Human Genetics (2022) 141:519-538
https://doi.org/10.1007/500439-021-02372-2

ORIGINAL INVESTIGATION q

Check for
updates

Molecular and genetic characterization of a large Brazilian cohort
presenting hearing loss

Ana Carla Batissoco'?® - Vinicius Pedroso-Campos' © - Eliete Pardono™>® . Juliana Sampaio-Silva'
Cindy Yukimi Sonoda'® - Gleiciele Alice Vieira-Silva'® - Estefany Uchoa da Silva de Oliveira Longati'
Diego Mariano*® - Ana Cristina Hiromi Hoshino?® - Robinson Koji Tsuji?® - Rafaela Jesus-Santos’ -
Osoério Abath-Neto®® - Ricardo Ferreira Bento'?® - Jeanne Oiticica’2® - Karina Lezirovitz'

Received: 17 May 2021/ Accepted: 15 September 2021 / Published online: 1 October 2021
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract

Hearing loss is one of the most common sensory defects, affecting 5.5% of the worldwide population and significantly
impacting health and social life. It is mainly attributed to genetic causes, but their relative contribution reflects the geographi-
cal region’s socio-economic development. Extreme genetic heterogeneity with hundreds of deafness genes involved poses
challenges for molecular diagnosis. Here we report the investigation of 542 hearing-impaired subjects from all Brazilian
regions to search for genetic causes. Biallelic G/B2/GJB6 causative variants were identified in 12.9% (the lowest frequency
was found in the Northern region, 7.7%), 0.4% carried GJB2 dominant variants, and 0.6% had the m.1555A > G variant (one
aminoglycoside-related). In addition, other genetic screenings, employed in selected probands according to clinical presenta-
tion and presumptive inheritance patterns, identified causative variants in 2.4%. Ear malformations and auditory neuropathy
were diagnosed in 10.8% and 3.5% of probands, respectively. In 3.8% of prelingual/perilingual cases, Waardenburg syndrome
was clinically diagnosed, and in 71.4%, these diagnoses were confirmed with pathogenic variants revealed; seven out of them
were novel, including one CNV. All these genetic screening strategies revealed causative variants in 16.2% of the cases. Based
on causative variants in the molecular diagnosis and genealogy analyses, a probable genetic etiology was found in~50% of
the cases. The present study highlights the relevance of GJB2/GJB6 as a cause of hearing loss in all Brazilian regions and
the importance of screening unselected samples for estimating frequencies. Moreover, when a comprehensive screening is
not available, molecular diagnosis can be enhanced by selecting probands for specific screenings.

Introduction

A fully functional auditory system in humans is necessary
for communication and the perception of the surrounding
environment. Even mild sensorineural hearing loss (HL)
can cause lifelong impacts on social, financial, vocational,
and educational needs. HL is one of the most common dis-
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Brazilian population exhibit some degree of HL. The World
Health Organization predicts that 1 in 4 people (close to 2.5
billion people worldwide) will be living with some degree
of HL in the year 2050 (WHO 2021).

The frequency of HL of genetic etiology reaches 60%
in developed countries, while in developing countries, such
as in Brazil, this number is expected to be lower due to the
outstanding contribution of environmental factors (Braga
et al. 1999; Faistauer et al. 2021). However, owing to the
recent improvement in health care, those frequencies should
become closer. Hereditary hearing loss (HHL) is exception-
ally genetically heterogeneous, exhibiting Mendelian inherit-
ance patterns and mitochondrial inheritance. Nearly 70% of
individuals with HHL are non-syndromic, and 30% present
syndromic HL. (Van Camp and Smith 2021; Shearer et al.
2017). Over 400 of these HL-related syndromes have been
described, the most frequent being the Usher Syndrome
(USH) and Waardenburg Syndrome (WS) (Shearer et al.
2017).

Since 1997, 123 genes have been associated with non-
syndromic HL (Van Camp and Smith 2021), and 224 deaf-
ness genes are already listed in the Deafness Variation Data-
base, which also includes syndromic hearing loss genes.
Autosomal recessive inheritance is observed in about 80%
of the non-syndromic cases, usually severe to profound, with
prelingual and stable onset (Van Camp and Smith 2021;
Shearer et al. 2017). The contribution of the causative genes
varies across different populations and ethnicities. However,
the GJB2 and GJB6 genes (connexins 26 and 30, respec-
tively, the DFNBI1 locus, OMIM #220290) account for more
than 50% of autosomal recessive cases in the white popula-
tions of Europe and the United States (Snoeckx et al. 2005).
Other genes frequently associated with autosomal recessive
HL, in many different populations, are the SLC26A4 gener-
ally associated with cochlea-vestibular anomalies, ranging
from the enlarged vestibular aqueduct to Mondini dyspla-
sia (OMIM #600791, DFENB4 locus); and OTOF, associ-
ated with auditory neuropathy (OMIM #601071, DFNB9Y);
followed by CDH23 (OMIM #601386, DFNB12), TMC1
(OMIM #600974, DFNB7/11), TMPRSS3 (OMIM #601072,
DFNB&8/10) and MYO15A (OMIM #600316, DFNB3), with
no specific clinical signs associated (Hilgert et al. 2009;
Shearer et al. 2017).

Conversely, autosomal dominant genes account for
10-20% of HL cases and are often postlingual and pro-
gressive (Hilgert et al. 2009; Shearer et al. 2017). Esti-
mates worldwide point to a frequency of 1% of mitochon-
drial inheritance, but a higher prevalence, of 2%, has been
observed in Brazil (Abreu-Silva et al. 2006). However,
the predisposition to the aminoglycosides ototoxicity con-
ferred by the mitochondrial variant m.1555A > G (OMIM
#56100012S, rRNA or MT-RNR1 gene) raises the signifi-
cance of its screening in HL.
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Genomic technologies have speeded up discovering novel
genes and variants, accelerated the establishment of geno-
type—phenotype correlations, and increased the power of
prognosis based on molecular diagnosis. However, those
technologies are still expensive in developing countries and
are not accessible for screening every hearing-impaired sub-
ject. Thus, seeking alternatives to improve the screening of
specific genes is crucial for genetic counseling and scientific
enrichment. Moreover, variant interpretation and correlation
to phenotype are further challenges to overcome.

In this study, hearing-impaired subjects were investi-
gated through mutational screening of the GJB2 variants
and GJB6 common deletions, the m.1555A > G variant in
the MT-RNRI, in addition to other frequent HL. genes, when
the clinical presentation and inheritance pattern suggested
the involvement of a specific gene and comprehensive NGS
screening in few cases.

Patients and methods
Patients

A total of 542 subjects with HL were referred to the Genetic
Deafness Counseling Unit of the Otorhinolaryngology
Department (Clinics Hospital of University of Sao Paulo
School of Medicine). Part of this cohort (313) was described
in Sampaio-Silva et al. (2017). No subjects were excluded
from this study, regardless of HL severity, laterality, addi-
tional clinical findings or syndromic features, or possible
environmental causes. Given that most of our subjects
(~72%) were referred by the Cochlear Implant Unit from
the same hospital, our cohort is biased towards severe to
profound HL.

All DNA samples were collected after signing a written
informed consent form, within the scope of the Research
Protocol No. 65111517.0.0000.0068, approved on
08/17/2017 by CAPPesq (ETHICS COMMISSION FOR
THE ANALYSIS OF RESEARCH PROJECTS at the School
of Medicine Clinics Hospital of the University of Sdo Paulo
approval No. 2,224,363).

Clinical evaluation

Audiological data, including the otoacoustic emissions test
(OAE), ABR test (auditory brainstem responses), and tonal
audiometry, were available from all patients. Additional
audiological exams available for most cochlear implant
patients included temporal bone imaging (MRI—Mag-
netic Resonance Imaging and CT—computed tomogra-
phy scan). Vestibular dysfunction was investigated upon
patient complaint or clinical suspicion. Syndromic features



Human Genetics (2022) 141:519-538

521

were assessed after physical examinations and complete
anamneses.

Molecular analysis

Genomic DNA was extracted using commercial kits or salt-
ing-out methods (Miller et al. 1988) from peripheral blood
leukocytes. The DNA quality and quantity were verified with
a Nanodrop spectrometer (Nanodrop Technologies, Wilm-
ington, DE, USA). The routine screening included analysis
of GJB2 coding region by Sanger sequencing: GJB6 dele-
tions test, A(GJB6-D1351830) and A(GJB6-D13S1854), by
multiplex PCR (Del Castillo et al. 2005), and m.1555A > G
in MT-RNRI by RFLP analysis (Estivill et al. 1998). G/B2
exon 1 was also sequenced when a single recessive patho-
genic variant was detected. The m.1555A > G variant cases
were validated by Sanger sequencing.

Sanger sequencing

In selected cases, Sanger sequencing was also per-
formed to screen for pathogenic variants in the following
genes: MITF (NM_000248.3), PAX3 (NM_181457.2),
SOX10 (NM_006941.3), EDN3 (NM_000114.2),
EDNRB (NM_000115.2), SLC26A4 (NM_000441),
FOXII (NM_012188), KCNJ10 (NM_002241), OTOF
(NM_194248), and TMPRSS3 (NM_024022.2). Additional
specific variants in the following genes were also screened
in selected cases: NCOA3 (NM_181659, c.2810C > G;
p-(Ser937Cys)) as described in Salazar-Silva et al. (2021)
and MYO3 (NM_017433.5,¢c.2090T > G; p.Leu697Trp)) as
described in Dantas et al. (2018). PCR was used to amplify
the coding region of each gene with specific primer pairs
designed using Primer3 (https://www.bioinfo.ut.ee/prime
1r3-0.4.0/primer3) or PrimerBlast (https://www.ncbi.nlm.nih.
gov/tools/primer-blast/). PCR products were purified using
Exonuclease I and FastAP Thermosensitive Alkaline Phos-
phatase (Fermentas, ThermoFisher Scientific Inc., Waltham,
MA). Purified samples were submitted to sequencing reac-
tion with ABI Big Dye Terminator v3.1 Cycle Sequencing
Kit (Applied Biosystems, ThermoFisher Scientific Inc.,
Waltham, MA); the ethanol/sodium acetate/EDTA purified
sequencing product was analyzed in an ABI PRISM 3500
Genetic Analyzer (Applied Biosystems, ThermoFisher Sci-
entific Inc., Waltham, MA). The sequences were aligned to
Ensembl—Human GRCh37 sequences (https://www.ensem
bl.org) and analyzed, employing the BioEdit v7.2.5 software
(Tom Hall, Ibis Biosciences, Carlsbad, CA, USA).

