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Abstract 

 

Dilated cardiomyopathy (DCM) is a form of severe failure of cardiac muscle caused by a long list of 

etiologies ranging from myocardial infarction, DNA mutations in cardiac genes, to toxics. Systems 

analysis integrating next generation sequencing (NGS)-based omics approaches, such as the 

sequencing of DNA, RNA and chromatin, provide valuable insights into DCM mechanisms. The 

outcome and interpretation of NGS methods can be affected by the localization of cardiac biopsy, level 

of tissue degradation, and variable ratios of different cell populations, especially in the presence of 

fibrosis. Heart tissue composition may even differ between sexes, or siblings carrying the same disease 

causing mutation. Therefore, before planning any experiments, it is important to fully appreciate the 

complexities of DCM, and the selection of samples suitable for given research question should be an 

interdisciplinary effort involving clinicians and biologists. The list of NGS omics datasets in DCM to date 

is short. More studies have to be performed to contribute to public data repositories and facilitate 

systems analysis. Additionally, proper data integration is a difficult task requiring complex computational 

approaches. Despite these complications, there are multiple promising implications of systems analysis 

in DCM. By combining various types of data sets, e.g. RNAseq, ChIPseq, or 4C, deep insights into 

cardiac biology, and possible biomarkers and treatment targets, can be gained. Systems analysis can 

also facilitate the annotation of non-coding mutations in cardiac specific DNA regulatory regions that 

play a substantial role in maintaining the tissue and cell specific transcriptional programs in the heart. 

 

Graphical/Visual Abstract and Caption 

 

 

Caption: Systems analysis approach integrates various levels of information originating from cardiac 

tissue and translates knowledge into clinics. 



 

Introduction 

 

Before applying systems biology approaches on dilated cardiomyopathy (DCM), it is crucial to 

understand the complex character of the disease. DCM is defined as a severe systolic dysfunction and 

dilation of the (left) ventricle of the heart, leading to chronic end-stage heart failure or sudden cardiac 

death1. DCM exhibits a high morbidity and mortality rate, and it is the main indication for heart 

transplantation2,3. Based on the underlying etiology, DCM can be divided into ischemic (~70%) and 

non-ischemic (~30%) disease. Ischemic DCM is caused by myocardial infarction and this diagnosis is 

relatively easy to make4. Diagnostic categories of non-ischemic DCM, however, include myocarditis, 

valve disease, hypertension, diabetes, cardiotoxics (alcohol, drugs), and genetic disorders e.g. 

metabolic, neuromuscular, congenital heart defects, dysmorphic syndromes, and familial isolated forms 

with a known underlying gene1. However, in the majority of the primary (non-ischemic, non-valvular) DCM 

cases, the etiology is unknown. Genetics appear to play a role in 20-50% of non-ischemic, non-valvular 

DCM patients1, and support a heterogeneous Mendelian inheritance model (autosomal dominant, 

autosomal recessive, X-linked and mitochondrial), with an incomplete penetrance, reduced 

expressivity, and even a possibility for digenic inheritance5,6. To date, over 100 genes that are encoding, 

among others, structural proteins of the sarcomere and desmosomes, calcium-metabolizing proteins, 

cell-signaling molecules, and mitochondrial enzymes, have been shown to cause DCM1,5. Among those, 

approximately 40 genes have been verified to be truly DCM-causing, mostly supported by convincing 

familial segregation and functional testing1. These discoveries have led to new recommendations for 

next generation sequencing (NGS)-based diagnostic evaluation to find the genetic cause of the patient’s 

disease7, predict disease prognosis (e.g. mutations in LMNA gene indicate a worse prognosis7), and to 

indicate treatment8, or the use of cardiac devices3,9. In addition to the screening of the index patient, 

genetic counseling and cascade screening is offered to family members for an early recognition of 

individuals at risk10. Hence, the complex architecture of DCM does not end with its numerous etiologies. 

The clinical course of DCM is very variable and hard to predict, regardless the cause. It ranges from 

patients with little to no symptoms, to patients with an overt heart failure and a rapidly deteriorating 

ventricle, even between family members carrying the same mutation11,12. In addition, the clinical 

presentation, course, and outcome of DCM can differ between males and females13. Therefore, before 



planning any experiments, it is important to fully appreciate the complexities of DCM, and the selection 

of samples suitable for given research question should be an interdisciplinary effort involving clinicians 

and biologists. 

