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Genetics of Hearing Impairment
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The inner ear is a complex structure at the cellular and molecular levels. Many dif-
ferent genes and proteins play roles in the development and maintenance of the structure
and its function through participating in diverse molecular networks. A defect in any of
these components can result in hearing impairment. Consequently, hearing impairment
encompasses a wide variety of disorders that are clinically and genetically heterogeneous.
Understanding their genetic causes and their pathophysiological mechanisms and charac-
terizing the resulting phenotypes are essential for developing novel therapies that target
the specific defects. This Special Issue consists of 15 original research articles and 3 reviews
that address different issues in the field of the genetics and molecular biology of hearing
impairment, including genetic epidemiology, diagnostic strategies, genotype–phenotype
correlations, pathophysiological mechanisms and murine models.

The importance of describing known as well as novel variants and the associated
phenotypes in genes previously reported to be associated with hearing loss is often un-
derestimated. In medical genetic practice, however, confirmation of disease association
for genes and knowledge of genotype–phenotype correlations are highly relevant in the
process of variant interpretation for the counseling of families and for patient management.
In this Special Issue, Lachgar et al. report a truncating variant in HOMER2, which is only
the third variant associated with hearing loss (DFNA68) [1]. All three variants affect the
coiled-coil region of the HOMER2 protein and the phenotype in the corresponding families
is similar, although variant-dependent variation in the severity of hearing loss might occur,
but this needs to be confirmed. In Wonkam-Tingang et al., the second family is reported
with hearing loss associated with compound heterozygous variants in CLIC5 (DFNB103) [2].
In addition to supporting the association of CLIC5 with hearing loss, the phenotype is also
shown to be similar to that in the first family with non-syndromic prelingual sensorineural
hearing loss, progressing to profound [3]. Vona et al. review the pathogenic genetic variants
of OTOF, the gene encoding otoferlin, and their phenotypic consequences [4]. Otoferlin is
located at the auditory ribbon synapse, where it plays a dual role as a calcium sensor in
the exocytosis of synaptic vesicles and as a priming factor for fast vesicle replenishment.
Consequently, otoferlin defects lead to an auditory synaptopathy. Over 200 pathogenic
variants have been reported in OTOF, and most of them result in a prelingual, profound
hearing impairment (HI). However, the phenotypic spectrum is broader than initially
expected. Vona et al. pay special attention to reviewing less-common phenotypes, such
as milder or progressive hearing losses, and the intriguing temperature-sensitive audi-
tory synaptopathy. Challenges for clinical and genetic diagnosis are discussed, as well
as their relevance for newborn hearing screening protocols and for the development of
gene therapy clinical trials. In addition, PJVK defects have been described to underlie
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auditory neuropathy spectrum disorder (ANSD), but the gene has been associated with
cochlear hearing loss as well. Domínguez-Ruiz et al. identified novel PJVK variants in
a case with ANSD and both known and novel variants of the gene in cochlear hearing
loss [5]. The authors provided an overview of all PJVK variants reported to underlie ANSD
and/or cochlear hearing loss, which revealed that ANSD cases have at least one allele with
a missense variant. Although this suggests that specific missense variants lead to ASND,
the genotype–phenotype correlations are more complicated. This is further discussed in
the article, as are insights into PJVK expression and function and the outcome of cochlear
implants in patients with PJVK defects.

For genes that can cause syndromic as well as non-syndromic hearing loss when
defective, it is even more important to understand the genotype–phenotype correlations.
Two articles in this issue report families with non-syndromic hearing loss caused by mis-
sense variants in CDH23 [6,7]. Three (novel) missense variants in this gene underlie
non-syndromic hearing loss (DFNB12). All three affect the extracellular cadherin domains,
and two of the variants are in the highly conserved Ca2+-binding domains. This confirms
the previously observed association of bi-allelic missense variants with DFNB12 and not
Usher syndrome type Id. The interpretation, and thus reporting, of variants in CDH23
and other genes that are underlying both non-syndromic as well as Usher syndrome is
a challenge in medical genetic practice and can lead to insecurity with parents about the
future vision of their child. Also for defects of GREB1L, the phenotypic variability is high,
as is typical for neurocristopathies. Schrauwen et al. describe two GREB1L variants in
families with non-syndromic profound hearing loss [8]. In one of these families, temporal
bone imaging revealed aplasia of the cochlea and of the cochlear nerve. A review of the
literature, performed by the authors, indicated that in 14% of cases/families, dominantly
inherited GREB1L disease is associated with an ear phenotype.

Two articles in this issue report novel cases with pathogenic variants in genes in-
volved in Perrault syndrome, a disorder associating hearing loss with ovarian dysgenesis.
Additionally, some patients develop neurological manifestations. Perrault syndrome is
genetically heterogeneous, as eight genes are known to be involved. Zafar et al. report
homozygous pathogenic variants in two of them, CLPP and LARS2 [7]. These variants
were found, respectively, in two Pakistani consanguineous familial cases with apparently
non-syndromic HI. This is a common feature that illustrates the challenge of diagnosing
this syndrome clinically. Indeed, male affected subjects, in the absence of neurological signs,
only show HI. Moreover, ovarian dysgenesis cannot be detected in pre-pubertal affected
females, and later, it is usually diagnosed after the second decade of life. Meanwhile, HI re-
mains the only clinical sign. Also in this Special Issue, Oziębło et al. report two sisters with
two novel compound heterozygous pathogenic variants, which confirm the involvement of
RMND1 in Perrault syndrome [9]. In addition to the classical features of the syndrome, a
mild chronic kidney disease was observed in both sisters. Previously, mutations in RMND1
had been reported to cause a more severe multiorgan phenotype, which includes neonatal
lactic acidosis, encephalopathy, hearing loss and infantile-onset renal failure. Interestingly,
a genotype–phenotype correlation is starting to emerge, so that missense variants (such
as those reported by Oziębło et al.) would result in Perrault syndrome with mild kidney
disease, whereas truncating variants may lead to the more severe phenotype. Identification
and characterization of additional cases and mutations will show whether this hypothesis
holds true.

Epidemiological studies provide useful data on which genes and causative genetic
variants are more frequently involved in HI in each population. Accordingly, strategies
for genetic diagnosis can be adapted to those particularities and to the resources and
facilities of the different Services of Genetics. Three articles in this Special Issue report on
epidemiological data for DFNB1, the most frequent type of non-syndromic HI. Resmerita
et al. screened a cohort of 291 patients with congenital non-syndromic HI from Northeastern
Romania, by using Multiplex-Ligation-dependent Probe Amplification (MLPA) followed by
Sanger sequencing of the GJB2 coding region [10]. Biallelic DFNB1 mutations were found
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in about 30% of the cases, the c.35delG variant being the most frequent (83% of pathogenic
alleles), figures that are similar to those observed in other European populations [11]. As
regards mutations outside the GJB2 coding region, Resmerita et al. did find the splice-
site variant c.-23+1G>A but not the large deletions that are more frequent in populations
of Western Europe. A different DFNB1 landscape is observed in Argentina. Buonfiglio
et al. screened a cohort of 600 Argentinean patients with non-syndromic HI by Sanger
sequencing of the GJB2 coding region and flanking sequences, and by PCR-detection of
the two more common large deletions in the DFNB1 region [12]. Biallelic pathogenic
variants were found in 36% of the familial cases and 15.5% of the sporadic cases. These
different figures are a common feature in all tested populations, and illustrate the need to
report data for familial and sporadic cases separately to allow for comparison with other
studies. The most frequent variant was again c.35delG (52% of pathogenic alleles), and
remarkably, the del(GJB6-D13S1830) and del(GJB6-D13S1854) large deletions accounted for
over 8% of the pathogenic alleles. In the third article on DFNB1 in this Special Issue, Zytsar
et al. demonstrate common founders and provide estimates of mutation ages for three
GJB2 pathogenic variants in Tuvinians and Altaians, two Turkish-speaking peoples from
Southern Siberia [13]. A common founder explains the remarkably high frequency of the
c.516G>C variant (up to 63% of pathogenic alleles in Tuvinians). Interestingly, this variant
seems to be endemic in these populations, as it has not been reported elsewhere outside
this region. Investigating the genetic causes of HI in isolated, less studied populations
contributes to broadening our knowledge on the spectra of pathogenic variants and may
lead to the identification of novel genes involved in these disorders.

The advent of massively parallel DNA sequencing (MPS) is boosting the studies on
genetic epidemiology of HI, as it has solved the long-standing problem of screening a large
number of genes in a cost-effective manner. Different screening strategies are being used.
Morgan et al. investigated 125 Italian patients through a battery of techniques: Sanger
sequencing of GJB2 and MTRNR1, PCR-detection of DFNB1 large deletions, MLPA for
deletions and duplications of STRC and OTOA, and whole-exome sequencing (WES) [14].
GJB2 pathogenic variants accounted for 20% of the cases. Causative variants were found in
an additional 26% of cases, in 24 different genes. In another study, García-García et al. used
an MPS panel of 59 genes to investigate a cohort of 118 Spanish patients [15]. Causative
variants were found in 40% of cases, in 19 different genes. In both studies, GJB2 and STRC
were the most frequently mutated genes among the recessive cases, and MYO6 among
the dominant ones. Finally, in the third broad epidemiological study in this Special Issue,
Doll et al. investigated 21 Pakistani consanguineous families with autosomal recessive
HI [16]. The cohort included 5 syndromic and 16 non-syndromic cases. The screening
strategy combined autozygosity mapping with exome sequencing. Causative pathogenic
variants were found in 13 families (62%), in 7 genes. In non-syndromic cases, the most
frequently involved gene was GJB2 (3 families). Pathogenic variants were also found in
MYO7A (3 families) and CDH23 (2 families), genes that are involved in non-syndromic
HI as well as in Usher syndrome. Indeed, retinitis pigmentosa was present in only two of
the MYO7A families. The results of these three studies show the diversity of pathogenic
variants in different genes among populations. Broad studies on larger cohorts are needed
in all populations to reveal the local and global epidemiological landscapes, whose knowl-
edge is essential to orientate the strategies of genetic diagnosis and development of
specific therapies.

In contrast to many of the studies in this Special Issue which address monogenic forms
of non-syndromic hearing loss, the article by Escalera-Balsera et al. addresses a genetically
more complex type of hearing loss, i.e., familial Meniere disease (FMD) (episodic vertigo
associated with sensorineural hearing loss) [17]. In a systematic review of the literature,
the authors found 20 rare variants in 11 genes to be (potentially) associated with FMD.
They classified the variants for their potential deleterious effects and addressed population
frequencies. Only a single candidate gene, OTOG, was reported to harbor potentially
deleterious variants in more than a single family. The authors concluded that associations
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of genes with FMD need to be replicated in order to determine the causative effect of
variants in these candidate genes.

Mice have proven to be excellent models for studying the function and pathophys-
iology of genes associated with hearing loss in humans, but there are exceptions to this.
Tona et al. identified compound heterozygous TBC1D24 variants in a Pakistani family with
intrafamilial phenotypic heterogeneity [18]. Affected family members either suffered from
non-syndromic hearing loss or hearing loss and seizures. The authors set out to model
TBC1D24-associated disease in mice. Although the seizure phenotype was recapitulated in
mice with compound heterozygous truncating variants of this gene, none of the models
displayed a hearing loss phenotype. This might be explained by differences in the cochlear
expression of TBC1D24/Tbc1d24 in humans and mice. The authors address and discuss
additional potential explanations for the phenotypic differences between mice and humans
with Tbc1d24/TBC1D24 defects. For one of the variants, molecular dynamic simulations of
peptide structure pointed towards such an explanation.

Perrino et al. employed the mouse to model the potential role of USH2A defects in
central auditory processing disorder (CAPD), as was indicated in a genome-wide associ-
ation study (GWAS) [19]. The authors indeed obtained indications for an effect of Ush2a
defects on the structure of the central auditory system, both in homozygous knockout
as well as heterozygous knockout mice. This suggest that cochlear development altered
by USH2A defects can lead to a secondary effect on the brain regions that function in
auditory processing.

Knowledge on the cellular mechanisms that lead to the different types of genetic HI is
essential to develop specific therapies. Hayashi et al. reviewed the insights in autophagy in
inner ear development and maintenance [20]. These insights are most extensive for hair
cells, auditory neurons, and brain stem nuclei. The authors also highlighted the involve-
ment of autophagy in hereditary hearing loss, more specifically for DFNA5 (GSDME) and
DFNA59 (PJVK). Autophagy is essential for cell fate by controlling the balance between
cell survival and cell death in conditions of cellular stress. Therefore, the autophagy path-
way is an interesting target for therapeutic intervention in hearing loss. One could also
hypothesize that variants in genes functioning in autophagy might be modifying factors in
dominantly inherited types of hearing loss which display large intrafamilial variability and
in which toxic gain of function effects of mutant proteins are often indicated.

The articles and reviews in this Special Issue are representative of the many research
lines that are currently active in the field of inherited hearing impairment. These efforts are
providing essential data for the comprehension of these highly heterogeneous disorders
and for the development of specific new therapies, whose application to humans looks
closer than ever.
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Abstract: The OTOF gene encodes otoferlin, a critical protein at the synapse of auditory sensory
cells, the inner hair cells (IHCs). In the absence of otoferlin, signal transmission of IHCs fails due to
impaired release of synaptic vesicles at the IHC synapse. Biallelic pathogenic and likely pathogenic
variants in OTOF predominantly cause autosomal recessive profound prelingual deafness, DFNB9.
Due to the isolated defect of synaptic transmission and initially preserved otoacoustic emissions
(OAEs), the clinical characteristics have been termed “auditory synaptopathy”. We review the broad
phenotypic spectrum reported in patients with variants in OTOF that includes milder hearing loss,
as well as progressive and temperature-sensitive hearing loss. We highlight several challenges
that must be addressed for rapid clinical and genetic diagnosis. Importantly, we call for changes
in newborn hearing screening protocols, since OAE tests fail to diagnose deafness in this case.
Continued research appears to be needed to complete otoferlin isoform expression characterization to
enhance genetic diagnostics. This timely review is meant to sensitize the field to clinical characteristics
of DFNB9 and current limitations in preparation for clinical trials for OTOF gene therapies that are
projected to start in 2021.

Keywords: DFNB9; otoferlin; sensorineural hearing loss; auditory synaptopathy/neuropathy;
temperature-sensitive auditory neuropathy; progressive hearing loss

1. Introduction

Sensorineural hearing loss is one of the most common sensory deficits in humans, affecting one
to two per 1000 newborns in developed countries [1]. Over the past 25 years since the discovery
of the first deafness gene, more than 120 genes have been causally associated with non-syndromic
hearing loss (https://hereditaryhearingloss.org/) and over 6000 disease-causing variants have been
identified [2]. As most variants implicated in hearing loss are small insertions/deletions (indels) or
single nucleotide variants [2], high-throughput sequencing is a well-suited method to rapidly allow for
a deeper understanding of the spectrum of variants involved in deafness and their consequences on
the auditory phenotype.

Using a candidate gene approach, the DFNB9 locus (OMIM: 601071) was mapped to chromosome
2p23.1 in 1996 by studying a genetically isolated family from Lebanon [3]. Three years later, the gene
OTOF (OMIM: 603681), encoding a transmembrane (TM) protein called otoferlin, was mapped to the
DFNB9 locus and identified as causing prelingual autosomal recessive, non-syndromic deafness [4].
Biallelic pathogenic variants in OTOF cause auditory synaptopathy due to deficient pre-synaptic
neurotransmitter release at the ribbon synapse of the inner hair cells (IHCs) [5].

Since its initial identification, about 220 pathogenic and likely pathogenic variants in OTOF have
been identified. In addition to an expanded understanding of the types of variants in otoferlin that
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cause deafness, the structure and function of otoferlin have been extensively characterized through
functional studies that have greatly informed experimental therapies. This review covers the challenges
of clinically diagnosing OTOF-associated hearing impairment, the spectrum of phenotypes that have
been observed in patients with OTOF variants and a current review of genotype-phenotype correlations.

1.1. Mouse Studies Reveal Insights into Otoferlin Function

Otoferlin is distributed throughout the cytoplasm and plasma membrane of IHCs with the
exception of the most apical part that forms the cuticular plate and tight junctions with neighboring
cells (Figure 1). In addition, type I vestibular hair cells and immature outer hair cells (OHCs)
express otoferlin, yet the physiological function for this expression in the mature inner ear is still
unclear [6,7]. Although the mRNA of otoferlin can be isolated from several tissues including the
brain, clear immunohistochemical proof of otoferlin protein expression outside hair cells is missing.
Studies in Otof -knock-out mouse models revealed that, in the absence of otoferlin from IHCs, very few
neurotransmitter-filled synaptic vesicles fuse with the plasma membrane [5,8]. Thus, acoustic stimuli
still generate receptor potentials in the IHCs (and OHCs), but this information is not passed to the
auditory pathway. In vitro studies indicating that otoferlin can interact with neuronal SNARE proteins
contributed to the hypothesis that otoferlin acts as a synaptotagmin-like Ca2+ sensor for exocytosis [5,9].
However, later studies revealed that such neuronal SNAREs are expressed at only very low levels in
IHCs and are absent from IHC synapses [10]. Instead, the mechanism of vesicle fusion might rely on
a unique molecular mechanism in IHCs [11]. Later studies in a mouse line with the mutation of a
presumed Ca2+-binding site revealed a slight delay and slowing down of Ca2+-triggered exocytosis,
which would be in line with a Ca2+-dependent acceleration of exocytosis and was interpreted as a Ca2+

sensor function for otoferlin in exocytosis and vesicle replenishment [12]. However, the Ca2+-binding
capability of the site targeted in this study is still under debate (see Section 5).

Figure 1. Expression of otoferlin in a row of inner hair cells (IHCs). Maximum projection of optical
confocal sections, scale bar: 10 μm (modified from [13]). The dotted white line marks the cell boundary.

Notably, mouse models with reduced levels of otoferlin revealed additional functions for the
protein at the synapse: In these models, Ca2+-triggered vesicle fusion still occurred, which allowed
for the observation of synaptic processes that are closely linked to exocytosis. In this way, it was
uncovered that the rate with which synaptic vesicles are regenerated, supplied to the active zones of the
synapses, and rendered competent for Ca2+-triggered fusion depends on the quantity of otoferlin in the
basolateral plasma membrane of IHCs [8,13]. A reduction to ~3% of otoferlin protein levels in the plasma
membrane in the pachanga mouse model still enabled IHCs to release transmitter in response to short
(<10 ms) stimuli, but strongly impaired the synaptic transmission for longer stimuli [8,13]. This was
attributed to a defect in accomplishing vesicles competent for fusion—also termed “priming” or “vesicle
replenishment to the readily releasable pool of vesicles”. As a result, in a living organism, such IHC
synapses are constantly deficient of fusion-competent synaptic vesicles. Consequently, no auditory
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brainstem responses (ABRs) can be recorded in these animals [8,14], as this requires the synchronous
action potential firing in the auditory pathway for hundreds of stimulus repetitions.

A milder reduction to 35% of wild-type otoferlin levels in the plasma membrane of a mouse model
for the human p.Ile515Thr substitution halved the rate of vesicle replenishment compared to normal
hearing controls [13]. This only mildly affected the auditory threshold but impaired the ability to detect
changes on top of sustained stimuli. In this mouse line, stimulation of exocytosis resulted in enlarged
synaptic vesicles. Together with the finding of otoferlin immunoreactivity on endosomal vesicular
structures, it was concluded that otoferlin is involved in the reformation of synaptic vesicles from bulk
endosomes [13]. This is in agreement with the finding that otoferlin interacts with the clathrin adaptor
protein AP2 [15,16]. Presumably, otoferlin is retrieved from the plasma membrane mostly by bulk
endocytosis. On the large endosomal structures, clathrin-coated pits appear, supposedly forming novel
synaptic vesicles [13,16]. In conclusion, the proper function of the synapse being able to faithfully
transmit highly fluctuating acoustic stimuli to the auditory pathway requires a high expression and
proper localization of otoferlin. In contrast, low otoferlin levels allow for the transmission of acoustic
signals as long as individual synapses are only sparsely activated.

1.2. Otoferlin Isoforms

The structural diversity of OTOF has been expanded since its identification to include long
and short isoforms that make use of distinctive transcription and translational start sites, as well as
alternative splicing of exons 6, 31, and 47. The short and long isoforms range from 28 exons spanning
21 kb [4] to 48 exons across 90 kb [17], respectively. In total, two long and three short isoforms have
been identified in humans. Long isoforms are characterized by the presence of six (or seven) C2

domains and a C-terminal transmembrane (TM) domain, whereas the short isoforms are comprised of
only the final three C2 domains and the TM domain [17]. C2 domains are globular domains composed
of antiparallel β-sheets, which are known for Ca2+ and phospholipid binding. In humans, the short
isoforms are comprised of isoform b (NP_004793) and d (NP_919304), each with 1230 amino acids and
isoform c (NP_919303), with 1307 amino acids, employing an alternate starting exon, compared to the
long isoforms a (NP_919224) and e (NP_001274418), which both encode 1997 amino acids.

With respect to a potential functional role of the short isoforms, a review of pathogenic and
likely pathogenic variants has shown no indication that variants only affecting the long, but not short,
isoforms would cause a milder phenotype. This confirms that the long isoform is critically required for
normal hearing function [17].

The two long isoforms of otoferlin can be distinguished by virtue of tissue mRNA expression and
subtle differences in exon usage at the 3′ end of the gene. Isoform a was identified from brain cDNA
libraries with a termination codon in exon 47 [17]. An alternative splice isoform has been identified in
the human cochlea that exclusively uses exon 48 to encode the C-terminus (isoform e, [18]), but lacks
exon 47, a finding that was consistent with the mouse [17]. Moreover, pathogenic variants in exon 48,
but not exon 47, indicate that the isoform that skips exon 47 and makes use of the termination codon in
exon 48 seems to be the predominant isoform in the human cochlea [18–20].

Limitations in obtaining mRNA from human IHCs has presented a major bottleneck in profiling
and quantifying the relative fractions of all otoferlin isoforms. According to Yasunaga et al. [17],
an alternative splice acceptor site in exon 31 may be employed, eliminating 20 amino acids from the
longest variant. This alternative splicing was predicted for the short isoform b and seems to be the
predominant variant in mouse inner ear tissue [13]. In the presence of this 20 amino acid “RXR” motif, the
p.Ile515Thr substitution caused a retraction of mouse otoferlin from the plasma membrane, which was
not the case for the p.Ile515Thr-protein lacking the RXR motif. The authors of this study speculated that
the phenotype found in patients with the p.Ile515Thr substitution would be best explained if the human
cochlea expresses a mixture of both splice variants [13]. Furthermore, transcript analyses suggest
the presence of so far undetected exons (described in Section 3.4 below). Despite these uncertainties,
we recommend that human OTOF sequence analysis utilizes the reference sequence for variant e,
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NM_001287489, encoding the 1997 amino acid protein, NP_001274418. Furthermore, we propose that
OTOF variants from human molecular genetic diagnostic laboratories that are deposited in clinical
variant repositories be adjusted to this reference sequence.

2. Hallmarks of Audiometric Testing in DFNB9 Patients

Since its discovery, OTOF-associated hearing loss in humans has presented several challenges,
making the selection of clinical diagnostic protocols an essential undertaking for an early diagnosis.
Based on the finding that OTOF variants disrupt presynaptic function in IHCs rather than neuronal
function, a change in terminology from “auditory neuropathy” to “auditory synaptopathy” has been
adopted to more precisely describe this. A lesion to the neural pathway that transmits signals from the
cochlea to the brain is clinically characterized by an absence of ABRs and the presence of otoacoustic
emissions (OAEs). The testing of OAEs indicates proper functioning of cochlear amplification by the
OHCs. As OHCs and IHCs employ the same protein machinery for mechanotransduction at their
stereocilia bundle, any malfunction of this can be excluded if OAEs are present. Similarly, both hair
cell types depend on proper endolymph composition and endocochlear potential as the driving force;
a functional deficiency which would be detectable in altered OAE recordings. However, patients with
OTOF variants lose OHC function, occasionally within the first year, and in about one-third of cases
in the second year of life, with only few individuals displaying OAEs in early adulthood [20–22].
Therefore, individuals without OAEs should be considered for genetic testing that includes OTOF.

As is true for all forms of auditory neuropathy or synaptopathy, newborn hearing screening that
tests for OAEs, e.g., with distortion product otoacoustic emissions (DPOAEs) or transient evoked
otoacoustic emissions (TEOAEs), fail to detect a hearing disorder in most cases, as OAEs are initially
present. Passing OAE tests despite profound deafness can be misleading and, in the worst-case
scenario, prevent parents and pediatricians from pursuing a more complete audiological diagnostic
testing. ABRs in patients with synaptopathies are typically absent, even for high sound pressure
levels, making them well-suited for the detection of profound deafness. Moreover, even mild forms
of hearing loss result in abnormal ABRs in case of DFNB9 (see below). However, as ABR testing is a
more time-consuming procedure, this is not routinely applied in newborn hearing screening protocols,
delaying the diagnosis of a baby with congenital auditory synaptopathy by months or even years
until it is recognized and confirmed. In children with OTOF variants, behavioral audiometry, with
or without visual reinforcement, can indicate severe to profound hearing loss across all frequencies.
While some patients display residual hearing in the low-frequency region (with thresholds of ~75 dB
hearing level (HL) for 250 Hz; e.g., [23]), pure tone audiograms may be flat, or bowl-shaped, but in all
such cases, average thresholds are above 90 dB HL.

A reliable diagnosis of even mild forms of hearing loss caused by OTOF variants is of
relevance, especially for young children whose speech acquisition may become strongly impaired.
Moreover, a precise diagnosis will also help later in life to specify impairments of speech comprehension,
which, for example, may explain why following multiple speakers is much more exhausting for DFNB9
listeners than for normal hearing listeners. Despite pure tone audiograms being only mildly or
moderately affected in such cases, ABRs are mostly abnormal, indicating higher thresholds than
expected from psychophysical testing. ABR waves I to III are hardly detectable and waves IV and V are
delayed [24]. Speech comprehension testing should be performed both in silence and in background
noise, the latter of which is typically strongly affected.

A more specific test for this type of synaptopathy would be to quantify the time required for
synaptic regeneration. This could be done by gap detection tests, i.e., silent gaps of different length in
broadband noise. Intact IHC synapses accurately detect the onset of the white noise after a gap as
short as 2–4 ms in humans, at least after some training [25]. This depends on the ability of the IHC
synapse to reliably induce a precisely timed postsynaptic action potential at the onset of the white noise
after the silent interval, which will require readily releasable synaptic vesicles. Although this has not
been systematically tested in patients with mild forms of DFNB9, we expect that silent gaps will need
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to be substantially longer to be detected by the probands [26]. On average, animal models with the
p.Ile515Thr mutation required 17 ms silence (interpolated value, [13]) to detect the gap, whereas normal
hearing mice can perceive gaps as short as 1–2 ms [27].

The combination OAE recordings and ABR or pure tone audiometry are, in principle, sufficient
to diagnose hearing impairment due to OTOF mutations. Other tests do not provide additional
information as, for example, even at high sound pressure levels (SPLs), no auditory reflexes can be
elicited, which confirms the absence of auditory evoked signal transmission indicated by absent signals
in ABRs. In only a few cases, transtympanic electrocochleography (ECochG), with a recording electrode
placed at the promontory wall, will be of use for diagnoses. However, since it requires local anesthesia
of the tympanic membrane and is rather invasive, it is questionable if this justifies the limited additional
information. ECochG is employed to record the summating potential (SP), cochlear microphonics and
compound action potentials (CAPs). Cochlear microphonics originate from functional OHCs such that
this recording would be redundant to OAE tests, although amplitudes of cochlear microphonics can be
highly variable [23,28].

Recording the SP in response to click stimuli may add novel information in particular cases when
OAEs are absent, but might be hard to interpret. Since the SP derives from the depolarization of inner
and outer hair cells [29], the depolarization of the IHCs may still result in a small but measurable
SP even if OHCs are degenerated. This can help to distinguish from forms of hearing loss involving
the stereocilia and/or the mechanotransduction channels, since, in this case, no depolarization of hair
cells occurs.

CAPs that record the first action potential in the auditory pathway are absent in some DFNB9
patients, while others exhibit a prolonged CAP with reduced amplitude, at least for single click
stimuli [23]. Repetitions of click stimuli with short interstimulus intervals of 2.9 ms abolish CAP
responses. Findings from a detailed assessment of pre- and postsynaptic function in the pachanga
mouse model (p.Asp1772Gly) can likely explain this observation: The IHCs in this animal model
display intact synaptic signal transmission for short (<10 ms) interspaced stimuli, given that the
interstimulus intervals allow for sufficient recovery [8]. Under repetitive stimulation, as in ABR
recordings, the strong defect in vesicle replenishment abolishes reliable signal transmission. In single
auditory nerve fiber recordings, the first spike was found to be highly variable in timing and was,
on average, delayed, which is likely to reflect the prolonged CAP response. The spike rate in pachanga
mice reached up to 200 spikes/second (compared to >400 spikes/second in wild-type mice), but only
when stimuli were presented once every two seconds (0.5 Hz stimulus frequency) [8]. Increasing the
stimulus frequency to 10 Hz strongly diminished neural responses (<10 spikes/second) except for the
very first trials. Therefore, we infer that the CAP signals for isolated click stimuli in DFNB9 patients
indeed originate from an auditory evoked neural response and are prolonged due to the increased first
spike latency. Presenting repetitive click stimuli to these patients—a second stimulus after 15 ms and
subsequent ones at 33 Hz—strongly reduced or even abolished these CAP responses, which might be
the direct equivalent to the diminished neural spiking found in the mouse models. The reason for this
is that the replenishment of synaptic vesicles is strongly slowed down when the amount of otoferlin at
the IHC plasma membrane is reduced [8,13]. Thus, long silent intervals are required to regenerate the
first auditory synapse to enable another cycle of auditory evoked synaptic transmission.

However, why is the CAP response absent in some DFNB9 patients, or prolonged and with a
small amplitude in others? This question arose in a study that analyzed CAP responses in patients
with various types of variants in the OTOF gene. Two frameshift variants were associated with absent
CAPs in two patients [23]. Individuals with biallelic premature stop variants exhibited the largest
CAP response in this study, while the amplitude of the CAP was intermediate in patients with one
frameshift and one premature stop variant. While frameshift variants cause termination of the amino
acid chain in all cases, stop codon read-through can occasionally occur with an efficiency of up to 3–4%
(reviewed in [30]). As only 3% of the otoferlin protein is localized at the plasma membrane in pachanga
mice, it is tempting to speculate that an OTOF gene with premature stop codons described in this study
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may have undergone partial natural stop codon read-through, inducing residual synaptic function of
an order of magnitude as in pachanga mice.

3. Molecular Epidemiology of OTOF-Associated Hearing Loss

3.1. Summary of Variants Identified in Otoferlin

By virtue of being one of the first deafness genes identified, OTOF has been tested in molecular
genetic diagnostic settings for over two decades, allowing an estimate of the global burden of
OTOF-associated hearing loss. There are presently 219 genetic changes that are classified as pathogenic
or likely pathogenic according to the literature or clinical database entries (Leiden Open Variation
Database v3.0 (LOVD v3), the Deafness Variation Database (DVD), ClinVar, and the Human Gene
Mutation Database (HGMD)) (Table S1). This includes 84 missense, 44 frameshift, 43 nonsense, 36 splice
site, 7 in-frame duplications or deletions, 3 copy number variations, as well as 1 stop loss and regulatory
variant each (Figures 2 and 3, Table S1).

3.2. Population-Based Diagnostic Rates of Otoferlin

The prevalence of OTOF-associated hearing loss varies according to population background.
For example, OTOF variants account for approximately 5% of genetic diagnoses in the Turkish
population [31], and 3.1% of diagnoses in the Pakistani population [32]. A common founder variant
(p.Gln829*) was identified in 3% of Spanish cohorts [21,33]. In other populations, OTOF has been identified
as a cause of hearing impairment in 3.1% of Taiwanese [34], 2.4% (primarily) European-American [35],
2–3% of Pakistani [18,32], 1.9% of French [36] and 1.7% of Japanese [37] patients who were not
pre-selected on the basis of auditory neuropathy/synaptopathy. In Iranian patients, a study that
included 38 consanguineous patients identified only one family with a homozygous frameshift variant
(c.1981dupG, p.Asp661Glyfs*2) and suggested OTOF is not a major contributor to hearing loss in the
Iranian population [38].

3.3. Diagnostic Rates of Otoferlin in Patients with Auditory Neuropathy/Synaptopathy

Auditory synaptopathy with prelingual onset has been identified in patients with genetic
aberrations in a small subset of genes (PJVK, OPA1, and DIAPH3 (AUNA1 locus)), and a limited number
of suspected cases in a few other genes such as GJB2 [39–44], although the GJB2 cases are controversially
discussed [45]. The unique phenotypic presentation of DFNB9 makes a targeted selection for OTOF
screening in patients for genetic testing rather successful. As exemplified by a study that included
Japanese patients with auditory neuropathy/synaptopathy, biallelic OTOF variants were uncovered in
56% of cases that included the identification of a founder variant (p.Arg1939Gln) [46]. The p.Gln829*
founder variant was identified in 87% of patients diagnosed with auditory neuropathy/synaptopathy
in the Spanish population [21]. Another founder variant (p.Glu1700Gln) in Taiwanese patients with
progressive, moderate-to-profound hearing loss was identified that diagnosed 23% of a selected
patient cohort of 22 individuals with auditory neuropathy/synaptopathy [47]. A study that screened
the OTOF gene in 37 Chinese patients with congenital auditory neuropathy/synaptopathy had a
diagnostic yield of 41.2% [48]. On the contrary, a study that involved the screening of 73 Chinese
Han patients with auditory neuropathy/synaptopathy resolved only 5.5% of patients and uncovered a
temperature-sensitive variant, which was lower than anticipated and demonstrates a high diagnostic
variability [49].
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3.4. Missing Variants

The diagnostic yield of patients with audiological hallmarks of DFNB9 suggests multifaceted
deficits in general isoform and variant knowledge, as well as possible technical limitations. Beyond the
possibility of additional genes harboring causally associated variants that evoke the same clinical
features, there are several reasons explaining why patients with auditory synaptopathy due to biallelic
variants in OTOF remain undiagnosed after molecular genetic screening. Such reasons include possible
limitations stemming from methodology (e.g., sequencing coverage gaps), missed copy number
variations that either fall below the detection resolution of commonly used microarrays in genetic
diagnostics or missed due to uneven high-throughput sequencing coverage, especially in the case of
exome sequencing, or deep intronic variants that are not captured in targeted enrichment approaches.
Furthermore, variant interpretation bottlenecks that could also be due to incorrect transcript usage
in variant annotation, current limitations in knowledge about the pathogenicity of rare variants and
lack of opportunity for segregation testing in families that can complicate outcomes for definitive
statements about variant pathogenicity. Another hypothesis points to variants occurring in currently
unannotated exons.

Sequence analysis is primarily focused on exonic regions and relies on the complete understanding
of gene isoform structure (i.e., exon annotation). The cochlea is encased in one of the hardest bones of the
body, making it one of the least accessible tissues for transcriptome studies. However, many microarray
and RNA-seq-based studies using the human and rodent whole cochlea have ensued since the early
2000s [50,51]. Though challenging, single-cell isolation of the inner ear and long read single-cell
RNA-seq have recently been performed in mice at several developmental time points [52] to reveal
cell-type defining genes and pathways. Long-read sequencing and isoform analysis has identified
unappreciated splicing heterogeneity and expression of cell-specific isoforms with unannotated
exons [52]. A recent study marked a crucial gap in this understanding in many well-studied genes,
such as Otof, by mapping a novel non-coding exon 6b and suggesting an in-frame exon 10b (Figure 4).
Extending this finding by annotating novel OTOF exons in humans could yield significant implications
for undiagnosed patients who would otherwise fit the characteristic DFNB9 phenotypic spectrum.

4. Genotype-Phenotype Correlations in DFNB9 Patients

The uniformity of available clinical and genetic information about the current set of identified
variants is highly variable. For example, reported variant zygosity (i.e., homozygous versus compound
heterozygous) and the extent of audiological characterization and recorded onset in patients are highly
heterogeneous. Most variants lack recorded audiological information. Generally, biallelic OTOF
variants cause congenital or early onset (n= 114) hearing impairment. Few variants have been identified
with progressive hearing loss (n = 3). Seven variants have been linked to temperature-sensitive hearing
loss, five of which are located within C2 domains. While premature stop and frameshift variants
typically cause profound prelingual deafness, non-truncating variants can cause a highly variable
phenotype. Depending on the localization and the physico-chemical properties of the substituted
(or deleted) amino acid residues, variants can severely affect protein stability and contribute to protein
degradation. In some cases, the deterioration of protein folding is less severe, leaving some endogenous
otoferlin at the plasma membrane that may vary with age and body temperature. This typically
results in mildly to moderately elevated thresholds in pure tone audiograms but severely impaired
speech comprehension. Notably, patients with point mutations and residual otoferlin expression report
perceiving a fading out of a tone burst presented with constant intensity [23,53]. These characteristics
of hearing impairment seem to be true for both types of moderate auditory synaptopathy that include
the temperature-sensitive and progressive variants.
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4.1. Temperature-Sensitive Auditory Synaptopathy

Temperature-sensitive auditory synaptopathy has been reported by parents observing profound
deafness as soon as their children are febrile. Mirroring daytime changes in body temperature,
fluctuations in speech comprehension have been described, which was least affected in the early
morning and progressed throughout the day to a point where vocal communication is hardly
possible [24]. Even a slight increase in body temperature from 36.5 to 36.8 ◦C in the course of a
day seems to attenuate auditory perception. However, in addition to increased body temperature,
acoustic exposure is likely higher during the daytime than at night, which may aggravate hearing
impairment due to defective synaptic regeneration. Potentially, both body temperature and increased
sound stimulation compound to impair speech comprehension during daytime.

When measured in febrile conditions, both an elevation in pure tone thresholds and zero speech
comprehension can confirm the diagnosis of temperature-sensitive auditory synaptopathy. The first
variant discovered causing temperature-sensitive auditory synaptopathy, p.Ile515Thr [54], has been
extensively studied in a mouse model [13]. At normal body temperature, the hearing phenotype
of these mice mirrored what is observed in the affected human siblings. When afebrile, they have
tremendous difficulties understanding speech in background noise despite having almost normal pure
tone audiograms. In the mouse models, ABR thresholds were mildly elevated, 10 dB SPL for click
stimuli and ~20 dB SPL across tone burst frequencies at the age of 3–4 weeks. When the same mice were
tested again at the age of 8 and 25 weeks, ABR thresholds increased to an average of 80 dB SPL for tone
bursts and to 50 (8 weeks) to ~75 dB SPL (25 weeks) for click stimuli. In parallel, ABR wave amplitudes
were strongly diminished. In contrast, behavioral tests and auditory nerve fiber recordings revealed
only mild threshold shifts in these mice at that age. This correlates well in patients with impaired
ABR despite only mild threshold elevations in psychophysical tests. In mice, single auditory nerve
fiber recordings were employed to assess the effect of the presynaptic impairment on action potential
generation. In agreement with the presynaptic deficiency in replenishing vesicles, the spike rate in the
auditory nerve decreased with longer acoustic stimuli or with upscaling of the stimulus frequency,
representing a correlate of the auditory fatigue observed in humans. Moreover, the timing of the first
spike after sound onset was of greater variability compared to normal hearing controls. In addition,
the phase locking to amplitude modulated tones was strongly impaired. If this timely precision of
spiking is lower, click sounds or consonants will become blurred. With respect to human hearing, these
deficits most likely explain difficulties in speech comprehension and the abolishment of the latter in
background noise. At elevated temperature, patch clamp recordings revealed a decrease in exocytosis
when cells were heated from near-physiological (35–37 ◦C) to elevated temperatures (38.5–40 ◦C).
This was especially obvious for wild-type IHCs, indicating that even the wild-type otoferlin protein is
very sensitive to elevated temperature and may unfold rather quickly [13]. However, the wild-type
protein seemed to be capable of re-folding, as it gained back initial exocytosis when temperature
was lowered to <29 ◦C. In contrast, the IHCs in the p.Ile515Thr model showed impaired recovery,
suggesting that the destabilization of the substitution in the C2C domain reduces the likelihood of
proper refolding. This interpretation would be in concordance with the observation that patients regain
hearing a few hours after temperature-induced deafening, which would be consistent with the time
required for de novo synthesis of sufficient quantities of otoferlin.

A similar phenotype to the p.Ile515Thr variant was described in humans with the p.Gly541Ser
variant, which also localizes to the C2C domain of otoferlin [24,46]. In addition, temperature-sensitive
auditory neuropathy has been described for the p.Arg1607Trp variant in the C2E domain [24,49] and
for an individual with compound heterozygosity for the p.Gly614Glu and p.Arg1080Pro substitutions,
the latter of which resides in the C2D domain [55]. Remarkably, patients with the p.Arg1607Trp
substitution in homozygosity or compound heterozygosity reported hearing loss that ameliorated
with increasing age [24]. An in-frame deletion, p.Glu1804del in the C2F domain, was also attributed to
temperature-dependent hearing loss [56]. Notably, no other genes apart from OTOF have been
associated with temperature-sensitive forms of hearing loss and all cases presenting a similar
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phenotype in the literature have disclosed pathogenic OTOF variants, regardless of population
background. All described substitutions seem to cause only slight destabilizations of one C2 domain.
However, since mutations in different otoferlin C2 domains cause a similar phenotype, we consider
it unlikely that each of the substitutions causes heat-sensitivity of the protein. Rather, as shown
in Strenzke et al. [13], even the native otoferlin protein is considerably temperature sensitive at
38.5–40 ◦C. Potentially, any slight destabilization of this highly flexible protein might decrease the
chance of re-folding after heat exposure, such that more protein is degraded at a slightly elevated body
temperature, thereby exacerbating the hearing disturbance.

4.2. Progressive Hearing Impairment

Progressive forms of OTOF hearing impairment have been described for three variants:
p.Ile1573Thr, p.Glu1700Gln and p.Ter1998Argext30Ter [46,47,57]. In all cases, the hearing impairment
onset was prelingual, but the severity ranged from mild to profound at onset, even for individuals
with the same variant.

The homozygous p.Glu1700Gln substitution was identified in several Taiwanese families [47].
In patients from three families, hearing loss was initially mild and became moderate to severe within a
few years. In two other families, affected individuals were identified with severe or profound hearing
impairment already at the first hearing assessment at the age of two and one years of age, respectively.
The reason for hearing loss progression and variability of the onset severity is currently unknown since
the linker region between the C2E and the C2F domains, in which this substitution lies, has not been
studied so far.

A homozygous p.Ile1573Thr substitution was identified in a child with parental consanguinity,
in whom hearing deterioration correlated with age [57]. This substitution in the 6th β-strand of the
C2E domain likely reduces the stability of protein folding. The four children of this family were
found to have mild (9 years of age), moderate (11 y, 13 y) or severe hearing loss (17 y). All children
displayed OAEs. Absence of ABR waves in the 9-year-old child (the only one tested) is in concordance
with the severe abnormality described for all DFNB9 patients, even those with only mildly elevated
hearing thresholds. A follow-up of the progression of hearing impairment of this family has not been
performed so far.

A stop loss variant p.Ter1998Argext30Ter associated with progressive hearing impairment was
found in compound heterozygosity with the p.Arg1939Gln substitution [46]. Since the latter causes
profound hearing loss in homozygosity, the early onset, moderate hearing loss, with a steeply sloping
audiogram in one ear and a gently sloping audiogram in the other, is presumably due to the elongation
of the C-terminus. The C-terminal TM domain (amino acids 1964–1984), as well as the 13 amino acids
more downstream, are highly sensitive to substitutions (see Section 5.)

In summary, progression of hearing impairment was typically observed over the course of a few
months or years, such that affected individuals reached profound deafness in the second decade of life.
Presumably due to the residual otoferlin function, OAEs remained preserved in these intermediate
forms of hearing impairment; thus, affected individuals may be candidates for gene therapies even
in adulthood.

5. Localization and Presumed Effects of Single Amino Acid Substitutions in Otoferlin

Many of the non-truncating variants affect the C2, FerA and TM domains, meriting a broader
discussion about domain functions and deteriorating effects due to substitutions. C2 domains are
globular domains comprised of eight antiparallel β-strands, many of which bind phospholipids and
Ca2+. Since the Ca2+-binding site is localized in the structure to five specific aspartate residues in two
top loops, the Ca2+-binding ability can be reasonably predicted from the sequence. With respect to the
C2A domain, the structure of the rat protein, which is 91% identical and 96% similar to the human
otoferlin C2A domain, has been solved with X-ray crystallography [58]. Since only one aspartate is
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present in the two top loops at respective positions, the C2A domain was predicted not to bind Ca2+,
which was confirmed experimentally [58–60].

Different from substitutions in the other otoferlin C2 domains, neither amino acid replacements
in the β-strands nor in the loops of the C2A domain cause malfunction of the protein. The reasons
for this might be first, that the C2A domain folds much more stably than the other C2 domains.
Crystallization from heterologous expression has been successful for the C2A domain. However,
despite laborious efforts from several research groups, this has not been the case for other C2 domains
so far, presumably because higher protein dynamics prevent the forming of crystals. Notably, the same
seems to be true for the myoferlin and dysferlin C2 domains, of which only the structures of the C2A
domains could be resolved to date [61]. Whether the high flexibility of the ferlin C2B-C2F domains is a
biological defect or a feature relevant for proper function remains to be determined. The second reason
why substitutions may be tolerated well in the C2A domain is that this domain does not bind Ca2+ or
phospholipids [58–60] and thus might be not directly involved in the process of Ca2+-triggered vesicle
fusion or Ca2+-dependent vesicle replenishment.

Prediction of Ca2+-binding sites or the location of pathogenic substitutions in the other C2 domains
is rather challenging due to the low sequence similarity of the otoferlin C2B to C2F domains to C2

domains with known structure. Automatic domain annotation algorithms such as SMART (EMBL,
Heidleberg, Germany) [62] do not predict the extent of these domains reliably. We therefore employed
Phyre2 to predict the structures of these domains, which is based on homology modelling and makes use
of all structures in the protein data bank (PDB) database [63] (Figure 5). Within the predicted structures,
we mapped the substitutions causing profound deafness (shaded in orange), and substitutions causing
milder forms of hearing loss (shaded yellow/red; Figure 5). With the exception of the 7th and 8th
β-strand of the C2E domain and the 7th β-strand of the C2F domain, all β-strands could be localized
in the predictions. The first top loop connecting β-strands 1 and 2 and the third top loop between
β-strand 5 and 6 comprise five aspartate residues (blue fonts) that coordinate one to three Ca2+ ions.
Consistent with experimental data revealing that the C2A domain does not bind Ca2+, its first top loop
misses the motif containing the first aspartate, and, in the third top loop, the three aspartate sites are
replaced by neutral or positively charged amino acids. Similarly, the C2B domain comprises only one
aspartate residue in the top loops, indicating that this C2 domain cannot bind Ca2+. Consistent with
this prediction, one lab found no Ca2+ binding for the C2B domain using microscale thermophoresis
assays [59]; however, other labs did find indications of Ca2+ binding with other tests (e.g., [60]).

The same is true for the C2C domains, for which some labs found Ca2+ and phospholipid binding,
while one other lab found that this domain binds Ca2+ only after including a phosphomimetic mutation
in the first top loop (replacing the blue shaded threonine in the first loop by a glutamate, since this
threonine is a site for activity-dependent CaMKIIδ phosphorylation [59]). The actual structure prediction
reveals a very long top loop 1, even slightly longer than the one on the PKCα C2 domain, comprising a
predicted (otoferlin C2C) and a confirmed (PKCα) α-helical region. The PKCα C2 domain does bind
phospholipids, but not Ca2+. For the otoferlin C2C domain, one aspartate resides in the first top loop and
two aspartates to a short top loop three, allowing no clear prediction whether this domain can bind Ca2+.
We presume that the Ca2+ binding of this domain likely depends on posttranslational modifications
such as phosphorylation and the direct domain environment, which could be phospholipid membranes,
interacting proteins, or both. In a mouse model in which two aspartate residues in the C2C domain were
replaced by alanine residues, exocytosis appeared to be slightly slowed [12]. This finding would be
consistent with such a context-dependent Ca2+-binding ability of this domain, but also with interfered
phospholipid binding due to altered domain folding.

The C2D and C2E domains exhibit the five canonical aspartate residues at respective positions in
the top loops, and experimental data confirm that both domains bind Ca2+ and phospholipids [60].
Nevertheless, for the C2E domain, the precise localization of the last two β-strands could not be
predicted with the algorithm and the current dataset of structures. Since a growing number of structures
is solved and deposited in databases, future structure predictions might result in a reasonable model of
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the position of the two β-strands. Pathogenic single amino acid substitutions in these domains typically
lie within β-strands (Figure 5), likely destabilizing the structure of the domains. The effect is nicely
demonstrated in an ENU-mutagenesis induced mouse line, deaf5Jcs, with a p.Ile318Asn substitution in
the 5th β-strand of the C2B domain (indicated with green shading in Figure 5). Immunohistochemical
analyses of mouse IHCs revealed almost complete absence of the protein, despite mRNA transcripts
were present [64], most likely because misfolding of one domain leads to proteasomal degradation of
the mutated protein.

Figure 5. Alignment of otoferlin C2 domains A to F with β-strands in brown fonts and α-helices in green
fonts. The structure of the C2A domain was resolved by X-ray crystallography ([58], PDB accession
code 3L9B, www.rcsb.org). The structures of the other C2 domains were modelled by means of
Phyre2 [63]. The two last β-strands of the C2E domain and the 7th β-strand of the C2F domain could
not be reliably predicted due to low sequence homology. In case the modelling of the β-strands is
rather uncertain, amino acids are depicted in purple font. The aspartate residues that coordinate Ca2+

are depicted in blue fonts, in case several aspartates or glutamates could potentially play a role for
Ca2+ co-ordination in dark blue fonts. Pathogenic variants leading to profound deafness are shaded in
orange. Those causing moderate hearing loss are shaded in yellow, and if the hearing loss appears to
be temperature sensitive, in red. Shading in green indicates mutations in deaf mouse models, deaf5Jcs
in the C2B domain and pachanga in the C2F domain [14,64]. Threonine or serine residues that were
found to be phosphorylated by CaMKIIδ are shaded in blue [59]. Few pathogenic variants affect the
CaMKII consensus phosphorylation site, which is RXXS or RXXT.

Structure predictions have hinted to a seventh C2 domain, termed C2de, between the C2D and
the C2E domains that spans amino acids 1143–1220 according to the Pfam algorithm. Due to the low
sequence similarity and the rather short length of this predicted domain, it is currently unclear if this
region folds as a C2 domain at all. One frameshift and three splice site mutations have been found in
this potential domain, but so far no non-truncating pathogenic variant (Table S1).

The C2F domain seems to be the most unconventional and most susceptible to alterations ultimately
leading to protein malfunction. There are presently 18 reported pathogenic/likely pathogenic variants
mapping to this domain.

The first top loop comprises eight negatively charged amino acid residues that could potentially
contribute to Ca2+ co-ordination. Three aspartate residues reside in the canonical positions of the third
top loop. Substitution of one of the aspartates in the first top loop (p.Asp1750His) and two in the third
top loop (p.Asp1834Asn and p.Asp1842Asn) are each pathogenic. Accordingly, Ca2+ co-ordination
seems plausible and has experimentally been confirmed [59,60], despite the fact that the precise folding
of the first loop is unable to be predicted. Since these Asp>Asn substitutions in the third loop do not
change the hydrophobicity, we presume that the Ca2+ affinity is strongly reduced by these substitutions,
indicating that Ca2+ binding to the C2F domain is essential for proper function.

Different from the other otoferlin C2 domains, where only two amino acids form the bottom
loop between β-strands 2 and 3, the loop in the C2F domain is predicted to be longer and consists of
hydrophobic tryptophane residues flanked by positively charged side chains. This loop comprises
the p.Asp1772Gly mutation found in pachanga mice which strongly reduced plasma membrane
association of otoferlin [8,13,14]. This indicates that this loop structure, also found in other ferlin C2F
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domains [65], seems to be crucial for a partial insertion into phospholipid membranes. Despite homology
modelling with alignments with different structures leaving some uncertainty about the beginning
of the subsequent β-strand, the consensus prediction of this β-strand includes the position of
three consecutive amino acids whose substitutions cause profound hearing loss (p.Asp1777Gly,
p.Val1778Ile, p.Val1778Phe, p.His1779Tyr). Moreover, these three amino acids reside just before a
CaMKIIδ phosphorylation site, S1782, and might interfere with the binding of the CaMKIIδ and thus
phosphorylation [59]. The subsequent bottom loop comprises two glutamate residues. The deletion
of one (p.Glu1804del) causes temperature-sensitive auditory neuropathy, presumably because the
shortening of this loop destabilizes the domain. Thus, it seems as if the C2F domain is especially sensitive
to point mutations and that Ca2+ and phospholipid binding are crucial for proper protein function.

The function of the FerA domain for synaptic transmission is presently less clear. Small-angle
X-ray scattering and in vitro experiments indicated that this domain is comprised of four α-helices,
which are connected by a dynamic linker region [66]. The FerA domain binds to phospholipid
membranes that is enhanced by Ca2+. Four non-truncating substitutions have been identified in
the FerA domain so far, but three of those could not be linked to a phenotype (heterozygous, or no
reference). The fourth homozygous substitution found in a Taiwanese family alters the second helix
(p.Leu760Pro). This suggests that misfolding of the FerA domain is not tolerated, indicating a role for
the FerA domain for synaptic transmission that requires further studies.

Substitutions of amino acids in the TM domain cause variable severities of hearing loss.
The homozygous p.Pro1987Arg substitution causes early onset, severe to profound hearing impairment,
in this specific case, with a bowl-shaped audiogram [19] (Table S1). A three base pair deletion
(p.Leu1967_Lys1968delinsGln) at the TM domain caused early onset, mild hearing loss, similar to
the p.Ter1998Argext30Ter [46]. This is likely due to the mechanism by which this tail-anchored
structure is inserted into the membrane. Once translation of the amino acid chain has been completed,
the C-terminal amino acids bind to the chaperone TRC40 and this complex is targeted to the TRC40
receptors WRB and CAML, which insert the C-terminus into the phospholipid membrane [67,68].
These mutations likely interfere with this tail insertion mechanism, thereby reducing the amount of
otoferlin at the plasma membrane, leading to a moderate hearing impairment. In contrast, variants
truncating the amino acid chain behind the C2F domain and before the TM domain, such as p.Gln1883Ter
or the c.5833delA deletion (p.Ile1945Serfs*4), cause profound deafness, indicating that the TM domain
is essential for protein function [48].

6. Current and Future Therapies for DFNB9

The established therapy for individuals with severe to profound hearing loss due to otoferlin
deficiency is currently cochlear implantation. Since this prosthetic bridges the first auditory synapse,
which is the only part of the auditory pathway involved in DFNB9, patients benefit well from these
devices and gain good or even excellent speech understanding. However, the most sensitive period
for developing the capability to understand spoken language is within the first two years of life.
It is, therefore, critical to implant patients as early as possible. This requires an early diagnosis,
but most children with severe to profound hearing loss due to variants in OTOF pass newborn
hearing testing because, in most countries, the assessment of OAEs is the method of choice for
screening. These children are typically diagnosed at a later stage after parents report a severe delay
in speech development. Knowing that deafness, either due to biallelic variants in OTOF or auditory
neuropathies/synaptopathies of other etiologies, cannot be reliably diagnosed with OAE screenings,
but could be aided with currently available therapies, requires switching newborn hearing screenings
to routine ABR testing. This is not only of importance with respect to cochlear implantation, which will
yield much better outcomes if implanted earlier, but also with respect to a gene therapy, which is
currently under development.

The currently favored gene therapeutic approach involves replacing the defective gene by
transducing IHCs with correct cDNA by means of recombinant adeno-associated viruses (AAVs,
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reviewed in [69]). These viral vectors have a series of beneficial features: they are non-pathogenic,
they evoke the least inflammatory response, they do not integrate into the genome under most
conditions, and the choice of their surface protein allows the vector to target different cell types.
The main disadvantage is that they can transport only up to 4.9 kb of foreign DNA, which needs to
be subcloned between two AAV gene sequences called inverted terminal repeats (ITRs) of 145 bp
each. The 6 kb cDNA length encoding otoferlin has successfully been transduced into IHCs by
dual-AAV-approaches, where the cDNA is split to two AAV genomes [70,71]. The latter form head-to-tail
multimers in the nuclei of target cells, thereby assembling the split cDNA. By means of splice donor
and splice acceptor sites, the ITRs are excised, and the otoferlin mRNA transcribed from dual-AAVs
has been demonstrated as being correct [70]. Studies in Otof−/− mice have revealed that such dual-AAV
strategies successfully and persistently restored hearing [70,71]. At least three companies have prepared
for clinical trials with dual-AAV approaches, the first intending to start in 2021 (Akouos, Boston,
MA, USA; Decibel Therapeutics, Boston, MA, USA; Sensorion, Montpellier, France). This causal
therapy is expected to result in more natural hearing compared to cochlear implants, overcoming
limitations such as poor perception of vocal emotions, poor frequency discrimination, or poor speech
comprehension in background noise, just to name a few. DFNB9 is predestined for a gene therapy,
as all cells develop normally and are in place at birth. However, OHCs degenerate within a few
years after birth, as discussed above. For cochlear implantation, the loss of OHCs is not of relevance;
however, gene therapy will only yield good outcomes with intact OHC-driven cochlear amplification.
Hence, a gene therapy for profoundly deaf DFNB9 patients will need to be applied ideally within
the first year of life, both to have OHCs still present and to be within the sensitive time window for
language acquisition.

Especially with respect to the envisioned gene therapy, the use of hearing aids for rehabilitation of
severe to profound hearing impairment should be critically evaluated. While power hearing aids have
successfully induced behavioral responses in DFNB9 children with severe to profound deafness [23],
we have to assume that the use of hearing aids is unlikely to assure proper speech comprehension.
Studies from animal models indicate that challenging the synapse with a higher rate of acoustic
stimuli or more intense stimuli will cause a faster depletion of synaptic transmission. This reduces
the capability of the synapse to encode modulations of the input. Moreover, it presumably lowers
the timely precision of spiking in the auditory nerve, and thus might blur auditory cues required for
speech comprehension.

In addition to being questionable for language acquisition, the use of power hearing aids
might accelerate the loss of OHCs, as proposed from observations in retrospective studies [22,72,73].
Whether and potentially why OHCs are more susceptible to noise trauma in DFNB9 patients compared
to normal hearing individuals still awaits experimental proof and basic research in animal models.
Is the expression of otoferlin in immature OHCs or unknown genetic modifiers related to the loss
of DPOAEs (as proposed by [22]) or rather the lack of OHC suppression by efferent inhibition?
In intact cochleae, OHCs mechanically amplify the motion of the basilar membrane, which increases
the sensitivity of gentle sounds by several orders of magnitude, i.e., they lower hearing thresholds
by 50–60 dB SPL. For high SPLs, inhibitory innervation from efferent fibers originating from the
medial olivocochlear (MOC) system hyperpolarizes OHCs and thereby suppresses this mechanical
amplification. Activation of the MOC efferents occurs through activity in the auditory pathway, which is
strongly reduced or missing in absence of otoferlin. Thus, even during exposure to intense sounds,
we hypothesize that OHCs do not perceive any inhibitory neurotransmission in DFNB9 patients,
as is the case for normal hearing individuals. Chronically high levels of OHC activation, such as,
for example, in noise trauma experiments, have been associated with cell death, potentially involving
oxidative stress. Thus, power hearing aids should be prescribed and used with caution, potentially only
for specialized auditory trainings and not for full day usage.
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7. Outlook and Conclusions

A timely clinical and molecular genetic diagnosis of OTOF hearing impairment should be made
as early as possible. Ideally, a clinical diagnosis should occur within the first few days of life if already
apparent at birth, with rapid molecular genetic diagnostic results thereafter. Therefore, changes in
newborn hearing screening protocols from OAEs to ABRs, or a combination of the two will support
an early diagnosis. This will become increasingly important as promising gene therapies emerge.
The structure of otoferlin, particularly of the C2E and C2F domains, is provisionally incomplete
based on structural modelling. The possibility of an incomplete overall structure is supported by the
identification of novel exons in mouse IHC transcriptome data. Therefore, we recommend genetic
re-testing of undiagnosed individuals, especially those with auditory neuropathy/synaptopathy to
profit from advances in basic knowledge of isoform structure, as well as improvements in sequencing
technologies, bioinformatics approaches, and variant interpretation. Diagnostic laboratories critically
rely on annotation of variants to the correct transcript in databases such as LOVD, DVD, ClinVar,
and HGMD. In many instances in current versions of these databases, the transcript that is used is
incorrect. Therefore, careful attention must be exercised by medical geneticists to report variants with
the correct transcript until this can be revised.
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Pangršič, T.; Santarelli, R.; Rodriguez-Ballesteros, M.; et al. Tryptophan-rich basic protein (WRB) mediates
insertion of the tail-anchored protein otoferlin and is required for hair cell exocytosis and hearing. EMBO J.
2016, 35, 2536–2552. [CrossRef]

69. Reisinger, E. Dual-AAV delivery of large gene sequences to the inner ear. Hear. Res. 2019, 394, 107857.
[CrossRef]

70. Al-Moyed, H.; Cepeda, A.P.; Jung, S.; Moser, T.; Kügler, S.; Reisinger, E. A dual-AAV approach restores fast
exocytosis and partially rescues auditory function in deaf otoferlin knock-out mice. EMBO Mol. Med. 2019,
11, e9396. [CrossRef]

71. Akil, O.; Dyka, F.; Calvet, C.; Emptoz, A.; Lahlou, G.; Nouaille, S.; De Monvel, J.B.; Hardelin, J.-P.;
Hauswirth, W.W.; Avan, P.; et al. Dual AAV-mediated gene therapy restores hearing in a DFNB9 mouse
model. Proc. Natl. Acad. Sci. USA 2019, 116, 4496–4501. [CrossRef] [PubMed]

72. Starr, A.; Picton, T.W.; Sininger, Y.; Hood, L.J.; Berlin, C.I. Auditory neuropathy. Brain 1996, 119, 741–754.
[CrossRef] [PubMed]

73. Rouillon, I.; Marcolla, A.; Roux, I.; Marlin, S.; Feldmann, D.; Couderc, R.; Jonard, L.; Petit, C.; Denoyelle, F.;
Garabédian, E.N.; et al. Results of cochlear implantation in two children with mutations in the OTOF gene.
Int. J. Pediatr. Otorhinolaryngol. 2006, 70, 689–696. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

27





genes
G C A T

T A C G

G C A T

Article

Bi-Allelic Novel Variants in CLIC5 Identified in a
Cameroonian Multiplex Family with Non-Syndromic
Hearing Impairment

Edmond Wonkam-Tingang 1, Isabelle Schrauwen 2, Kevin K. Esoh 1, Thashi Bharadwaj 2,

Liz M. Nouel-Saied 2, Anushree Acharya 2, Abdul Nasir 3, Samuel M. Adadey 1,4,

Shaheen Mowla 5, Suzanne M. Leal 2 and Ambroise Wonkam 1,*

1 Division of Human Genetics, Faculty of Health Sciences, University of Cape Town,
Cape Town 7925, South Africa; wonkamedmond@yahoo.fr (E.W.-T.); esohkevin4@gmail.com (K.K.E.);
smadadey@st.ug.edu.gh (S.M.A.)

2 Center for Statistical Genetics, Sergievsky Center, Taub Institute for Alzheimer’s Disease and the Aging
Brain, and the Department of Neurology, Columbia University Medical Centre, New York, NY 10032, USA;
is2632@cumc.columbia.edu (I.S.); tb2890@cumc.columbia.edu (T.B.);
lmn2152@cumc.columbia.edu (L.M.N.-S.); aa4471@cumc.columbia.edu (A.A.);
sml3@cumc.columbia.edu (S.M.L.)

3 Synthetic Protein Engineering Lab (SPEL), Department of Molecular Science and Technology,
Ajou University, Suwon 443-749, Korea; anasirqau@gmail.com

4 West African Centre for Cell Biology of Infectious Pathogens (WACCBIP), University of Ghana,
Accra LG 54, Ghana

5 Division of Haematology, Department of Pathology, Faculty of Health Sciences, University of Cape Town,
Cape Town 7925, South Africa; shaheen.mowla@uct.ac.za

* Correspondence: ambroise.wonkam@uct.ac.za; Tel.: +27-21-4066-307

Received: 28 September 2020; Accepted: 20 October 2020; Published: 23 October 2020

Abstract: DNA samples from five members of a multiplex non-consanguineous Cameroonian family,
segregating prelingual and progressive autosomal recessive non-syndromic sensorineural hearing
impairment, underwent whole exome sequencing. We identified novel bi-allelic compound heterozygous
pathogenic variants in CLIC5. The variants identified, i.e., the missense [NM_016929.5:c.224T>C; p.(L75P)]
and the splicing (NM_016929.5:c.63+1G>A), were validated using Sanger sequencing in all seven available
family members and co-segregated with hearing impairment (HI) in the three hearing impaired family
members. The three affected individuals were compound heterozygous for both variants, and all
unaffected individuals were heterozygous for one of the two variants. Both variants were absent from
the genome aggregation database (gnomAD), the Single Nucleotide Polymorphism Database (dbSNP),
and the UK10K and Greater Middle East (GME) databases, as well as from 122 apparently healthy
controls from Cameroon. We also did not identify these pathogenic variants in 118 unrelated sporadic
cases of non-syndromic hearing impairment (NSHI) from Cameroon. In silico analysis showed that the
missense variant CLIC5-p.(L75P) substitutes a highly conserved amino acid residue (leucine), and is
expected to alter the stability, the structure, and the function of the CLIC5 protein, while the splicing
variant CLIC5-(c.63+1G>A) is predicted to disrupt a consensus donor splice site and alter the splicing of
the pre-mRNA. This study is the second report, worldwide, to describe CLIC5 involvement in human
hearing impairment, and thus confirms CLIC5 as a novel non-syndromic hearing impairment gene that
should be included in targeted diagnostic gene panels.
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1. Introduction

Hearing impairment (HI) is the most common sensory disability and is prevalent in about 1
per 1000 live births in high-income countries, with a much higher incidence of up to 6 per 1000 live
births in sub-Saharan Africa [1]. When occurring in childhood, HI is associated with impaired
language acquisition, learning, and speech development, and affects ~34 million children worldwide
(World Health Organisation) [2]. Approximately 30 to 50% of HI cases in Africa have a genetic
origin [3,4]. Non-syndromic hearing impairment (NSHI) accounts for about 70% of HI cases of genetic
origin and is inherited on an autosomal recessive (AR) mode in approximately 80% of cases [5].

Variants in GJB2 and GJB6 genes, which are the major contributors to NSHI in Europeans,
Asians, and Arabs, are infrequent in most populations of African descent, with a prevalence close
to zero [6–8]. NSHI is highly genetically heterogeneous [3,4]. To date, about 170 loci and 121 genes
have been identified as being associated with NSHI (hereditary hearing loss homepage; Appendix A).
Targeted sequencing panels that include >100 HI genes have detected a consistently lower rate of
pathogenic and likely pathogenic (PLP) variants in sporadic HI cases of African ancestry, e.g., African
Americans (26%), and Nigerians and Black South Africans (4%), compared to >70% for Europeans
and Asians [9,10]. However, the detection rate was 70% for 10 mutiplex Cameroonian families [11].
Moreover, the prevalence of autosomal recessive non-syndromic hearing impairment (ARNSHI)
pathogenic and likely pathogenic (PLP) variants, using data from the genome aggregation database
(gnomAD) database [12] were estimated to account for ARNSHI in 5.2 per 100,000 individuals for
Africans/African Americans, compared to 96.9 per 100,000 individuals for Ashkenazi Jews based on
sequence data [13]. Therefore, there is an urgent need to investigate HI in populations of African
ancestry, particularly multiplex families, using next generation sequencing, to improve knowledge a
variants and genes which underlie NSHI in African populations.

In this study, we generated whole exome sequence (WES) data for samples obtained from a multiplex
non-consanguineous Cameroonian family, segregating progressive ARNSHI, and identified novel bi-allelic
PLP variants in CLIC5 in the locus DFNB103. This gene was previously reported to be associated with HI
in a single Turkish family [14]. This gene encodes a member of the chloride intracellular channel (CLIC)
family of chloride ion channels. The encoded protein associates with actin-based cytoskeletal structures
and may play a role in multiple processes including hair cell stereocilia formation, myoblast proliferation,
and glomerular podocyte and endothelial cell maintenance. Alternatively, spliced transcript variants
encoding multiple isoforms have been observed for this gene (provided by RefSeq). The corresponding
mutant mouse model (jbg mouse), which has an intragenic deletion in CLIC5 resulting in a truncated
protein, presents progressive hearing impairment and vestibular dysfunction [15].

2. Materials and Methods

2.1. Ethics Approval

This study was performed with respect to the Declaration of Helsinki. Ethical approval was
granted by the University of Cape Town’s Faculty of Health Sciences’ Human Research Ethics Committee
(HREC 484/2019), the Institutional Research Ethics Committee for Human Health of the Gynaeco-Obstetric
and Paediatric Hospital of Yaoundé, Cameroon (No. 723/CIERSH/DM/2018), and the Institutional Review
Board of Columbia University (IRB-AAAS2343). Written and signed informed consent was obtained from
all participants who were 21 years of age or older, and from parents in the case of minors, with verbal
assent from participants.

2.2. Participants’ Recruitment

The participants’ selection process has been previously reported [16]. The hearing-impaired
members of the Cameroonian family (Family 24, Figure 1A) were identified through a community
engagement program for the deaf. For all hearing-impaired participants, their detailed personal history
and medical records were reviewed by a general practitioner, a medical geneticist, and an ear, nose and
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throat (ENT) specialist. A general systemic and otological examination was performed, including
pure tone audiometry. We followed the recommendation number 02/1 of the Bureau International
d’Audiophonologie (BIAP), Belgium.

 
Figure 1. Pedigree of the non-consanguineous family, audiological phenotypes, and electropherogram
data of the pathogenic variants in CLIC5. (A) The pedigree is suggestive of an autosomal recessive mode
of inheritance. The missense CLIC5 variant (NM_016929.5:c.224T>C) and the splicing CLIC5 variant
(NM_016929.5:c.63+1G>A), variants co-segregated with hearing impairment (HI), are compound
heterozygous. The black arrow indicates the proband. (B) Air conduction of the pure tone audiometry
performed for hearing impaired family members. Participants II.1, II.2, and II.3 were presented with a
bilateral profound HI. (C) Sanger sequencing chromatograms, showing the reference and the alternate
alleles of both the missense and the splicing variants. The red arrows indicate the nucleotides affected
by the variants. Het, heterozygous for the variant allele; Wt, wild-type (homozygous for the reference
allele); yo, years old.

