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Supplementary Materials and Methods 

Genetic screening 
DNA extraction from whole blood was performed on MagNA PURE Compact Nucleic acid (Roche, Germany) 
according to the user manual. DNA concentration, purity and integrity of each sample was measured using Qubit 
fluorometer (Thermo Fisher Scientific, USA), NanoDrop One spectrophotometer (ThermoFisher Scientific, USA) 
and TapeStation 4200 (Agilent, USA) respectively. 
Targeted Next Generation Sequencing (NGS) was performed in all ACM patients by using TruSight Cardio 
Sequencing Kit (Illumina, USA), which covers 575 Kb of genomic DNA, the exon sequences of 174 genes associated 
with 17 inherited cardiac conditions: cardiomyopathies, arrhythmias, aortopathies, and channelopathies, among 
which TMEM43 (NC_000003.11, NM_024334.2), DES (NC_000002.11, NM_001927.3) and PLN (NC_000006.11, 
NM_002667.4). Library preparation was performed according to manufacturer’s instructions and sequenced on 
MiSeq (Illumina, USA). 
The coding region and exon flanking regions of FLNC (NC_000007.13, NM_001458), CDH2 (NC_000018.9, 
NM_001792.4) and TJP1 (NC_000015.9, NM_003257.4) genes in all 320 ACM patients were analyzed by a custom 
panel (Illumina, USA). Variants that passed internal quality and frequency filters was confirmed by direct Sanger 
sequencing on AB3500Dx Genetic Analyzer (ThermoFisher Scientific, USA) as previously reported (1). 
 
Variant calling and prioritization 
Demultiplexing of sequence data was performed using Miseq Control software, sequences were aligned to the 
GRCh37/hg19 reference genome using Burrows-Wheeler Alignment tool (BWA v0.7.10) and GATKv3.2-2 was used 
for variant calling process. Information regarding frequency in different populations (1,000 Genomes Project, 
Exome Variant Server, Exome Aggregation Consortium, gnomAD database) was considered.  

The allele frequency threshold to consider a variant clinically relevant was <0.01% since the estimated prevalence 
of the disease ranges about 1:2000 - 1:5000. The threshold was further adapted to the frequency of the most 
recurrent ACM variant (PKP2: c.2146-1G>C) and the algorithm proposed by Whiffin et al (2) which estimates the 
expected frequency of ACM variants at 6.7 × 10-5 (4.1–9.2 × 10-5). 

Variants were described based on the current Human Genome Variation Society mutation nomenclature 
guidelines using the accession number of the longest transcript and the interpretation of these variants were 
classified according to the current ACMG recommendations (3, 4). Several algorithms were interrogated to assess 
variant pathogenicity: MutationTaster, SIFT, BayesDel, DANN, DEOGEN2, EIGEN, FATHMM, LIST-S2, LRT, M-
CAP, MVP, MutPred, MetaRNN, Mutation Assessor, REVEL. 
 
Splicing site assessment 
Frozen right-ventricle (RV) myocardium was available from two ACM patients who underwent cardiac 
transplantation, one of them carries a splicing site variant in CDH2. Myocardial tissue was collected and 
immediately flash frozen and conserved at -80°C until used. Samples were homogenized using 5-mm steel beads 
in a TissueLyser instrument (Qiagen, Germany; 2 cycles of 2 minutes at 25 mHz). The homogenized samples were 
then incubated with 20 μl of Proteinase K (20 mg/mL; Roche Diagnostics GmbH, Mannheim, Germany) for 10 min 
at 56°C. Subsequently 200 μl of chloroform was added in each homogenized sample which was then centrifuged 
at 12000 rcf for 15 min at 4°C. Nucleic acids were purified using Spin column of the RNeasy mini kit (Qiagen, 
Germany) with a 20-minute on-column DNase I digestion (Qiagen, Germany). RNA concentration was determined 
by using Qubit fluorometer (Life Technologies, USA). 
Subsequent reverse transcription of RNA samples was performed with SuperScript II (Thermo Fisher Scientific, 
USA) according to user manual. Primers were design with Primer-Blast, specifically within exon 14 and exon 15 
regions of CDH2 gene to exclusively amplified cDNA (Figure S4). Quantitative PCR assays were conducted in 
triplicate in a Light Cycler 480 II instrument (Roche, USA) and GAPDH gene was used as housekeeping gene due 
to its ubiquitous expressivity. Relative quantification was used to compare CDH2 expression. 
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Evolutionary conservation 
Selecton server was used to investigate evolutionary conservation of aminoacidic sequence of TMEM43, DES, PLN, 
FLNC, CDH2, and TJP1. Coding sequences were collected from Ensembl (5) from at least 10 different species and 
site-specific rate of non-synonymous substitutions (Ka) to the rate of synonymous substitutions (Ks) were 
computed at each site in orthologous sequences (Ka/Ks) as previously described (6). Aminoacidic sequence and 
Ka/Ks ratio were plotted, representing missense variants found in our cohort and in literature. A Ka/Ks ratio of 1 
indicates neutral or no selection pressure, when ratio is lower than 1 indicates that amino acid residues are under 
negative selection pressure and when it is higher than 1, means positive selection. As such, when a missense variant 
involves an amino acid under positive selection, its change should not alter protein function/structure. On the other 
hand, when this occurs in a residue under negative selection pressure and as consequence, more conservative site, 
this should alter protein conformation and function.  
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Supplementary Results 
TMEM43 cascade genetic screening 

