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ARTICLE INFO ABSTRACT

Background: Supravalvular aortic stenosis (SVAS) is a congenital heart disease affecting approximately 1:25,000
live births. SVAS may occur sporadically, be inherited in an autosomal dominant manner, or be associated with
Williams-Beuren syndrome, a complex developmental disorder caused by a microdeletion of chromosome
7q11.23. ELN on 7q11.23, which encodes elastin, is the only known gene to be recurrently mutated in less than
half of SVAS patients.

Methods: Whole-exome sequencing (WES) was performed for seven familial SVAS families to identify other
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Elastin Results: Three truncating mutations and three intragenic deletions affecting ELN were identified, yielding a diag-

nostic efficiency of 6/7 (85%). The deletions, which explained 3/7 of the present cohort, spanned 1-29 exons,
which might be missed in the course of mutational analysis targeting point mutations. The presence of such
deletions was validated by both WES-based copy number estimation and multiplex ligation-dependent probe
amplification analyses, and their pathogenicity was reinforced by co-segregation with clinical presentations.

Conclusions: The majority of familial SVAS patients appear to carry ELN mutations, which strongly indicates that
elastin is the most important causative gene for SVAS. The frequency of intragenic deletions highlights the need

Congenital heart defects
Whole exome sequencing

for quantitative tests to analyze ELN for efficient genetic diagnosis of SVAS.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Supravalvular aortic stenosis (SVAS; MIM #185500) is a congenital
heart disease affecting approximately 1:25,000 live births [1]. Congeni-
tal narrowing of the lumen of the ascending aorta or peripheral pulmo-
nary arteries provokes increased resistance to blood flow and causes
elevated ventricular pressure and hypertrophy resulting in heart failure.
Peripheral pulmonary stenosis (PPS) is known to occasionally coexist
with SVAS [2]. Approximately 30% to 50% of patients with SVAS have
Williams-Beuren Syndrome (WBS; MIM #194050) [2-4], which is a
complex genetic disorder caused by 7q11.23 microdeletion and
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characterized by growth failure, a characteristic facial appearance (so-
called “Elfin face”), mental retardation, and SVAS [5].

On the other hand, Eisenberg et al. first reported non-syndromic
“familial SVAS” with autosomal dominant inheritance in 1964 [3],
accounting for 20% of SVAS cases (approximately 1:125,000 live births)
[6]. These patients showed normal intelligence and lacked the dysmor-
phic features of WBS. Genetic analysis including linkage analysis identi-
fied ELN, which encodes elastin, as a causative gene of non-syndromic
familial SVAS [1,7-17]. In harmony with the genetic findings, luminal
obstruction of the aorta was shown in a transgenic mouse model
carrying homozygous or heterozygous elastin gene deletion [18,19].

Metcalfe et al. sequenced ELN exons of patients with non-syndromic
SVAS, which showed truncating mutations in 35 cases, but no causative
variants were found in the remaining 64 patients (of which 8 were
familial cases) [20]. Micale et al. also investigated ELN gene mutations
in 14 familial and 10 sporadic cases of SVAS, resulting in 7 novel
mutations, including 5 frameshift and 2 donor splice site mutations, but
found no ELN gene abnormality in the remaining 17 cases [21]. Therefore,
less than half of the cases could be explained by ELN mutations, whereas it
still remains unclear whether ELN could explain the remaining cases
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Abbreviations

SVAS supravalvular aortic stenosis
WES whole-exome sequencing
PPS peripheral pulmonary stenosis

WBS Williams-Beuren syndrome
FISH fluorescence in situ hybridization
MLPA  Multiplex ligation-dependent probe amplification

with SVAS, or there are unidentified causative genes. In this study, whole-
exome sequencing (WES) was performed with careful assessment of ELN
mutations, including copy number analysis, to elucidate the genetic back-
ground of SVAS.

2. Methods
2.1. Sample collection

This study included seven families of Japanese ancestry with autosomal dominant in-
heritance of SVAS. There was no developmental delay or dysmorphic features suggestive
of WBS or positive fluorescence in situ hybridization (FISH) on 7q11.23 in any family
members. The vascular malformation (SVAS and PPS) was diagnosed if the sinotubular
junction of the aorta was smaller than the diameter of the aortic annulus and significant
pressure gradients were measurable by echocardiogram and/or angiographically [6].
Written, informed consent was obtained from patients or their parents, and whole
blood or saliva was collected. Saliva samples were collected using an Oragene DNA
self-collection kit (DNA Genotek, Ottawa, Canada). Genomic DNA was extracted from
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whole blood or saliva using the QIAamp DNA Blood Mini kit (Qiagen, Hilden, Germany),
according to the manufacturer's instructions. The study was approved by the Ethics
Committee of the Nagoya University Graduate School of Medicine (approval number
2015-0032).

