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ABSTRACT

We performed exome sequencing and a haplotype sharing test on a group 
of twelve families with autosomal dominant cardiomyopathy and no previous 
genetic diagnosis in order to identify potentially novel disease genes. Our 
approach resulted in the identification of the genetic cause of disease in 6/12 
families. We found truncating variants in TTN in two dilated cardiomyopathy 
families, a frame-shift mutation in FLNC and a double missense mutation in 
FHL2 in two arrhythmogenic cardiomyopathy families, and missense variants 
in the COBL and STARD13 genes in two dilated cardiomyopathy families, 
respectively, both of which are genes that have not been related to cardiac 
pathology before. Thorough data-mining suggests a possible role for all of 
these genes in the disease mechanism of late onset cardiomyopathies. By 
creating a co-expression network of the five genes using an expression-array-
based bioinformatics database and software created in the department, we 
show that 100 of the 166 proteins included in our network have been annotated 
with a potential function in cardiac development and physiology. Of these 100 
proteins, 28 are known as disease genes in various types of cardiomyopathy, 
and a role in sarcomere assembly seems to be the common molecular pathway 
connecting a large proportion of these genes.
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INTRODUCTION

Dilated cardiomyopathy (DCM) is a progressive heart disease mainly 
characterised by left ventricular dilatation and impaired cardiac contraction, 
while arrhythmogenic right ventricular cardiomyopathy (ARVC) is a common 
cause of sudden cardiac death because of its association with ventricular 
arrhythmias (Hershberger et al, Basso et al). Currently, there are more than 50 
genes linked to the pathogenesis of familial DCM. In the pre-NGS era these genes 
could only explain up to 20% of Dutch DCM cases (25% in familial cases and 
8% in sporadic cases) (van Spaendonck et al, 2013), while including screening 
of the titin (TTN) gene improved this to 45-50% (Wilde & Behr, Posafalvi et al, 
van Spaendonck et al 2014). Our gene-panel-based Next Generation Sequencing 
(NGS) method, which was recently implemented into routine DNA diagnostics, 
resulted in the identification of mutations and likely pathogenic variants in up to 
55% of DCM index patients (see chapter 4.1). On the other hand, to date there are 
still ‘only’ 13 ARVC genes known (te Rijdt et al). One of these is the desmosomal 
plakophilin 2 gene (PKP2), and mutations in this gene are the most frequent 
cause of familial ARVC, occurring in up to 70% of the patients (van Tintelen et al). 
Until recently, the yield of attempts to identify genetic mutations in ARVC patient 
cohorts via traditional sequencing was only ~50% (Cox et al, Quarta et al).

In this study our aim was to identify the disease gene in families currently 
considered “unsolved” (without a known genetic factor potentially explaining 
the phenotype). For this purpose, we used exome sequencing (ES), i.e. sequen-
cing of all protein-coding regions of the genome, to identify (potentially novel) 
disease genes in inherited cardiomyopathy patients/families.

Since the inheritance pattern in the families studied was most likely to 
be autosomal dominant, and ES is well known to result in a huge number 
of heterozygous variants (potential mutations as well as benign variants), 
the data analysis was much more challenging than identifying the cause 
of the disease in a recessive form of the disease (such as in the rare cases 
of consanguinity). Hence, it was of special importance to narrow down the 
search for causal variants into chromosomal regions of particular interest. For 
this purpose, we combined ES with a haplotype sharing test (HST). HST has 
previously been shown to be a crucial step for successfully identifying regions 
carrying causative genes in cardiomyopathy families that are too small for 
classical linkage analysis (van der Zwaag et al). We applied HST as a filtering 
method during data analysis, and this helped us to prioritize the long list of 
genes containing heterozygous variants.
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Using this combined approach of ES and HST, we succeeded in identifying 
the disease gene or putative disease gene in six out of our twelve families with 
autosomal dominant cardiomyopathies. We identified five potential disease 
genes, of which three were novel, one had occasionally been associated with 
cardiomyopathies, and one was the known cardiomyopathy gene TTN, which 
was not routinely screened for at that time due to its enormous size.

MATERIALS AND METHODS

Patients

Families were selected because multiple affected members were available 
for HST analysis and because, in all cases, previous Sanger sequencing 
approaches and, in most cases, gene-panel-based NGS had not resulted in the 
identification of a pathogenic mutation or likely pathogenic variant. Eleven 
families were recruited from the cardiomyopathy cohort of the University 
Medical Center Groningen, the Netherlands, and one family was recruited from 
the University Medical Center Nijmegen, the Netherlands. The DCM patients 
were diagnosed according to established clinical criteria (Mestroni et al). 
One family had ARVC fulfilling the task force criteria (TFC) (Marcus et al), 
and one family had five family members with suspected ARVC, but not yet 
fulfilling all of those criteria.

Our approach included (1) for most families, pre-screening of patients 
using gene-panel-based NGS targeting 55 known cardiomyopathy genes, and 
subsequent selection of candidate patients/families (some families were 
analysed using our gene-panel-based approach during the course of this 
study); (2) HST of all available affected family members and subsequent 
data analysis; (3) ES of at least two family members who are as distantly 
related as possible; (4) identification of probable disease regions and genes; 
(5) confirmation and co-segregation analysis; (6) mutational screening of 
probable disease genes in additional patients; and (7) co-expression network 
analysis to obtain supportive evidence of pathogenicity.