Pathogenicity and variants databases

Variant pathogenicity prediction was carried out with the fol-
lowing bioinformatics tools: VEP (Variant Effect Predictor

GRCh37, Ensembl, https://www.ensembl.org/info/docs/
tools/vep/index.html) and we considered probably deleteri-
ous those predicted as moderate to high impact; dbNSFP
(RRID:SCR_005178) was also used with the following ena-
bled tools: Mutation Taster, the variants scored as disease-
causing were considered deleterious (RRID:SCR_010777,
http://www.mutationtaster.org/); CADD Phred, and were
considered deleterious those with scores > 20, unknown sig-
nificance 15 <scores <20, and benign scores <15 (https://
cadd.gs.washington.edu/; Kircher et al. 2014); PROVEAN,
deleterious if scores<— 2.5 (RRID:SCR_002182);
SIFT, deleterious scores <0.05 (RRID:SCR_012813
http://provean.jcvi.org/index.php); PolyPhen2, delete-
rious scores > 0.450 (http://genetics.bwh.harvard.edu/
pph2/); MaxEntScan, considered deleterious (native loss)
if scores pointed to high impact (diff > 0, with alt < 6.2/
diff > 1.15) or medium impact (alt< 6.2/ diff <1.15 or
6.2 <alt<8.5/ diff > 1.15) (http://genes.mit.edu/burge
lab/maxent/Xmaxentscan_scoreseq.html; Shamsani et al.
2019); SpliceAl pred, considered deleterious through dis-
ruption of splicing if one of the delta scores > 0.8, some
effect in splicing if 0.5 <delta scores > 0.8, either accep-
tor or donor, gain or loss (https://hpc.nih.gov/apps/Splic
eAl.html, Jaganathan et al. 2019); and REVEL, deleteri-
ous scores >0.700, unknown significance if scores <0.700
(if https://sites.google.com/site/revelgenomics/, Oza et al.
2018). All variants were searched in the Deafness Variation
Database (https://deafnessvariationdatabase.com), ClinVar
(https://www.ncbi.nlm.nih.gov/clinvar/), GnomAD data-
base (https://gnomad.broadinstitute.org/, Karczewski et al.
2020), and the ABraOM (Brazilian genomic variants, https://
abraom.ib.usp.br). We followed the standard ACMG guide-
lines as described in Richards et al. (2015) combined with
the specifications of Oza et al. (2018). All the novel variants
classified as likely pathogenic or pathogenic were predicted
as deleterious by the majority of in silico tools and had a low
MAF, below the thresholds proposed by Shearer et al. (2014)
for autosomal recessive and autosomal dominant variants,
0.005 (GJB2 and OTOF) and 0.0005 (Waardenburg genes),
respectively. Variants were considered causative when they
were classified as pathogenic or likely pathogenic by the
ACMBG guidelines. The novel variants herein reported are
under submission for inclusion in the Deafness Variation
Database, and all variants were included in ClinVar (acces-
sion numbers SCV001792212 to SCV001792241) and the
Global Variome shared LOVD.

CNVs analysis
Quantitative real-time PCR assays were conducted to
screen for CNVs involving the Waardenburg genes in

the WS2 patients with no pathogenic variants detected
by Sanger sequencing in the genes PAX3, MITF, SOX10,
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EDNRB, and EDN3. Amplicons of the qPCR were located
in: SOXI10 exons 2 (NM_006941.3) and 4 and intron
1 (XP_005261777.1); MITF intron 2, exon 6, 7 and 9
(NM_000248.3); PAX3 exon 8 (NM_181457.2) and EDNRB
exon 1 (NM_000115). The qPCR reactions were carried out
in a Step One System (Thermo Scientific, Waltham, MA,
USA) with 10-15 ng of DNA, 0.1 to 0.35 uM of each primer,
and 2 X PowerUp™ SYBR™ Green Master Mix (Applied
Biosystems, Thermo Fisher Scientific, Waltham, MA, EUA),
according to the manufacturer’s protocol, but with a final
volume of 10 ul. All primer pairs employed exhibited only
one amplified fragment, visualized as a single melting-
curve peak, and efficiency between 90 and 110%, obtained
in Standard curves of serial dilutions of the DNA template.
The 272 model was used for CNV estimation (Livak and
Schmittgenm 2001). For all experiments, reference gene and
reference sample were run together with the tested gene,
with samples from CNV carriers (when available) and
non-carriers. CNV carriers (positive controls) were kindly
provided by Dr. Regina C. Migroni-Netto Lab (Laborat6rio
de Genética Humana, Instituto de Biociéncias da Universi-
dade de Sao Paulo, Sdo Paulo, Brazil) and were described
in Bocangel et al. (2018). A two-tailed unpaired ¢ test, 95%
confidence interval, was used to determine whether the Copy
Number Estimations of reference and tested samples were
statistically different. Samples from subjects W12 and W13
underwent array CGH analysis (Agilent 180K, detection
of >300 kb CNVs), according to the protocol described
in Lezirovitz et al. (2020) and Exome Sequencing, both as
a collaboration with Dr. Regina C. Mingroni-Netto Lab.
MLPA analysis was performed to validate the qPCR MITF
deletion of exon 6, in collaboration with Dr. Veronique
Pingault Lab (Laboratory of Embryology and Genetics of
Human Malformation, Imagine Institute, Université de Paris,
Paris, France).

CNVs involving the DFNAS5S protein-coding genes were
analyzed by MLPA as described in Lezirovitz et al. (2020)
and by qPCR of three amplicons, one in each gene, with the
same conditions described above.

Computational molecular modeling

We performed molecular modeling of three-dimensional
structures, by comparison, using SWISS-MODEL (Arnold
et al. 2006; Biasini et al. 2014). The MITF variant was
modeled regarding both the most extensive transcript
NM_198159 and its mutant p.(Ser351Tyr) and the melano-
cyte-specific isoform transcript NM_000248.3 ant its mutant
p-(Ser250Tyr). Sequences were collected in the GenBank
database (Supplementary Table S1 and Supplementary
Files S1-S5), and templates were evaluated using the pro-
tein—protein BLAST tool (Johnson et al. 2008) searching on
the Protein Data Bank (PDB) (Berman et al. 2000). Multiple
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sequence alignments were performed using the Clustal
Omega web tool (Sievers and Higgins 2014). Models’ qual-
ity was assessed using the QMEAN score function (Studer
et al. 2020). Ramachandran plot analyses were performed
using the MolProbity web tool (Lovell et al. 2003). Finally,
structural alignments were performed using PyMOL soft-
ware (https://pymol.org). Comparative modeling reports
and Ramachandran plots are available in the supplemen-
tary materials. The Ramachandran plot is a protein’s phi
(¢) and psi (y) torsional angles visual representation. Due
to restrictions in the main chain bonds, not all bond angles
are allowed (Ramachandran et al. 1963). Hence, this plot
can be used to assess the quality of structures obtained by
comparative modeling (Wiltgen 2019). Additionally, Pois-
son-Boltzmann surface analyses (PBSA) were performed for
wild and mutant p.(Lys150Glu) model structures of SOX10
using APBS-PDB2PQR software suite (Baker et al. 2001;
Dolinsky et al. 2004). Contacts analyses were performed
using the ARPEGGIO web tool (Jubb et al. 2017).

Exome/panel NGS

The protocols are described in Sampaio-Silva et al. (2017),
de Lima et al. (2018), and Bueno et al. (2021). In addition,
the genes compositions of the NGS HL panels, both of 18
and 116 genes, are listed in Supplementary File S6.

Results and discussion

The present cohort consisted of 542 hearing-impaired sub-
jects, mostly sporadic, non-syndromic, and sensorineural,
with prelingual/perilingual onset, as shown in Fig. 1A.
Among them, seven were from foreign countries, and
535 were from the five Brazilian regions (Southeast—SE,
South—S, Northeast—NE, North—N, and MidWest—
MW), representing 22 out of the 25 states (Fig. 1B, Sup-
plementary Table S2). The characterization of the molecular
screening strategies and findings are summarized in Fig. 1C.

The investigation of the genetic heterogeneity of HL is
beneficial not only for precise genetic counseling but also
for fundamental contributions to auditory physiology knowl-
edge. In addition, molecular diagnosis has further advan-
tages like orientation regarding risk factors (such as ototoxic
drugs), distinguishing syndromic from non-syndromic cases,
and providing clinical prognosis and care (Alford et al. 2014;
de Lima et al. 2018; Nonose et al. 2018). G/B2/GJB6 vari-
ants are the primary cause of NSHL in most populations,
and consequently, are the focus of molecular assessment in
genetic counseling services and newborn hearing screening
programs (Shearer et al. 2017). Besides, many researchers
worldwide improved genetic counseling by establishing the
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Fig. 1 A Characterization of the A
cohort of 542 hearing-impaired

subjects; B map showing the &
contribution of each Brazilian @
region to our cohort; C flow
diagram of the study concerning

. . . Sporadic

the genetic screening strategies E 'I'II

and their findings. Frequencies amilia
inside the boxes are related to

Unrelated

the whole cohort (542). For
example, 16.3% of the cases had
GJB2/GJB6 pathogenic/likely
pathogenic variants. The fre-
quencies outside the boxes were
calculated within the previous
group. For example, in 81.8%
of the cases with GJB2/GJB6

Consanguinity

Pre/Perilingual
Postlingual

Nonsyndromic

. . Syndromic
variants, they were causative.
Grey squares indicate causative .
variants found (solved cases); Bilateral
Unilateral

the number of subjects in each
category is inside circles. The
number of observed probands
with each of the most frequent
variants is inside a square.
*WS subject without HL not
included; "both subjects had
skin/nails anomalies; *a total
of 14 WS cases, all screened
for WS genes, including the
GJB2 monoallelic and one w/o B
HL; **only the most frequent

variants; ***two had both mal-
formations; Chr chromosomes,

WS Waardenburg syndrome, AR
autosomal recessive, AD auto-

somal dominant, bial biallelic,

mono monoallelic, Coch-vest
Cochleo-vestibular, Mid-Ex
middle-external ear

Other countries

& GJB2/GJBS
® G6JB2/6JB6

pathogenic nature of controversial variants (Shearer et al.
2014; Oza et al. 2018; Shen et al. 2019; Deafness Variation
Database).

The nonspecific clinical presentation associated with
the deafness genes demands the simultaneous analysis of
several genes to accelerate molecular diagnosis (Arnos
2003; Dror and Avraham 2010). However, many compre-
hensive technologies widely used in developed nations

MidWest
(MW) -
3%

45%

39%

9%

36%

19%

3%

Brazil

1%

42%

North
(N) - 5%

Northeast
(NE) - 9%

Southeast
(SE) - 79%

South
(S) - 4%

as a routine in molecular diagnosis are still unavailable
for most people living in developing countries. Thus, as
presented here (Fig. 1C), G/B2/GJB6 and m.1555A > G
screening in every hearing-impaired patient is already a
remarkable achievement (Lezirovitz and Mingroni-Netto
2021, this issue).

The present report is one of the few studies in Latin
America that screened cases including those with
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Fig. 1 (continued)

malformations, or syndromic features, or due to environ-
mental factors, providing more accurate estimations and
highlighting the importance of molecular testing even
when other risk factors are present (Lezirovitz and Min-
groni-Netto 2021, this issue).

Surprisingly, a lower frequency of m.1555A > G was
observed (0.6% X 2%) compared to the study of Abreu-
Silva et al. (2006), also conducted in Sao Paulo city (Fig. 1C
and Supplementary Table S3). This difference in frequency
could be due to some ascertainment biased, for instance,
HL age of onset or ancestry, and also due to more strict laws
concerning antibiotics purchase implemented in 2011 that
could diminish the m.1555A > G associated HL penetrance
(Lezirovitz and Mingroni-Netto 2021, this issue).

Brazil’s regional differences in GJB2/GJB6
contribution: corroborating and expanding
previous studies

Overall, 20 different G/B2/GJB6 variants, likely pathogenic

or pathogenic, were identified, corresponding to 12.9% of
subjects with biallelic recessive pathogenic variants and 0.4%
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of heterozygous dominant variants (Fig. 1C and Supplemen-
tary Tables S4, S5, and S6). This frequency is quite similar to
the observed 12% of biallelic cases, in an independent study
also conducted in the city of Sdo Paulo 11 years ago (Batis-
soco et al. 2009). Besides, biallelic GJB2 variants were found
in two cases from the USA and Spain (29%), both compounds
heterozygous for c.35delG and another GJB2 variant.

A higher contribution of GJ/B2/GJB6 causative variants
was observed in cases with positive family history (19%),
pre/perilingual onset (19%), consanguineous parents (22%),
and non-syndromic cases (15%) (Fig. 2A). Furthermore, even
though females correspond to most of our cohort (55%), males
were more represented among subjects with GJ/B2/GJB6 vari-
ants. The males also had a higher diagnostic rate than females
(17% against 10%), as shown in Figs. 1A and 2A.

