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BACKGROUND: Each of the cardiomyopathies, classically categorized as hypertrophic cardiomyopathy, dilated cardiomyopathy
(DCM), and arrhythmogenic right ventricular cardiomyopathy, has a signature genetic theme. Hypertrophic cardiomyopathy
and arrhythmogenic right ventricular cardiomyopathy are largely understood as genetic diseases of sarcomere or desmosome
proteins, respectively. In contrast, >250 genes spanning >10 gene ontologies have been implicated in DCM, representing
a complex and diverse genetic architecture. To clarify this, a systematic curation of evidence to establish the relationship of
genes with DCM was conducted.

METHODS: An international panel with clinical and scientific expertise in DCM genetics evaluated evidence supporting monogenic
relationships of genes with idiopathic DCM. The panel used the Clinical Genome Resource semiquantitative gene-disease clinical
validity classification framework with modifications for DCM genetics to classify genes into categories on the basis of the strength
of currently available evidence. Representation of DCM genes on clinically available genetic testing panels was evaluated.

RESULTS: Fifty-one genes with human genetic evidence were curated. Twelve genes (23%) from 8 gene ontologies were
classified as having definitive (BAG3, DES, FLNC, LMNA, MYH?7, PLN, RBM20, SCN5A, TNNC1, TNNT2, TTN) or strong
(DSP) evidence. Seven genes (14%; ACTC1, ACTNZ, JPH2, NEXN, TNNI3, TPM1, VCL) including 2 additional ontologies
were classified as moderate evidence; these genes are likely to emerge as strong or definitive with additional evidence.
Of these 19 genes, 6 were similarly classified for hypertrophic cardiomyopathy and 3 for arrhythmogenic right ventricular
cardiomyopathy. Of the remaining 32 genes (63%), 25 (49%) had limited evidence, 4 (8%) were disputed, 2 (4%) had no
disease relationship, and 1 (2%) was supported by animal model data only. Of the 16 evaluated clinical genetic testing
panels, most definitive genes were included, but panels also included numerous genes with minimal human evidence.

CONCLUSIONS: In the curation of 51 genes, 19 had high evidence (12 definitive/strong, 7 moderate). It is notable that these 19
genes explain only a minority of cases, leaving the remainder of DCM genetic architecture incompletely addressed. Clinical
genetic testing panels include most high-evidence genes; however, genes lacking robust evidence are also commonly
included. We recommend that high-evidence DCM genes be used for clinical practice and that caution be exercised in the
interpretation of variants in variable-evidence DCM genes.

Key Words: cardiomyopathy ® genetics

Editorial, see p 20

Correspondence to: Elizabeth Jordan, MS, CGC, The Ohio State University, Wexner Medical Center, Biomedical Research Tower Room 306, 460 West 12th Avenue,
Columbus, OH 43210; or Ray E. Hershberger, MD, The Ohio State University, Wexner Medical Center, Biomedical Research Tower Room 304, 460 West 12th Avenue,
Columbus, OH 43210. Email elizabeth.jordan@osumc.edu or ray.hershberger@osumc.edu

The Data Supplement is available with this article at https://www.ahajournals.org/doi/suppl/10.1161/circulationaha.120.063033.

For Sources of Funding and Disclosures, see pages 17-18.

© 2021 The Authors. Circulation is published on behalf of the American Heart Association, Inc, by Wolters Kluwer Health, Inc. This is an open access article under the
terms of the Creative Commons Attribution License, which permits use, distribution, and reproduction in any medium, provided that the original work is properly cited.

Circulation is available at www.ahajournals.org/journal/circ

Circulation. 2021;144:7-19. DOI: 10.1161/CIRCULATIONAHA.120.0563033 July 6, 2021 7


mailto:elizabeth.jordan@osumc.edu
mailto:ray.hershberger@osumc.edu

=
]
=
==
L
7]
Ll
==
—l
=
=
=
o=
=]

1202 ‘. AInc uo Aq Bio'seusnofeye//:dny wody papeojumoq

Jordan et al

Clinical Perspective

What Is New?

* |diopathic dilated cardiomyopathy (DCM), com-
pared with other genetic cardiomyopathies, dem-
onstrates marked locus heterogeneity, with many
genes proposed to have a role in the phenotype.

» The complexity of DCM genetic architecture pres-
ents challenges to clinical genetic testing and the
interpretation of genetic variants in patients and
families with DCM.

* The Clinical Genome Resource assembled an
international panel of clinicians and scientists with
expertise in DCM genetics to conduct a system-
atic evidence curation to define the relationship of
genes with a monogenic role in DCM.

What Are the Clinical Implications?

* Although clinical DCM genetic testing panels
include an average of ~60 genes, when published
evidence for genetic DCM was curated, only 19
genes emerged as high levels of evidence.

* Of 51 genes evaluated, the 19 genes appraised as
high-evidence genes are recommended to be rou-
tinely used in the genetic evaluation of DCM.

* Rare variants from genes without moderate, strong,
or definitive evidence should not be used in clini-
cal practice to predict DCM risk for at-risk family
members.

Nonstandard Abbreviations and Acronyms

ARVC arrhythmogenic right ventricular
cardiomyopathy

ClinGen Clinical Genome Resource

DCM dilated cardiomyopathy

HCM hypertrophic cardiomyopathy

myocardium, have clinically been classified as
hypertrophic cardiomyopathy (HCM), dilated car-
diomyopathy (DCM), and arrhythmogenic right ventricu-
lar cardiomyopathy (ARVC)." Each has been defined by
ventricular structure and function and, in the case of
ARVC, supplemented by arrhythmia data. Large families
with HCM,? DCM,® and ARVC* provided the basis for dis-
covery of the first genes harboring variants causing these
phenotypes.>” On the basis of further extensive genetic
investigations, HCM and ARVC are now well established
as predominantly diseases of genes encoding key pro-
teins of the sarcomere® or desmosome,® respectively.
In contrast with the genetic themes observed in HCM
and ARVC, DCM has a diverse genetic architecture
spanning >10 gene ontologies.'® The ultimate explana-

The major cardiomyopathies, diseases of the
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tion for this diversity of genetic architecture in the devel-
opment of DCM remains incompletely understood, but
in large relief, DCM may be considered an end- or final
phenotype'" that occurs when cellular pathways main-
taining force of contraction or ventricular structural integ-
rity become disrupted by pathological variation of genes
encoding key proteins.

The number of genes suggested to be relevant for
DCM has grown to be very large, in part as a result of this
diverse architecture. If we accept the thesis that DCM is
an end- or final phenotype and one resulting from myriad
possible structural, physiological, or metabolic pathway
derangements, DCM candidate genes rightfully number
in the hundreds. More broadly, the effort to establish a
causal relationship between sequence variants in a gene
and a disease is a critical step not only for cardiovascular
research but also for the translation of clinical genetics
to patient and family-based care.

The National Institute of Health Clinical Genome
Resource (ClinGen)'? has provided a semiquantitative
method to assess the clinical validity of gene-disease
relationships.'® A panel of cardiologists, genetic counsel-
ors, and genetics and laboratory scientists with relevant
expertise applied this method to published evidence in
DCM, one implemented by other ClinGen cardiovascular
domain gene curation panels, including HCM,"* ARVC,'®
thoracic aortic aneurysm,'® and the long-QT'” and Bru-
gada syndromes.'® Here, we report the results of the evi-
dence-based appraisal of genes associated with DCM
and the implications of these findings.

