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Abstract

Background Hearing loss (HL) is the most common sensory birth deficit worldwide, with causative variants in more

than 150 genes. However, the etiological contribution and clinical manifestations of X-linked inheritance in HL remain
unclear within the Chinese HL population. In this study, we focused on X-linked hereditary HL and aimed to assess its
contribution to hereditary HL and identify the genotype—phenotype relationship.

Methods We performed a molecular epidemiological investigation of X-linked hereditary HL based on next-gener-
ation sequencing and third-generation sequencing in 3646 unrelated patients with HL. We also discussed the clinical
features associated with X-linked non-syndromic HL-related genes based on a review of the literature.

Results We obtained a diagnostic rate of 52.72% (1922/3646) among our patients; the aggregate contribution of HL
caused by genes on the X chromosome in this cohort was~1.14% (22/1922), and POU3F4 variants caused ~59%
(13/22) of these cases. We found that X-linked HL was congenital or began during childhood in all cases, with repre-
sentative audiological profiles or typical cochlear malformations in certain genes. Genotypic and phenotypic analyses
showed that causative variants in PRPST and AIFMT were mainly of the missense type, suggesting that phenotypic
variability was correlated with the different effects that the replaced residues exert on structure and function. Varia-
tions in SMPX causing truncation of the protein product were associated with DFNX4, which resulted in typical audio-
logical profiles before and after the age of 10 years, whereas nontruncated proteins typically led to distal myopathy.
No phenotypic differences were identified in patients carrying POU3F4 or COL4A6 variants.

Conclusions Our work constitutes a preliminary evaluation of the molecular contribution of X-linked genes in her-
itable HL (~ 1.14%). The 15 novel variants reported here expand the mutational spectrum of these genes. Analysis

of the genotype-phenotype relationship is valuable for X-linked HL precise diagnostics and genetic counseling. Elu-
cidation of the pathogenic mechanisms and audiological profiles of HL can also guide choices regarding treatment
modalities.
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Introduction

Hearing loss (HL) is the most frequent sensory birth
deficit worldwide: one in every 500 newborns exhibits
bilateral HL [1]. Although its etiology is diverse, HL has
a genetic origin in a large proportion of cases (50-60%)
[1]. Heritable HL exhibits substantial heterogeneity with
respect to clinical manifestations and disease-causing
genes. Based on the clinical symptoms, hereditary HL
can be subdivided into non-syndromic HL (NSHL),
in which HL is the only symptom observed, and syn-
dromic HL (SHL) that involves other organ or system
abnormalities. In implicated genes, mutations in more
than 150 genes have been identified to cause hereditary
HL (Hereditary Hearing Loss Homepage: http://hered
itaryhearingloss.org). Among these genes, the X-linked
genes are considerably rarer than autosomal genes; only
six known X-linked NSHL (DFNX) loci and five genes
have been identified: PRPS1 (DFNX1, MIM#304500) [2],
POUS3F4 (DFNX2, MIM #304400) [3], SMPX (DFNX4,
MIM#300066) [4, 5], AIFM1 (DENX5, MIM#300614)
[6], and COL4A6 (DENX6, MIM#303630) [7]. Many syn-
dromic X-linked disorders are associated with HL, such
as Norrie syndrome and Alport syndrome involving HL
as a major clinical finding [8]. However, the etiological
contributions and audiological phenotypes of X-linked
hereditary HL have rarely been studied, especially in the
Chinese HL population.

Locus heterogeneity results in complexity regarding
DNA diagnostics of a Mendelian disorder, such as hered-
itary forms of HL. The molecular contributions of certain
genes in the deaf population remain unclear, especially
with respect to genes associated with X-linked HL that
have not been systematically investigated. Furthermore,
due to the low mutation frequencies of X-linked genes
and the lack of clear genotype—phenotype correlations, it
is extremely time-consuming and expensive to use con-
ventional gene-by-gene Sanger sequencing for variant
identification in these genes. Therefore, the identifica-
tion of etiological contributions responsible for heritable
X-linked HL has been a major challenge for geneticists
and otologists. This limitation, however, may be over-
come by the emergence of next-generation sequencing
(NGS) technologies [9]. NGS complements the disad-
vantages of traditional sequencing method; it has ena-
bled detection of nearly all causative genes and variants
involved in the onset and development of HL, includ-
ing the less commonly screened X-linked genes, in a
high-throughput and cost-effective manner. In addition,
advances in third-generation sequencing (TGS) have
enhanced the molecular diagnosis of inherited HL in
some cases.

