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Abstract

Background—Genotype-phenotype correlations are poorly characterized in arrhythmogenic
right ventricular cardiomyopathy (ARVC). We investigated whether carriers of rare variants in
desmosomal genes (DC) and titin gene (TTN) display different phenotypes and clinical outcomes,
when compared to non-carriers (NT-ND).

Methods and Results—Thirty-nine ARVC families (173 subjects, 67 affected) with extensive
follow up (mean 9 years), prospectively enrolled in the International Familial Cardiomyopathy
Registry since 1991, were screened for rare variants in TTN and desmosomal genes (DSP, PKP2,
DSG2, DSC2). Multiple clinical and outcome variables were compared between 3 genetic groups
(TTN, DC, NT-ND) to define genotype-phenotype associations.

Of the 39 ARVC families, 13% (5/39) carried TTN rare variants (11 affected subjects), 13% (5/39)
DC (8 affected), while 74% (29/39) were NT-ND (48 affected). Compared to NT-ND, DC had a
higher prevalence of inverted T waves in VV2-3 (75% vs. 31%, p=0.004), while TTN had more
supraventricular arrhythmias (46% vs. 13%, p=0.013) and conduction disease (64% vs. 6%
p<0.001). Compared to the NT-ND group, the DC group experienced a worse prognosis (67% vs.
11%, p=0.03) and exhibited a lower survival free from death or heart transplant (59% vs. 95% at
30 years, and 31% vs. 89% at 50 years, HR 9.66, p=0.006), while the TTN group showed an
intermediate survival curve (HR 4.26, p=0.037).

Conclusions—TTN carriers display distinct phenotypic characteristics including a greater risk
for supraventricular arrhythmias and conduction disease. Conversely, DC are characterized by
negative T waves in anterior leads, severe prognosis, high mortality and morbidity.
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INTRODUCTION

Arrhythmogenic right ventricular cardiomyopathy/dysplasia (ARVC, MIM107970) is an
inherited cardiomyopathy characterized by fibro-fatty replacement of the right ventricular
myocardium that predisposes patients to life-threatening ventricular arrhythmias and slowly
progressive ventricular dysfunction, although biventricular and left-dominant forms are
increasingly found [1]. The diagnostic criteria, established by an international task force in
1994 [2], and moadified in 2010 [3], are based on fulfillment of major and minor clinical
variables. ARVC is familial in 30 to 50% of patients [4-5], with most cases exhibiting
autosomal dominant transmission with incomplete and age-related penetrance [6].

ARVC is currently considered to be a disease of myocyte adhesion caused by defects at the
intercellular junction. Cardiac myocyte-to-myocyte adhesion is maintained by desmosomes,
adherens junctions and gap junctions, which together comprise the intercalated disc [5,7].
The desmosomes have a complex structure that includes adhesion molecules of the cadherin
(desmoglein-DSG and desmocollin-DSC), plakin (desmoplakin-DSP) and catenin
(plakophilin-PKP, and plakoglobin-JUP) families, which link intermediate filaments of the
cytoskeleton to the desmosomal cadherins [8,9]. Mutations in numerous genes encoding
proteins of the desmosome have been identified in ARVC, the majority of which are in 5
genes: plakophilin-2 (PKP2), desmoplakin (DSP), desmoglein-2 (DSG2), desmocollin-2
(DSC2) and plakoglobin (JUP)

Recently, we identified rare variants in the gene encoding the sarcomeric protein titin (TTN),
the largest gene in mammals [10], in our cohort of ARVC families. Titin filaments bridge
the sarcomere along its longitudinal axis, overlapping end-to-end at the Z disc and M band
at the amino and carboxyl ends, respectively, forming a contiguous filament along the
myofibril. Titin is involved in cellular mechanics, specifically, the spring-like properties of
the sarcomere that underlie passive and restorative forces occurring after sarcomere
lengthening or shortening [11-13].

