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Abstract

Background: Arrhythmogenic cardiomyopathy (ACM) is a heritable disease characterized by fibro-
fatty replacement of cardiomyocytes, has a prevalence of approximately 1 in 5000 individuals, and
accounts for approximately 20% of sudden cardiac death in the young (<35 years). ACM is most
often inherited as an autosomal dominant trait with incomplete penetrance and variable expres-
sion. While mutations in several genes that encode key desmosomal proteins underlie about half

of all ACM, the remainder is elusive genetically.

Objective: Here, whole exome sequencing (WES) was performed with genomic triangulation in an
effort to identify a novel explanation for a phenotype-positive, genotype-negative multi-

generational pedigree with a presumed autosomal dominant, maternal inheritance of ACM.

Methods: WES and genomic triangulation was performed on a symptomatic 14-year-old
female proband, her affected mother and affected sister, and her unaffected father to eluci-
date a novel ACM-susceptibility gene for this pedigree. Following variant filtering using
Ingenuity® Variant Analysis, gene priority ranking was performed on the candidate genes using
ToppGene and Endeavour. The phylogenetic and physiochemical properties of candidate muta-
tions were assessed further by 6 in silico prediction tools. Species alighment and amino acid
conservation analysis was performed using the Uniprot Consortium. Tissue expression data

was abstracted from Expression Atlas.

Results: Following WES and genomic triangulation, CDH2 emerged as a novel, autosomal domi-
nant, ACM-susceptibility gene. The CDH2-encoded N-cadherin is a cell-cell adhesion protein
predominately expressed in the heart. Cardiac dysfunction has been demonstrated in prior CDH2
knockout and over-expression animal studies. Further in silico mutation prediction, species conser-
vation, and protein expression analysis supported the ultra-rare (minor allele frequency <0.005%)

p.Asp407Asn-CDH2 variant as a likely pathogenic variant.

Conclusions: Herein, it is demonstrated that genetic mutations in CDH2-encoded N-cadherin may
represent a novel pathogenetic basis for ACM in humans. The prevalence of CDH2-mediated
ACM in heretofore genetically elusive ACM remains to be determined.

KEYWORDS
area composita, arrhythmogenic right ventricular cardiomyopathy, desmosome, N-cadherin, sud-
den cardiac death, ARVC
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1 | INTRODUCTION

Arrhythmogenic cardiomyopathy (ACM) is an inherited heart muscle dis-
ease characterized by fibrofatty replacement of cardiomyocytes in the
myocardium, potential for either life threatening or fatal ventricular
arrhythmias, and the possibility for progressive ventricular enlargement
and dysfunction leading to heart failure and the potential need for car-
diac transplantation.*? ACM has a prevalence of approximately 1 in
5000 individuals and accounts for approximately 20% of individuals who
experience sudden cardiac death (SCD) before the age of 35 years.2

ACM is known traditionally for right ventricular (RV) cardiomyopa-
thy and lethal arrhythmias that originate from the right ventricle, hence
its previous designations as either arrhythmogenic right ventricular dys-
plasia (ARVD) or arrhythmogenic right ventricular cardiomyopathy
(ARVC). However, left ventricular (LV) involvement is recognized
increasingly.2® Clinical presentation is variable and diagnosis is often dif-
ficult during early phases of disease when structural changes are not
well developed, yet patients are still susceptible to potentially lethal
arrhythmias. Diagnostic tests include structural, histological, electrocar-
diographic, and genetic tests to establish the presence of this disease.*””

ACM is most often inherited as an autosomal dominant trait with
variable expression and incomplete penetrance; however, recessive
models have also been identified.? The majority of genetically estab-
lished ACM is due to mutations in genes that encode critical proteins
of the cardiac desmosome including desmocollin-2 (DSC2), desmoglein
(DSG2), desmoplakin (DSP), plakoglobin (JUP), and plakophilin-2
(PKP2).128-13 Desmosomes are one of three junctional complexes
(desmosomes, adherens junctions, and gap junctions) located at the
intercalated discs (ID) of cardiomyocytes that are critical for proper cell
structure, composition, cell-cell adhesion, cell-cell electrical and signal-
ing communication, and tissue integrity when exposed to mechanical
stress. 21> Although ACM is viewed as a “disease of the desmosome”
with mutations in the aforementioned genes accounting for about half
of all ACM, the remaining half of ACM is still elusive genetically.X%”
Patients who satisfy task force criteria for ACM but have a negative
ACM genetic test are referred to as genotype-negative/phenotype-
positive.