Systems biology is an emerging interdisciplinary field aiming at connecting information from various 

levels of complex biological systems14. Systems analysis integrating NGS-based omics approaches, 

such as the genome-wide sequencing of DNA, RNA, and chromatin (genomics, transcriptomics and 

regulomics, respectively)15, might provide valuable insights into our understanding of DCM. Before the 

era of omics, numerous studies have provided crucial information on particular gene changes in DCM, 

and often have led to new treatment targets16. However, during both onset and manifestation of DCM, 

hundreds of genes undergo changes in their transcriptional regulation and expression leading to 

processes such as fibrosis, cell death or impairment of muscle function and lipid (energy substrate) 

metabolism17-19. Therefore the best advantage of systems analysis is integrating sequencing, regulatory 

and transcriptional information about all genes in given cells or tissue at the same time. These methods, 

however, need to be performed in a high degree of cardiac tissue- or even cardiomyocyte specificity20, 

which might be problematic due to the limited availability of fresh patient and control cardiac tissue, the 

diffuse pattern of fibrosis, and the sensitivity of cardiomyocytes to culturing conditions21,22. It has recently 

been shown that tissue composition and physiological processes differ between various genetic forms 

of DCM that would otherwise be difficult to recognize clinically22,23. It is therefore very promising to 

explore the options of systems analysis, and translate the vast amount of obtained information into 

clinics. Depending on the setup of a research project, knowledge about the trigger of DCM, the 

mechanism of DCM progression, disease modifiers, or biomarkers, can be obtained well in line with the 

principles of precision medicine24. Consequently, the aim of this focus article is not to provide a 

catalogue of all kinds of methods and analyses implicated in systems biology in general, but rather to 

briefly discuss the real-world problems that researchers might encounter during such projects in DCM, 

how should they orient themselves in the long list of NGS techniques, and how could they utilize their 

results. 

 

PLANNING AN EXPERIMENT 

 



Since the availability of human cardiac samples from DCM patients is restricted, the list of examples of 

NGS omics studies published to date is short. Especially in regards to methods that require fresh or 

freshly frozen tissue25,26. Under ideal circumstances, there would be enough fresh cardiac material 

obtained from a DCM patient to isolate sufficient amounts of DNA, RNA, and chromatin, and perform 

all suitable methods to obtain maximum systems analysis information. However, the access to human 

cardiac samples, as compared to the example of blood drawing or skin biopsies, is very limited. Systems 

analyses in DCM can be hindered by the lack of suitable (control) cardiac tissue, the quality of archived 

cardiac material, or the variable amount of cardiac fibrosis in biopsies22. Therefore it is crucial to 

appreciate the importance of several parameters, before starting an actual experiment. 

 

Limited source of cardiac tissue 

 

There are several limitations in obtaining heart tissue. Cardiac biopsies from patients are primarily 

acquired at the end-stage of DCM, already presenting with severe damage to cardiomyocytes and 

extracellular matrix27. Such samples can be obtained during diagnostic endomyocardial biopsies, heart 

transplantation, implantation of a left ventricular assist device (LVAD), or post mortem, where little can 

be learned about what has triggered heart failure. Most interesting group of patients are pathogenic 

mutation carriers with no or only mild DCM symptoms28. Since biopsies cannot be obtained at an early 

stage of DCM, iPSC-derived cardiomyocytes engineered from skin biopsies or from blood, might be the 

only possibility for pre-symptomatic mutation carriers29. It is further problematic to obtain fresh tissue 

from proper human controls, as control cardiac tissue is usually obtained from brain-death donors who 

would not qualify for heart transplantation, from abortion material, or post-mortem. More coordination is 

needed to collect fresh cardiac tissue more efficiently, especially in earlier stages of heart failure, or 

even in pre-symptomatic mutation carriers. 

