
Abstract. Auditory neuropathy is a type of hearing loss that 
constitutes a change in the conduct of the auditory stimulus by 
the involvement of inner hair cells or auditory nerve synapses. 
It is characterized by the absence or alteration of waves in the 
examination of brainstem auditory evoked potentials, with 
otoacoustic and/or cochlear microphonic issues. At present, 
four loci associated with non‑syndromic auditory neuropathy 
have been mapped: Autosomal recessive deafness‑9 [DFNB9; 
the otoferlin (OTOF) gene] and autosomal recessive deaf‑
ness‑59 [DFNB59; the pejvakin (PJVK) gene], associated with 
autosomal recessive inheritance; the autosomal dominant audi‑
tory neuropathy gene [AUNA1; the diaphanous‑3 (DIAPH3) 
gene]; and AUNX1, linked to chromosome X. Furthermore, 
mutations of connexin 26 [the gap junction β2 (GJB2) gene] 
have also been associated with the disease. OTOF gene muta‑
tions exert a significant role in auditory neuropathy. In excess 
of 80 pathogenic mutations have been identified in individuals 
with non‑syndromic deafness in populations of different 
origins, with an emphasis on the p.Q829X mutation, which 
was found in ~3% of cases of deafness in the Spanish popula‑
tion. The identification of genetic alterations responsible for 
auditory neuropathy is one of the challenges contributing to 
understand the molecular bases of the different phenotypes 
of hearing loss. Thus, the present study aimed to investigate 
molecular changes in the OTOF gene in patients with audi‑
tory neuropathy, and to develop a DNA chip for the molecular 
diagnosis of auditory neuropathy using mass spectrometry for 
genotyping. Genetic alterations were investigated in 47 patients 
with hearing loss and clinical diagnosis of auditory neuropathy, 

and the c.35delG mutation in the GJB2 gene was identified in 
three homozygous patients, and the heterozygous parents of 
one of these cases. Additionally, OTOF gene mutations were 
tracked by complete sequencing of 48 exons, although these 
results are still preliminary. Studying the genetic basis of 
auditory neuropathy is of utmost importance for obtaining a 
differential diagnosis, developing more specific treatments and 
more accurate genetic counseling.

Introduction

Hearing loss is the most prevalent sensory disease in humans; 
it is caused by a variety of genetic and environmental factors. 
Whereas environmental factors include exposure to frequent 
high‑intensity sound, acoustic trauma, infections and ototoxic 
drugs, among others, genetic factors are caused by mutations 
in different genes or regulatory elements involved in the proper 
development, structure and function of the ear (1).

In developed countries, >60% of all cases of hearing 
impairment result from genetic causes (2). However, in Brazil, 
environmental factors outweigh those of genetic origin (3,4). 
Considering that improvements are being implemented in 
the health sector, and with the advancements being made in 
genetic studies associated with hearing loss, the proportion of 
genetic causes tends to increase.

International statistics reveal that one in every 
1,000 newborns has hearing loss (5,6). In Brazil, the frequency 
is estimated at four per 1,000 births (7). However, this often 
varies: Depending on the sample and study area, it may be 
present in 2‑7 per 1,000 newborns (8).

Recent years have witnessed significant advances in 
research on the molecular basis of the auditory system, 
enabling the identification and characterization of several 
genes and proteins associated with hearing. The increasing 
knowledge about these genes contributes not only to an 
improved understanding of the mechanisms of hearing, but 
also to the molecular basis of hearing impairment. This basic 
research is a prerequisite for the development of molecular 
diagnostics and novel therapies for deafness (9).

One of the biggest obstacles in the search for genes involved 
in hearing loss is the difficult access to the cochlea and other 
inner ear structures. The construction of a cDNA library of 
fetal cochlear equipment allowed the issue of candidate genes 
to be addressed using a tissue‑specific approach (10,11). The 
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large number of genes expressed in the cochlea reflects the 
complexity of the molecular mechanisms involved in this 
organ of intricate nature (12).

Most cases of hereditary hearing loss (~70%) are 
non‑syndromic. Different loci or regions to submit candidate 
genes associated with non‑syndromic deafness receive the 
prefix DFN (from deafness), followed by a number indicating 
the order in which they were discovered. The known genetic 
mutations that lead to deafness may be autosomal recessive 
(DFNB), autosomal dominant (DFNA), X‑linked (X DFN) or 
mitochondrial (1,13‑15).

Regarding the mechanisms of inheritance, it is estimated 
that 75‑80% of cases of non‑syndromic genetic deafness 
are autosomal recessive, 20‑25% are autosomal dominant, 
and 1‑2% are linked to the X chromosome. In addition, 
the frequency of mitochondrial inheritance is estimated 
at 1% (13‑17).

The heterogeneity of non‑syndromic autosomal recessive 
hearing loss is high, for which 71 loci have been described, and 
40 genes have been identified to date (18).

Auditory neuropathy (AN) is a type of sensorineural 
hearing loss, consisting of auditory stimulus alteration as a 
result of the involvement of inner hair cells or auditory nerve 
synapses. It is characterized by the absence or alteration of 
waves in the examination of the brainstem auditory potential 
response in the presence of otoacoustic emissions and/or 
cochlear microphonism (19).

It is responsible for 7‑10% of the cases of hearing loss in 
children, and may be caused by a number of genetic and envi‑
ronmental factors, including hyperbilirubinemia, prematurity, 
anoxia, exposure to ototoxic drugs and infections, among 
others. Regarding etiology, it is estimated that ~42% of cases 
are hereditary, 10% are associated with toxic, metabolic, 
immunological and infectious factors (e.g. ototoxic drugs, 
anoxia, hyperbilirubinemia, demyelination and viral infec‑
tions), and 48% are idiopathic (20‑22).

