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Abstract 

Background  The enlarged vestibular aqueduct (EVA) is the most commonly detected inner ear malformation. 
Biallelic pathogenic variants in the SLC26A4 gene, coding for the anion exchanger pendrin, are frequently involved 
in determining Pendred syndrome and nonsyndromic autosomal recessive hearing loss DFNB4 in EVA patients. 
In Caucasian cohorts, the genetic determinants of EVA remain unknown in approximately 50% of cases. We have 
recruited a cohort of 32 Austrian patients with hearing loss and EVA to define the prevalence and type of pathogenic 
sequence alterations in SLC26A4 and discover novel EVA-associated genes.

Methods  Sanger sequencing, single nucleotide polymorphism (SNP) assays, copy number variation (CNV) testing, 
and Exome Sequencing (ES) were employed for gene analysis. Cell-based functional and molecular assays were used 
to discriminate between gene variants with and without impact on protein function.

Results  SLC26A4 biallelic variants were detected in 5/32 patients (16%) and monoallelic variants in 5/32 patients 
(16%). The pathogenicity of the uncharacterized SLC26A4 protein variants was assigned or excluded based on their 
ion transport function and cellular abundance. The monoallelic or biallelic Caucasian EVA haplotype was detected 
in 7/32 (22%) patients, but its pathogenicity could not be confirmed. X-linked pathogenic variants in POU3F4 
(2/32, 6%) and biallelic pathogenic variants in GJB2 (2/32, 6%) were also found. No CNV of SLC26A4 and STRC​ genes 
was detected. ES of eleven undiagnosed patients with bilateral EVA detected rare sequence variants in six EVA-
unrelated genes (monoallelic variants in SCD5, REST, EDNRB, TJP2, TMC1, and two variants in CDH23) in five patients 
(5/11, 45%). Cell-based assays showed that the TJP2 variant leads to a mislocalized protein product forming dimers 
with the wild-type, supporting autosomal dominant pathogenicity. The genetic causes of hearing loss and EVA 
remained unidentified in (14/32) 44% of patients.

Conclusions  The present investigation confirms the role of SLC26A4 in determining hearing loss with EVA, identifies 
novel genes in this pathophysiological context, highlights the importance of functional testing to exclude or assign 
pathogenicity of a given gene variant, proposes a possible diagnostic workflow, suggests a novel pathomechanism 
of disease for TJP2, and highlights voids of knowledge that deserve further investigation.
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Background
Hearing loss affects 1.5 in 1000 newborns, is the most 
common sensory deficit in humans, and is a significant 
cause of disability in children (Koffler et  al. 2015; Choe 
et  al. 2023). Genetics accounts for at least 60% of cases 
of hearing loss in developed countries (Pandya 2016) and 
more than 150 genes are known to be involved in the 
function of hearing, making the genetic diagnostics of 
hearing loss a challenging issue (Hereditary Hearing Loss 
Homepage 2024). Identifying the gene causative for hear-
ing loss provides a conclusive diagnosis to patients and 
their families and is fundamental for a reliable prognosis, 
genetic counseling, and planning of an adequate inter-
vention (Jonard et al. 2023). Hearing loss of genetic ori-
gin is frequently associated with inner ear malformations 
(Sennaroglu and Saatci 2002), of which the most com-
mon is the enlarged vestibular aqueduct (EVA) (Usami 
et  al. 1999). EVA is inherited in an autosomal recessive 
manner, is often associated with cochlear incomplete 
partitions, and can be found in both syndromic and non-
syndromic forms of hearing loss. Genes that have been 
implied in the pathogenesis of non-syndromic EVA are 
SLC26A4, GJB2, FOXI1, KCNJ10, and POU3F4 (Roesch 
et al. 2021).

Pathogenic sequence alterations of the SLC26A4 gene, 
which encodes for the anion exchanger pendrin (OMIM 
*605646), lead to EVA in the context of autosomal reces-
sive Pendred syndrome (OMIM #274600) or non-syn-
dromic deafness DFNB4 (OMIM #600791) (Everett et al. 
1997). In DFNB4, sensorineural hearing loss with or 
without vestibular dysfunction is the only clinical feature, 
while in Pendred syndrome the hearing loss is associated 
with a partial iodide organification defect that usually 
appears around puberty and may lead to subclinical or 
overt hypothyroidism with or without goiter (Fugazzola 
et  al. 2001). Hearing loss in DFNB4/Pendred syndrome 
typically has an early onset in childhood and is moder-
ate to severe and stable, but can also be fluctuating and 
progressive and appear later in life after a head trauma or 
barotrauma (Smith et al. 1993; Griffith and Wangemann 
2011).

While Pendred syndrome is invariably linked to biallelic 
pathogenic sequence alterations in the SLC26A4 gene, in 
Caucasian cohorts these are found only in approximately 
25% of EVA patients. Of the remaining EVA patients, 
25% harbor monoallelic SLC26A4 sequence alterations 
with the second mutated allele that remains unidenti-
fied, and 50% are negative for SLC26A4 (Ito et al. 2013). 
Additional genes that have been linked to EVA are FOXI1 
and KCNJ10. FOXI1 (OMIM *601093) codes for a tran-
scription factor of SLC26A4 (Hulander et al. 2003; Yang 
et  al. 2007), and KCNJ10 (OMIM *602208) encodes the 
inwardly rectifying potassium channel Kir4.1, which 

is essential for the maintenance of the endocochlear 
potential (Marcus et  al. 2002). Digenic inheritance of 
EVA caused by one sequence alteration in SLC26A4 and 
another in FOXI1 or KCNJ10 has been suggested (Yang 
et al. 2007; Yang et al. 2009), but this genetic configura-
tion is infrequent in Caucasian cohorts (Landa et al. 2013; 
Pique et al. 2014; Cirello et al. 2012), and its significance 
is uncertain. In a minority (0–8%) of EVA patients, path-
ogenic sequence alterations in GJB2 (OMIM *121011) 
are detected (Kenna et  al. 2011; Lee et  al. 2009; Propst 
et al. 2006). However, whether these findings are causa-
tive or coincidental is not unequivocally established, and 
EVA in these patients is likely due to factors other than 
GJB2 (Roesch et al. 2021). Mutations in POU3F4 (OMIM 
*300039), which lead to X-linked DFN3/DFNX2 (OMIM 
#304400) associated with cochlear incomplete partition 
type 3 (IP3), are rare in EVA cohorts, and from 0 to 50% 
of POU3F4 patients have been found to have an EVA (de 
Kok et al. 1995; Pollak et al. 2016; Gong et al. 2014).

Recently, a new haplotype called Caucasian EVA 
(CEVA) was reported in several patients with monoallelic 
pathogenic sequence alterations in SLC26A4 and in some 
patients with no pathogenic variants in known causa-
tive genes (Chattaraj et  al. 2017). The CEVA haplotype 
consists of 12 single nucleotide polymorphisms (SNPs), 
including 10 single nucleotide substitutions and 2 single 
nucleotide deletions, falling in intergenic regions or non-
coding genomic regions of genes far upstream SLC26A4 
and correlates with phenotype severity in EVA patients 
(Chao et al. 2019).

Overall, SLC26A4 and the CEVA haplotype, GJB2, 
FOXI1, KCNJ10, and POU3F4 may account for hearing 
loss and EVA in little or no more than 50% of patients in 
Caucasian cohorts, and the causative gene remains uni-
dentified in 50% of patients. We formerly reported that 
SLC26A4 pathogenic variants are underrepresented in 
our Austrian cohort of patients with hearing loss and 
EVA compared to other Caucasian cohorts (Roesch et al. 
2018). Thus, the analysis of this cohort might reveal novel 
genetic factors linked to EVA. Here, we combine molecu-
lar genetics and functional tests to identify the causative 
gene in our expanded cohort. Exome sequencing (ES) in 
patients negative for the known causative genes allowed 
for the identification of novel genes formerly unrelated 
to EVA. Cell-based assays permitted discrimination 
between gene variants with no impact on protein func-
tion and pathogenic sequence alterations, linking a given 
genotype with the clinical phenotype.

Material and methods
Patient recruitment
Patients have been recruited among those referred to 
the Otolaryngology department of the Salzburg General 
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Hospital for hearing loss. A complete audiological exami-
nation, family history of hearing loss, and informed con-
sent for gene analysis for diagnostics and research were 
obtained from all patients or their legal representatives. 
The research was prospectively reviewed and approved 
by a duly constituted ethics committee (approval 415-
E/2092/6-2017 for gene analysis and 415-E/2548/13-2019 
for circulating nucleic acid analysis) and has there-
fore been performed in accordance with the principles 
embodied in the 1964 Declaration of Helsinki and its 
later amendments (Available online: https://​www.​wma.​
net/​polic​ies-​post/​wma-​decla​ration-​of-​helsi​nki-​ethic​al-​
princ​iples-​for-​medic​al-​resea​rch-​invol​ving-​human-​subje​
cts/).