Targeted sequencing

DNA samples isolated from peripheral blood of patients were sequenced 
for 55 known cardiomyopathy disease genes as formerly described by Sikkema-
Raddatz et al and Posafalvi et al (manuscript in preparation, see also chapter 4.1). 
Data analysis was performed using the MiSeq reporter program (Illumina, San 
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Diego, CA, USA), Next Gene software (v2.2.1, Softgenetics, State College, PA, 
USA) and Cartagenia software (Cartagenia, Leuven, Belgium), as described 
(Sikkema-Raddatz et al, chapter 4.1).
 
Haplotype sharing test

To establish haplotypes and to identify possible shared haplotypes, 
single nucleotide polymorphism (SNP) genotyping of the DNA samples was 
performed using the Human 610-quad beadchip® 610K SNP array (Illumina) 
according to the manufacturer’s protocols. The data was analysed using 
Microsoft® Office Excel 2007 (Microsoft, Redmond, WA, USA) software as 
previously described by van der Zwaag et al.

The longest shared haplotypes (LSH) identified were used for “ranking” 
candidate variants in the last step of the exome sequencing data analysis. 
In this step we assume that the longer a shared region is between affected 
family members, the higher the chance that it contains the mutual causative 
mutation. In the cases in which the mutation identified was not localised in 
the 1st LSH, we checked if those chromosomal regions which ranked better 
than the one carrying the mutation contained any cardiomyopathy candidate 
genes, and mutations in those genes were excluded. Additionally, the array 
data was also used for quality control purposes: we performed a concordance 
check between the genotyping and exome sequencing datasets to exclude 
potential sample-swaps during the experimental procedures.
 
Exome sequencing

Exome sequencing was performed on Illumina HiSeq2000 sequencers 
in paired end mode and 100bp read lengths following sample preparations 
using SureSelect exome capture kit All Exon V4 or V5 (Agilent Technologies, 
Inc., Santa Clara, CA, USA) enrichment according to the manufacturer’s 
protocol. The raw Fastq files were aligned by using bwa-0.5.9 to the human 
reference genome (hg 19, NCBI build 37) (Li et al, 2009a), SAM/BAM files were 
manipulated by Samtools-0.1.10 and Picard-1.57 (Li et al, 2009b). Then the 
Genome Analysis Toolkit was used to perform base quality score recalibration, 
duplicate removal and INDEL realignment (McKenna et al). The output vcf 
files were annotated by our in-house bioinformatics pipeline and SeattleSeq 
(http://gvs.gs.washington.edu/).
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Data analysis, filtering and prioritization

After quality filtering of the data and checking the concordance of 
SNP calls from the genotyping and sequencing platforms, we used various, 
generally accepted, data filters in our analysis. These included filtering data 
for a minimal read depth, checking the allele balance (and only keeping 
heterozygous variant calls), and using a population frequency filter. From 
the remaining list of variants, we focused on those novel or rare coding 
variants that were shared among affected family members. At this step, we 
implemented both negative and positive filters. For instance, it is well known 
that olfactory receptor genes exhibit unusually high genetic variability between 
individuals (Waszak et al), hence those variants do not seem relevant in DCM 
(negative filter). On the other hand, we looked carefully at variants in genes 
which had been previously associated with cardiomyopathy or heart-specific 
phenotypes. For this purpose, we not only focussed on known cardiomyopathy 
genes, but also included genes known to show cardiac expression or found to 
be important for abnormal cardiomyocyte proliferation, or associated with  
a thin myocardial wall or other cardiac phenotypes in a heart-specific protein 
network built purely upon functional data (such as mouse models, yeast-two-
hybrid screening or other sources of experimental proteomics data, Lage et al, 
2010) (positive filter). In addition, we performed thorough data-mining taking 
into consideration everything known about those genes that remained at the 
end of the analysis: their known function, their potential cardiac expression, 
and the existence of any pseudogenes. In parallel with this last step, the 
remaining variants were ranked according to their localization into one of the 
shared haplotypes of considerable size within the family and their putative 
pathogenicity (for details on variant classification, see also chapter 4.1; for  
a decision tree during our exome sequencing data analysis, see figure 1).
 
Mutation screening

Sanger sequencing was performed for validation of the ES results in the 
DNA of the index patients, for segregation analysis of the identified genetic 
variants (potential mutations) within families, as well as for screening in 
larger patient cohorts (where appropriate). Primer sequences are available 
upon request.

In order to screen for additional mutation carriers of the COBL mutation 
c.998G>A; p.(Arg333Gln) identified in family 5, restriction digestion analysis 
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Figure 1. Decision tree of exome sequencing data analysis
Abbreviation: HST – haplotype sharing test.
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was performed on COBL PCR products using BseXI according to the protocols 
provided by the manufacturer (Thermo Scientific, Waltham, MA, USA) and 
results visualized by 1.5% agarose gel electrophoresis.
 