The AN may be associated with other disorders (syndromic) 
as part of the clinical signs of systemic neurodegenerative 
diseases, including Charcot‑Marie‑Tooth disease, Friedreich's 
ataxia, Guillain‑Barré neuropathy and mitochondrial diseases, 
or there may be (non‑syndromic) isolated clinical signs (2).

Given the peculiar characteristics of patients with AN, the 
treatment of these individuals is a challenge. There is a need 
to gain an improved understanding of the pathophysiology of 
this disease, and studies on genetic and molecular assessment 
can provide important collaboration. Over the course of the 
last decade, the identification of genes responsible for AN 
have contributed greatly to the diagnosis and improved under‑
standing of the mechanisms involved in the disease.

The otoferlin (OTOF) gene is one of the 40 genes associ‑
ated with autosomal recessive non‑syndromic hearing loss. It 
is located in the locus DFNB9, chromosomal region 2p22‑23. 
The gene contains 48 exons and encodes multiple isoforms 
of proteins generated via long and short alternative splicing 
events, combined by using different transcriptional initiation 
sites. OTOF is expressed in the cochlea, vestibule and brain, 
and is involved in the exocytosis of synaptic vesicles from 
inner hair cells (23‑26).

Mutations in the OTOF gene are responsible for a prelin‑
gual, fairly homogenous phenotype of profound hearing loss, 

without associated defects in the inner ear. However, numerous 
affected individuals have AN. Over 80 pathogenic mutations 
have been identified in individuals with non‑syndromic deaf‑
ness, in populations of different origins (27‑29).

In 2004, another locus, AUNA1, was mapped in an 
American family, in the chromosomal region  13q21‑q24, 
associated with autosomal dominant postlingual AN, and 
the corresponding gene, diaphanous‑3 (DIAPH3), was subse‑
quently identified (30,31).

The AUNX1 gene was mapped in 2006, a novel locus associ‑
ated with AN, although this time linked to the X chromosome 
in the Xq23‑q27.3 region, in a Chinese family inheritance. The 
corresponding gene has not been identified (32).

More recently, another neuropathy associated with the 
autosomal recessive gene was identified. The gene PJVK 
(DFNB59), located in chromosome region  2q31.1‑q31.3, 
encodes pejvakin (PJVK), a protein of the afferent auditory 
pathway involved in signaling from hair cells and neurons. 
However, mutations in this gene are not a frequent cause of 
AN in Brazil, as are mutations in the OTOF gene (33,34).

Furthermore, mutations in connexin 26 [the gap junc‑
tion β2 (GJB2) gene] have also been associated with AN. 
Two different studies have identified cases with AN among 
individuals with hearing loss, who had mutations in the GJB2 
gene (35,36).

Currently, it is known that changes in connexin 26 inter‑
fere with the ionic homeostasis of the inner ear, leading to the 
accumulation of extracellular potassium, which results in cell 
death. Thus, it is likely that otoacoustic emissions observed in 
patients in the studies cited above represent residual activity of 
a few outer hair cells that remained alive in the apical part of 
the cochlea. However, it is considered that certain mutations in 
the GJB2 gene may cause changes in the inner hair cells and 
nerve endings of the hair cells (37,38).

Therefore, further studies are required to clarify the associa‑
tion between AN and GJB2 gene mutations (37,38). A previous 
study has also investigated connexins and gap junctions, such 
as one involving the gap junction β4 (GJB4) gene (39), which 
may be associated with non‑syndromic hearing loss.

There are several ways to detect changes and/or mutations 
in the genome and, recently, high‑throughput technologies 
have emerged as an interesting alternative. Genotyping using 
the MassARRAY® system (Sequenom, Inc., San Diego, CA, 
USA) with the matrix‑assisted laser desorption ionization 
time‑of‑flight mass spectrometric (MALDI‑TOF MS) tech‑
nique and iPLEX, termed Gold Assay®, may be considered 
a powerful tool with an attractive approach. Genotyping is 
considered a method for obtaining an average yield, and allows 
the genotyping of up to 40 single nucleotide polymorphisms 
(SNPs) simultaneously, using 96‑3,840 samples, quickly and 
at low cost (40,41).

Allelic discrimination is achieved using MALDI‑TOF MS, 
which has been widely used for analyzing multiplex products 
and different genotypes, based on differences in the molecular 
weights of nucleotides (40,41).

Therefore, MS currently represents a powerful and versa‑
tile analytical method that provides valuable information 
about the composition and structure of molecules, and also 
sheds light on the quantity of specific analytes in mixtures. 
This method provides an attractive solution for the genotyping 
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of SNPs, particularly since it allows direct and rapid DNA 
measurement, rather than only detecting a mark (radioactive 
or fluorescent), and the results may be easily analyzed by auto‑
mated software (40,41).

MALDI‑TOF MS was first employed in 1988 by Karas 
and Hillenkamp (42) as a revolutionary method for the ioniza‑
tion and mass analysis of numerous biomolecules. These 
researchers demonstrated that irradiation of crystals formed 
by suitable small organic molecules (called matrix) with a 
short‑pulse laser caused an energy transfer and desorption 
process, producing the matrix ions in the gas phase. Of even 
greater importance, they determined that, if a low concentra‑
tion of a non‑absorbent analyte, such as a protein or nucleic 
acid molecule, is added to the matrix solution and embedded 
in the solid matrix of crystals formed by drying the mixture, 
non‑absorbent intact molecules of the analyte also would be 
sent to the gas phase and ionized laser, facilitating its mass 
analysis (42,43).

