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Objective: Auditory neuropathy spectrum disease (ANSD) is caused by both
environmental and genetic causes and is defined by a failure in peripheral
auditory neural transmission but normal outer hair cells function. To date, 13
genes identified as potentially causing ANSD have been documented. To study
the etiology of ANSD, we collected 9 probands with ANSD diagnosed in the
clinic and performed targeted next-generation sequencing.

Methods: Nine probands have been identified as ANSD based on the results of
the ABR tests and DPOAE/CMs. Genomic DNA extracted from their peripheral
blood was examined by next-generation sequencing (NGS) for a gene panel
to identify any potential causal variations. For candidate pathogenic genes,
we performed co-segregation among all family members of the pedigrees.
Subsequently, using a mini-gene assay, we examined the function of a novel
splice site mutant of OTOF.

Results: We analyzed nine cases of patients with ANSD with normal
CMs/DPOAE and abnormal ABR, discovered three novel mutants of the OTOF
gene that are known to cause ANSD, and six cases of other gene mutations
including TBC1D24, LARS2, TIMM8A, MITF, and WFS1.

Conclusion: Our results extend the mutation spectrum of the OTOF gene and
indicate that the genetic etiology of ANSD may be related to gene mutations
of TBC1D24, LARS2, TIMM8BA, MITF, and WFS1.

KEYWORDS

auditory neuropathy spectrum disorder, targeted next-generation sequencing, gene
mutation, etiological analysis, minigene assay

Introduction

Afferent nerve conduction problems combined with the proper operation of outer
hair cells enduring otoacoustic emissions (OAE) and/or cochlear microphonics (CM:s)
are the hallmark symptoms of auditory neuropathy spectrum disease (ANSD) (1). The
first case of ANSD was diagnosed by Starr et al. (2), who found that 10 individuals had
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abnormal peripheral auditory neural transmission but normal
outer hair cell function. The incidence of ANSD, on the other
hand, is not fully clear, with studies reporting incidences ranging
from <1% to almost 10% in patients with hearing impairment
(3-6). The wide range of clinical characteristics in patients
with ANSD in different studies (3) is reflected in the large
variety of prevalence. Meanwhile, a variety of etiologies have
been identified, including genetics, dysmaturity, cochlear nerve
abnormalities, and prenatal infections such as measles, mumps,
or cytomegalovirus—CMYV. Prematurity, prenatal conditions,
such as severe icterus and kernicterus, hypoxia induced by
mechanical ventilation, septicemia, ototoxic medications, and
meningitis were listed as postnatal causes, which might manifest
symptoms later in life (3, 7, 8). Cochlear implantation is thought
to be the best therapeutic option for patients with ANSD.
Nevertheless, due to the widely diverse clinical treatment results,
patients with ANSD who accepted cochlear implantation may
experience faulty language and speech outcomes. Pre- or post-
synaptic lesions or disorders of the central nervous system
with hypoplasia of the auditory nerve may be relevant in this
regard (9-15).

A total of 13 genes have been identified as causing ANSD
thus far (16). Mutations of OTOF, PJVK, and DIAPH3 are
the most common hereditary causes of isolated ANSD (17),
while OTOF mutations account for more than 18-41% of
congenital individuals with ANSD in China (18, 19). To date,
over 110 OTOF mutations have been identified (Human Gene
Mutation Database).

In this study, we screened 9 cases of patients with ANSD
who had normal results in distortion product otoacoustic
emissions (DPOAE)/cochlear microphonic potentials (CM)
but abnormal auditory brainstem responses (ABR); of which,
we discovered 3 cases of OTOF gene mutation that were
responsible for causing ANSD, and 6 cases of mutations in
TBCI1D24, LARS2, TIMMS8A, MITF, and WFSI genes. Our
research related to the etiological analysis of ANSD expanded
the OTOF gene mutation spectrum and indicated the pathogenic
role of TBC1D24, LARS2, TIMMS8A, MITF, and WFSI genes
in ANSD.

