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Abstract Recent advances have expanded our ability to
conduct a comprehensive genetic evaluation for dilated car-
diomyopathy (DCM). By evaluating recent literature, this
review aims to bring the reader up-to-date on the genetic
evaluation of DCM. Updated guidelines have been pub-
lished. Mutations in BAG3, including a large deletion, were
identified in 2 % of DCM. Truncating mutations in 77N
were reported in 25 % of DCM. Two new genes have been
reported with autosomal recessive DCM. These studies il-
lustrate the role of improved technologies while raising the
possibility of a complex genetic model for DCM. The in-
clusion of 7TN has led to an increased genetic testing
detection rate of 40 %. While our ability to identify
disease-causing variants has increased, so has the identifi-
cation of variants of unknown significance. A genetic eval-
uation for DCM must therefore address this complexity.
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Introduction

Dilated cardiomyopathy (DCM) is one of the most common
forms of cardiomyopathy with a prevalence likely exceed-
ing 1/500 [1]. The diagnosis is based on increased left
ventricular end diastolic diameter and systolic dysfunction.
DCM can be present as an isolated finding or as part of a
syndrome (Table 1). This review focuses on the genetic
basis of nonsyndromic, isolated DCM. While most com-
monly evaluated by echocardiography, left ventricular en-
largement (LVE) and systolic dysfunction may also be
identified by left ventricular angiography or cardiac mag-
netic resonance imaging. LVE by echocardiography is
deemed to be present when the diastolic left ventricular
diameter exceeds the 95th percentile of a population-based
height and gender-based approach [4]. Left ventricular dys-
function is defined as an ejection fraction of less than 50 %
[5] (or more stringently, 45 % [6] or a fractional shortening
of less than 25 %).

Other structural cardiac findings, such as right ventricular
(RV) enlargement [7], fatty infiltration [8], and left ventricular
noncompaction (LVNC) [9, 10] may also be present. DCM
with RV involvement, however, must be differentiated from
arrhythmogenic right ventricular cardiomyopathy (ARVC), a
diagnosis involving right ventricular involvement, fibrofatty
infiltration, prominent arrhythmia, and sudden death. LV
involvement in ARVC, once thought to be part of the late
phase of the condition [11], is also observed in ARVC with
early, predominant LV involvement [12]. To account for this
wide phenotypic spectrum, the more inclusive term
“arrhythmogenic cardiomyopathy” has been proposed [13].

When symptomatic, DCM presents late in the disease
course with heart failure (HF), arrhythmia, and conduction
system disease (CSD; first, second, or third degree heart
block) with or without sudden death, or with thromboem-
bolism [14]. Because DCM is commonly asymptomatic
until late in its disease course [15], it may only be identified

@ Springer



Curr Cardiol Rep (2013) 15:375

375, Page 2 of 8

[1]1 (£9-659:21°010T "PON UeD

‘sreuorssajord sonouod 10y MIAdI B :AyjedoAWOIpIEd Poje[Ip UI SANSSI O1OUSS pue [eotul])) ‘([ PILYSAIS ‘Y So[eION ‘A 10819qusioy :woij padepy)

POYUI[-X 77X ‘OAISSII2I [BWOSOINE Y|/ “JUBUILOP [BWOSOINE (T}

‘[+€] oseurWIBSURI) PAIBAJ[D ‘SIIJRULIOP
ULIOJISOATIYOT ‘QIrnje)s 1oys ‘eruojodAy
‘Kefop