Here, we performed whole exome sequencing (WES) with genomic
triangulation to identify a novel pathogenetic basis for one such geno-
type-negative/phenotype-positive, multigenerational ACM pedigree
with a presumed autosomal dominant maternal inheritance pattern.
Following WES and genomic triangulation, CDH2 (cadherin-2) emerged

as a novel ACM gene.

2 | METHODS

2.1 | Autosomal dominant arrhythmogenic
cardiomyopathy (ACM) pedigree

A family with autosomal dominant ACM was referred to the Mayo
Clinic Windland Smith Rice Sudden Death Genomics Laboratory for
further research-based genetic testing following negative clinical

genetic testing for known cardiomyopathy-associated genes including
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all known ACM-susceptibility genes. The index case was a 14-year-old
female who presented with exercise-induced syncope during athletic
activity and was diagnosed subsequently with ACM. Evaluations of her
first-degree relatives demonstrated ACM in her affected mother, older
sister, and younger brother while her father was unaffected (Figure
1A). Following written informed consent for this study, which was
approved by the Mayo Clinic IRB, blood was collected for all five family
members and genomic DNA was isolated.

2.2 | Whole exome sequencing (WES)

WES and subsequent variant analysis was performed on genomic DNA
derived from the symptomatic index case, affected mother, affected
sister, and unaffected father by the Mayo Clinic Advanced Genomics
Technology Center and Bioinformatics Core facility as previously
described.*®? Paired-end libraries were prepared following the manu-
facturer’s protocol (Agilent) using the Bravo liquid handler from Agilent.
A Covaris E210 sonicator was used to fragment 1-3 pg of genomic
DNA to 150-200 bp. Ends were repaired and an “A” base was added to
the 3’ ends. Paired end Index DNA adaptors (Agilent) with a single “T”
base overhang at the 3’ end were ligated. Resulting constructs were
purified using AMPure SPRI beads (Agencourt). Adapter-modified DNA
fragments were enriched by 4 cycles of PCR using SureSelect forward
and SureSelect ILM Pre-Capture Indexing reverse (Agilent) primers.
Agilent Bioanalyzer DNA 1000 chip determined the concentration and
size distribution of the libraries.

Whole exon capture was performed based on the protocol for Agi-
lent’s Sure SelectXT Human All Exon V5 + UTR kit. Whole exon biotin-
ylated RNA capture baits were incubated with 750 ng of the prepped
library for 24 hours at 65°C. Captured DNA:RNA hybrids were recov-
ered with Dynabeads MyOne Streptavidin T1 (Dynal) and DNA was
eluted from the beads and purified using Ampure XP beads (Agen-
court). To amplify the purified capture products, Sure Select Post-
Capture Indexing forward and Index PCR reverse primers (Agilent)
were used. Following lllumina’s standard protocol, exome libraries were
loaded onto paired end flow cells at equimolar concentrations of 7-8
pM to generate cluster densities of 600 000-800 000/mm? using the
Illumina cBot and HiSeq Paired end cluster kit version 3. Each lane of a
HiSeq flow cell produced 21-39 Gbases of sequence and the level of
sample pooling was controlled by the size of the capture region and
the desired depth of coverage. The flow cells were sequenced as 101
X 2 paired end reads on an lllumina HiSeq 2000 using TruSeq SBS
sequencing kit version 3 and HiSeq data collect version 2.0.12.0 soft-
ware. Base-calling was performed using lllumina’s RTA version
1.17.21.3.

