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Abstract: Background: Auditory Neuropathy Spectrum Disorder (ANSD) is manifested as impair-
ment of auditory nerve activity but preservation of the outer hair cell function.

Objective: This study was to detect the disease-causing gene and variant(s) in a Chinese ANSD family.

Methods: A four-generation consanguineous Chinese ANSD family and 200 unrelated healthy con-
trols were enrolled. Exome sequencing and Sanger sequencing were applied to identify the genetic ba-
sis for ANSD in this family.

Results: Exome sequencing detected a ¢.1236delC variant of the otoferlin gene in an apparently ho-
mozygous state. Sanger sequencing confirmed that the variant co-segregating with the phenotype of
hearing impairments in this family. The variant was not detected in 200 healthy controls. The
¢.1236delC alteration may result in a truncated otoferlin missing the C2C-C2F domains and the C-
terminal transmembrane domain, and thus severely damages Ca®'-dependent synaptic vesicle fusion
and targeting function of the otoferlin.

Conclusion: Our study suggested that the ¢.1236delC alteration in the otoferlin gene may be the disease-

causing variant in this family, and also shed new light on genetic counseling to this ANSD family.
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1. INTRODUCTION

Auditory Neuropathy Spectrum Disorder (ANSD), also
termed as Auditory Neuropathy (AN) or Auditory Dyssyn-
chrony (AD), is manifested as impairment of auditory nerve
activity but preservation of the Outer Hair Cell (OHC) func-
tion [1, 2]. It is clinically diagnosed by the absent or abnor-
mal Auditory Brainstem Responses (ABR) while preserved
otoacoustic emissions (OAE) and/or Cochlear Microphonics
(CM) [2]. ANSD is a disorder of the auditory pathway
caused by the lesions in the auditory nerve, Inner Hair Cells
(IHC), or synapses between auditory nerve and IHC [3]. El-
Badry and McFadden [4] stated that ANSD might be caused
by any pathological mechanism that damages temporal en-
coding and neural synchrony. Patients with ANSD generally
present with various levels of hearing impairments and poor
language comprehension in disproportion to the levels of
hearing impairments [5].
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ANSD occurs in approximately 11-17.3% of infants with
hearing loss [6]. About 42% of ANSD cases are caused by
genetic factors. Hyperbilirubinemia, anoxia, infection, pre-
maturity, demyelination, and drug reaction are also associ-
ated with ANSD [7]. ANSD may occur either as an isolated
disorder of the auditory nerve (nonsyndromic ANSD) or as a
manifestation of other syndromes, such as Charcot-Marie-
Tooth disease [3]. Previous reports suggested that most
forms of ANSD were nonsyndromic. Nonsyndromic ANSD
displays autosomal dominant, autosomal recessive or X-
linked inheritance pattern [1].

To date, at least five genes, including the otoferlin gene
(OTOF) [5], the pejvakin gene (PJVK) [8], the connexin 26
gene (GJB2) [9], the mitochondrial 12S ribosomal RNA
gene (MTRNRI) [10], and the drosophila diaphanous ho-
molog 3 gene (DIAPH3) [11] have been identified as the
disease-causing genes of nonsyndromic ANSD. Variants in
the TBC1 domain family member 24 gene (’BC1D24) might
also be associated with ANSD [12]. Hearing aids offer little
help to patients with ANSD [5], while cochlear implantation
offers good auditory outcomes to patients with severe to pro-
found hearing impairments due to variants in the OTOF or
GJB2 gene. Thus identification of pathogenic gene variants
in ANSD families may be useful in guiding the choice of
optimal treatment and assisting prenatal diagnosis [13].
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It is a challenge to detect pathogenic gene variants for
nonsyndromic ANSD by regular Sanger sequencing due to
its high genetic heterogeneity. As an effective alternative
strategy, exome sequencing has been suggested [14]. This
study detected an apparently homozygous OTOF frameshift
variant in a consanguineous Chinese family with nonsyn-
dromic ANSD.

