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HEART FAILURE COMPENDIUM

The Complex and Diverse Genetic Architecture of 
Dilated Cardiomyopathy
Ray E. Hershberger , Jason Cowan , Elizabeth Jordan , Daniel D. Kinnamon

ABSTRACT: Our insight into the diverse and complex nature of dilated cardiomyopathy (DCM) genetic architecture continues 
to evolve rapidly. The foundations of DCM genetics rest on marked locus and allelic heterogeneity. While DCM exhibits a 
Mendelian, monogenic architecture in some families, preliminary data from our studies and others suggests that at least 20% 
to 30% of DCM may have an oligogenic basis, meaning that multiple rare variants from different, unlinked loci, determine the 
DCM phenotype. It is also likely that low-frequency and common genetic variation contribute to DCM complexity, but neither 
has been examined within a rare variant context. Other types of genetic variation are also likely relevant for DCM, along with 
gene-by-environment interaction, now established for alcohol- and chemotherapy-related DCM. Collectively, this suggests 
that the genetic architecture of DCM is broader in scope and more complex than previously understood. All of this elevates 
the impact of DCM genetics research, as greater insight into the causes of DCM can lead to interventions to mitigate or even 
prevent it and thus avoid the morbid and mortal scourge of human heart failure.
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Insight into the genetic basis of dilated cardiomyopa-
thy (DCM) has increased remarkably in recent years. 
Initial research was fueled by the clinical recognition 

in the 1980s to 1990s that some DCM could be famil-
ial,1 with the inference that familial DCM (FDC) could 
then have a genetic basis. Starting in the 1990s, the 
phenotype and pedigree relationships of these fami-
lies provided the framework for the first discovery of 
genes with rare disease-causing variants.1 Since then, 
the molecular genetic basis of DCM has continued to 
emerge.2–10

Our understanding of the genetic architecture of 
DCM also continues to evolve. By genetic architecture, 
we mean a description of how genetic factors contrib-
ute to the development and manifestation of pheno-
type. Some cardiovascular genetic conditions, such 
as hypertrophic cardiomyopathy or the long QT syn-
drome, in most cases, fit well into a simple Mendelian 
paradigm, in which one highly penetrant rare variant 
usually explains most genetic cause in an individual or 
family. In contrast, emerging evidence suggests that 

a substantial proportion of DCM (up to 20%11 in our 
preliminary data; up to 38% in an earlier European 
cohort12) may have an oligogenic basis, meaning that 
multiple rare (minor allele frequency <0.1%) variants 
from different (unlinked) loci may determine the DCM 
phenotype.13 Moreover, the focus on these rare coding 
sequence variants in genes that disrupt protein struc-
ture or function, while by far the most fruitful investiga-
tion thus far, does not address low-frequency (minor 
allele frequency ≥0.1% but ≤5%) or common (minor 
allele frequency >5%) variation, noncoding sequence 
relevant for gene promoters or other regulatory regions, 
noncoding RNAs, or epigenetic phenomena, all of which 
may be relevant for DCM genetics. Indeed genome-
wide association studies indicate that common variants 
are also relevant for DCM.14–19 Low-frequency variants, 
likely also relevant for DCM, have been evaluated in a 
single study.20 We also recognize, as described below 
in detail, that variant within the context of DCM usu-
ally means one or a few nucleotides, although larger 
rare structural variants may also be relevant. Increasing 
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evidence of the involvement genetic factors outside 
of the simple Mendelian paradigm suggests that the 
genetic architecture of DCM is broader in scope and 
more complex than previously understood.

All of this elevates the study of DCM genetics to a 
highly impactful role in broadening our understand-
ing of the fundamental causes of human heart failure 
(HF). HF, the multiorgan response to diminished cardiac 
output and decreased blood pressure, is a downstream 
late-phase event that signals a major decrement in left 
ventricular (LV) systolic function.21 While enormous effort 
continues to be applied to understand the pathogenesis 
and treatment of HF, we suggest that understanding the 
root cause of HF, specifically the myocardial dysfunc-
tion resulting from underlying DCM genetics, will provide 
foundational insights into generation of preventive or 
treatment options.

This progress has been made possible by dra-
matic advances in next-generation sequencing (NGS) 
technologies. Although exomes or genomes can be 
sequenced and analyzed rapidly, identifying genes yet 
unknown to cause DCM still takes enormous time, 
effort, and care to acquire the clinical, pedigree, and 
experimental molecular genetic data to conclusively 
establish causal relationships. Even once a DCM gene 
is established, proving that any specific variant in such 
a gene causes DCM within a conventional Mendelian 
paradigm remains an arduous task.

What is also new is an appreciation that clinical DCM 
at times emerges following an environmental insult with 
an impact rendered more severe by underlying genetic 
risk. Situations in which the effect of an environmen-
tal exposure on phenotype is modified by the genetic 
makeup of an individual are termed gene-environment 

(GxE) interactions.22 GxE interactions in DCM are not 
surprising and have been previously examined.23 Viral 
infections24 or other inflammatory conditions have been 
postulated for years as triggers for DCM, and recent 
genetic evidence links exposure to alcohol25 or chemo-
therapeutic agents26 to the development of DCM. Thus, 
the extent of DCM and its emergence due to GxE inter-
action remains a key new research frontier.

Despite these gains, the probability of identifying 
genetic cause by conventional clinical genetic testing 
is still at best 35%,10 even with familial DCM, where 
multiple closely related individuals in a multigenera-
tional pedigree have DCM without other known or 
usually detectable clinical cause, thus each meeting a 
formal definition of idiopathic DCM (IDC). What are we 
missing? Is most of DCM a genetic condition? The her-
itable and familial nature of DCM2 would suggest that 
indeed it is, but clinical studies have suggested that 
FDC can be identified in less than one-third of pro-
bands.1 In nonfamilial DCM, the genetic basis remains 
uncertain. To clarify this key question, the DCM Preci-
sion Medicine study has proposed to test the hypoth-
eses that most of DCM, whether familial or nonfamilial, 
does indeed have a genetic basis.27

Even with our growing understanding of DCM genetic 
architecture, caveats remain. First, we only find what we 
look for, and DCM genetics thus far has focused primarily 
on rare variants in coding sequence. Moreover, even as 
we expand our knowledge of DCM genetics, we also rec-
ognize the wisdom of theoretical physicist Albert Einstein: 
“The larger the circle of light, the greater the perimeter 
of darkness around it.” This reflects the reality of DCM 
genetics. While we are grateful for the enormous prog-
ress of the past 30 years, we trust that the next 30 years 
will bring similarly monumental discoveries. Our goal must 
be to continue to pursue a greater understanding of DCM 
genetic risk and to develop new strategies to prevent, 
treat, and cure, human DCM and the HF that results from 
it. We must also abandon conventional thinking that may 
hinder novel insight, remembering the words of historian 
Daniel Boorstin who reminds us that “the greatest obsta-
cle to discovery is the illusion of knowledge.”

CLINICAL DCM
Definition of DCM
The classic definition of DCM is that of LV systolic 
dysfunction with LV enlargement after all usual clini-
cally detectable causes (except genetic) have been 
excluded.28 This also serves as the clinical definition of 
IDC. For decades, IDC has been the starting point for 
investigation of FDC and DCM genetic discovery.29 We 
clarify that the use of DCM herein is synonymous with the 
more technical term IDC. Other causes of a nonidiopathic 
phenotype fitting generic LV systolic dysfunction and LV 

Nonstandard Abbreviations and Acronyms

ACMG	� American College of Medical Genetics 
and Genomics

DCM	 dilated cardiomyopathy
ES	 exome sequencing
FDC	 familial dilated cardiomyopathy
GS	 genome sequencing
GxE	 gene-environment
HF	 heart failure
IDC	 idiopathic dilated cardiomyopathy
LP	 likely pathogenic
LV	 left ventricle
NGS	 next-generation sequencing
P	 pathogenic
TTN	 Titin
TTNtvs	 TTN truncating variants
VUS	 variants of uncertain significanceD
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enlargement (and at times, also included by authors in 
a generic use of the DCM moniker) include myocardial 
infarction from coronary artery disease, primary valvular 
heart disease, congenital or other structural heart dis-
ease, and endocrine disorders such as hypothyroidism, 
among others.29 From a clinical genetics standpoint, all 
of these causes of myocyte dysfunction stem from con-
ditions beyond the myocyte itself, even if secondary to 
cardiac pathology (eg, valvular or vascular from cardiac 
endocarditis or coronary artery disease resulting in myo-
cardial infarction, respectively). Some causes, extrinsic to 
the myocardium, result from other organ dysfunction in 
a patient (eg, hypothyroidism). Other causes stem from 
exposure to environmental toxins, such chemotherapy, 
chronic alcohol abuse, acute heavy metal exposure, or 
other extrinsic conditions.29

