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Abstract

Background: Sensorineural hearing loss (SNHL) is the most common sensory impairment. Comprehensive
next-generation sequencing (NGS) has become the standard for the etiological diagnosis of early-onset SNHL. However,
accurate selection of target genomic regions (gene panel/exome/genome), analytical performance and variant
interpretation remain relevant difficulties for its clinical implementation.

Methods: We developed a novel NGS panel with 199 genes associated with non-syndromic and/or syndromic SNHL. We
evaluated the analytical sensitivity and specificity of the panel on 1624 known single nucleotide variants (SNVs) and indels
on a mixture of genomic DNA from 10 previously characterized lymphoblastoid cell lines, and analyzed 50 Spanish
patients with presumed hereditary SNHL not caused by GJB2/GJB6, OTOF nor MT-RNRT mutations.

Results: The analytical sensitivity of the test to detect SNVs and indels on the DNA mixture from the cell
lines was > 99.5%, with a specificity > 99.9%. The diagnostic yield on the SNHL patients was 42% (21/50): 47.6% (10/21)
with autosomal recessive inheritance pattern (BSND, CDH23, MYOT15A, STRC [n = 2], USH2A [n = 3], RDX, SLC26A4); 38.1%
(8/21) autosomal dominant (ACTGT [n = 3; 2 de novo], CHD7, GATA3 [de novo), MITF, P2RX2, SOX10), and 14.3% (3/21) X-
linked (COL4A5 [de novol, POU3F4, PRPST). 46.9% of causative variants (15/32) were not in the databases. 28.6% of
genetically diagnosed cases (6/21) had previously undetected syndromes (Barakat, Usher type 2A [n = 3] and
Waardenburg [n=2]). 19% of genetic diagnoses (4/21) were attributable to large deletions/duplications (STRC
deletion [n = 2]; partial CDH23 duplication; RDX exon 2 deletion).

Conclusions: In the era of precision medicine, obtaining an etiologic diagnosis of SNHL is imperative. Here,
we contribute to show that, with the right methodology, NGS can be transferred to the clinical practice, boosting
the yield of SNHL genetic diagnosis to 50-60% (including GJB2/GJB6 alterations), improving diagnostic/prognostic
accuracy, refining genetic and reproductive counseling and revealing clinically relevant undiagnosed syndromes.
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Background
Congenital profound deafness affects ~ 1 in 1000 live births
and an additional 1 in 1000 children will suffer from hear-
ing loss (HL) before becoming adult [1]. Up to 60% of con-
genital/early-onset sensorineural HL. (SNHL) is caused by
genetic factors and often appears in the absence of a family
history for deafness. Although alterations in the GJ/B2
and GJB6 genes (DNFBI locus) account for a large
proportion of cases in different populations (10—
40%) [2, 3], many cases remain undiagnosed after
GJB2/GJB6 testing. This is not surprising given the ex-
treme genetic and phenotypic heterogeneity of HL, with
more than 400 syndromes that include HL as a feature
and more than 100 genes associated with nonsyndromic
SNHL [1]. With next-generation sequencing (NGS) technol-
ogy, it has become feasible and affordable to routinely se-
quence a large number of genes per patient [4]. Therefore,
genetic diagnosis of SNHL has evolved from single-mutation
Sanger sequencing to comprehensive multi-gene testing, and
NGS has become the new standard of care [5].
Accordingly, once a case of newborn SNHL is con-
firmed, testing for congenital cytomegalovirus infec-
tion and NGS are recommended [6]. Obtaining a SNHL
genetic diagnosis has a number of advantages for patients
and parents [7]: it provides information about genetic her-
itability; it helps diagnosing or excluding syndromic causes
of HL to better define medical and educational needs; it can
also provide information about the evolution of the HL and/
or of its associated syndromic features, improving prognos-
tic accuracy; and it can prevent other unnecessary and costly
testing [5]. Furthermore, a genetic diagnosis can contribute
to prevent triggers such as aminoglycosides in mitochondrial
mutation carriers [8], or even to improve treatment selec-
tion, including future mutation-driven clinical trials [9, 10].
In order to implement targeted NGS into the clin-
ical practice, there is an urgent need to solve a num-
ber of issues such as the selection of the most efficient
gene panel, the achievement of high analytical specificity
and sensitivity, and the establishment of pipelines able to
unambiguously define the clinical impact of genetic vari-
ants [11]. Therefore, the aims of this study are: (1) to
present the development and validation of a NGS-based
approach for the genetic diagnosis of patients with heredi-
tary syndromic and non-syndromic SNHL; (2) to pinpoint
and resolve the main problems associated with the intro-
duction of targeted NGS into routine deafness diagnostics;
(3) to evaluate the panel’'s performance and diagnostic
yield; and (4) to initiate a comprehensive catalogue of the
Spanish genome-wide SNHL variation spectrum.

Methods

Purpose of test

The aim of the performed test (OTOgenics™) was to de-
tect the molecular basis of individual clinical diagnoses
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of sensorineural or mixed hearing loss after non-genetic
causes had been explored and not identified.