Genomic DNA samples were extracted from peripheral blood, using the chemagic extraction
protocol, in the division of Human Genetics, University of Cape Town, South Africa. Additionally,
a group of 118 unrelated Cameroonian individuals living with sporadic NSHI of putative genetic origin
(Table S1) were recruited, to investigate the frequencies of pathogenic variants that could be found.
All hearing impaired family members were previously investigated for variants in GJB2 (through
direct sequencing of the entire coding region of GJB2), and GJB6-D13S1830 deletion (using a multiplex
polymerase chain reaction), and were negative [6].
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A total of 122 ethno-linguistically matched Cameroonian controls without personal or
familial history of HI were randomly recruited among blood donors at The Central Hospital of
Yaoundé, Cameroon.

2.3. Whole Exome Sequencing and Data Analysis

DNA samples from five family members were exome sequenced at Omega Bioservices (Norcross,
GA, USA); these samples were obtained from two affected individuals (Figure 1A, II.1, and II.3),
their parents (I.1, and I.2), and one unaffected sibling (II.4). Library preparation was performed
with an Illumina Nextera Rapid Capture Exome Kit® (Illumina, San Diego, CA, USA) following the
manufacturer’s instructions, and the resulting libraries were hybridized with a 37 Mb probe pool to
enrich exome sequences. Sequencing was performed on an Illumina HiSeq 2500 sequencer using the
pair-end 150 bp run format. Sequencing data were processed using the Illumina DRAGEN Germline
Pipeline v3.2.8. Briefly, high-quality reads were aligned to the human reference genome GRCh37/hg19
using the DRAGEN software version 05.021.408.3.4.12, and, after sorting and duplicate marking,
variants were called, and individual genomic variant call format (gvcf) files were generated. Joint single
nucleotide variant (SNV) and Insertion/Deletion (Indel) variant calling was performed using the
genome analysis toolkit (GATK) software v4.0.6.0 [17]. The sex of each individual was verified using
plinkv1.9 [18]. Familial relationships for all members were verified via Identity-by-Descent sharing
(plinkv1.9) and the Kinship-based INference for Gwas (KING) algorithm [18,19].

2.4. Annotation and Filtering Strategy

Variants were annotated and filtered using ANNOVAR [20] and custom scripts. Variants were
first prioritized based on the inheritance model, considering both AR and autosomal dominant (AD)
modes of inheritance. Subsequently, rare variants with a minor allele frequency (MAF) < 0.005
(for AR) and <0.0005 (for AD) in all populations of the genome aggregation database (gnomAD)
were retained. Known pathogenic HI variants listed in ClinVar were also retained, regardless of their
frequencies. dbNSFP v3.0 was used to annotate, with 17 bioinformatic tools predicting the deleterious
effects of the identified variants [21]. Coding variants were evaluated using Sorting Intolerant from
Tolerant (SIFT), polymorphism phenotyping v2 (PolyPhen-2) × 2, MutationAssessor, the likelihood
ratio test (LRT), Mendelian clinically applicable pathogenicity (M-CAP) score, Rare Exome Variant
Ensemble Learner (REVEL), MutPred, protein variation effect analyzer (PROVEAN), MetaSVM,
and MetaLR, while MutationTaster, Eigen, Eigen-PC, functional analysis through Hidden Markov
models (FATHMM-MKL), combined annotation dependent depletion (CADD) score, and deleterious
annotation of genetic variants using neural networks (DANN) score were used to annotate both coding
and non-coding variants [21].

Adaptive boosting (ADA) and random forest (RF) scores derived from dbscSNV v1.1 were used
to predict the deleterious effect of variants within splicing consensus regions (−3 to +8 at the 5′ splice
site and −12 to +2 at the 3′ splice site) [21,22]. We used phyloP, Genomic Evolutionary Rate Profiling
(GERP), SiPhy, and phastCons scores to estimate the evolutionary conservation of the nucleotides
and amino acid (aa) residues at which the variants occurred [21,23,24]. The hereditary hearing loss
homepage (HHL), online Mendelian inheritance in man (OMIM), human phenotype ontology (HPO),
and ClinVar databases were used to determine if there were any existing associations between the
identified variants and genes and HI. Candidate variants were considered when: (1) they occurred
in known HI genes (and genes expressed in the inner ear); (2) they had a predicted effect on protein
function or pre-mRNA splicing (nonsense, missense, start-loss, frameshift, splicing, start-loss, etc.);
and (3) they co-segregated with the HI phenotype within the family.

2.5. Sanger Sequencing

Sanger sequencing was performed for all the available family members (I.1, I.2, II.1, II.2, II.3, II.4,
and II.5; Figure 1A), 118 unrelated sporadic NSHI cases from Cameroon (Table S1), and 122 apparently
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healthy controls that were previously recruited as blood donors at The Central Hospital of Yaoundé.
Primers to target our variants of interest in exon3 (forward 5′-GAAGGAACATACTGGGGCGA-3′;
reverse 5′-AGCGCATTTTTGTTAGGCAGA-3′) and at the exon1-intron1 boundary (forward
5′-CTCTGAGCGAAAGAGAGAAAGAG-3′; reverse 5′-ACTTGTTGCTCCCACGACC-3′) of the CLIC5
gene were validated using NCBI BLAST. The optimal annealing and extension temperatures for the
PCR were 60 ◦C and 70 ◦C for 30 s and 1 min, respectively. PCR-amplified DNA products were
Sanger sequenced using a BigDyeTM Terminator v3.1 Cycle Sequencing Kit and an ABI 3130XL Genetic
Analyzer® (Applied Biosystems, Foster City, CA, USA) in the Division of Human Genetics, University
of Cape Town, South Africa. Sequencing chromatograms were manually checked using FinchTV v1.4.0,
and aligned in UGENE v34.0 to the CLIC5 reference sequence (ENSG00000112782; retrieved from
Ensembl browser).

2.6. Evolutionary Conservation of Amino Acids and Secondary Structure Analysis

We performed a multiple sequence alignment (MSA) of human CLIC5 with non-human similar
proteins to provide more evidence on the evolutionary conservation of the amino acid residue at which
our candidate missense variant occurred. A PSI-BLAST search against the non-redundant protein
database of CLIC5 was performed. Non-redundant, non-synthetic CLIC5 proteins from all the different
species in the 500 BLAST hits were manually retrieved as FASTA files. The MSA was performed using
CLUSTAL Omega v1.2.4 [25] and the MSA file was visualized using Jalview v2.10.5 [26]. Furthermore,
PSIPRED v4.0 [27] and Swiss-Model [28] were used to assess the secondary structural features of
both protein forms. Additionally, the InterPro [29] database was queried via the InterProScan web
service [30] to identify domains and potential domain changes for both protein forms separately.

2.7. Protein Modelling

Three-dimensional modelling was performed on the longest isoform of the CLIC5 gene as
follows: a homology model of the longest isoform (410 amino acids) of wild-type and mutant CLIC5
[NM_001114086.1: c.701T>C:p.(L234P)] was constructed using the program MODELLER based on
the available crystal structure of human chloride intracellular channel protein 5 (PDB ID: 6Y2H) as a
template [31]. PYMOL viewer was used for structural visualization and image processing.

3. Results

3.1. Participants Phenotypes

A total of seven individuals from “Family 24” were recruited, including three affected individuals
(II.1: 36 years old, II.2: 32 years old, and II.3: 25 years old), their parents (I.1: 61 years old, and I.2: 55
years old), and two unaffected siblings (II.4: 18 years old, and II.5: 16 years old) (Figure 1A). The most
likely mode of inheritance for the NSHI is AR. From the medical history, no environmental factors were
identified as a possible cause of HI, and no HI participant had a history of ophthalmological (blurred
or distorted vision, photophobia, eye pain, etc.) or neurological (vertigo, dizziness, etc.) symptoms.
Additionally, no vestibular, neurologic, or any other systemic abnormalities were detected by physical
examination. A history of prelingual and progressive HI was described for all three affected pedigree
members; however, before this study, no formal audiological assessment was performed for any of the
family members. Audiological assessment of the three affected individuals revealed bilateral profound
sensorineural HI (Figure 1B).

3.2. WES Identification of Candidate Gene and Variants

The average target region coverage was about 225×, with 96.30% of the target region being
covered to a depth of 10 X or more. After applying our various filtering criteria described in the
methods section, two candidate variants were found to occur in a known HI gene (CLIC5; MIM:607293)
and to co-segregate with the HI phenotype. These two variants which occurred in a compound
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heterozygous state are the missense variant NM_016929.5:c.224T>C, and the splice-site variant
NM_016929.5:c.63+1G>A. The NM_016929.5:c.224T>C variant leads to the substitution of a leucine
by a proline amino acid residue at position 75 [NM_016929.5:p.(L75P)] and was predicted to be
damaging by 16 of the 17 bioinformatics tools used (Table S2). The NM_016929.5:c.63+1G>A variant,
which occurs in a canonical donor splice site, was predicted damaging by most of the tools that
can be used to evaluate non-coding variants, including MutationTaster, FATHMM-MKL, Eigen-PC,
CADD, and DANN (Table S2). Both variants were predicted as occurring in conserved positions of the
genome and were both absent from the gnomAD, UK10K, Greater Middle East (GME) variome project
databases, as well as the Single Nucleotide Polymorphism Database (dbSNP) (Table S2). Based on a
human splice finder server (HSF v3.1) and NNSPLICE 0.9, the variant NM_016929.5:c.63+1G>A is
predicted to break the consensus 5′ donor site “AAGGTAGGT” (which is altered due to the variation
“AAGATAGGT“) and probably alter the splicing of the pre-mRNA. The NM_016929.5:c.63+1G>A
variant might therefore alter normal protein synthesis and function through various mechanisms.
Based on the American College of Medical Genetics’ (ACMG) guidelines for the interpretation of
sequence variants, both variants were classified as pathogenic (NM_016929.5:c.63+1G>A: PSV1, PP1-S,
PM2, and PP3 and NM_016929.5:c.224T>C: PM2, PP3, PM3, PP1, and PP1-S) [32,33]. In addition to
CLIC5, only the CEP250 gene shows compound heterozygous synonymous variants that co-segregate
with hearing impairment (Table S3), which was unlikely to be the cause of the disease.

3.3. Sanger Sequencing Confirmation of Variants

Sanger sequencing confirms these candidate variants and their co-segregation with the HI
phenotype (Figure 1A,C). The three affected individuals (II.1, II.2, and II.3) were compound heterozygous
for both variants, the father (I.1) and an unaffected daughter (II.4) were heterozygous for the missense
variant, and the mother (I.2) and the other unaffected daughter (II.5) were both heterozygous for the
splice-site variant (Figure 1A). Neither of these variants was detected in the 122 controls or 118 sporadic
NSHI cases (Table S1) from Cameroon.

3.4. Analysis of the CLIC5—NM_016929.5(CLIC5):p.(L75P) Variant on the Protein

3.4.1. Evolutionary Conservation of Amino Acids

The NCBI PSI-BLAST search of CLIC5 (NP_058625.2) against the non-redundant protein database
found the variant position p.(L75P) to be highly conserved across all non-human species retrieved
in the top 500 BLAST hits (Figure 2). As expected, there was substantial conservation across an
extensive aa block (on which the variant resides) which forms the thioredoxin/Genetic Diversity
Statistics (GST)–N-terminal binding domain. This was consistent with the GERP and PhyloP scores for
conservation, indicating a strong evolutionary and functional constraint on the region.

3.4.2. Protein Modelling: Secondary Structure Analysis and Domain Search

A significant attenuation of the protein’s secondary structural features was predicted for
the NM_016929.5(CLIC5):p.(L75P) variant using the PSIPRED v4.0 server, whereby; there was an
abolishment of the β4 strand (Figure 3 and Figure S1 red box) and multiple changes affecting the
lengths of β strands and several helices were inflicted (Figure S1 black boxes). Using Swiss-Model,
a similar distortion in the secondary structure of the mutant protein was observed; shortening of the
β4 strand, although no β-strand loss was apparent. A domain search with InterProScan (InterPro
v80.0) predicted the loss of the N-terminal GST domain due to the variant (Figure S2). This domain
loss was also predicted to lead to the abrogation of CLIC5′s protein binding function (GO:0005515).
Model parameters were refined and showed improvement in model qualities (Table S4).
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Figure 2. Evolutionary conservation of the CLIC5:p.(L75P) variant position (indicated by the red arrow).

Figure 3. (a) The residue Leu234 of NM_001114086.1:c.701T>C:p.(L234P), representing the long isoform
of missense variant NM_016929.5:c.224T>C:p.(L75P) is located in the extracellular domain of the CLIC5
protein. (b,c) The overall structure of CLIC5 and the Leu234 residue (represented by a stick model).
(d) Close-up view of the interaction pattern at position 234 of wild-type and mutant protein (f). Due to
the mutation, the shortness of the β-strand observed in the mutant protein was highlighted by a
dotted-circle. (e) The surface charge distribution of wild and (g) mutant CLIC5. Intra: intracellular;
extra: extracellular.
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Finally, we performed 3D modelling of the wild-type and mutant long isoform of CLIC5 (Figure 3).
The NM_016929.5:c.224T>C missense variant is located in a β-sheet in the extracellular domain of the
long isoform of CLIC5 [NM_001114086.1:c.701T>C:p.(L234P)] (Figure 3c). We found that there was
a local perturbation in the hydrophobic interaction of nearby residues at position 234 of the CLIC5
protein (Figure 3d,f). Pro234 affects the shortness of the nearby β-sheet conformation in the mutant
protein, as shown in Figure 3f. There was also a difference observed on the surface charge distribution
between wild-type and mutant (Figure 3e,g).

4. Discussion

This study is, to our knowledge, the first report highlighting the association of HI with CLIC5
variants in individuals of African ancestry, and the second to demonstrate this association globally.
Thus, the data confirms CLIC5 as a novel HI gene. Both pathogenic variants reported are novel:
(NM_016929.5:c.224T>C) and the splicing variant (NM_016929.5:c.63+1G>A), and were not found in
118 unrelated sporadic cases of NSHI cases, reinforcing the genetic and locus heterogeneity nature of
HI, and the importance of investigating diverse populations, particularly the understudied African
populations, to help to enhance and refine HI disease-gene curation. The contribution of CLIC5
to NSHI in humans was first described with the identification of a homozygous nonsense variant
[NM_016929.5:c.96T>A; p.(Cys32Ter)] that abrogated the protein function and co-segregated with
ARNSHI in a Turkish family [14]. The two affected individuals from the aforementioned Turkish family
presented an early onset sensorineural HI, which started mildly and progressed to severe-to-profound
HI. This HI phenotype is similar to that described in the present study, as our three affected participants
described a history of prelingual HI, and presented profound sensorineural HI at the time of the
study [14]. The corresponding mutant mice model (jbg mice), which has a deletion in the CLIC5
mice ortholog gene, resulting in impaired hearing and vestibular dysfunction [15]. CLIC5 was also
studied in 69 unrelated Spanish and 50 predominantly Dutch patients with ARNSHI, and no PLP
variants were identified [14]. In the present study, we did not find any clinical evidence of vestibular
or renal dysfunctions, unlike what was previously reported in the Turkish family [14], as well as in the
corresponding mutant mice model (jbg mice) that were also shown to have abnormalities in the foot
processes of the kidney podocytes leading to proteinuria [34,35]. Biological exploration of the kidney
functions of affected Cameroonian individuals with PLP in CLIC5 should be performed. In addition
to the inner ear and kidney abnormalities, the jbg-mutant mice also exhibited emphysema-like lung
pathology, hyperactivity, and gastric haemorrhage [14,36]. Additional studies on more families and
populations worldwide are needed to refine the phenotype of CLIC5-induced HI in humans.

CLIC5 (mapped on 6p21.1 locus) encodes a protein that belongs to the chloride intracellular ion
channel (CLIC) family [37]. The encoded protein (CLIC5) was shown to be highly expressed in the inner
ear, and important for sensorineural hearing [15]. CLIC5 protein associates with actin-based cytoskeletal
structures and may play a role in multiple processes, including hair cell stereocilia formation [15].
The main function of CLIC5A in the ear is the stabilization of membrane-actin filament linkages at the
base of hair cell stereocilia [15]. Therefore, a variant that abrogates CLIC5A or destabilizes its activity
would lead to the destabilization of actin-based complexes, fusion, and the elongation of hair cell
stereocilia, and consequently, impaired hearing [14,38]. The missense NM_016929.5(CLIC5):p.(L75P)
variant reported in this study is predicted to lead to the loss of the N-terminal GST domain. This is in
turn expected to abrogate CLIC5′s protein binding function (GO:0005515), and is therefore likely to
affect binding to ERM proteins. Interaction of CLIC5 with the actin-based cytoskeleton is dependent
upon its protein–protein interaction with ERM proteins [38].

There are three isoforms of CLIC5 [39]: The canonical isoform CLIC5B (410aa), CLIC5A (251aa) and
CLIC5C (205aa). All three isoforms show evidence of expression in the human inner ear, of which
CLIC5A shows the highest expression (251aa) [40]. The splice site variant we identified in this
study is predicted to affect two of these three isoforms, [NM_016929.5:c.63+1G>A (251 aa; CLIC5A);
NM_001256023.1:c.63+1G>A (205 aa; CLIC5C)], including isoform CLIC5A. This splice site variant is
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located at the 5′ donor canonical splice site of exon 1 of these two isoform transcripts (position +1) and
predicted to lead to a loss of the consensus 5′ donor site. The missense variant reported in this study
[NM_016929.5: p.(L75P)] is predicted to affect all three isoforms of CLIC5 as a missense change.

Although the identified variants in the present study are predicted to be pathogenic (Table S2),
and to also affect the structure and function of the protein (Figure 2, Figures S1 and S2), more studies
in other populations will likely inform and strengthen the HI disease gene-pair curation, globally, as
illustrated with this case report.

5. Conclusions

We identified bi-allelic novel compound heterozygous pathogenic variants in CLIC5
(MIM:607293), the missense variant [NM_016929.5:c.224T>C; p.(L75P)] and the splicing variant
(NM_016929.5:c.63+1G>A), that co-segregated with non-syndromic autosomal recessive hearing
impairment in three affected members of a non-consanguineous family from Cameroon. This study
is the second report, worldwide, to describe the CLIC5–HI gene-disease pair in humans, and thus
confirms CLIC5 as a novel NSHI that should be included in targeted diagnostic gene panels. Our study
emphasizes the urgent need of using WES to investigate hearing impairment in understudied African
populations, in order to improve our understanding of hearing pathobiology.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/11/11/1249/s1,
Table S1: Demographic and clinical characteristics of isolated NSHI cases screened for the identified CLIC5
pathogenic variants. Mean age = 10.92 ± 4.84 (3–31) years, Table S2: Description of pathogenic variants identified
in CLIC5, Table S3: Synonymous likely benign variants identified in the CEP250 gene, Table S4: Model parameters
before and after refinement showing improvement in protein model qualities, Figure S1: Secondary structure
prediction of CLIC5 using the 251 amino acids isoform (NM_016929.5). Boxes indicate positions of difference
between the wild-type (CLIC5A:p.75L) and mutant (CLIC5A:p.75P). Red boxes show loss of the fourth strand
in the wild-type, while black boxes show changes in the lengths of strands and helices, Figure S2: Domains of
CLIC5A:p.75L (wild-type) and CLIC5A:p.75P (mutant) predicted by InterPro, based on the 251 amino acids isoform
(NM_016929.5). The GST N-terminal domain is lost in the mutant and its protein-binding activity is abolished.
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Appendix A Web Resources

ANNOVAR https://annovar.openbioinformatics.org/
Bureau international d’audiophonologie (BIAP) https://www.biap.org/en/recommandations/recommendations/tc-02-classification
ClinVar https://www.ncbi.nlm.nih.gov/clinvar/
dbNSFP (including dbscSNV) https://sites.google.com/site/jpopgen/dbNSFP
dbSNP https://www.ncbi.nlm.nih.gov/snp/

DRAGEN germline pipeline
https://emea.illumina.com/products/by-type/informatics-products/basespace-sequence-
hub/apps/edico-genome-inc-dragen-germline-pipeline.html

Ensembl https://www.ensembl.org/index.html
Gene ontology (GO) http://geneontology.org/
Genome aggregation database (gnomAD) https://gnomad.broadinstitute.org/
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Genome analysis toolkit (GATK) https://gatk.broadinstitute.org/hc/en-us
Hereditary hearing loss homepage (HHL) https://hereditaryhearingloss.org/
Human phenotype ontology (HPO) https://hpo.jax.org/app/
Human splice finder (HSF) https://hsf.genomnis.com/home
InterProScan http://www.ebi.ac.uk/InterProScan/
MODELLER http://www.salilab.org/modeller
NCBI-BLAST https://blast.ncbi.nlm.nih.gov/Blast.cgi
Online Mendelian inheritance in man (OMIM) https://omim.org/
PDB https://www.wwpdb.org/
PSIPRED http://bioinf.cs.ucl.ac.uk/psipred/
PYMOL http://www.pymol.org/
RefSeq https://www.ncbi.nlm.nih.gov/refseq/
Swiss-Model https://swissmodel.expasy.org/
Uniprot https://www.uniprot.org/uniprot/Q9NZA1
UK10K https://www.uk10k.org/
World Health Organisation https://www.who.int/news-room/fact-sheets/detail/deafness-and-hearing-loss
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Abstract: Nonsyndromic hereditary hearing loss is a common sensory defect in humans that is
clinically and genetically highly heterogeneous. So far, 122 genes have been associated with this
disorder and 50 of them have been linked to autosomal dominant (DFNA) forms like DFNA68,
a rare subtype of hearing impairment caused by disruption of a stereociliary scaffolding protein
(HOMER2) that is essential for normal hearing in humans and mice. In this study, we report a
novel HOMER2 variant (c.832_836delCCTCA) identified in a Spanish family by using a custom
NGS targeted gene panel (OTO-NGS-v2). This frameshift mutation produces a premature stop
codon that may lead in the absence of NMD to a shorter variant (p.Pro278Alafs*10) that truncates
HOMER2 at the CDC42 binding domain (CBD) of the coiled-coil structure, a region that is essential
for protein multimerization and HOMER2-CDC42 interaction. c.832_836delCCTCA mutation is
placed close to the previously identified c.840_840dup mutation found in a Chinese family that
truncates the protein (p.Met281Hisfs*9) at the CBD. Functional assessment of the Chinese mutant
revealed decreased protein stability, reduced ability to multimerize, and altered distribution pattern
in transfected cells when compared with wild-type HOMER2. Interestingly, the Spanish and Chinese
frameshift mutations might exert a similar effect at the protein level, leading to truncated mutants
with the same Ct aberrant protein tail, thus suggesting that they can share a common mechanism
of pathogenesis. Indeed, age-matched patients in both families display quite similar hearing loss
phenotypes consisting of early-onset, moderate-to-profound progressive hearing loss. In summary,
we have identified the third variant in HOMER2, which is the first one identified in the Spanish
population, thus contributing to expanding the mutational spectrum of this gene in other populations,
and also to clarifying the genotype–phenotype correlations of DFNA68 hearing loss.

Keywords: hereditary hearing loss; next-generation sequencing; custom panel; HOMER2; CDC42

1. Introduction

Hearing loss is the most common sensory deficit in humans, affecting around 1 in 1000
newborns. Its prevalence increases with the age up to 6–8% in the adult population, having
a strong impact on the individual’s social isolation [1]. Genetic causes account for 50–60%
of newborn hearing loss, 30% of which are nonsyndromic forms of deafness [2]. The genetic
etiology of hearing impairment is highly heterogeneous. Up to date, 160 nonsyndromic
sensorineural hearing loss (NSSNHL) loci have been mapped, of which 122 genes have been
identified [3]. Sixty-seven of these loci and 50 of these genes are associated with autosomal
dominant NSSNHL, being, in most cases, rare forms of post-lingual and progressive
hereditary hearing impairment.

Autosomal dominant NSSNHL-linked genes encode proteins with a wide variety of
functions [4], such as cytoskeleton proteins (ACTG1, DIAPH1, PLS1), adhesion proteins (GJB2,
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GJB3, GJB6, TJP2), motor proteins (myosins), scaffolding proteins (HOMER2), extracellular
matrix proteins (TECTA, COL11A2), proteins involved in ion homeostasis, such as ionic channels
(KCNQ4), transcription factors (EYA4, POU4F3), and even a microRNA (MIR96) [5].

The HOMER2 gene maps to chromosome 15q24.3 [6] within the DFNA68 critical
interval and consists of nine exons. Two human transcript variants have been described
(NM_004839.4 and NM_199330.3) as encoding the short isoform 1 (NP_004830.2, 343aa) and
the long isoform 2 (NP_955362.1, 354aa) of HOMER2, respectively. HOMER2 belongs to a
protein family encompassing three members: HOMER1 (MIM604798), HOMER2/CUPIDIN
(MIM604799), and HOMER3 (MIM604800). Like HOMER2, members 1 and 3 of the family
have long and short isoforms due to alternative splicing [7]. HOMER family members
are scaffolding proteins that play a key role in Ca2+ signaling [8–10], mostly at the Post-
Synaptic-Densities (PSD) [11], where they interact with G-protein coupled metabotropic
glutamate receptors (mGluRs) [12] and regulate excitatory signal transduction and re-
ceptor plasticity [7]. In their structure, HOMER proteins present a conserved N-terminal
domain known as Enabled/vasodilator-stimulated phosphoprotein (Ena/VASP) homology
1 (EVH1) domain [7,13] that binds to proline-rich sequences (i.e. Pro-Pro-x-x-Phe, Pro-x-x-
Phe or Leu-Pro-Ser-Ser-Pro, where x represents any amino acid) and a C-terminal domain
that consists of a coiled-coil (CC) structure that includes a CDC42 binding domain (CBD)
and two Leucine Zipper (LZA and LZB) motifs [7,14]. This C-terminal fragment mediates
self-association with other Homer family members [7] and the interaction with the small
GTPase CDC42 [15] through its CBD.

In mice, Homer2 is widespread in the developing and maturing brain [16]. Recently, a
study has shown that this gene is also expressed in a wide variety of developing tissues,
including tooth, eye, cochlea, salivary glands, olfactory and respiratory mucosae, bone,
and taste buds, being highly concentrated at puncta [17]. HOMER2 exhibits overlapping
distribution patterns with HOMER1 and HOMER3, although they are distributed at distinct
subcellular domains in several cell types [17,18]. Within the inner ear, HOMER2 is expressed
in the stria vascularis, the Reissner’s membrane, and the inner and outer hair cells of
the organ of Corti, especially in the stereocilia but also in perinuclear puncta and the
cytoplasm [17,18]. Mild expression is observed in the vascular endothelium of the cochlea
and the spiral ganglion [12]. Mice homozygous for the targeted deletion of Homer2 display
early-onset rapidly progressive hearing loss [18].

HOMER2 was firstly associated with hearing loss by Azaiez et al. [18] who identified
a heterozygous missense variant (p.Arg196Pro) in a European ascent family. A second
mutation in HOMER2 (c.840_840dup; p.Met281Hisfs*9) was identified by Lu et al. [19]
by Whole Exome Sequencing (WES) in a Chinese family segregating with hearing loss.
Here, we present a third variant in HOMER2 (c.832_836delCCTCA, p.Pro278Alafs*10,
NM_199330.3). This variant represents the second truncating mutation that affects the
CBD and lead, as in the previous two families, to post-lingual and progressive hearing
loss. This mutation is the first one identified in the Spanish population, thus increasing
the mutational spectrum of this gene associated with DFNA68, a rare form of autosomal
dominant nonsyndromic progressive hearing loss.

2. Patients and Methods

2.1. Patients Selection

Patients and healthy relatives of family S1074 (Figure 1A) were recruited from the Uni-
versity Hospital Ramón y Cajal (Madrid-Spain). Clinical history ruled out environmental
factors as the cause of the hearing loss in the probands, and physical examination did not
reveal any evidence of syndromic features. No other clinically significant manifestations,
including balance or visual problems, were reported by any of the affected individuals. The
hearing level was evaluated through pure tone audiometry. Air conduction thresholds were
determined at frequencies ranging from 250 to 8000 Hz according to standard protocols.
This study was designed in compliance with the tenets of the Helsinki Declaration, and
patient enrolment was approved by the ethics committee and the human research Institu-

42



Genes 2021, 12, 411

tional Review Boards of Hospital Ramón y Cajal (IRB number: 288-17). All participants of
the family approved of the study and signed the Informed Consent.

2.2. Sample Collection

A peripheral blood sample from each subject of the family S1074 enrolled in the study
was collected by venipuncture in 5 mM EDTA tubes and genomic DNA was extracted using
Chemagen MSM I (Magnetic Separation Module I, PerkinElmer, Massachusetts, MA, USA)
according to the manufacturer’s instructions. DNA was quantified by the fluorometric
method Qubit 3.0 Fluorometer (Thermo Fisher Scientific, Massachusetts, MA, USA).

2.3. Targeted Next-Generation Sequencing

The index case of the family (II:2) was subjected for the genetic screening for causative
hearing-loss mutations by using a custom gene panel, OTO-NGS-v2, designed in our
laboratory [20]. As the causative mutation was identified following this approach, whole
exome sequencing (WES) on the individual II:2 was not further performed. OTO-NGS-v2
is based on IDT probes capture system that included 117 genes associated with NSSNHL.
Sequencing of captured enriched-libraries was done on the Illumina MiSeq (Illumina, Inc.,
San Diego, CA, USA). The sequence data were mapped against the human genome se-
quence (build GRCh37/hg19), and data analysis was performed using the Sophia Genetics’
software that enables the single nucleotide variations (SNVs) and the copy number varia-
tion (CNV) analysis of the targeted exonic sequences. Variant prioritization was carried
out using a custom filtering strategy [20].

2.4. Sanger Sequencing

The c.832_836delCCTCA mutation in exon 8 of HOMER2 [NM_199330.3, long transcript]
was verified by Sanger sequencing (Figure 1B). Briefly, a forward and a reverse oligonucleotide
were designed for amplification of exon 8 (F-oligo 5′-CGTGCACACATTGGTGATTT-3′ and
R-oligo 5′-AAGCAGGAAAATGAGTACCATGA-3′) followed by Sanger sequencing using
the BigDye™ Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA,
USA) according to manufacturer’s directions in an ABI 3730S sequencer (Perkin Elmer,
Waltham, MA, USA). The specificity of the primers designed for the amplification and
Sanger sequencing of exon 8 of HOMER2 was confirmed by BlastN (https://blast.ncbi.nlm.
nih.gov/; access date: 9 March 2021). We obtained a unique blast hit for the amplimer at
chromosome 15 (NC_000015.10; coordinates 82,851,291 to 82,851,310) within the HOMER2
genomic region. Segregation analysis was performed by checking the presence of the
c.832_836delCCTCA mutation in all the affected and unaffected family members.

3. Results

3.1. Clinical Description of the Family

The clinical history and audiological assessments of the affected members reported
a post-lingual bilateral progressive hearing loss consistent with an autosomal dominant
inheritance pattern (Figure 1A). Individuals II:2 (8 years old) and II:3 (15 years old) exhibited
moderate hearing loss with greater impact on the high frequencies (downsloping profile).
Their mother (patient I:2, 39 years old) showed a more severe phenotype, displaying
profound hearing loss at frequencies higher than 2000 Hz. The father (I:1, 44 years old) and
his healthy son (II:1, 11 years old) showed normal hearing thresholds (Figure 1C) at the
time of the study.
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Figure 1. (A) Pedigree of the S1074 family indicating the segregation of c.832_836delCCTCA mutation in HOMER2. Black
symbols indicate affected patients (carrying the mutation in heterozygosis), and white symbols correspond to normal
hearing individuals (wild-type for the mutation studied). The subject pointed with an arrow is the index case (studied by
OTO-NGS-v2 panel), and the ones marked with an asterisk were analysed by Sanger sequencing for segregation analysis.
(B) Electropherograms corresponding to the wild-type (left) and mutant (right) sequences of a normal hearing and an
affected individual, respectively. (C) Audiograms of the S1074 family. The data represented correspond to the average
of the audiometric thresholds in both ears. (D) Integrative Genomics Viewer (IGV) (Broad Institute) screenshot showing
the genomic region corresponding to the c.832_836delCCTCA mutation of HOMER2 and the translated protein stretch
corresponding to exon 8 in the reverse orientation (NP_955362.1, HOMER2 long isoform, amino acid range 292–266), as
HOMER2 is transcribed by using the DNA negative strand. (E) Schematic representation of the structure of HOMER2 long
isoform (NP_955362.1). The different domains [7,14,21] and the mutations identified so far associated with hearing loss (in
grey) are shown. The mutation identified in this work is shown in black. EVH1 (1–111 aa): Enabled/vasodilator-stimulated
phosphoprotein (Ena/VASP) homology 1; Coiled-coil domain (184–328 aa); CBD (202–294 aa): CDC42-binding domain.
LZA (249–307 aa): Leucine Zipper-A; LZB (322–350 aa): Leucine Zipper-B.

3.2. Genetic Study

By using the OTO-NGS-v2 panel and Sophia DMM software 338 heterozygous genetic
variants were retained in the index case (II:2) of the family, 10 of which were classified
as potentially pathogenic in HOMER2, MYO7A, TMPRSS3, COL11A2, GPSM2, BDP1,
EPS8, EPS8L2, OSBPL2, and PCDH15 genes, respectively (Table 1). During the tertiary
analysis, 9 variants were discarded. Two of them showed high population frequencies
in the Genome Aggregation Database (GnomAD) and were classified as benign variants
in ClinVar (MYO7A, COL11A2). The other 6 variants were associated with recessive
forms of deafness (TMPRSS3, GPSM2, BDP1, EPS8, EPS8L2, and PCDH15). The variant
c.747A>G (rs1309059934) in OSBPL2 (DFNA67) was classified by Sophia DMM as poten-
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tially pathogenic. However, it resulted in a synonymous protein change (p.Arg249Arg)
that was classified as likely benign (BP4, BP7, and PM2) according to the American College
of Medical Genetics and Genomics (ACMG) guidelines [22,23]. Furthermore, we confirmed
by Sanger sequencing that this mutation did not segregate with the hearing loss in the
family as it was detected in the normal-hearing subject II:I.

Finally, a novel mutation in HOMER2 gene, c.832_836delCCTCA, was identified
in the propositus of the S1074 family (patient II:2). This variant was identified at exon 8
of HOMER2 and is supposed to alter the two transcript variants with known reported
expression (NM_004839.4, short transcript, and NM_199330.3, long transcript). The variant
leads to a frameshift generating a premature stop codon that in the absence of nonsense-
mediated decay (NMD) may produce a truncated HOMER2 protein (p.Pro278Alafs*10).
This mutation was classified as pathogenic (PVS1, PM2 and PP3) according to the ACMG
guidelines [22,23]. The variant was not present in the GnomAD [24], in the Collaborative
Spanish Variant Server-CSVS database [25] nor in the Deafness Variation Database (DVD,
http://deafnessvariationdatabase.org/; access date: 9 March 2021;) [26,27]. Additionally,
we confirmed by Sanger sequencing (Figure 1B) it segregated with the hearing loss in the
family. The novel HOMER2 variant c.832_836delCCTCA has been deposited in ClinVar
(accession# SCV001499845). Comparison of the genetic and clinical data of the S1074 family
with previously reported cases is made in Table 2.

4. Discussion

Hearing loss caused by HOMER2 mutations is an extremely rare disorder. In this
study, we have used OTO-NGS-v2, a custom targeted NGS panel, for the identification of a
novel mutation (c.832_836delCCTCA; p.Pro278Alafs*10) in this gene linked to DFNA68
hearing loss. To date, only two different mutations in HOMER2 have been documented to
cause hearing loss. The first mutation was a missense substitution (c.587G>C; p.Arg196Pro;
NM_199330.3) that affects a highly conserved residue in the coiled-coil (CC) structure, a
region that is required for homo/hetero-multimerization to form tetrameric hubs (in which
the CC domains align in a parallel fashion) and for interaction through the CBD with Rho
family GTPase proteins like CDC42, a GTPase that mediates actin-turnover [28] and is
responsible for planar polarity establishment in hair cells [29,30]. Functional assessment of
the p.Arg196Pro in zebrafish strongly suggests that this mutation exerts its effect through a
dominant-negative mechanism on wild-type protein by either inhibiting multimerization or
competing for partner proteins [18]. The second mutation, c.840_840dup, p.Met281Hisfs*9
(NM_199330.3) was identified in a Chinese family with symmetric ADSNHL [19]. This
frameshift variant at the CDC42-binding domain leads to the generation of a premature
stop codon supposed to produce a truncated HOMER2 protein of 288 amino acids, with an
aberrant protein tail of 8 amino acids from position 281 onwards.

In this work, we have identified a novel frameshift mutation, c.832_836delCCTCA,
p.Pro278Alafs*10 in HOMER2 that represents the second truncating mutation identified in
the CDC42-binding domain. The Spanish mutation also creates a premature stop codon that
may lead to generate a truncated shorter protein of 286 amino acids with an aberrant tail of
9 amino acids from position 278, thus lacking the canonical C-terminal end. Interestingly,
the alignment of both truncated proteins revealed an identical sequence of the last 8 amino
acids of the aberrant tails (Figure 2).
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Figure 2. Alignment of the wild-type protein fragment encoded by exon 8 of HOMER2 long isoform (NP_955362.1) and
the truncating mutations in the CDC42-binding domain (CBD) identified in the Chinese (p.Met281Hisfs*9) and Spanish
(p.Pro278Alafs*10) families. The amino acid sequence shared between both aberrant protein tails is shown in bold face.

Based on the similar effect that the two different frameshift mutations may cause
at the protein level, both supposed to truncate the protein at the CDB and resulting in
the same aberrant tail, it might be reasonable to suggest that the Chinese and Spanish
mutations may share a similar mechanism of pathogenesis. Lu et al. demonstrated that
the p.Met281Hisfs*9 mutant protein was less stable than the wild-type protein and it
showed an altered subcellular localization in HEK293T and HEI-OC1 cells. Whereas the
wild-type proteins were mainly aggregated near the nucleus, the p.Met281Hisfs*9 mutants
were more widely distributed throughout the cytoplasm. Furthermore, these authors
demonstrated that p.Met281Hisfs*9 showed a decreased ability to oligomerize [19]. It
has also been postulated that HOMER2 could play an important role in maintaining
stereocilia through its interaction with CDC42 [19], therefore the truncation of HOMER2
in the CBD could eventually prevent its interaction with other HOMER protein family
members and with other proteins like CDC42. Indeed, targeted deletion of Cdc42 in
murine hair cells causes a progressive hearing loss phenotype that is comparable to the
hearing loss phenotype in the Spanish and Chinese families [19]. Another possibility
is that the HOMER2 mutation identified in this study may cause nonsense-mediated
decay (NMD), a mechanism that affects the processing of the transcripts at different
extent depending on the type of mutation and gene involved as previously reported in
other pathologies like Neurofibromatosis I [31]. In this regard, and in contrast to mouse
mutants homozygous for the targeted deletion of Homer2 that display early-onset rapidly
progressive hearing loss, mice heterozygous for the targeted deletion of exon 3 in Homer2
(Homer−/+) displayed normal hearing levels [18]. It may indicate that a moderate or even
low extent NMD might be associated with HOMER2 frameshift mutations thus suggesting
that the pathophysiology of the DFNA68 hearing loss in the Spanish and Chinese families
would not be mediated by haploinsufficiency, but by a gain-of-function of the Ct aberrant
tail or by a dominant-negative mechanism as it has been postulated for the p.Arg196Pro
missense mutation [18]. However, more experiments to detect HOMER2 mutant transcripts
levels by using a gene-editing tool to mimic actual mutation in cell lines or the generation
of knock-in murine models are necessary to fully understand the underlying mechanism of
pathogenesis linked to DFNA68 frameshift mutations.

Regarding the clinical phenotype, the hearing loss observed in HOMER2 patients
caused by the missense (p.Arg196Pro) and two truncating mutations seems to be quite
similar in the three studied families. Affected individuals show progressive hearing loss
affecting mainly the high frequencies (downsloping profile) with a typical onset in the
first decade of life (7–9 years old), although a more severe phenotype was detected in
patients bearing the truncating mutations when age-matched hearing-impaired subjects of
the three families were compared. For individuals in a similar age-range, those carrying
the missense p.Arg196Pro mutation [18] displayed minor affectation on the entire range of
frequencies (i.e., subject IV:2, 8y.o, IV:10, 15y.o, and III:4, 34y.o, European ascent family)
than patients carrying the p.Met281Hisfs*9 (subject IV:7, 7y.o; III:10, 34y.o, and III:8, 39y.o
in the Chinese family) or the p.Pro278Alafs*10 variant (subject II:2, 8y.o; II:3, 15y.o, and I:2,
39y.o in the Spanish family). The presence of tinnitus or cranial tinnitus, however, has only
been displayed by some affected members of the Chinese family and this phenotype was
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not present in any of the other two families. The identification of other HOMER2 cases is,
therefore, necessary to further establish more accurate genotype–phenotype correlations.

In summary, we have identified a third variant in HOMER2; the first one reported in
the Spanish population, thus contributing to expanding the mutational spectrum of this
gene in other populations. Our study also highlights the importance of using NGS-based
diagnostic methods to identify mutations in low-prevalence deafness genes like HOMER2,
thus helping to improve our knowledge about the pathophysiology of DFNA68 and to
define more accurate genotype–phenotype correlations in this disorder.
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Abstract: Pathogenic variants in the PJVK gene cause the DFNB59 type of autosomal recessive
non-syndromic hearing impairment (AR-NSHI). Phenotypes are not homogeneous, as a few subjects
show auditory neuropathy spectrum disorder (ANSD), while others show cochlear hearing loss. The
numbers of reported cases and pathogenic variants are still small to establish accurate genotype-
phenotype correlations. We investigated a cohort of 77 Spanish familial cases of AR-NSHI, in whom
DFNB1 had been excluded, and a cohort of 84 simplex cases with isolated ANSD in whom OTOF
variants had been excluded. All seven exons and exon-intron boundaries of the PJVK gene were
sequenced. We report three novel DFNB59 cases, one from the AR-NSHI cohort and two from
the ANSD cohort, with stable, severe to profound NSHI. Two of the subjects received unilateral
cochlear implantation, with apparent good outcomes. Our study expands the spectrum of PJVK
mutations, as we report four novel pathogenic variants: p.Leu224Arg, p.His294Ilefs*43, p.His294Asp
and p.Phe317Serfs*20. We review the reported cases of DFNB59, summarize the clinical features of
this rare subtype of AR-NSHI and discuss the involvement of PJVK in ANSD.

Keywords: non-syndromic hearing impairment; auditory neuropathy spectrum disorder; DFNB59;
PJVK; pejvakin; genetic epidemiology

1. Introduction

Inherited hearing impairment is clinically and genetically very heterogeneous. Hear-
ing loss can be an isolated condition (non-syndromic hearing impairment, NSHI) or it can
be part of the clinical signs that are characteristic of specific genetic syndromes [1]. Over
120 genes are currently known to be involved in NSHI, and it is estimated that many more
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remain to be identified [2]. For most of the known genes, few affected subjects have been
reported to carry causative variants, and this poor knowledge of the mutational spectra
is hindering the investigation of genotype-phenotype correlations in the different genetic
types of NSHI [3].

The DFNB59 type of autosomal recessive (AR) NSHI (MIM #610220) is caused by
pathogenic variants in the PJVK gene (MIM #610219) [4], which is located on 2q31.2,
spanning 9950 bp of genomic sequence. It contains seven exons and codes for pejvakin,
a 352-residue protein that belongs to the gasdermin family. Six different gasdermins are
known in humans (gasdermins A to E, and pejvakin) [5]. The five canonical members of
the family (gasdermins A-E) contain an N-terminal membrane-permeabilizing domain,
a short linker region, and a C-terminal autoinhibitory domain. Proinflammatory signals
result in the separation of the two domains through caspase-mediated cleavage at the
linker region, so that the N-terminal domain is released and can form pores in the plasma
membrane. Depending on which gasdermin is activated, this mechanism triggers different
types of programmed cell death (pyroptosis, secondary necrosis or NETosis) [6]. In contrast,
pejvakin is a non-canonical gasdermin, as it lacks the cleavable linker and the C-terminal
autoinhibitory domain, which is substituted by a zinc-finger domain whose function is
unknown. Pejvakin has been reported to localize to the stereociliary rootlets of the inner
ear hair cells, where it would be needed for stereocilia maintenance [7]. In other studies,
pejvakin has been reported to be associated with peroxisomes, where it would mediate
their autophagic degradation (pexophagy) as a protective mechanism against the oxidative
stress that is caused by noise overexposure [8,9].

Up to 19 different variants in PJVK have been reported as causative of AR-NSHI in
families from diverse geographic origins [4,10–26]. In a study performed on four Iranian
families, three of them carrying the same homozygous variant (c.547C>T, p.Arg183Trp), the
hearing impairment showed features of auditory neuropathy spectrum disorder (ANSD),
i.e., abnormal or absent auditory brainstem responses but normal otoacoustic emissions [4].
This clinical feature is in accordance with the phenotype observed in a knock-in mouse
model for the p.Arg183Trp variant [4]. However, ANSD was not observed in any of the few
other reported DFNB59 cases in whom this condition was tested, nor in the sirtaki mouse,
which was obtained by ENU mutagenesis and carries a nonsense variant in Pjvk [13].
Clarification of this controversial issue needs a better knowledge of the PJVK variant
spectrum and the resulting phenotypes, through the investigation of large cohorts of
hearing-impaired subjects, with or without ANSD.

In this study, we have screened a cohort of 77 familial cases of non-DFNB1 AR-NSHI,
and a cohort of 84 subjects with isolated ANSD. We report the first European cases of
DFNB59 NSHI. Five PJVK pathogenic variants, four of them novel, were found in three
unrelated cases whose clinical characterization further illustrates the phenotypic variability
of the PJVK type of hearing impairment.

2. Materials and Methods

2.1. Human Subjects

Two cohorts of subjects were enrolled in this study. The first cohort consisted of
140 Spanish familial cases of autosomal recessive NSHI (AR-NSHI), with at least two
affected siblings and unaffected parents. Prior to this work, they were investigated by
Sanger sequencing of the coding region and splice sites of the GJB2 gene and by testing
for the common del(GJB6-D13S1830) and del(GJB6-D13S1854) deletions, which revealed
causative variants in 63 families. The remaining 77 families were investigated for variants
in the PJVK gene. The second cohort consisted of 84 simplex cases (40 from Spain, 23 from
Italy, 21 from Denmark) with isolated AN in whom pathogenic variants in the OTOF gene,
encoding otoferlin, had been excluded previously. After approval by the Ethical Committee
of Hospital Universitario Ramón y Cajal (in accordance with the 1964 Declaration of
Helsinki), written informed consent was obtained from all participating subjects.
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2.2. Clinical Tests

Hearing was evaluated by pure-tone audiometry, testing for air conduction (frequen-
cies 250–8000 Hz) and bone conduction (frequencies 250–4000 Hz). The degree of hearing
impairment was defined by the pure tone average (PTA) threshold levels at 0.5, 1, 2
and 4 kHz, and was classified as mild (21–40 dB HL), moderate (41–70 dB HL), severe
(71–95 dB HL) and profound (>95 dB HL). ANSD was diagnosed on the basis of absent or
grossly abnormal auditory-evoked brainstem responses (ABR) and preserved otoacoustic
emissions (OAE) [27]. Speech perception tests were performed on Italian subject E1471 II:1
in the auditory-only listening condition using live-voice presentation. The speech material
consisted of disyllabic words obtained from an Italian adaptation [28] of the word lists in
the Northwestern University-Children’s Perception of Speech (NU-CHIPs) tool [29].

2.3. DNA Purification, Genotyping and Sequencing

DNA was extracted from peripheral blood samples by using the Chemagic MSM
I automated system (Chemagen, Baesweiler, Germany). Microsatellite markers D2S148,
D2S2173, D2S324 and D2S2310 were amplified using fluorescently-labeled primers and
PCR conditions as previously reported [30]. Amplified alleles were resolved by capil-
lary electrophoresis in an ABI Prism 3100 Avant Genetic Analyzer (Applied Biosystems,
Waltham, MA, USA). Primers and conditions for PCR amplification of all seven exons of
the PJVK gene are shown in Table 1. Sanger DNA sequencing was performed in an ABI
Prism 3100 Avant Genetic Analyzer (Applied Biosystems, Waltham, MA, USA).

Table 1. Primers and conditions for PCR amplification of all exons of PJVK.

Exon Primer Sequences (5′-3′) [MgCl2]

1 F: CTAGGCCGCAGTTCTTTGTCCTTAG
R: TCCCAGGCAAACGCCATTACA 2.5 mM

2 F: GCAGAGGCAGGGAATTATACAGT
R: ACAAACTTTTGGCATTGTTAATCTT 2.0 mM

3 F: TGGTGAGTCATGTTGCCTTTCT
R: CAACCTCAATGTTTTAAGCATTCTT 1.5 mM

4 F: CTGACTATTAGGATTGCCTTGATTT
R: CAGCTCTTTCATCAGAACATTTCA 1.5 mM

5 F: TTGTTTTTGGTAGGATTATAGGAAA
R: GAGAGCACATGCCCTAATGAAT 2.5 mM

6 F: TCATCACCCCATCAAACAATAA
R: GAATAGAAAACCTCATGTGTTAAGC 1.5 mM

7 F: GCTGTTTGCATTATGTATTTTTCA
R: TGTGGCACAACTGCACCTAA 2.0 mM

F, forward; R, reverse; annealing temperature of 60 ◦C for all amplicons.

2.4. Assessment of Pathogenicity of DNA Variants

Pathogenicity of DNA variants was assessed according to the guidelines from the
American College of Medical Genetics and Genomics and the Association for Molecular
Pathology (ACMG/AMP) [31], as implemented by Varsome [32], using GRCh38 as human
reference genome. Scores were subsequently modified manually to delete criterion PP2
and to take into consideration criterion PM3, as recommended in the disease-specific
ACMG/AMP guidelines for hearing loss [33].

3. Results

3.1. Genetic Study

We investigated a cohort of 77 Spanish familial cases of autosomal recessive non-
syndromic hearing loss, with at least two affected siblings, in whom DFNB1 pathogenic
variants had been previously excluded. Firstly, all siblings in the family and their parents
were genotyped for microsatellite markers D2S148, D2S2173, D2S324 and D2S2310, closely
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linked to PJVK. In 23 families in which haplotype analysis could not exclude genetic linkage,
we sequenced all exons and exon/intron boundaries of PJVK from one affected sibling.
We found likely causative variants in Spanish family S269. The two affected brothers
were compound heterozygous for the novel variants c.671T>G (p.Leu224Arg) and c.880del
(p.His294Ilefs*43), whereas the father carried c.671T>G, and the mother carried c.880del
(Figure 1). The family had no siblings with normal hearing.

Figure 1. Novel pathogenic variants that were found in this study. (a) Pedigrees showing the segre-
gation of variants. (b) Electropherograms from subject S269 II:1 (left panel) and from subject E1471
II:1 (right panel). (c) Alignment of pejvakin orthologous sequences from human and nine other verte-
brates. Asterisks indicate identical residues across all sequences; colons, conserved positions (residues
of strongly similar properties); periods, semi-conserved positions (residues of weakly similar proper-
ties). Sequence accesion numbers: Homo sapiens (NP_001036167.1); Gorilla gorilla (XP_004032916.1);
Bos taurus (NP_001180112.1); Canis lupus (XP_535979.2); Mus musculus (NP_001074180.1); Monodelphis
domestica (XP_001368857.1); Gallus gallus (XP_426573.2); Python bivittatus (XP_007433246.1); Xenopus
tropicalis (XP_012826511.1); Danio rerio (XP_009300492.1).
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We also screened a cohort of 84 simplex cases (40 from Spain, 23 from Italy, 21 from
Denmark) with isolated ANSD in whom pathogenic variants in the OTOF gene, encoding
otoferlin, had been excluded previously. All exons and exon/intron boundaries of the
PJVK gene were sequenced in every case. We found likely causative variants in two
unrelated subjects, who had no siblings with normal hearing. Italian subject E1471-1 was
compound heterozygous for the novel variants c.880C>G (p.His294Asp) and c.950del
(p.Phe317Serfs*20). His father carried c.950del, and his mother c.880C>G. Subject DAN7-1,
from the cohort recruited in Denmark but of Tamil ethnic origin, was homozygous for
the previously reported c.1028G>C (p.Cys343Ser) variant. His parents were heterozygous
carriers for this variant. Cys-343 has been shown to play a crucial role in the interaction
between pejvakin and LC3B, an autophagosomal marker in the pexophagy pathway [9].

Two of the novel variants are single-base deletions that result in frame shifts, leading
to truncated polypeptides or mRNA degradation by nonsense-mediated decay. The two
other novel variants are missense, which affect evolutionarily conserved residues in the
pejvakin polypeptide (Figure 1C). They were classified as deleterious/probably damaging
according to the scores provided by SIFT and Polyphen-2 (Table 2). They segregate with
the disease as expected from an autosomal recessive pattern, and each variant is in trans
with a truncating variant in affected subjects (Figure 1A). They were found at very low
frequencies in the Genome Aggregation Database [34]. Both variants were classified as
“likely pathogenic” according to the ACMG/AMP guidelines [31,33] (Table 2). Therefore,
the reported novel genotypes in cases S269 and E1471 are considered to be causative of the
hearing impairment of the affected subjects.

Table 2. Assessment of pathogenicity of the novel missense variants in PJVK.

Variant SIFT
Score

Polyphen-2
Score

Minor Allele
Frequency (MAF) [31] ACMG Criteria Classification

DNA Protein

c.671T->G p.Leu224Arg 0.01 (deleterious)
0.959

(Probably
damaging)

2 × 10−5 (global)
4 × 10−5 (Non-Finnish

Europeans)

PM2 (strong),
PM3 (strong),

PP1 (supporting)

Likely
pathogenic

c.880C>G p.His294Asp 0.00 (deleterious)
0.981

(Probably
damaging)

4 × 10−6 (global)
8 × 10−6 (Non-Finnish

Europeans)

PM2 (strong),
PM3 (moderate)

Likely
pathogenic

3.2. Clinical Study

In Spanish family S269, the two affected brothers had not been subjected to newborn
hearing screening. Subject II:1 was diagnosed with non-syndromic hearing impairment
by age four years. Because of this familial history, his brother (II:2) received a similar
diagnosis earlier, at age two years. Both presented with a severe hearing loss, which
seems to be stable, as shown by serial pure-tone audiograms along 10 years of evolution
(Figure 2a–d). Their parents had normal hearing. The two brothers were tested for otoa-
coustic emissions at ages six and three years, respectively, with no response bilaterally. ABR
recordings were performed at these same ages, and the results were consistent with a severe
hearing impairment. Computed Tomography (CT) scan of subject II:1 did not reveal any
abnormal findings.
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Figure 2. Audiograms from subjects with PJVK variants causing sensorineural hearing loss. Only
results for air conduction are shown. Red line, right ear. Blue line, left ear. (a,b) Subject S269 II:1 at
ages 7 yr and 14 yr, respectively. (c,d) Subject S269 II:2 at ages 5 yr and 11 yr, respectively. (e) Subject
E1471 II:1, while using hearing aids in both ears (red and blue lines); black line, unaided hearing.
(f) Subject E1471 II:1, while using the cochlear implant in the right ear (red line) and a hearing aid
in the left ear (blue line); black line, unaided hearing. (g) Subject DAN07 II:1 at age 12 yr, before
unilateral cochlear implantation.

In Italian case E1471, subject II:1 had normal growth and motor development, and he
showed no risk factors for hearing loss. He had not been subjected to newborn hearing
screening and was referred for assessment because of parental concern regarding his
hearing at the age of two years. ABR recordings showed no response at the maximum
stimulation intensity (90 dB nHL) while OAE were detected in both ears and disappeared
thereafter. Behavioral reinforced audiometry, performed at the age of four years, indicated
profound hearing loss. Pure tone average (PTA) threshold at 0.5, 1, 2 and 4 kHz measured
in the free field was higher than 110 dB HL. The child was first fitted with power hearing
aids, which resulted in a considerable improvement in pure tone sensitivity (Figure 2e);
however, the aided thresholds were above the range of conversational speech and there was
a considerable delay in development of language skills. Both CT and magnetic resonance
imaging (MRI) head and ear (including internal acoustic canal) scans were normal.

At age five years, the child received a cochlear implant (MED-EL Synchrony, MED-
EL, Innsbruck, Austria) in the right ear. Electrically-evoked auditory nerve responses
(electrically-evoked compound action potentials, e-CAPs) were recorded through the
cochlear implant. The aided thresholds, measured in the free field with the child wearing
the cochlear implant (Figure 2f), fell within the estimated range of estimated conversational
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speech [35]. Disyllable recognition scores improved from the pre-implant value of 20% to
90% within one year of cochlear implant use.

At age nine years, the child was using the cochlear implant in the right ear and
a hearing aid in the other ear. Scores of the speech perception tests were as follows:
recognition of disyllabic words, in bimodal configuration and quiet environment: 85%;
recognition of sentences, in bimodal configuration and quiet environment: 90%; recognition
of disyllabic words, with cochlear implant only, in quiet environment: 70%. Overall, speech
perception is satisfactory. In contrast, language is poorly developed for the chronological
age. Indeed, scores on lexical comprehension and production would be adequate only for
the age of five years (standardized tests in Italian language: Peabody, Rustioni).

Case DAN07 was recruited in Denmark, but the family is of Tamil origin. Subject
II:1 was diagnosed with hearing impairment at age six months. Both CT and MRI scans
were normal. ABR recordings and pure-tone audiometry revealed a profound hearing loss
(Figure 2g). Electrocochleography records were abnormal and compatible with auditory
neuropathy. He was initially treated with hearing aids. At age 12 years, he received a
cochlear implant in the right ear, with apparent good outcomes in aided hearing thresholds,
but a careful follow-up is needed to confirm this conclusion.

4. Discussion

Here we report the first European cases of DFNB59 hearing impairment, including
four novel pathogenic variants that expand the mutational spectrum of PJVK. Both the
Spanish and Italian cases had only Spanish and Italian ancestors, respectively, beyond
at least three generations, which supports their European origins. Taking into account
the four novel variants, 23 pathogenic variants have hitherto been reported in this gene
(Table 3), all of them in cases of AR-NSHI. The list includes 15 truncating variants, seven
missense variants and one in-frame deletion of a single codon. Most of the variants have
been reported in the homozygous state in cases from Iran, Pakistan and Turkey (Table 4).
In European populations, pathogenic PJVK variants seem to be a rare cause of, as observed
in our study (1 case out of 140 families with AR-NSHI, i.e., 0.7%) and in previous works,
which did not find any DFNB59 case in a series of cohorts from different European countries
(reviewed in [36]).

Although clinical data in the literature are far from being complete (Table 4), it is possi-
ble to start delineating some clinical features of the DFNB59 AR-NSHI. Onset is prelingual
in a great majority of cases, and subjects with the onset reported in early childhood are
likely to reflect a delay in diagnosis because they were not subjected to newborn hearing
screening (e.g., cases S269 and E1471 of this study). The evolution of the hearing impair-
ment has been reported to be stable or progressive in equal proportions (Table 4). In most
cases, the hearing loss ranges from severe to profound (Table 4). In one of the two cases in
whom it is moderate, it progressed to profound over the years [13]. None of these features
is associated to any specific combination of truncating or non-truncating variants.

ANSD was postulated to be a clinical feature of DFNB59 on the basis of the study of
four Iranian families, in the first report of PJVK variants as a cause of AR-NSHI [4]. In three
of the families, affected subjects were homozygous for p.Arg183Trp, and in the other one,
they were homozygous for p.Thr54Ile. In 11 of 12 affected subjects (four with p.Arg183Trp,
and eight with p.Thr54Ile), normal synchronized spontaneous OAE (SSOAE) were recorded
(ages of subjects at testing, 12–23 years). In contrast, ABR were absent or showed thresholds
higher than 80 dB in all subjects. Unfortunately, ANSD was not specifically investigated in
most of the DFNB59 cases that were reported subsequently (Table 4). However, in 10 of the
12 remaining cases who were tested (one of them, case S269 in this study), normal OAE
could not be recorded. In case E1471 (this work), OAE were recorded at an early age and
they disappeared thereafter. Of note, all cases with a diagnosis of ANSD share the feature of
carrying at least one allele with a missense variant [4], this work. This would suggest that
ANSD could be associated with specific non-truncating variants. However, cases without
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ANSD have been reported with the same genotypes (p.Arg183Trp or p.Cys343Ser in the
homozygous state) as cases with ANSD.

Table 3. Pathogenic variants reported to date in PJVK (NM_001042702.3).

Exon DNA Level Protein Level Reference

2 c.113dup p.Lys41Glufs*8 [11,26]

2 c.122del p.Lys41Serfs*18 [13,16]

2 c.147T>A p.Tyr49* [23]

2 c.158C>G p.Ser53* [24]

2 c.161C>T p.Thr54Ile [4]

2 c.162_172del p.Pro55fs*23 [24]

intron 2 c.211+1G>T [18]

3 c.274C>T p.Arg92* [16,18]

3 c.406C>T p.Arg136* [14,15,24,26]

4 c.485G>A p.Ser162Asn [25]

4 c.499C>T p.Arg167* [12,18,20]

4 c.547C>T p.Arg183Trp [4,12,21,22]

6 c.671T>G p.Leu224Arg This work

6 c.726del p.Phe242Leufs*7 [10]

6 deletion of whole exon [18]

7 c.880del p.His294Ilefs*43 This work

7 c.880C>G p.His294Asp This work

7 c.908_910del p.Asn303del [24]

7 c.930_931del p.Cys312Trpfs*19 [19]

7 c.950del p.Phe317Serfs*20 This work

7 c.970G>T p.Gly324Trp [18]

7 c.988del p.Val330Leufs*7 [10]

7 c.1028G>C p.Cys343Ser [17], This work

Murine models do not shed light on this issue, as they reproduce the situation that has
been observed in humans. A knock-in mouse model for the p.Arg183Trp variant in PJVK
shows ANSD [4]. However, OAE records were abnormal in the sirtaki mouse, which carries
a nonsense variant in Pjvk [13], and in Pjvk-null mice carrying a deletion of whole exon 2 [8].
Moreover, the expression and function of pejvakin in the inner ear and auditory pathway
still need clarification. Expression of pejvakin was reported in the hair cells of the organ of
Corti, in the spiral ganglion neurons, and in the first three relays of the afferent auditory
pathway (cell bodies of neurons from the cochlear nuclei, superior olivary complex and
inferior colliculus) [4,13]. However, selective ablation of murine Pjvk in spiral ganglion
neurons did not result in hearing impairment [7]. As regards pejvakin function, two
different roles have been postulated. Pejvakin would be needed for stereocilia maintenance
in hair cells, by interacting with proteins of the stereociliary rootlets [7]. Pejvakin has also
been reported to mediate pexophagy, the autophagic degradation of peroxisomes, as a
protective mechanism against the oxidative stress that is caused by noise overexposure [8,9].
Accordingly, the lack of this protective mechanism may explain the progressive hearing
impairment that is observed in some DFNB59 patients. If the primary lesion in DFNB59
patients occurred in the hair cells, it could be hypothesized that inner hair cells would be
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affected earlier than outer hair cells in some subjects [7]. Consequently, ABR would be
abnormal whereas OAE could be recorded during a short period of time, as in case E1471.
If tested later, those DFNB59 patients would not be diagnosed with ANSD.

Table 4. Genotypes and phenotypes observed in subjects with the DFNB59 type of autosomal
recessive hearing impairment.

Genotype Families
Features of the Hearing Loss

Reference
Onset Severity Evolution AN

p.[Lys41Glufs*8];[Lys41Glufs*8]
1 (Moroccan) Prelingual S-P Progressive No [11]

1 (Moroccan) Prelingual P NR NT [26]

p.[Lys41Serfs*18];[Lys41Serfs*18]
1 (Iranian) NR M-P Progressive NT [13]

1 (Iranian) Prelingual P Progressive NT [16]

p.[Tyr49*];[Tyr49*] 1 (Pakistani) Prelingual NR NR NT [23]

p.[Ser53*];[Ser53*] 1 (Pakistani) NR NR NR NT [24]

p.[Thr54Ile];[Thr54Ile] 1 (Iranian) Prelingual S NR Yes [4]

p.[Pro55fs*23];[Pro55fs*23] 1 (Pakistani) NR NR NR NT [24]

c.[211 + 1G > T];[211 + 1G > T] 1 (Iranian) Prelingual NR NR NT [18]

p.[Arg92*];[Arg92*]
1 (Iranian) Prelingual S-P Stable NT [16]

1 (Iranian) Prelingual S NR NT [18]

p.[Arg136*];[Arg136*]

1 (Palestinian) Prelingual P NR No [14]

3 (Israeli Arab) Prelingual M-S Stable No [15]

1 (Pakistani) NR NR NR NT [24]

1 (Moroccan) Prelingual P NR NT [26]

p.[Ser162Asn];[p.Ser162Asn] 1 (Pakistani) Prelingual P NR NT [25]

p.[Arg167*];[Arg167*]

1 (Turkish) NR S-P NR No [12]

1 (Iranian) Prelingual P NR NT [18]

1 (Turkish) Prelingual NR NR NT [20]

p.[Arg183Trp];[Arg183Trp]

3 (Iranian) Prelingual P NR Yes [4]

1 (Turkish) Prelingual S-P NR No [12]

1 (Iranian) Prelingual NR NR NT [21]

1 (Iranian) NR NR NR NT [22]

p.[Leu224Arg];[His294Ilefs*43] 1 (Spanish) Early childhood S Stable No This work

p.[Phe242Leufs*7];[Phe242Leufs*7] 1 (Iranian) NR P NR NT [10]

Homozygous deletion of exon 6 1 (Iranian) Prelingual NR NR NT [18]

p.[His294Asp];[Phe317Serfs*20] 1 (Italian) Early childhood P Stable Yes This work

p.[Asn303del];[Asn303del] 1 (Pakistani) NR NR NR NT [24]

p.[Cys312Trpfs*19];[Cys312Trpfs*19] 1 (Chinese) Prelingual S-P Progressive No [19]

p.[Gly324Trp];[Gly324Trp] 1 (Iranian) Prelingual S-P NR NT [18]

p.[Val330Leufs*7];[Val330Leufs*7] 1 (Iranian) NR P NR No [10]

p.[Cys343Ser];[Cys343Ser]
1 (Pakistani) Early childhood S-P Progressive NT [17]

1 (Tamil) Prelingual P Stable Yes This work

AN, auditory neuropathy; M, moderate; S, severe; P, profound; NR, not reported; NT, not tested.

On the basis of the expression of pejvakin in the auditory pathway, it was hypothesized
that the outcomes of cochlear implants in DFNB59 patients may not be good. Here we
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report case E1471, with an early diagnosis of ANSD, who received a cochlear implant in
the right ear at the age of five years. Four years later, speech perception tests show good
results, but language development is delayed. Although this delay could be related to the
relatively late age of implantation, careful follow-up is needed for a correct evaluation of
this case. Data on the outcome of cochlear implants in many other DFNB59 patients should
be collected before any recommendation may be issued to orientate the choice of therapy
in subjects with this subtype of AR-NSHI.
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Abstract: Mutant alleles of CDH23, a gene that encodes a putative calcium-dependent cell-adhesion
glycoprotein with multiple cadherin-like domains, are responsible for both recessive DFNB12
nonsyndromic hearing loss (NSHL) and Usher syndrome 1D (USH1D). The encoded protein cadherin
23 (CDH23) plays a vital role in maintaining normal cochlear and retinal function. The present study’s
objective was to elucidate the role of DFNB12 allelic variants of CDH23 in Saudi Arabian patients.
Four affected offspring of a consanguineous family with autosomal recessive moderate to profound
NSHL without any vestibular or retinal dysfunction were investigated for molecular exploration of
genes implicated in hearing impairment. Parallel to this study, we illustrate some possible pitfalls
that resulted from unexpected allelic heterogeneity during homozygosity mapping due to identifying
a shared homozygous region unrelated to the disease locus. Compound heterozygous missense
variants (p.(Asp918Asn); p.(Val1670Asp)) in CDH23 were identified in affected patients by exome
sequencing. Both the identified missense variants resulted in a substitution of the conserved residues
and evaluation by multiple in silico tools predicted their pathogenicity and variable disruption of
CDH23 domains. Three-dimensional structure analysis of human CDH23 confirmed that the residue
Asp918 is located at a highly conserved DXD peptide motif and is directly involved in “Ca2+” ion
contact. In conclusion, our study identifies pathogenic CDH23 variants responsible for isolated
moderate to profound NSHL in Saudi patients and further highlights the associated phenotypic
variability with a genotypic hierarchy of CDH23 mutations. The current investigation also supports
the application of molecular testing in the clinical diagnosis and genetic counseling of hearing loss.

Keywords: nonsyndromic hearing loss; DFNB12; CDH23; whole exome sequencing; missense
variants; phenotypic variability; Saudi Arabia

1. Introduction

Hearing loss (HL), an etiologically heterogeneous trait, is the most frequent sensory impairment
affecting 1–3 out of every 1000 children at birth or during early childhood [1,2]. HL can be caused by
genetic or environmental factors, due to an association between these factors, and has major clinical,
social, and quality of life implications. Approximately more than 50% of all congenital cases are
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hereditary, with nonsyndromic hearing loss (NSHL) being the most common, accounting for 75% of all
the cases [2,3]. NSHL is often sensorineural and can be transmitted as autosomal recessive (DFNB,
80%), autosomal dominant (DFNA, 15–20%), and X-linked trait (DFN, 1%), or by a mitochondrial
pattern of inheritance (<1%) [4,5]. To date, a total of 170 loci and 115 genes responsible for NSHL have
been identified (Hereditary Hearing Loss Homepage; Appendix A).

Recessive mutations of the CDH23 gene (MIM#605516) are responsible for both nonsyndromic
deafness 12 (DFNB12, MIM#601386) and Usher syndrome type 1D (USH1D, MIM#601067) [6–8].
DFNB12 is characterized by prelingual-onset sensorineural NSHL, without the impairment of visual or
vestibular functions. Conversely, individuals with USH1D are associated with severe manifestations,
including congenital severe to profound deafness, variable vestibular areflexia, and progressive
adolescent-onset vision loss due to retinitis pigmentosa (RP) [9–11].