The basic components of a mass spectrometer consist of 
an ionization source (UV laser), an analyzer and a detector. 
For analysis, the biological sample (nucleic acid mixture) is 
added to a material (matrix), usually a low‑molecular‑weight 
organic acid with a strong absorption at the laser wavelength in 
blocks of one silicon chip surface. The MALDI‑TOF process 
is then initiated by laser desorption of an analyte‑matrix 
mixture. Subsequent physical processes result in the predomi‑
nant formation of either positively charged or negatively 
charged ions. These ions are extracted using an electric field, 
and separated according to their molecular masses and their 
charges (40,42,43).

The masses of nucleic acid compounds are calculated using 
TOF, which reflects the time that the laser‑ionized compound 
requires to be carried through the flight tube (1 to 2 m length) 
TOF analyzer and reach the instrument detector. At the 
detector, the ionized compounds generate an electrical signal 
that is recorded by a data system and is finally converted into 
a mass spectrum. The resolution of the current generation 
of MALDI mass spectrometers enables easy distinction of 
nucleobase replacements, with a mass variation of 1,000 to 
7,000 Da, which corresponds to a DNA size from  3  to 
25 nucleobases (40,44,45).

The identification of genetic alterations responsible for AN 
is one of the challenges that contribute to the understanding 
of the molecular basis of the different serotypes of hearing 
loss phenotypes. Furthermore, the use of novel molecular tools 
that enable a more rapid and effective diagnosis is of great 
interest for these patients. Thus, these factors are important for 
a differential diagnosis, as well as for developing more specific 
treatments and a more accurate genetic counseling.

The present study aimed to investigate molecular changes 
of the OTOF gene in patients with AN, and to develop a 
DNA chip for the molecular diagnosis of AN, using MS for 
genotyping, specifically: i) To investigate the presence of the 
mutation, c.35delG, and other changes in the GJB2 gene, the 
deletions del(GJB6‑D13S1830) and del(GJB6‑D13S1854) in 
the GJB6 gene, and the mitochondrial mutation m.1555A>G 
in the MTRNR1 gene; ii) to determine the frequency of the 
p.Q829X mutation in exon 22 of the OTOF gene in Brazilian 
patients with AN; iii)  to check the occurrence of other 
genetic alterations by sequencing the complete OTOF gene; 

and iv)  to standardize the method of genotyping using the 
MassARRAY®, Sequenom system for molecular diagnosis of 
AN, with the predominantly occurring mutations in Brazilian 
and world populations.

Materials and methods

Clinical subjects. This study comprised 47 patients from a 
tertiary care center diagnosed with hearing loss and AN. All 
subjects underwent audiological evaluation, including pure tone 
audiometry, speech audiometry, tympanometry, otoacoustic 
emissions and brainstem auditory evoked potential.

Patients who presented an absence of, or alterations in, the 
waves in the examination of the potential auditory brainstem 
response in the presence of otoacoustic and/or cochlear micro‑
phonic issues were clinically diagnosed with AN.

Initially, patients underwent a clinical evaluation performed 
by ear, nose and throat doctors. Subsequently, blood samples 
were collected and forwarded directly to the Human Molecular 
Genetics Laboratory, Center of Molecular Biology and Genetic 
Engineering (CBMEG)‑UNICAMP, where genetic tests were 
performed.

All patients in this sample had previously authorized their 
participation by signing the informed consent statement, 
having received clarification on the study to be performed. 
This project was approved by the Research Ethics Committee 
of the Faculty of Medical Sciences, UNICAMP (form 
number 96/2006).

Genomic DNA extraction from peripheral blood. The 
genomic DNA extraction was performed from leukocytes 
obtained from 10‑15 ml of peripheral blood collected in EDTA 
Vacutainer® tubes (BD Biosciences, Franklin Lakes, NJ, 
USA). The method of extraction with phenol and chloroform 
was used (46), standardized in the Human Molecular Genetics 
Laboratory of CBMEG.

Analysis of mutations in the GJB2 gene, deletions 
del(GJB6‑D13S1830) and del(GJB6‑D13S1854) in GJB6, 
and the mitochondrial mutation m.1555A>G in the MTRNR1 
gene. The mutation c.35delG in the connexin 26 (GJB2) gene 
was screened by allele‑specific polymerase chain reaction 
(PCR) using Amplification Refractory Mutations System 
(‘ARMS’) primers for the detection of point mutations (44). 
The normal (NOR) and mutant (MUT) primers were used in 
different reactions to amplify alleles with or without muta‑
tion, respectively. The common primer (COM) was used as 
the reverse primer (47). These two reactions (NOR and MUT) 
may be identified as being normal homozygote, heterozygote 
and mutant homozygote to mutation c.35delG in each indi‑
vidual. Primers A and B were used as internal controls for 
amplification reactions (47). This technique was developed 
in the Human Molecular Genetics Laboratory of CBMEG 
(patent no. P10005340‑6, test method for deafness of genetic 
origin‑UNICAMP, 2002).

Screening for mutations in the GJB2 gene by sequencing. The 
coding exon of the GJB2 gene, with 681 bp, was divided for 
amplification by technical PCR, according to a previously 
described protocol (48,49).
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Purification of the PCR products. First, the fragments to be 
amplified by PCR were purified using the Wizard® SV Gel 
and PCR Clean‑Up system kit (Promega Corp., Madison, WI, 
USA). The purification, quantity and purity of the DNA sample 
were determined by optical density in a spectrophotometer 
(NanoDrop® ND‑8000; Thermo Fisher Scientific, Waltham, 
MA, USA).