Thirty-two Austrian subjects (16 females and 16 males 
aged between 5 and 65  years; median age 37  years, 
average age 34  years) with hearing loss and EVA were 
included in the study. Imaging studies of the inner ear by 
computer tomography (CT) of the temporal bones were 
performed. EVA was defined according to the Cincinnati 
criteria [vestibular aqueduct at midpoint and opercu-
lum > 0.9 and > 1.9 mm, respectively (Vijayasekaran et al. 
2007)]. An abnormal cochlea was considered an incom-
plete partition type 2 (IP2) in cases of a normal basal 
turn and cavity-like appearing distal turns with a miss-
ing interscalar ridge between the basal turn and the dis-
tal turns on the axial plane of the CT scan (Leung et al. 
2016). Parameters for individual characterization of hear-
ing loss (HL) are given in the Additional files 1 and 2.

Magnetic resonance imaging (MRI) of the cerebello-
pontine angle (variable manufacturers) was analyzed by 
assessment of T2-weightend, axial planes of both sides.

Vestibular testing was performed with the Interacous-
tics VisualEyes™ 515 System, including the EyeSeeCam 
for video head impulse testing and caloric testing with 
water or air irrigation, depending on the individual pres-
ence of a tympanic membrane perforation.

The thyroid function was evaluated based on the pres-
ence of overt goiter, the results of the perchlorate dis-
charge test in adults, thyroid ultrasound, or alterations of 
laboratory functional parameters in selected patients.

Gene analysis
Patient whole blood was collected in plastic tubes with 
potassium-ethylenediaminetetraacetic acid (S-Mon-
ovette®, Sarstedt, Nümbrecht, Germany) via veni-
puncture. Total genomic DNA (gDNA) was purified 
from ~ 350 μL blood with the EZ1 DSP DNA Blood 
350 μL kit (Qiagen, Hilden, Germany) using the EZ1 
Advanced XL platform (Qiagen) according to the manu-
facturer’s instructions. Quantification was performed 
with the QIAxpert (Qiagen) spectrophotometer. Only 

samples with an A260/A280 between 1.7 and 1.9 were 
used for downstream analysis.

The 21 exons and intron–exon boundaries of SLC26A4 
(NCBI GeneBank Ref. Sequence: NG_008489.1) 
and the coding sequence of FOXI1 (NG_012068.1), 
GJB2 (NG_008358.1), GJB3 (NG_008309.1), POU3F4 
(NG_009936.2), and KCNJ10 (NG_016411.1) have been 
amplified by endpoint PCR from gDNA samples. Fifty 
μL endpoint polymerase chain reaction (PCR) reactions 
contained 1 × JumpStart REDAccuTaq Long and Accu-
rate (JS RAT LA) DNA Polymerase buffer (Sigma; St. 
Louis, MO, USA), 20  mM dNTPs (Thermo Fisher Sci-
entific; Waltham, MA, USA), 20% dimethyl sulfoxide 
(Sigma), 0.4–0.8 μM forward and reverse primers and 2.5 
units JS RAT LA DNA Polymerase (Sigma). SLC26A4 and 
GJB2 amplification and sequencing primers have already 
been described (Roesch et  al. 2018). Amplification and 
sequencing primers for FOXI1, GJB3, POU3F4, and 
KCNJ10 are described in the Additional file 2: Table S1. 
The PCR products were purified and Sanger sequenced 
(Microsynth AG, Balgach, Switzerland), and the result-
ing sequences were compared against the NCBI DNA 
reference sequence assembly with MacVector (version 
18.6.4). In the case of the detection of an exonic sequence 
or splice site variant, the results have been confirmed on 
an independent amplicon to exclude errors of the DNA 
polymerase. The configuration (cis or trans) of biallelic 
variants was determined by analysis of parents of index 
patients.

The presence of the two common genomic deletions 
del(GJB6-D13S1830) and del(GJB6-D13S1854) have been 
verified by multiplex PCR as previously described (del 
Castillo et al. 2005).

The possible presence of the CEVA haplotype SNPs 
rs17424561, rs79579403, rs17425867, rs117113959, 
rs17349280, rs117386523, rs80149210, rs9649298, 
rs117714350, rs150942317, and rs199667576 has been 
determined by the rhAmp® SNP Assays (Integrated DNA 
Technologies, Coralville, IA, USA) run on the Rotor 
Gene (Qiagene) instrument. The SNP rs199915614 has 
been verified by Sanger sequencing with the primers 
indicated in Additional file 2: Table S1.

The copy numbers of selected genes were determined 
with the QuantStudio® 3D Digital PCR (Life Technolo-
gies, Thermo). A master mix including the gDNA, the 
QuantStudio™ 3D Digital PCR Master Mix (Applied Bio-
systems, Thermo, Waltham, MA, USA), the CNV Assay 
for the target gene (SLC26A4: Hs02774758; STRC​: STRC_
CDVMKD7) and the CNV Assay for a reference gene 
(RNAseP: 4401631; Telomerase reverse transcriptase, 
TERT: 4401633) was loaded on a QuantStudio™ 3D Digi-
tal PCR 20  K Chip in a semi-automated manner with a 
QuantStudio™ 3D Digital PCR Chip loader (Applied 

https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-medical-research-involving-human-subjects/
https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-medical-research-involving-human-subjects/
https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-medical-research-involving-human-subjects/
https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-medical-research-involving-human-subjects/
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Biosystems) and submerged in the immersion fluid 
provided by the vendor. After sealing the chip, a PCR 
reaction was performed on ProFlex PCR System (Life 
Technologies). The fluorescence signal was read with the 
QuantStudio® 3D and the results were uploaded to the 
online QuantStudio® 3D Analysis Suite™ for evaluation. 
The quality of the analysis was evaluated and manually 
confirmed. The number of copies per µl calculated for the 
target gene was normalized for the number of copies per 
µl of the reference gene (RNAseP or TERT).

Exome sequencing and variants filtering
As a first step, 50 ng of gDNA underwent enzymatic frag-
mentation, followed by end repair and dA-tailing reac-
tions. Subsequently, the DNA fragments were ligated to 
a universal adapter and amplified using the Unique Dual 
Index primer. According to the manufacturer’s instruc-
tions, genomic libraries were generated with the Twist 
Human Core Exome + Human RefSeq Panel kit (Twist 
Bioscience, South San Francisco, CA, USA). Finally, the 
hybridized fragments were captured and amplified, and 
ES was carried out on an Illumina NextSeq 550 instru-
ment (Illumina Inc., San Diego, CA, USA).

This process initially generates FASTQ files, which are 
processed through a custom pipeline (Germline-Pipe-
line) developed by enGenome srl to create VCF files. 
Those files contain germline variants, such as Single 
Nucleotide Variants (SNVs) and short insertion/deletions 
(INDELs), and were analyzed with the enGenome Expert 
Variant Interpreter (eVai) software (evai.engenome.com). 
In detail, eVai combines artificial intelligence with the 
American College of Medical Genetics (ACMG) guide-
lines (Richards et al. 2015) to classify all the genomic var-
iants detected.

In order to identify potentially disease-causative vari-
ants, several filters were applied. In particular, all the 
selected variants presented a quality score (QUAL) > 20 
and Minor Allele Frequency (MAF) < 0.001. In addi-
tion, variants were excluded if they led to non-damaging 
synonymous amino acid substitutions or did not affect 
splicing or highly conserved residues. To evaluate the 
pathogenicity of the identified variants, several in-silico 
tools were employed, including PolyPhen-2 (Adzhubei 
et al. 2013), SIFT (Ng and Henikoff 2003), Pseudo Amino 
Acid Protein Intolerance Variant Predictor (for cod-
ing variants SNVs/INDELs) (PaPI score) (Limongelli 
et  al. 2015), and Deep Neural Network Variant Predic-
tor (for coding/non-coding variants, SNVs) (DANN 
score) (Quang et al. 2015). In conclusion, the correlation 
between the variants and the phenotypes was discussed 
on a patient-by-patient basis, and the related literature 
was evaluated. The most compelling variants were con-
firmed by direct Sanger sequencing.

Cell culture
Human embryonic kidney (HEK) 293 Phoenix and HeLa 
cells were used for cell-based assays. Details on cell cul-
turing are given in the Additional file 2.

