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BACKGROUND: Arrhythmogenic right ventricular cardiomyopathy (ARVC) is an inherited disease characterized by ventricular
arrhythmias and progressive ventricular dysfunction. Genetic testing is recommended, and a pathogenic variant in an ARVC-
associated gene is a major criterion for diagnosis according to the 2010 Task Force Criteria. As incorrect attribution of
a gene to ARVC can contribute to misdiagnosis, we assembled an international multidisciplinary ARVC Clinical Genome
Resource Gene Curation Expert Panel to reappraise all reported ARVC genes.

METHODS: Following a comprehensive literature search, six 2-member teams conducted blinded independent curation of
reported ARVC genes using the semiquantitative Clinical Genome Resource framework.

RESULTS: Of 26 reported ARVC genes, only 6 (PKP2, DSP, DSG2, DSC2, JUP, and TMEM43) had strong evidence
and were classified as definitive for ARVC causation. There was moderate evidence for 2 genes, DES and FPLN. The
remaining 18 genes had limited or no evidence. RYR2 was refuted as an ARVC gene since clinical data and model
systems exhibited a catecholaminergic polymorphic ventricular tachycardia phenotype. In ClinVar, only 5 pathogenic/
likely pathogenic variants (1.1%) in limited evidence genes had been reported in ARVC cases in contrast to 450
desmosome gene variants (97.4%).

CONCLUSIONS: Using the Clinical Genome Resource approach to gene-disease curation, only 8 genes (PKP2, DSP, DSG2,
DSC2, JUP, TMEMA43, PLN, and DES) had definitive or moderate evidence for ARVC, and these genes accounted for
nearly all pathogenic/likely pathogenic ARVC variants in ClinVar. Therefore, only pathogenic/likely pathogenic variants
in these 8 genes should yield a major criterion for ARVC diagnosis. Pathogenic/likely pathogenic variants identified in
other genes in a patient should prompt further phenotyping as variants in many of these genes are associated with other
cardiovascular conditions.
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Nonstandard Abbreviations and Acronyms

ARVC arrhythmogenic right ventricular
cardiomyopathy

ClinGen Clinical Genome Resource

CPVT catecholaminergic polymorphic ventricu-
lar tachycardia

DCM dilated cardiomyopathy

GCEP gene curation expert panel

P/LP pathogenic or likely pathogenic

TFC 2010 Task Force Criteria

rrhythmogenic right ventricular cardiomyopathy
A(ARVC) is an inherited cardiomyopathy character-
ized by fibro-fatty myocardial replacement, frequent

ventricular arrhythmias, and slowly progressive ventricu-
lar dysfunction. Patients typically present between their
second and fifth decades with symptoms associated with
ventricular arrhythmias." Sudden cardiac death is a com-
mon presentation, occurring in up to half of probands.

ARVC clusters in families and its pattern of inheri-
tance is generally autosomal dominant with age-related,
reduced penetrance? The discovery that Naxos dis-
ease, a rare cardiocutaneous autosomal recessive form
of ARVC, was caused by pathogenic variants in JUP-
encoded plakoglobin® prompted rapid identification of
pathogenic variants in other desmosomal genes (PKP2,
DSP, DSG2, and DSC2) in ARVC populations. In contem-
porary ARVC cohorts meeting 2010 Task Force Criteria
(TFC), up to two-thirds of cases have pathogenic/likely
pathogenic (P/LP) desmosomal variants.*®

Exponential growth in sequencing capacity led inves-
tigators to sequence ever-growing lists of candidate
genes and to undertake exome and genome sequenc-
ing in attempts to identify the genetic basis of ARVC in
gene-elusive patients. These studies identified variants of
interest in numerous genes which were then suggested
to be ARVC causative. However, some reports were
based on an incomplete understanding of the extent
of rare variation in the human genome. Older studies
used dated diagnostic criteria for inclusion. Finally, iso-
lated gene-elusive ARVC may be oligogenic,? calling the
assumptions underlying some gene identification studies
into question. Despite these limitations, newly reported
ARVC genes have been promptly added to diagnostic
ARVC sequencing panels which now generally range
from 11 to 46 genes. Genetic testing is recommended
for patients with ARVC to confirm the diagnosis, inform
management, and enable cascade genetic testing.®

The NIH-funded Clinical Genome Resource (Clin-
Gen) created a standardized evidence-based framework
to systematically assess gene-disease relationships.”
Recently, evaluation of genes associated with hypertro-
phic cardiomyopathy® long QT syndrome,® and Brugada
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syndrome'° called into question causality of many disease
genes. Similar weaknesses in conventional understand-
ing of the genetic architecture for ARVC seemed likely.
ARVC can be difficult to diagnose, particularly when phe-
notypic expression is mild or when the patient has biven-
tricular disease raising the possibility that gene:diseases
associations may have been erroneously derived from
participants with other cardiovascular diseases. The TFC
was updated in 2010 and older articles relied on less
sensitive and specific 1994 criteria® making phenotyping
in older publications potentially problematic.

