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Abstract: GSDME, also known as DFNAS, is a gene implicated in autosomal dominant nonsyndromic
hearing loss (ADNSHL), affecting, at first, the high frequencies with a subsequent progression over
all frequencies. To date, all the GSDME pathogenic variants associated with deafness lead to skipping
of exon 8. In two families with apparent ADNSHL, massively parallel sequencing (MPS) integrating a
coverage-based method for detection of copy number variations (CNVs) was applied, and it identified
the first two causal GSDME structural variants affecting exon 8. The deleterious impact of the ¢.991-
60_1095del variant, which includes the acceptor splice site sequence of exon 8, was confirmed by the
study of the proband’s transcripts. The second mutational event is a complex rearrangement that
deletes almost all of the exon 8 sequence. This study increases the mutational spectrum of the GSDME
gene and highlights the crucial importance of MPS data for the detection of GSDME exon 8 deletions,
even though the identification of a causal single-exon CNV by MPS analysis is still challenging.
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1. Introduction

The Gasdermin E gene (GSDME), also called deafness autosomal dominant 5 (DFNA5),
located on chromosome 7p15, contains 10 exons and encodes the 496-amino acid Gasdermin-
E protein. This protein, which is a member of the Gasdermin superfamily, displays a
necrotic-inducing N-terminal domain (GSDME-N, amino acids 1 to 270) self-inhibited by a
C-terminal domain (GSDME-C, amino acids 271 to 496) [1]. When the connection between
these two domains is cleaved by the apoptotic protease caspase-3 or the killer cell granzyme
B (GzmB), the released GSDME-N chain participates in the cell death pathway by forming
pores in the plasma and mitochondrial membranes [2,3].

GSDME is considered as a potential tumor suppressor gene (for review, see [4]),
and downregulation or suppression of its necrotic function has been observed in several
cancers [3]. Gain-of-function pathogenic variants in GSDME have also been reported, but
they all lead to exon 8 skipping at the mRNA level and result in autosomal, dominant,
progressive, sensorineural and nonsyndromic DFNAS hearing loss (OMIM #600994). These
variations are located in the flanking sequences of exon 8 or within the exon itself. They
alter the splice consensus sequences [5-12], impact the polypyrimidine tract [13] or disturb
regulatory elements [10,14]. This out-of-frame exon 8 skipping results in the production of
a C-terminally truncated, constitutively active necrotic protein (Figure Al).
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In this article, we describe the molecular analysis of two unrelated families suffering
from progressive nonsyndromic hearing loss with an apparent dominant inheritance, and
the identification of two copy number variations (CNVs) affecting the single GSDME exon
8 as the causal variants.

2. Materials and Methods
2.1. Clinical Report of the Families
2.1.1. Family 52426

Family 52426 was a large French family with five generations, including sixteen
members affected by nonsyndromic hearing loss (NSHL) with a dominant pattern of
inheritance (Figure 1A). Family history reported post-lingual bilateral progressive hearing
loss with an assumed onset in the first or second decade of life in all affected individuals.
Superimposed audiograms (pure-tone audiometry at 250, 500, 1000, 2000 and 4000 Hz)
from eight of the affected members (I1I:4, III:5, III:6, I11:7, I1I:8, IV:6, V:1 and V:2) performed
at different ages (59, 51, 31, 49, 51, 19, 4 and 9 years, respectively) confirmed progressive
moderate to profound hearing loss that initially affected the high frequencies (downward-
sloping curve) and then progressed across all frequencies (Figure 1B). The proband referred
for molecular testing was a 55-year-old woman (IV:4) suffering from progressive hearing
loss detected when she was 6 years old. Clinical examination of all available affected
individuals of this family was otherwise unremarkable.
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Figure 1. Family S2426. (A) Pedigree of the family. Filled symbols denote affected individuals. The
proband referred for molecular testing is indicated by a black arrow. M+ (red font): presence of the
GSDME deletion, M— (black font): absence of the GSDME deletion. (B) Superimposed pure-tone
audiograms of eight affected individuals. The numbers in parentheses indicate the subject’s age at
the audiometric testing. Left chart: right ear, right chart: left ear.
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2.1.2. Family 52106

