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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



Genes 2022, 13, 852 3 of 5

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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