Design of panel content: Rationale for inclusion of
specific genes

Genes associated with prelingual, postlingual and adult-on-
set sensorineural or mixed HL, either symmetric or asym-
metric, irrespective of the pattern of inheritance, and
including both syndromic and non-syndromic forms, were
considered. To generate a preliminary gene list, the profes-
sional version of the Human Gene Mutation Database
(HGMD) was queried to identify genes associated to HL,
using as search keywords a list of phenotypes potentially re-
lated to hearing defects (Additional file 1). The resulting
gene list was manually curated by analysis of the literature
and information available in the databases (HGMD,
OMIM, PubMed, GeneReviews, and the Hereditary Hear-
ing Loss Homepage; last accessed 19/09/2017) to identify
those fulfilling the following criteria: I) the gene had been
associated to sensorineural and/or mixed HL phenotypes
(as opposed to exclusively conductive HL), II) there existed
published evidence supporting the gene-phenotype associ-
ation in at least two independent families and III) at least
one of the existing publications demonstrated convincing
cosegregation of phenotype with gene variants. Based on
the curation results, a tiered classification system was de-
vised as previously proposed by Abou Tayoun et al. [11].
Genes with strong/moderate association with HL (fulfill-
ing criteria I, II and III described above, and correspond-
ing mainly to Evidence level 3 according to Abou Tayoun
et al. [11]) formed tier 1, while genes with weak/prelimin-
ary association (fulfilling criterion I, but not criteria II
and/or III, and corresponding mainly to Evidence level 2
according to Abou Tayoun et al. [11]) were grouped in tier
2. The panel evolved with revision of newly published lit-
erature, yielding versions v1, v2 and v3 (Additional file 2,
Additional file 3 and Table 1, respectively). v1-2 were
used during the research and development phase of the
study, whereas v3 was considered the first clinical-grade
version of the panel. 32 cases were analyzed with v1, 13
with v2 and 5 with v3 (Additional file 4).

Sample types

4 ml of peripheral blood in conventional EDTA-tubes
or 2200 ng of germline genomic DNA (quantitated by a
fluorimetric method) were required per patient.

Sample preparation and evaluation of genomic DNA
integrity

Germline genomic DNA was isolated as previously de-
scribed [12] and calculation of its DNA integrity number
(DIN) was performed using the Genomic DNA ScreenTape
Assay on a TapeStation 4200 system (Agilent Technologies,
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Santa Clara, CA, USA), following the manufacturer’s
instructions.

Library preparation, target enrichment and sequencing
Library preparation was performed on genomic DNA phys-
ically sheared by ultrasonication on a Covaris S2 instrument
(Covaris, MA, USA). For library construction and gene
target enrichment by hybrid capture, the SureSelectXT
protocol was followed, as previously described [12]. This
approach has a series of advantages over other library con-
struction and target enrichment methods. Thus, libraries
from randomly fragmented DNA show higher complexities
than PCR-based ones, enabling the identification and re-
moval of PCR duplicates (important for the accurate identi-
fication of low frequency variants present in mosaic
patients) [13]. Additionally, capture probes, although labori-
ous to use, are more tolerant to mismatches than PCR
primers, circumventing issues of allelic dropout (underrep-
resentation or absence of an existing allele in the library)
caused by polymorphisms in the hybridization sequence
that can be observed in amplification-based assays [13]. Fi-
nally, capturing and sequencing at least all coding exons of
every targeted gene, and not just hotspots, facilitates creat-
ing background references for CNV calling. Sequencing
was performed on a NextSeq500 sequencer (Illumina,
CA, USA), following the manufacturers specifications.
The optimized NGS diagnostic pipeline (OTOgenics™) tar-
gets the coding exons and intron-exon junctions of 199
genes (v3) (Table 1).

Bioinformatics for variant identification and annotation
NGS results were processed using the bioinformatics soft-
ware HD Genome One (DREAMgenics, Oviedo, Spain),
certified with IVD/CE-marking. The pipeline has been
adapted from the one previously described as part of the
ONCOgenics NGS platform [12], the performance of
which has been externally evaluated through participation
in the Oncogene Panel Testing schemes organized by the
European Molecular Genetics Quality Network (EMQN),
obtaining satisfactory results (maximum genotyping score)
for three consecutive years (2015, 2016 and 2017). The ana-
lysis workflow was at follows:

FASTQ read generation, alignment and duplicate removal
FASTQ reads were generated from base call files (BCL)
produced by the Illumina NextSeq500 sequencing platform
using the bcl2fastq2 v2.19 Conversion Software (https://
support.illumina.com/sequencing/sequencing_software/

bcl2fastq-conversion-software.html). Raw FASTQ files were
evaluated using quality control checks from FastQC (http://
www.bioinformatics.babraham.ac.uk/projects/fastqc/) and
Trimmomatic was employed to remove low quality bases,
adapters and other technical sequences. Each FASTQ file
was aligned to the human reference genome (GRCh37/
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hg19 before 2017; GRCh38/hg38 afterwards) using BWA-
mem [14] generating sorted BAM files with SAMtools [15].
Reads from the same libraries were then merged and op-
tical and PCR duplicates were removed using Picard
(http://broadinstitute.github.io/picard/).