Methods

Subjects and clinical evaluations

Among 741 hearing-impaired patients undergoing genetic
counseling, a total of 9 families were recruited in this
study, from the department of otolaryngology-head and neck
surgery of Xin Hua Hospital affiliated with Shanghai Jiao
Tong University School of Medicine. Approvals were achieved
by all individuals and their family members with informed
consent prior to the study. Questionnaires were designed to
collect the subjects’ medical histories. Otological examinations
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were then conducted to evaluate the auditory conditions of
the subjects, which included otoscopy, auditory brainstem
response (ABR), pure-tone audiometric examination (PTA),
cochlear microphonic potential (CM), and distortion product
otoacoustic emission (DPOAE). Finally, we made the diagnosis
of ANSD according to the abnormal results of ABR tests
and the normal results of DPOAE/CM. This research was
approved by the Ethics Committee of Xin Hua Hospital
affiliated with Shanghai Jiao Tong University School of Medicine
(No. XHEC-D-2021-047).

Next-generation sequencing

The genomic DNA of family members was extracted
from peripheral blood leukocytes. The panel of 140 deafness-
causative genes of the proband in family A diagnosed
with ANSD was captured and sequenced by the Illumina
sequencing platform and Hiseq X sequencer (Illumina, San
Diego, CA, United States). The panel of 415 deafness-
causative genes of 8 other probands diagnosed with ANSD
was captured and sequenced by the Illumina sequencing
platform and NextSeq 500 sequencer (Supplementary Table 1).
Then, non-sense variants, frameshift, and splicing site were
taken into further consideration with allele frequencies below
0.0005 for dominant inheritance and 0.005 for recessive
inheritance in the 1,000 Genomes Project. Moreover, Mutation
taster and SIFT software were then applied to evaluate
the possible pathogenicity (20). Through targeted next-
generation sequencing, potential causative variants could be
detected, which were then confirmed by Sanger sequencing
in each individual. Meanwhile, co-segregation analysis was
also conducted for all family members if available. The three-
dimensional structure of the mutation protein was built
individually by SWISS-MODEL (https://swissmodel.expasy.
org/) or visualized individually by Swiss-PdbViewer (http://
spdbv.vital-it.ch/).

Mini-gene assay

the
mutation near the splicing site of ¢.2406 + 2insT in

Mini-gene assay was used to study whether
OTOF affects the formation of mRNA by using vectors
constructed in vitro. First of all, wild-type and mutant
gene inserts were amplified from the genomic DNA of
the proband and her mother in family B by nest PCR.
Peripheral primers from forward to reverse and 5'- to
3/-, the same as below, of nest PCR were as follows:
GTTGAAGTTCCCTGAAGCTCAGCCAGCTC
CCCTGGTCAGAGCTGCCCTG. Inner primers of nest
PCR were as follows: CTCACTCCCCTGATCAACAG and

GAAGAGCGTCTTGACCTTGGC. The inserts were cloned

and
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TABLE 1 The gene mutations of the 9 families.

