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Causes and prevalence
of hearing loss

Hearing impairment is one of the most
common monogenic sensory diseases in
humans. Although data on prevalence
vary and depend on geographical factors,
it is assumed that about one in 600 chil-
dren is affected by a pronounced congen-
ital hearing impairment [1]. In countries
with relatively high standards of medi-
cal care, at least two thirds of these cas-
es have a genetic cause, while infections
(e.g. toxoplasmosis, rubella or cytomega-
lovirus) and perinatal complications as a
cause of hearing loss are, in relative terms,
decreasing. Left untreated or diagnosed
too late, the effects of hearing impairment
can be severe for a child and his/her so-
cial environment and may lead to severe
problems in terms of cognitive and so-
cial development. In view of these prob-
lems and the prevalence of the disease, a
timely diagnosis of hearing loss is desir-
able, particularly given the existing op-
tions in terms of medical treatment and
care. The second age peak for hearing loss
can be seen in the elderly. Between the
ages of 60 and 70 years, around 2.5% of
the population show a severe hearing loss
of more than 65 decibels (dBs) [2]. This
type of age-related hearing loss (presbya-
cusis) often leads to interaction problems,
possibly causing the affected individu-
al to withdraw from his/her social envi-
ronment. Presbyacusis, however, is not a
monogenic disease, like most of the forms
of hearing impairment that manifest ear-
lier, but is instead a multifactorial disease.
In addition to environmental factors such
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as noise and ototoxic drugs, genetic fac-
tors also play an important role. In order
to elucidate these largely unknown genetic
predisposing factors, there is speculation
that the genes that cause monogenic hear-
ing impairment may also represent attrac-
tive “candidate genes” for presbyacusis. As
such, research into the earlier-onset forms
also in terms of “age-related hearing loss”
as a widespread disease assumes greater
relevance. This theory was first supported
in an animal model showing that a func-
tionally effective genetic polymorphism
in cadherin 23, which leads to deafness in
humans and in mice in the case of a com-
plete loss of function, is responsible for the
predisposition to age-related hearing im-
pairment in various mouse strains [3].

Classifying hearing impairment

The significant genetic and clinical com-
plexity of hearing impairment is also re-
flected in a variety of classification pos-
sibilities and poses a particular challenge
for early genetic diagnosis. Clinical clas-
sifications are performed according to,
e.g.: () the onset of disease, (ii) the possi-
ble progression of symptoms, (iii) the na-
ture or localization of hearing impairment
(i.e. conductive or sensorineural hearing
loss) and (iv) the severity of hearing im-
pairment measured in dBs. A genetic clas-
sification typically distinguishes between
syndromic and non-syndromic forms of
hearing impairment. In syndromic forms,
the hearing impairment is accompanied
by further anomalies and/or disorders in
other organ systems [e.g. additional ret-
inal degeneration (retinitis pigmentosa)

as seen in Usher syndrome, or specific
cardiac arrhythmia as seen in Jervell and
Lange-Nielsen syndrome]. Several hun-
dred such syndromes, some of which are
extremely complex, are known, whereby
from a medical point of view the diagno-
sis of hearing loss does not permit a dif-
ferential diagnosis in most cases. Never-
theless, there are several syndromic forms
where additional symptoms are not pri-
marily evident, but nevertheless relevant
to prognosis (as in the case of both of the
above-mentioned syndromes). In con-
trast to syndromic hearing impairment,
we speak of non-syndromic hearing loss
(NSHL) when, in addition to hearing loss,
there are no additional symptoms linked
to the underlying disease. NSHL is most-
ly a sensorineural form of hearing loss. It
is estimated that approximately two thirds
of early-childhood cases and the major-
ity of late-onset cases of hearing loss be-
long to the non-syndromic forms. Nev-
ertheless, non-syndromic and syndrom-
ic forms of hearing loss cannot always be
classified categorically. Thus, several dis-
ease genes are known whose mutations
can lead within different families either
to syndromic or non-syndromic hearing
loss (so-called “allelic” diseases). Exam-
ples such as the allelism between forms
of NSHL and Usher syndrome (hear-
ing loss, retinitis pigmentosa and possi-
bly impaired balance), as well as Pendred
syndrome (hearing loss, inner ear malfor-
mation, struma) and Wolfram syndrome
(hearing loss, optic atrophy, diabetes mel-
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litus, diabetes insipidus) warrant mention
in this context.

