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Dilated cardiomyopathy: the complexity
of a diverse genetic architecture

Ray E. Hershberger, Dale J. Hedges and Ana Morales

Abstract | Remarkable progress has been made in understanding the genetic basis of dilated cardiomyopathy
(DCM). Rare variants in >30 genes, some also involved in other cardiomyopathies, muscular dystrophy, or

syndromic disease, perturb a diverse set of important myocardial proteins to produce a final DCM phenotype.
Large, publicly available datasets have provided the opportunity to evaluate previously identified DCM-causing

mutations, and to examine the population frequency of sequence variants similar to those that have been
observed to cause DCM. The frequency of these variants, whether associated with dilated or hypertrophic
cardiomyopathy, is greater than estimates of disease prevalence. This mismatch might be explained by one
or more of the following possibilities: that the penetrance of DCM-causing mutations is lower than previously
thought, that some variants are noncausal, that DCM prevalence is higher than previously estimated, or that
other more-complex genomics underlie DCM. Reassessment of our assumptions about the complexity of
the genomic and phenomic architecture of DCM is warranted. Much about the genomic basis of DCM remains
to be investigated, which will require comprehensive genomic studies in much larger cohorts of rigorously
phenotyped probands and family members than previously examined.

Hershberger, R. E. et al. Nat. Rev. Cardiol. 10, 531-547 (2013); published online 30 July 2013; doi:10.1038/nrcardio.2013.105

Introduction
Remarkable progress has been made in understanding
the genetic basis of dilated cardiomyopathy (DCM).
Building on numerous reports from the 1970s to the
1990s of DCM in families (comprehensively reviewed
previously'), a steady stream of discoveries, starting
in the late 1990s, has identified numerous gene muta-
tions that explain some of the molecular genetic basis of
familial DCM.*8

In this Review, we discuss the latest genomic and
phenomic data relevant to understanding the emerg-
ing complexity of DCM within the context of other
genetic cardiomyopathies. The term phenomic refers
not only to individual clinical characteristics, but also
to higher-order organismal biology, pedigree, and epi-
demiological data.”’ Improved genome-sequencing
approaches have resulted in a remarkable increase in
speed and efficiency, and thus reduced costs, which has
transformed our insights into cardiovascular rare-variant
genomic disease,' including the cardiomyopathies.?”!"12
Substantial genetic overlap has become evident between
DCM and hypertrophic cardiomyopathy (HCM), and
both genetic and phenotypic overlap between DCM,
HCM, and arrhythmogenic right ventricular cardio-
myopathy (ARVC) has been observed (Figure 1). The
gene families known to be responsible for HCM or
ARVC are associated with specific gene ontologies, with
mutations in sarcomeric or desmosomal proteins pre-
dominating, respectively. By contrast, the genetic basis of
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DCM is highly diverse (Table 1). Approximately 40% of
the genetic cause of DCM has been identified, stemming
from rare variants in >30 genes (Table 1, Figure 1), which
affect the function of a diverse set of proteins (Figure 2,
Table 1). These genes are involved in various genetic
pathways (Figure 3) but, nevertheless, produce a single,
final DCM phenotype. This diversity is highly relevant to
clinical care, because DCM of any aetiology underlies a
substantial proportion of heart failure and its associated
morbidity and mortality.

Novel sequencing approaches have produced rapidly
expanding, publicly accessible databases, now with
several thousand exome sequences (Box 1). This develop-
ment has allowed the burden of rare variants in genes
associated with DCM or HCM to be scrutinized in the
population, leading to new insights into DCM genom-
ics. Novel sequencing approaches have also transformed
clinical genetic testing, so that several dozen genes can
now be sequenced simultaneously and cost-effectively,
which empowers the practice of cardiovascular genetic
medicine.’*** This newfound power brings new issues,
including the purpose and use of genetic testing and
variant interpretation.”*' We conclude this Review
with guidance for integrating cardiovascular genomic
medicine into patient care.

Phenomic architecture

The phenotypic distinction of DCM from ARVC and
HCM is well established (Figure 4).'®'” DCM is character-
ized by systolic dysfunction and, in most patients, left
ventricular enlargement or dilatation. ARVC includes
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Key points

= Point mutations in >30 genes of diverse ontologies, acting via various
pathways, are implicated in causing dilated cardiomyopathy (DCM)

= The prevalence of DCM is likely to have been substantially underestimated,
and the condition is likely to be more common than hypertrophic cardiomyopathy

= The molecular genetics of DCM are characterized by locus and allelic
heterogeneity, reduced penetrance, and variable and age-dependent
expressivity, with most mutations being rare or even unique (‘private’)

= Surveys of large, publicly available exome-sequencing databases suggest an
excess of rare variants in known cardiomyopathy-associated genes compared
with estimates of disease prevalence

= The traditional Mendelian paradigm for understanding the genomics of DCM is
likely to be incomplete

= Current sequencing strategies, accumulating clinical evidence, and a molecular
genetic-testing sensitivity of 30-40% for DCM provide foundations for the entry
of this condition into genomic medicine

ventricular tachycardia or fibrillation and sudden cardiac
death, typically with fibrofatty infiltration of the right
ventricle,'® although biventricular involvement has been
increasingly recognized. HCM involves left ventricular
hypertrophy, at times to a marked degree, with preserved
systolic function.

Definition and nomenclature

The name ‘DCM’ can be confusing, because the term is
commonly used, especially in the clinical trial literature,
on the basis of the morphology of the left ventricle (dila-
tation, systolic dysfunction) regardless of aetiology. The
AHA and the European Consortium consensus docu-
ments both exclude DCM from ischaemic heart disease,
although many other secondary causes of DCM are rec-
ognized.'*'” Using only morphology, DCM is commonly
subdivided as being either ‘ischaemic’ or ‘nonischae-
mic’'® Approximately half of patients have an ischaemic
cause, with various other aetiologies falling into the cat-
egory of nonischaemic DCM (Box 2). After identifying
systolic dysfunction and a morphologically enlarged left
ventricle, an aetiological assessment is undertaken and,
if no identifiable cause (except genetic) can be found,
a clinical diagnosis of ‘idiopathic DCM’ is assigned.
Sometimes ‘primary DCM’ is used instead of idiopathic
DCM. The idiopathic diagnostic category has been the
starting point for family studies, which have shown that
familial DCM can be identified in 20-35% of patients
using clinical screening of first-degree relatives, includ-
ing imaging of left ventricular size and function, usually
using echocardiography. DCM has few clinical character-
istics that allow subcategorization, but the condition is
sometimes classified according to DCM with prominent
conduction system disease and arrhythmia (DCM asso-
ciated with mutations in DES, LMNA, or SCN5A), or
DCM with neuromuscular disease. Syndromic forms
of DCM can also be identified (Table 2).

Confusion in the cardiovascular genetic literature can
arise because ‘DCM’ can be used to refer to idiopathic
or primary DCM, where a genetic cause might be sus-
pected or inferred, and at other times specifically to indi-
cate a ‘genetically-caused’ form of DCM. Analogously,
the familial-DCM term is also used, at times, to imply

a genetic cause. Consensus has emerged that familial
DCM is now considered to have a genetic basis (because
of the apparent heritability from pedigree analysis), but
the classification of familial DCM is assigned according
to phenotype and pedigree assessments, not molecular
genetic data.