The lllumina paired end reads were aligned to the hgl9 reference
genome using Novoalign (Selangor, Malaysia) followed by the sorting
and marking of duplicate reads with Picard (http://picard.sourceforge.
net). Local realignment of insertions/deletions (INDELs) and base qual-
ity score recalibration was performed with Genome Analysis Toolkit
(GATK). Single nucleotide variants (SNVs) and INDELs were called
across all of the samples simultaneously using GATK’s UnifiedGeno-

typer with variant quality score recalibration.2®
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FIGURE 1 Whole exome sequencing and familial genomic triangulation for the elucidation of a novel pathogenetic substrate for

arrhythmogenic cardiomyopathy. (A) ACM pedigree with autosomal
and diagnosis of the index case (l11.2), affected sister (l1.1), affected

dominant maternal inheritance pattern showing clinical presentation,
brother (111.3), and affected mother (I.2). Whole exome sequencing was

performed on family members circled in blue and the DNA Sanger sequence results were noted (negative for p.Asp407Asn variant = (—);
positive for p.Asp407Asn variant = (+). (B) 50mm/s 12 lead electrocardiogram (AvL, |, AvR, II, AvF, lll, and V1-Vé) of index case (ll.2)
showing frequent PVCs from two different foci and T-wave inversions in leads V1-V3. (C) Apical four-chamber view of index case’s echo-
cardiogram performed at age 15 showing mild dilation of right ventricle.

Following WES, sequencing data was analyzed using QIAGEN's
Ingenuity® Variant Analysis™ Software (Qiagen, Redwood City, CA).
Only variants with acceptable quality scores (read depth >10, genotype
quality >20) and present in genes outside the top 1% of genes with
high variability were included. To be considered potentially disease-
causing, the variant had to be (1) ultra-rare (minor allele frequency
[MAF] <0.005% in Allele Frequency Community [AFC, n = 130,000],2
Exome Aggregation Consortium [EXAC, n = 60,706],22 and the National
Heart, Lung and Blood Institute Grand Opportunity Exome Sequencing
Project [ESP, n = 6,503]%% databases), (2) non-synonymous (i.e., frame-
shift insertion/deletion (INDEL), in-frame INDEL, missense, nonsense,
or splice error), and (3) present in the index case/proband, affected
mother, and affected sister while absent in the unaffected father.

Priority ranking was performed on candidate genes identified by
Ingenuity® Variant Analysis using the publically available ToppGene®*
(https://toppgene.cchmc.org) and Endeavour®® (https://endeavour.
esat.kuleuven.be) disease-network analysis gene ranking algorithms
based on association to the currently known ACM-susceptibility genes
(DSC2, DSG2, DSP, JUP, PKP2, and TMEM43). Gene priority ranking was
performed using default settings for each tool. A final composite gene
rank list was assembled based on the combined ranks from both tools

to determine the best candidate gene (Table 1).

2.3 | DNA Sanger sequencing for variant confirmation

Following design of variant-specific primers (sequences available upon

request), standard PCR and DNA dye terminator cycle sequencing pro-

tocols were performed and an ABI Prism 377 automated sequencer
(Applied Biosystems Inc., Foster City, CA) was used for direct DNA
Sanger sequencing confirmation of the CDH2 (NM_001792) mutation
(c.1219G>A) in the index case, affected mother, affected sister, and
affected brother. Absence of the mutation was also confirmed in the
unaffected father. DNA sequence chromatograms were analyzed using
Chromas version 1.45 (Queensland, Australia) and Sequencher® ver-
sion 5.4.1 sequence analysis software (Gene Codes Corporation, Ann
Arbor, Ml, USA).

2.4 | In silico analysis

The phylogenetic and physiochemical properties of the patient-derived
CDH2 mutation were assessed by 6 in silico prediction tools: PolyPhen2
(“polymorphism phenotyping”), PROVEAN (“Protein Variation Effect
Analyzer”), SIFT (“Sorting Intolerant From Tolerant”), Mutation Asses-
sor, fathmm (“functional analysis through hidden Markov models”), and
Align GVGD (Grantham Variation and Grantham Deviation). The
assumptions and exact methodology utilized by each tool have been
described previously.24~3% The C-score, generated through the Com-
bined Annotated Dependent Depletion (CADD), was determined.
CADD is an integrated analysis from over 60 functional predication
annotations to determine overall “pathogenic” likelihood of a patient-
derived protein variant.3* A C-score over 30 indicates that the variant
is amongst the top 0.1% of deleterious variants in the human genome
(e.g., C-score of 20 = variant in top 1%).%* Species alignment and amino

acid conservation analysis was performed using the Uniprot
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Consortium.®® Tissue expression data was abstracted from Expression
Atlas (https://www.ebi.ac.uk/gxa/home).