Gene  Mutation  Nucleotide change =~ Amino acid InterAcmg Mutationtaster Pathogenic SIFT (score) Allele frequency Reference
type (transcript version)  change grade in controls
Autosomal recessive
OTOF Stop coden ¢.5308C > T (NM_194248)  p.GIn1770* PVS1, PM2 Disease_causing_automatic Likely pathogenic - 0/1,000 Novel
1
Frameshift c.4236del (NM_194248) p.Glul414Serfs*108  PVSI1, PM2 - Likely pathogenic - 0/1,000 Novel
OTOF Stop coden c.4225A > T (NM_194248)  p.K1409* PVS1, PM3_Strong, PM2 Disease_causing_automatic Pathogenic - 0/1,000 PMID:23767834
1
Splicing ¢.2406 + 2_2406 + 3insT - PVS1, PM2 - Likely pathogenic - 0/1,000 Novel
(NM_194248)
OTOF Splicing c4961-3C > G - PM3_Strong, PM2 - Likely pathogenic - 0/1,000 PMID:23767834
(NM_194248)
Splicing c4091-1G > A - PVS1,PM2 Disease_causing (1) Likely pathogenic - 0/1,000 Novel
(NM_194248)
TBCID24 Missense c.194G > A p-R65H PM2,PM5 Disease_causing (1) Uncertain Probably_damaging 0/1,000 Novel
(NM_001199107) (0.997)
Frameshift ¢.1638delT p.A547Pfs*21 PVS1_PM4,PM2 - Uncertain - 0/1,000 Novel
(NM_001199107)
LARS2 Missense ¢.764C > T (NM_015340) p-A255V PM2 Polymorphism (0.711) Uncertain Tolerated (0.119) 0/1,000 Novel
Missense c.1987C > T (NM_015340)  p.R663W PM3_Strong,PM2,PP3 Disease_causing (1) Likely pathogenic Damaging (0) 0/1,000 PMID:28708303
Autosomal dominant
TIMMS8A  Frameshift ¢.61_62insGGACCCGCAGT p.H21Rfs*11 PVS1,PM2 - Likely pathogenic - 0/1,000 Novel
TGCAGC (NM_004085)
MITF Frameshift c.733delA (NM_000248) p-T245Pfs*3 PVS1,PM2 - Likely pathogenic - 0/1,000 Novel
WES1 Missense ¢.937C > T (NM_006005) p-H313Y PM3_Strong,PM2,PP3 Disease_causing (1) Likely pathogenic Tolerated (0.082) 0/1,000 PMID:16151413
WES1 Missense €.2029G > A (NM_006005) p.A677T PM3_Strong,PM1,PM2,PP3 Disease_causing (0.999) Likely pathogenic Tolerated (0.149) 0/1,000 PMID:26969326

* symbol indicates the stop codon; - symbol indicates no relevant information.
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p-Q1770X ¢.2406+2insT ¢.4961-3C>G
c.4236del p.K1409X ¢.4091-1G>A
D (TBC1D24) E (LARS2) F  (TIMMSA)
I ' O '
1 2 1 2 1 2
p.R65H ¢.1638delT p.A255V p-A255V +/+ +/+
1l 1
/ 1 1 /’ i
p.R65H 1 2 2 c.61_62ins17
¢.1638delT p.A255V p.A255V
p.R663W p.R663W
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¢.733delA +/+
i 1l
/I 1 I / 1
A677T
¢.733delA 1 A 2 P
++ p.H313Y
male O female . ' patient y proband
FIGURE 1
(A-I1) Pedigrees of nine families. + represents the wild type after Sanger sequencing.

into the pcDNA3.1 and pEGFP-C1 vectors with multiple
cloning sites. The mini-gene constructs were then transfected
into HeLa and 293T cells separately using Lipofectamine™

3,000 transfection reagent (Thermo Fisher Scientific, Waltham,

agarose and Sanger sequencing, to confirm whether the
mutant vector is spliced as wild type. The primers used to
amplify the inserts cloned into pcDNA3.1 were as follows:
AAACTTAAGCTTATGTGCCGCTTCCTCTCCCTCGCTG

USA). Cells were harvested 48h after transfection. In the and TAGTGGATCCCTCGTCCGCCAGGAAGCGCA.
end, the total RNA was extracted by Trizol (TaKaRa, The  primers used to  amplify the  inserts
Kyoto, Japan), reverse transcribed into cDNA by Hifair'™ cloned into pEGFP-C1 were as follows:
reverse transcriptase (YEASEN, Shanghai, China), and the GCTCAAGCTTCCTGCCGCTTCCTCTCCCTCGCTG  and

amplified products were analyzed by electrophoresis of
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CCGCGGTACCCTCGTCCGCCAGGAAGCGCA.
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FIGURE 2

(A) The result of the selected clones by sequencing; (B) The result of final expressed products of cells by sequencing; (C) Construction strategy
of pcDNA3.1 vectors; (D) Electrophoretic results of expression products of pcDNA3.1 vectors in cell lines; (E) Construction strategy of
pEGFP-C1 vectors; and (F) Electrophoretic results of expression products of pEGFP-C1 vectors in cell lines.