Since identification of a P/LP variant constitutes
a major criterion in the TFC® accurate understand-
ing of genetic architecture has direct implications for
ARVC diagnosis and management. Incorrect ARVC
gene:disease associations may result in (1) a patient's
phenotype incorrectly attributed to a variant leading to
potential over-diagnosis and incorrect cascade genetic
testing or (2) a variant associated with a different dis-
ease incorrectly attributed to ARVC missing the oppor-
tunity for correct genotype-specific management of a
family. Therefore, an international multidisciplinary ARVC
ClinGen Gene Curation Expert Panel (GCEP; Table | in
the Data Supplement; https://clinicalgenome.org/affilia-
tion/40003/) with expertise in ARVC research, genetics,
and clinical care was assembled to formally reappraise
all previously reported ARVC genes using the ClinGen
Gene-Disease Clinical Validity Framework. To enhance
scientific rigor, we used a dual, blinded, independent
curation approach (Figure 1). In this effort, we defined
ARVC by fulfillment of the 2010 TFC® While arrhyth-
mogenic cardiomyopathy has been suggested as a con-
cept by several groups of authors,®'"'? at present, there
is considerable variability in the breadth of phenotypes
covered by the term arrhythmogenic cardiomyopathy and
no standard agreed-upon diagnostic criteria that could
be applied for gene curation. Here, we report our results.

MATERIALS AND METHODS

The data that support the findings of this study are available
from the corresponding authors upon reasonable request. The
study was approved by the Johns Hopkins Medicine institu-
tional review board (data for variant frequency cutoffs) and
subjects gave informed consent. The full methods for this
study are available as Data Supplement (Methods in the Data
Supplement).

RESULTS

Overview

PubMed/OMIM searches resulted in 26 genes reported
to cause human ARVC: ACTCI1, CDH2, CTNNAS3,
LDB3, DES, DSC2, DSG2, DSP, JUP, LMNA,
MYBPC3, MYH7, MYL2, MYL3, PKP2, PLN, RYR2,
SCNbA, TGFB3, TJP1, TMEMA43, TNNI3, TNNCI,
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Figure 1. Arrhythmogenic right ventricular cardiomyopathy (ARVC) gene curation approach.

Two-member teams conducted blinded independent dual curation using the semiquantitative Clinical Genome Resource (ClinGen) framework
with ARVC-specific rules for required minor allele frequency of variants detected in patients and phenotypic evaluation of model systems. Each
summarized their analysis in separate presentations for the entire ARVC gene curation expert panel (GCEP) who arrived by consensus at the

final gene classification.

TNNT2, TPM1, and TTN (Table 1). As shown in Fig-
ure 2, based on initial scoring, 6 genes (PKP2, DSP,
DSC2 DSG2, JUP, and TMEMA43) had strong evidence
(12-18 points) and were judged to be definitive for
ARVC causation as each had replication across ARVC
cohorts. There was moderate evidence for 2 genes,
DES (9.5 points) and PLN (11 points). The remaining
genes had only limited or no evidence for ARVC cau-
sation (0—6 points). Curation team scores were highly
concordant. For every gene both curation teams arrived
at the same preliminary classification based on points
achieved (Table Il in the Data Supplement).

Table 2 summarizes the evidence for genes desig-
nated to have definitive or moderate evidence for ARVC
causation by the GCEP. The evidence used to arrive at
these final classifications was predominantly derived
from clinical genetic studies. Table Il in the Data Sup-
plement shows scoring for genes with limited or no evi-
dence for ARVC. Granular scores for each subcategory
of genetic and experimental evidence can be found for
each gene in Table |V in the Data Supplement. The most
up-to-date curation data for each gene can be accessed
at https://clinicalgenome.org/.
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As shown in Table 2, the GCEP classified each gene
with a score in the strong range (12-18 points) as hav-
ing definitive evidence for ARVC. The genes encoding
the cardiac desmosome (PKP2 DSP, DSG2, DSC2, and
JUP) have been consistently identified across multiple
ARVC cohorts. TMEMA43 was initially identified due to
a founder variant segregating in a well-characterized
ARVC population in Newfoundland, and subsequently
in the United Kingdom, Denmark, and Germany and
recently on a different haplotype in Spain.’®*"'® The GCEP
confirmed the moderate evidence classification of PLN
which was likewise initially associated with ARVC due
to a segregating founder variant.'® A moderate evidence
classification was also confirmed for DES. While not
typically considered an ARVC gene, it is frequently asso-
ciated with a myopathy'” in which arrhythmogenic car-
diomyopathy (myofibrillar myopathy-1, desminopathy) is
a presenting feature and patients can meet TFC.®