Total rank

3 | RESULTS

3.1 | Autosomal dominant ACM pedigree

A European family with a diagnosis of ACM and presumed autosomal

dominant maternal inheritance pattern was referred for research-based

Combined
rank of Endeavour/
ToppGene

Rank
10
14

genetic analysis following a negative genetic test for ACM (Figure 1A).
The phenotype and components of the Task Force Criteria (TFC) sup-
porting the diagnosis of ACM for each of the family members are sum-
marized in Table 2. The index case (Ill.2) was a 14-year-old female who
first experienced exercise-induced near-syncopal events during athletic
activity. She participated regularly in sports, with handball as her sport
of choice. Following these sentinel events, her physical capacity

declined because of worsening shortness of breath and continued

No. of in silico tools
predicting mutation as
pathogenic (out of 6 tools)

N/A

near-syncopal events. Her electrocardiogram (ECG, Figure 1B) revealed
low voltage T-wave inversion (leads V1-V3) and frequent premature
ventricular contractions (PVCs) mainly originating from the right ventri-
cle outflow tract (RVOT), but also PVCs from the LV were observed.
Her echocardiogram showed a dilated right ventricle (RV) with reduced
function, and a mildly reduced LV function (Figure 1C). Cardiac mag-
netic resonance (CMR) imaging showed a dilated RV with hypokinesia
and a RV ejection fraction (EF) of approximately 40%. The CMR did
not show dyskinesia, wall thinning or fatty infiltration. The exercise

Skeletal muscle, prostate gland,

colon, adipose tissue
Adrenal gland, brain, testis,

Adipose tissue, colon, breast,
thyroid gland

Tissue expression 1
Heart, testis, brain, liver
prostate gland

Ovary, prostate gland,
adipose tissue, breast
Adipose tissue, lung,
leukocyte, kidney
Ovary, prostate gland,
adipose tissue, breast

stress test showed frequent multifocal PVCs and at increasing work-
load, 10 beats of non-sustained ventricular tachycardia (NSVT) at a

rate of 230 beats per minute. Furthermore, she reported nausea and

55

chest discomfort during stress test, leading to early termination of the

1.14

2.6

score (EXAC)
2.

Constraint

-0.62

-1.09
0.00*

-0.99

test. A myocardial biopsy showed fibrosis without fatty infiltration.
Based on these findings, she was diagnosed with ACM, began
drug therapy with beta blockers and received an implantable cardi-
overter defibrillator (ICD). Since her clinical diagnosis in 2010, her ICD
has recorded >700 episodes of NSVT, delivered 2 episodes of anti-

gnomAD
(MAF)
1.89E-05
3.18E-05
3.96e-6
1.12E-04
4.36E-05
3.96E-06

0

tachycardia pacing, and has delivered two appropriate VT-terminating
shocks. Since her initial presentation 7 years ago, the index case has

developed significant RV dilatation with both hypokinesia and dyskine-

p.Asp407Asn
p.Arg2276His
p.Lys1042Met
p.Tyr273Cys
p.Glu214del
p.Arg89GIn
p.Tyr72Cys

Variant

sia and an aneurysm of the apical RV (Supporting Information Video).
Because the index case fully satisfied TFC for ACM, her first-
degree relatives underwent cardiologic evaluation as recommended by
clinical guidelines. The index case’'s mother’s (I1.2) ECG showed low
voltage and T-wave inversion in V1 and in the inferior leads. Repeated
Holter monitoring showed around 1000 PVCs/24 hours. The echocar-
diogram displayed a mildly dilated LV and with LVEF of 42%. From a
cardiac standpoint, she has been lifelong asymptomatic with a normal

exercise stress test and the CMR displaying a normal RV. However,

Adaptor Related Protein Com-

VPS33B, Late Endosome And
plex 3 Sigma 2 Subunit

N-cadherin or Cadherin 2
Chondroitin Sulfate
Proteoglycan 4
Protocadherin 18
Actin-Related Protein 2/3
Complex Inhibitor
Lysosome Associated
SEC14 Like Lipid Binding 1