Monogenic forms of
hearing impairment

In monogenic disease, a genetic altera-
tion of a single hereditary factor (gene) is
responsible for the clinical picture. This
type of disease follows a Mendelian in-
heritance pattern within an affected fam-
ily and, from a medical point of view, of-
ten has a direct significance for other fam-
ily members. In the case of complete pen-
etrance, no other genetic factors or envi-
ronmental conditions are necessary for
the development of the phenotype, even
though the individual onset of disease, its
severity and its progression can vary (vari-
able expressivity). It has long been known
that the monogenic forms of NSHL can
follow different inheritance patterns. This
fact is important since, depending on the
specific type of inheritance, the probabili-
ty of recurrence of hearing loss in further
children or descendants could be differ-
ent. Obviously, this can be of great im-
portance in terms of individual counsel-
ling. With regard to hereditary hearing
loss, virtually all types of inheritance pat-
tern have been described, including auto-
somal dominant, autosomal recessive, X-
chromosomal recessive as well as mito-
chondrial inheritance patterns. Interest-
ingly, there is even a report on a family
with a Y-chromosomal inherited form of
progressive hearing loss—an inheritance
pattern not otherwise known, with the ex-
ception of certain forms of infertility. Fur-
ther analysis of the Y-linked chromosomal
region, however, has shown that an inser-
tion/duplication of chromosomal materi-
al from chromosome 11is probably respon-
sible for this unusual finding [5]. Thus, in
a narrower sense, this is not a case of Y-
chromosomal inheritance, since there
is no gene on the Y-chromosome that is
causally mutated.

Of'the early-childhood forms of NSHL,
80%-85% are autosomal recessive, ap-
proximately 15% autosomal dominant
and 1%-3% X-chromosomally inherited.
In the case of later-onset forms, it is true to
say that the percentage of autosomal dom-
inant and probably mitochondrial forms
are higher. Put simply, the autosomal re-
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cessive forms are mostly more severe and
account for the majority of congenital cas-
es. On the other hand, most autosomal
dominant forms are characterized by lat-
er onset and often progressive symptoms,
even though severe, non-progressive and
congenital forms may also occur for auto-
somal dominant inheritance, as has been
seen in, e.g. the forms DFNA3 and DF-
NAS. According to the international no-
menclature, “DFNA” stands for an auto-
somal dominant genetic locus of non-syn-
dromic hearingloss (thus, DFNB is the ab-
breviation for an autosomal recessive and
DENX the abbreviation for an X-chro-
mosomal recessive inherited form), while
the subsequent, chronologically assigned
number refers to the relevant specific lo-
cus. When classifying hearing loss accord-
ing to the inheritance pattern, again a re-
striction must be made, since mutations
in a gene can cause an autosomal recessive
form in some families, while other muta-
tions in the same gene can result in an au-
tosomal dominant inherited form in oth-
er families (e.g. with the genes MYO7A,
GJB2 or TMCI).

Disease genes in non-
syndromic hearing loss

NSHL is characterized by extreme (lo-
cus) heterogeneity. In other words, genet-
ic alterations in different genes can lead
to comparable or identical symptoms. It is
estimated that alterations in far more than
150 different genes are responsible for the
development of non-syndromic hearing
loss. At present (July 2014), more than
100 autosomal recessive, 60 autosomal
dominant and five X-chromosomal reces-
sive loci have been described. The causal-
ly mutated disease gene within these chro-
mosomal regions has already been iden-
tified in around 80 cases. This has essen-
tially been done by positional cloning ap-
proaches [6] and the increasing use of
next generation sequencing [7]. Since a
detailed description of each of these dis-
ease genes lies beyond the scope of a sim-
ple review article, the reader is referred to
the “Hereditary hearing loss homepage”
(http://hereditaryhearingloss.org) for a
comprehensive and regularly updated list
of all genes and loci.