Results Genetic findings
Clinical evaluations Non-sense, frameshift, and splicing site variants with allele
frequencies below 0.0005 for dominant inheritance and 0.005
Probands in the 9 Chinese families, including 5 girls and for recessive inheritance were screened to detect potential
4 boys, aged from 15 to 53 months were diagnosed with causative variants by targeted NGS. Candidate causative variants
ANSD according to the abnormal results of ABR tests and are shown in Table 1. In the five recessive families, bi-allelic
normal results of DPOAE/CM. In addition to the audiological mutations identified in known deafness genes were confirmed

diagnosis of the probands, other members of the families by parental genotyping, including p.Q1770X + c.4263delC
need to be specifically described as follows. The father of in OTOF (OMIM 603681) for Family A, ¢.2406 + 2insT +
the family G had normal hearing but excessive freckles p-K1409X in OTOF (OMIM 603681) for Family B, c.4961-3C >
all over his body. The father of the family H showed G + ¢4091-1G > A in OTOF (OMIM 603681) for Family C,
asymmetrical hearing loss with severe hearing loss in the right p-R65H + ¢.1638delT in TBC1D24 (OMIM 613577) for Family

ear and mild hearing loss in the left ear in PTA testing. D, and p.A255V + p.R663W in LARS2 (OMIM 604544) for
The proband of the family I was stunted and could not Family E (Table 1). While in the four dominant families, we
walk independently at 28 months old. His father showed identified four dominant deafness-related heterozygous variants,

normal hearing without other physical abnormalities. The ¢.61_62insGGACCCGCAGTTGCAGC in TIMM8A (OMIM
parents of other families showed normal hearing without other 300356) for Family F ¢.733delA in MITF (OMIM 156845)
physical abnormalities. for Family G, p.H313Y in WFSI (OMIM 606201) for Family
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H, and p.A677T in WFSI (OMIM 606201) for Family I, co-
segregating with the hearing impairment (Figure 1). The co-
segregation of the reported mutations was confirmed with
the hearing phenotype in these family members by Sanger
sequencing (Supplementary Table 2). Among them, there are 9
novel mutations that have not been reported previously in this
study. According to ACMG guidelines, most of these mutations
were classified as likely pathogenic, although there are three
variations of uncertain significance, we suggest that they are
important to study the etiology of the family, thus we have
included them in the table (Table 1, Supplementary Figure).

Mini-gene assay of the splicing site

Two different strategies for constructing mini-genes were
used (Figure 2). The wild type and mutant mini-genes were
inserted into pcDNA3.1 and pEGFP-CI vectors. A total of four
recombinant vectors were transfected into different cell lines of
293T, Hela, and MCF-7. A total of eight samples were collected
48h after transfection. The mini-gene construction strategy
of pcDNA3.1-otof-wt/mut is to insert the complete fragment
of exon2l (91 bp)—intron2l (127 bp)—exon22 (117 bp) of
OTOF gene into pcDNA3.1 vector and observe whether there
is abnormal splicing between exon21 and exon22 in ¢.2406 + 2
ins T OTOF mutant after transfection.

The results of RT-PCR indicated that the wild type had an
electrophoretic band of the expected size (241 bp) in 293T and
Hela cells, and the mutant was slightly larger than the wild
type. Both wild type and mutant bands were sequenced. The
sequencing results showed that the wild type was normal and
its splicing mode was exon21-exon22; the mutant retained all
intron21 of 128 bp, that is, the splicing mode of the mutant
was exon21-intron21-exon22. We obtained the same results on
the pEGFP-CI1 vector, with 359 bp in the wild type and a larger
electrophoretic band in the mutant (Figure 2).

