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WFST1 autosomal dominant variants linked
with hearing loss: update on structural
analysis and cochlear implant outcome
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Abstract

Background Wolfram syndrome type 1 gene (WFST), which encodes a transmembrane structural protein
(wolframin), is essential for several biological processes, including proper inner ear function. Unlike the recessively
inherited Wolfram syndrome, WFST heterozygous variants cause DFNA6/14/38 and wolfram-like syndrome,
characterized by autosomal dominant nonsyndromic hearing loss, optic atrophy, and diabetes mellitus. Here, we
identified two WFST heterozygous variants in three DFNA6/14/38 families using exome sequencing. We reveal the
pathogenicity of the WFST variants based on three-dimensional (3D) modeling and structural analysis. Furthermore,
we present cochlear implantation (Cl) outcomes in WFST-associated DFNA6/14/38 and suggest a genotype-
phenotype correlation based on our results and a systematic review.

Methods We performed molecular genetic test and evaluated clinical phenotypes of three WFST-associated
DFNA6/14/38 families. A putative WFS1-NCS1 interaction model was generated, and the impacts of WFST variants
on stability were predicted by comparing intramolecular interactions. A total of 62 WFST variants associated with
DFNA6/14/38 were included in a systematic review.

Results One variant is a known mutational hotspot variant in the endoplasmic reticulum (ER)-luminal domain
WFST(NM_006005.3) (c.2051 C>T:p.Ala684Val), and the other is a novel frameshift variant in transmembrane
domain 6 (c.1544_1545insA:p.Phe515LeufsTer28). The two variants were pathogenic, based on the ACMG/AMP
guidelines. Three-dimensional modeling and structural analysis show that non-polar, hydrophobic substitution of
Ala684 (p.Alab84Val) destabilizes the alpha helix and contributes to the loss of WFST-NCST1 interaction. Also, the
p.Phe515LeufsTer28 variant truncates transmembrane domain 7-9 and the ER-luminal domain, possibly impairing
membrane localization and C-terminal signal transduction. The systematic review demonstrates favorable outcomes
of Cl. Remarkably, p.Ala684Val in WFST is associated with early-onset severe-to-profound deafness, revealing a strong
candidate variant for Cl.

Conclusions We expanded the genotypic spectrum of WFST heterozygous variants underlying DFNA6/14/38 and
revealed the pathogenicity of mutant WFST, providing a theoretical basis for WFS1-NCS1 interactions. We presented
a range of phenotypic traits for WFST heterozygous variants and demonstrated favorable functional Cl outcomes,
proposing p.Ala684Val a strong potential marker for Cl candidates.
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Introduction

Congenital hearing loss is the most common inherited
sensory defect, with a prevalence of 1.2 to 1.7 newborns
per 1,000 live births [1]. Developments in genetics have
accelerated our understanding of the pathophysiol-
ogy of congenital sensorineural hearing loss (SNHL),
of which over 50% has a genetic etiology [2]. More than
200 genes and >150 different loci have been identified as
contributors to hereditary hearing loss (https://heredi-
taryhearingloss.org/) [3]. The genetic etiology aids our
understanding of some types of genetic hearing loss in
terms of clinical progress and application of optimized
audiologic rehabilitation [4-12]. Moreover, functional
classifications of genetic hearing loss, based on tonotopic
expression patterns in the inner ear, as well as molecu-
lar insights from genetically engineered models, suggest
promising approaches for targeted drug and gene therapy
[13]. Interestingly, a few deafness-related genes with dis-
tinct phenotypes exist depending on the genotype and
inheritance pattern. Thus, a thorough analysis of the clin-
ical profiles and genotypes of these rare genes related to
deafness is essential. WFS1I is a good example of this type
of gene.