In the present study, we focused on X-linked inher-
itance of HL to assess its aggregate contribution to
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hereditary HL by NGS and TGS in a large cohort of HL
patients from China. In addition, we reviewed the litera-
ture regarding clinical phenotypes resulting from variants
in DENX genes to investigate genotypic and phenotypic
features. These results enhance the overall understanding
of the molecular etiology of HL in the Chinese popula-
tion and provide a systematic evaluation of the etiologi-
cal contribution and audiological profiles of X-linked
HL. Identification of the genetic basis of X-linked HL is
also essential for providing proper genetic counseling to
patients and their families, and it will influence diagnos-
tics, preventive, and treatment decisions.

Materials and methods

Study participants and clinical evaluations

Probands with HL were recruited into this study from
among consecutive patients referred to the otolaryngol-
ogy department for clinical genetic testing and coun-
seling during the period from 2015 to 2023. Clinical
information was collected from probands or their legal
guardians through a questionnaire regarding the follow-
ing aspects of their condition: family history, age at onset
of HL, progression, noise or aminoglycoside exposure,
and other relevant clinical manifestations. Some cases
involving secondary HL, such as trauma and otitis media,
were also excluded. Multidisciplinary examinations were
conducted to identify patients with SHL. High-resolution
computed tomography (HRCT) or magnetic resonance
imaging of the temporal bones was performed as nec-
essary to evaluate middle or inner ear malformations.
Pure tone audiometry (PTA) was measured to define
the HL type and severity. For individuals who could not
undergo PTA, an objective audiometry examination was
conducted, such as auditory brainstem response (ABR).
Other audiometric testing techniques, such as distortion
product otoacoustic emission (DPOAE), were performed
as necessary. The severity of HL was evaluated by averag-
ing the thresholds of PTA at 0.5, 1, 2, and 4 kHz, or the
ABR response threshold in the ear with better hearing.
Severity was subdivided as follows: mild HL, 26—40 dB;
moderate HL, 41-70 dB; severe HL, 71-90 dB; and pro-
found HL, >90 dB [10].

The study protocol was approved by the Ethics Review
Committee of Chinese PLA General Hospital (Approval
number S2018-088-01), and all procedures involving
human participants complied with the tenets of the Dec-
laration of Helsinki. Prior to enrollment in the study, all
included individuals or their legal guardians provided
written informed consent to participate.

Molecular genetics
Whole blood (2-3 mL) was collected from all probands.
Genomic DNA was extracted from peripheral blood
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leukocytes using a GenMagBio Genomic DNA Purifica-
tion kit (GenMagBio, Changzhou, China), in accordance
with the manufacturer’s instructions. Genetic screening
was performed by whole-exome sequencing (WES) or
using a predefined panel of 227 human deafness-related
genes (Additional file 1: Table S1). DNA fragmentation,
end-repair, targeted enrichment, targeted region cap-
tures, and library construction were performed in accord-
ance with established procedures, as reported thoroughly
in previous studies [11, 12]. Regions with lower coverage
were subjected to additional Sanger sequencing. Trim-
ming of sequencing adapters and inferior reads with
Trimmomatic, and mapping of cleaned reads to the
human reference genome (version GRCh37) using the
Burrow-Wheeler Aligner (version 0.7.17-r1188). Dupli-
cate reads were flagged by Sambamba [13] (version 0.6.6).
Single-base variations and small insertions or deletions
were investigated with HaplotypeCaller in Genome Anal-
ysis Toolkit version 4 [14]. Bioinformatics analysis was
performed in the framework of bcbio-nextgen (https://
github.com/bcbio/bcbio-nextgen), which provides best-
practice pipelines for variant calling, annotation, and
validation. Candidate variants were annotated based on
snpeff and vcfanno with several databases for variant fre-
quencies in the general population. We filtered out vari-
ants with minor allele frequency>0.05 and at least 2,000
alleles were observed in any general continental popu-
lation in gnomAD database. The American College of
Medical Genetics (ACMG) standards and guidelines and
ClinGen Hearing Loss Clinical Domain Working Group
expert specification were employed for sequence varia-
tion interpretation and the pathogenicity of the identified
variants [14, 15]. TGS was performed when NGS failed
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to identify pathogenic variants in a patient exhibiting
a specific phenotype, such as inner ear incomplete par-
tition type III (IP-III) caused by a POU3F4 mutation. A
DNA sample from a family member, when available, was
used to confirm candidate variants, co-segregation, and
de novo status by PCR and Sanger sequencing.