2. MATERIALS AND METHODS
2.1. Subjects

A four-generation consanguineous Han Chinese family
with ANSD (Fig. 1a) was enrolled. Two patients (IV:1 and
IV:2) and two unaffected individuals (II:2 and IV:3) in this
family were involved in this study. Both the proband (IV:1),
a 40-year-old female, and her affected sister (IV:2), a 35-
year-old female, suffered from bilateral prelingual hearing
loss with poor speech discrimination, not accompanied with
other clinical features. The two sisters were not offered
hearing aids or cochlear implantation during their childhood.
Their first-cousin parents (III:1 and III:2) and younger
brother (IV:3) had normal hearing and speech abilities. Two
hundred unrelated healthy subjects (aged 38.5+7.8 years)
matched by gender and ethnicity were enlisted as controls.
Informed consent forms were signed by all the participants
or their guardians, and this study was reviewed and approved
by the Institutional Review Board of the Third Xiangya
Hospital, Central South University, China.
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2.2. Clinical Evaluation

Subjects in this ANSD family had clinical and
audiological assessments carried out in the Third Xiangya
Hospital, Changsha. Pure Tone Audiometry (PTA), acoustic
immitance measurement, ABR, OAE and Magnetic Reso-
nance Imaging (MRI) were performed. Hearing degree was
divided into normal (<20 dB), mild (20-40 dB), moderate
(41-70 dB), severe (71-95 dB), and profound (>95 dB) hear-
ing impairments [15]. OAE was evaluated by GN otomet-
rics-Madsen capella™, and the fl and f2 parameters of
DPOAE were set as 65 dB and 55 dB, respectively. Subjects
who had preservation of OAE but absence of ABR were di-
agnosed with ANSD.

2.3. Exome Sequencing

Venous blood samples of the participants were used for
obtaining genomic DNA (gDNA) with the saturated phenol-
chloroform extraction method [16]. No less than 1.5 pg of
gDNA from the IV:1 patient was applied to exome sequenc-
ing at Novogene Bioinformatics Institute, Beijing, China.
The process of exome sequencing and variant analysis was
described in detail in our earlier publication [15]. Exome
Aggregation Consortium (ExAC) data (http://exac.broadinsti
tute.org/) was further used for allele frequency of the poten-
tial causative variants in the general population.

2.4. Sanger Sequencing

Sanger sequencing was applied to identify the presence
of the candidate alterations in this family, and then whether

Fig. (1). Pedigree and sequence analysis in a consanguineous Chinese family with ANSD. a) Pedigree of the ANSD family. N: normal, V:
the OTOF ¢.1236delC variant. The arrow indicates the proband. b) The homozygous OTOF c¢.1236delC variant in the IV:1 patient. ¢) The
heterozygous OTOF c.1236delC variant in the unaffected individual (IV:3). d) The OTOF gene sequences of a healthy control. The arrows in
Figs. b, ¢, and d indicate the position of nucleotide 1236 in the OTOF gene.
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the candidate variants co-segregated with the phenotype of
ANSD was evaluated [17]. Two primer sequences for the
OTOF candidate alteration were designed and synthesized as
follows: Forward, 5-ACCCAGGAGTGTGTAGATGC-3'
and reverse, 5-CTTGTGTTCATACGGGGCAG-3'. The
functional prediction of the candidate variant was performed
by MutationTaster (http://www.mutationtaster.org/).

3. RESULTS
3.1. Clinical and Audiological Assessments

The two patients were born at full term without history of
either hyperbilirubinemia or infection. Hearing impairments
were manifested in the first year of their lives. PTA revealed
bilateral profound sensorineural hearing impairments with
thresholds at 100 dB, and acoustic immitance measurement
showed the type A tympanometric curve and absent acoustic
reflex in the two patients. Bilateral ABR and Transient
Evoked OAE (TEOAE) were absent, while distortion prod-
uct OAE (DPOAE) at 500 or 1000 Hz was elicited in bilat-
eral ears of the affected sister (IV:2) and the left ear of the
proband, and low amplitude DPOAE at 8000 Hz was present
in the right ear of the proband. MRI did not detect any inner
ear malformation. The two patients present DPOAE but lack
ABR, consistent with the diagnostic criteria of ANSD. The
clinical information of the family is summarized in Table 1.

