives.
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INTRODUCTION

What started in the 1950s with observations of cardiac diseases segregating 
in families and suggesting heritable disease [1][2], has led in the last 15 years to 
the identification of many disease-associated genes and mutations. Advances 
in cardiogenetics have exceeded the level of being scientifically interesting 
phenomena and have major implications in genetic counseling and in 
directing clinical therapy [3][4][5]. Not only the expanding possibilities in 
DNA analyses, but also the increased awareness among cardiologists, pediatric 
cardiologists, and general practitioners of the potential heritability of cardiac 
disease has led to growing numbers of patients being referred to departments 
of genetics and/or cardiogenetic outpatient clinics for genetic counseling 
and DNA diagnostics. Diseases for which patients attend the cardiogenetics 
outpatient clinic are primary arrhythmia syndromes [4], cardiomyopathies [6] 
or familial congenital heart disorders (CHD) [7][8]. Examples of arrhythmia 
syndromes are the congenital long QT syndrome (LQTS), Brugada syndrome 
or cathecholaminergic-induced polymorphic ventricular tachycardia (CPVT), 
which are all associated with sudden cardiac death (SCD) at relatively 
young age. Most patients with a cardiomyopathy present with hypertrophic 
(HCM) or dilated (DCM) cardiomyopathy. Arrhythmogenic right ventricular 
cardiomyopathy (ARVC), restrictive (RCM) and left ventricular non-
compaction cardiomyopathies (LVNC) are encountered less frequently. 
Cardiomyopathies frequently present with output-failure leading to fatigue, 
however, arrhythmias and SCD may occur. Finally, examples of CHD that 
may be heritable include either valvular abnormalities, such as bicuspid 
aortic valve/aortic valve stenosis (BAV/AVS) or pulmonary valve stenosis 
(PVS), septal defects (like atrial or ventricular septal defects; ASD/VSD), 
endocardial cushion defects (atrio-ventricular septal defect: AVSD), vascular 
abnormalities, such as coarctation of the aorta (CoA) or persistent ductus 
arteriosus (PDA), and more complex abnormalities like hypoplastic left heart 
syndrome (HLHS), tetralogy of Fallot (TOF), or heterotaxy-related cardiac 
abnormalities like transposition of the great arteries. Notably, genetics 
of CHD’s becomes increasingly important, because due to the enormous 
development in surgical and cardiological care many of the 1 in 100 people 
born with a CHD survive to have offspring [9][10]. 

Interestingly, the boundaries between the different clinical entities are 
disappearing as overlapping clinical phenotypes are being recognized more 
frequently. For example, patients suffering from arrhythmia syndromes 
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have been reported to also developing a cardiomyopathy [4]. In addition, 
patients diagnosed with inherited CHD’s have been reported in which also  
a cardiomyopathy is identified [11][12]. As expected from this, both clinical 
and genetic heterogeneity is often being observed within these disorders (see 
also below).

This review describes new developments in clinical molecular diagnostic 
methods for inherited and CHD’s, with a focus on the novel applications that 
have recently become available with the launching of NGS (NGS) technologies. 

CURRENT CARDIOGENETIC DIAGNOSTICS

In recent years, the relevance of genetic analyses in the genetic counseling 
and monitoring of patients and their family members having a cardiac disease 
with a proven, or at least suspected familial nature, has been increasingly 
recognized. Genetic analyses have therefore become an important part of the 
diagnostic activities to reach a clinical diagnosis in such patients. Since the 
first discovery of the MYH7 gene underlying HCM [13], a growing number 
of tests for heart-related disease have been introduced in DNA diagnostic 
laboratories worldwide, including array-CGH technology for the diagnostics 
of CHD’s. This is exemplified by the fact that at Orphanet, the European 
database for rare diseases and orphan drugs [14], and or GeneTests [15] 
websites, the mutation analyses for the majority of known genes related to 
inherited cardiomyopathies, arrhythmia syndromes and congenital structural 
cardiac disorders are being offered in at least one of the European laboratories 
(see also Table 1). Important to note however is that in most inherited cardiac 
diseases, the genetic cause has not identified yet. For example, in at most 50% 
of ARVC, 25% of DCM, 60% of HCM, 25% of LVNC and ~10% of RCM patients 
the underlying disease gene was found.  

The large number of genes related to these different groups of inherited 
cardiac diseases underscores the fact that the genetic causes of these disorders 
show a high level of heterogeneity. Moreover, some of the genes have proved 
to be mutated in different cardiac diseases. This concept was first recognized 
within specific disease entities. As a result, the fact that both HCM and DCM can 
be caused by mutations in genes encoding components of the sarcomere, the 
contractile machinery of cardiomyocytes, has been known since about the year 
2000 [17]. However, the boundaries between the different cardiac diseases are 
also fading, as there is no longer a strict separation between cardiomyopathies 
and channelopathies due to recent observations that mutations in ion-channel 
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and related proteins can also play a role in the pathogenesis of DCM [18][19]. 
Moreover, a genetic overlap between cardiomyopathies/channelopathies and 
inherited structural cardiac disorders has also been suggested. For example, 
several mutations in sarcomeric proteins have been described that resulted 
in congenital heart malformations (Table 1) [8]. In addition, mutations in the 
cardiac T-box factor gene TBX20 were shown to result in cardiomyopathies 
in both mice and human, among other cardiovascular abnormalities [11]. 
The phenomenon discussed above is exemplified in Figure 1 by showing the 
genetic heterogeneity and overlap in genes that underlie different types of 
cardiomyopathies (DCM, HCM, LVNC, ARVC, and RCM), including a few 
genes that are also known to be involved in channelopathies (RYR2, SCN5A 
and PRKAG2) or CHD’s (MYH7, MYBPC3). Finally, in addition to the significant 
heterogeneity of monogenic cardiac diseases, there is an emerging recognition 
that a significant proportion of patients carry two or more independent 
disease-causing gene mutations, which lead to more severe forms of clinical 
disease [20]. These might occur in the same gene (compound heterozygotes) 
or in different genes (bi- or multigenic). There may also be genetic modifiers 
present that are associated with a poorer prognosis. This concept and the fact 
that many genes might underlie a disease support the idea that large numbers 
of genes should be analyzed in parallel preferably within the same experiment 
in patients with inherited cardiac disorders to improve risk-assessment.