Sequencing reaction. Sequencing reactions were performed in 
the automatic sequencer ABI PRISM® 3700 DNA Analyzer, 
using the BigDye™ Terminator v3.1 Cycle Sequencing kit 
(Applied Biosystems Life Technologies, Foster City, CA, 
USA), according to the manufacturer's protocol. The reactions 
consisted of 40‑80 ng DNA, 1 µl mix BigDye® and 1 µl primer 
(5 pmol), adding deionized water to a final volume of 10 µl. 
The amplification conditions were: 96˚C (1 min), followed 
by 30 cycles of 96˚C (10 sec), 57˚C (5 sec) and 72˚C (30 sec), 
completing the cycle at 72˚C (5 min).

Analysis of the obtained sequences. The obtained sequences 
were smoothed and compared with normal gene sequences, 
using the programs Chromas Lite®, Gene Runner® v. 3:01 
and CLC Sequence Viewer 6.1 (CLC bio; Aarhus, Denmark) 
[see Technelysium 2012: http://www.technelysium.com.
au/chromas_lite.html; and Generunner 2013: http://www.
generunner.net].

Identification of the deletions, del(GJB6‑D13S1830) and 
del(GJB6‑D13S1854), in the GJB6 gene. The tracking dele‑
tions, del(GJB6‑D13S1830) and del(GJB6‑D13S1854), were 
performed according to protocols previously described by 
Del Castillo et al (50,51). The investigation of mutations was 
performed using a multiplex PCR protocol, searching for 
the presence of the two deletions in one reaction. Fragments 
resulted from the amplification of DNA containing the break‑
points of the two deletions, as well as a segment of exon 1 from 
the GJB6 gene, which was used as a control to check the effi‑
ciency of the reaction and to distinguish between heterozygous 
and homozygous alleles for either of the two deletions.

Screening of the mitochondrial mutation m.1555A>G in 
the MTRNR1 gene. The conditions previously described by 
Friedman and Griffith (52) and Iwasaki et al (53) were used 
for tracking the m.1555A>G mutation (15,52,53). Following 
amplification, fragments of mitochondrial DNA of 2060 bp 
were generated, and subsequently subjected to restriction anal‑
ysis using the restriction endonuclease BsmAI (New England 
BioLabs, Inc., Ipswich, MA, USA) for 2 h at 55˚C. Among 
individuals who were not carriers of the mutation m.1555A>G, 
three fragments were generated of size 1,100, 516 and 444 bp, 
whereas in individuals with the mutation, one of the region 
restrictions was abolished, generating only two fragments, of 
1,616 and 444 bp.

Detection of mutations in the OTOF gene. For mutation 
screening, detection of the mutation p.Q829X (c.2485C>T) 
in exon 22 of the OTOF gene was accomplished using the 
PCR‑ fragment length polymorphism technique [primers: 22F 
(forward): 5'‑TGA​CAC​CCC​CTC​CTT​CGC‑3' and 22R (reverse): 
5'‑CCC​GAC​CCC​TTG​GGC​GC‑3']. Following amplification, 

the fragment of 157 bp was digested with the enzyme BfaI (New 
England BioLabs, Inc.). In the presence of the mutation, the 
product was digested into two fragments of size 98 and 59 bp. 
The fragments were observed on a 3% agarose gel (Invitrogen; 
Thermo Fisher Scientific, Inc.) run at 100 V for 2 h, following a 
protocol described previously (54).

Complete screening of mutations in the OTOF gene. Mutations 
in the OTOF gene were tracked through the entire sequencing 
of exon 48, according to the protocol previously described by 
Migliosi et al (54). The sequencing steps were performed as 
described above for the GJB2 gene.

Genotyping using MS. Genotyping was performed using the 
MassARRAY® system of Sequenom, Inc. by MALDI‑TOF 
MS, and the iPLEX® Gold Assay system.

Test definition. Capture oligonucleotides (amplification 
primers) and single‑base extensions were drawn from 
selected mutations with and/or SNP sequences. The tests 
were performed using MassARRAY Assay Design® software 
(version 3.1; Sequenom, Inc.). This program also generates 
groups of SNPs (multiplex) to be evaluated together. As this is 
a platform for high level, there is the possibility of evaluating 
up to 40 SNPs, or changes simultaneously in a single reaction 
for a given sample.

Amplification products containing SNPs and/or muta‑
tions. After evaluating the mutations or SNPs, defined 
capture primers were used in amplification products ranging 
from 100 to 400 bp, encompassing the region with the poly‑
morphic site. Amplifications were performed in a GeneAmp® 
PCR system 9700 (Applied Biosystems) thermocycler with two 
blocks of 384 sample plates, following the protocol described 
by Sequenom® (iPLEX Gold Application Guide).

At this stage, the fragments containing the changes 
are captured. Amplification reactions were performed in a 
final volume of 5 µl containing 10 ng DNA template, 10X 
buffer, 500 µM each deoxynucleotide triphosphate (dNTP), 
25 mM MgCl2, 500 nM each primer and 5 units HotStar Taq 
DNA polymerase.