3.2. Exome Sequencing

A total of 22,981,608 paired reads with an average length
of 125 bp were generated by exome sequencing of the
proband. About 94.16% (21,639,545) of raw reads were
checked to fulfill the quality evaluation and 99.91% of clean
reads were located to the human reference genome. After
filtering out common variants and nonpathogenic variants,
we obtained a total of 215 candidate variants. Then a homo-
zygous OTOF ¢.1236delC variant was identified to be the
potential pathogenic variant in the proband, and other altera-
tions in the known pathogenic genes for congenital hearing
loss were not found.

3.3. Identification of Disease-causing Variant

The OTOF c.1236delC alteration in an apparently homo-
zygous state was confirmed in the proband (Fig. 1b) and her
affected sister by Sanger sequencing, and the heterozygous
variant was detected in her unaffected mother and brother
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(Fig. 1¢). The variant was not detected in 200 healthy controls
(Fig. 1d). The OTOF c¢.1236delC variant was predicted to be
disease causing and result in a reading frame shift and trun-
cated polypeptides p.(E413Nfs*9) by MutationTaster. The
allele frequency of the OTOF c.1236delC variant was very
low (less than 0.0001) in the total population, while it was
absent in the East Asian population by the ExAC database.

4. DISCUSSION

The OTOF gene encodes a membrane-anchored cytosolic
protein with multiple isoforms. The long isoforms involve 48
coding exons, including six C2 domains (C2A-C2F) and a
transmembrane domain (TM). The C2A and C2B domains of
otoferlin are incomplete and lack some of the five calcium-
binding aspartates, while the last four C2 domains (C2C-
C2F) are full C2 domains with calcium-binding capability
[18]. The otoferlin, primarily located in the cochlear IHC and
vestibular sensory hair cells [19], is involved in Ca®'-
dependent synaptic vesicle-plasma membrane fusion and
neurotransmitter release [20].

Otoferlin deficient (Otof/') mice lacking Otof exons 14
and 15 displayed profound hearing loss, normal OHC func-
tion and absence of detectable ABR. Defective Ca’'-
dependent synaptic vesicle fusion at the IHC synapse was
proposed to be responsible for the hearing impairments in
these Otof/' mice [20]. The same phenotype was also re-
ported in mice with ENU-induced Otof p.I318N missense
variant [21].

This study identified the homozygous OTOF c.1236delC
alteration in the two patients and the heterozygous alteration
in the two unaffected individuals. The c.1236delC alteration
co-segregated with the phenotype of ANSD in this family
and was not present in healthy controls. Thus the alteration
might be the pathogenic variant in the ANSD family. Addi-
tionally, the OTOF compound heterozygous state (a gross
deletion involving in exon 14 and a heterozygous
¢.1236delC variant) should also be considered for the two
patients due to the unavailable genotype of the deceased fa-
ther (III:1) and limitation of the experimental methods em-
ployed in this study. However, the homozygous OTOF
c.1236delC variant was most likely to be disease-causing
alteration in this family due to the consanguineous marriage
of the patients’ parents and rarity of gross deletion involving
in exon 14. The OTOF c.1236delC variant (rs397515581)
was previously reported in a Spanish infant with hearing loss
[22]. Both the Spanish infant and the two patients in our