2.2. Whole-exome sequencing analysis

Exome capture was performed on each proband using SureSelect Human All Exon V5
(Agilent Technologies, Santa Clara, CA), according to the manufacturer's instructions.
Generated libraries were sequenced on a HiSeq 2500 platform (Illumina, San Diego, CA).
Sequence data were analyzed using an in-house pipeline [22]. Briefly, reads were aligned
to UCSC build hg19 reference genome using the Burrows-Wheeler Aligner [23]. Picard
tools (http://broadinstitute.github.io/picard) were utilized to remove PCR duplicates.
Variants were called using VarScan2, where a variant allele frequency of >0.20 was used
as a cutoff [24]. ANNOVAR was used together with in-house scripts to annotate genetic
variants [25]. The average depth of coverage across the whole exome for each sample
achieved was 111.14 (range 90.68 to 127.66), and the number of mutations found per
sample ranged from 25,534 to 25,920.

2.3. Mutational analysis

Mutational analysis to define each variant's pathogenicity was essentially based on
the latest release of the American College of Medical Genetics (ACMG) guideline [26].
Briefly, variants outside of coding regions and common variants with >1% minor allele fre-
quency in the National Heart, Lung, and Blood Institute ESP (Exome Sequencing Project)
6500 [27], 1000 Genomes Project [28], EXAC (Exome Aggregation Consortium) [29],
HGVD (Human Genetic Variation Database) [30], or the in-house database were excluded.
Variants expected to cause the disorders (eg, missense variants with reported pathogenic-
ity and nonsense, frameshift insertion/deletion, and splice-site variants on genes known to
cause a disease by inactivation) were validated by Sanger sequencing using PrimeSTAR
GXL DNA polymerase (Takara, Shiga, Japan) and the Big Dye Terminator 3.1 Cycle
Sequencing Kit (Thermo Fisher Scientific Inc., Waltham, MA) with ABI PRISM 3130xL
(Applied Biosystems, Foster City, CA). Primer sequences are listed in Table S1.

1 2

Valvular AS

3 |4

1 2
I
Valvular AS
1 2 3
I
b 4

I svas

2 [1] pps

Fig. 1. Pedigree chart of families with familial supravalvular aortic stenosis Arrows indicate probands for whom whole-exome sequencing was performed. SVAS, supravalvular aortic
stenosis; PPS, peripheral pulmonary stenosis; VSD, ventricular septal defect; ASD, atrial septal defect; AS, aortic stenosis.
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2.4. Copy number analysis

Copy number analysis was performed by comparing the number of reads conveying
each exon normalized by the mean depth of the entire sample with that of unrelated nor-
mal DNA samples, as we have previously shown [22]. Exons of normalized coverage >3
standard deviations (SDs) or less than —3 SDs from the mean coverage of reference
samples were considered to be candidates for copy number variants. Multiplex ligation-
dependent probe amplification (MLPA) according to the manufacturer's protocol with
the SALSA MLPA P029-WBS probemix (MRC Holland, Amsterdam, Netherlands), which
includes 10 exons of the ELN gene (Exon 1, 3,4, 6,9, 16, 20, 26, 27 and 33), was performed
to validate candidate exonic deletions detected in the ELN gene by WES analysis. MLPA
analysis software Coffalyser (MRC Holland) was used to identify CNVs.
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3. Results

WES-based detection of point mutations and copy number alterations
was performed in seven families of Japanese ancestry with SVAS showing
an autosomal dominant mode of inheritance (Fig. 1). Three heterozygous
pathogenic mutations in ELN (c.370delT, p.Ser124Leufs*13 in family A,
¢.572-1G > A splice site mutation affecting the acceptor of exon 12 in fam-
ily B, and ¢.218_219insTG, p.Gly74Valfs*49 in family C) were identified.
All of these mutations were novel, and they were validated on all available
family members by Sanger sequencing (Fig. S1). Mutations were present
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Fig. 2. Copy-number analysis The estimated copy number of each exon based on the number of reads in each exon in whole-exome sequencing. Each bar represents an exon, and the
vertical axis represents the estimated copy number. Arrows indicate estimated deleted regions.
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Table 1
Phenotype and segregation of ELN mutations.