The GCEP concluded the remaining 18 genes—more
than two-thirds of the genes analyzed—did not have con-
vincing evidence for ARVC causality. These fell into 2
categories: (1) genes—often newly published—with rare
variants detected in small families with a clear ARVC
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Table 1. Reported Genes for ARVC
Gene Protein Cellular complex HGNC ID*
ACTC1 Actin alpha cardiac Sarcomere 143
muscle 1
CDHZ2 Cadherin-2 Area composita 1759
CTNNA3 | Catenin alpha 3 Area composita 2511
DES Desmin Intermediate filament | 2770
DSC2 Desmocollin-2 Desmosome 3036
DSP Desmoplakin Desmosome 3052
DSG2 Desmoglein-2 Desmosome 3049
JUP Junction plakoglobin Desmosome 6207
LDB3 LIM domain binding 3 Sarcomere 15710
LMNA Lamin A/C Nuclear envelope 6636
MYBPC3 | Myosin binding protein C3 | Sarcomere 7551
MYH7 Myosin heavy chain 7 Sarcomere 7577
MYL2 Myosin light chain 2 Sarcomere 7583
MYL3 Myosin light chain 3 Sarcomere 7584
PKP2 Plakophilin-2 Desmosome 9024
PLN Phospholamban Calcium handling 9080
RYR2 Ryanodine receptor 2 Calcium handling 10484
SCN5A Sodium voltage-gated Sodium channel 10593
channel alpha subunit 5
TGFB3 Transforming growth fac- Signaling pathways | 11769
tor beta 3
TJP1 Tight junction protein 1 Area composita 11827
TMEMA43 | Transmembrane protein 43 | Nuclear envelope 28472
TNNI3 Troponin 13 Sarcomere 11947
TNNC1 Troponin C1 Sarcomere 11943
TNNT2 Troponin T2 Sarcomere 11949
TPM1 Tropomyosin 1 Sarcomere 12010
TTN Titin Sarcomere related 12403

ARVC indicates arrhythmogenic right ventricular cardiomyopathy.
*HUGO gene nomenclature committee at the European Bioinformatics Insti-
tute ID.

phenotype but for which data was yet limited and (2)
genes known to be associated with other cardiomyopa-
thies or arrhythmia syndromes where evidence for ARVC
causality was relatively scant. Notably, the panel refuted
RYRZ2 as an ARVC gene, finding P/LP variants in RYR2
typically cause catecholaminergic polymorphic ven-
tricular tachycardia (CPVT) not ARVC. All the literature
asserting ARVC causality was judged to be incorrect and
based on incomplete phenotyping, wrong interpretation
of clinical data (personal communication G. Thiene and
C. Basso), use of dated diagnostic criteria, and designa-
tion of relatively common RYRZ variants as pathogenic.

Genes With Definitive Evidence for ARVC
Causality
Cardiac desmosomes are specialized structures com-

posed of proteins (cadherins, armadillo proteins, and pla-
kins) responsible for cardiomyocyte adhesion. ARVC is
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classically considered a disease of the desmosome and
the desmosomal genes rapidly achieved sufficient evi-
dence for a strong designation with replication across
cohorts making the gene:disease relationship defini-
tive. There were several nuances. First, ARVC can be
accompanied by skin and hair features. This has long
been recognized in families with JUP-associated Naxos
disease and DSF-associated Carvajal syndrome, both
of which have autosomal recessive inheritance. Several
authors have reported skin and hair findings in patients
with heterozygous DSP variants which can be subtle.”
Importantly, there is evidence across studies for a rela-
tively high prevalence of patients with multiple desmo-
somal P/LP variants beyond Naxos disease and Carvajal
syndrome. Pedigrees segregating multiple DSC2 and
DSG2 variants have been reported and inheritance more
consistent with autosomal recessive than autosomal
dominant inheritance has been recognized in specific
populations.?%?'