Transmembrane protein 43 was linked to ACM for the first time by Merner and co-workers in 2008 (7), describing 
the founder mutation Ser358Leu (c.1073C>T) in 15 unrelated ACM patients from Newfoundland in Canada. Since 
then, this has been the only pathogenic variant reported in ACM with a total of 22 patients/families out of 553 
investigated index cases (Table 1).  
Cascade genetic screening in family A (Figure S1, #4, II-1) was not informative. In family B, the 45-yr old c.1073C>T 
carrier (Figure S1, #2, III-2, female) had also another VUS at the position c.2651A>T of Vinculin (VCL [MIM: 193065]) 
gene. Her sister affected by dilated cardiomyopathy (DCM), carried only this VCL VUS but not the founder 
TMEM43 variant. In family C, the 30-yr old proband (Figure S1, #3, III-1, male) was the only symptomatic carrier, 
both his mother and grandfather did not exhibit signs of the disease while his grandmother was affected by DCM 
and resulted to be TMEM43 negative. In family D, we identified the missense c.349A>G (exon 4, Arg117Gly) variant 
in a 22-yr old patient with definite TFC but without family history of ACM or SCD (Figure S1 – family D, #1, II-1, 
male). This well-conserved rare variant (Figure 1) is neither reported in the literature nor found in gnomAD 
population database, and numerous pathogenicity algorithms predicted the variant as damaging/disease-causing 
(Table 1). Based on current ACMG rules this variant was classified as VUS increasing background genetic noise.  
 
DES cascade genetic screening 
In family A (Figure S2), the missense variant c.322G>A carrier was a 35-yr old male (#8, II-2) who died suddenly 
with an autoptic diagnosis of ACM with ALVC phenotype. This rare missense variant was previously reported in 
another patient affected by DCM, even though immunofluorescence assay on patient specimens did not reveal 
DES cytoskeletal network pattern differences compared to controls (8). As such, conflicting interpretation of 
pathogenicity is attributed in ClinVar database albeit 21 in silico pathogenicity tools predict this variant as 
damaging/disease causing. The pathogenicity of this variant was further supported by cascade family screening 
showing co-segregation (Figure S2), since his 15-yr old son (III-2) and 42-yr old brother (II-1) exhibited late-
gadolinium enhancement in the left ventricle (LV) upon contrast-enhanced cardiac magnetic resonance (CE-CMR). 

The missense variant c.346A>G carrier is a 17-yr old male (#9) diagnosed as ACM with ALVC pattern who 
underwent cardiac transplantation for refractory heart failure (Figure 2). This well-conserved rare variant (Figure 
1) encoding for p.Asp116Asn, was previously described in a patient affected by end-stage ACM with heart failure 
(9) and it was predicted as damaging/disease-causing by numerous pathogenicity algorithms leading to its 
classification as LP. 