Family Subject Phenotype ELN mutation

A 11-2 - -
1I-3 - ¢.370delT, p.Ser124Leufs*13
1I-1 - -
11-2 SVAS ¢.370delT, p.Ser124Leufs*13
-3 SVAS ¢.370delT, p.Ser124Leufs*13

B 11-3 PPS, VSD ¢.572-1G > A splice site
1I-5 SVAS ¢.572-1G > A splice site
11-6 - -
V-4 - -
V-5 SVAS, PPS ¢.572-1G > A splice site
V-6 - -

C -2 - -
1I-1 SVAS, PPS €.218_219insTG, p.Gly74Valfs*49
11-2 - -
11-3 - €.218_219insTG, p.Gly74Valfs*49

D 1I-1 SVAS -

E I-1 Valvular AS Microdeletion (exon 33)
-2 - -
1I-1 SVAS Microdeletion (exon 33)
-2 SVAS Microdeletion (exon 33)
1I-3 - -

F I-1 - -
I-2 SVAS Microdeletion (exon 5-33)
II-1 SVAS, PPS Microdeletion (exon 5-33)
11-2 SVAS, PPS Microdeletion (exon 5-33)
11-3 SVAS, PPS Microdeletion (exon 5-33)

G -1 - -
I-2 SVAS Microdeletion (exon 1-5)
1I-1 SVAS Microdeletion (exon 1-5)
11-2 SVAS Microdeletion (exon 1-5)

All mutations were heterozygous.
SVAS, supravalvular aortic stenosis; PPS, peripheral pulmonary stenosis; VSD, ventricular
septal defect; AS, aortic stenosis.
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in all patients and several family members without SVAS, indicating
incomplete penetrance (Table 1).

Copy number aberrations in ELN were identified in three other
families, all of which were deletions (exon 33 in family E, exons 5-33
in family F, and exons 1-5 in family G, Fig. 2). Such deletions were
validated by MLPA (Fig. S2). All microdeletions showed complete co-
segregation with clinical symptoms (Table 1).

In the remaining family D, no diagnostic mutations associated
with SVAS could be identified in the proband (D:II-1) either by WES
or MLPA (Table S2, Fig. S3).

4. Discussion

Pathogenic mutations or deletions in ELN gene were identified in six
of seven families with autosomal dominant inheritance of SVAS, includ-
ing three novel point mutations and three intragenic deletions. These
findings suggest that intragenic deletions in ELN gene could explain the
genetic cause in half of so-far unexplained cases with familial SVAS
in Japan. Updated by these findings, a comprehensive list of reported
pathogenic SVAS mutations is provided (Fig. 3) [7-9,12,17,20,21,31-38].

ELN encodes elastin, which is expressed in various tissues and or-
gans, including smooth muscle cells of the great arteries, and contrib-
utes to tissue elasticity [39,40]. The molecular mechanism of the
pathogenesis of SVAS is not fully elucidated. However, considering accu-
mulating knowledge from patients and transgenic mice [18,19,21,41], it
seems likely that mutations of ELN impair vascular elasticity, and
increased shear stress in the vascular wall could result in SVAS [39,40].

The microdeletions of ELN gene shown in the present study were not
identified with existing FISH probes for WBS. There are a few case
reports showing that microdeletions of ELN gene are the cause of
SVAS [8,9]. The present finding raises the necessity to investigate the
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Fig. 3. ELN cDNA showing the exons and mutations detected This figure summarizes previously reported and newly identified mutations for familial and sporadic SVAS. The numbers

above open boxes indicate the exon numbers. The present findings are shown in bold letters.
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exon-spanning deletions affecting ELN using MLPA, array-CGH, or other
methods to establish sufficient coverage for its mutations.

The present analysis showed co-segregation of symptoms and ELN
mutations in the majority of analyzed individuals. The three mutations
identified in this study (¢.370delT in family A, ¢.572-1G > A splice site
in family B, and ¢.218_219insTG in family C) were highly pathogenic
truncating mutations that result in premature stop codons (PTCs). A
number of PTC mutations have actually been shown to be substrates
of ELN mRNA insufficiency through nonsense-mediated decay in previ-
ous studies [17,21,35].