Wolfram syndrome type 1 gene (WFSI), located on
chromosome 4pl6.1, encodes wolframin, which is a
transmembrane protein consisting of 890 amino acids
[14]. Although there have been controversial reports
about the N-terminal and transmembrane (TM) local-
ization of wolframin, the literature is consistent with
respect to the sequence information of the cytoplasmic
domain, TM domains 6-9, and the endoplasmic reticu-
lum (ER)-luminal domain [15-17]. Wolframin is pre-
dominantly expressed in the ER and plays a vital role in
membrane trafficking, post-translational modification,
and maintaining the calcium homeostasis of endoplas-
mic reticulum [18, 19]. Although the pathophysiological
mechanism remains elusive, defects of wolframin caused
by pathogenic WFSI variants elicit altered post-transla-
tional modifications, such as unfolded proteins and ER
stress, resulting in apoptosis [19]. Various phenotypes
are attributable to its ubiquitous expression [20]. Wolfra-
min is also expressed throughout the inner ear, includ-
ing in the scala media, spiral ganglion, and hair cells [21].
In particular, it is localized in the canalicular reticulum,
a specialized form of ER, suggesting a role in inner ear
ion homeostasis [21]. Additionally, wolframin immuno-
reactivity has been detected in the basal cells of the stria
vascularis in primates, in contrast to previous findings
in mice [22]. These inter-species differences in wolfra-
min expression may contribute to distinct phenotypes
observed between species.

WFSI heterozygous variants have been reported to
cause DFNA6/14/38 and wolfram-like syndrome, which
is characterized by autosomal dominant nonsyndromic
hearing loss (ADNSHL), optic atrophy and diabetes mel-
litus [23]. Neurologic dysfunctions such as vestibular
impairments are not observed [24]. In contrast, reces-
sively inherited variants in WFSI are responsible for
Wolfram syndrome type 1, also known as DIDMOAD
syndrome (diabetes insipidus, diabetes mellitus, optic
atrophy, and deafness) [25]. More than 50 different het-
erozygous variants in WFSI have been shown to cause
DFNAG6/14/38, and most of the variants are present
in the ER-luminal domain [26]. The phenotypic spec-
trum of DFNA6/14/38 and wolfram-like syndrome is
highly heterogenous [27]. Moreover, the phenotype of
DENAG6/14/38 varies among affected subjects in terms
of its onset, severity and audiometric configuration [28],
hampering a genotype-phenotype correlation. Additional
reports and systematic reviews may enhance our under-
standing of WFSI heterozygous variants underlying
DEFNA6/14/38.

In this study, we report two WFSI heterozygous vari-
ants in three DFNA6/14/38 families via exome sequenc-
ing. One is a known mutational hotspot variant in the
ER-luminal domain (c.2051 C>T:p.Ala684Val), and the
other is a novel frameshift variant in transmembrane
domain 6 (c.1544_1545insA:p.Phe515LeufsTer28). We
reveal the pathogenicity of the WFSI variants based on
three-dimensional (3D) modeling and structural analysis.
Furthermore, we present cochlear implantation (CI) out-
comes in WFSI-associated DFNA6/14/38 and suggest a
genotype-phenotype correlation based on our results and
a systematic review.

Materials and methods

Participants

This study was approved by the Institutional Review
Board of Seoul National University Hospital (IRB-H-
0905-041-281). Written informed consent was obtained
from all participants or the legal guardians of the pedi-
atric participants. We conducted a retrospective review
using the in-house database of genetic hearing loss from
a single tertiary hospital. Among 364 probands that went
through molecular genetic testing regardless of audio-
logic phenotype and mode of inheritance, probands for
which a causative WFS1 heterozygous variant was iden-
tified were included. Ultimately, three WFSI-associated
DENAG6/14/38 families, segregating as a dominant trait,
were identified. We present the clinical phenotypes, gen-
otypes, radiological imaging, and audiological rehabilita-
tion of affected probands.
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Audiological evaluation