Co-expression network

An online software using publicly available data from expression array 
depositories has been created (see Results section). Approximately 80,000 
human, mouse and rat microarrays archived in the Gene Expression Omnibus 
were subjected to principal component analysis. The resulting components 
hypothetically reflect on transcriptomes, which are often well conserved across 
species and are enriched for known biological phenomena. The software uses 
statistical methods on the combined, multi-species gene network built upon 
these components in order to predict biological functions of candidate genes. 
Furthermore, it is able to visualise the co-expression network of a set of genes 
of interest in Cytoscape. A detailed description of the method can be found 
elsewhere (Fehrmann et al, in press, Nat Genet).

RESULTS & DISCUSSION 

Our approach of applying ES combined with HST as a filtering step to 
facilitate more focused variant prioritization during data analysis resulted in 
the identification of the potentially causative mutation in six out of twelve 

“unsolved” cardiomyopathy families, affecting five different genes in total. We 
describe our findings for these six families in detail below, with the pedigrees 
and haplotype sharing results of the respective families shown in figure 2.
 
Six families in which the cause of the disease was identified

Family 1, DCM: TTN c.82117C>T; p.(Arg27373*) and Family 2, DCM: c.75607delA; 
p.(Ser25203Valfs*29), (NM_001256850.1)

We have identified a disease-causing variant, c.82117C>T; p.(Arg27373*), in 
the TTN in family 1. The variant was a novel nonsense mutation encoded in the 
3rd longest shared haplotype (2q14.1q31.1), and was shown to co-segregate with the 
disease phenotype in all six affected family members for whom a DNA sample was 
available (this family is also described in chapter 4.2). Mutations of TPM1 (candidate 
gene localised in the 2nd LSH) were excluded by Sanger sequencing. Likewise, in 
family 2 another novel TTN mutation, c.75607delA; p.(Ser25203Valfs*29), was 
identified in the two family members who were analysed by ES and in this case the 
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TTN gene was located in the second largest haplotype (2p11.2q33.1). No additional 
affected family members were available for this analysis.

TTN is known to play a role in sarcomere assembly and stabilization 
(Granzier & Wang) and has been associated with heart failure (Hein et al) 
and cardiomyopathy (Gerull et al) for decades, but has not been extensively 
sequenced in patients due to its huge genomic size (TTN is the largest gene of 
the human genome with a length of ~0.3 Mbp). Currently, TTN is suggested 
to be involved in dilated, restrictive, hypertrophic, and arrhythmogenic right 
ventricular cardiomyopathies (Gerull et al, Peled et al, Satoh et al, Taylor et al) 
and was recently reported to carry truncating mutations in up to 25% of 
familial DCM cases (Herman et al). Furthermore, our group has performed 
functional analysis of the TTN isoform composition combined with single 
cardiomyocyte passive force measurements on another truncating TTN variant 
(p.Lys15664Valfs*13) recently identified in a peripartum cardiomyopathy 
patient (van Spaendonck-Zwarts et al, 2014). What we showed based on these 
analyses is that the physiological function of the sarcomeres was affected by 
the presence of the TTN variant.

Due to the technical advances made in parallel with our initial exome 
sequencing studies, we have implemented a gene-panel-based NGS approach 
in order to analyse 55 known cardiomyopathy genes in the genome diagnostics 
laboratory of our department during the course of this project. This method is 
currently used as a routine screening step before applying exome sequencing on 
gene-panel negative patients only (see also Sikkema-Raddatz et al, chapter 4.1 
of this thesis, and figure 1 in chapter 5). A remarkable advantage of this 
technical improvement is that all 363 exons of the TTN gene have now also 
been included in our targeted diagnostic approach. This resulted in the 
identification of TTN truncating mutations in up to 15% of criteria-positive 
DCM cases (see also chapter 4.1).

Family 3, ARVC: FHL2 c.698_699delinsAA; p.(Gly233Glu) (NM_201555.1)

In this family, we identified a putative mutation in the four and a half 
LIM domains 2 gene (FHL2), which is known to be much more prominently 
expressed in the heart than in other organs (Chan et al). Even though FHL2 
seems not to be required for the embryonic development of the heart and its full 
knock out in mice does not cause any cardiac phenotype up to 15 months of age 
(Chu et al), the stress of sustained β-adrenergic stimulation by soproterenol 
treatment lead to cardiac hypertrophy in these animals (Kong et al, 2001).
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Figure 2. Pedigrees including results of co-segregation analyses (A) and HST 
(haplotype sharing test) results (B) of the six solved families 
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Recent studies have also shown that FHL2 is able to prevent pathological 
growth of the heart via the suppression of calcineurin activation that is 
induced by stress (Hojayev et al). Also, the overexpression of FHL2 might be 
the reason why ROCK2 conditional knock out mice were rescued from cardiac 
hypertrophy (Okamoto et al). Most importantly, a missense variant of FHL2 
(p.Gly48Ser) found in a DCM patient has been reported to affect the binding 
of titin to the encoded protein (Arimura et al).

Our putative FHL2 mutation was found in all three affected (and exome se-
quenced) siblings in this family. Unfortunately, the unaffected parents were not 
available for carriership analysis, nor were further affected family members avail-
able for co-segregation analysis, and HST was not performed in this family. None-
theless, we classified this mutation as likely pathogenic because it is novel (i.e. not 
present in any control populations), the affected residue is localised in an evolu-
tionarily highly conserved region of the 4th LIM zinc-binding domain, and the mu-
tation is suggested to be deleterious by most protein effect prediction programs.