Most DCM is adult onset, most commonly occurring 
in midlife, but can also present in neonates, young chil-
dren, and adolescence as well as individuals in the last 
decades of life. The population prevalence of DCM has 
been estimated by several metrics to be at least one in 
250.2 DCM occasionally presents with neuromuscular or 
mitochondrial syndromic disease.30–32 Why rare variants 
in the same gene cause DCM onset over such a wide 
range of ages remains largely unexplained, although 
modifier variants, likely rare, low frequency, and common, 
as well as environmental conditions presumably inter-
act. Such conditions we presume include not only usual 
physiology such as exercise, or pathophysiology such as 
hypertension, but also drugs, alcohol, radiation, and ambi-
ent conditions, such as air, water, and other environmen-
tal exposure. The totality of nongenetic factors has been 
termed the exposome, the sum of all nongenetic expo-
sures, including dietary, physical, psychological stressors, 
and the increasingly extensive environmental chemical 
exposures, all of which interact with genetics.33

Differentiating DCM from the other classic cardio-
myopathies, hypertrophic cardiomyopathy, restrictive 
cardiomyopathy, or arrhythmogenic right ventricular car-
diomyopathy continues to be essential for the clinical 
cardiologist. Arrhythmogenic right ventricular cardiomy-
opathy, classically defined at a disease of the right ven-
tricle, has been established to also cause biventricular or 
left-sided disease that can present as DCM with early 
arrhythmia, and for this reason, has also been termed 
arrhythmogenic cardiomyopathy.34 Expert cardiomyopa-
thy phenotype assignments will remain key because, for 
clinical cardiovascular genetic practice, we must still rely 
on the correlation of phenotype with any genetic test 
results to make sense of a purported genetic cause. 
This is a phenotype-first approach, where the indica-
tion for and interpretation of clinical genetic testing is 
driven by the cardiovascular phenotype of an affected 
individual.35 We predict that this approach will remain the 
standard for at least this decade because the genomes 
of ostensibly normal individuals (ie, without known or 

detectable cardiovascular disease) carry rare variants, 
even in known DCM genes, that are unconnected to 
any phenotype. Questions of variant pathogenicity will 
become even more of an issue as clinical cardiologists 
are referred increasing numbers of patients who have 
undergone clinical exome sequencing (ES) for a noncar-
diovascular condition and have had secondary findings 
found in a relevant gene for cardiovascular disease.36 
The clinician is obligated to conduct screening for a pre-
sumptive phenotype.37 Of the 73 genes on the updated 
American College of Medical Genetics and Genomics 
(ACMG) secondary findings gene list, 33 are related to 
cardiovascular conditions, and of those 33, slightly over 
half are related to cardiomyopathies.38

Finally, a key point for cardiovascular clinicians is that 
DCM is not HF and HF is not DCM. This is an oft-forgotten 
fact that DCM can be asymptomatic for years and thus can 
occur well before the onset of HF and that HF is a late-
phase manifestation of DCM39 (Figure  1). This concept 
provides the foundational rationale for DCM clinical genetic 
practice: specifically that DCM identified before the onset 
of HF in at-risk family members may be more responsive 
to treatment than later phase disease. That is, arresting the 
causal pathway to HF driven by DCM with family based 
screening may delay or even prevent late-phase disease, 
as has been shown preliminarily.40 This hypothesis—that 
medical intervention into very early DCM, well before the 
onset of HF, can prevent progression to fully defined DCM 
(Figure 1: Phase 1, Stage 1A)—has not yet been formally 
tested or informed with gene-specific data. Nevertheless, 
inferential evidence, as well as decades of clinical observa-
tion, strongly support this concept. Ideally, formal testing of 
this hypothesis will occur during this decade.

DCM MOLECULAR GENETICS
Variant Classification
Current clinical variant classification standards are 
defined by the ACMG: (pathogenic; LP, likely pathogenic; 
VUS, variant of uncertain significance; likely benign; and 
benign).41 These categorizations are assigned by applying 
adjudication criteria using currently available clinical and 
experimental evidence that supports a pathogenic and 
benign role, with central criteria including those specific 
to sequence consequence, as in the case of predicted 
null variation for genes that truncation is an established 
disease-causing mechanism, allele frequency, case-level 
and family segregation data, and functional evidence.41

Despite efforts to make gene- and disease-specific 
modifications to the foundational ACMG variant adjudi-
cation approach,11,42 many variants in DCM genes are 
classified as VUS. This is because some adjudication 
criteria are often challenging to apply, including case 
evidence and experimental evidence, although tools 
such as CardioClassifier43 and the modified Polyphen 
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prediction for sarcomere genes,44 may help with func-
tional predictions in the absence of experimental evi-
dence. However, the lack of publicly available case- and 
family-level data is a consistent barrier to moving a 
VUS to LP or P. When opportunities present to clini-
cally study a family with a rare VUS(s), efforts to track 

how a variant is segregating with disease should be 
pursued to resolve clinical uncertainty whether clinically 
or research based. The practice of variant classifica-
tion is both dynamic and probabilistic in nature and may 
change over time as new data presents,45 which may 
result in clinically significant impacts.46

DCM gene variants meeting criteria for P or LP clas-
sifications predominantly manifest as nonsynonymous 
missense mutations in coding regions or splice junc-
tions or as nonsense or frameshift variants resulting in 
prematurely truncated protein products. Owing to its 
extensive coding regions, rare pathogenic truncating 
variants are routinely identified in Titin (TTN).47,48 As 
the largest known protein, the canonical TTN sequence 
spans 363 exons alternatively spliced into several vari-
ably sized isoforms (Figure 2). Resulting protein prod-
ucts range in size between 5604 (the small Novex-3 
cardiac isoform) and 34 350 amino acids (the large 
N2BA cardiac isoform) and vary predominantly in 
elastic I-band regions. Truncating A-band TTN variants 
(TTNtvs), identified in 15% to 25% of families with 
DCM and 10% to 18% of sporadic cases,49 are now 
recognized as the most frequent monogenic cause of 
DCM.

DCM Locus and Allelic Heterogeneity
DCM has significant locus heterogeneity (Table 1). While 
modern DCM testing panels routinely offer sequencing 
of >50 genes, these represent only a subset of genes 
with suspected DCM involvement. DCM gene cura-
tion efforts led by a subworking group of ClinGen, the 
Clinical Genome Resource’s50 Cardiovascular Clinical 
Domain Working Group identified 267 loci with sug-
gested involvement in DCM (Table in the Data Supple-
ment).10 The breadth of locus heterogeneity, alongside 
low individual gene prevalence, distinguishes DCM from 
hypertrophic cardiomyopathy and arrhythmogenic right 
ventricular cardiomyopathy, for which genetic variation in 
a handful of key genes, MYH7 and MYBPC3 in hyper-
trophic cardiomyopathy, and PKP2, DSP, and DSG2 in 
arrhythmogenic right ventricular cardiomyopathy, explain 
80% or 40% to 60% of all cases, respectively.2

The vast majority of clinically identified DCM variants 
are private to single families, reflecting an added level 
of allelic heterogeneity. Pathogenic variants are usually 
distributed throughout all coding exons, although muta-
tional hotspots have been noted, such as a 5 amino acid 
region in exon 9 of RBM20.51 A recent signal-to-noise 
analysis of exome-detected TTNtvs identified several A- 
and I-band hotspots that were more likely to be spliced 
into a greater proportion of coding transcripts in patients 
with DCM.52 TTNtvs that were identified incidentally and 
TTNtvs identified in general population databases were 
less likely to be localized to these regions. Such exam-
ples serve as a reminder that, while most DCM variants 