Hearing thresholds were measured using pure-tone audi-
ometry (PTA) for six octave frequencies (0.25, 0.5, 1,
2, 4, and 8 kHz). In cases where PTA was not available
for young children, the auditory steady-state response
(ASSR) and bone-conduction/click auditory brainstem
response (ABR) were utilized to determine the hearing
thresholds. The mean hearing threshold was calculated as
the average of the thresholds at 0.5, 1, 2, and 4 kHz mea-
sured by PTA and ASSR, and the degree of the hearing
loss was divided into four categories. The mean hearing
threshold was determined as the average of the thresh-
olds at 0.5, 1, 2, and 4 kHz, and the degree of the hear-
ing loss was classified into four categories based on the
ASHA standard [29, 30]: mild (20-40 dB), moderate
(41-70 dB), severe (71-90 dB), and profound (>90 dB).
Furthermore, audiological configuration was classified
as high-frequency (4 and 8 kHz), mid-frequency (1 and
2 kHz), low-frequency (0.25 and 0.5 kHz), or flat. The
audiologic performance of each cochlear implantee was
evaluated by comparing the Categories of Auditory Per-
ception (CAP) and/or speech perception tests, as appro-
priate based on age, preoperatively and postoperatively.
Auditory perception performance was assessed accord-
ing to eight categories, with CAP scores, using a hierar-
chical scale from 0 to 7 for children’s developing auditory
abilities [31]. In addition, the Infant-Toddler Meaningful
Auditory Integration Scale (IT-MAIS) and Sequenced
Language Scale for Infants (SELSI) were examined. We
also obtained pre- and postoperative comparative data
of speech perception tests through word (monosyllabic
[32] words and bisyllabic [spondee] words) and sentence-
recognition tasks (K-CID; Korean version of the Central
Institute of Deafness) at 70 dB SPL in an audio-only con-
dition, particularly in adult cochlear implantees [12].

Molecular genetic testing

Genomic DNA was extracted from peripheral blood
using a standard procedure and subjected to initial
screening with real-time PCR mutational hotspot screen-
ing kits targeting 22 variants of 10 hearing loss genes
(GJB2, SLC26A4, CDH23, TMPRSS3, MT-RNR1, OTOE
MPZL2, TMCI, COCH, and ATP1A3).[4, 11] If these

Table 1 Demographics of the probands in the present study
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data were inconclusive, whole-exome sequencing was
conducted to define the underlying molecular genetic eti-
ology. Reads were aligned using the University of Califor-
nia Santa Cruz hgl9 reference genome browser (https://
genome.ucsc.edu/) running Lasergene ver. 14 software
(DNASTAR, Madison, WI, USA). As described previ-
ously,[4—10] stepwise filtering strategies were adopted
to retrieve genetic variants. Candidate variants were
validated employing Sanger sequencing, and segregation
studies were performed using parental DNA samples. All
variants identified were classified in accordance with the
ACMG/AMP guidelines for hearing loss [33, 34].

Structural modeling

AlphaFold Protein Structure Database generated the
model structure of WFS1 [35, 36]. To investigate the
structural changes caused by truncated variants, the
model with the highest structural accuracy was extracted
using the Colabfold engine (https://github.com/sokryp-
ton/ColabFold) [37]. A putative WFS1-NCS1(4GUK)
interaction model was generated by PyDock algorithm
for the rigid-body docking prediction of protein—protein
complexes [38]. The mutagenesis of WFSI was deter-
mined using the Dynamut server (http://biosig.unimelb.
edu.au/dynamut/) and PyMOL software (v.2.4.1). The
impacts of WFS1 variants on stability were predicted by
comparing intramolecular interactions, such as cation-n
interaction. The PyMOL program (v. 2.4.1; PyMOL
Molecular Graphics System v. 2.0, Schréodinger Inc., New
York, NY, USA) was used to create the figures.

Results

Clinical profiles

The demographics and clinical profiles of the three pro-
bands with WFSI variants are described in Table 1.
The audiograms of each proband are depicted in
Fig. 1A. In the SH486 family, the proband (SH486-1016:
p.Phe515LeufsTer28) was associated with hearing impair-
ment with prelingual onset (age of 4 years). The hearing
loss deteriorated, revealing symmetric profound bilateral
hearing loss with a high-frequency dominant configura-
tion. Currently, the patient (SH486-1016) has undergone
unilateral CI using a slim straight electrode (CI622) via

Family Sex Age Genotypes Hearing Loss Other phenotypes
Onset Severity* Configuration Optic Diabetes Neurologic Age of
(yr) atrophy mellitus Examination Cochlear
Implant
SH 486 M 56 C.1544_1545insA 4 profound HF normal normal normal 56
SH 550 F 34mo  c2051C>T 1 severe flat normal normal normal 29mo
SH 592 M 13mo  c.2051C>T 1 severe flat normal normal normal Scheduled