UuonB[AS00A[3-N

[eruawdo[oASp PIIW DALY} 0} dINJIe] AV urojoxd ‘oseuny joydrjop Y70d 9%L019 11'#¢bg  uone£soo4[S jo 1opiosip [eyruaSuo))
1zl xo[dwoo
eISe[dSApoIpuOyd09)SO ‘SaINjed) [e1oe) [ouueyo wnissejod
oAnoUnSIp ‘sisoyotedAy [enusguo) av QADISUSS-d LV JO jrunqns 62008V 0586¢C reidzr owoIpuks mue)
‘S s°qeIp (canIw ‘ranIm uonsfap
‘BIXEIR JB[[9QAIdD ‘SSAUNBAIM d[dsnuu SIdYJO G 29 ‘¢ ‘¢ suunqns ‘CSANIN uogdnnu
‘ergordowreyiydo [eUIAIXd JAISSAIS0I] oAOU 3(J 9seua30IpAYIp HAVN ‘32) J1qeLreA  0000ES VN@W QWIOIPUAS QIABS-SUIBDY]
'SuUOTOJUL
juannoal ‘eruadojLoo[nuels ‘eruaploe
ONOE] JUSRIULIAIUL ‘UOHEPILIAT (PMOID X utzzeje], S¥D/ZVL v6£00€ 8¢bx owoIpukg yreg
-auofe D Yo adKjoudyd Jopru yPim
PajoozJe 2q Ued so[eWR) ‘198e[ 10 S, (07 Ul
SSoU[EaM J[OSNUW [BIF[AYS ‘3D PAILAI[D
‘NG ‘81 93e Joye DA ‘Tl 93¢ (ame) AydonsAp
£q punoq Jreyo[oayMm ‘SSauseam J[osnu Ie[nosnur 1909 ‘(QINQ)
pooypIIyd “3[D PareAdd sofewl :qING X uiydons£Q aNa LLEOOE T 1zdx AydonsAp renosnw auuayong
"BULISPOJRIOY “I1ey AJ[OOA\ AV upyeidowsoq dSd Ly9STI yzd9 QwoIpuAs [eleare)
'SSOUEOM [BIOB] PUE SIOXI[J
JOON] "SIOSUIX? JoSulj usy} ‘sa0} Jeard
pUEB SO[UB JO SSOUBIM JOSUO POOYP[IYD) av ureyd AAeay uIsoAw-¢ LHAW 09L091 z1by1 AypedoAw [eystp Sure|
“UnLLIRY
pue UoIl WnIes pasearour ‘uoneyuowSid SISOJEWIOIYO0WY
onouejouRdAY ‘sajeqerp ‘SISoyLI) AV Areyparoyq A4H  00TS€E ¢'1zdg SISOJEWOI]OOWSH
(LSSHH)
adA], ueIuAO[S ‘QWIOIPUAS
"OWIOIPUAS PUEY 1B UI SONIULIOJIP pueH 1edH (g1 ANDT)
quip ‘g 1NDT ut o[par3-diy/10p[noys) dv :ISSHH av €1 AydonsAp tenosnw d[pus quur|
SSAWEaM 3[osnl pOOYPIIYd SHIANDT (anaa)
‘seruylAyLIe SQINQH Ul S9IN)ORIUOD JUlof SV ‘av anad D/V unwe] FNAT 0£€0ST 7 1¢b1  AydonsAp remosnw ssnjror-Aowsg
SOINJBYJ [BOIUI[D [RUOHIPPY sutoned souejLoyu] jonpoid suon [oquiAs U  INIINO Niklig| QUWIOIPUAS

sasned AyredoAworpIed paje[Ip OIOIPUAS Pajod[dsS [ J[qeL

pringer

Qs



Curr Cardiol Rep (2013) 15:375

Page 3 of §, 375

serendipitously or as part of cardiovascular screening of at-
risk family members. Onset usually occurs by age 60 [1],
although it has been observed during the fetal stage [16], in
infants, children [17¢], and the elderly [8]. A subset of
DCM, peripartum cardiomyopathy or pregnancy associated
cardiomyopathy (PPCM/PACM), has been associated with
pregnancy [18], although a causal role for pregnancy has yet
to be demonstrated in humans. Features of LVNC have been
reported in PPCM, and a familial basis has been suggested
based on the transmission of LVNC from a mother with both
PPCM and LVNC to her newborn child [19]. A true associ-
ation between PPCM and LVNC needs to be confirmed with
larger studies.