Incidence and prevalence

Re-evaluation of the estimated prevalence of DCM is
critically important. As reviewed below, sequence data in
large numbers of individuals suggest that the frequency
of variants with the hallmarks of being disease-causing,
and which occur in known DCM-associated (or HCM-
associated) genes, are more common in the population
than would be estimated on the basis of DCM (or HCM)
prevalence data.

Original data
Estimates of the incidence and prevalence of idiopathic
DCM were originally on the basis of a study from
1975-1984 in Olmstead County, MN, USA.?° In this
study, 46 individuals were identified with idiopathic
DCM (42 using echocardiography and four at autopsy),
to give an age-adjusted and sex-adjusted incidence of
6.0 per 100,000 person-years and a prevalence of 36.5
in 100,000 of the population, approximately 1 in 2,700
individuals.”” HCM was identified with an incidence of
2.5 per 100,000 person-years and a prevalence of 19.7
in 100,000 of the population, approximately 1 in 5,100
individuals.?® The study was limited by the fact that
echocardiography was, at the time, only an emerging
technology, and its use increased from 552 in 100,000
of the population in 1980, to 1,435 in 100,000 of the
population in 1985.%°

The prevalence of HCM has subsequently been
estimated to be approximately 1 in 500 individuals,
using data from CARDIA,* a population-based echo-
cardiographic study of 4,111 men and women aged
25-39 years conducted in 1987-1988, and other HCM-
prevalence studies, as summarized previously.?> This
approximately tenfold difference between the Olmstead
County data and subsequent studies has been attributed
to the clinically silent nature of HCM, and the necessity
of screening otherwise-asymptomatic or minimally-
symptomatic individuals using echocardiography to
identify the condition.

Revised prevalence of DCM

We have previously questioned the prevalence of idio-
pathic DCM calculated using data from the Olmstead
County study, because the frequency of HCM was
tenfold underestimated. Furthermore, DCM seems to
occur much more commonly than in 1 in 2,500 indi-
viduals and, therefore, DCM might be more-commonly
observed than HCM by cardiovascular practitioners.?
However, no rigorous, population-based study of the
frequency of idiopathic DCM is available other than
the Olmstead County study described above. Therefore,
we take several approaches to estimate the prevalence
of idiopathic DCM.
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Figure 1 | Relationships between genes associated with cardiomyopathies and related phenotypes. The genetic
architecture underlying selected genetic cardiac disorders is shown. Edges (lines) connect each phenotype to the
genes that have been implicated in the aetiology. Gene nodes associated with familial dilated cardiomyopathy

are darker and have bold text if they have been found to cause disease in >1% of patients, and include frequency
information if they have been found to cause disease in >3% of patients. Abbreviation: ARVC, arrhythmogenic right

ventricular cardiomyopathy.

The first, and simplest, method assumes that the ratio
of idiopathic DCM to HCM (approximately 2:1) from the
Olmstead County study was fairly accurate. On the basis
of current and more-rigorously validated estimates of the
prevalence of HCM (1 in 500 individuals), the preva-
lence of idiopathic DCM is likely to be approximately 1
in 250 individuals.

A second approach extrapolates from an estimate of
the approximately 6 million individuals with heart failure
in the USA,* half of whom have systolic dysfunction.?*?*
Clinical trial data indicate that 50-70% of these individ-
uals have ischaemic cardiomyopathy,?*-?” which leaves
30-50% (=1 million individuals) with nonischaemic
cardiomyopathy. The majority (=70%) of diagnoses of
nonischaemic cardiomyopathy are assigned as idiopathic
DCM in clinical trials of heart failure.>>-2® Conservatively,
therefore, 750,000 of the 300 million US population
are likely to have idiopathic DCM (approximately 1 in
400 individuals).

A third approach is to use population-based prevalence
estimates of asymptomatic left ventricular dysfunction as
a surrogate for DCM.**#*-32 Most studies do not provide
left ventricular dimensions, which precludes a formal
assignment of DCM. For example, in a cross-sectional
study of 2,042 randomly selected residents aged 245 years
from Olmstead County, echocardiography showed that
the prevalence of any left ventricular systolic dysfunc-
tion (ejection fraction [EF] <50%) was 6.0%, and that of
moderate-to-severe systolic dysfunction (EF <40%) was
2.0%.%* The presence of any systolic dysfunction was most
prevalent in elderly individuals (aged >75 years; 12.9%),
whereas mild or moderate-to-severe systolic dysfunction,
respectively, was present in 3.0% and 0.8% of those aged
45-54 years.** Most individuals had no symptoms. Of the
123 participants with any systolic dysfunction, most had
neither hypertension nor coronary artery disease, which
suggests that the main underlying cause of DCM and sys-
tolic dysfunction in the community remains unknown.?
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Table 1 | Genes associated with nonsyndromic familial dilated cardiomyopathy

Gene Protein Function Estimated Allelic disorders
contribution to
total number
of patients
Sarcomere
AGTICIS2ES a-Cardiac actin Muscle contraction <1% Hypertrophic cardiomyopathy
ACTN2%4 a-Actinin-2 Anchor for myofibrillar actin 1% NA
ANKRD1%° Ankyrin repeat domain- Localized to myopalladin/titin NA NA
containing protein 1 complex
CSRP366:67 Cysteine and glycine-rich Z-disc protein; stretch sensor <1% NA
protein 3 (cardiac
LIM protein)
MYBPC358:6° Cardiac-type myosin-binding Muscle contraction 2% Hypertrophic cardiomyopathy
protein C
MYH6E°°:7° Myosin-6 (a-myosin heavy Muscle contraction 4% NA
chain)
W7 S 2 Myosin-7 (-myosin heavy Muscle contraction 4% Laing distal myopathy,
chain) hypertrophic cardiomyopathy
MYPN7™3 Myopalladin Z-disc protein 3-4% NA
TCAPSe4 Telethonin (titin cap protein) Z-disc protein; sarcomere 1% LGMD2G
assembly
TNNC17578 Cardiac muscle troponin C Muscle contraction <1% NA
TNNI37577.78 Cardiac muscle troponin | Muscle contraction <1% NA
TNNT26674727980  Cardiac muscle troponin T Muscle contraction 3% Hypertrophic cardiomyopathy
TPM1758182 a,-Tropomyosin Muscle contraction <1% Hypertrophic cardiomyopathy
TTN36-3883 Titin Extensible scaffold 25% Udd distal myopathy,
hypertrophic cardiomyopathy
Cytoskeleton
DES®4:85 Desmin Transduces contractile forces <1% Desminopathy, myofibrillar
myopathy
DMD®8:87 Dystrophin Transduces contractile forces NA Dystrophinopathies (Duchenne
muscular dystrophy, Becker
muscular dystrophy)
ILK®8 Integrin-linked protein Intracellular serine-theonine <1% NA
kinase kinase; interacts with integrins
LAMA488 Laminin subunit a, Extracellular matrix protein 1% NA
LDB3578° LIM domain-binding Cytoskeletal assembly; 1% NA
protein 3 (protein cypher, clustering of membrane proteins
ZASP)
PDLIM3%° PDZ and LIM domain Cytoskeletal protein <1% NA
protein 3
SGCDo-%3 8-Sarcoglycan Transduces contractile forces <1% 8-Sarcoglycanopathy
(LGMD2F)
Vo2 Vinculin Sarcomere structure; 1% NA
intercalated discs
Nuclear envelope
LMNA?3:95-108 Lamin-A/C Stability of inner nuclear 6% Partial lipodystrophy,
membrane; regulation of gene Charcot-Marie-Tooth disease
expression type 2B1, Emery-Dreifuss
muscular dystrophy,
Hutchinson—Gilford progeria
syndrome, LGMD1B
TMPO®? Thymopoietin Lamin-associated nuclear protein 1% NA
y-Secretase activity
PSEN1%08 Presenilin-1 Transmembrane protein, <1% Alzheimer disease
y-secretase activity
PSEN2108 Presinillin-2 Transmembrane protein, <1% Alzheimer disease

y-secretase activity
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Table 1 (cont.) | Genes associated with nonsyndromic familial dilated cardiomyopathy