Treatment with SAP. After PCR, the amplification products 
have undergone a treatment for neutralization of unincorpo‑
rated dNTPs, using the shrimp alkaline phosphatase (SAP) 
enzyme. The SAP inactivates dNTPs that have not been 
incorporated during the amplification reaction, converting 
them into non‑phosphorylated nucleotides, and making them 
unviable for future dNTP reactions. To each sample, 2 µl of 
the SAP reaction was added, and the plate was incubated in a 
thermocycler at 37˚C for 45 min for enzyme action.

Reaction extension‑iPLEX®. Aliquots of 2 µl of a cocktail of 
extension (iPLEX Gold reaction), composed of primer exten‑
sion enzyme (iPLEX enzyme), buffer (10X iPLEX Plus Buffer) 
and nucleotides modified with masses (iPLEX Terminator 
Mix; Sequenom, Inc.), were added to the treated amplification 
products.

This reaction also occurred with the aid of the thermal 
cycler mentioned above. During the reaction, the primer 
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was exactly of the correct length adjacent to the SNP site, 
extending only one base (single extended background process). 
The extended iPLEX Gold Reaction generates products of 
different masses, depending on the nucleotide that has been 
added, or depending on the allelic form present in this sample.

Cleanliness of reactions and MS. Prior to MS, the iPLEX reac‑
tion products underwent cleaning using a resin (Clean Resin; 
Sequenom, Inc.), which removes excess ions that can interfere 
with the reading laser. A total of 6 mg resin was added to each 
of the 384‑well plates, and 16 µl water was added to the total 
volume to make a final volume of 25 µl in each sample.

Reactions were transferred from the 384  plates to 
SpectroCHIP, with the aid of a MassARRAY Nanodispenser 
(Sequenom, Inc.). The SpectroCHIP was analyzed from the 
MassARRAY Compact Analyzer (Sequenom, Inc.) using the 
technique of MALDI‑TOF MS.

The MALDI‑TOF process was initiated by laser desorp‑
tion of the analyte‑matrix mixture and the analyte that the 
amplification product generated and selected during the 
iPLEX reaction. The subsequent physical processes result in 
the predominant formation of positively charged or negatively 
charged ions. These ions were extracted with an electric field, 
and separated according to their molecular masses and their 
charges.

The mass of the nucleic acid compounds was calculated 
using TOF, which reflects the time that the laser‑ionized and 
accelerated compound requires to be taken through the tube 
(1‑2 m length) of the analyzer and reach the detector of the 
instrument. At the detector, the ionized compounds generate 
an electrical signal that is recorded by a data system and is 
finally converted into a mass spectrum (45).

The MassARRAY TyperAnalyzer 4.0.5 software package 
was used to assimilate the information generated during the 
process described above, and reports were provided describing 
all the results of the analyses of each of the samples: Genotypes 
and frequencies are the predominant information derived from 
this system. The peaks were used to calculate the frequencies 
of SNP alleles.

Results

Of the 47 patients with AN analyzed, 33 were men (70.6%) 
and 14 were women (29.4%). The subjects' ages ranged 
from  2‑61  years. The hearing loss, congenital in a total 
of 27 cases (79.4%), began during childhood in three (8.8%), 
and during adolescence in four (11.8%), of the cases.

Molecular changes were tracked in all 34 patients who 
were involved in this study and three parents, and the results 
are shown in Table I.

The c.35delG mutation in the connexin 26 (GJB2) gene 
was found in the homozygous form in three patients, and in 
the heterozygous form in one of the parents of these cases. No 
other changes were identified in the GJB2 gene. Deletions in the 
GJB6 gene [del(GJB6‑D13S1830) and del(GJB6‑D13S1854)]
were not identified in any of the subjects, and neither was 
the mutation m.1555A>G in mitochondrial gene, MTRNR1, 
detected in any case studied.

A subsequent project is track the other mutations in the 
OTOF gene through the complete sequencing of the 48 exons. 

This process is already under development; however, thus far 
only four exons (exons 2, 3, 5 and 7) from certain patients 
have been analyzed. The partial results obtained are presented 
in Tables  II and III. A total of 11 different genetic altera‑
tions were identified: Three exonic variations (Table II) and 
8 intronic changes (Table III), all of which have been previ‑
ously described in the literature.

Among the changes that were exonic were two silent vari‑
ants, p.D43D (c.129C>T) in exon 2 and p.T124T (c.372A>G) 
in exon 5, and a missense mutation, p.A53V (c.158C>T), in 
exon 3. The p.A53V and p.T124T variants are considered to be 
non‑pathogenic polymorphisms, although p.D43D is likely not 
to be pathogenic, since it is a silent change (29,54).

Discussion

Deafness is an etiologically heterogeneous trait with 
numerous known genetic and environmental causes, with 
genetic factors accounting for at least half of all cases of 
profound congenital deafness  (29,54). A study previously 
reported that the fraction of AN cases in a sample of indi‑
viduals with non‑syndromic hearing loss that are likely to be 
genetic is ~70% in Brazil (34).

Genetic deafness can be classified by the mode of inheri‑
tance (dominant or recessive) and the presence or absence 
of characteristic clinical features that may be associated and 
allow the diagnosis of a specific form of syndromic deafness. 
Currently, the identification of >120 independent genes for 
deafness has provided profound novel insights into the patho‑
physiology of hearing, with recessive mutations at a single 
locus (the gene GJB2, or connexin 26), accounting for more 
than half of all genetic cases in certain specific populations, 
such as in the example of familial non‑syndromic hearing loss, 
and even 30% of sporadic cases (55,56).