Genotype and phenotype analyses

Studies of genes associated with syndromic and non-syn-
dromic forms of X-linked HL published up to October
2023 were retrieved using NCBI PubMed and HGMD.
The locations of these genes on the X chromosome
and their corresponding diseases were summarized in
Fig. 1A. The variant and disease spectra of DENX genes
were plotted, including PRPSI [2, 16—-19], POUS3F4 [20,
21], SMPX [4, 5, 22-27], and AIFM1 [7, 28-30]. Then, we
screened titles, abstracts, and full texts from relevant lit-
erature to evaluate the content of the articles and extract
valuable information to discuss genotype—auditory phe-
notype correlations. The mutation type, age at onset, and
audiological profiles of HL were analyzed; sex-related dif-
ferences were also examined.

Results

Causative genes for X-linked HL

We recruited 3646 consecutive unrelated probands
with HL during the study period and performed genetic
evaluation using WES (821 cases) or a predefined panel
containing 227 HL-related genes (2825 cases). The
data mapped to the targeted region have a mean depth
of ~ 149 fold, and the coverage of 1%, 5%, 10X, and 20X
was 99%, 98.7%, 98%, and 97%, respectively. The capture
rate is nearly 100%. Due to NGS failure, the causative

Xp22.3—» Brachytelephalangic chondrodysplasia punctata 1 (CDPX1) syndrome(ARSE)
e 5 oo 5

“hutorian super activity sy
progressive, sensorineural, variable

—HL: Prelingual or postlingual, progressive or stable,

severity; Malformed cochlea NN
q22..

AIMFI(DFNX5)—HL: Postlingual;
Auditory neuropathy with or ¢y ¢,
without cochlear nerve hypoplasia -

pecially affecting high frequencies
Xq26.1 (CMTX4)/ Cowchock syndrome(4IMFI)
Auditory neuropathy
"AMS58A)
sensorineural, monolateral; Dysplastic ears
X-linked adrenoleukodystrophy (XALD) syndrome (4BCDI)

e

Xq28.
sensorineural

Human X Chromosome

Deafness, dy
—HL: Sensorineural

B

HDACH(1/29) ANOSI(1129)
EFNBI(1/29) ARX(1129)
LENA(1/29)

RPS6KA3(1/29) \\

BCAP3I(1/29)—— A— POU3F4(1319)
COL4AS(1129) /

COLIAG(129) ‘.

AIFMI(1/29) .

) PRPSI(1/29) ‘
_ TIMMSA(3129)
SMPX(2129)

and cerebral hypomyelination (DDCH) syndrome(BCAP31)

Fig. 1 Deafness-related genes on the X chromosome. A Graphical representation of diseases and loci associated to syndromic (right side)
and non-syndromic (left side) forms of X-linked HL. B X-linked genes and their proportions identified in the Chinese HL population


https://github.com/bcbio/bcbio‐nextgen
https://github.com/bcbio/bcbio‐nextgen

Feng et al. Orphanet Journal of Rare Diseases (2024) 19:342

variant in POU3F4 could not be identified in a patient
exhibiting typical IP-III who underwent TGS. Of the
3646 HL patients, genetic causes were identified in 1922
(52.72%); the remaining were considered undiagnosed.
The etiological factors contributing to X-linked heredi-
tary HL in the cohort were evaluated; the identified genes
and variants were recorded (Fig. 1B and Table 1).