The significance of CDH23 as a deafness gene and the associated phenotypic spectrum of
CDH23 mutations has been widely studied among different ethnic populations, and an interesting
genotype-phenotype correlation is suggested based on the pathogenic potential of the variants
(The Human Gene Mutation Database, HGMD). Missense CDH23 variants usually underlie a milder
phenotype of NSHL, known as DFNB12. In contrast, protein-truncating CDH23 mutations due to
frameshift, splice site, or nonsense pathogenic variants are causative of the severe phenotype of Usher
syndrome [8,9,12]. The encoded protein, cadherin 23 (CDH23), belongs to the cadherin superfamily,
which constitutes a family of transmembrane proteins that mediate calcium-dependent cell-cell
adhesion. CDH23 has essential roles in establishing and maintaining the proper organization of the
stereocilia bundle of hair cells in the cochlea and vestibule during late embryonic and early postnatal
development. It is a part of the functional network formed by CDH23, MYO7A, USH1C, and USH1G,
which regulates hair bundle morphogenesis and is essential for proper mechanotransduction in hair
bundles of the inner-ear neurosensory cells [13].

We describe a consanguineous Saudi family in which four siblings had moderate to severe
high-frequency progressive NSHL, without any vestibular or ocular involvement. Detailed clinical
and molecular genetic analyses were performed. Autozygosity mapping followed by whole-genome
SNP genotyping, failed to identify any possible block of homozygosity encompassing a known NSHL
gene. Whole exome sequencing (WES) was further used to identify compound heterozygous CDH23
variants as the probable genetic cause of the DFNB12 phenotype in this family. Moreover, the effects of
the identified variants on protein structure were assessed, and we discuss the pathogenic potential and
clinical fate of the identified CDH23 variants.

2. Materials and Methods

2.1. Study Subjects and Ethical Considerations

A Saudi family (NSHD4; Figure 1A) was referred to the Department of Medical Genetics at King
Faisal Specialist Hospital and Research Centre (KFSH&RC), Riyadh, Saudi Arabia, for molecular
exploration of genes implicated in HL. The family consists of four siblings presenting with HL (IV-3,
IV-4, IV-5, IV-6), two unaffected siblings (IV-1, IV-2), and healthy first cousin parents (III-1, III-2).
Family information to draw the pedigree was obtained by interviewing the parents (Figure 1A).
The study was approved by the institutional review board (RAC#2100001). Written informed consent
was obtained from all the participating individuals. The experimental procedures were carried out in
the First Arabian Hereditary Deafness (FAHD) Unit of KFSH&RC following the Declaration of Helsinki.
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Figure 1. (A) Pedigree of the study family (NSHD4), segregating nonsyndromic hearing loss. Circles
and squares denote females and males, respectively (solid symbols indicate affected individuals).
Genotypes for the two identified mutations in CDH23 are shown below the symbols of each
tested family member. CDH23: M1/- or M2/- indicate heterozygous carriers of the c.2752G>A,
p.(Asp918Asn) and c.5009T>A, p.(Val1670Asp), respectively. CDH23: M1/M2 indicates compound
heterozygous individuals. (B) Representative pure-tone audiometric results in the best ear of the
patients. Hearing-impaired family members illustrate mild sloping to profound hearing loss for the
younger siblings (IV-5 and IV-6) and moderate sloping to profound hearing loss for older siblings
(IV-3 and IV-4). The affected patients showed progressive nature of HL, as confirmed by audiograms
obtained at different ages. (C) AgileMultiIdeogram output of autozygosity analysis showing a single
common region of homozygosity (ROH) between the four affected members of the family (IV-3, IV-4,
IV-5, IV-6, dark blue) on chromosome 3, which is not shared with any of the unaffected individuals
(III-1, III-2, IV-1, IV-2, pink). The shared ROH is indicated by a red arrow.
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2.2. Clinical Evaluation of Subjects

The affected siblings were thoroughly examined in the Department of Otolaryngology at KFSH&RC.
Detailed medical histories and physical examinations were carried out to exclude any possible
environmental causes or syndromic forms of HL. Pure-tone audiometry on affected individuals
was performed at frequencies between 250 and 8000 Hz in a sound-treated room, following current
clinical standards. The severity of hearing loss was defined as mild (26–40 dB), moderate (41–60 dB),
severe (61–80 dB), or profound (>81 dB). A computerized tomography (CT) scan of the temporal bone
was obtained to look for inner ear anomalies. The vestibular function was evaluated via tandem
gait and Romberg testing. The ophthalmological evaluation included the eye fundus and visual
field examination.

2.3. DNA Extraction and Whole-Genome SNP Genotyping Using AxiomTM 6.0 Array

Blood samples were obtained from the four affected individuals and their family members. The genomic
DNA was extracted using Gentra Puregene Blood kit (Qiagen, Germantown, MD, USA). The integrity and
quantity of the extracted DNA samples were assessed through NanoDrop spectrophotometer (Thermo
Scientific, Wilmington, DE, USA). DNA of both the affected and unaffected individuals was subjected to
genome-wide single nucleotide polymorphism (SNP) genotyping, using AxiomTM CEU Human Array
6.0 and Gene Titan MC Instrument (Affymetrix Inc., Santa Clara, CA, USA), which provide high genetic
coverage of 587,352 SNPs across the whole genome. Analyses for annotated regions of the absence of
heterozygosity (AOH) for each sample and shared runs of homozygosity (ROH) in the affected cases were
performed using AgileMultiIdeogram.

2.4. Whole Exome Sequencing (WES), Data Processing, and Variant Analysis

DNA samples from two affected individuals (IV-5 and IV-6; Figure 1A) underwent exome
sequencing. The exonic library preparation was performed using the Agilent SureSelectXT human all
exon platform, which provides high end-to-end coverage of the complete coding regions of the genome.
In short, after initial sample quality control, 50 ng of DNA was fragmented using QXT enzymatic
protocol followed by adaptor tagging (Agilent Technologies, Santa Clara, CA, USA). Paired-end
sequencing was performed on a HiSeq2000 instrument (Illumina Inc., San Diego, CA, USA) according
to the manufacture’s protocol. The raw data were evaluated for read quality with FastQC software
(Babraham Bioinformatics). After removing low-quality reads, Burrows–Wheeler Aligner [14] and
SAMTOOLS [15] were used to align sequences, copy number variants (CNVs), and small indels, to the
UCSC Human Genome Database (UCSC, GRCh37/hg19). Variants were called using the Genome
Analysis Toolkit (GATK; The Broad Institute, Cambridge, MA, USA) [16], and the variant annotation
and filtering were performed using ANNOVAR [17]. A web-based tool, VCF2CNA, was used to
detect CNVs in the Variant Call Format (VCF) files. Minor allele frequency (MAF) of the variants was
determined using publicly available variant databases: dbSNP147, 1000Genomes (NCBI browser),
ExAC and gnomAD (The Broad Institute). Furthermore, the variants that are frequent in our in-house
Saudi Human Genome Program (SHGP) database, which is based on>3000 Saudi individuals, were also
filtered out.

2.5. Sanger Validation and Segregation Analysis

Bidirectional sequencing was carried out to verify the variants of interest identified by WES.
Primers flanking candidate variants were designed using Primer3 software. The amplified PCR
products were sequenced using the BigDye Terminator v3.1 Cycle Sequencing kit and an ABI3130xl
sequencer (Applied Biosystems, Foster City, CA, USA). Sequencing data were examined with the
SeqManII module of Lasergene (DNA Star Inc., Madison, WI, USA) software. All family members were
screened for the filtered candidate variants to establish their segregation with the disease phenotype.
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2.6. Pathogenicity Computation and In Silico Modeling

Possible pathogenic effects of the missense single-nucleotide variants (SNVs) on CDH23 protein
function were evaluated using multiple pathogenicity-computation tools, including PolyPhen-2, SIFT,
DANN, MutationTaster, FATHMM-MKL, MetaSVM, MetaLR, MutationAssessor, and CADD. Clustal
Omega and the Genomic Evolutionary Rate Profiling (GERP++) algorithm were used to estimate the
conservation of mutated residues (Asp918 and Val1670).

To predict the impact of both the identified missense variants, located in the protein domains
cadherin 9 and cadherin 16, CDH23 sequences were obtained from the Uniprot database (Q9H251).
Homology models for both the domains affected by the SNVs were predicted by performing template
search with BLASTp [18] and HHBlits [19] against the SWISS-MODEL template library (SMTL version
2019-10-02) utilizing the solved molecular models in the Protein Data Bank (PDB). The best structure
templates matching the target sequences were selected for each domain: cadherin 9 (3q2w.1.A) and
cadherin 16 (5wjm.1.A). ProMod3 was used to build models based on the target–template alignment [20].
The conserved coordinates between the template and the target were copied to the model. Global and
per-residue model qualities were estimated using the QMEAN scoring function [21]. The molecular
graphics program PyMOL was used to visualize the model, examine the consequences of introducing
the mutations, p.(Asp918Asn) and p.(Val1670Asp), and produce figures. Mutagenesis tool within
PyMOL was used to mutate the native residue and the native side chain was then substituted by the
“best” rotamer of the mutant amino acid, which totalizes the lowest score based on the lowest energy
(least collisions and most favorable hydrogen bonds).

3. Results

3.1. Clinical Description and Hearing Characteristics

A consanguineous Saudi family (NSHD4) presented with hearing loss in four of their children
(Figure 1A). The ages for the patients were 17 to 31 years at the time of the study. A thorough clinical
examination of the patients showed a mild sloping to profound sensorineural HL for the younger
two siblings (IV-5 and IV-6) and a moderate sloping to profound sensorineural HL for the two older
siblings (IV-3 and IV-4). The affected patients showed a progressive nature of HL, as confirmed by
audiograms obtained at different ages (Figure 1B). All four patients are using binaural hearing aids
with significant benefits. They were able to identify words in a close-set with no visual cues at normal
conversation levels. However, they rely on lip-reading for communication. Their aided scores with
current hearing aids were in the range of mild to moderate HL (thresholds between 30 and 55 dB HL),
suggesting significant functional gain with amplification. CT of the temporal bone revealed that
both mastoids were normally pneumatized. The inner ear structures, including the left and right
cochlear, vestibules, semicircular canals, and middle ear structures, were normal. No gross vestibular
dysfunction was reported by any of the patients, and there was no delay in the motor milestones.
The patients did not display RP or any other ophthalmological manifestations. There were no extended
family members with congenital or progressive HL. There was no history of head trauma, exposure to
ototoxic noise levels, aminoglycoside antibiotics, or systemic or otic infections that might underlie
the HL in the four affected siblings. These findings suggested the possibility of genetic involvement
underlying NSHL in the main family, and the DNA samples from all available family individuals were
used for genetic analysis.

3.2. Genetic Analysis

3.2.1. Autozygome Analysis

SNP genotypes were analyzed using AgileMultiIdeogram to determine regions of AOH and
common ROHs in affected four siblings (V-3, V-4, V-5, and V-6; Figure 1A). A single shared region
of homozygosity at chromosome 3q13.2–11q23.2 (chr3: 65,010,372–68,988,334 bp; UCSC hg19) was
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identified (Figure 1C). This region corresponded to a 3.97-Mb region on the human Genome Data
Viewer (annotation release 109), which contained seven labeled genes. The affected individuals
were products of a consanguineous union, and as presumed from the pedigree, the possibility of
homozygous mutation was more likely, but this region did not contain any known or potential HL
gene; therefore, we next proceeded with exome sequencing.

3.2.2. Identification of Mutations by Whole Exome Sequencing

Exome data of two affected individuals (IV-5 and IV-6; Figure 1A) were obtained from the HiSeq
2000 platform (Illumina Inc., San Diego, CA, USA), with an average sequence depth of on-target
regions of 97× for affected individual IV-5 and 106× for IV-6. The average percentage of bases in
the target region was 97.8% and 93.2%, with a 10× and 20× coverage, respectively. Variants with a
quality score (QUAL) of ≤30 (Q30) were selected only. For CNV detection, a VCF file containing paired
patient and normal control individual data was uploaded and analyzed by the VCF2CNA algorithm
using the standard parameters. A CNV profile of the patient IV-5 was obtained containing 453 CNVs,
overlapping at least one coding exon. These CNVs were also present in the normal control individuals
from the same ethnic population; therefore, they were not considered further.

The VCF files of the two affected individuals were annotated and filtered using Illumina Variant
Studio software to ascertain potentially damaging variants underlying the HL phenotype. A workflow
for variant filtering scheme of exome data used for variants prioritization and following the genetic
analysis is illustrated in Figure 2. In short, the variants’ genomic positions were taken into account,
and the variants located in intergenic, intronic, and untranslated regions (UTRs) were excluded.
For individual IV-5, a total of 109,306 variants (41,389 homozygous and 67,917 heterozygous) and
for individual IV-6, 107,264 variants (41,770 homozygous and 65,494 heterozygous) were identified.
Based on family history and pedigree, an autosomal recessive mode of inheritance was considered,
and homozygous or compound heterozygous variants were anticipated. The variants from WES were
filtered such that: coding/splicing variants, novel or variants with MAF below 0.01% in 1000Genomes,
ExAC and gnomAD, variants not frequently observed in our in-house Saudi exomes database,
variants that are predicted to be likely pathogenic/pathogenic, and shared among the two affected
siblings, were considered as likely causal variants. A list of last filtered variants shared among the
exome data of two affected siblings is in Table S1. The indels detected in the exome data were filtered
out in the variant filtration strategy and were not prioritized further. MultiIdeogram analysis for
regions of AOH for each affected sample and the few shared ROHs among the siblings’ pair (Figure 1C)
could explain a shortlist of shared homozygous variants in the exome data of the affected siblings IV-5
and IV-6. The in-house exome database has also led us to more filtration power and made this list
even shorter.

In short, the variants identified in any gene associated with HL phenotype were carefully
prioritized by allele frequency and predicted molecular phenotypic effect. According to the clinical
phenotypes and autosomal recessive inheritance patterns combined with the database analysis, two
variants of the CDH23 gene (NM_022124.6); c.2752G>A, p.(Asp918Asn) in exon 24, and c.5009T>A,
p.(Val1670Asp) in exon 38, were considered as likely pathogenic compound heterozygous variants
causing the disease presentation (Figure 3A). The identified genetic variants were validated by Sanger
sequencing (Figure 3B). Genotyping in the parents confirmed that these mutations co-segregated with
deafness within the family; the variant c.2752G>A was inherited from the father (III-1), while c.5009T>A
was inherited from the mother (III-2) (Figure 3B). The unaffected siblings (IV-1 and IV-2) were also
carriers (Figure 1A).
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Figure 2. Whole exome sequencing and variant filtering strategy adapted to narrow down the most
promising causative mutations in Family NSHD4. The exome was interrogated for variants present in
genes shared by two affected individuals under an autosomal recessive model.

 

Figure 3. Identification of CDH23 (NM_022124.6) mutations by whole exome sequencing. (A) The
schematic of the CDH23 gene that is 290 kb in length. The triangles locate the positions of the two
heterozygous mutations identified in exons 24 and 38 by exome sequencing. (B) Electropherogram
profiles of the index patient and unaffected parents showing the inheritance of the missense mutations,
(c.2752G>A, p.(Asp918Asn) and c.5009T>A, p.(Val1670Asp)). (C) Conservation of Asp918 and Val1670
amino acids is observed across species (highlighted in yellow). Asterisk (*) indicates positions which
have a single, fully conserved residue. Colon (:) indicates conservation between groups of strongly
similar properties-scoring > 0.5.
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3.2.3. Prediction of the Pathogenic Significance of the Mutations

The pathogenicity scores of CDH23 SNVs by multiple in silico bioinformatics tools predicted the
variants to be damaging for the protein function (Table 1). The p.(Asp918Asn) and p.(Val1670Asp)
variants have a CADD score of 28.3 and 24.5, respectively. Upon sequence comparison across various
species, a high degree of evolutionary conservation was observed for both the amino acid residues at
the mutation sites (Figure 3C). The GERP++ score of 5.4 and 5.76 was obtained for Asp918 and Val1670,
respectively (Table 1). The p.(Asp918Asn) has already been reported as a causative CDH23 mutation in
HL patient (HGMD: CM140352 [22]), while the p.(Val1670Asp) is a novel variant.

Table 1. CDH23 variants associated with nonsyndromic hearing loss identified in family NSHD4.

Genomic
Coordinates

and nomenclature

CDH23 (10q22.1)

Variant 1 Variant 2

Genomic Position
(hg19/GRCh37) chr10:73464686 chr10:73537600

dbSNP ID rs769870573 rs397517333

HGVS
RefSeq:NM_022124.6

exon 24 of 70
c.2752G>A,

p.(Asp918Asn)

exon 38 of 70
c.5009T>A,

p.(Val1670Asp)

Global minor allele
frequency (MAF)

GnomAD_exomes A = 0.000008 (2/246770) A = 0.000068 (17/249302)

ExAC A = 0.000017 (2/117490) A = 0.000058 (7/120554)

SHGP 0 0

In silico pathogenicity
prediction tool

CADD Score a Pathogenic (28.3) Pathogenic (24.5)

PolyPhen-2 Probably damaging (0.999) Possibly damaging (0.735)

SIFT Deleterious (0) Deleterious (0)

MutationTaster Disease causing (1) Disease causing (0.9954)

Mutation assessor High (3.985) High (3.82)

DANN Pathogenic (0.9991) Pathogenic (0.9807)

FATHMM-MKL Damaging (0.9939) Damaging (0.9695)

MetaSVM Damaging (0.3538) Damaging (0.5357)

MetaLR Damaging (0.5892) Damaging (0.6209)

Conservation GERP++ b Conserved (5.4) Conserved (5.76)

ACMG variant classification c
PM1, PM2, PP1, PP2, PP3 PM2, PP1, PP2, PP3

“Pathogenic” “Likely Pathogenic”
a CADD scores are derived from several different functional annotation tools. A score of 20 indicates that a variant
is amongst the top 1% of deleterious variants in the human genome. The higher the score, the more likely that
variant is predicted to be damaging to the protein. b Genomic Evolutionary Rate Profiling (GERP) is a conservation
score calculated by quantifying substitution deficits across multiple alignments of orthologues using the genomes of
35 mammals. It ranges from −12.3 to 6.17, with 6.17 being the most conserved. c Classified based on the American
College of Medical Genetics (ACMG) guidelines.

3.2.4. Impact of p.(Asp918Asn) and p.(Val1670Asp) Mutations on the CDH23 3D Structure

The identified variant p.(Asp918Asn) is located in the Cadherin 9 domain of the CDH23 protein.
Analysis of the homology model of the crystal structure of human CDH23 showed that Asp918 is
directly involved in a metal “Ca2+” ion contact, H-bond with aspartic acid at position 5, and a salt
bridge with lysine 64. The mutant residue “Asn” is neutral compared to negatively charged wild-type
residue “Asp”. In the p.(Asp918Asn) mutant structure, the difference in charge disturbs the ionic
interactions made by the wild-type residue. Notably, loss of negative charge (oxygen atoms of the
Asp “−COO−”) results in the loss of binding with the Ca2+, thus disturbing the domain (Figure 4A).
The second variant p.(Val1670Asp) is located within the Cadherin 16 domain on the protein’s surface;
replacement of the native amino acid with a negatively charged mutant residue results in loss of
hydrophobic interactions with other molecules or other parts of the protein. The bigger-sized mutant
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residue may also cause a clash and repulsion with the neighboring residues, affecting the domain’s
stability (Figure 4B). CDH23 homology models confirm the variable disruption of both structurally
and functionally critical CDH23 domains, which may impact the normal development of hearing.

 
Figure 4. The generated 3D homology model of the CDH23 protein. The Asp918 and Val1670 mutation
sites are located at extracellular cadherin domains EC9 and EC16, respectively. CDH23 sequences were
obtained from the Uniprot database (Q9H251), and the best structure templates matching the target
sequences were selected for each domain (A1) cadherin 9 (3q2w.1.A) and (B1) cadherin 16 (5wjm.1.A).
(A2) A close-up view of the wild-type residue p.Asp918 at the mutation site, with the hydrogen bond
interaction shown as a yellow dashed line. Asp918 amino acid is part of a highly conserved peptide
motif DXD and is directly involved in “Ca2+” ion contact required for the interdomain rigidification of
the cadherin repeat domains. (A3) The introduction of Asn residue at position 918 would abrogate
the “Ca2+” ion contact and other bonds, thereby disrupting the structure of the Cadherin 9 domain.
(B2) A close-up view of the wild-type residue p.Val1670 at the mutation site. (B3) The bigger negatively
charged mutant residue Asp at position 1670 results in loss of hydrophobic interactions causing a
clash or repulsion with the neighboring residues, thus affecting the stability of the domain. Homology
models confirm the variable disruption of structurally and functionally critical CDH23 domains.

4. Discussion

Autosomal recessive NSHL (arNSHL), one of the most frequent genetic disorders in humans,
is subjected to extensive genetic heterogeneity, therefore rendering molecular diagnosis difficult.
Homozygosity mapping in consanguineous families provides a means to detect genes causing recessive
Mendelian disorders by identifying chromosomal regions with shared ROH among the affected
family members [23–26]. Although it is much more probable for a related spouse to carry the same
recessive mutation than a different mutation, compound heterozygosity can still occur in the setting
of consanguinity [27,28]. In the study family (NSHD4) with four affected siblings with arNSHL,
initial autozygosity analysis suggested a novel locus, but none of the genes within the autozygome
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explained the HL phenotype. The potential pitfalls that arose during the course of homozygosity
mapping of the family’s NSHL gene resulted from unexpected allelic heterogeneity and identification
of a shared ROH region unrelated to the disease locus. Consistent with the recessive inheritance
of this family, we later identified compound heterozygous CDH23 mutations by successfully and
efficiently applying WES for the molecular diagnosis of arNSHL in all four siblings. With the more
recent availability of next-generation sequencing (NGS) technologies, pathogenic variant identification,
especially in highly heterogeneous disorders including hearing impairment phenotype, has been
significantly improved by obviating the prerequisite to prioritize genes for sequencing within candidate
autozygous loci.

The CDH23, located on chromosome 10q21-q22, encompasses more than 290 kb and consists of
70 exons. The gene encodes a 3354 amino acid protein with 27 extracellular cadherin (EC) repeat domains
(exons 2–64), a single transmembrane domain (exon 65), and a short cytoplasmic domain (exons 66–70).
The encoded protein, cadherin 23 (CDH23), is among the 113 human cadherin superfamily members,
which constitutes a family of integral transmembrane proteins that mediate Ca2+-dependent cell-cell
adhesion. CDH23 is involved in the establishment of cell-cell contacts and the organization of the EC
matrix. The EC domains interact with other cadherin molecules in cis and trans to form homo-dimeric
interactions, which are essential to mechanically hold the opposing cell surfaces together. This stability
is achieved by binding of Ca2+ ions to highly conserved cadherin-specific amino acids motifs such as
LDRE, DXD, and DXNDN located in each EC domain. These conserved peptide sequences are required
for Ca2+ binding, linearization, rigidification, and dimerization of the cadherin molecules [29,30].
Protein structure analyses suggest that mutations in such domains perturb CDH23 dimerization and
might impair the interactions, change the local surface structure, and destabilize CDH23 protein
structure affecting the function of the protein [31]. Both p.(Asp918Asn) and p.(Val1670Asp) mutations
identified in our patients involved conserved CDH23 amino acids (Figure 3C) and were predicted to
have severe detrimental effects by multiple in silico tools (Table 1). The altered protein conformations
indicated that both the wild-type residues are indispensable for the protein function of CDH23 (Figure 4).
The mutation p.(Asp918Asn) disrupts the highly conserved peptide motif DXD at cadherin domain 9,
where Asp918 is directly involved in binding to the Ca2+ ions for the interdomain rigidification of
the cadherin repeat domains. Biallelic pathogenic mutations at position 918 have been previously
associated with arNSHL; c.2752G>A, p.(Asp918Asn) mutation was identified in an Indian family [22]
and c.2752G>C, p.(Asp918His) in Chinese Hans [32]. Based on the American College of Medical
Genetics (ACMG) guidelines for variant classification [33], variant p.(Asp918Asn) was classified as
pathogenic (PM1, PM2, PP1, PP2, PP3), and p.(Val1670Asp) as a likely pathogenic variant (PM2,
PP1, PP2, PP3). The novel CDH23 variant p.(Val1670Asp) is deposited in the Leiden Open Variation
Database (LOVD#00314956) and ClinVar (accession#SUB8608268). The variants are also registered as
mutations in the Saudi Human Genome Program database.

The allelic disorders DFNB12 and USH1D were first mapped to the long arm of chromosome
10 [34,35], and the causative mutations in CDH23 were subsequently identified [7,8]. The mutation
spectrum of CDH23 phenotypes is diverse, and a total of 400 different mutations in this gene have been
described to date with an interesting genotype-phenotype correlation [9,12,36]. CDH23 mutations can
cause distinct disease outcomes. The patients with recessive CDH23 variants display a wide range
of hearing and vision loss phenotypes differing in severity, age at onset, and presence or absence
of vestibular areflexia. The majority of CDH23 mutations have been associated with congenital or
prelingual-onset, severe-to-profound sensorineural HL either as nonsyndromic DFNB12 or syndromic
USH1D [6,37,38]. Individuals with NSHL usually carry CDH23 missense mutations, which are assumed
to be hypomorphic alleles with sufficient residual activity for retinal and vestibular function, but not
sufficient for the auditory cochlear function, thereby causing hearing loss DFNB12 phenotype. On the
contrary, CDH23 null alleles (due to frameshift, splice-site, or nonsense variants), and some missense
CDH23 mutations cause deafness/blindness syndrome, USH1D [6,8]. It was further hypothesized that
USH1D occurs only in the presence of two USH1D alleles in trans, while a DFNB12 allele in trans with
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a USH1D allele results in DFNB12 phenotype, suggesting the phenotypically dominant nature of a
DFNB12 allele, which can preserve the normal retinal and vestibular function even in the presence of a
USH1D allele [38].

HL progression is also reported as an essential clinical feature caused by CDH23 mutations.
The contribution of CDH23 to adult-onset postlingual progressive sensorineural HL in Caucasians,
Japanese and Korean adults has been documented [38–40]. Four affected siblings with progressive
hearing impairment in our study carried a known pathogenic missense CDH23 variant, previously
known as the prelingual DFNB12 variant, in a trans configuration with another rare novel CDH23
missense variant. Taken together, both the detected variants were missense mutations, thereby
corroborating the previous reports regarding the DFNB12 phenotype, as the affected individuals in our
family had isolated sensorineural NSHL with no extra-audiological features.

CDH23 is expressed in various structures within the inner ear: the utricular–saccular foramen,
ductus reuniens, Reissner’s membrane, and particularly in sensory inner and outer hair cells, where it
is a component of the tip-links in the hair cell stereocilia [41–43]. CDH23 is supposed to be critical
for the crosslinking of the stereocilia. CDH23 co-localizes with protocadherin-15 (PCDH15) and both
are localized in the upper and lower parts of the tip-link complex, respectively. CDH23 homodimers
interact in trans with PCDH15 homodimers to form tip-link filaments, and they play a crucial role in
mechanoelectrical transduction channels in the hair bundles of cochlear hair cells [42,44]. Mutations
in CDH23 or PCDH15 that affect their interaction severely disrupt hair-bundle morphology, causing
sensory impairment [45]. The murine ortholog, which carries a Cdh23 null allele, gives rise to waltzer
phenotype and leads to disorganized, splayed stereocilia, and mimic USH1D exhibiting deafness and
vestibular dysfunction [46,47]. While in contrast, the salsa mice suffer from progressive HL due to a
Cdh23 missense mutation that is predicted to disturb Ca2+ binding by the EC CDH23 domain, modeling
the DFNB12 phenotype. Unlike the mice with Cdh23 null alleles, hair cell development in salsa mice
with a Cdh23 missense mutation is unaffected. Instead, tip-links were found to be progressively lost,
resulting in hair cell death, suggesting that similar mutations in DFNB12 patients lead to HL by
affecting the tip links [48]. Moreover, Cdh23ahl mutant alleles in mice have been linked to age-related
progressive HL with varying degrees of progression, as explained by allelism and modifier genes [49,50].
A strain-specific Cdh23 is also implicated in noise-induced HL susceptibility [47,51,52]. The CDH23
variants in human subjects have been associated with age-related and noise-induced HL; however, its
relative contribution has not been adequately investigated [39,40,53]. The underlying mechanisms
responsible for different phenotypes of CDH23 mutations have not yet been thoroughly elucidated.

5. Conclusions

In conclusion, our analyses identified compound heterozygous mutations in the CDH23 gene
associated with congenital high-frequency recessively inherited hearing loss phenotype. Our findings
add to the mutation spectrum of the CDH23, explain the phenotypic variability associated with CDH23
mutant alleles, and further provide a basis for the genotypic hierarchy of CDH23 mutations, depending
on the pathogenic potential of the variants. Moreover, we support the application of NGS in the early
diagnosis of HL, effective rehabilitation, and its implications for informed genetic counseling.
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Appendix A. Web Resources

1000Genome http://browser.1000genomes.org/
ANNOVAR http://annovar.openbioinformatics.org/

Burrows-Wheeler Aligner (BWA) aligner (http://bio-bwa.sourceforge.net/)
ClustalW2 for Multiple Sequence Alignment http://www.ebi.ac.uk/Tools/msa/clustalw2/

Combined Annotation Dependent Depletion (CADD) https://cadd.gs.washington.edu/
dbSNP http://www.ncbi.nlm.nih.gov/snp/
ExAC http://exac.broadinstitute.org/

FATHMM-MKL http://fathmm.biocompute.org.uk/fathmmMKL.htm
Genome Aggregation Database (gnomAD) http://gnomad.broadinstitute.org/

Genomic evolutionary rate profiling (GERP) http://mendel.stanford.edu/SidowLab/downloads/gerp/
Hereditary hearing loss homepage http://hereditaryhearingloss.org/

Human gene mutation database http://www.hgmd.cf.ac.uk/ac/
Human genome data viewer https://www.ncbi.nlm.nih.gov/genome/gdv/

Leiden open variation database (LOVD) http://databases.lovd.nl/shared/genes/CDH23)
MutationAssessor http://mutationassessor.org/r3/

MutationTaster http://www.mutationtaster.org/
National Center for Biotechnology Information (NCBI) http://www.ncbi.nlm.nih.gov/

Online Mendelian inheritance of man (OMIM) https://www.omim.org/
Polyphen-2 (Polymorphism Phenotyping) http://genetics.bwh.harvard.edu/pph2/

Primer3web (v4.1.0) https://primer3.ut.ee/
Protein Data Bank (PDB) http://www.wwpdb.org/

PyMOL Molecular Graphics System, Schrodinger, LLC https://pymol.org/
SAMTOOLS http://samtools.sourceforge.net/

Saudi Human Genome Program (SHGP) https://shgp.sa/
SIFT (Sorting Intolerant from Tolerant) http://sift.jcvi.org/

UCSC Human Genome Database http://www.genome.ucsc.edu/
VCF2CNA http://vcf2cna.stjude.org/
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Abstract: We report the underlying genetic causes of prelingual hearing loss (HL) segregating in eight
large consanguineous families, ascertained from the Punjab province of Pakistan. Exome sequencing
followed by segregation analysis revealed seven potentially pathogenic variants, including four
novel alleles c.257G>A, c.6083A>C, c.89A>G, and c.1249A>G of CLPP, CDH23, COL4A5, and LARS2,
respectively. We also identified three previously reported HL-causing variants (c.4528C>T, c.35delG,
and c.1219T>C) of MYO15A, GJB2, and TMPRSS3 segregating in four families. All identified variants
were either absent or had very low frequencies in the control databases. Our in silico analyses and
3-dimensional (3D) molecular modeling support the deleterious impact of these variants on the
encoded proteins. Variants identified in MYO15A, GJB2, TMPRSS3, and CDH23 were classified as
“pathogenic” or “likely pathogenic”, while the variants in CLPP and LARS2 fall in the category of
“uncertain significance” based on the American College of Medical Genetics and Genomics/Association
for Molecular Pathology (ACMG/AMP) variant pathogenicity guidelines. This paper highlights the
genetic diversity of hearing disorders in the Pakistani population and reports the identification of
four novel mutations in four HL families.

Keywords: prelingual hearing loss; genetic heterogeneity; whole-exome sequencing; genetic
testing; Pakistan

1. Introduction

Hearing loss (HL) is an etiologically heterogeneous trait that can present itself at any age and
degree of severity. This condition affects 1 in 500 newborns and >360 million people worldwide [1,2].
Unlike genetic disorders caused by single-gene pathogenic variants (e.g., cystic fibrosis), over 120 distinct
autosomal genetic loci are already linked to just the nonsyndromic form of recessively inherited HL [3].
It is estimated that up to 1% of human genes are essential for hearing function [4], and at least 1000 genes
are associated with inherited HL, based upon studies on HL-associated diseases, unique inner-ear
transcripts [5–9], and model organisms [10–15]. Intriguingly, of the 72 known nonsyndromic HL genes,
34 were initially identified in Pakistani families [3], and eventually, the variants in these genes were
identified in populations around the world [16–21]. The Pakistani population is ideal for genetic
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studies because of its rich anthropogeneological background, via successive waves of invasions due
to its pivotal location at crossroads of South Asia, the Middle East, and Central Asia, as well as its
high consanguinity. Parental consanguinity accounts for a 0.25–20% higher chance of recessive genetic
disorders [22]. Specific clans and high consanguinity in Pakistan provide a unique genetic resource
(62.7% of marriages are consanguineous, of which ~80% are between first cousins) [23].

In the present study, we performed exome sequencing on the DNA samples of eight large
consanguineous Pakistani families segregating prelingual HL. Four novel and three previously
reported variants in seven known HL genes were identified, including five missense, one nonsense,
and one frameshifting truncation allele. The results of this study further support the utility of exome
sequencing and genetic screening of HL families to catalog the novel disease-causing variants of
known genes, which will certainly aid in improving the clinical genetic diagnostic rate, as well as in
establishing the frequency of previously reported alleles in the Pakistani population.

2. Materials and Methods

2.1. Subjects and Clinical Evaluation

All procedures in this study were approved by the Institutional Review Board (IRB) Committees
(HP-00061036) of the University of Maryland School of Medicine, Baltimore, MD, USA; the Institute of
Molecular Biology & Biotechnology, Bahauddin Zakariya University, Multan, Pakistan; and the Shaheed
Zulfiqar Ali Bhutto Medical University, Islamabad, Pakistan. The tenets of the Declaration of Helsinki
for human subjects were followed and informed written consent from adults and assent from minors
was obtained from all the participating individuals prior to inclusion in the study. Family histories
were taken from multiple members to establish family structure, comorbidities, the onset of disease,
and treatment. Clinical phenotyping was performed through a detailed review of medical history,
physical examination, pure tone audiometry, a tandem gait test, a Romberg test, and an ophthalmic
examination. Genomic DNA was extracted from blood samples of participating individuals via an
inorganic method [24].

2.2. Exome Sequencing and Bioinformatic Analyses

Exome sequencing was performed on probands of all families. Exome-enriched genomic
libraries were prepared using the Agilent SureSelect Human Expanded All Exon V5 kit and
sequenced on an Illumina HiSeq4000 with an average of 100× coverage. Data alignment,
variant calling, and filtration were performed as described previously [25,26]. The Primer3 web
resource (http://bioinfo.ut.ee/primer3-0.4.0/) was used to design primers for Sanger sequencing of the
selected variants.

Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) multiple sequence alignment was
used to appraise the evolutionary conservation of the identified variants. Mutation Taster
(http://www.mutationtaster.org/), Polyphen-2 (http://genetics.bwh.harvard.edu/pph2/), Mutation Assessor
(http://mutationassessor.org/r3/), SIFT (https://sift.bii.a-star.edu.sg/), and Combined Annotation
Dependent Depletion score (https://cadd.gs.washington.edu/score) were used to evaluate the impact of
the identified variants on the encoded proteins. Finally, the Varsome (https://varsome.com) online tool
was used for the classification of HL-associated variants according to the American College of Medical
Genetics and Genomics (ACMG) guidelines.

2.3. Structural Modeling

To further evaluate the impact of variants on secondary structure, 3D protein models were
generated through the Phyre2 server (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index) and
analyzed through the HOPE protein prediction tool (https://www3.cmbi.umcn.nl/hope/). The University
of California, San Francisco (UCSF) CHIMERA online tool (https://www.cgl.ucsf.edu/chimera/) was
used to visualize the impact of amino acid change on protein folding and ionic interactions.
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3. Results

After IRB approval and informed consent, eight large consanguineous families (Figure 1A) were
enrolled from the Punjab province of Pakistan (Figure 1A). According to family medical histories, all
affected individuals had prelingual hearing loss (HL). Pure tone audiometric analysis revealed a bilateral
mild to profound sensorineural hearing loss in all the tested individuals (Figure 1B). Consequently,
to determine the genetic causes of HL segregating in these eight families, exome sequencing was
performed for the proband of each family. Autosomal recessive inheritance, both homozygous
and compound heterozygous, was assumed during the exome data filtering stages. We detected
four novel variants, c.257G>A (p.(Cys86Tyr)), c.6083A>C (p.(Asp2028Ala)), c.89A>G (p.(Tyr30Cys)),
and c.1249A>G (p.(Met417Val)), in CLPP, CDH23, COL4A5, and LARS2, and three previously reported
variants, c.4528C>T (p.(Gln1510*)), c.35delG (p.(Gly12Valfs*2)), and c.1219T>C (p.(Cys407Arg)),
in MYO15A, GJB2, and TMPRSS3, respectively (Figure 2A, Table 1). Except for the COL4A5 allele,
variants identified in this study were present in the evolutionarily conserved regions (Figure 2B) of the
encoded proteins and were absent or had very low frequencies in the ExAC database (Table 1).

Next, to assess the predicted impact of identified HL-associated variants on the secondary
structures of the encoded proteins, we performed 3D molecular modeling with Phyre2 and HOPE
online programs. These models were generated using available structural information of the closely
related proteins available in the NCBI protein database (https://www.ncbi.nlm.nih). The p.(Gln1510*)
nonsense variant of myosin 15A and the p.(Gly12Val*2) frameshift variant of connexin 26 (encoded
by GJB2), segregating with HL in three families, are likely to yield complete loss of function of both
proteins, as the mRNAs harboring these alleles will likely be degraded through the nonsense-mediated
decay (NMD) machinery [27]. In the unlikely event that MYO15A mRNA escapes NMD, the insertion
of a nonsense codon at amino acid position 1510 is predicted to remove the carboxy tail, which will
severely hamper the cargo function of the encoded protein [28,29].

 
Figure 1. Hearing loss (HL) family pedigrees and causative variants. (A) Segregation of disease-causing
alleles in eight Pakistani families. Filled and empty symbols represent affected and unaffected individuals,
respectively, while half-filled symbols in family HL16 indicate carriers of identified X-linked variants.
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Double lines indicate consanguineous marriages. The genotypes (wild type, heterozygous, homozygous,
or hemizygous) of the identified mutant alleles are also shown for each of the participating family
members. All families had autosomal recessive mode of inheritance for HL, except for the family
that had sex-linked (X-chromosome) inheritance. (B) Representative audiometric air (AC) and bone
(BC) conduction thresholds from the affected individuals of eight Pakistani families revealed bilateral
sensorineural hearing loss.

Figure 2. Protein structures and amino acid sequence alignments of orthologs. (A) Schematic
representation of MYO15A, CLPP, GJB2, CDH23, COL4A5, and LARS2 proteins along with
HL-associated variants identified in Pakistani families. (B) Clustal-W multiple amino acid sequence
alignments of orthologous proteins showed evolutionarily conserved mutated residues across different
species, except for the p.(Tyr30Cys) variant of COL4A5. However, none of the evaluated species had
cysteine at position 30 in COL4A5 orthologs.

The nonconservative p.(Cys86Tyr) variant of CLPP is predicted to change the torsion angle
(Figure 3) since wild-type cystine is a sulfur-containing residue. This residue generally serves two
essential biological roles: the site of redox reactions and participation in mechanical linkage for 3D
folding of protein secondary structure. Replacement with tyrosine, which has a larger molecular
size and different stereotypic properties, would likely impact protein folding and function (Figure 3).
The p.Cys407 residue was located in the peptidase S1 enzymatic domain of TMPRSS3 and the
p.(Cys407Arg) missense variant, found in family HL13, is predicted to cause loss of hydrophobic
interactions in the core of the protein (Figure 3), leading to distortion of protein folding and thus
abolishing the related function. The p.(Asp2028Ala) variant identified in family HL14 is predicted
to alter the classical calcium-binding motif (LDRE; Figure 2B) within the cadherin repeat of CDH23,
and is thus predicted to impair the calcium-binding ability (Figure 3). In contrast, the p.(Met417Val)
variant, found in family HL17, was located in the transfer RNA (tRNA) synthetase domain of encoded
leucyl-tRNA synthetase 2 (LARS2) protein. Replacement of methionine at position 417 with valine is
predicted to alter the ionic interactions (hydrogen bonding) and folding of the secondary structure
(Figure 3). Finally, the p.(Tyr30Cys) hemizygous variant of COL4A5, found in family HL16, could not
be modeled due to lack of reasonable similarity to protein structures in the NCBI database. However,
evaluation through the HOPE algorithm indicated that incorporation of a more-hydrophobic residue
at position 30 could result in loss of hydrogen bonds and/or disturb the normal folding properties
of COL4A5.
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Figure 3. Protein 3D secondary structures generated by Phyre2 are shown in the respective colors:
helix, green; strand, reddish pink; and coils, yellow. Pink and Dodger blue colors are used to show
wild-type and mutant amino acids, respectively. Hydrogen bonding is shown by solid blue lines and
concerned amino acids in dark blue color. Dotted lines represent the distance of the amino acids of
interest with nearby residues in Angstroms respect. However, nearby residues are shown in color by
element. The differences in size, charge, and hydrophobic properties of cysteine versus tyrosine at
position 86 of CLPP might impact the interactions with other molecules on the surface of the protein.
Similarly, the p.(Cys407Arg) missense substitution in TMPRSS3 is predicted to impact the core of the
protein due to the larger size and different hydrophobic properties. The p.(Asp2028Ala) change mutates
the calcium-binding motif (LDRE) of the cadherin repeat in CDH23, and causes a loss of interaction
with the p.(Glu2030) residue. Finally, the p.(Met417Val) missense variant of LARS2 is predicted to
induce aberrant ionic interactions with p.(Leu408).
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4. Discussion

Advancements in molecular genetics screening and bioinformatics tools have been tremendously
helpful in deciphering the causal variants for Mendelian disorders, including HL. Combinatorial
approaches to identify individuals with actionable variants in highly penetrant genetic forms of
common diseases like HL are essential if genomic medicine is to have its promised impact. With
the advent of improved gene manipulation and delivery strategies to mitigate inherited HL [33–36],
within the perceivable future, genetic testing will not only be useful for genetic diagnosis but also for
personalized medicine. Here, we report the identification of seven HL-associated variants in eight
multiplexed Pakistani families, including four novel alleles of CLPP, LARS2, CDH23, and COL4A5
(Table 1). In addition, we also identified three previously reported variants of MYO15A, GJB2, and
TMPRSS3 in four large families (Figure 1A). All of these genes are highly expressed in the inner
and outer hair cells of the cochlea [8,9], and their encoded protein products are required for the
development, organization, maintenance, or ionic homeostasis of organ of Corti mechanosensory
epithelia (e.g., [28,29]).

Affected individuals of families HL002 and HL17 were homozygous for the presumptive missense
variants p.(Cys86Tyr) and p.(Met417Val) in CLPP and LARS2, respectively (Figure 1A). Biallelic variants
in CLPP and LARS2 are known to cause Perrault syndrome, a rare autosomal recessive disorder
characterized by sensorineural HL in both sexes and primary ovarian failure in females [37,38].
In family HL002, four affected males and four affected females were found to have profound prelingual
sensorineural HL. Affected female IV:11 (age 53 years) is currently at the menopausal stage; however,
she and affected female IV:17 (age 19 years) were reported to have a history of normal menstrual cycles,
although formal evaluation of hormonal profiles was not possible. Similarly, in family HL17, five
affected males and two affected females were present. The only affected female that is still alive (V:14)
has not reached puberty (age 4 years). Identification of a variant in LARS2 that segregates in family
HL17 is highly clinically relevant, considering that, without this genetic screening, the diagnosis of
Perrault syndrome would not be considered in disease clinical management, prognosis, and counseling.

In family HL14, all the affected individuals were homozygous for a missense variant
(p.(Asp2028Ala)) of CDH23 (Figure 1A). Biallelic variants in CDH23 are a frequent cause of both
nonsyndromic HL (DFNB12) as well as Usher syndrome type 1, an autosomal recessive disorder
characterized by prelingual HL, vestibular areflexia, and progressive retinitis pigmentosa [39].
CDH23 encodes a large protein with 27 extracellular calcium-binding cadherin motifs and a single
transmembrane domain [39]. The p.(Asp2028Ala) variant identified in family HL14 is predicted
to alter the classical calcium-binding motif (LDRE; Figure 2B) of the cadherin repeat. Mutations
in the calcium-binding motifs often cause nonsyndromic HL with preserved retinal and balance
functions [40,41]. Similarly, the affected individuals of family HL14 did not report any vision problems
and appeared to have normal gait sophisticated function (evaluated through Romberg and Tandem
gait tests). However, we cannot rule out the possibility that night vision problems, retinal degeneration,
or balance areflexia might develop as these children age.Finally, in family HL16 with an X-linked
HL inheritance pattern, we found a novel hemizygous missense variant p.(Tyr30Cys) of COL4A5
(Figure 1). As of March 2020, around 865 variants of COL4A5 have been documented in the literature.
They are known to cause Alport syndrome, a hereditary progressive kidney disease accompanied by
ocular lesions and progressive or high tone sensorineural hearing loss [42]. However, currently, the
affected individuals have no visual or renal problems. Parents of HL children with COL4A5 variants
should be made aware that alleles of this gene are associated with Alport syndrome. Subsequently,
the parents should be offered genetic counseling to explain this potential outcome, and the children
should undergo regular nephrological and ophthalmologic screening for kidney and ocular problems.
In summary, for families living in remote areas of Pakistan with limited economic resources and sparse
health facilities, genetic screening might further help in forming a complete diagnosis, enhancing
family counseling, and advancing disease management.
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Abstract: Congenital hearing impairment is a sensory disorder that is genetically highly heterogeneous.
By performing exome sequencing in two families with congenital nonsyndromic profound
sensorineural hearing loss (SNHL), we identified autosomal dominantly inherited missense variants
[p.(Asn283Ser); p.(Thr116Ile)] in GREB1L, a neural crest regulatory molecule. The p.(Thr116Ile)
variant was also associated with bilateral cochlear aplasia and cochlear nerve aplasia upon temporal
bone imaging, an ultra-rare phenotype previously seen in patients with de novo GREB1L variants.
An important role of GREB1L in normal ear development has also been demonstrated by greb1l−/−
zebrafish, which show an abnormal sensory epithelia innervation. Last, we performed a review
of all disease-associated variation described in GREB1L, as it has also been implicated in renal,
bladder and genital malformations. We show that the spectrum of features associated with GREB1L
is broad, variable and with a high level of reduced penetrance, which is typically characteristic
of neurocristopathies. So far, seven GREB1L variants (14%) have been associated with ear-related
abnormalities. In conclusion, these results show that autosomal dominantly inherited variants in
GREB1L cause profound SNHL. Furthermore, we provide an overview of the phenotypic spectrum
associated with GREB1L variants and strengthen the evidence of the involvement of GREB1L in
human hearing.

Keywords: autosomal dominant inheritance; exome sequencing; GREB1L; profound nonsyndromic
hearing impairment; cochlear aplasia; cochlear nerve aplasia; neural crest; neurocristopathy

1. Introduction

Childhood hearing impairment (HI) is associated with impaired language acquisition, learning,
speech development and affects 34 million children worldwide (World Health Organization).
Approximately 1/1000 children are born with hearing loss, of which approximately 80% is genetic [1].
HI can be part of a syndrome with the presence of other medical anomalies, or it can be nonsyndromic.

Genes 2020, 11, 687; doi:10.3390/genes11060687 www.mdpi.com/journal/genes
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Currently, 120 nonsyndromic HI genes have been identified, with 59% having an autosomal recessive
(AR), 37% an autosomal dominant (AD), and 5% an X-linked mode of inheritance (Hereditary hearing
loss homepage). However, many genes remain to be identified due to the complexity of the hearing
system and due to the understudy of some ancestries [2].

Nonsyndromic HI has no association with additional features or abnormalities. However,
it can be associated with abnormalities of the middle ear and/or inner ear [1]. A large number
of these abnormalities are mild, but bilateral cochlear aplasia, i.e., bilateral absence of the cochlea,
is an ultra-rare and severe developmental abnormality of the inner ear. Approximately 0.3% of
children with congenital sensorineural HI are estimated to have bilateral cochlear aplasia [3]. However,
this estimate is predominately based on children who were candidates for a cochlear implant, and they
usually present with severe-to-profound HI [3–5].

We previously identified de novo loss-of-function variants in GREB1L in two individuals with
profound nonsyndromic HI with inner ear and cochleovestibular nerve (or 8th cranial) malformations
(Table 1) [5,6]. Affected individuals had either absent cochleae bilaterally [p.(Glu1410fs)] or an absent
cochlea on the right and incomplete partition type I on the left [p.(Arg328*)]. Both individuals also
displayed abnormalities of their vestibules and absent 8th cranial nerves [6]. In addition, greb1l−/−
zebrafish exhibit a loss of and/or abnormal sensory epithelia innervation, including a loss of the
anterior cristae nerve and an abnormal innervation pathway from the occipital lateral line neuromast.
These findings in humans and model organisms confirm the importance of GREB1L in sensory
innervation [6]. Furthermore, Greb1l is widely expressed during craniofacial development, including
the otic vesicle [6,7], and Greb1l−/− mice are embryological lethal and demonstrate severe abnormalities,
including craniofacial and renal abnormalities [8]. Greb1l+/− mice show an abnormal embryo size,
growth retardation [9] and mild abnormalities to their kidneys and ureters [8].
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In addition, de novo or autosomal dominantly inherited variants (often with reduced penetrance)
have previously been implicated in individuals with renal, bladder and genital malformations [8,13,14].
Renal hypoplasia/aplasia 3 (RHDA3) is a severe developmental disorder characterized by abnormal
kidney development and is caused by heterozygous GREB1L variants. Although the phenotype can be
highly variable, the disorder falls within the most severe end of the spectrum of congenital anomalies
of the kidney and urinary tract. In many of these cases, children were aborted or stillborn due to the
severity of the malformations, such as bilateral renal aplasia [8,13,14].

In this article, we have, for the first time, identified a family with congenital profound HI that
segregates a missense variant in GREB1L with an AD mode of inheritance and also report on an
additional case with bilateral cochlear and cochlear nerve aplasia with a GREB1L variant.

2. Materials and Methods

2.1. Patient Recruitment and Clinical Assessment

The study was approved by the ethics committee of the Quaid-i-Azam University (IRB-QAU-153),
University of Antwerp (B3002020000073) and the Institutional review board of Columbia University
(IRB-AAAS2343). Informed consent and peripheral blood samples were obtained from all individuals
of a non-consanguineous Pakistani family with deafness (Family 1 [4697]; Figure 1A) and a
non-consanguineous Egyptian family with deafness (Family 2 [BAIE1]; Figure 1B). DNA was extracted
using a phenol-chloroform procedure for the Pakistani family [15] and using magnetic beads with the
chemagic™ blood DNA kit on a chemagic™ Prime™ instrument (PerkinElmer, Waltham, MA, USA)
for the Egyptian family. The patient evaluation included a clinical history, physical, audiological and
vestibular examination. Computed tomography (CT) and magnetic resonance imaging (MRI) of the
temporal bone were performed in the Egyptian patient to identify the presence of cochleovestibular
malformations (Family 2). Unfortunately, we were unable to perform CT or MRI on the Pakistani
family (Family 1) due to the remote location of these individuals in the Khyber Pakhtunkhwa
province, Pakistan.
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Figure 1. Segregation of the GREB1L missense variants in both families, audiological and imaging data.
A/B. Segregation of the p.(Asn283Ser) GREB1L variant in family 1 (4697) (A) and p.(Thr116Ile) variant
in family 2 (BAIE1) (B). Solid black symbols represent affected individuals and clear symbols unaffected
family members. Grey symbols represent unaffected individuals that are also heterozygous for the
variant (reduced penetrance). Females are represented by circles and males by squares. (C) Pure-tone
audiograms of hearing-impaired family members of family 1 illustrate that each one presents with
bilateral profound HI. (D) Oblique sagittal T2 sequence across the right internal auditory canal (IAC) of
patient II:1 of family 2. The white arrow indicates the vestibular nerve (black dot). The arrowhead
indicates a hypoplastic facial nerve (small grey dot). The black arrow indicates the area in the IAC
where the cochlear nerve is expected but not observed. (E) Maximum intensity projection of a heavily
T2 weighted sequence to the inner ear of the affected individual (II:1) of family 2. Bilateral cochlear
aplasia and dysplasia of the vestibular system is visualized. The white arrowhead indicates the area
where the cochlea is expected but not seen (bilaterally). The white arrow indicates a dysplastic cystic
dilated vestibule on each side. The black arrow indicates a left narrow IAC and the right broad IAC
with wide communication between the fundus of the IAC and the vestibule. The black arrowhead
indicates a right dilated lateral semicircular canal. The grey arrow indicates a right rudimentary
posterior semicircular canal. L, Left; R, right.

2.2. Exome Sequencing

For family 1, Sanger sequencing was performed to exclude coding variants in the HI gene GJB2
prior to exome sequencing. Additional variants were also excluded by Sanger sequencing that are
common causes of HI in the Pakistani population: i.e., p.(Phe91Ser) and p.(Cys99Trp) within CIB2,
two intronic variants in HGF (c.482+1986_1988delTGA and c.482+1991_2000delGATGATGAAA) and
p.(Gln446Arg) and p.(Val239Asp) in SLC26A4 [16–18]. Next, a DNA sample from the affected member
(II:2, family 1) underwent exome sequencing. From family 2, the affected patient (II:2) and both
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normal hearing parents (I:1; I:II) underwent exome sequencing. In short, exomic library preparation
was performed using the SureSelect human all exon V6 kit (60.46 Mb target region) for family 1
and SeqCap EZ Exome Probes v3 (64 Mb target region) for family 2. Paired-end sequencing was
performed on a HiSeq2500/4000 instrument (Illumina Inc, San Diego, CA, USA), with an average
sequencing depth of on target regions of 61× for family 1 (II:2) and 119× (II:1), 97× (I:1), 106× (I:2) for
family 2 and the fraction of targets covered >10× was 98.95% for family 1 and 96.80% for family 2.
After removing low-quality reads, the filtered reads were aligned to the human reference genome
(GRCh37/Hg19) using Burrows–Wheeler Aligner-MEM (BWAv0.7.15) [19]. Duplicate reads were
marked using Picard-tools (v2.5.0). An insertions/deletion (Indel)-realignment and base quality score
recalibration were performed with Genome Analysis Toolkit (GATK) (v3.7), and single nucleotide
variants (SNVs) and InDels were called by the GATK HaplotypeCaller [20]. Variant annotation and
filtering were performed using ANNOVAR [21]. In short for the analysis, (1) exonic and splice region
variants +/− 12 bp from intron-exon boundary were retained; (2) An AD mode (including de novo for
family 2) and AR mode of inheritance was considered for both families; (3) Variants with a predicted
effect on protein function or pre-mRNA splicing (missense, nonsense, frameshift, start-loss, splice
region, etc.) with a population-specific minor allele frequency (MAF) of<0.005 (for AR) and<0.0005 (for
AD) in all populations of the Genome Aggregation Database (gnomAD) [22] and the Greater Middle
East Variome Project (GME) [23] were retained to test for segregation; and (4) Bioinformatic prediction
scores were annotated from dbnsfp35a and dbscSNV1.1 to evaluate missense and splice site variants
respectively [24,25], including Combined Annotation Dependent Depletion (CADD) and Genomic
Evolutionary Rate Profiling (GERP++) scores [26,27]. Genes previously involved in human/animal HI
or genes expressed in the inner ear were prioritized [28,29]. Candidate variants obtained from filtering
were visualized with the Integrative Genomics Viewer (IGV2.4.3). Sanger sequencing performed using
an ABI3130XL Genetic Analyzer was used to validate the variants in both families and check the
segregation of variants in additional family 1 members for which DNA was available.

Copy number variants (CNVs) were called in exome data from both families using CONiFER
(v0.2.2) [30]. Gene annotation was done using the BioMart Database [31] and variant frequency was
assessed using the Database of Genomic Variants [32] and gnomAD [22] using the same frequency
cut-offs as above for SNV/InDels.

3. Results

3.1. Clinical Findings

In the Pakistani family (Family 1), hearing impairment was prelingual for the three affected family
members, and pure-tone audiometry revealed bilateral profound sensorineural HI (Figure 1). No gross
vestibular dysfunction was observed via a tandem gait test, and Romberg test in affected individuals I:1,
II:2, and II:3. Clinical histories were obtained, and the patients underwent a physical exam at the ages
of 45 years of age (y) (I:2), 15y (II:2), and 17y (II:3) with no other health problems reported, including
no kidney or bladder issues, however asymptomatic kidney disease could not be excluded. History
of head trauma, severe infections or ototoxic treatment was not present. None of the other family
members displayed HI or any other clinical features, and the parents have no reported consanguinity.

In the Egyptian patient (Family 2), auditory brainstem responses and cochlear microphonic
potentials were bilaterally absent. Vestibular testing showed bilateral aberrant head impulse test,
minimal nystagmi on the rotational chair test, and no nystagmus response on the caloric test (with water
44 ◦C), suggesting a reduced canalar function. C-Vemp (cervical-vestibular evoked myogenic potentials)
were bilaterally present at 130 dBSPL, implying a functioning vestibule. MRI and CT imaging showed
bilateral cochlear aplasia, aplasia of the cochlear nerve and dysplasia of the vestibule and semicircular
canals (Figure 1). The vestibular nerve was present on both sides. On the left side, a hypoplastic
narrow internal auditory canal (IAC) was found. On the right side, the IAC was wide with deficient
fundus and wide communication between the IAC and vestibule. The facial nerve had a hypoplastic
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aspect bilaterally. The patient did not have any other known health issues, however, mild kidney
disease could not be excluded. The parents have normal hearing, reported no health issues and are
non-consanguineous. There is no family history of congenital or progressive HI.

3.2. Exome Sequencing

In family 1, exome sequencing and variant filtering identified variants in MYO15A, POLE and
GREB1L as candidates and were validated and tested for segregation (Table S1). Only a missense
[(NM_001142966.2:c.848A>G:p.(Asn283Ser)] variant in GREB1L, a gene previously associated with HI,
segregated with HI in pedigree 4697 with an AD mode of inheritance (Table 1, Figures 1 and S1) [6].
The variant is absent from gnomAD and GME. It is located at a conserved position amongst species
(GERP++ RS: 3.44; phastCons20way_mammalian: 1.00). The variant has a CADD score = 10 and
is predicted damaging by fathmm-MKL. Based on ESEfinder (v2.0) [10], the variant is located in
an exonic splicing enhancer motif (ACAGTAG; score 2.74; threshold >2.67) predicted responsive to
Pre-MRNA-Splicing Factor SRp40, which is lost due to the variant (GCAGTAG; score 1.28; threshold
>2.67). Therefore, the variant might impact normal protein functioning through various mechanisms,
however, we do not know its exact effect in vivo as we were unable to obtain RNA from the patients.
GREB1L is intolerant to loss-of-function (LoF) variants and is likely under selection against them
(pLI = 1; o/e = 0.02 [0.01–0.07]) [22], with only 2% of the expected LoF variants observed. In addition,
only 52% of the expected missense variants are observed in GREB1L (z score = 5.37; o/e = 0.52
[0.49–0.56]) [22]. The p.(Asn283Ser) missense variant is located in a position and region with a
gene-specific missense tolerance ratio (MTR) percentile of <25 [33], which signifies that this region of
the protein is also less likely to tolerate missense variants. Pathogenic missense variants are enriched
within the 25th percentile of the intolerant region of the gene’s MTR distribution [33].

In family 2, all family members were sequenced via exome sequencing. We also identified
a variant in GREB1L [(NM_001142966.2:c.347C>T:p.(Thr116Ile)], which was verified with Sanger
sequencing (Figure S1). None of the other identified variants were likely to be related to HI (Table S1).
The p.(Thr116Ile) variant in GREB1L was inherited from the unaffected mother, and the variant is
absent from gnomAD and GME. It is located at a conserved position amongst species (GERP++ RS:
5.25; phastCons20way_mammalian: 0.935), has a CADD score = 30, and is predicted damaging by
fathmm-MKL. The temporal bone imaging phenotype of the patient in this family is remarkably
similar to patients previously described with de novo GREB1L variants (Table 1), a phenotype that is
ultra-rare [6].

Based on the ACMG guidelines for variant classification, p.(Asn283Ser) was classified as likely
pathogenic (PM2, PP1-M [Bayes Factor = 16 [34]], PP2 and PP3) and p.(Thr116Ile) was classified as a
variant of unknown significance (PM2, PP2, PP3 and PP4) [12]. Finally, no CNVs were identified in
either family that were likely to be involved in disease etiology.

3.3. Phenotypic Spectrum of GREB1L Variation

We performed a detailed literature search of all disease-associated variation (N = 49) reported in
GREB1L, which are listed in Table 2 and displayed in Figure 2. This illustrates that variants are present
over the entire length of the gene, with some clustered in or near the TAGT domain. Although previous
studies were mostly focused on renal malformations, this table shows that a variety of malformations
can be present in affected individuals, including renal, bladder, uterus, ear and other issues such as
skeletal abnormalities. Reduced penetrance was observed in 50% of the reported variants in which
parents or unaffected siblings were also assessed. In addition, variants were inherited maternally in a
large majority of cases (71%). Three patients previously studied for renal malformations also showed
ear-related issues. Therefore, of the total of 49 variants that have been reported, 7 variants (14%) have
been associated with a hearing or an ear abnormality.
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Figure 2. All variants reported in GREB1L and their associated phenotypic features. A. GREB1L
protein structure with all variants indicated. The seven bottom variants are associated with ear-related
abnormalities. Dark green, TAGT or Ten-eleven translocation/J binding protein (TET/JBP)-associated
glycosyltrasferase domain [39]. B. The percentage (%) of variants associated with the most prevalent
phenotypic features seen in affected individuals.

4. Discussion

HI in children is both genetically and phenotypically heterogeneous. Identification of novel
genes implicated in congenital HI is important to understand normal hearing and ear development,
for patient management and intervention and for the development of novel therapeutic strategies.

We identified two families with congenital profound nonsyndromic sensorineural HI that segregate
missense variants [p.(Asn283Ser) and p.(Thr116Ile)] in GREB1L (Figure 1). GREB1L is a premigratory
neural crest (NC) regulatory molecule implicated in the embryonic development of many tissues [40].
The cranial NC is important in the development of the peripheral nervous system and non-neural
tissues, including craniofacial connective and skeletal tissues [41]. In addition, it also gives rise to
the stria vascularis of the inner ear and the glia cells of the cochleovestibular nerve and inner ear
ganglion [42]. greb1l has also been implicated in Hoxb1 and Shha signaling in zebrafish [14], important
pathways in the inner ear and cranial nerve development [43–45].

Previous reports on disease-related GREB1L variants showed that a variable phenotype is present,
including within families segregating the same variant (e.g., left vs. right ear) [36,37]. In addition, a high
level of reduced penetrance has been reported, including in family 2 of this study. There is no evidence
that variants cluster within specific domains of the protein (Table 2; Figure 2). This finding is similar
to what was observed for EYA1, an NC regulatory molecule which is involved branchio-oto-renal
(BOR)/branchio-otic (BO) syndrome etiology [46]. EYA1 is also characterized by a high level of
phenotypic variation between patients, even within the same family, and the severity of the phenotype
does not correlate with the type of variant nor with the domain involved. In BOR patients with
EYA1 variants, which presents with both ear and renal abnormalities, normal kidneys were often
observed in family members with BOR while other family members had renal abnormalities [46].
Many neurocristopathies typically show this variable phenotypic profile amongst patients, even within
families or within the same individual (left vs. right) [47], and multiple hypotheses have been suggested
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to explain this phenomenon, such as environmental factors and genetic modifiers [6,46,48]. However,
as the NC is a transient and migratory cell population during development, there are also complex
micro-regulations that could disturb NC migration during development. Because of this, the path
of NC migration that ends up affected due to GREB1L dysfunction could perhaps be attributed to
chance. An example of this can be found in knockout (Wv/Wv) mice. These mice have a defect in c-kit,
a NC migration regulatory molecule involved in the migration and proliferation of melanocytes in the
inner ear. Wv/Wv mice show uni- or bilateral inner ear issues with variable hearing levels, and this
variability in inner-ear phenotype was found to be reflected by the number of melanocytes present and
how far they migrated along each cochlea during development [49].

The particular link between renal and ear abnormalities has previously been demonstrated [47],
including in neurocristopathies. Several neural crest regulatory molecules are known to cause
ear/kidney syndromes with variable expression of both ear and kidney phenotypes (e.g., EYA1, SIX1,
SIX5, CHD7, MASP1, TBX1), involved in BOR/BO syndrome, CHARGE syndrome, 3MC syndrome and
DiGeorge syndrome [5,47]. In addition to these, there are also several other disorders with a specific
renal/ear link, such as Alport syndrome and Bartter syndrome [50,51]. Interestingly, when reviewing
all variants reported in GREB1L to date, we also demonstrate that 14% of GREB1L variants (N = 7)
have been associated with ear-related issues. It is to be noted however, that many of the previous
reports (focused on renal malformations) included aborted/stillborn fetuses, in which hearing could
not have been assessed. In addition, inner ear and cochlear nerve malformations cannot be assessed
via prenatal ultrasound and if an autopsy was performed and would usually not be detected on
routine autopsy. Therefore, the number of ear malformations associated with GREB1L variants is likely
under-reported. Last, this renal/ear link is also seen in Mayer-Rokitansky-Kuster-Hauser (MRKH)
syndrome, characterized by abnormal development of the internal reproductive system in females,
and is also caused by GREB1L variants (Table 2). Interestingly, HI is reported in 10–25% of individuals
with MRKH syndrome [37].

We also detected a maternal bias in the inheritance of GREB1L variants (Table 2). This maternal bias
has previously observed and two mechanisms have been suggested: (1) imprinting [8,36] (2) or GREB1L
variants could affect male fertility resulting in a low rate of paternal inheritance [8]. Genital issues,
including uterus aplasia, are common and have been reported in many females (Table 2), but the
presence in males may be underestimated as the defect might not be a gross morphological abnormality
that causes infertility.

De novo GREB1L variants have been previously implicated in a phenotype which consists of
profound HI and inner ear and cochleovestibular nerve malformations [6]. The inner ear malformation
seen in family 2 is remarkably similar to the patients previously reported with de novo GREB1L variants
(Table 1) [6], and includes cochlear aplasia, cochlear nerve aplasia and bilateral dysplastic vestibules
and semicircular canals (Figure 1), an ultra-rare phenotype. The finding of multiple independent
cases with GREB1L variants and this exact ultra-rare phenotype is significant [6]. In addition, greb1l−/−
zebrafish (p.Gln408Ter) exhibit a loss of or abnormal sensory epithelia innervation [6], supporting the
importance of GREB1L in the inner ear and nerve development.

Unfortunately, we were unable to perform temporal bone imaging in the affected members of
family 1 since they are located in a remote village in Pakistan. The profound bilateral congenital HI
phenotype observed for affected members of this family suggests that it may also be due to inner
ear/cochleovestibular nerve malformations. Since sample collection for DNA extraction and genetic
screening is easier to implement in areas with limited access to modern healthcare systems than
temporal bone imaging, we believe including GREB1L in diagnostic screening for nonsyndromic HI
is valuable.

In conclusion, we demonstrate that autosomal dominantly inherited variants in GREB1L are
involved in profound sensorineural HI etiology and show that GREB1L behaves with a similar
phenotypic variance compared to other neurocristopathies. In addition, we recommend including
GREB1L in diagnostic screening panels for nonsyndromic HI.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/11/6/687/s1,
Table S1: Candidate variants identified in both families, genotypes and annotations. Figure S1: Sanger traces of
the GREB1L variants in both families.
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Abstract: RMND1 (required for meiotic nuclear division 1 homolog) pathogenic variants are known
to cause combined oxidative phosphorylation deficiency (COXPD11), a severe multisystem disorder.
In one patient, a homozygous RMND1 pathogenic variant, with an established role in COXPD11,
was associated with a Perrault-like syndrome. We performed a thorough clinical investigation
and applied a targeted multigene hearing loss panel to reveal the cause of hearing loss, ovarian
dysfunction (two cardinal features of Perrault syndrome) and chronic kidney disease in two adult
female siblings. Two compound heterozygous missense variants, c.583G>A (p.Gly195Arg) and
c.818A>C (p.Tyr273Ser), not previously associated with disease, were identified in RMND1 in both
patients, and their segregation with disease was confirmed in family members. The patients have
no neurological or intellectual impairment, and nephrological evaluation predicts a benign course
of kidney disease. Our study presents the mildest, so far reported, RMND1-related phenotype and
delivers the first independent confirmation that RMND1 is causally involved in the development of
Perrault syndrome with renal involvement. This highlights the importance of including RMND1 to
the list of Perrault syndrome causative factors and provides new insight into the clinical manifestation
of RMND1 deficiency.

Keywords: RMND1 (required for meiotic nuclear division 1 homolog); Perrault syndrome; renal
disease; hearing loss; ovarian dysfunction; COXPD11 (combined oxidative phosphorylation
deficiency); mitochondria

1. Introduction

RMND1 (required for meiotic nuclear division 1 homolog) is a nuclear gene that encodes a
protein needed for proper functioning of mitochondria. Although the data on its exact role are still
limited, it has been shown that the RMND1 protein belongs to a large mitochondrial inner membrane
complex that supports translation of the mtDNA-encoded polypeptides [1,2], all of which represent
essential structural components of the oxidative phosphorylation (OXPHOS) complexes. It has been
proposed that RMND1 tethers mitochondrial ribosomes close to the sites where the primary mRNAs are
matured, spatially coupling mitochondrial transcription with translation [3]. In line with this, RMND1
pathogenic variants cause a generalized mitochondrial translation defect and are detected in patients
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with combined oxidative phosphorylation deficiency (COXPD11; MIM #614922), a severe recessive
condition characterized by the presence of lactic acidosis, deafness, renal and liver dysfunction, central
nervous system and muscle involvement with an onset at birth or early infancy [4,5].

