European Journal of Human Genetics (2013) 21, 1226-1231
© 2013 Macmillan Publishers Limited All rights reserved 1018-4813/13

www.nature.com/ejhg

Identification of a PKPZ2 gene deletion in a family with
arrhythmogenic right ventricular cardiomyopathy
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Arrhythmogenic right ventricular cardiomyopathy (ARVC) is a primary heart muscle disease characterized by progressive
myocardial loss, with fibro-fatty replacement, and high frequency of ventricular arrhythmias that can lead to sudden cardiac
death. ARVC is a genetically determined disorder, usually caused by point mutations in components of the cardiac desmosome.
Conventional mutation screening of ARVC genes fails to detect causative mutations in about 50% of index cases, suggesting a
further genetic heterogeneity. We performed a genome-wide linkage study and a copy number variations (CNVs) analysis, using

high —density SNP arrays, in an ARVC family showing no mutations in any of the desmosomal genes. The CNVs analysis
identified a heterozygous deletion of about 122 kb on chromosome 12p11.21, including the entire plakophilin-2 gene and
shared by all affected family members. It was not listed on any of available public CNVs databases and was confirmed by
quantitative real-time PCR. This is the first SNP array-based genome-wide study leading to the identification of a CNV
segregating with the disease phenotype in an ARVC family. This result underscores the importance of performing additional
analysis for possible genomic deletions/duplications in ARVC patients without point mutations in known disease genes.
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INTRODUCTION
Arrhythmogenic right ventricular cardiomyopathy (ARVC) (MIM no.
107970) is an inherited cardiac disease characterized by fibro-fatty
replacement of myocardial tissue, primarily affecting the right
ventricle, even if the left ventricle is frequently involved. It is clinically
characterized by the presence of high incidence of ventricular
arrhythmias that can lead to sudden cardiac death, particularly in
young people and athletes.!~

To date, causative mutations have been identified mainly in genes
encoding desmosomal proteins: plakoglobin (JUP),** desmoplakin
(DSP),S  plakophilin-2  (PKP2),/ desmoglein-2 (DSG2)® and
desmocollin-2 (DSC2).? Additional mutations in extradesmosomal
genes have been recognized as rare causes of ARVC or of clinical
overlap syndromes mimicking ARVC.!%!> The emerging genetic
profile of ARVC has fostered the view that desmosomal dysfunction
may be the final common pathway underlying the disease.

The large majority of ARVC mutations identified so far are point
mutations, either missense or splice-site variations or short indels.'®-1°

In a unique systematic study, applying Multiplex Ligation-
dependent Probe Amplification (MLPA) on 169 Dutch ARVC patients,
large copy number variants involving PKP2 gene were detected in three
(1,8%) cases.!® Very recently, a deletion of the entire coding region of
PKP2 gene (excluding exon 1) and a 7.9 Mb deletion of chromosome
12p12.1-p11.1 encompassing PKP2 exons 1-14 were identified in two
ARVC cases, by chromosomal oligo-array analysis and/or MLPA.20

Conventional mutation screening in the desmosomal genes fails to
detect causative mutations in about 50% of index cases,® suggesting
further genetic heterogeneity or presence of large deletions/
duplications involving known genes.

In the present study, we performed a genome-wide linkage study
and a copy number variation (CNV) analysis aimed to identify novel
disease gene and/or large pathogenic CNVs in an ARVC family
negative for point mutations in desmosomal genes.

We report the first case of a PKP2 CNV detected by using high-
density SNPs array and segregating with the disease phenotype within
the family.