14 genes on the X chromosome were identified in the
selected probands. Nearly half of all variants (13/29,
44.83%) occurred in the POU3F4 gene, including
one~165-kb deletion (Chr X: 81,839,467-82,004,842)
encompassing the entire POU3F4 gene identified by
TGS. Five variants were found in PRPS1, SMPX, AIFM1,
and COL4A6 (Table 1). The remaining 11 patients carried
variants in the genes responsible for X-linked SHL, and
the most common is TIMMS8A. Based on the ACMG evi-
dence, two mutations were attributed to pathogenic vari-
ants in two genes (POU3F4 and SMPX), 20 were classified
as likely pathogenic variants in seven genes (POU3F4,
SMPX, PRPS1, AIFMI1, COL4A5, RPS6KA3, and
TIMMS8A), and seven were variants of uncertain signifi-
cance (VUS) in seven genes (EFNBI, HDACS, BCAP31,
FLNA, COL4A6, ARX, and ANOSI). Overall, targeted
NGS and TGS identified 22 pathogenic/likely pathogenic
variants in seven X-linked genes as the genetic cause of
HL in 22 patients, 12 of which were novel (Table 1). The
aggregate contribution of genes on the X chromosome to
HL in this cohort was~1.14% (22/1922); POU3F4 vari-
ants were responsible for ~59% (13/22).

Clinical findings of patients with X-linked HL
Twenty-nine probands with variants in X-linked genes
were evaluated in the present study. The available phe-
notypes and family histories of the deaf probands were
displayed in Table 1. The ages of the probands varied
between a few months to over 34 years (mean 9.7 years,
95% confidence interval 6.0-13.5 years). However, the
age at onset of HL was primarily congenital or early onset
(<6 years); only four probands presented with late-onset
HL (<18 years). Most individuals had severe to profound
bilateral HL (25/29). In two families with SMPX vari-
ants, the affected individuals showed moderate to severe
HL and presented with variability in audiometric con-
figurations (Fig. 2A, B). Auditory neuropathy (AN) was
also diagnosed in two patients by the absence or severe
abnormalities of ABR and the presence of DPOAE.
Among the selected individuals, inner ear malforma-
tions were detected in 15 patients by HRCT. Thirteen
patients harboring POU3F4 variants exhibited typical
IP-III mainly characterized by the absence of the cochlear
modulus, presence of interscalar septa, dilatation of the
internal auditory canal (IAC), and a missing bony separa-
tion between the basal turn of the cochlea and the IAC.
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A patient with a ¢.3940C>T variant in COL4A5 had a
common cavity malformation defined as a single, ovoid,
or round chamber, representing the cochlea and vesti-
bule. The remaining patient, with a c.1456G > A variant
in COL4A6, exhibited cochlear hypoplasia and profound
sensorineural HL. Under multidisciplinary examina-
tion, four patients showed syndromic features, includ-
ing short stature, mental retardation, growth retardation,
and cleft palate; they were diagnosed with Coffin—Lowry
syndrome (CLS), Alport syndrome I (ASI), Craniofron-
tonasal dysplasia (CD), and Cornelia de Lange syndrome
(CDLS), respectively (Table 1). The remaining patients
harboring variants in genes responsible for SHL displayed
no other phenotype and were diagnosed with NSHL
mimic. With comprehensive evaluation, suitable auditory
rehabilitation modalities were also recommended. Hear-
ing aids (HA) are beneficial to some patients. For most
affected individuals, cochlear implants (CI) were selected
when HA did not substantially improve hearing (Table 1).
Their hearing abilities were improved after CI surgery,
which facilitated the fulfillment of learning and commu-
nication needs.

Genotype and phenotype analysis in DFNX genes

NSHL caused by changes in genes located on the X chro-
mosome is very rare (Fig. 1A). Audiological phenotypes
in these genes are diverse; pathogenic changes in cer-
tain genes can cause typical clinical characteristics. In
addition, X-linked NSHL exhibits also considerable sex-
related phenotypic differences due to skewed X chromo-
some inactivation. Figure 3 shows the clinical disorders
and variant spectra of DFNX genes. The main charac-
teristics and genes identified for each form are outlined
below in detail.