Plasmid constructs
The pTARGET (Promega Corporation, Madison, WI, 
United States) vector contained the open reading frame 
(ORF) coding for wild-type human SLC26A4 (NCBI 
Sequence ID: NM_000441.2) with a hexahistidine tag at 
the C-terminus. The ORF of TJP2 (NCBI Sequence ID: 
NM_004817.4) was subcloned into the pEYFPN1 and 
pECFPN1 vectors (Clontech Laboratories Inc., Moun-
tain View, CA, United States) by PCR amplification of 
the pLDNT7_nFLAG DNASU clone HsCD00617962 
(Seiler et al. 2014). The pEYFPN1 and pECFPN1 vectors 
encode for the protein of interest (SLC26A4 or TJP2) 
with the enhanced yellow fluorescent protein (EYFP) or 
the enhanced cyan fluorescent protein (ECFP) fused at 
the C-terminus.

Sequence alterations in plasmid vectors were made 
using the QuikChange® site-directed mutagenesis kit 
(Agilent, Santa Clara, CA, United States) according to 
the manufacturer’s instructions and the primers listed 
in Additional file  2: Table  S2. All plasmid inserts were 
sequenced before use in experiments (Microsynth AG, 
Balgach, Switzerland).

SLC26A4 ion transport measurements
HEK 293 Phoenix cells were seeded into black 96-well 
plates, grown overnight, and co-transfected with 0.12 μg/
well of a plasmid encoding for the iodide-sensitive EYFP 
variant p.H148Q;I152L (Galietta et al. 2001) and 0.12 μg/
well of a pTARGET plasmid encoding for wild-type 
SLC26A4 or its variants by the calcium phosphate co-
precipitation method. The endogenous iodide influx was 
determined in cells co-transfected with 0.12  μg/well of 
the EYFP p.H148Q;I152L vector and 0.12 μg/well of the 
empty pTARGET vector. Controls for the endogenous 
and the wild-type SLC26A4  iodide influx were included 
in each plate, along with the different SLC26A4 vari-
ants tested. The background fluorescence was measured 
in cells transfected with 0.24  μg/well of the pTARGET 
vectors.

The ion transport function of SLC26A4 was measured 
48  h after transfection via a fluorometric method that 
allows for the evaluation of the iodide influx in SLC26A4-
transfected cells (Roesch et  al. 2018; Matulevicius et  al. 
2022; Procino et  al. 2013; Pera et  al. 2008a; Fugazzola 
et  al. 2007; Dror et  al. 2010; Dossena et  al. 2011a; Dos-
sena et  al. 2011b; Dossena et  al. 2006; de Moraes et  al. 
2016; Bernardinelli et  al. 2016). Details are given in the 
Additional file 2.
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Determination of SLC26A4 protein expression levels 
by quantitative imaging
HeLa cells were seeded into six-well plates, grown over-
night to approximately 50% confluence, and transiently 
transfected with 1.5  μg/well of the pEYFPN1-SLC26A4 
vector and 3  μl METAFECTENE PRO® (Biontex, 
Munich, Germany), following the manufacturer’s instruc-
tions. This vector encodes SLC26A4 with the enhanced 
yellow fluorescent protein (EYFP) fused to its C-termi-
nus (SLC26A4-EYFP). The medium was replaced 6–8  h 
after transfection, and cells were transferred on glass 
slides 56  h after transfection and processed 72  h after 
transfection.

Quantitative imaging was done as formerly described 
(Roesch et al. 2018; Matulevicius et al. 2022; de Moraes 
et  al. 2016). Shortly, cells were fixed with 4% paraform-
aldehyde for 30  min, counterstained with 0.1  μg/mL 
4′,6-diamidino-2-phenylindole (DAPI) for 10 min, thor-
oughly washed and imaged in Hank’s balanced salt solu-
tion (HBSS, Sigma-Aldrich). Imaging was performed 
with a Leica TCS SP5II AOBS confocal microscope 
(Leica Microsystems, Wetzlar, Germany) equipped with 
an HCX PL APO 63x/1.20 Lambda blue water immersion 
objective and controlled by the LAS AF SP5 software ver-
sion 2.7.3.9723 (Leica Microsystems). Imaging param-
eters are given in the Additional file 2.

Colocalization
HEK 293 Phoenix cells were seeded on 3  cm diam-
eter glass slides into 6-well plates, grown overnight, 
and transfected with 2 μg/well of the pEYFPN1 plasmid 
encoding for wild-type TJP2 or TJP2 variant p.T636R by 
the calcium phosphate co-precipitation method.

The impact of the variant on TJP2 subcellular localiza-
tion was determined in live HEK 293 Phoenix cells by co-
localization of wild-type or mutant TJP2-EYFP and the 
plasma membrane, which was stained with 1.25  μg/ml 
CellMask™ Deep Red Plasma Membrane Stain (C10046, 
Invitrogen Molecular Probes, Waltham, MA, USA), as 
formerly described (Matulevicius et al. 2022; de Moraes 
et al. 2016). Details are given in the Additional file 2.

Fluorescence resonance energy transfer
HEK 293 Phoenix cells were seeded on 3  cm diam-
eter glass slides into 6-well plates, grown overnight, and 
transfected with the pEYFPN1 and pECFPN1 plasmids 
(1 μg/well each) encoding for wild-type TJP2 or its vari-
ant by the calcium phosphate co-precipitation method. 
These vectors encode the proteins of interest with the 
fluorescence resonance energy transfer (FRET) donor 
ECFP or the FRET acceptor EYFP fused to their C-termi-
nus. Thirty hours post-transfection, cells were fixed with 

4% paraformaldehyde in HBSS for 30  min, and imag-
ing was performed by sequential acquisition in HBSS at 
room temperature with the FRET AB-Wizard of the LAS 
AF SP5 software (Leica Microsystems) and a Leica TCS 
SP5II AOBS confocal microscope (Leica Microsystems). 
Acquisition and acceptor photobleaching parameters are 
given in the Additional file 2.

Circulating nucleic acids
Peripheral blood samples (10 ml) were taken from each 
donor for 3 consecutive days and centrifuged at 1900 × g 
for 10 min at 4 °C. The plasma supernatant was collected 
and centrifuged again at 16,000 × g for 10 min at 4 °C to 
minimize contamination from cellular debris. Circulating 
nucleic acids (CNAs) were immediately extracted from 
the supernatant with the QiaAmp Circulating Nucleic 
Acids Kit (Qiagen) and eluted in 30 μl buffer AVE. Each 
sample was subjected to 2 independent reverse tran-
scriptions with the QuantiTect® reverse transcrip-
tion kit for cDNA synthesis with integrated removal of 
genomic DNA contamination (Qiagen). Total RNA from 
human whole kidney cortex was from Ambion (Foster 
City, CA, USA). PrimeTime® qPCR primers for detect-
ing the SLC26A4 transcript and the housekeeping tran-
script POLR2A were from Integrated DNA Technologies 
(Coralville, IA, USA). qPCR reactions contained 5 µL of 
undiluted cDNA template in a 20 µL final volume of 1X 
primers and 1X GoTaq® qPCR Master Mix (Promega, 
Madison, WI, USA). Real-time PCR reactions were per-
formed in technical duplicates for each sample, along 
with a minus reverse transcriptase control and no tem-
plate control on the Rotor-Gene (Qiagen) instrument. 
Transcript levels were normalized for those of the house-
keeping transcript and analyzed with the comparative 
ΔCt method (Livak and Schmittgen 2001).

Salt and chemicals
All salt and chemicals were of pro analysis grade.

Statistical analysis
All data are expressed as arithmetic means ± stand-
ard error of the mean (S.E.M.). For statistical analysis 
and generation of graphics, GraphPad Prism (version 
9.5.1 for Mac OS, GraphPad Software, San Diego, CA, 
United States) and Excel (Microsoft, Redmond, WA, 
United States) software were used. Significant differences 
between data sets were determined by the unpaired Stu-
dent’s t-test or ANOVA with Bonferroni’s or Dunnet’s 
ad hoc post-test, or the Fisher exact test, as appropri-
ate. Statistically significant differences were assumed at 
p < 0.05; (n) corresponds to the number of independent 
measurements.
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Results
Clinical features of patients
Our cohort of 32 patients with hearing loss and EVA rep-
resents an expansion of an original cohort of which the 
clinical characteristics of patients 1–16 have been for-
merly described (Roesch et  al. 2018). The demograph-
ics and clinical features of the newly recruited patients 
17–32 are described in Table 1. Overall, patients had sen-
sorineural (29/32, 91%), conductive (2/32, 6%), or mixed 
(1/32, 3%) hearing loss associated with bilateral (27/32, 
84%) or unilateral (5/32, 16%) EVA with IP2 (11/32, 
34.5%), IP3 (2/32, 6%), or a normal cochlea (19/32, 
59.5%). Additional clinical features of hearing loss and 
vestibular dysfunction are presented in Additional file 2: 
Tables S3 and S4.