SNV/Indel identification

SNVs and indels were identified using a variation of Sidrén
algorithm, previously described [16], with the following pa-
rameters: total read depth > 6, mutated allele count >3, vari-
ant frequency > 0.1, base quality >20, mapping quality >30.
Stricter criteria (total read depth > 10, mutated allele count
>4) were applied before the selection of reportable variants.
Manual inspection was then carried out to discard false
positives and avoid missing true variants not meeting those
criteria (i.e long indels with underestimated frequencies).

CNV identification

The detection of CNVs was performed with an adapted ver-
sion of the exome2cnv algorithm, incorporating a combin-
ation of read depth and allelic imbalance computations for
copy number assessment. The algorithm employs a back-
ground of pooled samples processed using the same captur-
ing protocol and sequencing technology [12, 17]. For
increased sensitivity in the detection of large homozygous
deletions, genomic regions with no sequencing coverage in
an individual sample, but showing proper coverages in the
remaining samples, were identified.

Variant annotation

Variants were annotated using several databases contain-
ing functional (Ensembl, CCDS, RefSeq, Pfam), popula-
tional (dbSNP, 1000 Genomes, ESP6500, ExAC) and
disease-related (Clinvar, HGMD professional) informa-
tion, as well as 12 scores from algorithms for prediction
of the impact caused by nonsynonymous variants on the
structure and function of the protein (SIFT [18], Poly-
Phen2 [19], PROVEAN [20], Mutation Assessor [21],
Mutation Taster [22], LRT [23], MetaLR, MetaSVM [24],
FATHMM, FATHMM-MKL [25] and M-CAP [26]), and
1 score (GERP++) for evolutionary conservation of the
affected nucleotide [27].

Analytical sensitivity and specificity

The analytical sensitivity and specificity of our panel to de-
tect SNVs/indels was calculated using the v3 probe set to
evaluate 1624 total variants (1503 SNVs + 121 indels) with
allelic frequency = 0.1, following a procedure similar to that
previously described [12]. Briefly, 10 immortal lymphoblas-
toid cell lines, corresponding to 10 individuals whose ge-
nomes/exomes had been sequenced by the 1000 Genomes
and HapMap projects, were obtained from the Coriell Insti-
tute: NA20298 (ASW), NA12872 (CEU), NA18570 (CHB),
HG00320 (FIN), HG00110 (GBR), A18960 (JPT), NA19020
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(LWK), NA19794 (MXL), HG00740 (PUR) and NA18486
(YRI). Cell lines were cultured according to the protocols
provided by Coriell, their DNAs isolated and mixed in equi-
molecular amounts. An NGS library was prepared, cap-
tured using the custom probe and sequenced in 20% of a
NextSeq500 MidOutput run (2 x 75 sequencing cycles).
Variants were called as described in the previous section
and the results compared to those expected according to
the genomic information available for these cell lines.

Interfering highly homologous regions

Regions with < 100% callability at DP20 (i.e. with less than
100% of the target bases covered by >20 reads) in > 50% of
v3 cases were considered as potential conflictive regions
(Additional file 5). Those showing high homology to at least
another region of the GRCh38 human reference genome
are listed in Additional file 6. Realignment of the NGS re-
sults with reference sequences containing only the panel
genes affected by these conflictive regions was performed,
as previously described for the PMS2 gene [12], followed by
validation, using gene-specific analyses (i.e. Long-Range
PCR followed by Sanger sequencing) of putative patho-
genic/likely pathogenic SNV and indel variants [28].

Variant filtering, interpretation, classification and
diagnostic yield

Database resources to evaluate gene variants included
HGMD professional, OMIM, PubMed, dbSNP, 1000 Ge-
nomes Project, ESP, EXAC, and ClinVar. A minor allele fre-
quency (MAF) cut-off of 5% was applied to variants
considered as pathogenic (DM) by HGMD or as patho-
genic/likely pathogenic by ClinVar, as well as to those vari-
ants predicted to create a null allele (nonsense, frameshift
causing premature STOP codons, canonical splicing-site
disruption, ATG-loss and complete exon deletions/duplica-
tions). A MAF cut-off of 1%, as suggested by Shearer et al.
[29], was applied to all other variants predicted to affect the
sequence/expression of the protein (for protein-coding
genes) or of the RNA (for non-coding genes).

Clinical classification of all variants from v1 and v2 cases
was performed as described [12]. For v3 cases, only variants
that could potentially explain the SNHL phenotype of the
probands, based on zygosity of the variant, presence of add-
itional variants on the same gene and mode of inheritance
of the audiologic phenotypes associated to the gene, were
further considered. After that, variants were clinically classi-
fied according to the American College of Medical Genetics
and Genomics (ACMG) guidelines as pathogenic (class 5),
likely pathogenic (class 4), uncertain significance (class 3),
likely benign (class 2) and benign (class 1) [30]. Class 3-5
variants were thoroughly curated searching the literature
and databases for clinically relevant data. Class 3—5 variants
were reported for tier 1 genes. To reduce the interpretation
burden of tier 2 genes, only class 45 variants affecting
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genes whose associated putative phenotype matched the
patient’s phenotype were evaluated and reported.
Diagnostic yield (generally described as the likeli-
hood that a test or procedure will provide the infor-
mation needed to establish a diagnosis) was defined as the
percentage of tested patients with pathogenic/likely patho-
genic variants capable of explaining their HL phenotype.