Family 4, ARVC-like: FLNC c.6864_6867dup; p.(Val2290Argfs*23) (NM_001458.4)

We identified a potentially causative mutation in a gene-panel negative 
family with several family members suspected of ARVC, yet none fulfilling TFC in 
the filamin C gene (FLNC), which encodes an actin-crosslinking phosphoprotein 
(van der Flier & Sonnenberg). FLNC is highly expressed in murine cardiac and 
skeletal muscle during embryonic development and regeneration (Goetsch  
et al) and localizes to the Z-disk of striated muscle and to the intercalated disks 
in the heart (van der Ven et al, 2000). It is expected to have an essential role in 
the maintenance of the structural integrity of the cell and to protect it against 
mechanical stress as was observed in mutant zebrafish that suffered from 
enlarged hearts (Fujita et al). Moreover, FLNC was also shown to have interactions 
with delta- and gamma-sarcoglycan, in particular in the muscles (Thompson  
et al). FLNC mutations are known to cause distal and myofibrillar myopathy and 
might also affect the heart (reviewed by Selcen & Carpén), but had not thus far 
been associated with cardiomyopathy (or ARVC in particular), although a FLNC 
mutation associated with arrhythmia and late onset myofibrillar myopathy has 
been reported (Avila-Smirnow et al). Moreover, it is known that FLNC, along 
with other sarcomere genes (MYH7, TNNI3, TNNT2), shows differential splicing 
in failing heart, DCM and aortic stenosis (Kong et al, 2010). 

The insertion identified in this family causes a frameshift in exon 41 (which 
encodes filamin repeat 20 and mediates interaction with XIRP1 according to 
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the Uniprot database, www.uniprot.org) leading to a premature stop 23 codons 
after the affected codon, and, as a consequence, the loss of filamin repeats 
21-24 (unless the full sequence is subject to nonsense-mediated decay). The 
mutation was absent from control populations. Moreover, in the 6500 exomes 
of the ESP project, no truncating mutations were identified except for two 
truncations in the last but one exon of the gene, which probably do not have  
a large effect on the protein level and might escape nonsense-mediated decay. 
All affected family members for whom material was available were shown 
to carry the mutation. The mutation is located in the 26th longest shared 
haplotype (7q31.32q35), which is still a shared haplotype of considerable 
size (29.73cM), although in this particular case HST was not used for variant 
prioritization. The shared mutation was identified after exome sequencing 
and data analysis of four affected siblings (II:2, II:5, II:6, II:8) and filtering 
using exome data of one unaffected sibling (II:3).

Family 5, DCM: COBL c.998G>A; p.(Arg333Gln) (NM_015198.3) 

In this family suffering from an unusually mild and low penetrant form 
of DCM, we identified a putative missense mutation in the cordon bleu WH2 
repeat protein gene (COBL) localized in the second longest shared haplotype 
(7p14.1q11.22). At the same time, no mutations were found in the FKTN gene 
located in the 1st LSH, nor in the cardiomyopathy gene-panel. Even though this 
mutation affects a highly conserved region of the protein, we classified it as  
a variant of unknown significance (VOUS) due to the contradictory pathogenicity 
predictions and the fact that the variant was found with an allele frequency 
of 0.12% in the ESP database and present in only one individual within the 
genome of the Netherlands project. This VOUS co-segregated with the mild 
and low penetrance, late-onset DCM phenotype in the family. The paediatric 
patient (V:1 in the pedigree, see figure 2) was not carrying the same VOUS, but 
her severe symptoms and early onset of disease might indicate an independent 
cause of disease, perhaps according to a recessive inheritance pattern.

The COBL protein is known to be of key importance in cytoskeletal 
dynamics as a very potent actin nucleator promoting the construction of 
long, unbranched filaments by elongation at the barbed ends (Ahuja et al). 
The knock out of the COBL homologue in zebrafish was previously found to 
cause developmental problems of the nervous system due to the inhibition 
of motile cilia causing insufficient determination of the left-right asymmetry 
axis. Interestingly, zebrafish also exhibited problems in the embryonic 
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development of the heart (the direction of heart looping was disturbed), 
which is not unexpected given that the heart, just like the nervous system, 
develops from a ciliated cell layer called Kupffer’s vesicle. Unfortunately, 
there is no information available about whether there were any microscopic 
changes in the ultrastructure of muscle filaments in the hearts of these knock 
out animals (Ravanelli & Klingensmith).

Curiously, another actin nucleator that, similar to COBL, promotes 
the growth of actin filaments at the barbed ends (though with somewhat 
weaker activity; Ahuja et al) was shown to play a role in sarcomere assembly 
in cardiomyocytes (Taniguchi et al). Also, a recent study showed significant 
association between hypertrophic cardiomyopathy and a missense variant 
of this gene, FHOD3 (formin homology 2 domain containing 3), and 
demonstrated the importance of its Drosophila homologue in normal systolic 
contractions of the adult heart in a knock down model (Wooten et al).

To date, COBL has not been connected to heart diseases, yet it is known to 
be highly expressed in the heart according to the GeneCards database (www.
genecards.org), and its interaction with actin filaments makes it an interesting 
candidate disease gene for DCM. Though a recent study investigated the 
functional consequences of mutating certain amino acids of the first two actin 
monomer binding WH2 domains of COBL by electron microscopy (Jiao et al), 
the potential role of the evolutionarily highly conserved KRAP motifs of the 
protein have yet to be discovered; one such motif is affected by the missense 
variant identified in our patient.