Management includes pharmacologic therapy with
ACE inhibitors and beta blockers, and consideration of
intracardiac defibrillator/pacemaker (ICD/PCM) for those
with a history of or at risk for lethal arrhythmia. Ad-
vanced therapies, including left ventricular assist device
and heart transplantation, are indicated for patients with
severe or intractable disease. Pregnancy is contraindicated
in women with DCM or who have been diagnosed with
PPCM/PACM.

Etiology

A wide variety of etiologies underlie DCM. In the United
States, ischemic disease from coronary artery disease (CAD)
is the most common cause. Nonischemic disease follows,
which encompasses a wide range of causes, including
cardiotoxic drug exposure, endocrine disease, congenital
heart defects, infections (viral, bacterial, parasitic, and fun-
gal forms), and genetically-mediated forms. The term idio-
pathic dilated cardiomyopathy (IDC), coined before
evidence of a genetic basis became available, refers to
DCM in which all identifiable causes (excluding genetic)
have been excluded. It is now known that a portion of IDC
also includes genetic forms. For simplicity, and for the
remainder of this review, the term DCM will be used for
cases with known genetic cause (eg, LMNA-DCM, follow-
ing a recent nomenclature recommendation)[1] and those in
which ischemic, cardiotoxic, and infectious causes have
been ruled out (also known as IDC).

Using cardiovascular screening, familial disease (familial
dilated cardiomyopathy, FDC) is identified in up to 48 % of
IDC [20-22]. In the clinical cardiovascular literature, pedi-
grees with more than 1 individual with IDC (multiplex
pedigrees) are denoted as FDC while all other nonfamilial
cases (simplex pedigrees) preserve their IDC categorization.
Besides the observable difference in number of affected
subjects when familial and simplex pedigrees are compared,
the clinical presentation of DCM cases is the same, despite a
familial or apparently sporadic nature [23].

Genetics

Mutations in over 30 genes of diverse ontology have been
reported in DCM, with more convincing evidence supporting
causation in familial cases [15]. Mutations in genes encoding
proteins of the desmosome, traditionally associated with
ARVC, are also present in DCM [24, 25, 26¢], perhaps
explaining the mixed ARVC/DCM phenotypes. Most muta-
tions lead to an autosomal dominant pattern of inheritance,
however, a minority are associated with recessive [27], X-
linked [28], or maternal mitochondrial [29] forms, among
which extra-cardiac features and early onset may be more
frequent. Autosomal recessive phenotypes, which are more
frequent in consanguineous families, have been reported with
mutations in 7NNI3, and more recently, with GATADI
(nonsyndromic DCM; Table 2) [30¢] and DOLK (predomi-
nantly nonsyndromic DCM) [3¢] mutations. Penetrance may
be incomplete (the proportion of mutation-positive individ-
uals who show the phenotype) and disease expression (the
degree of severity among known affected, mutation-positive
individuals) is variable. Various disease mechanisms are in-
volved (depending on the mutation involved); however, myo-
cardial injury is consistently the end-result [1]. At the
population level, > 200 mutant alleles have been reported in
the now >30 known genes [33], all leading to essentially the
same clinical picture (allelic heterogeneity).