MATERIALS AND METHODS
Clinical study
The proband was a male who was examined at the age of 46. His three-
generation family consisted of 21 individuals (10 males and 11 females), aged
from 23-83 years (Figure 1). After completing the proband diagnostic
evaluation, all relatives have been approached for clinical examinations,
independently of the presence of cardiac symptoms. All participating subjects
gave written informed consent for clinical and genetic studies, according to the
pertinent Italian legislation and in compliance with the Helsinki declaration.
The study protocol for clinical evaluation included a detailed personal/
family history, physical examination, 12-lead electrocardiography (ECG), signal
averaged ECG (SAECG), 24-h Holter monitoring, two-dimensional and
Doppler echocardiogram and stress test. According to the programmed clinical
follow-up, the clinical evaluation (ECG, SAECG and echocardiogram) was
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Figure 1 Pedigree of the ARVC family. Proband is indicated by the arrow.
Circles denote females; squares denote males. Black and white symbols
represent clinically affected and unaffected individuals, respectively; gray
symbol indicates the subject with minor signs of the disease. Asterisks
denote subjects carrying the heterozygous PKPZ2 deletion; traits indicate a
normal gene copy number.

performed every 6 months in subjects showing clinical signs of the disease and
every 12 months in the remaining family members. The clinical follow-up was
performed by the same clinical staff, composed of two physicians. The
duration of the follow-up of the proband was 23 years; the mean follow-up
duration of family members was 19+ 5 years (range 13-22 years).

The original diagnosis of ARVC in the proband was put forward in 1995,
according to 1994 International Task Force criteria.2! Then, after the
publication of the 2010 modified Task Force criteria,?? all subjects were re-
evaluated and both proband and affected family members fulfill the current
diagnostic criteria.??

Subjects were considered affected by a mild, moderate or severe form of the
disease on the basis of echocardiographic evaluation.?? In particular, patients
were subdivided by echocardiography investigations into three groups
according to right ventricular (RV) end-diastolic volume (RVEDV): (1) mild
form—a normal or slightly increased RVEDV (<75ml/m?) with localized
hypokinetic or akinetic areas, in the presence or absence of trabecular
disarrangements and thickened, hyperechogenic or dense moderator band;
(2) moderate form—a 75-120 ml/m?> RVEDV with localized hypokinetic or
akinetic and/or dyskinetic areas and/or trabecular disarrangement and
thickened, hyperechogenic or dense moderator band; (3) severe form—an
RVEDV > 120 ml/m? with widespread akinetic and/or dyskinetic areas of the
RV and diastolic bulging.

Mutation screening

The coding regions of PKP2, DSP, DSG2, DSC2 and JUP genes were screened
for mutations in the index case. Each sequence was amplified from genomic
DNA by PCR assay. Primer sequences are available on request. The analysis was
performed by Denaturing High Performance Liquid Chromatography
(DHPLC, Transgenomic, NE, USA) and direct sequencing.

SNP array genotyping

Individual genotyping was performed using the high-density SNP marker set
Infinium HumanCNV370-Duo BeadChip (Illumina, San Diego, CA, USA),
which includes 370 404 markers. For each family member, 200 ng of DNA was
analyzed on Illumina Iscan System (Illumina, San Diego, CA, USA), according
to the manufacturer’s protocol.

Linkage analysis
The raw genotyping data were processed by Plink software v1.07.2* Genetic
distances between markers were determined using the deCODE genetic map?”
and base pair positions, as well as the marker’s order, were obtained from the
human reference sequence assembly (hgl9 release, February 2009) (http://
genome.ucsc.edu).

All allele calls were checked for Mendelian inconsistencies by Plink. The
reliability of the called genotypes was evaluated based on the call rate,
removing SNPs with call rates <95%. To avoid potential bias caused by rare
alleles, only SNPs with minimum allele frequency > 1% were considered for
the analysis. SNPs in the same physical position or mapped on multiple loci
were not included in the analysis.
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The genome-wide linkage study was performed with GeneHunter software
version 2.1,%° through the graphical user interface FasyLinkage Plus v5.08,%
using a parametric multipoint approach.