Together, these observations imply that at least 110 genes are putative 
candidate disease genes in patients presenting at cardiogenetic outpatient 
clinics for a genetic diagnosis, since there are now ~60 cardiomyopathy [21], 

~20 channelopathy [22], and ~30 CHD disease genes [8] known to be involved 
in the respective diseases (Table 1). Up to today, these genes have been analyzed 
at the nucleotide level on a gene-by-gene basis mainly. For this purpose, 
various pre-screening techniques like denaturing gradient gel electrophoresis 
(DGGE), denaturing high-performance liquid chromatography (dHPLC), single 
strand conformation polymorphisms analysis (SSCP), conformation-sensitive 
capillary electrophoresis (CSCE), or high-resolution melting analysis (HRM) 
are generally being used to screen for aberrant PCR-amplified DNA sequences. 
The abnormal PCR fragments are then subsequently analyzed by Sanger 
sequencing to identify the exact nucleotide substitutions [23]. However, in  
a considerable number of genetic laboratories, the preferred screening approach 
is direct dideoxy sequencing of all exonic and adjacent intronic sequences of 
genes of interest without using pre-screening methods. 
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Figure 1. Genetic 
heterogeneity 
and overlap in 
genes causing 
c a r d i o m y o -
pathies.
Shown are genes 
underlying DCM, 
HCM, LVNC, ARVC, 
and RCM. Nota-
bly, some of these 
genes are also 
known to be in-
volved in channel-
opathies and/or 
congenital heart 
m a l f o r m a t i o n 
(based upon [16]). 
Genes also invol- 
ved in congeni- 
tal cardiac disease 
are indicated in 
bold. Genes also 

involved in channelopathies are underlined. The genes incorporated are: ABCC9 (ATP-sen-
sitive potassium channel), ACTC1 (cardiac α-actin), ACTN2 (α-atinin-2), CALR3 (Calre-
ticulin 3), CAV3 (caveolin 3), (CSRP-3 (muscle LIM protein), CRYAB (Alpha-B chrystallin) 
DES (desmin), DSG2 (desmoglein-2), DSC2 (desmocollin-2), DSP (desmoplakin), DTNA 
(dystobrevin), DMD (dystrophin), EMD (emerin), EYA4 (Eyes absent 4), GLA (α-galacto-
sidase), ILK (Integrin-linked kinase), JPH2 (junctophilin) JUP (junctional plakoglobin), 
LAMA4 (laminin α4), LAMP2 (lysosome-associated membrane protein 2), LDB3 (cypher/
ZASP), LMNA (lamin A/C), mtDNA (mitochondrial DNA), MYBPC3 (myosin-binding pro-
tein C), MYH6 (α-myosin heavy chain), MYH7 (β-myosin heavy chain), MYL2 (regulato-
ry myosin light chain), MYL3 (essential myosin light chain), MYPN (myopalladin), NEXN 
(nexilin), PDLIM (PDZ and LIM domain protein 3), PKP2 (plakophilin-2), PLN (phosphol-
amban), PSEN1 (Presenilin-1), PSEN2 (Presenilin-2), PRKAG2 (AMPK-γ2 subunit), RBM20 
(RNA binding motif protein 20), RyR2 (ryanodine receptor 2), SCN5A (cardiac sodium 
channel), TAZ (Tafazzin), TCAP (titincap/telethonin), TGFb3 (transforming growth fac-
tor β3), TMPO (thymopoietin), TNNC1 (cardiac troponin C), TNNI3 (cardiac troponin 
I), TNNT2 (cardiac troponin T), TPM1 (α -tropomyosin), TTN (titin), VCL (metavinculin).
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If available for the respective genes, multiplex ligation-dependent probe 
amplification is used to screen for the deletion and/or duplication of one or 
more exons, as these are not identified using PCR-based techniques [24]. Also 
in cardiogenetics, examples have been found in arrhythmia syndromes and 
cardiomyopathies [25][26]. However, since using these approaches is laborious, 
relatively expensive and time-consuming, DNA diagnostics is often limited to 
a maximum of ~10 putative disease genes, as health insurance companies are 
not prepared to reimburse many more gene tests, if at all. It is therefore often 
difficult to decide which genes should be screened in a specific patient. In 
general, the genes being analyzed are those for which considerable mutation 
yields are reported in the literature. If a genotype-phenotype relationship has 
been identified, gene selection will of course be guided by the phenotypes 
identified in the respective patients and their affected family members. For 
example, in a patient presenting with DCM and conduction disease, the 
LMNA, DES and SCN5a genes are among the first genes to analyze, while 
patients presenting with an inherited arrhythmia syndrome should first be 
screened for genes encoding the respective ion channel proteins.

As already mentioned above, in general, genetic testing in current 
cardiogenetic diagnostics is often limited to and guided by knowledge on the 
most common causative genes (for an overview of genes: see Table 1). The best 
possibilities to come to a genetic diagnosis in cardiomyopathies are in HCM, 
as mutations in the MYH7 and MYBPC3 genes account for ~80% of the cases 
in which a genetic cause is identified [21]. In HCM, genetic testing is therefore 
often started with these genes and, in addition, in the TNNT2 gene. When 
no mutation is identified in these 3 genes, the most logical option would be 
to analyze the other sarcomeric genes (TNNI3, TNNC1, ACTC1, TPM1, MYL2, 
MYL3 and TTN. The latter is very rarely screened since it is the largest human 
gene known). Other genetic analyses, like that of genes encoding Z-disk 
proteins, are often not performed because reported mutation yields are <1%, 
with the exception of the CSRP3 gene (1-5%) [5][21]. In DCM, up to 40 genes 
are known to cause disease, all with relatively low frequencies. Due to their 
higher frequencies, testing often starts with LMNA, MYH7 and TNNT2 [21]. 
For LVNC, choices in genetic testing are often comparable to those in DCM 
and HCM since most mutations are as yet found in sarcomeric genes. In ARVC, 
the group of candidate genes is relatively small, providing the opportunity to 
test them all. However, given the significantly higher yields reported for PKP2, 
mutation screening in that gene should be considered before continuing 
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with other (desmosomal) genes, of which the DSC2 and DSG2 genes are the 
most logic next choice [27]. Whereas the success rate in genetic testing in the 
majority of cardiomyopathies can still be improved, that of channelopathies 
is high, with mutations identified in most of the patients. In particular in 
long QT syndrome, in over 80% of cases a genetic diagnosis is made. For 
cases of CHD, genetic diagnostics is currently mainly driven by phenotypic 
characteristics in the respective patient, because of the high diversity in 
non-syndromic CHD’s. Moreover, these patients are often also screened by 
performing array-CGH analysis. Array-CGH is an assay in which DNA samples 
from patients and a healthy control are labeled with different fluorescent dyes 
and cohybridized to an array containing known DNA sequences. Differences 
in relative fluorescence intensities of hybridized DNA on the microarray 
then reflect differences in copy number between the genome of the patients 
and the healthy control. When, applying this method, a microdeletion or 
duplication is identified that is not known as a common copy number variant 
(CNV), this might represent the disease-causing genomic imbalance [28][29]. 
Mutation screening of the most promising candidate gene or genes in such a 
deletion or duplication in a cohort of CHD patients might result in identifying 
new disease genes. For example, mutation analysis in 402 patients of the top-
ranking TAB2 candidate gene, which was one of the five genes in a critical 
850 kb deleted region on 6q that was shared by 12 CHD patients resulted in 
finding two conserved missense mutations [30]. Finally, with respect to current 
testing regimes it is important to note that recently gene-chip re-sequencing 
technologies were implemented, providing the opportunity to analyze larger 
numbers of genes within one test. Although its use is limited yet since it is 
often only commercially available, this technology will be of importance in 
cardiogenetic diagnostics in the coming years (see also section 3.1). 

