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Abstract

Hearing loss is the most frequent sensory disorder, with an incidence of 1:1500 live newborns. In more than 50% of patients,
it is associated with a genetic cause, while in up to 30% of cases, it is related to syndromic entities. We performed a litera-
ture review of studies on congenital hearing loss of genetic origin in the Mexican population. We identified eight reports that
showed that the pathogenic variants most frequently associated with hearing loss are related to the GJB2 gene, although in
a low percentage (3%). Other mutations were identified in the GJB6, SLC26A4, or CHD23 genes. On this basis, a possible
diagnostic strategy in Mexican patients with hearing loss is to consider an initial screening of these three genes. If these
genes were negative for pathogenic variants, the following steps would be to consider second-generation sequencing analy-
sis focused on panels of genes associated with hearing loss, isolated or syndromic, and if necessary, to perform exome or
whole-genome analysis. Establishing an etiologic cause is critical in clinically evaluating patients with congenital hearing loss
and their families. It can help determine rehabilitation strategies, such as hearing aids or cochlear implants and provide in-
formation on disease progression and genetic counseling in this population.

Keywords: Congenital hearing loss. Congenital deafness. Mexican population. GJB2. GJB6.

Pérdida auditiva congénita: revision de la etiologia genética en la poblacion mexicana

Resumen

La pérdida auditiva es la alteracion sensorial mas frecuente, con una incidencia de 1:1500 recién nacidos vivos. En mas del
50% de los pacientes se asocia con una causa genética, mientras que en mds del 30% de los casos se asocia con enti-
dades sindrémicas. Se llevé a cabo una revision de la literatura de las investigaciones sobre la pérdida auditiva congénita
de origen genético en la poblacion mexicana. Se identificaron ocho reportes en los que se demostré que las variantes
patogénicas mas frecuentemente asociadas con pérdida auditiva se encuentran en el gen GJB2, aunque en un porcentaje
bajo (3%). Se identificaron otras mutaciones en los genes GJB6, SLC26A4 o CHD23. Con base en esta informacidn, una
posible estrategia diagndstica en pacientes mexicanos con pérdida auditiva es considerar un primer paso en el tamiz diag-
ndstico con los tres genes mencionados. Si estos genes fueran negativos para variantes patogénicas, el siguiente paso
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seria considerar el andlisis por secuenciacion de segunda generacion enfocado en paneles de genes asociados con pér-
dida auditiva, tanto aislada como sindrémica, y en caso necesario, realizar el analisis del exoma o del genoma completo.
Establecer una causa etioldgica es un componente critico en la evaluacion clinica de los pacientes con pérdida auditiva
congeénita, ya que puede ayudar a determinar las estrategias de manejo y rehabilitacion, como el uso de auxiliares auditivos
o0 implantes cocleares, proporcionar informacion sobre la progresion de la enfermedad y dar asesoramiento genético en esta

poblacidn.

Palabras clave: Pérdida auditiva congénita. Sordera congénita. Poblacién Mexicana. GJB2. GJB6.

Introduction

Hearing loss is the most common sensory disorder,
affecting more than 500 million people worldwide. Its
incidence is 1:1500 live newborns (LNB); also, the hear-
ing loss is hereditary in 1:1000 LNB and may appear
as congenital sensorineural hearing loss that may
affect up to 1-3% of individuals in some populations'*.
According to the World Health Organization (WHO)>$,
hearing loss is classified into four groups based on its
severity: mild (hearing threshold between 26-40 dB HL);
moderate (hearing threshold between 41-60 dB HL);
severe (hearing threshold between 61-80 dB HL); pro-
found (hearing threshold > 80 dB HL). Since 2008, a
new classification of hearing loss has been proposed
by a group of experts belonging to the Global Burden
Organization’. This proposal defines mild hearing loss
in a range of 20 to 34.9 dB HL (which differs from the
value of 26 dB HL considered by the WHO classifica-
tion) in children and adults; it also delineates six differ-
ent degrees of hearing loss, each defined by a range
of 15 dB HL, depending on the better-hearing ear of
the patient®. Although the Global Burden Organization
classification does not go as far as the American
Speech-Language-Hearing Association classifica-
tion—which considers mild hearing loss from 16 dB HL
and up to the 25 dB HL threshold, thus including a
degree that precedes even the mild hearing loss
regarding other classifications—if used, it would show
a substantial increase in the number of people around
the world who would be considered with a hearing
impairment®. In either case, using these classifications
would increase the global prevalence of mild and
severe hearing loss—however, the WHO has not yet
officially accepted the new Global Burden Organization
classification.