Variant validation

Pathogenic/likely pathogenic variants considered respon-
sible for SNHL were validated by approaches alternative to
NGS. SNVs/indels were validated by PCR + Sanger sequen-
cing. For validation and breakpoint identification of the par-
tial CDH23 duplication (exons 11-15) and the RDX exon 2
deletion multiple PCR reactions were performed. STRC
CNVs were validated with a qPCR assay able to distinguish
STRC from the pSTRC pseudogene [28] as well as by
MLPA (MRC-Holland, Amsterdam, The Netherlands; cat.#
P64-DIS). Primers used in validation PCRs are described in
Additional file 7). Segregation was determined in 8/8
(100%) relatives with available biospecimens.

Reportable range

Reportable variants had to be supported by >4 independent
reads, with a total read depth > 10, belonging to genes from
Tier 1 (consistently associated) and showing allelic frequen-
cies in the sample > 0.1. Variants considered responsible or
likely responsible for the phenotype of the patient addition-
ally needed to have been validated by a method alternative
to NGS to be considered reportable. Occasionally, a variant
from a Tier 2 gene fulfilling all other criteria could be re-
portable, as long as the phenotype of the patient was com-
patible with the phenotype considered in the existing
publications supporting the gene-phenotype association of
the Tier 2 gene.

Reference range

Only variants consistent with the mode of inheritance of
the auditory phenotypes associated with the gene they
affect (for instance, biallelic variants on a gene with a reces-
sive phenotype) were evaluated according to ACMG/AMP
guidelines and their resulting clinical classification was re-
ported [30]. For those classified as pathogenic, likely patho-
genic or VUS, additional information supporting their
clinical classification was provided. Those classified as be-
nign or likely benign were considered to lay within the ref-
erence range of results and, thus, no further details about
them were provided. The remaining variants (not consist-
ent with the mode of inheritance of the auditory pheno-
types associated with the genes they affect) were included
in the reports for informative purposes but were not con-
sidered responsible for the patient’s phenotype.
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Sample tracking

A series of 6 SNPs on Tier 1 genes, with population MAFs
between 0.463 and 0.483, were selected for sample tracking:
rs10864198 on USH2A (MAF = 0.4531; ExAC); rs7598901
on ALMSI (MAF = 0.4736, 1000 Genomes); rs2228557 on
COL4A4 (MAF =0.4657; ExAC), rs7624750 on OPAI
(MAF = 0.4683; ExAC), rs734312 on WFSI (MAF = 0.4633;
ExAC), and rs2438349 on ADGRV1 (MAF = 0.4830; ExAC).
The genotypes identified by the NGS pipeline were com-
pared to those obtained from the corresponding TagMan
qPCR genotyping assays (cat # C__31803731_10,
C_29307975_10, C__11523965_10, C__ 2715859 10,
C__2401729_1 and C__16236492_10, respectively; Ap-
plied Biosystems, CA, USA) run on a 7900HT Fast
Real-Time PCR System (Applied Biosystems, CA, USA).
All samples showed coincident genotypes for all SNPs on
both platforms.

Patient population

Between September 2014 and March 2017, 50 consecutive
patients (21 male, 29 female) with syndromic/non-syn-
dromic SNHL were selected after excluding non-genetic
causes and causative variants in the DFNBI (GJB2/GJB6),
OTOF and MT-RNRI loci, considered the most frequent
causes of hereditary deafness in Spain [7, 31]. Consent
was obtained from patients or their parents. The study
was approved by the Comité de Etica de Investigacion del
Principado de Asturias (research project #75/14). The ages
at SNHL onset ranged between 0 to 47 years (median:
12 years). 20 cases (40%) were congenital. To identify syn-
dromic SNHL, a clinical geneticist evaluated the patients.
2/50 patients were diagnosed (pre-test) of Alport and
CHARGE syndromes. Other 3 patients presented with po-
tentially syndromic complications, without fulfilling cri-
teria for known syndromes.

Results

Panel validation

Performance of targeted NGS

Mean coverage of tier 1 genes was 445x for v1, 515x for v2
and 1121x for v3, and 98.87, 99.56 and 99.95% of their tar-
get bases were covered by 20 or more reads, respectively
(these calculations exclude the STRC and OTOA genes due
to their high homology to other genomic regions). The
minimum, average and maximum coverage (average read
depth of all target bases of the gene) and callabilities (% of
the target bases of the gene with minimum read depths of
10, 20, 50 and 100 reads per each target base of the gene)
for every tier 1 and tier 2 gene on samples analysed with
OTOgenics v3 is shown in Additional file 5. In v3 cases, re-
gions from tier 1 genes with less than 100% coverage with a
minimum of 20 reads (DP20) and specific positions within
those regions affected by such limitation were included in
each individual patient’s report.
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Analytical sensitivity and specificity

Prior to its use in the diagnostic setting, the clinical ver-
sion of the panel (v3) was evaluated for sensitivity and
specificity on a genotyped mixture of 10 lymphoblastoid
cell lines. 1617/1624 variants with allele frequency > 0.1
were detected (1497/1503 SNVs and 120/121 indels),
yielding a sensitivity of 0.9957 (>99.5%). Additionally,
1,034,047/1034817 true negative positions of the target
region were called by the platform as not bearing SNVs
or indels, representing a specificity of 0.9992 (> 99.9%).