 

Variable quality of cardiac tissue 

 

Variations in biobanking protocols might cause problems when comparing cohorts from different 

centers. Depending on the working protocol, there is variability in archiving cardiac biopsies as formalin 

fixed and paraphing-embedded (FFPE), or stored frozen at -80°C. This can later determine the 



suitability of stored biopsy for NGS omics method, e.g. all RNA and chromatin-based methods need to 

be performed on fresh or frozen cardiac tissue15. In addition, DNA, RNA, and chromatin quality 

decreases over time, therefore post-mortem material, or material frozen after hours at room temperature 

or at 4°C, should be used with caution30. Quality control measures should always be taken to assess 

the degradation of material, such as the determination of RNA Integrity Number (RIN, Figure 1A) that 

might also give an approximate picture about the stability of DNA methylation or chromatin. RIN is 

based on a numbering system from 1 to 10, with 1 being the most degraded profile and 10 being the 

most intact. RNA samples with RIN>7 indicate the best quality31. 

  

Heterogeneous histological cell composition 

 

In normal human cardiac tissue, cardiomyocytes occupy up to 85% of the tissue volume, hence they 

spend only 30-40% of the cardiac cell count32. In the remaining cell fraction, endothelial cells constitute 

up to 60%, fibroblasts up to 20%, and hematopoietic-derived cells 5%-10% of the non-myocytes in the 

heart33. During disease, the composition of cells might change, and even differ between left and right 

ventricle and the interventricular septum, especially between various DCM subtypes (Figure 1B,C)22,34. 

Therefore, it is also important to keep consistency in the localization of biopsies. Histopathological 

assessment, at least hematoxylin-eosin staining, should be performed for each included biopsy, and 

the expected amount of fibrosis in the sequenced area should be determined22,34. Results will differ, in 

case whole intact tissue slice is used, including all cell types present, if fibrotic subepicardial layer has 

macroscopically been removed with scalpel to enrich for cleaner areas of cardiomyocytes, or after 

cardiomyocyte nuclei selection using cardiomyocyte-specific antibody. However, the latter needs to be 

performed on fresh, unfrozen tissue35. Therefore, before we have reliable working protocols to isolate 

particular cardiac cells from archived tissue, the information about cell composition and localization of 

each cardiac biopsy is crucial for data interpretation,  and should routinely be disclosed in scientific 

publications alongside data analysis. Importantly, the rapidly developing single cell sequencing brings 

the promise of solving cardiac tissue heterogeneity problem36. 

 

Homogeneous selection of DCM cohorts 

 



The lack of proper clinical and genetic information including DNA subtype, stage of disease, age and 

sex, without proper match for localization of cardiac biopsy, and without performing histopathology of 

biopsy, will undoubtedly have a negative effect on study results and create too much heterogeneity.  

Where genetic background is expected, at least sequencing of DCM diagnostic gene panel would be 

preferred5,7, including controls compared to a given DCM tested group, e.g. if MYBPC3 mutation 

positive DCM group, control group should be MYBPC3 mutation negative. In some cases it might be 

better to use end-stage DCM tissue with other type of DCM etiology instead of control tissue, e.g. 

MYBPC3 vs. TTN-mutated samples or ischemic DCM etiology. Interestingly, in the case of ischemic 

DCM samples, the best type of control might be a non-infarcted (remote) area from the same heart. It 

is crucial to prepare a suitable research question and well-designed research plan taking into account 

the quality of available tissue and the expected etiology of DCM. Most importantly, regardless of the 

characteristics of tested cohorts, the right sample size, in order to obtain sufficient statistical power for 

a NGS-based omics experiment, should be used37. 

 

Avoiding technical batch effects 

 

Various batch effects might impair data quality38. To avoid them, it is best to plan well in advance to 

include all available samples. DNA, RNA, and chromatin should be isolated, libraries should be 

prepared, and sequenced in mixed groups, to make sure that each batch contains a mix of samples 

from every tested group (e.g. controls should be processed in the same batch as patients, Figure 2). 

Otherwise it could be difficult to separate the effect of storage and collection condition from the actual 

biology. It is also good practice to avoid a direct comparison of a group of post-mortem obtained 

samples to a group of freshly frozen samples, since the degradation will be the strongest co-founder. 

Batch effects can be detected in silico39 and removed by a vast range of bioinformatic tools40. However, 

those correction methods can impair downstream analysis41, and if possible, it is best to avoid batch 

effects in the first place. 

 

NGS-BASED OMICS METHODS 

 



Thanks to low costs, short turnaround times, flexibility and genome-wide coverage, NGS has greatly 

accelerated biological and medical research and discovery. NGS has a broad spectrum of applications, 

which in principle always result from sequencing of a certain type of DNA library. The input can differ 

per biological question and depends on the isolation procedure of DNA, RNA, or chromatin42.  