The TMEMA43 (transmembrane protein 43) gene
encodes a nuclear membrane protein. One heterozygous
pathogenic variant (NM_024334.3(TMEM43):c.1073C
>T; p.Ser3b8Leu) was identified as a founder mutation
in a large number of patients and families from New-
foundland, Denmark, and Germany and has also been
identified in other populations.’?? It is associated with a
highly penetrant and arrhythmogenic subtype of ARVC
in which biventricular involvement can often be appreci-
ated. Evidence of pathogenicity of other TMEMA43 vari-
ants remains limited.

Moderate Evidence Genes

DES and PLN had moderate evidence for ARVC causal-
ity. DESwas initially proposed as an ARVC gene based on
data from 27 Dutch individuals in b families segregating
a rare missense variant (NM_001927.4(DES):c.38C>T;
p.Ser13Phe).% Cases had right ventricular involvement
consistent with ARVC but also conduction disease
which is atypical for ARVC. Additional families carry-
ing DES LP/P variants with a clinical ARVC diagnosis
as well as families with left-predominant disease have
been described.’®?% Experimental evidence including
expression systems integrating variants found in these
families showed phenotypic alterations consistent with
histological examinations of skeletal and cardiac muscle
of ARVC cases'® and disruption of cellular adhesion.?®
Nonetheless, DES variants associated with ARVC
appear to be very rare and have not been observed in
some large ARVC cohorts.

The PLN p.Arg14del variant (NM_002667.5(PLN):c.
37_39AGA[1]) was first identified in ARVC in a cohort
of 12/97 patients fulfilling TFC.2” Histology showed the
typical fibro-fatty replacement and interstitial fibrosis yet
compared with desmosomal gene-positive patients, PLN
p.Arg14del showed significantly more severe fibrotic
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Figure 2. Level of evidence scores for genes reported for arrhythmogenic right ventricular cardiomyopathy (ARVC).
Final genetic (dark blue) and experimental (light blue) evidence scores for 26 genes reported in the literature as associated with ARVC. Only
8 genes (bold font) had strong or moderate evidence for ARVC causality. The granular scores for each gene along with a complete list of

references used are available in Table IV in the Data Supplement.

changes in the left ventricle, underscoring its biventricu-
lar character.?®

Limited/No Human Evidence Genes

Ten genes had limited evidence for ARVC causality
(1-6 points): SCNbA, LMNA, CDH2, CTNNA3, TGFBS3,
TTN, TUP1, MYH7, MYBPCS3, and MYLS. In comparison
to the wealth of literature linking desmosomal genes
with ARVC, evidence for these gene:disease relation-
ships had been generated by relatively few research
groups. For some of these genes, assertions of ARVC
causality are relatively new and further data from larger
cohorts might lead to an upgraded level of evidence
in the future. For others, the assertion of ARVC cau-
sality was published some time ago, leading the panel
to give additional weight to the failure to confirm the
observation across ARVC cohorts. Our review strongly
suggested that none of these genes account for a sub-
stantial fraction of patients with ARVC.

Genes With Variants Identified in Classic ARVC
Families but Yet Limited Evidence

CDH2 CTNNAS, and TJP1 showed evidence for a clas-
sic ARVC phenotype and segregation in several relatively
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small families but with human data as yet limited. CDH2
and CTNNAS3 encode the area composita proteins cad-
herin-2 and a T catenin, respectively. TJPT encodes a
scaffolding protein, tight junction protein 1, which local-
izes to the intercalated discs in cardiomyocytes.

Evidence for CDHZ2 included identification of 2 LP
rare missense variants in 3 probands meeting TFC.2%%
One variant (NM_001792.4(CDH2): c.1219G>A;
p.Asp407Asn) was identified in both a South African and
a Norwegian family. Another (NM_001792.4(CDH2):
c.686A>C; p.GIn229Pro) segregated among 5 affected
family members. A murine knockout model showed dis-
rupted desmosomes, cardiomyopathy, ventricular tachy-
cardia, and sudden death, suggestive of a phenotype
compatible with ARVC.,

Similarly, for CTNNA3, 2 variants were reported in
2 ARVC probands: one likely de novo missense vari-
ant absent from gnomAD (NM_013266.3(CTNNA3):
c281T>A; pVal94Asp) and one in-frame dele-
tion  (NM_O13266.3(CTNNA3):  ¢.2296_2298del;
p.Leu766del) with limited segregation®' A germline
knockout mouse showed altered PKP2 distribution with-
out affecting other junctional components of the area
composita. These mice had progressive dilated cardio-
myopathy (DCM), and the GCEP judged the phenotype
not completely convincing for ARVC. Furthermore, no
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Table 2. Genetic Architecture of ARVC