Discussion

Auditory neuropathy spectrum disease is caused by defects
in genes, which have been proven in previous studies in the
recent two decades (3). Mutations in OTOF (OMIM 603681),
which was the first identified gene of congenital ANSD, were
the most common cause of these genetic defects (21). In
previous studies, it has been elucidated that the OTOF gene
located on chromosome 2p23.1 consists of 48 exons and encodes
otoferlin, which is located in the basolateral region of the
adult mammalian cochlea, and is mainly expressed in the
inner hair cells, participates in the connection activities in
afferent synapses. A reduction of synaptic vesicle exocytosis
was observed at ribbon synapses with mutations of OTOF (22).
Therefore, the auditory nerve function of patients with bi-allelic

Frontiersin Neurology

06

10.3389/fneur.2022.1026695

OTOF mutations could be assumed to be intact, and the site of
the lesion is presumed to be presynaptic in the auditory neuron.
Theoretically, good cochlear implant performance could be
anticipated in patients with ANSD with OTOF gene mutations.
This study expanded the mutation spectrum of the OTOF gene
with four novel mutations of the OTOF gene identified.

The disorders associated with TBC1D24 are characterized
by some features which were described as distinct, recognized
phenotypes originally, including deafness, epilepsy, intellectual
disability, and osteodystrophy. The diagnosis of a TBC1D24-
associated disorder is confirmed in an individual with bi-allelic
TBC1D24 pathogenic mutations, and the pattern of inheritance
of TBC1D24 mutation is autosomal recessive (23). TBC1D24
is assumed to be a suitable candidate gene for ANSD for its
involvement in the central nervous system and expression in
the spiral ganglion (16). In this study, the family members
denied that the patient had any symptoms other than deafness.
Verification of future research is needed due to the two
mutations of this study were classified as uncertain according
to ACMG guidelines. Until now, our study is the first report of
ANSD caused by TBC1D24 mutations.

LARS2 variants are associated with disorders called Perrault
syndrome (OMIM 615300) in most studies, characterized by
premature ovarian failure and sensorineural hearing deafness
(24). More recently, bi-allelic LARS2 variants have been reported
to lead to Perrault syndrome with neurological symptoms (25).
In this study, the patients also showed symptoms of ANSD. In
our study, the proband and his siblings were young boys and
only showed hearing problems.

TIMMSA located in Xq22 encodes a small protein located
in the mitochondrial intermembrane space associated with
Deafness-dystonia-optic neuronopathy (DDON syndrome) also
called Mohr-Tranebjaerg syndrome (MTS) (26). This was the
first case of an 11-year-old Dutch boy with dystonia and deafness
to report a TIMMS8A mutation (27). Three patients with MTS
with primary auditory neuropathy in China were the first
to report TIMMS8A variations (28). In this study, the patient
developed auditory neuropathy symptoms, and the mutation
was novel and de novo.

Heterozygous mutations in the MITF gene are strongly
called
Waardenburg Syndrome 2A (WS2A). Compound heterozygotes

related to pigmentation disorders and deafness
were recently elucidated in a novel syndrome involving
coloboma, osteopetrosis,

albinism, and deafness. Our previous studies have revealed that

microphthalmia, macrocephaly,
WS2A caused by MITF mutations is clinically related to excess
freckles in Han Chinese deaf patients (29). To our knowledge,
this is the first study reporting WS2A as a primary symptom of
an ANSD.

WEFS1 lead to type 6/14/38
dominant non-syndromic deafness (DFNA) and Wolfram

mutations autosomal

syndrome 1, an autosomal recessive neurodegenerative

disease including deafness, optic nerve atrophy, and diabetes
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insipidus (30). In this study, the inheritance pattern of
Family H was autosomal dominant, while the proband
exhibited symptoms of ANSD and the father exhibited
symptoms of Wolfram syndrome 1 including deafness
and optic nerve atrophy. The inheritance pattern of
Family I was incomplete autosomal dominant, with the
mutant father having no phenotype, while the mutant
daughter exhibits an auditory neuropathy phenotype and

developmental delay.

Conclusion

Our results from limited samples suggest that OTOF
plays a leading role and WFSI plays a secondary role
in the genetic etiology analysis of ANSD, which together
constitute a complex genetic etiology of ANSD. Our results
extend the mutation spectrum of the OTOF gene and
indicate that the genetic etiology of ANSD may be related
to gene mutations of TBCID24, LARS2, TIMMS8A, MITF,
and WFSI.