METHODS

An international group of individuals from diverse clinical and
scientific backgrounds relevant to DCM was assembled as a
DCM Gene Curation Expert Panel to implement the ClinGen
gene-disease clinical validity classification standards' with
specifications to DCM. An initial set of 267 genes was identi-
fied from a structured literature search and from gene-disease
reference resources (Table | in the Data Supplement). This ini-
tial list was triaged to 56 to remove genes that were associated
with syndromes or other cardiovascular diseases, had no direct
human relevance, or represented candidate genes (Figure |
in the Data Supplement). Therefore, genes observed primar-
ily in other phenotypes such as amyloid cardiomyopathy from
TTR that usually presents with a restrictive cardiomyopathy or
mitochondria-related disease were not included because of
the strict limitation to curation of only nonsyndromic DCM. The
ClinGen precuration process was performed to establish the
relevance for DCM, resulting in a final set of 51 genes proposed
to have a monogenic role in isolated, idiopathic DCM in humans
(Table 1). Additional details on panel membership, operational
implementation, and development of the gene list can be found
in the Data Supplement. The data that support the findings of
this study are published on the ClinGen website (https://clini-
calgenome.org/), and gene-specific hyperlinks are provided
(Table 1). No formal statistical testing was performed; rather,
a systematic analysis of clinical and experimental data was
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Table 1. Quantitative Scores and Final Classifications of Genes Curated for Dilated Cardiomyopathy

Mode of Genetic Experimental | Total g
Gene Protein inheritance | evidence | evidence score | Classification =]
BAG3 BCL2-associated athanogene 3 AD 12 6 18 Definitive E ,E_
DES Desmin AD 7 6 13 Definitive ,§ E
FLNC Filamin C AD 12 4 16 Definitive = E
LMNA Lamin A/C AD 12 6 18 Definitive 2
MYH7 Myosin heavy chain 7 AD 12 4 16 Definitive
PLN Phospholamban AD 10.5 6 16.5 Definitive
RBM20 RNA-binding motif protein 20 AD 115 6 175 Definitive
SCN5A Sodium voltage-gated channel, o subunit 5 AD 11.6 4.5 16.1 Definitive
TNNC1 Troponin C AD 10.3 5.5 15.8 Definitive
TNNTZ2 Troponin T2 AD 12 6 18 Definitive
TTN Titin AD 12 6 18 Definitive
DSP Desmoplakin AD 12 1.5 135 Strong
ACTC1 a Actin AD 1.9 6 7.9 Moderate
ACTN2 Actinin a2 AD 4.6 4.5 9.1 Moderate
JPH2 Junctophilin 2 SD 5 5 10 Moderate
NEXN Nexilin F-actin—binding protein AD 3.95 6 9.95 Moderate
TNNI3 Troponin | AD 6 4 10 Moderate
TPM1 Tropomyosin 1 AD 5.5 5.5 11 Moderate
VCL Vinculin AD 7.45 2 9.45 Moderate
ABCC9 ATP-binding cassette, subfamily C, member 9 AD 1.5 2.5 4 Limited
ANKRD1 Ankryn repeat domain-containing protein 1 AD 1.7 1.5 3.2 Limited
CSRP3 Cysteine and glyceine-rich protein 3 AD 0.2 4 41 Limited
CTF1 Cardiotrophin 1 AD 0.3 2.5 2.8 Limited
DSG2 Desmoglein 2 AD 1.5 1 2.5 Limited
DTNA Dystrobrevin, a AD 0.3 2 2.3 Limited
EYA4 EYA transcriptional coactivator and phosphatase 4 | AD 2.5 2.5 5 Limited
GATAD1 Gata zinc finger domain—containing protein 1 AR 3 2.5 5.5 Limited
ILK Integrin-linked kinase AD 1 4 5 Limited
LAMA4 Laminin, a4 AD 15 2 3.5 Limited
LDB3 LIM domain-binding 3 AD 2.65 6 8.65* Limited
MYBPC3 Myosin-binding protein C AD 6.05 2 8.05* Limited
MYH6 Myosin heavy chain 6 AD 2.5 2 45 Limited
MYL2 Myosin light chain 2 AD 0.5 3.5 4 Limited
MYPN Myopalladin AD 2.15 2.5 4.65 Limited
NEBL Nebulette AD 0.25 2 2.25 Limited
NKX2-5 Nexilin F-actin—binding protein AD 1.2 3 4.2 Limited
OBSCN Obscurin AD 2 1.5 3.5 Limited
PLEKHM2 Pleckstrin homology domain—containing protein, AR 1.5 0.5 2 Limited
family M, member 2
PRDM16 PR domain-containing protein 16 AD 3.5 2.5 6 Limited
PSEN2 Presenilin 2 AD 1.2 1 2.2 Limited
SGCD Sarcoglycan, & AD 0.1 4.5 4.6 Limited
TBX20 T-box transcription factor 20 AD 1.2 3.5 4.7 Limited
TCAP Titin-cap AD 2.4 1.5 3.9 Limited
TNNIBK TNNI3-interacting kinase AD 0.1 35 3.6 Limited

(Continued)
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Table 1. Continued
Mode of Genetic Experimental | Total
Gene Protein inheritance | evidence | evidence score | Classification
LRRC10 Leucine-rich repeat-containing protein 10 AR 0 6 6 No known disease relationship:
animal model only

NPPA Natriuretic peptide precursor A AR 0 0.5 0.5 No known disease relationship

MIB1 Mindbomb E3 ubiquitin protein ligase 1 AD 0 2.5 2.5 No known disease relationship

MYL3 Myosin light chain 3 AD 0.1 0 0.1* Disputed

PDLIM3 PDZ and LIM domain protein 3 AD 0 0 o* Disputed

PKP2 Plakophilin 2 AD 0.3 0.5 0.8* Disputed

PSEN1 Presenilin 1 AD 0 0.5 0.5 Disputed

The quantitative genetic and experimental evidence points assigned for each gene and the mode of inheritance evidence are shown. Genes are sorted alphabeti-

cally and by classification category.

AD indicates autosomal dominant; AR, autosomal recessive; and SD, semidominant.
*For these genes, the final assigned classification differs from the quantitative classification as a result of judgment of the gene curation panel. The curation summary
for each corresponding final classification scoring and summary for each gene are available on https://clinicalgenome.org.

conducted, as described above and in the Data Supplement. No
institutional review board approval was required for this work.

Phenotype Definition

The DCM phenotype was defined by systolic dysfunction, con-
ventionally noted as a left ventricular ejection fraction of <60%
accompanied by left ventricular enlargement, after other usual
clinically detectable causes of cardiomyopathy were excluded.
DCM presenting during pregnancy (peripartum or pregnancy-
associated DCM) was included because published evidence
has demonstrated a genetic background in peripartum or
pregnancy-associated DCM that is similar to that in idiopathic
DCM.'20 |n addition, DCM observed in conjunction with a left
ventricular noncompaction phenotype was evaluated and con-
tributed to evidence scores.

Publications used for gene scoring were required to specify
how the DCM phenotype was defined and that other usual
causes (except genetic) were excluded. In the absence of such
specifications, either the data were not scored or the score was
reduced from the default points recommended by the ClinGen
standard operating procedure (version 7) for the type of vari-
ant observed (https://clinicalgenome.org/curation-activities/
gene-disease-validity/training-materials/).

Gene Curation and Evidence Scoring Process

The ClinGen gene curation scoring framework'® sums scores
for published clinical genetic and experimental laboratory evi-
dence. Members of the panel, trained to curate following the
ClinGen protocol, scored published evidence according to the
gene-disease clinical validity standard operating procedure ver-
sion 7. This was presented to the full panel on conference calls
to establish an approved clinical validity classification. Genetic
evidence was made up of case-level data, including variant
evidence and segregation, in addition to case-control data.
Variants shown to be absent or to have a minor allele frequency
of <0.0001 in gnomAD?" (https://gnomad.broadinstitute.org/)
were evaluated and scored. Per the standard operating proce-
dure version 7, variant-level evidence was scored on the basis
of molecular consequence, missense (up to 0.5 points), and
predicted loss-of-function variants (up to 1.5 points), which
were adjusted as appropriate if gene-specific DCM-causing

10 July 6, 2021

mutational mechanisms were established. Individuals or pedi-
grees with >1 possibly relevant variant in any putative DCM
gene were not scored. Experimental evidence was assessed
by category (expression data, functional alterations, model sys-
tems, and rescue). Additional details are provided in the Data
Supplement and were previously published.'

The ClinGen clinical validity classifications include strong
(12-18 points), moderate (7—11 points), limited (1-6 points),
and no known disease relationship (O points of scorable
genetic evidence). The maximum number of genetic evidence
points that could be given was 12, and the maximum number
of experimental evidence points was 6, for a highest total pos-
sible score not exceeding 18 points. “Definitive” was defined
as a gene with a strong evidence score with multiple publi-
cations over at least 3 years and no contradictory evidence.
If the numeric, point-based classification was not considered
to reflect the collective assessment of the panel's clinical and
scientific experience, the classification was further discussed,
and when applicable, the final classification was modified to a
classification reflective of consensus of the panel. Additional
details on the clinical validity classification definitions and scor-
ing system are available in the Data Supplement and the stan-
dard operating procedure (https://clinicalgenome.org/docs/
summary-of-updates-to-the-clingen-gene-clinical-validity-cu-
ration-sop-version-7/).