Congenital hearing loss can be classified according
to its type as conductive (related to external or middle
ear pathology), sensorineural (associated with internal
ear and spiral ganglion pathologies), neural (associated
with VIII cranial nerve alterations), and mixed (associ-
ated with pathologies including two or more of the

segments). The classification of hearing impairments
has important implications for their treatment. For
example, the primary indication for a cochlear implant
is exclusively related to the hearing thresholds indi-
cated when congenital hearing loss is classified as
severe or profound neurosensorial loss'. Congenital
hearing loss (of any type) in patients in early childhood
has different repercussions on their social and psycho-
logical development for the rest of their lives, consider-
ing that hearing is the basis of linguistic communication
between individuals and their social environment.
Besides the genetic assessment, detecting a genetic
alteration with hereditary characteristics will allow
timely intervention with patients who may require this
approach for a better prognosis.

Congenital hearing loss etiology

Although there are several classifications regarding
the etiology of congenital hearing loss, the most import-
ant to consider is a genetic or non-genetic cause
(related to the environment)*+!". Regarding congenital
presentation, more than 50% of early-onset bilateral
sensorineural deafness cases have been considered to
have a genetic cause'?. The other half corresponds to
non-genetic causes. Environmental factors include, for
example, infections such as those associated with
TORCH (toxoplasmosis, rubella, cytomegalovirus, her-
pes simplex, and HIV), the diagnosis of cytomegalovi-
rus, ototoxic drugs, prematurity, hypoxia at birth,
hyperbilirubinemia, or even the permanence of the
patient in neonatal intensive care units for more than
five days®4.

Genetic factors of congenital hearing loss

When analyzing the possible genetic etiology of con-
genital hearing loss, one of the first aspects to consider
is whether it is a syndromic presentation (a situation
that represents up to 30% of cases of all types of
hereditary hearing loss)'®' or whether it is an isolated
characteristic (which corresponds up to 70% of patients).
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Syndromic genetic causes of hearing loss include
Usher, Pendred, Waardenburg, and Norrie syndromes.
In this regard, Bahena et al. conducted an interesting
study on a group of 59 patients with combined retinal
and hearing impairment but no intellectual disability'.
Most of the patients were Iranian, and seven unrelated
Mexican patients were included in this study. Through
exome analyses, the authors were able to elucidate all
Mexican cases, as several pathogenic or probably
pathogenic genetic variants were identified in the
MYQO7A (three patients), USH1G (one patient), and
USH2A (two patients) genes. This study is also an
example of the genetic heterogeneity observed in the
Mexican population regarding the etiology of syndromic
hearing loss.

When non-syndromic causes are considered, hear-
ing loss can be classified according to the inheritance
pattern; for example, 75-80% of patients have an auto-
somal recessive pattern, 20% are autosomal dominant,
< 2% are X-linked, and < 1% are of mitochondrial ori-
gin®416. This information is relevant because, depend-
ing on the homozygous or heterozygous condition of
the patient, the genetic possibility of expression can
vary from 50% risk in the case of autosomal dominant
pattern (in which the presence of a single mutated
allele is sufficient to cause a clinical manifestation) to
25% risk for autosomal recessive diseases, in which
the presence of two mutated alleles is required to gen-
erate a clinical alteration. Also, it influences prognosis
and response to treatments, including the cochlear
implantation'”.