A highly variable phenotype within families with SVAS has been re-
ported for large studies with many families with point mutations
[20,21], and even for a family with apparently damaging 30 kb deletion
involving multiple exons [7], ranging from asymptomatic mutation
carrier to severe stenosis with multiple arteries. There were also two
asymptomatic persons carrying ELN mutations (A:II-3 and C:II-3) in
the present study. Factors affecting the variability of cardiovascular
phenotypes in patients with ELN mutation are not yet fully understood,
and there has as yet been no clear genotype-phenotype correlation re-
ported for SVAS. Our comprehensive list of reported pathogenic SVAS
mutations and deletions showed a universal distribution of variants
over the entire ELN gene with no significant hotspot.

The primary mechanism for the pathogenesis of SVAS is proposed to
be haploinsufficiency of ELN, as hemizygosity of ELN is established as the
mechanism of SVAS in WBS [5]. Incomplete penetrance and a broad
range in severity of cardiovascular phenotype are also seen in patients
with WBS in whom one copy of ELN gene is totally lost [42,43].
Among possible causes affecting the severity of symptoms, the effect
of the mutations in the remaining allele of ELN is very limited, as only
two rare missense changes were identified through exon sequencing
of 49 patients with WBS [44]. Currently, there is no definite explanation
for the phenotypic variability associated with ELN mutations.

The present study showed that microdeletions of ELN gene could ac-
count for additional cases, around a half of previously unexplained
cases, of familial SVAS, which would strengthen the causative role of
ELN mutations in this disease entity. Therefore, quantitative genetic
tests such as MLPA or array-CGH of ELN gene should be performed to
genetically diagnose patients with familial SVAS to obtain satisfactory
sensitivity. Further investigations of a larger cohort and so-far
unexplained cases will be needed to elucidate the remaining molecular
pathogenetic mechanisms of SVAS.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijcard.2018.09.032.
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Corrigendum

Corrigendum to “Frequent intragenic microdeletions of elastin in familial L)

Check for

supravalvular aortic stenosis.” [Int. J. Cardiol., 274 (2019) 290-295]

Satoshi Hayano 2, Yusuke Okuno °, Makiko Tsutsumi ¢, Hidehito Inagaki ¢, Yoshie Fukasawa ?, Hiroki Kurahashi €,
Seiji Kojima ¢, Yoshiyuki Takahashi ¢, Taichi Kato **
2 Department of Pediatrics, Nagoya University Graduate School of Medicine, 65 Tsurumai-cho, Showa-ku, Nagoya, Japan

b Center for Advanced Medicine and Clinical Research, Nagoya University Hospital, 65 Tsurumai-cho, Showa-ku, Nagoya, Japan
¢ Division of Molecular Genetics, Institute for Comprehensive Medical Science, Fujita Health University, 1-98 Dengakugakubo, Kutsukake-cho, Toyoake, Japan

The authors regret that there was an error in the description of microdeletion in the family F in Table 1 and the Results section. The microdeletion
in the family F was detected in the exons 6-33 as shown in Fig. 2, not exons 5-33 as published in Table 1 and Results section.

In addition, we noted errata in the Fig. 3 of the manuscript. This figure summarized the previously reported data and the errata of the description
of mutation and the numbering of references were noted. We incorporated the update for Fig. 3 and its legend as follows:

The authors would like to apologise for any inconvenience caused.

Y1505 [32]
P.Y150* [20] p.G576fs [20]
pK176* [20] p.V597fs [20]
¢377-2A>C [20] pV606fs [38]
p-P130fs [17] ¢.572-1G>A (Family B) p.F609fs [7)]
p.VI136* [20] p.P214fs [20] pGOIOE[35]  P-VO641s[20]
+51 2
p.S124fs (Family A) p.P220L [20] pGOI0Q[20,41]  C2HHCCLA]
. p.VO45L [34] p.Q700% [33]
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pAL102fs [21] p.Q253fs [12] p.RS70%[7] p.A707D [20]

p.G94fs [20] l
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.G297_A307del [33] p-Y397* [17]

-38C>T [20] p.G297_ p.V399£s [17, 20, 35]
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Ex.2 27 del [8] Ex. 29 34 del [9]

EX. 6_34 del (Family F)

D e >
EX. 1_5 del (Family G) Ex. 34 del (Family E)

Fig. 3. ELN cDNA showing the exons and mutations detected. This figure summarizes previously reported and newly identified mutations for familial and sporadic SVAS. The numbers
above open boxes indicate the exon numbers. The present findings are shown in bold letters. Although all the data besides this figure were shown by NM_000501, our results and
previously reported data in this figure were shown using NM_001278939 as a reference sequence.
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