 

DNA sequencing 

 

Genome sequencing is based on protocols starting with genomic DNA, which is fragmented into small 

pieces subsequently used for DNA library preparation. DNA is often isolated from blood to investigate 

germline mutations, as it is the case in diagnostic DCM gene sequencing to determine the patient’s 

genetic DCM etiology1, or can be isolated directly from cardiac tissue, to identify somatic DNA mutations 

specifically acquired in cardiomyocytes43. Cardiac genomic DNA can be isolated from cells or a whole 

piece of cardiac tissue, including post-mortem tissue. It is possible to sequence the whole genome of 

DCM patient without additional modifications (whole genome sequencing – WGS)44, or to enrich DNA 

libraries for specific regions of interest (genomic enrichment), which is the basis of diagnostic whole 

exome sequencing (WES) or DCM gene panels1,5,7. WES and WGS datasets can be used to detected 

point mutations, small insertions and deletions, but also large structural copy number variations 

implicated in DCM45,46.  

Methylome sequencing (Methyl-seq) for determination of methylation DNA status down to a single base 

resolution can be performed after additional bisulfite treatment of isolated DNA47. However, the usability 

of DNA methylation methods in DCM is limited by a relatively large amount of input cardiac tissue and 

high sequencing costs. Therefore, most of the knowledge about DNA methylation status so far has been 

gained from microarray-based methylation methods47,48.  

Importantly, the rapidly developing single cell DNA sequencing brings the promise of solving cardiac 

tissue heterogeneity problem, which bulk tissue sequencing brings36. The overall benefit of DNA 

sequencing techniques in general, with the exception of bisulfite-treated DNA, is that also post-mortem 

or FFPE tissue can be used after small modifications. It should be noted, that sequencing of germline 

DNA to determine the etiology of primary (non-ischemic, non-valvular) DCM patients and their family 

members, should be the first important step before moving on to RNA and chromatin sequencing 

methods. 



 

RNA sequencing 

 

Before the era of NGS, transcriptome analysis was relying on hybridization-based microarray techniques 

which have proven to be valuable in providing information about gene expression in cardiac tissue and 

cardiomyocytes49,50. However, those hybridization techniques provide only a limited view on the 

complexity and dynamics of the transcriptome, and are biased towards a priori knowledge about 

expression patterns51.  

After a total RNA or specific fraction of RNA (e.g. small RNAs, miRNAs) has been isolated from fresh 

or frozen material, NGS library preparation can proceed from complementary DNA (cDNA)52. Cardiac 

material with a longer post-mortem interval is not a suitable source of tissue for RNA sequencing (RNA-

seq)53. The most frequently used protocols are the polyA-selection for selection of predominantly 

mRNA, but also lncRNAs, and small RNA species selection techniques for RNA-seq of miRNAs, 

snoRNAs, siRNAs, snRNAs, exRNAs, pRNAs, piRNAs, and scaRNAs26,54,55.  

Interestingly, tomo-seq has recently emerged as a new RNA-seq technique providing an extra layer of 

information by combining transcriptome analysis with spatial resolution56,57. Single cell RNA-seq 

sequencing has the potential to identify clusters of different cell types in cardiac tissue, even different 

subtypes of cardiomyocytes35,58. Ribosomal profiling, the deep sequencing of ribosome-protected mRNA 

fragments, represents a powerful tool for globally monitoring protein translation59 and might especially 

be interesting in proving the actual damaging effect of DCM mutations60. Taken together, RNA-seq 

techniques provide unprecedented knowledge about specific expression of various types of RNA 

molecules from a whole piece of cardiac biopsy to a single cell resolution.  

 

Chromatin sequencing 

 

The change of chromatin landscape and activity (regulome) is an important hallmark of human 

disease15. It is the most unexplored part of epigenetic NGS omics methods in DCM, mostly because 

researchers often prefer to get a more direct information about expression of genes from RNA-seq 

methods. The basic principle of all chromatin-based NGS methods is the discovery of the genomic 

location and activity of DNA regulatory elements which are highly tissue, cell, and condition specific15. 



To understand the basic principles of the various chromatin sequencing methods and their potential for 

DCM research, it is first important to understand the characteristics of regulatory elements. 