The objective of our study was to compare the phenotype of TTN rare variant carriers to that
of desmosomal rare variant carriers (DC), and to a group of ARVC patients with no
detectable mutation in either pathway (non-TTN/non-desmosomal: NT-ND). Unique features
of our study are the length of clinical follow up of our ARVC cohort, up to 22 years with a
mean of 9 years, and the analysis of the giant gene titin along with the most common
desmosomal genes. Here we show that in ARVC, desmosomal gene rare variant carriers are
characterized by specific clinical/electrocardiographic features and the worst prognaosis,
while titin gene carriers have an intermediate outcome and severe conduction defects. These
findings have important implications in the clinical practice.
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Patient Population

Patients meeting ARVC consensus task force criteria [2,3] were enrolled at the University of
Colorado Cardiovascular Institute (CU-CVI) and the Cardiovascular Department of the
University Hospital of Trieste, Italy, as part of the International Familial Cardiomyopathy
Registry. A total 67 affected subjects from 39 ARVC families (173 family members) with
long-term follow up were clinically analyzed in this study Individual medical and family
history, physical exam, electrocardiogram (ECG), Holter monitoring ECG, and
echocardiogram were performed on all index patients and available family members. In
appropriate cases, signal-averaged ECG, cardiac MRI and endomyocardial biopsy were
performed. Subsequent follow-up examinations were conducted, as clinically indicated.
Medical records from deceased subjects were reviewed when available. One proband was
excluded from our analysis for the lack of detailed clinical information. Blood samples were
collected for DNA analysis after obtaining informed consent. In two patients DNA was
extracted from preserved tissue. The University of Colorado and Trieste local Institutional
Review Boards approved the protocol.

Data points considered included presence of T wave inversion in VV2-V3, epsilon waves,
atrioventricular block, left and right bundle branch block (LBBB/RBBB), supraventricular
and ventricular arrhythmias. Echocardiograms were assessed for chamber size and function,
right ventricular aneurysmal bulging/dilatation and evidence of valvular disease. We
evaluated two clinical endpoints: time to death or heart transplant (D/OHT), and time to
malignant ventricular arrhythmia (MVVA), defined as sudden cardiac death (SD), sustained
ventricular tachycardia (S-VT) or appropriate implantable cardioverter defibrillator
discharge (ICD).

Genetic Analysis

Desmosomal genes analysis—Consensus sequences for the cardiac isoforms of
desmosomal genes were obtained: plakophilin-2 (PKP2) (GenBank accession X97675),
desmoglein-2 (DSG2) (GenBank accession Z26317), desmoplakin (DSP) (GenBank
accession J05211), and desmocollin-2 (DSC2) (GenBank accession X56807). The non-
desmosomal gene, the phospholamban gene (PLN) (GenBank accession NM_002667), was
also sequenced. Exons from all genes were sequenced using direct Sanger sequencing
(primers available on request).

Criteria for classifying variants as disease-causing included change in predicted amino acid
sequence, co-segregation of mutation with disease phenotype within the family,
evolutionary conservation across species, absence in 150 ethnically similar controls using
pyrosequencing (PSQ96MA, Biotage, Uppsala, Sweden) and from public databases
(Accessed August 15, 2013: 1,000 Genome Project, NHLBI Exome Variant Server, dbSNP,)
[10,14] and the ARVD/C genetic Variant Database (http://www.arvcdatabase). A
conservative allele frequency of <0.04% was used as cutoff according to Norton et al. [15].
We used PolyPhen2 HVAR (http://genetics.bwh.harvard.edu) to assess the potential effect
of amino acid substitutions on the structure and function of proteins [16,17]. In families in
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which we found a variant of interest, all available relatives were screened. Co-segregation
was suggested by the presence of the rare variant in 2 or more affected relatives and/or
absence in unaffected relatives.

Titin gene analysis—As previously reported [10, 14], TTN DNA resequencing was
provided by the University of Washington, Department of Genome Science (grant NHLBI
NO01-HV-48194). Exons and peri-exonic regions of titin isoform N2A along with additional
exons unique to the principal cardiac isoform N2B (NM 003319) were Sanger sequenced.
Rare variants detected were evaluated against known TTN single nucleotide polymorphisms
(SNPs) in available databases and rare variants present in multiple other families in the
entire cohort were considered common and unlikely to be pathogenic rare variants. Non-
synonymous coding rare variants were evaluated for putative functional effects using SIFT
and PolyPhen-2 analysis and scored as tolerant or intolerant; tolerant rare variants were
considered unlikely to be pathogenic [18,19]. Variants were further filtered by public
databases as described above. The recent guidelines of MacArthur et al. for implicating
sequence variants in human disease were taken into account [20].