In family B (Figure S2), the missense variant c.1009G>A carrier was a 29-yr old male (#11, II-2) who had a sex-
triggered SCD but no family history for cardiac diseases or SCD. Histologic findings of heart specimen supported 
an ACM diagnosis with ALVC pattern. This rare missense variant identified in DES exon 5 is leading to 
p.Ala337Thr replacement into the highly conserved ROD 2B protein domain which is important for correct 
filament assembly and dimer-dimer interactions of the mature DES filament (10, 11). Even though cascade 
screening was not informative, several algorithms supported its pathogenicity allowing its classification as LP. 
Interestingly, a different aminoacidic change at the same position has been recently reported (p.Ala337Pro) in a 
family affected by left-ventricular non-compaction cardiomyopathy, as to reflect the huge heterogeneity among 
DES-carriers (12). 

The missense variant c.1064G>A carrier (#10), is a 34 yr-old male with definite TFC. This rare variant, located in 
exon 6 of DES (ROD 2B domain), is causing the p.Arg355Pro replacement within a highly conserved position 
(Figure 1). It has been previously described in a patient with muscle weakness and conduction abnormalities. 
Ultrastructural analysis showed granulo-filamentous structures surrounding intercalated discs irrespective of the 
contracted or extended state of cardiomyocytes (13). As such this variant was classified as LP.  
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An in-frame deletion of three aminoacids p.Val126_Leu129del (c.377_388delTGCGCTTCCTGG) was found in a 35-
year old woman with SCD (#13). Autoptic findings showed ALVC. Variant localizes in exon 1 within the ROD-1A 
domain. According to ACMG rules was classified as LP, as it is absent from gnomAD and not reported in literature. 

The missense variant c.250G>A carrier (#7) is a 39-yr old female, displaying an ACM pattern with predominant 
involvement of the LV, leading to the amino acidic replacement p.Gly84Ser. This variant was classified as VUS 
since no family members were available for co-segregation analysis.  

 

FLNC cascade genetic screening 
Proband #26, is a 63 yr old male (Figure S3-Family A, III-8) who had ACM diagnosis at the age of 39 yr-old after 
an arrhythmic storm. He is carrying the c.5398+1 G>T FLNC variant in exon 32 which is predicted to alter the 
canonical donor splicing site of intron 32 (HSF CV variation -33.93%, TrapScore 0.938) and to activate a cryptic 
donor site (CV variation 67.41%). Loss-of-function (LOF) is a known mechanism of ACM, and this gene displayed 
a LOF Z-Score of about 7.96. This specific variant is located on the Ig-like repeat 11 (R11) of ROD1 domain which 
forms with Ig-like repeat 12 (R12) creating one of the most compacted structures in FLNC (14). This domain pair 
(R11-R12) together with R3-R5 and R14-R15 can be unfolded by mechanical forces to expose cryptic binding sites 
(mechanotransduction). As such, this radical variant was classified as LP. Cascade genetic screening within the 
family showed that FLNC variant co-segregates with phenotype in other 7 family members.  

Proband #16, a 59 yr old male (Figure S3-Family B, II-2) who had ACM diagnosis at the age of 40, is carrying the 
missense c.1373 C>G variant in exon 8 encoding for the p.Pro458Arg substitution at the FLNC protein. This protein 
defect is localized in the Ig-like repeat 2 (R2) of ROD1 domain without a specific known function. Only 11 of the 
21 in silico predictive algorithms interrogated classified this missense variant as P, thus, PP3 criterion could not be 
ascribed, and the variant was classified as VUS due to its absence in gnomAD. All family carriers are asymptomatic 
without any clinical signs of ACM. 

Proband #22, a basketball male player who died suddenly at rest at the age of 17 (Figure S3-Family C, II-2), carried 
the nonsense c.5926C>T FLNC variant in exon 36 encoding for p.Gln1976Ter. This radical variant is localized on 
Ig-like repeat 16 (R16) of the ROD2 protein domain and it was classified as P. Detailed autoptic, and histologic 
examination revealed ACM with left-dominant pattern. No family history of the disease or Sudden cardiac death 
(SCD) were reported. 