PRPS1 (DFNXT1)

Defects in PRPSI can cause a wide range of disor-
ders, from isolated HL to severe congenital syndrome
(Fig. 3A). 30 mutations in the PRPSI coding region
have been reported thus far: 11 cause DFNX1, 10 cause
Charcot-Marie-Tooth disease-5 (CMTX5), 9 cause
Phosphoribosyl pyrophosphate synthetase 1 (PRS-1)
superactivity, 5 cause Arts syndrome, and 4 cause other
phenotypes (e.g., retinitis pigmentosa, cone-rod dystro-
phy, or peripheral neuropathy with HL). With the excep-
tion of ¢.937_940dup, all of these are missense mutations,
indicating that this phenotypic variety is correlated with
distinct effects involving the replacement of a residue(s)
in the structure of PRS-1. With regard to audiological
phenotypes, the age at onset in males is variable: con-
genital or the first to second decade of life. Male patients
with DFNX1-related mutations exhibited progressive
HL, ranging in severity from moderate to profound, with
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audiogram of patient 1-II-1 and 2-IV-2; C representative audiograms (air conduction) of affected men at different ages

highly diverse audiogram findings. Obligate female car-
riers had either symmetric or asymmetric HL that began
in the fourth to fifth decade and varied in severity from
mild to moderate. Normal hearing or unilateral HL was
also observed in female individuals (Additional file 2:
Table S2).

POU3F4 (DFNX2)

Deafness segregating at the DFNX2 locus is associ-
ated with mutations in the POU3F4 gene. Nearly 100
mutations, including copy number variants, have been
associated with DFENX2 (Fig. 3B). These mutations are
invariably located in the POU-specific domain and
homeodomains of POU3F4. However, mutations in the
POU-specific domain and its upstream region mainly
cause protein truncation (37/47), whereas mutations in
POU homeodomains mostly resulted in nontruncated
protein (26/37). Clinical features resulting from POU3F4
mutations include HL and typical cochlear malforma-
tion. Affected males often exhibit congenital, mixed or
sensorineural, severe to profound HL. Temporal bone
CT images indicated typical IP-III characterized by a

thickened stapes footplate, hypoplasia of the cochlear
base, absence of the bony modiolus and internal acous-
tic meatus, as well as abnormally wide communication
between the internal acoustic meatus and the basal turn
of the cochlea. However, no similar symptoms were
observed in female carriers; less severe HL alone was
observed in a few individuals [31].

SMPX (DFNX4)

SMPX is the only gene responsible for X-linked domi-
nant NSHL, and its mutations cause DENX4. In total, 15
causative variants of SMPX have been associated with
DENX4 (Fig. 3C). Of these variants, 10 result in trun-
cated SMPX proteins, three cause abnormal splicing, and
the remaining two consist of a missense mutation and a
synonymous mutation. In addition, four missense muta-
tions presumably cause distal myopathy. With regard to
audiological phenotypes, HL begins in the first to second
decade of life in males and in the third to fifth decade of
life in females. Affected males present with symmetric,
progressive HL, which is initially found predominantly
at high frequencies and later involves the low and middle
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frequencies. Generally, HL severity is mild to moderate
before the age of 10 years; it subsequently progresses to
severe to profound (Fig. 2C). In affected females, HL was
less severe than in male patients, varying from normal
to moderate. The audiological profiles in HL are diverse;
unilateral, symmetric or asymmetric, stable or progres-
sive HL can be observed (Additional file 3: Table S3).

AIFM1 (DFNX5)

Mutations in AIFM1 result in various disorders, includ-
ing X-linked SNHL and SHL (Fig. 3D). 43 mutations
have been reported in AIFM1 thus far. Remarkably, sev-
eral variations responsible for AN tend to occur at the
NADH second FAD and C-terminal domain (17/19);
none of the AN-related variations showed overlap
with other AIFMI variations considered responsible
for syndromes. With regard to audiological profiles,
the ages at onset of patients with late-onset AN were
mostly in the range of 5-20 years with similar clinical
manifestations (Additional file 4: Table S4). HL began
with low frequencies, then displayed ascending audio-
metric configurations and progressively worsened over
time [6, 28]. Cochlear nerve hypoplasia (CNH) and
delayed peripheral sensory neuropathy (presenting as

extremity numbness, unsteadiness, and areflexia) were
also detected in some individuals with AN. Intriguingly,
all female patients had the same variant, c.1030C>T,
and no phenotypic differences were present in male or
female individuals with AN, suggesting that AIFM1-
related AN has an X-linked dominant inheritance pat-
tern [28].