For a subset of patients, the thyroid function was tested 
with the perchlorate discharge test, which was negative 
(discharge < 15%) for patients #358, 659, and 671 and pos-
itive (discharge ≥ 15%) for patient #660. Patient #678 had 
hypothyroidism.

Variant detection in formerly known EVA genes
Target amplification and Sanger sequencing were per-
formed for genes formerly linked to non-syndromic EVA 
(GJB2, SLC26A4, FOXI1, KCNJ10, and POU3F4) and 
GJB3.

Concerning GJB2, a common sequence alteration 
(c.35delG) with established pathogenicity (Denoyelle 
et al. 1997) has been found in 3/32 (9%) patients. Of these, 
2/32 (6%) patients harbored this variant in homozygosis, 

and one patient (1/32, 3%) harbored this variant in het-
erozygosis with the wild-type allele, which is a non-
diagnostic genotype. The results of Sanger sequencing of 
GJB2 are shown in Additional file 2: Table S5.

Concerning SLC26A4, the results of patients 1–16 are 
shown in our former work (Roesch et al. 2018). The com-
prehensive results of the newly recruited patients 17–32 
are shown in Additional file 2: Table S6. In this last group, 
10 SLC26A4 potentially causative variants were found 
in 7 patients (Tables 2 and 3, patients 17–32). Of these, 
8 are predicted to lead to an amino acid substitution, 
one affects splicing, and one leads to premature trunca-
tion of the protein product. Two variants (p.Q101R and 
p.N248Kfs*41) are novel, two (p.Y78C and p.I136N) are 
not reported in ClinVar, two (p.L597S and p.G740V) have 
conflicting classifications of pathogenicity in ClinVar 
(likely benign/uncertain significance/benign), and four 
(c.1001 + 1G > A, p.R185T, p.R409H, and p.A664V) were 
categorized as pathogenic or likely pathogenic. In addi-
tion, several variants in non-coding regions of SLC26A4 
were detected (Additional file 2: Table S6). In the whole 
cohort (Table  3), potentially causative biallelic variants 
in SLC26A4 were detected in 5/32 patients (16%). Based 
on the positive perchlorate discharge test, one of these 
patients (1/5, 20%) had Pendred syndrome (patient #660). 
Monoallelic variants (non-diagnostic genotype) affect-
ing the SLC26A4 protein product were detected in 5/32 
patients (16%). 

The results of Sanger sequencing of FOXI1 are shown 
in Additional file  2: Table  S7. The great majority of 

Table 1  Demographic data and clinical features of the newly recruited patients

B, bilateral, HL, hearing loss, IP2, cochlear incomplete partition type 2, IP3, cochlear incomplete partition type 3, L, left, n/a, not assessed, R, right

Patient Patient ID Ethnicity Sex Age (years) EVA, side IP2, side Endolymphatic 
sac enlarged

Side affected by HL Type of HL

17 #653 Caucasian Male 11 Bilateral No Yes, B Bilateral Sensorineural

18 #654 Caucasian Female 8 Bilateral Yes, B Yes, B Bilateral Sensorineural

19 #657 Caucasian Female 54 Bilateral No n/a Unilateral, L Sensorineural

20 #659 Caucasian Male 42 Bilateral Yes, B n/a Bilateral Sensorineural

21 #660 Caucasian Male 27 Bilateral Yes, B No Bilateral Sensorineural

22 #663 Caucasian Male 44 Bilateral No No Bilateral Sensorineural

23 #666 Caucasian Female 17 Bilateral Yes, B Yes, R Bilateral Conductive

24 #667 Caucasian Male 21 Unilateral, L No, but had IP3 B No Bilateral Sensorineural

25 #669 Caucasian Male 56 Bilateral No n/a Bilateral Sensorineural

26 #670 Caucasian Female 7 Bilateral Yes, B Yes, B Bilateral Sensorineural

27 #671 Caucasian Female 51 Bilateral No Yes, B Bilateral Sensorineural

28 #672 Caucasian Male 8 Unilateral, L No Yes, L Asymmetric Sensorineural

29 #678 Caucasian Female 51 Bilateral Yes, B n/a Bilateral Sensorineural

30 #679 Caucasian Female 65 Bilateral No No Bilateral Sensorineural

31 #680 Caucasian Male 54 Bilateral No No Unilateral, R Sensorineural

32 #681 Caucasian Male 5 Bilateral Yes, B Yes, L Bilateral Sensorineural
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variants detected were established benign variants or 
intronic variants not reported in ClinVar. Exonic synony-
mous monoallelic variants with conflicting pathogenicity 
classifications were detected in patients #307 and #678. 
The results of Sanger sequencing of KCNJ10 are shown 
in Additional file 2: Table S8. Exonic variants with con-
flicting classifications of pathogenicity leading to an 
amino acid substitution were detected in patients #616 
and #660. The results of Sanger sequencing of GJB3 are 
shown in Additional file  2: Table  S9. Only established 
benign variants were found in this gene. The results of 
Sanger sequencing of POU3F4 are shown in Additional 
file 2: Table S10. Exonic variants leading to protein trun-
cation were detected in 2/32 patients (6%). These variants 
have been established as pathogenic in our former work 
(Bernardinelli et al. 2022). No CNV of the SLC26A4 and 
STRC​ genes or genomic deletions del(GJB6-D13S1830) 
and del(GJB6-D13S1854) were detected in this cohort. 
Potentially causative sequence alterations leading to an 
amino acid change, frameshift/truncation of the protein 
product, or affecting splicing in the above-mentioned 
genes are reported in Table 3.

Pathogenicity assignment of SLC26A4 variants leading 
to an amino acid substitution
SLC26A4 protein variants p.Y78C, p.Q101R, p.I136N, 
p.L597S, p.A664V, and p.G740V have been selected for 
cell-based assays. Ion transport activity was determined 
as the efficiency of iodide influx in transfected cells, and 
results were compared to the ion transport efficiency in 
cells transfected with wild-type pendrin or no pendrin 
(empty vector, Fig. 1a, b). Ion transport of variants p.Y78C 
and p.Q101R were significantly reduced compared to the 
wild-type and indistinguishable from the empty vector, 
and these were classified as variants with loss of function. 
Ion transport of variants p.I136N, p.L597S, and p.A664V 
was reduced compared to the wild-type but significantly 
higher than the empty vector, and these were classified as 
variants with residual function. Ion transport of variant 
p.G740V was indistinguishable from the wild-type and 
this was classified as a variant with full function. Reduc-
tion in ion transport function of the different variants 
unlikely arose from a reduction in the transfection effi-
ciency of the corresponding plasmid constructs, as dif-
ferences between the transcript levels of wild-type and 

Table 3  Gene variants putatively causing hearing loss in the EVA cohort

Gene variants reported in ClinVar as pathogenic or benign, or for which the pathogenicity was confirmed or excluded by functional testing are indicated in red and 
green, respectively. References to these functional studies are also given. Pathogenicity of the novel pendrin variant p.N248Kfs*41 was inferred based on the fact 
that all pendrin truncations tested exhibited loss of function (Dossena et al. 2011c). Monoallelic and biallelic CEVA individual SNPs are indicated in grey and black, 
respectively. Reference sequences are as follows: for GJB2, NM_004004.6; for SLC26A4, NM_000441.2; for POU3F4, NM_000307.1; for TMC1, NM_138691.3. The reference 
sequences of the other genes are reported in Table 4. CEVA, Caucasian EVA haplotype. n.a., not assessed. § phase unknown
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variant SLC26A4 were never detected in our former stud-
ies (Matulevicius et al. 2022; de Moraes et al. 2016).

The protein expression levels of these variants were 
evaluated by quantitative imaging in transfected cells. 
Consistent with functional studies, the protein levels of 
variant p.G740V were not significantly reduced com-
pared to the wild-type. In contrast, all of the functionally 
affected variants showed reduced protein levels (Fig. 1c, 
d), supporting their pathogenicity. There was a positive 
correlation between ion transport function and protein 
levels (Fig. 1e).

Based on these results, benign and pathogenic pen-
drin variants are indicated in green and red in Table  3, 
respectively. Pathogenicity of pendrin variants p.M21V, 
p.Y115D, p.A434D, and p.V577A was assigned or 
excluded based on functional testing in our former study 
(Roesch et al. 2018).