ARVC ClinGen Gene Curation

Evidence Evidence Evidence
Gene* genetic experimental | total Prevalence* Inheritance | Phenotype notes
Definitive
PKP2 12 6 18 ++++ AD Classic ARVC
DSP 12 2.5 145 +++ AD/AR Frequent left ventricular involvement.
Occasional hair and skin features.
Rare homozygous variants—Carvajal Syndrome
(cardioectodermal)
DSG2 12 6 18 +++ AD/AR Frequent left ventricular involvement
DSC2 8.5 5.5 14 ++ AD/AR ARVC
JUP 10.5 5.5 16 + (higher in Naxos, Greece) | AR Naxos disease (cardioectodermal)
TMEMA43 8.1 5 131 ++ (higher in Newfoundland) | AD Extremely high sudden death rates in males.
Moderate
PLN 8 3 11 ++ (higher in Netherlands) | AD Frequent left ventricular involvement.
Also associated with dilated cardiomyopathy.
DES 6 3.5 9.5 + AD Conduction system abnormalities common.
Skeletal myopathy possible.
Definitive evidence gene for desminopathy

Final expert panel classification (https://clinicalgenome.org/). AD indicates autosomal dominant; AR, autosomal recessive/digenic/compound heterozygote; and

ARVC, arrhythmogenic right ventricular cardiomyopathy.

“Number of + corresponds to prevalence of variants in this gene associated with definite ARVC cases.

CTNNA3 LP/P variants were reported in 2 series of
gene-elusive ARVC patients.

Finally, 2 probands with ARVC (as well as 2 pro-
bands with DCM) had variants in TUP1.%> Modest seg-
regation data allowed this to be counted as limited
human evidence.

Genes Associated With Other
Cardiomyopathies/Arrhythmia Syndromes

The remaining genes curated were each strongly asso-
ciated with other cardiomyopathies or arrhythmia syn-
dromes. The GCEP concluded each had limited or no
evidence for ARVC causality. The gene with the most
evidence (6 points) was SCN5A which encodes the
Nav 1.5 sodium channel and previously curated as
definitive for both Brugada syndrome and long QT
syndrome.®'® The most robust evidence for SCNSA as
an ARVC gene comes from identification of a variant
(NM_198056.2(SCNBA): c.b693G>A; p.Arg1898His)
in a gene-elusive ARVC patient via exome sequencing
followed by derivation of an induced pluripotent stem
cell-derived cardiomyocyte model.2® This model showed
a one-third reduction in peak sodium current and
reduced abundance of both SCNBA and CDH2 clusters
at the intercalated disk which normalized in a CRISPR/
Cas9 corrected line. The authors subsequently identi-
fied 5 SCNbBA variants among 281 ARVC probands.
One variant was excluded for being too common and
2 were found in probands who also had pathogenic
desmosomal variants. One proband had an in-frame
deletion (NM_198056.2(SCNbA): ¢.2184-2186del;
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p.Leu729del) which segregated with the phenotype, but
most family members did not fulfill definite TFC.

Potentially pathogenic variants in LMNA have been
published in several ARVC cohorts.®#% While evidence
was sufficient to merit a limited evidence classification,
the GCEP noted that while most probands did meet TFC,
many of their affected family members did not. The phe-
notypes observed overlapped with DCM and were char-
acterized by prominent conduction system abnormalities
and atrial arrhythmias.

Eleven articles were reviewed to assess the relation-
ship of TGFBS3 with ARVC, the majority from the same
research group. TGFB3 emerged as a candidate gene
based on linkage to 14923-g24 in several Italian families.
Sequencing found variants in the 3" untranslated region
in one family and a second regulatory noncoding variant
in an unrelated family.®® These variants were both associ-
ated with increased activity compared with wild type in
an expression assay. However, 2 of the initial families
with significant linkage to the candidate region had no
P/LP variants in the TGFB3 coding sequences, UTRs,
and promoter regions. No definitively pathogenic variants
have been subsequently reported in ARVC probands.
Nowadays, TGFB3 is believed to underlie Loeys-Dietz
syndrome type b, a connective tissue disease pheno-
type with features of Marfan syndrome, including aortic
abnormalities.®” The GCEP concluded that while TGFB3
merited a limited evidence classification for ARVC, a vari-
ant detected in TGFB3 should be treated with great cau-
tion and is unlikely the cause of a patient's ARVC.