The relevance of genetic
findings for basic science

The identification of this variety of NSHL
genes represents an enormous increase in
basic scientific knowledge. The structure
of the inner ear, as well as the physiolo-
gy of hearing, is complex. Even if many
aspects of the hearing process are under-
stood relatively well in terms of physiol-
ogy, the molecular identity of the pro-
teins involved was largely unknown for
a long time. This was of particular rele-
vance since “conventional” biochemi-
cal approaches were barely able to iden-
tify the functionally relevant proteins of
the auditory system due to its specific fea-
tures. These specific features include in
particular: (i) the relatively low number
of sensory cells in the organ of Corti (a
few thousand hair cells compared with,
e.g., more than 100 million photorecep-
tor cells in the retina), as well as (ii) the
often low abundance of molecules in the
hair cells and other structures of the in-
ner ear. In this respect, genetic approach-
es represent a promising strategy for the
elucidation of the molecular physiolo-
gy of hearing, irrespective of cell or mol-
ecule numbers. Genetic approaches are
“phenotype-driven” and analyse the cor-
relation of “hearing loss” as a symptom at
the level of the entire organism with the
detection of a causal mutation in a sin-
gle gene. This genetic alteration is equal-
ly detectable and analysable in all cells of
an individual (and not only in the affected
cells). Moreover, genetic approaches ben-
efit from the high evolutionary conserva-
tion of molecular mechanisms and cellu-
lar as well as macroscopic structures of the
auditory system, making it possible to use
the analysis of hereditary hearing loss in
model systems in addition to human ge-
netic approaches. This “conception” and
strengthening functioned in both direc-
tions. Thus, human genetic findings could
be validated and further mechanistically
analysed in suitable model systems such
as the mouse, the zebra fish or the fruit
fly on the one hand, whilst on the other,
new human disease genes could be par-
tially identified by the fact that human or-
thologues of genes, leading to hearing loss
in other species, were analysed in appro-



priate groups of patients with hearing loss
(see, e.g. ref. [8, 9, 10, 11]).

Overall, the findings from genetic re-
search have strongly contributed to ob-
taining a detailed picture of the molecular
basis of the systems and signalling path-
ways necessary for the specific develop-
ment and functioning of the auditory sys-
tem. In this context, the complexity of the
hearing process is reflected by the genet-
ic findings, and we are in a process which
can lead in the long term to a nearly com-
plete understanding of the molecular de-
velopment and physiology of hearing.
Many of the necessary “physiological sys-
tems” are already clearly outlined. These
systems include for example: (i) specific
gene regulation during inner ear develop-
ment, (ii) energy balance in the inner ear,
(iii) specific development of the extracel-
lular matrix and the cytoskeleton in the
hair cells, (iv) mechanotransduction and
synaptic transmission, as well as (v) endo-
cochlear ion homeostasis. Although this
list is by no means exhaustive and none
of the specified systems can be described
extensively here, some findings or specif-
ic features of genetic studies or their impli-
cations for the understanding of molecu-
lar physiology should be discussed by way
of example.

Mutations in transcription factor genes
have been found in some forms of NSHL
and even more often in syndromic forms
of hearing loss. Since in general other or-
gans or anatomical structures are also
morphologically abnormal in syndromic
forms, this finding is not unexpected. Ex-
amples include mutations of PAX3, MITF
and SOXI0. These were found in differ-
ent subtypes of Waardenburg syndrome
which, in addition to variable hearingloss,
is characterized by pigmentation irregu-
larities and typical facial anomalies [12].
Furthermore, transcription factor gene
mutations are also found in non-syndrom-
ic hearing loss, as for example in the genes
EYA4, POU3F4, POU4F3, TFCP2L3 and
ESRRB. Of interest, each causally mutat-
ed transcription factor seems to possess a
relatively specific function in the develop-
ment and differentiation of the inner ear,
which, however, is not fully understood
on the molecular level. The finding that
germline mutations in the gene (not in
the binding site!) of the microRNA miR-

96 can lead to a non-syndromic inherited
form of hearing loss in mice and humans
is of particular genetic and physiological
interest in terms of the regulation of gene
expression in the inner ear[13, 14]. Indeed,
this is the first evidence that a constitutive
mutation of a specific microRNA gene can
result in a monogenic disease in humans.
On the other hand, it is not yet fully un-
derstood which target genes of this regu-
latory RNA are up- or down-regulated by
the mutation to such an extent that hear-
ing loss is caused. Nevertheless, the fu-
ture elucidation of the transcriptional and
post-transcriptional regulation of the in-
ner ear-specific gene expression promises
to also support, at least in some cases, the
development of therapeutic approaches in
the field of hearing loss.