In 2018, a different clinical presentation consistent with a diagnosis of Perrault syndrome (PRLTS)
was associated with a known RMND1 (c.713A>G; p.Asn238Ser) homozygous variant. The individual
reported by Demain et al. suffered from sensorineural hearing loss (HL) and primary ovarian
insufficiency (POI), defining clinical features of PRLTS, in addition to renal dysfunction and short
stature. The phenotype was delineated based on exome sequencing data from a single patient [6].
Considering the absence of another reported disease-causing variant, a doubt may arise as to whether
RMND1 is related to PRLTS development. Here, we present novel data delivering the first independent
confirmation that RMND1 is causally involved in the development of PRLTS with chronic kidney disease.

2. Materials and Methods

2.1. Study Subjects

Two affected sisters from a nonconsanguineous Polish family, together with their parents and two
other unaffected sisters, participated in the study (Figure 1A). The proband was born at term after an
uneventful pregnancy, and her development in the first years of life was considered normal until the
age of four, when bilateral HL was diagnosed. She received hearing aids at the age of six; the degree of
HL progressed gradually and was accompanied by tinnitus and vertigo from the age of 31. No ear
malformations were observed on temporal bone CT scans. Cochlear implantation was performed
for the right ear at the age of 34 and for the left ear at the age of 36 with a good outcome. From the
age of 17, she was under gynecological care due to irregular and scanty menstruation (menarche at
age 14). Hypergonadotropic hypogonadism and small ovaries and uterus were recognized. Infertility
was diagnosed, and hormone replacement therapy was introduced at the age of 28. Hypertension
was diagnosed at the age of 31. At the age of 33, her left adrenal gland was removed because of
lymphangioma, and chronic kidney disease (CKD) was diagnosed.

Figure 1. Pedigree and audiological data of the investigated family. (A) Pedigree showing affected
family members (proband II.2, proband’s sister II.6) and the identified RMND1 variants. (B) Pure tone
audiometry results of the proband (left panel) and her sister (right panel) at the age of 32.

108



Genes 2020, 11, 1060

The proband’s younger sister was also born at term without any complications, and her
development was normal. Bilateral HL was diagnosed at the age of 3. She does not have tinnitus
or vertigo, and her HL is stable. She is using hearing aids sporadically and prefers to communicate
with sign language. Evaluation for primary amenorrhea and delayed pubertal development at the
age of 18 revealed gonadal dysgenesis with a normal female karyotype 46,XX. Vitamin B12 deficiency
anemia and osteoporosis were diagnosed at the age of 26. At the age of 32, hypertension and CKD were
recognized. Due to hypertension, enarenal and indapamide were implemented in the proband and
amlodipine and torasemide in her sister. Both receive oestradiol and dydrogesterone supplementation
to reduce the complications of POI.

Written informed consent was obtained from all participants. The study was approved by the
ethics committee at the Institute of Physiology and Pathology of Hearing (KB.IFPS.25/2017) and
performed according to the Declaration of Helsinki.

2.2. Nephrological and Neurological Examinations

The proband and her sister underwent thorough nephrological evaluation including whole blood
count, electrolytes, venous blood gases, serum creatinine, calcium/phosphate balance, uric acid, lipid profile,
urinalysis as well as urine albumin to creatinine ratio (UACR), urinary tract ultrasound with kidney
size, and cortical thickness evaluation. To estimate glomerular filtration rate (eGFR), CKD-EPI (CKD
Epidemiology Collaboration) creatinine equation was used [7]. A detailed neurological examination was
performed. To assess the occurrence of neurological signs, the scale for assessment rating of ataxia—5th
version (SARA) and Inventory of Non-Ataxia symptoms—6th version (INAS) were used [8,9].

2.3. Targeted HL Gene Panel, Data Analysis and Interpretation

Genomic DNA was extracted using a standard salting out procedure. Libraries were prepared with a
custom HL 237-gene panel (SeqCap EZ Choice, Roche, Switzerland), containing genes related to PRLTS,
i.e., HSD17B4, HARS2, LARS2, TWNK, ERAL1, CLPP, and RMND1 and sequenced on a MiSeq Illumina
platform. The quality control of raw FASTQ reads was performed, followed by adapter trimming and low
quality reads removal with Trimmomatic [10]. Burrows–Wheeler Aligner [11] was used to map reads on
hg38, followed by sorting and duplication removal using Samblaster [12]. Variant identification was done
using multiple algorithms: HaplotypeCaller from GATK (Genome Analysis Toolkit) [13], Freebayes [14],
DeepVariant [15], and MuTect2 [16]. Identified variants were annotated using Ensembl VEP [17] as well
as multiple databases, including dbSNP [18], dbNSFP [18], GnomAD [19], ClinVar [20], and HGMD [21].
Inhouse databases of previously identified variants were used for annotation, to identify sequencing
artifacts as well as variants common in the Polish population. The pathogenicity of identified variants was
predicted based on the biochemical properties of the codon change and degree of evolutionary conservation
using PolyPhen-2 [22], SIFT [23], Mutation Taster [24], LRT [25], and CADD [26]. Pathogenicity of the
identified single nucleotide (SNV) and INDEL variants was evaluated by analyzing allele frequency,
in silico predictions, annotations from public variant databases, matches in the inhouse variants database,
and related medical literature. Evolutionary conservation was evaluated using GERP++ score [27].
Multiple protein sequence alignment was performed using COBALT [28], and variant localization across
evolutionary diverse species was visualized with Jalview v2.11.1.0 software [29]. Detected variants were
assigned according to standards and guidelines for the interpretation of sequence variants [30,31]. Selected
probably causative variants were confirmed using direct Sanger sequencing and reported based on the
RMND1 NM_017909.4 and NP_060379.2 reference sequences.

3. Results

3.1. Clinical Presentation

The major clinical features of the proband, a 44-year old female, and her sister, a 36-year old
female, were severe-to-profound bilateral sensorineural HL (Figure 1B) and ovarian dysfunction
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accompanied by CKD that developed in the fourth decade of life. Both had a normal stature.
Laboratory findings on renal involvement, blood lactate concentration and core parameters of venous
acid-base balance are given in Table 1, as shown by eGFR and UACR both patients were in stage
G3, A1 of CKD [32]. The proband’s calculated one-year eGFR decline was −0.45 mL/min and in
her sister −0.66 mL/min. On repeated ultrasound evaluations, the size and cortex thickness of the
kidneys was slightly diminished, but generally, the kidneys’ dimensions did not change within a
twelve-year follow up. The proband’s sister had a more complex nephrological profile. Although
on ultrasound, both kidneys and their cortex were of normal size, on scintigraphy at the age of 32,
substantial asymmetry of ERPL (effective renal plasma flow; 64% left, 36% right kidney) with uneven
radiotracer accumulation in the right organ was found. It was interpreted as post-inflammatory scars
even though the patient denied urinary tract infections.

Neurological assessment did not reveal any features of cerebellar, pyramidal or extrapyramidal
syndromes either in the proband or her affected sister. They presented normal muscle tone and strength
as well as reflexes in the upper and lower limbs. Both have completed higher education.

3.2. Identification of Pathogenic Variants

After performing next-generation sequencing (NGS), two heterozygous variants, c.583G>A and
c.818A>C in RMND1, corresponding to missense changes p.Gly195Arg and p.Tyr273Ser, respectively,
were identified in the proband (Figure 2A). The vast majority of computational algorithms predicted a
probably pathogenic character of detected variants, and they were identified only in heterozygous,
individual cases in the gnomAD population database (Table 2). Conservation analyses showed 100%
identity of the analyzed regions among all tested species (Figure 2B), with GERP++ scores of 4.57
and 5.95. Based on the applicable standards and guidelines, we have classified the identified RMND1
variants as likely pathogenic. No other pathogenic variants related to isolated or syndromic hereditary
HL, in particular to PRLTS, were found. The same RMND1 variant constellation was identified in her
affected younger sister. Both parents and another healthy sister were heterozygous carriers of one of
the RMND1 variants. In the third sister, none of the RMND1 variants was identified (Figure 1A).

Figure 2. Genetic data of the investigated family. (A) Results of next-generation sequencing (NGS)
and Sanger sequencing showing c.583G>A transition (p.Gly195Arg) and c.818A>C transversion
(p.Tyr273Ser) in the RMND1 gene. (B) Multiple protein sequence alignment of selected RMND1 regions
among different species.
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4. Discussion

Our clinical and genetic investigation shows that a combination of HL, ovarian dysfunction,
and CKD constitutes a milder end of the RMND1-related phenotypic spectrum. Presence of the
three clinical features can be defined as Perrault-like syndrome [6], PRLTS with renal involvement
or just PRLTS with a respective consecutive number, according to the nomenclature used by OMIM
(Online Mendelian Inheritance in Man, https://omim.org/), where subsequent numbers are assigned
to a syndrome in order to distinguish the causative gene. PRLTS is characterized by the presence of
sensorineural HL in both males and females and ovarian dysfunction ranging from gonadal dysgenesis
to POI in females. These are the two PRLTS cardinal features; however, in some individuals additional,
usually neurological conditions (e.g., developmental delay, cognitive impairment, ataxia or sensory
axonal neuropathy) have been also reported (Table 3) [33]. Taking into account the heterogeneity
of PRLTS phenotypic manifestations, in our opinion, it seems justified to recognize RMND1 as the
seventh PRLTS gene, where renal involvement represents an additional characteristic finding and
no neurological signs or symptoms are found (neither in the patient reported by Demain [6] nor in
our patients).

Kidney function is frequently affected in patients with RMND1 deficiency. Analyzing a large group
of patients with COXPD11 due to RMND1 pathogenic variants, Ng et al. found that renal involvement
was present in more than two thirds of patients [4]. It was manifested by cystic dysplasia, renal tubular
acidosis (persistent hyponatremia and hyperkalemia), end stage renal failure with subsequent kidney
transplantation, anemia, proteinuria or CKD at different stages. The single, so far described, patient
with PRLTS and RMND1 homozygous pathogenic variant [6] had distal renal tubular acidosis with
hyperchloremic metabolic acidosis, a normal anion gap, mildly elevated uric acid, low urine citrate
levels, normal calcium levels, and a normal renal ultrasound. CKD was mentioned, but exact kidney
function has not been given. In our patients, we found CKD of mild to moderate severity. The proband
was affected by metabolic acidosis with normal fasting lactic acid concentration, hyperkalemia, normal
chloride, and a normal anion gap. In her sister, we did not find metabolic acidosis, although the fasting
lactic acid concentration was slightly above normal values. Both sisters presented with hypertension
that may be secondary to CKD, and applied antihypertensive medications might have had an influence
on electrolyte abnormalities. The calculated yearly filtration losses that we assessed in the patients
were similar to the value of eGFR slope (−0.48 mL/min) found in women aged 35 to 49 years and renal
stage IIIa (45–59 mL/min) [34]. This, together with a low-grade UACR of our patients, predicts a benign
kidney disease course and makes reaching kidney failure and a requirement of renal replacement
therapy less likely [32].

Ovarian dysfunction (ovarian atrophy and hypergonadotropic hypogonadism) as a consequence of
RMND1 pathogenic variants has been previously reported only once in a patient described by Demain
et al. [6] and in none of the approximately 40 patients with OXPHOS deficiency. This could be explained
by the early, prepubertal age at which the majority of children were investigated [4,5,35,36]. In only two
patients examined at the age of 14 and 17, no reference was made to their sexual development [36]. Thus,
at the moment, it is not clear how frequently ovaries are affected in patients with RMND1 deficiency.

RMND1 is a nuclear-encoded protein involved in mitochondrial translation. Disruption of this
process is a well-known mechanism leading to PRLTS development (Table 3). In this study, we have
identified two likely pathogenic RMND1 variants not previously associated with disease. Presence of
the detected RMND1 variants in a trans configuration is consistent with the autosomal recessive mode
of inheritance. Our study provides an independent confirmation on the causative role of RMND1
in Perrault syndrome with renal involvement. Hearing loss and renal dysfunction are typical for of
RMND1-related disorders. These two clinical features accompanied by ovarian dysfunction were
present in our patients and they are consistent with the phenotype reported in the original study by
Demain et al. [6]. The identification of two ultra-rare RMND1 variants that are in a trans configuration,
co-occur in two affected family members (having an almost identical phenotype) and do not co-occur
in two other healthy siblings, strongly supports their pathogenic potential.
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One of the identified variants (p.Gly195Arg) localizes close to the DUF155 domain at the protein
N-terminus and the second one (p.Tyr273Ser) within the DUF155 domain (Figure 3). Considering that
RMND1 has three protein-encoding transcripts all of which contain the DUF155 domain [1], one may
assume that all three proteins arising from the p.(Tyr273Ser)-carrying allele will be dysfunctional. It is
not applicable for the second RMND1 variant, that will affect two out of three alternative transcripts,
leaving some functional RMND1 protein in the cells. Although the tissue-specific ratio of RMND1
transcripts remains unknown, this observation may provide a possible explanation for the milder
phenotype in our patients. It could also be owed to some other yet unidentified modifying factors.
It is still a conundrum why the single patient with a homozygous p.(Asn238Ser) variant, localizing
within the DUF155 domain, presented a relatively mild phenotype resembling PRLTS [6], in contrast to
the, currently, four other patients with the same causative variant and a more severe infantile-onset
multisystem disorder [4,5,37].

Figure 3. Schematic representation of RMND1 gene and protein organization. Gene and protein
structure is depicted based on the canonical transcript NM_017909.4 and reference protein sequence
NP_060379.2. Previously reported RMND1 pathogenic variants involved in development of combined
oxidative phosphorylation deficiency (COXPD11) are written in black. Variants identified in this study
are shown in red. Bolded are variants involved in the development of Perrault syndrome (PRLTS) with
renal involvement. Abbreviations: MLS, mitochondrial localization sequence; DUF155, domain of
unknown function; CC, coiled-coil; TM, transmembrane.
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5. Conclusions

In summary, we report two novel RMND1 likely pathogenic variants leading to the mildest,
so far reported, RMND1-related phenotype that corresponds to PRLTS with renal involvement. It was
identified in two adult siblings with a very similar clinical presentation. Our study highlights the
importance of including RMND1 to the list of PRLTS causative factors and directs attention to ovaries as
yet another organ affected by RMND1 deficiency. Future functional studies could be helpful to clarify the
molecular mechanisms underlying the differences in phenotype severity of RMND1-related disorders.
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Abstract: Background: We have investigated the main genetic causes for non-syndromic hearing
impairment (NSHI) in the hearing impairment individuals from the North-Eastern Romania and
proposed a cost-effective diagnosis protocol. Methods: MLPA followed by Sanger Sequencing were
used for all 291 patients included in this study. Results: MLPA revealed abnormal results in 141 cases
(48.45%): 57 (40.5%) were c.35delG homozygous, 26 (18.44%) were c.35delG heterozygous, 14 (9.93%)
were compound heterozygous and 16 (11.35%) had other types of variants. The entire coding region
of GJB2 was sequenced and out of 150 patients with normal results at MLPA, 29.33% had abnormal
results: variants in heterozygous state: c.71G>A (28%), c.457G>A (20%), c.269T>C (12%), c.109G>A
(12%), c.100A>T (12%), c.551G>C (8%). Out of 26 patients with c.35delG in heterozygous state,
38.46% were in fact compound heterozygous. Conclusions: We identified two variants: c.109G>A
and c.100A>T that have not been reported in any study from Romania. MLPA is an inexpensive,
rapid and reliable technique that could be a cost-effective diagnosis method, useful for patients
with hearing impairment. It can be adaptable for the mutation spectrum in every population and
followed by Sanger sequencing can provide a genetic diagnosis for patients with different degrees of
hearing impairment.

Keywords: hearing impairment; GJB2; NSHI; genetic screening; MLPA; cost-effective diagnosis

1. Introduction

Hearing impairment (HI) is the most common and heterogeneous sensory deficiency. It is defined
by a unilateral or bilateral decrease in hearing acuity, more precisely a decrease in the hearing threshold
in decibels (dB), at different frequencies. World Health Organization (WHO, Geneva, Switzerland)
estimates that HI affects 466 million people around the world (6.1% of the world’s population),
of which 34 million children. It is considered that 1/1000 newborns have a form of congenital hearing
impairment [1,2]
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More than 50% of cases of deafness are due to genetic causes [3] out of which 67% are classified as
non-syndromic hearing impairment (NSHI) (no clinical findings that define a recognizable syndrome
are associated), whereas a specific syndrome can be identified in 33% of cases [4].

In the last 5 years, progress has been made in identifying new hearing impairment genetic causes,
due to research and new technology. Approximately 121 loci for NSHI have been currently mapped:
49 autosomal dominant, 76 autosomal recessive and 5 X-linked [5].

GJB2 (NM_004004.5) or Gap Junction Protein β 2, situated on chromosome 13q12 (DFNB1 locus),
is the most common cause of congenital hearing loss in many populations [6] including European
and Mediterranean countries [7–9]. More than 150 different pathogenic variants in GJB2 have been
reported. The most frequent variant in the Caucasian populations is c.35delG, representing about 60%
of all cases of NSHI [7,10–12].

GJB3 (Gap Junction Protein β 3) and GJB6 (Gap Junction Protein β 6) are the next frequent genes
that can cause hearing impairment but they are less common, with less than 10 mutations cited [13–15].

The aim of this study was to identify and investigate the main genetic causes for NSHI in the
hearing impairment subjects from the North-Eastern Romania and to convince other specialties to
advice for genetic testing and counseling. Subsequently we verified a possibility to use Multiplex
Ligation-dependent Probe Amplification (MLPA) as a cost-effective diagnosis protocol for developing
countries and as a first intention genetic method. Genetic screening is feasible, GJB2 being accountable
for a large proportion of NSHI.

MLPA is a technique that can analyze in a single reaction up to 50 DNA sequences and detect
copy number variations of several human genes, including small intragenic rearrangements but also
single-nucleotide polymorphisms or aberrant DNA methylation. To our knowledge, the studies of
hearing loss in Romania are based on RFLP (restriction fragment length polymorphism), ARMS-PCR
(amplification refractory mutation system-polymerase chain reaction) analysis and Sanger Sequencing.
Our Genetic Centre has experience in MLPA for other pathologies since 2012, so we tried to implement
it as a screening method for hearing impairment individuals.

In patients with hearing impairment, the diagnostic approach starts with personal medical history,
physical examination and family history for at least three generations and should continue with genetic
tests and appropriate management.

2. Materials and Methods

2.1. Ethical Compliance

The patients included in the study were registered under a numerical code in order to maintain
anonymity. The use of the results was done according to a protocol approved by the Ethics Commission
of “Grigore T. Popa” University of Medicine and Pharmacy Iasi (approval No. 14789) and the Ethics
Commission of “Saint Mary” Emergency Children’s Hospital Iasi (approval No. 681). Informed consent
was signed by from patients, parents or legal guardians before beginning the research. All subjects
included in this study were offered voluntary entrance.

2.2. Patient Recruitment

In the study (2015–2019), were enrolled 395 subjects with mild to profound and bilateral hearing
impairment from the Iasi Regional Center for Medical Genetics and Audiology Department of Iasi
Rehabilitation Clinical Hospital. All the subjects were clinically characterized by physical and auditory
examinations. A number of 104 individuals were excluded from this study based on: syndromic or
environmental/infectious etiology for hearing loss. The limitation of this study is that it investigates
only the hearing loss subjects in order to assess the prevalence of certain type of mutations, so it does
not include a control group.
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2.3. Audiologic Assessment

Auditory functional assessment was performed only in the absence of the pathology of the middle
ear, confirmed by otomicroscopy and wideband tympanometry. In cases identified with otitis media,
the appropriate treatment was recommended and the child was rescheduled for repeated controls until
the condition of the middle ear allowed audiological testing (normal otomicroscopy with wideband
tympanogram of type A).

The audiological evaluation was adapted to the age and to the psycho-intellectual development
of children. Thus, in children over 6 years of age, the auditory thresholds were measured by standard
liminal tonal audiometry (air and bone conduction for 250 to 8000 Hz). In those under 6 years of age,
as well as in some children over 6 years of age but who could not collaborate in subjective audiometric
testing, the identification of hearing thresholds was done by objective audiological assessment of
cross check type. The auditory steady state response and brainstem evoked response audiometry
using insert headphones and distortion product otoacoustic emissions were measured in natural sleep.
We performed visual reinforced audiometry or/and free field audiometric examination for subjective
threshold confirmation in children who collaborated. In these cases, the conduction hearing loss
was excluded based on normal otomicroscopy accompanied by type A wideband tympanometry.
The audiologic evaluations were performed in soundproof rooms, using Interacoustics equipment
(Equinox audiometer and Eclipse EP25). The audiologic follow-up was made periodically with the
same methods adapted to each child’s particularity (age and medical condition), mainly at 4-, 6- or
12-months intervals, in order to identify the dynamic evolution of hearing impairment and for the
fitting of the conventional hearing aids. Children with progressive hearing loss received the indication
for cochlear implantation when they were included in the category of severe or profound hearing loss.

All subjects had cranial computed tomography (CT) scan and none showed ear malformation.

2.4. Research Methodology

a. DNA genomic extraction
DNA was extracted from 3 mL of peripheral blood samples stored with EDTA agent, using Wizard

Genomic DNA Purification Kit (Promega Corp., Madison, WI, USA).
b. MLPA
The probe mix P163 GJB-WFS1-POU3F4 was used for the detection of deletions or duplications in

the GJB2, GJB3, GJB6, POU3F4 genes, genomic microdeletions upstream of POU3F4 and the presence
of six specific variants in the GJB2 gene: c.313_326del14, c.235delC, c.167delT, c.101T>C and c.35delG.

The MLPA analysis was performed according to the manufacturer’s protocol. Briefly, 100 nanograms
of genomic DNA was denatured and hybridized with SALSA probes at 60 ◦C for approximately 17 h.
PCR was performed after 15 min ligation at 54 ◦C, using Cy5 labeled primers. Fluorescent amplification
products were separated based on their length by capillary electrophoresis in a CEQ 8000 GeXP Genetic
Analysis System (Beckman Coulter, Brea, CA, USA) and the results were analyzed using Coffalyser.NET
V9 program (MRC-Holland, Amsterdam, The Netherlands).

The probe ratio of deletion and duplication were fixed at 0.7 and 1.3 respectively.
Genomic regions of the GJB2 gene were sequenced bidirectionally in heterozygous or

normal individuals.
c. Sanger Sequencing
All samples were analyzed at the University of Medicine and Pharmacy “Grigore T. Popa” Iasi.

The amplification using 125ng genomic DNA (25 μL reaction volume) was performed in a Sensoquest
Thermocycler (Sensoquest, Göttingen, Germany), using Herculase II Fusion DNA Polymerase (Agilent
Technologies, Santa Clara, CA, USA). PCR conditions included: initial denaturation (10 min at 95 ◦C),
followed by 35 cycles of denaturation (30 s at 94 ◦C), annealing (30 s at 57 ◦C) and elongation (60 s at
72 ◦C), with a final elongation at 72 ◦C for 5 min, as described by M. RamShankar [16].

The sequencing was performed using primers previously described [16] and GenomeLab™ Dye
Terminator Cycle Sequencing (DTCS) Quick Start kit (Beckman Coulter, Brea, CA, USA). A modified
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protocol was used with 10 μL reaction volume according to Azadan et al. [17]. The Agencourt
system (Beckman-Coulter) was used to purify PCR amplicons (Agencourt AMPure XP, Brea, CA, USA)
and sequencing products (Agencourt Cleanseq® system, Brea, CA USA). The final products were
subsequently separated and detected on a CEQ 8000 GeXP Genetic Analysis System (Beckman-Coulter).
Sequences were analyzed in both directions (forward and reverse) and compared with the NCBI
reference sequence NM_004004, using Mega6 software. The variants were verified for pathogenicity
in Mutation taster, ClinVar and PolyPhen for the evaluation of disease-causing potential of sequence
alterations [18–20].

d. Statistical Analysis
Experiment results were analyzed in Excel and presented in descriptive statistics.

3. Results

A total sample of 291 patients from North-Eastern Romania were collected between 2015–2019.
HI was reported to be congenital and without other accompanying clinical features. All patients
included in this study showed different pathologic levels of auditory thresholds, from mild to profound
bilateral hearing impairment. The patients’ age ranged between 1 month to 52 years (median age 12.31).

Among the 291 probands, 74.6% (217/291) were sporadic cases of HI (simplex probands) (of which
15 with parental consanguinity) and 25.4% (74/291) had at least one first degree affected relative with
bilateral HI (multiplex probands), of which 4 with parental consanguinity.

Mutations in GJB2, GJB3, GJB6, POU3F4 and WFS1 genes were analyzed by MLPA that revealed
abnormal results in 141 cases (48.45%). Out of the total of 141 abnormal cases, 4 (2.84%) had variants in
WFS1 gene and 137 (97.16%) in GJB2 gene: 57 (40.43%) were c.35delG homozygous, 26 (18.44%) were
c.35delG heterozygous, 30 (21.28%) were compound heterozygous and 28 (19.86%) had other types of
variants. No mutations were identified by MLPA in GJB3, GJB6 and POU3F4 genes.

Referring to the WFS1 gene, all of the 4 patients with variants in this gene had exon 8 deletion
(see Table 1). They had non-progressive mild to moderate hearing impairment and the age ranges
from 15 to 20 years. We included these patients in a different study.

Table 1. Variants spectrum found in this study.

Variants Protein Change
Clinical

Significance
Patients (n)

MLPA

c.35delG, rs80338939 p.Gly12Valfs Pathogenic 97
c.101T>C, rs35887622 p.Met34Thr Pathogenic 19

c.313_326del14, rs111033253 p.Lys105Glyfs Pathogenic 12
c.-23+1G>A, rs80338940 p.Trp3Ter Pathogenic 6

Del WFS 1-8 Pathogenic 4
Del ex1 GJB2 Pathogenic 3

SANGER
SEQUENCING

c.71G>A, rs104894396 p.Trp24Ter Pathogenic 15
c.551G>C, rs80338950 p.Arg184Pro Pathogenic 4
c.109G>A, rs72474224 p.Val37Ile Pathogenic 3
c.269T>C, rs8033894 p.Leu90Pro Pathogenic 3

c.100A>T, rs564084861 p.Met34Leu Uncertain
significance 3

c.457G>A, rs111033186 p.Val153Ile Likely benign 5
c.380G>A, rs111033196 p.Arg127His Benign 10

c.39G>A p.(=) Benign 4
c.341C>G p.Glu114Gly Benign 4

c.79G>A, rs2274084 p.Val27Ile Benign 6

Regarding the GJB2 gene, the most common pathogenic variant in the Romanian population is
c.35delG, found in 97 patients in our study (33.3%). Of these, 57 patients (58.76%) had the c.35delG
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variant in homozygous state, 26 (26.84%) in heterozygous state and 14 (14.4%) were compound
heterozygous for 3 different 35delG/non-35delG variants.

The entire coding region of GJB2 was sequenced in all individuals included in this study. Out of
26 patients with c.35delG variant in heterozygous state, 10 patients (38.46%) were in fact compound
heterozygous. Among 150 patients with normal results at MLPA, 44 patients (29.33%) had abnormal
results: 25 patients with variants in heterozygous state: 7 with c.71G>A (28%), 5 with c.457G>A (20%),
3 with c.269T>C (12%), 3 with c.109G>A (12%), 3 with c.100A>T (12%), 2 with c.551G>C (8%). All the
patients with c.35delG in homozygous state were confirmed with Sanger Sequencing.

The GJB2 variant spectrum found in this study is listed in Table 1.
Genotype-phenotype correlation was performed based on the distribution of the severity of HI in

c.35delG and non-35delG genotype categories as shown in Table 2. Most cases had hearing loss before
age 18. A small proportion of patients with mild hearing impairment showed a sequence variation in
GJB2. Out of 18 patients with mild hearing loss, only 2 of them had c.35delG in homozygous state
(diagnosed before age 4) and 4 patients had c.35delG in heterozygous state (diagnosed after the age 4).
81 patients had GJB2 biallelic mutations and severe or profound hearing impairment: 20 (24.6%) of
them had severe HI and c.35delG in homozygous state, 28 (34.5%) had profound HI and c.35delG in
homozygous state, while 8 patients (9.87%) with severe HI had c.35delG in compound heterozygous
state and 14 patients with profound HI had c.35delG in compound heterozygous state.

Table 2. Correlations of GJB2 genotypes and severity of hearing loss.

Genotypes
No of

Subjects
Mild

(21–40 dB)
Moderate
(41–70 dB)

Severe
(71–90 dB)

Profound
(>90 dB)

c.35delG
Homozygous

c.35delG/c.35delG 57 2 7 20 28

c.35delG
Heterozygous

c.35delG/wt 26 4 11 7 4

c.35delG
Compound

Heterozygous

c.35delG/c.101T>C 10 - 6 2 2
c.35delG/c.313_326del14 6 - 1 2 3

c.35delG/c.-23+1G>A 4 - - 1 3
c.35delG/c.71G>A 8 - 1 3 4
c.35delG/c.551G>C 2 - - - 2

Non-35delG
Compound

Heterozygous

c.79G>A/c.380G>A 1 - 1 - -
c.79G>A/c.341C>G/C.380G>A 4 1 3 - -

c.79G>A/c.39G>A 4 2 2 - -

Non-35delG
Heterozygous

c.101T>C/wt 9 5 2 1 1
c.71G>A/wt 7 - 5 1 1

c.457G>A/wt 5 1 2 2 -
c.313_326del14/wt 2 - 1 1 -

c.269T>C 3 - - 2 1
c.109G>A/wt 3 - - 2 1
c.551G>C/wt 2 - 1 1 -
c.380G>A/wt 2 2 - - -

c.100A>T 3 2 1 - -

Total 158 19 44 45 50

4. Discussion

Hearing impairment is one of the most heterogeneous conditions of considerable concern in
medicine nowadays. Each population has a different etiologic profile based on ethnic, geographic,
social and medical background. It is diagnosed in 1–2 of 1000 newborns [21], genetic factors are
responsible to up to 2/3 of HI cases (70% non-syndromic and 30% syndromic deafness) [22]. The remaining
one-third of cases can be caused by environmental and unidentified genetic factors.

The prevalence of GJB2 gene mutations can vary according to ethnicity: more than 50% in the
European population [23], 16% in China [24] and Iran [25], 9.6% in Mexican population [26] and 6.1%
in Pakistan. Among the European population, the c.35delG variant represents 2/3 of the total mutations
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in the GJB2 gene [27,28]. In other populations variants such as: c.235delC variant in Japanese and other
Asian populations [29,30], c.167delT in the Ashkenazi Jews [31], c.71G>A in Indians and Roma [16,32]
are prevalent.

Romania is a Latin country from Central-Eastern Europe and it is heterogenous from an ethnic
point of view. The variant frequency and spectrum is different compared to other countries. The most
important minorities in Romania are the Hungarian minority in North-West region, followed by Roma
and other minorities.

We performed a genetic screening of GJB2 gene (responsible for the major etiologies of hereditary
hearing impairment among Romanians), GJB3, GJB6, POU3F4 and WFS1 genes. Genetic diagnosis was
confirmed in 174 (59.7%) of the 291 patients with different degrees of hearing impairment, most of
them being accounted for GJB2 gene. This data is in accordance with the literature, GJB2 mutations are
frequent in all studied populations [13,14,33–38]. In some populations GJB2 mutations are prevalent
due to consanguineous marriages. In Turkey autosomal recessive inheritance is responsible for 76.9 %
of the studied cases [39].

In this study we did not found any significant difference in the severity and evolution of hearing
impairment when comparing the 74 multiplex probands with 217 simplex probands.

The c.35delG variant (rs80338939) is responsible for approximately 70% of autosomal recessive
NSHI and is the most common cause of hearing loss in Caucasian populations [7,40]. The carrier rate is
estimated to be the highest in Europe with a mean rate of 1.89% and a variation across countries with a
higher rate of 2.48% in Southern Europe compared with 1.53% in Northern Europe [41]. This frequency
was found also in hearing-impaired population from Hungary, Czech Republic, Poland and Austria,
where c.35delG was prevalent [10,42–44]. In Romania there are relatively few data about the frequency
and audiological features of GJB2 gene sequence variants [45].

Because c.35delG is the most frequent variant in the coding region of the GJB2 gene, it has become
the first intention genetic investigation for patients with non-syndromic hearing loss.

In our study, the 35delG variant was present in 97 out of 291 (33.3%) patients with different
degrees of hearing impairment. These results are in accordance with the findings previously reported
in other Romanian and Central European studies [45,46]. All our patients with c.35delG variant were
diagnosed by MLPA and confirmed with Sanger Sequencing of GJB2 gene.

The study revealed that subjects with 35delG in homozygous state present more severe hearing
impairment, compared with the 35delG/non-35delG compound heterozygotes. The subjects with two
non-35delG variants have an even less degree of hearing impairment. This observation is in accordance
with other studies which conclude that c.35delG in homozygous state is associated with a higher risk
for severe hearing impairment [10,45,47–49].

The next frequent variant was c.101T>C (rs35887622), accounting for 19 out of 291 (6.5%) patients.
In the Caucasian population the frequency of the c.101T>C variant was determined to be up to 6.5% [50]
and was initially reported as a polymorphism. Different studies of GJB2 have determined that the
c.101T>C variant is more frequent in individuals with mid-west American, UK [51] and German [50]
origins, in comparison with those with French, Spanish, Italian and Japanese origin. A possible
explanation may be that these variants are found in an ancestral mutation event that occurred in UK
or Ireland.

More than 50% of our patients with c.101T>C variant had moderate to profound hearing
impairment. Also, at the time of the diagnosis, the age of the patients with c.101T>C was greater than
the age of the patients with c.35delG. The results of a large study on the UK population affirmed that
this variant is associated with mild/moderate HI [51]. The lower pathogenicity of the mutation that
leads to later and milder manifestation of hearing impairment may sustain this finding. The majority of
diagnosed cases with c.101T>C in our study were older than 18 years. One possible explanation can be
that adults with mild forms of HI may not pursue audiology or genetic investigations. The progression
of HI was found in few cases, because it was slow and long-term follow-up information was not possible.
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The incomplete penetrance of c.101T>C variant was not confirmed because the study included only
subjects with HI. The phenotype of the patients with hearing impairment was variable: the individuals
with biallelic c.101T>C and c.35delG had moderate to profound hearing loss and the heterozygous
c.101T>C had mild to moderate forms of hearing loss. No individuals with c.101T>C in homozygous
state were found.

The c.313_326del14 variant (rs111033253), called in the past c.310del14, c.312del14 or c.314del14,
truncates the GJB2 gene and disrupts the integrity of connexons. In many European populations,
this variant has been identified previously with a frequency of pathogenic alleles from 0.47% to 28.3% [8].

The frequency of the c.313_326del14, variant in our group of participants was another finding in
our study. The genotype was found in 8 of 291 patients (2.75 % of pathogenic alleles). A number of 6
patients were compound heterozygous with moderate to severe hearing impairment and the age of
diagnosis being under 18 years and 2 patients had c.313-326del14 in heterozygous state with mild to
moderate hearing impairment.

The c.71G>A variant is the fourth most common in our study and it had over five times lower
frequency than the c.35delG variant. This mutation, previously called W24X, was first described in a
Pakistani family [52] and later on was also discovered in several Asian families [53–57]. This finding
indicates that it is the predominating cause of HI in India [58,59] and is prevalent in the Roma
population with autosomal recessive NSHI [60]. In this study, it was found only in Roma patients:
15 individuals of 291 (15.5%) had this variant: 8 were compound heterozygous with c.35delG and 7
were in heterozygous state.

The c.71G>A frequency in different Roma subgroups is variable: it ranges from 0.0% to 26.1% in
Slovak subgroups [60] and up to 4.0% in Spanish subgroups [61]. This finding is a result of the social
structure of the Romani people, since they are considered to be a conglomerate of genetically isolated
founder populations, with a high degree of consanguinity [61].

Our data is not concordant with other Central European series or the study from North-Western
Romania, where 35delG and c.71G>A were the most common mutations [46], one explanation being
the fact that the c.71G>A is predominant in Roma populations and they experience more problems
accessing health care, from financial constraints, mobility issues or simply because they do not speak
Romanian language.

The findings in Roma population confirm the ethnic origin of this mutation. Due to the fact
that the sample of Roma patients is small, we cannot compare with other studies. The degree of
addressability to medical care of the Roma-population from North-Eastern Romania is even lower
than in North-Western Romania.

Another result determined in the present study was the presence of c.-23+1G>A, rs80338940
formerly called IVS1+1G>A, which is a splice site mutation found in exon 1 and intron 1 of GJB2 gene
in patients with hearing impairment. The mutation (revealed for the first time in 1999 by Denoyelle
et al. [62]) was determined to be compound heterozygous and allele frequency was determined as
1% [63,64]. In our study, this variant was found in 4 of 291 patients (1.37%). The c.−23+1G>A variant
was found with c.35delG variant and the subjects had severe to profound forms of HI. Previous
studies showed that the patients with c.35delG/c.−23+1G>A in compound heterozygous state showed
moderate HI [65] and profound HI [66]. To date, to our knowledge, homozygotes for the c.−23+1G>A
variant have not been reported.

In 6 patients of 291 included in the study were identified two variants: c.109G>A and c.100A>T
that have not been reported in any study from Romania. Out of these, 3 had c.109G>A variant and
presented the same pattern of HI (progressive, bilateral and profound to severe) while the other 3 had
c.100A>T (non-progressive, moderate, bilateral hearing impairment).

Our results contribute to define the mutation spectrum in the Romanian individuals with hearing
impairment. Despite the genetic heterogeneity of NSHI, 217 patients were diagnosed out of a cohort of
291 patients. MLPA confirmed the genetic diagnosis in 141 cases (48.45%). We selected for further
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study the patients to which the GJB2 mutations did not explain their hearing impairment and the
patients with variants in WFS1 gene.

Regarding our second aim of the study, we concluded that MLPA can be used as first intention
genetic test for patients with HI due to some advantages over the Sanger Sequencing method: it is
time saving, has a low price for consumables, the initial investment is lower for the platform than
for Sanger Sequencing, the interpretation is much faster and it could easily detect the number copies
variation and most frequent pathogenic variants. A description of the advantages and disadvantages
is presented in Table 3.

Table 3. Advantages and disadvantages for the methods used in this study [67,68].

Method Advantages Disadvantages

MLPA

Low costs Sensitive to impurities
Time efficient Not suitable for unknown

point mutationsFree analysis software
High throughput

Can detect changes in the copy
number, DNA methylation and

known point mutation
Adaptable and updated

Sanger Sequencing

Suitable for unknown point
mutations High costs

Comprehensive coverage to any
desired region

Time consuming
Limited number of targets
Sequence quality degrades

after 700 to 900 bases

This is the first report of the utility of MLPA and Sanger sequencing of HI in Romania; the results
show notable findings in comparison to other European populations. However, some limitations
should be noted: the samples included in this study are not truly representative for the entire Romania
as all samples were collected from individuals with different degrees of hearing impairment, born in
North-Eastern Romania, we did not have access to all of the parental samples to confirm compound
heterozygosity. Our results need further studies on larger patient groups, especially Roma-population,
in order to estimate the real incidence of the disease and to make more accurate predictions about the
genotype phenotype correlation in our population.

We recommend genetic investigations in all subjects with hearing impairment that cannot be
explained by other factors. In our knowledge, this is the first report on the utility and cost-effective of
genetic testing in a cohort of Romanian patients with congenital NSHI. Sanger sequencing for GJB2
gene is feasible because this is a small gene, with only 2 exons and the costs are reasonable and extra
equipment are not necessary.

The genetic diagnosis in hearing impairment is important for many reasons: allows us to determine
the etiology of deafness, offers the possibility to provide genetic counseling and prenatal diagnosis
and not at least, based on the genotype-phenotype correlation provides prognostic information and
facilitates an adequate management.

5. Conclusions

In this study, 217 patients had pathogenic/likely pathogenic variants, 141 being confirmed by
MLPA. We identified two variants: c.109G>A and c.100A>T that have not being reported in any
study from Romania. The most common variant in our study is c.35delG followed by c.101T>C,
c.313_326del14 and c.71G>A.

All of the patients had been confirmed with Sanger Sequencing, proving that MLPA can be
a cost-effective diagnosis method, useful for every patient with hearing impairment. MLPA is an
inexpensive, rapid and reliable technique that could help as first intention genetic test for every
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individual with NSHI. Moreover, it can be adaptable for the mutation spectrum in every population
and can be followed by Sanger sequencing for GJB2 gene in cases of normal results.
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Abstract: Genetic variants in GJB2 and GJB6 genes are the most frequent causes of hereditary
hearing loss among several deaf populations worldwide. Molecular diagnosis enables proper genetic
counseling and medical prognosis to patients. In this study, we present an update of testing results in
a cohort of Argentinean non-syndromic hearing-impaired individuals. A total of 48 different sequence
variants were detected in genomic DNA from patients referred to our laboratory. They were manually
curated and classified based on the American College of Medical Genetics and Genomics/Association
for Molecular Pathology ACMG/AMP standards and hearing-loss-gene-specific criteria of the ClinGen
Hearing Loss Expert Panel. More than 50% of sequence variants were reclassified from their previous
categorization in ClinVar. These results provide an accurately interpreted set of variants to be taken
into account by clinicians and the scientific community, and hence, aid the precise genetic counseling
to patients.
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1. Introduction

Congenital hearing loss (HL) is the most common sensory disorder that affects approximately
1–2 of 1000 infants, with 50% of cases resulting from genetic factors [1]. In 70–80% of neonates who
fail newborn hearing screening, no other distinguishing physical findings are present and the HL
is classified as non-syndromic. The majority of non-syndromic cases are of autosomal recessive
inheritance (80%), 12–15% autosomal dominant, 1–5% X-linked and 1–5% mitochondrial [2]. In general,
autosomal recessive loci are related to a prelingual HL, while autosomal dominant loci to a postlingual
HL phenotype [3]. A large number of genes are involved in hereditary HL. To date, a total of 121
non-syndromic causative genes have been described: 76 of recessive inheritance, 49 of dominant
inheritance and five X-linked (some genes can cause recessive and dominant hearing impairment) [4].
This landscape illustrates the auditory system complexity, comprising a large number of proteins,
which together participate in hearing physiology and development [5].

Despite the wide genetic heterogeneity of hearing impairment, the most commonly mutated
genes in severe to profound autosomal recessive non-syndromic hearing loss (ARNSHL) are GJB2
and GJB6 (encoding connexin-26 and 30, respectively), accounting for nearly 50% of the cases in most
populations around the Mediterranean Sea [6–11]. GJB2 and GJB6 (DFNB1) genes are part of a gene
family that encode gap-junction proteins. It is well demonstrated that they are expressed in cochlear
supporting cells, with a role in endolymph potassium recycling, inositol triphosphate (IP3) transfer and
diffusion of different metabolites [12,13]. Connexins (Cx) are formed of four transmembrane domains,
two extracellular loops and three cytoplasmic domains: the amino-terminus, a cytoplasmic loop and
the carboxy-terminus domain [13].

Both GJB2 and GJB6 are located in chromosome 13q12. The GJB2 gene comprises two exons
and the coding region is completely contained in the second exon, leading to a 2290-nucleotide
mRNA (GeneBank: NM_004004.6). On the other hand, the GJB6 gene consists of five exons and the
last one contains the entire coding sequence which is transcribed to a 2110 bp mRNA (GeneBank:
NM_006783.4). In general, mutations which produce a loss of gap-junction channel function are related
to non-syndromic ARSHL [14–16].

The most frequent mutation in GJB2 is c.35delG in the Caucasian population [7,9,17–19]. In addition,
there are more than 300 pathogenic variants identified in GJB2 (Deafness Variation Database) [20].
In the case of GJB6, two large deletions of 309 and 232-kb, del(GJB6-D13S1830) and del(GJB6-D13S1854),
respectively, in the 5′ region of the gene, along with other rarer and less studied deletions, have
been described [10,21–25]. Previous studies have demonstrated that different cohorts of Argentinean
patients carry similar frequent genetic variants in GJB2 and GJB6 [26–31].

Identifying the genetic etiology of hearing impairment can provide proper counseling,
clinical management and accurate estimation of deafness odds recurrence within a family [29,30].
Moreover, molecular diagnosis contributes with valuable prognosis information: DFNB1-hearing loss
is not related to other phenotypic symptoms nor to significant hearing loss progression over time,
and in general, it is related to a congenital profound bilateral hearing loss [32]. Affected probands
carrying two truncating/nonsense variants in GJB2 present a more severe degree of hearing loss than
those who carry two missense variants [18,28,33,34]. Furthermore, patients with GJB2 genetic variants
present excellent outcomes in speech perception/production skills after cochlear implantation [35–37].
Therefore, correct interpretation of the phenotypic consequences of genetic variants is crucial in genetic
diagnosis, since discrepancies in sequence variant interpretation and classification has been reported to
lead to serious impact in patient health maintenance [38–40]. Thus, the American College of Medical
Genetics and Genomics (ACMG) and the Association for Molecular Pathology (AMP) has developed
guidelines for clinical interpretation of genetic variants [41]. In addition, the ClinGen Hearing Loss
Clinical Domain Working Group (HLWG) has adapted the ACMG/AMP guidelines for the classification
of genetic variants in the hearing loss framework [28,42].

In the present study we aimed to identify causative mutations in GJB2 and GJB6 genes in
Argentinean non-syndromic hearing-impaired patients and report an update of allele and genotype
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frequencies. Furthermore, we performed a thorough manual curation of sequence variants according
to ACMG/AMP standards and applied rigorously the latest hearing loss gene-specific criteria of the
ClinGen Hearing Loss Expert Panel (HL-EP) [41,42]. These findings clearly highlight the importance
of genetic studies with the appropriate comprehensive analysis by experts in the field, with the goal of
providing an accurate molecular diagnosis, and consequently, precise genetic counseling to the patients.

2. Materials and Methods

2.1. Part A: Identification of Variants in an Argentinean Cohort

2.1.1. Patients

This study includes a total of 600 Argentinean non-related patients (290 females and 310 males)
with non-syndromic sensorineural hearing loss. Clinical evaluation was performed by a clinical
geneticist and included: personal history, physical examination, audiometric information, age of
hearing impairment onset, hearing thresholds, pedigree and genetic assessment. For each patient,
a complete medical history was obtained to exclude the possibility of environmental causes of hearing
impairment (e.g., ototoxic drugs, infectious diseases, acoustic trauma). All subjects gave their informed
consent for inclusion before they participated in the study. The study was conducted in accordance with
the Declaration of Helsinki, and the protocol was approved by the Ethics Committee of Administración
Nacional de Laboratorios e Institutos de Salud (ANLIS) (1912–2018). The workflow is summarized in
Figure 1A.

A total of 477 sporadic and 123 familial cases (80% and 20%, respectively) were sequentially
referred to the Laboratory of Physiology and Genetic of Hearing, INGEBI, in Buenos Aires, Argentina
from 2004 to March 2020. Familial cases were of a dominant and recessive form of inheritance
(59 and 64/123). All patients were analyzed by an ear-nose-throat (ENT) specialist using standard
methods. The severity of deafness was classified considering the following thresholds in decibels: mild
(20 to 39 dB), moderate (40 to 69 dB), severe (70 to 89 dB) and profound (90 dB). The patient’s deafness
severity was defined by the ear with the minor degree of hearing loss. Complete audiological history
data were compiled from affected subjects in case of need. Overall, 479 of patients (47%) exhibited
prelingual HL, while 121 (20%) a postlingual phenotype. The severity of HL was: 102 moderate, 106
severe and 392 profound. A total of 69 patients were cochlear implanted. This prospective study
(2004–2020) includes data previously reported in Dalamón et al. 2013 (n = 476 patients), but that was
not curated following HL-EP standards.

2.1.2. Samples

Genomic DNA was isolated from whole blood samples extracted with 5% ethylene-diamine
tetraacetic acid (EDTA) (Sigma-Aldrich, St. Louis, MO, USA) using the cetyltrimethyl-ammonium
bromide (CTAB) (Sigma-Aldrich, St. Louis, MO, USA) method [43]. DNA concentration and quality
were measured by absorbance at 260 nm and by the A260 nm/A280 nm and A260 nm/A230 nm ratios,
respectively (NanoDropTM) (Thermo Fisher Scientific, Wilmington, NC, USA). All samples were stored
at −20 ◦C.

2.1.3. GJB2/GJB6 Molecular Studies

Genetic variants in GJB2 were studied by direct sequencing of the coding exon 2, non-coding exon 1 and
intronic boundaries. The splice site variants c.-23+1G>A and c.-22-2A>C were included in the screening.
Primers, protocols and cycling programs used were as previously reported [28]. Bidirectional DNA
sequencing was performed on an automatic sequencer (3730xl DNA Analyzer, Applied Biosystems, Foster
City, CA, USA). Sequences obtained were analyzed by CodonCodeAligner program [44] and the BLAST
NCBI interface (Basic local alignment search tool) [45] using the consensus sequence of GJB2 gene (GeneBank
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NG_008358.1). To examine the large deletions in GJB6:del(GJB6-D13S1830) and del(GJB6-D13S1854),
a GAP-PCR and subsequent analysis were performed according to reported protocols [10,21].

2.1.4. Data Analysis

In order to establish a genotype/phenotype correlation, presumably pathogenic identified
GJB2 allele variants were classified as truncating (T) and non-truncating (NT) mutations [46].
Truncating mutations are loss-of-function (LoF) and include nonsense variants, insertions, deletions
and duplications that introduce a shift in reading frame leading to a premature termination of protein
translation, as well as the donor splice-site variant c.-23+1G>A leading to non-functional mRNA.
Both del(GJB6-D13S1830) and del(GJB6-D13S1854) were also classified as truncating, because they
lead to a nearly complete absence of Cx26 protein expression [10,47,48]. The group of non-truncating
variants consists of missense variants (leading to amino acid substitutions) and the in-frame deletion
(delGlu120). The acceptor splice-site variant c.-22-2A>C was defined as non-truncating since a residual
expression of the wild type transcript due to the activation of an alternative acceptor splice site has
been reported [49]. A chi square statistical analysis was performed in order to analyze the differences
between groups.

2.2. Part B: Curation of Variants

GJB2-GJB6 Variant Curation

Manual curation of variants required information gathered from: population data, genotypes,
segregation, phenotypic features and functional and experimental data of the reported variants.
Nomenclature of sequence variants identified were achieved according to HGVS standards [50]
and manually revised with the Mutalyzer name-checker tool [51]. Computational and predictive
evidence was performed in silico through diverse strategies according to the type of variant analyzed:
missense variants with REVEL [52] and Combined Annotation Dependent Depletion (CADD) [53]
tools, splice site and silent variants with Human Splicing Finder [54] and MaxEntScan softwares [55]
and loss of function variants (nonsense, frameshift and canonical splice site) following the ACMG/AMP
recommendations [56]. REVEL, CADD and MaxEntScan scores were determined with the Variant
Effect Predictor tool [57].

Reports in PubMed, as well as internal data from our laboratory, and seven different databases
were used: 1. gnomAD [58], 2. dbSNP [59], 3. NHLBI-ESP’s EVS [60], 4. ClinVar [61], 5. LOVD [62],
6. Deafness Variation Database (DVD) [20] and 7. Database of Genomics Variants [63,64]. Variant
filtering allele frequency was calculated by using inverse allele frequency [65]. More than 250
publications from PubMed were revised up to June 2020 to validate genetic variant interpretation.
Clinical histories of patients were used to provide further information regarding segregation analysis
and phenotypic features.

Collected information was manually assessed in order to organize and score the strength of
evidence. Genetic variants were interpreted according to ACMG/AMP guidelines [41] and hearing
loss gene specific criteria of the ClinGen HL-EP [42]. The final criteria score was manually assigned
through the Varsome tool [66] in order to obtain the variant classification. Members of the Laboratory
of Physiology and Genetics of Hearing discussed and reviewed final variant classification. A summary
of information to be used by clinicians concerning variant specific criteria is detailed in Supplementary
Table S1.
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Figure 1. General workflow of this study. (A): Molecular screening of patients. Some icons were
obtained from flaticon webpage [67]. (B): Variant curation process.

3. Results

3.1. General Genetic Findings

GJB2 and GJB6 single nucleotide variants (SNVs) and deletions del(GJB6-D13S1830) and
del(GJB6-D13S1854) were studied in 600 NSHL Argentinean patients by Sanger Sequencing and
GAP-PCR, respectively. Overall, 48 different sequence variants were identified in the 1200 alleles tested
from the entire cohort of patients. The most frequent mutated alleles detected were: c.35delG (9.1%),
p.Val27Ile (8.3%), p.Met34Thr (1.5%), c.167delT (1.16%) and the del(GJB6-D13S1830) (0.99%), followed by
p.Val37Ile, p.(Glu47*), p.Arg143Trp, p.(Lys168Arg) and del(GJB6-D13S1854) with frequencies from
0.83% to 0.4%. Other variants were found less than five times in the cohort; their specific allele
frequency is detailed hereafter.

A total of 229 patients, representing 38% of the studied cohort, exhibited genetic variants in
GJB2/GJB6, either in heterozygous (n = 117) or homozygous states, two different variants in the same
gene, or GJB6 deletions in combination with GJB2 variants. Familial segregation was performed in
36/97 cases, confirming the in trans occurrence. All other genotypes involving two known causative
variants were presumed of biallelic inheritance. A total of 42 diverse biallelic genotypes were identified
(Figure 2). The most prevalent genotype detected was the homozygous c. (35delG) variant (33.3%
of the biallelic mutations), followed by the compound heterozygous c.(35delG);(167delT) (8.33%).
Genotype (GJB2:c.35delG);(GJB6:del(GJB6-D13S1830) and (GJB2:c.35delG);(GJB6:del(GJB6-D13S1854)
were detected in 5.2% and 4.16% of hearing-impaired individuals, respectively. Compound
heterozygous involving one of the large deletions in GJB6 accounted for the 15.6% of the total
detected genotypes (15/96).

Biallelic causative mutations were found in 36% of ARNSHL familial cases (23/64) and 15.5% of
sporadic ones (74/477). Overall, 38.5% of the cases were compound heterozygous for the c.(35delG)
variant in trans with different mutations, and other 30.2% carried two different non-35delG variants.

Additionally, two patients carried the mutations p.Arg75Trp and p.Arg75Gln with a dominant
mode of inheritance. A summary of genotypes, phenotypes and segregation is detailed in
Supplementary Table S2.
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3.2. Genotype-Phenotype Characterization

In order to correlate the identified genotypes with audiological features, we categorized the
genetic variants as truncating (T) or non-truncating (NT). The variants of the 97 positively genotyped
patients with biallelic recessive GJB2, dominant GJB2 and/or compound GJB2/GJB6 variants were
correlated with their HL severity (moderate, severe, profound).

A total of 42 different genotypes were categorized: 11 homozygous truncating (T/T),
23 heterozygous truncating/non-truncating (T/NT), six homozygous non-truncating (NT/NT) and two
autosomal dominant NT (AD). Distribution of genotypes/phenotypes and relative frequencies of the
degree of HL in the three groups are shown in Figure 2.

Biallelic T/T genotypes were mostly related to a worse degree of hearing impairment, since 83% of
those patients exhibited profound HL, 12% severe and 5% moderate HL. In contrast, biallelic NT/NT
genotypes showed a milder degree of hearing impairment since 60% of these cases had moderate HL and
20% severe/profound HL. Compound heterozygous T/NT genotypes ranged from moderate to profound
with no clear trends: 43% with profound HL, 18% severe HL and 39% moderate HL (Figure 2 inner box).
There were significant differences among the three groups, with X2 testing (p < 0.0001).

 

Figure 2. Distribution of Genotypes and Phenotypes of Patients. Moderate phenotype is shown in green,
severe in violet and profound in red. The total number of each genotype is listed on the left together with
its categorization: biallelic truncating (T/T), compound heterozygous truncating/non-truncating (T/NT)
and biallelic non-truncating (NT/NT). Nomenclature was performed following HGVS recommendations;
however, some variants keep the old annotation due to their common use in literature. In the inner
box: Relative frequencies of the degree of HL in the three groups of genotypes. Biallelic T/T genotypes
were mostly related to a worse degree of hearing impairment, since 83% of those patients exhibited
profound HL. There were significant differences among the three groups, with X2 testing (p < 0.0001).
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3.3. Variant Curation

In order to further analyze and validate the identified variants, we performed a manual revision of
available evidence following the Guidelines and recommendations of the ACMG/AMP and The ClinGen
Hearing loss Expert Panel.

A total of 48 sequence variants were identified in GJB2 and GJB6 in our study cohort and 44
were manually curated, since four variants had been already curated as pathogenic by the HL-EP
group: c.35delG, p.Met34Thr, p.Val37Ile and c.167delT. Variant c.-22-2A>C was reported as Variant of
Unknown Significance (VUS) by the HL-EP group but was reclassified with new available information
in this work explained further below.

From the total of variants analyzed, 23 were classified as pathogenic (P), three likely pathogenic (LP),
nine uncertain significance (VUS), four likely benign (LB) and five benign (B). The final classification of
the 44 variants and their general information is shown in Table 1.

Table 1. Curated Variants. A total of 48 sequence variants were identified in GJB2 and GJB6 and 44 were
manually curated, since four variants had been already curated by the HL-EP group (with asterisk).
In bold format are remarked the 27 variants evaluated in this study that changed their previous category
submitted in ClinVar, based on the specific criteria applied during the curation procedure.

Nucleotide
Change

Protein
Variant

Mutated
Alleles/

Total Alleles
Tested

(Percentage)

Reference ClinVar

Final
Classification
(ACMG/AMP

HL-EP)

Rules Applied

c.-23+1G>A - 2/1200
(0.16%) [68] Pathogenic Pathogenic PM2, PVS1,

PM3_VS, PS3_P

c.-22-12C>T - 1/1200
(0.083%) [69] Benign Benign BA1, BP4

c.-22-2A>C - 1/1200
(0.083%) [70] VUS * Likely

Pathogenic
PM3_M, PP1_S,

PS3_P, BS1.

c.-15C>T - 1/1200
(0.083%) [69] Benign/

Likely Benign Benign BA1, BP4

c.23C>T p.Thr8Met 1/1200
(0.083%) [71] Conflicting

Interpretation VUS PM2_P, PS3_P, PM3

c.24G>A p.(Thr8=) 1/1200
(0.083%) [72] Conflicting

Interpretation VUS PP3, PM2

c.29T>C p.Leu10Pro 1/1200
(0.083%) [73] absent VUS PM2, PP3, PS3_M

c.35G>T p.Gly12Val 2/1200
(0.16%) [74] Pathogenic/ Likely

Pathogenic Pathogenic
PM2_M, PM3_VS,

PP3, PS3_M

c.35delG p.Gly12Valfs*2 111/1200
(9.25%) [75] Pathogenic * Pathogenic already curated by

HL-EP

c.56G>C p.Ser19Thr 1/1200
(0.083%) [74] Likely Pathogenic Pathogenic

PM2, PM3_VS,
PP1_M, PS3_M

c.59T>C p.Ile20Thr 4/1200
(0.34%) [76] Pathogenic/ Likely

Pathogenic Pathogenic
PM2, PM3, PP1_P,

PP3, PS3_M

c.79G>A p.Val27Ile 100/1200
(8.34%) [77] Benign Benign BA1, BP2, BS3_P

c.101T>C p.Met34Thr 19/1200
(1.58%) [78] Pathogenic * Pathogenic already curated by

HL-EP

c.109G>A p.Val37Ile 10/1200
(0.84%) [77] Pathogenic * Pathogenic already curated by

HL-EP

c.139G>T p.(Glu47*) 6/1200
(0.5%) [79] Pathogenic Pathogenic PVS1, PM2_P,

PM3_VS

c.167delT p.Leu56Argfs*81 14/1200
(1.16%) [75] Pathogenic * Pathogenic already curated by

HL-EP
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Table 1. Cont.

Nucleotide
Change

Protein
Variant

Mutated
Alleles/

Total Alleles
Tested

(Percentage)

Reference ClinVar

Final
Classification
(ACMG/AMP

HL-EP)

Rules Applied

c.223C>T p.Arg75Trp 1/1200
(0.083%) [80] Pathogenic Pathogenic PM2, PS2_VS,

PP1_P, PP3, PS3

c.224G>A p.Arg75Gln 1/1200
(0.083%) [81] Pathogenic Pathogenic

PM2, PS4_M,
PP1_M, PM5, PP3,

PS3_M

c.229T>C p.Trp77Arg 1/1200
(0.083%) [82] Pathogenic Pathogenic PM2_P, PM3_VS,

PP3, PS3_M

c.232dupG p.(Ala78Glyfs*24) 1/1200
(0.083%) [83] Likely Pathogenic Pathogenic PM2, PVS1, PM3

c.232G>T p.(Ala78Ser) 1/1200
(0.083%) [28] absent VUS PM2, PP3, PM5

c.246C>G p.Ile82Met 1/1200
(0.083%) [84] Likely Pathogenic Pathogenic

PM2, PP1_M,
PM3_VS, PP3,

PS3_M

c.249C>G p.Phe83Leu 2/1200
(0.16%) [85] Benign/

Likely Benign
Likely
Benign

BS1_P, BP2, BS3_P

c.250G>C p.Val84Leu 1/1200
(0.083%) [77] Pathogenic/ Likely

Pathogenic Pathogenic
PM2, PP3, PM3_VS,

PP1_P

c.269T>C p.Leu90Pro 3/1200
(0.25%) [68] Conflicting

Interpretation Pathogenic
BS1_P, PP3,

PM3_VS, PS3_M

c.269dup p.(Val91Serfs*11) 1/1200
(0.083%) [68] Pathogenic Pathogenic PM2, PVS1,

PM3_VS, PP1_M

c.283G>A p.(Val95Met) 2/1200
(0.16%) [77] Pathogenic/ Likely

Pathogenic Pathogenic
PM2, PM3_VS,

PP1_P, PP3

c.313_326del14 p.(Lys105Glyfs*5) 2/1200
(0.16%) [79] Pathogenic Pathogenic PM2_P, PVS1,

PM3_VS.

c.326G>T p.Gly109Val 1/1200
(0.083%) [86] absent Likely

Pathogenic
PM2, PM3, PS3_M

c.334_335delAA p.(Lys112Glufs*2) 2/1200
(0.16%) [77] Pathogenic /Likely

Pathogenic Pathogenic
PM2, PVS1,

PM3_VS, PP1_M

c.358_360delGAG p.Glu120del 2/1200
(0.16%) [79] Pathogenic Pathogenic PM2_P, PM4,

PM3_VS, PS3_M

c.380G>A p.Arg127His 1/1200
(0.083%) [87] Conflicting

Interpretation Benign
BA1, BS2, BS4,

PM3_P

c.384C>T p.(Ile128=) 1/1200
(0.083%) [75] Likely Benign Likely

Benign PM2, BP2, BP4, BP7

c.385G>A p.(Glu129Lys) 1/1200
(0.083%) [71] Conflicting

Interpretation VUS PM2, PM3

c.427C>T p.Arg143Trp 5/1200
(0.42%) [88] Pathogenic Pathogenic PM2_P, PM3_VS,

PP1_P

c.439G>A p.(Glu147Lys) 1/1200
(0.083%) [89] Pathogenic/ Likely

Pathogenic Pathogenic
PM2, PM3_VS,
PP1_Mod, PP3

c.457G>A p.Val153Ile 3/1200
(0.25%) [90] Benign/

Likely Benign Benign BA1, BS2

c.478G>A p.(Gly160Ser) 2/1200
(0.16%) [85] Conflicting

Interpretation
Likely
Benign

BS1_P, PP3, BP2,
PM3

c.487A>G p.Met163Val 2/1200
(0.16%) [90] VUS VUS PM2_P, PP3, PS3_M,

BS2

c.487A>C p.Met163Leu 1/1200
(0.083%) [91] Pathogenic VUS PM2, PS3_P

c.503A>G p.(Lys168Arg) 5/1200
(0.42%) [92] Conflicting

Interpretation VUS PM2_P, PP3
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Table 1. Cont.

Nucleotide
Change

Protein
Variant

Mutated
Alleles/

Total Alleles
Tested

(Percentage)

Reference ClinVar

Final
Classification
(ACMG/AMP

HL-EP)

Rules Applied

c.551G>C p.Arg184Pro 4/1200
(0.34%) [79] Conflicting

Interpretation Pathogenic
PM2, PM3_VS, PP3,

PS3_M

c.569T>A p.(Val190Asp) 1/1200
(0.083%) [28] absent VUS PM2, PM3, PP3

c.617A>G p.Asn206Ser 4/1200
(0.34%) [90] Pathogenic Pathogenic PM2_P, PP3, PP1_M,

PM3_VS, PS3_M

c.632G>A p.(Cys211Tyr) 1/1200
(0.083%) [28] absent Likely

Pathogenic
PM2, PM3,PP3,

PP1_P

c.*1C>T (3′UTR) - 2/1200
(0.16%) [93] Conflicting

Interpretation
Likely
Benign

BS1_P, BP4

del(GJB6-D13S1830) - 12/1200
(1%) [10] Pathogenic Pathogenic PS3, PS4, PM2_P,

PM3_VS

del(GJB6-D13S1854) - 5/1200
(0.42%) [21] Pathogenic Pathogenic PM2, PS3, PS4,

PM3_VS

Genetic variants’ distribution spanned the entire length of Cx26 and involved almost all protein
domains (Figure 3).

Figure 3. Distribution of coding genetic variants in connexin 26. Different colors refer to their
classification after the curation process. Pathogenic and likely pathogenic variants are in red; benign
and likely benign in green; uncertain significance in yellow.

Interestingly, based on the specific criteria applied during our curation procedure, 59% of
sequence variants evaluated in this study changed their previous category submitted to ClinVar:
36% with considerable re-interpretation and 23% with resolution of similar categories (for instance,
P/LP submission for p.Gly12Val variant was confirmed as pathogenic or B/LB submission for p.Val153Ile
variant was classified as benign) (Figure 4).

After the curation procedure, the pathogenic final classification represented a total of 23 variants,
of which 11 changed their previous status in ClinVar, and 12 remained in the same category (Figure 4).
In addition, nine variants previously considered as conflicting interpretation of pathogenicity were
reclassified as: pathogenic (two cases), benign or likely benign (three cases) and uncertain significance
(four cases). The c.269T>C, p.Leu90Pro and c.551G>C, p.Arg184Pro variants were reinterpreted
as pathogenic, since both mutations had strong evidence concerning allelic data (PM3_VeryStrong)
and functional studies demonstrating a deleterious effect (PS3). The c.380G>A, p.(Arg127His);
c.478G>A, p.(Gly160Ser) and the 3′UTR variant c.*1C>T were reclassified to likely benign and benign
mostly based on their high population frequencies (BA1 and BS1 rules). The last four variants
with conflicting interpretations in ClinVar: c.23C>T, p.Thr8Met; c.24G>A, p.(Thr8=); c.385G>A,
p.(Glu129Lys); c.503A>G, p.(Lys168Arg), were reclassified as being of uncertain significance since
available information was not sufficient to determine their pathogenicity. The c.487A>C, p.Met163Leu
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variant listed in ClinVar as pathogenic for dominant HL, was reinterpreted in this work as being
of uncertain significance, due to the lack of strong evidence: absent in population database (PM2),
low REVEL score, functional study with only supporting evidence (PS3_P) and only reported three
times (PS4_P).

Remarkably, we propose that the splice site variant c.-22-2A>C interpreted as being of uncertain
significance by the HL-EP group should be reclassified as likely pathogenic according to new uncovered
data. Thus, due to the usage of an alternative variant nomenclature c.-24A>C (not HGVS), a previous
report by [70] had not been taken into account for variant classification. After consultation with the
author [70], correct nomenclature was confirmed, thus, the allelic data of the report was considered,
strengthening the PM3 criteria, and hence, the variant pathogenicity. Final classification and comment
on clinical significance for each variant was submitted to ClinVar.

 

Figure 4. Final GJB2 and GJB6 variant classification. The height of each bar represents the number of
variants for each classification. The colored segments of each bar represent previous classification in
ClinVar. As a result of the curation process 59% of sequence variants changed their previous category
submitted to ClinVar. The inner box shows the comparison of the 44 variant classifications between
ClinVar submitters (from the original ACMG/AMP criteria) versus applying HL-EP specifications,
demonstrating a reduction of “conflicting interpretation” and the increase of “pathogenic” categories.
The number of variants for each interpretation is in brackets.

The most frequently applied rules were PM2 and PM3 (20% each), corresponding to population
and allelic data, respectively, followed by the PS3 standard, which included functional studies
demonstrating a deleterious effect (12%) (Figure 5A). The frequency of rules used among the three
main categories (B/LB, VUS and LP/P) is shown in Figure 5B. In this regard, PM3_VeryStrong and
PM2 rules together with computational evidence suggesting a damaging impact of the mutation
to the protein (PP3) and deleterious effect demonstrated by functional assays (PS3) were the most
frequent criteria applied, particularly for the classification of pathogenic and likely pathogenic variants.
High frequency of variants in the general populations (BA1), neutral impact predicted by in silico
analysis (BP4) and allelic data (BP2) were associated with benign or likely benign categories. In the
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case of variants interpreted as uncertain significance, damaging computational evidence was almost
always applied along with low frequency in the general population. However, this evidence was not
strong enough to determine its pathogenicity. Complete information about the criteria applied and
variant interpretation is detailed in Supplementary Table S3.

Figure 5. Frequency of rules applied during curation procedure. (A). PM2 and PM3 were the most
frequently criteria applied (corresponding to population and allelic data), along with the PS3 rule,
which included functional studies demonstrating a deleterious effect. (B). ACMG/AMP and HL-EP
rules correspondence with final classification. Red, grey and green colors indicate the final variant
interpretation (P/LP, B/LB and VUS) when the rule was applied. Some criteria demonstrate a bigger
weight in the classification of variants. Rules applied with a modified strength are denoted by the rule
followed by _P for Supporting, _M for Moderate, _S for Strong, and _VS for Very Strong.

4. Discussion

Autosomal Recessive Non-Syndromic Hearing Loss (ARNSHL) is a heterogeneous condition
that affects millions of individuals worldwide. Genetic variants in GJB2 and GJB6 genes are the
most prevalent genetic causes of HL among several populations, and consequently, are the focus
of universal newborn hearing screening programs [77,94,95]. Identifying mutations in those genes
becomes crucial in molecular strategy approaches, as they provide valuable prognostic information for
medical intervention. This study provides an update and extension of our previous reports and states
that sequence variants in GJB2 and GJB6 genes are frequent in Argentinean patients with non-syndromic
sensorineural HL [26–28,96].