COL4A6 (DFNX6)

The COL4A6 gene is responsible for X-linked NSHL
leading to DFNX6; only three variants have been
reported thus far, including c.1771G>A [7], ¢.3272 G>C
[32], and c.951+1G>T [32]. No other hereditary dis-
eases have been associated with mutations in COL4A6.
The audiological features caused by COL4A6 variants
show considerable variability in terms of severity and
onset among male and female patients. Affected male
individuals tend to present with congenital, severe to
profound sensorineural HL, whereas female individu-
als show delayed-onset, normal to mild or moderate
HL. In addition, all affected males in a Hungarian fam-
ily exhibited the c.1771G>A mutation segregating with
cochlear malformation, but normal morphology of the
temporal bone was detected in female carriers [7].
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Discussion

Frequency and variant spectrum

The majority of cases of heritable HL are caused by vari-
ants in autosomal genes; X-linked genes are estimated
to cause between 1 and 5% [33]. X-linked HL may pre-
sent as part of a syndrome or in a non-syndromic form
(Fig. 1A); there have been only a few reports regard-
ing X-linked types of HL. William Wilde was the first to
notice the excess of males among deaf [33]. Reanalysis of
these data led Reardon to suggest that 5% of prelingual
male deafness was X-linked [34]. Fraser stated that 6% of
male prelingual genetic deafness and 1.7% of all prelin-
gual deafness was X-linked [35]. Although X-linked HL
was also mentioned in other studies [11, 36], including
from Chinese deaf population, its aggregate contribu-
tion to hereditary HL, variant spectrum, and phenotype-
genotype relationship were rarely evaluated in detail. In
the present study, we explored the etiological contribu-
tion and variant spectrum of X-linked HL based on a
substantial cohort of 3646 unrelated Chinese patients.
Consistent with our assumptions of heterogeneity and
low mutation frequencies of the less commonly screened
deafness-related genes, NGS and TGS identified only 22
pathogenic/likely pathogenic variants in X-linked genes,
which caused ~1.14% (22/1922) of cases in our deaf
probands. Among 22 diagnosed patients, we identified all
causative variants without recurring variants in the iden-
tified genes, 12 of which were novel. In addition, seven
VUS were identified, and further functional assays are
needed regarding these variants (Table 1).

As expected, most identified variants occurred in
the POUS3F4 gene (~59%); the most common gene was
related to DFNX2. Several smaller studies yielded similar
results [21, 37, 38]. PRPS1, SMPX, AIMFI, and COL4A6
were also detected, indicating that the etiological contri-
butions of these genes to hereditary HL were extremely
low. Among genes associated with syndromic forms,
only 11 variants in 9 genes were identified. However, we
suspect that their contributions were underestimated
because HL is a single symptom that occurs in many
syndromic diseases and can be masked by typical clini-
cal spectra. Indeed, several limitations need to be noted
when interpreting our results. First, some X-linked deaf-
ness genes were not included in the predefined panel
containing 227 HL-related genes, such as RPS6KA3,
EFNBI, HDACS8, ARX, and ANOSI, which may cause a
negative molecular diagnosis for some patients. Sec-
ond, many pathogenic variants affecting known deaf-
ness genes may go undetected using current diagnostic
algorithms because they reside in non-coding (intronic
and regulatory) sequences or unannotated exons. The
percentages of the identified genetic causes, therefore,
may be slightly under-represented accordingly. Overall,
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our study represented a preliminary evaluation of the
aggregate contribution of X-linked genes to heritable HL
(~1.14%). The findings also expanded the variant spec-
trum of known X-linked genes and illustrated the impor-
tance of NGS and TGS for identifying less common
deafness-related genes.