LF: low-frequency sensorineural hearing loss, MF: middle-frequency sensorineural hearing loss, HF: high-frequency sensorineural hearing loss, N/A: not available;
* Severity: mild(20-40dB), moderate(41-70dB), severe(71-90dB), profound(>90dB).
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Fig. 1 A schematic overview of the WFS1 protein, pedigrees of the three families, the audio-logical phenotypes of affected probands, and Sanger se-
quencing traces of the WFST variants. (A) Pedigrees of three families with WFST heterozygous variants and associated audiograms. (B) Physical map of
WFS1, which contains nine transmembrane domains and an ER-luminal domain. The domains are represented as in the Universal Protein Resource (Uni-
Prot) database. The novel frameshift variant in SH486 (c.1544_1545insA:p.Phe515LeufsTer28) and the missense variant in SH550 andSH592 (c.2051 C>Tip.
Ala684Val) reside in TM domain 6 and the ER-luminal domain, respectively. Conservation of the corresponding residues between species is depicted. (C)
Sanger chromatogram of the respective WFST heterozygous variants. All probands were confirmed as de novo occurrences
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the round-window approach. Compared to preopera-
tively, the speech perception scores were improved by
30 (PB word), 30 (Spondee word), and 30 (K-CID sen-
tence) at postoperative 3 months (Additional file 1: Table
S1). In the SH550 family, the proband (SH550-1110:
p.Ala684Val) exhibited bilateral SNHL with congenital
onset, with severe-to-profound severity across all fre-
quencies. Both ears failed the newborn hearing screen-
ing test using automated auditory brainstem response.
The proband (SH550-1110) underwent bilateral CI using
a slim modiolar electrode (CI632) via a round-window
approach at the age of 2 years, due to delayed language
development and speech perception. The CAP score
improved by 2 (from 1 to 3), and IT-MAIS improved by
36 points (from 2 to 38) at postoperative 3 months. Fur-
thermore, significant improvements in receptive and
expressive language ability were noted (Additional file 1:
Table S1). In the SH592 family, the proband (SH592-1186:
p.Ala684Val) was also associated with hearing impair-
ment with congenital onset. Upon auditory brainstem
response threshold and auditory steady state response
tests, symmetric severe-to-profound SNHL across all
frequencies was documented in both ears; thus, bilateral
CI was scheduled. Meanwhile, based on the latest evalua-
tions, none of the three probands exhibited symptoms of
wolfram-like syndrome such as vision loss, optic atrophy,
and diabetes mellitus, except for hearing impairment.
Additionally, abnormalities of neither the inner ear nor
brain were observed in temporal bone computed tomog-
raphy (CT) and magnetic resonance imaging of the inter-
nal acoustic canal (IAC MRI).

Genotypes

All probands’ genomic DNA went through compre-
hensive molecular genetic testing. Two heterozygous
variants of WZFSI-associated ADNSHL were iden-
tified: ¢.1544._1545insA:p.Phe515LeufsTer28 and
c.2051 C>T:p.Ala684Val. The novel frameshift variant
(c.1544_1545insA:p.Phe515LeufsTer28) in transmem-
brane domain 6 was truncated at premature stop codon
at 543, which is predicted to undergo nonsense-medi-
ated mRNA decay (NMD). The previously reported mis-
sense variant (c.2051 C>T:p.Ala684Val) was located in
the ER-luminal domain (Fig. 1B). The two variants were
extremely rare in several genome databases, such as the
Korean Reference Genome Database (1,722 individuals)
(https://coda.nih.go.kr/coda/KRGDB) and the Global
Minor Allele Frequency database, including the Exome
Aggregation Consortium  (http://exac.broadinstitute.
org/) and genome aggregation database (http://gnomad.
broadinstitute.org/). Furthermore, the amino acid resi-
dues of Phe515 and Ala684 were highly conserved among
WFSI orthologs in a diverse range of species, with
Genomic Evolutionary Rate Profiling (GERP++) scores
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of 4.38 and 5.49, respectively. Specifically, p.Ala684Val
had a higher in silico impact based on Combined Anno-
tation Dependent Depletion (CADD) (https://cadd.
gs.washington.edu/) and Rare Exome Variant Ensemble
Learner (REVEL) (https://sites.google.com/site/revel-
genomics/) algorithms, with scores of 28.8 and 0.891,
respectively. Functional research has established the
pathogenicity of the p.Ala684Val variant [19] and alter-
native variant (p.Ala684Thr) with corresponding residues
[39, 40]. Co-segregation analysis confirmed that the two
variants segregated as de novo trait in three unrelated
families (Fig. 1C). Based on the ACMG/AMP rules on
hearing loss, both variants identified herein are patho-
genic (Table 2).