Figure 1. The asymptomatic and symptomatic phases of 
dilated cardiomyopathy (DCM).
The causal pathway of DCM is illustrated in adult-onset DCM. Phase 
1 includes 2 periods, both asymptomatic. In the first period (1A), 
individuals who harbor rare DCM variants have risk of developing 
DCM over time. Genetic information identifies the individuals who 
would benefit from periodic clinical screening to detect early clinical 
disease. In Phase 1B, DCM can be clinically detected by appropriate 
imaging studies but remains asymptomatic, evading detection 
for years unless surveillance clinical screening is undertaken to 
detect it. In Phase 2, the individual with DCM develops symptoms, 
most commonly with heart failure (HF), which triggers a medical 
evaluation with a diagnosis of HF and the eventual discovery of the 
underlying DCM. Factors that may diminish or block these causal 
pathways to DCM or HF are shown in green (A1, B1, and C1); 
environmental factors could include good nutrition, a low-salt diet, low 
blood pressure, or drug therapy (eg, angiotensin-converting enzyme 
inhibitors or β-blockers). Factors that may accelerate the causal 
pathway to DCM or HF are shown in red (A2 and B2); examples 
include hypertension, alcohol use, or exposure to chemotherapy 
or other myocardial toxins. Genomic modifiers, both injurious or 
protective, include rare, low frequency, or common variants that could 
be operative at all points. Detection of a pre-DCM phenotype that 
portends the transition from Phase 1A to Phase 1B could permit 
earlier introduction of conventional medical therapy in an effort to 
block the development of DCM. Following the transition to Phase 1B, 
all efforts need to be made to prolong this phase to avert late phase 
symptomatic disease in Phase 2.
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are unique to individual families, their distribution within a 
given gene is likely to be dependent on ultimate impact on 
protein structure and function. While DCM-relevant TTN 
variants appear to cluster predominantly in the A-band, 
the large number of coding exons introduces additional 
potential for compound heterozygosity involving multiple 
pathogenic variants. Compound heterozygosity has pre-
viously been reported in instances of TTN-related mus-
cular disease, including tibial53 and limb-girdle muscular 
dystrophies.54 In the latter study, a TTNtv was identified 
alongside a splice junction variant previously reported in 
a patient with DCM. While the pathogenic significance of 

TTNtvs is well-established, the impact, if any, of TTN mis-
sense variants for DCM has not been established.

The preponderance of pathogenic A-band TTNtvs in 
DCM is likely a consequence of constitutive inclusion 
of these exons in cardiac-expressed transcripts, N2BA, 
N2B, and Novex isoforms 1 and 255 (Figure 2). Not all 
TTN transcripts are expressed in the heart, and whether 
cardiac-expressed exons are impacted by a given TTNtv 
is a key factor in determining the likelihood of its patho-
genicity.56 However, while A-band TTNtvs are a major 
genetic contributor to DCM, they are also identified in 
an estimated 0.2% to 2% of the general population.47,57

Figure 2. TTN (Titin) and the cardiac sarcomere.
A, Schematic representation of the cardiac sarcomere. Depicted are actin and troponin-complex containing thin filaments and myosin thick 
filaments interacting with Z-disk and M-band anchored Titin. A-band, I-band, and H-band segments are indicated by horizontal bars. B, TTN exon 
and protein structure. The TTN canonical transcript (NM_001267550.1) is encoded by 363 exons alternatively spliced into several variably sized 
isoforms. N2BA (NM_001256850.1), N2B (NM_003319.4), Novex-1 (NM_133432.3), Novex-2 (NM_133437.3), and Novex-3 (NM_133379.3) 
isoforms are cardiac expressed, while N2BA (NM_133378.4) is expressed in skeletal muscle. Exon structure of each isoform is depicted. Exons are 
not drawn to scale. Grey color indicates exons spliced from the processed transcript. Exons encoding Ig-like (red, triangle), Z-repeat (pink, square), 
PEVK (Pro-Glu-Val-Lys) (blue, hexagon), fibronectin type III (yellow, star), and protein kinase (cyan, circle) domains are indicated by the indicated 
colors and symbols. For visual simplicity, symbols are used to mark only the first exon encoding each domain, the exon immediately following 
encoding of a different domain, or exons encoding multiple domains. Encoded proteins are depicted below each exon structure. Proteins are scaled 
to show relative proportions of each transcript occupied by Z-disk (gray), near Z-disk (yellow), I-band (blue), A-band (red), and M-band (gray-green) 
domains. Depicted colors match those in A. Domain boundaries and amino acid ranges are indicated for each isoform.
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Table 1.  Disease Validity Classifications for DCM Genes Considered Within a Monogenic Framework

 
ClinGen DCM gene-disease 
validity classification Gene Protein MOI Function

High evidence 
genes

Moderate ACTC1 Actin, α cardiac 1 AD Sarcomere

Moderate ACTN2 α actinin 2 AD Sarcomere

Definitive BAG3 BCL2-associated anthanogene 3 AD Co-chaperone/heat shock 
protein

Definitive DES Desmin AD Cytoskeleton

Strong DSP Desmoplakin AD Desmosome

Definitive FLNC Filamin C AD Sarcomere

Moderate JPH2 Junctophilin 2 SD Junctional membrane

Definitive LMNA Lamin A/C AD Nuclear envelope

Definitive MYH7 Myosin heavy chain 7, β AD Sarcomere

Moderate NEXN Nexilin AD Cytoskeleton

Definitive PLN Phospholamban AD Sarcoplasmic reticulum

Definitive RBM20 RNA-binding motif protein 20 AD Nucleus/RNA binding

Definitive SCN5A Sodium channel, voltage-gated type V, α AD Ion channel

Definitive TNNC1 Troponin C, slow AD Sarcomere

Moderate TNNI3 Troponin I AD Sarcomere

Definitive TNNT2 Troponin T AD Sarcomere

Moderate TPM1 Tropomyosin 1 AD Sarcomere

Definitive TTN Titin AD Sarcomere

Moderate VCL Metavinculin AD Cytoskeleton

Low/variable 
evidence genes

Limited ABCC9 ATP-binding cassette, subfamily C, member 9 AD Ion channel, sarcomere

Limited ANKRD1 Ankyrin repeat domain 1 AD Sarcomere

Limited CSRP3 Cysteine-rich protein 3 AD Cytoskeleton

Limited CTF1 Cardiotrophin 1 AD Cytokine

Limited DSG2 Desmoglein 2 AD Desmosome

Limited DTNA Dystrobrevin, α AD Sarcomere

Limited EYA4 Eyes absent 4 AD Nucleus

Limited GATAD1 GATA zinc finger domain-containing protein 1 AR Nucleus

Limited ILK Integrin-linked kinase AD Cytoskeleton

Limited LAMA4 Laminin, α 4 AD Extracellular matrix

Limited LDB3 LIM domain binding 3 AD Cytoskeleton

Limited MYBPC3 Myosin-binding protein C AD Sarcomere

Limited MYH6 Myosin heavy chain 6, α AD Sarcomere

Limited MYL2 Myosin light chain 2 AD Sarcomere

Limited MYPN Myopalladin AD Sarcomere

Limited NEBL Nebulette AD Sarcomere

Limited NKX2-5 NL2 homeobox 5 AD Nucleus

Limited OBSCN Obscurin AD Sarcomere

Limited PLEKHM2 Pleckstrin homology domain-containing protein, 
family M, member 2

AR Cytoskeleton

Limited PRDM16 PR domain-containing protein 16 AD Nucleus

Limited PSEN2 Presenilin 2 AD Plasma membrane

Limited SGCD Sarcoglycan, Δ AD Cytoskeleton

Limited TBX20 T-box 20 AD Nucleus

Limited TCAP Telethonin AD Sarcomere

Limited TNNI3K TNNI3-interacting kinase AD Sarcomere

(Continued )
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Diversity in Genetic Studies Has Been Limited 
to European Ancestry Cohorts
Although nonischemic DCM has been cited as having 
higher prevalence and worse outcomes in individuals of Afri-
can ancestry,58 most genetic investigations have included 
only European cohorts, despite genome-wide association 
findings being enriched in individuals of African ancestry or 
Hispanic ethnicity.59 The need for greater inclusion in DCM 
genetic studies is highlighted by reports citing higher likeli-
hood of VUS detection in African populations,60 increased 
LV diameter among African and Hispanic VUS carriers,61 
and enrichment of TTNtvs in individuals of European ances-
try.62 Studies designed to target enrollment of under-repre-
sented populations, such as the DCM Precision Medicine 
study,27 will help to provide the genetic data needed to vali-
date these or identify novel population differences.

Research Versus Clinical Standards
The standards by which a variant should be considered of 
interest differ between clinical settings focused on patient 
care and research settings focused on scientific discovery. 
Importantly, LP and P classifications are not recommended 
to be applied to variants identified in nonestablished DCM 
genes,41 although such variants, of necessity classified as 
VUS, may ultimately be found to have clinical relevance. Like-
wise, restricting determinations of pathogenicity to particular 
variant types or gene regions, such as A-band TTNtvs, is likely 
to exclude genetically significant variants located elsewhere 
in the gene.63,64 Such challenges are not unique to the study 
of genetic DCM; however, it is important to recognize both 
the utility and limitations of existing adjudication criteria.