Molecular diagnosis due to GJB2 and GJB6 variants was more successful in family cases with
ARNSHL than in sporadic ones (36% vs. 15.5%). As reported previously, our data confirms c.35delG as
the most frequent GJB2 mutation causing non-syndromic hearing loss in the Argentinean population
with a prevalence of 9.25% of the detected GJB2-mutated alleles [26–28,30]. These results are in
concordance with Caucasian population frequencies [73,75,87,97]. On the other hand, since 26/98 (26.5%)
genotyped patients resulted in GJB2 compound heterozygous for non-c.35delG alleles, appropriate
molecular diagnosis requires the complete sequencing of the gene including the untranslated exon 1.
Interestingly, both dominant mutations in GJB2 were detected in the same protein residue (Arg75)
and led to a profound HL phenotype, in accordance with the dominant negative effect of the two
variants demonstrated by functional studies [98–100]. Of note, both variants del(GJB6-D13S1830) and
del(GJB6-D13S1854) accounted for 15.3% of genotyped patients, which resulted in similar frequencies
reported in Spain but greater than other European countries [6–8,21,97,101–103]. Our cohort of patients
exhibited non-syndromic moderate-to-profound hearing loss due to biallelic GJB2 mutations and
compound GJB2/GJB6 mutations. In accordance with previous studies truncating variants were mostly
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related to profound HL, while non-truncating variants to a milder degree of hearing impairment,
reinforcing the notion that inactivating variants lead to a severe degree of HL [8,34,46,97].

Regarding variant curation, allelic and population data along with computational evidence were
the most used information in variant assessment. The PM3 and PM2 rules accounted for 20% each
of the total parameters applied. The PM3 criteria gathers the information regarding the compound
heterozygous variants in HL patients. Since GJB2 variants are mostly related to an autosomal recessive
mode of inheritance, the identification of a second mutation resulted essential and conclusive in
variant interpretation. In addition, the absence or low frequency of the sequence variant in the general
population (defined by PM2 rule) represented an important evidence during data analysis.

The curation of variants performed in the present work highlights the importance of specialized
guidelines to analyze and interpret variants for the clinical use of databases. Moreover, it indicates the
need of scientific community interaction and data sharing to avoid or reduce difficulties in variant
curation [104,105]. Manual curation, although time consuming is strictly needed, as shown for the
p.Met163Leu variant, which was originally interpreted as pathogenic for autosomal dominant HL by
one submitter, and now reclassified to uncertain significance. An additional example is that of the
splice site variant c.-22-2A>C, classified as of uncertain significance and now reinterpreted to likely
pathogenic as a result of the clarification of nomenclature issues, and hence, strengthening the criteria
applied. Likewise, more than half of the mutations were reclassified after the curation procedure,
and satisfyingly, this reduced the number of “conflicting interpretation” categorization submitted
to ClinVar.

In summary, the present work provides a set of variants that lead to hearing loss with an accurate
interpretation of their phenotypic consequence. Moreover, it demonstrates the importance of a
comprehensive analysis of sequence data performed by experts in the hearing field in order to provide
reliable data to be used by clinicians in patient diagnosis and genetic counseling.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/11/10/1233/
s1, Table S1: Summary of HL-EP specifications, Table S2: Summary of genotypes detected and Table S3:
Curated variants procedure.
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Abstract: The mutations in the GJB2 gene (13q12.11, MIM 121011) encoding transmembrane protein
connexin 26 (Cx26) account for a significant portion of hereditary hearing loss worldwide. Earlier we
found a high prevalence of recessive GJB2 mutations c.516G>C, c.-23+1G>A, c.235delC in indigenous
Turkic-speaking Siberian peoples (Tuvinians and Altaians) from the Tyva Republic and Altai Republic
(Southern Siberia, Russia) and proposed the founder effect as a cause for their high rates in these
populations. To reconstruct the haplotypes associated with each of these mutations, the genotyping of
polymorphic genetic markers both within and flanking the GJB2 gene was performed in 28 unrelated
individuals homozygous for c.516G>C (n = 18), c.-23+1G>A (n = 6), or c.235delC (n = 4) as well as in
the ethnically matched controls (62 Tuvinians and 55 Altaians) without these mutations. The common
haplotypes specific for mutations c.516G>C, c.-23+1G>A, or c.235delC were revealed implying a single
origin of each of these mutations. The age of mutations estimated by the DMLE+ v2.3 software
and the single marker method is discussed in relation to ethnic history of Tuvinians and Altaians.
The data obtained in this study support a crucial role of the founder effect in the high prevalence of
GJB2 mutations c.516G>C, c.-23+1G>A, c.235delC in indigenous populations of Southern Siberia.

Keywords: hearing loss; GJB2; founder effect; STR and SNP haplotypes; mutation age; Tuvinians;
Altaians; Southern Siberia

1. Introduction

Mutations in the GJB2 gene (gap junction protein, beta-2, 13q12.11, MIM 121011) encoding
transmembrane protein connexin 26 (Cx26) lead to nonsyndromic autosomal recessive deafness
1A (DFNB1A, MIM 220290) which is the most common form of hereditary hearing loss in many
populations [1]. High prevalence of the GJB2-associated deafness makes the GJB2 gene testing essential
for the establishment of genetic diagnosis of hearing loss.

Over 400 deafness-associated variations in GJB2 have been reported in the Human Gene Mutation
Database (http://www.hgmd.cf.ac.uk) [2]. Specific ethno-geographic prevalence patterns were found
for many of them [3–5]. For instance, variant c.35delG (p.Gly12Valfs*2) is prevalent in deaf patients
of Caucasian origin [3,6]; c.235delC (p.Leu79Cysfs*3) is common in some Asian populations [4,7–14];
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c.167delT (p.Leu56Argfs*26) is frequent in Ashkenazi Jews [15,16]; c.427C>T (p.Arg143Trp) is specific
for population of Ghana (West Africa) and Peru (South America) [17,18]; c.71G>A (p.Trp24*) is widely
spread in Indians and European Gypsies [19–21]; c.109G>A (p.Val37Ile) prevails in populations of
Southeast Asia [5]; the splice donor variant c.-23+1G>A was found in many populations worldwide
but extremely high prevalence of c.-23+1G>A was detected among Yakuts (Eastern Siberia, Russia) [22];
c.131G>A (p.Trp44*) was found with high frequency among descendants of ancestral Mayan population
in Guatemala [23].

High prevalence of some major GJB2 mutations in certain populations was explained by the founder
effect as evidenced by conservation of haplotypes with closely linked markers. In some cases, analysis
of genetic background of these mutations allowed to elucidate their approximate age and a presumable
region of origin. The key role of the founder effect in prevalence of mutation c.35delG was established
in numerous studies by analysis of the c.35delG-bearing haplotypes: this mutation first appeared
approximately 10000–14000 years ago in the Middle East and/or the Mediterranean and then spread by
human migrations throughout Europe and worldwide [24–36]. The conservation of haplotype bearing
mutation c.167delT found in Ashkenazi Jews suggests a single origin of this mutation which began
to spread since a presumed Ashkenazi population bottleneck [15,16]. Haplotype analysis of genetic
markers flanking the GJB2 gene showed that a high rate of mutation c.71G>A (p.Trp24*) common for
Indians is most probably due to the founder effect, and the age of this mutation was calculated as 7880
years [20]. Contribution of the founder effect in extremely high rate of mutation c.-23+1G>A among
Yakuts (Eastern Siberia, Russia) was evidenced by the c.-23+1G>A haplotype analysis, and the age of
this mutation was estimated at approximately 800 years [22]. Common haplotype was established for
specific mutation c.131G>A (p.Trp44*) found in individuals from Guatemala suggesting a single founder
from ancestral Mayan population [23]. The founder effect was also suggested in high prevalence
of mutation c.235delC in East Asians (China, Japan, Korea), Mongolians (Mongolia), and Altaians
(Southern Siberia, Russia) but there were only a few studies of the c.235delC-bearing haplotypes to
support this hypothesis [8,9,14,37–39]. Additionally, Yan et al. (2003) proposed that c.235delC has
probably derived from a founder mutation approximately 11500 years ago in the Lake Baikal region
and spread to some Asian regions through subsequent migrations [38]. A haplotype block specific to East
Asians with the c.109G>A (p.Val37Ile) mutation was found among deaf patients of Chinese, Japanese,
Vietnamese, and Philippines ancestry and the age of p.Val37Ile in this Asian cohort was estimated
at approximately 300 generations [40]. Shinagawa et al. (2020) confirmed the founder effect in origin of
six GJB2 mutations frequently observed in Japanese hearing loss patients (c.235delC, p.Val37Ile,
p.[Gly45Glu;Tyr136*], p.Arg143Trp, c.176_191del, and c.299_300delAT) and estimated the year
at which each mutation occurred: c.235delC—around 6500 years ago, p.[Gly45Glu;Tyr136*]—around
6000 years ago, p.Arg143Trp—around 6500 years ago, c.176_191del—around 4000 years ago,
c.299_300delAT—around 7700 years ago, and p.Val37Ile - around 14500 or 5000 years ago [39].

In our recent study, we evaluated the spectrum and frequency of the GJB2 gene variants in a large
cohort of deaf Tuvinian patients and the ethnically matched controls from the Tyva Republic (Southern
Siberia, Russia) [41]. A striking finding was a high prevalence of rare specific variant c.516G>C
(p.Trp172Cys) in the GJB2 gene accounting for 62.9% of all mutant GJB2 alleles found in Tuvinian
patients and having carrier frequency of 3.8% in controls. Other frequent GJB2 mutations found in
Tuvinian patients were c.-23+1G>A (27.6%) and c.235delC (5.2%). The c.235delC was previously found
as a major GJB2 mutation in Altaians living in the Altai Republic (Southern Siberia, Russia) neighboring
the Tyva Republic [10]. In our recent study on enlarged cohort of Altaian deaf patients, the proportion
of c.235delC, c.516G>C, and c.-23+1G>A among all mutant GJB2 alleles found in Altaian patients was
estimated as 51.9%, 29.6%, and 14.8%, respectively [42].

High rate of three GJB2 mutations c.516G>C, c.-23+1G>A, and c.235delC in Tuvinians and Altaians
implies a crucial role of the founder effect in their prevalence in indigenous populations of Southern
Siberia. In this study we test a presumable common origin of each of these GJB2 mutations by analysis
of haplotypes bearing c.516G>C, c.-23+1G>A, and c.235delC.
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2. Materials and Methods

2.1. Subjects

The pathogenic contribution of the GJB2 mutations to deafness and their carrier frequencies
were evaluated in our preliminary studies in indigenous populations of Southern Siberia (Tuvinians
and Altaians) and three GJB2 mutations (c.516G>C, c.-23+1G>A, c.235delC) were found to be
common [10,41,42]. For the analysis of haplotypes bearing these mutations, we recruited in total 28
unrelated deaf patients who were homozygous for c.516G>C (seventeen Tuvinians and one Altaian),
for c.-23+1G>A (six Tuvinians) or for c.235delC (four Altaians). The ethnically matched control samples
were represented by 117 unrelated healthy individuals without mutations c.516G>C, c.-23+1G>A,
and c.235delC (62 Tuvinians and 55 Altaians).

The study was conducted in accordance with the Declaration of Helsinki, and the protocol was
approved by the Bioethics Commission at the Institute of Cytology and Genetics SB RAS, Novosibirsk,
Russia (Protocol No. 9, 24 April 2012).

2.2. STRs and SNPs Genotyping

To determine common haplotypes for each of three major GJB2 mutations c.516G>C, c.-23+1G>A,
c.235delC, we performed genotyping of seven Short Tandem Repeats (D13S1316, D13S141, D13S175,
D13S1853, D13S143, D13S1275, D13S292) flanking the GJB2 gene and nine Single Nucleotide
Polymorphisms (rs747931, rs5030700, rs3751385, rs2274083, rs2274084, rs1411911768, rs9552101,
rs117685390, rs877098) intragenic and flanking the GJB2 gene both in 28 unrelated deaf patients
homozygous for c.516G>C, c.-23+1G>A, or c.235delC and in 117 unrelated healthy individuals
(62 Tuvinians and 55 Altaians) who were negative for these mutations. The location of analyzed
genetic markers on chromosome 13 is presented in Figure 1. Two additional SNPs (rs11147592,
rs9509086) were genotyped in homozygous patients only. The total length of the region flanked by
distal markers D13S1316 (centromeric) and D13S292 (telomeric) was approximately 3.5 Mb. All primers
and genotyping methods are summarized in Supplementary Table S1. Fragment analysis and Sanger
sequencing were performed in the SB RAS Genomics Core Facility (Institute of Chemical Biology
and Fundamental Medicine SB RAS, Novosibirsk, Russia).
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Figure 1. Schematic presentation of the GJB2 gene structure and localization of genetic markers (seven
STRs and nine SNPs) which were used for the reconstruction of haplotypes for GJB2 mutations c.516G>C,
c.-23+1G>A, and c.235delC. These mutations are marked by red color. *—basal (core) promoter (128 bp).
Positions of genetic markers (shown in brackets) were defined according to GRCh37.p13 Genome
Assembly (https://www.ncbi.nlm.nih.gov/assembly/GCA_000001405.14).

2.3. Reconstruction of STR and SNP Haplotypes

The reconstruction of the founder haplotypes from STRs and SNPs genotyping data and analysis
of their frequencies were performed using Expectation–Maximization (EM) algorithm of the Arlequin
3.5.2.2 software [43]. The boundaries of haplotypes for each of three GJB2 mutations were determined
by observed linkage disequilibrium between the marker alleles and each mutation according to
equation δ = (Pd−Pn)/(1−Pn), where δ is the measure of linkage disequilibrium, Pd is the marker
allele frequency among mutant chromosomes, Pn is the frequency of the same allele among normal
chromosomes [44].

2.4. Estimation of Mutations Age

Estimation of a mutation age is based on the expected decay of linkage disequilibrium between
the mutation and alleles of surrounding genetic markers due to recombination (“genetic clock” concept).
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We applied two approaches for estimating the age of mutations c.516G>C, c.-23+1G>A, and c.235delC.
The first was the DMLE+ v2.3 software method (Disequilibrium Mapping using maximum-Likelihood
Estimation, DMLE+: http://dmle.org/) [45] which is based on multiple linked marker loci and uses
the Markov Chain Monte Carlo algorithm for Bayesian estimation of the mutation age. The second,
used when appropriate, was the single marker method based on intra-allelic variation of a single
marker [46]. For calculation the mutation age by the DMLE+ software, the demographic parameters
(population size, population growth rate, and proportion of population sampled) are required in
addition to the haplotype data and the map distances among marker loci and mutations. Since
population growth rates for Tuvinian and Altaian populations could not be reliably estimated because
of very limited knowledge of demographic variation of these populations along their history, we
analyzed the haplotype data using several plausible growth rates: 0.05, 0.1, and 0.2. The parameter
“proportion of population sampled” for each of three mutations (c.516G>C, c.-23+1G>A, c.235delC)
was calculated on the basis of our previous data [10,41,42]. The contemporary population sizes for
Tuvinians and Altaians according to the 2010 census were 249299 and 68814 peoples, respectively.

The estimation of the mutation age by the single marker method was performed using algorithm
proposed by [46]:

g = log[1 − Q/(1 − Pn)]/log(1 − ) (1)

where g is the number of generations passed from the moment of the mutation appearance to the present;
Q is the share of mutant chromosomes unlinked with the founder haplotype; Pn is the population
frequency of allele included in the founder haplotype, and is the recombinant fraction calculated from
physical distance between marker and mutation (under the assumption that 1 cM = 1000 kb). To avoid
possible underestimation of a mutation age as suggested by [47–49], we also applied the Luria-Delbrűck
correction [50] which takes into account the demographic parameters:

gc = g + g0 (2)

g0= −(1/d) ln( fd) (3)

where d is population growth rate, also assuming fd = ed/(ed−1) and fd ≈ 1/d at small d values [47].
The duration of one generation (g) was considered to be 25 years.

2.5. Statistical Analysis

Two-tailed Fisher’s exact test with significance level of p < 0.05 was applied to compare allele
frequencies between patients and controls.

3. Results

We assumed that the high prevalence of GJB2 mutations c.516G>C (p.Trp172Cys), c.-23+1G>A,
c.235delC in Tuvinians and Altaians is a consequence of the founder effect. To test whether all carriers
of each of these mutations share a common haplotype, we performed genotyping of polymorphic
genetic markers both intragenic and flanking GJB2 gene (nine SNPs and seven STRs) in 28 unrelated
individuals homozygous for c.516G>C (n = 18), c.-23+1G>A (n = 6), or c.235delC (n = 4) as well as in
ethnically matched controls (62 Tuvinians and 55 Altaians). The choice of analyzed genetic markers
was based on their physical location, their variability in Asian populations, and the availability of
previously published data for other populations. Results of the STRs and the SNPs genotyping are
summarized in Supplementary Table S2.

3.1. STR Haplotypes

Data on genotyping of seven STR markers (D13S1316, D13S141, D13S175, D13S1853, D13S143,
D13S1275, D13S292) flanking the GJB2 gene and encompassing approximately 3.5 Mb (Figure 1)
were used to reconstruct STR haplotypes both in deaf patients homozygous for each GJB2 mutations
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(c.516G>C, c.-23+1G>A or c.235delC) and in the ethnically matched controls. The boundaries of
the shared STR haplotypes were determined by observed linkage disequilibrium between STR alleles
and each mutation.

Three different haplotypes formed by specific alleles of five STRs (D13S1316, D13S141, D13S175,
D13S1853, D13S143) with a length of approximately 1.6 Mb were found to be associated with mutation
c.516G>C (Table 1) in Tuvinian patients and 39 STR haplotypes were reconstructed in Tuvinian control
sample (data not shown). The 269-124-105-204-125 haplotype was the most common (67.9%) among
mutant chromosomes bearing c.516G>C, while the frequency of this haplotype in normal chromosomes
(1.6%) was significantly lower (p < 10−14) (Table 1).

Table 1. The frequencies of common STR haplotypes found among the chromosomes bearing c.516G>C,
c.-23+1G>A, c.235delC in comparison with the normal chromosomes.

Haplotypes *
Frequency of Haplotypes

x2 p
Mutant Chromosomes Normal Chromosomes

Haplotypes for c.516G>C: D13S1316-D13S141-D13S175-D13S1853-D13S143
(~ 1.6 Mb)

269-124-105-204-125 0.6786 0.0161 79 <10−14

267-124-105-204-125 0.2857 0.2979 0.0093 0.5462
269-124-105-204-129 0.0357 0 0.67 0.1842

other haplotypes 0 0.6860 - -

Haplotypes for c.-23+1G>A: D13S141-D13S175-D13S1853-D13S143-D13S1275-D13S292
(~ 3.5 Mb)

124-105-204-125-208-209 0.8333 0.0538 53 <10−8

124-105-204-125-202-211 0.0833 0.0108 0.66 0.1695
124-105-204-125-210-209 0.0833 0.0472 0.011 0.4586

other haplotypes 0 0.8882 - -

Haplotypes for c.235delC: D13S1316-D13S141-D13S175-D13S1853-D13S143-D13S1275
(~ 1.7 Mb)

267-124-105-204-125-210 1.0 0 103 <10−11

other haplotypes 0 1.0 - -

* The most common haplotypes are shown in bold.

Significant linkage disequilibrium was found between mutation c.-23+1G>A and the specific alleles
of six STRs (D13S141, D13S175, D13S1853, D13S143, D13S1275, D13S292) encompassing approximately
3.5 Mb long chromosome region. Three and sixty-eight STR haplotypes were reconstructed in Tuvinian
patients homozygous for c.-23+1G>A (Table 1) and in Tuvinian controls (data not shown), respectively.
Significant differences (p < 10−8) were observed between frequency of the 124-105-204-125-208-209
haplotype predominantly found among all mutant chromosomes with c.-23+1G>A (83.3%) and its
frequency among normal chromosomes in Tuvinian controls (5.4%) (Table 1).

The only haplotype found in all mutant chromosomes with c.235delC (Altaian patients)
was 267-124-105-204-125-210 (D13S1316-D13S141-D13S175-D13S1853-D13S143-D13S1275) flanked
by markers D13S1316 and D13S1275 (~ 1.7 Mb), whereas this haplotype was not detected on normal
chromosomes in Altaian control sample (p < 10−11) (Table 1).

3.2. SNP Haplotypes

To thoroughly analyze the structure of haplotypes associated with specific GJB2 mutations,
we have genotyped nine SNPs: four SNPs flanking GJB2 gene (rs747931, rs9552101, rs117685390,
rs877098) and five intragenic SNPs (rs5030700, rs3751385, rs2274083, rs2274084, rs1411911768) (Figure 1)
in patients homozygous for c.516G>C, c.-23+1G>A, or c.235delC and in the ethnically matched controls.
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Significant linkage disequilibrium was observed between each of three GJB2 mutations and certain
alleles of all analyzed SNPs.

The only haplotype T-C-C-A-G-T-G-T-C (rs747931-rs5030700-rs3751385-rs2274083-rs2274084-rs141
1911768-rs9552101-rs117685390-rs877098) was found on all (100%) mutant chromosomes with c.516G>C
in Tuvinian patients in contrast with normal chromosomes in Tuvinian controls where 24 different SNP
haplotypes were reconstructed (data not shown) and frequency of haplotype T-C-C-A-G-T-G-T-C was
estimated to be 2.17% (p < 10−26) (Table 2).

Table 2. The frequencies of common SNP haplotypes found among the chromosomes bearing c.516G>C,
c.-23+1G>A, c.235delC in comparison with the normal chromosomes.

Haplotypes *
Frequency of Haplotypes

x2 p
Mutant Chromosomes Normal Chromosomes

Haplotypes for c.516G>C:
rs747931-rs5030700-rs3751385-rs2274083-rs2274084-rs1411911768-rs9552101-rs117685390-rs877098

T-C-C-A-G-T-G-T-C 1 0.0217 120 <10−26

other haplotypes 0 0.9783 - -

Haplotypes for c.-23+1G>A:
rs747931-rs5030700-rs3751385-rs2274083-rs2274084-rs1411911768-rs9552101-rs117685390-rs877098

C-C-C-A-G-C-G-T-C 0.9167 0.0532 64 <10−10

C-C-C-A-G-C-G-T-T 0.0833 0.1540 0.047 0.4488
other haplotypes 0 0.7928 - -

Haplotypes for c.235delC:
rs747931-rs5030700-rs3751385-rs2274083-rs2274084-rs1411911768-rs9552101-rs117685390-rs877098

T-C-C-A-G-C-G-T-T 1 0.1587 26 1
other haplotypes 0 0.8413 - -

* The most frequent haplotypes are shown in bold. The SNP alleles specific for the common SNP haplotypes are
highlighted by frames.

Two SNP haplotypes were present in Tuvinian patients homozygous for c.-23+1G>A, while
26 different SNP haplotypes were reconstructed in the Tuvinian controls (data not shown).
The C-C-C-A-G-C-G-T-C haplotype was predominant in Tuvinian patients (91.7%), while its frequency
in the Tuvinian controls was 5.3% (p < 10−10) (Table 2).

Only one SNP haplotype T-C-C-A-G-C-G-T-T was found in Altaian patients homozygous for
c.235delC, while 22 different SNP haplotypes were identified in Altaian controls (data not shown). This
haplotype was the second by frequency in the Altaian control sample and differences found between
its frequency in Altaian patients (100%) and controls (15.9%) were insignificant (Table 2).

Comparative analysis of SNP haplotypes associated with each of three GJB2 mutations (c.516G>C,
c.-23+1G>A, or c.235delC) revealed three SNPs (rs747931, rs1411911768, and rs877098), whose allelic
compositions clearly define the specificity of each of these haplotypes. Two of these SNPs, rs747931
and rs877098, are located distantly from the GJB2 gene, while rs1411911768 is located in basal (core)
promoter region (128 bp) of the GJB2 gene (Figure 1). Allele T of rs1411911768 included in the common
haplotype associated with c.516G>C in Tuvinian patients was present in all corresponding mutant
chromosomes, while it was absent in common haplotypes for mutations c.-23+1G>A and c.235delC
(Table 2). Allele C of rs747931 was detected in both c.-23+1G>A-associated haplotypes found in
Tuvinian patients but it was absent in haplotypes associated with c.516G>C or c.235delC (Table 2).
Variant T of rs877098 was only found in c.235delC haplotype in Altaian patients and in more rare
c.-23+1G>A haplotype in Tuvinian patients, and it was absent in c.516G>C haplotype (Table 2).

Thus, the unique allelic combination of three SNPs (rs747931- // -rs1411911768- // -rs877098) was
found for each of the three most frequent SNP haplotypes bearing GJB2 mutations: T-T-C for c.516G>C,
C-C-C—for c.-23+1G>A, and T-C-T—for c.235delC.
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3.3. Age of Mutations c.516G>C, c.-23+1G>A, and c.235delC

The common haplotypes found for each of the mutations c.516G>C, c.-23+1G>A, or c.235delC
prevailing in indigenous peoples of Southern Siberia imply that each of them had descended from
a single ancestor. We estimated the numbers of generations (g) and years (in assumption that g = 25
years) passed from the common ancestral mutation event for each of these mutations assuming
several population growth rates (0.05, 0.1, and 0.2) by the DMLE+ v2.3 program, which is sensitive
to demographic parameters, and based on an analysis of multiple linked marker loci included in
appropriate haplotype [45]. The single marker method for the estimation of the mutation age is based
on the linkage disequilibrium and the recombination fraction observed for the alleles of surrounding
genetic markers [46]. This approach implies analysis of alleles of the most distal markers which
manifest significant linkage disequilibrium, while marker alleles with complete linkage disequilibrium
(all disease chromosomes carried the same allele) are considered to be uninformative [51].

The DMLE+ program yielded the following estimations of the age of mutation c.516G>C: 91–180
generations (2275–4500 years) with d = 0.05, 57–106 generations (1425–2650 years) with d = 0.1
and 31–55 generations (775–1375 years) with d = 0.2 (Table 3). For c.516G>C age estimation by
the single marker method we used allele (125) of the distal STR marker D13S143 found in high linkage
disequilibrium with c.516G>C (Supplementary Table S2) that resulted in 27 generations passed from
the origin of c.516G>C (675 years). After the Luria–Delbrűck correction allowing to avoid possible
underestimation of a mutation age due to demographic parameters [47–49], the age of c.516G>C
increased at all population growth rates (d = 0.05, 0.1 or 0.2): 51 generations (1275 years), 46 generations
(1150 years), 40 generations (1000 years), respectively.

Table 3. Summarized results of the c.516G>C, c.-23+1G>A, c.235delC dating by the DMLE+ program.

Mutation d g (95% CI) Age (95% CI)

c.516G>C
0.05
0.1
0.2

91–180
57–106
31–55

2275–4500 years
1425–2650 years
775–1375 years

c.-23+1G>A
0.05
0.1
0.2

73–164
42–91
29–54

1825–4100 years
1050–2275 years
725–1350 years

c.235delC
0.05
0.1
0.2

45–126
34–79
22–46

1125–3150 years
850–1975 years
550–1150 years

d—population growth rate; g—the number of generations; the age of mutation was calculated as g × 25 years.

The DMLE+ estimations of the age of mutation c.-23+1G>A with different d (d = 0.05, 0.1,
and 0.2) gave 73–164 generations (1825–4100 years), 42–91 generations (1050–2275 years), and 29–54
generations (725–1350 years), respectively (Table 3). When the age of c.-23+1G>A was estimated by
the single marker method using allele (209) of the most distal marker D13S292 (more than 3.4 Mb from
c.-23+1G>A), the age of c.-23+1G>A was drastically reduced to 4 generations (100 years) or 14–17
generations (350-425 years) after the Luria–Delbrűck correction at various d (0.05, 0.1 and 0.2).

We were not able to estimate the age of c.235delC using the single marker method because of
the lack of recombination in all markers included in STR and SNP haplotypes observed for c.235delC.
Nevertheless, by using the DMLE+ program, the variations of the age of c.235delC were reasonably
consistent, being 45–126 generations (1125–3150 years), 34–79 generations (850–1975 years), and 22–46
generations (550–1150 years) with d = 0.05, 0.1, and 0.2, respectively (Table 3).

4. Discussion

We found three GJB2 mutations, c.516G>C, c.-23+1G>A, and c.235delC to be predominant in deaf
Tuvinian and Altaian patients [10,41,42]. Tuvinians and Altaians are the indigenous Turkic-speaking
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populations of two neighboring federal subjects of the Russian Federation, the Tyva Republic (Tuva)
and the Altai Republic, respectively, which are located in Southern Siberia. The Tyva Republic is
bordered by Mongolia in the south and the east, whereas the Republic of Altai is bordered by Mongolia
in the southeast, China in the south, and Kazakhstan in the southwest.

4.1. Ethnic History of Tuvinians and Altaians

Tuvinians (Tuvans) live mainly in the Tyva Republic in Russia (249299 people in total according to
the 2010 census), though relatively small groups of Tuvinians also live in the northern part of Mongolia
and in the Xinjiang Uygur Autonomous Region of China [52,53]. Tuvinians are one of the most ancient
Turkic-speaking peoples inhabiting Central Asia and the Sayan-Altai region. The name "Tuva" probably
originates from a Samoyedic tribe (referred to the VII century Chinese sources as “Dubo” or “Tupo”)
that populated the upper Yenisei river region. The location of Tuva in the geographical center of
the Asian continent had a significant impact on the formation of its population because of the relations
with residents of neighboring regions. At different times, Tuva was at the periphery of a powerful
state of Huns (II century BC–I century AD) or was incorporated in the Ancient Turkic Khaganate
(VI–VIII centuries), in the Uyghur Khaganate (VIII–IX centuries), in the Yenisei Kyrgyz Khaganate
(IX–XII centuries), and also in the Mongol Empire (XIII–XIV centuries), which played an outstanding
role in the history of the nomadic civilization and the ethno-political development of Central Asia
and the Sayan-Altai region. These historical events had a certain impact on the consolidation of
ancestral Tuvinian tribes and, ultimately, on their formation into a single ethnic group. At the end of
the XIII–XIV centuries, the ethnic composition of Tuva population already included those groups that
took part in the formation of the Tuvinian people: descendants of different Turkic-, Mongolic-, Ket-,
and Samoyedic-speaking tribes [54,55].

The Altaians, indigenous inhabitants of the Altai Republic (68814 people in total according to
the 2010 census), belong to two main ethnic groups originated from several ancient Turkic-speaking
tribes: Southern Altaians (Altai-kizhi, Teleut, and Telengit) and Northern Altaians (Chelkan, Kumandin,
and Tubalar) [56]. Southern Altaian language belongs to the Kipchak branch of Turkic language family
whereas the Northern Altai languages are greater influenced by Samoyedic, Yeniseian, and Ugric
languages. In the past, the Altai region, as well as Tuva, was conquered or influenced by powerful
Turkic Khaganates as well as the Mongol Empire [56].

Thus, archaeological, linguistic, anthropological, and historical evidences indicate similarities in
the ethnogenesis of Turkic-speaking Tuvinian and Altaians.

4.2. Common Haplotypes for c.516G>C, c.-23+1G>A, and c.235delC

High rate of the GJB2 mutations (c.516G>C, c.-23+1G>A, and c.235delC) in Tuvinians and Altaians
implies a crucial role of the founder effect in their prevalence. Analysis of the genetic markers
(seven STRs and nine SNPs intragenic and flanking the GJB2 gene) surrounding mutations c.516G>C,
c.-23+1G>A, and c.235delC revealed common haplotypes for each mutation, spanning ~ 1.6 Mb,
~3.5 Mb, and ~ 1.7 Mb, respectively (Figure 2). Moreover, we found the unique allelic combinations
of three SNPs (rs747931- // -rs1411911768- // -rs877098) that were highly specific for each of the most
frequent haplotypes bearing GJB2 mutations (T-T-C for c.516G>C, C-C-C for c.-23+1G>A, and T-C-T
for c.235delC). These combinations were absent or sufficiently less common in the control samples that
allows to use them as additional markers for identification of major GJB2 mutations in indigenous
populations of Siberia.
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Figure 2. Schematic presentation of three common haplotypes bearing the GJB2 mutations c.516G>C,
c.-23+1G>A, or c.235delC. Locations of GJB2 mutations and used genetic markers (seven STRs and nine
SNPs) are shown at the top of the scheme. The STRs are indicated by rectangles, the SNPs - by circles.
Founder haplotypes bearing mutations c.516G>C, c.-23+1G>A, c.235delC (spanning ~ 1.6 Mb, ~ 3.5 Mb,
and ~ 1.7 Mb, respectively) are highlighted in dotted blocks. Identical alleles of genetic markers
included in the haplotypes for each of GJB2 mutations are shown in gray, while the alleles specific for
corresponding mutations are indicated by different colors.

4.3. The c.516G>C Mutation

The GJB2 variant c.516G>C (p.Trp172Cys, rs1302739538) accounts for 62.9% and 29.6% of all
mutant GJB2 alleles detected in deaf Tuvinian and Altaian patients, respectively, and the carrier
frequencies of c.516G>C are 3.8% and 0.5% in the corresponding ethnically matched controls [41,42].
The c.516G>C substitution leads to a replacement of an aromatic non-polar tryptophan with a small
polar cysteine at conservative amino acid position 172 (p.Trp172Cys) in the second extracellular loop
of protein connexin 26 (Cx26). The c.516G>C meets the main criteria to be classified as pathogenic for
autosomal recessive hearing loss based on the ACMG/AMP criteria [57] as specified by the Hearing
Loss Expert Panel [58]. In our recent study [41], we suggested that this very rare GJB2 mutation is
endemic for Tuvinians living in the Republic of Tuva, since besides them c.516G>C was only found
in Altaians from neighboring the Altai Republic (with less frequency) and in one deaf patient from
Mongolia [59], and nowhere else in the world.

In this study, we obtained convincing evidence supporting the origin of mutation c.516G>C from
a single ancestor. The common STR haplotype spanning about 1.6 Mb as well as the common internal
SNP haplotype were identified in most of GJB2 alleles carrying c.516G>C, and their frequencies in
patients homozygous for c.516G>C were significantly different from controls. Interesting finding
was a strong (100%) association of c.516G>C mutation with very rare allele T (A) of intragenic
rs1411911768 (dbSNP: MAF A = 0.00002/3 TOPMED), which was found in Tuvinian and Altaian
controls with sufficiently lower frequency (0.0565 and 0.0182, respectively) (Supplementary Table S2).
We speculate that c.516G>C mutation could initially have arisen on the chromosome bearing rare allele
of rs1411911768 in ancestors of these indigenous peoples (rather in Tuvinians, among whom c.516G>C
is more prevalent) and reached current high prevalence as a result of the founder effect. The age of
c.516G>C based on the single marker method was estimated to be 675 years or 1000–1275 years after
the Luria–Delbrűck correction, whereas the dating of this event by the DMLE+ program led to wide time
ranges (2275–4500, 1425–2650, or 775–1375 years ago) with different population growth rates (d = 0.05,
0.1, or 0.2, respectively). We tend to think that c.516G>C is rather a relatively “young” mutation since
a fast population growth was probably intrinsic to Tuvinians in the past because of a traditionally
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large family size observed in contemporary Tuvinians. In addition, the prevalence of this mutation
is very restricted. The most plausible scenario suggests that c.516G>C has arisen in the territory of
Tuva as the result of a unique event after main formation of the Tuvinian ethnic group (which took
place at the end of the XIII–XIV centuries) and then spread into the neighboring territory of Altai.
Taking into account the complexity of ethnic history of Tuvinians, it remains unclear, who actually were
the c.516G>C founders—different ancient Turkic- or Mongolic-speaking groups or other aboriginal
peoples who lived there. The introduction of c.516G>C into Tuva territory with migration flows of
ancient Mongolic-speaking groups is not consistent with the finding of c.516G>C in only one deaf
patient from Mongolia [14,59] as well as with its absence in Mongolian patients living in China [60,61].
It is known that several nomadic Tuvinian groups roamed in the past across the territories of Tuva
and Mongolia had remained in Mongolia when Tuva was separated from Mongolia to become under
Russian protectorate after the breakup of the Qing Empire in 1911–1912 [54,55]. Since the ethnicity of
examined deaf patients was not reported in the study by Tekin et al. [59], the question about the origin
of c.516G>C in Mongolia remains open.

4.4. The c.-23+1G>A Mutation

The proportion of the splice donor site mutation c.-23+1G>A reaches 27.6% of all mutant GJB2
alleles in Tuvinian deaf patients [41] and 14.8% in Altaian patients [42]. Splice donor site GJB2 variant
c.-23+1G>A has been detected among deaf patients of different origin around the world [14,22,59,62–67].
The extremely high prevalence of c.-23+1G>A (up to 92.2% of all mutant GJB2 alleles found in patients
and carrier frequency reaching of 10.2%) observed in Yakuts, indigenous Turkic-speaking people living
in the subarctic region of Russia (the Sakha Republic, Eastern Siberia), was explained by the founder
effect in an isolated population and a probable selective advantage for the c.-23+1G>A heterozygotes
in severe subarctic climate [22,67,68]. The c.-23+1G>A is also the most common mutation in deaf
Mongolian patients from Mongolia [14,59].

To our knowledge, the haplotypes bearing c.-23+1G>A were analyzed only in a few
studies [14,22,59,69]. Tekin et al. (2010) suggested diverse origins of c.-23+1G>A based on
multiple c.-23+1G>A-associated haplotypes found in comparative analysis of seven Mongolian
and three Anatolian Turkish c.-23+1G>A homozygous patients [59]. However, despite the fact that
several different haplotypes were found to be associated with c.-23+1G>A in Mongolians, a single
conserved haplotype (which appears to be a common haplotype in Mongolia) was identified in Turkish
homozygous patients suggesting a single common ancestor with an intervening population bottleneck
in the Turkish branch [59]. Barashkov et al. (2011) revealed the common origin of c.-23+1G>A in
Yakuts (Eastern Siberia) by the reconstruction of 140 haplotypes bearing this mutation using eight
polymorphic microsatellite markers flanking the GJB2 gene and two intragenic SNP markers [22].
These findings are consistent with the founder effect hypothesis and support a common Central
Asian origin of c.-23+1G>A since the Turkic-speaking ancestors of Yakuts migrated to the Eastern
part of Siberia from their initial settlement in the Baikal Lake area under pressure of the Mongol
expansion in XI - XIII centuries AD [70]. Solovyev et al. (2017) analyzed the c.-23+1G>A haplotypes
in the sample of Yakut, Evenk, Russian, and Tuvinian deaf patients homozygous for c.-23+1G>A by
using the same panel of SNPs (rs2313477, rs11841024, rs4769974, rs7994748, rs7987144, rs5030702,
and rs1932429) as reported in the study by Tekin et al. [59] and revealed the reduced c.-23+1G>A
haplotype diversity in the analyzed sample when compared with the haplotypes in Mongolians [69].
Interesting, that almost all examined patients (except one Yakut patient) in this study were homozygous
for the allele T of intronic rs7994748 (GJB2) that is consistent with the studies by Grillo et al. (2015)
and by Parzefall et al. (2017) in which the association of this rs7994748 allele with hearing loss
was presumed [71,72]. In the study by Erdenechuluun et al. (2018) where five SNPs (rs747931,
rs3751385, rs11147592, rs9509086, and rs9552102) were used for the c.-23+1G>A haplotype analysis in
six Mongolian deaf patients, two c.-23+1G>A haplotypes were identified: major haplotype G-G-C-T-A
(9/12 chromosomes) and a minor haplotype A-G-C-T-A (3/12 chromosomes) [14].
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Our data on the common STR and SNP haplotypes for c.-23+1G>A found in Tuvinians evidence
a single origin of this mutation and suggest the founder effect in its high prevalence in the Tyva
Republic and neighboring territory of the Altai Republic. Based on the ethnic history of Tuvinians
who experienced repeated influence of Mongolians at various stages of their ethnic formation [54,55],
we speculate that c.-23+1G>A mutation can be introduced into Tuva by ancient Mongolic-speaking
groups which were subsequently assimilated by the indigenous population of this region and then
spread in Siberia by the migration flows. Our estimation of the c.-23+1G>A age yielded a wide range
of 725–4100 years ago. This uncertainty could be probably attributed to a small size of the examined
sample and an unclear population growth rate of Tuvinians in the past. Nevertheless, this estimation
is consistent with previously reported age of c.-23+1G>A in the Sakha Republic (Yakutia) presumably
introduced by Turkic-speaking ancestors of Yakuts approximately 800 years ago [22] further confirmed
by the observed similarity of allelic composition of the common STR haplotypes in Tuvinian and Yakut
patients homozygous for c.-23+1G>A (data not shown). Thus, our data support a proposed common
Central Asian origin of mutation c.-23+1G>A and its further expansion defined by a specific population
bottleneck at least throughout Siberia though further extensive studies in many populations are
required to clarify this issue.

4.5. The c.235delC Mutation

High prevalence of c.235delC mutation was found in our previous study in the Altai Republic [10]
and was later confirmed in an extended cohort of Altaian deaf patients since alleles with c.235delC
accounted for 51.9% of all mutant GJB2 alleles found in patients and the carrier frequency of c.235delC
reached 3.7% in Altaian population sample [42].

According to numerous studies, c.235delC mutation prevails in patients with hearing loss in
Asian populations (China, Japan, Mongolia, Korea) [4,7–9,11,12,14,37,59,62]. The founder effect,
implying the origin of c.235delC from a common ancestor, was suggested for the explanation of
high prevalence of c.235delC in Asia. Several studies focusing on the analysis of the haplotypes
bearing c.235delC confirmed this hypothesis despite the certain differences between the sets of used
genetic markers [8,9,14,37–39]. Based on the STR and SNP analysis, we found only one haplotype
associated with c.235delC in Altaian homozygous patients. It is worth noting that some SNPs included
in c.235delC-associated haplotype in Altaians overlap with the SNP markers analyzed in other studies
and alleles observed coincide with the ones found in Asian patients having c.235delC [9,14,37–39].
We suggest that these findings are in favor of a common c.235delC-associated haplotype at least among
Altaians, Mongolians, Chinese, and Japanese and accordingly, in favor of the origin of c.235delC from
one ancestor. Additional studies using a unified panel of markers are needed to clarify the question.

As for the age of c.235delC, as far as we know, this issue was elucidated in only two studies [38,39].
In the study by Yan et al. seven SNPs flanking this mutation were analyzed in deaf patients (in a total of
26 homozygotes and 19 heterozygotes for c.235delC) from various regions of Asia (China, Japan, Korea,
Mongolia) and association of c.235delC with one core haplotype A-G-A-C (SNP2-V27I-E114G-SNP1),
with a length of approximately 2.6 kb, was discovered [38]. The allele T of the most distant marker SNP6
(rs747931) located at ~ 63 kb from c.235delC was used to evaluate the mutation age resulting in 460
generations or approximately 11500 years (assuming 25 years per generation). Yan et al. speculated that
c.235delC might have arisen in the Baikal area and then spread to Mongolia, China, Korea, and Japan
through subsequent migration [38]. In recent study by Shinagawa et al. the c.235delC-associated
haplotypes were analyzed in total of 20 Japanese patients homozygous for c.235delC [39]. Based
on observed linkage disequilibrium for 5’SNP6 (rs4769920) located at ~ 265 kb from c.235delC,
the occurrence of c.235delC mutation was estimated around 6500 years ago [39]. Notably, the single
marker method was applied for c.235delC age estimation in both studies [38,39], while we could
not estimate the age of c.235delC by this method due to the lack of recombination in c.235delC
haplotype in Altaian patients. Our estimation by the DMLE+ led to the lower values of the age of
c.235delC (22–126 generations or 550–3150 years at the different population growth rates). Although
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we do not exclude that c.235delC is really “younger” in Altaians in comparison with the data from
these studies [38,39], these differences are more likely due to different methods of the age estimation,
the panels of used genetic markers, the sample sizes, as well as uncertainty in growth rates of Altaian
population along their history. Additionally, our data are based on the limited population of Southern
Siberia (Altaians) whereas, for example, in the study by Yan et al. (2003) the samples from various
countries (Mongolia, China, Japan, and Korea) were analyzed.

5. Conclusions

The common haplotypes specific for GJB2 mutations c.516G>C, c.-23+1G>A, and c.235delC imply
a single origin for each of them. A crucial role of the founder effect in high prevalence of these
mutations in indigenous populations of Southern Siberia was established.
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Abstract: Hearing loss (HL), both syndromic (SHL) and non-syndromic (NSHL), is the most common
sensory disorder, affecting ~460 million people worldwide. More than 50% of the congenital/childhood
cases are attributable to genetic causes, highlighting the importance of genetic testing in this class of
disorders. Here we applied a multi-step strategy for the molecular diagnosis of HL in 125 patients,
which included: (1) an accurate clinical evaluation, (2) the analysis of GJB2, GJB6, and MT-RNR1 genes,
(3) the evaluation STRC-CATSPER2 and OTOA deletions via Multiplex Ligation Probe Amplification
(MLPA), (4) Whole Exome Sequencing (WES) in patients negative to steps 2 and 3. Our approach led
to the characterization of 50% of the NSHL cases, confirming both the relevant role of the GJB2 (20%
of cases) and STRC deletions (6% of cases), and the high genetic heterogeneity of NSHL. Moreover,
due to the genetic findings, 4% of apparent NSHL patients have been re-diagnosed as SHL. Finally,
WES characterized 86% of SHL patients, supporting the role of already know disease-genes. Overall,
our approach proved to be efficient in identifying the molecular cause of HL, providing essential
information for the patients’ future management.

Keywords: hereditary hearing loss; MLPA; whole exome sequencing; molecular diagnosis

1. Introduction

Hereditary Hearing Loss (HHL) is the most common sensory disorder in childhood and adulthood,
affecting approximately 1–3 out of 1000 newborns [1].

Genetic factors account for more than 50% of all the cases, where the majority exhibit an autosomal
recessive (AR) pattern of inheritance (75–80%) followed by 20–25% of autosomal dominant (AD) cases
and 1–1.5% of X-linked or mitochondrial ones [2].
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More than 200 genes (i.e., ~1% of all the coding genes) are involved in the hearing process [3];
therefore, it is not surprising that HHL displays substantial genetic heterogeneity. The many genetic
forms of hearing loss can be further categorized into syndromic and non-syndromic conditions, which,
respectively, constitute 30% and 70% of the genetic causes of congenital HHL, with syndromic HHL likely
underestimated [4,5]. To date, about 170 loci and 117 genes (36 autosomal dominant (AD), 65 autosomal
recessives (AR), 11 AD/AR, and 5 X-linked genes) have been reported as causative of Non-Syndromic
Hearing Loss (NSHL) (Hereditary Hearing Loss Homepage; http://hereditaryhearingloss.org/),
and more than 400 syndromes associated with hearing loss and other symptoms (Syndromic Hearing
Loss—SHL) have been described [6]. In particular, among the syndromes identified so far, some of
them appear more frequently than the others (e.g., Usher syndrome compared to Waardenburg
syndrome) [7,8]), although, in some cases, the full spectrum of clinical features might be subtle, or even
not present until later in life [9].

The implementation of next-generation sequencing technologies (NGS), together with
molecular karyotyping (e.g., Single Nucleotide Polymorphism (SNP) array or Comparative
Genomic Hybridization (CGH) array) and other validating assays (e.g., Multiplex Ligation Probe
Amplification—MLPA), has dramatically increased the diagnostic rate of HHL, leading to the
identification of several mutations and Copy Number Variations (CNVs) in known deafness genes,
as well as to the discovery of new disease genes [10–13]. The possibility to simultaneously screen
large number of genes is essential to address with the genetic heterogeneity of HHL. This aspect is
fundamental for NSHL, where, apart from the relevant contribution of the GJB2 gene and, in some
populations of GJB6 gene, both responsible for ~50% of all AR cases [14–16], and of STRC deletions
(accounting for 1% to 5% of HL cases [17]), no other worldwide primary players have been identified.

In the present work, we applied a multi-step strategy to identify the genetic cause of HHL in
a subset of 125 individuals recruited in the last two years. The protocol included: (1) an accurate
clinical evaluation of all the patients and their relatives to exclude all the cases in which HL was due
to non-genetic causes (i.e., middle ear anomalies, infections, ototoxic drugs, etc.) and to distinguish
between NSHL and SHL; (2) the analysis of GJB2, GJB6 and MT-RNR1 genes in patients affected by
NSHL; (3) the evaluation of STRC-CATSPER2 and OTOA deletions in case of negativity to step (2);
(4) Whole Exome Sequencing (WES) analysis in case of negativity to steps (2) and (3) and for patients
affected by SHL (Figure 1).

Figure 1. Schematic representation of the multi-step strategy applied for the study of Hereditary Hearing
Loss (HHL). All of the patients enrolled in the present study underwent a careful clinical examination
to distinguish between Syndromic Hearing Loss (SHL) and Non-Syndromic Hearing Loss (NSHL).
Afterwards, NSHL patients were screened for mutation in GJB2, GJB6, and MT-RNR1 genes, and for
deletions in STRC-CATSPER2 and OTOA genes. All of the NSHL patients negative to the first-level
screening, together with SHL patients, have been then analyzed through Whole Exome Sequencing (WES).
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The present work results illustrate the genetic heterogeneity of HHL and the importance of a
detailed clinical characterization combined with high-throughput technologies for the diagnosis of
both NSHL and SHL.

2. Materials and Methods

2.1. Ethical Statement

All patients signed written informed consent forms for both genetic counseling and molecular
genetic testing. In the case of minors, informed consent was obtained from the next of kin. The study
was approved by the Institutional Review Board (IRB) of the Institute for Maternal and Child Health
(IRCCS) Burlo Garofolo, Trieste, Italy. All research was conducted according to the ethical standards as
defined by the Helsinki Declaration.

2.2. Clinical Evaluation and Sample Collection

A total of 125 HHL patients have been recruited in the following centers (Otorhinolaryngology or
Medical Genetics): Trieste (IRCCS Burlo Garofolo), Milano (IRCCS Cà Granda—Ospedale Maggiore
Policlinico), Rome (Policlinico Universitario "A. Gemelli"), and Bologna (Policlinico S. Orsola-Malpighi).

All participants underwent pure tone audiometric testing (PTA) or auditory brainstem response
(ABR) in order to characterize the severity of HL according to the international guidelines described
by Clark (1981) [18]. Moreover, neurological and ophthalmological examinations, electrocardiogram,
kidney ultrasonography, Magnetic Resonance Imaging (MRI) and Computerized Tomography (CT)
scan, and thyroid function were carried out on routine basis in all probands.

Based on the clinical findings, 118 patients were classified as NSHL and seven as SHL. Furthermore,
depending on the pedigree structure, the cases were divided into sporadic (n = 90) and familial (n = 35),
the latter being classified as likely autosomal recessive (AR) (n = 9), and likely autosomal dominant
(AD) (n = 26).

2.3. GJB2, GJB6, and mtDNA Analysis

For all the patients, the entire coding region of GJB2 was analyzed by Sanger sequencing (primers
available upon request). According to the manufacturer’s instructions, DNA was sequenced on a 3500 Dx
Genetic Analyzer (Life-Technologies, Carlsbad, CA, USA), using ABI PRISM 3.1 Big Dye terminator
chemistry (Life Technologies, Carlsbad, CA, USA). Moreover, GJB6 deletions (D13S1830-D13S1854)
were screened by multiplex PCR using the method described by del Castillo et al. 2002 [19], while The
A1555G mtDNA mutation was tested by Restriction Fragment Length Polymorphism (PCR-RFLP)
analysis using BsmAI as restriction enzyme, followed by visualization on an agarose gel stained with
ethidium bromide.

2.4. Multiplex Ligation Probe Amplification (MLPA)

MLPA analysis for identification of deletion/duplication in STRC-CATSPER2 and OTOA genes
was conducted using SALSA® MLPA® probe mixes P461-A1 DIS (MRC-Holland, Amsterdam,
the Netherlands) according to the manufacturer’s instructions. In brief, 50–100 ng DNA was denatured
and hybridized overnight at 60 ◦C with the SALSA® probe mix. Samples were then treated
with DNA ligase for 15 min at 54 ◦C. The reaction was stopped by incubation at 98 ◦C for 5 min.
Finally, PCR amplification was carried out with specific fluorescent-labeled PCR primers. After
amplification, the amplified products’ fragment analysis was performed on ABI 3500dx Genetic
Analyzer (Life-Technologies, Carlsbad, CA, USA).

Coffalyser.Net software was employed for data analysis in combination with the lot-specific MLPA
Coffalyser sheet. The dosage quotient (DQ) of the reference probes in the patient samples was between
0.80 and 1.20. The following cutoff values for the DQ of the probes were used to interpret MLPA results;
0.80 < DQ < 1.20 (no deletion/duplication), DQ = 0 (deletion), and 1.75 < DQ < 2.15 (duplication).
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2.5. Whole Exome Sequencing (WES)

WES was completed on an Illumina NextSeq 550 instrument (Illumina, San Diego, CA, USA) with
NextEra Flex for enrichment–Exome panel reagents, according to the manufacturer’s protocol.

Secondary analysis has been carried out using Isis Software (v.2.5.42.5-Illumina, Illumina,
San Diego, CA, USA), i.e., reads alignment with Burrows-Wheeler Aligner (BWA) 0.7.7-isis-1.0.2
and variant calling with Isaac Variant Caller v. 2.1.4.2.

Single Nucleotides Variations (SNVs) and small Insertions and Deletions (INDELs) were collected
into a standardized Variant Call Format (VCF) version 4.1 [20]. SNVs and INDELS were then annotated
with ANNOVAR [21] using human genome build 19 (hg19) as the reference.

SNVs leading to synonymous amino acids substitutions not predicted as damaging, not affecting
splicing or highly conserved residues were excluded, as well as SNVs/INDELs with quality score
(QUAL) < 20 and called in off-target regions.

A comparison between the identified genetic variants and data reported in NCBI dbSNP build153
(http://www.ncbi.nlm.nih.gov/SNP/) as well as in gnomAD (http://gnomad.broadinstitute.org/),
and National Heart, Lung and Blood Institute (NHLBI) Exome Sequencing Project (ESP) Exome
Variant Server (Exome Variant Server, NHLBI GO Exome Sequencing Project (ESP), Seattle, WA) led to
the exclusion of those variants previously reported as polymorphism. In particular, a Minor Allele
Frequency (MAF) cutoff of 0.005 for recessive forms and 0.001 for the dominant ones was used.

The pathogenicity of known genetic variants was evaluated using ClinVar (http://www.ncbi.
nlm.nih.gov/clinvar/), Deafness Variation Database (http://deafnessvariationdatabase.org/), and The
Human Gene Mutation Database (http://www.hgmd.cf.ac.uk/ac/index.php).

Several in silico tools, such as PolyPhen-2 [22], Sorting Intolerant from Toleran (SIFT) [23],
MutationTaster [24], Likelihood Ratio Test (LRT) [25], and Combined Annotation Dependent Depletion
(CADD) score [26] were used to evaluate the pathogenicity of novel variants. Moreover, the evolutionary
conservation of residues across species was evaluated by phyloP [27] and Genomic Evolutionary Rate
Profiling (GERP) [28] scores.

Human Splicing Finder (HSF) version 2.4.1 [29] and Splice Site Prediction by Neural Network
(NNSPLICE) version 9 (www.fruitfly.org) were adopted to predict the effect of the splice site mutations.

Finally, on a patient by patient basis, variants were discussed in the context of phenotypic data at
interdisciplinary meetings and the most likely disease-causing SNVs/INDELs were analyzed by direct
Sanger sequencing.

Sanger sequencing was also employed to perform the segregation analysis within the Family.

3. Results

During the last two years, 125 patients have been tested for GJB2, GJB6, and the A1555G
mitochondrial mutation. Twenty percent of them were positive for mutations in the GJB2 gene (i.e.,
25 patients) with the c.35delG being the most frequent mutation (i.e., 44% of patients c.35delG
homozygotes and 48% c.35delG carriers, together with other in-trans mutations, such as the
p.(Glu120del), p.(Trp24 *) and p.(Glu47 *)) (Table 1). None of them carried deletions in GJB6 or
the A1555G mutation in the mitochondrial gene MT-RNR1.

Ninety-three NSHL individuals negative to this first-level screening were analyzed through
MLPA to search for STRC-CATSPER2 and OTOA deletions. Overall 8% of cases carried a homozygous
deletion in STRC (n = 6) or OTOA (n = 1) genes (Table 2). The remaining 86 patients, together with
their relatives, were then analyzed using WES. Sequencing data analysis led to the molecular diagnosis
in 26 additional patients (Table 2) reaching an overall detection rate (i.e., GJB2/GJB6/mtDNA screening,
MLPA, WES) of 50% (Figure 2A,B).
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Figure 2. Diagnostic rate and genes distribution in NSHL patients. (A) Overall diagnostic rate for
NSHL. Moreover, 50% of patients received a conclusive molecular diagnosis, with GJB2 being the most
frequently mutated gene (i.e., 20%), followed by STRC (i.e., 6%). (B) Genes distribution among all the
NSHL and NSHL-mimic patients investigated. (C) Diagnostic rate comparison between familial and
sporadic cases showing a higher percentage of solved cases among patients presenting with a familial
history of HL.

In particular, 65% of familial cases (i.e., 22/34) were genetically characterized, while for sporadic
cases, the molecular cause was identified in 43% of patients (i.e., 36/84) (Figure 2C).

WES data allowed unveiling some peculiar scenarios, which reflect the complexity of NSHL.
In particular, WES allowed: (1) to detect syndromes in patients displaying only subtle phenotypic

features; (2) to early diagnose diseases with a late-onset clinical manifestations; (3) to identify mutations
in more than one gene involved in the same phenotype; (4) to molecularly characterize multiple genetic
conditions in the same patient; and (5) to clarify the role of recently discovered genes.

An example of 1) is Family 10, who came to genetic counseling with a clinical diagnosis of NSHL
in the proband and in the mother. WES revealed the presence of a novel heterozygous variant in
PAX3 (NM_181457.3) (c.220C > T p.(Arg74Cys)), which occurred as de novo in the mother and was
inherited from the proband. PAX3 is a gene known for being causative of Waardenburg syndrome type
1 and 2 [47], a disease characterized by HL, pigmentation abnormalities and, in some cases, dystopia
canthorum or other additional features [8]. A clinical re-evaluation of the patients revealed the presence
of mild pigmentary disturbances of the iris, hair, and skin, confirming the molecular diagnosis.

Regarding point 2), three patients who only displayed sensorineural hearing loss have been
molecularly classified as Usher patients. In particular, two of them carried pathogenic mutations in
the GPR98 gene (NM_032119.3) while one carried two compound heterozygous mutations in USH2A
(NM_206933.2) gene (Table 2).

As for point number 3), we were able to identify the simultaneous presence of mutations in both
USH2A and EYA4 genes in Family 23, an Italian family apparently affected by autosomal dominant
NSHL. WES revealed the presence of two compound heterozygous mutations in USH2A (NM_206933.2)
in the proband (i.e., c.11864G > A, p.(Trp3955 *) and c.2276G > T, p.(Cys759Phe)) in addition to a
stop gain variant in EYA4 (NM_004100.4), i.e., c.714C > A, p.(Tyr238 *), segregating in the other
affected family members (i.e., the proband’s mother, the maternal uncle and the maternal grandfather).
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Subsequently, the proband’s hearing thresholds appeared worse than those of her relatives, possibly
due to the simultaneous presence of mutations in both USH2A and EYA4A.

In other cases, WES revealed the presence of 4) multiple independent genetic conditions that
were initially misinterpreted as a single syndrome. An example is Patient 84, who presented with
sensorineural hearing loss and periventricular nodular heterotopia (Figure 3).

Figure 3. Pedigree, clinical and genetic features of Patient 84. (A) Pedigree of Patient 84, affected by
both sensorineural hearing loss and periventricular nodular heterotopia. (B) Audiometric features of
the affected individual, displayed as audiograms (air conduction). The thresholds of the right and left
ears are shown. (C) Axial (coronal) scan IR T1-weighted. Bilateral periventricular nodules of grey
matter are seen immediately deep to the ependymal layer of the bodies of both lateral ventricles.

MLPA detected a homozygous deletion in the STRC gene explaining the HL phenotype but not
the neurological one. The application of WES allowed to identify a heterozygous nonsense variant
in the FLNA gene ((NM_001456.3), c.1159C > T p.(Gln387 *)), a gene known for being causative of
periventricular nodular heterotopia in an X-linked dominant fashion [48]. The variant was inherited
from the mother, whose MRI revealed foci of periventricular nodular heterotopia, confirming the
identified allele’s pathogenic effect.

WES also allowed 5) to detect novel variants in genes recently described as causative of NSHL,
supporting their pathogenic role. An example is the case of Family 28, an Italian family presenting
with a likely autosomal dominant NSHL (Figure 4A), where a novel nonsense variant in ATP2B2
((NM_001001331.4) c.962C > G, p.(Ser321 *) has been identified.
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Figure 4. Pedigree and audiometric features of the families with novel variants in ATP2B2 and
HOMER2 genes. (A) Pedigree of the family carrying a novel nonsense variant in the ATP2B2 gene
and audiometric features of the affected individuals. (B) Pedigree of the family carrying a novel
deletion in the HOMER2 gene and audiometric features of the affected individuals. Filled symbols
represent affected individuals. Probands are indicated with an arrow. Individuals with Roman numeric
labels were analyzed in this study. Audiometric features of the subjects are displayed as audiograms
(air conduction). The thresholds of the right and left ears are shown.

For many years ATP2B2 has been described as a modifier of CDH23 [49], and it has only recently
been hypothesized that loss of function mutations in this gene cause autosomal dominant NSHL [50].
The identification of an additional ADNSHL family carrying a nonsense variant strengthens previous
findings, confirming the pathogenic role of the ATP2B2 gene.

Another example is Family 32, an Italian family affected by NSHL (Figure 4B).
WES revealed the presence of a novel heterozygous deletion in the HOMER2 gene (NM_199330.2)
(i.e., c.592_597delACCACA, p.(Thr198_Thr199del)) segregating within the family in an autosomal
dominant fashion. To our knowledge, this represents the third independent NSHL family carrying a
variant in this gene [12,51], definitely confirming its relevant role in the etiopathogenesis of hearing loss.

Finally, WES proved to be extremely efficient for the molecular diagnosis of clinically evident
SHL. In particular, all the Usher patients (i.e., patients displaying HL and retinitis pigmentosa) were
molecularly characterized, identifying homozygous or compound heterozygous mutations in USH2A
and MYO7A genes (Table 2). Among the two suspected Alport patients enrolled in the study, one was a
carrier of a variant in COL4A3 ((NM_000091.5) c.3943C > T, p.(Pro1315Ser)) inherited from the affected
father, while the second individual did not display any pathogenic mutation in all the genes known to
be causative of such syndrome. Finally, a patient clinically diagnosed with Treacher–Collins syndrome
carried a frameshift deletion in TCOF1 ((NM_000356) c.4131_4135del, p.(K1380Efs * 11)) (Table 2).

4. Discussion

The definition of the molecular basis of HHL has always being a challenge for clinicians and
geneticists. The development and application of a multi-step integrated strategy based on (1) an
accurate clinical evaluation; (2) GJB2/GJB6/MT-RNR1 screening; (3) MLPA; and (4) WES has proved to
be a powerful approach for the molecular diagnosis of HHL patients.

Regarding NSHL, our data confirmed the relevant role of the GJB2 gene responsible for 20% of
cases, and identified STRC as the second major player in the Italian population, being causative of 6%
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of all NSHL patients. In this light, the application of MLPA, or other techniques able to identify CNVs,
is becoming a crucial test for NSHL patients. Interestingly, in agreement with literature data [17],
STRC deletions have been identified in patients revealing mild-to-moderate hearing loss (Figure 5),
thus, supporting a possible genotype–phenotype correlation between these audiometric features and
STRC loss.

Figure 5. Audiometric features of the patients with STRC deletion/mutation. Audiograms of the
patients with loss of function mutations or deletions of STRC gene display mild-to-moderate hearing
loss. The thresholds of the right and left ears are shown.

On the other hand, no deletions in GJB6 have been detected, and the A1555G mitochondrial
mutation. These results, combined with the outcomes of the previous works [10,52] suggest that GJB6
and MT-RNR1 are not a common cause of NSHL in the Italian population, despite their relevant role in
other areas of the world.

WES allowed the identification of the genetic cause of HHL in 86% of the SHL patients and 23%
of the NSHL subjects, revealing some unexpected findings in the latter case. Indeed, 4% of patients
received a molecular diagnosis of syndromic HL, despite the first clinical evaluation in favor of NSHL,
and multiple genetic causes of the clinical phenotype were identified in two families, hampering the
interpretation of the sequencing data.

These findings emphasize the usefulness of WES compared to other approaches, such as the use of
comprehensive gene panels. In fact, WES allowed at once (a) an early diagnosis of the syndromic cases
that do not already show all the clinical signs or symptoms, (b) the possibility of unveiling unrelated
co-existing genetic conditions, (c) the identification of new deafness candidate genes not previously
described or only detected as private mutation/gene of a single family worldwide, thus resulting in a
cost and time-saving approach.

The results of the present study highlight the complexity of HL and, more importantly, have obvious
clinical outcomes. A correct molecular diagnosis provides patients with significant prognostic value
and relevant heritability information and influences their management, leading to tailored medical
surveillance and different therapeutic options. Moreover, in the case of HHL, it has been demonstrated
that knowing the gene involved in the disease can help predict the response to cochlear implantation.
As an example, patients carrying mutations in the GJB2 gene show an excellent response to cochlear
implants. In contrast, those with mutations involving genes that affect the cochlear nerve itself
gave worse post-implant performance [53]. Knowing this issue before implantation can help define
expectations about post-implant auditory function.
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Overall, all the examples discussed above point out the complexity of HHL (both syndromic
and non-syndromic). When dealing with this phenotype, it is essential to be aware of the difficulties
encountered in choosing the most effective approach to arrive at a correct molecular diagnosis. With this
in mind, the collaboration between geneticists, clinicians, and otolaryngologists, who have an in-depth
knowledge of the clinical features of hearing loss and the genes involved, is fundamental to achieve
the ultimate goal of unraveling the genetic bases of HHL and improving the lives of patients.
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Abstract: A cohort of 128 patients from 118 families diagnosed with non-syndromic or syndromic
hearing loss (HL) underwent an exhaustive clinical evaluation. Molecular analysis was performed
using targeted next-generation sequencing (NGS) with a custom panel that included 59 genes
associated with non-syndromic HL or syndromic HL. Variants were prioritized according to the
minimum allele frequency and classified according to the American College of Medical Genetics
and Genomics guidelines. Variant(s) responsible for the disease were detected in a 40% of families
including autosomal recessive (AR), autosomal dominant (AD) and X-linked patterns of inheritance.
We identified pathogenic or likely pathogenic variants in 26 different genes, 15 with AR inheritance
pattern, 9 with AD and 2 that are X-linked. Fourteen of the found variants are novel. This study
highlights the clinical utility of targeted NGS for sensorineural hearing loss. The optimal panel for
HL must be designed according to the spectrum of the most represented genes in a given population
and the laboratory capabilities considering the pressure on healthcare.

Keywords: hearing loss; next-generation sequencing; genetics; molecular analysis; clinical evaluation

1. Introduction

Hearing loss (HL) is the most common sensory deficit in humans [1]. According to data from the
World Health Organization, it is estimated that more than 5% of the world’s population suffers from
this disease, that is, around 360 million people.

HL can be classified as conductive, sensorineural or mixed (a combination of both); acquired or
hereditary; prelingual or postlingual; and non-syndromic (NSHL) or syndromic, as a part of a more
complex phenotype, that account up to 30% of HL cases [2].

HL is one of the most common birth defects, with an incidence of 1–2 per 1000 newborns and
growing as age increases, reaching more than 300 per 1000 in those over 75 years of age. This high
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incidence is due to both environmental and genetic factors. The genetic contribution to newborn HL
has been reported to be 50–60% depending of the study and the population [3,4].

As the rate of acquired hearing loss secondary to environmental causes decreases, the significance
of genetic factors that lead to deafness increases [5]. To date, over 120 genes have been associated
with NSHL (Hereditary Hearing Loss Homepage: https://hereditaryhearingloss.org/), and over 400
syndromes have been associated with hearing impairment [6]. These genes encode proteins of a very
diverse nature and are involved in different pathways, such as mechanotransduction, ear structures,
ion homeostasis, etc.

Genetic confirmation of hearing loss is essential to the provision of genetic counseling, to ascertain
the risk of recurrence and, in some cases, to determine the prognosis and select the best rehabilitation
options. Furthermore, although the utility of molecular diagnosis is still limited for therapeutic
approaches, a growing number of gene-based strategies to treat HL have been carried out in recent
years at preclinical stages [7].

In the last decade, next generation sequencing (NGS), including custom targeted panels and
whole exome sequencing, has revolutionized the genetic screening of disorders with high genetic and
allelic heterogeneity, such as hearing loss, allowing hundreds of genes in several patients to be screened
simultaneously in a short time and in a cost-effective manner.

In this study, we assess the efficacy of a home-designed panel for hearing loss in the Genetics
Department of a tertiary university hospital.

2. Materials and Methods

2.1. Patients and Samples

A total of 128 patients from 118 families diagnosed with non-syndromic or syndromic HL were
included in our study. Most patients were of Spanish origin, except for three patients that came from
Eastern Europe, two patients that were from Maghreb, two patients that were of sub-Saharan origin
and one patient that was from East Asia. Patients were recruited from September 2017 to December
2019. Most patients presented with non-syndromic hearing loss, but we also received for screening four
patients with Usher syndrome (USH), two with Waardenburg syndrome (WS) and two patients with
branchio-oto-renal syndrome (BOR). Patients were enrolled through the Department of Otolaryngology
of the University Hospital La Fe, according to standard assistance procedures. Comprehensive clinical
evaluations, imaging examination, pure-tone audiograms, auditory brainstem response and other
relevant medical information were collected for the probands to characterize the type and severity of
HL. All recruited patients presented sensorineural or mixed HL. Hearing loss severity was established
as mild (between >25 and ≤40 dB), moderate (between >40 and ≤70 dB) or severe/profound (>70 dB).

Written informed consent was obtained from all participants or their legal guardians. This study
was approved by the Hospital La Fe Ethics Committee in agreement with the Declaration of Helsinki
(REV03/5/2014).