Based on information obtained from the proband II:3, his family was composed of
at least two generations including more than ten members presenting with NSHL. A
likely autosomal dominant inheritance pattern of the disease was suspected (Figure 2A),
although no precise clinical data on other affected members could be obtained. The
hearing impairment of the proband (II:3) was diagnosed when he was 6 years old, and
physical examination did not find any evidence of a syndromic disease. His deafness was
progressive, and available data from an audiometric assessment at the age of 30 years old
(Figure 2B) identified bilateral asymmetrical hearing loss with downward-sloping curves.
These audiograms revealed pure-tone averages (PTAs) of 57.5 db HL and 72.5 db HL for
the right and left ears, respectively. Due to substantial PTA differences across the right and
left ears, and in accordance with the 02/1bis recommendation of the International Bureau
for Audiophonology (BIAP; https:/ /www.biap.org/ (accessed on 8 December 2021)), a
PTA of 62 db HL was retained, corresponding to moderate group 2 hearing loss.
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Figure 2. Family 52106. (A) Pedigree of the family. Filled symbols denote affected individuals. The
proband referred for molecular testing is indicated by a black arrow. (B) Pure-tone audiogram of the
patient at the age of 30 years old. Left chart: right ear, right chart: left ear.

2.2. DNA Analysis

Genomic DNA from the 15 participating family members from family 52426 and the
proband from family 52106 was isolated from peripheral blood samples using standard
procedures. The DNA of the two probands was analyzed by massively parallel sequenc-
ing (MPS) using a hearing loss gene panel on an [llumina MiniSeq sequencer (Illumina,
San Diego, CA, USA). The screened genes and the complete workflow used to identify
pathogenic alterations have already been described [15]. This molecular diagnosis strategy
included a copy number estimation of each region by a depth of coverage- based method
using the MobiCNYV algorithm (https://github.com/mobidic/MobiCNV (accessed on
23 November 2021)), which was completed by a direct visualization of the sequenced reads
with the open source Integrative Genomics Viewer (IGV) software (v2.7.2) [16].

Validation and familial segregation (when possible) of the GSDME variations were
conducted by PCR-Sanger sequencing using the BigDye Terminator v3.1 cycle sequenc-
ing kit (Applied Biosystems, Courtaboeuf, France) on an Applied Biosytems® 3500Dx
Genetic Analyzer (Applied Biosystems). PCRs were performed with the forward primer 5'-
GAGGAATTTCCATCCATTTGC-3' combined with the reverse primer 5-CACAGTGTGGG
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AATGATCTGG-3' for 52426, and the forward primer 5'-CCCGTCAGTGAAATGTAGCC-3’
paired with the reverse primer 5'-CTCTGTGTCCCCAGAAGCA-3' for S2106.

2.3. RNA Analysis

The functional consequence of the GSDME variant identified in family 52426 was
investigated by RNA analysis. Total RNA was isolated from whole blood collected in
PAXgeneTM Blood RNA Tubes using the Nucleo Spin® RNA I isolation kit (Macherey-
Nagel, Diiren, Germany). Reverse transcription was performed using the SuperScriptTM III
Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA) and oligo (dT) primers, according to
the manufacturer’s instructions. PCRs were then carried out with GSDME-specific primers (for-
ward: 5'-CACAGTGTGGGAATGATCTGG-3/, reverse: 5'-TTCAGGGGAGTCAAGGTTGG-3),
and amplicons were Sanger sequenced.