Detection of the CEVA haplotype
The possible presence of all 12 SNPs of the CEVA haplo-
type was verified by SNP assay or Sanger sequencing in 
all patients (Table 3). Within the largest region of linkage 
disequilibrium, a sub-region of three SNP (rs17424561, 
rs79579403, and rs17425867) segregated independently 
from the other nine SNPs in three patients (#119, 653, 
and 681). The shorter version of the CEVA haplotype 
comprising the nine telomeric variants located in their 
own region of higher linkage disequilibrium was formerly 
described by Chattaraj et al. in one patient and by Smits 
et al. in two patients and was suggested to represent the 
true pathogenic CEVA haplotype (Chattaraj et  al. 2017; 
Smits et al. 2022). The genetic configuration of the CEVA 
haplotype was complex. Part or the entire haplotype was 
detected in 7/32 patients (22%) as monoallelic or bial-
lelic variants. Three of these patients (#616, 654, and 671) 
harbor monoallelic pathogenic sequence alterations in 
the pendrin gene. Of these patients, #616 and 671 har-
bor the CEVA haplotype as monoallelic variants. In these 

two patients, the CEVA haplotype would be causative if 
in trans with the monoallelic pathogenic pendrin vari-
ant. Therefore, segregation studies were conducted in 
these two patients. Unfortunately, it was impossible to 
unequivocally establish whether the CEVA haplotype was 
in trans with the pathogenic SLC26A4 variant in these 
patients (Additional file 2: Fig. S1 and S2).

Segregation studies conducted in the family of patient 
#653 showed that this patient inherited the CEVA hap-
lotype and the benign SLC26A4 variant p.G740V from 
the father and a partial CEVA haplotype from the mother 
(Additional file  2: Fig. S3). Patient #659 inherited the 
pathogenic SLC26A4 variant p.A664V from the father 
and the pathogenic SLC26A4 variant p.I136N along with 
the CEVA haplotype from the mother (Additional file 2: 
Fig. S4). These segregation studies indicate that the CEVA 
haplotype is often found in cis with SLC26A4 variants.

Detection of SLC26A4 transcript in CNAs
SLC26A4 transcript abundance in CNAs was measured 
in the peripheral blood of three patients with biallelic 
pathogenic pendrin variants with or without the CEVA 
haplotype and three ethnicity, sex, and age-matched nor-
mal hearing volunteers (Fig. 1f ). Although the SLC26A4 
transcript was reproducibly detected in CNAs, no dif-
ferences between transcript levels have been observed 
among study subjects.

Whole exome sequencing
Selected patients with bilateral EVA and negative for 
known causative genes (patients #119, 305, 359, 568, 
610, 622, 632, 663, 669, 678, and 679, 11/32, 34%) 
have been re-analyzed by ES. ES detected 7 variants 
in 6 genes (SCD5, REST, EDNRB, TJP2, TMC1, and 
CDH23) formerly unrelated to EVA in 5/32 patients 
(16%). TMC1 variant p.D572N was described in our 
former study (Frohne et  al. 2024) and is categorized 
as pathogenic in ClinVar. The results of this study 

Fig. 1  Ion transport function and expression of pendrin variants. A HEK 293 Phoenix cells were co-transfected for 48 h with plasmid vectors 
encoding the wild-type or mutant pendrin or an empty vector and the iodide sensor EYFP H148Q:I152L. Ion transport activity was determined 
with a fluorometric method by measuring the intracellular fluorescence over time before and after the addition of iodide to the extracellular 
solution (arrow). B Iodide influx expressed as the % decrease of the intracellular fluorescence. 17 ≤ n ≤ 37 from at least 3 independent experiments. 
n corresponds to an individual well of a 96-well plate and coincides with the number of independent transfections. C HeLa cells were transfected 
for 72 h with plasmid vectors encoding wild-type or mutant SLC26A4-EYFP (yellow), fixed, counterstained with DAPI (cyan), and imaged. Scale 
bar 50 µm. D Total expression levels of pendrin variants were determined by quantitative imaging and normalized for those of the wild-type. 
12 ≤ n ≤ 18 from 3 independent experiments. n correspond to the imaging fields. n.s., not statistically significant, ***p < 0.001, **p < 0.01, *p < 0.05 
one-way ANOVA with Bonferroni’s post-test. E Ion transport function (iodide influx) and protein abundance of pendrin variants were expressed as % 
of the wild-type and positive correlation between data sets was tested by linear regression. The r2 value is indicated. F Transcript levels of SLC26A4 
measured by RT-qPCR in circulating nucleic acids from 3 patients and 3 ethnicity, sex, and age-matched normal hearing volunteers (NHV). The color 
code indicates matched individuals. Human whole kidney cortex (WKC) served as a control of primer efficiency. Data are from 3 blood samples 
from each subject, except for patient #271, for whom only one blood sample was available. No statistically significant differences among data sets 
were found (one-way ANOVA with Bonferroni’s post-test)

(See figure on next page.)
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are shown in Table  4. Of the 6 variants detected, one 
within CDH23 (c.5677G > T; p.G1893C) is novel (no 
SNP ID is assigned), while two, within the CDH23 
(c.2289 + 1G > A) and EDNRB (c.757C > T; p.R253*) 
genes are established pathogenic variants.

Pathogenicity assignment of the TJP2 variant p.T636R
Variant c.1907C > G in the tight-junction protein 2 (TJP2) 
gene leading to the amino acid substitution p.T636R 
in patient #568 was uncharacterized and therefore 
was selected for further analysis to assign or exclude 

Fig. 1  (See legend on previous page.)
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its pathogenicity. The protein variant was ectopically 
expressed in cells and its subcellular distribution was 
analyzed and compared to the wild-type (Fig. 2). For this, 
the co-localization with the plasma membrane was deter-
mined. Wild-type TJP2 was uniformly distributed at the 
cell periphery and gave plasma membrane co-localiza-
tion parameters (Pearson’s correlation coefficient, over-
lap coefficient, and co-localization rate) consistent with 
a localization in the sub-membrane protein network. In 
contrast, p.T636R TJP2 formed large intracellular aggre-
gates in approximately 50% of transfected cells and failed 
to reach the cell periphery.

The ability of wild-type and p.T636R TJP2 to form 
homo- and heterodimers and interact with actin was 
determined by FRET (Fig.  3). As expected, wild-type 
TJP2 formed homodimers, as documented by a sig-
nificant FRET between the FRET pair wild-type TJP2-
ECFP and wild-type TJP2-EYFP. Surprisingly, p.T636R 
TJP2 affected the plasma membrane localization of the 
co-expressed wild-type form. Accordingly, a significant 
FRET between the FRET pairs wild-type TJP2-ECFP 
and p.T636R TJP2-EYFP as well as wild-type TJP2-
EYFP and p.T636R TJP2-ECFP was measured, consist-
ent with the formation of wild-type TJP2/p.T636R TJP2 
heterodimers. In contrast, p.T636R TJP2 could not form 

homodimers (Fig.  3a, b). As expected, wild-type TJP2 
established a direct molecular interaction with actin, 
which, surprisingly, was also observed and was even 
stronger for p.T636R TJP2 (Fig. 3c, d).

Discussion
Functional studies of the protein product are essential in 
assigning or excluding the pathogenicity of a given gene 
variant. Concerning SLC26A4, in our former studies we 
have observed that reduction of expression is consistently 
observed for all protein variants with a reduction of func-
tion, regardless of subcellular distribution (Roesch et al. 
2018; Matulevicius et  al. 2022; de Moraes et  al. 2016). 
In the newly recruited patients 17–32 of our cohort, 10 
SLC26A4 variants predicted to affect the protein prod-
uct were found in 7 patients (Tables 2 and 3). Of these, 
one affects splicing, one leads to premature truncation 
of the protein, and 8 lead to an amino acid substitution. 
The splicing variant (c.1001 + 1G > A) is an established 
pathogenic variant frequent in patients of North Euro-
pean descent (Smith et  al. 1993). Pathogenicity of the 
truncating variant p.N248Kfs*41 was inferred based on 
the observation that all pendrin truncations exhibit loss 
of function (Dossena et al. 2011c). Of the 8 SLC26A4 var-
iants leading to amino acid substitutions, two (p.R185T 