 

DNA regulatory elements 

 

Regulatory elements encoded in DNA sequence, often referred to as promoters and enhancers, recruit 

transcription factors (TFs) to their DNA sequence through TF binding sites (TFBMs), allowing cells to 

precisely control the timing, location, and the level of gene transcription61. Promoters are classically 

recognized as proximate gene regions that initiate gene transcription, while enhancers as more distal 

regions acting through a physical contact with promoters via chromatin loops62. However, recent studies 

challenge the notion that promoters and enhancers are distinct entities and show evidence that also 

promoters can act over long distances63,64. It has been shown that regulatory regions display a high 

level of tissue specificity, and that enrichment of Gene Ontology (GO) terms based on the annotation 

of genes with the closest transcription start site has cell-specific patterns61. The genomic coordinates 

of regulatory elements indicate peaks and regions. The location of detected peaks can be used for in 

silico annotation of genes in the vicinity of the regions in the assumption that those genes are regulated, 

or to compare the intensity of signal between various conditions65,66. 

 

Probing chromatin activity 

 

Sequencing of the regulatory features normally starts with obtaining a highly organized chromatin 

material in living or frozen cells61. The mostly used chromatin-based NGS technique is chromatin 

immunoprecipitation sequencing (ChIP-seq). It is based on hybridization of a DNA-binding antibody 

followed by sequencing of the precipitated chromatin product67. Various types of antibodies can be used 

depending on the research question, assuming the protein interacts with DNA, such as antibodies 

against polymerases, histone modifications, or transcription factors20,68. One of the most frequently used 

ChIP-seq techniques is based on probing the histone 3 lysine 27 acetylation (H3K27ac) mark, 

recognizing active from poised promoters and enhancers69. There are many other chromatin 

techniques, based on different principles, providing similar information about the location and activity of 

open chromatin regions, such as DNAse-seq, ATAC-seq or FAIRE-seq70,71.  



One of the largest obstacle of all NGS chromatin activity probing studies is to find out what gene is 

regulated by the actual regulatory region. To date, most of this annotation has been based on in silico 

analysis of the genomic vicinity of a gene to the regulatory region65. However, since those interactions 

can span several hundreds, or even thousands of kilobases and at the same time, and the regulated 

gene does not necessarily need to be the closest, there is a high change to create false positive and 

false negative associations. Therefore, the best way is to use chromatin conformation techniques, such 

as the 4C, HiC or ChIA-PET, which provide a unique view about the tight 3D chromatin interactions of 

regulatory elements even on longer distances72-74. 

 

SYSTEMS ANALYSIS IMPLICATIONS IN DCM 

 

Omics data integration is a difficult task requiring expensive and complex bioinformatic approaches75,76. 

The biggest obstacle is to simply visualize and interpret the biological relevance of hundreds to 

thousands differential genes (Figure 3). However, despite the complications, there are multiple 

promising implications of systems analysis in DCM. By combining various types of NGS omics data 

sets, e.g. RNAseq, ChIPseq, or 4C, deep insights into cardiac biology, and possible biomarkers and 

treatment targets, can be gained. Systems analysis can also facilitate the annotation of non-coding 

mutations in cardiac specific DNA regulatory regions that play a substantial role in maintaining the tissue 

and cell specific transcriptional programs in the heart. 

 

Data integration 

 

Proper data integration from different types of experiments, necessary for a wider understanding of the 

underlying molecular mechanisms that lead to onset and progression of DCM, is challenging. Each type 

of NGS omics dataset brings an enormous amount of information on its own. A single RNA-seq dataset 

already provides information about genes expressed in a certain cell or tissue, and would equal to 

thousands of qPCR experiments. For example, RNAseq data can be used to determine tissue specificity 

related to mutated genes in DCM to assess potential extracardiac manifestations5, or the variation of 

allelic disbalance between the mutated and wild type allele77. However, integration of various other 

types of datasets would provide a much more complex picture.  



The combination of ChIP-seq data providing information about the location of cardiac specific enhancer, 

together with RNA-seq information about expressed cardiac genes, and 4C signal from particular 

enhancer viewpoint, will inform about which gene is regulated by the tested enhancer. In case these 

data are supported by information from ChIPseq for specific transcription factor binding to the tested 

enhancer, and WGS to detect DNA mutation in the binding site of that transcription factor, such 

mutations might impair the enhancer activity of gene through impairing the binding affinity of this 

transcription factor78.  