According to the information on the Hereditary
Hearing Loss Homepage website, several different
genes have been identified to be associated with dif-
ferent inheritance patterns of non-syndromic hearing
loss. For example, at the DFNAT1 Jocus (OMIM #124900)
is the DIAPH1 gene (OMIM *602121) on 5g31.3; at the
DFNA2A locus (OMIM #600101) is KCNQ4 (OMIM
*603537) on 1p34.2, and at the DFNA2B Jocus (OMIM
#612644) is GJB3 (OMIM 603324) on 1p34.3; these are
examples of autosomal dominant patterns. Examples of
congenital hearing loss with an autosomal recessive
inheritance pattern include the DFNB1A Jocus (OMIM
#220290) with the GJB2 gene (OMIM 121011) on
13912.11; GJB6 (OMIM 604418) on 13q12.11 and GJB3;
DFNB1B with the mentioned GJB6, or DFNB2 (OMIM
#600060) with MYO7A (*276903) on 11q13.5'
(Table 1)19-25,

Also, it is essential to consider that there are hetero-
zygous compound variants, in which patients carry dif-
ferent pathogenic variants at the same locus, or the

digenic inheritance, in which pathogenic variants are
present in other loci. Another representative example
of digenic inheritance in patients with hearing loss is
the presence of a pathogenic variant in each of the
genes encoding connexins 26 and 30, which are doubly
heterozygous?.

The first locus associated with pathogenic variants
with an autosomal recessive inheritance pattern was
mapped in 1994 and corresponded to the GJB2 gene?,
which encodes the connexin-26 protein. This protein is
part of the structure known as connexon, which in turn
forms cell-cell junction elements; pathogenic variants
of these proteins can cause alterations in the cochlea®.
Pathogenic variants are the most common cause of
autosomal recessive hearing loss and are identified in
up to 50% of patients with severe to profound hearing
loss. The study of these pathogenic variants is com-
plex, as more than 200 variants have been identified to
date'*™, As described in studies on second-generation
DNA analysis, it is still impossible to reach a molecular
diagnosis in 100% of the patients'®23.

An important aspect in diagnosing, managing, and
genetic counseling patients with congenital hearing
loss is that its distribution is complex, as different vari-
ants predominate in different populations. For example,
the ¢.35delG in GJB2 is the most common variant in
Europeans/Americans of European ancestry, and its
carrier frequency is ~2.5% in the United States. Carrier
prevalence for c. 35delG is 1.5% worldwide, ranging
from 0% to 5.7% in Belarus. Another example is a car-
rier prevalence of 2.5% for the p.V37I variant (from 0%
up to 16.7% in Thailand); the c.167delT variant has a
carrier prevalence of ~4% in the Ashkenazi population,
and the c.235delC variant is the most common in
Japan'*4. As described above, considering ethnicity is
critical when determining the optimal genetic analysis.
When sequencing for the diagnosis of congenital hear-
ing loss, there is a wide range of genotype frequency
depending on the ethnicity of the patients®”.

Based on these considerations, the alteration’s
genetic etiology impacts the management and treat-
ment of congenital hearing loss. Therefore, profile
determination of the pathogenic variants in different
populations allows for determining the resources and
prognosis for each patient. As an example, 49 genes
were identified in a study that performed genetic anal-
ysis of 1119 patients of different ethnicities?, including
549 Caucasians, 128 Hispanics, 51 African Americans,
40 Asians, 25 Middle Easterns, 8 Ashkenazi Jews, 57
of mixed ethnicity, and seven patients described as of
“other” ethnicity. In 75%, hearing loss was associated
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with 10 genes: 22% with GJB2, 16% with STRC, and
7% with SLC26A4. The latter gene encodes a chloride
and iodide transporter and, in general, is the second
most frequent autosomal recessive presentation and
can also cause Pendred syndrome. Pathogenic vari-
ants of the ECTA genes corresponded to 5% of
cases?®2%, When these authors studied the molecular
etiology in 77 patients with a cochlear implant,
13 (18%) had mutations in GJB2, and in eight patients,
only one mutated allele was identified. Therefore, they
were heterozygous for a known autosomal recessive
inheritance pattern, although no other variants in other
genes were identified, which was a limitation of this
study.