Missense, frameshift, nonsense, and small insertion/deletions
mutations have been reported. The role of larger deletions in
DCM was demonstrated in a gene discovery study that for the
first time identified mutations in BAG3 (BCL2-associated
athanogene 3) as causative of DCM [31¢] (Table 2). The study
identified a whole exon deletion in BAG3 in a large FDC
pedigree and frameshift, nonsense and missense mutations in
2 % of DCM, including familial and simplex cases [31°].
BAG3, a 535 amino acid protein coded by 4 exons, is also
implicated in severe dominant childhood muscular dystrophy
[34]. The gene product works as a co-chaperone of heat shock
proteins. Its binding to proteins related to DCM pathophysiol-
ogy, such as Bcl-2 (a regulator of apoptosis), is thought to be
disrupted in BAG3-DCM [31]. Larger deletions have been
observed in EYA4 [35] and LMNA [36], however, a multiplex
ligation probe amplification screening of LMNA in 58 probands
failed to identify copy number variation [37]. The prevalence of
copy number variation in DCM thus remains unknown until
more comprehensive studies are performed.

Truncating mutations in 77N (Table 2) have also been
identified in approximately 20 % of cases [32¢], thus, in-
creasing the proportion of known genetic cause in DCM to
40 %. The clinical presentation of 77N-DCM does not
appear to be different than that of other forms of genetic
DCM. TTN is a key sarcomeric component that encodes the
giant protein titin. It comprises 283 kilobases containing 363
exons coding for 38,138 amino acids [38]. 77N undergoes
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[30°]

614518 Autosomal recessive inheritance in

GATA zinc finger domain- regulates gene expression.

7:92,076,761-92,089,380

GATADI 7q21.2

consanguineous family.
603883 A whole exon deletion reported in

containing protein 1.

10:121,410,881-121,437,330 BCL2-associated athanogene 3.

[31¢]

co-chaperone of heat shock proteins.

10926.11

BAG3

large family..
188840 More evidence supporting pathogenic

[32¢]

striated muscle passive force, modulator

sarcomeric component.

2:179,390,716-179,695,529

2931

TTN

role of truncating mutations

of active contractile force.

dramatic alternative splicing to produce many skeletal mus-
cle and heart isoforms [39], and is regulated by RBM?20,
another gene associated with approximately 2 % of DCM
[40—42]. Cardiac-relevant isoforms include N2B, N2BA,
and novex-3 [32¢]. TTN had been reported with DCM in
early studies [43, 44], but the recent study is significant for
using next generation sequencing technology to comprehen-
sively evaluate 77N in a larger number of DCM probands
(n=203) with both simplex and familial disease. The study,
which suggested a causative role for 77N truncating muta-
tions, led to the immediate addition of this gene to clinical
genetic testing panels. However, because the recent study
also identified 77N truncating mutations in 3 % of their 249
controls [32¢], and because mutations are frequently novel,
the complexity of adjudicating causality of genetic DCM
variants has escalated to unprecedented levels. Furthermore,
the Herman et al. study did not evaluate missense mutations,
which are very common in most individuals [45].

Further complicating molecular interpretation is the find-
ing of multiple mutations in DCM. Examples include FDC
pedigrees with mutations in LMNA and RBM20 [42], MYH7
and LDB3, and PSEN2, and SCN5A4 [46]. Multiple muta-
tions in simplex pedigrees have also been observed, includ-
ing probands with mutations in MYBPC3 and TNNCI,
TNNT2 and TPMI1, TNNCI and MYH?7, and a fourth one
with TCAP, LMNA, and MYH6 mutations [47]. Triple mu-
tations were also seen in a proband with familial disease and
2 mutations in MYH6 and 1 in TNNT2 [47]. Compound
heterozygosity was identified in a proband with familial
disease and 2 different mutations in MYBPC3 [47]. A ho-
mozygous TNNT2 mutation was also observed in a simplex,
consanguineous pedigree [46, 48]. It is difficult to sort out
the relevance of each individual finding, as many of these
mutations were novel while others were previously reported
with DCM or other cardiovascular phenotypes. They were
also rare in the general population and changed a key amino
acid, all usual criteria to establish pathogenicity [15]. There-
fore, the role of multiple mutations in DCM may be relevant
[49], but has not been formally studied. A possible link
between HCM and DCM, however, has been proposed
based on multiple mutation findings [50].