Alternatively, in a recent epigenome-wide association study in DCM patients and controls, methylation 

array profiling was combined with RNA-seq and WGS to determine cardiac gene patterning and a novel 

class of biomarkers. DNA methylation was first mapped in left-ventricular biopsies and whole peripheral 

blood of living probands. RNA-seq was performed on the same samples in parallel to identify differentially 

expressed genes linked to methylation profiles. WGS of all patients allowed exclusion of promiscuous 

genotype-induced methylation calls. Using this staged multi-omics study design, 517 epigenetic loci were 

linked with DCM and cardiac gene expression48.  

Therefore, by combining various types of NGS omics data sets, deep insights into cardiac biology and 

possible biomarkers and treatment targets can be gained, especially with other omics techniques not 

discussed here, such as the proteome and the metabolome of the heart. 

 

Annotation of coding and non-coding DNA variants in WGS 

 

Until now, systematic approaches for the identification of causal and modifying mutations from genome-

wide sequencing data have mainly been restricted to protein-coding DNA sequences. Regulatory regions 

that also play a substantial role in maintaining the tissue and cell specific transcriptional programs15, have 

largely been ignored. Promoters and enhancers regulate the time, location and levels of gene 

expression. Sequence DNA variants in those regulatory elements can alter the binding affinity of 

transcription factors79,80, thereby changing or even diminishing the expression of a regulated gene78,81, 

even though the gene itself is not mutated. In addition, it is well documented, that long and small non-

coding RNAs play crucial roles in translation, RNA splicing, DNA replication, gene regulation, or gene 

silencing82,83.  



Taken together, disease causing or modifying mutations might be located in classical protein-coding 

genes in nuclear and mitochondrial DNA encoding structural or functional proteins of cardiac cells5, but 

also in RNA genes (e.g. lncRNA, miRNA, etc.)84, or even non-coding regulatory elements (e.g. 

promoters, enhancers, and their transcription factor binding motifs)85,86. Although there are no known 

examples of non-coding mutations implicated in DCM yet, other genetic conditions with mutations in 

enhancers exist, such as isolated congenital heart defect in Holt-Oram syndrome (mutated TBX5 

enhancer)87, familial agenesis of pancreas (mutated PTF1A enhancer)88, or preaxial polydactyly 

(mutated SHH enhancer)89,90. 

A multi-omics stepwise approach to sift through the mountainous amount of data generated by systems 

analysis integrating various levels of NGS omics information is shown in Figure 4 and 5. The 

identification of coding mutations from WGS data should focus on exonic regions, which might seem 

straight-forward. The location of genes in general is already known and is easily accessible in public 

databases, such as Ensembl or USCS. However, information about which protein coding and RNA genes 

are expressed in cardiac tissue or cardiac cells during health and DCM is largely lacking. By integrating 

WGS data based on the sequencing of germline DNA of investigated DCM patients with RNA-seq data 

from available control or DCM cardiac biopsies, the searching space might significantly be narrowed-

down to protein and RNA coding genes, which product might be present in the affected organ.  

A more complicated approach should be taken for detection of biologically-meaningful variants 

overlapping with regulatory elements. Under an ideal scenario, a non-coding mutation detected by WGS 

should be located inside a regulatory element present in cardiac tissue or cardiac cells during health or 

DCM. Most promising are variants predicted to impair a crucial position inside a cardiac TF binding site 

motif, best if binding site confirmed via cardiac ChIPseq of the TF itself (Figure 4 and 5). However, 

ChIPseq datasets for TF binding in human cardiac tissue or cells are not available, therefore current 

approaches take into account only in silico predictions based on datasets from other species or tissues91. 

 

Searching for intrafamilial disease modifiers 

 

The search for intrafamilial (epi)genetic modifiers might be one of the most translational examples of 

systems analysis utilization in DCM. Cascade genetic screening allows an early detection of many 

family members that are pathogenic carriers. However, a large portion of these mutation carriers do not 



develop cardiomyopathy throughout life, or instead develop only a mild, subclinical phenotype92. This 

intrafamilial variability represents a significant problem, as asymptomatic mutation carriers may undergo 

unnecessary cardiologic testing, treatment with drugs that cause negative side-effects, or implantation 

of cardiac devices that are not necessary93. On the other hand, mutation carriers at risk, who are not 

identified properly, may be undertreated, and die suddenly at a young age92.  