Fig. 2  Subcellular localization of the TJP2 protein variant p.T636R. A Confocal images of live HEK 293 Phoenix cells transfected with wild-type TJP2 
or TJP2 variant p.T636R (green). The subcellular localization was assessed 30 h after transfection by co-localization with the plasma membrane 
(magenta). The corresponding merge images and scatter plots are also shown. White pixels in the merge images indicate co-localization 
between the two signals. B Plasma membrane colocalization parameters of wild-type TJP2 or TJP2 variant p.T636R. 20 ≤ n ≤ 24 from 3 independent 
experiments. n corresponds to the number of cells. ***p < 0.001, unpaired, two-tailed Student’s t-test
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Fig. 3  Dimerization of the TJP2 protein variant p.T636R and interaction with actin. A Fixed HEK 293 Phoenix cells transfected with wild-type 
TJP2 or TJP2 variant p.T636R with the FRET donor ECFP or the FRET acceptor EYFP fused to their C-terminus imaged before and after 
photobleaching of the acceptor and corresponding FRET image. B FRET efficiency of the indicated FRET pairs was determined to assess 
the homo- or heterodimerization of wild-type TJP2 or TJP2 variant p.T636R. Cells transfected with ECFP and TJP2 wild-type-EYFP served 
as the negative control. 18 ≤ n ≤ 21 from 3 independent experiments ***p < 0.001, **p < 0.01, one-way ANOVA with Bonferroni’s post-test. C Fixed 
HEK 293 Phoenix cells transfected with wild-type TJP2 or TJP2 variant p.T636R with the FRET donor ECFP fused to their C-terminus and actin 
with the FRET acceptor EYFP fused to the N-terminus imaged before and after photobleaching of the acceptor and corresponding FRET image. 
D FRET efficiency of the indicated FRET pairs was determined to assess the interaction of wild-type TJP2 or TJP2 variant p.T636R and actin. Cells 
transfected with ECFP and EYFP-actin served as the negative control. 23 ≤ n ≤ 25 from 4 independent experiments ****p < 0.0001, **p < 0.01, 
*p < 0.05, one-way ANOVA with Bonferroni’s post-test. n corresponds to the number of cells
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and p.R409H) were characterized by functional testing 
in former studies, supporting their pathogenicity (Cire-
llo et  al. 2012; Chattaraj et  al. 2013; Gillam et  al. 2005; 
Wasano et al. 2020). Variant p.A664V was formerly char-
acterized via [14C] formate uptake studies and exhibited 
reduced function (Yuan et  al. 2012). As formate may 
not be a physiological anion for pendrin, this variant 
was selected for functional testing in this study. Variant 
p.L597S gave inconsistent results in former studies in 
terms of functionality (Pera et al. 2008a; Choi et al. 2009) 
and was therefore included in this study. For the other 
four variants (p.Y78C, p.Q101R, p.I136N, and p.G740V), 
no functional studies are available in the literature and 
were therefore all included in this study. Based on expres-
sion levels and ion transport function in heterologous 
expression systems significantly reduced compared to the 
wild-type, variants p.Y78C, p.Q101R, p.I136N, p.L597S, 
and p.A664V have been classified as pathogenic (Fig. 1). 
In contrast, p.G740V was indistinguishable from the 
wild-type and was categorized as non-pathogenic (Fig. 1). 
These functional tests, together with those reported in 
the literature and our former study (Roesch et al. 2018), 
explain the phenotype of patients #271, 659, 660, 670, 
and 681, who harbor biallelic pathogenic pendrin vari-
ants (Table 2). All of them had bilateral EVA and an IP2 
(Mondini malformation). Therefore, the genetic con-
figuration M2 (biallelic pathogenic SLC26A4 sequence 

alterations) was found in 5/32 (16%) of patients (Fig.  4) 
of our cohort, consistent with other Caucasian cohorts 
with hearing loss and EVA, where biallelic pendrin 
sequence alterations are found in approximately 25% of 
patients (Ito et al. 2013). Thus, the genetic configuration 
M2 explains hearing loss and EVA in only a fraction of 
patients. Consequently, the clinical finding of an EVA in 
the context of hearing loss does not unequivocally imply 
biallelic pathogenic sequence alterations in SLC26A4, 
providing a strong imperative for genetic testing to offer 
the correct diagnosis and the best possible patient care.

The CEVA haplotype can act as a recessive allele and 
explain EVA and hearing loss in patients with mono-
allelic pathogenic  pendrin variants and possibly some 
patients with no pendrin variants (Chattaraj et al. 2017). 
Whether and to what extent the CEVA haplotype might 
also contribute to the phenotype in patients with patho-
genic biallelic pendrin variants (#659 and 681) is unclear. 
In our cohort, the biallelic CEVA haplotype was found in 
patient #653, who harbors the monoallelic non-patho-
genic pendrin variant p.G740V, in patient #654, who har-
bors the monoallelic pathogenic pendrin variant p.L597S 
and in patient #681, harboring the pathogenic biallelic p.
Y78C pendrin variant (Table  3). In patients #616 and 
671, a monoallelic CEVA haplotype was identified. These 
patients harbor monoallelic pathogenic pendrin vari-
ants, it is therefore essential to determine whether the 

Fig. 4  Genetic determinants of hearing loss and EVA in the Austrian cohort of 32 patients. Causative genes are indicated as first allele/second allele. 
In total, 18/32 patients (56%) have been diagnosed. CEVA, Caucasian EVA haplotype; M1, monoallelic pathogenic SLC26A4 variants; M2, biallelic 
pathogenic SLC26A4 variants. ? indicates 14/32 patients (44%) who remained undiagnosed
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pendrin variant lies on the same allele as the CEVA hap-
lotype. Unfortunately, this could not be unequivocally 
assessed by our segregation studies (Additional file 2: Fig. 
S1 and S2). However, it appears that the CEVA haplotype 
is frequently found on the same allele as a pendrin vari-
ant (Additional file 2: Fig. S1–S4). These findings suggest 
caution and precise segregation studies when attribut-
ing causality to the CEVA haplotype. Assuming that the 
CEVA haplotype is causative, it can explain the pheno-
type in M1 (monoallelic pathogenic SLC26A4 sequence 
alterations) patients #616, 654, and 671 (Table 3), that is 
3/22 (9%) patients of the cohort (Fig.  4). Assuming that 
SLC26A4 p.G740V variant is benign (Table  3), the bial-
lelic CEVA haplotype alone could have been causative 
in patient #653, that is 1/22 (3%) patients of the cohort 
(Fig. 4).

Concerning the p.G740V variant, this variant is toler-
ated according to 3 out of 5 pathogenicity prediction tools 
(Table 2) and was recently re-categorized as VUS (Quaio 
et  al. 2022). Glycine residue at position 740 is not con-
served in SLC26A4 orthologues and variant p.G740S had 
no reduced function according to two distinct functional 
tests (Dossena et  al. 2011a). Thus, amino acid substitu-
tions at position 740 seem to be tolerated. Curiously, var-
iant p.G740V was found in cis with variant p.T307M in 
two independent reports (Pera et al. 2008b; Albert et al. 
2006). p.T307M is a VUS according to ClinVar. In both 
patients, there was another pathogenic variant in trans. 
Therefore, it is uncertain whether p.G740V, p.T307M, 
or both, were causative in these patients. p.G740V vari-
ant was also found in a patient with severe congeni-
tal hypothyroidism, with no mention of hearing loss 
(Makretskaya et al. 2018). Interestingly, there is another 
report where the p.G740V variant was found with the 
homozygous CEVA haplotype (Baldyga et al. 2023), simi-
lar to what we have found in patient #653 (Table 3). The 
homozygous CEVA haplotype was also described in asso-
ciation with variant p.M775T (Chattaraj et al. 2017). Var-
iant p.M775T is hypofunctional (Choi et  al. 2009), and 
could have been causative. Variant p.G740V, however, 
is fully functional according to our results (Fig.  1), giv-
ing supporting evidence for non-pathogenicity. Thus, we 
suggest that either the homozygous CEVA haplotype or 
other undermined genetic or environmental factors 
could have been causative in patient #653.

For pinpointing the pathogenic effect of the CEVA hap-
lotype, investigations addressing defect(s) at the RNA, 
protein, or epigenetic level are required (Smits et  al. 
2022). To verify the hypothesis that the CEVA haplo-
type may alter a SLC26A4 regulatory region and affect 
its transcription, the SLC26A4 transcript abundance 
in CNAs was measured as a proxy of tissue abundance. 
CNAs contain protein-coding cell-free mRNA (Pos et al. 

2018). The only CEVA patient available for this investiga-
tion was patient #659, who harbored a monoallelic CEVA 
haplotype and biallelic pathogenic SLC26A4 sequence 
alterations. Therefore, patients with biallelic pathogenic 
SLC26A4 sequence alterations but no CEVA haplotype 
and ethnicity, sex, and age-matched normal hearing vol-
unteers have been recruited as controls. SLC26A4 tran-
script was reproducibly detected in CNAs, consistent 
with its abundant expression in highly perfused organs 
such as the kidney and thyroid. If the CEVA haplotype 
falls in a SLC26A4 regulatory region and impairs its tran-
scription, we would expect the SLC26A4 transcript lev-
els in CNAs from patient #659 to be reduced compared 
to those of patients with no CEVA haplotype or normal 
hearing volunteers. However, no reduction in SLC26A4 
transcript abundance in CNAs could be observed in 
patient #659, therefore the hypothesis of an impaired 
SLC26A4 transcription could not be supported (Fig. 1f ). 
Also, no reduction in SLC26A4 transcript levels could 
be detected in patients with biallelic SLC26A4 variants 
and no CEVA haplotype compared to normal hearing 
controls, consistent with our hypothesis that reduction 
in transcript levels plays no role in the loss of function 
of pathogenic protein variants of SLC26A4. Instead, loss 
of function of pathogenic protein variants of SLC26A4 
likely  arises from a reduced protein expression (Fig.  1c, 
d) (Matulevicius et al. 2022; de Moraes et al. 2016), and 
probably stems from increased protein degradation.