Gene Protein Function Estimated Allelic disorders
contribution to
total number
of patients
lon channel
ABCC9#? ATP-binding cassette K,6.2 regulatory subunit; <1% NA
subfamily C member 9 inwardly rectifying cardiac
(sulfonylurea receptor 2) K, channel
SCN5A®6:109110  Sodium channel protein Controls Na* flux 2-3% Long QT syndrome
type 5 subunit a
Mitochondrial
TAZ (G4.5)"+112  Tafazzin NA NA Barth syndrome, endocardial
fibroelastosis type 2, familial
isolated noncompaction of the
left ventricular myocardium
Spliceosomal
RBM20Q13:114 RNA-binding protein 20 Spliceosome protein; regulates 2% NA
splicing of several cardiac genes
Sarcoplasmic reticulum
PLN72:115-118 Phospholamban Sarcoplasmic reticulum Ca?* <1% NA
regulator; inhibits SERCA2a
pump
Desmosomal
DSC2%° Desmocollin-2 Component of desmosomal NA Arrhythmogenic right
junction ventricular cardiomyopathy
DSG21° Desmoglein-2 Component of desmosomal NA Arrhythmogenic right
junction ventricular cardiomyopathy
DSP*° Desmoplakin Component of desmosomal NA Arrhythmogenic right
junction ventricular cardiomyopathy
Other
BAG3120.121 BAG family molecular Inhibits apoptosis NA Myofibrillar myopathy
chaperone regulator 3
CRYAB'22 a-Crystalin B chain Cytoskeletal protein <1% NA
EYA4123 Eyes absent homolog 4 Transcriptional coactivator NA NA

Abbreviations: LGMD, limb girdle muscular dystrophy; NA, not applicable or not available; SERCA2a, sarcoplasmic/endoplasmic reticulum Ca?* ATPase 2a.

Some of the 0.8% with severe systolic dysfunction are
likely also to have left ventricular enlargement; if half
of these individuals have DCM, the prevalence of the
condition would be 1 in 250 individuals.

A cardiac MRI substudy from MESA3? showed that
1.7% of 5,004 individuals had asymptomatic left ventric-
ular dysfunction. The individuals in this cohort had no
clinical coronary or valvular disease, and showed no sig-
nificant differences from the control group in medica-
tion use or BMI. A similar prevalence of asymptomatic
left ventricular dysfunction was observed using echo-
cardiography in the Framingham cohort,* although
half was attributed to coronary disease. Even if only
a small fraction of the 1.7% of MESA participants (or
the Framingham cohort) were to have DCM, these data
would be consistent with the conservative estimate of
DCM prevalence from the Olmstead County study
of 1 in 250.

In summary, the frequently quoted prevalence of 1 in
2,500 individuals for idiopathic DCM is undoubtedly a
substantial underestimate. Similarly, the prevalence of

HCM has been revised from 1 in 5,100 individuals to
1 in 500 individuals. The prevalence of asymptomatic
idiopathic DCM, using the estimates above, is likely to
be 21 in 250 individuals. This estimation is essential
when assessing the frequencies of rare variants in DCM-
associated genes in population studies, as discussed
below. The limitations of these estimates include the pos-
sibility that the 2:1 ratio of DCM:HCM in the Olmstead
County study? was an overestimate. Nevertheless, the
marked discrepancy in the prevalence of HCM between
that study and the figure that is now accepted undoubt-
edly also calls into question the prevalence reported for
DCM. The other approaches, although plausible and con-
servative, also rely on estimates. A formal, population-
based epidemiological study is needed to determine the
prevalence and incidence of idiopathic DCM.

Clinical genetics of DCM

Family history and pedigree analysis

A critical aspect of evaluating a patient with DCM of
unknown cause, defined as idiopathic DCM (before
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Figure 2 | A remarkably heterogeneous set of rare genetic variants yields a single DCM phenotype. Genes relevant to
genetic DCM encode a diverse set of proteins. To date, >30 genes have been implicated in DCM causation or risk, and

are distributed across a variety of cellular ontologies and biochemical pathways, the majority of which can be directly
associated with cardiac muscle contraction and regulation. Some of the encoded proteins are illustrated in their cellular
and molecular context, and those in which a DCM-associated mutation has been identified in the coding sequence are
indicated by a red star. a | The cardiomyocyte membrane (sarcolemma), transverse (T)-tubule, and sarcoplasmic reticulum.
Mutations in the genes that encode the ryanodine receptor and phospholamban (RYR2, PLN), which are important proteins
in the regulation of intracellular calcium, are known to cause DCM. b,¢ | The sarcomere: the force-generating structure in
cardiomyocytes. The sarcomere is comprised of several proteins, including cardiac actin (encoded by ACTC1), myosin-
binding protein C (MYBPC3), myosin heavy chains (MYH6, MYH7), myosin light chains (MYL2, MYL3), tropomyosin (TPM1),
and cardiac troponin C, troponin |, and troponin T (TNNC1, TNNI3, and TNNT2). Mutations in TTN, which encodes the giant
titin protein that connects myosin to the Z-discs, are found in approximately 25% of patients with DCM. Variants in other
genes encoding sarcomeric proteins, including ACTC1, MYBPC3, MYH6, MYH7, TPM1, TNNC1, TNNI3, and TNNT2 have been
implicated in DCM. d | Desmosomal junctions, which assist in force transmission during muscle contraction. Variants in the
genes encoding desmosomal proteins, including desmocollin-2 (DSC2), desmoglein-2 (DSG2), desmoplakin (DSP), junction
plakoglobin (JUP), and plakophilin-2 (PKP2), are most-commonly associated with arrhythmogenic right ventricular
cardiomyopathy, but mutations in some of these genes have also been implicated in DCM. e | The cardiomyocyte nucleus.
LMNA, which encodes the lamin A and C filaments of the protein structure associated with the inner nuclear membrane,

is among the genes most-commonly associated with DCM, although the underlying pathogenic mechanism is uncertain.

A gene encoding an additional nuclear protein implicated in DCM, TMPO, encodes three variants of the thymopoietin
protein: the o form is diffused throughout the nucleus, whereas the  and y forms are anchored to the nuclear membrane.
f | Cardiomyocyte membrane and extracellular matrix proteins. Mutations in LAMA4, an extracellular-matrix protein, have
been found in patients with DCM. The proteins encoded by DES and DMD are connected to the sarcomere and inner
nuclear membrane by cytoskeletal filament protein ACTG1. Mutations in DES and DMD are known to cause DCM. In
addition to the proteins depicted in the Figure, variants in many other genes are implicated in the pathology of DCM. Gene
functions are provided in Table 1. Abbreviations: B,AR, B -adrenergic receptor; DAG, dystrophin-associated glycoprotein;
DCM, dilated cardiomyopathy; DHPR, dihydropyridine receptor (voltage-gated L-type calcium channel); NCX, sodium/calcium
exchanger; SERCA2a, sarcoplasmic/endoplasmic reticulum Ca?* ATPase 2a.

considering a genetic cause), is obtaining a family  to obtain a complete and informative family history
history that includes three-to-four generations, to iden- is prohibitive. This impediment has led to efforts to
tify at-risk relatives.” The importance of this step cannot ~ obtain a family history using paper-based or Internet-
be overemphasized, in terms of both the requisite skill ~ based questionnaires that patients complete before a
and insight of the professional obtaining the family  clinic visit. This change has helped to convert the taking
history and their insight to detect and follow up on  of a family history from a one-time event to a process
subtle hints of familial DCM, and the necessity of the =~ where, before and after a clinic visit, a patient carefully
patient to seek information from relatives. In many  investigates his or her family history. Familial DCM
outpatient clinic settings, the time and effort required ~ can be indicated by a history of cardiac transplantation,
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neuromuscular disease, or implantation of a pacemaker
or cardioverter—defibrillator.