An autosomal dominant model with 0.0001 disease allele frequency and 0.02
phenocopy rate was specified. Taking into account the incomplete penetrance
of the disease, a conservative ‘affected-only’ approach was adopted. All affected
individuals were included in the analysis and all other subjects not fulfilling the
current ARVC diagnostic criteria were coded as unknown phenotype. This
approach provides a safeguard against false negative findings due to incorrect
specification of the penetrance model.

For all regions showing positive LOD score values, the haplotypes of
markers were reconstructed by GeneHunter using Viterbi algorithm and
displayed by HaploPainter program.?$

CNVs analysis
PennCNV algorithm?® was used to infer the most likely copy number state
from the signal intensity data at each SNP, represented as normalized total
fluorescent intensity values from both alleles (log R Ratio) and normalized
relative ratio of fluorescent signals between two alleles (B Allele Frequency).

The gc-model file was included in the analysis to correct for ‘genomic waves’
in signal intensities due to highly GC-rich regions and affecting the accuracy of
CNVs calling.*®

Quality control analysis was performed by PennCNV software (http://
www.neurogenome.org/cnv/penncnv), considering the following criteria: SD
for autosomal log R Ratio >0.28, median B Allele Frequency >0.55 or <0.45,
B Allele Frequency drift >0.002 and waviness factor > 0.05. In order to reduce
the number of false positives, CNV calls were required to include at least five
probes and to span genomic regions >10Kb in size.

Quantitative real-time PCR (qPCR)
In order to confirm the presence of the PKP2 gene deletion in eight family
members, quantitative real-time PCR was performed using primers specific for
exons 2, 7 and 13 of the PKP2 gene (Table 1).

To normalize the target gene copy number, beta-actin (ACTB) and TATA-
binding protein (TBP) genes were used as internal references (Table 1).

Genomic DNA from eight subjects carrying the PKP2 gene deletion, three
family members with a normal gene copy number (based on PennCNV calls)
and a control sample was amplified by real-time PCR on an ABI PRISM
7900HT Fast Sequence Detection System (Applied Biosystems, Foster City, CA,
USA).

qPCR reactions were carried out in triplicate for each sample, in a final
volume of 10pl, containing 10ng of genomic DNA, 2X SYBR Green PCR
Master Mix (DyNAmoTM HS SYBR Green qPCR Kit, Finnzymes, Espoo,
Finland), and the appropriate concentrations of each primer. Amplification
conditions consisted of initial denaturation step at 95 °C for 10 min, followed
by 40 cycles at 95 °C for 155 and at 62 °C for 1 min. The AACt quantification
method was used to determine the relative gene copy number in each sample.
Validation experiments were performed using the standard curve method with
five serial dilutions of genomic DNA from control subjects. PCR efficiencies
(E) for all exons were calculated according to: E = (10(~1slope)__1) % 100,
where E =100 corresponds to 100% efficiency. Amplification efficiencies were
identical and the relative gene copy number was calculated by 2~AACt a5
previously described.’!

RESULTS
Linkage analysis
Genetic analysis of coding regions of PKP2, DSP, DSG2, DSC2 and
JUP genes excluded the presence of point mutations in the proband’s
DNA. Therefore, a genome-wide scan was performed to exclude
linkage to known ARVC loci and to eventually search for novel ARVC
genes.

Linkage to DSP, DSG2, DSC2, DES, LMNA genes and ARVD3 locus
was excluded (pLOD< —2.0) (data not shown).