Orthogonal validation of sequencing results

All variants considered responsible for the SNHL pheno-
types of the probands (Table 2) were successfully validated
by approaches alternative to NGS. These included 25 in-
stances of SNVs or indels (validated by PCR and Sanger
sequencing) and 4 CNVs: 1 heterozygous partial duplica-
tion of CDH23 (exons 11-15), 1 homozygous deletion of
RDX exon 2 (both validated by breakpoint-specific PCR)
and 2 homozygous STRC whole gene deletions (validated
by qPCR and MLPA). Apart from these, 4 samples had
heterozygous STRC CNVs (3 deletions and 1 duplication)
all of which were validated by qPCR and MLPA (Add-
itional file 8). These results indicate that our CNV calling
procedure is highly specific.

Performance at interfering highly homologous regions

Genomic regions with high sequence homology cause mis-
alignment of sequencing data and represent a major chal-
lenge for short-read NGS technologies. Out of the 199
genes included in the v3 panel, STRC, OTOA, ESPN and
KCNE]I contain a total of 22 interfering highly homologous
regions (as defined in the Methods section), most of which
overlap with those previously identified by Mandelker et al.
[32] (Additional file 6). To avoid missing clinically relevant
variants present in those target regions, the panel NGS
reads from all samples were realigned to reference se-
quences containing only the STRC, OTOA, ESPN and
KCNEI loci, as previously described by us for the PMS2
gene in a cancer panel [12]. This approach revealed that all
samples might potentially carry a pathogenic variant in the
STRC gene: c4057C > T, p.GIn1353* (coincident with the
reference sequence for exon 20 from the pSTRC pseudo-
gene). To unequivocally discriminate the origin of this vari-
ant, LR-PCR specific for the STRC gene followed by Sanger
sequencing was performed as described [28]. This approach
discarded the potential genic origin of the variant in 28/50
samples; not enough DNA was available from 1 sample and
no LR-PCR product was obtained from 21. Of note, the
average genomic DNA Integrity Number (DIN) of the 28
samples with successful LR-PCR was significantly higher
than that of the remaining 21 samples (8.71 vs 7.21; p-value
= 1.8 x 10~ % Student’s T test), suggesting that DNA degrad-
ation precluded LR-PCR. Alternative approaches would be
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needed to discard or confirm the genic origin of the variant
in those 21 samples.

Analysis of causative variants and diagnostic yield

Of 50 cases with severe-to-profound SNHL not caused by
GJB2/GJB6, OTOF or MT-RNRI mutations, a genetic justi-
fication for their HL phenotype was found in 21 (42%) after
identifying 31 pathogenic/likely pathogenic variants in 16
genes: ACTG1, BSND, CDH23, CHD7, COL4AS5, GATAS3,
MITE MYOI5A, P2RX2, POU3F4, PRPS1, RDX, SLC26A4,
SOX10, STRC and USH2A (Tables 2 and 3). Three more
cases had recessive variants of uncertain significance in ho-
mozygosis (affecting the LOXHDI and SLC26A4 genes) or
in hemizygosis (affecting the OTOA gene: 1 SNV + hetero-
zygous whole-gene OTOA deletion), which were suspicious
of pathogenicity, but did not fulfil ACMG criteria and,
thus, were not counted nor reported as positives (Table 4).
Had they been counted, the diagnostic yield would have
been 48% (24/50).

In our cohort, 47.6% (10/21) of the unambiguously
molecularly diagnosed patients had autosomal recessive
(AR) inheritance patterns, 38.1% (8/21) autosomal dom-
inant (AD), and 14.3% (3/21) were X-linked (Table 2).
The molecular basis of deafness was found in 44.4% (20/
45) of the cases with symmetric SNHL, whereas only 1
of 5 cases with asymmetric SNHL was genetically diag-
nosed (Waardenburg syndrome caused by a MITF muta-
tion) (Tables 2 and 3).

The most common SNHL causative genes in our pre-
screened population were ACTG1 (3 patients), USH2A (3
patients) and STRC (2 patients). Interestingly, 2 of 3 patho-
genic variants in ACTGI were de novo, as well as 1 GATA3
and 1 COL4AS pathogenic variants.

CNV analysis identified causative variants in 4 of the 21
molecularly diagnosed patients (19%): 2 with a homozygous
complete STRC deletion, 1 with a previously unreported
partial CDH23 duplication (exons 11-15) in compound
heterozygosity with a second pathogenic variant (missense),
and 1 with a homozygous RDX exon 2 deletion. One of the
patients with a homozygous causative STRC deletion was
also a carrier of a heterozygous substitution in TECTA, pre-
viously reported in the literature as a dominant pathogenic
variant (c.3107G > A; p.Cys1036Tyr) [33]. However, revalu-
ation of this variant according to ACMG guidelines reclas-
sified it as a variant of uncertain significance (it only
fulfilled ACMG pathogenicity criteria PP1 and PP3).