In addition to the identification of this missense VOUS in affected mem-
bers of family 4, we have screened a further 183 DCM index patients for 
carriership of this variant, and have identified one more, unrelated, paediatric 
patient carrying the same putative mutation. Due to the severity of the 
symptoms in this child, and the very early onset of the disease (at age 1 year), 
we anticipated that compound heterozygosity could explain her phenotype, 
yet no additional coding COBL variant was identified by Sanger sequencing. 
However, gene-panel-based NGS for 55 cardiomyopathy-related genes and 
the subsequent stringent variant classification in this patient resulted in the 
identification of a likely pathogenic missense variant c.263A>C p.(Glu88Ala) 
of the myosin light chain 2 gene (MYL2, NM_000432.3). The patient was 
confirmed to carry both mutations and we expected to identify their paternal 
and maternal origin, respectively. However, co-segregation analysis proved 
the maternal origin of both COBL and MYL2 mutations, raising the question if 



 126 EXOME SEQUENCING

further genetic or other external factors may be behind the early manifestation 
of symptoms in the child.

Family 6, DCM: STARD13 c.3017C>T; p.(Pro1006Leu) (NM_178006.3)

A genetic variant in the START domain containing 13 (STARD13) gene was 
found in this family (START is the abbreviation of StAR-related lipid transfer; 
StAR stands for steroidogenic acute regulatory protein). The encoded protein 
is expected to be responsible for the binding of negatively charged small lipids 
such as phosphatidylcholine and fatty acids (Thorsell et al). STARD13 has 
been previously linked to several phenotypes including intracranial aneurysm 
(Yasuno et al) and insulin resistance related to metabolic syndrome (Nock et al). 
Combined with the facts that (1) irregular myocardial lipid turnover is a known 
 phenomenon in dilated cardiomyopathy (Feinendegen et al) and (2) perturbed 
lipid metabolism, myocardial lipid accumulation, and a shift to the use of 
fatty acids instead of glucose as the predominant source of energy is observed 
in (and prior to the onset of) cardiomyopathy in diabetic patients and model 
animals (reviewed by Bayeva et al), these associations suggest that the genetic 
variant in STARD13 reported in this study could be related to disease in this 
family. The variant was identified in the 2nd longest shared haplotype of the 
family (13p13q13.3) and was classified as likely pathogenic due to its novelty, the 
high evolutionary conservation of the affected amino acid and the respective 
lipid-binding START domain, and predicted pathogenicity according to all 
available software. Mutations of known candidate genes were excluded by 
gene-panel-based sequencing, and of those affected family members tested all 
were found to be carriers of the STARD13 mutation. Upon the identification of 
this novel candidate gene, the medical records of the family were re-checked 
for possible signs of the diabetes mellitus or metabolic syndrome potentially 
associated with this mutation, but no such symptoms have been observed 
thus far in the patients (aged 80, 74, 67 and 53 years).

Network of the identified genes

In order to gain insight into possible cardiac functions of the five 
genes identified in our exome sequenced families (COBL, FHL2, FLNC,  
STARD13, TTN), their HGNC approved gene symbols were uploaded to the 
Gene Network website (http://genenetwork.nl:8080/GeneNetwork), which 
predicted that all of them except STARD13 might potentially be involved in 
different cardiomyopathies using data from the Kyoto Encyclopedia of Genes 
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and Genomes pathways (data not shown). Subsequently, the co-expressional 
network of these five genes was visualized in Cytoscape (http://genenetwork.
nl:8080/GeneNetwork cytoscape.html) (figure 3). The resulting network 
consists of 166 genes, of which 27 were already well known to be involved in 
the pathogenesis of various types of cardiomyopathy: ACTC1, ACTN2, ANKRD1, 
CAV3, CRYAB, CSRP3, FHL1, FHL2, LDB3, MYBPC3, MYH6, MYH7, MYL2, MYL3, 
MYOZ2, MYPN, NEXN, PDLIM3, PLN, SCN5A, TCAP, TNNC1, TNNI3, TNNT2, 
TPM1, TTN, and VCL. In addition to these well characterised disease genes, 
the novel neonatal DCM-associated ALPK3 (alpha-kinase 3) was also present 
in the network. The knock out model for the mouse homologue of this gene 
encoding a nuclear protein kinase is known to suffer from cardiomyopathy 
(van Sligtenhorst et al), and we have recently discovered a homozygous 
mutation of the gene in the DCM-affected child of a consanguineous family 
(manuscript submitted).