Statistical analysis

RESULTS

Summary statistics of clinical and instrumental variables at enrollment were expressed as
means and standard deviations, or counts and percentages, as appropriate. Comparisons
between groups were made by the ANOVA test on continuous variables using the Brown-
Forsythe statistic when the assumption of equal variances did not hold. For the purpose of
the analysis between groups, the PLN carrier subject was included in the NT-ND group.
Post-hoc, the least significant difference or Tamhane tests were also applied. The Chi-square
test was calculated for discrete variables both on the three groups simultaneously and by
pairs, evaluating Fisher’s exact test p value when necessary. Event-free survival curves for
D/OHT, MVA (SD/S-VT/ICD) and combined endpoints (D/OHT and MV A) were estimated
and plotted using the Kaplan-Meier method, and the log-rank test was applied in order to
investigate for differences in long-term survival. To take into account the clustered failure
times (i.e. relatives within families cannot be taken as entirely independent) a survival
regression Cox model was also estimated, with “group” (with levels: DC, TTN and NT-ND)
as the unique covariate and the “family index” as a cluster indicator. Statistical analyses
were performed with IBM SPSS Statistical Package 19.0 and the R statistical package
version 2.14.1.

Molecular genetics of ARVC

Eleven out of 39 ARVC families (28%) had rare variants associated with the disease: 5 in
desmosomal genes (DC) and 5 in TTN (Table 1, Figure 1). One patient carried a rare variant
in PLN. Within the DC group we identified 4 PKP2, 2 DSG2 and 1 DSP rare variants,
including one proband with two PKP2 rare variants and one double heterozygote with rare
variants in DSP and PKP2. One family harbored two TTN rare variants.
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Of the 67 ARVC affected family members tested, 20 (30%) carried rare variants (11 in TTN,
8 in desmosomal genes, 1 in PLN) while 47 (70%) did not have identifiable rare variants. No
rare variant suspected of causing the disease was found in DSC2. A DSC2 c.
2686_2687dupGA (A897fsX900) variant previously described by Syrris et al. [21], was
found in 5 families and considered a common variation according to the ARVD/C Database.
Similarly, we identified a PKP2 SNP 76G>A (Asp26Asn) that has also been identified by
multiple authors and currently appears to be a common variation.

Genotype-phenotype correlation

Individual patients were followed for a mean of 105 + 87 months, with a median period of
77 months. One PKP2 carrier was excluded from our genotype/phenotype analysis due to
insufficient clinical data, and the PLN carrier was included in the NT-ND group.

There was no difference between groups with respect to gender, age at onset of symptoms or
age at diagnosis. However, compared to the TTN carriers, the DC group demonstrated a
significantly younger age for each endpoint, D/OHT (31£12 years vs. 58+11 years, p=0.015)
and MVA (SD, S-VT and ICD shock) (26£17 vs. 52+13, p=0.035), respectively (Table 2,
Supplemental Table 2 and 3).

Regarding clinical symptoms, compared with NT-ND, TTN patients were noted to have
more exertional dyspnea/heart failure (64 vs. 23%, p= 0.022), supraventricular arrhythmias
(atrial fibrillation, paroxysmal atrial fibrillation, paroxysmal atrial tachycardia: 46% vs. 13%
p=0.013), and bradyarrhythmias (2° and 3° degree atrioventricular block) requiring
pacemaker (64% vs. 6%, p< 0.001).

Inverted T waves in VV2-3 (in patients older than 12 years, in absence of RBBB) were
present in 6/8 DC carriers (75% vs. 31% in NT-ND, p=0.004), suggesting that this could be
an indicator of desmosomal rare variants. There was no difference in the frequency of
epsilon waves between the three groups (Figure 2, Supplemental Table 3). Late potentials on
SAECG, non-sustained VT and premature ventricular complexes did not show any statistical
difference between groups. There was no evidence of supraventricular arrhythmias, 2° or 3°
degree atrioventricular blocks, or pacemakers in DC.

There were no differences between groups regarding RV systolic function, bulging and
tricuspid regurgitation by echocardiography (Figure 3). Similarly we did not detect any
difference in LV involvement, including systolic function, dimension and diastolic function.
TTN carriers vs. NT-ND had greater RV dilatation (35.3324.16 vs.27.29+7.21 cm?,
p=0.013). TTN carriers had larger left atria compared to DC and NT-ND at baseline
(4.27£0.59, 3.18+0.45 vs. 3.25+0.59 cm, p< 0.001) and at follow up (4.63+0.64, 3.37+0.16
vs. 3.47+0.64 cm, p< 0.001). Figure 2, Table 2 and Supplemental Table 2 and 3 report the
phenotypic characteristics of the patients carrying rare desmosomal or TTN variants.