Data availability statement

The datasets presented in this study can be found in
online repositories. The name of the repository and accession
number can be found below: National Center for Biotechnology
Information (NCBI) BioProject, https://www.ncbi.nlm.nih.gov/
bioproject/, PRINA861021.

Ethics statement

The studies involving human participants were reviewed
and approved by Ethics Committee of Xin Hua Hospital
affiliated to Shanghai Jiao Tong University School of
Medicine. Written informed consent to participate in this
study was provided by the participants’ legal guardian/next
of kin.

References

1. Attias J, Greenstein T, Peled M, Ulanovski D, Wohlgelernter
J, Raveh E. Auditory performance and electrical stimulation
measures in cochlear implant recipients with auditory neuropathy
compared  with severe to profound sensorineural hearing loss.
Ear Hear. (2017) 38:184-93. doi: 10.1097/AUD.00000000000
00384

2. Starr A, Picton TW, Sininger Y, Hood L], Berlin CI. Auditory neuropathy.
Brain. (1996) 119(Pt 3):741-53.

3. Moser T, Starr
mechanisms. Nat Rev Neurol.
2016.10

A. Auditory neuropathy-neural
(2016) 12:135-49. doi:

and  synaptic
10.1038/nrneurol.

Frontiersin Neurology

07

10.3389/fneur.2022.1026695

Author contributions

LS wrote the article. ZL, JZ, JS, and XW collected the data.
JY designed this study. All authors contributed to the article and
approved the submitted version.

Funding

The study was supported by the National Natural Science
Foundation of China with Grant/Award Number: 81873698.

Acknowledgments

We thank the family members for their cooperation in
this work.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fneur.2022.1026695/full#supplementary-material

4. Vignesh SS, Jaya V, Muraleedharan A. Prevalence and audiological
characteristics of auditory neuropathy spectrum disorder in pediatric population:
a retrospective study. Indian ] Otolaryngol Head Neck Surg. (2016) 68:196-
201. doi: 10.1007/s12070-014-0759-6

5. Boudewyns A, Declau F, van den Ende J, Hofkens A, Dirckx S, Van de
Heyning P. Auditory neuropathy spectrum disorder (ANSD) in referrals from
neonatal hearing screening at a well-baby clinic. Eur ] Pediatr. (2016) 175:993-
1000. doi: 10.1007/s00431-016-2735-5

6. Penido RC, Isaac ML. Prevalence of auditory neuropathy spectrum disorder
in an auditory health care service. Braz J Otorhinolaryngol. (2013) 79:429-
33. doi: 10.5935/1808-8694.20130077

frontiersin.org


https://doi.org/10.3389/fneur.2022.1026695
https://www.ncbi.nlm.nih.gov/bioproject/
https://www.ncbi.nlm.nih.gov/bioproject/
https://www.frontiersin.org/articles/10.3389/fneur.2022.1026695/full#supplementary-material
https://doi.org/10.1097/AUD.0000000000000384
https://doi.org/10.1038/nrneurol.2016.10
https://doi.org/10.1007/s12070-014-0759-6
https://doi.org/10.1007/s00431-016-2735-5
https://doi.org/10.5935/1808-8694.20130077
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Sun et al.

7. Ehrmann-Miiller D, Cebulla M, Rak K, Scheich M, Back D, Hagen
R, et al. Evaluation and therapy outcome in children with auditory
neuropathy spectrum disorder (ANSD). Int J Pediatr Otorhinolaryngol. (2019)
127:109681. doi: 10.1016/j.ijpor].2019.109681

8. Riggs WJ, Roche JP, Giardina CK, Harris MS, Bastian ZJ, Fontenot
TE, et al. Intraoperative electrocochleographic characteristics of auditory
neuropathy spectrum disorder in cochlear implant subjects. Front Neurosci. (2017)
11:416. doi: 10.3389/fnins.2017.00416