More importantly, we applied an unprecedented approach to putting the 
genes in a functionally meaningful perspective. While searching for this list 
of co-expressed genes in the database of the Cardiovascular Gene Ontology 
Annotation Initiative (http://www.ebi.ac.uk/QuickGO/GProteinSet?id=BHF-
UCL), we discovered that about 60% of the genes (100/166) have previously 
been manually annotated with a potential role in the physiological and/or 
pathological mechanisms of the cardiovascular system (table 1) based on 
the literature, and this is underscored by previous functional studies, as 
will be discussed below. For instance, triadin (TRDN) and xin actin-binding 
repeat containing 1 (XIRP1) are both known to be subject to tissue-specific 
splicing in the heart via RNA-binding motif protein 20 (RBM20), a known 
dilated cardiomyopathy protein that is part of the spliceosomal complex in 
the heart (Guo et al). TRDN is known to stimulate the ryanodine receptor-2 
(RYR2) that functions as a sarcoplasmic Ca2+ release channel with the help of 
calsequestrin (CASQ2, also featured in the co-expression network), and in 
this way play a role in excitation-contraction coupling in the heart (Morad 
et al, Terentyev et al, 2005; Terentyev et al, 2007). Mutations of TRDN have 
been identified in patients with catecholaminergic polymorphic ventricular 
tachycardia (Roux-Buisson et al). Furthermore, the XIRP1 gene, which was 
formerly known as “cardiomyopathy associated 1” (CMYA1), is connected in 
the expression network to FLNC, and the respective protein was also shown 
to bind with the FLNC protein and participate in the process of sarcomere 
assembly and actin dynamics in cardiomyocytes (van der Ven et al, 2006).



 128 EXOME SEQUENCING

Fi
gu

re
 3

.  
 

Co
-e

xp
re

ss
io

n 
ne

tw
or

k 
bu

ilt
 u

po
n 

th
e 

fiv
e 

ge
ne

s 
(T

TN
, 

FH
L2

, F
LN

C,
 C

O
BL

, 
an

d 
ST

AR
D

13
) 

id
en

ti
fie

d 
in

 th
e 

ex
om

e 
se

qu
en

ce
d 

ca
rd

im
yo

pa
th

y 
fa

m
ili

es
 

Re
d 

ci
rc

le
s 

in
di

ca
te

 th
e 

fiv
e 

ge
ne

s 
id

en
tifi

ed
 b

y 
ex

om
e 

se
qu

en
ci

ng
. 

G
re

en
 c

irc
le

s 
in

di
ca

te
 

th
e 

ge
ne

s 
co

-e
xp

re
ss

ed
 

w
ith

 t
ho

se
 fi

ve
 id

en
ti-

 
fie

d 
ge

ne
s. 

O
nl

y 
th

os
e 

ge
ne

s h
av

in
g 

m
ul

tip
le

 
co

nn
ec

tio
ns

 w
ith

in
 t

he
 

ne
tw

or
k 

ar
e 

in
di

ca
te

d:
 

th
e 

lig
ht

er
 g

re
en

 g
en

es
 

ar
e 

co
-e

xp
re

ss
ed

 w
ith

 
tw

o 
of

 t
he

 fi
ve

 c
an

di
-

da
te

s, 
w

hi
le

 t
he

 d
ar

k-
er

 g
re

en
 o

ne
s 

ar
e 

ex
-

pr
es

se
d 

w
ith

 t
hr

ee
 o

f 
th

em
.



129AUTOSOMAL DOMINANT CARDIOMYOPATHIES

CH
A

PT
ER

 3
.1

Curiously, the FLNC frameshift mutation identified in family 4 affects 
filamin repeat 20, which is known to mediate the binding of XIRP1. Moreover, 
proline-rich regions of XIRP1 were recently discovered to bind the SH3 
domains of nebulin (NEB) and nebulette (NEBL), the myofibrillar proteins 
involved in the pathomechanism of nemaline myopathy and cardiomyopathy, 
respectively (Eulitz et al, Lehtokari et al, Purevjav et al). It is rather remarkable 
that several genes in the network are shown to be important in sarcomere 
assembly, and this also applies to the proteins encoded by three of the five 
genes we identified: COBL also functions as an actin nucleator (Ahuja et al), 
TTN is a known structural component of the sarcomere (Horowits et al), 
and FLNC is also expected to play a role in the assembly process (van der 
Ven et al, 2000; Bönnemann et al, Fujita et al). Comparably, tropomodulin-1 
(TMOD1) and leiomodin (LMOD) were shown to be involved in sarcomere 
assembly, as they have a role in fine-tuning the length of thin filaments in 
cardiomyocytes. TMOD1 caps the pointed end of actin filaments in the M-line 
of sarcomeres, while the competing LMOD2 is an actin nucleation factor that 
promotes sarcomere assembly in a tropomyosin-dependent way (Chereau 
et al, Skwarek-Maruszewska et al; Tsukada et al). In line with this, the gene 
encoding the cardiomyopathy-related tropomyosin (TPM1) also appears in 
the co-expression network of the five genes. This suggests that these genes are 
part of a putative common molecular pathway. The fact that the disease genes 
we identified by exome sequencing are connected within such a functionally 
meaningful co-expression network, and that it is enriched for known 
cardiomyopathy genes as well as genes expected to play an essential role in 
the heart, underscores the usefulness of such databases in interpreting high-
throughput genetic findings. Furthermore, our finding that this network is 
enriched for the sarcomeric components is in line with the recent observation 
in a cohort of 639 DCM patients that 14% of the known pathogenic mutations 
were related to the sarcomeric structure, making this the most frequently 
mutated cellular compartment in the disease (Haas et al).