Even when using predictors like known mutation yield frequencies, 
phenotypes, or family history, in deciding on gene analyses, significant numbers 
of patients are left without a genetic diagnosis from current DNA diagnostic 
practice. Moreover, as also mentioned previously, a significant proportion of 
patients carries more than one mutation. Thus, other approaches are needed 
to maximize mutation yields and minimize investigation times. In the next section, 
highly promising possibilities that have recently become available to optimize 
cardiogenetic diagnostics will be presented and discussed. Notably, some of 
these techniques, such as re-sequencing arrays (CardioChips), have already 
been implemented but most are not yet being used in regular DNA diagnostics.
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Table 1. Tentative summary of genes* involved in inherited and congenital heart 
disease#.
Genes mainly involved in cardiomyopathies

cardio-
myopathies arrhythmias Structural 

heart disease

Skeletal 
muscle 
disease

Remarks

Gene-group
Sarcomeric proteins
CALR3 +
DTNA + +
MYBPC3 ++ +
MYH6§ ++ +
MYH7 ++ + +
MYL2 +
MYL3 +
NEXN +
TNNC1 ++
TNNI3 ++
TPM1 ++
Nuclear envelope
EMD + ++
LMNA ++ + +
LAP2/TMPO ++
Cyto-architecture
ACTC1 ++
ACTN2 ++
CRYAB ++ Cataract
CSRP3/MLP ++
DES ++ + ++
DMD + ++
FHL2 ++
FKRP + ++
FKTN + ++
ILK ++
LAMA4 ++
MYPN ++
PDLIM3/ALP ++
SCGD + ++
TCAP ++ +
TTN + + ++
VCL ++
ZASP(LDB3) ++ +
Ion channels/ Calcium handling
ABCC9 ++
PLN ++
SCN5A + ++
Desmosomal proteins
DSC2 ++
DSG2 ++
DSP ++ syndromal
JUP + Naxos disease
PKP2 ++
Miscellaneous
EYA4 + Hearing loss
GLA + Storage disorder
JPH2 +
LAMP2 ++ + Storage disease
PRKAG2 ++ + Storage disease
mtDNA + + +
PSEN1 and 2 + + (possible) Alzheimer disease
RBM20 +
TAZ ++ Syndromal
TGFB3 +
TMEM43 ++
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Genes mainly involved in arrhythmias

cardio-
myopathies arrhythmias

Structural 
heart 

disease

Skeletal 
muscle 
disease

Remarks

Gene-group
Sodium channel related 
SCN1B ++
SCN4B ++ Epilepsy/seizures
SCN5A + ++
SNTA1 ++
Potassium channel related 
AKAP9 ++
KCNA5 ++
KCNE1 ++
KCNE2 ++
KCNE3 ++
KCNH2 ++
KCNJ2 ++ syndromal
KCNJ8 ++
KCNQ1 ++
Calcium metabolism
CACNA1C ++ syndromal
CASQ2 ++
RYR2 + ++
TRPM4 ++
Others
CAV3 + ++ ++
GJA5 ++
GPD1L ++
HCN4 ++

Genes mainly involved in structural heart disease

cardio-
myopathies arrhythmias

Structural 
heart 

disease

Skeletal 
muscle 
disease

Remarks

Gene-group
Transcription factors
ANKRD1 ++
CITED2 ++
FOXH1 ++
GATA4 ++
GATA6 ++
NKX2.5 + ++
NKX2.6 ++
TBX1 ++
TBX5 + ++
TBX20 + ++
ZIC3 ++ Heterotaxy
ZFPM2 ++
Ligands/receptors
AVCR1 ++ Heterotaxy
ALK2 ++ Syndromal
CFC1 ++ Heterotaxy
GDF1 ++
JAG1 ++ Syndromal
LEFTY2 ++ Heterotaxy
NODAL ++ Heterotaxy
NOTCH1 ++
TDGF1 ++
Sarcomeric proteins
ACTC1 ++ ++
MYH11 ++
miscellaneous
BRAF + ++ syndromal
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CRELD1 ++
ELN ++
KRAS ++ syndromal
MAP2K1 and 2 ++ syndromal
MED13L ++
NRAS ++ syndromal
PTPN11 ++ syndromal
RAF1 + ++ syndromal
SHOC2 ++ syndromal
SOS1 ++ syndromal
TLL1 ++