Appraising the strength of the gene-disease relationship
precedes the application of clinical variant interpretation stan-
dards, as defined by American College of Medical Genetics and
Genomics? and modified by ClinGen?? and others.* Therefore,
the work herein defines the gene set for which current clinical
standards of variant interpretation can be applied in practice.
With these gene-disease relationships defined, future targeted
efforts to refine gene-specific variant curation guidance can
take place, with methods defined by the ClinGen variant cura-
tion expert panel framework.

Composition of Clinical Genetic Testing Panels

Sixteen commercially available clinical genetic testing panels
curated for DCM were assessed for the presence or absence
of the 51 genes curated herein. Panels were identified through
a query of the National Center for Biotechnology Information
Genetic Testing Registry®® by searching the term DCM. The

Circulation. 2021;144:7-19. DOI: 10.1161/CIRCULATIONAHA.120.0563033
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final panel evaluation included targeted DCM multigene panels
(Table 11 in the Data Supplement).

RESULTS
Summary of DCM Gene Classifications

Fifty-one genes were identified as having a role in isolat-
ed, idiopathic DCM (Table 1) as described earlier. The ap-
praisal of genetic and experimental evidence resulted in
19 genes with substantial evidence supporting a role in
monogenic DCM, including 11 (21%) definitive-, 1 (2%)
strong-, and 7 (14%) moderate-evidence classifications
(Table 1 and Figure 1) from 10 gene ontologies (Fig-
ure 2). It is notable that more than half of genes curated
(63%) were determined to be of limited evidence (=25,
49%), to be disputed (n=4, 8%), to have no known dis-
ease relationship (n=2, 4%), or to be supported by ani-
mal model data only (n=1, 2%).

Definitive/Strong Classifications

A total of 12 genes were classified as a definitive or
strong relationship (BAG3, DES, DSP, FLNC, LMNA,
MYH?7, PLN, RBM20, SCN5A, TNNC1, TNNT2, TTN). By
definition, strong and definitive classifications represent
genes that have a role in DCM that has been clearly
demonstrated in the literature over time. Although the
ClinGen framework requires a minimum of 2 indepen-
dent publications to reach a strong or definitive classifi-
cation, each definitive/strong gene-disease relationship
had an abundance of genetic and experimental evidence,
ranging from 7 to 12 points and 4.5 to 6 points, respec-
tively, for those classified as definitive. In addition, genes
that demonstrated significant enrichment for rare vari-

DCM Gene Curation

ants in a recently published DCM case-control analysis®
emerged as strong or definitive when this evidence as-
sessment was performed.

DSP was the only gene with a score 212 points that
remained classified as strong rather than definitive evi-
dence. Although the criteria for replication over time
were met and substantial genetic evidence has been
published from rigorously phenotyped cohorts meet-
ing DCM criteria and without clinical evidence of ARVC,
curation of experimental evidence presented challenges
in scoring due to arrhythmic phenotypes complicating
the interpretation of experimental data, resulting in a low
experimental evidence score of 1.5 points. The panel
ultimately elected to assign a strong classification to
DSP with opportunities for future curation to reappraise
this gene with improved clarification of the interrelation-
ships of DSP-related phenotypes, as well as other genes,
when the relationship of DCM to arrhythmia adds com-
plexity that exceeds a disciplined approach using current
ClinGen curation guidance.

In the curation of RBMZ20, several variants contributing
to the genetic evidence score included those within the
described hot spot region in exon 9 (amino acids 634
and 636—638).2” However, additional missense variants
were identified and scored outside of the hot spot region,
providing support that variation in addition to that of the
exon 9 region may contribute to the DCM phenotype.
Scored variation in TTN was restricted to premature ter-
mination codons, with most located in exons constitu-
tively expressed in the adult heart and in the A band. This
was an anticipated finding that provided robust support
of pathogenicity because it has been well established
that TTN alterations of this type are overrepresented in
individuals with DCM.?®-%2 Given the complexity of TTN
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Figure 1. Quantitative contributions of genetic and experimental evidence to the clinical validity classifications of genes

curated for DCM.

The sums of genetic (blue) and experimental (orange) evidence scores are shown for genes classified as having definitive, strong, moderate, or
limited evidence of a monogenic relationship with DCM. The 2 genes noted with an asterisk had quantitative scores within the quantitative range
for a moderate classification, but a limited classification was assigned at panel review (see text). DCM indicates dilated cardiomyopathy.
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Genetic

Figure 2. Genetic architecture of DCM.

The genetic architecture of DCM spans 10 gene ontologies, as shown in the innermost colored text circle. The middle text circle specifies genes
classified as strong or definitive (bold text) or moderate (regular text) for DCM, organized by gene ontology. Of the 19 DCM genes shown, 14
have previously been evaluated by other Clinical Genome Resource gene curations for HCM or ARVC and channelopathies, including the long-QT
syndrome and Brugada S. Each of these genes has also been classified as moderate, strong, or definitive for these other phenotypes, except for
NEXN, noted with an asterisk, which has been classified as having limited evidence in HCM. It is expected that with time, as new data emerge
that are related to gene-disease relationships in cardiomyopathies and other cardiovascular phenotypes, the structure and orientation of this
figure will also evolve. ARVC indicates arrhythmogenic right ventricular cardiomyopathy; Brugada S, Brugada syndrome; Co-Chap, HSP, Co-
chaperone, heart shock protein; DCM, dilated cardiomyopathy; HCM, hypertrophic cardiomyopathy; and SR, sarcoplasmic reticulum.

variant architecture and the broad contribution of TTN
variation in DCM beyond the A band represented in our
data curation from the published literature, future TTN
domain- and band-specific curations integrated with
expression data should be considered.

Moderate Classifications

A total of 7 genes were classified as having a moderate
level of evidence, namely ACTC1, ACTNZ, JPHZ2, NEXN,
TNNI3, TPM1, and VCL. The range of genetic evidence
points varied widely from 1.9 to 7.45, and experimental
evidence varied from 2 to 6 points, with total summative
scores ranging from 7.9 to 11 points. Except for 2 genes
(VCL and ACTCT), the contributions of genetic and ex-

12 July 6, 2021

perimental data to the final classifications were generally
balanced (Figure 1). In the case of ACTC1, a proportion-
ally higher experimental score (6 points), with fewer sub-
stantial published clinical DCM data (1.9 points), contrib-
uted to the moderate classification. Conversely, VCL has
the highest genetic evidence score in the moderate-evi-
dence genes (7.45 points), and although in vitro protein-
protein assays, expression studies, and animal models
have been published supporting the role of VCL in DCM,
existing studies could be scored for only 2 points of ex-
perimental evidence. With the score of the moderate-
classified genes generally totaling at the upper defined
range, additional published data and subsequent cura-
tions may well result in a future reclassification of these
genes to strong or definitive.®®

Circulation. 2021;144:7-19. DOI: 10.1161/CIRCULATIONAHA.120.0563033
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Limited and No Known Disease Relationship
Classifications

The majority of genes curated were deemed to have lim-
ited or no known disease relationship. The 25 genes with
limited evidence (Table 1) had genetic evidence scores
ranging from 0.1 to 6.05 points and experimental evi-
dence scores ranging from 0.5 to 6 points. Two genes,
MYBPC3 and LDB3, had scores that numerically would
have placed them in the moderate-evidence category.
However, after review, the panel decided to downgrade
the clinical validity classification for both genes to limited.
As candidate genes for the DCM phenotype, LDBS3 and
MYBPC3 have been sequenced many times and have
accumulated only modest scores, even when consider-
ing that they have been targeted in DCM genetic studies
for >10 years. Supporting segregation and case-control
data are lacking, and the scored genetic evidence was
interpreted as circumstantial, additively placing them in
a higher category over time regardless of the absence
of strongly supportive data. Therefore, the quantitative
classification exceeded the panel's overall assessment
of the clinical relevance of these genes in idiopathic
DCM. Without these genes, the range of limited evidence
scores is 0.1 to 3.5 and 0.5 to 4.5 for genetic and experi-
mental evidence, respectively.

EYA4 was curated for DCM and hearing loss as the
disease entity (MONDO:0011541). Although the filtering
of the initial gene list excluded genes related primarily to
a syndrome affecting systems beyond the cardiovascular
system, the hearing loss phenotype observed in EYA4
can be quite subtle and may not be clinically apparent
at the time of the genetic evaluation of DCM. Therefore,
the panel curated this gene separately for its role in the
DCM phenotype, with or without hearing loss, and it was
classified as having limited evidence.