In total, 451 variants, of which 406 were unique, in 121
distinct genes were identified in the full cohort of 50 pa-
tients: 394 variants in 97 genes were identified in tier 1.
Tier 2 added 57 variants that contributed to the overall in-
terpretation burden. No tier 2 variant was considered re-
sponsible for the SNHL phenotype (Fig. 1).

199/394 (50.5%) and 45/57 (78.9%) of the identified tier
1 and tier 2 variants, respectively, were absent from the
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databases (HGMD professional and ClinVar). Fifteen of
them (all from tier 1), were classified as pathogenic or
likely pathogenic and responsible for the SNHL phenotype
of the patient (Fig. 1). Globally, those 15 variants were con-
sidered responsible for the SNHL phenotype in 13 cases.
As a result, 61.9% of the genetically diagnosed cases (13/21)
were explained by variants not described in the databases
(Fig. 2 and Table 2). Moreover, of 25 non-redundant vari-
ants classified as pathogenic (DM) by HGMD for hearing-
related phenotypes, after looking for plausible published
support in the literature, solid evidence could only be found
for 13 of them (52%) (Additional file 9). Of the 12 variants
considered DM by HGMD but, in our view, without
enough supporting evidence, 3 (25%) were also considered
as Pathogenic/Likely pathogenic by at least one ClinVar
submitter (Additional file 9). To deal with these limitations,
an average of 40 min of expert review was dedicated per
variant. With an average of 9 variants per case, this repre-
sents 360 min (6 h) per case. These results highlight the im-
portance of manual interpretation and curation for clinical
classification of variants, even for those considered as (po-
tentially) disease causing by reputable databases.

Increase of clinical sensitivity by analysis of syndromic
genes on apparently non-syndromic SNHL

28.6% of the genetically diagnosed cases (6/21) had a previ-
ously unrecognized syndrome: Barakat (1 patient), Usher
type 2A (3 patients) and Waardenburg (2 patients) (Table
2). These unexpected syndromic findings not only in-
creased the diagnostic yield, but they provided diagnostics
of utmost clinical relevance. Additionally, 6 patients carried
pathogenic variants in genes associated with syndromic and
non-syndromic conditions (Table 2): 1 had variants associ-
ated with Pendred syndrome and DFNB4, 1 with Bartter
syndrome type IV and DFENB73, 1 with Usher syndrome
1D and DFNBI12 and 3 with Baraitser-Winter type 2 and
DFNA20/DFENA26. These patients will need close
follow-up in case syndromic features develop.

Discussion

Hearing loss is one of the most genetically heterogeneous
disorders known. 60% of cases are believed to be of gen-
etic origin and 30% of them syndromic [34]. Due to its
high diagnostic yield [35, 36], the newest ACMG guide-
lines include NGS testing in the standard SNHL diagnos-
tic algorithm [1], whereas the use of non-genetic tests
should be considered case-by-case, usually as a comple-
ment to genetic testing. However, except for the preemi-
nent relevance of GJ/B2 mutations, little is known about
the frequency of SNHL variants in Europeans [9, 37].

Our results contribute to define the mutation spectra in
the Spanish population, underlining the SNHL genetic het-
erogeneity, as the causative variants of 21 patients affected
16 different genes. The genes most commonly altered in
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our pre-screened population were ACTGI (n = 3), USH2A
(n=3) and STRC (n = 3). Although variants in USH2A and
STRC are often reported as common causes of SNHL [28,
37-40], the identification of ACTGI as the most frequent
causative gene in our cohort is surprising.

ACTGI variants are responsible for DFNA20/DFNA26
and type 2 Baraitser-Winter syndrome. None of our 3 cases
has syndromic features to date, and all of them had early-
onset profound SNHL, expanding the phenotypic spectrum
of ACTG]I, usually associated to post-lingual and progres-
sive SNHL [41, 42], to prelocutive SNHL. Since none of the
3 causative variants had been described and 2 of them were
de novo, a targeted hot-spot mutation assay or an AR ori-
ented gene panel (the 2 de novo mutations took place in
patients without familial background, simulating a recessive
pattern) would have missed them. Therefore, the preva-
lence of ACTGI pathogenic variants could be higher, and
its expression pattern more variable, than previously
thought [43].

Our 38.1% rate of syndromic SNHL (8/21, including 2
syndromes diagnosed before and 6 after NGS genetic test-
ing) is within expected rates. In contrast, our 38% incidence
of AD and 14% of X-linked SNHL are higher than expected
[44]. This might reflect the consequences of pre-screening,
which excluded the most common AR (GJ/B2/GJB6 and
OTOF) and mitochondrial (MT-RNRI) mutations [2, 31,
45]. However, since in our patients 50% (4/8) of causative
dominant variants were de novo (2 in ACTGI, 1 in GATA3;
and 1 in COL4AS5, Table 2) it might also be the conse-
quence of using an unbiased NGS panel, able to identify
unexpected de novo variants. Despite the limited size of
our cohort, our de novo detection rate is strikingly similar
to that reported recently in whole-exome sequencing
(WES) studies for different clinical indications (37-68%)
[35, 46].