2.4. Variant Description

The nomenclature of the variants follows the Human Genome Variation Society
(HGVS) recommendations v20.05 (http:/ /varnomen.hgvs.org/ (accessed on 23 Novem-
ber 2021)) [17], with nucleotide +1 corresponding to the A of the ATG initiation codon in
the GSDME reference sequence NM_004403.2; NG_011593.1. The two GSDME variants
have been added to the Leiden Open Variation Database Global Variome Shared Instance
(LOVD GVShared, https:/ /databases.lovd.nl/shared /variants/DFNA5 (accessed on 17 De-
cember 2021)) and classified in accordance with the adapted ACMG/AMP guidelines for
variant interpretation in the context of hearing loss [18].

Several DNA variation databases, including the Human Gene Mutation Database
(HGMD® Professional 2020.3; https://portal.biobase-international.com), the Genome
Aggregation Database (gnomAD) (https://gnomad.broadinstitute.org/), the Single Nu-
cleotide Polymorphism Database (dbSNP) (https://www.ncbinlm.nih.gov/snp/), the
Clinical Variation Database (ClinVar) (https://www.ncbi.nlm.nih.gov/clinvar/), the Deaf-
ness Variation Database (DVD) (https://deafnessvariationdatabase.org/) and the LOVD
GVShared, were accessed on 8 December 2021.

3. Results
3.1. Family 52426

Analyses of the MPS data obtained from proband IV:4, using the MobiCNV algorithm,
pointed out a depth of coverage decrease in the GSDME gene compatible with a potential
exon 8 deletion in the heterozygous state. Visualization of the sequenced reads with the
IGV tool confirmed this CNV and identified the breakpoints of the deletion (Figure 3A).
The presence of this ¢.991-60_1095del variant was validated by Sanger sequencing in
the proband’s DNA (Figure 3B), and flanking microhomologies of 2 bp were observed
(Figure 3C).

However, as the deletion encompassed the splice acceptor consensus sequence of the
exon, complementary RNA analysis was conducted to investigate its effect on splicing.
The amplification of exons 7 to 10 of control cDNA led to the production of a 441 bp
fragment. By contrast, the amplification of the patient’s cDNA identified an additional and
predominant 248 bp fragment, supporting a splice defect (Figure 4A). Sanger sequencing
of the RT-PCR products confirmed the presence of transcripts lacking the 193 bp of the
GSDME exon 8 (1.991_1183del) in the patient (Figure 4B).

Familial segregation of the deletion was performed on available members of the family.
All tested members with bilateral progressive NSHL (n = 10) were heterozygous carriers
of the deletion c.991-60_1095del (Figure 1A). A 13-year-old boy (IV:5), who had normal
hearing to date, was also a carrier. The deletion was not detected in three additional
members who had normal audition (III:1, IV:1 and 1V:3).

This variant was absent from all the interrogated databases. In accordance with the
ACMG/AMP hearing loss guidelines, it was considered as a class V pathogenic variant.
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Figure 3. Identification and validation of the GSDME deletion in the proband IV:4. (A) Integrative
genomics viewer screenshot focused on the GSDME exons 8 and 9. The sequence reads from
the proband and a control are shown. Green arrowheads indicate the position of the deletion.
(B) Sequence chromatogram of the ¢.991-60_1095del variant. (C) Sequence context of the deletion.
The brackets indicate the 5" and 3’ breakpoints of the deletion. The 2 bp flanking microhomologies
are highlighted in gray.
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Figure 4. (A) RNA analysis of the ¢.991-60_1095del variant. (A) Agarose gel electrophoresis of the
RT-PCR products from a control (lane 2) and the proband IV:4 (line 3). Lane 1: molecular weight
markers, lane 4: control PCR reaction without template. A schematic representation of the spliced
products is included. The position of the primers used for the amplification is shown by arrows.
(B) Sanger sequencing electropherograms of the RT-PCR products for the control and the patient.