Due to the high energy demand of the
auditory system, mitochondrial dysfunc-
tion can also lead to hearing loss. Muta-
tions in mitochondrial tRNA and rRNA
genes are rarely found in early-onset
forms of NSHL; nevertheless, they are im-
portant due to pharmacogenetic implica-
tions. As is well known, aminoglycoside
antibiotics can cause, among other things,
irreversible ototoxicity accompanied by a
degeneration of sensory hair cells. This
side effect can show familial clustering,
whereby in some cases inheritance is ma-
ternal (mitochondrial). As early as in 1993,
a causal point mutation in the gene of the
mitochondrial 12S rRNA was identified in
three such families [15]. Analysis of larger
patient cohorts showed that mitochondri-
al mutations in certain populations could
be responsible for a larger percentage (up
to 10%) of the familial form of late-onset
hearing impairment [16, 17]. This shows
an age-related penetrance that can be in-
creased by giving aminoglycosides. By
identifying such mitochondrial muta-
tions, targeted prophylaxis can be pur-
sued in affected families by simply avoid-
ing aminoglycosides. In the meantime,
with PNPTI [18], SMAC/DIABLO [19] and
possibly MSRB3 [20], the first autosomal
genes that encode for proteins with specif-
ic functions in the mitochondria and lead
in the case of mutation to non-syndromic
hearing loss have been identified. It is not
known why only hearing impairment oc-
curs in these specific cases of mitochon-
drial dysfunction, and no further symp-
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Abstract

Hereditary hearing loss is one of the most
common monogenic diseases in humans
and, depending on the severity of symptoms
and age of onset, dysfunction of one of the
main sensory systems can cause significant
problems for the affected individual and his/
her social environment. The diagnostic work-
up of hearing impairment is complicated by
a pronounced phenotypic variability and ex-
tensive genetic heterogeneity. Nevertheless,
many forms of monogenic hearing impair-
ment have been elucidated in recent years by
genetic approaches. In addition to improved
counselling and medical management of pa-
tients and families, these research findings
have contributed significantly to the identi-
fication of functionally relevant molecules of
the inner ear and have thus helped us to bet-
ter understand the molecular physiology of
hearing and the pathophysiology of hearing
impairment.
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toms in other organs with high energy
demand (as for example in the brain, the
heart or skeletal muscles or the retina). In
general, however, syndromic hearing loss
is clearly more frequently found in inher-
ited forms of mitochondrial dysfunction,
as is to be expected given the important
role of mitochondria for all organs.

The central task of the inner ear is
mechanotransduction, i.e. the conversion
of mechanical signals into electrical sig-
nals. This process depends on the struc-
tural integrity of hair cells and their stereo-
cilia, which depend in turn on the struc-
ture of the cytoskeleton and the surround-
ing extracellular matrix. Indeed, muta-
tions are found in a variety of genes ex-
pressed in the cochlea, which encode for
proteins of the cytoskeleton and hair cell
bundles [e.g. actin and actin-interacting
proteins (such as ACTGl, espin, TRIOBP,
diaphanous 1, radixin, taperin) and atyp-
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ical myosins (such as MYO3A, MYO6,
MYO7A, MYOI15A, MYH9)], for pro-
teins of the extra cellular matrix (e.g. CO-
L11A2, stereocilin and alpha-tectorin) or
for cell adhesion molecules (e.g. CDH23
and PCDHI5). These genetic approaches
have resulted in the identification of mol-
ecules of central importance to the func-
tion of the so-called tip links like cad-
herin 23 and protocadherin 15. These tip
links are the linking structures between
the largest stereocilium and the directly
neighbouring stereocilia of the same cell,
which are essential for mechanotransduc-
tion. Of equal importance, as identified by
genetic analysis of Usher syndrome, is a
whole network of directly interacting pro-
teins (including MYO7A, CDH23, whir-
lin, USH2A, harmonin, SANS), which is
essential for the structure and function of
hair cell bundles. These last two findings
have been described in detail elsewhere
[21, 22, 23]. After converting the mechan-
ical stimulus into electrical signals, these
signals are transmitted in the form of ac-
tion potentials via the auditory nerve to
the brain. Indeed, genetic approaches have
also been able to identify molecules that
are necessary for the synaptic transmis-
sion and function of the auditory nerve
(see [22, 24, 25]). In particular, the analy-
sis of patients with so-called auditory neu-
ropathy [26] has shown the central impor-
tance of, e.g. otoferlin, pejvakin and the
vesicular glutamate transporter VGLUT3
for this transmission.