Multipoint linkage analysis, using an ‘affected-only’ approach, gave
a maximum parametric (p)LOD score of 1.17, formally not significant
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Table 1 Sequences of primers used for real-time quantitative PCR
amplification

Amplicon
Gene Exon  size (bp)  Primer forward 5'-3’ Primer reverse 5'-3'
PKP2 2 127 TTTAATATTTGCTTGATTGCAG TGTCATAGGTTTTAGGAACAGG
7 140 TTTTCAGCGGTCATTTTGGT  TCTCCGTCAGCGTAAGCAAT
13 113 AGCAGTTGAGGAGCGAAGAG TTGTTGGAGGCATAGCTGAA
ACTB 4 59 CGAGCGCGGCTACAGCTT CCTTAATGTCACGCACGATT
TBP 2 106 CTGTTTCTTGGCGTGTGAAG CGCTGGAACTCGTCTCACTA
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Figure 2 Results of CNVs analysis on chromosome 12p11.21 showing the
PKPZ2 gene deletion. Log R Ratios (top) and B allele frequencies (bottom)
are plotted against chromosome 12 position (32822 606-33 184 590 bp).
Red dots denote SNPs included in the deleted region, blue dots indicate
markers outside the deletion. The length of the deleted region is displayed
as distance between the two gray vertical lines and included 26 SNPs.
Hemizygosity appears as a drop in log R Ratio (red dots below 0.0) and as
a missing in heterozygote SNP calls (lack of dots at 0.5).

but close to the maximum simulated LOD score of 1.21, for 11
chromosomal regions (2ql4.2-q31.1; 4pl6.3-pl15.33; 4q23-q25;
8p22-p21.2; 8q22.1-q22.3; 9933.3-q34.2; 10p15.3-pl5.1; 12p12.3-
q13.13; 13¢33.3-q34; 16p13.13-p12.1; 2122.13-q22.3).

Among them, the region on chromosome 12p12.3-q13.3 included
the PKP2 gene. As no point mutations in PKP2 gene were identified
in the index case, a CNVs analysis was performed to evaluate the
presence of large genomic rearrangements (deletions or duplications
>1kb in size), shared by all affected family members.

CNVs analysis

The whole SNP genotype data set of each subject was analyzed by

PennCNV software and a total of 511 CNVs were identified.
Among all the detected CNVs, a heterozygous deletion of

122.548 Kb on chromosome 12p11.21 (Figure 2) was identified in
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all affected family members (II-5; III-5; III-6; III-9; III-10), two
healthy subjects (II-8; III-1) and one individual (II-2) with minor
signs of disease, not fulfilling the diagnostic 2010 Task Force criteria
(Figure 1). The deletion spans the region between SNPs rs6488089
(chromosome position: 32942278bp) and rs7295486 (chromosome
position: 33064825bp) and includes 26 markers. It encompassed the
entire PKP2 gene and was not present in any of the available
databases: 1000 Genomes Project (http://www.1000genomes.org),
Database of Genome Variants (http://projects.tcag.ca/variation) and
Decipher (http://decipher.sanger.ac.uk).

No other CNVs shared by all affected family members were
detected.

Gene dosage performed by qPCR with primers specific for PKP2
exons 2, 7 and 13 confirmed the deletion in all eight subjects, as
predicted by PennCNV software. Real-time PCR results indicated a
relative copy number of about 0.5 for each PKP2 exon in the
heterozygous deletion carriers, compared with three family members
with a normal gene copy number (based on PennCNYV calls) and one
external control sample (Figure 3).

Clinical findings
The clinical features of the proband and family members carrying the
PKP2 gene deletion are summarized in Table 2.

Male proband II-5 (Figure 1) was examined at the age of 46 years,
due to effort dyspnea. Two-dimensional echocardiogram revealed the
presence of RV dilation and hypokinesia, suggesting a mild form of
ARVC. At the age of 52 years several episodes of polymorphic non
sustained ventricular tachycardia were recorded at 24-h Holter ECG,
thus a therapy with propaphenone was prescribed. At that time, basal
ECG showed the presence of negative T waves in V1-V3 with epsilon
wave in right precordial leads in the absence of complete right
bundle-branch block (RBBB) and epsilon wave in right precordial
leads. Late potentials were detected at 25, 40 and 80 filter setting.
Echocardiogram showed normal left ventricle (LV) parameters, severe
RV dilation (end-diastolic area—EDA: 42 cm?), reduction of the RV
fractional area change (FAC: 30%), apical and subtricuspid akinesia
and presence of apical sacculations. The clinical diagnosis of ARVC
was put forward on the basis of the current Task Force criteria.