Genes determined to have no known disease relation-
ship, formerly referred to as no reported evidence, include
LRRC10, NPPA, and MIB1. This classification indicates
that the gene does not have human genetic evidence
suggesting a causal role in monogenic DCM. Although
many candidate genes with no currently known relation-
ship with human DCM were removed during the develop-
ment of the initial gene list, these genes emerged as a
result of the degree of experimental data suggesting a
role in DCM development. Although these genes have
experimental evidence supporting a relationship with the
DCM phenotype, there was an absence of human genetic
evidence meeting DCM criteria defined for this curation
effort (MIB1, NPPA). Of note, in the curation of LRRC10,
published experimental data®* included nonhuman model
organisms, and it accumulated an experimental evidence
score much higher (6 points) than NPPA (0.5 points) and
MIB1 (2.5 points). In addition, although human genetic
evidence for LRRC10 had been published, the data were
excluded after panel review. Nonetheless, because of the

Circulation. 2021;144:7-19. DOI: 10.1161/CIRCULATIONAHA.120.0563033
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compelling LRRC10 animal model evidence, the “animal
model only” tag was added to the no known disease rela-
tionship classification. If human data emerge for LRRC10,
future curation may result in reclassification.

Disputed Classifications

The disputed classification was assigned when avail-
able evidence was insufficient and a question was raised
about relevance to a monogenic causation of DCM. Four
genes (MYL3, PDLIM3, PKP2, and PSENT) were dis-
puted after curation and panel discussion. Each of these
genes had minimal genetic evidence that was able to be
scored after review, mainly because the frequency of the
few variants reported in the general population exceeded
the defined minor allele frequency cut point of 0.0001.
Furthermore, in a recently published case-control analy-
sis of DCM genes, PKP2 and PDLIMS3 variants were not
enriched in cases compared with a control population.?®
Whereas PKP2 has previously been curated as a defin-
itive-evidence gene for the ARVC phenotype with sev-
eral rare, predicted loss-of-function variants published in
ARVC cases,*® when the clinical data for a strict DCM
phenotype were curated, the currently available literature
provided only a few missense variants and was consid-
ered insufficient. Ultimately, the panel concluded that
the current evidence for the MYL3, PDLIM3, PKP2, and
PSENT genes was not sufficient to support a causative,
monogenic relationship with the DCM phenotype.

Composition of DCM Genes on Clinical Genetic
Testing Panels

Sixteen commercially available clinical genetic testing
panels were evaluated for DCM gene inclusion (Fig-
ure 3). On average, evaluated panels contained a total
of 64 genes, with the total number of genes ranging
from a minimum of 37 to a maximum of 123 genes.
A total of 229 unique genes were represented among
the panels evaluated, 94 of which were not included on
the original list herein because they have not been as-
serted as primary DCM genes in the literature or public
databases but rather are part of other disease spectra
(skeletal myopathy, metabolic/mitochondrial disease,
etc, that were excluded, as noted in the Methods). Of
all panels, 50% (n=8) offered testing for >75% of
the genes curated for DCM. Eight of the 11 definitive
genes appeared on all panels, with TNNC1 and TNNTZ2
present on 95% and FLNC present on 75% of panels.
The observation that FLNC is included on only 75% of
clinical testing panels may be explained by its relatively
recent emergence in DCM, with a first major publication
in 201736 Except for the moderate-classified JPHZ,
which appeared in only 25% of panels, genes classified
as definitive, strong, or moderate appeared on a ma-
jority of evaluated panels (75%-100%). The presence
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Figure 3. Curated genes on clinically available DCM genetic testing panels.

The percentages of DCM genetic testing panels that include the genes curated for DCM herein are shown for 16 commercial laboratories
identified on the National Center for Biotechnology Information genetic testing registry. Genes are grouped by clinical validity classification, ranging
from definitive, strong and moderate (A) to limited, disputed, and no known disease relationship (B). DCM indicates dilated cardiomyopathy.

of limited genes ranged widely (13%-1000%), with
ABCCY, LDB3, MYBPC3, MYH6, and TCAP present on
all evaluated panels and CTF1, PLEKHMZ2, PSENZ2, TN-
NI3K, and OBSCN present on the fewest (12%-25%).
In addition, some disputed genes were represented
more commonly than those with limited evidence, for
example, PDLIM3 and PKPZ, both of which were pres-
ent on 75% of evaluated panels.

scored according to the established ClinGen frame-
work' used previously for other cardiovascular ge-
netic conditions.’'® Twelve genes were found to have
definitive or strong relationships, and 7 had moderate
evidence for a monogenic cause of DCM. These 12
high-evidence genes are consistent with the findings
of previous case-control studies,?5*? with the genes
with variants enriched in DCM cases also found to be
of high evidence when the ClinGen curation framework
was applied. Of the remaining 32 genes, 25 were deter-
mined to be limited, and 7 were disputed or assigned as
having no known disease relationship because of a lack
of human evidence. To the best of our knowledge, this
effort represents the first standardized curation of evi-
dence implicated in the monogenic cause of DCM and

DISCUSSION

This study conducted a systematic review and curation
of published evidence for genes considered relevant for
monogenic DCM. Winnowed to 61 genes for curation
from an initial list of 267 candidates, each gene was
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provides guidance to clinicians for testing strategies in
the genetic evaluation of DCM.

This work underscores the diverse genetic architec-
ture of DCM and illuminates the intersections of genes
relevant for DCM with other well-established cardiovas-
cular gene-phenotype relationships. It also illustrates the
complexity of DCM genetics. Several genes curated as
definitive for other cardiomyopathy or arrhythmia pheno-
types were also scored as definitive for DCM (Figure 2).
One of the most prominent arrhythmia genes, SCN5A,
definitive for DCM, has also been classified as a defini-
tive gene in long-QT type 3'" and Brugada'® syndromes.
Although the precise molecular mechanisms that resultin
a DCM versus an electrophysiological phenotype attrib-
utable to an SCNSA variation remain incompletely under-
stood, the SCNbBA clinical and experimental evidence for
DCM achieved a definitive classification. Genes encod-
ing proteins of the desmosome have also been proposed
to be relevant for DCM2” and DSP, DSG2, and PKP2,
considered definitive when curating an ARVC phenotype
strictly defined by the Task Force criteria,®® had various
degrees of evidence when curated strictly for DCM.'® In
the case of DCM, DSP was scored as strong and may
likely move to a definitive classification in future re-
evaluation. DSG2 was scored as limited, and the lack of
monogenic DCM evidence for PKP2 resulted in a dis-
puted classification. Additional human clinical genetics
data from well-phenotyped cohorts will be needed to fur-
ther clarify the relevance of these genes for DCM. Two
sarcomere genes, MYH7 and TNNTZ, established as
definitive for HCM, were also definitive for DCM. Three
other definitive genes for HCM, TNNI3, TPM1, ACTC],
were considered of moderate evidence for DCM but may
emerge as strong or definitive genes for DCM with addi-
tional evidence. Conversely, TNNC', definitive for DCM,
was scored as moderate evidence for HCM.'

Other genes scored as definitive with evidence prin-
cipally from the DCM phenotype further highlight the
diverse genetic architecture of DCM, in contrast to ARVC
and HCM (Figure 2). Most notable is TTN, an enormous
scaffolding protein of the sarcomere, which contributes
the most cases of DCM.282° For HCM and ARVC, TTN
was classified as limited."* LMNA, encoding a protein of
the inner nuclear membrane that exhibits striking pleio-
tropic effects in skeletal muscle, adipose, and other tis-
sues, was considered definitive for DCM but limited for
ARVC. RBMZ20, which encodes an RNA-binding protein
that regulates RNA splicing, was scored as definitive
for DCM and has no other phenotypic representation
beyond DCM. FLNC, an actin cross-linking protein widely
expressed in cardiac and skeletal muscle, was also clas-
sified as definitive in DCM. Additional genes with moder-
ate evidence in association with DCM also illustrate the
diversity of DCM genetic architecture (Figure 2). Alterna-
tively, genes with insufficient evidence in DCM have been
appraised as high evidence in HCM or ARVC (Table 2).