It has been shown that patients with multiple protein-coding mutations show a more severe disease 

progression compared to patients with single mutation (gene-dose effect)6,94. Conclusively, the gene-

dose effect in DCM patients and mutation carriers should also be considered for variants in non-coding 

DNA sequences95, based on approaches described in Figure 4 and 5. Since DCM has can be caused 

by hundreds of mutations96 it might be difficult to search for disease modifiers in single families with DCM 

mutation with an ultra-low frequency. Large founder mutation carrier populations97 or multigenerational 

pedigrees with DCM might therefore be a better choice. Selection of family members should be carefully 

matched for extremes of phenotypes (younger individual with DCM vs. older family member with normal 

heart function), and if possible, should be sex matched. WGS datasets should be produced for the 

matched extremes and variants prioritized according to stepwise approaches indicated in Figure 4 and 

5. Combining WGS with epigenomic maps and iPS-cell technologies to identify a disease-causing 

mutation in an enhancer element, has been already been proven useful for families with agenesis of 

pancreas, where a mutation in an enhancer of PTF1A gene has been detected88. Similar approach 

should be taken for intrafamilial disease modifying variants, where cardiomyocytes from iPS-cells 

originating from blood or skin biopsies of the included individuals, could be used to test the DCM-causing 

pathogenic mutation with the presence of absence of the newly detected DCM-modifying variant, 

including the correction of mutations using genetic engineering98-100. 

 

Sidebar 1: Individual NGS omics data shared publicly enhance systems analysis but raise 

ethical issues. The submission of raw (fastq files) or mapped (bam files) individual NGS data into 

public repositories is currently required by majority of scientific journals. These files contain sequencing 

information reusable by others to test new methods, perform meta-analyses, or test new research 

questions101. Informed consent of the patient or their family member is required, when applicable, and 

it is routinely preformed for DNA sequencing studies, such as WGS or WES. However, ethical research 

approvals for methods like Methyl-seq, RNAseq or ChIPseq often do not include specific permission for 



putting NGS data in public repositories. Although patient data must be de-identified, the genotyping 

information itself contains several identifiers. There is a high potential of discovering a person via bam 

file by for example sex match (active promoter or expression of XIST gene on chromosome X for 

females, and active promoter or expression for EIF1AY on chromosome Y for male, or simply the 

presence or absence of reads on chromosome Y) or even a rare (population-specific) pathogenic DCM 

mutation97. More effort has to be invested into reevaluating the present rules and creating file types that 

would at least prevent detailed genotyping information, while preserving information about genomic 

coordinates102. It also has to be ensured that insurance companies and governmental organizations are 

not allowed to access and use patients’ genetic information, to avoid that carriership will lead to higher 

insurance fees103. 

 

Conclusion 

 

Systems analysis approach has limitless future applications that could improve the understanding of 

DCM. These applications are already used in other fields, such as oncology and immunology, but many 

of them still need to be applied to DCM. Thus far, DNA sequencing methods, such as targeted gene 

enrichment, WES, or WGS, are the most frequently NGS methods utilized in DCM research and 

diagnostics. The number of RNA-seq studies and other novel RNA-seq techniques, such as single cell 

RNA-seq, tomo-seq, or ribosomal profiling, is currently on the rise. However, more studies need to be 

produced to investigate the implications of methylome and regulome in DCM. We are still at the stage 

when simply a repository of NGS omics DCM-related datasets is needed to assist substantial number 

of researchers, especially to annotate genome-wide DNA studies, such as WGS, but also GWAS104. 

Future applications of NGS omics methods in DCM will depend on our ability to isolate and culture 

cardiomyocytes from human cardiac biopsies, especially the archived ones, or create iPSC that are 

representative for adult cardiomyocytes. Efficient 3D cardiomyocyte cultures from pre-symptomatic or 

symptomatic DCM mutation carriers will facilitate the development of druggable targets based on 

systems analysis approaches. We also have to develop better bioinformatic tools that would allow to 

understand the complex interplay between genes and proteins in a changing environment during 

disease, and for their intuitive visualization. Taken together, the field of systems analysis in DCM is yet 

to be started. 
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