3D modeling and structural analysis

The pathogenicity of p.Arg685Pro as a causative variant
for WFS1-associated DFNA6/14/18 has previously been
reported by several other groups [41, 42]. To improve
the structural understanding of p.Arg685Pro and adja-
cent p.Aarg684Val driven pathogenicity, we first focused
their secondary structure. Interestingly, not only the
Alphafold server, but the secondary structure simula-
tion servers such as JPRed?2 also predicts an alpha-helical
structure for Ala684 and Arg685 containing Met683-
His692 polypeptide (Fig. 2A) (Additional file 2: Figure
S1A). Moreover, this helix (thereafter called helix A)
highly interacts with NCS1, well known intra-ER signal-
ing partner of wolframin [43]. Structural prediction of
wolframin-NCS1(4GUK) complex using pyDockWEB
showed that Arg685 in helix A directly interacts with
NCS1 Phe50 based on cation-m interaction (Fig. 2B).
Accordingly, p.Arg685Pro substitution directly causes
the loss of cation-m interaction between wolframin
and NCS1, accompanied with proline mediated helix A
destabilization (Fig. 2C). However, p.Ala684Val indi-
rectly interfere wolframin-NCS1 interaction. Non-polar,
hydrophobic substitution of Ala684 induces helix desta-
bilization and twists helix A. The side chain of Arg685 in
twisted helix A may tilt from its original position, losing
the NCS1 binding (Fig. 2D). Accordingly, p.Ala684Val
destabilizes the alpha helix and contributes to the loss
of WES1-NCS1 interaction. This is consistent with the
prediction servers of regional protein stability, includ-
ing DynaMut and DynaMut2, demonstrating a negative
effect of p.Ala684Val on protein stability (Additional file
3: Table S2). The frameshift variant (p.Phe515LeufsTer28)
truncates both transmembrane domains 7-9 and the ER
luminal domain (Fig. 3A), severely compromising protein
structure stability (Fig. 3B).
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s 5 s E 5 § pathogenicity of mutant WFS1, providing a theoretical
~ IS E s § % basis for WES1-NCS1 interactions. Based on a system-
% é‘ 8 29 gud g E atic review, we presented a range of phenotypic traits for
& > = .
L 5 T35 g g2 2 WFS1 heterozygous variants and demonstrated favorable
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WFS1 model WFS1-NCS1 interaction model

Cytoplasm

i
ER membrane b A WL

ER lumen

-

»

Helix AM683-
)

Helix AnM1683- R685
Hesh) 7 (A684V)

Y Ress tilt
i b Nes
R685 L

(NCST) A684V-mediated Loss of NCS1

helix destabilization . interaction

Fig.2 3D modeling and structural analysis of WFS1T p.Ala684Val. (A) WFS1 3D model generated from Alphafold (green). Ala684/Arg685 are located at the
alpha-helix (Cyan, Met683-His692) of the ER-luminal domain. (B) Putative WFS1(Alphafold model) - NCS1(4GUK) interaction model generated by PyDock
software. Arg685 extrudes from alpha helix (helix A) and directly interacts with NCST Phe50 via cation-mm interaction (black dashes). (C) Loss of WFS1-NCS1
interaction in p.Arg685Pro. The p.Arg685Pro mutant loses its own cation- m interaction, which is required for WFS1-NCS1 interaction. Moreover, proline
substitution breaks helix A [1], contributing to the loss of NCS1 interaction [2]. (D) Non-polar, hydrophobic substitution of A684 induces helix destabi-
lization and distorts helix A [1]. The side chain of R685 in twisted helix A may tilt from its original position [2], disrupting NCS1 binding [3] (grey dashes)
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Fig. 3 3D modeling and structural analysis of WFS1 p.Phe515LeufsTer28. WFS1 3D model generated from Colabfold. (A) WFS1 Wild type (B) WFS1
p.Phe515LeufsTer28. Cytoplasmic domain (cyan), TM domain (green), ER-luminal domain (blue). More than one-third of the length of the protein is trun-
cated, including TM domain 7-9 and the ER-luminal domain. Conformational changes of WFS1 mutant (p.Phe515LeufsTer28) were observed