Circulation. 2021;144:7-19. DOI: 10.1161/CIRCULATIONAHA.120.0563033

Table 2. Genes Classified as Limited or Disputed for Dilated
Cardiomyopathy With Definitive or Moderate Classifications

DCM Gene Curation

for Hypertrophic Cardiomyopathy or Arrhythmogenic Right

Ventricular Cardiomyopathy

Classification
Arrhythmogenic
Gene Dilated Hypertrophic right ventricular
name cardiomyopathy | cardiomyopathy | cardiomyopathy
CSRP3 Limited Moderate Not curated
DSG2 Limited Not curated Definitive
MYBPC3 | Limited Definitive Limited
MYL2 Limited Definitive No known disease
relationship
MYL3 Disputed Definitive Limited
PKP2 Disputed Not curated Definitive

When curating for a strictly applied monogenic dilated cardiomyopathy phe-
notype, the genes shown here with definitive or moderate evidence for hyper-
trophic cardiomyopathy or arrhythmogenic right ventricular cardiomyopathy did
not have evidence to support a moderate, strong, or definitive gene-disease
relationship with dilated cardiomyopathy. Variants in these genes have clinical
relevance for genetic testing, evaluation, and cascade risk prediction in families
affected by hypertrophic cardiomyopathy or arrhythmogenic right ventricular
cardiomyopathy. The moderate or definitive evidence summary for arrhythmo-
genic right ventricular cardiomyopathy or hypertrophic cardiomyopathy for each
gene is available at https://clinicalgenome.org.

The work presented is an important step forward
in describing the genetic architecture of monogenic,
primarily adult-onset, nonsyndromic DCM. However,
despite this progress, a great deal of work remains to
more fully understand the genetic basis of DCM. Even
after a rigorous evaluation of variants identified in DCM
genes, a pathogenic or likely pathogenic classification
can be established in only a minority of patients with
DCM, estimated at 20% to 35%.3° This modest genetic
testing sensitivity is observed even in the case of multi-
generational families who have multiple affected mem-
bers, which on its face supports an underlying genetic
cause. The reason for this low testing sensitivity even for
familial DCM remains unclear. This appears to be related
in part to the already established locus heterogeneity,
with a substantial number of genes already established
as relevant. It is notable that almost all genes account for
only a small percentage of cause, exceptions including
TTN explaining up to 15% to 20%,2° LMNA in up to 4%
to 6%,*° and MYH?7 up to ~3%% of DCM cases. Whether
any of the 25 genes attributed to have limited evidence
will emerge as moderate, strong, or definitive remains to
be determined. It is also possible, if not likely, that addi-
tional genes considered novel to DCM, even from yet-to-
be-included ontologies, remain to be identified.

Alternatively, genetic mechanisms exceeding those
considered monogenic could well be at play. Previous
evidence has suggested that some proportion of DCM
may have an oligogenic or polygenic basis,*4°~%2 but
a DCM phenotype confounded by >1 rare variant was
not accounted for under the ClinGen framework'® and
therefore not scored because all curations assumed a
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classic (monogenic) mendelian paradigm. According
to preliminary data, this may be an important focus for
ongoing effort. Other types of genetic variation that to
date have received less investigation in DCM, including
promoter variants, common variants, or structural variants
exceeding in size those able to be detected by next gen-
eration sequencing, also may be relevant to define DCM
genetic cause. The recent use of larger DCM cohorts
has revealed common variants that modulate the DCM
rare variant phenotype studied here,*® which underscores
the utility and need of assembling even larger cohorts of
patients and families with DCM for study. Furthermore, a
majority of contemporary gene-disease association stud-
ies represent populations of primarily European ances-
try. There is a marked deficit in the understanding of
the DCM genetic architecture in non-European cohorts.
The DCM Precision Medicine Study?*** is an ongoing
effort specifically designed to address this knowledge
gap. Future research efforts should continue to focus on
populations of diverse racial and ethnic backgrounds in
order to understand DCM genetic architecture more fully.

The findings of this curation effort are also relevant
for family-based clinical genetics care of patients with
DCM.* Establishing genetic risk of DCM in family mem-
bers as a component of a genetic evaluation presents
considerable opportunity for disease mitigation and
prevention. Genetic testing is a central component of a
DCM genetic evaluation, and most commercially avail-
able DCM gene panels test several dozen genes, well
exceeding the 19 genes curated here as definitive,
strong, or moderate. In the setting of a DCM phenotype,
variants reported in genes beyond these 19 can at most
be classified only as variants of uncertain significance,
and in the cases of disputed genes or those with no
known disease relationship, identified variants are not
able to reach a clinical classification. This is appropri-
ate and nearly unavoidable because these genes have
clinical validity yet to be defined for DCM. According to
the evidence presented, moderate-evidence DCM genes
may eventually gain sufficient clinical and experimental
support to be assigned as strong or definitive for DCM
at the time of future curation. Whether the many limited-
evidence genes will also accumulate sufficient clinical or
experimental data over time in order to emerge as strong
or definitive remains to be determined.

Nevertheless, some genes strictly curated for DCM as
limited or even disputed have been classified as defini-
tive or moderate evidence for HCM or ARVC (Table 2).
We also note that evaluating variants in these genes to
assess gene-disease relationships, in individuals care-
fully selected from published accounts following strictly
applied clinical criteria for DCM, HCM, or ARVC by this
and other ClinGen gene curation groups, at times does
not represent the clinical reality of patients who cannot
be so easily categorized phenotypically. Such overlap
cases with regard to DCM (eg, DCM and HCM, or DCM
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and ARVC) represent vexing real-life cases for cardio-
vascular clinicians and genetics professionals alike, for
example, where biventricular ARVC can be phenotypically
indistinguishable from DCM, and the initial phenotype
assignment may be based on a nuanced interpretation
of the available clinical evidence, as well as the specialty
training and previous experience of the cardiovascular
clinician. Moreover, cardiovascular clinicians and genetics
professionals who conduct and interpret genetic testing
need to understand that such genes (Table 2) represent
evolving clinical cardiovascular genetic practice and that
a pathogenic or likely pathogenic variant curated for 1
phenotype with a moderate, strong, or definitive gene-
disease relationship classification, but considered low
evidence or irrelevant for another phenotype, at times
should trigger a re-evaluation. Variant classification is
dynamic and probabilistic, with reconsideration of an ini-
tial classification occurring in light of additional proband-
or family-based clinical data. This iterative process is a
common practice to cardiovascular clinical and genetics
professionals who routinely encounter such challenges.

As noted, one of the most significant issues for the
majority of families is that with current genetic testing the
genetic cause of DCM often remains elusive.®® In addi-
tion to marked locus heterogeneity, the modest testing
sensitivity may be explained in part by the marked allelic
heterogeneity that also confounds variant interpretation,
because many DCM variants are private or, even if pre-
viously observed, lack sufficient data to support patho-
genicity using the current stringent standards for variant
adjudication??2* Moreover, as previously mentioned,
nonmendelian mechanisms, even if clearly defined, may
not be easily integrated into conventional approaches to
variant interpretation.?

As acknowledged by other ClinGen cardiovascular
domain gene curation panels,’'® clinical genetic test-
ing panels feature many genes classified as limited,
disputed, or with no known disease relationship with
the phenotype of interest. Current variant adjudication
guidance?*?* is intended for the clinical interpretation
for the monogenic cause of disease in order to trans-
late genetic test results into information to be applied
to clinical, family-based care.*® Although many genes
have been suggested to have a relationship with DCM
as shown in the initial expansive list, only a minority
were identified to have a possible monogenic role in
idiopathic DCM. The rationale for commercial sequenc-
ing panels to include genes for DCM even beyond the
44 limited-, moderate-, strong-, and definitive-evidence
genes curated here is unclear, although some repre-
sent syndromic conditions in which the DCM pheno-
type may be observed as a feature of the syndrome.
It is possible that knowledge gained about candidate
genes might benefit the research community for the
purpose of discovery, or a more expansive gene list
may represent other interests of commercial laborato-

Circulation. 2021;144:7-19. DOI: 10.1161/CIRCULATIONAHA.120.0563033
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ries. Nevertheless, the inclusion of genes lacking even
moderate evidence of a gene-disease relationship con-
tributes to uncertainty in clinical care for patients and
providers. This also creates the potential for misappli-
cation of genetic information in the care for patients
with DCM and their at-risk family members.*®

Implications for Clinical Care

The results of this analysis indicate that pathogenic and
likely pathogenic variants in the 19 higher-evidence
genes (definitive, strong, moderate) can reasonably be
used for diagnostic and predictive purposes in the man-
agement of patients and families with monogenic DCM.
According to this contemporary curation of available evi-
dence, these 19 genes should be included in DCM clini-
cal genetic testing panels and used to predict DCM risk in
asymptomatic individuals. However, it is unclear whether
genes assigned to limited, disputed, or no known disease
relationship classifications will emerge as mendelian
causes of DCM as more evidence is published. Although
acknowledging that genes with insufficient evidence
may be clinically relevant for other cardiomyopathies
(Table 2), analysis of the currently available evidence
suggests that variation in these genes in DCM is largely
uninformative in isolation. With the possible exception
of a large family with ample opportunity for segregation
analysis, variants in genes not classified as moderate,
strong, or definitive evidence will seldom be interpretable
for DCM and therefore are not recommended to be used
for cascade evaluation for DCM risk. Inclusion of such
genes of uncertain significance on clinical testing panels
for a strict DCM phenotype should be done with caution
and ideally in the context of an expert multidisciplinary
team to avoid misapplication.