Table 1. The phenotype and genotype of the ANSD family members.
Individuals Age Hearing Loss DPOAE ABR AR OTOF ¢.1236delC Variant
1II:2 57y - Bil (+) Bil (+) Normal Heterozygous
v:1 40y Bil profound Bil (+) Bil (-) Absence Homozygous
wv:2 35y Bil profound Bil (+) Bil (-) Absence Homozygous
v:3 3ly - Bil (+) Bil (+) Normal Heterozygous

ABR: Auditory Brainstem Responses, ANSD: Auditory Neuropathy Spectrum Disorder, AR: Acoustic Reflex, Bil: Bilateral, DPOAE: Distortion Product Otoacoustic Emissions,

OTOF: the otoferlin gene, y: years, +: presence, -: absence.
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family showed presence of bilateral profound hearing im-
pairments but absence of TEOAE. The Spanish infant with
compound heterozygous variants (p.Q829X and c.1236delC)
of the OTOF gene was further diagnosed with autosomal
recessive nonsyndromic hearing loss (ARNSHL). However,
the two Chinese patients with homozygous OTOF
¢.1236delC variant were diagnosed with ANSD due to bilat-
eral DPOAE elicited at partial frequencies but absence of
bilateral ABR. The low allele frequency in the total popula-
tion and absence in the East Asian population of the OTOF
c.1236delC variant in EXAC database further supported its
association with the disease in this family.

Fig. (2). The schematic diagram of the otoferlin and the truncated
polypeptides p.(E413Nfs*9). a) The schematic diagram of the hu-
man otoferlin. b) The schematic diagram of the truncated polypep-
tides p.(E413Nfs*9) due to the OTOF c¢.1236delC variant. The
arrow indicates the position 413 in otoferlin encoded by the OTOF
gene.

The C2C-C2F domains are full C2 domains with cal-
cium-binding capability and contribute to the Ca*"-dependent
synaptic vesicle-plasma membrane fusion [18, 20]. The C2C
and C2F domains are involved in targeting otoferlin to the
presynapse [23], and the transmembrane domain at C-
terminus may target the otoferlin to diverse cell compart-
ments and/or interact with diverse ligands [18]. The
c.1236delC variant in the exon 14 of the OTOF gene, located
in the region between C2B domain and C2C domain, was
predicted to result in a reading frame shift and truncated
polypeptides p.(E413Nfs*9). Thus the OTOF c.1236delC
p.(E413Nfs*9) variant results in a truncated otoferlin miss-
ing the C2C-C2F domains and the C-terminal transmem-
brane domain (Fig. 2), and severely damages Ca’'-dependent
synaptic vesicle-plasma membrane fusion and targeting
function of the otoferlin. The two patients in our family had
bilateral profound prelingual hearing loss with poor speech
discrimination and social communication, consistent with the
findings from previous studies that patients with the homo-
zygous OTOF truncating variants or frameshift variants of-
ten have more severe hearing loss than those with non-
truncating variants or compound heterozygous variants [24].

TEOAE and DPOAE might diminish with age in patients
with ANSD [5, 25]. The oldest patient with OTOF variant
and preservation of OAE was 18 years old [26], while the
40-year-old proband was by far the oldest reported OTOF-
associated patients with partial preservation of DPOAE. In
our study, preservation of bilateral DPOAE and absence of
TEOAE in the two patients support the hypothesis that
DPOAE might be a more sensitive measure than TEOAE for
OHC function in adult patients with ANSD [27].
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In summary, the homozygous OTOF c.1236delC variant
was identified in our Chinese family with ANSD. Our study
demonstrated that exome sequencing is an efficient strategy
for identifying the genetic cause of nonsyndromic ANSD, a
disorder with high genetic heterogeneity. This ad-
vanced technique will be also widely applied to genetic di-
agnosis of monogenic disorders with a few affected members
[28].

CONCLUSION

In conclusion, the homozygous ¢.1236delC variant of the
OTOF gene may be the pathogenic variant in our consan-
guineous Chinese family with ANSD. Our findings may also
shed new light on clinical management and genetic counsel-
ing to this family.
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