3.2. Family 52106

Molecular analysis of the proband II:3 by MPS identified the well-known class IV
¢.101T > C; p.(Met34Thr) G/B2 variant and a single GSDME exon 8 deletion, both in the
heterozygous state. Visual inspection of the reads, using the IGV tool, showed that the
deletion breakpoints were not located in the 600 bp of the GSDME exon 8 target region. In
order to validate this CNV and define its boundaries, a GSDME exon 7—exon 9 PCR was
performed on the patient’s DNA. The PCR conditions employed in this study allowed a
specific amplification of the mutated allele, and Sanger sequencing revealed a complex
rearrangement (Figure 5).
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Figure 5. Sanger validation of the GSDME exon 8 deletion in the proband II:3. At the top: sequence
chromatogram focused on the breakpoints of the deletions. At the bottom: schematic representation
of the complex rearrangement. The position of the primers used for the amplification is shown by
arrows. The 3 bp flanking microhomologies are indicated.

This structural variant was composed of two deletions of 975 and 1531 bp, leading to
the loss of the 17 first and 155 last bps of exon 8, respectively. Flanking microhomologies of
3 bp were detected for each deletion (Figure 5). According to the HGVS recommendations,
this mutational event was described as ¢.[990+793_1007del; 1029_1183+1376del]. It was not
reported in all the consulted databases and was classified as a class V pathogenic variant in
accordance with the ACMG/AMP hearing loss guidelines.

4. Discussion and Conclusions

We described the molecular diagnostic investigations of two unrelated families suf-
fering from hearing loss, which led to the identification of two pathogenic GSDME CNVs.
Except for the proband II:3 of family 52106, who presented asymmetrical audiograms, all
affected individuals exhibited a typical DFNAS5 phenotype with post-lingual, bilateral,
symmetric, predominantly high-frequency hearing loss. Asymmetrical hearing loss has
previously been described in a DFNADS patient [19], but there was no explanation for this
atypical phenotype. Patient IV:5 of family 52426 was a 13-year-old boy carrying the familial
GSDME deletion without any sign of hearing loss. As the onset of DFNA5-related hearing
loss has been shown to occur between 0 and 50 years of life [5,13], an audiometric follow-up
will be offered to this patient. In addition, as already described [11], intrafamilial variability
in the age of onset can be noted. As an example, patient IV:5 is asymptomatic at the age of
13 years, whereas V:2 displayed HL in the high frequencies at the age of 9 years.

In the context of molecular genetic testing, gene panel sequencing using MPS is a
powerful strategy to identify causal variants, including single-nucleotide variants, inser-
tions, deletions or CNVs in patients referred for NSHL [20-22]. Custom computational
tools have been successfully used to detect CNVs in hearing gene panels [15,21,23], but
detection of true single-exon or partial exon deletions is still challenging. Due to a notable
false positive rate, these single-exon CNVs are often not considered in routine MPS data
analysis. Here, we identified two pathogenic single GSDME exon 8 CNVs, highlighting the
crucial importance of carefully checking the read depth of this specific exon.

Deletions correspond to the second largest class of pathogenic variants recorded in
the ClinVar database [24]. Furthermore, approximately 57% of them are flanked by micro-
homologies [25] that are hallmarks of the microhomology-mediated end joining (MME]J)
repair mechanism involved in re-ligation of DNA ends caused by double-strand breaks.
In this study, the two described GSDME mutational events were also deletions flanked by
microhomologies of 2 or 3 bp, demonstrating the implication of the MME] pathway.

As GSDME transcripts are expressed in whole blood, functional analysis was per-
formed on the cDNA of proband IV:4 of the 52426 family in order to characterize the splice
defect generated by the ¢.991-60_1095del variant. As expected, this deletion, in accordance
with all previously described DFNA5-related pathogenic variations, led to exon 8 skip-
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ping and resulted in the translation of a truncated necrotic protein due to the loss of its
GSDME-C domain.

In conclusion, we report here the two first single GSDME exon 8 CNVs implicated
in DFNAS. These findings enrich the mutational spectrum of this gene and pinpoint the
importance of accurate exploration of single-exon CNVs in a diagnostic service.
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Figure Al. Schematic representation of the wild-type and truncated Gasdermin-E proteins. The
necrotic N-terminal domain is represented in blue, and the C-terminal domain in yellow. The aberrant
41-amino acid tail of the truncated protein is represented in red.
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