Genotype-phenotype relation

Mutations in X-linked NSHL-related genes generally
exhibited representative audiological profiles or typical
radiological changes, but the phenotypic features associ-
ated with specific mutations were diverse, ranging from
isolated HL to severe syndromic diseases. The PRPSI
gene encodes PRS-1, which catalyzes the synthesis of
phosphoribosyl pyrophosphate (PRPP) from ATP and
ribose-5-phosphate (R5P) [2]. PRS-1 is active as a hex-
amer, which consists of three homodimers arranged in
a propeller-like shape, each with an active site (includ-
ing binding sites for ATP and R5P) and two regulatory
allosteric sites; these sites are involved in feedback inhibi-
tion of the enzyme [2, 18]. As described above (Fig. 3A),
known alterations are dispersed throughout the PRPSI
open reading frame and cause various disorders, indi-
cating that each mutation results in a specific phenotype
depending on its effects on the structure and function of
PRS-1. Mutations destabilizing the ATP-binding site are
associated with CMTX5, Arts syndrome, or intermedi-
ate syndrome [17, 39-41], whereas mutations affecting
the allosteric sites abolish feedback regulation and con-
tribute to PRS-1 superactivity (gain-of-function variants)
[42, 43]. In DFNX1, mutations may exert their effects by
disturbing interactions in the interface of the trimer or by
damaging the local structure, but not destabilizing either
the allosteric sites or the active site [2, 17]. Nevertheless,
some authors have regarded PRS-1 loss-of-function as a
unique condition associated with a phenotypic contin-
uum, and the clinical presentation is highly dependent on
the level of residual enzyme activity [44].

The AIFM1 gene encodes mitochondrial apoptosis-
inducing factor (AIF), a flavin adenine dinucleotide
(FAD)-containing and nicotinamide adenine dinucleotide
(NADH) -specific flavoprotein located in the mitochon-
drial intermembrane space [28]. AIFM1 has at least two
functions—a caspase-independent death effector and an
FAD-dependent NADH oxidoreductase—with important
roles in oxidative phosphorylation, redox control, res-
piratory chain activity, and the cell death pathway. Sev-
eral recently identified mutations in human AIFM1I lead
to late-onset AN; there is no overlap with other AIFM1
variations that cause syndromes (Fig. 3D). Based on phe-
notypic variability, it has been suggested that AIFMI-
related diseases have distinct pathogenic mechanisms.
In Cowchock syndrome, some mutations alter the redox
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properties of the mutant protein, resulting in increased
apoptosis [45]. In mitochondrial encephalomyopathy,
mutations can reduce the activity of respiratory chain
complexes I-V and increase caspase-independent pro-
grammed cell death [46]. Conversely, in patients with
distal motor neuropathy [47], some mutations do not
enhance apoptosis and may be related to the defective
mitochondrial respiration [29]. Concerning AIFMI-
related AN, 17 identified mutations were mainly located
in the NADH and second FAD domains, indicating the
essential role of FAD-dependent NADH oxidoreductase
in hearing function. Taken together, these results suggest
that the phenotypic variability and severity of AIFM1I-
related disorders are dependent on the AIF feature pre-
dominantly affected (i.e., cellular level, structure, redox,
or apoptogenic function) and the extent to which this
feature is affected. However, further studies are required
to clarify the pathogenesis of AN and the genotype—phe-
notype relationship.

Located on chromosome Xp22.12, the human SMPX
gene encodes a small muscle protein with no known
functional domains. The results of previous studies sug-
gested that the presence of SMPX in hair cells plays a
role in maintaining hair cell bundles [4, 5]. Mutations
in SMPX led to DFNX4, and mainly caused truncated
proteins, suggesting that a loss-of-function mechanism
underlies this form of HL. Recently, four missense muta-
tions were reported to result in distal myopathy with pro-
tein inclusions, and the pathological mechanism appears
to be primarily based on aggregation of the mutant pro-
tein. Therefore, considering the genotypic and pheno-
typic features, the findings presented here suggest that
the truncated variants cause X-linked NSHL through
loss-of-function of mutant SMPX, in contrast to the gain-
of-function mutations associated with distal myopathy
[22]. Variations in POU3F4 and COL4A6 are reportedly
associated with cochlear malformations. Concerning
POU3F4, although approximately 100 variants have been
identified, patients harboring POU3F4 variants generally
exhibit HL and typical IP-III. COL4A6 has been exten-
sively studied only in a Hungarian family, and the geno-
type—phenotype relationship requires further exploration

[7].