functional CI outcomes. Remarkably, p.Ala684Val in
WES] is associated with early-onset severe-to-profound
SNHL, rendering it a strong potential marker for CI
candidates.

The impact of deafness-causing variants on protein
structure has been investigated using structural mod-
eling, which can be used to predict pathogenicity [72].
Ala684 is located within helix A, and alanine is the most
common amino acid in helix-formation. In contrast,
valine is unfavorable for alpha-helical structure due to its
hydrophobic side chain. Several approaches have shown
that valine has a helix-destabilizing effect, whereas ala-
nine is a strong helix former [73, 74]. Indeed, valine is
often found in B-strands and in transmembrane alpha-
helices that interact specifically with lipid chains, and is
rarely found in alpha-helices elsewhere. In WFS1 pro-
tein, valine is found primarily in transmembrane alpha-
helices that interact with the bilipid layer of membrane
and P-strands, whereas intra-luminal alpha helices do
not have any valine (Additional file 2: Figure S1B). Thus,
the non-polar, hydrophobic substitution of Ala684
(p-Ala684Val) may induce helix destabilization and dis-
tort helix A. To further elucidate how instability of helix
A leads to pathogenicity, a WFS1-NCS1 interaction
model was generated. Because helix A may be responsible
for intra-ER signaling with respect to NCS1 interactions,

p-Aal684Val in WFS1 may lose regular WES1-NCS1
interactions, even with undamaged ER membrane traf-
ficking. Supporting this, p.Arg685Pro is adjacent to
p-Aal684Val and not only disrupts WES1-NCS1 interac-
tion but also reduces the stability of helix A itself. The
proline in helices, a well-known helix terminator, usu-
ally kinks or breaks a helix [75]. Therefore, p.Arg685Pro
is expected to disrupt helix A and affect its integrity for
C-terminal signal transduction. This can be confirmed
through biochemical assays to characterize WEFS1-NCS1
interaction. Interestingly, p.Phe515LeufsTer28 was first
identified as a truncated variant related to DFNA6/14/38.
It is clear that p.Phe515LeufsTer28 truncates trans-
membrane domain 7-9 and the ER-luminal domain,
possibly impairing membrane localization and C-ter-
minal signal transduction. The premature stop codon of
p.Phe515LeufsTer28 is located before the penultimate
exon, which is predicted to undergo NMD in vivo. The
autosomal dominant p.Phe515LeufsTer28 variant was
hypomorph, and the dominant phenotype is likely to be
due to haploinsufficiency, which may be confirmed by
further research.

Numerous studies have carried out structural analy-
sis of ADNSHL-associated WFS1 variants residing
in the ER luminal domain [17, 56, 76, 77]. Variants in
p.Gly674 (p.Gly674Trp, p.Gly674Glu, p.Gly674Val,
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Table 3 (continued)

Other phenotypes Cochlear Implant

Hearing Loss

Onset

(yr)

Genotypes
c2596G>A N/A
P.ASp866ASN

Reference

Inheri-tance Ethnics

Outcome

Age

(yr)

Diabetes Neurologic Examination

atrophy Mellitus

Optic
N/A

Configu-ration

Severity

Chinese

N/A

N/A

N/A

N/A

N/A

LF

N/A

Liuetal.
2005

Iranian

N/A

N/A

N/A

N/A N/A N/A N/A

N/A

c2603G>A  N/A
p.Arg868His

Sloan-Heggen et al.

2016

(2023) 16:79

Irish

Familiar

N/A

N/A

normal

LF

_ N/A

€2605_2616 3-4

Abu-El-Haija et al.