Conclusions

In this study, an evidence-based curation of published lit-
erature evaluating the clinical validity of the monogenic
relationship with DCM was performed. Of 51 genes, 12
were classified as definitive or strong evidence and 7
as moderate evidence. These 19 genes provide a solid
foundation for clinical care. The remaining genes, classi-
fied as limited evidence or no known disease relationship,
have limited clinical utility but may provide valuable infor-
mation for investigators as additional evidence in support
of genetic cause of DCM is sought. Several of the genes
classified as definitive for DCM also have been classi-
fied as definitive for other distinct cardiomyopathy or
arrhythmia phenotypes, underscoring the unique and di-
verse genetic architecture of DCM. Despite this, the cur-
rent sensitivity of genetic testing in DCM of only 20% to
35% emphasizes the need for continued efforts to more
fully understand the genetic basis of DCM, whether from
known candidate genes or those not yet understood to

Circulation. 2021;144:7-19. DOI: 10.1161/CIRCULATIONAHA.120.0563033
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be relevant or from genetic mechanisms yet to be more
fully described.

ARTICLE INFORMATION
Received December 20, 2020; accepted March 13, 2021.

Affiliations

Division of Human Genetics (E.J., L.P, TA, RE.H.) and Division of Cardiovascular
Medicine (R.E.H.), Department of Internal Medicine, Wexner Medical Center, The
Ohio State University, Columbus. Department for Cardiology, Inselspital, Bern Uni-
versity Hospital, University of Bern, Switzerland (B.A.). Department of Genetics,
Children’s Hospital of Eastern Ontario, Ottawa, Canada (L.B, O.J.). Department of
Laboratory and Pathology Medicine, University of Ottawa, Ontario, Canada (L.B,,
0.J.). Division of Cardiology, Department of Medicine, Johns Hopkins University,
Baltimore, MD (E.B,, C.AJ., BM.). Department of Cardiac-Thoracic-Vascular Sci-
ences and Public Health, University of Padua, Italy (R.C,, K.P). Clinical Genet-
ics and Genomics Laboratory, Royal Brompton and Harefield NHS Foundation
Trust, London, United Kingdom (M.E.). Department of Medicine, University of
California, Los Angeles (J.F, J. Wang). Cardio Genomics Program at Centenary
Institute, University of Sydney, Australia (J.I.). Victor Chang Cardiac Research In-
stitute, Sydney, Australia (R.J.). Department of Medicine, University of New South
Wales, Sydney, Australia (RJ.). Division of Cardiology, Department of Medicine,
Medical University of South Carolina, Charleston (D.PJ.). Department of Clini-
cal and Experimental Cardiology, Heart Centre, Amsterdam Cardiovascular Sci-
ences, Amsterdam Universitair Medische Centra, University of Amsterdam, the
Netherlands (N.L, RW.). Department of Clinical Genetics, Amsterdam University
Medical Center location Academic Medical Center, the Netherlands (RH.L.D.).
Institute of Health Informatics, University College London, London, UK (RTL.).
Health Data Research UK London, University College London, UK (RT.L.). Uni-
versity College London British Heart Foundation Research Accelerator, London,
United Kingdom (RT.L.). Cardiovascular Research Center, Royal Brompton and
Harefield Hospitals, National Health Service Foundation Trust, London, United
Kingdom (FEM,, J. Ware). National Heart and Lung Institute, Imperial College Lon-
don, United Kingdom (FM,, J. Ware). Department of Clinical and Experimental
Medicine, University of Florence, ltaly (FM.). Cardiomyopathy Unit, Careggi Uni-
versity Hospital, Florence, Italy (FM.). Swiss DNAlysis Cardiogenetics, Dibendorf,
Switzerland (AM.D.). Cardiovascular Genomics Center, Inova Heart and Vascular
Institute, Falls Church, VA (RLM, P. Shah). Invitae Corp, San Francisco, CA (AM.).
Department of Cardiology and Genomic Medicine, Royal Melbourne Hospital,
Australia (S.P). Centre for Heart Muscle Disease, Institute of Cardiovascular Sci-
ence, University College London, London, United Kingdom (A.P, P. Syrris). Agnes
Ginges Centre for Molecular Cardiology at Centenary Institute, University of Syd-
ney, Australia (C.S)). Department of Genetics, University of North Carolina, Chapel
Hill (C.T.). Department of Genetics, University Medical Center Utrecht, University
of Utrecht, The Netherlands (J.Pv.T.). Medical Research Council London Institute
for Medical Sciences, Imperial College London, United Kingdom (J. Ware).

Acknowledgments

The authors thank Stephanie Schulte, MLIS, Associate Professor and Head of Re-
search and Education Services at the Health Sciences Library at The Ohio State Uni-
versity, for her assistance in developing a systematic and comprehensive approach
to developing the initial gene list from the OMIM, Gene, and GenBank databases.

Sources of Funding

This publication was supported by the National Human Genome Research Institute
of the National Institutes of Health (NIH) under award U4 1HG009650 and by a
parent award from the National Heart, Lung, and Blood Institute of the NIH under
award ROTHL 128857 (Dr Hershberger), which included a supplement from the
National Human Genome Research Institute. The content is solely the responsibil-
ity of the authors and does not necessarily represent the official views of the NIH.
Dr Semsarian is the recipient of a National Health and Medical Research Council
Practitioner Fellowship (No. 1154992). Dr Lumbers is supported by a UK Research
and Innovation Rutherford Fellowship hosted by Health Data Research UK (MR/
S003754/1) and by the BigData@Heart Consortium funded by the Innovative
Medicines Initiative-2 Joint Undertaking under grant agreement 116074. P. Shah
is supported by a National Heart, Lung and Blood Institute career development
award (1K23HL143179). Dr van Tintelen received funding from Netherlands Car-
diovascular Research Initiative, an initiative supported by the Dutch Heart Founda-
tion (CVON projects 2015-12 eDETECT, 2018-30 PREDICT2). J.S. Ware is sup-
ported by the Wellcome Trust [107469/Z/15/Z], Medical Research Council (UK),
National Institute for Health Research Royal Brompton Cardiovascular Biomedical

July 6, 2021 17

(—]
=
o
—
==
—
=
m
ow
m
==
=
(]
==




=
]
=
==
L
7]
Ll
==
—l
=
=
=
o=
=]

1202 ‘. AInc uo Aq Bio'seusnofeye//:dny wody papeojumoq

Jordan et al

Research Unit, and the National Institute for Health Research Imperial College Bio-
medical Research Center. Dr Ingles is the recipient of an National Health and Medi-
cal Research Council Career Development Fellowship (No.1162929).

Disclosures

The following authors have contributed to the literature and/or actively participate
in research related to gene curation, gene discovery, and genetic testing: Drs
Lumbers, Mazzarotto, Judge, Walsh, Lekanna Deprez, Ai, Ingles, Semsarian, A.
Morales, E. Jordan, L. Peterson, Cynthia James, Palak Shah, Petros Syrris, Jes-
sica Wang, and James Ware. The following authors are an employee, trainee, or
consultant for a commercial laboratory offering genetic testing, genetic counsel-
ing, and/or therapeutics related to dilated cardiomyopathy: E. Brown, Dr Judge, A.
Morales, B. Murray, and J. Fan. J. Ware and Dr Ingles are consultants for Myocar-
dia, Inc. The other authors report no conflicts.

Supplemental Materials

Expanded Methods
Data Supplement Figure |
Data Supplement Tables | and Il

REFERENCES

1.

Falk RH, Hershberger RE. The dilated, restrictive, and infiltrative cardio-
myopathies. In: Zipes DPF, Libby P, Bonow RO, Mann DL, Tomaselli G, eds.
Braunwald’s Heart Disease: A Textbook of Cardiovascular Medicine, 11th Edi-
tion: Elsevier; 2018.