A novel frameshift variant (c.79_82delGTCCinsAGA) in
compound heterozygosity with the c.35delG is described
here, a frequent mutational mechanism in GJB2 and pre-
dicted as pathogenic by VEP and MutationTaster (Fig. 2B
and Supplementary Tables S4, S5, and S6).

The present study is the first that captures the vast diver-
sity of variants and their regional differences, representing
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all Brazilian regions, which contributed to the identified
GJB2/GJB6 alleles, proportional to their contribution to
the cohort (Supplementary Table S2; Fig. 2C, D). Although
a wider variety of variants was found in the present study
(Supplementary Table S5; Fig. 2E) compared to other previ-
ous studies from Sdo Paulo state, the ¢.167delT, for exam-
ple, was not detected here but had been identified in these
previous studies (Batissoco et al. 2009; Martins et al. 2013).
Thus, this study demonstrated that GJ/B2/GJB6 is a signifi-
cant cause of HL in all regions of Brazil. However, there
were regions with unexpected GJB2/GJB6 allele contribu-
tion and diagnostic rates, compared to the Brazilian average,
including N, with smaller than expected frequency, and NE,
with higher-than-expected frequency, as shown in Fig. 2C
(as compared to Fig. 1B) and Fig. 2D. For instance, the
Northern region had a diagnostic rate of 7.7%, and c.35delG
was the only pathogenic variant detected (Fig. 2D-F), in

agreement with a study from the same region (Pari state)
in which a diagnostic rate was 1.3% and c¢.35delG repre-
sented 80% of the mutated alleles, but GJB6 deletions were
not tested (Castro et al. 2013). Conversely, the other studies
performed in the NE region were not comparable to ours
because they included related patients (Manzoli et al. 2013)
or patients from a small geographical region (Melo et al.
2014). Based on genomic data, it has been estimated that all
Brazilian regions show between 60% and 80% of European
ancestry, with the smaller proportions exhibited in NE (60%)
and N (69%) regions. On the other hand, the N region exhib-
its the highest proportion of Amerindian ancestry (18.6%),
and the NE has the highest proportion of African ancestry
(29%) (Pena et al. 2011). Thus, the lowest GJB2/GJB6 con-
tribution in the N could be explained by this higher Amer-
indian contribution, similar to that observed in Guatemala
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(Carranza et al. 2016) and Venezuela (Angeli et al. 2000;
Utrera et al. 2007).

The c.35delG variant constituted ~70% of the 158
GJB2/GJB6 mutated alleles identified in Brazil (Sup-
plementary Tables S4, S5, and S6; Fig. 2F), and it was
the most frequent variant in all regions except the MW,
with the lowest frequency, concerning the overall mutated
alleles (20%) or all chromosomes screened (3%). This
region showed a larger variety of equally contributing vari-
ants ¢.71G > A:p.(Trp74Ter), c.101 T > C:p.(Met34Thr),
c.551G > C: p.(Argl84Pro) and del(GJB6-D13S1854).
These regional differences argue against the c.35delG
single test as the best screening strategy to achieve a
molecular diagnosis and reinforce the need to include the
GJB6 deletions test, which was also demonstrated to some
extent in other Brazilian studies (Melo et al. 2014; Felix
et al. 2014) . Conversely, the highest c.35delG frequency
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was obtained in the South region (Fig. 2F, G). The study
of Faistauer et al. (2021) and the present showed similar
results concerning the c¢.35delG frequency among mutated
alleles in the S region, 100% and 90%, respectively, but the
present diagnostic rate was higher than the obtained in this
study, 14.3% compared to 11.5% (Fig. 2D, F).

The second most frequent mutated allele in GJB2 was
¢.109G > A:p(Val37Ile) which accounts for 6.4% of the
mutated alleles detected in the SE and NE regions. Two
other pathogenic variants were recurrent: c.71G > A:p.
(Trp24Ter) (4.5%), identified in the SE and MW and
c.101 T> C: p.(Met34Thr) (3.8%), found in the SE, NE,
and MW regions (Fig. 1C and Supplementary Tables
S4, S5, and S6). The large deletions involving GJB6,
del(GJB6-D13S1830), and del(GJB6-D13S1854), were
each found in 2.1% of the mutated chromosomes, in S/
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MW and SE/NE regions, respectively (Fig. 1C and Sup-
plementary Tables S4, S5, and S6).

The most frequent polymorphism in the whole cohort
was 183751385 (NM_004004.6:¢.#84T > C), with the T
allele observed in 265/406 (65%) of the analyzed chro-
mosomes with no pathogenic variants, and the sec-
ond most common polymorphism was p.(Val27Ile),
NM_004004.6:c.79G > A, rs2274084, detected in 12.5%.

Genotype-phenotype correlations of GJB2/GJB6
recessive variants

All cases attributed to recessive GJB2/GJB6 variants were
bilateral (Fig. 2A) and prelingual or perilingual onset.
Genotypes with two truncating variants tend to exhibit
more severe phenotypes, mostly congenital and profound,
whereas genotypes including at least one non-truncating
variant showed milder phenotypes, sometimes progressive
HL. Thus, detailed clinical data of all genotypes are dis-
played in Fig. 2H (and Supplementary Table S6). In our
cohort, c.35delG/c.35delG genotypes were slightly more
frequently associated (73%) with congenital profound HL
than ¢.35delG in compound heterozygosity with another
truncating variant (67%). Variability in phenotype severity,
when the ¢.35delG is one of the alleles, also depends on the
truncating/non-truncating characteristic of the second vari-
ant. Overall, HL tends to be less severe if the second vari-
ant is non-truncating compared to two truncating variants.
Surprisingly, no genotype composed of two non-truncating
variants was observed apart from the named hypomorphic
variants p.(Met34Thr) and p.(Val371Ile), findings similar to
the study of Snoeckx et al. (2005).

Unexpectedly, we detected two cases of profound congen-
ital phenotypes among the homozygous/compound heterozy-
gous cases with two hypomorphic variants. In agreement
with the proposition of Shen et al. (2019), that another etio-
logical factor should be suspected when congenital profound
HL is observed among hypomorphic variants carriers (either
in homozygosis or compound heterozygosis), both carri-
ers of hypomorphic variants with profound HL have other
risk factors. For example, Subject G6 was born from a high
degree consanguineous couple (father—daughter), making it
is likely of homozygosity for another deafness gene, and
G58 had prematurity as another risk factor. Besides, a more
thorough molecular screening such as WES could disclose
other genetic causes, especially in the first case. Nonetheless,
in a comprehensive study regarding these hypomorphic vari-
ants, only one case of 14 investigated through NGS had an
additional genetic cause of HL (Chai et al. 2015).

Genotype-phenotype correlations of dominants
variants

Patient G4 was a familial case with postlingual progressive
HL and skin disease. Variant ¢.224G > A:p.(Arg75Gln) in
GJB2 was identified in the proband, and in three other
family members, two also with the skin disease and one
showing only HL at seven years (Supplementary Tables
S4, S5, and S6). These findings finally led to the clinical
diagnosis of the skin disease as keratoderma palmoplantar.
Their phenotype differed from the observed phenotype in
another study, where congenital HL was found in most
cases, and all cases had syndromic features (Pang et al.
2014).

In a sporadic case of HL, the variant p.(Arg184Gln) was
identified (patient G46). His normal-hearing parents did not
carry this variant. Therefore, it must have occurred de novo.
Since birth, the patient also exhibited nail abnormalities
without a diagnosis and is likely associated with this vari-
ant (Supplementary Table S6). Even though p.(Arg184Gln)
is listed as associated with non-syndromic HL in Deafness
Variation Database, there were few reports of skin and nails
abnormalities (Pang et al. 2014). These findings further
emphasize the variability of clinical presentation of GJ/B2
dominant variants, even within families. Pang et al. (2014)
suggested that ethnicity could influence the differences in
the genotype—phenotype correlations. Moreover, both cases
presented here illustrate the power of molecular diagnosis
to provide the proper clinical diagnosis and, consequently,
better management of their skin diseases.

The present frequency of 0.37% of dominant GJB2 vari-
ants is quite similar to that (0.32%) encountered by Pang
et al. (2014), probably because about 70% of GJB2 dominant
variants arise through de novo mutational events (Pang et al.
2014). In 50% of the present cases, they were de novo, as
observed in case G46.

Monoallelic cases: causative or coincidence?

A meta-analysis showed that the frequency of heterozygotes
with a truncating GJB2 variant (monoallelic) in hearing-
impaired subjects is twice the normal-hearing population
frequency (Chan and Chang 2014). A similar result was
described by Seeman and Sakmaryova (2006) regarding
the ¢.35delG. A statistical comparison of the frequency
of the c.35delG, p.(Val37Ile) and p.(Met34Thr) variants
between the general population and HL cohorts (present
and Batissoco et al. 2009) is presented in Supplementary
Table S7. Indeed, there is an excess of c.35delG heterozy-
gotes among the hearing-impaired subjects, but the same is
not observed for the other two hypomorphic non-truncating
variants. Brozkova et al. (2021) searched for CNVs, SNV,
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and shared haplotypes in the G/B2/GJB6 genes in 28 GJB2
heterozygotes, failing to find another pathogenic GJ/B2/GJB6
variant. However, WES NGS identified causative variants in
other deafness genes in 22%. Hence, many monoallelic cases
might remain unsolved even after the complete molecular
screening, which might raise some hypothesis that limita-
tions in techniques or current knowledge prevented identify-
ing the cause. Alternatively, pathogenic alleles could be one
of the risk factors of a multifactorial inheritance mechanism.

Specific genes screening revealed other significant
contributions to HL in Brazil

After ruling out GJB2/GJB6 and m.1555A > G variants as
causative, stepwise approaches were employed to select
cases based on clinical data and presumptive inheritance
for additional molecular screenings (Fig. 1C) since a com-
prehensive molecular screening was not affordable for all
cases. In addition, for few cases (21), NGS sequencing,
exome, or gene panel, were performed (Fig. 1C, Supplemen-
tary Table S3); one auditory neuropathy (causative variants
found), eight familial non-syndromic cases (2 with causative
variants), four USH cases (two with causative variants), four
sporadic non-syndromic cases (one with causative variants),
three of the 16 monoallelic GJB2 cases, one of them also
with WS, and in another WS case (none solved). None of the
cases screened with the 18 genes panel were solved.

Besides the GJB2 novel variant described above, one
novel variant was detected in OTOF and seven among the
Waardenburg genes (six variants and one CNV) (Supple-
mentary Tables S3, S4, S5, and S8).