Gene name

areas of prominent hypertrabeculations in the LV were observed. The
sister (Ill.1) was evaluated at 18-years-old. She was previously healthy,
except for three knee operations, which had for several years pre-
vented her from regular exercise. She had experienced palpitations,

which were accompanied by nausea. Her ECG showed T-wave

C150rf38-AP3S2

CSPG4
PCDH18
ARPIN/
VPS33B
SEC14L1
AP352

Gene
CDH2
B+ For each gene, the top four tissues with highest levels of gene expression are listed in order from greatest level to lowest level of expression.

TABLE 1 Disease-network analysis candidate gene ranking and in silico analyses of the seven potential genes of interest
AMAF, minor allele frequency; EXAC, Exome Aggregation Consortium; *, pLI (probability of being loss-of-function intolerant score).

inversion in V1-V5 and the inferior leads, the signal-averaged ECG was
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Total Variants Identified
140,696

J

Variants with Acceptable Quality Score
Read depth of at least 10, Genotype quality of at least 20
110,110

Rare Variants Filter
Minor Allele Frequency (MAF) <.005% in, AFC, EXAC and ESP
3,582

J

Non-Synonymous Variants
Frameshift, In-frame Indel, Missense, Nonsense, Splice Error
56
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Maternal Dominant Inheritance
7 variants/genes
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Gene Ranking
Link to appropriate phenotype associated pathways
p.Aspd07Asn-CDH2
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B) C)| Proband LTvT[NKDQP
Normal Control Homo Sapiens Human LTVT|D|KDQP
c.1219G Pongo abelii Sumatran orangutan LTvT|o|kDaP

4 Otolemur garetti Small-eared galago LTvT|p|kDaP

Callithrix jacchus White-tufted-ear marmoset LTVT|D|KDQP

Bos taurus Bovine LTVT|DIKDQP

Mus musculus Mouse LTVT|DIKDQP

Index Case Rattus norvegicus Rat LTVT|D|KDQP
c.1219G>A Rhinolphus ferrumequinum Greater horseshoe Bat LTVT [D|KDQP

l Gallus gallus Chicken LTVT [D|KDQP

Xenopus laevis African clawed frog LTVT|D|KDQP

Danio rerio Zebrafish LTVT |DJKDEP

FIGURE 2 Whole exome sequencing, variant filtration, DNA Sanger sequencing, and species confirmation for the identification of a novel
likely pathogenic substrate. (A) Flow diagram of the variant filtering process following whole exome sequencing and results for autosomal
dominant maternal inheritance model. (B) Sanger sequencing confirmation of the p.Asp407Asn-CDH2, (c.1219G>A) variant. Shown are
Sanger sequencing chromatograms from a normal control and the index case. The location of the mutation is depicted by the arrow. (C)
The p.Asp407-CDH2 amino acid location with highlights showing species conservation.

positive for late potentials, and her echocardiogram displayed a dilated
RV with reduced function. Her CMR showed a dilated RV with RVEF
of 44%, some RV wall thinning, but no akinesia or late gadolinium
enhancement, and her LV function was normal. Her exercise stress test
displayed multifocal PVCs with NSVT at a maximum load of 175 watts.
She was diagnosed with ACM, started on beta blocker therapy, and
also received an ICD as primary prevention. The brother (Ill.3) was
diagnosed with coarctation of the aorta (CoA) shortly after birth for
which he underwent surgical repair at 2 months of age and more
recently, a CoA re-repair in 2016 (18 years old). He had been healthy
without ACM-associated symptoms. Although his ACM phenotype on
initial screening was fairly unremarkable, his LVEF showed rapid deteri-
oration subsequently to 40% in 2015, which has progressed to a LVEF
of 25%, with increasing diameter, in the year 2016. His Holter recorded
5000 PVCs/24h. The CMR in 2017 showed dilated LV with LVEF of
27% and RVEF of 39%, and in addition, there were areas of prominent

hypertrabeculations involving the LV lateral wall.