Knowing the mutation may allow the physician to make 
predictions regarding the progression of hearing loss or other 
abnormalities, although more efficient methods of genetic 
testing are required. These methods may allow the screening 
of all genetic mutations simultaneously. Therefore, the study 
of the genetic basis of AN is most important for a differential 
diagnosis, as well as for developing more specific treatments 
and more accurate genetic counseling.

Among the intronic changes identified were three 
polymorphisms considered non‑pathogenic, IVS2+62C>T, 
IVS3+55C>T39IVS5 and A>T, and likely to be a non‑patho‑
genic variant, IVS510A>G. The other intronic variants, 
IVS2+28T>G, IVS2+75G>A, IVS5‑59T>C and IVS7‑39C>T, 
are of unknown clinical significance; however, they are likely 
to have no relation to the clinical picture, since they are located, 
relatively, at a further distance from splicing sites.

Although, at present, >80 pathogenic mutations have been 
identified in the OTOF gene in individuals with non‑syndromic 
deafness in populations of different origins, there is no 
‘hot‑spot’ in this gene (28). However, all reported mutations 
are gathered in two regions, exon 13 to 30 and exon 35 to 48, 
which may explain the absence of pathogenic mutations in the 
present study, since only certain of the initial exons of the gene 
have been analyzed thus far (28).

In a Brazilian study, >60% of cases with AN had at least 
one pathogenic mutation in the OTOF gene (34). Since muta‑
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Table I. Molecular test results in patients and their parents. The genetic changes found are highlighted.

			   MTRNR1	 OTOF
	 GJB2 gene	 GJB6 gene	 gene	 gene
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
	 AS‑PCR		  Sequencing	  del (GJB6‑	 del (GJB6‑		
Subject	 c.35delG	 IVS1+1G>A	 allele 1/allele 2	 D13S1830)	 D13S1854)	 m.1555A>G	 p.Q829X

  1	 WT	 WT	 WT	 WT	 WT	 WT	 WT
  2	 WT	 WT	 WT	 WT	 WT	 WT	 WT
  3	 35delG/35delG	 WT	 35delG/35delG	 WT	 WT	 WT	 WT
  4	 WT	 WT	 WT	 WT	 WT	 WT	 WT
  5	 WT	 WT	 WT	 WT	 WT	 WT	 WT
  6	 WT	 WT	 WT	 WT	 WT	 WT	 WT
  7	 WT	 WT	 WT	 WT	 WT	 WT	 WT
  7 (b)	 WT	 WT	 WT	 WT	 WT	 WT	 WT
  8	 WT	 WT	 WT	 WT	 WT	 WT	 WT
  9	 WT	 WT	 WT	 WT	 WT	 WT	 WT
10	 WT	 WT	 WT	 WT	 WT	 WT	 WT
11	 WT	 WT	 WT	 WT	 WT	 WT	 WT
12	 WT	 WT	 WT	 WT	 WT	 WT	 WT
13	 WT	 WT	 WT	 WT	 WT	 WT	 WT
14	 WT	 WT	 WT	 WT	 WT	 WT	 WT
15	 WT	 WT	 WT	 WT	 WT	 WT	 WT
16	 WT	 WT	 WT	 WT	 WT	 WT	 WT
17	 WT	 WT	 WT	 WT	 WT	 WT	 WT
18	 WT	 WT	 WT	 WT	 WT	 WT	 WT
19	 WT	 WT	 WT	 WT	 WT	 WT	 WT
20	 WT	 WT	 WT	 WT	 WT	 WT	 WT
21	 WT	 WT	 WT	 WT	 WT	 WT	 WT
22	 WT	 WT	 WT	 WT	 WT	 WT	 WT
23	 WT	 WT	 WT	 WT	 WT	 WT	 WT
24	 WT	 WT	 WT	 WT	 WT	 WT	 WT
25	 WT	 WT	 WT	 WT	 WT	 WT	 WT
26	 WT	 WT	 WT	 WT	 WT	 WT	 WT
27	 WT	 WT	 WT	 WT	 WT	 WT	 WT
28	 WT	 WT	 WT	 WT	 WT	 WT	 WT
29	 WT	 WT	 WT	 WT	 WT	 WT	 WT
30	 35delG/35delG	 WT	 35delG/35delG	 WT	 WT	 WT	 WT
31	 WT	 WT	 WT	 WT	 WT	 WT	 WT
32	 WT	 WT	 WT	 WT	 WT	 WT	 WT
33	 WT	 IVS1+1G>A/WT	 WT	 WT	 WT	 WT	 WT
34	 WT	 WT	 V153I/WT	 WT	 WT	 WT	 WT
35	 WT	 WT	 WT	 WT	 WT	 WT	 WT
36	 WT	 WT	 WT	 WT	 WT	 WT	 WT
37	 WT	 WT	 WT	 WT	 WT	 WT	 WT
38	 WT	 WT	 WT	 WT	 WT	 WT	 WT
39	 WT	 WT	 WT	 WT	 WT	 WT	 WT
40	 WT	 WT	 WT	 WT	 WT	 WT	 WT
41	 WT	 WT	 WT	 WT	 WT	 WT	 WT
42	 WT	 WT	 WT	 WT	 WT	 WT	 WT
43	 WT	 WT	 WT	 WT	 WT	 WT	 WT
44	 WT	 WT	 WT	 WT	 WT	 WT	 WT
45	 35delG/35delG	 WT	 35delG/35delG	 WT	 WT	 WT	 WT
45 (f)	 35delG/WT	 WT	 35delG/WT	 WT	 WT	 WT	 WT
45 (m)	 35delG/WT	 WT	 35delG/WT	 WT	 WT	 WT	 WT
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tions in this gene are a frequent cause of AN in this population, 
a large number of individuals with a genetic etiology would be 
expected to be found in our sample resulting from mutations 
especially in the OTOF gene.