It has been reported that patients with congenital
hearing loss associated with GJB2 mutations respond
adequately to cochlear implants'”. Also, patients with
cochlear implants and pathogenic variants have shown
variations in the language evaluation test according to
the associated genetic alteration®. In this regard, stud-
ies of biallelic mutations in GJB2 or SLC26A4 or of
patients with no established genetic cause found that
patients with GJB2 mutations would have better audi-
tive nerve functional status than those with SLC26A4
mutations when compared to either patients with
Mondini malformations and dilated vestibular ducts or
patients with idiopathic hearing loss®'-33,

Regarding hearing loss with a non-syndromic auto-
somal dominant inheritance pattern, it has been noted
that the hearing abnormality is often less severe than
that present in autosomal recessive conditions and
manifests between the ages of 10 and 40 years. Some
presentations of hearing loss show a unique profile
associated with high-frequency hearing loss, such as
some pathogenic variants in KCNQ4, a gene encoding
a potassium channel. Pathogenic variants in the WFS1
gene cause low-frequency hearing loss (< 2 kHz), and
biallelic mutations in WFS7 cause Wolfram syndrome,
with an autosomal recessive inheritance pattern. The
characteristic anomalies of this syndrome are
described with the acronym DIDMOAD (diabetes
insipidus, diabetes mellitus, optic atrophy, and deaf-
ness). Van Beeck et al.® performed a study including
image analysis and the clinical and genetic character-
istics of 423 children with hearing loss. These authors
described that the most common etiology of bilateral
hearing loss in 67% of children was a genetic disorder,
corresponding to 26% of the cases. In children under
one year of age with severe hearing loss, 47% of the
cases corresponded to a syndromic presentation, and

the rest (53%) presented hearing loss as an isolated
alteration.

Moreover, in patients with unilateral hearing loss, a
temporal bone anomaly was identified in 27%. When
considering children with hearing loss due to genetic
etiology, 43% had a family history, 39% had a syn-
drome associated with sensorineural hearing loss, and
18% showed a known pathogenic variant or mutation;
among them, a specific mutation for SLC26A4 (with an
autosomal recessive inheritance pattern) was identi-
fied. Finally, a unilateral alteration was identified in 20%
of patients and a bilateral alteration in 80%.

The response to cochlear implantation is a particu-
larly relevant aspect concerning the management and
treatment of congenital hearing loss of genetic etiology.
Only a few studies have been performed in pediatric
populations on this feature. In a study to determine the
etiological profile of 122 Lithuanian children with
cochlear implants, 65 cases (53.3%) were diagnosed
as non-syndromic hearing loss; in 58 of them, hearing
loss was associated with GJB2. In contrast, syndromic
alterations were identified in eight children (6.6%).
Perinatal risk factors for hearing loss, such as prema-
turity, low birth weight, hypoxia, hyperbilirubinemia,
sepsis, ototoxic agents, and meningitis, were associ-
ated with hearing loss in 16 (13.1%) and four (3.3%)
patients, respectively. Importantly, cytomegalovirus
was detected in 12 samples (9.8%). However, even with
these results, the origin of hearing loss could not be
identified in 17 children. This analysis concluded that
GJB?2 alterations were the most frequent cause of hear-
ing loss and that only 14% of patients in this cohort had
hearing loss of unknown etiology".

In a similar analysis in Polish children, 196 patients
with severe prelingual hearing loss were evaluated?.
The study described a good response to cochlear
implants in 149 children with DFNB1-related hearing
loss. Furthermore, better hearing development was
described in children who underwent implantation
before 12 months of age. This analysis also demon-
strated that cochlear implantation was the most suc-
cessful treatment in patients with hearing loss
associated with the DFNB1 locus. These findings
underscore the importance of determining the molecu-
lar genetic etiology in congenital hearing loss.