One of the limitations of our study is that we have not yet found additional 
patients with the same mutations, or with other relevant genetic variants 
in some of the candidate genes. Although our approach of combining HST 
and ES did help deal with the relatively small size of families, the limited 
number of affected individuals available in this study might have influenced 
our findings. Segregation analysis supported putative pathogenicity of the 
identified variants in most families, yet it is always challenging to perform 
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Table 1. List of the five genes identified in the exome sequenced cardiomyopathy 
families and the genes of the additional 161 co-expressed proteins Genes in black 
have been previously studied in the context of cardiomyopathies and connected to 
the disease, or have been included in the Cardiovascular Gene Annotation Ontology 
Initiative database on the basis of data-mining and functional studies suggesting  
a putative role in cardiovascular physiology or pathophysiology. Genes in grey have not 
been previously connected to cardiomyopathies or annotated with a putative role in 
cardiovascular physiology or pathophysiology.
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ABRA
ACTA1 Actin, alpha skeletal muscle  
ACTC1 Actin, alpha cardiac muscle 1   
ACTN2 Alpha-actinin-2   
ADPRHL1
ADSSL1
ALPK3  
AMOTL2
AMPD1 AMP deaminase 1  
ANKRD1  
ANKRD2 Ankyrin repeat domain-containing protein 2  
ANXA3
APOBEC2
ASB2
ASB5
ATP1A2 Sodium/potassium-transporting ATPase subunit alpha-2  
ATP2A1 Sarcoplasmic/endoplasmic reticulum calcium ATPase 1  
ATP2A2 Sarcoplasmic/endoplasmic reticulum calcium ATPase 2  
AXL
BAG2
BDNF Brain-derived neurotrophic factor  
C10orf7
CA3
CACNA1S Voltage-dependent L-type calcium channel subunit alpha-1S  
CACNB1 Voltage-dependent L-type calcium channel subunit beta-1  
CACNG1 Voltage-dependent calcium channel gamma-1 subunit  
CALD1 Caldesmon  
CAND2
CAP2
CASQ1 Calsequestrin-1  
CASQ2 Calsequestrin-2  
CAV3 Caveolin-3   
CFL2
CHRNA1 Acetylcholine receptor subunit alpha  
CHRNB1 Acetylcholine receptor subunit beta  
CHRND Acetylcholine receptor subunit delta  
CKB Creatine kinase B-type  
CKM Creatine kinase M-type  
CMYA5
CNN1 Calponin-1  
COBL Protein cordon-bleu   
CORO6
COX6A2 Cytochrome c oxidase subunit 6A2, mitochondrial  
CRYAB Alpha-crystallin B chain   
CSRP3 Cysteine and glycine-rich protein 3   
DMPK Myotonin-protein kinase  
DUSP13 many other DUSPs
DUSP27 many other DUSPs
EEF1A2
ENO3 Beta-enolase  
FABP3 Fatty acid-binding protein, heart  
FHL1 Four and a half LIM domains protein 1   
FHL2 Four and a half LIM domains protein 2    
FLNC Filamin-C   
HFE2
HRC Sarcoplasmic reticulum histidine-rich calcium-binding protein  
HSPB3
HSPB6
HSPB7 Heat shock protein beta-7  
HSPB8
IP6K3 Inositol hexakisphosphate kinase 3  
ITGB1BP2 Integrin beta-1-binding protein 2  
ITGB1BP3
KBTBD5
KERA Keratocan  
LDB3  
LMOD1 Leiomodin-1  
LMOD3
LRRC2
MB Myoglobin  
MLIP
MURC
MUSK Muscle, skeletal receptor tyrosine-protein kinase  
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MYBPC1 Myosin-binding protein C, slow-type  
MYBPC2 Myosin-binding protein C, fast-type  
MYBPC3 Myosin-binding protein C, cardiac-type   
MYBPH Myosin-binding protein H  
MYF6 Myogenic factor 6  
MYH1 Myosin-1  
MYH11 Myosin-11  
MYH2 Myosin-2  
MYH3 Myosin-3  
MYH6 Myosin-6   
MYH7 Myosin-7   
MYH8 Myosin-8  
MYL2 Myosin regulatory light chain 2, ventricular/cardiac muscle isoform   
MYL3 Myosin light chain 3   
MYL4 Myosin light chain 4  
MYL7 Myosin regulatory light chain 2, atrial isoform  
MYLK3 Myosin light chain kinase 3  
MYLPF Myosin regulatory light chain 2, skeletal muscle isoform  
MYO18B
MYOD1 Myoblast determination protein 1  
MYOF Myoferlin  
MYOG Myogenin  
MYOM1 Myomesin-1  
MYOM2 Myomesin-2  
MYOT Myotilin  
MYOZ1 Myozenin-1  
MYOZ2 Myozenin-2   
MYPN  
NEXN Nexilin   
NPHS2 Podocin  
NPPA Natriuretic peptides A  
NPPB Natriuretic peptides B  
NRAP
OBSCN
PACSIN3
PDLIM3  
PDLIM5
PFKM
PKIA
PLN Cardiac phospholamban   
POPDC2
PPP1R27 many other PPP1Rs
PPP2R3A many other PPP2Rs
PRKAA2 5’-AMP-activated protein kinase catalytic subunit alpha-2  
PYGM
RAPSN
RBFOX
RBM24
RP11-59J5.1
RP11-766F14.2
RRAD
RTN2
RYR1 Ryanodine receptor 1  
SCN4A Sodium channel protein type 4 subunit alpha  
SCN5A Sodium channel protein type 5 subunit alpha   
SGCA Alpha-sarcoglycan  
SGCG Gamma-sarcoglycan  
SH3BGR
SLN Sarcolipin  
SMPX Small muscular protein  
SMTNL1
SMTNL2
SOX10
SRL
SRPK3 SRSF protein kinase 3  
STAC3
STARD13 StAR-related lipid transfer protein 13   
SYNPO2
SYNPO2L
TAGLN Transgelin  
TCAP Telethonin   
TECRL
TGFB1I1
TMOD1 Tropomodulin-1  
TNFRSF12A
TNNC1 Troponin C, slow skeletal and cardiac muscles   
TNNC2 Troponin C, skeletal muscle  
TNNI1 Troponin I, slow skeletal muscle  
TNNI2 Troponin I, fast skeletal muscle  
TNNI3 Troponin I, cardiac muscle   
TNNT1 Troponin T, slow skeletal muscle  
TNNT2 Troponin T, cardiac muscle   
TNNT3 Troponin T, fast skeletal muscle  
TPM1 Tropomyosin alpha-1 chain   
TPM2 Tropomyosin beta chain  
TRDN Triadin  
TRIM63
TTN Titin    
UNC45B Protein unc-45 homolog B  
VCL Vinculin   
VGLL2 Transcription cofactor vestigial-like protein 2  
XIRP1 Xin actin-binding repeat-containing protein 1  
ZFP106