DCM CLINICAL GENETICS
DCM Transmission Patterns
The pattern of transmission of DCM genetic risk has 
largely been described in a classic autosomal dominant 

model, incurring a 50% risk to all first-degree relatives 
(parents, siblings, and children) of an affected individual 
to share the same genetic predisposition.1 While less 
common, autosomal recessive, X-linked, and mitochon-
drial inheritance patterns have also been reported.29 Data 
suggests that FDC and non-FDC have a similar genetic 
background,65,66 in part due to the fact that determining a 
familial categorization depends on the clinical evaluation 
of family members and can be restricted by penetrance 
or small family size.

DCM Genetic Architecture
Over past 3 decades, dozens of genes have been sug-
gested to have variants causal for DCM, and while most 
of this gene-specific discovery literature has been sum-
marized previously,1–8,10,29 a broadly based systematic 
effort to curate the vast amount of literature surrounding 
genetic causes of DCM had never been done. To rem-
edy this, ClinGen50 assembled an international panel to 
evaluate gene-disease relationships for isolated, non-
syndromic DCM.67 To develop an initial gene list, publicly 
available gene databases were interrogated, resulting in 
a set of 267 genes (Table in the Data Supplement). A 
final list of 51 genes (Table 1) underwent rigorous cura-
tion of available literature to classify the degree to which 
the data supports an association with human DCM. This 
work classified 19 genes from 10 gene ontologies as 
having moderate, strong, or definitive evidence to sup-
port a single-gene, Mendelian cause of DCM (Figure 3). 
The resulting clinically relevant gene list is consistent 
with findings of recent case-control analyses, with high 
evidence genes also enriched in DCM cases.68

For the 19 genes deemed highly clinically relevant, 
the ACMG variant interpretation criteria41 can be applied, 
where a P/LP variant in a clinically relevant gene can be 
considered a stand-alone cause of disease and, impor-
tantly, can be used for risk prediction in relatives. Nota-
bly, the ClinGen gene curation framework is designed 

Minimal evidence 
genes

No known disease relationship LRRC10 Leucine-rich repeat-containing protein 10 AR Cytoskeleton

No known disease relationship MIB1 Mindbomb E3 ubiquitin protein ligase 1 AD Cytoskeleton

Disputed MYL3 Myosin light chain 3 AD Cytoskeleton

No known disease relationship NPPA Natriuretic peptide precursor A AR Hormone

Disputed PDLIM3 PDZ and LIM domain protein 3 AD Cytoskeleton

Disputed PKP2 Plakophilin 2 AD Desmosome

Disputed PSEN1 Presenilin 1 AD Plasma membrane

The 51 genes curated for DCM by the ClinGen DCM gene curation panel are grouped by levels of evidence supporting a Mendelian relationship with the DCM pheno-
type.5 Genes meeting a classification of moderate, strong, or definitive, as defined by the ClinGen framework, have high levels of evidence that can be used for molecular 
diagnosis of DCM in the clinical setting. Genes with limited classifications have variable degrees of evidence, some of which may emerge as high evidence genes in the 
future. Genes in the minimal evidence category, assigned a disputed or no known disease relationship classification, are unlikely to accumulate evidence to reach a high 
classification standard. However, while highly unlikely to be a monogenic cause of DCM, it is possible that genes in this category may have a modest clinical effect as a 
genetic modifier of disease. AD indicates autosomal dominant; AR, autosomal recessive; ClinGen, The Clinical Genome Resource; DCM, dilated cardiomyopathy; MOI, 
mode of inheritance; and SD, semidominant (both AD and AR mechanisms reported).

Table 1.  Continued

 
ClinGen DCM gene-disease 
validity classification Gene Protein MOI Function
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specifically to evaluate gene-disease relationships under 
Mendelian-acting models so that genes with high clas-
sifications (definitive, strong, and moderate) are usu-
ally considered to be clinically relevant for molecular 
diagnosis.

Genetic Evaluation of DCM
A genetic evaluation is recognized as a central com-
ponent of the clinical management of DCM. A genetic 
evaluation is recommended to be family based, including 
collection of medical and family history, clinical evalua-
tion of at-risk relatives, and cascade genetic testing of 
variants in clinically relevant gene(s), when applicable. 
Specifically, when a P/LP variant is found in a high evi-
dence, clinically relevant DCM gene, at-risk first-degree 
relatives are recommended to be tested for this same 
variant for their own risk stratification to enable oppor-
tunity for early clinical screening and, if needed, inter-
vention. For at-risk relatives found to share the same 
genetic predisposition as their family member with DCM, 
clinical surveillance including electrocardiography and 
imaging by echocardiogram or cardiac magnetic reso-
nance imaging is recommended at age-based intervals. 

For those that have normal clinical screening and do not 
harbor the DCM-causing variant, no further follow-up is 
warranted.37

Even when a genetic cause is known, additional 
considerations in the risk assessment of the patient 
and family may be necessary.10 For example, some 
DCM-associated genes may have variable presenta-
tions, such as genes known to have conduction system 
abnormalities, as in DCM arising from P/LP variants in 
LMNA, DSP, SCN5A, FLNC, and DES genes. Others 
may require additional neuromuscular evaluation, as in 
the case of LMNA, some cases of TTN, and others. 
Furthermore, reduced penetrance and variable expres-
sivity may complicate the interpretation of data in the 
family.

With a large number of proposed genes, genetic test-
ing panels for DCM include from 30 to >100 genes.67 
However, despite the nearly universal use of large mul-
tigene NGS panels in DCM clinical genetic testing, cur-
rent estimates show that genetic cause is only detected 
in about 20% to 35% of cases.11,12 Even after tailoring 
ACMG variant adjudication criteria by the ClinGen MYH7 
variant curation panel42 and further by the DCM Preci-
sion Medicine study,11 the majority of genetic results in 
DCM cases remain as VUS.

Notably, many clinically available genetic testing pan-
els include genes with low degrees of evidence, repre-
senting genes of uncertain significance when evaluating 
through a Mendelian lens. Any variants identified in 
genes where the relationship and mechanism of action 
are not clearly defined should not exceed a classification 
greater than that of a VUS.41 VUS in DCM genes are not 
recommended for use in clinical practice.37,67,69

More broadly, this gap in detecting genetic cause 
is likely driven by many factors, such as locus hetero-
geneity, illustrated by the extensive number of genes 
proposed relevant to the phenotype, with each DCM-
associated gene accounting for only a small proportion 
of cause, the exception being TTNtvs. Still, TTN-related 
DCM is commonly shown to have reduced penetrance, 
suggesting a role of modifiers, which may include addi-
tional genetic burden of low-frequency or common vari-
ants and additional environmental insults.70 Furthermore, 
significant allelic heterogeneity of variants in DCM genes 
also complicates clinical translation, with rare and private 
variants frequently reported.

Last, current variant interpretation standards are not 
designed for evaluating genetic variation under non-
Mendelian mechanisms. This is highly relevant to DCM, 
as multiple variant architecture continues to be demon-
strated in DCM in the literature.11–13 While a single-vari-
ant acting in an autosomal dominant pattern is currently 
estimated to explain 20% to 35% of cases with detect-
able genetic cause, additional non-Mendelian models are 
also likely to be at play.