SLC26A4 and cochlear-vestibular malformations

A range of ear malformations involving the external/ middle
ear or cochlear-vestibular malformations such as enlarged
vestibular aqueduct (EVA), dysplasia/aplasia of vestibular
organs, an incomplete partition of the cochlea (p.e Mondini),
cochlear aplasia, hypoplasia, or absence of cochlear nerve
were observed in 36 subjects (10.8%, Fig. 1C). Additional
syndromic features were present in 27.8% (10/36) of the
cases with these malformations, such as Down syndrome,
Treacher-Collins, and suspicion of CHARGE syndrome. The
frequency of cochleo-vestibular malformations found here
(8.4%; Fig. 1C) is similar to the one obtained by Aldhafeeri
and Alsanosi (2016) in cochlear implant recipients, 7.5%.
Incomplete partitioning of the cochlea (Mondini) or
Enlarged Vestibular Aqueduct (EVA) without other clini-
cal features was the inclusion criteria to select 15 cases
for SLC26A4 screening. Biallelic variants were identified
in three (3/15 or 20%), co-segregating with HL in these
families (Figs. 1C and 3, and Supplementary Table S3).
One proband with non-syndromic EVA was classified as

@ Springer

monoallelic (Supplementary Table S3) since only a novel
variant, ¢.1662T > G: p.(Ile554Met), was identified even
after FOXII and KCNJ10 molecular analysis. This novel
SLC26A4 variant was considered deleterious by all bio-
informatics tools and molecular modeling analysis (Sup-
plementary Tables S1 and S3, Supplementary File S2 and
Fig. 3). Hence, the clinical significance of this novel variant
remains inconclusive, and further molecular screenings will
be needed to clarify it, for example, analysis of the com-
mon SLC26A4-linked haplotype described by Chattaraj et al.
(2017) and search for possible CNVs involving SLC26A4.
Cases without SLC26A4 causative variants presented here
were 70%, higher than reported for North American and
European populations (Pryor et al. 2005; Albert et al. 2006;
Campbell et al. 2001; Coyle et al. 1998). Possible reasons
are our broader inclusion criteria, cochlea-vestibular malfor-
mation instead of EVA, or a different SLC26A4 contribution
in our population. Indeed, Nonose et al. (2018), in a study
also from Séo Paulo, found no biallelic probands among
suspected cases of Pendred syndrome or cochlea-vestibular
malformations, but two monoallelic were detected (13%).
Conversely, two biallelic cases were identified among 16
families with presumptive autosomal recessive inheritance
and microsatellite segregation consistent with linkage to
SLC26A4 (Nonose et al. 2018).

OTOF and auditory neuropathy

The frequency of cases within the auditory neuropathy spec-
trum found here (3.5%) falls within the prevalence range
described in the literature, 1%—19% (Psarommatis et al.
1997; Rance 2005; Foerst et al. 2006; Maris et al. 2011;
Silva et al. 2015), but higher than another Brazilian study
in which it was estimated in 1.2% among cases of deafness
(Penido and Isaac 2013). This range of variation may be
due to differences in the diagnosis criteria or to population
differences.

Among the 19 AN cases, two were selected for molecular
analysis: case O1 with two affected siblings by OTOF Sanger
sequencing and the sporadic case O2 by WES (Fig. 10).
Biallelic causative variants were detected in both; one out
of the four is novel (Fig. 3 and Supplementary Table S3).
Although the small sample, OTOF screening showed effec-
tiveness in providing a molecular diagnosis for auditory neu-
ropathy patients and consequently a good prognosis for a
cochlear implant. In accordance, a high prevalence of OTOF
causative variants was revealed in patients with AN, in a
follow-up of the study conducted by Romanos et al. (2009), ~
86% (12/14), which is presented in this issue (Lezirovitz and
Mingroni-Netto 2021).
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Fig.3 Pedigrees in which
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chromatograms. The molecular
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Novel Brazilian deafness variants: frequency in our
cohort

The finding of a third unrelated Brazilian family, whose
postlingual progressive HL also segregates with the patho-
genic variant ¢.2090T > G: p.(Leu697Trp) in the MYO3A
gene (Dantas et al. 2018), led to a collaborative study to
investigate its frequency among autosomal dominant post-
lingual and progressive HL (Fig. 1C). As a result, Bueno
et al. (2021) demonstrated that five families from Brazil,
two out of them from this cohort, and one from The Neth-
erlands, had their HL attributed to this variant and shared a
common ancestor (Fig. 1C, Supplementary Table S3). Thus,
this variant accounted for 3.6% (2/56) of cases screened here
(Fig. 1C) and could potentially be relevant for investigating
Brazilian and European families.

A ~200 kb genomic duplication, including three well-
known protein-coding genes (CNRIPI, PPP3RI, and
PLEK), was identified as the genetic signature segregat-
ing with autosomal dominant postlingual progressive HL.
in 20 members of the DFNASS8 family (Lezirovitz et al.
2009, 2020). However, this genomic duplication or other
CNVs involving these genes were not detected among 50
Brazilian families with postlingual progressive HL with
presumptive autosomal dominant inheritance in this sample
(Fig. 1C). Furthermore, the study of another Brazilian pedi-
gree revealed the NCOA3 gene as a likely novel deafness
gene (Salazar-Silva et al. 2021). Nonetheless, the pathogenic
NCOAS3 variant was not detected in 29 subjects of our cohort
selected for this screening.

Relevance of NGS to achieve a diagnosis

Among eight familial cases with non-syndromic HL,
screened through WES or ~ HL-genes panels (Fig. 10),
two with postlingual progressive HL had causative vari-
ants revealed (25%). A novel MYO6 pathogenic variant
and the corresponding genotype—phenotype correlations
were reported in Sampaio-Silva et al. (2017) (Fig. 1C and
Supplementary Table S3). Biallelic variants in TMPRSS3,
both already described as pathogenic, were found in three
affected members from the second familial case, and none
of the seven normal-hearing members carried both (Fig. 3,
Supplementary Table S3). Our findings further support the
pathogenicity of p.(Ala426Thr) in TMPRSS3, which was at
first described as a possibly benign polymorphism. Later it
was demonstrated that it affects protein function and causes
HL depending on the second mutation in trans. Further-
more, the present cases expanded knowledge about the phe-
notypic presentation associated with these variants, usually
prelingual/childhood-onset, showing later onset in the cases
described here, often in adulthood.
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Identifying one case with TMRPSS3 biallelic patho-
genic variants motivated the screening of this gene (Sanger
sequencing) in postlingual progressive HL cases with pre-
sumptive autosomal recessive inheritance (Fig. 1C). Inter-
estingly, one sporadic case out of the 31 tested (3.2%) was
found to have biallelic variants in TMPRSS3, both previously
described and here confirmed to be in trans (Fig. 3 and Sup-
plementary Table S3).

Among the three sporadic cases, apparently non-syndro-
mic, screened with WES or HL panel of 116 genes, two have
revealed potential genetic causes (Fig. 1C). In the first case,
two loss-of-function variants in MYO15A were identified,
with congenital sensorineural HL (severe in the left ear and
profound in the right ear) (M1 see Fig. 3 and Supplementary
Table 3). The ¢.3524_3525insA:(p.Ser1176Val fs*14) was
inherited from the father, but the mother did not show any
variant. This finding suggested that the pathogenic variant
¢.1615C > T:p.(GIn539Ter) might have occurred de novo, or
the mother had germinative mosaicism.

The second case was affected by congenital moderate HL.
and showed biallelic variants in the USH2A gene, both previ-
ously described, but one pathogenic, and the other with con-
flicting interpretations of pathogenicity (Fig. 3, Supplemen-
tary Table S3). The USH2A gene is responsible for Usher
Syndrome (USH), characterized by sensorineural HL. and
retinitis pigmentosa with or without vestibular dysfunction
and autosomal recessive inheritance. It is the most common
cause of deaf-blindness worldwide, exhibiting clinical and
genetic heterogeneity (Toms et al. 2020). Until the age of
2 years, retinal mapping and all ophthalmological exams
were normal in this patient. Retinitis pigmentosa typically
shows a later onset than HL in USH patients. Thus, the asso-
ciation between the detected variants and the HL phenotype
remained inconclusive, given the unknown significance of
one of the variants and the present clinical findings. Never-
theless, periodic ophthalmological exams were counseled.

Among our cohort, eight cases had a clinical suspicion of
USH because Retinitis Pigmentosa (RP) was noticed in the
probands or first-degree deaf relatives, representing 1.5% of
the total and 7.9% of syndromic cases. The onset of HL was
perilingual and progressive in one case; postlingual in two
and five had prelingual onset. Parental consanguinity was
referred in three of the eight cases (37.5%), one of them also
familial. Four of the eight USH cases were reported in de
Lima et al. (2018), with biallelic pathogenic variants found
in two cases and monoallelic in two others (Fig. 1C and
Supplementary Table S3).

Summing up, NGS analysis in the selected non-syn-
dromic cases, sporadic or familial, allowed identification
of causative variants in 23.5% (4/17). Whereas consider-
ing only the large panel of 116 genes or WES, a diagno-
sis was achieved in 28.6% (4/14), within the range of pre-
viously published studies of the WES diagnostic rate for
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non-syndromic HL, which varies from 20 to 40%, whether
GJB2/GJB6 is excluded or not (Likar et al. 2018; Sloan-
Heggen et al. 2016). In some cases, the failure to detect path-
ogenic variants could be attributed to technical issues, such
as low coverage, variants outside coding regions or CNVs
that were not screened, or to yet unidentified HL genes.

Waardenburg syndrome—prevalence, genotype-
phenotype correlations, and mechanisms

WS is characterized by the association of HL, pigmenta-
tion disorders, and facial dysmorphisms, most frequently
with autosomal dominant inheritance. Fourteen cases (one
out of them with normal hearing, Fig. 1C and Supplemen-
tary Table S8) were clinically diagnosed with WS because
at least two clinical signs were observed among these three
classes. WS represented 12.9% of the syndromic cases or
3.8% of prelingual/perilingual cases in our sample, which
is within the literature range of 1-5% of cases of con-
genital HL (Waardenburg 1951; Read and Newton 1997;
Koffler et al. 2015).

WS is genetically and clinically heterogeneous with
four clinical types (WS I-IV), depending on additional
symptoms and associated pathogenic variants in five dif-
ferent genes: WS1 and WS3—PAX3; WS2 and WS4—
MITF, SOX10, EDN3, and EDNRB (Waardenburg 1951;
Madden et al. 2003; Pingault et al. 2010). Patients were
classified as WS1 when telecanthus was present and as
WS4 when intestinal complaints were referred (Sheffer and
Zlotogora 1992; Read and Newton 1997; Pingault et al.
2002; Madden et al. 2003; Pardono et al. 2003). The most
frequent type in the present cohort was WS2 (64.3%) with
nine cases, followed by WS1 with three cases (21.4%), and
two cases (14.3%) were classified as WS4 (Supplementary
Table S8).

Iris pigmentation disorders were the most common clini-
cal feature presented by all cases. In addition, facial dys-
morphisms were observed in all WS1 cases, but only 44%
(4/9) of WS2. In agreement with the literature that suggests
that up to 50% of WS cases have temporal bone anomalies,
the most frequent being EVA or semicircular malformation
(Pingault et al. 2010), 25% of our cases (3/12) showed these
malformations, such as vestibular and semicircular canals-
dysplasia (WS2: subjects W6 and W10), and unwound coch-
lea (WS4: subject W7).

Nine pathogenic/likely pathogenic variants were identi-
fied, and their segregation with WS could be confirmed in
9 of 10 cases (Figs. 1C and 4, and Supplementary Table 8).
Missense variants were the most common (3); two were
frameshifts, two were stop-gains, and two were splice site
disruptions (one acceptor and one donor). Among the five
remaining WS cases without causative variants identified,
two (W12 and W13, also a monoallelic of GJB2) were

submitted to array CGH and Exome sequencing, with nega-
tive results. In addition, a customized qPCR assay was per-
formed in three WS2 subjects (W10, W11, and W14) to
screen for whole-gene CNVs or CNVs similar to the previ-
ously described ones. Thus, a de novo deletion of MITF in
subject W14 was detected, validated by MLPA, showing the
absence of MITF exons 5 and 6 (Fig. 4). The MITF CNV
represented 10% of the WS causative variants (1/10), fre-
quency lower than those found by Bocangel et al. (2018).
One possible reason is that our CNV screening was not as
complete as the work of Bocangel et al. It is also possible
that the contribution of each type of genetic alteration var-
ies within samples since most of them are de novo their
frequency is not influenced by ancestry or founders.