Genomic DNA (gDNA) from the patients and relatives was obtained and purified using the
automated DNA extractor QIAsymphony (QIAGEN, Hombrechtikon, Switzerland). The concentration
of the resulting DNA samples was determined with Nanodrop and Qubit fluorometer (Thermo Fisher
Scientific, Waltham, MA, USA)

2.2. Panel Design

We designed an NGS panel for the analysis of hereditary hearing loss using the SureDesign tool
(Agilent Technologies, Santa Clara, CA, USA). The genes that were included in this panel were selected
according to the prevalence reported in different studies [1,8–10] choosing those with the highest
prevalence. Finally, the panel included the coding regions and flanking intronic regions (+/–25 bp) of
59 genes, 35 of them associated with non-syndromic HL, and 24 genes associated with syndromic HL
(Table 1). The panel also included five deep intronic regions of the USH2A gene [11–13].
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Table 1. The Table Indicates the Genes Included in this Study and the Associated Phenotype.

Gene Phenotype Gene Phenotype

ACTG1 NSHL TRIOBP NSHL
CEP250 NSHL CDH23 USH/NSHL
CHD7 CHARGE CIB2 USH/NSHL
CISD2 NSHL DFNB31 USH/NSHL

CLDN14 NSHL MYO7A USH/NSHL
COCH NSHL PCDH15 USH/NSHL
DFNA5 NSHL USH1C USH/NSHL
DFNB59 NSHL USH1G USH/NSHL

ESPN NSHL EDN3 WS
EYA4 NSHL EDNRB WS
GJB2 NSHL MITF WS
GJB6 NSHL PAX3 WS

KCNQ4 NSHL SNAI2 WS
LHFPL5 NSHL SOX10 WS

LOXHD1 NSHL EYA1 BOR
LRTOMT NSHL SIX1 BOR

MYH9 NSHL SIX5 BOR
MYH14 NSHL ADGRV1 USH
MYO6 NSHL CLRN1 USH

MYO15A NSHL USH2A USH
OTOA NSHL KCNE1 JLNS
OTOF NSHL KCNQ1 JLNS
OTOG NSHL COL11A2 Stickler/NSHL

OTOGL NSHL SEMA3E CHARGE
POU3F4 NSHL SLC26A4 Pendred/NSHL
PTPRQ NSHL WFS1 WF/NSHL
SMPX NSHL chr1:215827262-215827362 USH
STRC NSHL chr1:215967733-215967833 USH

TECTA NSHL chr1:216039671-216039771 USH
TIMM8A NSHL chr1:216064520-216064560 USH

TMC1 NSHL chr1:216247426-216247526 USH
TMPRSS3 NSHL

TPRN NSHL

NSHL: Non-syndromic hearing loss, USH: Usher syndrome, WS: Waardenburg syndrome, BOR: BOR syndrome,
JLNS: Jervell and Lange-Nielsen syndrome, Stickler: Stickler syndrome, CHARGE: Charge syndrome, Pendred:
Pendred syndrome, WF: Wolfram syndrome.

We tried to include some extra probes for the regions of ESPN, OTOA and STRC genes showing
high homology with their pseudogenes, in addition to the default probes generated by the SureDesign
software (Agilent Technologies, Santa Clara, CA, USA). Three extra probes were designed and included
for ESPN (chr1:6500314-6500500, chr1:6500686-6500868, chr1:6505724-6505995) and seven for OTOA
(chr16:21742158-21742251, chr16:21752042-21752229, chr16:21756202-21756357, chr16:21763256-21763398,
chr16:21763690-21763826, chr16:21768403-21768598, chr16:21771791-21772050). However, bioinformatic
tools failed to design extra probes for STRC, due to the fact that STRC is 99.6% identical to its pseudogene
(pSTRC).

2.3. Library Preparation and Sequencing

The library preparation was carried out according to the Bravo NGS SureSelectQXT Automated
Target Enrichment protocol (Agilent Technologies, Santa Clara, CA, USA) for Illumina Multiplexed
Sequencing. Sequencing analysis was performed sequentially in batches of 16 patients. The libraries
were sequenced on a MiSeq instrument with a MiSeq v2 300 cycle reagent kit (Illumina, San Diego,
CA, USA).
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2.4. Data Analysis

The resulting sequencing data were analyzed with the Alissa software tool (Agilent Technologies,
Santa Clara, CA, USA) in regard to the human assembly GRCh37/hg19. This software performs
the alignment, variant calling and annotation of the variants. The annotated variants were filtered
according to a minor allele frequency (MAF) value ≤ 0.02 (the frequency of the variants was explored in
the Exome Aggregation Consortium (ExAC) database, genomeAD (https://gnomad.broadinstitute.org/)
and 1000 genomes (https://www.internationalgenome.org/). To classify the variants, we also took into
account their annotation in the dbSNP (www.ncbi.nlm.nih.gov/SNP/), their description in ClinVar (https:
//www.ncbi.nlm.nih.gov/clinvar/), Varsome (https://Varsome.com/), HGMD (http://www.hgmd.cf.ac.
uk/), LOVD (https://www.lovd.nl/) and Deafness Variation Database (http://deafnessvariationdatabase.
org/) and the variant type. Novel missense variants were evaluated with the predictors included in the
Varsome website and Alissa software: BayesDel_addAF, DANN, DEOGEN2, EIGEN, FATHMM-MKL,
M-CAP, MVP, MutationAssessor, MutationTaster, REVEL and SIFT.

To predict the potential effect of the variants on the splicing, we used the bioinformatic tools
MaxEnt and Splice AI.

Sanger sequencing (BigDye Terminator kit v1.1, Applied Biosystems, Carlsbad, CA, USA) was
carried out to validate the pathogenic and likely pathogenic point variants and to perform segregation
analysis when patients’ relatives were available.

To detect copy number variations (CNVs), we carried out an analysis using the DECoN v1.0.2
program [14], which is a tool that detects variants in copy number from aligned sequences based
on the number of reads for each position. The CNVs obtained by this program were checked using
the multiplex ligation-dependent probe amplification technique (MLPA): OTOA + STRC (P461 salsa)
(MRC-Holland, Amsterdam, The Netherlands). Deletions previously described to affect the DFNB1
locus were confirmed by multiplex PCR [15]. These MLPA reagents were also performed in patients
with only one pathogenic variant detected in a gene with (autosomal recessive) AR inheritance.

3. Results

We aimed to obtain a median read depth greater than 100×. Coverages obtained were around
150×–200×, and 98% of analyzable target regions were covered by at least 20 reads. However,
some regions of 3 genes with homologous pseudogenes (ESPN, OTOA and especially STRC) were not
well covered. These regions are detailed in Table S1.

We detected the variant(s) responsible for the disease in 47 out of 118 families (40%), 27 with an
AR inheritance pattern, 18 with AD and 2 with an X-linked pattern (Table 2). Detailed clinical data
from the diagnosed patients are shown in Table 2.

We identified candidate variants in 26 different genes, 15 with AR inheritance pattern, 9 with
AD and 2 with an X-linked pattern (Figure 1). Among the 54 different candidate variants detected,
24 were missense, 7 frameshift, 11 nonsense, 2 inframe ins/del, 3 CNVs and 7 affected to the splice-site.
Fourteen out of 54 variants were novel (Tables 2 and 3).
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Figure 1. Number of diagnosed patients with putative disease-responsible variants in each
represented gene.

3.1. Autosomal Recessive HL

Twenty-nine cases belonging to 27 families carried biallelic pathogenic or likely pathogenic
variants associated with an autosomal recessive pattern of inheritance (Table 2A).

Twenty-six cases presented with NSHL. These were linked to GJB2/GJB6 (DFNB1) (nine cases),
STRC (three cases), OTOF (three cases belonging to two families), LOXHD1 (two cases), OTOA
(two cases), TMPRSS3 (two cases belonging to one family) and one case in the MYO15A, SLC26A4,
OTOG, TECTA and MYO7A genes (Figure 1). Family trees for families with more than one affected
patient are displayed in Figure 2. The remaining three solved cases suffered from Usher syndrome due
to putative pathogenic variants in ADGRV1, CDH23 and USH2A, one family for each gene.

The most prevalent variants found were c.35del (GJB2) and del (GJB6-D13S1830), both affecting
DFNB1 locus, followed by the complete deletion of the STRC gene. In all cases, the deletion of STRC
was associated with mild to moderate postlingual hearing loss.

Five of the detected pathogenic variants were novel. Four of them produced a premature stop
codon: three frameshift variants (c.3419dup/p.(Leu1140Phefs *5) in LOXHD1, c.877C > T/p.(Gln293 *) in
OTOA and c.2140dup/p.(Ser714Lysfs *22) in OTOG) and one nonsense variant (c.310G > T/p.(Glu104 *)
in CDH23). The only novel missense variant detected was c.235T > C/p.(Cys79Arg) in TMPRSS3.

3.2. Autosomal Dominant HL

We identified variants responsible for the disease associated with an autosomal dominant pattern
of inheritance in 25 patients belonging to 18 families (Table 2B).

Twenty-four of these patients had been referred as non-syndromic HL. Nine patients belonging to
six families presented variants in MYO6, four patients from three families in TECTA, four patients
from two families in COL11A2, two patients from two families in WFS1 and two patients from the
same family in KCNQ4; pathogenic variants in ACTG1 and EYA4 were detected in one patient each
(Table 2B and Figure 2).

One of the families linked to COL11A2 (family 38) was found to present the pathogenic variant
c.4392 + 1G >A, previously described by Brunner et al. (1994) [48] as associated with Stickler syndrome
without eye affectation. This family was clinically re-evaluated and re-classified as Stickler syndrome.
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Figure 2. Pedigrees of the families and segregation analysis of the detected pathogenic or likely
pathogenic variants. Arrows indicate the proband case, M indicates the pathogenic or likely pathogenic
variant and wt indicates wild type sequence.

Additionally, we also detected pathogenic variants in two families with syndromic hearing
loss. We found the variants responsible for the disease in one patient diagnosed with Waardenburg
syndrome, presenting the variant responsible for the disease in MITF, and one patient diagnosed with
BOR syndrome was found to present with the pathogenic variant in EYA1.
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No prevalent pathogenic variants associated with an autosomal dominant (AD) pattern of
inheritance was detected. Seven of the AD pathogenic variants identified in the present study were
novel. One novel stop codon (c.1666C > T/p.(Arg556 *)) was detected in MYO6. Two splicing variants,
none previously described, were detected; one of them was located at a canonical site (c.1674 + 1G
> A in MYO6), and the other was located at c.1224-9del in MYO6. Furthermore, an in-frame novel
duplication was found in WFS1, c.1463_1474dup/p.(Val491_Pro492insLeuIleThrVal) and two missenses
variants in COL11A2 (c.1748G > A/p.(Gly583Asp)) and MYO6 (c.494T > G/p.(Leu165Arg)) (Table 3).

The audiogram of patient 40431, harboring the c.1463_1474dup/p.(Val491_Pro492insLeuIleThrVal)
variant, showed a characteristic profile with severe threshold increases for low-frequency tones
(Figure 3).

Figure 3. Audiogram performed in patient 40431 harboring the c.1463_1474dup/p.
(Val491_Pro492insLeuIleThrVal) variant in the WFS1 gene.

3.3. X-Linked HL

Variants responsible for the disease associated with an X-linked pattern of inheritance were found
in three cases belonging to two families (Table 2C). One case presented a novel missense variant in
POU3F4 (recessive X-linked) and the other two cases were a boy and his mother, both carrying a novel
frameshift variant in SMPX (dominant X-linked) (Figure 2 and Table 3).

3.4. Partially Diagnosed Patients

In 11 patients we detected one or several pathogenic variants in the heterozygous state in genes
with an AR inheritance pattern. In seven cases we identified a pathogenic variant in only one gene:
USH2A (2), GJB2 (2), STRC (1), OTOF (1) and CDH23 (1). In four patients we detected pathogenic
variants in several different genes (Table 4)
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Table 4. Patients with only One Heterozygous Pathogenic or Likely Pathogenic Variant in Genes
Associated with an Autosomal Recessive Inheritance Pattern.

Patient Diagnosis Gene Allele 1

40056 NSHL USH2A
NM_206933.2

c.4325T > C/p.(Phe1442Ser)
[55]

31443 USH USH2A
NM_206933.2

c.2431_2432del/p.(Lys811Aspfs*11)
[35]

28523 NSHL

USH2A
NM_206933.2

c.2135del/p.(Ser712*)
[56]

MYO7A
NM_000260.3

c.5581C > T/p.(Arg1861*)
[57]

37248 NSHL

USH2A
NM_206933.2

c.9244A > G/p.(Ile3082Val)
[58]

GJB2
NM_004004.5

c.109G > A/p.(Val37Ile)
[59]

37986 NSHL GJB2
NM_004004.5

c.269T > C/(p.Leu90Pro)
[19]

39353 NSHL GJB2
NM_004004.5

c.445G > A/p.(Ala149Thr)
[60]

12228 NSHL STRC
NM_153700.2 Complex rearrangement

28358 NSHL OTOF
NM_194248.2

c.2485C > T/p.(Gln829*)
[25]

35862 NSHL

OTOF
NM_194248.2

c.2485C > T/p.(Gln829*)
[25]

CDH23
NM_022124.5

c.4762C > T/p.(Arg1588Trp)
[61]

33335 USH CDH23
NM_022124.5

c.2289 + 1G > A
[38]

34978 NSHL

TMC1
NM_138691.2

c.1763 + 3A > G
[62]

TMPRSS3
NM_024022.2

c.280G > A/p.(Gly94Arg)
[29]

NSHL: non-syndromic hearing loss, USH: Usher syndrome. Novel variants are marked in bold.

4. Discussion

The genetic diagnosis of hereditary hearing loss is highly difficult due to its enormous underlying
genetic heterogeneity (more than 120 genes described up to date), which is a reflection of the high
complexity of the ear structure and organization.

In the last 10 years (from 2006 to 2016), the genetic analysis of patients with hearing loss in
our tertiary hospital was restricted to detect the most frequent pathogenic variants responsible for
hereditary sensorineural hearing loss in Spain, specifically the complete coding sequence of the GJB2
gene, the deletions D13S1830 and delD13S1854 in the GJB6 gene and the OTOF p.Q829X variants.
The implementation of our custom NGS panel containing 59 HL genes improved the management
of our patients, as it has allowed us to detect putative pathogenic variants in 26 different genes.
Furthermore, we have been able to genetically diagnose syndromic cases suffering from Deafness
Infertility syndrome, Usher syndrome, Stickler syndrome, Waardenburg syndrome and BOR syndrome.

However, pathogenic variants in a few genes still explain a great number of hearing loss cases.
The main example is GJB2, encoding connexin 26. Pathogenic variants in this gene are the most
common cause of hereditary hearing loss in many populations [63]. In the present work, biallelic
variants in GJB2, together with GJB6 (DFNB1 locus), were responsible for the disease in nine families
with AR inheritance, followed by pathogenic variants in STRC (three AR families). Regarding AD
inheritance families, heterozygous pathogenic variants in MYO6 were found in six families, followed by
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pathogenic variants in TECTA (four AD families). An additional patient presented a homozygous AR
pathogenic variant in TECTA. All inheritance patterns have been described for HL: recessive, dominant,
X-linked and mitochondrial. In some genes (like MYO6, TECTA or ESPN), a group of variants follow
a dominant inheritance pattern, whereas others follow a recessive inheritance pattern, complicating
the interpretation of genetic analysis [64]. Another feature that complicates the genetic studies of
HL is the existence of some pseudogenes with high homology to some prevalent genes (like STRC,
OTOA or ESPN). In the panel design, we tried to include some extra probes for the regions of these
genes showing high homology with their pseudogenes, in addition to the default probes generated
by SureDesign. However, low coverage was still obtained, and those point variants suspected to be
pathogenic had to be confirmed by Sanger sequencing using primers specifically designed to hybridize
only with the gene, not the pseudogene [65,66].

When a CNV affecting STRC or OTOA was suspected after DECoN v1.0.2 analysis, its presence
was confirmed by MLPA using SALSA P461 (MRC Holland).

Several pathogenic variants identified in this study are reported in a large number of studies,
suggesting a high prevalence. The pathogenic variant in OTOF c.2485C > T/p.(Gln829 *) is the third
most frequent in the Spanish population that causes prelingual hearing loss [67], and STRC deletions
are the second most frequent cause of mild-to-moderate hearing loss after the DFNB1 locus [68].
The variant c.1540C > A/p.(Gln514Lys) is the most frequent variant in SLC26A4 in the Spanish
population, described in more than 36 Spanish families to date [69]. Furthermore, the pathogenic
change c.9799T > C/p.(Cys3267Arg) in USH2A is one of the most frequent variants in the Spanish
population, specifically the third most common cause of Usher syndrome [70,71]. Finally, the pathogenic
variant c.5668C T/p.(Arg1890Cys) that affects the TECTA gene has been described in some families
from Spain, America and The Netherlands. In the most unrelated families, patients present the same
haplotype, which suggests that the variant is derived from a common ancestor (founder effect) [46].

Nowadays, all known HL genes can be simultaneously analyzed thanks to the technological
development of NGS. Even so, the rate of genetic diagnosis using NGS in patients with hearing
loss varies around 40–60% [8,29,64,72–76] depending on many factors: the degree of HL (profound,
severe, moderate), age of HL onset, the existence of family history, the ethnic origin or the number of
genes contained in the NGS panel. The highest rates have usually been obtained for patients with
a positive family history or when the HL was congenital and symmetric [8]. In the present work,
the global diagnostic yield was 40%. This is a satisfactory yield, since our custom NGS panel included
a limited number of genes (59), and the exclusion criteria for the genetic testing was very lax. Thus,
the analyzed patient sample was very heterogeneous, including all types of sensorineural/mixed
hearing loss (congenital, prelingual and postlingual; mild, moderate, severe and profound; and stable
and progressive) with ages ranging from 0 to 61 years.

4.1. Novel VUS/Likely Pathogenic Variants

The development of NGS has revolutionized the field of genetic diagnosis, especially in extremely
genetically heterogeneous diseases, such as hereditary HL. However, an elevated number of genetic
variants of uncertain clinical significance (VUS) has been detected using this technology [77]. Variants
predicted to generate direct stop codons or changes in the reading frame of the proteins and variants
located at canonical splice sites (+/–1 and +/–2 positions of introns) are usually classified as pathological
for proteins for which loss of function is reported as cause of the disease. However, the interpretation
of missense, isocoding and intronic variants located out of canonical splice sites is more complex,
and many times these variants remain classified as VUS. In these cases, bioinformatics predictions,
segregation analyses or functional studies are required to infer the pathological character of these
variants. In our study, a lot of a priori VUS variants were detected, and only seven of them were
classified as likely pathogenic based upon bioinformatics predictions and/or segregation analyses:
four missense, one intronic variant and one in-frame duplication.
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Missense variants: The c.235T > C/p.(Cys79Arg) change in TMPRSS3 was not found in gnomAD
exomes/genomes, and 11 computational programs predicted it as pathogenic in Varsome. Furthermore,
it was found in trans with other previously described pathogenic variants in the TMPRSS3 (see Table 2
and Figure 2). The MYO6 (c.494T > G/p.(Leu165Arg)) variant was found in patient 41268. He was
referred to as AD non-syndromic hearing loss, being her mother, her sister and her sister´s son were also
affected. Although this variant was classified as VUS following the ACMG guidelines, we should not
rule it out since it was not found in healthy control databases, had a high conservation score and showed
a pathogenic computational verdict based on 13 pathogenic predictions. The COL11A2 (c.1748G >
A/p.(Gly583Asp)) change was found in a patient and his affected father (family 37). This variant
was not present in healthy population databases, and it showed pathogenic predictions in the Alissa
Interpret program based on MutationTaster, MutationAssessor, LRT, PolyPhen2 and PROVEAN. Finally,
the c.977T>C/p.(Phe326Ser) (POU3F4) variant was found in a boy with mixed hearing loss and cochlear
malformations (bilateral corkscrew cochlea, incomplete splitting of turns, absence of meatus and stapes
fixation); clinical characteristics of hearing loss are linked to this gene. Furthermore, this change was
absent in healthy controls databases, and it showed a pathogenic computational verdict based on 10
pathogenic predictions in Varsome.

Intronic variant: The c.1224-9del variant in MYO6 was found in a patient with an AD pattern
of inheritance in her family, given that her mother was also affected. Unfortunately, the patient´s
mother refused to collaborate in the genetic study. This variant was not found in healthy control
population databases, and the MaxEnt bioinformatic tool predicted the loss of the wild-type acceptor
site. This variant was classified as VUS following the AMCG, but we consider that MYO6 c.1224-9del
could be a good candidate, and functional studies at the RNA level would be necessary to definitively
confirm or discard the pathologic effect of this novel variant.

In frame duplication: The WFS1 in-frame duplication (c.1463_1474dup/p.
(Val491_Pro492insLeuIleThrVal)) was detected in a patient presenting HL also in a cousin
and her son, but they did not collaborate in the study. This change was classified as VUS according
to the ACMG. However, we consider that it is necessary to take this variant into account since it is
not described in the population databases, has an acceptable value of conservation and, following
the criteria of the ACMG, if it had been possible to show that the variant segregates correctly within
the family, the WFS1 c.1463_1474dup/p.(Val491_Pro492insLeuIleThrVal) variant would be directly
classified as likely pathogenic. Additionally, the clinical phenotype of this patient is similar to other
patients with pathogenic variants in WFS1, showing a characteristic audiogram with low frequencies
more affected (Figure 3).

4.2. Patients with Pathogenic Variants in Two Different Genes

NGS panels allow the simultaneous analysis of a great number of genes, and, sometimes,
pathogenic variants in different genes are found in the same patient.

In the present work, the 37439 patient presented the AR c.101T > C/p.(Met34Thr) variant in GJB2
in addition to the homozygous STRC whole gene deletion. Patient 39949 presented the AR c.5648G >
A/p.(Arg1883Gln) variant in MYO7A in addition to the homozygous c.4055G > A/p.(Cys1352Tyr) AR
variant in TECTA. These findings have important implications for reproductive genetic counseling.

The 36163 patient was found to carry two different heterozygous novel pathogenic variants in
two different genes: c.1674 + 1G > A in MYO6 and c.2467C > T/p.(Gln823 *) in ESPN. Segregation
analysis in this family showed that the affected father also carried the variant in MYO6, whereas the
healthy mother carried the variant in ESPN. From these results it can be deduced that the variant
in MYO6 is responsible for AD hearing loss, whereas the ESPN variant presents an AR inheritance
pattern (Figure 2).

The 29272 and the 41950 patients from the same family carried two different previously described
AD pathogenic variants in two different genes: c.2751dup/p.(Gln918Thrfs *24) in MYO6 and c.2230G >
A/p.(Asp744Asn) in ESPN. These two patients belong to a large family with more affected members,
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but these were geographically dispersed, and it was not possible to segregate these two variants with
all family members in order to definitely elucidate the genetic basis and the inheritance pattern of HL
in this case (Figure 2).

Finally, the likely pathogenic novel MYO6 (c.494T > G/p.(Leu165Arg)) variant was found in
patient 41268, referred to as AD non-syndromic hearing loss. Furthermore, two previously described
AR pathogenic variants in MYO7A (c.1997G > A/p.(Arg666Gln) and c.3527G > A/p.(Ser1176Asn))
were found in this patient. Segregation analysis would be necessary to definitely elucidate the genetic
basis and the inheritance pattern of HL in this family and to offer accurate genetic reproductive
genetic counseling.

4.3. Syndromic Cases

Most patients included in this study suffered from non-syndromic hearing loss, but eight cases
were referred as syndromic: four patients with Usher syndrome (USH), two Waardenburg syndrome
(WS) patients and two branchio-oto-renal syndrome (BOR) patients. We could find the variants
responsible for the disease in five of them (Table 2A,B).

The patient 35238 and his mother (42783) were referred as NSHL, but they were found to carry
a pathogenic variant in COL11A2: c.4392 + 1G > A. This variant had been previously reported by
Brunner et al. (1994) [48] associated with Stickler syndrome without eye affectation. These patients
were clinically re-evaluated, and both presented with osteoarticular problems and flattened facial
profiles (Table 2B). Thus, this family was re-classified as Stickler syndrome.

Three unrelated cases with bilateral, symmetrical, postlingual, moderate and stable HL (33416,
37112 and 37439) presented biallelic contiguous-gene deletions at chromosome 15q15.3 that included
both CATSPER2 and STRC. This deletion causes deafness–infertility syndrome (DIS) in males due to
CATSPER haploinsufficiency results in sperm abnormalities [78]. The patient 37112 was a male of
4 years old. Thus, the patient´s parents were informed that their son will be infertile in adulthood.

In another case (12228), a complex rearrangement involving STRC and CATSPER2 was detected
(Table 3 and Figure 4). DECoN analysis using NGS data showed a partial deletion involving exons
1–15 of STRC. However, based on coverage data from NGS, we could not differentiate between STRC
and pSTRC. Thus, an MLPA analysis was performed using P-461 SALSA (MRC Holland). This SALSA
includes specific probes only for exons 19, 24–25 of STRC and also some specific probes for some
exons of CATSPER2. MLPA results showed a partial deletion affecting exons 23, 24 and 25 of STRC
(chr15:41680256-41682666), whereas STRC exon 19 showed a normal dosage (chr15:41684606-41684940).
However, chromosome coordinates chr15:41711482-41728076 corresponding to CATSPER2 showed
again a ratio of 0.5. Segregation analysis would be helpful in this case to find out if this complex
rearrangement is carried in the same chromosome or if there are two different deletions affecting the
15q15.3 locus, located in different alleles.

Figure 4. Cont.
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Figure 4. Complex rearrangement identified in patient 12228 in the STRC gene. (A) Result obtained
from Decon software. The x-axis represents the exon number. Blue points reflect a normal value.
Red points reflect a possible deletion for the exon. (B) MLPA representation of patient 12228 with the
P461 salsa using the Coffalyzer.Net program (MRC Holland). Normal range: 0.7–1.3 (indicated with
red and blue line, respectively).

5. Conclusions

A large number of genes has been associated with HL, but still many cases remain unexplained.
Novel HL genes are expected to be discovered and also genetic variants affecting regulatory regions of
the genome, which are currently not screened in diagnosis genetic testing. Furthermore, the possibility
of multigenic inheritance patterns must be explored in the near future [79].

Nowadays, a huge number of DNA variants are being detected in countless genetic diagnostic
laboratories around the world, and a non-negligible number of them are possibly being misinterpreted.
It is necessary to share this information with the scientific community and to establish close
collaborations to interpret the functional implications of DNA variability. Working altogether, we will
be able to decipher the secrets that we still ignore about the human genome.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/11/12/1467/s1,
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Abstract: The current molecular genetic diagnostic rates for hereditary hearing loss (HL) vary
considerably according to the population background. Pakistan and other countries with high rates
of consanguineous marriages have served as a unique resource for studying rare and novel forms of
recessive HL. A combined exome sequencing, bioinformatics analysis, and gene mapping approach
for 21 consanguineous Pakistani families revealed 13 pathogenic or likely pathogenic variants in the
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genes GJB2, MYO7A, FGF3, CDC14A, SLITRK6, CDH23, and MYO15A, with an overall resolve rate of
61.9%. GJB2 and MYO7A were the most frequently involved genes in this cohort. All the identified
variants were either homozygous or compound heterozygous, with two of them not previously
described in the literature (15.4%). Overall, seven missense variants (53.8%), three nonsense variants
(23.1%), two frameshift variants (15.4%), and one splice-site variant (7.7%) were observed. Syndromic
HL was identified in five (23.8%) of the 21 families studied. This study reflects the extreme genetic
heterogeneity observed in HL and expands the spectrum of variants in deafness-associated genes.

Keywords: genetic diagnosis; consanguinity; genome-wide linkage analysis; hearing loss; Pakistan;
exome sequencing

1. Introduction

In parts of the world where consanguinity is prevalent, it is not uncommon to see a high
prevalence of genetic diseases. The consanguineous marriage rates in Pakistan are among the highest
worldwide [1]. Approximately 60% of marriages in Pakistan are consanguineous, with roughly 80%
of these marriages being between first cousins [2]. The prevalence of autosomal recessive diseases
associated with a monogenic background, such as profound hearing loss (HL), is high in countries
where consanguineous marriages are common [3].

Hereditary HL is one of the most prevalent sensory disorders that affects 1 to 2 per 1000 live births
worldwide. Genetic factors are responsible for over half of all HL [4]. Studies describing genetic variants
in Pakistani families with HL show evidence of the extreme clinical and genetic heterogeneity of this
sensory disease and support the importance of investigating and characterizing families from this region
of the world [5–7]. Over 120 genes have been identified as causing non-syndromic hearing loss (NSHL),
which comprises approximately 70% of all forms of hereditary HL (http://hereditaryhearingloss.org).
Autosomal recessive HL (ARHL) is the most commonly observed inheritance pattern. There are
presently over 600 syndromic forms of deafness [8], which appear in approximately 30% of patients
with genetic HL. Many of these deafness syndromes mimic non-syndromic deafness at onset [9].
Hearing impairment profoundly complicates speech and language development in prelingual children
and can negatively impact education and employment prospects [10].

Exome sequencing (ES) allows for the parallel sequencing of all coding regions of the human
genome and has accelerated the process of identifying causally associated variants in patients with
HL [11]. In 13 consanguineous families with diverse forms of HL, we identified 13 variants in
7 HL-associated genes using ES and gene mapping approaches in 21 Pakistani families. Two of
the 13 variants were not previously described in the literature. The present study underscores the
importance of genetically characterizing consanguineous families with HL to expand the spectrum of
clinically relevant variants in genetically diverse populations, thus improving our understanding of
the alleles involved in ARHL and enhancing genetic counseling.

2. Materials and Methods

2.1. Clinical Evaluation

This study was approved by the Ethics Committees of Augusta University (624456-4), Kohat
University of Science and Technology (16–25), and the University of Würzburg (46/15). Fully informed
written consent was obtained prior to initiating our study. Informed written consent from minors
was provided from parent(s) or legal guardians. We recruited 21 consanguineous Pakistani families
with congenital, bilateral, and severe-to-profound HL. The affected individuals in family 6 and 7 were
audiologically tested by pure-tone audiometry, conforming with the established guidelines described
by Mazzoli et al. [12]. Hearing thresholds were measured at 0.25, 0.5, 1, 2, 4, 6, and 8 kHz. HL was
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self-reported in all other families but clearly noted as severe-to-profound. Ophthalmic examinations of
families 4, 5, 6, 7, and 8 were performed.

2.2. Autozygosity Mapping and Linkage Analysis

2.2.1. Genotyping and Quality Control

The Illumina Infinium HumanCore-24 v1.0 Bead Chip array (Illumina, Inc., San Diego, CA, USA)
was used for genotyping. From the 306,670 markers on the array, we filtered out indels, MT- and
Y-chromosomal SNPs, and variations without physical positions, resulting in 259,460 biallelic SNPs for
quality control (QC) and linkage analysis. Data conversion to linkage format files and QC was managed
with ALOHOMORA software [13]. The sex of individuals was estimated by counting heterozygous
genotypes on the X-chromosome and compared to the upraised pedigree data. The relationships
between family members were verified with the program GRR [14]. PedCheck [15] was used to detect
Mendelian errors (ME) and SNPs with ME were removed from the data set. Unlikely genotypes—e.g.,
double recombinants—were identified with Merlin [16] and deleted in the individuals.

2.2.2. Linkage Analysis

Linkage analysis was performed with Merlin using an autosomal recessive mode of inheritance
and complete penetrance. We assumed 0.001 as the mutant allele frequency. We executed Merlin twice,
once with a full marker set of around 258,000 SNPs after QC. This calculation was used to obtain the
best positions for recombination events. The second analysis was conducted with a reduced marker set
(~119,000 SNPs), where a minimal distance of 10,000 bases between markers was used. This calculation,
where the linkage disequilibrium (LD) between markers is reduced, identifies linkage peaks which
were inflated by markers in LD. We removed the linkage regions where the LOD score broke down
more than 0.3 in the LD-reduced analysis. In summary, we selected regions where the LOD score
reached the maximal LOD score of a family and where the LOD score was stable in the less dense,
LD-reduced marker set. Under the given inheritance model (recessive) and the pedigree structure with
a consanguinity loop, this linkage analysis is called autozygosity mapping.

2.3. Exome Sequencing

Genomic DNA (gDNA) was extracted from peripheral blood lymphocytes using a standard
phenol/chloroform [17] and ethanol precipitation [18]. A total of 50 ng of gDNA from the proband
from each family was subjected to ES with the Nextera Rapid Capture Exome or the TruSeq Exome
Enrichment kits (Illumina, Inc., San Diego, CA, USA) according to the manufacturer’s protocol.
An additional family member (IV.1) of family 5 was exome sequenced due to the presence of two
distinct phenotypes in the family—namely, HL and a suspected bone disorder. A 2 × 76 bp paired-end
read sequencing was performed using a v2 high-output reagent kit with the NextSeq500 sequencer
(Illumina, Inc., San Diego, CA, USA). Raw bcl sequencing files were converted with the bcl2fastq
software (Illumina, Inc., San Diego, CA, USA) and the data were aligned to the human reference
genome GRCh37 [19] (hg19).

2.4. Variant Analysis and Prioritization

Single-nucleotide variants (SNVs) and small indels (<15 bp) were analyzed with the GensearchNGS
software (PhenoSystems SA, Wallonia, Belgium). Analysis was supported using an established
in-house bioinformatics pipeline based on the GATK toolkit including Burrows-Wheeler (BWA)-based
read alignment, base quality score recalibration, indel realignment, duplicate removal, and SNP
and indel discovery, with subsequent score recalibration according to the GATK Best Practice
recommendations [19–21]. Variant filtering and prioritization were performed using a conservative
minor allele frequency <0.01 based on population databases and an alternate allele frequency present
at >20% referring to reads. Additional variants not removed by minor allele frequency filtering were
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subjected to an in-house allele count filter (n = 300) that removed variants appearing >2%, as these
are too common in our exome dataset to enter manual analysis. Variant prioritization included the
tools PolyPhen-2 (PP) [22], SIFT [23], MutationTaster (MT) [24], fathmm [25], LRT [26], and GERP [27].
The Deafness Variation Database [28] was also integrated into our pipeline to permit the quick
assessment of variants in known deafness genes. Frequency-based filtering was performed according
to a population-specific manner that includes The Greater Middle East Variome Project [29] and
gnomAD [30] to account for varying allele frequencies across ethnicities. CNV analysis was performed
for 19 out of 21 families using the eXome Hidden MarkovModel (XHMM, version 1.0) approach [31].

2.5. Variant Validation and Segregation Testing

The candidate variants remaining after filtering were amplified by PCR using primers designed
from the Primer3 software [32]. The primer sequences are shown in Table S1. PCR products were
bidirectionally sequenced with an ABI 3130xl 16-capillary sequencer (Life Technologies, Carlsbad, CA,
USA). Sequence reactions were completed with 5× sequencing buffer and big dye terminator (Applied
Biosystems, Waltham, MA, USA). DNA sequence analysis was performed using the Gensearch software
(Phenosystems SA, Wallonia, Belgium).

3. Results

3.1. Summary of Affected Genes and Genetic Context

Using ES and bioinformatics analysis, 13 different variants in seven HL-associated genes were
identified, including two that have not been previously described in the literature (15.4%). In aggregate,
these variants are likely causally associated in 13 out of 21 (61.9%) consanguineous Pakistani families.
Pathogenic and likely pathogenic variants were identified in the genes GJB2, MYO7A, FGF3, CDC14A,
SLITRK6, CDH23, and MYO15A (Table 1). GJB2 and MYO7A were implicated in the genetic diagnosis
of almost half of all cases (46.2%). Among the different variant types observed, seven were missense
(53.8%), three were nonsense (23.1%), two were frameshift (15.4%), and one was a splice-site variant
(7.7%). All the variants were either homozygous or compound heterozygous, showed an autosomal
recessive inheritance pattern, and were validated by segregation testing (Figure 1, Figure S1).
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Figure 1. Pedigree and segregation analysis of known and previously undescribed variants in
13 Pakistani families with HL. All the families have a consanguineous background, marked with double
lines. Affected individuals are shown in black symbols, and unaffected parents and siblings are shown
in unfilled symbols. Individuals with a bone disorder, but without HL, are shown in striped symbols.
Probands who were exome sequenced are marked with an arrow. Deceased individuals are marked
with a diagonal line. The mutated and wild type alleles are illustrated with “−” (mutated) and “+”
(wild type) symbols, respectively.
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3.2. Clinical Features and Genetic Spectrum of Patients with Syndromic HL

FGF3, MYO7A and SLITRK6

All the affected individuals were clinically diagnosed with congenital, bilateral HL and have a
consanguineous background. Five of 21 families (23.8%) revealed a syndromic form of HL. Two of
the 21 families were clinically diagnosed with Usher syndrome, one of the most common forms of
syndromic HL [8].

The affected individuals who were available for testing in families 1 and 2 reported severe HL
and cupped ears (Figure 2A, Table 2) (IV.1, IV.2, IV.3, family 1; III.5, III.6, III.10, IV.2, IV.5, family 2).
A homozygous missense c.166C>T, p.(Leu56Phe) variant was identified in FGF3 (NM_005247.2;
Figure S2) in families 1 and 2 that co-segregated with HL in both families (Figure 1). The variant is
predicted to be disease causing (MT, PP, SIFT), involves the substitution of a conserved amino acid
(aa), and was not previously published in the literature. The variant is classified as likely pathogenic
according to the ClinGen HL working group expert specification [41]. Homozygous variants in FGF3
have been associated with deafness, accompanied by inner ear agenesis, microtia, and microdontia [42].

Figure 2. Clinical aspects of patients with previously unreported variants. (A) Affected individuals in
family 1 (IV.1, IV.2, IV.3) and family 2 (only III.5, III.10, IV.2, IV.5 were available for photographs) show
cupped ears and report severe HL. (B) Pure-tone audiogram for affected family members IV.1 (blue)
and IV.2 (red) in family 7. Left-ear measurements are represented as “x” and right-ear measurements
are shown with “o”.

The proband (IV.1) in family 4 and his affected siblings (IV.2, IV.3, IV.5) were diagnosed with Usher
syndrome and revealed a homozygous pathogenic missense c.470G>A, p.(Ser157Asn) variant [34] in
MYO7A. Ophthalmological examination of the proband IV.3 revealed high myopia, cataract, and retinitis
pigmentosa in both eyes. Visual acuity was reduced to 5/60 (Snellen equivalent, 20/250), with corrective
lenses of −12.00/0/0◦ in both eyes. Ophthalmological examination of the proband IV.5 revealed high
myopia, cataract, and retinitis pigmentosa in both eyes. Visual acuity was reduced to light perception
in the right eye, and 1/60 (Snellen equivalent, worse than 20/1000) in the left eye. Thus, the patient
was legally blind. Cataract was more pronounced in the right eye. Ultrasonographic findings of the
right eye were within normal limits. The aa substitution weakens the 5′ donor splice-site predicted by
several in silico prediction tools. A previously published minigene assay that was conducted using
nasal epithelial cells proved the skipping of exon 5 in the mutant transcript, which likely results in a
truncated protein [43] (Figure 1). Two individuals in family 5 (III.4, IV.1) suffer from a bone disorder
but have normal hearing in contrast to the affected family members (IV.2, IV.3), who show a distinct
Usher syndrome phenotype (Table 2). The ophthalmological examination of proband IV.2 revealed
hyperopia in both eyes (+9/0/0◦ in the right eye, and +11/0/0◦ in the left eye) and lenticular opacity
(cataract) in both eyes. Retinitis pigmentosa was confirmed with indirect ophthalmoscopy with a 20
Diopter power lens. We identified a homozygous pathogenic missense c.3502C>T, p.(Arg1168Trp)
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variant [35] in the gene MYO7A in affected individuals (IV.2, IV.3) that segregated in family 5. An ES
analysis of III.3 and IV.1 did not uncover any variants in genes associated with bone disorders or
neuropathies. Both variants that have been identified in family 4 and family 5 are known to cause
Usher syndrome type 1 [34,35].

The affected individuals in family 7 (IV.1, IV.2) reported severe-to-profound HL (Table 2, Figure 2B).
Ophthalmological examination in IV.1 revealed compound myopic astigmatism and grossly cupped
discs diagnosed as glaucoma in both eyes. The macula appeared normal in both eyes. Visual acuity
was reduced to 0.5 logMAR in both eyes (Snellen equivalent: 20/63), with corrective lenses of
−5.50/−2.50/90◦ in the right eye and −6.50/−1.00/60◦ in the left eye. Intraocular pressure was 17 mmHg
in both eyes. Additionally, Duane retraction syndrome (a congenital neuromuscular dysfunction of the
eye movement caused by a failure of the sixth cranial nerve) was diagnosed in the left eye. Other data
(e.g., axial length, status of lens, macula/retina, visual field, treatment of glaucoma) were not available.
Ophthalmological examination in IV.2 revealed compound myopic astigmatism and myopic alterations
with macular degeneration in both eyes. Visual acuity was reduced to count fingers with corrective
lenses of −5.00/−2.50/90◦ in the right eye and −4.00/−3.00/90◦ in the left eye. Intraocular pressure
was 15 mmHg in both eyes. Thus, the patient was legally blind. Other data (e.g., axial length, status
of lens, macula/retina, visual field, treatment of glaucoma) were not available. Family 7 revealed
a segregating novel homozygous nonsense variant c.120_121insT, p.(Asp41*) in the gene SLITRK6
(NM_032229.2; Figure S2) that was present in both affected family members (IV.1, IV.2) (Figure 1) and
was absent in population databases. The variant is classified as likely pathogenic according to the
ClinGen HL working group expert specification [41]. Homozygous variants in this gene are known to
cause sensorineural deafness and high myopia in humans [44].

Both previously unreported variants have been submitted to the Leiden Open Variation Database
(LOVD) v3.0 under the accession IDs 00307903 (FGF3 c.166C>T, p.(Leu56Phe)) and 00307904 (SLITRK6
c.120_121insT, p.(Asp41*)).

3.3. Identification of Causative Variants in Patients with NSHL

3.3.1. GJB2

Variants in the gene GJB2 (NM_004004.5; DFNB1A, DFNA3A) were identified in three families (3,
10, 11). The proband (IV.1) and his affected sibling (IV.2) in family 3 revealed a common homozygous
pathogenic nonsense variant c.231G>A, p.(Trp77*) [33] that was consistent with the familial segregation
analysis (Figure 1). The probands in families 10 (IV.3) and 11 (IV.3) revealed a prevalent homozygous
pathogenic frameshift variant c.35delG, p.(Gly12Valfs*2) [40] thatsegregated in both families (Figure 1).
In this study, variants in GJB2 accounted for 23.1% of the 13 resolved families and comprised 14.3%
(3 out of 21) of the total diagnostic yield.

3.3.2. MYO7A

Family 8 revealed three different heterozygous MYO7A variants: c.1258A>T, p.(Lys420*) [37],
c.1849T>C, p.(Ser617Pro) [38], and c.4505A>G, p.(Asp1502Gly) [6]. All three heterozygous variants
were identified exclusively in the affected individuals (IV.1, IV.2). The unaffected mother (III.4) revealed
only two of the variants (c.1258A>T, p.(Lys420*); c.4505A>G, p.(Asp1502Gly)) and the unaffected
paternal grandfather (II.1) was confirmed with the third variant c.1849T>C, p.(Ser617Pro), confirming a
compound heterozygosity of p.(Lys420*) and p.(Ser617Pro) (Figure 1). Vision was normal in all the
affected individuals, and Usher syndrome was not confirmed. Ophthalmological examination in
proband IV.1 revealed no significant ocular problems in either eye. Visual acuity was 6/6 (Snellen
equivalent, 20/20) in both eyes. Photographs of the central retina showed the optic disc, macula,
and vessels within normal limits in both eyes.

In aggregate, MYO7A (NM_000260.3; DFNA11, DFNB2, USH1B) was affected in three families,
accounting for 23.1% of the overall diagnostic yield.
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Table 2. Clinical information for Pakistani families.

ID Phenotype Affected Family Members Unaffected Family Members

Family 1 HL, cupped ears IV.1, IV.2, IV.3 III.4
Family 2 HL, cupped ears III.5, III.6, III.10 1, IV.2, IV.5 1 IV.3
Family 3 HL IV.1 (25 y/o), IV.2 (10 y/o) III.3
Family 4 Usher syndrome IV.1 (35 y/o), IV.2 (33 y/o), IV.3 (32 y/o), IV.5 (33 y/o) 1 III.3, IV.4
Family 5 Usher syndrome 2, bone disorder 2 IV.2 (30 y/o), IV.3 (18 y/o); Usher syndrome III.4, IV.1; bone disorder

Family 6 severe-to-profound HL,
compound myopic astigmatism IV.1 (30 y/o), IV.2 (28 y/o) III.3, IV.3

Family 7
severe-to-profound HL,

compound myopic astigmatism,
glaucoma

IV.1 (26 y/o), IV.2 (23 y/o) III.3, III.4

Family 8 HL IV.1 (13 y/o), IV.2 (12 y/o) II.1, III.4
Family 9 HL IV.1 (33 y/o), IV.2 (32 y/o), IV.3 (20 y/o), IV.4 (18 y/o) III.4, III.5

Family 10 HL IV.2 (14 y/o), IV.3 (13 y/o), IV.4 (12 y/o) III.5, III.6, IV.1
Family 11 HL IV.2 (16 y/o), IV.3 (14 y/o), IV.4 (12 y/o) III.2, IV.1
Family 12 HL IV.1 (15 y/o), IV.2 (15 y/o), IV.4 (10 y/o) III.1, III.2, IV.3
Family 13 HL II.1 (11 y/o) I.2

Abbreviations: HL, hearing loss; y/o, years old available ages for affected individuals; 1 no DNA available for testing,
only clinical photographs (Figure 2A) or ophthalmological examination; 2 two distinct phenotypes within the family.

3.3.3. CDC14A, CDH23 and MYO15A

Family 6 reported severe-to-profound HL and suffers from compound myopic astigmatism (IV.1,
IV.2). A frameshift variant (c.1041dup, p.(Ser348Glnfs*2)) was identified in the deafness gene CDC14A
(NM_033312.2, DFNB32) in affected family members of family 6 (IV.1, IV.2) and co-segregated with HL
in this family (Figure 1). Both affected individuals are unmarried and have no children. This variant
was described as disease causing supported by functional RT-qPCR validation [36].

We identified two families with variants in the gene CDH23. The proband of family 9 (IV.1)
revealed a homozygous pathogenic CDH23 (NM_022124.5, DFNB12) missense variant c.2968G>A,
p.(Asp990Asn) [39] that was validated via Sanger sequencing and was also present in three affected
siblings (IV.2, IV.3, IV.4) (Figure 1). The affected proband in family 13 showed a segregating homozygous
pathogenic missense variant c.4688T>C, p.(Leu1563Pro) [45] in the gene CDH23 (Figure 1).

Furthermore, we identified a homozygous splice-site variant c.9518-2A>G in MYO15A
(NM_016239.3, DFNB3) in the proband (IV.1) and affected siblings (IV.2, IV.4) in family 12 (Figure 1).
This variant likely mediates the loss of the canonical splice acceptor site predicted by several in silico
prediction tools and was previously reported in another Pakistani family with NSHL [5].

3.4. Autosomal Recessive HL Loci

Genome-wide genotyping and autozygosity mapping that were performed for 13 Pakistani
families revealed loci for autosomal recessive HL (hg19) (Table 3).

The homozygous c.166C>T, p.(Leu56Phe) variant in FGF3 was identified and supported by linkage
intervals spanning 33.5 Mb and 6.1 Mb for families 1 and 2 (Table 3), respectively. The 19.4 Mb interval
in family 4 (Table 3) included the homozygous c.470G>A, p.(Ser157Asn) variant in MYO7A. Family 5
revealed a 3.7 Mb interval that contained the c.3502C>T, p.(Arg1168Trp) variant in MYO7A. The longest
interval (13.6 Mb) of the mapping data in family 6 (Table 3) was concordant with the homozygous
c.1041dup, p.(Ser348Glnfs*2) variant in CDC14A detected by exome analysis. Family 7 revealed a 15.9
Mb interval (Table 3) on chromosome 13, encompassing SLITRK6 and its homozygous c.120_121insT,
p.(Asp41*) variant. The longest interval in family 9 (13.9 Mb, Table 3) included the homozygous
CDH23 c.2968G>A, p.(Asp990Asn) variant. Both intervals in families 10 (3.3 Mb, Table 3) and 11
(4.4 Mb, Table 3) included GJB2. Family 12 revealed a 7.7 Mb interval (Table 3) that was consistent
with the exome data and includes MYO15A. The longest interval in family 13 (29.0 Mb) contained the
homozygous CDH23 c.4688T>C, p.(Leu1563Pro) variant (Table 3).

The most significant linkage intervals in families 3 and 8 did not include the affected genes
GJB2 and MYO7A. However, the longest interval in family 3 is located slightly outside of the GJB2
gene coordinates.
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Table 3. Loci for autosomal recessive HL in 13 Pakistani families.

Family ID Chromosomal Band
Region of Autozygosity Identified by

Linkage Analysis (hg19)
Length
(Mb)

LOD
Causal Gene

in Locus
Gene Coordinates (hg19)

Family 1 11p12-q13.4 39,536,493–73,025,971 33.5 2.529 FGF3 chr11:69,624,736–69,634,192
Family 2 11q13.1-q13.3 63,870,810–69,964,525 6.1 3.73 FGF3 chr11:69,624,736–69,634,192

Family 3 * 13q12.11-q14.11 22,661,666–41,063,028 18.4 1.927
Family 4 11q13.3-q14.3 69,063,393–88,489,081 19.4 2.529 MYO7A chr11:76,839,310–76,926,284
Family 5 11q13.5-q14.1 76,792,431–80,457,784 3.7 1.927 MYO7A chr11:76,839,310–76,926,284
Family 6 1p22.2-p21.2 88,430,037–102,069,696 13.6 1.927 CDC14A chr1:100,810,598–100,985,833
Family 7 13q22.1-q31.3 74,995,660–90,925,494 15.9 1.2 SLITRK6 chr13:86,366,925–86,373,554
Family 8 No interval close to MYO7A
Family 9 10q21.2-q22.3 64,059,261–78,005,230 13.9 3.006 CDH23 chr10:73,156,691–73,575,702

Family 10 13q11-q12.11 19,121,950–22,395,049 3.3 2.529 GJB2 chr13:20,761,609–20,767,037
Family 11 13q11-q12.12 19,121,950–23,534,670 4.4 2.529 GJB2 chr13:20,761,609–20,767,037
Family 12 17p12-p11.2 13,801,016–21,539,613 7.7 2.529 MYO15A chr17:18,012,020–18,083,116
Family 13 10q21.2-q23.31 61,998,060–91,002,927 29.0 1.2 CDH23 chr10:73,156,691–73,575,702

Abbreviations: LOD, logarithm of the odds. * Family 3 revealed a homozygous interval outside but near the GJB2
gene locus.

4. Discussion

Geographically or culturally isolated populations that have high rates of consanguinity, such as the
Pakistani families included in this study, have proven valuable for novel HL gene identification studies
and for contributing to a greater understanding of the alleles implicated in HL [46–48]. Although our
patient cohort was relatively small, the overall resolve rate in this study of 61.9% is nonetheless
comparable to other studies with consanguineous families that have showed a resolve rate of 67% [49].
As expected, most of the families revealed variants that were homozygous (92.3%) and compound
heterozygous (7.7%) and were primarily found in ARHL-associated genes.

We identified causative variants in seven HL-associated genes. Many of these variants were
missense (53.8%, Figure 3B), which is consistent with the mutational characteristics of deafness
genes [50]. Unlike previous studies investigating the genetic spectrum of hearing-impaired Pakistani
patients that have described SLC26A4 as a frequent cause of HL in this population, causal variants in
this gene were not present in our cohort. This is likely explained due to the restricted geographical
region from which our families were recruited and the existence of prevalent founder variants in this
gene, especially in the Pakistani population, that were absent in our relatively small cohort [51].

Figure 3. Overview of the affected genes and the distribution of different variant types in Pakistani
families with HL. (A) Overall percentage of each affected gene in 13 Pakistani families. (B) Number of
identified variants by type (missense, nonsense, frameshift, splice-site). The color code refers to the
genes that are marked in (A).

Genes that are most frequently implicated in autosomal recessive NSHL (ARNSHL) in
consanguineous families from Pakistan are GJB2 (MIM *121011), SLC26A4 (MIM *605646), MYO15A
(MIM *602666), OTOF (MIM *603681), CDH23 (MIM *605516), TMC1 (MIM *606706), MYO7A
(MIM *276903), and HGF (MIM *142409) [6,52,53]. Variants in the genes MYO7A and GJB2 accounted for
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a combined 46.2% of all diagnoses in the present study which is consistent with previously published
rates from Pakistani cohort studies (Figure 3A) [5–7]. We also identified the c.231G>A, p.(Trp77*)
variant in one family that has been reported as one of the most common GJB2 alleles in Pakistani HL
patients [54].

Interestingly, disease-causing variants in Pakistani patients with NSHL often involved genes that
were also associated with syndromic HL, such as MYO7A [55] or CDH23 [39]. For example, patients with
a diagnosis of Usher syndrome type 1B (MIM *276900) show profound congenital hearing impairment,
retinitis pigmentosa, vestibular dysfunction, and biallelic causal variants in MYO7A [56]. In this study,
pathogenic variants of MYO7A were identified in three families (4, 5, 8). Affected individuals in
family 4 and family 5 were confirmed with Usher syndrome, which is characterized by severe auditory
and ophthalmic symptoms. Both of the homozygous variants that have been identified in family 4
(c.470G>A, p.(Ser157Asn)) and 5 (c.3502C>T, p.(Arg1168Trp)) are known to cause Usher syndrome
type 1 [34,35].

Family 8 revealed three different heterozygous variants in MYO7A, with all three of them
exclusively present in both affected siblings (IV.1, IV.2), in whom Usher syndrome was excluded.
Interestingly, two of the three identified variants (c.1258A>T, c.4505A>G) were previously described in
a Pakistani family reporting ARNSHL [6]. Richard et al. [6] also described a third heterozygous variant
(c.3502C>T) that differs from the third variant in the present study (c.1849T>C). In family 8, the two
c.1258A>T and c.4505A>G variants were inherited from the maternal allele (III.4), and the c.1849T>C
variant was an inferred paternally inherited allele, thus confirming compound heterozygosity in
both affected patients (IV.1, IV.2) of c.1258A>T, p.(Lys420*) and c.1849T>C, p.(Ser617Pro) (Figure 1).
The absent homozygous interval in a region that contains MYO7A supports a suspected compound
heterozygosity for the variants in this family. It remains to be determined if the double mutated
maternal allele is either a broadly segregating allele in the Pakistani population or if the two families
are possibly distantly related.

The homozygous c.2968G>A, p.(Asp990Asn) missense variant in CDH23 segregating in family
9 was identified as a recurrent variant in South Indian families with HL [57] and is known to
cause ARNSHL [39]. The second pathogenic homozygous missense variant in CDH23 (c.4688T>C,
p.(Leu1563Pro)), which is known to cause non-syndromic deafness, has been identified in family 13 [45].

We identified two unrelated families (1, 2) with the same c.166C>T, p.(Leu56Phe) variant in
the gene FGF3. Recessive variants in FGF3 have been described in patients diagnosed with LAMM
syndrome, which is characterized by congenital deafness with labyrinthine aplasia (LA), microtia
(M) and microdontia (M) (MIM *610706) [42]. The phenotypic characteristics in patients can vary
from fully penetrant LAMM syndrome to milder forms with less severe syndromic features [58].
Probands from families 1 and 2 show HL and cupped ears (Figure 2A), which overlap with milder
phenotypic characteristics such as minor dental and external ear phenotypes that were previously
described in the literature. We cannot exclude an inner ear malformation in the affected individuals
due to absent temporal bone CTs.

Three nonsense variants were found in the genes GJB2, SLITRK6, and MYO7A (Figure 3). While the
c.231G>A, p.(Trp77*) variant in GJB2 and the c.1258A>T, p.(Lys420*) variant in MYO7A were previously
described as pathogenic, the nonsense variant c.120_121insT, p.(Asp41*) in SLITRK6, segregating
in family 7, was novel. The effect of the induced stop-codon at amino acid position 41 out of
841 amino acids encoding SLITRK6 would truncate 95% of the protein and likely be targeted by
nonsense-mediated mRNA decay (NMD) [59]. To date, only five variants are known to cause the
associated autosomal recessive deafness and myopia syndrome [44,60,61] that is consistent with the
phenotype in family 7. Myopia in deafness and myopia syndrome has been reported to range between
−6 and −11 diopters [44,62]. Findings in both siblings (IV.1, IV.2) in family 7 and affected individuals
(IV.3, IV.5) in family 4, who had undergone ophthalmological examination were consistent with high
myopia. Additionally, IV.3 and IV.5 in family 4, and IV.2 in family 5 showed findings typical for retinitis
pigmentosa. Interestingly, all the previously identified variants are also either nonsense or frameshift
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variants, suggesting loss-of-function as an underlying mechanism. Consistently, Slitrk6 knock-out mice
showed distinct reduction in cochlear innervation and a defective auditory brainstem response [44].

Family 12 revealed a homozygous splice-site variant c.9518-2A>G in intron 57 of MYO15A [5]. This
variant likely mediates the complete loss of the 3’ acceptor site according to several in silico prediction
tools, and possibly results in the skipping of exon 58. Variants that occur in important consensus
sequences at the exon-intron boundaries, thus disrupting the actual splicing process, are known to be
the cause of a variety of human diseases [63].

5. Conclusions

The present study of 21 Pakistani families identified two novel alleles causing HL and emphasizes
the importance of investigating different populations and their heterogeneous genetic background.
The fact that 38.1% of the 21 examined families are still considered unresolved highlights a possible area
in which the further application of advanced sequencing and analysis methods could uncover currently
unrecognized genetic changes due to technical limitations. Candidate genes have been identified
in four families that are presently undergoing functional analysis. In families without candidate
genes identified, genome sequencing would support uniform copy number variation analysis and
the analysis of deep intronic or regulatory variants that are difficult to ascertain by ES. Some of the
limitations of the study include potentially insufficient coverage of homopolymeric or GC-rich regions
and the existence of mapping difficulties for regions containing pseudogenes or larger deletions,
insertions, or structural rearrangements, as listed in previous ES studies, and may diagnose some of
the unresolved families [64]. Nevertheless, an ES approach is still the method of choice for elucidating
genetic variants in a large portion of heritable human disorders, including HL.
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Abstract: Familial Meniere Disease (FMD) is a rare inner ear disorder characterized by episodic
vertigo associated with sensorineural hearing loss, tinnitus and/or aural fullness. We conducted a
systematic review to find sequencing studies segregating rare variants in FMD to obtain evidence to
support candidate genes for MD. After evaluating the quality of the retrieved records, eight studies
were selected to carry out a quantitative synthesis. These articles described 20 single nucleotide
variants (SNVs) in 11 genes (FAM136A, DTNA, PRKCB, COCH, DPT, SEMA3D, STRC, HMX2,
TMEM55B, OTOG and LSAMP), most of them in singular families—the exception being the OTOG
gene. Furthermore, we analyzed the pathogenicity of each SNV and compared its allelic frequency
with reference datasets to evaluate its role in the pathogenesis of FMD. By retrieving gene expression
data in these genes from different databases, we could classify them according to their gene expression
in neural or inner ear tissues. Finally, we evaluated the pattern of inheritance to conclude which
genes show an autosomal dominant (AD) or autosomal recessive (AR) inheritance in FMD.

Keywords: Meniere’s disease; exome sequencing; sensorineural hearing loss; vestibular disorders;
familial segregation; single nucleotide variant; rare variant; Mendelian disorders; inheritance pattern

1. Introduction

The human inner ear is formed by six sensory organs: the spiral organ of Corti, located in the
anterior part of the temporal bone, and the vestibular organs that consist of the utricle, the saccule,
and the three semicircular canals that form the posterior labyrinth. These organs share a highly
specialized tissue, the neurosensory epithelium, which contains the auditory and vestibular hair cells
(HCs). The displacement of HC stereocilia opens the mechanotransduction channels at the hair bundle
that mediates the conversion of mechanical signals to neural impulses at the afferent synapses to drive
acoustic or acceleration information to the cochlear or vestibular nuclei in the brainstem [1,2].

Meniere Disease (MD) is an inner ear disorder that is characterized by episodic vertigo and
associated with sensorineural hearing loss (SNHL), tinnitus and/or aural fullness. It is a multifactorial
disorder where the combined effect of genetics and environmental factors probably determine the
onset of the condition. The criteria to diagnose MD are based on the clinical symptoms occurring
during the attacks of vertigo and the documentation of SNHL by a pure tone audiogram before, during
or after the episode of vertigo [3]. Notably, MD and vestibular migraine, whose clinical features could
overlap, are the most common causes of spontaneous recurrent vertigo [4].
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Histopathological and MRI studies have demonstrated an enlargement of the endolymphatic
space in patients with MD, with an accumulation of endolymph in the saccule and the cochlea—termed
as endolymphatic hydrops [5].

The prevalence of MD in a population changes according to the geographical region and the ethnic
background. Epidemiology records report a prevalence of MD that varies from 17 to 200 cases/100,000.
In general, MD is more common in European descendants [6], and the age of onset ranges from 30 to
70 years. Moreover, MD is associated with several comorbid conditions such as autoimmune arthritis,
psoriasis, irritable bowel syndrome and migraine [7].

Hierarchical clustering methods have identified five clinical subgroups of patients with MD, one
of them being familial MD (FMD) [8,9]. FMD is a rare disease that is defined if at least another family
member in the first or second degree, in addition to the proband, fulfills all the clinical criteria of
definite or probable MD [3].

In populations of European descent, the FMD represents 8–9% of cases [10,11]. The pattern of
inheritance is autosomal dominant (AD) in most families; however, genetic heterogeneity is found and
recessive inheritance has also been reported [10]. A family history where several members have SNHL,
migraine or recurrent vertigo, justifies the investigation of the proband and their relatives to verify if
any of them accomplish the diagnostic criteria for MD [3].

Early studies in multiplex families with FMD using microsatellite markers and segregation analysis
pointed to different loci [12–14], but no causal gene was identified. However, the development of exome
sequencing has facilitated the identification of few novel candidate genes in singular families [15–17].

The aim of this systematic review is to critically analyze the evidence to support causal genes
in FMD and to describe the potential role of these genes in the pathogenesis of MD by retrieving
information from gene expression databases.

2. Materials and Methods

2.1. Study Design

This is a systematic review of sequencing studies in FMD, which follows Preferred Reporting
Items for Systematic Reviews (PRISMA) guidelines (Supplementary Table S1) [18]. We also conducted
an additional search in general and tissue specific databases to retrieve gene expression profiles of
candidate genes for FMD.

2.2. Research Question and Selection Criteria

This systematic review aims to describe genes reported in FMD in sequencing studies and to
find which cell types and extracellular structures are potentially involved. Therefore, we formulated
the question “which genes have been found to be associated with FMD?”. In concordance with the
methodology for systematic reviews, this question was answered following the PICOS strategy:

• Population: Patients diagnosed with FMD.
• Intervention: Sequencing studies (Sanger or exome/genome sequencing) in FMD searching for

rare variants to target candidate genes.
• Comparison: Allelic frequency (AF) was compared with population specific reference datasets

(gnomAD: Genome Aggregation Database, CSVS: Collaborative Spanish Variant Server, SweGen
and ExAC: Exome Aggregation Consortium) [19–22], for candidate variants in selected genes.

• Outcome: Genetic findings and pathogenicity scores reported (rare variants, candidate genes).
• Study design: Familial segregation studies.

2.3. Search Strategies

The literature search was carried out on 11th August 2020 using the PubMed database with the
following keywords: (familial [Title/Abstract] OR family [Title/Abstract] OR gene [Title/Abstract] OR
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genes [Title/Abstract] OR inheritance [Title/Abstract] OR variation [Title/Abstract] OR mutation
[Title/Abstract]) AND (Meniere Disease [Title/Abstract] OR Meniere’s Disease [Title/Abstract]).
The search was filtered by the last 20 years (2000–2020) and written in English, by configuring
an advanced search on PubMed.

Gene expression profiles for the candidate genes retrieved from the different studies were analyzed
using the following datasets:

• Gene transcripts identified in the Neuropil and Somata layers of CA1 region in the Hippocampus
in Rattus norvegicus by Cajigas et al. [23].

• Human synaptic genes in SynaptomeDB [24].
• Transcriptome catalogue of adult human inner ear, and the list of preferentially expressed mRNA

genes in the inner ear when compared to 32 other tissues [25].

Additionally, the following datasets were obtained from the gEAR portal (https://umgear.org/):

• RNA-Seq in embryonic day 16.5 (E16.5) and postnatal day 0 (P0) from cochlear and vestibular
sensory epithelium in mouse [26].

• RNA-Seq in P0 from cochlea and vestibule in mouse, where HCs were compared with epithelial
non-HCs [27].

• RNA-Seq in P0 from cochlea in mouse to contrast HC with the rest of cochlear duct [28].
• RNA-Seq in adult mice from organ of Corti, comparing inner HCs (IHC), outer HC (OHCs),

Deiters’ cells and pillar cells [29].
• Single cell RNA-Seq in postnatal day 1 (P1) and 7 (P7) from organ of Corti in mouse [30].

Furthermore, the SHIELD database [31] was used to retrieve the following datasets:

• RNA expression by microarray from adult mice from cochlea to analyze IHC and OHC [32].
• RNA expression by microarray from developmental stages of mice from spiral ganglion (SG) and

vestibular ganglion (VG) [2].

2.4. Exclusion Criteria

Articles that accomplish the following characteristics were excluded from the systematic review:

• Animal studies were excluded from the first analysis.
• Studies not published in English.

2.5. Quality Assessment of Selected Studies

After screening titles and abstracts of the selected records, reviews, meta-analysis, and irrelevant
records (non-genetic studies, pharmacogenomics or clinical studies) were removed. Articles that did
not meet the eligibility criteria were discarded. The criteria were composed by three main questions:

• Is the study performed with two or more members of a family diagnosed with MD or with patients
from different families but all of them diagnosed with FMD?

• Has the study reported a gene or a position in the genome statistically significant when it was
compared to genome reference datasets?

• Has the study used an accurate methodology and is it described with enough details to validate
its findings?

If all these questions were answered with “yes”, the record was selected for synthesis. Next,
each reported variant was assessed and classified as benign/likely benign/unknown significance/likely
pathogenic or pathogenic according to the American College of Medical Genetics and Genomics
(ACMG) criteria [33,34] and a Combined Annotation Dependent Depletion (CADD) score [35,36].

231



Genes 2020, 11, 1414

2.6. Data Extraction and Synthesis

From each article selected, the following information was extracted to perform the synthesis:
first author’s last name, publication year, study design, population, number of patients in the study,
sex of the patients, diagnostic criteria used for MD, sequencing method and genetic findings, gene and
genomic position of the variant type (single nucleotide or structural variant). Moreover, the Reference
Single Nucleotide Polymorphism (rs), the AF in gnomAD, CSVS, SweGen and ExAC, the pathogenicity
score according to the ACMG criteria, the CADD score and the inheritance pattern were obtained or
calculated. In this systematic review, the list of retrieved candidate genes and the classification of these
genes according to their inheritance pattern were the main outcomes. Furthermore, the gene expression
profile in neural or inner ear tissues was used to define the cell types involved with each gene.

3. Results

3.1. Selection and Characteristics of FMD Studies

With the objective of knowing which of the rare variants or genes related to FMD, we obtained
191 articles from PubMed. Afterwards, reviews, meta-analysis and irrelevant records were removed.
Finally, we evaluated if the 64 remaining articles met the eligibility criteria and eight of them were
selected for qualitative synthesis (Figure 1).

 
Figure 1. Flowchart to select Familial Meniere Disease (FMD) studies.

One of the questions to accomplish the eligibility criteria was if all reported patients in each
family were diagnosed as FMD, preferably they should be diagnosed following the diagnostic criteria
described by the International Classification Committee for Vestibular Disorders of the Barany Society
in 2015 [3]; however, only three of eight studies used these criteria; another three studies used
the diagnostic criteria of the Committee on Hearing and Equilibrium of the American Academy of
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Otolaryngology–Head and Neck Surgery (AAO-HNS) published in 1995 [37], and two studies did not
clarify the diagnostic criteria. One of them included three individuals in the same family with SNHL
and episodic vertigo, and the other reported definite MD in two sisters without stating if they used the
AAO-HNS or the Barany criteria to define MD. The diagnostic criteria of the Barany Society and the
AAO-HNS are described in the Supplementary Table S2.

Among the eight selected studies, three articles reported candidate variants in two genes, one of
them, FAM136A and DTNA in the same Spanish family, another record reported DPT and SEMA3D
in two unrelated Spanish families and the other HMX2 and TMEM55B in the same Finnish family.
Five studies confirmed only one gene (PRKCB, COCH, STRC, OTOG and LSAMP) in families from Iran,
South Korea, Spain and Sweden.

All studies used Whole Exome Sequencing (WES), and seven of them also performed Sanger
sequencing to validate the variants. Moreover, all of them have data about the population ancestry,
the sex and the number of individuals affected. A summary of these studies is shown in Table 1.

Table 1. Summary of studies which describe single nucleotide variants (SNVs) selected for
quantitative synthesis.

Ref. Population Patients Sex Diagnosis
Genetic Findings

Gene SNV

[15] Spanish 3 F AAO-HNS
FAM136A 2:70527974G>A

DTNA 18:32462094G>T

[16] Spanish 2 M AAO-HNS PRKCB 16:23999898G>T

[38] Korean 3 F, M Barany Society COCH 14:31349796G>A

[17] Spanish
3 F

Barany Society
DPT 1:168665849G>A

3 F, M SEMA3D 7:84642128G>A

[39] Swedish–
Norwegian 3 M SNHL and

episodic vertigo STRC 15:43896948G>A

[40] Finnish 2 M AAO-HNS
HMX2 10:124909634T>A

TMEM55B 14:20927370G>A

[41] Spanish 73 F, M Barany Society OTOG

11:17574758G>A

11:17578774G>A

11:17594747C>A

11:17621218C>T

11:17627548G>A

11:17631453C>T

11:17632921C>T

11:17656672G>A

11:17663747G>A

11:17667139G>C

[42] Iranian 2 F, M Definite MD LSAMP 3:115561402T>C *

F: female; M: male; AAO-HNS: American Academy of Otolaryngology–Head and Neck Surgery; SNHL: sensorineural
hearing loss; MD: Meniere Disease; *: this SNV was not validated by Sanger sequencing.