. Jarcho JA, McKenna W, Pare JA, Solomon SD, Holcombe RF, Dickie S,

Levi T, Donis-Keller H, Seidman JG, Seidman CE. Mapping a gene for fa-
milial hypertrophic cardiomyopathy to chromosome 14q1. N Engl J Med.
1989;321:1372-1378. doi: 10.1066/NEJM198911163212005

. Graber HL, Unverferth DV, Baker PB, Ryan JM, Baba N, Wooley CF. Evolu-

tion of a hereditary cardiac conduction and muscle disorder: a study involv-
ing a family with six generations affected. Circulation. 1986;74:21-35. doi:
10.1161/01.cir74.1.21

. Nava A, Bauce B, Basso C, Muriago M, Rampazzo A, Villanova C, Daliento L,

Buja G, Corrado D, Danieli GA, et al. Clinical profile and long-term follow-up
of 37 families with arrhythmogenic right ventricular cardiomyopathy. J Am
Coll Cardiol. 2000;36:2226-2233. doi: 10.1016/50735-1097(00)00997-9

. Geisterfer-Lowrance AA, Kass S, Tanigawa G, Vosberg HP, McKenna W,

Seidman CE, Seidman JG. A molecular basis for familial hypertrophic car-
diomyopathy: a beta cardiac myosin heavy chain gene missense mutation.
Cell. 1990;62:999-1006. doi: 10.1016/0092-8674(90)90274-i

. Fatkin D, MacRae C, Sasaki T, Wolff MR, Porcu M, Frenneaux M, Atherton

J, Vidaillet HJ Jr, Spudich S, De Girolami U, et al. Missense mutations in the
rod domain of the lamin A/C gene as causes of dilated cardiomyopathy
and conduction-system disease. N Engl J Med. 1999;341:1715-1724. doi:
10.1056/NEJM199912023412302

. McKoy G, Protonotarios N, Crosby A, Tsatsopoulou A, Anastasakis A,

Coonar A, Norman M, Baboonian C, Jeffery S, McKenna WJ. Identification
of a deletion in plakoglobin in arrhythmogenic right ventricular cardiomyopa-
thy with palmoplantar keratoderma and woolly hair (Naxos disease). Lancet.
2000;355:2119-2124. doi: 10.1016/S0140-6736(00)02379-5

. Lopes LR, Rahman MS, Elliott PM. A systematic review and meta-analysis of

genotype-phenotype associations in patients with hypertrophic cardiomyop-
athy caused by sarcomeric protein mutations. Heart. 2013;99:1800-1811.
doi: 10.1136/heartjnl-2013-303939

. Corrado D, Basso C, Judge DP. Arrhythmogenic cardiomyopathy. Circ Res.

2017;121:784-802. doi: 10.1161/CIRCRESAHA.117.309345

. Hershberger RE, Hedges DJ, Morales A. Dilated cardiomyopathy: the com-

plexity of a diverse genetic architecture. Nat Rev Cardiol. 2013;10:5631-547.
doi: 10.1038/nrcardio.2013.105

. Hershberger RE, Morales A, Siegfried JD. Clinical and genetic issues in

dilated cardiomyopathy: a review for genetics professionals. Genet Med.
2010;12:655-667. doi: 10.1097/GIM.Ob013e3181f2481f

. Rehm HL, Berg JS, Brooks LD, Bustamante CD, Evans JF, Landrum MJ,

Ledbetter DH, Maglott DR, Martin CL, Nussbaum RL, et al; ClinGen. ClinGen:
the Clinical Genome Resource. N Engl J Med. 2015;372:2235-2242. doi:
10.1056/NEJMsr1406261

. Strande NT, Riggs ER, Buchanan AH, Ceyhan-Birsoy O, DiStefano M,

Dwight SS, Goldstein J, Ghosh R, Seifert BA, Sneddon TP, et al. Evaluat-
ing the clinical validity of gene-disease associations: an evidence-based

July 6, 2021

20.

21.

22.

23.

24,

25.

26.

27.

28.

DCM Gene Curation

framework developed by the clinical genome resource. Am J Hum Genet.
2017;100:895-906. doi: 10.1016/}.ajhg.2017.04.015

. Ingles J, Goldstein J, Thaxton C, Caleshu C, Corty EW, Crowley SB,

Dougherty K, Harrison SM, McGlaughon J, Milko LV, et al. Evaluating the
clinical validity of hypertrophic cardiomyopathy genes. Circ Genom Precis
Med. 2019;12:002460. doi: 10.1161/CIRCGEN.119.002460

. James CA, Jongbloed JD, Hershberger RE, Morales A, Judge DP, Syrris

P, Pilichou K, Medeiros-Domingo A, Murray B, Cadrin-Tourigny J, et al.
An international evidence based reappraisal of genes associated with ar-
rhythmogenic right ventricular cardiomyopathy (ARVC) using the Clin-
Gen framework [published online April 8, 2021]. Circ Genom Precis Med.
2021. doi: 10.1161/CIRCGEN.120.003273. https://www.ahajournals.
org/doi/10.1161/CIRCGEN.120.003273?url_ver=239.88-2003&rfr_
id=ori:rid:crossref.org&rfr_dat=cr_pub%20%200pubmed

. Renard M, Francis C, Ghosh R, Scott AF, Witmer PD, Adés LC, Andelfinger

GU, Arnaud P, Boileau C, Callewaert BL, et al. Clinical validity of genes
for heritable thoracic aortic aneurysm and dissection. J Am Coll Cardiol.
2018;72:605-615. doi: 10.1016/}jacc.2018.04.089

. Adler A, Novelli V, Amin AS, Abiusi E, Care M, Nannenberg EA, Feilotter

H, Amenta S, Mazza D, Bikker H, et al. An international, multicentered,
evidence-based reappraisal of genes reported to cause congeni-
tal long QT syndrome. Circulation. 2020;141:418-428. doi: 10.1161/
CIRCULATIONAHA.119.043132

. Hosseini SM, Kim R, Udupa S, Costain G, Jobling R, Liston E, Jamal SM,

Szybowska M, Morel CF, Bowdin S, et al; National Institutes of Health
Clinical Genome Resource Consortium. Reappraisal of reported genes for
sudden arrhythmic death: evidence-based evaluation of gene validity for
Brugada Syndrome. Circulation. 2018;138:1195-1205. doi: 10.1161/
CIRCULATIONAHA.118.035070

. Morales A, Painter T, Li R, Siegfried JD, Li D, Norton N, Hershberger

RE. Rare variant mutations in pregnancy-associated or peripartum car-
diomyopathy.  Circulation. 2010;121:2176-2182. doi: 10.1161/
CIRCULATIONAHA.109.931220

Ware JS, Li J, Mazaika E, Yasso CM, DeSouza T, Cappola TP, Tsai EJ,
Hilfiker-Kleiner D, Kamiya CA, Mazzarotto F, et al; IMAC-2 and IPAC Investi-
gators. Shared genetic predisposition in peripartum and dilated cardiomyop-
athies. N Engl J Med. 2016;374:233-241. doi: 10.1056/NEJMoa15056517
Karczewski KJ, Francioli LC, Tiao G, Cummings BB, Alféldi J, Wang Q,
Collins RL, Laricchia KM, Ganna A, Birnbaum DF, et al; Genome Aggre-
gation Database Consortium. The mutational constraint spectrum quanti-
fied from variation in 141,456 humans. Nature. 2020;681:434-443. doi:
10.1038/541586-020-2308-7

Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, Grody WW,
Hegde M, Lyon E, Spector E, et al; ACMG Laboratory Quality Assurance
Committee. Standards and guidelines for the interpretation of sequence
variants: a joint consensus recommendation of the American College of
Medical Genetics and Genomics and the Association for Molecular Pathol-
ogy. Genet Med. 2015;17:405-424. doi: 10.1038/gim.2015.30

Kelly MA, Caleshu C, Morales A, Buchan J, Wolf Z, Harrison SM, Cook S,
Dillon MW, Garcia J, Haverfield E, et al. Adaptation and validation of the
ACMG/AMP variant classification framework for MYH7-associated inherited
cardiomyopathies: recommendations by ClinGen'’s Inherited Cardiomyopathy
Expert Panel. Genet Med. 2018;20:351-359. doi: 10.1038/gim.2017218
Morales A, Kinnamon DD, Jordan E, Platt J, Vatta M, Dorschner MO, Starkey
CA, Mead JO, Ai T, Burke W, et al. Variant interpretation for dilated cardiomy-
opathy: refinement of the American College of Medical Genetics and Ge-
nomics/ClinGen guidelines for the DCM Precision Medicine Study. Circ Ge-
nom Precis Med. 2020;13:e002480. doi: 10.1161/CIRCGEN.119.002480
Rubinstein WS, Maglott DR, Lee JM, Kattman BL, Malheiro AJ, Ovetsky
M, Hem V, Gorelenkov V, Song G, Wallin C, et al. The NIH genetic testing
registry: a new, centralized database of genetic tests to enable access to
comprehensive information and improve transparency. Nucleic Acids Res.
2013;4 1(database issue):D925-D935. doi: 10.1093/nar/gks1173
Mazzarotto F, Tayal U, Buchan RJ, Midwinter W, Wilk A, Whiffin N, Govind R,
Mazaika E, de Marvao A, Dawes TJW, et al. Reevaluating the genetic con-
tribution of monogenic dilated cardiomyopathy. Circulation. 2020;141:387—
398. doi: 10.1161/CIRCULATIONAHA.119.037661