All WS1 (PAX3) and WS4 (SOX10) cases disclosed
causative variants, but only about half of WS2 (5/9), one
with SOX10 and four with MITF variants (Supplementary
Table S8). Indeed, PAX3 is believed to explain most if not
all cases of WS1 as found in the present study (Pingault et al.
2010). On the other hand, the known WS2 genes explain
only about 30% of cases (Pingault et al. 2010). Similarly, a
higher contribution of the other two genes was observed in
our cohort than previously reported. For example, for WS2
cases, 15% were usually associated with MITF, but, in the
present report, 44% of WS2 were due to MITF. Whereas for
WS4, 50% were generally related to SOX10 (Pingault et al.
2010), and 100% could be attributed to SOX10 in the present
study. The WS diagnostic rate obtained here, 71.4% (10/14),
was much higher than was achieved by a molecular study of
Waardenburg in S3o Paulo (38.8%) (Bocangel et al. 2018).

In four cases, the pathogenic variants occurred de novo,
three involving MITF (3/4) and one in SOXI0 (1/2, the
third case could not be determined). Wildhardt et al. (2013)
also found 2/3 of de novo variants in MITF, conversely 1/6
cases de novo related to PAX3. Similarly, all PAX3 variants
reported here were inherited.

The recurrence of the WS genes variants seems to be
due to both hot spot and founder effect mechanisms. For
example, p.(Arg223Ter) that was inherited here had previ-
ous reports of apparent de novo occurrences (Jalilian et al.
2015; Sun et al. 2016) but was also found in large population
cohorts with South Asian background (1/30782-0.003%)
(Lek et al. 2016); c.44_62delT in SOX10 was also identified
in a recent study from Sdo Paulo (Bocangel et al. 2018),
but occurred de novo in these two unrelated pedigrees;
€.635-1G> A in MITF, already previously reported and also
occurred de novo here.

Further analysis is needed to uncover the genetic etiol-
ogy of the four WS unsolved cases. One of the four cases
without pathogenic variants detected (W11) was born from
a first-degree consanguineous marriage, thus making it prob-
able that a homozygous recessive variant might explain at
least part of the phenotype. Even though two out of the four
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unsolved cases were investigated by NGS exome and array
CGH, it is still possible that a variant located in a low-cov-
erage region or a small CNV failed to be detected by these
approaches. Alternatively, a yet unidentified gene may be
responsible for their syndrome, and eventually, the associa-
tion of the clinical features is random and not a syndrome.

The variable expressivity associated with the Waarden-
burg genes makes clinical diagnosis frequently challeng-
ing, precisely when mild clinical signs can be easily over-
looked, raising the relevance of the molecular screening.
For instance, subject W1’s father carried the same likely
pathogenic variant in MITF but presented only a tiny hair
lock above the ear, a clinical signal that could easily be
missed. Another interesting case is W8, associated with the
p-(Arg223Ter) variant in PAX3, already described as associ-
ated with WS1, whose grandmother and aunt, also carriers
of the variant, exhibit only facial dysmorphisms.

Molecular modeling provides further support
to the missense variants’ deleterious effects

The analysis of the MITF variant p.(Ser250Tyr)/
(p.(Ser351Tyr) (transcripts NM_000248.4 and
NM_198159.3, respectively) showed that the tyrosine is a
bulkier amino acid than the serine. The SWISS-MODEL
predicted the oligo-state of the model as a homodimer and
showed that the tyrosine of both structures performed a
pi-stacking interaction, which could cause instabilities in
protein structure or impact protein—protein or protein-DNA
interactions (Supplementary Table S1 and Supplementary
Files S2-S5; Supplementary Figs. 1 and 2). The variant
p-(Ser250Tyr) in MITF carried by W1 is novel; nonethe-
less, another substitution in the same amino acid position
p-(Ser250Pro) has already been reported associated with
WS2 (Tassabehji et al. 1995). Moreover, this position is part
of the HLH domain, and p.(Ser250Pro) was shown to lose
DNA binding capacity and fail to activate expression from
the melanocyte-specific promoters (Grill et al. 2013), which
agrees with the molecular modeling predictions.

The substitution of glycine to an alanine observed in
the p.(GlyG94Ala) variant in PAX3 does not cause many
changes in the structure since they are both small side-
chain amino acids. However, while alanine presents a CH3
group in its side chain, glycine presents only one hydrogen
(Supplementary Fig. 2A—C and Supplementary File S5).
Additionally, glycine could be responsible for increasing
the region’s mobility. Thus, molecular modeling predicted
milder effects of this variant.

Regarding the p.(Lys150Glu) variant in SOX10, lysine
is a positively charged amino acid, while glutamate is nega-
tively charged, occurring near a region of interaction with
DNA molecules (Supplementary Fig. 2E-F, Supplementary
File S6). Furthermore, a Poisson-Boltzmann surface analysis
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(PBSA) in the electrostatic surface of the protein demon-
strated that this substitution alters the charge distribution at
the surface (Supplementary Fig. 2G—H, Supplementary File
S6), which could impact the protein thermostability and its
interactions with the residues in this region.

Evidences for SOX10 genotype-phenotype
correlations

Interestingly, two out of the three cases with cochleo-vestib-
ular malformations carried SOX10 variants, giving further
support for the association of this gene with temporal bone
anomalies (Bondurand et al. 2007; Elmaleh-Berges et al.
2013).

Variants in SOX10 are associated with a range of clinical
presentations, including WS2, WS4, and a neurological phe-
notype with peripheral nerve and/or central nervous system
involvement, designated PCWH (Inoue et al. 2004; Pingault
et al. 2010; Chaoui et al. 2011). In the classic WS4, the intes-
tinal phenotype is Hirschsprung disease or congenital mega-
colon, but a milder presentation has been described known
as chronic intestinal pseudo-obstruction (Inoue et al. 2004;
Pingault et al. 2002). We identified three cases with SOX10
pathogenic variants, and none had neurological symptoms;
two were classified as WS4 and one as WS2.

WS4 cases related to SOX10 are mostly due to de novo
truncating variants (Bondurand et al. 2007; Pingault et al.
2010; Chaoui et al. 2011; Liang et al. 2016). It has been pro-
posed that variants that trigger or escape NMD (nonsense-
mediated decay) might explain the different neurological
phenotypes, WS4 or PCWH, respectively (Inoue et al. 2004).
Accordingly, usually truncating variants located until the
end of exon 4 trigger NMD and, consequently, do not exert a
dominant-negative effect. On the other hand, genotype—phe-
notype correlations about missense variants have been more
challenging to predict precisely. Nevertheless, it is believed
that a dominant-negative effect is generally associated with
a more severe phenotype (Thongpradit et al. 2020).

Among our SOX10 related WS cases, two supported this
proposition but included WS2 cases as the milder phenotype
together with the WS4 cases. Proband W7 was classified as
WS4 due to mild intestinal complaints and carried the trun-
cating variant c¢.44_62del in exon 2, which will result in an
aberrant mRNA that likely will be degraded by NMD. Thus,
it should lead to a milder phenotype without severe intesti-
nal or neurological anomalies (Inoue et al. 2004; Fernandez
et al. 2014; Liang et al. 2016). The second patient (W6)
was classified as WS2 and inherited two adjacent variants
in exon 2 from his mother (c.12_13delinsAT), the first is
synonymous with no frequency data (rs1383021831) and
predicted as disease-causing by MutationTaster, and the
second is a stop codon, thus more likely to be responsible
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for the phenotype. This premature stop in the fifth codon will
likely result in no functional protein to exert a dominant-
negative effect.

The third case related to SOX/0 was de novo and clas-
sified as WS4 because of mild intestinal complaints (W5).
However, instead of truncating, the variant is a missense,
p-(Lys150Glu), located in exon 3. A different substitution
affecting the same amino acid, p.(Lys150Asn), has been
described in a patient with PCWH, and employing in vitro
functional analysis, was shown to alter the subcellular pro-
tein localization (primary defect), ultimately impairing DNA
binding and reporter transactivation, and also might disrupt
the tertiary structure of the HMG domain (Chaoui et al.
2011). Our molecular modeling of p.(Lys150Glu) predicted
that DNA binding and thermostability could be impaired.
Functional assays comparing the effects of both variants
could provide remarkable insights into genotype—phenotype
correlations of missense variants in SOX10; for example,
p-(Lys150Asn) may have a dominant-negative effect not dis-
played by p.(Lys150Glu).

Conclusions

In conclusion, the characterization of the genetic causes of
HL in a large cohort, including subjects from all Brazilian
regions, was described. Through the strategies employed
in selecting probands for prioritizing genetic screening, a
molecular diagnosis was achieved in 97/542 (18%) of our
cohort, constituting 84/441 (19%) of the non-syndromic
group and 13/101 (12.9%) of the syndromic group. Moreo-
ver, considering the positive molecular diagnosis added to
the familial cases and parental consanguinity, which indi-
cated a probable genetic cause of HL, an estimation of ~50%
of genetic cases was obtained. Thus, this report confirms the
value of large unselected cohorts analyzed through different
perspectives. Besides, the present study reinforces the need
for an exhaustive evaluation of genetic causes of HL in the
whole country, with all regions being equally represented,
to validate the present findings.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00439-021-02372-2.

Acknowledgements The authors thank Séo Paulo Research Foundation
(FAPESP, Sao Paulo, Brazil; Processes 2014/13071-6, 2018/03433-
9), and Brazilian National Council for Scientific and Technological
Development (CNPq, Brasilia, Brazil; Process 573920/2008-7) for
financial support, and all the patients that participated in this study and
all the health care professionals that evaluated and assisted the patients
enrolled in this study. We also thank Dr. Mingroni-Netto for giving us
positive controls of some deafness gene variants screening, Dr. Silvia
Souza Costa for performing the array CGH, and MSc William Torres
for performing Exome Sequencing in two Waardenburg patients. We

are also really grateful to Dr. Veronique Pingault’s team (Laboratory of
Embryology and Genetics of Human Malformation, Imagine Institute,
Université de Paris, Paris, France) for performing MLPA analysis to
validate one case of MITF deletion.

Author contributions Design research: ACB, EP, KL, VPC, JSS, CS,
GAVS, EUSOL, and RJS; computational analyses: DM, KL, and ACB;
clinical diagnosis and genetic counseling: KL, EP, ACHH, RKT, OAN,
and JO; conducted review and editing ACB, KL, and ACB; provided
funding acquisition, project administration, and resources: KL, JO, and
RFB; wrote the paper: ACB and KL.

Funding Sio Paulo Research Foundation (FAPESP, Sdo Paulo, Bra-
zil; Processes 2014/13071-6, 2018/03433-9), and Brazilian National
Council for Scientific and Technological Development (CNPq, Brasilia,
Brazil; Process 573920/2008-7).

Availability of data and material Additional data and material are avail-
able upon request.

Declarations

Conflict of interest On behalf of all authors, the corresponding author
states that there is no conflict of interest.

Ethical approval This is described in the Material and Method section.

Consent to participate Written informed consent to participate was
obtained from each subject or legal guardian.

Consent for publication Written informed consent to publish the clini-
cal and genetic findings was obtained from each subject or legal guard-
ian.