Ultimately, ion homeostasis in the in-
ner ear plays a central role in hearing. The
endolymph, which surrounds the hair
cells apically, is an extracellular fluid with
an unusually high potassium concentra-
tion and approximately +80 mV high-
ly positive electric potential. Even small
modifications in these characteristics lead
to aloss of hearing or to irreversible dam-
age. Hence, mutations in genes involved
in the maintenance of ion homeostasis re-
sult in hereditary hearing loss (e.g. [27]).
Genes involved in potassium secretion by
cells of the stria vascularis and, ultimately,
in the recycling of potassium, have been
identified, among others. In addition to
pendrin (SLC26A4) and the bumetanide-
sensitive Na+-K+-2Cl co-transporter
NKCCI (SLCI2A2), the affected genes be-
long to the group of voltage-gated potas-

70 | e-Neuroforum 3 - 2014

sium channels (KCNQI, KCNQ4, KCNEI,
KCNJ10) and to the connexins [connex-
in 26 (GJB2), GJB6 and GJB3]. Further-
more, a correct compartmentalisation of
the different fluid-filled spaces in the in-
ner ear is necessary for the maintenance
of ion concentrations. Accordingly, mu-
tations in genes that encode for cochlear
“tight-junction” proteins (e.g., CLDNI4,
TRIC, TJP2, ILDRI) also result in hered-
itary hearing loss (see also ref. [22])

Clinical implications of
genetic findings

Due to the variety of genes that can be
mutated in hereditary hearing loss, a mo-
lecular genetic “standard test” of all these
genes for differential diagnostic purposes
would not have been possible in the past.
This, however, has changed with the in-
troduction of new sequencing technolo-
gies (see also [28]). Nevertheless, genetic
findings have already contributed in the
past to improving the medical manage-
ment of hearing impaired patients/fami-
lies. In cases where the causative mutation
is identified within a family, it is possible
to offer molecular diagnostics for other
members of the family. This is in princi-
ple also true for prenatal diagnostics, al-
though this has to be viewed critically in
the case of NSHL due to ethical consid-
erations. Furthermore, identifying the in-
heritance pattern enables specific and in-
dividualized genetic counselling on the
risk of recurrence. Another advantage of
the genetic identification of NSHL is the
fact that further, partly invasive and stress-
ful examinations to exclude certain syn-
dromic forms are no longer necessary.
In addition, personal risk profile analysis
could mean an optimisation of prevention
options, since individuals at high risk of
disease could be advised to avoid further
potentially ototoxic factors (e.g. noise pol-
lution or ototoxic drugs such as the ami-
noglycoside antibiotics mentioned earli-
er or the chemotherapeutic agent cisplat-
in). It must be said, however, that up until
recently the identification of the causative
genetic alteration within a family with he-
reditary hearing loss was successful in on-
ly a smaller percentage of cases. Neverthe-
less, there is one finding which is of partic-

ular relevance in the molecular genetic di-
agnosis of NSHL.

It has been shown that mutations in the
GJB2 gene typically lead to an autosomal
recessive form of hearing loss. The partic-
ular clinical significance of this is based
on the fact that alterations in this gene are
responsible in some populations—in spite
of the extreme heterogeneity of NSHL—
for up to 50% of cases of autosomal re-
cessive hearing impairment; however the
percentage of GJB2-related hearing loss
in Germany seems to be lower at approxi-
mately 15%-20%. Furthermore, one of the
mutations, known as 35delG (also called
30delG) occurs particularly frequently.
This mutation can be found in different
populations (particularly in the Mediter-
ranean region) in 70%-85% of cases and
has a heterozygote frequency of approxi-
mately 1:31 in Italy making the 35delG mu-
tation one of the most frequent disease-
causing mutations in humans. These find-
ings make it possible to offer a quick and
relatively reasonably priced genetic test for
GJB2-related hearing loss with high med-
ical significance, hence its frequent use in
clinical practice.

In summary, (human) genetic ap-
proaches have played a significant role
over the last 15-20 years in improving our
understanding of the molecular mecha-
nisms of hearing, such that we now have a
very detailed picture of the molecules es-
sential for hearing. The identification of
these “key players” is also of significance
in that they present attractive “targets” for
therapeutic or preventive measures, as the
future will hopefully show. In the mean-
time, however, genetic findings have al-
ready led to the fact that genetic counsel-
ling and the medical management of pa-
tients and families with hereditary hear-
ing impairment could be expanded and,
in many cases, optimised.
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