TTN, encoding titin, is a frequent cause of famil-
ial DCM. Nine papers were evaluated for the role of
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TTN variants in ARVC causation. Many reported mis-
sense variants which were relatively common in gno-
mAD. Furthermore, in study reporting 11/35 ARVC
probands with TTN missense variants, relatives car-
rying the variant had no evidence of disease leading
them to conclude these TTN variants had very low
penetrance or negligible pathogenicity.®® One article
did describe a rare missense variant NM_133378.4
(TTN): ¢.8678C>T; p.Thr2896lle that segregated
among 9 family members—6 of whom met TFC.%° An in
vitro functional assay by 2 independent groups found
that the variant introduced aberrant function. Further
evidence has shown that TTN-associated DCM is not
particularly associated with an arrhythmogenic pheno-
type.*® The GCEP thus concluded there was very lim-
ited evidence for TTN as ARVC causative.

The sarcomere genes have been considered by sev-
eral research groups as a potential cause of ARVC."
MYH?7, MYBPC3, and MYL3 were scored as having very
limited evidence. The other sarcomere genes had no evi-
dence. These genes are well-established as causative for
hypertrophic cardiomyopathy.®

Refuted and Disputed Genes—RYR2 Is Not an
ARVC Gene

The GCEP refuted the association of RYR2 with ARVC.
A thorough review, including 57 articles, showed that the
assertion of ARVC causality was initially derived from
3 publications from the same research group who first
established linkage to chromosome 1g42-43, and sub-
sequently to RYRZ in families with a phenotype called
arrhythmogenic right ventricular dysplasia 2 described
as CPVT with fibro-fatty replacement of the right ven-
tricle.*? The clinical features described in these manu-
scripts reflect CPVT rather than ARVC with cases not
meeting TFC. This was confirmed by collaborators from
the original research group (C. Basso and G. Thiene
personal communication). A mouse model with one of
the variants also showed a CPVT-like phenotype with
no evidence of fibro-fatty infiltration or structural altera-
tions characteristic of ARVC.* In articles reporting RYR2
missense variants in possible ARVC probands the minor
allele frequency was often too high, cases did not have
a clear ARVC diagnosis, segregation information was
often not informative, and in several cases, CPVT was
said to also be present in the family. Rare cases of RYRZ2
deletions associated with DCM with CPVT-like arrhyth-
mias have been described,** but none associated with
ARVC. Taken together, the evidence is convincing that
pathogenic variants in RYR2 do not cause ARVC, rather
they cause CPVT.

LDB3 was disputed as a cause for ARVC. The only
variant reported in an ARVC family had a minor allele
frequency higher than the cutoff established, particularly
in the relevant ethnic population (Europeans).
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Prevalence of Variants Reported in ClinVar for
Each Gene

Figure 3 shows the distribution of variants reported to
ClinVar associated with ARVC (Figure 3A) and the pro-
portion of P/LP variants found in the genes with defini-
tive or moderate evidence for ARVC in comparison to
the other genes (Figure 3B). As can be appreciated,
ARVC-associated P/LP variants were nearly exclu-
sively reported in the desmosomal genes (450/462,
97.4%) with the established founder variants in PLN
and TMEMA43 also reported. Notably, only 5 P/LP vari-
ants (1.1%) were reported in genes with limited evi-
dence, including one variant in CTNNAS, 3 in LMNA,
and one in TGFB3.

DISCUSSION

The data presented here, derived from a rigorous, inter-
national evaluation of 26 genes published as ARVC
causing using the ClinGen framework, confirm that
ARVC is primarily a disease of the cardiac desmosome,
with PKP2, DSP, DSC2, DSG2, and JUPR, definitively
associated with ARVC and these genes accounting
for nearly all reported ARVC-associated P/LP variants.
PLN and TMEMA43 contribute to disease pathogenesis,
particularly in geographic regions with well-character-
ized founder variants. This study also demonstrates that
the majority of published ARVC genes had only limited
(N=10) or no (N=8) evidence and contribute little to the
classic ARVC phenotype. While there has been exten-
sive discussion of the genetic heterogeneity of ARVC
and overlap syndromes, P/LP variants in genes with
strong/definitive evidence for another cardiovascular
disease do not substantially contribute to ARVC causa-
tion. In particular, this analysis disqualified RYR2 as an
ARVC gene, finding cases and model systems instead
had CPVT. Taken together, these findings call into ques-
tion the extent of genetic heterogeneity truly contribut-
ing to classic ARVC as defined by the TFC.