References

Abreu-Silva RS, Lezirovitz K, Braga MC et al (2006) Prevalence of the
A1555G (12S rRNA) and tRNASer(UCN) mitochondrial muta-
tions in hearing-impaired Brazilian patients. Braz J Med Biol Res
39:219-226. https://doi.org/10.1590/s0100-879x2006000200008

Albert S, Blons H, Jonard L et al (2006) SLC26A4 gene is frequently
involved in non-syndromic hearing impairment with enlarged
vestibular aqueduct in Caucasian populations. Eur ] Hum Genet
14:773-779. https://doi.org/10.1038/sj.ejhg.5201611

Aldhafeeri AM, Alsanosi AA (2016) Prevalence of inner ear anomalies
among cochlear implant candidates. Saudi Med J 37:1096-1100.
https://doi.org/10.15537/smj.2016.10.15025

Alford RL, Arnos KS, Fox M et al (2014) American College of Medi-
cal Genetics and Genomics guideline for the clinical evaluation
and etiologic diagnosis of hearing loss. Genet Med 16:347-355.
https://doi.org/10.1038/gim.2014.2

Angeli S, Utrera R, Dib S, Chiossone E, Naranjo C, Henriquez O,
Porta M (2000) GJB2 gene mutations in childhood deafness.
Acta Otolaryngol 120:133-136. https://doi.org/10.1080/00016
4800750000766

Arnold K, Bordoli L, Kopp J, Schwede T (2006) The SWISS-MODEL
workspace: a web-based environment for protein structure
homology modelling. Bioinformatics 22:195-201. https://doi.
org/10.1093/bioinformatics/bti770

Arnos KS (2003) The implications of genetic testing for deafness. Ear
Hear 24:324-331. https://doi.org/10.1097/01.AUD.0000079800.
64741.CF

@ Springer


https://doi.org/10.1007/s00439-021-02372-2
https://doi.org/10.1590/s0100-879x2006000200008
https://doi.org/10.1038/sj.ejhg.5201611
https://doi.org/10.15537/smj.2016.10.15025
https://doi.org/10.1038/gim.2014.2
https://doi.org/10.1080/000164800750000766
https://doi.org/10.1080/000164800750000766
https://doi.org/10.1093/bioinformatics/bti770
https://doi.org/10.1093/bioinformatics/bti770
https://doi.org/10.1097/01.AUD.0000079800.64741.CF
https://doi.org/10.1097/01.AUD.0000079800.64741.CF

536

Human Genetics (2022) 141:519-538

Baker NA, Sept D, Joseph S et al (2001) Electrostatics of nanosystems:
application to microtubules and the ribosome. Proc Natl Acad
Sci 98:10037-10041. https://doi.org/10.1073/pnas.181342398

Barboza ACS, Resende LM, Ferreira DBC et al (2013) Correlation
between hearing loss and risk indicators in a neonatal hearing
screening reference service. ACR 18:285-292

Batissoco AC, Abreu-Silva RS, Braga MC et al (2009) Prevalence
of GJB2 (connexin-26) and GJB6 (connexin-30) mutations in
a cohort of 300 Brazilian hearing-impaired individuals: impli-
cations for diagnosis and genetic counseling. Ear Hear 30:1-7.
https://doi.org/10.1097/AUD.0b013e31819144ad

Berman HM, Westbrook J, Feng Z et al (2000) The protein data bank.
Nucleic Acids Res 28:235-242. https://doi.org/10.1093/nar/28.1.
235

Biasini M, Bienert S, Waterhouse A et al (2014) SWISS-MODEL.:
modelling protein tertiary and quaternary structure using evolu-
tionary information. Nucleic Acids Res. https://doi.org/10.1093/
nar/gku340

Bocangel MAP, Melo US, Alves LU et al (2018) Waardenburg syn-
drome: novel mutations in a large Brazilian sample. Eur J] Med
Genetic 61:348-354. https://doi.org/10.1016/j.ejmg.2018.01.012

Bondurand N, Moal F, Stanchina L et al (2007) Deletions at the SOX10
gene locus cause Waardenburg syndrome types 2 and 4. Am J
Hum Genet 81:1169-1185. https://doi.org/10.1086/522090

Braga MCC, Otto PA, Spinelli M (1999) Recurrence risks in cases of
nonsyndromic deafness. Braz J Dysmorphol Speech Hear Disord
2:33-40

Brozkova DS, Meszarosova AU, Lassuthova P et al (2021) The cause of
hereditary hearing loss in GJB2 heterozygotes-A comprehensive
study of the GJB2/DFNBI region. Genes (basel) 12:684. https://
doi.org/10.3390/genes 12050684

Bueno AS, Nunes K, Dias AMM et al (2021) Frequency and origin of
the ¢.2090T>G p.(Leu697Trp) MYO3A variant associated with
autosomal dominant hearing loss. Eur J Hum Genet. https://doi.
org/10.1038/s41431-021-00891-0

Campbell C, Cucci RA, Prasad S et al (2001) Pendred syndrome,
DFNB4, and PDS/SLC26A4 identification of eight novel muta-
tions and possible genotype-phenotype correlations. Hum Mutat
17:403-411. https://doi.org/10.1002/humu.1116

Carranza C, Menendez I, Herrera M et al (2016) A Mayan founder
mutation is a common cause of deafness in Guatemala. Clin
Genet 89:461-465. https://doi.org/10.1111/cge.12676

Castro LS, Marinho AN, Rodrigues EM et al (2013) A study of GJB2
and delGJB6-D13S1830 mutations in Brazilian non-syndromic
deaf children from the Amazon region. Braz J Otorhinolaryngol
79:95-99. https://doi.org/10.5935/1808-8694

Chai Y, Chen D, Sun L et al (2015) The homozygous p. V371 variant of
GJB2 is associated with diverse hearing phenotypes. Clin Genet
87:350-355. https://doi.org/10.1111/cge.12387

Chan DK, Chang KW (2014) GJB2-associated hearing loss: system-
atic review of worldwide prevalence, genotype, and auditory
phenotype. Laryngoscope 124:E34-53. https://doi.org/10.1002/
lary.24332

Chaoui A, Watanabe Y, Touraine RETAL (2011) Identification and
functional analysis of SOX10 missense mutations in different
subtypes of Waardenburg syndrome. Hum Mutat 32:1436—1449.
https://doi.org/10.1002/humu.21583

Chattaraj P, Munjal T, Honda K et al (2017) A common SLC26A4-
linked haplotype underlying non-syndromic hearing loss with
enlargement of the vestibular aqueduct. J] Med Genet 54:665—
673. https://doi.org/10.1136/jmedgenet-2017-104721

Coyle B, Reardon W, Herbrick JA et al (1998) Molecular analysis of
the PDS gene in Pendred syndrome. Hum Mol Genet 7:1105-
1112. https://doi.org/10.1093/hmg/7.7.1105

Dantas VGL, Raval MH, Ballesteros A et al (2018) Characterization of
anovel MYO3A missense mutation associated with a dominant

@ Springer

form of late onset hearing loss. Sci Rep 28:8706. https://doi.org/
10.1038/s41598-018-26818-2

de Lima YS, Chiabai M, Shen J et al (2018) Syndromic hearing loss
molecular diagnosis: application of massive parallel sequenc-
ing. Hear Res 370:181-188. https://doi.org/10.1016/j.heares.
2018.10.008

del Castillo FJ, Rodriguez-Ballesteros M, Alvarez A et al (2005) A
novel deletion involving the connexin-30 gene, del(GJB6-
d13s1854), found in trans with mutations in the G/B2 gene
(connexin-26) in subjects with DFNB1 non-syndromic hearing
impairment. J] Med Genet 42:588-594. https://doi.org/10.1136/
jmg.2004.028324

Dolinsky TJ, Nielsen JE, McCammon A et al (2004) PDB2PQR: an
automated pipeline for the setup of Poisson-Boltzmann electro-
statics calculations. Nucleic Acids Res 32:665-667. https://doi.
org/10.1093/nar/gkh381

Dror AA, Avraham KB (2010) Hearing impairment: a panoply of genes
and functions. Neuron 68:293-308. https://doi.org/10.1016/j.neu-
ron.2010.10.011

Elmaleh-Berges M, Baumann C, Noél-Pétroff N et al (2013) Spectrum
of temporal bone abnormalities in patients with Waardenburg
syndrome and SOX10 mutations. Am J Neuroradiol 34:1257—
1263. https://doi.org/10.3174/ajnr.A3367

Estivill X, Govea N, Barcel6 E et al (1998) Familial progressive senso-
rineural deafness is mainly due to the mtDNA A1555G mutation
and is enhanced by treatment of aminoglycosides. Am J Hum
Genet 62:27-35. https://doi.org/10.1086/301676

Faistauer M, Silva AL, Félix TM et al (2021) Etiology of early hearing
loss in Brazilian children. Braz J Otorhinolaryngol. https://doi.
org/10.1016/j.bjorl.2021.02.012

Felix F, Zallis MG, Tomita S, Baptista MM, Ribeiro MG (2014) Evalu-
ation of the presence of the 35delG mutation in patients with
severe to profound hearing loss based on ethnicity. Rev Laryngol
Otol Rhinol (bord) 135:171-174

Ferndndez RM, Niflez-Ramos R, Enguix-Riego MV et al (2014)
Waardenburg syndrome type 4: report of two new cases caused
by SOX10 mutations in Spain. Am J Med Genet A 164A:542—
547. https://doi.org/10.1002/ajmg.a.36302

Foerst A, Beutner D, Lang-Roth R (2006) Prevalence of auditory neu-
ropathy/synaptopathy in a population of children with profound
hearing loss. Int J Pediatr Otorhinolaryngol 70:1415-1422.
https://doi.org/10.1016/j.ijporl.2006.02.010

Grill C, Bergsteinsdéttir K, Ogmundsdéttir MH et al (2013) MITF
mutations associated with pigment deficiency syndromes and
melanoma have different effects on protein function. Hum Mol
Genet 22:4357-4367. https://doi.org/10.1093/hmg/ddt285

Hilgert N, Smith RJH, Smith RJH, Van Camp G (2009) Forty-six genes
causing nonsyndromic hearing impairment: which ones should
be analyzed in DNA diagnostics? Mutat Res 681:189-196.
https://doi.org/10.1016/j.mrrev.2008.08.002

IBGE (2021) Instituto Brasileiro de Geografia e Estatistica Homepage.
https://sidra.ibge.gov.br/tabela/3426#. Accessed 30 Apr 2021

Inoue K, Khajavi M, Ohyama T et al (2004) Molecular mechanism
for distinct neurological phenotypes conveyed by allelic truncat-
ing mutations. Nat Genet 36:361-369. https://doi.org/10.1038/
ngl322

Jaganathan K, Kyriazopoulou Panagiotopoulou S, McRae JF et al
(2019) Predicting splicing from primary sequence with deep
learning. Cell 176:535-548.e24. https://doi.org/10.1016/j.cell.
2018.12.015