3.2. Inheritance of SNVs Associated with FMD

Requena et al. [15] studied a family with three affected women in consecutive generations
with definite MD. All cases segregated two heterozygous rare variants in FAM136A and DTNA
genes, which suggests an AD pattern of inheritance. The variant chr2:70527974G>A in FAM136A
(NM_032822.3) was a nonsense novel variant leading to a stop codon; the ultrarare heterozygous
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variant chr18:32462094G>T reported in the DTNA gene (NM_001390.4) produces an amino acid change
from valine to phenylalanine and generates a novel splice-site sequence predicted as a constitutive
acceptor. Both variants were classified as pathogenic (Table 2).

The novel missense variant in the PRKCB gene (NM_002738.7) [16] was found in a family with two
cases of complete MD phenotype and the father of the proband with SNHL (incomplete phenotype),
and the pattern of inheritance was considered AD with incomplete penetrance. The chr16:23999898G>T
variant causes an amino acid change from glycine to valine and it was considered likely pathogenic.

The chr14:31349796G>A variant in the COCH gene was reported in a Korean family with DFNA9
phenotype [38]; of note, two siblings and her mother presented episodic vertigo and SNHL fulfilling
criteria for definite MD and another two siblings had an incomplete phenotype. This SNV showed
an AD inheritance pattern with incomplete phenotype and this family should be considered as FMD.
This SNV is not described in gnomAD or ClinVar and it was classified as likely pathogenic.

The SNV in the SEMA3D gene (NM_152754.2) [17] was found in a family with three individuals
affected by MD in the same generation, all of them segregated the novel missense variant; in addition,
there were another three individuals with incomplete phenotype in different generations. This
variant, in chr7:84642128G>A, causes an amino acid change from proline to serine and it was
classified as pathogenic. In the same article, Martín-Sierra et al. found a missense variant in the
DPT gene (NM_001937.4) in a family with three sisters affected by MD, and one of the probands had
anti-ribonucleoprotein antibodies, suggesting a comorbid immune disorder without all criteria for
systemic lupus erythematosus.

Furthermore, in the family, seven relatives had incomplete phenotype (SNHL or episodic vertigo).
The three patients with MD and two individuals presenting progressive bilateral SNHL and sudden
SNHL, segregated the variant. The chr1:168665849G>A produces an amino acid change from arginine
to cysteine and it was classified as likely pathogenic. Both SNVs had an AD inheritance pattern with
an incomplete penetrance.

Frykholm et al. [39] described a family with two brothers and a first cousin with moderate,
non-progressive SNHL and episodic vertigo. The two brothers shared a nonsense homozygous variant,
which is chr15:43896948G>A, in the STRC gene (NM_153700.2), and the cousin had the same variant in
heterozygosis inherited from the mother and a deletion of approximately 97 kb spanning the STRC
gene, inherited from the father. None of the parents had symptoms of the disease, which suggests that
it had an AR inheritance pattern.

Skarp et al. [40] found two heterozygous variants in HMX2 and TMEM55B, which were present
in an individual and his grandfather, both affected with MD. The father of the first individual did not
report any symptoms of MD, and he would be an obligate carrier of these variants, but it was not
possible to validate them because he did not donate a DNA sample for the study. Since these SNVs
do not lead to MD with full penetrance, additional heterozygous variants in these genes should be
considered to confirm recessive inheritance in this family. Both missense variants, chr10:124909634T>A
in the HMX2 gene (NM_005519.1) lead to an amino acid change from tyrosine to asparagine and
chr14:20927370G>A in the TMEM55B gene (NM_001100814.2) from leucine to phenylalanine and were
classified as likely pathogenic and with uncertain significance, respectively.

Roman-Naranjo et al. [41] reported several missense variants in the OTOG gene (NM_001277269.2)
in multiplex Spanish families with FMD. Moreover, this study used a group of sporadic cases with MD,
and AFs were compared with the non-Finnish European and Spanish (gnomAD) reference population
datasets (CSVS). A heterozygous variant (chr11:17574758G>A), classified as pathogenic, was observed
in two cases from two unrelated families; both families also shared the rare variant chr11:17663747G>A
and one of them also had a third variant, chr11:17627548G>A. Moreover, two heterozygous variants,
chr11:17578774G>A and chr11:17632921C>T, were found in four additional patients from four different
unrelated families. In both sets of families, heterozygous compound recessive inheritance pattern was
suggested. The rest of the variants were reported in three, two or one unrelated patients with FMD.
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Recently, Mehrjoo et al. [42] studied a family with consanguineous parents with four descendants,
two of them with definite MD and two unaffected siblings with an AR inheritance pattern. Both affected
patients had poor senses of smell, which suggests that the phenotype could be MD-like phenotype.
A novel homozygous variant chr3:115561402T>C in the LSAMP gene (NM_001318915) was reported in
the two affected siblings with MD and it was classified as likely pathogenic. This SNV is not described
in gnomAD or ClinVar.

3.3. Classification of Genes

Genes were classified according to the gene expression profile in neural or the inner ear databases
(Figures 2 and 3).

Figure 2. Summary of candidate FMD genes expressed in neural tissues and human inner ear databases,
and in cyan genes that appear in the databases and in red genes that do not appear. Genes were
identified in Neuropil layer and Somata layer of CAI Hippocampus in R. norvegicus (columns 1 and 2);
genes that encode proteins of human synapsis (column 3) and preferentially expressed genes in the
human inner ear compared to 32 other tissues (column 4).

First, PRKCB and LSAMP genes have gene expression in the three neural tissues and they are
highly expressed in SG and VG, and they show a rather low expression in HCs. Remarkably, PRKCB,
which encodes the β subunit of protein kinase C, shows a tonotopic distribution in tectal cells and
inner border cells in the organ of Corti [16].

The TMEM55B gene is reported in neural tissues, the exception being the Synaptome database,
and it is also highly expressed in both SG and VG. According to these data, the genes PRKCB, LSAMP
and TMEMB55B will have a gene expression profile related to supporting cells in the neurosensory
epithelia, sensory neurons or neural tissues.

However, COCH and OTOG encode the extracellular proteins cochlin and otogelin, and they are
differentially expressed in the human inner ear. Moreover, gene expression datasets show that both are
expressed in cochlea and vestibule; particularly, OTOG is expressed in non-HC of vestibular epithelia
and cochlear HC in the organ of Corti, and COCH in the lateral wall of the cochlea, close to the organ
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of Corti. For these reasons, COCH and OTOG genes are predominantly expressed in inner ear tissues,
although COCH was also reported in neuropil layer.

The STRC gene is not differentially expressed in the human inner ear, but it has a specific high
expression in HCs, particularly in OHC, highlighting a key role in the OHC stereocilia in the organ
of Corti.

 
Figure 3. Gene expression profile in candidate genes for FMD in different tissues: (a) RNA expression
data across inner ear developmental stages in mice comparing SG and VG; (b) RNA-Seq data comparing
embryonic day 16.5 (E16.5) and postnatal day (P0) between cochlea (co) and vestibule (vest); (c) RNA-Seq
data at postnatal day (P0) in mice comparing hair cells (HCs) with epithelial non-HCs in both cochlea
(co) and vestibule (vest); (d) RNA-Seq data from postnatal day (P0) in mice comparing HCs with the
rest of cochlear duct in cochlea; (e) RNA expression data from adult mice cochlea comparing inner HCs
(IHCs) and outer HCs (OHCs); (f) RNA-Seq data from adult mice in the organ of Corti, comparing
IHCs, OHCs, Deiters’ cells and pillar cells.

DTNA presents a preferential gene expression in the three neural tissues and not in human inner
ear, although the gene is expressed in both auditory and vestibular HCs in mouse, showing a low
expression in non-HC. SEMA3D encodes the axonal guidance signaling protein semaphoring 3D, and it
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has an important role in neural tissues and in inner ear tissues. It is expressed in the human inner
ear, but also in the Neuropil and Somata layers in neural tissues. In addition, it is higher expressed in
non-HC than in HC, and is expressed in both SG and VG.

Finally, no conclusive gene expression data were found for FAM136A, DPT and HMX2 genes,
which have a low expression in inner ear tissues or neural tissues. However, the DPT gene seems to
have a higher expression in the Somata layer.

FMD genes show a different expression profile during development in the mouse organ of Corti.
By retrieving single cell gene expression data from P1 and P7, we could establish which cell types
reveal a relatively high expression from early stages to adult inner ear (Figure 4). COCH is highly
expressed in the organ of Corti, particularly in the outer sulcus cells. There are genes that show a high
expression in P1, but their expression decreases at P7, such as PRKCB, SEMA3D or LSAMP, suggesting
a relevant role during the maturation of the organ of Corti.

Figure 4. Relative gene expression of candidate genes for FMD in the mouse organ of Corti in postnatal
days 1 (P1) and 7 (P7) comparing different cell types: inner hair cells (IHC), outer hair cells (OHC),
Deiters’ cells (DC), inner pillar cells (IPC), outer pillar cells (OPC), Hensen cells (Hen), lateral greater
epithelial ridge cells (LGER), medial greater epithelial ridge cells (MGER), outer sulcus cells (OSC),
inner sulcus cells (ISC), interdental cells (IdC), inner phalangeal cells (IPhC), cells expressing Oc90
(Oc90).

4. Discussion

4.1. Main Findings in FMD Candidate Genes

FMD is not a monogenic disorder. In this systematic review, we have found 11 candidate
genes related with FMD, which supports the genetic heterogeneity of the condition. Although
further evidence from cellular and animal models is needed, the finding of rare missense variants in
the OTOG gene in multiplex unrelated families strongly support their role in the pathogenesis
of FMD. Some SNVs in OTOG (chr11:17574758G>A, chr11:17578774G>A, chr11:17621218C>T,
chr11:17632921C>T, chr11:17663747G>A and chr11:17667139G>C) [41] were reported in multiplex
families with different unrelated individuals with FMD. Whereas SNVs in PRKCB [16], DPT,
SEMA3D [17], COCH [38], STRC [39], HMX2, TMEM55B [40] and LSAMP [42] were only described in
simplex families. Hence, it would be necessary to find new additional cases or families with these
variations to support their involvement in FMD.

The heterogeneity observed in the genetics of FMD suggests that different causes could lead to
the same syndrome, consisting of episodic vertigo associated SNHL and tinnitus during the attacks.
This complex phenotype is the result of genetic and environmental factors and several genes will play a
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role in specific cell types in the inner ear, and other genes will encode essential neural signals to support
the innervation of the sensorineural epithelia, such as SEMA3D. Therefore, one of the objectives of
this systematic review is to classify the genes related to FMD in these two groups, according to their
predominant gene expression profile.

4.2. Inheritance Pattern in FMD

In this systematic review, we have found evidence to support that the inheritance pattern in
FMD could be AD or AR. As it was previously reported, some of these AD families have a partial
syndrome (SNHL or vertigo). The SNVs in FAM136A, DTNA, PRKCB, COCH, DPT and SEMA3D
have and AD inheritance pattern; specifically, there are variants in PRKCB, COCH, DPT and SEMA3D
segregates with an incomplete penetrance because in the families reported, there were some relatives
that presented an incomplete phenotype of MD.

On the other hand, SNVs in STRC and LSAMP had an AR inheritance pattern. Moreover, SNVs in
HMX2 and TMEM55B and five SNVs of OTOG also have an AR inheritance.

4.3. Classification of Genes

Familial MD genes with a predominant gene expression profile in neural tissues are PRKCB,
TMEM55 and LSAMP. It is possible that rare missense SNVs in these genes could contribute to the
MD phenotype by affecting protein function and thus hindering neural development, maintenance or
function, for example, by reducing the trophic support to hair cells at the nerve endings. An enrichment
of rare missense variants in genes involved in axonal guidance signaling has been reported in MD [43].

In the first place, PRKCB gene encodes Protein kinase C (PKC), which is a serine- and
threonine-specific protein kinases that can be activated by calcium and the second messenger
diacylglycerol [44]. Martin-Sierra et al. [16] described that the protein encoded by PRKCB gene
was highly expressed in the tectal cells of rat cochlea, and it showed a tonotopic expression gradient
from the apical turn, where it demonstrated a strong labeling to the middle and basal turn of the cochlea.
These results confirmed previous gene expression datasets generated from the mouse cochlea with
higher expression in the apical and middle turns in mice [45], which matches with the low-frequency
SNHL in the studied family.

TMEM55 (transmembrane protein 55B) interacts with various proteins [46] and participates in
the lysosomal dynamics [47]. Furthermore, it is part of a family of transmembrane proteins to which
TMEM132E gene belongs, where mutations that cause DFNB99 nonsyndromic hearing loss were also
described [48].

LSAMP (limbic-system-associated membrane protein) is a neuronal surface glycoprotein
distributed in cortical and subcortical regions of the limbic system [49]; it is involved in neurite
formation and outgrowth [50], and it was previously related to schizophrenia and bipolar disorder [51].
Its role in the innervation of the organ of Corti or vestibular organs has not been established.

However, COCH, OTOG and STRC have a higher expression in the inner ear, which suggests that
changes in their protein products could cause structural modifications in the inner ear, leading to a
fragile structure. COCH gene produces cochlin protein, which is the most abundant protein in human
and mouse cochlea, and in vestibular organs of mice the second most frequent protein. Cochlin is
present in the spiral ligament and spiral limbus, in the lateral wall close to the organ of Corti [52]. It is
an essential structural protein to maintain the complex architecture of the lateral wall of the cochlea.

The OTOG gene, which encodes otogelin, is mainly expressed in acellular structures that cover
the sensory inner ear epithelia: the tectorial membrane, the otoconial membranes and the cupula
over the cristae ampullaris of the semicircular canals [25]. Otogelin also contributes to the horizontal
top connectors and tectorial membrane-attachment crowns of OHC stereocilia, where they interact,
directly or indirectly, with stereocilin [53]. The tectorial membrane is in close connection to HC
stereocilia, which explains the high expression of OTOG in cochlear HC in the inner ear. Moreover,
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in the vestibular non-HC OTOG also had a very high expression, suggesting that these cell types could
synthetize otogelin.

The STRC gene encodes the Stereocilin protein in cochlea and vestibule; it is associated with
the gelatinous membrane overlaying the vestibular kinocilia, which suggests a role of the protein
in sensing balance and spatial orientation [39]. Verpy et al. [54] reported the functional association
between Stereocilin and OHC; moreover, they conclude that it is essential to the formation of horizontal
top connectors, which maintain the cohesiveness of the mature OHC hair bundle, and are required for
the tip-link turn over.

DTNA and SEMA3D have a relevant gene expression in neural tissues and within the inner ear.
DTNA encodes α-dystrobrevin, which is a structural protein of the dystrophin-associated protein
complex whose absence in the mouse model causes abnormalities of the blood–brain barrier and
progressive edema [55]. Furthermore, Requena et al. [15] confirmed the expression of α-dystrobrevin
in supporting cells by immunohistochemistry in a rat model. This also suggested that changes in
this protein in the intermediate filament network can affect the motility of HC, as is reported in gene
expression databases showing a high expression of DTNA in both cochlear and vestibular HCs.

SEMA3D encodes Semaphorin-3D, which belongs to the axon guidance pathway and inhibits
the neural growth [56]. Gallego-Martinez et al. [43] reported an enrichment of rare missense variants
in axonal guidance signaling in sporadic MD. The genes in the axon guidance pathway regulate
the neurite attraction and repulsion; consequently, they patterned the auditory projections, allowing
the tonotopy established by the auditory HC [57]. SEMA3D may be relevant to the formation or
maintenance of inner ear tissues [17]; Requena et al. [58] reported that the most significant pathway in
cochlear supporting cells was axonal guidance signaling, and also it was one of the most significant
pathways in vestibular supporting cells, according to the differentially expressed genes in mice HC
and non-HCs.

Finally, three FMD genes (FAM136A, DPT and HMX2) do not have a predominant gene expression
in neural or inner ear tissue databases and they could not be classified in a group.

4.4. Limitations of Systematic Review in FMD Studies

The main weakness in FMD is that most of the SNVs and candidate genes reported were only
found in single families. Additional families with pathogenic or likely pathogenic variants in the same
gene segregating the phenotype would support the association between candidate genes and FMD.

A second limitation observed is that all studies that found SNVs in FMD were performed with
Whole Exome Sequencing or genotyping and there are no datasets using Whole Genome Sequencing.
Intronic or intergenic regions could harbor SNV, or structural variants in FMD, which are missing.

Additionally, a large set of families is necessary to perform case-control studies with a larger
sample size and with patients from different families, to compare AF of the rare variants in FMD with
sporadic cases as was performed in the OTOG study [41].

Finally, an important limitation in this systematic review was the comparison of gene expression
among different databases during development and across different species. Moreover, there are few
expression datasets for the vestibular organs, which did not allow us to compare between cochlear and
vestibular datasets.

5. Conclusions

• The inheritance pattern in FMD can be AD or AR.
• Although 11 candidate genes have been reported in FMD, these genes need replication in new

families and imaging studies to define which cell types are involved; they could be classified
according to the gene expression profile in neural or inner ear tissues genes.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/11/12/1414/s1,
Table S1: Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA); Table S2: Barany
Society and AAO-HNS criterion to define MD.
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Abstract: Human pathogenic variants of TBC1D24 are associated with clinically heterogeneous
phenotypes, including recessive nonsyndromic deafness DFNB86, dominant nonsyndromic deafness
DFNA65, seizure accompanied by deafness, a variety of isolated seizure phenotypes and DOORS
syndrome, characterized by deafness, onychodystrophy, osteodystrophy, intellectual disability
and seizures. Thirty-five pathogenic variants of human TBC1D24 associated with deafness have
been reported. However, functions of TBC1D24 in the inner ear and the pathophysiology of
TBC1D24-related deafness are unknown. In this study, a novel splice-site variant of TBC1D24
c.965 +1G > A in compound heterozygosity with c.641G > A p.(Arg214His) was found to be
segregating in a Pakistani family. Affected individuals exhibited, either a deafness-seizure syndrome
or nonsyndromic deafness. In human temporal bones, TBC1D24 immunolocalized in hair cells and
spiral ganglion neurons, whereas in mouse cochlea, Tbc1d24 expression was detected only in spiral
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ganglion neurons. We engineered mouse models of DFNB86 p.(Asp70Tyr) and DFNA65 p.(Ser178Leu)
nonsyndromic deafness and syndromic forms of deafness p.(His336Glnfs*12) that have the same
pathogenic variants that were reported for human TBC1D24. Unexpectedly, no auditory dysfunction
was detected in Tbc1d24 mutant mice, although homozygosity for some of the variants caused seizures
or lethality. We provide some insightful supporting data to explain the phenotypic differences
resulting from equivalent pathogenic variants of mouse Tbc1d24 and human TBC1D24.

Keywords: Tbc1d24 mouse models; hearing loss; DFNB86; DFNA65; DOORS; syndromic deafness;
human temporal bone

1. Introduction

Sensorineural hearing loss is a heterogenous disorder with a great variety of etiologies, including
inherited and de novo pathogenic variants, infections, ototoxic drugs, and aging [1,2]. Variants of
hundreds of different human genes are associated with deafness affecting approximately 0.2% of
newborns [3]. Non-syndromic hearing loss transmitted as an autosomal recessive trait is often
congenital, while transmission as an autosomal dominant trait often results in a progressive loss of
hearing [4]. Approximately one-third of individuals with an inherited hearing loss have additional
impairments in other organs [5], and of the more than 400 reported syndromic forms of hearing loss,
many are not yet well-understood at the molecular level [6]. Moreover, different pathogenic variants
of a gene may be associated with dominant or recessive modes of inheritance, and the phenotypic
outcome may be syndromic or non-syndromic. For example, some variants of MYO7A are associated
with dominant (DFNA11) or recessive (DFNB2) inheritance of non-syndromic deafness, while the
majority of MYO7A pathogenic variants cause Usher syndrome (USH1B) [7–9].

Another example is pathogenic variants of TBC1D24 that are associated with non-syndromic
hearing loss, segregating as a recessive (DFNB86) [10] or a dominant trait (DFNA65) [11,12]. Variants of
TBC1D24 are also associated with syndromic hearing loss, which includes hearing loss with seizures,
or a multisystem disorder named DOORS (Deafness, Onychodystrophy, Osteodystrophy, mental
Retardation and Seizures). Following the first report of two recessive variants of human TBC1D24
associated with DFNB86 [10], six additional pathogenic variants of TBC1D24 have been reported to
associate with non-syndromic deafness (Figure 1A). Twenty-eight pathogenic variants of TBC1D24 are
associated with syndromic deafness (Figure 1A), including a novel splice-site variant c.965 + 1G > A
which is segregating in a Pakistani family reported in this study (Figure 1B). At present, there are 96
variants of TBC1D24, including missense, nonsense, splice site, small indels and gross insertion and
deletions that are associated with non-syndromic and syndromic forms of deafness as well as seizures.
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Figure 1. (A) A diagram of the human TBC1D24 gene displaying the approximate locations of pathogenic
variants associated with non-syndromic deafness and syndromic forms of deafness. The eight annotated
exons of human TBC1D24 encode a TBC domain (blue) and a TLDc domain (green). Eight reported
pathogenic variants associated with non-syndromic deafness are drawn above the gene structure.
p.Ser178Leu (blue) is an autosomal dominant variant associated with progressive deafness DFNA65
reported to be segregating in two unrelated families [11,12]. Other non-syndromic variants (red font)
are associated with DFNB86 recessively inherited deafness. Twenty-eight pathogenic variants including
three splice-site variants are associated with syndromic forms of deafness (deafness and epilepsy
or DOORS) and are shown under the schematic of the gene. p.Arg214His and a splice-site variant
c.965 + 1G > A (underlined) are segregating in family PKDF1429 in this study. The murine equivalent of
the known human pathogenic variants of p.Asp70Tyr, p.Ser178Leu and p.His336Glnfs*12 together with
p.S324Tfs*3 are characterized in this study. A, Alanine; C, Cysteine; D, Aspartic acid; E, Glutamic acid;
F, Phenylalanine; G, Glycine; H, Histidine; I, Isoleucine; K, Lysine; L, Leucine; N, Asparagine; P, Proline;
Q, Glutamine; R, Arginine; S, Serine; T, Threonine; V, Valine; Y, Tyrosine; *, stop codon. (B) Pedigree
of Pakistani family PKDF1429. A novel likely pathogenic donor splice-site variant c.965 + 1G > A
and a previously reported p.Arg214His pathogenic variant are associated in family PKDF1429 with
apparent non-syndromic deafness and syndromic deafness, as two deaf individuals in this family were
reported to have had seizures. All affected individuals self-reported to be congenitally profoundly deaf.
Individual III:9 (29 years old) had simple partial seizures and III:15 (16 years old) had tonic-clonic seizures
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in childhood from six months to three years. Individuals III:10 (24 years old) and III:14 (22 years
old) have not had seizures that were obvious to their parents. (C) Audiograms from member of
family PKDF1429. All affected individuals showed bilateral profound deafness. (D) Representative
chromatograms of genomic DNA sequences of c.641G > A p.(Arg214His) and c.965 + 1G > A with wild
type allele. The variants are shaded in gray.

There are several alternative transcripts of human TBC1D24 including a transcript that skips
micro exon 3 [10,13]. The largest TBC1D24 transcript encodes a TBC domain (Tre-2-Bub2-Cdc16) and a
TLDc domain (TBC, LysM, domain catalytic) (Figure 1A). The functions of the TBC and TLDc domains
are different and pathogenic variants of TBC1D24 have been reported in both domains (Figure 1A).
Some members of the large family of TBC domain-containing proteins have been shown to function
as GTPase-activating proteins (GAPs), which are involved in the regulation of membrane-trafficking
in partnership with Rab-GTPases [14,15]. However, the TBC domain of TBC1D24 lacks a critical
arginine residue in order to function as a Rab-GTPase, an assumption that is yet to be experimentally
demonstrated with purified TBC1D24 protein [10,14]. There are five proteins encoded in the human
genome that have a TLDc domain and two of them, OXR1 and NCOA7, have been shown to provide
an important neuro-protective role against oxidative stress [16]. It is not known whether human
TBC1D24 function in the inner ear or in the hippocampus requires the anti-oxidative function of its
TLDc domain [17].

Here, we identified a novel pathogenic splice-site variant of TBC1D24 in family PKDF1429 from
Pakistan. To investigate the localization and possible function of TBC1D24 in the human inner ear,
we performed immunostaining using human temporal bones. In addition, using CRISPR/Cas9 editing of
Tbc1d24, we engineered mice with some of the same pathogenic mutations reported for human TBC1D24.
We previously reported the first mouse model of human early infantile epileptic encephalopathy 16
(EIEE16) due to TBC1D24 p.Ser324Thrfs*3 variant. In mouse, this variant recapitulated the seizure
phenotype reported in the human family [13,18]. Here, we evaluated the phenotypes of a mouse
with p.Asp70Tyr variant of Tbc1d24 as a model of human DFNB86 [10] and a mouse with Tbc1d24
p.Ser178Leu variant as a model of human DFNA65 [11,12]. We also undertook molecular modeling
together with molecular dynamic (MD) simulations to evaluate the effects of a substitution of leucine
for the serine-178 residue on human and mouse TBC1D24. A Tbc1d24 p.His336Glnfs*12 allele was also
engineered, which, depending on the second variant in trans-configuration, could lead to a mouse
model of human DOORS or early infantile epileptic encephalopathy 16 (EIEE16) with deafness [19,20].

2. Materials and Methods

2.1. Ethic Approval and Clinical Evaluation

Our study was approved by and conducted in accordance with The Office of Human Subjects
Research Protection (OH-93-N-016 to TBF) at the National Institutes of Health, Bethesda, Maryland
and from the IRB-DF/2020 in Lahore, Pakistan (OH-93-DC-0016 to SR). Written informed consent
was obtained from and signed by all individuals in this study. Clinical history, including a pedigree,
onset of hearing loss and episodes of seizure were obtained during interviews with family members.
Pure tone audiometry for all affected individuals and their parents in family PKDF1429 were obtained
in home settings. The existence of morphological features of DOORS were evaluated in all affected
individuals and their obligate carrier parents.

2.2. Whole Exome Sequencing (WES) and Bioinformatic Analyses

For family PKDF1429, sequence capture was performed using an Illumina Truseq Rapid Capture
Enrichment Kit to create libraries (Illumina, San Diego, CA, USA). Genomic DNA samples of the
hearing-impaired siblings III:10 and III:15 (Figure 1) were exome sequenced to an average depth
of 56× and 68×, respectively. Sequence reads were mapped against the GRCh38 assembly using
BWA (Burrows-Wheeler Alignment) [21] with recalibration performed using the GATK pipeline
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(Genome Analysis Toolkit, https://gatk.broadinstitute.org/hc/en-us). Variant calls were annotated
with ANNOVAR. Variant Call Format (VCF) files were imported into Ingenuity Variant Analysis
(IVA, Qiagen, Germantown, MD, USA) for further downstream analyses. Variants were prioritized
based on their allele frequency, pathogenicity, conservation and zygosity. Sanger sequencing validated
co-segregation of the variant with the phenotype.

2.3. Mouse Models of Human TBC1D24-Associated Deafness

The analyses of mice in this study were conducted according to the National Institutes of
Health Guidelines for the Care and Use of Laboratory Animals. All experimental procedures were
approved by the NINDS/NIDCD Animal Care and Use Committee (ACUC) at the National Institutes
of Health (protocol 1263-15 to TBF and protocol NEI-626 to LD). We engineered mouse Tbc1d24
c.208 G > T p.(Asp70Tyr) and c.[533 C > T; 534 T > G] p.(Ser178Leu) which are the equivalent of
human TBC1D24 c.208 G > T p.(Asp70Tyr) (DFNB86), and c.533 C > T p.(Ser178Leu) (DFNA65)
variants, respectively [10–12]. In mouse, we also engineered a Tbc1d24 c.1008delT p.(His336Glnfs*12)
variant, which in human is associated with DOORS or early infantile epileptic encephalopathy 16
(EIEE16) with deafness [19,20]. Since homozygosity for the p.His336Glnfs*12 variant in mouse is
an embryonic lethal, mice that are compound heterozygous for two variants p.Ser324Thrfs*3 and
p.His336Glnfs*12 were studied as they are viable. Tbc1d24 missense alleles were created using
CRISPR/Cas9-mediated homologous recombination directly in C57BL/6J zygotes with a single-strand
DNA oligo as the recombination template (IDT, Integrated DNA Technologies, Coralville, IA, USA)
in each allele. Briefly, guide RNAs (gRNA, for SpCas9, PAM = NGG) were selected for each intended
allele based on their relative positions to target codons, and ranking by the online gRNA selection tool
(www.CRISPRscan.org). gRNAs were synthesized with T7 in vitro transcription as described [22]
and further tested for their efficiencies of in vitro cleavage and in-cell culture indel mutagenesis
activities. For the in vitro cleavage assay, genomic PCR product, containing the target sites of selected
gRNAs was incubated with SpCas9 protein (NEB, New England Biolabs, Ipswich, MA, USA) by
following manufacturer’s suggested protocol and analyzed on 2% agarose gel stained with ethidium
bromide. Guide RNAs were further tested for their efficiencies inducing indels at target sites in an
immortalized mouse embryonic fibroblast (MEF) cell line engineered to carry a tet-inducible Cas9
expression cassette. Upon confirmation of efficient target cleavage activity in MEF cells, gRNAs
were mixed with SpCas9 protein (PNA Bio, Thousand Oaks, CA, USA) along with a synthetic
single-strand donor DNA oligo template as described above. The single-strand donor DNA oligo
templates were designed to repair the cleavage gap by the gRNA to restore the open reading frame,
while having the desired single amino acid changes introduced based on Richardson et al. [23].
The mixture of gRNAs, Cas9 protein and the donor oligos were microinjected into zygotes of C57BL/6
background as described [24]. gRNAs used to generate Tbc1d24 mutations p.Asp70Tyr, p.Ser178Leu and
p.His336Glnfs*12 were 5′-GGCATAAGGTGTGACTGTG-3′, 5′-GTCATACAGGAAGACTCAA-3′ and
5′-CTGAGTGGAAGTTCTCTGCA-3′, respectively. Donor oligo sequences of p.Asp70Tyr, p.Ser178Leu and
p.His336Glnfs*12 were 5′-GAGCCACACCCTGCGCGGGAAAGTGTACCAGCGCCTGATCCGGGACA
TCCCCTGCCGCACAGTCACACCTTATGCCAGCGTGTACAGTGACATTG-3′ (96 mer oligo), 5′-GA
TGAAGCTGAGTGTTTCGAAAAAGCCTGCCGCATCTTATCCTGCAATGACCCCACCAAGAAGCTCA
TTGACCAGAGCTTCCTGGCCTTTGAGTTGTCCTGTATG ACATTTGGGGACCTGGTGAACA -3′ (127
mer oligo) and 5′-ACTGTGGGCTCTGATCCCTCCTCGCTTTTCCCAGGCAGTTTGTGCACTT AGCTGT
CCAGCAGAGAACTTCCACTCAGAGATTGTCAGCGTGAAGGA-3′ (96 mer oligo), respectively.

F0 founder mice were screened for their CRISPR/Cas9 edited mutations as described below.
Mice carrying each mutation were backcrossed to C57BL/6J mice for more than three generations.
The p.Asp70Tyr allele was genotyped by Sanger sequencing; a 403 bp amplified fragment was
generated by PCR using primers (5′-CAGCCTAGGACCTGCCTTG-3′, 5′-TGGCAATACACAG
GAGGATCT-3′). Mice carrying the p.Ser178Leu variant were genotyped using PCR primers
5′-CGCAAGATCCTCCTGTGTATTG-3′ and 5′-AGAACTTGAGGATGGCCAGA-3′. The resulting
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409 bp amplicon was analyzed after a HinFI restriction endonuclease digestion (NEB). The wild
type amplicon was cut once with restriction endonuclease HinFI producing 187 bp and 222 bp
restriction fragments. The p.Ser178Leu amplicon was uncut by HinFI. p.His336Glnfs*12 mice were
genotyped by PCR using primers 5′-GGGACTTCTAGGAATAATTTCACC-3′ and 5′-TGCTGCAGTG
ATGAGAAGAG-3′. The resulting 325 bp amplicon was analyzed after a NlaIIII restriction endonuclease
digestion (NEB). The wild type 325 bp amplicon was digested by NlaIIII and produced 115 bp and
210 bp restriction fragments, while the p.His336Glnfs*12 allele generated a 324 bp amplicon and was
uncut by NlaIIII. The engineering and genotyping of mice carrying the p.Ser324Thrfs*3 allele were
described in Tona et al. 2019 [13].

The human TBC1D24 p.Ser178Leu variant is associated with DFNA65 autosomal dominant
nonsyndromic hearing loss with an onset reported in the third decade and initially affecting the
high frequencies [11,12]. Since C57BL/6J mice show age-related hearing loss due to the Cdh23
c.753G > A variant [25,26], mice carrying the Tbc1d24 p.Ser178Leu allele were backcrossed with
Cdh23 wild type (Cdh23753G) mice with a C57BL/6J background (B6.CAST-Cdh23Ahl+, The Jackson
Laboratory, Bar Harbor, ME). In this study, all Tbc1d24 p.Ser178Leu mice were homozygous for
Cdh23753G, which was genotyped by PCR using primers 5′-CTAGAGAACCCACGCAGGAC-3′ and
5′-TCAGCCCAAGCCTCTACTGT-3′. The resulting 430 bp amplicon was analyzed after BsrI restriction
endonuclease digestion (NEB). The Cdh23753G allele was uncut by BsrI while Cdh23753G>A allele
generated 66 bp and 364 bp restriction fragments.

2.4. ABR and DPOAE Measurements of Hearing Ability

Auditory testing was performed in the NIDCD/NIH Mouse Auditory Testing Core facility as
described [27]. Briefly, mice were anesthetized by an intraperitoneal (IP) injection of a combination of
56 mg/kg body weight of ketamine (VetOne, MWI, Boise, ID, USA) and 0.375 mg/kg body weight of
dexdomitor (Putney, Portland, ME, USA). Both auditory brainstem responses (ABR) and distortion
product otoacoustic emissions (DPOAE) were measured in the right ear using Tucker-Davis Technologies
hardware (TDT, Alachua, FL, RZ6 Multi I/O processor, MF-1 speakers) and software (BioSigRz, v. 5.7.2).
ABR wave 1 latencies and amplitudes were measured at 80 dB SPL at 8 kHz, 16 kHz, 32 kHz and
40 kHz. To evaluate the hearing status of the Tbc1d24 p.Asp70Tyr allele, five wild types (1 male,
4 females), 6 heterozygotes p.Asp70Tyr (1 male, 5 females) and 6 homozygotes p.Asp70Tyr (1 male,
5 females) were tested at P30, P60 and P90. For the Tbc1d24 p.Ser178Leu allele with Cdh23 c.753G > A
variant (Cdh23753G>A), three wild types (2 males, 1 female), three heterozygotes p.Ser178Leu (2 males,
1 female) and three homozygotes p.Ser178Leu (2 males, 1 female) were tested at P30, P60 and P90.
The Tbc1d24 p.Ser178Leu was homozygous for the wild type Cdh23 (Cdh23753G) and there were three
wild types (2 males, 1 female), four heterozygotes p.Ser178Leu (3 males, 1 female) and six homozygotes
p.Ser178Leu (4 males, 2 females), which were tested at P30, P60, P90 and P180. Since Tbc1d24 compound
heterozygous p.Ser324Thrfs*3/p.His336Glnfs*12 mice die by P20, three heterozygous p.Ser324Thrfs*3
(1 male, 2 females) and three compound heterozygous p.Ser324Thrfs*3/p.His336Glnfs*12 (1 male,
2 females) mice were evaluated only at P17.

2.5. Immunofluorescence Staining in Celloidin Sectionsof Human Cochleae

Human temporal bone specimens were obtained within 12 to 24 h of death from subjects without
a hearing loss history [28]. The temporal bones were stored in 10% neutral-buffered formalin at
4 ◦C for 4 weeks, decalcified with 5% EDTA for 9 to 12 months, dehydrated in a graded ascending
ethyl alcohol series and embedded in celloidin over a 3-month period. Temporal bones embedded
in celloidin were cut in 20 μm thick serial sections of which every tenth section was mounted and
stained with hematoxylin and eosin. The rest of the sections were stored in a glass jar and immersed in
80% ethanol and 20% double distilled water. Celloidin sections containing the cochlea (mid-modiolar
area) were removed from the jar and mounted on Superfrost Plus slides (Thermo Fisher Scientific,
Waltham, MA, USA) and used for immunofluorescence staining.
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To remove the celloidin [28], sections were placed in a glass Petri dish and immersed in ethanol
saturated with sodium hydroxide solution (100 g NaOH in 100 mL of ethanol), diluted 1:3 with
100% ethanol for 1 h, followed by 100% ethanol, 50% ethanol, and distilled water for 10 min each.
Slides were placed horizontally in a glass Petri dish containing antigen retrieval solution (Vector Antigen
Unmasking Solution, Vector Labs, Burlingame, CA, USA diluted 1:250 with distilled water) and heated
in the microwave oven using intermittent heating of two 2 min cycles with an interval of 1 min
between the heating cycles, Slides were allowed to cool for 15 min, followed by 10 min wash with
phosphate buffered saline solution (PBS, 0.1 M, pH 7.4). A drop of trypsin antigen retrieval solution
(#ab970, Abcam, Boston, MA, USA 1 drop of concentrated trypsin in 4 drops of PBS for 3 min) was
added to each section. Sections were washed with PBS 4 × 15 min.

Sections were blocked in PBS containing 1% bovine serum albumin fraction V (Sigma-Aldrich,
St. Louis, MO, USA) and 0.1% Triton X-100 (Sigma-Aldrich, St Louis, MO, USA) for 1 h, and incubated
subsequently with the rabbit antibody against TBC1D24 (ab101933, RRID: AB_10712373 or ab234723,
Abcam) and mouse monoclonal antibody against acetylated tubulin (T745, Sigma-Aldrich, St Louis,
MO, USA) in blocking solution for 72 h at 4 ◦C in a humid chamber. After 4 washes (15 min) in PBS,
a mixture of Alexa-488 conjugated goat anti-rabbit polyclonal IgG and Alexa-564 conjugated horse
anti-mouse polyclonal IgG (both from Molecular Probes, Carlsbad, CA, USA) was added at a dilution of
1:500 in blocking solution and incubated at room temperature for 3 h in the dark. Slides were mounted
in Vectashield mounting media (Vector Labs) containing DAPI. Background immunofluorescence was
removed using the Vector True VIEW kit (Vector Labs).

Negative controls, consisting of secondary antibody only, and unstained human cochlea sections
were used to assess for background staining and auto-fluorescence, respectively. Negative controls
exhibited minimal staining or auto-fluorescence. As positive controls, mouse cochlea sections were
immuno-stained with TBC1D24 antibody as previously reported [10]. The Institutional Review
Board (IRB) of UCLA approved this study of human temporal bones (IRB protocol #10-001449, AI)
and methods used in this study are in accordance with NIH and IRB guidelines and regulations.
Informed consent was obtained from each patient before inclusion in the study of temporal bone
sections; temporal bone specimens came from five individuals with normal hearing, of which three
were female and two were male, ranging from 55 to 78 years old.

2.6. In Situ Hybridization and Immunohistochemistry Using Mouse Cochleae

In situ hybridizations were performed using RNAscope assays (Advanced Cell Diagnostics (ACD),
Newark, CA, USA). Cochleae from C57BL/6J wild type mice at postnatal day three (P3) were fixed
overnight at 4 ◦C in 4% PFA (Electron Microscopy Sciences, Hatfield, PA, USA) in 1 PBS. Fixed cochleae
were cryopreserved in 15% sucrose in 1× PBS for overnight at 4 ◦C and then in 30% sucrose in 1× PBS
for overnight at 4 ◦C. Each cochlea was embedded and frozen in Super Cryoembedding Medium
(Section-Lab, Hiroshima, Japan). Frozen cochleae were sectioned (12 μm thick) using a CM3050S
cryostat microtome (Leica, Vienna, Austria). RNAscope Multiplex Fluorescent V2 Assays (ACD)
were conducted using Probe-Mm-Tbc1d24 (target region: 839 to 1739 nucleotides, NM_001163847.1),
Probe-Mm-Tubb3-C4 (target region: 2 to 1636 nucleotides, NM_023279.2) and Probe-Mm-Myo7a-C2
(target region: 1365 to 2453 nucleotides, NM_001256081.1). Images were taken with an LSM880 confocal
microscope equipped with 63× and 40× objectives (Carl Zeiss Microscopy, Thornwood, NY, USA).

Immunolocalization of TBC1D24 protein was examined in mouse cochleae at P8. The dissected
cochleae were fixed overnight with 4% PFA in 1× PBS at 4 ◦C. Permeabilization was done with 0.5%
Triton X-100 and blocking was performed with 2% BSA and 5% goat serum in 1× PBS. To verify
localization of TBC1D24 protein, we used four antibodies (ab101933, RRID: AB_10712373, Abcam;
ab234723, Abcam; NBP1-82925, RRID: AB_11061868, Novus Biologicals, Littleton, CO; sc-390237,
Santa Cruz Biotechnology, Dallas, TX, USA). Samples were incubated with one of the anti-TBC1D24
antibodies and anti-Tubulin Beta 3 (TUBB3) antibody (801202, RRID: AB_10063408, BioLegend,
San Diego, CA, USA) for 2 h, washed with 1× PBS and stained with anti-rabbit and anti-mouse
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secondary antibodies (Alexa Flour 488 and 568, respectively). Specimen were mounted using ProLong
Gold Antifade Mountant with DAPI (Thermo Fisher Scientific, Carlsbad, CA, USA) and observed with
the 63× objective using LSM780 (Carl Zeiss Microscopy).

2.7. scRNA-Seq

Single cell RNA-Seq (scRNA-Seq) datasets [29] of the developing cochlear epithelium at E16.5,
P1 and P7 were analyzed. Briefly, normalized count tables of E16.5, P1 and P7 cochlear samples were
obtained from GSE137299. Genes without canonical names (starting with “Gm-” or ending with
“Rik”) were removed before further analyses. Modularity-based clustering with Leiden algorithm was
implemented in Scanpy (v1.4.5). Briefly, principal component analysis (PCA) was performed on all
remaining genes. A KNN graph was constructed based on the Euclidean distance by the function
pp.neighbors using default settings. Cells were clustered by the function tl.leiden with the resolution
E16.5 = 10, P1 = 2 and P7 = 0.8. Expression of Myo6 was used as a general hair cell marker and Fgf8
expression was used as an inner hair cell (IHC) marker. Neurod6 was used as an outer hair cell (OHC)
marker of E16 and P1 data, and Slc26a5 was used as a P7 OHC marker. Violin plots for Myo6, Myo15,
Cldn11 and Tbc1d24 at E16.5, P1 and P7 were generated by Seaborn (v0.10.1) in Python (v3.8.2).

2.8. Computational Modeling

A three-dimensional (3D) structure of the TBC domain of human TBC1D24 (hTBC1D24) was
obtained using template-based modelling. A critical step in molecular modelling is the selection of a
template. The implementation of Hidden-Markov profiles in template-search algorithms increases
sensitivity, especially in the identification of templates that share very low sequence identity with
the query sequence, but still share the same fold. This is the case of the fold-recognition algorithm
implemented in HHpred server [30], which led to the identification of the TBC domain of Skywalker
(PDB id: 5HJQ and resolution 2.3 Å) [31] as a suitable template of the human TBC domain of TBC1D24
after scanning the hTBC1D24 profile against each of the profiles of the structures deposited in the
Protein Data Bank [32]. The initial alignment of hTBC1D24 and 5HJQ amino-acid sequences covers
residues 11-311 of hTBC1D24 (NP_001186036.1) and shows 24% amino acid sequence identity, with all
the secondary structural elements aligned. This alignment was subsequently refined using an iterative
process that places the most conserved residues packing towards the core of the protein and avoids
gaps within secondary-structural elements. This refinement was guided by the conservation scores
calculated by the Consurf server [33] and by the ProQ2 score calculated for each residue position
(local ProQ2 score) [34], which evaluates the compatibility between the TBC1D24 sequence and the
structural fold at a given segment. The final alignment of hTBC1D24 (residues 11-314) and 5HJQ
(residues 55-338) together with that of mouse and human TBC1D24 obtained with Clustal Omega
(https://www.ebi.ac.uk/Tools/msa/clustalo/) was then used to create 2000 models of human TBC (hTBC)
and mouse TBC (mTBC) domains using Modeller [35]. The final models were those with the best
ProQ2 score and Procheck analysis from each set and covered more sequence than that reported
by Finelli et al. [36]. α-Helical restraints were applied during the two production runs to residues
300-314 (NP_001186036.1) to complete the C-terminal helix of the TBC domain, which was missing in
the template.

2.9. Molecular Dynamic Simulations

The all-atom models of human and mouse TBC were enclosed in a simulation box of dimensions
~97 × 97 × 120 Å comprising a hydrated bilayer and 150 mM KCl as electrolyte. Each system
included ~116,000 atoms. The initial setup for a hydrated bilayer was made of 288 POPC
(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) and one PIP2 lipid molecules and was generated
by using the CHARMM-GUI web-based interface [37] and then relaxed for 50 nanoseconds (ns).
For each system, first, water molecules were placed within the protein structure with Dowser [38].
The protein was then inserted into the simulation box by superimposing the coordinates of the PIP2
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heads into the lipid bilayer associated with the protein model and removing the overlapping water
molecules. To optimize the protein-solvent and protein-lipid interfaces in the model, and to thermalize
the system, a series of short simulations were carried out with gradually weaker positional restraints
applied to the protein, the PIP2 head, the Dowser-added water molecules, and the z-coordinates of
the lipid atoms (excluding hydrogen atoms). The whole relaxation process was carried out for 23 ns.
In order to run two independent simulations, the relaxation was repeated starting from a different set
of velocities. Finally, two fully independent unrestrained simulations were carried out for a total of
400 ns for each system.

The final simulation snapshots were extracted and used to initiate the free-energy perturbation
(FEP) calculations. Here, a given side-chain, Ser178, is mutated alchemically to leucine using a step-wise
protocol controlled by a parameter λ that reflects the weights of the serine and the leucine in the
potential energy function of the system. FEP calculations were carried out with 21 intermediate λ steps.
For each λ, the system was simulated for 50 ns. The initial 10 ns of each simulation were considered as
an equilibration. The final 40 ns were split into two sets to have two independent estimates of the
free-energy. Free energy differences were evaluated by using the BAR algorithm [39]. To evaluate
the free-energy of the unfolded state, the FEP protocol was repeated for a tripeptide (Ala-Ser-Ala),
capped with acetyl and N-methylamine groups at the N and C termini, embedded in a cubic water box
of dimensions ~97 × 97 × 97 Å with KCl 150 mM as electrolyte. In this case, the snapshot after 50 ns of
simulation was used to initiate the FEP calculations.

All molecular dynamics simulations were carried out with Gromacs version 2018.3 [40], using an
integration time-step of 2 femtoseconds (fs), periodic boundary conditions, and a Nose-Hoover
temperature coupling set to 303.15 K. The pressure was maintained at 1 bar using Parrinello-Rahman
coupling semi-isotropically in the x, y plane and z direction. Electrostatic interactions were calculated
using the Particle-Mesh-Ewald algorithm, with a real-space cut-off of 12 Å. A shifted Lennard-Jones
potential, also cut-off at 12 Å, was used to compute van-der-Waals interactions. The CHARMM36 force
field for proteins [41] and lipids [42] was used in all calculations.

3. Results

3.1. Novel Splice Variant of Human TBC1D24 Associated with Deafness and Seizures

Clinical histories and phenotypes were obtained from four affected and two unaffected siblings and
their unaffected parents of family PKDF1429 (Figure 1B). All affected individuals in family PKDF1429
had congenital pre-lingual profound hearing loss (Figure 1C). Individual III:9 also had simple partial
seizures while III:15 had tonic-clonic seizures in childhood from six months to three years of age.
Individuals III:10 and III:14 did not show seizures. Physical examinations in this family did not reveal
any dysmorphic features of DOORS. These data indicated that deafness segregating in this family
appears to be non-syndromic (only hearing loss) for individuals III:10 and III:14, although admittedly
subtle seizures in these two individuals may not have been noticed.

To determine the molecular genetic causes for the apparent non-syndromic and syndromic
hearing loss segregating in family PKDF1429, whole exome sequencing (WES) was performed
using gDNA from individuals III:10 and III:15 (Figure 1B). Compound heterozygous variants of
TBC1D24 (NM_001199107.1): c.641G > A p.(Arg214His) and c.965 + 1G > A were identified in affected
individuals III:10 and III:15, which were confirmed by Sanger sequencing (Figure 1D). The donor
splice-site pathogenic variant c.965 + 1G > A of intron 2 of TBC1D24 is novel. The c.965 + 1G > A is
absent from gnomAD (v2.1.1) database of 125,748 exome and 45,708 whole genome sequences from
unrelated individuals and the G nucleotide is conserved from human to lamprey with a CADD score of
35, indicating deleteriousness of this variant (https://cadd.gs.washington.edu/). The novel variant has
been submitted to ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/) under submission ID SUB7952908.
The variant of c.641G > A p.(Arg214His) was reported in compound heterozygosity with variants
p.Glu153Lys or with p.Val445Glyfs*33 and associated with non-syndromic deafness DFNB86 [43].
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Sanger sequencing confirmed the genotypes of eight members of family PKDF1429. Parents of affected
children were heterozygous, confirming the trans-configuration of the two variants, and unaffected
members of the family were either heterozygous for p.Arg214His variant or homozygous for the wild
type allele (Figure 1B). The clinical heterogeneity of affected members of family PKDF1429 suggests that
the TBC1D24 genotype alone does not unequivocally dictate the phenotype, i.e., either non-syndromic
deafness or the combination of deafness and seizures.

3.2. TBC1D24 Protein Localization in Human and Mouse Temporal Bone and Tbc1d24 mRNA Expression in
Wild Type Mouse Cochlea

In P3 wild type mouse cochlea, in situ hybridization using RNAscope probes demonstrated that
Tbc1d24 mRNA was expressed in spiral ganglion neurons. However, no Tbc1d24 mRNA was detected in
mouse organ of Corti, including inner and outer hair cells (Figure 2A). Moreover, in RNAseq databases,
there were only background levels of Tbc1d24 mRNA expression present in mouse hair cells at E16.5,
P1 and P7. It was similar to the background levels of Cldn11 mRNA in hair cells, which we used as
our negative hair cell expression control (Figure S1). Cldn11 is abundantly expressed in the basal
cells of the stria vascularis, but not in hair cells [44–47]. In addition, we immunolocalized TBC1D24
protein in the cell bodies of mouse spiral ganglion neurons (Figure 2B) corroborating published
data [10,13]. However, TBC1D24 has also been reported to be localized in stereocilia at E14.5 and P0
to P3 but not at P7 using an sc-390237 antibody [12], an observation we reproduced with this same
commercial antiserum against TBC1D24. Nevertheless, three other antibodies against TBC1D24 that
showed immunoreactivity in spiral ganglion neurons, did not detect any immunofluorescence signal
in hair cells at various ages of mouse, including adult. Among these three antibodies, the rabbit
polyclonal ab101933 antibody was developed against an antigenic sequence of human TBC1D24
(aa 467–515) that is present within the antigenic sequence of human origin of the mouse monoclonal
sc-390237 antibody (aa 437–559). The specificity of the second out of these three antibodies, NBP1-82925
antibody, was confirmed previously using Tbc1d24 p.Val67Serfs*4 (TBC1D24 null) mouse inner ear [14].
By comparison, in temporal bone sections from deceased presumably normal hearing individuals,
TBC1D24 protein was immunolocalized in spiral ganglion neurons and outer and inner hair cells using
two different TBC1D24 antibodies from Abcam, including ab101933 antibody (Figure 3). Taken together,
these data indicate that mouse hair cell TBC1D24 immunoreactivity using mouse monoclonal sc-390237
antibody is likely to be non-specific. In both human and mouse, there is abundant expression of
TBC1D24 mRNA and TBC1D24 protein in spiral ganglion neurons, but in hair cells, TBC1D24 expression
is detected only in human, while it was undetectable in mouse hair cells.
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Figure 2. Expressions of mouse Tbc1d24 mRNA and TBC1D24 protein in spiral ganglion neurons
(SGN). (A) In situ hybridization using an RNAscope probe in wild type mouse cochlea at P3. Tbc1d24
mRNA (red, probe-Mm-Tbc1d24) is present in SGN. Expression of Tbc1d24 mRNA was not detected in
the organ of Corti. Hair cells and SGN were labeled using RNAscope probes that recognize Myo7a
(magenta, Probe-Mm-Myo7a-C2), and Tubb3 (green, Probe-Mm-Tubb3-C4), respectively. Middle panels
are enlarged images of the SGN. Right panels are enlarged images of the organ of Corti. Scale bars
are 100 μm (left panel) and 50 μm (middle and right panels). (B) Localization of TBC1D24 in wild
type mouse SGN. TBC1D24 (green) colocalizes with TUBB3 (red), a marker for the cell body of spiral
ganglion neurons, in P8 mouse cochlea. Scale bars are 10 μm.
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Figure 3. TBC1D24 expression in spiral ganglion neurons (SGN) and organ of Corti from human
temporal bones. (A) Drawing of a cochlea in cross-section including the organ of Corti and SGN.
The organ of Corti contains various supporting cells, one row of inner hair cells (IHC) and three rows
of outer hair cells (OHC). (B) Representative images of localization of TBC1D24 in human temporal
bone cross-sections. TBC1D24 is detected in an IHC and OHC (upper panels) and SGN (lower panels).
Scale bars are 20 μm.
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3.3. Auditory Function in the Mouse Models of DFNB86 and DFNA65

The hearing status of mouse models of human DFNB86 and DFNA65 deafness was quantitatively
evaluated using auditory brainstem responses (ABR) and distortion product otoacoustic emissions
(DPOAE), which are measures of spiral ganglion neurons and outer hair cell functions, respectively.
For the p.Asp70Tyr allele, which is a mouse model of the human DFNB86 p.Asp70Tyr variant [10],
ABRs were measured at P30, P60 and P90 in heterozygous and homozygous mutant mice and control
homozygous wild type littermates (Figure 4A and Figure S2B). ABR thresholds were within the normal
range for all three genotypes. TBC1D24 protein was localized to spiral ganglion neurons in both human
and P8 mouse. Therefore, we focused on ABR wave 1 because wave 1 originates from the action
potential in the auditory nerve [48]. ABR wave 1 latencies and wave 1 amplitudes were measured at
80 dB SPL at four frequencies (8, 16, 32 and 40 kHz). No significant differences were detected among
the three genotypes (Figure 4A), suggesting normal auditory nerve function in Tbc1d24 homozygous
p.Asp70Tyr mutant mice. Homozygous p.Asp70Tyr mice and their littermate controls also have normal
distortion product otoacoustic emissions (DPOAE), indicating that outer hair cell amplification of
basilar membrane vibrations is indistinguishable from the wild type (Figure 4B).

The human TBC1D24 c.533C > T p.(Ser178Leu) variant is associated with dominantly inherited
loss of hearing DFNA65, segregating in two apparently unrelated families [11,12]. Affected individuals
in these two families showed progressive high frequency hearing loss [11,12]. The Ser178 residue
is conserved in human and mouse TBC1D24 (Figure S2), although there are other differences in
amino acid sequence nearby the Ser178 residue and elsewhere between wild type human and mouse
TBC1D24 proteins. We engineered a mouse model of the human TBC1D24 dominant p.Ser178Leu allele
associated with deafness DFNA65. Both homozygous and heterozygous p.Ser178Leu mutant mice
with a C57BL/6J genetic background have hearing indistinguishable from their wild type littermates
(Figure S2D). Given that mice with a C57BL/6J background show age-related high frequency hearing
loss due to Cdh23 c.753G > A variant [25,26], both wild type littermates and p.Ser178Leu mutant
mice showed the expected age-related hearing loss due to this allele of Cdh23 (Cdh23753A) [25,26].
To exclude association of progressive hearing loss in this Tbc1d24 p.Ser178Leu mouse with p.Ser178Leu
variant, we measured ABR and DPOAE in Tbc1d24 p.Ser178Leu mouse with the wild type Cdh23
allele (Cdh23753G). Homozygous and heterozygous p. Ser178Leu mice with the Cdh23753G allele in the
background also showed normal ABR thresholds, wave 1 latencies, wave 1 amplitudes and DPOAE
(Figure 4C,D and Figure S2C), arguing that the observed age-related hearing loss was exclusively due
to Cdh23 (Cdh23753A) allele.

To evaluate the auditory function of a mouse model of human TBC1D24 syndromic deafness,
we tested hearing by ABR analyses using compound heterozygous p.Ser324Thrfs*3/p.His336Glnfs*12 mice.
The human TBC1D24 p.His336Glnfs*12 variant is associated with syndromic hearing loss. Compound
heterozygosity for human p.His336Glnfs*12 and the 1206 + 5G > A exon 5 donor splice site variant of
TBC1D24 is associated with DOORS [19], whereas compound heterozygosity for p.His336Glnfs*12 and
perhaps the less disabling p.Asp11Gly single amino acid substitution is associated with early-infantile
epileptic encephalopathy 16 (EIEE16) with hearing loss [20]. Using CRISPR/Cas9 editing, we engineered
the p.His336Glnfs*12 allele in mouse Tbc1d24. However, homozygous p.His336Glnfs*12 mice die during
embryonic development. Human p.His336Glnfs*12 homozygotes have not been reported. Consequently,
we generated compound heterozygous p.Ser324Thrfs*3/p.His336Glnfs*12 mice. As homozygous
p.Ser324Thrfs*3 mice had severe seizures but normal hearing at two weeks of age [13], the p.Ser324Thrfs*3
allele was a logical variant to evaluate the p.His336Glnfs*12 allele in compound heterozygosity.
Compound heterozygous p.Ser324Thrfs*3/p.His336Glnfs*12 mice also died around P20 due to seizures;
however, their auditory functions at P17 were within the same range as their normal hearing heterozygous
p.Ser324Thrfs*3 littermates (Figure S2A). These findings indicate that several different variants of Tbc1d24
in mouse, unlike the homologous human recessive and dominant variants of TBC1D24, are not associated
with hearing loss. However, the seizure phenotypes in humans, due to variants of TBC1D24 are
recapitulated in our mouse Tbc1d24 models [13].
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Figure 4. Auditory function measurements of wild type, heterozygous and homozygous Tbc1d24 mutant
mice. (A) Mean ABR thresholds, ABR wave 1 latency and ABR wave 1 amplitude of Tbc1d24 homozygous
p.Asp70Tyr (D70Y) (n = 6), heterozygous p.Asp70Tyr (n = 5) and wild type littermate (n = 5) mice
at P30. No significant differences were detected between homozygous p.Asp70Tyr, heterozygous
p.Asp70Tyr and wild type in threshold, wave 1 latency and wave 1 amplitude. ABR threshold at
P60 and P90 are shown in Supplementary Figure S2. (B) Mean DPOAE levels for the same Tbc1d24
p.Asp70Tyr mice tested with ABR. There was no significant difference among the three genotypes.
(C) Mean ABR thresholds, ABR wave 1 latency and ABR wave 1 amplitude of Tbc1d24 homozygous
p.Ser178Leu (n = 6), heterozygous p.Ser178Leu (S178L) (n = 4) and wild type littermates (n = 3)
at P180. As Tbc1d24 p.Ser178Leu mice and wild type littermate controls had homozygous wild type
alleles of Cdh23 (Cdh23753G), they didn’t show a high frequency progressive age-related hearing loss.
Homozygous p.Ser178Leu mice and heterozygous p.Ser178Leu mice have normal hearing at P30 to P180.
ABR threshold of Tbc1d24 p.Ser178Leu with Cdh23753G and Tbc1d24 p.Ser178Leu with Cdh23753G>A at
P30 to P90 are shown in Supplementary Figure S2. (D) Mean DPOAE levels in mice with the same
Tbc1d24 p.Ser178Leu allele but the wild type Cdh23753G were tested by ABR. Dash lines indicate noise
floors (NF). No significant differences were detected between homozygous p.Ser178Leu, heterozygous
p.Ser178Leu and wild type controls. All data represent mean ± SD.

Human TBC1D24 has an essential function required for normal hearing, since several different
human variants of TBC1D24 are associated with non-syndromic deafness or syndromic deafness
(Figure 1A). However, in mouse, TBC1D24 appears not to be required for hearing perhaps because the
loss of TBC1D24 function may be compensated by a paralogous protein. However, there might be
other explanations as to why particular homozygous or compound heterozygous variants of TBC1D24
are deafness-causing in humans, while the very same variants in mouse Tbc1d24 did not affect hearing.
Next, we used computational modeling and molecular dynamic simulations to identify additional
non-mutually exclusive reasons beyond the cell type-specific differences in the expression of TBC1D24
to explain the different species-specific phenotypic outcome.
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3.4. Template-Based Models of Mouse and Human TBC1D24

The final models of human and mouse TBC domain of TBC1D24 show just one residue in
disallowed regions from the PROCHECK analyses, indicating that the models have overall good
stereochemistry. In order to analyze the compatibility of the TBC1D24 sequence with the fold of the
template, 5HJQ, we calculated the ProQ2 score normalized by the number of amino acid residues
(global ProQ2 score). Both models have a normalized ProQ2 score of ~0.6, similar to that of the
template (0.7). In summary, both analyses highlight the good stereochemical quality of the models
and adequate selection of the template. Both models were used to analyze in further details the
sites close to residues Asp70 and Ser178 in mouse and human TBC for any structural difference
(Figure 5A). In particular, we considered the neighboring residues within 6 Å of Asp70 and Ser178.
In both mouse and human, Asp70 is located in a loop and exposed to the solvent with adjacent residues
that are strictly conserved (Figure 5A,B and Figure S3), indicating that this residue may be part of
a post-translational motif or a partner-protein binding site. This observation suggests that deafness
arising from p.Asp70Tyr substitution in human, but normal hearing in p.Asp70Tyr mouse, is not likely
due to differences in the identity of the neighboring amino acids. Alternatively, the different phenotypic
outcomes are related to an evolutionary divergence in the functional necessity and cell-type specific
regulation of expression of human TBC1D24 compared to mouse Tbc1d24.

The Ser178 residue is located in a α-helix (Figure 5A) and is part of a hydrophobic site with
neighboring residues that are mostly conserved. However, there is a notable difference between
mouse and human at residue 167. In mouse, there is a lysine and in human there is an arginine
(Figure 5B and Figure S3). Even though both residues are positively charged, the chemical nature of the
arginine provides a more bulky side chain compared to lysine and may indicate why the p.Ser178Leu
substitution may result in a different hearing phenotype in mouse compared to human when expressed
in the same cell types. Nevertheless, specific details at a structural level of this different phenotype
cannot be identified by analyzing mouse and human TBC models (Figure S4). Therefore, we took
advantage of Molecular Dynamics (MD).

To gain insight on the effect of p.Ser178Leu substitution, we carried out a series of MD simulations
of human hTBC and mouse mTBC, enclosed in a simulation box comprising a hydrated bilayer.
One PIP2 molecule anchored the protein to the bilayer (Figure S5). For each system, we first carried out
two independent, unrestrained simulations of 200 ns. During these simulations, the protein structures
conserved essentially all the structural features of the initial models, with hTBC and mTBC sharing the
same tertiary structure except for a remarkable conformational difference (Figure 6A and Table S1).
In fact, the C-terminal helix of each domain, which in the initial models laid close to the membrane
plane, moved toward Ser178, practically packing the serine side chain in between residues 304 and 308.
This conformational change was observed in all simulations and, except in one case, it took place either
during the relaxation phase or within the first 2 ns of unrestrained simulations (Figure 7). This finding
suggests that the Ser178 residue is critical for packing the C-terminal helix to the protein core, and, as a
consequence, stabilizing the folding of the global TBC domain.
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Figure 5. Computational modeling of human TBC1D24 and mouse TBC1D24. (A) Models of the TBC
domains of mouse (left) and human (right) of TBC1D24 shown as a cartoon. Residues Asp70 and
Ser178 as well as those within 6 Å are shown as sticks. (B) Enlarged view of the Asp70 (top) and Ser178
(bottom) sites in mouse (left) and human (right) models. Residues within 6 Å of Asp70 or Ser178 are
also shown as sticks and indicated with labels. A, Alanine; D, Aspartic acid; K, Lysine; P, Proline;
Q, Glutamine; R, Arginine; S, Serine; T, Threonine; V, Valine; Y, Tyrosine.
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Figure 6. (A) Structural superimposition of the initial models of mouse (left) and human (right (light blue
colored) with their corresponding final structures after 200-ns molecular dynamics (MD) simulations
(rainbow-colored). The reorientation of the C-terminal helix of the TBC domain when comparing the
initial model (α-helix colored in light red) and that after Molecular Dynamics simulation was applied
(α-helix colored in bright red) is indicated as an arrow. The Cα of Ser178 in both cases is shown as a cyan
sphere. (B) Side-chain distribution of residues 166 and 167. The isosurfaces of the distribution of the
guanidinium moieties of Arg166 and Arg167 (right panel), calculated from the hTBC simulations and
that of the ε-amine moieties of Lys166 and Lys167 (left panel), calculated from the mTBC simulations
(nitrogens only), are shown in dark blue. In both cases the isosurfaces refer to the density value of
0.05 atomic mass units per Å3. The protein snapshots correspond to the final snapshots from the
respective simulations (sim. 2) where the protein is shown as a gray cartoon and the side-chains of
residues Asp163, Lys/Arg166, Lys/Arg167 and Asp170 as gray sticks with the headgroups colored by
element: N is blue; O is red. D, Aspartic acid; K, Lysine; R, Arginine; S, Serine.
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Figure 7. Distance between Ser178 and the C-terminal helix. Left panel: The minimal distance between
the Cβ of Ser178 and the Cα of the residues from 304 to 308 is plotted as a function of simulated
time, showing how Ser178 is adjacent to the TBC C-terminal helix in most of the snapshots extracted
from both human and mouse simulations. Right panel: normalized distributions of the values in the
left panel.

To cast light on the role in stabilization of the TBC domain that is played by the Ser178 residue and
how the substitution of leucine affects it, we carried out free-energy perturbation (FEP) simulations.
Here, Ser178 is mutated, through a number of unphysical (alchemical) intermediates to leucine using a
step-wise protocol controlled by a parameter λ that reflects the weights of serine and leucine in the
potential energy function of the system. To relate the calculated free-energy values to the folding
free-energy differences, we performed similar FEP simulations of a tripeptide in water, which is adopted
as representative of the domain unfolded state. The substitution of a leucine-178 for serine-178 showed
little effect on the hTBC domain. In fact, the calculated ΔΔG was 0.47 kcal/mol, therefore comparable to
the thermal energy fluctuations, in the direction of a slight destabilization of the fold. On the other hand,
surprisingly, the same mutation stabilized the folding of mTBC by 3.1 kcal/mol (Table S2). Leucine is
significantly more hydrophobic than serine and is found among the most frequent amino acids at
α-helical interfaces of soluble proteins, whereas serine is mostly found in non-interfacial regions [49].
Therefore, it is not surprising that the p.Ser178Leu mutation is not disruptive and has a stabilizing
effect, at least in mouse. However, that does not explain the observed disparity between human and
mouse. As mentioned, the most notable difference among the amino acids adjacent to Ser178 in the
two structures is Arg167 in human, which is Lys167 in mouse. These residues belong to the loop
region from 162 to 167 and, therefore, are expected to be loosely structured. However, Figure 6B
shows that murine Lys167 is strongly tethered in between Asp163 and Asp170 during the simulations,
while the bulkier side chain of human Arg167 is more mobile. Consequently, the associated loop
162–167 is less rigid in human than in mouse. Therefore, we speculate that human residue 178 is more
exposed to the solvent and to the electrostatic fluctuations arising from the conformational changes
the neighboring charged residues (Arg166, Arg167, Asp163 and Asp170), while murine residue 178
faces a more compact pocket. This arrangement would then favor the more hydrophobic leucine over
serine, in mouse more than in human. In summary, FEP simulations indicate that p.Ser178Leu has a
stabilizing effect in mouse, but not in human.

4. Discussion

Pathogenic variants of human TBC1D24 are associated with a spectrum of skeletal and neurological
disorders including deafness, seizures, onychodystrophy, osteodystrophy and intellectual disability [5].
There is decisive data supporting an association of deafness with variants of human TBC1D24
(Figure 1A). In this study, we report recessive variants of TBC1D24 c.641G > A p.(Arg214His) and c.965
+ 1G > A segregating in a non-consanguineous Pakistani family. In affected individuals of this
family, the donor splice-site mutation of exon 2 (c.965 + 1G > A) is novel and present in trans
to c.641G > A p.(Arg214His). Bakhchane and colleagues reported that individuals with TBC1D24
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compound heterozygous p.Arg214His/p.Val445Glyfs*33 and p.Arg214His/p.Glu153Lys exhibited
non-syndromic deafness DFNB86 [43]. Surprisingly, in two affected members of family PKDF1429
(Figure 1) a compound heterozygous genotype resulted in deafness with seizure, while for the same
compound heterozygous genotype the other two siblings in this family have non-syndromic deafness
DFNB86. A common phenomenon for variants of TBC1D24 is that phenotype varies depending upon
the second pathogenic variant in trans. For example, compound heterozygosity for p.Glu153Lys and
p.Arg214His resulted in DFNB86 non-syndromic deafness [43], whereas p.Glu153Lys with p.Ala39Val
or p.Glu153Lys with p.Thr182Serfs*6 in trans cause seizure without deafness [50,51].

The distinctly different functions of TBC and TLDc domains have been individually studied in
orthologues, but not in TBC1D24, which is the only protein that has both of these domains. The TBC
domain is a GTPase activator and TLDc domain is neuro-protective against oxidative stress [16,17].
Surprisingly, there is no genotype-phenotype correlation yet with variant location, either with the
location in the TBC1D24 gene or in one or the other of the two domains of the TBC1D24 protein as
illustrated in Figure 1A [52]. Perhaps the pleiotropy, associated with different variants of TBC1D24,
results from a composite of disabled binding motifs for an array of interacting protein partners of
TBC1D24. To date, the reported binding partners of TBC1D24 include ARF6 (ADP-ribosylation
factor) [53,54] and ephrinB2 [55].

A second non-mutually exclusive possibility to explain the great variety of phenotypes associated
with variants of TBC1D24 is a variable contribution to compensation among individuals resulting from
their different genetic backgrounds [56,57]. For example, the TBC1D24-associated phenotype may be
influenced by common polymorphic variants of one or more of the 26 other TBC-containing proteins [58]
or variants of one of the other four TLDc-containing proteins in the mammalian genome [16,17].