The penetrance in TTN variant carriers, measured in the large TSRVDO001-Thr2896lle
family, was reduced (84%) and comparable to the penetrance previously reported in the
ARVC population [4].
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Natural history and prognosis of ARVC genes

The outcome analysis showed differences between the 3 groups. DC and TTN carriers
required more heart transplantations compared to NT-ND (50%, 54% vs. 10%, p<0.001).
DC and TTN carriers showed a survival curve free from D/OHT-free that sharply decreased
after 30 years of age compared to NT-ND: 59% and 79% vs. 95% at 30 years (p=0.006),
31% and 61% vs. 89% at 50 years (p=0.037) (Table 3 and Figure 4A). Likewise, the survival
curve free from major arrhythmic events (SD/MVA/ICD) showed a significant difference in
DC (Figure 4B), this group was characterized by a higher frequency of events compared to
others two groups (DC vs. TTN p=0.005, and DC vs. NT-ND p=0.0002). Finally, the DC
group maintained a worse survival curve when including all events (death, OHT, MVA,
ICD), compared to the other two groups (Figure 4C: DC vs. TTN p=0.01, DC vs. NT-ND
p=0.001). No significant change in the different outcomes was observed when we analyzed
the survival of our study population without the double variant carriers (TSRVDO026-111:5
and TSRVDO027-111:5), as shown in Supplemental Table 4 and Supplemental Figure 1.

Phenotype in multiple mutations

The proband I11-5 of family TSRVD026 harbored two rare variants (Figure 1), one in DSP
(fs ¢.2848delA) and the other in PKP2 (fs ¢.1440_1444delTCCCCA). The phenotype was
characterized by biventricular arrhythmogenic cardiomyopathy, with severe and progressive
left (LVEF 47% to 27% and LVEDD 5 to 6.2 during the follow-up) and right (mild
dysfunction to RVFS 16 %) ventricular involvement, requiring orthotropic heart transplant
at the age of 30 years. A maternal uncle (11-7) was also diagnosed with bi-ventricular
arrhythmogenic cardiomyopathy (carrying same rare variants of the proband), and 2
maternal aunts (11-1 and 11-2) died for heart failure: in these relatives, no genetic material
was available for testing.

The proband of family TSRVD 027 (111-5) harbored 2 rare variants in TTN and showed a
milder phenotype, with mild RV dysfunction, normal LVEF and a benign outcome with no
endpoints. No detailed clinical data were available for family TSRVDO016, as mentioned
above.

DISCUSSION

Genotype-phenotype association of desmosomal and titin rare variants in ARVC

In this study, we evaluated a well-characterized cohort of ARVC patients followed for a
mean of 8.8 years. Based on our initial case series, 12.8% of ARVC families had TTN rare
variants (5/39), 12.8% had desmosomal genes rare variants (5/39) and 2% (1/39) a founder
mutation in PLN [22]. Furthermore, our results suggest that TTN and desmosomal genes
have distinct clinical phenotypes.

Individuals with desmosomal variants had the poorest prognosis of the three groups with
high mortality and morbidity attributable to malignant ventricular arrhythmias (Figure 4B).
The DC group was characterized by the presence of T-wave inversions in leads VV2-V3 on
ECG, suggesting that this finding may be more specific to DC. On echocardiography, the
DC group had more severe RV dilation compared to the NT-ND group; however, there were
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no discernible differences in LV function between any of the groups (Supplementary Table
3). The DC group exhibited decreased survival free from the clinical endpoint D/OHT
compared to the NT-ND group, HR 9.66 (1.9-15 95% CI, p=0.006). Similarly, DC had
lower survival free from the MVVA endpoint compared to the NT-ND group, HR 5.87 (2.3-
12 95% ClI, p=0.002) as well as all events (D/OHT/MVA) combined, HR 4.74 (1.9-12 CI
95%, p=0.001). These findings were evident at age 30; however, a more pronounced
difference was noted at 50 years (Table 3, Figure 4).