*The gene names correspond to the following proteins (in alphabetical order): ABCC9, ATP-binding cassette, 
subfamily C, member 9; ACTC1, alpha actin; ACTN2, actinin, alpha 2; AVCR1, activin A receptor, type I; AKAP9, 
A kinase (PRKA) anchor protein (yotiao) 9; ANKRD1, ankyrin repeat domain 1 (cardiac muscle); BRAF, v-raf 
murine sarcoma viral oncogene homolog B1; CACNA1c, calcium channel, voltage-dependent, L type, alpha 
1C subunit; CALR3, calreticulin 3; CASQ2, calsequestrin 2 (cardiac); CAV3, caveolin 3; CFC1, cripto, FRL-1, cryptic 
family 1; CITED2, Cbp/p300-interacting transactivator, with Glu/Asp-rich carboxy-terminal domain, 2; CRELD1, 
cysteine-rich with EGF-like domains 1; CRYAB, chrystallin, alpha-B; CSRP3/MLP, cysteine- and glycine-rich 
protein 3 / cardiac LIM protein; DES, desmin; DMD, dystrophin; DSC2, desmocollin 2; DSG2, desmoglein 2; 
DSP, desmoplakin; DTNA, dystrobrevin, alpha; ELN, elastin; EMD, emerin; EYA4, eyes absent 4; FHL2, four-and-
a-half LIM domains 2; FKRP, fukutin-related protein; FKTN, fukutin; FOXH1, forkhead box H1; GATA4, GATA 
binding protein 4; GATA6, GATA binding protein 6; GDF1, growth differentiation factor 1; GJA5, gap junction 
protein, alpha 5, 40kDa; GLA, galactosidase, alpha; GPD1L, glycerol-3-phosphate dehydrogenase 1-like; HCN4, 
hyperpolarization activated cyclic nucleotide-gated potassium channel 4; ILK, integrin-linked kinase; JAG1, 
jagged 1; JPH2, junctophilin 2; JUP, junction plakoglobin; KCNA5, potassium voltage-gated channel, shaker-
related subfamily, member 5; KCNE1, potassium voltage-gated channel, Isk-related family, member 1; KCNE2, 
potassium voltage-gated channel, Isk-related family, member 2; KCNE3, potassium voltage-gated channel, Isk-
related family, member 3; KCNH2, potassium voltage-gated channel, subfamily H (eag-related), member 2; 
KCNJ2, potassium inwardly-rectifying channel, subfamily J, member 2; KCNJ8, potassium inwardly-rectifying 
channel, subfamily J, member 8; KCNQ1, potassium voltage-gated channel, KQT-like subfamily, member 1; 
KRAS, v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog; LAMA4, laminin alpha-4; LAMP2, lysosome-
associated membrane protein 2; LAP2/TMPO, lamina-associated polypeptide 2 / thymopoietin; LEFTY2, left-
right determination factor 2; LMNA, lamin A/C; MAP2K1 and 2, mitogen-activated protein kinase kinase 1 and 
2; MED13L, mediator complex subunit 13-like; mtDNA, mitochondial DNA; MYBPC3, myosin-binding protein C, 
cardiac; MYH11, myosin, heavy chain 11, smooth muscle; MYH6, myosin, heavy chain 6, cardiac muscle, alpha; 
MYH7, myosin, heavy chain 7, cardiac muscle, beta; MYL2, myosin, light chain 2, regulatory, cardiac, slow; MYL3, 
myosin, light chain 3, alkali, ventricular, skeletal, slow; MYPN, myopalladin; NEXN, nexilin (F actin binding 
protein); NKX2.5, NK2 transcription factor related, locus 5 (Drosophila); NKX2.6, NK2 transcription factor related, 
locus 6 (Drosophila); NODAL, nodal homolog (mouse); NOTCH1, notch 1; NRAS, neuroblastoma RAS viral (v-ras) 
oncogene homolog; PDLIM3/ALP, PDZ and LIM domain protein 3; PKP2, plakophilin 2; PLN, Phospholamban; 
PRKAG2, protein kinase, AMP-activated, gamma 2 non-catalytic subunit; PSEN 1 and 2, presenilin-1 and -2; 
PTPN11, protein tyrosine phosphatase, non-receptor type 11; RAF1, v-raf-1 murine leukemia viral oncogene 
homolog 1; RBM20, RNA binding motif protein 20; RyR2, ryanodine receptor 2 (cardiac); SCGD, delta sarcoglycan; 
SCN1B, sodium channel, voltage-gated, type I, beta; SCN4B, sodium channel, voltage-gated, type IV, beta; 
SCN5A, sodium channel, voltage-gated, type V, alpha subunit; SHOC2, soc-2 suppressor of clear homolog (C. 
elegans); SNTA1, syntrophin, alpha1 (dystrophin-associated protein A1, 59 kDa, acidic component); SOS1, son 
of sevenless homolog 1 (Drosophila); TAZ, tafazzin; TBX1, T-box 1; TBX20, T-box 20; TBX5, T-box 5; TCAP, titin-
cap (telethonin); TDGF1, teratocarcinoma-derived growth factor 1; TGFB3, transforming growth factor, beta 3; 
TLL1, tolloid-like 1; TMEM43, transmembrane protein 43; TNNC1, troponin C (type 1: slow); TNNI3, troponin I 
type 3 (cardiac); TNNT2, troponin T type 2 (cardiac); TPM1, tropomyosin 1 (alpha); TRPM4, transient receptor 
potential cation channel, subfamily M, member 4; TTN, titin; VCL, vinculin; ZASP(LDB3), Z-band alternatively 
spliced PDZ motif-containing protein; ZFPM2, zinc finger protein, multitype 2; ZIC3, Zic family member 3 (odd-
paired homolog, Drosophila).

#Indicated are the diseases in which a particular gene is involved: ++: generally accepted to be involved in; 
+: incidentally found to be involved in. §Genes indicated in bold and in italics are not offered in at least one 
international laboratory by searching the Orphanet and GeneTests websites. 
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FUTURE DIAGNOSTIC APPROACHES AND FIRST APPLICATIONS

Since the early 1990s, enormous progress has been made in identifying 
the genetic causes of inherited or CHD’s. So far, the hunt for causal genes 
has been performed using linkage and association techniques or array-CGH 
analysis and the subsequent mutational analysis of genes in the candidate 
region(s). These methods resulted in the identification of causal genes 
encoding proteins that are parts of various cellular structures or pathways. 
The discovery that these structures or pathways are also involved in these 
diseases led to candidate gene approaches to screen genes encoding other 
components of these structures or pathways [31]. However, to date, only a small 
proportion of allelic variants underlying disease have been discovered. For 
example, as mentioned previously, for cardiomyopathies between 40-80% 
of patients/families are still without a genetic diagnosis. This is because 
these investigations are hampered by factors such as having only a relatively 
small number of affected individuals within families to perform a linkage-
based approach. In addition, it is not feasible to screen the genes encoding 
proteins that are part of the cellular structures or pathways on a gene-by-gene 
basis, since these contain hundreds of proteins for which the encoding genes 
need to be tested. Furthermore, other proteins that are not involved in these 
structures or pathways may also play a role in disease development. In order 
to maximize genetic testing for patients with inherited cardiac disorders, we 
therefore need approaches that enable mutational screening of cardiac disease 
genes in one experiment and on a large scale. The novel genomic techniques 
and some adaptations that will permit this are discussed below.