9. Santarelli R, Rossi R, Scimemi P, Cama E, Valentino ML, La Morgia C. OPA1-
related auditory neuropathy: site of lesion and outcome of cochlear implantation.
Brain. (2015) 138:563-76. doi: 10.1093/brain/awu378

10. Leigh J, Dettman S, Dowell R, Sarant J. Evidence: based approach for making
cochlear implant recommendations for infants with residual hearing. Ear Hear.
(2011) 32:313-22. doi: 10.1097/AUD.0b013¢3182008b1c

11. Santarelli R, Starr A, Del Castillo I, Huang T, Scimemi P, Cama E, et al.
Presynaptic and post-synaptic mechanisms underlying auditory neuropathy in
patients with mutations in the OTOF or OPA 1 gene. Audiol Med. (2011) 9:59—
66. doi: 10.3109/1651386X.2011.558764

12. Breneman Al, Gifford RH, Dejong MD. Cochlear implantation in children
with auditory neuropathy spectrum disorder: long-term outcomes. ] Am Acad
Audiol. (2012) 23:5-17. doi: 10.3766/jaaa.23.1.2

13. Colletti L, Wilkinson EP, Colletti V. Auditory brainstem implantation
after unsuccessful cochlear implantation of children with clinical diagnosis
of cochlear nerve deficiency. Ann Otol Rhinol Laryngol. (2013) 122:605-
12. doi: 10.1177/000348941312201002

14. Kutz JW, Lee KHIB, Booth TN, Sweeney MH, Roland PS. Cochlear
implantation in children with cochlear nerve absence or deficiency. Otol Neurotol.
(2011) 32:956-61. doi: 10.1097/MAO.0b013e31821f473b

15. Jeong SW, Kim LS. Auditory neuropathy spectrum disorder: predictive
value of radiologic studies and electrophysiologic tests on cochlear implant
outcomes and its radiologic classification. Acta Otolaryngol. (2013) 133:714-
21. doi: 10.3109/00016489.2013.776176

16. Shearer AE, Hansen MR. Auditory synaptopathy, auditory neuropathy,
and cochlear implantation. Laryngoscope Investig Otolaryngol. (2019) 4:429-
40. doi: 10.1002/1i02.288

17. Del Castillo FJ, Del Castillo I. Genetics of isolated auditory neuropathies.
Front Biosci. (2012) 17:1251-65. doi: 10.2741/3984

18. Chiu YH, Wu CC, Lu YC, Chen PJ, Lee WY, Liu AY, et al. Mutations in the
OTOF gene in Taiwanese patients with auditory neuropathy. Audiol Neurootol.
(2010) 15:364-74. doi: 10.1159/000293992

Frontiersin Neurology

08

10.3389/fneur.2022.1026695

19. Zhang QJ, Han B, Lan L, Zong L, Shi W, Wang HY, et al. High frequency
of OTOF mutations in Chinese infants with congenital auditory neuropathy
spectrum disorder. Clin Genet. (2016) 90:238-46. doi: 10.1111/cge.12744

20.Sun L, Wang X, Hou S, Liang M, Yang J. Identification of MYO6 copy number
variation associated with cochlear aplasia by targeted sequencing. Int | Pediatr
Otorhinolaryngol. (2020) 128:109689. doi: 10.1016/j.ijporl.2019.109689

21. Lalayants MR, Mironovich OL, Bliznets EA, Markova TG, Polyakov AV,
Tavartkiladze GA. OTOF-related auditory neuropathy spectrum disorder. Vestn
Otorinolaringol. (2020) 85:21-5. doi: 10.17116/0torino20208502121

22. Roux I, Safieddine S, Nouvian R, Grati M, Simmler MC, Bahloul A, et al.
Otoferlin, defective in a human deafness form, is essential for exocytosis at the
auditory ribbon synapse. Cell. (2006) 127:277-89. doi: 10.1016/j.cell.2006.08.040

23. Balestrini S, Milh M, Castiglioni C, Lithy K, Finelli MJ, Verstreken P,
et al. TBC1D24 genotype-phenotype correlation: Epilepsies and other neurologic
features. Neurology. (2016) 87:77-85. doi: 10.1212/WNL.0000000000002807