In contrast, the TTN group phenotype was characterized by symptoms of heart failure and,
as we previously reported [10], supraventricular arrhythmias and a higher incidence of high-
degree (type 11 2" degree and 3™ degree), heart block necessitating pacemaker implantation
(Supplementary Table 3). Echocardiographic differences include greater left atrial
enlargement, mitral regurgitation, and RV dilation compared to the DC and NT-ND groups
(Table 2). Regarding the two clinical endpoints, TTN carriers exhibited an intermediate
survival curve demonstrating reduced survival compared to the NT-ND group for the
D/OHT endpoint but not for the MVA endpoint. When comparing the DC to TTN groups
directly, while the two groups do differ with respect to D/OHT, the DC group had reduced
event-free survival for MVVA and for all events combined (Figure 4A & 4B).

Similar to other reports, in our cohort PKP2 was the most common mutated desmosomal
gene [23]. Likewise, according to other studies [4,5,24,25], the number of patients in which
the genetic defect remains unknown remains still high. These data suggests that the ARVC
population harbors unidentified mutations in desmosomal and as yet to be discovered
pathways [22, 26-29].

Multiple mutations

Compound or double heterozygous, have been reported in ARVC, a phenomenon identified
also in other forms of cardiomyopathies [24,27,30]. In our series, we found two compound
heterozygous rare variants (PKP2 and TTN) and one digenic rare variant (Table 1). In this
case, the phenotype of the proband carrying a DSP and a PKP2 truncating mutation was
characterized by bi-ventricular severe and progressive cardiomyopathy, with heart
transplantation at early age (30 years).

The role of titin in the pathogenesis of ARVC

While a large series of investigation have shown that defective desmosomal proteins can
cause ARVC, more intriguing is the potential role of the giant sarcomeric protein, titin, in
causing ARVC. The importance of titin in cardiomyopathies has only recently emerged
likely due in part to the limitations of first-generation sequencing methods to easily analyze
this enormous gene [10,11,14]. TTN is now considered the most common disease gene in
dilated cardiomyopathy, accounting for up to 25% of patients [10]. Indeed, in our ARVC
cohort, TTN rare variants accounted for 13% of families. However, the role of TTN rare
missense variant, whose frequency in cardiomyopathies is far above the expected frequency
of disease causing mutations, suggest that some of these variants could be either benign or
could act as modifiers in genetically susceptible hosts [31]. These findings complicate the
interpretation of detected TTN missense variants. However, as previously reported, in our
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ARVC patient population, the strict filtering criteria, the unique characteristics of the
phenotype, the different natural history, the distribution of ARVC variants across the spring
region and A-band and, finally, the functional studies on Thr2896lle variant support a
mechanistic role of TTN in ARVC [10,32]. Specifically, the Thr2896lle variant found in
family TSRVDOO1 decreases the force needed to unfold the immunoglobulin-like domain of
titin spring region (1910) and increases its rate of unfolding 4-fold leading to a molecule
more prone to degradation, presumably due to compromised local protein structure. The
weakened structural integrity of titin and the proteolysis may lead to the mechanical
dysfunction of the RV and trigger the apoptosis characteristic of ARVC.

Study limitations

A limitation of the present study is the relatively small number of study subjects in each
group, which is common in many studies dealing with rare diseases. Although our detection
rate of desmosomal rare variants was lower in probands (12%) compared to other reports,
the overall detection rate of 28% in our cohort was similar to several other investigators,
largely due to the significant number of TTN rare variants [24,25]. The lower detection rate
may be attributable to use of updated and more stringent bioinformatic filtering criteria and
the current availability of large control cohorts from public databases (e.g. 1000 Genome
Project, Exome Sequence Variant, dbSNP) to filter common variants. Indeed, Kapplinger et
al. reported that in ARVC, the genetic ‘noise’ of possible mutations can be as high as 16% in
controls [25]. Therefore, it is not surprising that genetic variants considered causal mutations
in the past, now have to be reclassified as benign genetic variants [26]. Rare causes of
ARVC, such as LMNA, which can mimic ARVC [33], were not tested. As frequently
occurring in the clinical practice, we could not prove the segregation rare variants with the
phenotypes when only a single family member was available for genetic testing: in these
cases, the possible pathogenicity was based on state-of-the-art bioinformatic approach.
Finally, functional assays were limited to the Thr2896lle spring variant [10, 32].