Evidence of familial DCM is commonly passed on
through oral tradition shrouded in terminology associ-
ated with coronary heart disease, where almost any
cardiovascular condition requiring hospitalization or
resulting in sudden or unexpected death is termed a
‘heart attack’ Therefore, an informed professional must
carefully search for evidence corroborating a diagnosis
of coronary heart disease, including history of CABG
surgery, stent placement, long-standing angina treated
with sublingual nitroglycerin, coronary angiograms
documenting coronary disease, or other related con-
ditions, such as rheumatic heart disease resulting in
primary valvular cardiomyopathy, or congenital heart
disease. Medical records should be requested and
reviewed whenever possible.

Nevertheless, even a detailed family history might be
negative in an individual with familial DCM, because the
asymptomatic period of the DCM-causal pathway can
extend for years. Clinical screening, most importantly
including imaging of left ventricular size and function,
is consequently an essential complement to a family
history. In one study, taking a family history detected
only 5% of familial DCM, whereas echocardiographic
screening detected 20%.%

Information from a detailed family history can be
displayed on a pedigree (Figure 5), which allows visual
inspection for patterns of inheritance. Care should be
taken not to presume inheritance patterns on the basis
of preliminary data, because bilineal inheritance can
complicate the interpretation of seemingly uncompli-
cated, extended pedigrees. Most DCM is inherited as
an autosomal-dominant disease, although X-linked and
recessive inheritance patterns have also been reported
and can confound detection or interpretation of a
positive family history.

Reduced and age-dependent penetrance
Penetrance is defined as the proportion of individuals
with a disease-causing mutation who show the disease
phenotype. Reduced penetrance can be inferred from
pedigree analysis: under a dominant inheritance model,
an unaffected individual who has both an affected parent
and affected children is evidence of reduced penetrance.
Penetrance of the DCM phenotype is considered reduced
if an individual who has reached or surpassed the mean
age of onset does not show left ventricular enlargement
or systolic dysfunction, despite harbouring a pathogenic
DCM mutation. Penetrance of DCM can also be defined
on the basis of the predisposing genotype. For example,
an individual with a pathogenic mutation in LMNA is
considered penetrant upon showing isolated conduc-
tion system disease, which might or might not progress
to systolic dysfunction with or without left ventric-
ular enlargement.? Penetrance and variable expres-
sivity, using LMNA-associated DCM as an example, is
illustrated in Figure 6.

Age-dependent penetrance is commonly observed with
adult-onset genetic diseases, including genetic DCM.

REVIEWS
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Figure 3 | Network of DCM-associated gene-gene interactions from the
STRING database. Graph edges (lines) represent the type of evidence for
relationships between DCM-associated genes. Text mining (light green) is the
weakest level of evidence for gene interaction, whereas evidence for interaction
from biochemical experiments (pink) is the strongest. Abbreviation: DCM,
dilated cardiomyopathy.

Box 1 | The Exome Sequencing and 1000 Genomes Projects

Two large sequencing projects have contributed enormously to our knowledge
of rare variants in the general population and for specific disease groups.

The ESP,*?* funded by the NIH during the federal stimulus programme and
sponsored by the National Heart, Lung, and Blood Institute, was formed to
discover genomic causes of heart, lung, and blood diseases. The DNA from
previously identified and phenotyped populations, including the Women'’s
Health Initiative, the Framingham Heart Study, the Jackson Heart Study, the
Multi-Ethnic Study of Atherosclerosis, the Atherosclerosis Risk in Communities,
and the Coronary Artery Risk Development in Young Adults, was incorporated.

A diverse set of heart, lung, and blood phenotypes, including early onset
myocardial infarction, cystic fibrosis, and chronic lung disease, was represented.
However, none of the selected participants was known to have heart failure

or cardiomyopathy of any form. Exome sequencing was conducted at Seattle
SNPs (University of Washington Genome Sciences, Seattle, WA, USA) or the
Broad Institute (Massachusetts Institute of Technology and Harvard University,
Cambridge, MA, USA). Exome sequences have been made publically available via
the Exome Variant Server,*?® which has been enormously helpful to researchers
in the field.

The 1000 Genomes Project*?® is a collaboration between the Wellcome
Trust and the NIH National Human Genome Research Institute. The goal is to
perform exome sequencing of >1,000 samples of human DNA from individuals
with no known pathological phenotype. Data have been publically released
after publication.

Extremely valuable and previously unavailable information has, therefore,
been published. For example, in a preliminary analysis of the ESP involving
approximately 2,400 individual DNA samples, >500,000 single-nucleotide
variants were identified. Overall, 86% of these variants were classified as
being rare (defined as present in <0.5% of the population studied), and 82%
had not previously been identified. The average individual sequenced in this
study carried 13,595 variants, and 2.3% of these were predicted to affect
protein function.5” A subsequent ESP study of exome sequences from >6,000
individuals showed that most deleterious variants were recent (occurring in the
past 5,000-10,000 years).*?’

Abbreviation: ESP Exome Sequencing Project.
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Normal heart

Dilated

Figure 4 | Morphology of the cardiomyopathies. The healthy left ventricle can
dilate (dilated cardiomyopathy), hypertrophy (hypertrophic cardiomyopathy), or
degenerate with fibrofatty infiltration of the right or left ventricle (arrhythmogenic
right ventricular cardiomyopathy). Dilated cardiomyopathy is characterized by left
ventricular enlargement, which increases the end-diastolic dimension. Almost all
patients exhibit decreases in systolic function, most easily measured clinically as
a reduction in ejection fraction. In hypertrophic cardiomyopathy, the left ventricular
end-diastolic dimension can decrease; systolic function is preserved or increased.
In arrhythmogenic right ventricular cardiomyopathy that principally affects the right
ventricle, right ventricular dilatation and systolic dysfunction occur with advanced
disease. Left ventricular dysfunction is sometimes also present, which can

lead to left ventricular dilatation and systolic dysfunction, at times mimicking
dilated cardiomyopathy.

DCM usually presents in individuals aged 30-60 years,
but can also be observed in neonates, infants, children,
and adolescents. Therefore, the penetrance of an age-
dependent phenotype cannot be fully assessed until an
individual reaches informative age—for DCM, individ-
uals aged 260 years. In its strictest definition, penetrance
is an ‘all-or-nothing’ phenomenon, in which an individual
must reach late old age without disease before reduced
penetrance can be established. However, this formal
criterion requires a prolonged period of follow-up.
Isolated left ventricular enlargement and systolic
dysfunction are also observed in some familial DCM
pedigrees. Progression to DCM has been observed in
some individuals, but others can reach informative
age and not show the full DCM phenotype, even in
the presence of a disease-causing mutation. These

mutation-positive individuals are also considered to be
penetrant, albeit showing a milder, partial phenotype.
The genetic basis for these partial DCM phenotypes is
likely to be complex, although the role of genetic factors
can be inferred to be more prominent in familial disease
than when left ventricular enlargement occurs in an
individual without a family history of DCM. Modifier
genes, including possible protective variants and
environmental factors, are also likely to influence the
phenotype, as discussed below.