AN is characterized by absent or abnormal auditory brain‑
stem responses and preserved otoacoustic emissions and/or 
cochlear microphonics (57). It is estimated that the prevalence 
of AN ranges between 0.23 and 15% in individuals with 
hearing loss, although it may vary according to the different 
criteria of patient inclusion and/or methodology. A previous 
study in Brazil identified AN in 1.2% of the patients with 
sensorineural hearing loss (n=2.292) in an auditory health care 
service (58).

Various studies have shown that patients with AN are 
heterogeneous in their underlying etiology, age and clinical 
manifestation, and patients may range from newborns to 
adults (57). AN may be caused by a variety of environmental 
and genetic factors. Approximately 40% of AN cases may 
have a genetic etiology (20,22).

Another study demonstrated that AN was associated with 
hereditary neurological disorders in 42% of the patients; in 
10% of the patients, it was associated with toxic, metabolic, 
immunological and infectious causes; while the cause was 
unknown in 48% of patients (20‑22). Most cases with AN are 
sporadic, although researchers have identified a number of 
familial cases with two or more affected members. Mutations 
may occur, for example, substitutions, deletions or base‑pair 
insertions, although familial cases suggest that AN is inherited 
in certain genetic inheritance patterns (59).

To date, four loci associated with non‑syndromic AN have 
been mapped: DFNB9 (the OTOF gene) and DFNB59 (the 
PJVK gene), which are responsible for the autosomal recessive 
pattern; AUNA1 (DIAPH3 gene) for autosomal dominant; and 
AUNX1 for X‑linked (23,24,26,32,33).

AUNA1 was first cited by Kim et al (30), when the first 
gene found in a four generation family was reported to be 
responsible for non‑syndromic, autosomal dominant AN. The 
linkage analysis revealed an association with a novel section 

Table II. Summary of exonic changes identified to date in the OTOF gene.

Exon	 Finding	 Frequency	 Genotype	 Clinical outcomes

2	 p.D43D (c.129C>T)	 1/21	 Heterozygosity	 Probably non‑pathogenic
3	 p.A53 V (c.158C>T)	 2/15	 Heterozygosity	 Non‑pathogenic
5	 p.T124T (c.372A>G)	 5/20	 Heterozygosity and homozygous	 Nonpathogenic
 

Table I. Continued.

			   MTRNR1	 OTOF
	 GJB2 gene	 GJB6 gene	 gene	 gene
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
	 AS‑PCR		  Sequencing	  del (GJB6‑	 del (GJB6‑		
Subject	 c.35delG	 IVS1+1G>A	 allele 1/allele 2	 D13S1830)	 D13S1854)	 m.1555A>G	 p.Q829X

45 (b)	 35delG/WT	 WT	 35delG/WT	 WT	 WT	 WT	 WT
46	 WT	 WT	 WT	 WT	 WT	 WT	 WT
47	 WT	 WT	 WT	 WT	 WT	 WT	 WT

AS‑PCR, allele‑specific polymerase chain reaction; WT, wild‑type; b, brother; f, father; m, mother.
 

Table III. Summary of intronic changes identified to date in the OTOF gene.

Intron	 Finding	 Frequency	 Genotype	 Clinical outcomes

2	 IVS2+28T>G	 1/21	 Heterozygosity	 Unknown
	 IVS2+62C>T	 1/21	 Heterozygosity	 Non‑pathogenic
	 IVS2+75G>A	 1/21	 Heterozygosity	 Unknown
3	 IVS3+55C>T	 14/15	 Heterozygosity and homozygous	 Non‑pathogenic
4	 IVS5‑59T>C	 1/20	 Heterozygosity	 Unknown
5	 IVS5+10A>G	 1/20	 Heterozygosity	 Probably non‑pathogenic
	 IVS5+39A>T	 13/20	 Heterozygosity and homozygous	 Non‑pathogenic
6	 IVS7‑39C>T	 3/5	 Heterozygosity	 Unknown
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of DNA on chromosome 13q14‑21, between the D13S153 
and D13S1317 markers  (30). In addition, mutations in the 
connexin 26 (GJB2) and mitochondrial 12S rRNA genes were 
also reported in subjects with AN (37,60).

Molecular diagnosis is complicated by the extensive genetic 
heterogeneity. The GJB2 gene, and GJB6 mutations encoding 
connexins 26 and 30, in the DFNB1 locus are responsible for 
>50% of all cases of autosomal recessive hearing loss. However, 
the contribution of other gene mutations continues to be inves‑
tigated, and this research is complicated by the evidence that 
the genetic epidemiology of non‑syndromic hearing loss is 
highly variable among populations (13,14,40,52,61,62).

The OTOF gene is located on chromosomal region 
2p22‑23 (2,23,26). This gene encodes OTOF, a membrane 
calcium‑binding protein involved in vesicle membrane fusion 
that serves a role in the exocytosis of synaptic vesicles at the 
auditory inner hair cell ribbon synapse  (23,26). OTOF is 
expressed in the cochlea, vestibule and brain (23,26,34). The 
currently available data suggest that mutations in OTOF are a 
major cause of AN in a number of populations, with >100 iden‑
tified pathogenic mutations, as revealed in the Human Gene 
Mutation Database (29,63‑65).