1. Cardiochips and arrays

In recent years, several platforms were launched to facilitate parallel 
processing of larger numbers of genes. Low-density DNA hybridization assays 
were already being used in the early 2000s to identify known mutations (including 
small deletions/insertions) in HCM [32]. Customized resequencing assays 
were developed to identify mutations in cardiomyopathy genes, exploiting 
the Affymetrix gene-chip re-sequencing array technology. Waldmüller et al. 
[33] reported the use of array-based re-sequencing for testing the three most 
commonly affected genes in HCM (MYH7, MYBPC3 and TNNT2), while 
Foksteun et al. [34] demonstrated the use of a DNA re-sequencing array for 
detecting mutations in 16 HCM genes. In addition, Zimmerman et al. [35] 
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demonstrated the efficient analysis of 19 genes implicated in DCM using a 
CardioChip. Nowadays, these cardiochips are being used in a significant 
number of molecular diagnostic laboratories and until the applicability of 
NGS technology for molecular diagnostics has convincingly been proven, re-
sequencing array methods provide the best approach to analyze multiple genes 
within one test. For example, Partners Healthcare, in cooperation with Harvard 
Medical School, offers genetic testing applying their DCM CardioChipTM TEST, 
the design of which is based on the CardioChip described by Zimmerman et al. 
[35]. However, this type of technology is still not very widespread in daily 
diagnostic practice and NGS applications that are currently being developed 
will, most likely, replace such array techniques in the near future.

2. Next generation sequencing

NGS techniques have recently become available that provide the 
opportunity to identify every unique variant in an individual genome via 
whole-genome re-sequencing [36][37]. The molecular basis of each type 
of technology is a DNA library preparation (including shearing the DNA, 
adapter ligation, and gel purification of DNA fragments of the desired size), 
the amplification of the resulting single strands and performing sequencing 
reactions on the amplified strands. Using reaction chambers that contain 
huge amounts of such oligonucleotides, a large number of these arbitrary 
nucleotide strands can be analyzed in parallel in a single run. As a result, the 
nucleotide sequences (the so called “reads”) of millions of different DNA 
fragments can be determined within a relatively short time. Depending on 
the question to be answered, subsequent bioinformatic analyses can translate 
these nucleotide sequences into useful information, e.g. reports on variants/
mutations found in genes of interest, de novo assembly of genomic regions 
(up to a full genome), or copy number variations in parts of the genome 
or in the full genome. There are various companies offering machines and 
solutions that use this highly promising technique (for extensive overviews 
see: [38][39]). Although they are still being too expensive to be introduced 
at a diagnostic level, a personalized genome can now be produced. This was 
recently shown by Ashley and co-workers [40], who reported on the full 
genome of a patient with a family history of vascular disease and early SCD. 
However, in most cases targeted approaches will need to be applied to identify 
disease-causing mutations.



 36 INTRODUCTION

3. Disease-specific targeted enrichment and re-sequencing

The human genome contains about 27.000 putative genes [41]. Logically, 
not all of these are associated with a certain disease and to apply NGS without 
having to sequence a full genome, we need methods for targeted enrichment 
of DNA fragments encoding the known or suspected disease genes. As also 
mentioned above, at least ~110 genes have been implicated in monogenic 
cardiac disorders and mutation analysis on a gene-by-gene basis is not 
feasible. Several methods that may help to enrich these genes have become 
available in the last years, basically making use of either hybridization or 
PCR-based capturing. Hybridization-based enrichment generally utilize 
probes complimentary to the sequences of interest that are either presented 
in  a solid phase, such as oligonucleotide microarrays, or in a solution phase, 
applying molecular inversion probe (MIP)-based or biotynylated RNA-based 
approaches [42][43]. To enrich for sequences of interest, the total DNA is 
applied to the probes and the desired fragments hybridize. The non-targeted 
fragments are subsequently washed away, and the enriched DNA eluted for re-
sequencing. A recent proof-of-principle study convincingly demonstrated the 
applicability of solid-phase enrichment and subsequent NGS in a diagnostic 
context, using autosomal recessive ataxia as a prototypical heterogeneous 
monogenic disorder [44]. In this study, the complete genomic sequence 
(coding and noncoding regions) of seven genes known to cause autosomal 
recessive ataxia were presented on a NimbleGen sequence capture array. By 
hybridizing diagnostic samples onto this array, these were enriched for DNA 
fragments encoding parts of the seven genes. Subsequent re-sequencing 
using Roche 454 Titanium shotgun sequencing was used to determine the 
sensitivity and specificity of NGS of enriched samples for the identification of 
pathogenic mutations. The enrichment showed high specificity: 80% of the 
sequences obtained were on target, which means that these could be mapped 
back to the targeted gene regions. In addition, also high sensitivity was 
demonstrated: pathogenic mutations for 6/7 studied mutant alleles and more 
than 99% of known SNP variants were identified. Mutation and SNP detection 
accuracy was shown to be limited by sequence coverage and misalignment 
rather than sequencing errors [44]. Methods have also been developed that 
enable the specific PCR-driven amplification of DNA fragments of interest. 
Of these, the microdroplet-based PCR enrichment technique of RainDance 
technologies has been shown to be effective in the simultaneous amplification 
of almost 4,000 products [45]. In addition to this commercially available 
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technology, several laboratories have developed their own approaches. For 
example, in a case study long range PCR enrichment was used to amplify 16 
HCM genes for subsequent NGS [46]. For this purpose, primers and reactions 
were used that PCR-amplified DNA fragments of ~5100 nucleotides with 
overlaps averaging 550 nucleotides and together encompass the genes in 
full in 14/16 genes. Resulting PCR fragments were gel purified, an equimolar 
pool of fragments generated, and Roche 454 and Illumina DNA libraries were 
prepared. Subsequent sequencing on the respective machines showed that 
95% and 90%, respectively, of the sequencing reads were on target, but with  
a pattern of variable coverage. The latter emphasizes the need to have sufficient 
sequencing depth (see also sections 4 and 6). Variants identified could be 
confirmed by Sanger sequencing [46]. When using selected enrichment it is 
important to realize that for the efficient use of NGS machine capacity, the 
parallel sequencing of multiple patient samples in a single run is preferred. In 
such cases, barcoding the patient-specific samples prior to sequencing will aid 
in distinguishing the different patient sample data after their joint sequencing 
run. Barcoding is the simple technique of adding a unique nucleotide 
sequence to the adapter sequences that are ligated to DNA fragments during 
the patients’ library preparation [47][48].

4. Exome sequencing

Although selectively enriching a panel of genes will lead to the identification 
of the disease-causing gene or genes in significantly more cases, the fact that 
this panel is still a selection of genes encoded from the genome implies that 
the causal gene may still not be identified in each individual patient using 
this approach. A more comprehensive alternative would therefore be to 
enrich an individual’s DNA for all the protein-encoding regions (“the exome”) 
of the genome - the exome encompasses ~1% of the whole genome - and 
then perform NGS (exome sequencing; [42]). The method is the same as for 
targeted re-sequencing (see section 3.3), however instead of using probes 
complimentary to the coding sequences of a subset of genes, all known coding 
DNA fragments are presented as probes. Moreover, in contrast to sequencing 
a full genome, this approach is currently feasible for patients seeking a genetic 
diagnosis at cardiogenetic outpatient clinics. 