Figure 3. Dilated cardiomyopathy (DCM) genetic architecture 
spans 10 gene ontologies.
Nineteen genes deemed highly clinically relevant (definitive and 
strong noted in bold; moderate in regular text) for DCM are in the 
middle ring. The outermost ring lists other high evidence phenotypic 
associations and the innermost risk provides an ontology classification 
for each gene, respectively. Of 19 DCM genes, 14 have also been 
classified as high levels of evidence in hypertrophic cardiomyopathy 
(HCM), arrhythmogenic right ventricular cardiomyopathy (ARVC), 
long QT syndrome (LQTS), and Brugada syndrome, except for NEXN, 
noted with an asterisk, which has limited evidence in HCM. Ontology 
abbreviations include Co-Chap HSP indicates co-chaperone, heat 
shock protein; and SR, sarcoplasmic reticulum. From Jordan et al67.
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An Oligogenic Model of DCM
A multiple hit hypothesis, where multiple variants col-
lectively contribute to DCM disease (Table 2), has been 
previously proposed.2,10 As noted above, data support-
ing a multiple variant architecture has been replicated in 
exemplary pedigrees13 and cohort studies.11,12 Citing key 
examples, in a large, multicenter DCM cohort, 38% of 
patients had multiple variants.12 In an LMNA-related car-
diomyopathy study, 5 of 19 (26%) probands had multiple 
variants at play,13 and multiple rare variants were identi-
fied in 21% of cases in a pilot set of DCM probands from 
the DCM Precision Medicine Study.11

Under an oligogenic model, each variant in isolation may 
not be sufficient to cause disease, but multiple variants with 
low to moderate effect together incur a sufficient burden 
for DCM development.2,10 A detailed family history72 fol-
lowed by comprehensive phenotypic assessment of at-risk 
relatives is essential to define the oligogenic architecture of 
DCM and to clinically classify variants identified by genetic 
testing (Table 2). This is because disease-contributing vari-
ants, as opposed to disease-causing variants (classified 
as P/LP by current standards) may be inherited bilineally, 
that is, from both maternal and paternal sides of the pro-
band’s pedigree, and in different combinations throughout 
the pedigree.2,10 The differing variant burden creates clinical 
complexity across the pedigree, which may express in rela-
tives as an incomplete DCM phenotype.

DCM Phenotypes Resulting From GxE 
Interaction
GxE interaction may also contribute to DCM. Initially thought 
to be of nongenetic cause, peripartum or pregnancy-asso-
ciated cardiomyopathy,73–75 chemotherapy-related car-
diomyopathy,26 or alcohol-related cardiomyopathy,25 have 
since been shown to have a rare variant genetic back-
ground. Sequencing probands with DCM presenting after 
cardiotoxic exposure, including alcohol and chemother-
apy, both having clear evidence of environmental impact, 
found an enrichment of TTNtvs.25,26 Therefore, previously 
phenotypes of uncertain genetic significance, chemother-
apy-related cardiomyopathy, and alcohol-related cardio-
myopathy, now have evidence of a rare variant genetic 
background. While rare variants in DCM genes have been 
detected in cases of peripartum cardiomyopathy/preg-
nancy-associated cardiomyopathy,73–75 finding nongenetic 
environmental mechanisms in humans that are relevant 
for the peripartum cardiomyopathy/pregnancy-associated 
cardiomyopathy phenotype has remained elusive.76,77

Clinical Translation of a Complex Genetic 
Architecture
There are 3 prerequisites for genetic information to be 
able to be used for molecular diagnosis: (1) the phenotype 

is known to have genetic cause; (2) the relationship of 
genes with the phenotype is understood; and (3) the bio-
logical significance of a variant is clinically interpretable. As 
such, the DCM phenotype, including FDC and non-FDC in 
addition to the GxE DCM phenotypes of chemotherapy-
related cardiomyopathy and alcohol-related cardiomyopa-
thy, has an established genetic background. In addition, 
gene-disease relationships have been authoritatively 
defined recently, with 19 genes currently rated to have 
high degrees of evidence in monogenic DCM (Table 2).

Despite establishing exemplary GxE interaction for 
DCM phenotypes, we currently lack a framework to clini-
cally quantify the contribution of genetics or environmen-
tal impact in such cases. This presents a major challenge 
in the translation of genetic information into the care of 
the family. For GxE phenotypes arising in the setting of 
rare variants meeting Mendelian P/LP classification stan-
dards, proceeding with usual cascade clinical evaluation 
and genetic testing of family members may be pursued 
with some modifications (Table 2). For example, for rela-
tives who test positive for a P/LP variant identified in 
the proband of their family with a GxE phenotype, a later 
onset penetrance or decreased disease severity may be 
anticipated if they do not share the environmental factors 
of the proband. However, when variant(s) are identified 
that do not meet the rigorous P/LP classification stan-
dards, we currently lack a framework to translate these 
disease-contributing variants to family based clinical care. 
Until such guidance is established, disease-contributing 
variation will continue to be classified as VUS and lack 
clinical utility in DCM and in other established GxE DCM 
phenotypes, restricting the reach of genetic information 
to the care of this population.

To bridge these existing gaps to include multivari-
ant and GxE models of DCM into clinical care, targeted 
efforts for gene discovery and a broadened approach to 
variant interpretation to define the role of disease-con-
tributing variants of modest to moderate clinical effect 
is critically needed. Establishing non-Mendelian disease 
mechanisms in DCM will change the practice of genet-
ics providers (Table  2). Furthermore, it will enable an 
improved ability for molecular diagnosis, reducing the 
degree of uncertainty and lack of resolution for the many 
DCM patients and families that remain unsolved under 
current standards and approaches to genetic care.

STATISTICAL APPROACHES TO 
DISCOVERY AND CHARACTERIZATION OF 
DCM GENES AND VARIANTS
Statistical Modeling of a Complex Genetic 
Architecture
Discoveries in human genetics are made and validated 
by correlation of phenotype with genotype. The concep-
tual underpinning of this process is a penetrance model, 
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Table 2.  Clinical Impact of Considering Non-Mendelian Models of DCM Genetic Architecture

Components 
of a genetic 
evaluation

Models of DCM genetic architecture

Mendelian model Multivariant model GxE model

Proband medi-
cal history

Exclude all other known clinical 
causes of DCM.

Exclude all other known clinical causes of DCM. Comprehensive evaluation of environmental factors 
that may be contributing to DCM phenotype.

FHx Identify a single lineage harboring 
the genetic risk.

Seek evidence of bilineal inheritance. Seek evidence of bilineal inheritance.

Spectrum of penetrance and expression likely. Comprehensive clinical and environmental data.
≥3 generations of FHx.57

≥3 generations of FHx. Spectrum of penetrance and expression expected.

>3 generations of FHx.

Pedigree con-
siderations

Dominant features (eg, males and 
females affected, male-to-male 
transmission, multiple generations 
with disease).

May appear de novo or recessive, as proband 
may be the only individual with a complete DCM 
phenotype arising from a unique variant burden.

May appear de novo or recessive, as the proband 
may be the only individual with a complete DCM 
phenotype with sufficient burden of genetic and en-
vironmental factors.

Variable expression and reduced 
penetrance may complicate inter-
pretation.

Variable age of onset may be observed depend-
ing on variant burden of each individual.

Variable age of onset as environmental factors more 
likely to occur in adulthood and multiple factors re-
quired to meet disease threshold.Relatives may have subtle/mild disease, be as-

ymptomatic, or unaffected. Relatives may have subtle/mild disease, be asymp-
tomatic, or unaffected.

Pedigree samples

Risk counsel-
ing

50% chance to FDRs to share ge-
netic predisposition.

Discussion of disease threshold model, where 
multiple variants additively cause the phenotype.

Discussion of disease threshold model, where mul-
tiple variants interact with environmental factor(s) to 
cause the phenotype.

Individuals with genetic predisposi-
tion may not develop disease at the 
same age or severity.

50% chance to FDRs to have each individual 
variant. 50% chance to FDRs to have each individual variant.

Reduced penetrance driven by variant burden. Relatives may have mild or subclinical disease or be 
unaffected.Relatives may have mild or subclinical disease or 

be unaffected. Environmental factors can change over time (eg, age).

Motivational counseling strategies important to 
inspire preventive health behaviors, emphasizing on 
the role of environment and managing nongenetic 
risk factors as possible to mitigate risk.

Clinical evalua-
tion of family

ECHO or CMR, and ECG, of 
FDRs at baseline and repeated at 
age-defined intervals.28

ECHO or CMR, and ECG, of FDRs at baseline. ECHO or CMR, and ECG, of FDRs at baseline.

Above repeated at frequency recommended by 
clinician based on genetics and family presenta-
tion until data-driven guidelines available.

Above repeated at frequency recommended by 
clinician based on genetics, environmental factors, 
and family presentation until data-driven guidelines 
available.

GT of proband 19 high evidence genes.5 At least 51 genes with varying degrees of human 
genetic evidence.5

At least 51 genes with varying degrees of human 
genetic evidence.5

Engage in research to investigate DCM genetic 
architecture.

Engage in research to investigate DCM genetic 
architecture, which may include calculation of poly-
genic risk.

Variant inter-
pretation

Very rare variants (MAF <0.01% in 
all nonfounder subpopulations86).

Very rare, rare, and low-frequency variants (MAFs 
<0.01%, <0.05%, and <1%)

Rare to common variation.