Genetic research has shown that mutations in the OTOF 
gene are associated with non‑syndromic autosomal recessive 
AN (57). Most OTOF mutations are exclusive, each being 
reported in only one family. One notable exception is p.Q829X 
(c.2485C>T) and in the present study, the p.Q829X mutation 
was investigated in the OTOF gene, although it had not been 
identified previously in any of the patients (2,27). The p.Q829X 
mutation is the most frequent mutation of the OTOF gene, and 
the third most common cause of non‑syndromic autosomal 
recessive hearing loss in the Spanish population (29,52), the 
second in French and Argentine populations (2,66), and the 
first in Mexican and English populations (2,26). However, it 
is not a common cause of deafness in the Brazilian popula‑
tion (34,67‑69).

The PJVK gene is mapped to chromosome 2q31.1‑q31.3, 
and encodes PJVK, a 352‑residue protein of unknown func‑
tion, which is possibly associated with the activity of neurons 
or hair cells. PJVK is expressed in the body cells of all spiral 
ganglion neurons. Little is known about its contribution to the 
total of AN cases with genetic origin (33,66).

Researchers consider that PJVK is crucial for auditory 
nerve signaling. A missense mutation in DFNB59 would result 
in the production of a protein other than PJVK, resulting in 
AN due to a disruption in neuronal signaling along the audi‑
tory pathway (57).

In 2004, the AUNA1 locus was mapped in an American 
pedigree, on chromosomal region 13q14‑21, associated with 
post‑lingual AN. The corresponding gene, DIAPH3, was later 
identified. No information is currently available about precise 
expression patterns of the DIAPH3 gene or the localization of 
DIAPH3 within the inner ear. The function of DIAPH3 in the 
cochlea remains uncertain (30,31).

Wang et al (64) mapped the AUNX1 locus on chromosomal 
region Xq23‑q27.3 in a Chinese pedigree, although the corre‑
sponding gene has yet to be identified (64,69).

There are only two studies that have reported GJB2 muta‑
tions in patients with AN. This gene is expressed in cochlear 
non‑sensory supporting cells, and encodes the connexin 26 

protein, which is associated with cell communication (gap 
junctions), forming channels that mediate the passage of small 
ions and molecules across cell membranes (35,36).

Connexin 26 deficiency disrupts the inner ear ion homeo‑
stasis, which leads to a local extracellular accumulation of 
potassium and cell death. Conversely, it is hypothesized that 
it may cause impairment of inner hair cells and nerve endings 
under the hair cells, and may be responsible for non‑syndromic 
recessive AN. Therefore, it has not been established whether 
pathogenic variants in connexin 26 may be involved with AN, 
or whether the otoacoustic emissions that were recorded in 
the patients only represent the residual activity of a few outer 
hair cells that remain alive in the apical part of the cochlea. 
However, it is considered that certain mutations in the GJB2 
gene may cause changes in the inner hair cells and nerve 
endings of hair cells. Further investigation is needed to clarify 
the link between GJB2 mutations and AN (37,38,70).

It has also been reported that mutations in the GJB6 and 
GJB3 genes contribute to autosomal recessive and auto‑
somal dominant hearing defects in a number of populations. 
Mutations within the connexin GJB3 gene family are consid‑
ered to be the next most frequent cause of non‑syndromic 
hearing defects, associated with non‑syndromic autosomal 
dominant hearing impairment (38,54).

Mitochondrial mutations are associated with amino‑
glycoside‑induced hearing loss, and also with maternally 
inherited non‑syndromic hearing loss without exposure to 
aminoglycosides. One of these mutations, m.1095T>C in 
the mitochondrial 12S rRNA gene, was originally identified 
in two Italian families, and later in several Chinese families. 
However, the phenotypic differences observed among the 
subjects suggest that the mutation may be not actually respon‑
sible for the clinical signs. The identification and the clinical 
and molecular characterization of novel cases may elucidate 
its association with AN (70‑72).

In addition, AN associated with mitochondrial disease 
may also be associated with hereditary syndromes, including 
Charcot‑Marie‑Tooth disease, Leber's hereditary optic 
neuropathy, autosomal dominant optic atrophy, autosomal 
recessive optic atrophy, Fredreich's ataxia, Mohr‑Tranebjaerg 
syndrome and Refsum's disease with different inheritance 
types: Autosomal recessive, autosomal dominant, X‑linked 
recessive and mitochondrial. Peripheral neuropathies may 
also be associated with neuronal nitric oxide synthase gene 
deficiency (57,73).

Ongoing research aims to identify other genes that are 
associated with AN. With this knowledge, an improved under‑
standing of the underlying pathophysiological basis may be 
acquired, and specific treatments can be developed since, once 
a gene responsible has been identified, the protein it encodes 
and the target of treatment may be determined. This is a 
possible explanation of the heterogeneity of the disease and the 
different responses of patients to an identical treatment (56).

AN is a challenging condition, as numerous factors 
concerned with its etiology and pathogenesis remain poorly 
understood. Additionally, studies are needed to provide an 
improved understanding and clarification of AN. Further 
studies, particularly in the fields of molecular and genetic 
research, are required, in addition to the oncology research 
field (74). The study of the genetic basis of AN is therefore 
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important to improve the diagnosis, management, therapy and 
genetic counseling of the affected subjects.

In conclusion, in the present study, three homozygous 
c.35delG deletions were detected in patients with AN. In the 
OTOF gene, 11 mutations were identified, , although they are 
likely to be non‑pathogenic, and the majority have a hetero‑
zygous genotype. However, the associations between these 
mutations and their correlation with AN have yet to be fully 
elucidated, and further studies are required to improve on the 
understanding of the pathophysiology of AN.
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