3.2 | WES and variant filtration for the identification
of a novel pathogenic substrate

WES was performed on the index case, affected mother, affected sis-

ter, and unaffected father. The WES results were filtered considering

an autosomal dominant maternal inheritance pattern (Figure 2A). Fol-
lowing initial filtering, the proband had a total of 110,110 variants with
an acceptable quality score. Of these, 3582 variants were considered
ultra-rare with a MAF <0.005% (1 in 20, 000 alleles) in AFC, EXAC and
ESP databases. Fifty-six variants were non-synonymous or protein-
altering variants. Of these, 7 variants were present in both her affected
mother and affected sister but were absent in the unaffected father
and therefore represented potential disease-causing candidate variants
(Figure 2A, Table 1).

Following WES and genomic triangulation, these seven candidate
genes (AP3S2, ARPIN/C150rf38-AP3S2, CDH2, CSPG4, PCDH18,
SEC14L1, VPS33B) were subjected to disease-network analysis ranking
using ToppGene and Endeavour. The CDH2 (N-cadherin; NM_001792)
gene, which encodes for a classical cadherin from the cadherin super
family and is a calcium dependent cell-cell adhesion molecule involved
in dimerization and homophilic binding, emerged as the top ranked
ACM-susceptibility gene (Table 1).

Sanger DNA sequencing confirmed the autosomal dominant, het-
erozygous p.Asp407Asn-CDH2 (c.1219G>A) missense mutation in all
affected individuals, including the affected brother whose sample did
not undergo WES (Figure 2B). The p.Asp407Asn-CDH2 variant is
extremely rare and was absent among >140 000 individuals from gno-
mAD?2 (http://gnomad.broadinstitute.org/gene/ENSGO0000170558).
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FIGURE 3 Molecular composition of the intercalated disc (ID) composed of three junctional complexes: gap junctions, desmosomes, and
adherens junctions. Gap junctions include connexins, mainly connexin-43, which is located in the heart. Desmosomes make cell-cell connec-
tions via desmosomal cadherins that connect to the armadillo desmosomes, plakoglobin-2 and desmoplakin, which then recruit the desmin
intermediate filaments. Lastly, the adherens junction is composed of N-cadherin, which is heart specific and has a calcium-dependent ecto-
domain. The adherens junctions are located in close proximity to the desmosomes, creating a hybrid junction called the area composita. N-
cadherin is extracellular and connects to the cell via B-catenin (or plakoglobin) and a-catenin, which then binds to vinculin and then F-actin.
In the heart, two forms of a-catenin exist, aT-catenin (enriched in heart) and «E-catenin (widely expressed). «T-catenin can bind
plakophillin-2 (desmosome), as well as B-catenin (plakoglobin), which has been shown to be an essential component for the stability of the
area composita. It is suggested that the area composita enables the four chamber heart to withstand the mechanical stress and various pro-
teins in the hybrid junction need to work together for proper function of the ID. Therefore, ACM may then be thought of as a disease of

the area composita versus just a disease of the desmosomes.

3.3 | In silico mutation prediction, species
conservation, and protein expression analysis

To gain additional insight into the potential damaging effect of p.
Asp407Asn-CDH2, in silico tools, developed to assess the phylogenetic
and/or physiochemical properties of amino acids altered by a genetic
mutation, were used in order to predict the likelihood of pathogenicity
of this variant. Four of the six tools (PolyPhen2, PROVEAN, SIFT, and
Mutation Assessor,) predicted a damaging or deleterious effect of p.
Asp407Asn-CDH2, while two of the tools (fathmm, and Align GVGD)
predicted a tolerated effect. The p.Asp407Asn-CDH2 variant has a
CADD C-score of 32. Recall that a C-score over 30 indicates that the
variant is amongst the top 0.1% of deleterious variants in the human
genome.®® The p.Asp407Asn-CDH2 variant is conserved highly across
several species ranging from human to zebrafish (Figure 2C).3°> The
expression of CDH2 is highest in heart (108), followed by testis (25),
brain (16), and liver (10) (Table 1).2¢ The p.Asp407Asn-CDH2 variant
localizes to the extracellular domain 3 (EC3) of the five homologous
domains (EC1-EC5) of N-cadherin that are critically important in cell-

cell adhesion (Figure 3). Overall, the tools provide additional in silico
support for the consideration of p.Asp407Asn-CDH2 as the likely path-

ogenic variant responsible for this family’s ACM.