Proband #24, 59 yr old female (Figure S3-Family D, II-2) who underwent genetic screening due to SCD of her sister 
at the age of 56 (II-1), carried the c.1623_1624insT FLNC variant in exon 10 which is leading to a premature stop 
codon after 21 aminoacids of the protein (p.Pro542SerfsTer21). Clinical evaluation of the proband showed T wave 
inversion in V1-V6 leads in ECG but no significant functional and/or tissue alterations although autopsy findings 
on the sister’s heart were compatible with ACM. This radical variant is located in the Ig-like repeat 3 (R3) of the 
ROD1 domain, which linked to R5 is hiding cryptic binding sites for filamin-partner complexes as previously 
acknowledged for the splicing site found in family A. This variant was classified as LP.  

Proband #23, a 44 yr old male (Figure S3-Family E, III-1) with family history of SCD, carried the c.3781 G>T variant 
in exon 21. Based on ACMG criteria this variant was classified as LP. This nonsense variant is leading to a 
premature stop codon p.Glu1261Ter, located in Ig-like repeat 18 of the ROD2 domain, which is essential for FLNC 
dimerization and Z-disc interaction. As such this variant probably invokes haploinsufficiency via nonsense-
mediated decay, leading to sarcomere disarray and weakened cell-cell adhesion with subsequent impaired 
mechanotransduction. The proband’s father (II-2) died at the age of 27 (no other data) and his cousin carries FLNC 
variant and was found to be affected by ACM with left-dominant pattern. His asymptomatic mother was genotype 
negative. 

CDH2 cascade genetic screening 
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In CDH2, we found the intronic c.2349+4A>G variant affecting the donor splicing site of the protein (HSF CV 
variation -10.93%, TrapScore: 0.973) in a 62 yr old woman with definite ACM diagnosis (proband #38). This splicing 
site variant is not reported in gnomAD database and its assessment by qPCR of exon14-15 demonstrated that this 
radical variant does not lead to mRNA decay since similar levels were observed between patient’s and healthy 
control samples (Figure S4). As such, it was classified as VUS /likely benign. Another rare variant of CDH2 c.*92T>A 
was identified in a 37 yr old male exhibiting ALVC pattern (proband #39). Since this non-coding nucleotide variant 
was identified at the 3’UTR of the protein and it was absent in gnomAD, it was classified as VUS. 
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Figure S1 TMEM43 pedigrees. 

Four family trees showing TMEM43 gene variant. Light blue squares and circles 
indicate affected males and females, respectively. White squares and circles indicate 
healthy males and females, respectively. The +/- sign indicates heterozygous TMEM43 
carrier; The * indicates heterozygous VCL carriers. The arrow indicates the proband; 
and the crossed-out square or circle indicates that the subject is dead. Brief clinical 
informations are reported, nsVT: non-sustained Ventricular Tachycardia; ECHO 
echocardiography; ECG: electrocardiogram; LV: Left Ventricle; LGE: Late Gadolinium 
Enhancement; LBBB: Left Ventricular Bundle Branch Block; EF: Ejection Fraction; 
TWI: T-wave inversion 

Figure S2 DES pedigrees. 

Two family trees showing DES gene variant segregation. Light blue squares and 
circles indicate affected males and females, respectively. White squares and circles 
indicate healthy males and females, respectively. The +/- sign indicates heterozygous 
DES carrier. The arrow indicates the proband; and the crossed-out square or circle 
indicates that the subject is dead. Brief clinical information are reported, ECHO 
echocardiography; LV: Left Ventricle; LGE: Late Gadolinium Enhancement. 

Figure S3: FLNC pedigrees. 

Five family trees showing FLNC gene variant segregation. Light blue squares and 
circles indicate affected males and females, respectively. White squares and circles 
indicate healthy males and females, respectively. The +/- sign indicates heterozygous 
FLNC carrier. The arrow indicates the proband; and the crossed-out square or circle 
indicates that the subject is dead. Brief clinical informations are reported. LV: Left 
Ventricle; BIV: biventricular; LGE: Late Gadolinium Enhancement; ECHO 
echocardiography; SCD: Sudden Cardiac Death; Tx: transplantation. 

Figure S4: Splicing site analysis of genetic variant CDH2 c.2349+4A>G. 

Log2Fold-change of CDH2 expression in case and control. P-value calculated by Mann-
Whitney test. 
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Figure S3 
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