IN TOTAL: 166 genes
KNOWN IN CARDIOMYOPATHY: 28 genes (17.47%)
ANNOTATED WITH PUTATIVE CARDIOVASCULAR ROLE: 100 genes (60.24%)
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this for a late-onset disease such as cardiomyopathy because the healthy or 
affected status of family members is sometimes questionable. This fact, 
combined with the occasional presence of phenocopies, makes the accurate 
phenotyping of relatives sometimes difficult and might hamper the accurate 
analysis of ES and HST data. We cannot fully exclude the possibility that 
these two issues might have affected the outcome (especially the lack of any 
mutation being identified) in some of our families. On the other hand, having 
no genetic cause of disease identified in half of our families might also be 
due to other, technical problems, such as a lack of sufficient coverage of the 
respective mutation/disease gene in the available ES data.

It has been anticipated that the revolutionary development of new 
genetics methods necessitate the application of appropriate bioinformatic 
tools and functional follow up to better interpret the respective results 
(Singleton, 2014). A very appealing, recent, example of combining exome 
sequencing with the creation of networks in neurodegeneration was published 
by Novarino et al. This group identified mutations of novel candidate disease 
genes in consanguineous families of hereditary spastic paraplegias (HSP), 
and validated their findings by discovering additional novel genes (and their 
mutations) selected from the protein interaction network of these novel 
candidate genes and already known HSP disease genes.

Although there have been protein-protein interaction networks created 
for certain cardiac phenotypic traits (but not for cardiomyopathies) (Lage et al, 
2010; Lage et al, 2012), this is the first example of combining exome sequencing 
and the use of a co-expression based network for the interpretation of the 
role of potential cardiovascular disease genes and pathways in inherited 
cardiomyopathy. Admittedly, the network of genes created in this study is 
based on shared mRNA expression patterns instead of interactions at the 
protein level. However, in comparison with protein interaction networks, it 
has the advantage of not creating a bias through exclusion of those genes from 
the network analysis that have not yet been functionally studied or otherwise 
shown to interact with heart-specific proteins.

CONCLUSIONS

We have performed haplotype sharing tests and exome sequencing 
in twelve families suffering from DCM or ARVC with no identified genetic 
cause of the disorder. This resulted in the identification of potentially 
causative, heterozygous variants in six of the twelve families sequenced. 



133AUTOSOMAL DOMINANT CARDIOMYOPATHIES

CH
A

PT
ER

 3
.1

Their involvement in disease was supported by the fact that the mutations 
identified co-segregated with the disease; most genes were located in one of 
the longest shared haplotypes and were absent or present at very low frequency 
in control populations. Moreover, the fact that 2/3 of the genes co-expressed 
with these five genes (TTN, FHL2, FLNC, COBL and STARD13) are annotated 
with a potential function in the heart, and many are related to the process of 
sarcomere assembly and reorganization of the cytoskeleton, suggests that a po- 
tential common molecular pathway may connect them in cardiomyopathy.

Since one of the genes discovered in two families is the well-known DCM 
gene TTN, it has become part of the routine in our department to first perform 
targeted sequencing for 55 cardiomyopathy genes (including TTN; chapter 4.1) 
and then to only perform exome sequencing after excluding mutations in all 
these known disease genes.

In the future, it will be of great importance to investigate the cellular 
function of the COBL and STARD13 genes, as well as the molecular pathways 
they play a role in, and the potential involvement of the six identified 
mutations in the pathomechanism of DCM and ARVC. Moreover, we will 
try to identify underlying disease genes in the other six families by (1) re-
analysing the data, (2) incorporating exome sequence data of additional 
affected and unaffected family members, (3) analysing the data for putative 
large deletions/duplications, and/or (4) applying other genomic techniques, 
such as RNA sequencing or whole genome sequencing.
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