This reappraisal of ARVC genes is strengthened by
our methodological approach that included an extensive
literature review, dual, blinded, independent curation, and
final adjudication of evidence by an international multi-
disciplinary panel with substantial experience with ARVC.
The semiquantitative ClinGen framework for evidence
classification was effective. The independent curation
teams had a high degree of uniformity in applying the
framework with 100% concordance of preliminary clas-
sification of the level of evidence and no disagreement
between the curation teams’ conclusions and the final
opinion of the other GCEP members in arriving at the
final level of evidence.

Eighteen of the 26 published ARVC genes had either
limited or no evidence for ARVC causation. Excluded
genes fell into 2 categories: (1) recently published genes
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Figure 3. Variants in ClinVar in arrhythmogenic right ventricular cardiomyopathy (ARVC) gene curation expert panel (GCEP)

curated genes.

A, Distribution of variants in each gene curated—pathogenic and likely pathogenic (P/LP) variants (blue) were reported primarily in genes
encoding the cardiac desmosome. B, Nearly all P/LP variants reported in ClinVar for ARVC are in the genes categorized as definitive or
moderate evidence ARVC genes while refuted/disputed/limited evidence genes account for a higher proportion of variant of uncertain

significance (VUS) and benign/likely benign (B/LB) variants.

with rare variants detected in small families with clear
ARVC but for which data was limited and (2) genes known
to be associated with other cardiomyopathies or arrhyth-
mia syndromes where a thorough literature review showed
limited or no evidence for ARVC causality. For the genes in
the first category (CDH2, CTNNAS3 and TJPT) multicenter
studies, some currently underway, will address whether the
identification of segregating P/LP variants in ARVC fami-
lies will be replicated and if so in what proportion of gene-
elusive ARVC cases. These data could lead to the level of
evidence for these genes being upgraded in the future.

Circ Genom Precis Med. 2021;14:e003273. DOI: 10.1161/CIRCGEN.120.003273

This misattribution of the latter group of genes to
ARVC illustrates the well-known challenges of ascer-
taining, and then attributing, clinical data to a specific
cardiac disease. This challenge, particularly before 2010
when the ARVC diagnostic criteria were refined, was the
primary reason for the erroneous assertion that RYRZ2
caused ARVC, with our review revealing affected indi-
viduals in published pedigrees segregating RYRZ vari-
ants had clinical characteristics consistent with CPVT
rather than ARVC. Diagnostic challenges also emerged
in papers that described associations of LMNA, TTN,
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SCNbBA, and even the moderate evidence gene DES with
ARVC. In most, while several cases met 2010 TFC, oth-
ers did not and the pedigrees often included clinical fea-
tures not typically seen in ARVC.

Older genetic/genomic methodologies also contrib-
uted to incorrect assertions of ARVC causality. Some
articles identified variants of interest as LP based on
small control cohorts. Reassessment revealed the minor
allele frequency of quite a few variants was too high given
current understanding of the frequency of rare variants in
the general population.

Clinical Implications

Genetic testing is recommended for patients with ARVC
and genetic test results are part of the 2010 TFC.55
Optimal genetic testing requires both wise genetic
test selection and accurate interpretation of results. By
defining the genetic architecture of ARVC, this study
informs both.

Interpretation and Utilization of Genetic Test
Results for Diagnosis and Cascade Testing

A pathogenic variant categorized as associated or prob-
ably associated with ARVC constitutes a major ARVC
diagnostic criterion.® Based on our results, we recom-
mend that only P/LP variants in genes with definitive and
moderate evidence for ARVC causation (PKP2 DSP,
DSC2, DSG2, JUP, TMEM43, PLN, and DES) should
yield a major criterion for ARVC diagnosis.

We found that genes with strong or definitive evi-
dence for other cardiovascular diseases had at-most
moderate (DES) and usually limited or no evidence for
ARVC causation. This suggests skepticism is warranted
when a P/LP variant in one of these genes is identified
in a putative ARVC patient. The American College of
Medical Genetics and Genomics explicitly warns against
relying on their guidelines for interpretation of pathoge-
nicity in genes of unknown significance.*® Reevaluation
of the patient and family for features suggesting an
alternate clinical diagnosis may be useful and the full
associated clinical spectrum (eg, desminopathy, lami-
nopathy) should inform medical care and familial cas-
cade screening. In the absence of evidence suggesting
an alternate diagnosis, reevaluating the pathogenicity
of the variant may be warranted.