A technical difficulty encountered for the implementation
of a clinical-grade test was the presence of highly homolo-
gous pseudogene background for some of the target genes
included in the panel (Additional file 6), especially STRC
and OTOA. The measures proposed to deal with this prob-
lem (gene-restrictive realignment of sequencing results and
validation of putative causative variants by gene-specific
methods) should reduce misdiagnosis. Moreover, the STRC
gene, one of the largest contributors to AR SNHL [28, 47,
48], is also a common site for large deletions [28], and
CNVs can be refractory to general NGS approaches. As dis-
played in our population, where 19% of cases (4/21) were
justified by CNVs, large genetic rearrangements are increas-
ingly recognized as a common cause of genetic hearing loss,
accounting for 13—-19% of all causative variants [5, 48—50].
Therefore, CNV analysis should be a requirement for all pa-
tients undergoing genetic testing for SNHL. In this regard,
our 100% validation rate of NGS-detected STRC CNVs by
qPCR and MLPA is encouraging (Additional file 8).
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Diagnostic rates of up to 60% are expected in patients
with suspected AR congenital deafness. This percentage
strongly declines for AD hearing loss, especially with the in-
crease in the age of onset [5, 48]. In our series, as in most
of published studies [5, 48, 51], prior to comprehensive
genetic testing, patients were prescreened for common
deafness mutations (in our cohort, G/B2/GJB6, OTOF and
MT-RNRI, selected for their high prevalence in Spain [7,
31]). Mutations in the GJB2 gene are among the most fre-
quent causes for congenital hearing loss. The prevalence of
its biallelic pathogenic mutations among non-syndromic
SNHL cases ranges geographically from 0% to over 50% [3,
52-54]. Recent analyses show a worldwide and European
prevalence of around 13%, increasing in <5 year-old pa-
tients [2, 3]. In our laboratory, G/B2/GJ/B6, OTOF and
MT-RNRI prescreening of 180 patients identified the cause
of deafness in 34 (18.9%) (unpublished results). This figure,
combined with the 42—-48% diagnostic rate of our panel in
pre-screened patients (48% considering as causative the
highly suspicious variants of Table 4), allows us to estimate
that combining prescreening with our panel will lead to a
diagnosis in about 53—58% of patients.

Our 42-48% detection rate is slightly higher than the
average reported with NGS-panels: 41% (10-83%) for a
mix of pre-screened and not pre-screened patients [5, 9,
28, 48, 51]. Proper target region coverage and bioinfor-
matics approaches shouldn’t be underestimated for maxi-
mizing clinical sensitivity. Additionally, the inclusion of
syndromic genes, revealing ‘hidden syndromes, increased
the diagnostic yield. The 6 a priori clinically unrecognized
syndromes in our cohort diagnosed after genetic testing
(Table 2), representing 28.6% of the genetically diagnosed
cases, are a proof of concept of how NGS is changing
medicine. In fact, undiagnosed syndromes in families with
apparently non-syndromic SNHL are increasingly re-
ported [55-58], expanding the phenotypes associated with
SNHL-syndromes [35]. Moreover, 6 patients in our series
had pathogenic variations in genes associated with both
syndromic and non-syndromic HL: CDH23 (Usher syn-
drome 1D and DFNBI12), ACTGI (Baraitser-Winter syn-
drome type 2 and DFNA20/DFNA26), BSND (Bartter
syndrome type IV and DNFB73) or SLC26A4 (Pendred syn-
drome and DENB4) (Table 2). Close follow-up of these pa-
tients is mandatory, since syndromic features may develop.

The clinical interpretation of genomic findings is a
cornerstone of NGS diagnostic pipelines. Beyond deaf-
ness, a recent study indicated that as many as 30% of all
disease-causing genetic variants cited in the literature
may have been misinterpreted [59]. In our cohort, man-
ual interpretation of variants required an average of 6 h/
case, dedicated to in-depth review of the databases and
scientific literature, under the perspective of the patient’s
phenotype and family history, which is imperative for ac-
curate variant interpretation [11, 60].
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Table 3 Clinical characteristics of cases without causative mutations
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Case ID  Phenotype Suspected inheritance  Time of deafness
pattern onset
OTO.017 Bilateral non-syndromic sensorineural deafness AR Congenital
OTO.021 Bilateral sensorineural deafness. Nystagmus, strabismus, delay in psychomotor development AR Congenital
and autism spectrum disorder
OTO0.024 Bilateral non-syndromic sensorineural deafness AR Childhood
OTO0.025 Bilateral non-syndromic sensorineural deafness AR Childhood
OT0.026  Unilateral non-syndromic sensorineural deafness AR Childhood
OTO.027 Bilateral non-syndromic sensorineural deafness AR Congenital
OTO0.028 Bilateral non-syndromic sensorineural deafness AR Childhood
OT0.029 Unilateral non-syndromic sensorineural deafness AR Congenital
OTO0.030 Unilateral sensorineural deafness. Connective tissue problems, digestive problems, urinary AR Childhood
reflux and knee hypermobility
OT0.032 Unilateral non-syndromic sensorineural deafness AR Congenital
OTO0.034 Bilateral non-syndromic sensorineural deafness AR Childhood
OTO.035 Bilateral non-syndromic sensorineural deafness AR Childhood
OTO0.038 Bilateral non-syndromic sensorineural deafness AR Unknown
OTO.040 Bilateral non-syndromic sensorineural deafness AR Childhood
OTO.042 Bilateral non-syndromic sensorineural deafness AR Congenital
OTO.044 Bilateral non-syndromic sensorineural deafness AR Congenital
OTO0.045 Bilateral non-syndromic sensorineural deafness AR Congenital
OTO.046 Bilateral non-syndromic sensorineural deafness AR Childhood
OTO0.049 Bilateral non-syndromic sensorineural deafness AR Adulthood
OTO.052 Bilateral sensorineural deafness. Lobe of the auricular pavilion with grooves. Polysyndactyly in - AR Congenital
hands and feet. Hypospadias
OTO.053 Bilateral non-syndromic sensorineural deafness AR Childhood
OTO.036 Bilateral non-syndromic sensorineural deafness AR/AD Childhood
OTO0.039 Bilateral non-syndromic sensorineural deafness AR/AD Adulthood
OTO0.020 Bilateral non-syndromic sensorineural deafness AD Childhood
OT0.022 Bilateral non-syndromic sensorineural deafness AD Congenital
OTO.031 Bilateral non-syndromic sensorineural deafness AD Childhood
OTO0.037 Bilateral non-syndromic sensorineural deafness AD Adulthood
OTO.047 Bilateral non-syndromic sensorineural deafness AD Childhood
OTO0.048 Bilateral non-syndromic sensorineural deafness AD Childhood