Case-level criteria for rare variants to include broad 
inclusion of phenotypes in case counts, including 
incomplete DCM phenotypes and GxE DCM phe-
notypes.

Case-level criteria to only include 
counts for strictly applied DCM 
phenotype.6

Case-level criteria to include idiopathic DCM 
and incomplete DCM phenotypes in counts (eg, 
rEF only, LVE only, CSD only, etc).

GT consid-
erations for 
FDRs

GT of FDRs if P/LP variant(s) 
found in proband.

Consider FDR GT for disease-contributing/
causing variants, regardless of Mendelian clas-
sification.

Consider FDR GT for disease-causing/contributing 
variants, regardless of Mendelian classification

Discharge those with negative cas-
cade GT from follow-up.28

Quantification of environmental risk burden (when 
data-driven approach available).

Clinical recom-
mendations

Communicate risk with family. Communicate risk with family. Communicate risk with family.

Baseline clinical screening of FDRs 
per guidelines.

Clinical screening of FDRs per guidelines. Clinical screening of FDRs per guidelines.

Cascade GT of FDRs when ap-
plicable.

Continued surveillance of FDRs 
with genetic risk per guidelines.28

(Continued )
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which provides a formal mathematical description of how 
genetic and environmental factors contribute to a par-
ticular observed trait in the population.22 The goal of dis-
covery is to find which genes and variants contribute to 
this model; characterization then determines how genes 
and variants previously discovered contribute, possibly 
in the context of other factors. As reviewed above, the 
penetrance model for DCM is frequently characterized 
as simple Mendelian with age-dependent penetrance.2,5 
However, the qualifiers “reduced penetrance” and “vari-
able expressivity” are typically added to accommodate 
substantial variation in presentation for carriers of the 
family’s variant in terms of age at onset and disease 
severity.2,5 The necessity of such qualification, as well as 
the alternative oligogenic and GxE interaction models 
discussed above, suggests that DCM genetics may be 
better understood in the context of a more comprehen-
sive multifactorial penetrance model.

Because DCM is defined by LV systolic dysfunction and 
LV enlargement meeting certain thresholds, a threshold 
model involving underlying quantitative endophenotypes 
provides a useful framework (Figure 4).22,78 This model 
accommodates the usual Mendelian paradigm in which 
the negative impact of a single rare P/LP rare variant 
on these quantitative endophenotypes eventually leads 
to disease, with age at onset and disease severity subject 
to random variation between individuals. However, it can 
also accommodate the additional complexity necessary 
to explain the full spectrum of phenotypic variation. We 
have previously reported that the presence or absence 
of additional rare variants modifies the severity of dis-
ease within families.2,13,79–81 Low-frequency and common 

variants may also play a role in DCM susceptibility; a 
recent study found a SNP-heritability estimate of 0.33 
for DCM in African Americans,17 and heritability esti-
mates above 0.30 have been found for LV ejection frac-
tion and size in large studies of various populations.18,82,83 
When incorporated into a threshold model, these addi-
tional genetic factors can explain reduced penetrance 
and variable expressivity by modifying the impact of a 
single P/LP rare variant on the expected trajectory of 
the quantitative endophenotype (Figure 4). A threshold 
model also allows environmental factors to affect pen-
etrance and expressivity through their modification of the 
expected trajectory of the quantitative endophenotypes 
determined by the genetic background.

Genotyping Assays
The genetic components of the penetrance model that 
can be interrogated in a particular study are determined 
in part by genotyping assay choice. High-coverage 
genome sequencing (GS) captures variation across the 
allele frequency spectrum in both coding and noncod-
ing regions but entails significant upstream and down-
stream cost. As a result, more cost-effective assays 
tuned to specific subtypes of variants are frequently 
used. Array-based genotyping directly targets common 
variants typically located in noncoding regions. However, 
the advent of large publicly available haplotype refer-
ence panels based on GS now allows accurate impu-
tation of variants with minor allele frequencies as low 
as 0.1%, including those in coding regions, in diverse 
populations.84,85 Private or extremely rare variants not 

Research rec-
ommendations

Research participation to study 
penetrance, expression, and ad-
ditional genetic architecture of 
Mendelian DCM.

Research participation to investigate DCM ge-
netic architecture, which may also include inves-
tigational approaches to care:

Research participation to investigate DCM genetic 
architecture, which may also include investigational 
approaches to care:

This may also include investiga-
tional approaches to care.

 � Consider cascade GT of FDRs, and possibly 
second-degree relatives as indicated by pedi-
gree, when relevant disease-causing/contrib-
uting variants are identified in the proband.

 � Consider cascade GT that may well exceed FDRs 
when relevant disease-causing/ contributing vari-
ants are identified in the proband.

  Quantification of environmental risk.

 � Relatives discharged from continued surveil-
lance if all relevant variants are absent and 
clinical screening is negative, informed by 
clinical judgment.

 � Consider continuing clinical surveillance in rela-
tives if GxE burden is estimated to approach the 
disease threshold.

 � If not initially estimated to have a GxE burden war-
ranting ongoing surveillance, consider repeating 
environmental risk quantification to re-estimate 
environmental risk burden; if elevated, surveillance 
recommendations may change as informed by 
clinical judgement.

Broadening the scope of the genetic evaluation of DCM to consider multivariant and GxE models of disease has downstream implications for the approach to risk as-
sessment as well as the ongoing management and care of DCM patients and families. However, any recommendations beyond those guideline-based are recommended 
to be conducted within an investigational environment, as mechanisms to define moderate-impact gene-disease relationships, to adjudicate disease-contributing variants 
that exceed a monogenic model, and to quantify environmental contributions to disease, in a clinical setting are needed to provide a tailored approach to care. CMR 
indicates cardiac magnetic resonance; DCM, dilated cardiomyopathy; ECHO, echocardiogram; FDR, first-degree relative; FHx, family history; GT, genetic testing; GxE, 
gene-environment interaction; P/LP, pathogenic/likely pathogenic; LVE, left ventricular enlargement; MAF, minor allele frequency; and P, pathogenic.

Table 2.  Continued

Components 
of a genetic 
evaluation

Models of DCM genetic architecture

Mendelian model Multivariant model GxE model
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represented in existing haplotype reference panels can-
not be recovered by imputation, which leaves a niche 
for high-coverage ES. Like GS, ES captures variation 
across the allele frequency spectrum but economizes on 
cost by focusing on variants that are likely to directly 
impact protein function at the expense of noncoding and 
structural variants.

Single-Proband Designs
The availability of ES and GS has made variant discov-
ery possible in clinical settings or N=1 studies involving 
a single proband. Doing so effectively with limited data 
requires focusing on a simple Mendelian penetrance 
model, which limits inquiry to rare or private variants with 
a high prior probability of being relevant to disease, typi-
cally in coding regions or genes with prior evidence of 
relevance to DCM. Candidate variants are prioritized and 
classified based on externally sourced biological annota-
tions and epidemiological evidence, such as case counts, 
linkage or association studies, observed segregations, 
population frequencies, and predictions from bioinfor-
matics tools, to determine which might be relevant under 
the assumed penetrance model.11,41–43

An important component of this approach is eliminat-
ing candidate rare variants that are too frequent in public 
reference samples to cause disease under the assumed 
Mendelian penetrance model.11,41,42 To operationalize this 
approach, maximum credible allele frequency thresholds 
for elimination can be set on the basis of disease preva-
lence as well as assumptions regarding penetrance and 
the fraction of cases attributable to a particular allele 
under Mendelian inheritance models.42,86 In comparing 
the estimated allele frequency to the maximum credible 
value, sampling variability must be taken into account,86 
which can be done using an appropriate binomial confi-
dence interval to determine whether true frequencies at 
or below the maximum credible allele frequency can be 
excluded with a high degree of confidence.11 In addition, 
the maximum of frequencies across nonfounder popula-
tions, rather than the pooled frequency across all popula-
tions, is a better indicator of purifying selection.11,86

Because of its reliance on population allele frequency 
filtering, this approach to discovery cannot be used to 
investigate the impact of low-frequency or more common 
risk alleles. Moreover, application to discovery of novel 
genes is limited as it may be difficult to separate relevant 
rare variants from the many rare and private variants that 