Diagnosis and treatment

Many human genetic syndromes include HL as a key
feature. NSHL is present in 1-3 of every 1000 newborns
with a monogenic form of non-syndromic, congeni-
tal, or early-onset HL; many more individuals develop
postlingual HL [1, 36]. Unlike SHL, which can be
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classified because of its typical clinical spectrum, NSHL
is extremely heterogeneous; it is often difficult to identify
the disease-causing gene. Generally, most cases of auto-
somal recessive NSHL are prelingual HL involving severe
to profound severity, whereas autosomal dominant NSHL
is often observed in patients with postlingual progressive
HL; such patients exhibit variation in age at onset and
shape of audiograms [48]. However, many patients with
X-linked NSHL have representative audiological profiles,
typical cochlear malformations, or phenotypic differ-
ences across the sexes caused by skewed X chromosome
inactivation. Therefore, predictions of the specific causa-
tive genes for X-linked NSHL based on phenotypic fea-
tures are possible for these genes.

First, combined with HRCT, patients with radiologi-
cal changes in the temporal bone have typical IP-1II, and
the phenotype is due to mutations in the POU3F4 gene.
The clinical features are often quite typical, facilitating
diagnosis in most cases. Mutations in COL4A6 should
also be considered, although only the ¢.1771G>A variant
has been reported to cause isolated malformed cochlea,
with incomplete partition of the cochlea and incomplete
separation from the IAC [7]. Second, in terms of audio-
logical phenotypes, late-onset HL begins with effects
on the low frequencies (up-slope audiogram) accompa-
nied by anomalies or absence of ABR and the presence
of DPOAE. AIFMI variations must be considered first
because they constitute the most common genetic cause
of all cases of noninfant-onset AN (~ 18.6%) [28]. Finally,
HL caused by PRPSI and SMPX variants is progressive
and severe, affecting all or high frequencies; its onset
exhibits sex-related variation. It is difficult to tentatively
predict the causative genes. However, based on X-linked
inheritance in multiplex families, the disease-causing
genes can be identified; PRPSI and SMPX variants can be
further evaluated according to representative audiologi-
cal profiles. Intriguingly, our NGS analysis did not iden-
tify any pathogenic mutations in known X-linked genes
in a large X-linked family that included five male patients
with deafness and cochlear malformation. We suspect
that these symptoms were caused by mutations in novel
X-linked deafness-related genes, and further studies are
warranted.

Heritable HL affects all age groups from the newborn
to the elderly, impairing language acquisition in children
and causing social and vocational problems for adults.
Patients with this condition need special attention and
care in hearing rehabilitation. Current clinical treat-
ments for hereditary HL are HA and CI. HA is often a
first-line recommendation for patients with a milder
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degree of HL; CI may be a feasible option available for
severe-to-profound HL when HA does not substantially
improve hearing. However, the CI surgery and its effect
varies due to the genetic basis, especially in DENX genes.
POUS3F4 mutation lead to typical IP-III, the malformed
cochlea should be kept in mind during electrode choice.
The Nucleus® Slim Straight Electrode is ideal to prevent
the electrode from entering the IAC; an electrode with
a “cork” type stopper or complete rings appears to be
also proposed for these cases; intra-operative CT could
be utilized to ensure correct electrode positioning [20,
49, 50]. Similarly, these factors need to be considered in
patients with COL4A6 mutations, and CI surgery can
be successful [32]. For AIFMI-related AN, the affected
lesion sites would be located on the postsynapses; audi-
tory dyssynchrony progressively worsened over time,
and some patients presented with CNH; these results
suggested that CI may meet with limited success [6, 28].
Gene therapy may provide possibility for the treatment
of AIFMI-related AN, but the approach does not be
explored in X-linked deafness-related genes [51]. Overall,
the treatment modalities for X-linked NSHL need to be
individually tailored depending on the degree and type of
HL and cause. The identification of genetic basis will be
helpful for precision diagnosis and treatment decisions.

Conclusion

Overall, 52.72% of the Chinese HL population showed
positive molecular diagnoses; the aggregate contribu-
tion of X-linked genes was ~ 1.14%, and POU3F4 variants
caused ~ 59% of these diagnosed cases. The 15 novel vari-
ants reported here expanded the mutational spectrum
of these genes. The discussion of genotype—phenotype
relationships of DENX genes provided a comprehen-
sive clinical reference that will allow healthcare provid-
ers to make genotypic-based decisions when evaluating
symptoms, thus providing better and more cost-effective
patient care and preventive strategy in high-risk families.

Abbreviations

NSHL Non-syndromic hearing loss

NGS Next-generation sequencing

TGS Third-generation sequencing

PTA Pure tone audiometry
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WES Whole-exome sequencing
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