Exome sequencing was recently shown to be a powerful tool for identifying 
candidate genes in a proof-of-concept experiment by Ng et al. that used four 
unrelated, affected individuals with the rare, autosomally dominant Freeman-
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Sheldon syndrome, which is known to be caused by mutations in the MYH3 
gene [49]. Exome sequencing of these four patients and subsequent data 
analyses indeed led to the identification of causative mutations in MYH3. To 
evaluate the effectiveness of the exome sequencing method, Ng et al. then 
applied the same approach to find the gene responsible for Miller syndrome, 
a rare disorder characterized by facial dysmorphia and abnormalities of the 
extremities. As a result, a single candidate gene was identified. The subsequent 
screening of this gene by conventional Sanger sequencing in other, unrelated 
kindreds led to the identification of additional disease-causing mutations 
[50]. Other recent reports have demonstrated the successful application of 
exome sequencing in making a genetic diagnosis for various disorders [51]
[52][53]. Together, these studies show that exome sequencing is a powerful 
tool for identifying the causative genes in monogenic disorders. Thus, exome 
sequencing, rather than custom-designed enrichment techniques, might 
soon be the method of choice for DNA diagnostic purposes.

5. Combined approaches

The above examples demonstrate the potential power of exome 
sequencing. However, these cases describe the hunt for the causal disease 
gene in patients and families with very rare syndromes for which a thorough 
phenotypic classification was possible and had been performed. More 
importantly, finding the gene was simplified by the fact that the disease showed 
recessive inheritance was caused by mutations in the same gene or by de novo 
mutations (although not certain for every disease at the time the analysis was 
started). Hunting disease genes in disorders that are known to be genetically 
very heterogeneous, like the cardiac disorders for which the development 
of dedicated diagnostics is the subject of this review, will probably be more 
challenging and more sophisticated bioinformatic analysis techniques might 
be needed (see the section on “Challenges of future diagnostics”). Therefore, 
methods to narrow down the genomic regions of interests in specific patient 
cohorts or families might support the identification of causal genes in 
these disorders. For example, in families showing an X-linked inheritance 
pattern, their mutation might be identified by applying X-exome capture and 
sequencing, as demonstrated for terminal osseous dysplasia by Sun et al. [54]. 
When array-CGH analysis in a patient with a certain type of CHD resulted 
in the identification of a small genomic deletion or duplication, targeted 
re-sequencing of the, in general, limited number of genes in this region in 
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a cohort of patients having the same disease, could be performed. Finding 
mutations in one of these genes would then confirm the role of this candidate 
gene in CHD’s. The availability of linkage data or association peaks will 
provide the possibility of focusing on that specific part of the exome that 
originates from those regions, instead of analyzing the complete exome. As an 
example, exome sequencing in conjunction with homozygosity mapping led 
to the rapid identification of the causative allele for non-syndromic hearing 
loss in a consanguineous Palestinian family [55]. No such example has been 
reported for a monogenic cardiac disorder yet. Interestingly, however, using  
a haplotype sharing test, we were recently able to identify the causal MYH7 
and PKP2 mutations in the shared regions of a single DCM and multiple ARVC 
families, respectively [56]. Combining this haplotype approach with exome 
sequencing and data analysis of genes in regions identified in such families 
that do not encode already known cardiac disease genes will most likely lead to 
the identification of the causal allele. As exemplified in the Insulin Resistance 
Atherosclerosis Family Study (IRASFS), exome sequencing has also been 
useful in finding rare variants that may be a common explanation for linkage 
peaks observed in complex trait genetics [57]. It is important to note, however, 
that this could only be achieved because only a few families in the sample 
contributed significantly to a linkage signal and these families all carried the 
same rare variant. Thus, exploiting such a combined approach will often be 
limited to families with sufficient affected individuals to enable haplotype 
sharing analyses or the application of other linkage techniques. Nevertheless, 
exome sequencing of larger groups of likely unrelated patients and subsequent 
data analysis and comparison will undoubtedly result in the identification of 
causative genes that are shared by two or more of these patients. Success will 
either be based on the presence of founder mutations in specific populations 
and, as a result, the presence of two or more patients within a cohort carrying 
the same gene mutation, or on the increasing chance of encountering two 
or more patients who carry different mutations, but lying in the same 
gene, when more exomes of patients with the same disease are sequenced.

6. Other applications

In addition to DNA re-sequencing, other NGS applications will become 
available for clinical diagnostic purposes. Four of these are described below.  
(1) Coverage information (the number of reads covering a specific DNA 
sequence) of DNA re-sequencing runs can be used to identify copy number 
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variations. Higher or lower coverage numbers of successive DNA sequence 
reads indicate duplications or deletions, respectively, of chromosomal regions, 
isolated genes or smaller parts thereof. This information is not often used at the 
moment, although it is automatically incorporated in the results of “ordinary” 
DNA re-sequencing [58][59]. (2) The NGS technique can support studies 
on biological interactions between DNA and proteins, like transcription 
factors, chromatin, or other DNA-binding proteins. By using chromatin 
immunoprecipitation (ChIP) and subsequent NGS of DNA fragments 
ChIP–derived sequences can be determined (ChIP-seq). ChIP-seq entails a 
series of steps: i, chemical cross-linking of DNA and associated proteins; ii, 
isolation and lysis of nuclei and subsequent DNA fragmentation; iii, the use 
of an antibody against the DNA-binding protein of interest, to specifically 
immunoprecipitate the associated protein:DNA complex; iv, reverse the 
chemical crosslink and isolate the DNA; v, sequence the resulting DNA 
fragments applying NGS.. Although a direct role of this technique in genetic 
diagnostics might as yet not be envisaged, this method will, for example, be 
important in identifying new candidate disease genes or in finding genes that 
are regulated by known disease genes and that may form targets for disease 
treatment. For example, this approach was used with the enhancer-associated 
protein p300 from mouse heart tissue (embryonic day 11.5) to identify over 
3,000 candidate heart enhancers genome-wide [60]. (3) Instead of sequencing 
parts of the genome, the direct sequencing of mRNA molecules on a large scale 
can be performed using NGS platforms (RNA-seq; [61]). Since these molecules 
represent the nucleotide sequences that are transcribed into proteins, the 
probability that mutations identified at this level (the transcriptome) are 
truly expressed is higher than those identified at the DNA level. Moreover, 
using this approach, sequencing of tissue-specific RNA molecules can be 
performed, for example, enabling the identification of mutations specifically 
expressed in the heart or even in pre-determined cardiac cell types. Likewise, 
the nucleotide sequences of non-coding RNAs and/or microRNAs can be 
determined. (4) Comparable to copy number determination using coverage 
statistics of DNA re-sequencing results, figures on RNA expression levels can 
be discovered by using RNA sequencing data [62][63]. However, to identify 
mutations as well as to determine RNA expression levels in patients suffering 
from cardiac disease, myocardial sampling would be required. As this would 
require the use of invasive interventions, it is unlikely to become a regular 
application in standardized diagnostic work.