Jalilian N, Tabatabaiefar MA, Farhadi M et al (2015) Molecular and
clinical characterization of Waardenburg syndrome type I in an
Iranian cohort with two novel PAX3 mutations. Gene 574:302—
307. https://doi.org/10.1016/j.gene.2015.08.023


https://doi.org/10.1073/pnas.181342398
https://doi.org/10.1097/AUD.0b013e31819144ad
https://doi.org/10.1093/nar/28.1.235
https://doi.org/10.1093/nar/28.1.235
https://doi.org/10.1093/nar/gku340
https://doi.org/10.1093/nar/gku340
https://doi.org/10.1016/j.ejmg.2018.01.012
https://doi.org/10.1086/522090
https://doi.org/10.3390/genes12050684
https://doi.org/10.3390/genes12050684
https://doi.org/10.1038/s41431-021-00891-0
https://doi.org/10.1038/s41431-021-00891-0
https://doi.org/10.1002/humu.1116
https://doi.org/10.1111/cge.12676
https://doi.org/10.5935/1808-8694
https://doi.org/10.1111/cge.12387
https://doi.org/10.1002/lary.24332
https://doi.org/10.1002/lary.24332
https://doi.org/10.1002/humu.21583
https://doi.org/10.1136/jmedgenet-2017-104721
https://doi.org/10.1093/hmg/7.7.1105
https://doi.org/10.1038/s41598-018-26818-2
https://doi.org/10.1038/s41598-018-26818-2
https://doi.org/10.1016/j.heares.2018.10.008
https://doi.org/10.1016/j.heares.2018.10.008
https://doi.org/10.1136/jmg.2004.028324
https://doi.org/10.1136/jmg.2004.028324
https://doi.org/10.1093/nar/gkh381
https://doi.org/10.1093/nar/gkh381
https://doi.org/10.1016/j.neuron.2010.10.011
https://doi.org/10.1016/j.neuron.2010.10.011
https://doi.org/10.3174/ajnr.A3367
https://doi.org/10.1086/301676
https://doi.org/10.1016/j.bjorl.2021.02.012
https://doi.org/10.1016/j.bjorl.2021.02.012
https://doi.org/10.1002/ajmg.a.36302
https://doi.org/10.1016/j.ijporl.2006.02.010
https://doi.org/10.1093/hmg/ddt285
https://doi.org/10.1016/j.mrrev.2008.08.002
https://sidra.ibge.gov.br/tabela/3426#
https://doi.org/10.1038/ng1322
https://doi.org/10.1038/ng1322
https://doi.org/10.1016/j.cell.2018.12.015
https://doi.org/10.1016/j.cell.2018.12.015
https://doi.org/10.1016/j.gene.2015.08.023

Human Genetics (2022) 141:519-538

537

Joint Committee on Infant Hearing (2007) Position statement: princi-
ples and guidelines for early hearing detection and intervention.
Pediatrics 120:898-921. https://doi.org/10.1542/peds.2007-2333

Jubb HC, Higueruelo AP, Ochoa-Montafio B et al (2017) Arpeggio:
a web server for calculating and visualising interatomic interac-
tions in protein structures. J] Mol Biol 429:365-371. https://doi.
org/10.1016/j.jmb.2016.12.004

Karczewski KJ, Francioli LC, Tiao G et al (2020) The mutational con-
straint spectrum quantified from variation in 141,456 humans.
Nature 581:434-443. https://doi.org/10.1038/s41586-020-2308-7

Kircher M, Witten DM, Jain P et al (2014) A general framework for
estimating the relative pathogenicity of human genetic variants.
Nat Genet 46:310-315. https://doi.org/10.1038/ng.2892

Koffler T, Ushakov K, Avraham KB (2015) Genetics of hearing loss—
syndromic. Otolaryngol Clin North Am 48:1041-1061. https://
doi.org/10.1016/j.0tc.2015.07.007

Lek M, Karczewski KJ, Minikel EV et al (2016) Exome aggregation
consortium. Analysis of protein-coding genetic variation in
60,706 humans. Nature 536:285-291. https://doi.org/10.1038/
nature19057

Lezirovitz K, Mingroni-Netto RC (2021) Genetic etiology of non-
syndromic hearing loss in Latin America: a review. Hum
Genet(submitted). https://doi.org/10.1007/s00439-021-02354-4

Lezirovitz K, Pardono E, de Mello Auricchio MT et al (2008) Unex-
pected genetic heterogeneity in a large consanguineous Brazil-
ian pedigree presenting deafness. Eur ] Hum Genet 16:89-96.
https://doi.org/10.1038/sj.ejhg.5201917

Lezirovitz K, Braga MC, Thiele-Aguiar RS et al (2009) A novel auto-
somal dominant deafness locus (DFNAS58) maps to 2p12-p21.
Clin Genet 75:490-493. https://doi.org/10.1111/1.1399-0004.
2008.01130.x

Lezirovitz K, Vieira-Silva GA, Batissoco AC et al (2020) A rare
genomic duplication in 2p14 underlies autosomal dominant hear-
ing loss DFNAS58. Hum Mol Genet 29:1520-1536. https://doi.
org/10.1093/hmg/ddaa075

Liang F, Zhao M, Fan L et al (2016) Identification of a de novo muta-
tion of SOX10 in a Chinese patient with Waardenburg syndrome
type IV. Int J Pediatr Otorhinolaryngol 91:67-71. https://doi.org/
10.1016/j.ijporl.2016.10.019

Likar T, Hasanhodzic M, Teran N et al (2018) Diagnostic outcomes of
exome sequencing in patients with syndromic or non-syndromic
hearing loss. PLoS ONE 13:e0188578. https://doi.org/10.1371/
journal.pone.0188578

Livak KJ, Schmittgenm TD (2001) Analysis of relative gene expres-
sion data using real-time quantitative PCR and the 2(—Delta
DeltaC(T)) method. Methods 25:402—-408. https://doi.org/10.
1006/meth.2001.1262

Lovell SC, Davis IW, Arendall B et al (2003) Structure validation by
Calpha geometry: phi, psi and Cbeta deviation. Proteins 50:437—
450. https://doi.org/10.1002/prot.10286

Madden C, Halsted MJ, Hopkin RJ et al (2003) Temporal bone abnor-
malities associated with hearing loss in Waardenburg syndrome.
Laryngoscope 113:2035-2041. https://doi.org/10.1097/00005
537-200311000-00034

Manzoli GN, Abe-Sandes K, Bittles AH et al (2013) Non-syndromic
hearing impairment in a multi-ethnic population of Northeastern
Brazil. Int J Pediatr Otorhinolaryngol 77:1077-1082. https://doi.
org/10.1016/j.ijporl.2013.04.001

Marinho ACA, Pereira ECS, Torres KKC et al (2020) Evaluation of
newborn hearing screening program. Rev Saude Publica 54:44.
https://doi.org/10.11606/s1518-8787.2020054001643

Maris M, Venstermans C, Boudewyns NA (2011) Auditory neuropathy/
dyssynchrony as a cause of failed neonatal hearing screening. Int
J Pediatr Otorhinolaryngol 75:973-975. https://doi.org/10.1016/j.
ijporl.2011.04.012

Martins FT, Ramos PZ, Svidnicki MC et al (2013) Optimization of
simultaneous screening of the main mutations involved in non-
syndromic deafness using the TagMan® OpenArray ™ genotyp-
ing platform. BMC Med Genet 14:112. https://doi.org/10.1186/
1471-2350-14-112

Mattos WM, Cardoso LF, Bissani C et al (2009) Newborn hearing
screening program implantation analysis at a university hospi-
tal. Braz J Otorrinolaringol 75:237-244. https://doi.org/10.1590/
S0034-72992009000200013

Melo US, Santos S, Cavalcanti HG et al (2014) Strategies for genetic
study of hearing loss in the Brazilian northeastern region. Int J
Mol Epidemiol Genet 17:11-21

Miller SA, Dykes DD, Polesky HF (1988) A simple salting out pro-
cedure for extracting DNA from human nucleated cells. Nucleic
Acids Res 16:1215. https://doi.org/10.1093/nar/16.3.1215

NIDCD (2021) National Institute on deafness and other communica-
tion disorders. Statistics about hearing, balance, ear infections,
and deafness. https://www.nidcd.nih.gov/health/statistics/heari
ng-balance-ear-infections-deafness. Accessed 30 Apr 2021

Nonose RW, Lezirovitz K, de Mello Auricchio MTB et al (2018) Muta-
tion analysis of SLC26A4 (Pendrin) gene in a Brazilian sample of
hearing-impaired subjects. BMC Med Genet 19:73-77. https://
doi.org/10.1186/s12881-018-0585-x

Oza AM, DiStefano MT, Hemphill SE et al (2018) ClinGen Hearing
Loss Clinical Domain Working Group. Expert specification of
the ACMG/AMP variant interpretation guidelines for genetic
hearing loss. Hum Mutat 39:1593-1613. https://doi.org/10.1002/
humu.23630

Pang X, Chai Y, Sun L et al (2014) Characterization of spectrum, de
novo rate and genotype-phenotype correlation of dominant GJ/B2
mutations in Chinese hans. PLoS ONE 19:e100483. https://doi.
org/10.1371/journal.pone.0100483

Pardono E, Van Bever Y, Van Den Ende J et al (2003) Waardenburg
syndrome: clinical differentiation between types I and II. Am
J Med Genet A 117A:223-235. https://doi.org/10.1002/ajmg.a.
10193

Pena SD, Di Pietro G, Fuchshuber-Moraes M et al (2011) The genomic
ancestry of individuals from different geographical regions of
Brazil is more uniform than expected. PLoS ONE 6:e17063.
https://doi.org/10.1371/journal.pone.0017063

Penido RC, Isaac ML (2013) Prevalence of auditory neuropathy spec-
trum disorder in an auditory health care services. Braz J Otorhi-
nolaryngol 79:429-433. https://doi.org/10.5935/1808-8694.
20130077

Pingault V, Girard M, Bondurand N et al (2002) SOX10 mutations in
chronic intestinal pseudo-obstruction suggest a complex physi-
opathological mechanism. Hum Genet 111:198-206. https://doi.
org/10.1007/s00439-002-0765-8

Pingault V, Ente D, Moal FD et al (2010) Review and update of muta-
tions causing Waardenburg syndrome. Hum Mutat 31:391-406.
https://doi.org/10.1002/humu.21211

Pryor SP, Madeo AC, Reynolds JC et al (2005) SLC26A4/PDS gen-
otype-phenotype correlation in hearing loss with enlargement
of the vestibular aqueduct (EVA): evidence that Pendred syn-
drome and non-syndromic EVA are distinct clinical and genetic
entities. J Med Genet 42:159-165. https://doi.org/10.1136/jmg.
2004.024208

Psarommatis IM, Tsakanikos MD, Komtrogianni AD (1997) Profound
hearing loss and presence of click-evoked otoacoustic emissions
in the neonate: a report of two cases. Int J Pediatr Otorhinolaryn-
gol 39:237-243. https://doi.org/10.1016/s0165-5876(97)01491-2

Ramachandran GN, Ramakrishnan C, Sasisekharan V (1963) Ste-
reochemistry of polypeptide chain configurations. J Mol Biol
7:95-99. https://doi.org/10.1016/s0022-2836(63)80023-6

@ Springer


https://doi.org/10.1542/peds.2007-2333
https://doi.org/10.1016/j.jmb.2016.12.004
https://doi.org/10.1016/j.jmb.2016.12.004
https://doi.org/10.1038/s41586-020-2308-7
https://doi.org/10.1038/ng.2892
https://doi.org/10.1016/j.otc.2015.07.007
https://doi.org/10.1016/j.otc.2015.07.007
https://doi.org/10.1038/nature19057
https://doi.org/10.1038/nature19057
https://doi.org/10.1007/s00439-021-02354-4
https://doi.org/10.1038/sj.ejhg.5201917
https://doi.org/10.1111/j.1399-0004.2008.01130.x
https://doi.org/10.1111/j.1399-0004.2008.01130.x
https://doi.org/10.1093/hmg/ddaa075
https://doi.org/10.1093/hmg/ddaa075
https://doi.org/10.1016/j.ijporl.2016.10.019
https://doi.org/10.1016/j.ijporl.2016.10.019
https://doi.org/10.1371/journal.pone.0188578
https://doi.org/10.1371/journal.pone.0188578
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1002/prot.10286
https://doi.org/10.1097/00005537-200311000-00034
https://doi.org/10.1097/00005537-200311000-00034
https://doi.org/10.1016/j.ijporl.2013.04.001
https://doi.org/10.1016/j.ijporl.2013.04.001
https://doi.org/10.11606/s1518-8787.2020054001643
https://doi.org/10.1016/j.ijporl.2011.04.012
https://doi.org/10.1016/j.ijporl.2011.04.012
https://doi.org/10.1186/1471-2350-14-112
https://doi.org/10.1186/1471-2350-14-112
https://doi.org/10.1590/S0034-72992009000200013
https://doi.org/10.1590/S0034-72992009000200013
https://doi.org/10.1093/nar/16.3.1215
https://www.nidcd.nih.gov/health/statistics/hearing-balance-ear-infections-deafness
https://www.nidcd.nih.gov/health/statistics/hearing-balance-ear-infections-deafness
https://doi.org/10.1186/s12881-018-0585-x
https://doi.org/10.1186/s12881-018-0585-x
https://doi.org/10.1002/humu.23630
https://doi.org/10.1002/humu.23630
https://doi.org/10.1371/journal.pone.0100483
https://doi.org/10.1371/journal.pone.0100483
https://doi.org/10.1002/ajmg.a.10193
https://doi.org/10.1002/ajmg.a.10193
https://doi.org/10.1371/journal.pone.0017063
https://doi.org/10.5935/1808-8694.20130077
https://doi.org/10.5935/1808-8694.20130077
https://doi.org/10.1007/s00439-002-0765-8
https://doi.org/10.1007/s00439-002-0765-8
https://doi.org/10.1002/humu.21211
https://doi.org/10.1136/jmg.2004.024208
https://doi.org/10.1136/jmg.2004.024208
https://doi.org/10.1016/s0165-5876(97)01491-2
https://doi.org/10.1016/s0022-2836(63)80023-6