Genetic Evaluation

In 2009, guidelines for the genetic evaluation of cardiomyop-
athy from the Heart Failure Society of America, including
DCM, recommended family history, periodic cardiovascular
screening of at-risk family members (by echocardiogram,
electrocardiogram, and physical exam), and consideration of
genetic testing with counseling for individuals with DCM,
and, when applicable, their family members [51]. In families
in which the disease-causing mutation is known, targeted
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testing should be offered to at-risk family members. Those
who test positive for the family mutation should undergo
periodic screening on a yearly basis, while those who test
negative for the family mutation may be discharged [51, 52].
The family members of probands in which genetic testing fails
to identify a mutation or in which genetic testing has not been
performed should undergo screening every 3—5 years [51].

More recent guidelines from the Heart Rhythm Society in
conjunction with the European Heart Rhythm Association that
included cardiomyopathy were published in 2011, which
recommended LMNA and SCN54 genetic testing for individ-
uals with DCM and significant CSD or premature, unexpected
sudden cardiac death and targeted testing for at-risk family
members when a mutation is identified in a proband [53¢].
These guidelines also considered it helpful to offer genetic
testing to individuals with FDC for diagnosis confirmation,
identification of at-risk family members (including cases
when previously undetected syndromic disease may be pres-
ent), and for family planning. The guidelines also distin-
guished the clinical value of genetic testing for probands
with and without CSD. For the former, genetic testing was
deemed to have a greater impact, as genetic information can
be useful not only for diagnostic purposes, but also for prog-
nostic and perhaps therapeutic value, especially when muta-
tions in LMNA and DES are present [53¢]. For these
individuals, prophylactic ICD/PCM may be considered.

Both guidelines, published before the TTN report [32¢],
do not fully address the genetic complexity of DCM and
provide little insight to help navigate complex genetic test-
ing reports in order to make results clinically useful. One of
these issues is the likely finding of a variant of unknown
significance (VUS). To illustrate this concept, before the
recent TTN report, clinical laboratories were quoting a de-
tection rate of approximately 20 %—40 %. However, an
analysis of clinical genetic results concluded that disease
causing mutations were present in 17.4 % whereas 10.6 %
had a VUS [54¢]. Many TTN variants, including truncating
ones (also identified in 3 % of controls), fall into this
category. That a VUS is a disappointing finding, and one
that should be handled with care, is not a new concept; the
novelty lies in the increased volume of VUSs that reports
may now include, especially because all variants in the
enormous gene 77N, including missense variants, are
reported. Moreover, variants thought to be pathogenic may
be reclassified as benign and vice-versa. These issues war-
rant careful discussion with patients during pre-test in-
formed consent.

Genetic testing for DCM involves large gene panels. For
DCM with more prominent than usual right ventricular (RV)
involvement, or DCM with a prominent arrhythmogenic phe-
notype, multicardiomyopathy genetic testing panels including
desmosomal genes can help to clarify diagnosis. All inclusive
panels evaluating cardiomyopathy, channelopathy, and

structural heart disease in a single test are also available, with
some now including >50 genes. Careful review of the genes
included in these panels is key to better address the evaluation
needs of a patient. For example, some panels include mito-
chondrial genes (that may be more relevant in pediatric or
multisystem involvement cases) while others do not. In addi-
tion, because gene panels are continually updated in response
to gene discoveries or improved technology, a previously
done panel may rapidly become outdated. Also, due to the
possibility of multiple mutations, a panel may be offered to
more than 1 affected family member (or even repeated, with
an expanded number of genes, in a patient with a known gene
mutation). Similarly, for families with mutations in genes
with incomplete evidence for pathogenicity, such as 77N,
alerting genotype- and phenotype-negative family members
about signs and symptoms of DCM, and suggesting follow-
up genetic evaluation later in life may be wise (until fully
interpretable whole exome or whole genome testing becomes
the standard approach to clinical genetic evaluations). The
decision to repeat genetic testing panels or recommend addi-
tional clinical cardiovascular care should be exercised with
caution, by expert cardiovascular genetics practitioners.