Variable expressivity

Penetrance is determined by whether any evidence of
a phenotype can be observed, whereas variable expres-
sion accounts for the degree, variability, or severity of
a phenotype. For example, in a large kindred harbour-
ing the same DCM mutation, some siblings can have
profound decreases in left ventricular systolic function
accompanied by overt heart failure, whereas others might
have only mild left ventricular systolic dysfunction with
no evidence of heart failure (Figure 6).

Genomic architecture

Since the mid-1990s, HCM has been understood to be a
genetic disease of the contractile proteins, with 80% of
the genetic basis involving one of two genes (MYBPC3
and MYH?7), and >95% involving one of these or one
of three additional genes (TNNI3, TNNT2, and TPM1),
in patients in whom a genetic cause can be identified
(Figure 1). ARVC is a genetic disease of desmosomal
proteins, with approximately 50% of the genetic basis,
when identifiable, involving one of three genes (DSC2,
DSP, and PKP2).

Molecular genetics of DCM

By stark contrast with HCM and ARVC, mutations
reported to cause DCM have been identified in >30
genes of diverse ontology (Figure 1, Table 1). Notably,
a number of these genes, including those relevant to
HCM (Figure 1), encode proteins of the sarcomere. Also
well-represented are genes encoding Z-disk proteins,
which have an important physiological role in mechano-
sensation for the sarcomere. Other genes include those
encoding proteins related to calcium or potassium chan-
nels, the nuclear envelope, heat-shock chaperones, and
mitochondria. Gene mutations associated with syn-
dromic disease that has DCM as a component of its
phenotype are noted in Table 2.

In addition to the marked locus heterogeneity, allelic
heterogeneity is also a hallmark of DCM genetics, where
disease-causing mutations can be scattered across a
gene. Consequently, sequencing of the entire coding
portion of a gene is necessary to identify a potential
disease-causing mutation. Allelic heterogeneity often
complicates the prediction of a phenotype, as it reduces
the likelihood that the number of observations of a given
mutation will be sufficient to establish a clear relation-
ship between genotype and phenotype. Additional com-
plexity is observed in genes involved in both DCM and
HCM. Not only do mutations in the same gene yield
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distinct phenotypes, but sometimes a single mutation
can manifest as HCM in one individual and DCM in
another (Figure 7).

Box 2 | Diverse aetiologies of dilated cardiomyopathy?128:129

= Ischaemic heart disease: coronary heart disease, myocardial infarction,
. . and associated conditions

Except for those reported in TTN, as described below, = Structural heart disease: valvular, pressure or volume overload, left to right shunts
most DCM-associated mutations are nonsynonymous = Congenital heart disease
missense (they produce a protein with a different = Drugs: anthracyclines (such as doxorubicin), chemotherapeutic agents, cocaine,
amino acid from that in the native version). Nonsense, imatinib, sympathomimetics
frameshift, short insertion or deletion variants, and = Endocrine: acromegaly, Cushing disease, hypothyroidism, pheochromocytoma,

splice-site variants (that can excise one or more exons at thyrotoxicosis
translation) have also been reported = Immune-mediated: autoimmunity (systemic lupus erythematosus, Churg—

. . . . Strauss syndrome), hypersensitivity myocarditis (allergen, serum sickness,
Coding sequence, unlike noncoding sequence, is g ). hyp o (allerg

highl d R ; K f vaccines), transplantation rejection
18ty conse.rvg aFross speqes. An examlnatlc?n 0 = Infiltrative: amyloidosis, sarcoidosis
sequence variation in key cardiomyopathy-associated = Infectious: bacterial (staphylococcus, streptococcus), fungal, myobacterial,

genes from >5,000 individuals without known cardio- parasitic (toxoplasmosis, trichinosis, Chagas disease), Rickettsial (Q fever,

myopathy from the Exome Variant Server (EVS) data- Rocky Mountain spotted fever), viral (coxsackievirus, Enteroviruses, HIV,
base (Box 1) showed that coding sequences in genes
encoding myocardial structural and sarcomeric pro-
teins were even more-highly conserved than other genes,
including those known to be associated with Mendelian
disease.” This observation is plausible, in that harmoni-
ous and high-fidelity function of a multitude of proteins
involved in the high-speed ion fluxes required for cardiac
contraction mandates little genetic variation.

Most DCM-associated mutations, regardless of type,
are very rare or unique (or ‘private, meaning unique to
an individual or family). Often, a mutation discovered
in a family with DCM has not previously been reported.
Norton and colleagues examined the 197 specific muta-
tions from 29 genes reported in 235 individuals with
DCM for their frequencies in the EVS database (Box 1).%
A total of 88% of the mutations were private, and 89%
were single-base variants.* This observation has impli-
cations for the interpretation of clinical genetic testing,
as discussed below. Rarity of mutations in the popula-
tion does not automatically equate to pathogenicity but,
given that some nonsynonymous variants in important
myocardial proteins are common (>5%) in the popula-
tion and have no discernible effect on DCM phenotype,
Norton and colleagues considered the unique mutations
more likely to be pathogenic. Functional data on these
variants have, in some cases, subsequently substantiated
this conclusion.

Notable DCM-associated genes

Rare, truncating variants in TTN, which encodes
the giant protein titin, are major causes of DCM,*3%
although not all TTN-truncating variants are disease-
causing. In a cohort of 312 individuals with DCM,
truncating mutations (nonsense, short insertion or
deletion, or splice-site variants) in TTN were associ-
ated with 25% of familial and 18% of sporadic DCM,*”
although 3% of controls also had TTN-truncating vari-
ants. Similar results were found in an evaluation of the
1000 Genomes Project,*! which raises the possibil-
ity of incomplete penetrance or that some truncating
variants are benign. Ascertaining which variants are
disease-causing will be challenging. In a subsequent
study involving genome-wide data from 17 families
with DCM, two TTN-truncating variants identified in
probands were not seen in their affected family members

influenza, parvovirus)

= Metabolic: electrolyte disturbances (hypocalcaemia, hypophosphataemia),

nutritional deficiencies (carnitine, selenium, thiamin)

= Toxins: cadmium, carbon monoxide, cobalt, ethanol, lead, mercury

= Other: radiation, tachycardia-mediated

(nonsegregation). Segregation denotes that all affected
members of a family also carry the family mutation, and
is an important genetics tool to address mutation patho-

genicity.”® Furthermore, TTN missense variants are very

common, with 23 on average per individual in the EVS
database.*® The relevance to cardiomyopathy, if any, of
TTN missense variants is unknown.

LMNA encodes an important protein of the inner

nuclear membrane, which demonstrates the highly

diverse nature of proteins that can cause DCM
(Figure 2). Discovered as the autosomal-dominant cause
of Emery-Dreifuss muscular dystrophy,* the LMNA-
associated DCM phenotype is preceded in almost all
patients by conduction system disease and atrial or

ventricular arrhythmias, followed by ventricular dys-

function.®® Other phenotypes that result from LMNA
mutations include lipodystrophy, other neuromuscular
diseases, and Hutchison-Gilford progeria.** In LMNA-
associated DCM, the penetrance is very high, with
almost all mutation carriers manifesting some aspect
of the DCM phenotype by the age of 50-60 years,
regardless of the type of mutation.*> LMNA-associated
cardiomyopathy demonstrates the power of clinical and
molecular cardiovascular genetics to reduce morbidity
and mortality.* Detecting mutation carriers during
cascade testing, before the onset of clinical disease,
allows individuals to be monitored for the early signs
of disease, and timely intervention with a pacemaker or
implantable defibrillator.