538

Human Genetics (2022) 141:519-538

Rance G (2005) Auditory neuropathy/dys-synchrony and its perceptual
consequences. Trend Amplif 9:1-43. https://doi.org/10.1177/
108471380500900102

Read AP, Newton VE (1997) Waardenburg syndrome. J Med Genet
34:656-665. https://doi.org/10.1136/jmg.34.8.656

Richards S, Aziz N, Bale S et al (2015) ACMG Laboratory Quality
Assurance Committee Standards and guidelines for the interpre-
tation of sequence variants: a joint consensus recommendation
of the American College of Medical Genetics and Genomics and
the Association for Molecular Pathology. Genet Med 17:405—
424. https://doi.org/10.1038/gim.2015.30

Romanos J, Kimura L, Favero ML et al (2009) Novel OTOF mutations
in Brazilian patients with auditory neuropathy. ] Hum Genet
54:382-3285. https://doi.org/10.1038/jhg.2009.45

Salazar-Silva RS, Dantas VLG, Alves LU et al (2021) NCOA3 identi-
fied as a new candidate to explain autosomal dominant progres-
sive hearing loss. Hum Mol Genet 29:3691-3705. https://doi.org/
10.1093/hmg/ddaa240

Sampaio-Silva J, Batissoco AC, Jesus-Santos R et al (2017) Exome
sequencing identifies a novel nonsense mutation of MYO6 as
the cause of deafness in a Brazilian family. Ann Hum Genet
82:23-34. https://doi.org/10.1111/ahg.12213

Sartorato EL, Gottardi E, de Oliveira CA et al (2000) Determination
of the frequency of the 35delG allele in Brazilian neonates. Clin
Genet 58:339-340. https://doi.org/10.1034/j.1399-0004.2000.
580415.x

Seeman P, Sakmaryova I (2006) High prevalence of the IVS 1 + 1 G to
A/GJB2 mutation among Czech hearing impaired patients with
monoallelic mutation in the coding region of GIB2. Clin Genet
69:410-413. https://doi.org/10.1111/j.1399-0004.2006.00602.x

Shamsani J, Kazakoff SH, Armean IM et al (2019) A plugin for the
ensembl variant effect predictor that uses MaxEntScan to predict
variant spliceogenicity. Bioinformatics 35:2315-2317. https://
doi.org/10.1093/bioinformatics/bty960

Shearer AE, Eppsteiner RW, Booth KT et al (2014) Utilizing ethnic-
specific differences in minor allele frequency to recategorize
reported pathogenic deafness variants. Am J Hum Genet 95:445—
453. https://doi.org/10.1016/j.ajhg.2014.09.001

Shearer AE, Hildebrand MS, Smith RJH (2017) Hereditary hearing
loss and deafness overview. https://www.ncbi.nlm.nih.gov/books/
NBK1434/. Accessed 30 Apr 2021

Sheffer R, Zlotogora J (1992) Autosomal dominant inheritance of
Klein-Waardenburg syndrome. Am J Med Genet A 42:320-322.
https://doi.org/10.1002/ajmg.1320420312

Shen J, Oza AM, Del Castillo I et al (2019) Consensus interpretation of
the p.Met34Thr and p.Val37lIle variants in GJB2 by the ClinGen
Hearing Loss Expert Panel. Genet Med 21:2442-2452. https://
doi.org/10.1038/s41436-019-0535-9

Sievers F, Higgins DG (2014) Clustal omega, accurate alignment of
very large numbers of sequences. Methods Mol Biol 1079:105-
116. https://doi.org/10.1007/978-1-62703-646-7_6

Silva MA, Piatto VB, Maniglia JV (2015) Molecular approach of audi-
tory neuropathy. Braz J Otorhinolaryngol 81:321-328. https://
doi.org/10.1016/j.bjor].2015.03.005

@ Springer

Sloan-Heggen CM, Bierer AO, Shearer AE et al (2016) Comprehensive
genetic testing in the clinical evaluation of 1119 patients with
hearing loss. Hum Genet 135:441-450. https://doi.org/10.1007/
s00439-016-1648-8

Snoeckx RL, Huygen PL, Feldmann D et al (2005) GJ/B2 mutations
and degree of hearing loss: a multicenter study. Am J Hum Genet
77:945-957. https://doi.org/10.1086/497996

Studer G, Rempfer C, Waterhouse AM et al (2020) QMEANDisCo-
distance constraints applied on model quality estimation. Bio-
informatics 36:1765-1771. https://doi.org/10.1093/bioinforma
tics/btz828

Sun L, Li X, ShiJ et al (2016) Molecular etiology and genotype-phe-
notype correlation of Chinese Han deaf patients with type I and
type II Waardenburg syndrome. Sci Rep 6:354-358. https://doi.
org/10.1038/srep35498

Tassabehji M, Newton VE, Liu XZ et al (1995) The mutational spec-
trum in Waardenburg syndrome. Hum Mol Genet 4:2131-2137.
https://doi.org/10.1093/hmg/4.11.2131

Thongpradit S, Jinawath N, Javed A et al (2020) Novel SOX10 muta-
tions in Waardenburg syndrome: functional characterization and
genotype-phenotype analysis. Front Genet 9(11):589784. https://
doi.org/10.3389/fgene.2020.589784

Toms M, Pagarkar W, Moosajee M (2020) Usher syndrome: clinical
features, molecular genetics and advancing therapeutics. Ther
Adv Ophthalmol. https://doi.org/10.1177/2515841420952194

Utrera R, Ridaura V, Rodriguez Y et al (2007) Detection of the
35delG/GJB2 and del(GJB6-D13S1830) mutations in Venezue-
lan patients with autosomal recessive nonsyndromic hearing loss.
Genet Test 11:347-352. https://doi.org/10.1089/gte.2006.0526

Van Camp G, Smith R (2021) Hereditary hearing loss. http://hereditary
hearingloss.org. Accessed 30 Apr 2021

Waardenburg PJ (1951) A new syndrome combining developmental
anomalies of the eyelids, eyebrows and nose root with pigmen-
tary defects of the iris and head hair and congenital deafness. Am
J Hum Genet 3:195-253

WHO (2021) World Health Organization. https://www.who.int/news/
item/02-03-2021-who-1-in-4-people-projected-to-have-hearing-
problems-by-2050. Accessed 30 Apr 2021

Wildhardt G, Zirn B, Graul-Neumann LM et al (2013) Spectrum of
novel mutations found in Waardenburg syndrome types 1 and
2: implications for molecular genetic diagnostics. BMJ Open
3:e001917. https://doi.org/10.1136/bmjopen-2012-001917

Wiltgen M (2019) Algorithms for structure comparison and analysis:
homology modelling of proteins. In: Ranganathan S et al (eds)
Encyclopedia of bioinformatics and computational biology. Aca-
demic Press, Oxford, pp 38—-61. https://doi.org/10.1504/IJBRA.
2014.059536

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1177/108471380500900102
https://doi.org/10.1177/108471380500900102
https://doi.org/10.1136/jmg.34.8.656
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1038/jhg.2009.45
https://doi.org/10.1093/hmg/ddaa240
https://doi.org/10.1093/hmg/ddaa240
https://doi.org/10.1111/ahg.12213
https://doi.org/10.1034/j.1399-0004.2000.580415.x
https://doi.org/10.1034/j.1399-0004.2000.580415.x
https://doi.org/10.1111/j.1399-0004.2006.00602.x
https://doi.org/10.1093/bioinformatics/bty960
https://doi.org/10.1093/bioinformatics/bty960
https://doi.org/10.1016/j.ajhg.2014.09.001
https://www.ncbi.nlm.nih.gov/books/NBK1434/
https://www.ncbi.nlm.nih.gov/books/NBK1434/
https://doi.org/10.1002/ajmg.1320420312
https://doi.org/10.1038/s41436-019-0535-9
https://doi.org/10.1038/s41436-019-0535-9
https://doi.org/10.1007/978-1-62703-646-7_6
https://doi.org/10.1016/j.bjorl.2015.03.005
https://doi.org/10.1016/j.bjorl.2015.03.005
https://doi.org/10.1007/s00439-016-1648-8
https://doi.org/10.1007/s00439-016-1648-8
https://doi.org/10.1086/497996
https://doi.org/10.1093/bioinformatics/btz828
https://doi.org/10.1093/bioinformatics/btz828
https://doi.org/10.1038/srep35498
https://doi.org/10.1038/srep35498
https://doi.org/10.1093/hmg/4.11.2131
https://doi.org/10.3389/fgene.2020.589784
https://doi.org/10.3389/fgene.2020.589784
https://doi.org/10.1177/2515841420952194
https://doi.org/10.1089/gte.2006.0526
http://hereditaryhearingloss.org
http://hereditaryhearingloss.org
https://www.who.int/news/item/02-03-2021-who-1-in-4-people-projected-to-have-hearing-problems-by-2050
https://www.who.int/news/item/02-03-2021-who-1-in-4-people-projected-to-have-hearing-problems-by-2050
https://www.who.int/news/item/02-03-2021-who-1-in-4-people-projected-to-have-hearing-problems-by-2050
https://doi.org/10.1136/bmjopen-2012-001917
https://doi.org/10.1504/IJBRA.2014.059536
https://doi.org/10.1504/IJBRA.2014.059536

	Molecular and genetic characterization of a large Brazilian cohort presenting hearing loss
	Abstract
	Introduction
	Patients and methods
	Patients
	Clinical evaluation
	Molecular analysis
	Sanger sequencing
	Pathogenicity and variants databases
	CNVs analysis
	Computational molecular modeling
	Exomepanel NGS

	Results and discussion
	Brazil’s regional differences in GJB2GJB6 contribution: corroborating and expanding previous studies
	Genotype–phenotype correlations of GJB2GJB6 recessive variants
	Genotype–phenotype correlations of dominants variants
	Monoallelic cases: causative or coincidence?
	Specific genes screening revealed other significant contributions to HL in Brazil
	SLC26A4 and cochlear-vestibular malformations
	OTOF and auditory neuropathy
	Novel Brazilian deafness variants: frequency in our cohort
	Relevance of NGS to achieve a diagnosis
	Waardenburg syndrome—prevalence, genotype–phenotype correlations, and mechanisms
	Molecular modeling provides further support to the missense variants’ deleterious effects
	Evidences for SOX10 genotype–phenotype correlations

	Conclusions
	Acknowledgements 
	References