41NOVEL CLINICAL MOLECULAR DIAGNOSTIC METHODS

CH
A

PT
ER

 1

CHALLENGES OF FUTURE DIAGNOSTICS

Several NGS applications are now available to broaden the DNA diagnostic 
possibilities in cardiogenetics. These will certainly lead to maximized 
identification of the disease-causing mutations. However, the challenge in 
applying NGS is not so much producing the data, but its subsequent quality 
control, analysis and interpretation. 

In NGS experiments large amounts of data (up to gigabases of nucleotide 
sequences in a single run) are being produced. Therefore, where data quality 
is concerned, it is of the utmost importance for diagnostic purposes to have 
absolute confidence that every exon of interest, together with the flanking 
intronic sequence containing consensus splice site sequences, is being analyzed, 
and that fully reliable data is being produced. This probably implies that more 
stringent quality control criteria will be needed to fulfill clinical diagnostic 
requirements, than those needed for purely research projects. Logically, 
although of utmost importance, this does not apply to the proper distinction 
between true- and false-positives, since these are inherent in both research 
and diagnostic applications. However, particularly when hybridization-based 
capturing approaches are being applied, the minimum exon coverage needed 
to obtain nearly complete certainty that a heterozygous mutation will be 
detected has to be carefully established. This is in particular challenging when 
GC-rich regions are concerned, as was demonstrated when the performance 
of NimbleGen 385K custom arrays for the re-sequencing of 22 genes most 
of which associated with hereditary colorectal cancer was evaluated [64]. 
Since this might be of importance in certain disease entities, the minimum 
coverage has to be even more carefully determined if a mosaic situation is 
suspected and mutations or variants might be present at percentages <50%, 
as is expected at heterozygosity. In addition to taking care to obtain enough 
coverage of every DNA sequence of interest, there has to be absolute certainty 
that deletion/insertion mutations will be identified, as the difficulty in tracing 
these mutations is intrinsic to their characteristics. When custom-designed 
enrichment techniques are applied, the pooling of patient samples is needed 
to ensure the efficient use of sequencing flow cells. This implies the use of 
patient-specific barcoding and thus comprehensive monitoring of the patients 
material trace. In addition to this, efficient processing of larger numbers of 
patient material, as is daily practice in diagnostics laboratories, will benefit 
from automated library preparation (as an example see: [65]). Moving these 
laboratory procedures to a robotic workstation will be an important next step 
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in getting NGS into clinical molecular diagnostics. Finally, since the careful 
archiving of patient-related experimental results over longer periods of 
time are a prerequisite for good quality diagnostic care, methods to handle 
the storage of the huge datasets produced by NGS, as well as the minimal 
requirements for their storage must be discussed.

Undoubtedly, these quality control issues will be solved satisfactorily and 
reliable results from NGS analyses can then be communicated to the respective 
patients. More challenging, however, will be the interpretation of these 
results. Even when the number of analyzed genes is limited because of the 
use of targeted capturing or amplification, large numbers of variants will be 
identified for which putative pathogenicity has to be determined. When these 
variants concern nonsense or frameshift mutations, the origin of the affected 
sequences will need to be verified. Do these originate from pseudo-genes or 
pseudo-exons and can the respective variants therefore be discarded, or are 
these true truncating mutations? If the latter is the case, the disease-causing 
mutation might have been found. However, the largest number of variants 
identified will be missense mutations; the substitution of only one amino acid 
residue in the protein sequence concerned. The first step in analyzing the list 
of variants will be to use the correct methods and tools to reliably separate the 
possibly disease-related from benign variants. The view now emerging in the 
field is that the most important reference database needed to perform such 
analysis is the one compiling all the results of NGS and/or Sanger sequencing 
experiments already performed. This might be an in-house collection 
(probably the preferred starting point), but ideally will be a databases with 
sequencing data from several laboratories performing this type of work. In 
addition, NCBI’s SNP database might be used as a reference database, although 
this also incorporates variants for which a pathogenic nature is not excluded. 
Moreover, NCBI’s SNP database might contain variants that are harmless 
for carriers in the heterozygous state, but disease-causing in a homozygous 
or compound heterozygous carrier. Taken together, the big challenge in 
identifying disease causing mutations from rare, but benign variant is to get 
to know the frequencies in which these rare variants are present in patient 
cohorts compared to their presence in the general population. Re-sequencing 
studies of disease genes have typically not subjected control populations to the 
same level as patient cohorts and therefore these rare variants go undetected. 
Therefore, to value variants identified in re-sequencing studies it is of major 
importance to know how many new variants can be expected when a new set 
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of individuals of a given size is being sequenced. Interesting in this respect is 
that a recent study calculated that 350 individuals have to be sequenced to find 
all common variants (frequency at least 1%), whereas >3,000 individuals have 
to be analyzed to identify all variants with a frequency of at least 0.1% [66]. 
This underscores the importance of compiling open source databases 
containing large datasets of variants identified in re-sequencing experiments.

After omitting all the variants identified more often in other sequenced 
individuals, the putative pathogenicity of the remaining variants needs to 
be determined. Several software tools can be applied, of which those that 
calculate the level of conservation of the affected nucleotide (i.e. GERP; [67]) 
and/or amino acid residue (i.e. phyloP; [68]), so far seem to provide the most 
important discriminating factor [53][69]. In addition, aspects like differences 
in the physico-chemical properties of the amino acids involved, the presence of 
the affected amino acid in a known functional domain, the known involvement 
of the affected gene in a comparable disease or other diseases in general, and/
or the expression of the respective gene in the tissue or tissues of interest. 
Prediction programs like SIFT, Polyphen or MutPred combine knowledge on 
aspects useful in predicting the putative pathogenicity of variants [70][71]. 
Such programs might be incorporated into the pipelines that are being 
complied for analyzing NGS data. Several data analysis pipelines have recently 
been published (i.e. [72][73][74]). Together, this information will result in  
a ranking of variants, in which the highest ranked variants will represent the 
most likely disease-causing ones. Next, additional experiments will have to 
be performed to verify the pathogenicity of the variants. First, carriership 
in the patient has to be confirmed by Sanger sequencing. Second, if needed, 
the absence of the variant(s) in a large number of healthy controls has to be 
verified. Third, when possible and appropriate, co-segregation analysis within 
the relevant family has to be performed. And finally, certainly where exome 
sequencing approaches are concerned, the presence of the variants in other 
patients suffering from the same disease should be determined. Ideally, these 
combined approaches should facilitate the identification of either the main 
suspect or of a few suspects. However, in a lot of cases this will most likely not 
be the situation and further analyses, e.g. at the functional level, will be needed 
to identify the causal gene conclusively. It is also possible that several of the 
ranked variants may contribute to disease development, since this concept has 
now been well-established by studies in a considerable proportion of patients 
suffering from inherited cardiac diseases [18].
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CONCLUSION