Until these issues are more appropriately addressed on
the research arena with comprehensive sequencing of a
much larger number of probands (and possibly with func-
tional studies of key genes), clinical cardiovascular screen-
ing remains a reliable, yet more expensive, tool to evaluate
all at-risk family members. The logical follow-up question
would be how willing or able are patients to undergo clinical
screening? This question was recently addressed in a retro-
spective chart review of 57 patients (11 DCM, 46 HCM)
that reported an uptake of 57 % and a 25 % detection of
familial disease [55¢]. In this study, uptake of screening
(proportion of at-risk first and second degree relatives who
underwent echocardiogram and electrocardiogram) was mo-
re likely among first degree relatives of probands, relatives
of probands with a known mutation, and in families with
multiple affected living relatives. Among relatives of pro-
bands with a known mutation, the uptake of cardiac surveil-
lance was higher (59 %) than the uptake of genetic testing
(39 %). The authors speculated that the lower uptake of
genetic testing may result from, among others factors, per-
ception of high cost and fear of genetic discrimination [55¢].
Although the results of this study should be viewed as
preliminary due to the small sample size, especially for
DCM, they provide a glimpse into the practical aspects of
genetic evaluation guidelines for DCM.

To address these issues, providers may periodically re-
contact laboratories offering clinical genetic testing for
DCM, as cost may no longer be an issue for some patients
due to updated customer service policies. Patients should also
be informed about the benefits and limitations of the Genetic
Information Nondiscrimination Act (GINA) [56]. Discussing
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that identifying silent disease through cardiac screening
may have insurance implications may also help putting
things in perspective. Patients may also benefit from
visualizing the risk of genetic discrimination presented
against the risk of not having a clear diagnosis or not
being able to prospectively identify at-risk family mem-
bers. For the reasons outlined above, informed consent
for genetic testing should not only include technical
information, but also a discussion to provide anticipato-
ry guidance regarding potential reactions to results, dis-
crimination risks, family communication issues, and
cost, among others. For example, before testing begins,
patients should be encouraged to picture different sce-
narios, including positive, negative, or uninformative
results, and the possibility of results reclassification. In
the setting of a positive result, duty to warn issues
should be proactively addressed, so that ethical di-
lemmas related to results disclosure among family mem-
bers may be avoided. Genetic counselors are uniquely
equipped to assist patients and their families to explore
these issues, which have been summarized in the setting
of cardiovascular disease [57¢].

A genetic evaluation should always begin with a careful
and comprehensive phenotype, which includes a detailed,
skillfully obtained family history by an informed profession-
al [58, 59]. Current data supports panel genetic testing for the
>30 genes in individuals with idiopathic dilated cardiomy-
opathy, preferably those with FDC. Cardiovascular data
should be sought to confirm the phenotype. Similarly, espe-
cially given the complexity of genetic testing results,
counseling of at-risk family members requires both pheno-
type (from recent cardiovascular screening) and genotype
information. Those with suspected syndromic disease (eg,
birth defects, abnormal stature, dysmorphic features, learn-
ing disabilities, multisystem involvement) should be evalu-
ated by a clinical geneticist to rule out syndromic disease, for
which other forms of genetic testing and management are
more appropriate.

Conclusions and Future Directions

The field has reached a critical juncture in which sequencing
technology may soon, if it has not already, outpace our ability
to synthesize genetic data into clinically useful information.
Although exome and whole genome sequencing, along with
biomarker and environmental data, are essential to help solve
these issues, managing large volumes of information using a
multidisciplinary bioinformatics, clinical, and molecular ap-
proach will be key. Furthermore, deeper genome expeditions
warrant at least equally deeper phenotype assessments to
fulfill the promise of genomics and, ultimately, personalized
medicine.
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