24. Demain LA, Urquhart JE, O’Sullivan J, Williams SG, Bhaskar SS, Jenkinson
EM, et al. Expanding the genotypic spectrum of Perrault syndrome. Clin Genet.
(2017) 91:302-12. doi: 10.1111/cge.12776

25. van der Knaap MS, Bugiani M, Mendes MI, Riley LG, Smith
DEC, Rudinger-Thirion J, et al. Biallelic variants in LARS2 and
KARS cause deafness and (ovario) leukodystrophy. Neurology. (2019)
92:€1225-37. doi: 10.1212/WNL.0000000000007098

26. Neighbors A, Moss T, Holloway L, Yu SH, Annese E Skinner S, et al.
Functional analysis of a novel mutation in the TIMMS8A gene that causes
deafness-dystonia-optic neuronopathy syndrome. Mol Genet Genomic Med. (2020)
8:el121. doi: 10.1002/mgg3.1121

27. Tranebjaerg L, Hamel BCJ, Gabreels FJM, Renier WO, Van Ghelue M. A de
novo missense mutation in a critical domain of the X-linked DDP gene causes
the typical deafness-dystonia-optic atrophy syndrome. Eur ] Hum Genet. (2000)
8:464-7. doi: 10.1038/sj.¢jhg.5200483

28. Wang H, Wang L, Yang J, Yin L, Lan L, Li J, et al. Phenotype prediction
of Mohr-Tranebjaerg syndrome (MTS) by genetic analysis and initial auditory
neuropathy. BMC Med Genet. (2019) 20:11. doi: 10.1186/s12881-018-0741-3

29. Sun L, Li X, Shi J, Pang X, Hu Y, Wang X, et al. Molecular etiology and
genotype-phenotype correlation of Chinese Han deaf patients with type I and type
II Waardenburg syndrome. Sci Rep. (2016) 6:35498. doi: 10.1038/srep35498

30. Pallotta MT, Tascini G, Crispoldi R, Orabona C, Mondanelli G,
Grohmann U, et al. Wolfram syndrome, a rare neurodegenerative disease:
from pathogenesis to future treatment perspectives. J Transl Med. (2019)
17:238. doi: 10.1186/s12967-019-1993-1

frontiersin.org


https://doi.org/10.3389/fneur.2022.1026695
https://doi.org/10.1016/j.ijporl.2019.109681
https://doi.org/10.3389/fnins.2017.00416
https://doi.org/10.1093/brain/awu378
https://doi.org/10.1097/AUD.0b013e3182008b1c
https://doi.org/10.3109/1651386X.2011.558764
https://doi.org/10.3766/jaaa.23.1.2
https://doi.org/10.1177/000348941312201002
https://doi.org/10.1097/MAO.0b013e31821f473b
https://doi.org/10.3109/00016489.2013.776176
https://doi.org/10.1002/lio2.288
https://doi.org/10.2741/3984
https://doi.org/10.1159/000293992
https://doi.org/10.1111/cge.12744
https://doi.org/10.1016/j.ijporl.2019.109689
https://doi.org/10.17116/otorino20208502121
https://doi.org/10.1016/j.cell.2006.08.040
https://doi.org/10.1212/WNL.0000000000002807
https://doi.org/10.1111/cge.12776
https://doi.org/10.1212/WNL.0000000000007098
https://doi.org/10.1002/mgg3.1121
https://doi.org/10.1038/sj.ejhg.5200483
https://doi.org/10.1186/s12881-018-0741-3
https://doi.org/10.1038/srep35498
https://doi.org/10.1186/s12967-019-1993-1
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

	Genetic etiological analysis of auditory neuropathy spectrum disorder by next-generation sequencing
	Introduction
	Methods
	Subjects and clinical evaluations
	Next-generation sequencing
	Mini-gene assay

	Results
	Clinical evaluations
	Genetic findings
	Mini-gene assay of the splicing site

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