Recent developments in genome-wide screening techniques have created 
exciting possibilities for taking genetic diagnostics and research to a higher 
level. The availability SNP arrays is enabling not only the hunt for associations 
in larger groups of patients with multifactorial or polygenic diseases, but also 
the identification of disease-causing genomic regions in affected families. 
More importantly, using NGS techniques, the content of an individual’s 
complete genome, or larger parts of the genome, can now be determined at 
the single nucleotide level, certainly with capturing techniques that allow one 
to zoom in on all protein-encoding DNA fragments (the exome) or specific 
subsets of the exome. Applying NGS technology will greatly enhance the 
possibilities to identify new disease genes and should provide a unique way 
to reduce screening times and maximize mutation detection rates in clinical 
molecular diagnostics. But perhaps even more importantly, it may help 
decrease the costs of genetic testing per individual if all the relevant disease 
genes can be tested in parallel. Since a large number of putative disease genes 
may underlie disease in the field of cardiogenetics and multiple genes might 
contribute to disease development, the exploitation of NGS techniques will 
provide the field with the optimal diagnostic genetic toolbox now available. As 
discussed here and in the next section, it is important to realize that although 
NGS is a highly promising techniques, the results must be treated with great 
care and there is still much to learn.

EXPERT OPINION 

Current clinical care and molecular diagnostics of inherited and CHD’s 
suffers from laborious, time-consuming, costly procedures and the limited 
possibilities to screen all the known genes involved in the respective disease. 
This results in incomplete, expensive diagnostic work and long reporting 
times. NGS technology provides unique solutions and will bring shorter 
reporting times, maximize mutation detection rates, and decrease costs if all 
the disease-related genes can be tested in parallel.

Although the re-sequencing of a whole genome could technically already 
be applied, this is not yet financially feasible. However, we expect is the 
genetic diagnostics of cardiac diseases to gradually grow to a point at which 
a personalized cardio-related genome is produced for every patient visiting 
a cardiogenetics outpatient clinic. Laboratories involved in the diagnostics 
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of cardiogenetics will probably first focus on developing procedures for 
targeted enrichment of cardiac disease genes. Depending on the design, these 
procedures will facilitate the parallel analysis of a minimum of ten (in ARVD/C 

~10 causative genes are now known) and up to several hundred genes. Notably, 
cost analysis of re-sequencing many of the common genes has shown that 
this is much more cost effective than other current methods [27][28]. However, 
since the mutation detection rate will still be limited when targeted capturing 
is applied, we expect the genetic diagnostics of cardiac disease to quickly 
move towards the exome sequencing of patient samples. As soon as exome 
sequencing and its data analysis and interpretation becomes daily practice and 
the $1000 genome comes within reach [75][76], the re-sequencing of a complete 
genome will enter the field of clinical diagnostics. However, there are ethical 
and practical considerations around re-sequencing an entire exome or genome 
that should not be ignored (see also: [77]) and these are elaborated below.

Potentially, although such investigations will be implemented to test 
patients referred for a particular disease (in our case, a cardiac disorder), exome 
or whole genome sequencing will also reveal mutations related to completely 
different diseases, or variants of unknown significance that might cause 
unnecessary anxiety. Thus, methods to either mask results or filter only those 
results relevant to the diagnostic request should be considered and the analysis 
of data outside the known disease genes should only be performed after informed 
consent given by the patient. Of course, we could choose to simply discard the 
irrelevant data, but the danger is that variants that appear unimportant today 
may be shown to be disease-related in the future. Together, these new technical 
advances demand that patients be comprehensively counseled.

On the practical side, the most important consideration concerns 
the ascertainment of variants with uncertain clinical significance [78]. 
Undoubtedly, the only reasonable way to deal with this problem is to pursue 
maximum data dissemination in the scientific community. This will require 
the construction of databases for all or much of the data from exome and whole 
genome sequencing projects, like the recent 1000 genomes project [77][78]. 
This would serve as a reference database for benign variants, although the 
difficulty remains of how to decide whether a variant is benign or disease-
causing. This means we also need databases to compile mutations and variants 
that are identified in patients and can be related to disease. These should 
preferably be disease-specific databases, rather than locus-specific databases, 
as the information should not be limited to information on the specific 
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variant. In addition, information about the context in which the variant was 
identified should be documented, e.g. the phenotype/characteristics of the 
patient carrying the variant, the co-existence of variants in the same or other 
disease genes, the co-segregation of the variant with disease in the patient’s 
family, phenotypic details on other affected family members, the carriership 
frequency of the variant in a larger patient cohort, etc. Early initiatives in this 
direction have been reported in the last decade in the field of cardiogenetics, e.g. 
the database on genetic mutations in inherited arrhythmias [79]; the human 
intermediate filament database [80][81]; and the ARVD/C database [82][83]. 
In addition, data analysis pipelines should be developed and/or improved to 
combine all the available data on a specific variant, including the results of in 
silico prediction programs, to support the deciphering of a variant’s clinical 
significance. In order to accomplish this, clinical and molecular geneticists 
and bioinformaticians should collaborate closely to reach this major goal.

In conclusion, although there are still several hurdles to be taken before 
NGS can be implemented in the clinical molecular diagnostics of genetic cardiac 
diseases, this new technology will soon be making an impact on molecular 
cardiogenetics. It is therefore necessary that molecular diagnosticians, clinical 
geneticists and genetic counselors, cardiologists and pediatric cardiologists 
and other physicians involved in the diagnosis and treatment of inherited 
cardiac diseases should start learning about NGS and get comfortable with 
this new technique. Finally, despite the technological, bioinformatical and 
ethical problems discussed here, the use of NGS technology will certainly 
lead to much improved and more effective diagnostic and preventive care for 
patients suffering from inherited and CHD and their relatives.
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