Recessive digenic inheritance of EVA caused by a muta-
tion in SLC26A4 and another mutation in FOXI1 or 
KCNJ10 has also been suggested (Yang et al. 2007; Yang 
et al. 2009). Biallelic pathogenic variants in FOXI1 cause 
early-onset sensorineural deafness and distal renal tubu-
lar acidosis (Enerback et  al. 2018) and FOXI1 knockout 
mice exhibit hearing loss, expansion of the inner ear 
compartments, and vestibular dysfunction (Hulander 
et al. 2003). Exonic FOXI1 variants with conflicting path-
ogenicity classifications were detected in patients #307 
and #678 (Additional file 2: Table S7). These were synony-
mous monoallelic variants and were therefore considered 
non-causative. Patient #307 also had biallelic pathogenic 
GJB2 variants, which were most likely the cause of hear-
ing loss. Patient #678 was submitted to ES but the cause 
of hearing loss remained undetermined (Table 3).

Homozygous or compound heterozygous pathogenic 
variants in the KCNJ10 gene cause the SeSAMES syn-
drome, which features seizures, sensorineural deaf-
ness, ataxia, impaired intellectual development, and 
electrolyte imbalance (OMIM #612780). In our cohort, 
the maternally inherited monoallelic KCNJ10 variant 
p.R18Q was found in patient #616 (Additional file  2: 
Table  S8) together with a monoallelic CEVA haplotype 
and the pathogenic monoallelic pendrin variant p.Y115D 
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(Table 3). KCNJ10 variant p.R18Q was characterized as a 
gain-of-function by electrophysiology studies (Sicca et al. 
2011). As hearing loss is associated with loss of func-
tion of the channel (Marcus et al. 2002; Freudenthal et al. 
2011) it is unlikely that this variant contributed to the 
patient’s phenotype, which is most likely due to the asso-
ciation of the monoallelic CEVA haplotype and pendrin 
variant p.Y115D. Another monoallelic KCNJ10 variant 
with conflicting pathogenicity classifications (p.E177G) 
was found in patient #660 (Additional file  2: Table  S8), 
together with biallelic pathogenic SLC26A4 variants 
(Table 3). Although the contribution of the KCNJ10 vari-
ant is difficult to infer in this context, it is reasonable to 
assume that the phenotype of this patient was due to 
SLC26A4 dysfunction. Based on the above, KCNJ10 and 
FOXI1, alone or in the context of digenic inheritance with 
SLC26A4, most likely did not contribute to hearing loss 
and EVA in our cohort.

Pathogenic sequence alterations in GJB2 represent the 
leading cause of hereditary deafness in several world 
populations (Hilgert et  al. 2009). Most pathogenic vari-
ants in this gene cause non-syndromic autosomal reces-
sive hearing loss DFNB1, which is usually not associated 
with inner ear malformations (Kemperman et  al. 2002). 
However, several studies reported monoallelic or biallelic 
GJB2 variants in EVA patients (Lee et  al. 2009; Propst 
et al. 2006; Schrijver and Chang 2006; Santos et al. 2010; 
Deklerck et  al. 2015; Xiang et  al. 2017; Wu et  al. 2021). 
Evaluating whether findings of GJB2 variants in EVA 
patients are causative or coincidental is challenging. GJB2 
and SLC26A4 pathogenic variants can even be found in 
the same patient, GJB2 causing hearing loss and SLC26A4 
causing EVA (Huang et  al. 2013). In our EVA cohort, 
2/32 (6%) patients (patients #307 and 421, Table  3 and 
Fig.  4) harbor biallelic pathogenic sequence alterations 
in GJB2. These patients are negative for all other known 
EVA genes tested (Additional file  2: Tables S6–S10), 
except for the monoallelic synonymous FOXI1 variant in 
patient #307. Being most likely GJB2 the gene causative 
for hearing loss, these patients were not submitted to ES. 
Thus, the genetic cause of EVA in these patients remains 
uncertain.

Digenic inheritance of non-syndromic hearing loss 
caused by GJB2 and GJB3 or GJB6 has been described 
(del Castillo et al. 2005; Liu et al. 2009; Wilch et al. 2010). 
In our cohort, one patient (#669) harbors a monoallelic 
pathogenic sequence alteration in GJB2. No pathogenic 
sequence alterations in GJB3 (Additional file 2: Table S9) 
or genomic deletions del(GJB6-D13S1830) and del(GJB6-
D13S1854) at the GJB6 locus were found in this patient 
and the entire cohort. Patient #669 was negative for all 
other genes tested and was submitted to ES but remained 
undiagnosed (Table 3).

POU3F4 (OMIM *300039) encodes a transcrip-
tion factor widely expressed in the neural tube during 
development (Mathis et  al. 1992). Pathogenic sequence 
alterations in POU3F4 lead to mixed conductive and 
sensorineural X-linked DFN3/DFNX2 deafness (OMIM 
#304400) associated with stapes fixation, cochlear incom-
plete partition type 3, and perilymphatic gusher during 
stapedectomy (de Kok et  al. 1995). POU3F4 sequence 
alterations do not invariably lead to EVA and, when pre-
sent, EVA has specific anatomical features, is accompa-
nied by other temporal bone deformities, and is seen in 
approximately 50% of cases. In our EVA cohort, patho-
genic sequence alterations in POU3F4 were found in 2/32 
(6%) patients (Fig.  4), one with bilateral and one with 
unilateral EVA, and both with an IP3 (patients #569 and 
667 respectively, Table 3). We have recently reported and 
characterized both variants as pathogenic (Bernardinelli 
et al. 2022). Of the 5/32 patients with unilateral EVA in 
our cohort, patient #667 was the only one who obtained 
a genetic diagnosis for his condition, pointing to the fact 
that sequencing the known EVA genes in the context of 
unilateral EVA will leave a significant proportion of cases 
unsolved, except in the presence of an IP3, which points 
to POU3F4 as the causative factor.

Eleven carefully selected patients with bilateral EVA, 
bilateral hearing loss, and negative for known causative 
genes have been submitted to ES. ES detected 7 rare vari-
ants in 6 genes (SCD5, REST, EDNRB, TJP2, TMC1, and 
CDH23) formerly unrelated to EVA in 5/32 patients (16%, 
Tables  3 and 4 and Fig.  4). Referring only to the tested 
patients, ES detected putatively causative variants in 5/11 
(45%) patients.

Patient #119 carries monoallelic non-synonymous vari-
ants within two genes, REST (OMIM ID: *600571) and 
SCD5 (OMIM ID: *608370). REST encodes a transcrip-
tional repressor. An intronic sequence alteration causing 
gain-of-function of REST in hair cells leads to autosomal 
dominant deafness 27 (DFNA27) (Nakano et  al. 2018) 
while inactivating mutations lead to other forms of 
non-syndromic progressive autosomal dominant hear-
ing loss (Manyisa et  al. 2021) and Jones syndrome, a 
dominant syndrome characterized by gingival fibroma-
tosis and progressive sensorineural hearing loss (Rahik-
kala et  al. 2023). The REST variant c.3272_3274delAAG​ 
found in our patient leads to a single amino acid deletion 
at position 1091 in the 1097 amino acid protein product 
(p.E1091del) but preserves the integrity of the reading 
frame. SCD5 encodes a stearoyl-CoA desaturase, an inte-
gral membrane protein of the endoplasmic reticulum that 
catalyzes the formation of monounsaturated fatty acids 
from saturated fatty acids. Pathogenic sequence altera-
tions in SCD5 cause autosomal dominant nonsyndro-
mic progressive sensorineural hearing loss DFNA79 (Lu 
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et al. 2020). The SCD5 c.452T > G; p.F151C variant found 
in our patient is a non-synonymous variant predicted to 
be damaging according to 5 prediction tools (Table  4). 
Both the variants identified in the patient within the 
REST and SCD5 genes have never been characterized or 
directly associated with hearing loss and are classified as 
VUS according to the ACMG guidelines (Richards et al. 
2015). Thus, considering that patient #119 has no family 
history of hearing loss and the genetic material of fam-
ily members could not be obtained, it is currently unclear 
which of the two genes caused hearing loss and EVA in 
this patient.