Gene mutation-DCM prevalence mismatch

Investigators in three studies—the Exome Sequencing
Project (ESP) EVS database (Box 1), the 1000 Genomes
Project,*' and the Framingham cohort**—all reported
excess numbers of rare variants that were consistent with
those likely to cause disease, relative to the estimated
prevalence of either DCM or HCM. The number of rare

variants with evidence for disease causality in DCM-

associated genes in the EVS database was at least twice
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Table 2 | Syndromic forms of dilated cardiomyopathy

Inheritance  Syndrome Locus Gene Gene product Additional clinical features
pattern
AD Cantu syndrome 12p12.1  ABCC9 Subunit of ATP- Congenital hypertrichosis, distinctive facial features,
sensitive K* channel  osteochondrodysplasia
complex
AD Laing distal myopathy 14q12 MYH7 B-Myosin heavy chain ~ Weakness of facial muscles, ankles, great toes, finger
extensors, and neck flexors
AR Alstrdom syndrome 2p13.1 ALMS1 ALMS1 protein Short stature, hearing loss, childhood obesity, ophthalmic
abnormalities, hypertension, atherosclerosis,
gynaecomastia, renal abnormalities, bone abnormalities,
endocrine involvement, hyperinsulinaemia, hyperuricaemia,
hypertriglyceridaemia, elevated serum transaminase level
AR Carnitine deficiency 5q031.1 SLC22A5 Na*-dependent Failure to thrive, hypertrophic cardiomyopathy, cardiac
carnitine transporter  muscle fatty infiltration, muscle weakness, hypoglycaemia,
OCTN2 increased urinary carnitine
AR Carvajal syndrome 6p24 DSP Desmoplakin Woolly hair, keratoderma
AR Congenital disorder of 9q34.11 DOLK Dolichol kinase, Failure to thrive, mild developmental delay, hypotonia, short
glycosylation protein stature, ichthyosiform dermatitis, elevated transaminase
N-glycosylation level
AR Haemochromatosis 6p21.3 HFE Hereditary Cirrhosis, diabetes mellitus, hypermelanotic pigmentation,
haemochromatosis increased serum iron and ferritin levels
AR 3-Methylglutaconic 3026 DNAJC19 Mitochondrial import  Cerebellar ataxia, optic atrophy, prenatal or postnatal
aciduria type V inner membrane growth failure, microcytic anaemia, testicular dysgenesis,
translocase subunit elevated 3-methylglutaconic acid and 3-methylglutaric acid
TIM14 levels, long QT syndrome
AD or AR Emery-Dreifuss 1921.2 LMNA Lamin-A/C Joint contractures
muscular dystrophy
AD Limb girdle muscular Muscle weakness
dystrophy 1B
AD Heart—hand syndrome, Limb deformities
Slovenian type
AD or AR Myofibrillar myopathy 1~ 2935 DES Desmin Skeletal muscle weakness or myopathy, hypertrophic
cardiomyopathy, restrictive heart failure, conduction
abnormalities, arrhythmias, smooth muscle involvement
X-linked Barth syndrome X028 TAZ (G4.5) Tafazzin Growth retardation, intermittent lactic acidaemia,
granulocytopenia, recurrent infections
X-linked Duchenne muscular Xp21.2 DMD Dystrophin Duchenne: men have elevated creatine kinase level,

dystrophy

Becker muscular
dystrophy

Mitochondrial
maternal

Focal segmental Maternal MTTY
glomerulosclerosis and  DNA
dilated cardiomyopathy

Mitochondrial, Kearns—Sayre Maternal ~ Variable (mostly

de novo syndrome DNA involving a
multigene common 5kb
deletion region)

tRNA tyrosine

NADH dehydrogenase
subunits 3, 4, and 5;
others

childhood muscle weakness, are wheelchair-bound by age
12 years, and develop dilated cardiomyopathy after

age 18 years

Becker: men have elevated creatine kinase level, skeletal
muscle weakness aged >20 years; women can be affected
with a milder phenotype or only dilated cardiomyopathy

Focal segmental glomerulosclerosis, migraines

Progressive external ophthalmoplegia, muscle weakness,
cerebellar ataxia, diabetes mellitus

Abbreviations: AD, autosomal dominant; AR, autosomal recessive.

that reported in genetic studies of the condition, even
though DCM was not known to be present in any of the
individuals included in the database.*

A similar observation was made when the eight sarco-
meric genes associated with HCM were sequenced in
3,600 individuals in the Framingham and Jackson Heart
Studies.*> A total of 0.6% of individuals were found
to have variants that were likely to be pathogenic for
HCM, at least twice the anticipated number based on
previous estimates of disease in the population.** Only

four of the 22 individuals had clinical evidence of HCM.
Interestingly, left ventricular end-diastolic dimension
was increased in those attributed to be at genetic risk
from sarcomeric variants. These observations challenge
many of our preconceptions about the pathogenicity of
specific variants and our ideas about Mendelian disease
in relation to the cardiomyopathies. Several explana-
tions, singly or combined, might explain this mismatch
between disease prevalence and the observed frequency
of rare variants.
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A lower degree of penetrance than previously esti-
mated would allow a larger number of rare, DCM or
HCM disease-causing variants to be present in the pop-
ulation than would be estimated on the basis of disease
prevalence. This phenomenon has been observed in
BRCA1 and BRCA2 breast cancer*® and, more dramati-
cally, in HFE-related haemochromatosis,*” in which
unbiased population studies not targeting affected
probands revealed a higher mutation prevalence than
anticipated. The subsequent conclusion was that the
penetrance of these mutations had been overestimated,
particularly in nonwhite individuals, which indicates that
disease susceptibility is ethnicity-dependent.*®

Not all rare, nonsynonmous variants are actually
causative of disease. This explanation differs from
a variant with low penetrance noted above, in that a
variant in this category, even if rare, might simply not be
relevant to the phenotype of interest. By contrast, those
with low penetrance might promote a disease phenotype,
but only in the presence of other phenomic, genomic, or
epigenetic factors. Another possible explanation for the
mismatch is that multiple interacting rare or common
variants, perhaps some yet to be discovered, are needed
to manifest the DCM phenotype.

Finally, the phenotype prevalence might be greater
than previously estimated; for example, a greater preva-
lence of silent or subclinical DCM might be present in
the population than anticipated. DCM is almost always
ascertained clinically late in its symptomatic phase,
which makes the underestimation of the prevalence
of the condition likely. As discussed above, the esti-
mated prevalence of 1 in 2,500 individuals is undoubt-
edly incorrect, with conservative estimates now being
approximately 1 in 250 individuals.

In summary, variations on the traditional Mendelian
single-gene disease paradigm ascribed to DCM are pos-
sible (Figure 8), including scenarios where multiple
mutations are required to cause the DCM phenotype.
Such a requirement could dramatically alter our view
of heritable autosomal-dominant DCM and the pre-
requisites to manifest a disease phenotype. This altern-
ative paradigm also provides possible explanations for
the genomic architecture of nonfamilial (sporadic) DCM
that has a genetic basis.