To determine if the inner ear cell-type-specific expression is the same in human and mouse,
we performed immunohistochemistry on human temporal bones. TBC1D24 protein localized in human
SGN just as we and others have reported in mouse SGN [10,12,13]. However, TBC1D24 protein was
not reliably detected in mouse hair cells but was detected in human inner and outer hair cells of five
different temporal bones (Figure 3B). These data suggest that one possible cause of deafness in human
from variants of TBC1D24 is a necessary function of human TBC1D24 in the sensory epithelium of the
inner ear. In mouse, TBC1D24 is not detected in hair cells by RNAscope probes and is at a background
level in RNAseq data, comparable with the level of CLDN11, which is known to be expressed in basal
cells of the stria vascularis, but not in hair cells of early postnatal mouse inner ear (Figure S1). We also
cannot rule out the possibility that human TBC1D24 may also have a necessary function in the spiral
ganglion neurons as well.

Using CRISPR/Cas9 gene editing, we engineered in mouse the same deafness-causing variants
as in human TBC1D24. Unexpectedly, Tbc1d24 mutant mice have normal auditory functions even
though they have biallelic recessive or dominant missense mutations orthologous to either of two
variants associated with human non-syndromic deafness, DFNB86 and DFNA65 (Table 1). There is
precedent for animal models not recapitulating a human inherited pathology. For example, a variety of
engineered mouse models of Huntington disease (HD) do not reproduce the severe constellation of
neuropathology cascades, observed in HD patients or features of HD postmortem brains [59,60].
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Table 1. TBC1D24 variants and associated phenotypes.

Variant Genotype Human Phenotype Mouse Phenotype

p.Ser178Leu

p.Ser178Leu/p.Ser178Leu not reported normal hearing,
no seizures

p.Ser178Leu/+ progressive hearing loss [11,12] normal hearing,
no seizures

p.Asp70Tyr

p.Asp70Tyr/p.Asp70Tyr congenital profound hearing
loss [10]

normal hearing,
no seizures

p.Asp70Tyr/+ no clinical phenotype normal hearing,
no seizures

p.His336Glnfs*12

p.His336Glnfs*12/
p.His336Glnfs*12 not reported embryonic lethality

p.His336Glnfs*12/
p.Asp11Gly seizures with deafness [20] not reported

p.His336Glnfs*12/
c.1206 + 5G > A DOORS syndrome [20] not reported

p.His336Glnfs*12/
p.Ser324Thrfs*3 not reported seizures, postnatal death

~P20, normal hearing

In mouse, homozygosity for the p.His336Glnfs*12 allele results in embryonic lethality,
while compound heterozygosity of p.His336Glnfs*12 with p.Ser324Thrfs*3 produces postnatal death
at about P20 due to seizures. Given that heterozygous p.Ser324Thrfs*3 mice do not show seizure
and otherwise appear to be phenotypically wild type [13], we conclude that the phenotype of the
p.His336Glnfs*12 allele in compound heterozygosity with p.Ser324Thrfs*3 is pathogenic. These results
indicate that the p.His336Glnfs*12 variant in mouse is pathogenic but does not result in a hearing
loss. In addition to our results, a heterozygous Tbc1d24tm1b(EUCOMM)Hmgu mutant mouse has normal
hearing [36] and in our laboratory the homozygote for Tbc1d24tm1b(EUCOMM)Hmgu obtained from the
KOMP repository at the Baylor College of Medicine is also an embryonic lethal.

Since TBC1D24 is localized in human and mouse spiral ganglion neurons (Figures 2 and 3B),
we evaluated ABR wave 1 latency and amplitude (Figure 4A,C). However, there was no significant
difference among three genotypes. In mouse, homozygotes for Tbc1d24 p.Asp70Tyr variant have
normal hearing despite deafness associated with homozygosity for p.Asp70Tyr in human. In the mouse
cochlea, Tbc1d24 mRNA and TBC1D24 protein were detected only in the spiral ganglion neurons
(Figure 2A,B). This result is different from the localization of human TBC1D24, which was detected
in both organ of Corti and spiral ganglion neurons (Figure 3B). Perhaps in the mouse, expression of
TBC1D24 protein in spiral ganglion neurons is not necessary for normal hearing. While TBC1D24 is not
expressed in mouse hair cells, it is an open question as to whether TBC1D24 has a necessary function
in human spiral ganglion neurons, hair cells or both. To answer this question, in future studies we
will introduce in the presence of a homozygous null allele of the endogenous mouse Tbc1d24 gene,
a human wild type BAC transgene or a mutant TBC1D24. Would such mice, expressing only functional
human TBC1D24, show detectable TBC1D24 mRNA and protein in hair cells and would the human
TBC1D24 be necessary for hearing in mice? In a study of Parkinson disease (PD) in mouse models,
a mutant α-synuclein encoded by human SNCA expressed from a human transgene resulted in a
human-like PD-associated phenotype in mice homozygous for a null allele of the endogenous mouse
Snca gene [61].

The genetic background in humans and mice may have a significant impact on variants of human
TBC1D24, mouse Tbc1d24, or both. For example, there may be a modifier variant in the human genome
that enhances the deafness phenotype of biallelic pathogenic variants of TBC1D24. We engineered
Tbc1d24 mutant mice using only a C57BL/6J background. The phenotype of a variant in a mouse gene can
change substantially, depending upon genetic background [62]. We have yet to explore the possibility
that the recessive variant p.Asp70Tyr and the dominant variant p.Ser178Leu in mouse may result
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in deafness when placed in the context of a different genetic background. The genotype-phenotype
relationship of human TBC1D24 variants associated with seizures are recapitulated in variants of
mouse Tbc1d24 [13], unlike deafness. Does the genetic background of the B6 strain provide functional
compensation for a disabled TBC1D24 protein? Might there be a strain-specific modifier in the
background of a different mouse inbred strain that would suppress the non-penetrance of deafness in a
B6 background? Compensation for the loss of TBC1D24 in mouse may be provided by a paralog in the
mouse genome or compensation by a gene involved in the same network or signaling pathway [63].
For example, a dominant variant of METTL13 (DFNM1) completely suppresses recessive non-syndromic
deafness DFNB26, associated with a variant of GAB2 with both genes functioning in the HGF/MET
signaling pathway [64–66].

Another non-mutually exclusive possibility to explain the divergent outcomes of the same variant
of human TBC1D24 and mouse Tbc1d24 is that some variants are damaging in human but only in
combination with other wild type substitutions in TBC1D24 protein that have become fixed during
human evolution. From molecular dynamic simulations, we provide data indicating that p.Ser178Leu,
a dominant variant with a pathogenic leucine at residue 178, destabilizes human TBC1D24 protein;
but surprisingly the same substitution stabilizes mouse TBC1D24, despite the considerable sequence
identity between human and mouse TBC domains.

In summary, we report a novel pathogenic splice-site variant of TBC1D24 segregating in a Pakistani
family, and describe several mouse models of human TBC1D24 associated with DFNB86, DFNA65 and
syndromic deafness. We propose various possible explanations for the differences in phenotypes
despite the same variant in mouse Tbc1d24 and human TBC1D24, and provide experimental data
from molecular dynamics to support one of many possible explanations for this species-specific
outcome. Nevertheless, a comprehensive understanding as to how human TBC1D24 variants cause
DFNB86 deafness, as well as a panoply of other allele-associated abnormalities remains to be explored.
Future studies will focus on the networks and protein complexes in which TBC1D24 functions in the
auditory system and brain.
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Abstract: The etiology of hearing impairment following cochlear damage can be caused by
many factors, including congenital or acquired onset, ototoxic drugs, noise exposure, and aging.
Regardless of the many different etiologies, a common pathologic change is auditory cell death. It may
be difficult to explain hearing impairment only from the aspect of cell death including apoptosis,
necrosis, or necroptosis because the level of hearing loss varies widely. Therefore, we focused on
autophagy as an intracellular phenomenon functionally competing with cell death. Autophagy is a
dynamic lysosomal degradation and recycling system in the eukaryotic cell, mandatory for controlling
the balance between cell survival and cell death induced by cellular stress, and maintaining homeostasis
of postmitotic cells, including hair cells (HCs) and spiral ganglion neurons (SGNs) in the inner ear.
Autophagy is considered a candidate for the auditory cell fate decision factor, whereas autophagy
deficiency could be one of major causes of hearing impairment. In this paper, we review the molecular
mechanisms and biologic functions of autophagy in the auditory system and discuss the latest research
concerning autophagy-related genes and sensorineural hearing loss to gain insight into the role of
autophagic mechanisms in inner-ear disorders.

Keywords: classical degradative autophagy; genetics of hearing impairment; autophagy- and
lysosomal function-related genes; congenital disorder

1. Introduction

Cells are continuously exposed to various stresses, including both extracellular oxidative stress as
well as intracellular endoplasmic reticulum (ER) stress. There is a positive feed-forward loop between
oxidative stress and ER stress in cells. Oxidative stress occurs when the proper balance between
antioxidants and reactive oxygen species (ROS) is lost. A higher production of ROS may change DNA
structure, resulting in cell death, including apoptosis, necrosis, and necroptosis or cellular senescence.
ER stress activates the signaling pathway of the unfolded protein response (UPR) triggered in response
to the accumulation of unfolded or misfolded proteins in the ER. In cases where ER stress cannot be
reversed, cellular functions deteriorate, often leading to cell death. Various stressors can disturb the
intracellular redox balance, accumulating protein aggregation, and misfolding or unfolding proteins,
leading to conformational disease. Inner-ear diseases may have aspects of conformational disease.
Based on this concept, considerable research has been conducted on apoptosis and antioxidants in
inner-ear diseases [1–6]. However, in the case of patients with hearing loss, the hearing levels and
patterns are often diverse and not permanent. As a result, it may be difficult to explain hearing
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loss only from the aspect of cell death, apoptosis, necroptosis, or necrosis at the cellular level.
Therefore, we focused on autophagy as a cellular phenomenon functionally competing against cell
death for auditory cell fate decision. The lysosomal degradation pathway of autophagy (referred to
as macroautophagy) plays an important role in adaptation to cellular stress, clearance of autophagic
cargo (damaged organelles, intracellular pathogens, or protein aggregates), cellular development and
differentiation, and mitigation of genomic damage. Crosstalk occurs among apoptosis, necroptosis,
and autophagy [7]. Since the autophagic process controls auditory cell fate, protecting against
hearing impairment, autophagy-related genes could potentially hold the key to the genetics of hearing
impairment. To the best of our knowledge, there is no review article describing the effects of the
autophagy process on the genetics of hearing impairment and autophagy–lysosomal function-related
genes for hearing impairment. In this article, the first part describes the mechanisms and biologic
functions of autophagy as a decision factor in auditory cell fate and the role of autophagy in the
auditory system (or hearing), while the second part focuses on the relationship between autophagy
(elongation and completion steps)- and lysosomal function (fusion step)-related genes and hearing
loss, congenital disorder of autophagy with hearing loss, and the effect of autophagy for genetics of
hearing loss.

2. The Mechanisms and Biologic Functions of Autophagy

Autophagy plays fundamental roles in cellular homeostasis and exerts a major impact on cells
as the fate decision factor under various physiological and pathologic conditions [8]. Since Professor
Ohsumi won the Nobel Prize in 2016 for his seminal research on autophagy, many inner-ear researchers
have placed autophagy as the central target of their research. Today, the relationship between autophagy
and inner-ear disease is a hot spot in inner-ear research.

2.1. Autophagy Gene-Dependent Pathways for the Formation of Autophagosome

As shown in Figure 1, classical degradative autophagy (macroautophagy) involves the delivery of
cytoplasmic cargo to the lysosome for degradation. All autophagy-related genes (ATGs) are required for
efficiently-sealed autophagosome formation and proceeding to fusion with lysosomes. The subsequent
elongation and closure of the isolation membrane (phagophore) is mediated by two ubiquitin-like ATG
conjugation systems, ATG5–ATG12 and LC3 (light chain 3)-PE, in mammals. These ATG conjugation
systems are important for driving the biogenesis of the autophagosomal membrane [9].

The ubiquitin-like protein ATG12 is conjugated to ATG5 by ATG7. ATG16L1 and ATG12–ATG5
form a complex. This ATG16L1 complex specifically localizes to the isolation membrane (phagophore)
and then dissociates from it for the completion of autophagosome formation. LC3 is processed
at its C terminus by Atg4 and then becomes LC3-I. LC3-I is subsequently conjugated with
phosphatidylethanolamine (PE) to become LC3-II by ATG7 (E1-like) and ATG3 (E2-like) and recruited
to autophagosomes, forming with the support of WD-repeat protein interacting with phosphoinositide
(WIPI) proteins. LC3-II enables autophagosomes to bind p62 for ubiquitinated cargo [10].
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Figure 1. Classical degradative autophagy (macroautophagy). The autophagy-related gene (ATG)
conjugation systems (LC3-PE and ATG12–ATG5) are important for degrading the inner autophagosomal
membrane. Phagophore elongation involves two ubiquitin-like conjugation systems (LC3-PE and
ATG12–ATG5 conjugation). ATG7 and ATG10 operate sequentially to catalyze the formation of
ATG12–ATG5:ATG16L1 complexes. ATG4, ATG7, and ATG3 cooperate to cleave the precursors of
LC3-like proteins into their mature forms, followed by conjugation to phosphatidylethanolamine (PE)
and recruitment to autophagosomes forming with the support of WD-repeat protein interacting with
phosphoinositide (WIPI) proteins. LC3 and LC3 homologs enable autophagosomes with the ability
to bind autophagic substrates including p62 for ubiquitinated cargo [10]. The mammalian target
of rapamycin (mTOR)C1 amino-acid-sensing pathway. V-ATPase triggers the guanine nucleotide
exchange factor activity of Rag small GTP-binding protein in an amino-acid-dependent manner, which is
followed by the recruitment of mTOR to lysosomal membranes. Upon its localization to the lysosome,
mTORC1 kinase is activated by the small GTP-binding protein Rheb, which receives input from growth
factor signaling. The lysosome is responsible for recycling amino acids and cellular components via
degradation of proteins and other macromolecules, although acidification of the lysosomal lumen is
dispensable for mTORC1 signaling.

2.2. Autophagy Regulation by Lysosome through mTORC1 and v-ATPase

The inactivation of mTORC1 (mechanistic or mammalian target of rapamycin complex1) is one
of the main inducers of autophagy. Multiple cues, including cellular amino acid levels or oxidative
stress, modulate mTORC1 activity. Importantly, the recruitment to the lysosomal lumen and activation
of mTORC1 requires lysosomes and vacuolar H+-ATPase (V-ATPase) (Figure 1). The V-ATPases are
electrogenically-conserved proton pumps that acidify multiple intracellular organelles and extracellular
compartments and are implicated as critical components of cellular signal transduction pathways
including the wingless-related integration site (Wnt), Notch, and the mechanistic or mammalian target
of rapamycin (mTOR) signaling. These three molecule-signaling cascades are linked to cell-growth
regulation, coordinating downstream pathways involved in aging control. Due to these dependencies,
complete loss of V-ATPase activity results in embryonic lethality in mammals. Partial loss is related to
multiple disease states, including neurodegeneration or cancer [11]. The lysosome provides the key
indication of cell metabolic state including autophagy, enhancing cellular clearance based on lysosomal
mTOR-V-ATPase signaling [12,13].
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3. The Role of Autophagy in Auditory System (or Hearing)

3.1. Otic Epithelium

A previous study [14] indicated that ATG5, beclin-1(ATG6), and LC3B (ATG8) are expressed
during early development of the chicken inner ear, and that the otic epithelium has intense lysosomal
activity and numerous autophagic vesicles, especially at neuroblast exit zones. Autophagy is an active
process during early inner-ear development, providing the energy required for the generation of
neuronal otic precursors via the clearing of dead neuroepithelial cells; autophagic activity is necessary
for the otoconial biogenesis in inner-ear development.

3.2. Hair Cells, Spiral Ganglion Cells, and Brain Stem Nuclei

There were few reports on the relationship between autophagy and hearing loss before Professor
Yoshinori Ohsumi’s Nobel Prize-winning work of 2016. Since this time, the number of reports
has dramatically increased. Most inner-ear research has focused on the function of autophagy as
constituting an important mechanism for the recycling of cytoplasmic materials and in fine cleaning and
rejuvenating extranuclear compartments, especially in non-diving cells (or postmitotic cells) as typified
by neurons [15]. In the auditory pathway, hair cells (HCs) in the cochlea convert sound information into
electrical signals, then carry these signals to the central nervous system (CNS) via chemical synapses on
the spiral ganglion (SG) neurons dendrites [16,17]. The central afferents of these SG neurons converge
to form the auditory nerve, connecting to the cochlear nuclei in the brainstem [18].

A previous study [19] confirmed the expression of the autophagy machinery genes (BECN1,
ATG4g, ATG5, and ATG9a) by qRT-PCR in the E18.5 mouse cochlea and the expression of BECN1,
ATG4g and ATG5 in the brain-stem nuclei. Autophagy was also confirmed to be abundant in spiral
ganglion neurons by the expression of LC3B. The most important aspect of this study is that inner-ear
autophagy flux was revealed to be developmentally regulated and is lower at perinatal stages than in
the adult mouse. Another study [20] indicated that the deletion of ATG5 results in the degeneration
of hair cells (HCs) and profound congenital hearing loss. In this study, basal autophagy flux was
detected in both the inner and outer hair cells, whereas autophagosome formation was suppressed in
the ATG5-deficient HCs. Aggregates containing ubiquitin and p62 also accumulated. This suggests
that ATG5 deficiency results in congenital profound hearing loss due to the degeneration rather than
maldevelopment of auditory HCs and that ATG5 in cochlear HCs is essential for the maintenance of
the morphology of these cells and acquiring normal hearing acuity. These in vivo studies suggested
that autophagy plays a crucial role in the development, maintenance of morphology, and functional
maturation of the auditory system, and that abnormality of the autophagy machinery genes may cause
both congenital and acquired sensorineural hearing loss.

3.3. Synapse Ribbon

Glutamatergic ribbon-type synapses (cochlear ribbon synapses) are composed of molecular
machinery transducing mechano-electric components on the apical side of inner hair cells (IHCs),
connecting IHCs and spiral ganglion neurons (SGNs). Although ribbon synapses are immature at birth,
they mature, morphologically and functionally, between IHCs and SGNs with hearing onset during
development, coordinating with SGN (type 1) myelination, spontaneous activity, and synaptic pruning.
A recent study [21] indicated that autophagy plays an essential role in the development and maturation
of cochlear ribbon synapses in mice. According to this report, autophagy in IHCs was highly activated
in the early stage of hearing development (P1 to P15) and then decreased at P28 to P30. In contrast,
deficiency of autophagy before hearing onset impaired the pruning and refinement of ribbon synapses
in IHCs and the impairment of autophagy flux results in the exocytosis of cochlear IHCs in postnatal
mice. They proposed that in postnatal mice, the remodeling process of ribbon synapses in cochlear
IHCs during development may be mainly controlled by autophagy, and that deficiency of autophagy
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at the early stage of hearing development may induce auditory disorders via impairment of cochlear
ribbon synapses.

3.4. Auditory Neurons

The SGNs of the cochlea transmit all auditory information to the brain. In a recent study using
single-cell RNA sequencing [22], four types of SG neurons, including three novel subclasses of type
I neurons (Ia, Ib, and Ic neurons) and the type II neurons that exist at birth, were identified, and a
comprehensive genetic framework that constructs their potential synaptic communication patterns
was provided. The authors also found that many inhibitory modulators of TGFβ signaling (Smad6,
Smad7, Nog, Nbl1, Smad9, and Smurf2) were particularly enriched in the type II neurons, whereas all
SG neurons expressed the molecules essential for activating this cascade, despite the specific role of
this signaling only in type I neurons. The striking aspect here is that autophagy is a regulator of
TGFβ [23] and links Smad signaling [24]. Autophagy should regulate the function of SG neurons
(type I and II) and play a key role for the neuronal development of SG neurons. A study [25]
described that the autophagy protein ATG7 is required for membrane trafficking and turnover in
the axons, and impairment of axonal autophagy as a possible mechanism for axonopathy related to
neurodegeneration. A recent study indicated that the initial stages of SGN and nerve fiber degeneration
in the mouse cochlear cause the impairment of autophagy flux, while restoring autophagy–lysosomal
pathway disruption by the translocation of TFEB (transcription factor EB) liking autophagy to lysosomal
biogenesis into nuclear via inhibiting mTOR (mammalian target of rapamycin) cascade mitigated SGN
and nerve fiber degradation [26]. These results suggested that the lysosome function via TFEB in
autophagy–lysosome fusion step plays an essential role for restoring SGN and nerve fiber degradation.

4. Autophagy- and Lysosomal-Function-Related Genes and Hearing Loss

4.1. Autophagy-Related Genes Essential for Autophagosome Formation

4.1.1. ATG5 Gene

As shown in Figure 1, the formation of the autophagosome requires the action of two
evolutionarily-conserved ubiquitin-like conjugation systems (ATG5–ATG12 and LC3-PE), both of
which require the ATG5 gene [27,28]. ATG5 is a key player for autophagic vesicle formation [29].
Knocking down in vitro or knocking out ATG5 in vivo could result in downregulation or total inhibition
of autophagy, suggesting that ATG5 plays a central role in autophagy regulation. Thus, ATG5 is
one of the most commonly-targeted genes in autophagy gene-editing assays. ATG5 also functions
in the immune system, regulating innate and adaptive immune responses and is associated with
autoimmune diseases, including SLE and autoinflammatory diseases, such as Crohn’s disease (Table 1).
Inner-ear researchers [20] indicated that deletion of autophagy-related 5 (ATG5) resulted in hair
cell (HC) degeneration and profound congenital hearing loss, generating mice deficient in ATG5.
They indicated that both the morphology and mechanotransduction of ATG5-deficient auditory HCs
were normal at P5, although polyubiquitinated proteins and p62 had already accumulated. However,
at P14, polyubiquitinated protein aggregates and p62 progressively accumulated in auditory HCs of
mice deficient in ATG5, as well as HC degeneration and profound hearing loss. They concluded that
the cause of hearing loss in auditory HCs in mice deficient in ATG5 is associated with degeneration
of auditory HCs rather than maldevelopment. Hence, polyubiquitinated protein aggregates and p62
accumulation may play an important role in the progression of damage.
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Table 1. Characteristics of autophagy- and lysosome- related genes inducing sensorineural hearing loss.

Gene Gene Locus Encoding Genetic Defects Related Disease
Affected Process

of Autophagy

Atg5 6q21 ATG protein Deletion Autoinflammatory disease
Autoimmune disease

Autophagosome
formation

miRNA96 7q32.2 DFNA50 (OMIM #613074) Point mutations Sensorineural hearing loss Autophagosome
formation

WDR45 Xp11.23 WD repeat protein Uncovered
mutations BPAN Autophagosome

formation

GBA 1q21 (Lyso)glucosylceramide

Missense
mutations

Point mutations
Deletions
Insertions
Splicing

aberrations
Various

rearrangements

Gaucher disease
Type 1 (GD1)
Type 2 (GD2)
Type 3 (GD3)

Lysosome biogenesis

GLA Xq22.1 lysosomal α-galactosidase
A

Missense
mutations
Nonsense
mutations

Splicing mutations
Deletions
Insertions

Fabry disease Lysosome biogenesis

GAA 17q25.3 lysosomal α-glucosidase

Nonsense
mutations

Multiple exon
deletion

Pompe disease Lysosome biogenesis

NPC1 18q11.2 NPC protein

Missense
mutations

Point mutation
Duplication

mutation
Splicing mutation

Frame deletion

Niemann–Pick type C Lysosome biogenesis

NPC2 14q24.3 NPC protein
Missense

mutations of
homozygous state

Niemann–Pick type C Lysosome biogenesis

IDUA 4p16.3 alpha-L-iduronidase

Missense
mutations

Nonsense mutation
Deletion

Mucopolysaccharidoses Lysosome biogenesis

WD repeat: tryptophan-aspartic acid (WD) residues; BRAN: Beta-propeller protein-associated neurodegeneration;
DDOD: Dominant deafness-onychodystrophy.

4.1.2. miRNA 96 Gene

miRNA 96 is a member of the miRNA183 family (miRNA-183, miRNA-96, and miRNA-182) that is
coordinately expressed from a single genetic locus in vertebrates. In the human genome, the miRNA-183
family cluster is located on chromosome 7q32 with a 4.5 kb region, including a locus that has been linked
to autosomal-dominant non-syndromic hearing loss (NSHL) (DFNA50, OMIM #613074). As shown in
Table 1, initially, two mutations in the seed region of miRNA-96 were detected in two Spanish families
with autosomal-dominant progressive NSHL. Both mutations (+13 G > A and +14 C > A) affect the
nucleolar targeting signals (NTSs) that are fully conserved among vertebrates (from fish to humans) and
segregated with hearing loss in the affected families [30]. The description of novel causative variants
within the miRNA96 gene may be useful for clarifying the pathogenic mechanisms underlying the
DFNA50-associated phenotype. Inner-ear researchers [31] detected the +57 T > C mutation as the third
mutation of the miRNA96 gene in humans that contributes quantitative defects in miRNA-96 related
to the pathogenesis of sensorineural hearing loss, independent from additional qualitative defects
(i.e., changes in the actual mature miRNA-96 sequence). The family carrying the +57 T > C mutation
on hearing is characterized by late onset (between 25 and 40 years) and a slow progression of hearing
impairment. Researchers indicated that autophagy is modulated dose-dependently by miRNA96
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through regulation of mTOR and ATG7 required for the efficient formation of autophagosomes and
suggested that the inhibition of mTOR by upregulation of miRNA-96 may promote autophagy in
prostate cancer, which is involved in maintaining a dynamic balance of miRNA 96 in hypoxia [32].
Mutations of miRNA96 could make autophagy impaired through the activation of mTOR and the
downregulation of ATG7 in the cochlea, leading to sensorineural hearing loss.

4.2. Lysosomal-Function-Related Genes Essential for the Autophagy–Lysosome Pathway

The autophagy–lysosome pathway is an important mechanism for regulating the homeostasis of
intracellular long-lived proteins and organelles [33,34]. Lysosomes release metabolites and ions that
serve as a signaling hub for metabolic sensing and longevity, linking the functions of the lysosome to
various pathways for intracellular metabolism and nutrient homeostasis [35]. The intraluminal pH of
the lysosome is usually sustained in the low acidic range (4.2–5.3) for regulating many functions of
lysosomes with the vacuolar-type ATPase (V-ATPase) acting as an ATP-dependent proton pump [36].

Based on these physiological characteristics, V-ATPases has been found to be deeply involved
in the initiation of deafness [37]. In particular, dominant deafness-onychodystrophy (DDOD)
syndrome caused by de novo mutation c.1516 C > N (p.Arg506X) in ATP6V1B2 is a rare disorder
with chief complaints of severe deafness, onychodystrophy, and brachydactyly (Table 1) [38].
This group’s latest research [39] indicated four interesting results: (1) atp6v1b2 knockdown zebrafish
had developmental defects in multiple organs and systems; (2) Atp6v1b2 c.1516 C > N knock-in
mice led to cognitive disorders, based on the impaired hippocampal CA1 region from the pathology;
(3) the normal hearing thresholds of Atp6v1b2 c.1516 C > N in 24-week-old knock-in mice, suggested
that a compensation mechanism exists in the auditory system; and (4) V-ATPases assembly still occurred
in Atp6v1b2 c.1516 C >N. However, the interaction between the E and B2 subunits was weaker than in
the wild type (WT). They confirmed that the defectiveness of Atp6v1b2 leads to CNS impairments and
extends the phenotype range of DDOD syndrome. ATP6V1B2 encodes the B2 subunit in V-ATPases,
a multisubunit protein complex consisting of a soluble V1 subcomplex (responsible for hydrolyzing
ATP) and a membrane-bound V0 subcomplex (involved in H+ translocation) expressed in almost all
eukaryotes. Mutations in this gene theoretically result in lysosomal dysfunction or lysosomal damage.
Consequently, autophagy dysfunction is caused by suppressing the degradation of autophagosomes in
lysosomes, finally leading to cell death or aging. After this, these situations lead to distal renal tubular
acidosis (dRTA, MIM: 602722), a rare disease characterized by metabolic acidosis and sensorineural
hearing loss [40]. A recent genome-wide association study suggested that the ATP6V1B2 rs1106634 A
allele increases the lifetime risk of depression and hippocampal cognitive deficits [41]. An abnormal
rise in lysosomal pH, therefore, can have far-ranging effects on lysosomal digestion, strongly inhibiting
hydrolases with the most acidic pH optima, but also potentially elevating activities of other hydrolases
with pH optima closer to neutral. New reports implicate altered V-ATPase activity and lysosomal
pH dysregulation in cellular aging [42], longevity [43], and adult-onset neurodegenerative diseases,
including forms of Parkinson’s disease and Alzheimer’s disease [44]. Hence, the gene analysis of
V-ATPase in the auditory–brain pathway may be a key to resolving the relationship between hearing
loss and cognitive dysfunction.

Lysosomal storage diseases (LSDs) are inherited metabolic disorders caused by defects in lysosomal
proteins or lysosomal-related proteins, which lead to lysosomal disfunction resulting in accumulation of
undegraded substrate. LSD-associated genes encode different lysosomal proteins, including lysosomal
enzymes and lysosomal membrane proteins [45]. Mutations in genes encoding lysosomal hydrolases,
accessory proteins, membrane transport, or trafficking proteins may cause LSDs in vivo. LSDs are
inherited in an autosomal recessive or, in some types, in an X-linked manner. As listed in Table 1,
hearing loss has been found in several LSDs including Gaucher disease (caused by more than 400
mutations in the GBA gene (locus 1q21), encoding for the lysoglucosylceramide-degrading enzyme
β-glucocerebrosidase (EC 3.2.1.45)) [46], Fabry disease (X-linked glycosphingolipidosis caused by
deficiency of the lysosomal α-galactosidase A (EC 3.2.1.22), encoded by the GLA gene (Xq22.1)) [47],
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Pompe disease (a deficiency in the lysosomal α-glucosidase (EC 3.2.1.3) encoded by the GAA gene
(17q25.3)) [48], Niemann–Pick type C (NPC) (mutations in NPC1 (18q11.2) and NPC2 (14q24.3)
genes, intralysosomal cholesterol, and sphingolipid accumulation) [49], and mucopolysaccharidoses
(mutations in the IDUA gene providing instructions for producing an enzyme (α-L-iduronidase),
which is involved in the breakdown of glycosaminoglycans (GAGs)) [50]. LSDs are caused by
disruptions in the lysosomal network and intralysosomal accumulation of substrates in certain cell
types. However, many aspects of the molecular pathology of the cochlea due to LSDs remain unclear.
According to the recent study [51], it will be interesting to shed light on whether the endosomal sorting
complex required for transport (ESCRT)-dependent membrane sealing is involved in mammalian LSDs
caused by different genetic defects and whether lysophagy—one of selective autophagy and ESCRT
repair—acts in concert during the development of lysosomal storage [52].

5. Congenital Disorder of Autophagy with Hearing Loss

β-Propeller Protein-Associated Neurodegeneration (BPAN): Mutations in the WDR45 Gene

Some congenital disorders of autophagy with an emerging phenotype of inborn errors of
metabolism involve hearing impairment as one of the associated symptoms (Table 1) [53]. Recently,
two groups independently reported mutations in the WDR45 gene as the genetic cause of β-propeller
protein-associated neurodegeneration (BPAN), a disease that had been previously labeled using the term
‘static encephalopathy of childhood with neurodegeneration in adulthood (SENDA) syndrome’ [54].
This disease is characterized by the onset of dystonia, Parkinsonism, and progressive cognitive decline
with visual and auditory disabilities in early adulthood or adolescence. WDR45, also known as WIPI4,
is located on the X-chromosome and is one of the four mammalian homologs of the core autophagy
gene epg-6 in Caenorhabditis elegans [55]. WDR45 encodes a WD repeat protein, a superfamily of proteins
with a conserved core of 40 amino acids terminating in tryptophan–aspartic acid (WD) residues.
WD40 proteins fold into similar β-propeller structures that function as protein–protein autophagy
or protein–DNA interaction platforms and mediate molecular signaling cascades mainly through
the smaller top surface [56]. Based on these properties, WD-repeat proteins consist of components
with many essential biologic functions and pathways including autophagy. Importantly, WDR45,
the WD-repeat protein mutated in BPAN, interacts with autophagy-related proteins ATG2 and ATG9
to regulate crucial steps for autophagosome formation and elongation [57]. Therefore, depletion of
WDR45 in mammalian cells could lead to the accumulation of early autophagic vesicles or immature
autophagosomes [58]. According to a recent report [59], conditional CNS-specific WDR45 knockout
mice (Nes-WDR45fl/Y) show swollen axons and accumulation of autophagy substrates p62 and
ubiquitin as the characteristics of axonal pathology. Neither neurodegeneration nor iron deposition
are prominent phenotypes. However, at the behavioral level, Nes-WDR45fl/Y mice displayed subtle
deficits of coordinated motor skills, poor memory, and learning impairment. These situations indicated
deficits in neuronal circuit formation or neurotransmission. Another aspect of the pathogenesis of
BPAN should be the role of autophagy in iron metabolism, which is called ferritinophagy as selective
autophagy. The bioavailability of intracellular iron is critically regulated by the delivery of ferritin to
autophagosomes and the degradation in lysosomes, allowing release of iron into the cytoplasm [60,61].
These recent studies showed that hearing impairment in BPAN may be related to the accumulation of
p62 and ubiquitin in neural cells of central auditory pathway or ferritinophagy impairment.

6. The Effect of Autophagy for Genetics of Hearing Loss

6.1. Genetics of Sensorineural Hearing Loss (DFNA5 and DFNB59) and Autophagy

DFNA5 was first identified in a Dutch family as a gene causing autosomal dominant hearing loss
(HL). In almost all cases, the DFNA5 mRNA transcript skips exon 8, leading to a frameshift and a
premature truncation of the protein [62]. DFNA5-associated HL is characterized by non-syndromic HL
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with no other symptoms. A recent study [63] indicated that gasdermin-E (GSDME), which was originally
identified as DFNA5 (deafness gene, autosomal dominant 5) [64], could transform caspase-3-mediated
apoptosis induced by chemotherapy drugs, etc., into pyroptosis, an inflammatory form of programmed
cell death. GSDME was specifically cleaved by caspase-3-mediating cleavage of autophagy-associated
protein beclin-1, inactivating autophagy and promoting apoptosis. Beclin-1 is a dual regulator for
both autophagy and apoptosis and a substrate of caspase-3 with two cleavage sites at positions
124 and 149 [65]. The N-terminal domain of GSDME, as the functional characteristic, displays an
apoptosis-inducing activity while the C-terminal domain functions as an apoptosis-inhibiting regulator
by shielding the N-terminal domain [66]. A specific form of autosomal dominant progressive
sensorineural hearing loss due to DFNA5 may cause the disruption of balance among apoptosis,
pyroptosis, and autophagy in sensory hair cells.

DFNB59 was the first reported human gene leading to nonsyndromic deafness due to neuronal
defect through the auditory pathway neurons [67]. Nonsense mutations in the PJVK gene encoding
protein PJVK, which is present in hair cells supporting cells and spiral ganglion cells, resulted in
autosomal recessive nonsyndromic deafness in humans at the DFNB59 locus on chromosome
2q31.2 [68,69]. A recent study indicated that the DFNB59 form of deafness is a pexophagy disorder [70].
Pexophagy means that peroxisomes are degraded by lysosomes through autophagic pathways as a
selective autophagy (Figure 2) [71]. Peroxisome membrane proteins are ubiquitinated by PEX2, the E3
ubiquitin ligase, for inducing pexophagy. Ubiquitinated peroxisome membrane proteins are removed
from peroxisomes by the AAA-type ATPase PEX1–PEX6–PEX26 and the deubiquitinase USP30 for
preventing pexophagy. The expression of PEX3 on peroxisome membranes also increases for inducing
pexophagy. Ubiquitinated peroxisomes are bound to autophagosomes through interacting with the
autophagic adapter proteins (cargo receptors), NBR1 and p62, and facilitating its binding to LC3-II.
Peroxisomes are also sequestered into autophagosomes when PEX14 interacts with LC3-II rather than
PEX5. Peroxisomes are dynamic organelles whose metabolism, size, abundance, and phenotype can
change in response to alterations in nutritional and other environmental conditions. Peroxisomes are
routinely turned over by pexophagy for the quality control of organelles, referred to as peroxisome
dynamics, for several processes of peroxisome biogenesis. PJVK also has another function—triggering
pyroptosis when pexophagy is induced by oxidative stress [72–75]. DFNB59 could play an essential
role in oxidative-stress-induced peroxisome biogenesis and pexophagy in auditory hair cells [70].
Hence, autosomal-recessive non-syndromic hearing loss caused by DFNB59 mutations may be affected
by the impairment of pexophagy in sensory hair cells in terms of progressive hearing loss.

Figure 2. Schematic of molecular mechanisms of pexophagy. Peroxisome membrane proteins are
ubiquitinated by the E3 ubiquitin ligase, PEX2, to designate peroxisomes for pexophagy. Opposing the
action of PEX2 on peroxisomes is the deubiquitinating enzyme USP30. Ubiquitinated peroxisome
membrane proteins are removed from peroxisomes by the AAA-type ATPase (PEX1–PEX6–PEX26)
and the deubiquitinase USP30 to prevent pexophagy. Increasing the expression of PEX3 on
peroxisome membranes may also designate them for pexophagy. Ubiquitinated peroxisomes are
targeted to autophagosomes through interactions with the autophagy receptors NBR1 and p62,
which facilitate sequestration within autophagosomes through binding with LC3-II. Peroxisomes
are also targeted and sequestered within autophagosomes when LC3-II out-competes PEX5 for
binding to PEX14. Import-competent peroxisomes deter pexophagy through PEX14–PEX5-binding,
whereas import-incompetency frees PEX14 allowing it to bind LC3-II and facilitate pexophagy [71].
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6.2. Presbycusis Accelerated by Connexin 26 Partial Loss and Autophagy through Nrf2/Keap1 Pathway

Mutations in the gap junction protein β-2 (GJB2) gene encoding connexin 26 (Cx26) are the most
common cause of sensorineural hearing impairment [76–79]. In several populations, the truncating
variant 35delG involved in the prevalent GJB2 mutation results in a complete loss of function of Cx26
protein whose structure has been solved with a 3.5 Å resolution. A recent study indicated that the
partial loss of Cx26 results in accelerated presbycusis (age-related hearing loss (ARHL)) caused by redox
imbalance and dysregulation of the nuclear factor (erythroid-derived-2)-like 2 (Nrf2) pathway [80].
It was confirmed that the hearing level more rapidly worsened in Gjb2+/−mice than control mice using
auditory brainstem responses (ABRs) and distortion product otoacoustic emission (DPOAE) thresholds.
Levels of oxidative stress increased in the cochlear duct of the auditory phenotype of Gjb2+/−mice and,
as a result, apoptosis was induced, the release of glutathione from connexin hemichannels was reduced,
nutrient delivery to the sensory epithelium via cochlear gap junctions was decreased, and the expression
of target genes of Nrf2 was deregulated. Conversely, Gjb2−/−mice failed to express acquired deafness
although levels of oxidative stress increased in the cochlea [81]. This research group also indicated
that two NRF2 target genes (PRKCE and TGFβ1) (p-value < 4 × 10−2) were detected in a large cohort
of 4091 individuals with hearing phenotype (including 1076 presbycusis patients and 1290 healthy
matched controls from Europe, Caucasus, and Central Asia) by a genome-wide association study. In this
study, the authors suggested from the both basic research and clinical study that: (1) it is important for
hearing maintenance to normally run the Nrf2 pathway and (2) dysfunction of the Nrf2 pathway may
result in human presbycusis. As shown in Figure 3, Nrf2 is a transcription factor in response to gene
expression of antioxidant proteins [82]. The common Nrf2-binding motif known as the antioxidant
response element (ARE) should be activated for inducing Nrf2 target genes [83]. In auditory cells
under oxidative stress, an autophagic pathway is maintained by a Kelch-like ECH-associated protein 1
(Keap1)–Nrf2 feedback loop through p62, a protein encoded by the sequestosome 1 gene (SQSTM1) [84].
Kelch-like ECH-associated protein 1 (Keap1) is an adaptor protein of cullin-3-based ubiquitin ligase.
The N-terminally lying Neh2 domain of Nrf2 contains two Keap1-binding motifs, DLG and ETGE.
Interactions between these two binding motifs and Keap1 compose a key regulatory site for Nrf2
activity through the formation of a two-site-binding hinge-and-latch mechanism, although this two-site
binding is necessary for ubiquitinated Nrf2 [85,86]. ETGE tightly binds to Keap1, whereas DLGex
binds more weakly than ETGE. Here, this binding plays a role as a fine-tuner of the ubiquitination of
Nrf2 [87]. Nrf2-repressor function was lost by chemical modification of specific cysteine sensors of
KEAP1 by oxidative stressor, and then Nrf2 was released from the Keap1 interaction and translocated
into the nucleus to induce the expression of Nrf2-target gene [88,89]. The Keap1–Nrf2 system functions
as a major oxidative stress response pathway in auditory cells. p62/SQSTM1 is a stress-inducible protein
with multifunctional domains including an LC3-interacting region (LIR), a Keap1-interacting region
(KIR), and a ubiquitin-associated (UBA) domain [90], regulating the activation and stabilization of Nrf2
by inhibiting the ability of Keap1 to hold Nrf2. It also functions as an adaptor protein between selective
autophagy and ubiquitin signaling [91,92]. This means that the Keap1–Nrf2 pathway and selective
autophagy could be mediated by p62/SQSTM1. Taken together, p62-mediated selective autophagy may
regulate presbycusis accelerated by Cx26 partial loss through Nrf2/Keap1 pathway in cochlea.
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Figure 3. The role of the p62– Kelch-like ECH-associated protein 1 (Keap1)–nuclear factor
(erythroid-derived-2)-like 2 (Nrf2) axis. Upon selective autophagy, oligomerized p62 undergoes
phosphorylation at Ser residues (S407, S403) (shown as ‘P’) and increases the binding affinity of p62
to ubiquitin, followed by sequestration of polyubiquitinated cargos. Then, mTORC1 phosphorylates
S349 of p62 and increases the binding affinity of p62 to Keap1, resulting in the escape of Nrf2 from the
Keap1 interaction. Free Nrf2 enables the activation of various target genes. Keap1 is degraded together
with the polyubiquitinated cargo-binding to p62 into autophagosome. ARE, antioxidant response
element [82].

7. Conclusions

In this review article, we summarized the effects of the autophagy process on the genetics
of hearing impairment and autophagy–lysosomal function-related genes for hearing impairment
(Figure 4). Sensorineural hearing loss (SNHL) may be caused by both environmental and hereditary
factors. Approximately 60% of cases are due to genetics. We described how three important deafness
genes (DFNA5, DFNA59 and connexin26) linked with autophagy are sensitive to oxidative stress,
inducing SNHL, or age-related hearing loss (ARHL), and that autophagy deficiency caused by
autophagy- and lysosomal-function-related genes can induce hearing impairment. Taken together,
autophagy may play crucial roles in the genetics of hearing loss. However, this remains speculative,
as few genes related to the autophagy process as a gene-causing autosomal dominant hearing loss
have been detected to date. Exploring genes related to the autophagy–lysosome pathway will provide
new insight into the genetics of hearing impairment in the near future. In conclusion, investigating
the autophagy–lysosomal-function-related genes will open new doors for the therapeutic targets of
sensorineural hearing loss. Furthermore, we hope that in the near future, new investigations into the
genetic variants of autophagy- and lysosomal-function-related genes will be conducted based on the
American College of Medical Genetics (ACMG) guidelines.
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Figure 4. The effects of the autophagy process for genetics of hearing impairment and autophagy-
and lysosomal-function-related genes for hearing impairment. Genetic-defect-linked autophagy-
and lysosomal-related genes, including mutation or deletion result in sensorineural hearing loss or
hereditary disorders with sensorineural hearing loss (BRAN, DDOD syndrome, and LSDs). Mutations of
three deafness genes (DFNA5, DFNA59, and connexin26) linked with autophagy induce oxidative
stress in the cochlea and the resulting imbalance of autophagy and apoptosis in sensory hair cells
due to depressed pexophagy or Keap1/Nrf2, causing the progression of SNHL or ARHL (Cx26 partial
loss). BRAN, β-propeller protein-associated neurodegeneration; SNHL, sensorineural hearing loss;
ARHL, age-related hearing loss; DDOD syndrome, dominant deafness–onychodystrophy; LSDS,
lysosomal storage diseases.
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Abstract: Central auditory processing disorder (CAPD) is associated with difficulties hearing and
processing acoustic information, as well as subsequent impacts on the development of higher-order
cognitive processes (i.e., attention and language). Yet CAPD also lacks clear and consistent diagnostic
criteria, with widespread clinical disagreement on this matter. As such, identification of biological
markers for CAPD would be useful. A recent genome association study identified a potential
CAPD risk gene, USH2A. In a homozygous state, this gene is associated with Usher syndrome type
2 (USH2), a recessive disorder resulting in bilateral, high-frequency hearing loss due to atypical
cochlear hair cell development. However, children with heterozygous USH2A mutations have
also been found to show unexpected low-frequency hearing loss and reduced early vocabulary,
contradicting assumptions that the heterozygous (carrier) state is “phenotype free”. Parallel evidence
has confirmed that heterozygous Ush2a mutations in a transgenic mouse model also cause low-
frequency hearing loss (Perrino et al., 2020). Importantly, these auditory processing anomalies were
still evident after covariance for hearing loss, suggesting a CAPD profile. Since usherin anomalies
occur in the peripheral cochlea and not central auditory structures, these findings point to upstream
developmental feedback effects of peripheral sensory loss on high-level processing characteristic
of CAPD. In this study, we aimed to expand upon the mouse behavioral battery used in Perrino
et al. (2020) by evaluating central auditory brain structures, including the superior olivary complex
(SOC) and medial geniculate nucleus (MGN), in heterozygous and homozygous Ush2a mice. We
found that heterozygous Ush2a mice had significantly larger SOC volumes while homozygous Ush2a
had significantly smaller SOC volumes. Heterozygous mutations did not affect the MGN; however,
homozygous Ush2a mutations resulted in a significant shift towards more smaller neurons. These
findings suggest that alterations in cochlear development due to USH2A variation can secondarily
impact the development of brain regions important for auditory processing ability.

Keywords: central auditory processing disorder; Usher syndrome type 2; USH2A; superior olivary
complex; medial geniculate nucleus

1. Introduction

Individuals diagnosed with central auditory processing disorder (CAPD) experience
difficulties with multiple mechanisms that subserve acoustic information processing. These
include, but are not limited to, sound localization, temporal discrimination, discrimination
between two or more competing auditory stimuli, auditory pattern recognition and dichotic
listening [1,2]. Moreover, affected individuals have difficulties with speech processing
that include attending to verbal input (i.e., oral instruction) and comprehending complex
sentences [3]. As a result, affected children often experience poor academic performance
and reduced quality of life [4,5].

Nonetheless, there is ongoing debate within the audiology community as to the def-
inition of—and diagnostic criteria for—CAPD. This includes whether CAPD should be
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considered a DSM-defined disorder. According to the American Speech and Hearing
Association (ASHA), individuals clinically diagnosed with any of the aforementioned audi-
tory impairments have clinically defined CAPD [1]. However, multiple other audiology
groups (i.e., the American Academy of Audiology (2010) [6], the British Society of Audiol-
ogy (2011) [4] and the Canadian Interorganizational Steering Group for Speech-Language
Pathology and Audiology (2012) [7]) adopt different standards. The discrepancies across
organizations include differences in phenotypic description, ascribed causal mechanisms
and classification of co-morbidities (see [2] for a review). These disparities contribute to
controversy in recognizing CAPD, with varied results in the attribution of symptoms to
other disorders. For instance, Dawes and Bishop (2010) [8] reported that 52% of children di-
agnosed with CAPD could also fit a diagnosis of dyslexia, specific language impairment, or
both. Children with CAPD have also been shown to meet behavioral profiles for attention
deficit disorder [9,10], suggesting CAPD may resemble a more general cognitive disorder
rather than an auditory perception disorder.

The lack of a clear causal genetic, peripheral or neurologic mechanism adds another
layer of difficulty to defining CAPD. Ongoing research is crucial to determining whether
CAPD is the result of poor auditory processing and/or integration with higher-order
cognitive processes, subclinical hearing impairments that affect cochlear development,
comorbid cognitive disorders (as discussed above), or a combination of factors. Addition-
ally, genetic contributions to CAPD remain understudied [11]. Brewer et al. (2016) [12]
reported that auditory processing skills (i.e., temporal processing and pitch discrimination)
subserving the perception of spoken language are heritable. As such, it is possible that
auditory processing difficulties seen in individuals with CAPD arise from genetic variants
and/or mutations.

One promising CAPD-risk gene is USH2A, which is clinically associated with Usher
syndrome type 2 (USH2; [13]). Individuals with USH2 experience bilateral hearing loss
at high frequencies and retinitis pigmentosa beginning at puberty [14,15]. USH2 results
from homozygous loss-of-function of USH2A, with heterozygous individuals considered
to be unaffected carriers [16,17]. The USH2A protein is expressed primarily in the cochlea
and retina but not in the brain, meaning that USH2 is considered a peripheral disorder [18].
Usherin plays a critical role in cochlear hair cell maturation and acts to connect developing
stereocilia with kinocilium via a transient lateral ankle link that helps guide developing
hair cells into their proper orientation [19,20]. Lui et al. (2007) [19] reported that the outer
hair cells of the basal cochlea were missing in mice with a homozygous knockout of Ush2a
(the rodent homolog of USH2A), consistent with high-frequency hearing loss in individuals
with USH2.

While it is well established that homozygous mutations of USH2A cause UHS2, little
is known about how heterozygous mutations affect hearing ability or auditory processing.
Historically, heterozygous mutations of USH2A have been considered nonpathogenic, with
such individuals classified as “unaffected carriers” of USH2. Yet several studies report low-
frequency hearing loss or sensorineural abnormalities in USH2 carriers [20–23]. As a result
of abnormalities reported in USH2 carriers, researchers have recently become interested in
how heterozygous mutations of USH2A might contribute to auditory processing ability,
including disorders like CAPD.

To study the relationship between heterozygous USH2A mutations, CAPD and lan-
guage outcomes, Perrino et al. (2020) [24] sought to combine human whole genome se-
quencing with mouse model behavioral phenotyping. Specifically, we conducted genome
sequencing of a family with individuals affected by a severe expressive language disorder,
as well as phenotypic characteristics of CAPD (i.e., difficulties understanding oral instruc-
tions). Affected family members were found to have a heterozygous stop-gain mutation
in the USH2A gene (NP_996816:p.Gln4541*), suggesting that the heterozygous USH2A
mutation might have caused the auditory processing deficits in affected family members.
To further test this hypothesis, we evaluated Ush2a heterozygous (HT) mice on a battery of
rapid auditory processing tasks. We found that HT mice had low-frequency hearing im-
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pairments, which subsequently contributed to higher-order auditory processing difficulties
that persisted even when hearing deficits were covaried out. Importantly, simultaneous
testing showed that Ush2a KO mice were affected by significant high-frequency auditory
processing impairments, a defining characteristic of USH2. These low-level hearing deficits
in homozygous mice also contributed to higher-order auditory processing difficulties reflec-
tive of central mechanisms. Human genome-wide association studies (GWAS) also suggest
that heterozygous USH2A mutations contribute to a CAPD phenotype. Specifically, though
the same stop-gain mutation that was reported in our discovery family was not present in
the UK10K dataset [25], children with pathogenic heterozygous USH2A variants nonethe-
less showed low-frequency hearing impairments (i.e., increased low-frequency hearing
thresholds (+1.2 dB HL at 500 Hz)), as well as reductions in vocabulary, when compared to
children without an USH2A mutation [24]. These results were highly novel in identifying
heterozygous USH2A mutations as a CAPD risk, with impacts on low-frequency hearing
as well as higher-order auditory processing abilities necessary for typical language and
communication development.

This current study builds upon Perrino et al. (2020) [24]. Here, using postmortem brains
from the behaviorally evaluated mice, we analyzed the neuroanatomical consequences
of Ush2a genetic variations. We hypothesized that, despite the lack of Ush2a expression
in the CNS, anatomical anomalies may be evident in the overall volume, neuron size
and/or neuronal population in brain structures that subserve central auditory processing
(i.e., the medial geniculate nucleus (MGN) and superior olivary complex (SOC)) in both
heterozygous and knockout subjects. We predicted differing anatomical anomalies between
heterozygous (HT) and homozygous (KO) subjects, given that HT mutations affect low-
frequency processing and KO mutations affect high-frequency processing. Results from
volumetric analysis showed a significant increase in right SOC volume for Ush2a HT mice,
coupled with a significant decrease in right SOC volume for Ush2a KO mice. Within
the right MGN, we found a significant shift towards more smaller neurons in Ush2a KO
mice, while HT mice were unaffected. Together, our results suggest that altered cochlear
development impacts higher-order auditory processing at both a functional and structural
level, but differently so in Ush2a HT and KO subjects. These anomalies could account for
complex auditory and speech processing impairments observed in some individuals with
CAPD, as well as those with Usher syndrome type 2.

2. Materials and Methods

2.1. Subject Generation

Six homozygous Ush2a male subjects (F1 generation) were rederived on an 129S4/SvJaeJ
background strain at the Center for Mouse Genome Modification (previously known as the
Gene Targeting and Transgenic Facility) at UConn Health via genetic material obtained from
Dr. Jun Yang (University of Utah; [19]). These six male Ush2a KO mice were crossed with six
wildtype (WT) control mice (29S4/SvJaeJ; stock number 009104) obtained from the Jackson
Laboratory (Bar Harbor, ME) to generate an all heterozygous (HT) F2 generation. To generate
experimental (F3) subjects, HT × HT breeding pairs from the F2 generation were established,
resulting in litters containing all three genotypes (homozygous, heterozygous and wildtype).
Following weaning (postnatal day (P) 21), ear punches were collected from each subject and
used for genotyping via PCR (DNA primer information can be found in [19]). After puberty
(P40), subjects from the F3 generation were randomly selected and used for behavioral testing
and histological assessment. Additionally, at this time, experimental subjects were single
housed in standard Plexiglass mouse chambers (12 h/12 h light–dark cycle) with food and
water available ad libitum. The subjects used here, as well as the breeding information, are the
same as used in Perrino et al. (2020) [24].

2.2. Behavioral Testing

Beginning at P65, subjects were assessed on a battery of auditory processing tasks
aimed to evaluate the subject’s ability to process and discriminate complex acoustic infor-
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mation relevant to communication ability (see [26] for review). For a complete description
of the behavioral battery each subject underwent, see [24]. In short, acoustic processing
ability was assessed using a modified prepulse inhibition (PPI) paradigm in which the
subject’s acoustic startle response was measured following the presentation of a loud
(105 dB, 50 ms) startle eliciting stimulus (SES; 1000–10,000 Hz broadband burst) (“uncued”
trials). During each testing session, acoustic cues were pseudorandomly presented before
the SES—the subject’s acoustic startle response during “cued” trials was measured. If the
subject was able to detect the acoustic cue—the goal of each auditory processing task—their
acoustic startle response should have been reduced (or attenuated) as the cue informs the
subject that the SES is about to occur. The difference in startle response during “uncued”
and “cued” trials can be calculated as an “attenuation score”—a ratio of [average “cued”
startle response/average “uncued” startle response] × 100. The lower the attenuation
score, the better the subject’s performance in detecting the cue. Subjects with an attenuation
score of 100% were deemed to have not detected the cue, as their “uncued” and “cued”
startle responses were similar.

Each subject underwent a variety of acoustic processing tasks, each designed to assess
a different aspect of acoustic processing ability. Subjects were first evaluated on a normal
single tone (NST) task that used a simple pure tone cue to assess baseline hearing ability,
typical acoustic startle response (i.e., motor ability), and prepulse inhibition. Attenuation
scores for the NST task were used as a covariate for subsequent auditory processing tasks
to eliminate individual differences. More complex auditory processing tasks were used to
evaluate spectral, temporal, or both spectral and temporal (spectro-temporal) aspects of
auditory processing ability. For example, embedded tone (EBT) consisted of a pure tone
background and an auditory cue that was different than the pure tone background and
varied in duration. Pitch discrimination (PD) consisted of a pure tone background and an
acoustic cue that had a fixed duration but varied in frequency. Additionally, each task was
presented in both a sub-ultrasonic and an ultrasonic frequency range. The use of multiple
auditory processing tasks, combined with the use of multiple frequency ranges, allows
for the detailed evaluation of how USH2A mutations affect different aspects of acoustic
processing ability. See [24] for a description of each task used.

2.3. Histology

Following the completion of behavioral testing (P150) and after being weighed, sub-
jects were anesthetized using ketamine (100 mg/kg) and xylazine (15 mg/kg) and tran-
scardially perfused using a 0.9% saline solution followed by 10% formalin. The brains
were postfixed in 10% formalin following extraction. Each brain was serially and coronally
sectioned (60 μm) using a Leica VT1000 S vibratome (Leica Biosystems Inc., Buffalo Grove,
IL, USA). Olfactory bulbs were removed using a surgical blade and the flat surface that re-
mained was glued to the vibratome stage—slicing began at the cerebellum and progressed
towards the frontal cortex (posterior → anterior). Every coronal section of the brain was
mounted to a gelatin-subbed glass slide until the cerebellum was completely sectioned.
This methodology was performed to ensure the complete sectioning of the superior olivary
complex. Sectioning continued past the cerebellum and every second section was mounted
on a gelatin-subbed glass slide. All slides were subjected to cresyl violet to stain for Nissl
bodies. Slides were then cover-slipped with DPX mounting medium.

2.4. Stereological Measurements

Brain tissue underwent stereological analysis via Stereo Investigator (MBF Biosciences,
Williston, VT, USA) using a Zeiss Axio Imager A2 microscope (Carl Zeiss, Thornwood, NY,
USA). Superior olivary complex (Figure 1A) and medial geniculate nucleus (Figure 1B)
volumes were estimated using the Cavalieri Estimator probe, neuron population was esti-
mated using the Optical Fractionator probe (Figure 1C), and the Nucleator probe was used
to measure neuronal cell area (Figure 1D). Measurements within the SOC were performed
at a sampling frequency of every section (across eight total sections), while measurements
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within the MGN were performed with a sampling frequency of every second section (across
six total sections). Contours to define each region and to provide volumetric estimates
were determined via stereotaxic atlas [27] and drawn at 2.5× magnification. All other
stereological measurements (i.e., neuron population and neural cell area) were evaluated
at 100× magnification. A sampling grid of 150 μm × 150 μm and a 30 μm × 30 μm count-
ing frame was selected for the SOC, while a sampling grid of 225 μm × 225 μm and a
25 μm × 25 μm counting frame was selected for the MGN. Neurons were defined as having
one distinct nucleolus within the nucleus—glial cells or other cell types within the brain
were not counted (Figure 1C).

Figure 1. Stereological Measurements. Visual representation of the superior olivary complex (SOC) (A) and medial
geniculate nucleus (MGN) (B) taken at 2.5× magnification to determine volume of brain region. (C) The Optical Fractionator
probe of Stereo Investigator was used to determine neuron population. Arrow 1 indicates a neuron that was counted due to
the presence of a clearly defined nucleolus, while Arrow 2 indicates a cell that was not counted. (D) The Nucleator probe
was used to determine neuron size (area). Optical Fractionator and Nucleator probes were used at 100× magnification.

2.5. Statistical Analysis

Genotype differences for the volume of each region (i.e., SOC and MGN), neuron
population within each region, and average neuronal cell area within each region, were
analyzed using univariate ANOVAs. Additionally, univariate ANOVAs were performed
between each Genotype to determine how heterozygous Ush2a mutations differed from
homozygous mutations—a necessary analysis for determining how each mutation con-
tributes to the behavioral differences between HT and KO subjects (low-frequency vs.
high-frequency auditory processing). To evaluate how Ush2a mutations affect neuronal
cell size (area) distribution, the Kolmogorov–Smirnov (K–S) test was conducted on the
cumulative percent distribution for each Genotype. Analyses were conducted for the
left and right hemispheres, as well as both together (i.e., total SOC or total MGN). All
univariate ANOVAs and correlational analyses were conducted via the car package [28] in
R (v3.4.4; [29]). A total of 21 subjects were used in the histological assessment of the SOC
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(WT, n = 7 (one subject dropped due to poor tissue integrity); HT, n = 7; KO, n = 7) and
22 subjects for the histological assessment of the MGN (WT, n = 8; HT, n = 7; KO, n = 7).

2.6. Ethics

All animal procedures were approved by the University of Connecticut’s Institute for
Animal Care and Use Committee (IACUC; Protocol No. A18-050) and followed the Guide
for the Care and Use of Laboratory Animals [30]. This study was designed to comply with
ARRIVE guidelines [31].

3. Results

3.1. SOC Volumetric Analysis

A univariate ANOVA comparing SOC volume revealed a main effect of Genotype
in the right SOC [right: F(2, 18) = 4.034, p < 0.05], reflecting a volumetric increase in
HT subjects relative to WTs, coupled with a volumetric decrease in KO subjects (HT vs.
KO; F(1, 12) = 9.558, p < 0.05).There was no significant Genotype effect in the left SOC
[F(2, 18) = 0.568, p > 0.05], nor for the total SOC [F(2, 18) = 1.874, p > 0.05] (Figure 2A).

Figure 2. Histological assessment in SOC. (A) Volumetric analysis of left, right and total (left + right) SOC. Heterozygous
Ush2a mutations increased the volume of the right SOC while homozygous Ush2a mutations reduced the volume of the right
SOC. (B,C) There were no significant genotype differences in neuron population (B) or average neuron area (C). * p < 0.05.

3.2. MGN Volumetric Analysis

A univariate ANOVA comparing MGN volume revealed no main effect of genotype
in either hemisphere (left: F(2, 19) = 0.468, p > 0.05; right: F(2, 19) = 0.0598, p > 0.05; total:
F(2, 19) = 0.232, p > 0.05) (Figure 3A).
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Figure 3. Histological assessment in MGN. (A–C) There were no significant genotype differences when evaluating volume
(A), neuron population (B) or neuron area (C). (D) Comparison of cumulative percent distribution of neuronal cell size (area)
revealed a significant shift towards fewer larger neurons and more smaller neurons in the right MGN in Ush2a homozygous
(KO) mice.

3.3. SOC Cellular Analysis

There was no significant Genotype effect when evaluating neuron population within
the SOC (left SOC: F(2, 18) = 0.183, p > 0.05; right SOC: F(2, 18) = 0.040, p > 0.05; to-
tal SOC: F(2, 18) = 0.028, p > 0.05) (Figure 2B). Additionally, there was no Genotype
effect on average neuron size (area) in the SOC (left SOC: F(2, 18) = 2.3048, p > 0.05;
right SOC: F(2, 18) = 0.290, p > 0.05; total SOC: F(2, 18) = 0.437, p > 0.05) (Figure 2C).

3.4. MGN Cellular Analysis

There was no significant Genotype effect on neuron population within the MGN (left MGN:
F(2, 19) = 0.174, p > 0.05; right MGN: F(2, 19) = 0.174, p > 0.05; total MGN: F(2, 19) = 0.168, p > 0.05)
(Figure 3B), nor for average neuron size (area) within the MGN (left MGN: F(2, 19) = 0.219, p > 0.05;
right MGN: F(2, 19) = 1.039, p > 0.05; total MGN: F(2, 19) = 0.965, p > 0.05) (Figure 3C). Addition-
ally, in the left MGN, no significant K–S statistics for the cumulative distribution of cell size were
seen (left MGN (WT vs. HT): p > 0.05; left MGN (WT vs. KO): p > 0.05; left MGN (HT vs. KO): p
> 0.05). However, within the right MGN, WT and KO subjects were significantly different (right
MGN (WT vs. KO): p < 0.05), with a shift towards more smaller neurons in KO subjects. WT vs.
HT subjects did not yield a significant K–S statistic (right MGN (WT vs. HT): p > 0.05), nor did
HT vs. KO subjects (right MGN (HT vs. KO): p > 0.05) (Figure 3D). No effects were seen for the
overall MGN (total MGN (WT vs. HT): p > 0.05; total MGN (WT vs. KO): p > 0.05; total MGN
(HT vs. KO): p > 0.05).

4. Discussion

The current study was designed to neuroanatomically evaluate the central auditory
consequences of heterozygous and homozygous mutations in an Ush2a mouse model. The
study was based on human clinical evidence that homozygous mutations of USH2A result
in Usher syndrome type 2 [13], as well as recent evidence that heterozygous USH2A muta-
tions may be a genetic risk factor for CAPD [24]. Since anomalies in auditory processing
represent core features of both CAPD and USH2 (though with very different functional
profiles; [3,14]), central auditory structures of the superior olivary complex and medial
geniculate nucleus were evaluated. Results showed that heterozygous Ush2a mutations
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resulted in an increase in right SOC volume, while homozygous Ush2a mutations resulted
in a decrease in right SOC volume, as well as a shift towards fewer large and more small
neurons in the right MGN. To the best of our knowledge, these results are the first to report
neuroanatomical anomalies in a mouse model of either CAPD or Usher syndrome type
2. The results are particularly exciting given a lack of usherin expression in the brain [18],
which suggests substantial developmental effects of peripheral auditory anomalies on the
central auditory system.

Neuroanatomical Differences between HT and KO Subjects

The two structures evaluated in this study, SOC and MGN, both play an important
role in the central auditory system (see [32] for review). The SOC is one of the first
stops for ascending auditory information, primarily mediating sound localization via the
convergence of binaural sensory input [33,34]. To our knowledge, there are not significant
processing differences between right and left SOC, both of which receive input from
ipsilateral and contralateral cochlea [35]. Here, we report that the right SOC is smaller
in KO subjects, and larger in HT subjects. In considering possible mechanisms for these
anomalies, Liu et al. (2007) [19] reported that mice with a homozygous Ush2a deletion had
an absence of outer hair cells in the basal cochlea, an area primarily responsible for the
detection of high-frequency auditory information. This cochlear abnormality could have
contributed to the observed reductions in right SOC volume, since regions that respond
to high-frequency auditory information are presumably receiving anomalous/degraded
sensory input. The notion that anomalous brain development may result from altered
or absent sensory input is well established and has been studied in multiple sensory
modalities, including the auditory system [36–41]. These SOC reductions in KO subjects
may have further contributed to the high-frequency processing impairments reported
by Perrino et al. (2020) [24]. The increase in SOC volume in subjects with heterozygous
Ush2a mutations was surprising. However, there is ample evidence that atypical structural
increases in the CNS can cause functional impairments (e.g., macrocephaly). Future
studies are needed to (1) evaluate cochlear development and organization in heterozygous
Ush2a mutant mice, and (2) determine how non-neuronal cell types (i.e., glial cells) might
contribute to the volumetric differences reported here. It is possible that changes in glial
morphology within the SOC in HT and/or KO mice contributed to the observed behavioral
phenotypes. Nonetheless, the increase in right SOC volume in HT subjects provides
evidence that altered sensory input can impact CNS development, as well as evidence that
underlying neurologic anomalies may exist in CAPD.

In addition to the SOC, we assessed the MGN, a thalamic nucleus responsible for
auditory processing. The MGN has been shown to be affected in other language- and
communication-neurodevelopmental disorders; for example, Galaburda et al. (1994) [42]
reported a shift towards more smaller MGN neurons in the brains of individuals with
dyslexia. These initial findings of atypical MGN morphology led to further studies with
animal models using induced mutations of dyslexia-risk genes and induced neuronal
migration abnormalities. Both models showed anomalous MGN anatomy [43–45]. Im-
portantly, atypical MGN development has been shown to impact auditory processing
ability [46–48], which is a fundamental skill necessary for language development, as well
as a good predictor of later language outcomes [49]. Within the autism spectrum disorders
(ASD) population, for example, reductions in MGN volume [50] and altered thalamocorti-
cal connectivity [51] have been reported, and similar MGN anomalies have been observed
in genetic mouse models of ASD [52], a disorder frequently characterized by anomalous
language development and language impairments. Our findings that homozygous Ush2a
mutations shift the cell size distribution towards fewer large and more small neurons in
the right MGN further substantiate the potential role of MGN in language functions [53].

Finally, it is important to note that effects were observed explicitly in the right SOC
and right MGN in both HT and KO mice. Given overwhelming evidence of left hemisphere
lateralization for language and underlying auditory temporal processing [54–56], these
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results may seem puzzling. However, it is important to note that recent mouse research
has shown evidence of left hemisphere lateralization in A1 specifically for processing of
ultrasonic vocalizations and other spectro-temporal acoustic information, while right A1
may play a stronger role in frequency-based processing [57]. Although lateralization of
MGN was not observed in this study, it is nonetheless possible that feedback effects of
altered frequency-specific input could have selective effects on the projecting pathways to
right A1, including the right SOC and MGN.

5. Conclusions

The goal of the current study was to provide a histological follow-up to Perrino et al.
(2020) [24] by evaluating the consequences of heterozygous and homozygous USH2A mu-
tations on central auditory structures in a transgenic mouse model. We report that Ush2a
HT mice, a putative mouse model for CAPD, exhibited significantly increased right SOC
volumes. Conversely, Ush2a KO mice—a well-accepted mouse model for USH2—exhibited
significantly decreased right SOC volumes, and a shift towards smaller right MGN neurons.
These neuroanatomical abnormalities may contribute to the low-frequency auditory pro-
cessing impairments seen in HT mice, as well as associated language and communication
impairments seen in individuals with pathogenic, heterozygous USH2A variants. Subcorti-
cal anomalies may also contribute to the high-frequency auditory processing impairments
seen in KO mice, corresponding to clinical USH2 symptoms. Importantly, given evidence
of usherin expression in the cochlea but not the brain, our results indicate: (1) an upstream
impact of altered cochlear function on the central auditory system and (2) that the impacts
differ for heterozygous and homozygous Ush2a mutations, commensurate with different
hearing profiles. Future studies will be important in assessing additional central auditory
structures in these mouse models (e.g., inferior colliculus, A1). Taken together, our findings
strongly advocate for early genetic screening as a tool for detecting hearing and auditory
processing disorders that may impact subsequent language development, and add to
evidence from Perrino et al. (2020) [24] that USH2A carriers are not “phenotype-free”.
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