Conclusions

Our data demonstrate identifiable genetic subgroups within ARVC that display different
phenotypic and prognostic characteristics based on long-term follow-up data. Our study is
unique for the extended clinical follow-up of our ARVC cohort up to 22 years, the
genotype-phenotype analysis comparing common desmosomal genes to giant gene titin
carriers and the findings of gene-specific phenotypes and prognosis. We found that DC
exhibit specific clinical and electrocardiographic features and poor clinical outcome, while
TTN carriers have a distinct phenotype characterized by supraventricular arrhythmias and
conduction disease and less severe clinical outcome relative to DC. Finally, ARVC patients
lacking identifiable variants in the desmosomal or TTN pathways had a better prognosis in
our cohort. The results on our initial case series have important clinical implications will be
further expanded and replicated by the ongoing North American ARVC Registry [3].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Pedigrees of ARVC familieswith desmosomal and TTN rarevariants
Squares and circles indicate male and female individuals, respectively. Black shading

indicates individuals meeting full ARVC diagnostic criteria, gray shading a suspected
cardiac history and/or history of sudden unexplained death, and white squares/circles
unaffected individuals based on available family and/or medical history or, when carrier
status is indicated, based on full clinical evaluation. Carrier rare variant status is indicated (+
present; — absent). Probands are identified by an arrow.
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Figure 2. Clinical featuresof DC and TTN rarevariant carriers
(A) DNRVDO003, 111-3 (PKP2): the ECG shows an incomplete RBBB, epsilon waves

(arrows), and negative T waves extending to V4. (B) Specimen from the RV wall in subject
DNRVDO0O06 11-2, showing patchy fibro-fatty infiltration (hematoxylin and eosin, 20X). (C)
Specimen from the RV wall in subject DNRVDO002-V: 2 (hematoxylin and eosin, 40X)
showing massive fibro-fatty infiltration. In both, myocyte nuclei with abnormal morphologic
characteristics (arrowheads) as previously described in DCM caused by TTN truncations
[14].
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Figure 3. Echocardiographic featuresin ARV C patients
(A) ND-NT carrier: parasternal long axis view demonstrating a dilated RV outflow tract (red

arrow) and (B) apical four chamber view demonstrating a dilated RV inflow (red arrow).
The small green arrows point to a stretched and fibrotic moderator band. (C) TTN family
DNRVDO002, subject V: 2. The blue arrows point to a large aneurysm on the RV free wall.
(D) PNL Argl4Del variant carrier. 3D transthoracic echocardiogram where the blue arrows
point to a small RV apical aneurysm. A defibrillator cable is seen entering the RV. LV: left
ventricle; Ao: Aorta; LA: left atrium; RA: right atrium.
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Deatnol
SOMVAICD survival ree

Figure 4. Comparison of long-term natural history between desmosomal genes (PKP2, DSP,
DSG2), TTN rarevariant carriersand NT-ND

Follow up from birth to end point/last follow up evaluation. (a) Survival-free from D/OHT.
(B). Survival-free from MVA (SD, S-VT or appropriate discharge of ICD). (C) Survival-free
from the combined end-point A+B. Percentages in the figures are referred to the survival
rate at the age 30 and 50 years, respectively.
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Table 1

Summary of rare variants identified in our ARVC study population

Gene | Family ID DNA change Predicted effect References
TTN TSRVDO001 29453 C>T Thr2896lle 10
TSRvD027* | 281801 T>C Alal8579Thr 10
TSRvD027* | 221380A G>T Met33291Thr 10
DNRVDO002 226177G>T Alal19309Ser 10
DNRVDO006 97341 G>A Tyr8031Cys 10
DNRVDO011 272848 C>T Pro30847Leu 10
PKP2 | TSRVDO009 2009delC Asn670ThrfsX683 | 25
TSRVDO16* | 148_151delACAG Thr50SerfsX61 23
TSRvDO16* | 1060G>C Glu354GIn Novel rare variant
TSRVDO026F 1440_1444delTCCCA | Arg480LysfsX499 | Novel rare variant
DNRVD003¥ | 76G>A ™ Asp26Asn” vust
4,5,25,27
DSG2 | TSRVDO013 1311G>A Trp437X Novel rare variant
DNRVD003F | 1773_1774delTG Cys591X 6
DSP | TsrvDozet | 2848delA 1e950LysfsX976 | Novel rare variant!
PLN DNRVDO014 40_42delAGA Argl4Del 22

Legend: TTN= titin; PKP2 plakophillin-2; DSG2, desmoglein-2; PLN, phospholamban.

*
Compound mutation;

Treported variant of unknown significance in ARVC database;

¢digenic mutation.
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