Limitations of DCM research

The relevance of some of the DCM-associated genes
listed in Table 1 can be questioned, because the published
evidence supporting a causal role varies substantially.
Candidate-gene, rather than unbiased, approaches have
been used to identify some of these genes. For others,
only the primary report is available, at times with limited
evidence or small numbers of probands or families to
support pathogenicity. This limitation is especially prob-
lematic for those genes with only minimal data published
in support of their pathogenicity, or those that have not
yet been replicated owing to a very low DCM mutation
frequency. Unbiased genome-wide approaches, such
as genome-wide genotyping, linkage analysis, and gene
mapping for DCM-associated gene discovery, or the latest
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Figure 5 | Pedigree analysis. This pedigree is consistent with familial DCM

in a family segregating a DCM-causing mutation with autosomal-dominant
inheritance. Dark blue symbols indicate idiopathic DCM; light blue symbols
indicate isolated conduction system disease, left ventricular enlargement, or
systolic dysfunction; and white symbols represent unaffected clinical status.
The presence (+) or absence (-) of a mutation is indicated. Pedigrees showing
multiple affected generations, with both men and women equally likely to be
affected, and male-to-male transmission, are consistent with autosomal-
dominant inheritance. Disorders with autosomal-dominant inheritance often
show reduced penetrance, as shown by individual 1I-3. Variable expressivity is
also observed when family members carrying the same mutation display a
spectrum of mild-to-severe disease (Figure 6). Familial DCM can also show
autosomal-recessive, X-linked, or mitochondrial inheritance. Risk assessment
and cardiovascular screening decisions are facilitated by pedigree analysis.
Bilineal disease is also well illustrated in a pedigree format, as shown by
individual 1I-1, who tested negative for the family mutation, but is likely to carry
a different disease-causing mutation that would explain the presence of DCM
in his son (lll-1). Abbreviation: DCM, dilated cardiomyopathy.

Nonpenetrant | Penetrant
| Heart
| transplantation
s |
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12 |
12 |
o |
s |
3 1 3° heart block
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o |
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! Medically
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Figure 6 | Penetrance and variable expressivity of LMNA-associated DCM. The
dashed line separates penetrant and nonpenetrant disease. The vertical bars
represent the relative numbers of individuals who are thought to show any
aspect of the phenotype (penetrant) or no phenotype (nonpenetrant). The
gradients within each bar represent variable expressivity for a particular
phenotype. For example, LVE is considered present, albeit borderline, when
the left ventricular size is >95" percentile using a height-based and sex-based
approach, whereas >99™ percentile would be considered to be more-prominent
left ventricular dilatation. The mechanisms that drive penetrance and variable
expressivity can potentially be explained by modifier genes (including
protective variants), as well as environmental and epigenetic variables.
Abbreviations: DCM, dilated cardiomyopathy; EF, ejection fraction; LVE, left
ventricular enlargement.
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exome-sequencing or genome-sequencing approaches,
might incur less intrinsic investigator bias than previous
techniques. Whether originally reported from an unbiased
or a candidate-gene approach, replication and validation
inlarge DCM cohorts is essential. Furthermore, almost all
DCM genomic research has been focused on identifying
rare point variants in coding sequence, whereas only a
few studies have examined structural variants. Therefore,
other genes or other types of genetic variation might be
highly relevant to DCM pathogenesis (Figure 9).

<« Figure 7 | Allelic heterogeneity shown by DCM and HCM
mutations in TNNT2, which encodes cardiac troponin T.13°
TNNTZ2 and its adult protein isoform, cardiac troponin T, are
shown, encoded by exons 2-17 encompassing 288 amino
acids. DCM mutations are shown by letters (A-J), and HCM
mutations are shown by numbers (1-32). The binding
regions for other key sarcomeric proteins are illustrated.
Abbreviations: DCM, dilated cardiomyopathy; HCM,
hypertrophic cardiomyopathy; Tm, tropomyosin; TnC,
cardiac troponin C; Tnl, cardiac troponin |. Reproduced with
permission from Hershberger, R. E. et al. Clinical and
functional characterization of TNNT2 mutations identified
in patients with dilated cardiomyopathy. Circ. Cardiovasc.
Genet. 2 (4), 306-313 (2009), with permission from
Wolters Kluwer Health.

The inter-relationships of the factors thought to
influence DCM presentation (penetrance, allele fre-
quency, combinatorial effects of relevant variants, and
environmental triggers) have not been well established
(Figure 9). In early studies, the penetrance of familial
DCM was estimated to be ~90%; however, subsequent
studies are consistent with lower penetrance. Most
known DCM variants are extremely rare or unique
to a family,* but less rare, or even common, variants
might also have a role, especially in sporadic DCM. The
number of disease-causing mutations per patient has not
been formally quantified, but individuals harbouring up
to two or three rare DCM variants that are predicted to
be pathogenic have been reported. The role of genetic-
environmental interactions in DCM has not been for-
mally studied, but might be highly relevant; the effect of
coxsackievirus on the dystrophin complex is a promising
area of ongoing research.”

Racial differences in DCM genomics have not yet been
explored. Only very few probands of African ancestry
who have DCM have undergone sequencing of known
DCM-associated genes (in our studies <5%),* and no
exome sequencing for DCM has been reported in indi-
viduals of African ancestry. Furthermore, whether from
genomic or phenomic influence, DCM of unknown cause
in individuals of African ancestry has been suggested to
have a particularly poor prognosis.*® Cardiovascular
disease, particularly heart failure and cardiomyopathy
from systolic dysfunction, might cause greater morbid-
ity and mortality in individuals of African ancestry than
in those of European ancestry.?**2°52

Clinical implications
The information presented in this Review has direct
implications on approaches to clinical practice. Guideline
recommendations include taking a family history, clini-
cal screening of family members, counselling, considera-
tion of genetic testing, and seeking further consultation
with professionals who are expert in cardiovascular
genetics.”*** Therapy based upon the standard (non-
genetic) DCM guidelines, especially for individuals who
are symptomatic with arrhythmias or heart failure, are
also applicable (Box 3).

The dramatically increased capacity of current sequenc-
ing approaches has caused molecular genetic testing for
DCM and related conditions to become widely available.'?
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Figure 8 | Variations on the Mendelian disease paradigm relevant to DCM genetics. DCM can be simplex or familial, often
with reduced penetrance and variable expressivity. The Figure shows the three types of pedigree seen in DCM: a | a large
family with full penetrance, b | a smaller familial DCM kindred, with reduced penetrance and variable expressivity, and
¢ | sporadic DCM, where familial disease has been excluded by cardiac clinical screening. The presence of a variant is
denoted by an asterisk. Where an asterisk is not shown, the variant is not present. The factors that are thought to influence
DCM presentation (penetrance, allele frequency, combinatorial effects of relevant variants, and environmental triggers) are
shown on each side of the rectangle surrounding the pedigrees. The position of a pedigree reflects the degree to which each
of the four factors is thought to contribute to disease. a | Large familial DCM pedigrees are observed when a single, rare,

complete-penetrance variant (in this example, one asterisk) is sufficient to cause disease. Little or no environmental
influence is required. When this type of mutation occurs de novo, DCM occurs in the absence of family history (sporadic
disease), but offspring are at 50% risk of inheriting the mutation (circled individual), leading to an autosomal-dominant
pedigree in future generations. b | Smaller families showing reduced penetrance and variable expressivity are observed
when the clinical effect of a mutation of low penetrance is influenced by other variants (in this example, two asterisks).
Either one of the variants leads to partial phenotypes or influence expressivity, for example, isolated left ventricular
enlargement without ventricular dysfunction. Individuals harbouring a protective variant (purple asterisk) escape overt
disease, but their offspring might have DCM or a mild phenotype if they inherit one or more mutations in the absence of the
protective variant (circled individual). In this type of family, environmental factors can accelerate severe or early-onset
disease. ¢ | Sporadic DCM can result from an accumulation of variants that collectively cause disease (in this example, four
asterisks). We speculate, on the basis of the rare-variant data (Box 1), that most or all variants that contribute to sporadic
DCM are rare, but can be associated with low degrees of penetrance. One or more protective variants might also have an
effect in these pedigrees (circled individual). Abbreviation: DCM, dilated cardiomyopathy.