Molecular profile of hearing loss in Mexico

Few studies have been conducted in Mexico to deter-
mine the etiology of congenital hearing loss in the
Mexican mestizo population (Table 1). In research
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conducted at the Hospital Infantil de México Federico
Gomez (HIMFQG) in children with hearing loss (Table 1),
a population of almost 100 patients was evaluated to
establish the cause of the hearing loss'®. Molecular
analysis was performed in 11 patients with a ¢.35delG
homozygous, a ¢.35insG heterozygous, a ¢.34G>T het-
erozygous, and heterozygous patients for the ¢.79G>A
polymorphism, all in GJB2, were identified. Interestingly,
several factors suggesting non-genetic causes were
identified, including a positive TORCH test in 1% and
infections or the use of ototoxic drugs in 3% of patients.
Regarding this aspect, it is essential to mention that
ototoxic drugs only cause hearing damage in patients
with specific genotypes®*. This aspect has been stud-
ied in patients requiring the use of aminoglycosides as
a treatment for infectious diseases; it has been shown
that some genetic alterations in mitochondrial DNA
confer greater sensitivity to these drugs and, therefore,
to the risk of presenting non-syndromic deafness asso-
ciated with their use. Several mutations in the 12S
rRNA region of mitochondrial DNA have been described
in various populations3%, including T961insC, T961C,
T961+C(n)ins, T1095C, C1494T, and A1555G. However,
these pathogenic mitochondrial variants are rare, and
their frequency may even vary among different ethnic
groups, as has been studied in the Mexican population
by Meza et al. (2011)%". In their study of 65 subjects,
the authors did not identify any previously reported
mutation related to aminoglycoside hypersensitivity,
and only two of the patients treated with the aminogly-
coside streptomycin had a T1189C variant of the previ-
ously mentioned 12S rRNA region, which was
considered a possible mutation related to the amino-
glycoside hypersensitivity.

Molecular genetics research has been conducted on
hearing loss etiology in Mexican mestizo populations
(Table 1). For example, in a study conducted in north-
eastern Mexico, a pathogenic variant of GJB2 was
identified in 78 patients. A mutation in GJB2 was iden-
tified in 9.6% of the alleles; c.35delG was the most
frequently identified, and six other mutations were also
detected. Interestingly, the IVS1+1G>A GJB2 variant
was not detected. This study determined that mutations
in the DFNB1 locus are a rare cause of autosomal
recessive non-syndromic sensorineural hearing loss in
this population?'.

In a cohort of patients attending the Hospital General
de México Dr. Eduardo Liceaga, mutations in GJB2,
GJB6, and mt.1555A<G were studied, and a double
heterozygous (GJB2/GJB6) was detected in this group,
as well as three patients homozygous for c.del35 in

GJB2, while 26 patients were heterozygous for this
gene. Conversely, the mt.1555A<G mutation was not
detected. In this cohort, 57.86% of patients showed one
or two affected alleles of GJB2 or GJB6%.

As described in the previously mentioned studies
performed in Mexico in specific populations with hear-
ing loss, the most frequent pathogenic variants have
been identified in well-known genes such as GJB2 and
GJB6. However, it was impossible to identify a genetic
alteration in a significant percentage of patients.
Therefore, genomic analyses should be performed using
next-generation sequencing (NGS) techniques, including
gene panels or whole exome, or genome studies®.
Implementing this technology will allow efficient simulta-
neous screening of multiple genes?.

An example of the scope of NGS is that with exome
sequence analysis was possible to establish the etiol-
ogy in 27% of patients in a group of children with devel-
opment anomalies with no previous diagnosis. Also,
genomic studies can provide a timely diagnosis in man-
aging infants in neonatal intensive care units®®. This sit-
uation underlines the importance of using these molecular
techniques in diagnosing diseases such as congenital
hearing loss in patients without a definitive etiology.