Figure 4. A threshold model for dilated cardiomyopathy (DCM).
Lines denote the mean quantitative trait measurement (vertical axis) as a function of age (horizontal axis) in individuals with a particular genetic 
background. The distribution of the actual measurements in these individuals at a particular age arising from nongenetic variation is represented 
by the shaded bell curve centered on the mean for that age. The dashed horizontal line indicates the threshold below which an individual might 
be considered to have DCM; the larger the proportion of total area in each bell curve shaded red, the higher the risk of DCM. A illustrates how 
the number, or burden, of deleterious rare variants might impact the age trajectory with other factors held fixed. In the absence of such variants 
(light gray), neither the mean nor risk changes appreciably with age. While all groups have similar means at birth, individuals with higher burdens 
of deleterious rare variants (denoted by darker lines) have more rapid declines in the mean quantitative trait with age, which result in greater risk 
and more severe phenotypes, on average, at a given age as well as earlier onset. B illustrates how polygenic effects arising from common variants 
might modify the average trajectory for the rare variant burden in the dashed middle curve from A. In this example, the polygenic effect shifts the 
entire age trajectory up or down, either nearly eliminating the increased risk due to the rare variant burden (light gray) or exacerbating it (black). 
More complex descriptions of the age trajectory as a function of rare variants, common variants, and nongenetic factors are possible under this 
model; this example serves primarily to demonstrate that even a simple multifactorial model involving multiple genetic components can explain 
empirically observed age-dependent penetrance and variable expressivity.
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impact a protein product in each individual.87 As will be 
discussed subsequently, the availability of family data 
becomes crucial in adapting this approach to discovery 
of novel loci rather than novel variants in existing loci. 
Finally, statistical methods to characterize the contribu-
tion of the variant or gene to the penetrance model can-
not be applied to a single proband.

Proband Cohort Designs
Through continuous ascertainment and genotyping of 
single cases, molecular labs and investigators have 
amassed large cohorts of unrelated individuals with 
DCM.27,88,89 Variant discovery in these cohorts can pro-
ceed using single-case approaches described above on 
each individual, and such studies are particularly useful 
for describing the contributions of various genes with 
established roles to DCM cases.65,67 Such cohorts also 
present additional opportunities for variant and gene 
characterization, specifically determining whether a 
GxE or gene-gene interaction modifies the relative risk 
or odds ratio of a particular environmental or genetic 
factor.90,91 However, such designs are valid only under 
the assumption that the interacting factors are inde-
pendent in appropriate strata of the general population 
and do not allow for estimation of the main effects of 
genetic or environmental factors on disease risk.90,91 
Variant-level resolution for genes with high allelic het-
erogeneity may also not be possible for reasons dis-
cussed subsequently.

Associations of disease severity and quantitative endo-
phenotypes with genetic factors may also be estimated 
in this design, although these should be interpreted with 
caution. In particular, because probands are explicitly 
selected on the basis of quantitative endophenotypes or 
factors determined by them, estimated associations may 
not reflect the actual effects of genetic factors in the 
general population.92 Thus, while such analyses can gen-
eralize to associations in the population of DCM cases 
and suggest gene- or variant-specific phenotypic signa-
tures in this population, they do not necessarily provide 
unbiased estimates of penetrance model parameters 
necessary for gene characterization.

Case-Control Designs
With a sample of unrelated probands and a similarly gen-
otyped cohort of unrelated controls or public reference 
set, statistical association with case status can be used 
to identify genetic and environmental factors relevant 
to the penetrance model. Discovery and characteriza-
tion of common variants are feasible with variant-at-a-
time analyses in the context of the large sample sizes of 
genome-wide association studies, and recent advances 
in imputation panels have extended this to low-fre-
quency variants.84,85 Four DCM-specific genome-wide 

association studies have been completed,14–17 and 3 
loci meeting genome-wide significance have been 
identified in European ancestry subjects: intronic SNPs 
in and  near to HSPB714,15, a nonsynonymous SNP in 
BAG3,15 and 2 intronic SNPs in HGC22.16 In the one 
study conducted with African ancestry participants,17 
a single intronic locus in CACNB4 met genome-wide 
significance.17 However, variants in genes such as 
TTN and LMNA that are individually rare or private 
collectively underlie a substantial proportion of DCM 
cases, suggesting that relevant genes may be missed 
by genome-wide association studies. Conducting an 
association study using ES and GS to assay these rare 
variants is thus a potentially attractive alternative. The 
single exome-wide association study in DCM, which 
was performed with an exome array rather than NGS, 
identified 3 established DCM genes (BAG3, FLNC, and 
TTN) along with 5 others (FHOD3, MLIP, NMB-ALPK3, 
SLC39A8, and ZBTB17-HSPB7).20

The principal challenge of association studies involv-
ing rare variants is that considering them individually 
leads to low power,93,94 particularly in situations where 
heterogeneous rare alleles in a particular gene have 
similar effects in the penetrance model.93,95–97 In such 
situations, correct simplifying assumptions about the 
effects of rare variants on the penetrance model scale 
can improve power, and several techniques for rare vari-
ant association testing are derived by exploiting such 
assumptions, either implicitly or explicitly. Pooling tests 
assume that rare variants in a specified grouping enter 
the penetrance model only through the presence or 
number (burden) of variant alleles, with weighting by 
external factors such as allele frequency sometimes 
used to allow heterogeneity in the effects of individual 
variants.93,97 These assumptions are most tenable when 
the group of variants being pooled is carefully curated 
to eliminate those with low prior probability of biological 
relevance, such as by considering only loss-of-function 
variants in a particular gene. When neutral variants are 
included, or there is substantial effect heterogeneity, the 
power of techniques based on pooling suffers, which 
has led to alternative approaches that explicitly model 
effect heterogeneity or are motivated by efficiently com-
bining single-variant test statistics for locus-wide infer-
ence.93,96,98 Another class of techniques aims to find an 
optimal combination of other approaches.93,95 Even with 
the most efficient of these techniques, large sample 
sizes are required to have reasonable power to discover 
new genes in most cases.94

When an investigator does not have access to an 
internal control set, association testing may be per-
formed with external controls. Individual-level genotype 
data may be obtainable from sources such as dbGaP, 
but harmonization of genotype data obtained on differ-
ing platforms is a crucial step to avoid spurious asso-
ciations, particularly with ES.99 Aggregate genotype 
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data made available by projects such as ExAC100 and 
gnomAD101 can also be used to formally evaluate the 
association of specific variants or genes with disease 
risk.102,103 As individual-level data are not available, 
applying this approach at the gene level requires trans-
lating the number of rare variant minor alleles into a 
mean per-individual burden or number of carriers103 
under various simplifying assumptions. When applying 
this approach for discovery, rather than characterization, 
iterative calibration may also be required to reduce false 
positives and negatives.103

Case-control studies with individual-level data also 
provide an opportunity to characterize the effects of 
multiple genetic and environmental factors in the pen-
etrance model concurrently. In fact, a logistic regression 
model for disease risk in the population arises under a 
threshold model when latent DCM liability has a stan-
dardized logistic distribution with mean given by a linear 
function of the predictors.104 A convenient feature of a 
logistic population model is that fitting it to a case-con-
trol sample still estimates the parameters in the popula-
tion sample other than the intercept,105,106 which leaves 
odds ratios interpretable as population parameters 
despite biased ascertainment of cases.

Confounding by ancestry, or population stratification, 
is an important consideration in case-control studies 
for discovery or characterization.22,107 State-of-the-art 
approaches to adjusting for ancestry, such as including 
ancestry principal components as covariates in a logis-
tic regression model,107 require access to individual-level 
genomic data. With aggregate control data, stratification 
within broad ancestry categories, which are determined 
on the basis of genomic clustering in gnomAD,101 may 
provide some degree of protection.

Population-Based Cross-Sectional and Cohort 
Designs
Cross-sectional and cohort studies sample unrelated 
individuals or families from well-defined populations or 
strata in a way that does not depend on the pheno-
type of interest and then collect genomic, exposure, 
and phenotypic data, possibly with long-term follow-up. 
The UK Biobank108 is a canonical example of such a 
design, and a recent study used cardiac magnetic reso-
nance measurements and array-based genotype data 
from this resource to identify 45 novel loci and charac-
terize their contribution to both prevalent and incident 
DCM.18

The measured genotype model109 provides a statisti-
cal framework for estimating the parameters of com-
plex population penetrance models like the threshold 
model considered here (Figure  4). In this sampling 
design, sampling units are independent realizations 
from the population penetrance model, meaning that 
inference can proceed within a generalized linear 

(mixed) model framework.110 Common variants can be 
considered individually in the linear predictor for discov-
ery and characterization, or their joint contribution can 
be characterized parsimoniously using a polygenic risk 
score.111 The effects of rare variants, possibly in mul-
tiple classes, can also be included in the linear predic-
tor, although parsimonious representations of groups of 
rare variants based on simplifying assumptions, as dis-
cussed above, remain essential for power and precision. 
The linear predictor can also include nongenetic fac-
tors, and the interactions between all types of factors 
can be modeled with standard approaches. Finally, the 
residual polygenic contribution to trait or liability vari-
ance, typically measured by heritability, is estimable in a 
mixed model setting using a genetic relationship matrix 
estimated from high-density genotype data71 or family 
pedigrees.109 In these models, control for confounding 
by ancestry remains essential and can be accomplished 
by including ancestry principal components in the linear 
predictor or fitting a mixed model using an estimated 
genetic relationship matrix,112 the latter of which also 
accounts for potential cryptic relatedness.