Refaat MM, Lubitz SA, Makino S, Islam Z, Frangiskakis JM, Mehdi H,
Gutmann R, Zhang ML, Bloom HL, MacRae CA, et al. Genetic variation in the
alternative splicing regulator RBM20 is associated with dilated cardiomy-
opathy. Heart Rhythm. 2012;9:390-396. doi: 10.1016/jhrthm.2011.10.016
Herman DS, Lam L, Taylor MR, Wang L, Teekakirikul P, Christodoulou D,
Conner L, DePalma SR, McDonough B, Sparks E, et al. Truncations of titin

Circulation. 2021;144:7-19. DOI: 10.1161/CIRCULATIONAHA.120.0563033



1202 ‘. AInc uo Aq Bio'seusnofeye//:dny wody papeojumoq

Jordan et al

29,

30.

31.

32.

33.

34.

35.

36.

37.

causing dilated cardiomyopathy. N Engl J Med. 2012;366:619-628. doi:
10.1056/NEJMoa1110186

Roberts AM, Ware JS, Herman DS, Schafer S, Baksi J, Bick AG, Buchan RJ,
Walsh R, John S, Wilkinson S, et al. Integrated allelic, transcriptional, and phe-
nomic dissection of the cardiac effects of titin truncations in health and dis-
ease. Sci Transl Med. 2015;7:270ra6. doi: 10.1126/scitransimed.3010134

Hinson JT, Chopra A, Nafissi N, Polacheck WJ, Benson CC, Swist S, Gorham
J, Yang L, Schafer S, Sheng CC, et al. Titin mutations in iPS cells define
sarcomere insufficiency as a cause of dilated cardiomyopathy. Science.
2015;349:982-986. doi: 10.1126/science.aaab458

Schafer S, de Marvao A, Adami E, Fiedler LR, Ng B, Khin E, Rackham
0OJ, van Heesch S, Pua CJ, Kui M, et al. Titin-truncating variants affect
heart function in disease cohorts and the general population. Nat Genet.
2017;49:46-53. doi: 10.1038/ng.3719

Walsh R, Thomson KL, Ware JS, Funke BH, Woodley J, McGuire
KJ, Mazzarotto F, Blair E, Seller A, Taylor JC, et al. Reassessment of
mendelian gene pathogenicity using 7855 cardiomyopathy cases
and 60,706 reference samples. Genet Med. 2017;19:192-203. doi:
10.1038/gim.2016.90

McGlaughon JL, Goldstein JL, Thaxton C, Hemphill SE, Berg JS. The pro-
gression of the ClinGen gene clinical validity classification over time. Hum
Mutat. 2018;39:1494~1504. doi: 10.1002/humu.23604

Brody MJ, Hacker TA, Patel JR, Feng L, Sadoshima J, Tevosian SG, Balijepalli
RC, Moss RL, Lee Y. Ablation of the cardiac-specific gene leucine-rich re-
peat containing 10 (Lrrc10) results in dilated cardiomyopathy. PLoS One.
2012;7:¢561621. doi: 10.1371/journal.pone.0051621

Syrris B, Ward D, Asimaki A, Sen-Chowdhry S, Ebrahim HY, Evans A, Hitomi
N, Norman M, Pantazis A, Shaw AL, et al. Clinical expression of plakophilin-2
mutations in familial arrhythmogenic right ventricular cardiomyopathy. Circula-
tion. 2006;113:356-364. doi: 10.1161/CIRCULATIONAHA.105.661654
Ortiz-Genga MF, Cuenca S, Dal Ferro M, Zorio E, Salgado-Aranda R, Climent
V, Padrén-Barthe L, Duro-Aguado |, Jiménez-Jaimez J, Hidalgo-Olivares
VM, et al. Truncating FLNC mutations are associated with high-risk dilated
and arrhythmogenic cardiomyopathies. J Am Coll Cardiol. 2016;68:2440—
2451. doi: 10.1016/}jacc.2016.09.927

Elliott P, O'Mahony C, Syrris P, Evans A, Rivera Sorensen C,
Sheppard MN, Carr-White G, Pantazis A, McKenna WJ. Preva-
lence of desmosomal protein gene mutations in patients with di-
lated cardiomyopathy. Circ Cardiovasc Genet. 2010;3:314-322. doi:
10.1161/CIRCGENETICS.110.937805

38.

39.

40.

41.

42,

43.

44,

45.

Circulation. 2021;144:7-19. DOI: 10.1161/CIRCULATIONAHA.120.0563033

DCM Gene Curation

Marcus Fl, McKenna WJ, Sherrill D, Basso C, Bauce B, Bluemke DA,
Calkins H, Corrado D, Cox MG, Daubert JP, et al. Diagnosis of arrhyth-
mogenic right ventricular cardiomyopathy/dysplasia: proposed modifi-
cation of the Task Force Criteria. Eur Heart J. 2010;31:806-814. doi:
10.1093/eurheartj/ehq025

Blazek AD, Kinnamon DD, Jordan E, Ni H, Hershberger RE. Attitudes of
dilated cardiomyopathy patients and investigators toward genomic study
enroliment, consent process, and return of genetic results. Clin Trans! Sci.
2021;14:550-557. doi: 10.1111/cts.12909

Parks SB, Kushner JD, Nauman D, Burgess D, Ludwigsen S, Peterson A, Li
D, Jakobs P, Litt M, Porter CB, et al. Lamin A/C mutation analysis in a cohort
of 324 unrelated patients with idiopathic or familial dilated cardiomyopathy.
Am Heart J. 2008;156:161-169. doi: 10.1016/}.2hj.2008.01.026

Cowan JR, Kinnamon DD, Morales A, Salyer L, Nickerson DA, Hershberger
RE. Multigenic disease and bilineal inheritance in dilated cardiomyopathy
is illustrated in nonsegregating LMNA pedigrees. Circ Genom Precis Med.
2018;11:e002038. doi: 10.1161/CIRCGEN.117.002038

Haas J, Mester S, Lai A, Frese KS, Sedaghat-Hamedani F, Kayvanpour E,
Rausch T, Nietsch R, Boeckel JN, Carstensen A, et al. Genomic structural
variations lead to dysregulation of important coding and non-coding RNA
species in dilated cardiomyopathy. EMBO Mol Med. 2018;10:107-120. doi:
10.15252/emmm.201707838

Tadros R, Francis C, Xu X, Vermeer AMC, Harper AR, Huurman R,
Kelu Bisabu K, Walsh R, Hoorntje ET, Te Rijdt WP, et al. Shared genetic path-
ways contribute to risk of hypertrophic and dilated cardiomyopathies with
opposite directions of effect. Nat Genet. 2021;53:128-134. doi: 10.1038/
s41588-020-00762-2

Kinnamon DD, Morales A, Bowen DJ, Burke W, Hershberger RE; DCM
Consortium. Toward genetics-driven early intervention in dilated car-
diomyopathy: design and implementation of the DCM Precision Medi-
cine Study. Circ Cardiovasc Genet. 2017;10:e001826. doi: 10.1161/
CIRCGENETICS.117001826

Musunuru K, Hershberger RE, Day SM, Klinedinst NJ, Landstrom AP,
Parikh VN, Prakash S, Semsarian C, Sturm AC; American Heart Associa-
tion Council on Genomic and Precision Medicine; Council on Arterioscle-
rosis, Thrombosis and Vascular Biology; Council on Cardiovascular and
Stroke Nursing; and Council on Clinical Cardiology. Genetic testing for
inherited cardiovascular diseases: a scientific statement from the Ameri-
can Heart Association. Circ Genom Precis Med. 2020;13:e000067. doi:

10.1161/HCG.0000000000000067

July 6, 2021 19

J10114Y

(—]
=
o
—
==
—
=
m
ow
m
==
=
(]
==




	1