To date, several studies using NGS for genetic diagnosis
of deafness have been published, involving either gene
panels or WES [5, 61]. When WES is ordered, sequenced
regions not only include genes of interest (“targeted dis-
ease-specific panels” such as the one presented in this
paper), but also all exons of all genes in the genome. Al-
though WES avoids the need for specific gene panel enrich-
ment, a literature-based selection of the genes involved in
the pathology is anyway required for results intepretation.
WES increases the requirements for sequencing resources,
complicates the analysis and normally provides insufficient
coverage of key target regions [29]. Moreover, WES carries

increased chance of secondary findings (variants identified
in genes unrelated to the primary medical reason for testing
[62]), which introduce noise into the genetic counseling
procedure. A comparison of a disease-focused panel versus
WES for inherited eye diseases found improved accuracy
and performance of the disease-specific panel, a finding that
can be translated to hearing loss panels [63]. For these rea-
sons, disease-focused genetic tests have become the stand-
ard when evaluating hearing loss [64]. However, WES does
have an advantage: the ability to identify alterations in genes
not definitely associated with the disease yet. To minimize
this disadvantage, a tiered approach was implemented: tier
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Tier 1 variants: 394

Not in
DBs:
12:/53;4 In DBs:
(49.5%) 195/394
(50.5%)
17/32
15/32 (53.1%)
(46.9%),

Causative vafiants: 32

_

Fig. 1 Presence/absence of total and causative variants in databases. Circles represent total numbers of tier 1 (left) and tier 2 (right) variants (not
to scale), their presence in the HGMD professional and/or ClinVar databases (in DBs) or their absence from both databases (not in DBs) at the
moment of case evaluation, and the distribution of the 32 variants considered causative of HL within these categories

Tier 2 variants: 57

InDBs: Notin
DBs:

8/57
. 45/57
(21.1%) ey

1 includes all genes consistently associated with SNHL,
whereas tier 2 includes genes without sufficient clinical val-
idity to be included in clinical testing. Non-systematic
reporting of tier 2 genes reduces the uncertainty and sim-

plifies the genetic counseling procedure. However,
8/21
38.1%
B 11/21
(52.38%)
2/21
(9.52%)

Cases explained by variants in DBs
. Cases explained by variants not in DBs
Cases explained by 1 variant in DBs + 1 variant not in DBs

Fig. 2 Genetically diagnosed cases explained by variants present in
and absent from databases. Sectors represent the percentage of
genetically diagnosed cases explained by variants present in (in DBs)
or absent from (not in DBs) the HGMD professional and/or ClinVar
databases at the moment of case evaluation

meanwhile, it facilitates fast pipeline incorporation of clinic-
ally validated genes, as soon as confirmatory discoveries are
published.

Conclusions

Our results underscore the importance of a compre-
hensive approach with careful gene selection to the
genetic diagnosis of SNHL. Here, we contribute to show
that, with the right methodology, NGS can be transferred
to the clinical practice, boosting the yield of SNHL genetic
diagnosis to 50-60% (including GJB2/GJB6 alterations),
improving diagnostic/prognostic accuracy, refining genetic
and reproductive counseling and revealing clinically rele-
vant undiagnosed syndromes. Lowering cost and increas-
ing quality of WES and whole-genome sequencing (WGS)
will probably prompt substitution of physical gene panels
by non-targeted approaches. However, WES/WGS results
are likely to be filtered through in-silico gene panels, based
on a meticulously curated gene selection, such as the
gene-set of the current panel. Thus, the methodology im-
plemented on the present study is expected to be useful in
the years to come. Since comprehensive genetic testing
using NGS should be the standard of care for gen-
etic evaluation of patients with SNHL, hereditary deaf-
ness should become a paradigm on the raising field of
precision medicine. In this context, we expect that the use
of the current platform, or others developed on the know-
ledge presented herein, will help to bring to the clinical
arena the advantages of predictive and preventive SNHL
genetic testing.
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