Despite its considerable flexibility, this design samples 
rare variants contributing to DCM at their population 
frequencies, and the paucity of variation in the result-
ing predictors limits the ability characterize the contri-
bution of various genes to the penetrance model. For 
example, even truncating variants in TTN, a large gene 
with the most putative causal variants in DCM, occurred 
in only 0.7% of ExAC controls.113 As a result, character-
ization of the effects of rare variation, both alone and 
in concert with common variants, in these designs has 
typically focused exclusively on TTN, even in the largest 
cohorts.18,62,113 Our ability to characterize the role of rare 
variation in other genes with this design may increase as 
cohort sizes grow but is likely to remain limited for the 
foreseeable future.

Additional Opportunities From Family Data
In the single-proband and proband cohort designs, the 
addition of family data can substantially strengthen the 
level of evidence and even provide attractive alternative 
approaches that address limitations of other designs. In 
the single-proband design, data on family members can 
demonstrate segregation of a candidate variant found 
in the proband with disease. The incremental value of 
such evidence is recognized by variant classification 
guidelines, which map higher numbers of segregations 
with disease to stronger evidence of pathogenicity.11,41,42 
In a single family of adequate size, this approach can 
be formalized with parametric linkage analysis114 or 
exact techniques measuring the deviation from random 
segregation, although power may be limited. Even with 
family data, statistical methods to characterize the con-
tribution of the variant or gene to the penetrance model 
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may be difficult to apply due to the lack of independent 
sampling units.

Collection of family data on each proband in a 
cohort27 opens a variety of avenues for discovery 
and characterization. By virtue of their ascertain-
ment through a proband, these families are enriched 
for DCM-relevant rare variants and DCM relative to 
families sampled from the general population. Linkage 
techniques, which examine the relationship between 
allele sharing in a given region and phenotypic simi-
larity in families, can facilitate discovery by identifying 
regions harboring relevant rare variants even when the 
causal variants are family specific and could not be 
detected by association.115,116 In fact, such techniques 
have been a mainstay of research in DCM genet-
ics.51,117 The principal drawback of such techniques in 
the era before NGS was that linkage peaks tend to 
encompass large genomic regions that were not eco-
nomical to assay with standard capillary sequencing.118 
With the availability of ES and GS, linkage techniques 
applied to family data can provide a useful adjunct for 
filtering-based approaches using NGS data from pro-
bands.70,119,120 Moreover, a linkage marker panel can be 
constructed using less costly array-based genotypes 
on family members. Despite their robustness to allelic 
heterogeneity, the power of linkage techniques is 
reduced by locus heterogeneity, and approaches allow-
ing for this heterogeneity should be considered where 
necessary.22,70,114

Because most DCM is a late-onset disease, some 
currently unaffected individuals within a multigenera-
tional pedigree may not be able to contribute to anal-
ysis. Under a threshold model (Figure  4), changes in 
quantitative endophenotypes may manifest well before 
overt disease, which suggests using quantitative trait 
linkage techniques115,116 to capture subclinical genetic 
effects. While the derivation of these techniques 
assumes population sampling of families, ascertain-
ing families through a single proband can increase 
power provided that an appropriate correction is made 
to the model likelihood.115,116 Ascertainment correction 
is required because the distribution of phenotypes in 
families with probands selected for having disease or 
extreme phenotypes will differ from that of families ran-
domly sampled from the population.121

A similar ascertainment correction can allow use of 
a cohort of probands with family data as a viable alter-
native to population-based designs. Regardless of how 
the proband is selected, the conditional distribution of 
phenotypes in family members given the proband’s data 
is the same.121 As a result, the same analyses of DCM 
risk or quantitative endophenotypes performed in a pop-
ulation-based cross-sectional or cohort study can pro-
ceed in a cohort of families enriched for DCM-relevant 
rare variants and DCM using the appropriate conditional 
likelihood. Considerations for these analyses discussed 

above, including parsimonious representation of rare 
variants and control of confounding by ancestry, apply 
in this setting as well. This approach has been applied 
to characterize the joint contributions of rare variants in 
LMNA and other genes to variation in quantitative endo-
phenotypes.13 A drawback of this approach, however, is 
that families comprising a single proband or families with 
missing data on the proband cannot be used in the con-
ditional likelihood.

In this context, family-based association tests122 can 
also be used as an alternative to a case-control design 
for gene discovery. These tests reject the appropriate null 
hypothesis only when a particular genetic marker is both 
linked to and associated with the disease or quantitative 
trait locus. As a result, an association cannot be found in 
the absence of linkage, and these methods are, there-
fore, robust to population stratification. However, a linked 
locus cannot be discovered with these techniques in the 
absence of association, which necessitates modifications 
to prevent power loss in the face of allelic heterogeneity 
arising from rare variants.123

Moving Beyond Classification for 
Characterizing Rare Variants
As is clear from the preceding discussion, the ACMG 
and related approaches to variant classification incorpo-
rate methods for variant discovery and characterization 
in a variant-at-a-time manner. Such a variant-at-a-time 
approach is appropriately designed for a penetrance 
model in which a single, highly penetrant variant with 
a clear Mendelian inheritance pattern causes disease 
in an individual or family. However, even in these cir-
cumstances, the variant-at-a-time approach makes it 
difficult for a variant to achieve P/LP status in situa-
tions with high allelic heterogeneity. In a gene in which 
private rare variants clustering in a certain functional 
domain cause disease, there may never be any case or 
segregation evidence for a particular variant outside of 
the family under study. Moreover, classification guide-
lines address age-dependent penetrance and variable 
expressivity in an ad hoc manner. Adapting classifica-
tion approaches to a multifactorial model to address 
this shortcoming would require evaluating the potential 
impact of each variant in the context of other possibly 
relevant rare variants, the background of possibly rel-
evant low-frequency variants, polygenic risk from com-
mon variants, and environmental factors.

In contrast, a threshold penetrance model based 
on underlying quantitative endophenotypes naturally 
translates a complex genetic architecture to empiri-
cal manifestations such as age-dependent penetrance 
and variable expressivity in a principled manner. In 
addition to suggesting subclinical changes in quantita-
tive endophenotypes as a potentially fruitful target for 
future study, this framework allows the impacts of rare 
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variants, low-frequency variants, common variants, and 
environmental factors to be modeled jointly in many 
designs. Joint modeling can yield improved mechanis-
tic understanding, and fitted models can also be cali-
brated for risk prediction. The main drawback is that 
variant-level resolution for rare and low-frequency vari-
ants will likely not be achievable with these techniques, 
even with large sample sizes. Nonetheless, estimating 
the parameters of these models using relevant group-
ings of variants, such as TTN truncating variants, may 
provide the information necessary to classify or gener-
ate risk predictions when a novel variant in a particular 
class is observed.

MAJOR CHALLENGES YET TO BE 
RESOLVED IN DCM GENETICS
This list is not exhaustive but rather illustrative of chal-
lenges that remain for DCM genetics:

•	 The utility of DCM genetics—does genotype drive 
prognosis or the efficacy of a particular therapy? 
Studies need to be designed to test these questions.

•	 Is DCM amenable to gene therapy for intervention 
and cure?

•	 What is the optimal approach to detect earliest clinical 
evidence of pre-DCM? Does this require an imaging 
approach, such as cardiac magnetic resonance imag-
ing, or the measurement of some biologic marker?

•	 Will conventional drug treatment, effective for symp-
tomatic DCM, prevent the development of pre-DCM in 
those who are genetically at-risk?

•	 Can approaches be developed to assess the biologi-
cal relevance of rare variants that with current clinical 
standards can only be classified as VUSs?

•	 Can an integrated approach to risk prediction incorpo-
rating variants across the allele frequency spectrum as 
well as environmental factors be developed?
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