4 | DISCUSSION

WES, familial genomic triangulation, and systems biology/disease net-
work analysis-based gene ranking has been shown to be a powerful
tool for identifying novel pathogenetic substrates for genetically elusive
heart disease.r” Employing this strategy, we identified a novel CDH2
missense mutation (c.1219G>A, p.Asp407Asn) in an autosomal domi-
nant ACM pedigree, thus implicating CDH2-encoded N-cadherin as a
novel gene underlying the genetic basis for cases of ACM. Notably,
this precise missense mutation, p.Asp407Asn, has also been identified
recently in a sporadic case of ACM (Personal Communication with Lia
Crotti, Peter Schwartz, and Bongani Mayosi, February 16, 2017). Based
on current knowledge, p.Asp407Asn would meet the American College
of Medical Genetics and Genomics (ACMG) guideline definition of a
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“likely pathogenic” variant.®” It remains to be determined what fraction
of the 50% of ACM cases, that will have a negative, current generation
ACM genetic test, might stem from perturbations in CDH2-encoded N-
cadherin.

Cardiomyocytes are interconnected extensively from end-to-end
through their intercalated discs (ID). These specialized structural com-
ponents, consisting of three main junctional complexes (desmosomes,
adherens junctions, and gap junctions), are essential for cell-cell adhe-
sion and electrical, mechanical, and signaling communication between
cardiomyocytes. While gap junctions are important for maintaining
chemical and electrical coupling of neighboring cells, desmosomes and
adherens junctions form the mechanical intracellular junctions that are
important for maintaining cell adhesion and structural integrity of tis-
sues when exposed to mechanical stress. In cardiac desmosomes, two
transmembrane bound proteins of the desmosomal cadherin’s,
desmoglein-2 (DSG2) and desmocollin-2 (DSC2) facilitate intracellular
adhesion and serve as a scaffold for the binding of armadillo proteins
plakoglobin (JUP) and plakophilin-2 (PKP2), which in turn associate
with desmoplakin (DSP) to complete the link with desmin intermediate
filaments (Figure 3). These are specialized cell adhesion junctions that
anchor cells to the network of intermediate filaments and are critical in
maintaining myocardium integrity.2**°> Cardiac adherens junctions con-
sist of N-cadherin, a classical cadherin in the heart, which mediates
calcium-dependent cell-cell adhesion and creates a binding platform
for beta-catenin and plakoglobin, and thereby, are ultimately a direct or
indirect link with the F-actin cytoskeleton. Until recently, it was
thought that desmosomes and adherens junctions represented distinct
junctional complexes of the ID. However, in 2006, Franke et al. demon-
strated that hybrid junctions, referred to as area composita, consisting
of classical desmosome and adherens junction proteins, comprise the
majority of intercellular junctions in the heart of higher ordered mam-
malian species, including humans.*84° Studies have suggested that the
area composita facilitates adherence for the immense mechanical stress
of the four-chambered heart and studies have demonstrated that vari-
ous proteins of this complex are dependent on one another for proper
functioning.38-42

Disruption of these major cell adhesion junctions, that anchor cells
to the intermediate filament network and actin cytoskeleton of the car-
diomyocyte, leads to progressive myocyte loss followed by fibro-fatty
tissue replacement, and the potential for life-threatening arrhythmias
that define clinically the primary inherited cardiomyopathy known as
ACM. The majority of ACM is due to disease-causing mutations in
genes encoding for desmosome proteins, including desmocollin-2, des-
moglein-2, desmoplakin, plakoglobin, and plakophilin-2.** However,
recently, mutations in CTNNA3-encoded aT-catenin have been impli-
cated in ACM suggesting that the area composita may also play an
important role in the etiology of the disease.'**° The aT-catenin pro-
tein functions as a cytoskeletal linker that specifically brings the des-
mosomes and adherens junctions together in the ID.2*4° Co-
localization of aT-catenin and the desmosome proteins PKP2, DSG2,
and DSP as well as co-localization with other molecules of cadherin/

catenin complex, B-catenin, and N-cadherin has been demon-
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strated.***° Additionally, plakoglobin (JUP), the first component of the
desmosome to be implicated in ACM, interacts with desmosomes and
N-cadherin.?>%3