EDNRB (OMIM ID: *131244) encodes for the non-
selective endothelin receptor type B. Patient #359 car-
ries the known pathogenic variant c.757C > T within 
EDNRB that creates a premature translational stop signal 
expected to result in an absent or disrupted protein prod-
uct (p.R253*). This variant has been observed in individu-
als with clinical features of Waardenburg syndrome type 
4A and segregated with the disease showing autosomal 
dominant inheritance (Syrris et al. 1999). The family orig-
inally described by Syrris et  al. was of Afro-Caribbean 
origin and had variable manifestations of sensorineural 
deafness, heterochromia iridis, and Hirschsprung disease 
(aganglionic megacolon). Synophrys, hair or skin hypo-
pigmentation, and dystopia canthorum were absent in 
this family. Patient #359 had sensorineural hearing loss 
with EVA and no overt signs of Waardenburg syndrome. 
Family history was positive for congenital deafness in 
the maternal aunt. However, the genetic material of the 
family members could not be obtained, and segregation 
studies could not be performed. EVA is found in approxi-
mately 50% of patients with Waardenburg syndrome 
types 1 and 2 (Watkinson et al. 2018), but is not typically 
reported in the context of Waardenburg syndrome type 
4.

TJP2 (OMIM ID: *607709) encodes the tight junction 
protein-2, or zonulin 2 (ZO-2), which belongs to a fam-
ily of membrane-associated guanylate kinase (MAGUK) 
homologs involved in the organization of intercel-
lular junctions by forming homo- and heterodimers 
with ZO-1 and ZO-3 and crosslinking transmembrane 
proteins, such as claudins and occludin, to the actin 
cytoskeleton (Itoh et al. 1999; Wu et al. 2007). The gene 
has been linked with autosomal recessive progressive 
familial intrahepatic cholestasis 4 and familial hyper-
cholanemia 1. Both increased expression and decreased 
stability of TJP2 have been linked to autosomal dominant 
deafness 51 (DFNA51) (Walsh et  al. 2010; Hilgert et  al. 
2008). A case of sporadic non-syndromic hearing loss 
with a homozygous TJP2 variant has also been reported 
(Gu et  al. 2015). Patient #568 carries the c.1907C > G 
TJP2 variant leading to a dysfunctional protein product 

(p.T636R) in our cell-based assays, strongly supporting 
pathogenicity (Figs.  2 and 3). The TJP2 protein variant 
p.T636R failed to correctly localize to the cell periphery 
(Fig. 2) and remained trapped in the actin mesh (Fig. 3c, 
d) while conserving the ability to interact with the wild-
type and affecting its cellular localization (Fig.  3a, b). 
This explains a monoallelic variant being sufficient to 
cause disease in this patient, consistent with an autoso-
mal dominant pattern. This patient has no family history 
of hearing loss; therefore, either the mutation occurred 
de novo or hearing loss was incompletely penetrant in 
this family, as described for another TJP2 variant (Rajabi 
et  al. 2019). The genetic material of family members 
could not be obtained to discriminate between these two 
hypotheses.

CDH23 (OMIM ID: *605516) is causative for autosomal 
recessive Usher syndrome type 1D (USH1D) and non-
syndromic deafness DFNB12. While Usher syndrome is 
caused by homozygous or compound heterozygous non-
sense, frameshift, splice site, and some missense muta-
tions of CDH23, DFNB12 is associated with CDH23 
missense hypomorphic alleles with sufficient residual 
activity to preserve retinal and vestibular function, but 
not auditory function (Schultz et  al. 2011). Of the two 
variants found in patient #632, c.2289 + 1G > A is a splic-
ing variant established as pathogenic for Usher syndrome 
in an autosomal recessive manner. The second variant 
(c.5677G > T) is a missense variant classified as VUS, pre-
dicted to be damaging by five prediction tools (Table 4). 
The index patient has a sister with congenital deafness 
from whom the genetic material cannot be obtained. 
Therefore, segregation studies could not be performed in 
this family, and the phase (cis or trans) of the two variants 
detected in this patient is unknown. The index patient 
does not exhibit signs of Usher syndrome at 56 years of 
age. This can be explained by one DFNB12 allele in trans 
configuration to a USH1D allele of CDH23 preserv-
ing vision and balance in deaf individuals (Schultz et al. 
2011).

We explored a possible genotype–phenotype correla-
tion in our cohort (Additional file  1: file S1), excluding 
patients with pathogenic biallelic c.35delG GJB2 vari-
ants and POU3F4 variants, which are known to lead to 
severe hearing loss phenotypes (Pollak et al. 2016; Cryns 
et al. 2004). The combination of an M1 genotype with the 
CEVA haplotype was reported to be associated with a 
less severe phenotype than the M2 genotype (Chao et al. 
2019; Baldyga et  al. 2023; Honda and Griffith 2022). In 
our five M2/M2 + CEVA patients, 9/10 ears had severe or 
profound hearing loss; in the group of four M1 + CEVA 
patients, 6/8 ears had severe or profound hearing loss. 
These differences did not reach statistical significance 
(p = 0.558). This is consistent with results from other 
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groups (Smits et  al. 2022). However, it should be noted 
that the patient with the mildest hearing loss phenotype 
(#616) belongs to the M1 + CEVA group. Also, there was 
no significant difference in hearing loss severity between 
M2/M2 + CEVA patients and M0 patients (excluding 
GJB2 and POU3F4 patients, 27/38 ears had a degree of 
hearing loss severe or higher; p = 0.413). Excluding from 
the M0 group those patients who have been diagnosed 
by ES, 17/28 ears had a degree of hearing loss severe 
or higher, which gave a p = 0.124 compared to the M2/
M2 + CEVA patients. Compared to M2/M2 + CEVA 
patients, all of whom had bilateral EVA, undiagnosed 
patients with unilateral EVA had a significantly milder 
phenotype (only 3/8 ears had a degree of hearing loss 
severe or higher; p = 0.043). Undiagnosed patients with 
unilateral EVA had a significantly milder phenotype also 
compared to all patients with bilateral EVA (39/48 ears 
had a degree of hearing loss severe or higher, p = 0.018). 
This differs from previous reports (Archibald et al. 2019), 
and points to a different etiology of unilateral EVA in our 
cohort.

The detection of pathogenic variants in syndromic and/
or dominant genes (REST, SCD5, EDNRB, and TJP2) 
in this cohort of patients with hearing loss and EVA is 
surprising, as no syndromic traits were observed at the 
clinical examination, and none of the natural parents of 
the index patients exhibited hearing loss. Hearing loss 
was occasionally present in other family members, but 
the unavailability of the genetic material impeded seg-
regation studies and discrimination between de novo 
variants and incompletely penetrant phenotypes, which 
represent the main limitation of this study. Also, it must 
be considered that the variants in genes identified by ES 
(REST, SCD5, EDNRB, and TJP2, Table 4) can have been 
coincidentally detected in the context of an EVA due to 
other factors, such as unknown environmental factors or 
genetic factors not identified by ES. For example, deep 
intronic variants affecting the splicing, variants in regula-
tory regions, complex structural variants in known EVA 
genes or new candidate genes that cannot be detected 
by ES might have caused EVA in these patients. Whole 
Genome Sequencing can help verify this hypothesis. 
Concerning the variants detected in this study (Table 4), 
confirmatory studies in other EVA Caucasian cohorts, 
segregation studies, and mechanistic studies will be 
essential in discriminating between coincidental findings 
and causality.

Conclusions
To conclude, in our central European Caucasian cohort 
with hearing loss and non-syndromic EVA, a combined 
genetic analysis approach prioritizing formerly known 

EVA-related genes detected biallelic pathogenic vari-
ants of SLC26A4 in 5/32 patients (16%), monoallelic 
pathogenic SLC26A4 variants with CEVA haplotype 
in 3/32 patients (9%), and a biallelic CEVA haplotype 
in 1/32 patients (3%). Functional and molecular tests 
have been instrumental in assigning or excluding the 
pathogenicity of SLC26A4 variants. Pathogenic variants 
in POU3F4 (2/32, 6%) and GJB2 (2/32, 6%) were also 
found. CNV of SLC26A4 and STRC​ or sequence altera-
tions in GJB3, GJB6, FOXI1, and KCNJ10 likely did not 
play a causative role. ES of undiagnosed patients with 
bilateral EVA detected rare sequence variants in 6 EVA-
unrelated genes (SCD5, REST, EDNRB, TJP2, TMC1, 
and CDH23) in 5/11 patients (45%). Cell-based assays 
showed that the uncharacterized gene variant in TJP2 
leads to an aberrantly localized protein product con-
serving the ability of dimerization with the wild-type, 
supporting its autosomal dominant pathogenicity. The 
genetic causes of hearing loss and EVA remained uni-
dentified in 44% (14/32) of patients, highlighting that 
pathogenic variants may lie in non-coding sequences of 
the human genome in a significant fraction of patients. 
Further studies are needed to demonstrate the patho-
mechanism of the CEVA haplotype and confirm the 
role of rare genes in other EVA cohorts.
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