After 4 years, echocardiogram revealed a LV involvement with a
reduced ejection fraction (EF: 47%) and inferior wall hypokinesia.
The 24-h Holter ECG demonstrated the presence of isolated
premature ventricular beats with RBBB and left bundle-branch block
(LBBB) morphologies and superior axis deviation. In the last year, the
patient complained chest pain and coronarography showed normal
coronary arteries. He is currently undergoing an antiarrhythmic
therapy with propafenone and beta-blockers.

Subject III-6 has a severe form of the disease without LV
involvement. He showed a sustained VT with LBBB morphology at
the age of 21; 12-lead ECG demonstrated the presence of negative T
waves in V1-V2 and biphasic in V3 (Figure 4). Endomyocardial
biopsy was performed and cardiomyopathic changes were found at
histological examination, associated with inflammatory infiltrates,
although never reaching the diagnostic criteria in terms of fibro-fatty
replacement due to the septal site of sampling.

Among the other deletion carriers, subject III-9 shows a severe
form of the disease, subjects III-5 and III-10 a moderate and a mild
form, respectively, II-2 shows premature ventricular beats with LBBB
morphology at 24-h Holter ECG (<500/24 h), thus not fulfilling the
current diagnostic criteria, whereas II-8 and III-1 show negative
clinical signs.
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to the reference gene TATA-binding protein (TBP). Each experiment was done in triplicate. Error bars represent SD of replicates. Similar results (not

showed) were obtained using B-actin (ACTB) as internal reference gene.

Table 2 Clinical data of proband and family members carrying the PKP2 gene deletion

Family history 12-lead ECG Arrhythmias RV size/function
Age at diagnosis/ Negative T waves in  Epsilon PVCs> 500/ LBBB Lv Diagnostic

Subject  Sex investigation Major ~ Minor  right precordial leads — wave  SAECG  24-h NSVT  SVT Major ~ Minor  involvement criteria 2010
11,5 M 52 - - V1-v3 + + + - + - + 3M, Im
11,5 M 24 + - - - + + - - + - 1M, 3m
11,6 M 21 + - V1-v2 - + + + + - - 2M, 2m
11,9 F 28 + - V1-v3 - - + - + - - 2M, 2m
111,10 F 32 + — - — — + - — + - 1M, 2m
11,2 F 68 + - - - - - - - - - 1M

11,8 F 60 + - - - - - - - - 1M
11,1 F 31 + - - - - - - - - - 1M

Abbreviations: M, major criteria; m, minor criteria; NSVT, non sustained ventricular tachycardia; LV, left ventricular; RV, right ventricular; SAECG, signal-averaged ECG; SVT, sustained ventricular

tachycardia.

DISCUSSION

Variants in PKP2 gene are relatively common among ARVC patients,
as they have been identified in 7-51% of cases with autosomal
dominant inheritance pattern.>716-19

Frameshift and nonsense mutations account for 35% (79 out of
224) of PKP2 genetic alterations identified in ARVC patients (ARVD/
C Genetic Variants database; http://www.arvcdatabase.info/).

In the present study, we report the first case of CNV identified in
an ARVC family using high-density SNPs arrays.

A heterozygous deletion of about 122.5Kb on chromosome
12p11.21, encompassing the entire PKP2 gene, was detected in all
affected family members. It was not present in any of available public
CNVs databases and was confirmed by quantitative real-time PCR.
Overall, these data support the pathogenic nature of the deletion,
which is expected to determine haploinsufficiency. This effect may be
similar to that of a premature termination codon mutation
with subsequent nonsense-mediated decay degradation of the
PKP2 mRNA.