2021 [27]

del

p.Ser869

His872del
LF: low-frequency sensorineural hearing loss, MF: middle-frequency sensorineural hearing loss, HF: high-frequency sensorineural hearing loss, N/A: not available;
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and p.Gly674Arg) break the hydrogen bonds between
p.Gly674 and p.Thr663, compromising structural stabil-
ity [56]. Likewise, p.Gly736Asp alters hydrogen bonds
and is associated with degeneration of the helix struc-
ture (77). p.Glu809Lys and p.Glu830Ala alter polarity
and hydrophobicity, with a considerable impact on the
surface properties and solvent accessibility of wolframin
[76]. Importantly, several functional studies have dem-
onstrated the effect of structural instability caused by
variants in the ER luminal domain. Wolframin is likely
to undergo misfolding due to WFS1 variants in the ER-
luminal domain, shortening its half-life and causing
rapid degradation [19]. Indeed, the missense variant in
the ER-luminal domain (p.Ala684Val) is known to cause
misfolding of wolframin protein, as shown by its reduced
expression level due to rapid degradation [19]. Further,
p.Gly695Val and p.Pro724Leu hinder membrane trans-
location because of their aggregation in the ER [78].
ER-localized Na+/K+ATPase beta-1 subunit (ATP1B1)
binds to the ER-luminal domain of wolframin [79]. Thus,
Na+/K+ ATPase deficit due to variants in the ER-luminal
domain impairs C-terminal signal transduction, which is
essential for ER stress and apoptosis. Increased ER stress,
due to mutant wolframin, has shown to cause apoptosis
of cochlear cells, resulting in hearing loss [80]. Collec-
tively, these structural and molecular phenomena may
increase ER stress and disturb calcium homeostasis in the
inner ear, as well as the maintenance of endo-cochlear
potential, with a consequent deterioration in hearing.
The results of this study, as well as a systematic review,
demonstrated favorable CI outcomes for WFSI-associ-
ated ADNSHL. A total of 11 CI recipients were included;
most significantly improved their language skills after
surgery. We also observed that auditory performance
significantly improved, even at postoperative 3 months.
Loss of spiral ganglion neurons (SGNs) is an important
determinant of CI outcome. Taking into account the clas-
sic SGNs hypothesis [81], WFSI-associated ADNSHL
was expected to have good CI outcomes, due to the spa-
tial expression of wolframin in presynaptic regions in the
inner ear. Remarkably, the molecular genetic etiology for
CI recipients clustered around three pathogenic variants
(p.Phe515LeufsTer28, p.Ala684Val, and p.Lys836Asn),
indicating a narrow molecular etiological spectrum. Spe-
cifically, the p.Ala684Val variant was identified in 81.8%
of cases (9 out of 11), indicating that it may be a strong
CI marker. Likewise, p.Ala684Val in WFS1 was respon-
sible for early-onset severe-to-profound deafness in all
affected patients, suggesting a close genotype-phenotype
correlation. p.Ala684Val, a known mutational hotspot
allele, often arose from de novo variants. The mode of
inheritance of p.Ala684Val appears to be consistent
among ethnic backgrounds, including Caucasian, Japa-
nese, Chinese, and Taiwanese patients [19, 47, 57, 58].
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Putatively, fetuses with developmentally induced de novo
variants may be at risk for more severe auditory pheno-
types, necessitating CI at an early stage.

Conclusion

We expanded the genotypic spectrum of WFSI hetero-
zygous variants underlying DFNA6/14/38, and revealed
their pathogenicity upon 3D modeling and structural
analysis. Non-polar, hydrophobic substitution of Ala684
(p-Ala684Val) destabilized helix A and contributed to
loss of WES1-NCS1 interaction, which is required for
C-terminal signal transduction. The results of this study,
along with a systematic review, demonstrated favorable
functional outcomes of cochlear implantation in WFSI-
associated ADNSHL. Remarkably, the molecular genetic
etiology for CI recipients clustered around only three
pathogenic variants, indicating a narrow molecular etio-
logical spectrum. Specifically, p.Ala684Val in WFSI is
associated with early-onset severe-to-profound or pro-
found SNHL, indicating that this variant may be a strong
CI marker.
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