N-cadherin is a type | classical cadherin comprised of 906 amino
acids and three distinct structural motifs, including five calcium depend-
ent, tandem repeated extracellular domains (“ectodomain,” amino acid
positions 160-724), a single transmembrane spanning region (positions
725-745), and an intracellular protein binding domain (positions 746-
906).154445 The 159 amino acid N-terminal represents signal and pre-
cursor peptides that are cleaved during processing and maturation of N-
cadherin, required before the protein is presented at the cell surface.*
The extracellular homologous ectodomain cadherin repeats (EC1-EC5)
play a critical role in dimerization of adjacent N-cadherins and the homo-
philic binding and adhesion to a neighboring cardiomyocyte.*>*”4¢ The
adhesive activity of the ectodomain is controlled by the cytoplasmic cat-
enins, which mediate linkage of the N-cadherin to the actin cytoskeleton
(Figure 3).%>*74? The likely pathogenic, p.Asp407Asn-CDH2 variant dis-
covered in our pedigree localizes to the EC3 domain of N-cadherin.

Zhang et al. (2009) found that cadherin monomers interact
through the EC1 domains of opposing cells for a trans adhesive bind-
ing, however, the adhesion is strengthened by the lateral clustering of
the cadherins.>® In classical cadherins, all EC domains contribute to the
formation of the homophilic bonds and generate stronger cell adhesion
forces.*”°%51 Fichtner et al. (2014) established in E-cadherin (a type |
classical cadherin preferentially expressed in the thyroid gland and kid-
ney), that the EC3 domain is involved specifically in dimerization with
an adjacent E-cadherin on the same cell as well as cell-cell binding.>*

To date, apart from this study and the study of Mayosi et al., no
human studies have implicated N-cadherin in the pathogenesis of ACM
or any other heritable cardiomyopathy. However, various animal
models of cardiomyopathy have demonstrated that N-cadherin is a
critical factor in the pathogenesis of cardiac development and function.
Kostetskii et al. (2004) demonstrated that an N-cadherin knockout
(KO) mouse model displayed dissolution of the adherens junctions, des-
mosomes, and area composita resulting in absence of ID structure,
which resulted in ventricular tachycardia, moderate biventricular car-
diomyopathy, and SCD.*° In 2005, Li et al. demonstrated that cardiac-
specific loss of N-cadherin in mice resulted in mild dilated cardiomyop-
athy and significant decrease in gap junction protein expression (Cx40
and Cx43), which resulted in conduction slowing and arrhythmogene-
sis.>? Bagatto et al. (2009) showed that N-cadherin was critical in cardi-
ovascular development and physiological performance in a zebrafish
heart.>® It remains to be determined the precise pathobiology that
ensues from this particular perturbation in N-cadherin, p.Asp407Asn-
CDH2, and whether it culminates in the “Towbin-esque final common
pathway” of a diseased desmosome, or perhaps now more comprehen-

sively, a disease of the area composita.>*

5 | CONCLUSION

Traditionally, ACM has been referred to as a disease of the desmo-

somes. However, recent studies have demonstrated that functional
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disruption of proteins that comprise adherens junctions and the area
composita may also represent underlying pathogenic mechanisms in
ACM. Recently, N-cadherin has been at the forefront of cardiomyopa-
thy research due to its importance in ID structure/function and N-
cadherin’s critical role in heart development, function, and maintaining
structural integrity of the heart. Herein, we demonstrate that genetic
mutations in CDH2-encoded N-cadherin may represent a novel patho-

genetic basis for ACM in humans.
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