Even 1-2 years ago, panels of more than a few genes
were uncommon, whereas now, an emerging approach
is to screen 20-70 genes in ‘pan-cardiovascular panels’
that encompass genes associated with cardiomyopathy,
arrhythmia, and other cardiovascular diseases, at the
same or lower cost than that of their smaller predeces-
sors.'? Replacement of traditional, capillary-based Sanger
sequencing with newer sequencing approaches on a
variety of platforms has made this transition possible.'**

Testing many DCM-associated genes raises several
issues of variant interpretation, including the clinical
importance of the type of variant (for example, non-
synonymous or truncating), its conservation and rarity,
the plausibility of the protein it disrupts to cause DCM,
and, perhaps most importantly, whether the variant seg-
regates with the disease phenotype in multiple affected
individuals.®® When testing many genes, the probability is
increased that greater numbers of ‘variants of unknown
significance’ will be identified. Commercial clinical
molecular genetic-testing facilities differ in their exact
interpretative nomenclature, but many of these ‘variants
of unknown significance’ might be unique (private) or
very rare variants identified in a known DCM-associated
gene, consistent with disease causation. However, if DNA
is not available from another affected family member

to evaluate segregation of the variant with the DCM
phenotype, and because the variant is novel, it might be
considered to be of ‘unknown significance’
Genome-wide sequencing studies have shown that
most individuals have several thousand nonsynony-
mous rare variants.”” A variety of approaches that
leverage rarity, conservation scoring (using genomic
evolutionary rate profiling [GERP]*® or the computer
programme phastCons®), or algorithms to assign
variant pathogenicity (Sorting Intolerant From Tolerant
[SIFT],% Polymorphism Phenotyping v2 [PolyPhen-2],%!
and others) have been attempted for DCM rare-variant
analysis,’*****! but each has limitations. Molecular genetic
sequencing is likely to continue to reveal unique or
private variants in DCM-associated genes, collectively
involving thousands of nucleotides, until very large
numbers of individuals have undergone sequencing.
Furthermore, gene-specific analysis algorithms for
predicting the effect of rare alleles are likely to be needed
to deal with the wide variation in gene structure, pen-
etrance, and types of mutations (for example, missense
versus truncating, as is evident in rare-variant analysis of
LMNA and TTN). Moreover, a probabilistic approach is
always required with clinical molecular genetic testing,
because no single variant is likely to be determinative in
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Figure 9 | Future areas of research in dilated cardiomyopathy. Established and
inadequately explored research areas in genomics and phenomics are depicted.

Box 3 | Guidelines for the evaluation of genetic cardiomyopathies*

= A comprehensive family history for three or more generations is recommended
for all patients with cardiomyopathy. This guideline applies to all genetic
cardiomyopathies (arrhythmogenic right ventricular, dilated, hypertrophic, left
ventricular noncompaction, and restrictive).

= Clinical screening for cardiomyopathy in asymptomatic first-degree
relatives is recommended. This guideline applies to any new diagnosis of a
genetic cardiomyopathy, with specific testing by cardiomyopathy type. For dilated
cardiomyopathy, clinical screening consists of a history and examination, an

electrocardiogram, an echocardiogram, and measurement of the creatine kinase

level. Repeat screening at intervals is recommended.
= Referral to a centre with expertise in genetic evaluation and family-based

management should be considered. The basis of this recommendation is that the

“evaluation, genetic counselling, and genetic testing of cardiomyopathy patients
are complex processes”. Therefore, referral should be considered if onsite
expertise is not available.

= Genetic testing should be considered for the one most-clearly affected person
in a family to facilitate family screening and management. This guideline,
published in 2009 before the proliferation of current genetic testing strategies
and cardiomyopathy-specific testing panels made possible by novel sequencing
methods, should be strengthened in 2013.%?

= Genetic and family counselling is recommended for all patients and families

with cardiomyopathy. This recommendation continues, and becomes increasingly

relevant, with the proliferation of large panels of genes for genetic testing.

= Medical therapy according to cardiac phenotype is recommended, as outlined in
the general guidelines. Numerous expert publications are available for current
treatment approaches to the various cardiomyopathies.

= Device therapies for arrhythmia and conduction system disease according to

cardiac phenotype are recommended, as outlined in the general guidelines. This

recommendation follows the same advice as for medical therapy.

= In patients with cardiomyopathy and clinically significant arrhythmia or who are
at known risk of arrhythmia, an implantable cardioverter—defibrillator can be
considered before the left ventricular ejection fraction falls below 35%. This
recommendation was added partly because LMNA-associated cardiomyopathy
can cause lethal arrhythmias in individuals with an ejection fraction that is only
minimally reduced. Other cardiomyopathies can also confer a substantial risk
of sudden cardiac death, even in individuals with preserved systolic function.

*From the Heart Failure Society of America.**

all situations. Geneticists and genetic counsellors tend
to be more adept at dealing with probabilistic issues
in genetic testing than other clinicians, who often lack
genetics training.

Cardiovascular genetic medicine now extends to
cardiomyopathies, channelopathies, aortopathies,
Marfan syndrome, familial hypercholesterolaemia,
and any other genetic disorder that exhibits a primarily
cardiovascular phenotype. Cardiovascular genetic medi-
cine is centred on expert clinical care and genetic coun-
selling both before and after molecular genetic testing,
as appropriate, including test interpretation.

Conclusions

Remarkable progress has been made in understanding
the genetic basis of DCM. DCM-associated mutations,
which are mostly unique to a proband or family, have
been identified in >30 genes. Nevertheless, this set of
genes and their associated variants explain less than
half of the genomic cause of DCM. Furthermore, the
population frequency of sequence variants thought to
cause DCM has been observed to be greater than popu-
lation estimates of disease prevalence. Explanations for
this perceived mismatch might relate to reduced pen-
etrance of DCM-causing mutations, noncausal variants
having been assigned causality, or that the prevalence of
DCM is higher than previously estimated. Additionally,
the genomics of DCM are likely to be more complex
than currently appreciated, given that, for almost all
DCM-associated genes, only point mutations in coding
sequence have so far been evaluated. Some of the long-
held presumptions regarding DCM as a Mendelian
disease are undoubtedly incomplete. More-extensive
genomic studies in much larger cohorts of rigorously
phenotyped probands and family members are needed
to improve our understanding of the genomic basis of
DCM. These advances will contribute to the practice
of cardiovascular genetic medicine and our comprehen-
sion of the prevalence, onset, and pathogenesis of DCM,
so that advanced disease can be prevented or averted.
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genome data relevant to DCM or HCM from the Exome
Variant Server and the 1000 Genomes Projects were
also included.
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