The occurrence of the deletion also in one family member with
minor signs of the disease, not fulfilling the 2010 diagnostic Task Force
criteria, and in two healthy relatives is consistent with the incomplete
penetrance of ARVC mutations. Genetic, epigenetic and environmen-
tal factors could influence disease expression and mutation pene-
trance. Similarly to that observed in hypertrophic cardiomyopathy,*?
dilated cardiomyopathy®® and long-QT syndrome,** we can speculate
that common sequence variants, modifying the effects of the primary
mutation, may influence penetrance and phenotypic manifestations in
this family. Moreover, allelic asymmetries, as allele-specific gene
expression, allele-specific DNA methylation and allele-specific
transcription factor binding, could influence the expression ratio of
the two alleles.> All these types of allelic asymmetries are tissue-
specific and the extent of the allelic bias can vary substantially among
individuals; accordingly, we can speculate that an allelic imbalance at
the PKP2 locus may influence the disease susceptibility in this family.

Interestingly, the telomeric end of the deletion identified in our
study lies about 1.4kb upstream from a 2 kb low-copy repeat (LCR)
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Figure 4 Instrumental findings of patient 11I-6 at the time of diagnosis. (a) 12-lead ECG showing sinus rhythm, negative T waves in V1-V2 and biphasic in
V3; (b) 2D-echocardiogram (parasternal long axis view) with evidence of a dilated right ventricle (RVOT: 19,2 mm/m?); (c) sustained VT tachycardia with

LBBB morphology and right axis deviation.

(genomic position chr12:32943683-32945665) and a second LCR of
similar size is located more than 26 Mb upstream (genomic position
chr12:6589220-6591352). LCRs or segmental duplications are DNA
fragments that range from 1400 kb in length, occur at more than one
site within the genome, and typically share a high level (>90%) of
sequence identity.’® LCRs can cause genomic instability and either
mediate or stimulate both recurrent and non recurrent CNV
formation. The predominant molecular mechanism underlying
recurrent genomic rearrangements is non allelic homologous
recombination (NAHR) between large directly oriented LCRs with a
DNA sequence identity greater than 97% and located at a distance less
than ~10Mb from each other. NAHR leads to misalignment of
chromosomes or chromatids during meiosis resulting in deletions or
reciprocal duplications of the genomic segment between them.*®
However, PKP2 gene is located downstream from both LCRs on
chromosome 12; accordingly, LCRs-based NAHR cannot account for
formation of PKP2 CNVs.

It can be hypothesized that PKP2 deletions may arise by non
recurrent rearrangements due to replication-based mechanisms of
DNA repair, as fork stalling and template switching and microho-
mology-mediated break-induced replication, that utilize nucleotide
microhomology at the rearrangement breakpoints and were recently
proposed to be responsible for formation of non recurrent CNVs and
complex genomic rearrangements.?’”

To date, large genomic deletions involving PKP2 gene were detected
with a relatively low frequency in ARVC patients.'®? The
identification of a CNV segregating with the disease in this family
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emphasizes the importance of complementing the conventional
mutation screening in ARVC genes with other approaches able to
detect possible structural variations.

Moreover, a genome-wide CNVs analysis, using high-resolution
SNP arrays, may be useful for identifying CNVs in cardiomyopathy-
related genes, introns, regulatory elements, and coding regions of the
known ARVC genes, not covered by the common MLPA kits, as well
as in novel disease genes lying in relatively unstable genomic regions.

Recent studies described the involvement of rare CNVs in the
occurrence of long QT syndrome®®? and dilated cardiomyopathy,*’
suggesting that genomic structural variations may underlie inherited
cardiomyopathies, although the exact contribution of CNVs to these
disorders remains unknown.

CNVs could constitute 20% of mutations involved in Mendelian
diseases;*! this is of particular relevance to ARVC, where only ~50% of
genetic causes have been identified. Further large-scale studies on
patients and family members are required to evaluate the frequency of
CNVs in ARVC genes and to establish a genotype-phenotype correlation.
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