A few percent of patients with ARVC have multiple
P/LP variants in strong/moderate evidence ARVC
genes, leading to earlier and more severe ARVC mani-
festations. The rare patients with definite ARVC and
also definitively pathogenic variants in limited evidence
genes typically associated with other cardiovascu-
lar diseases are particularly likely to harbor additional
genetic variants. Real harm can be done by cascade
testing of a variant which does not (fully) explain the

Circ Genom Precis Med. 2021;14:e003273. DOI: 10.1161/CIRCGEN.120.003273

ARVC ClinGen Gene Curation

disease in a family. These second variants in other car-
diomyopathy or arrhythmia related genes may also drive
the phenotype towards an atypical yet severe, manifes-
tation of ARVC. This underscores that while ARVC is
not a condition with substantial genetic heterogeneity,
the paradigm of one gene-one disease is challenged.*®
Evidence suggests oligogenic inheritance with multiple
additional variants that may or may not reach the LP/P
status (or in genes that are not definitive for ARVC)
could also contribute to disease expression.

Furthermore, recent publications show at least one-
third of ARVC cases are gene elusive,'? and these
patients are disproportionately high-level athletes with no
family history of ARVC, pointing to exercise as contribut-
ing to cause.*” Among relatives of patients with ARVC
with P/LP desmosomal variants, exercise increases
penetrance and risk of incident arrhythmias, but not all
athletic relatives develop ARVC.*8. Additionally, a recent
study*® showed 0.23% of a general clinical population
harbored a loss of function desmosomal variant. These
patients had extremely low ARVC penetrance (estimated
at 6%) and were no more likely than controls to have
ECG or echocardiography findings that met TFC. Taken
together this evidence strongly suggests a threshold
model of ARVC pathogenesis in which multiple hits,
both environmental and genetic, are required for disease
expression.? Thus, while detection of a P/LP variant in
a definitive or moderate evidence gene in a patient with
ARVC features is highly indicative of disease, it does not
fully predict the clinical features or course of individual
patients. The fact that these different aspects influence
disease expression, and are not accounted for in the
ClinGen framework which is built around true penetrant
Mendelian disease, can be considered a limitation and
are important to keep in mind when using the results of
this analysis to interpret genetic tests.

In summary, substantial caution is required for the
interpretation of variants in limited evidence genes which
are unlikely to be the sole cause of disease in a patient
with ARVC. Our results suggest such variants should not
be used to assign the patient a major TFC criterion.

Panel Selection for Genetic Testing

This study also challenges the inclusion of several genes
frequently present in ARVC panels—foremost among
them RYRZ2. Our results identify genes with definitive and
moderate evidence for ARVC and show that most P/
LP variants in patients with ARVC occur in these genes.
However, a clinical ARVC diagnosis can be challenging,
particularly in early stages of disease where structural
abnormalities can be subtle but arrhythmic risk is none-
theless significant.! Careful use of a larger panel can,
therefore, facilitate correct genetic diagnosis of a family.
Using a large panel responsibly in this context requires
multidisciplinary expertise.®
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Limitations

Genes were curated for ARVC per 2010 TFC. Updated
diagnostic criteria are being considered, particularly for
the left-dominant form of ARVC,® thus a need to update
ARVC curation is anticipated.

Although genes accounting for most familial ARVC
have been identified, expanded sequencing efforts
and new analytic approaches will identify rare or fam-
ily specific variants in novel putative ARVC genes that
will require adjudication (foremost among these FLNC).
Recuration of limited and moderate evidence genes will
be done per ClinGen procedures as new data emerges
(https://clinicalgenome.org/site/assets/files/2164/

clingen_standard_gene-disease_validity_recuration_

procedures_v1.pdf).

Conclusions

This evidence-based reevaluation of published ARVC
genes by experts in the field shows that only a small num-
ber of genes (PKP2, DSP, DSG2, DSC2, JUP, TMEMA43,
PLN, and DES) are definitively or moderately associated
with ARVC and these genes account for the overwhelm-
ing majority of P/LP variants in patients with ARVC. We
recommend only P/LP variants in these 8 genes should
yield a major criterion for ARVC diagnosis by TFC. This
analysis is expected to further refine the utility of genetic
data in caring for families with ARVC by assisting the
clinician in determining what test to order and also by
quantifying the strength of evidence underlying the
gene:disease relationship relevant to a genetic result.
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