Several populations with congenital hearing loss in
different parts of the world have been studied by NGS,
including a small group of Mexican patients with con-
genital hearing loss in whom an alteration in GJB2 was
excluded before NGS. Bademci G et al. studied 160
families (including two of Mexican origin) by exome
analysis for all known genes associated with non-syn-
dromic congenital hearing loss?. In this research, the
authors identified a novel variant ¢.2959G>A, p.D987N
in the CDH23 gene in one of the Mexican families.
Cengiz et al. identified mutations in SLC26A4 in Mexican
patients (Table 1), corresponding to three homozygous
and four compound-heterozygous patients®*.

Hernandez-Nieto et al.?® conducted an interesting
analysis in which they analyzed data from 805 individ-
uals with NGS (Table 1). The population examined dif-
fered from those described in other hearing loss studies
since the patients requested a preconception NGS
analysis due to genetic counseling. The population
analyzed included patients born in Mexico. Different
population origins were identified by ancestry analysis,
most of them corresponding to the Latino population,
and several carriers of other diseases were identified.
Among these abnormalities, congenital hearing loss
genes were found in 27 cases (3.35%), corresponding
to carriers of GJB2 gene pathogenic variants. This fre-
quency is similar to those reported by other authors in
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northeastern Mexico'®?2. Although it came from a pop-
ulation that consulted for a situation unrelated to con-
genital hearing loss (among other characteristics that
may contribute to some bias of this study), this informa-
tion is interesting as a reference to the frequency of
carriers in the general Mexican population for patho-
genic variants of GJB2.

Congenital hearing loss is a public health problem in
Mexico. As in other populations, its etiology is diverse.
Although few studies have been conducted in Mexico,
they have shown GJB2 pathogenic variants, compound
heterozygous, and the presence of pathogenic variants
in other genes such as GJB6 or SLC26A4 in this pop-
ulation; there are also some families with particular
characteristics due to the genes involved. Interestingly,
the frequency (3.35%) of the ¢.35delG variant in GJB2
was found in a population analyzed by exome who
consulted for preconception genetic diagnosis®®. The
studies reviewed here indicate the genetic heterogene-
ity of congenital hearing loss in the Mexican population
and the importance of establishing the diagnosis, eti-
ology, and genetic counseling when the most frequent
causes have been excluded. Also, the studies showed
the implications of genetic diagnosis for patient man-
agement, such as that related to cochlear implants. As
discussed in this review and summarized in Table 1,
the most frequent pathogenic variants associated with
hearing loss in the Mexican population are related to
the GJB2 gene, although in a low percentage, followed
in frequency by pathogenic mutations in SLC26A4 and
mutations in CHD23 in third place. Based on these
data, a possible diagnostic strategy would be screening
for these three genes in Mexican patients. If the result
is negative for pathogenic variants at these loci, the
following step would be a second-generation sequenc-
ing analysis focused on panels of genes already asso-
ciated with isolated and syndromic hearing loss. If
these analyses are not informative, second-generation
sequencing should be considered, first by whole-ex-
ome analysis, and, in the case of negative results,
whole-genome sequencing should be performed.

As proposed for other populations®, these data
reflect the importance of genetic evaluation with molec-
ular studies to establish the genetic etiology of congen-
ital hearing loss in Mexican patients.

In conclusion, establishing an etiological cause is
critical in the clinical evaluation of infants and children
with congenital hearing loss and their families, as has
been emphasized by many authors®®. Identifying under-
lying causes could help choose rehabilitation strate-
gies, such as hearing aids or cochlear implants. This

will provide insights into disease progression, facilitate
monitoring of clinical manifestations and associated
complications, and provide parents information on the
risk of recurrence. Finally, this review is critical because
it summarizes all the research conducted in Mexico on
the genetic etiology of hearing loss.
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