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Abstract. Genetic testing for hearing impairment. For some patients, genetic testing can reveal the etiology of their hear-
ing impairment, and can provide evidence for a medical diagnosis. However, a gap between fundamental genetic
research on hereditary deafness and clinical otology emerges because of the steadily increasing number of discovered
genesfor hereditary hearing impairment (HHI) and the comparably low clinical differentiation of the HHIs. In an attempt
to keep up with the scientific progress, this article enumerates the indications of genetic testing for HHI from a clinica
point of view and describes the most frequently encountered HHIs in Belgium. Domains of recent scientific interest,
molecular biological aspects, and some pitfalls with HHIs are highlighted.

The overview comprises bilateral congenital hearing loss, late-onset progressive high frequency hearing loss, progres-
sive bilateral cochleo-vestibular deficit, and progressive low frequency hearing loss. Also, several syndromal forms of
HHI are summarized, and the availability of genetic tests mentioned. Finaly, the requirements for successful linkage
analysis, an important genetic research tool for localizing the potential genes of a trait on a chromosome, are briefly

described.

I ntroduction

The last 15 years, molecular
genetics has contributed enor-
mously to our understanding of
the inner ear. Nowadays, more
than 100 chromosome loci are
known to carry genes necessary
for the proper functioning of the
inner ear. Moreover, 43 deafness
genes have been successfully
identified, and their DNA
sequences are known.* A specific
website on genetic deafnessisreg-
ularly updated and can be found at
http://www.uia.ac.be/dnalab/hhh.?
Since 1995, the number of identi-
fied deafness genes has been
rapidly increasing, but the clinical
applications remain limited to
counselling. Today, it is possible
to test whether an individual is a
carrier of certain sequenced deaf-

ness aleles. The main otologic
phenotype characteristics relevant
to identification of a HHI are
abnormal ear morphology (pinna,
middle ear, cochlea), onset age of
the hearing loss, frequency profile
of the hearing loss, progression
rate of the hearing loss, and
vestibular function.®*

Theaim of thisarticleisto give
an overview of available diagnos-
tic tests for HHI and their indica-
tionsin Belgium from aclinician's
viewpoint. Indications for genetic
testing of common deafness genes
are described and genotype-phe-
notype correlations are highlight-
ed.

Figure 1 shows a conceptual
framework on the aetiological,
clinical, and hereditary aspects of
hearing impairment. The upper
level shows a spectrum represent-

ing the relative contribution of
environmental and inherited aetio-
logical factors for hearing impair-
ment; purely acquired deafness is
indicated on the left , and purely
genetic deafness on theright.® Itis
currently believed that about half
of the congenital hearing impair-
ments are caused by genetic fac-
tors.* Most of those inherited con-
genital hearing impairments are
monogenic (caused by a mutation
in asingle gene) and can be subdi-
vided according to their mode of
inheritance. A distinction can also
be made between non-syndromal
(70%) and syndroma forms
(30%), in which deafness is
accompanied by other pathologi-
cal manifestations. Monogenic
traits can have phenotypic vari-
ability and a variable expression
or reduced penetrance. These
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Hearing Impairment
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Figure 1

Astiology, clinics, and hereditary aspects of hearing impairment.

The graded shading of the upper level represents the relative contribution of environmental and inherited factors for hearing impair-
ment: purely environmental aetiology on the left, and purely inherited on the right.5 Multi-factorial aetiology (or complex genetic) is
shown in the middle. The dotted line symbolizes that acquired forms of hearing impairment can also depend on genetic susceptibili-
ty, and therefore be considered as complex genetic. Today only some monogenic forms of HHI are unravelled sufficiently to calcu-
late recurrence risks (in percentage) as indicated on the lowest level. (AD= Autosomal dominant, AR = Autosomal Recessive, X= X-
linked and M= Mitochondrial inheritance, = = Syndromal Hearing Impairment).

inconsistencies with Mendelian as monogenic, might in fact be founding (involving several

inheritance can be attributed to
environmental factors and modifi-
er genes. Therefore, some types of
HHI that were initially considered

complex genetic traits.
Multi-factorial hearing impair-

ment as indicated in the centre of

Figure 1 has a complex genetic

genes) but its occurrence is facili-
tated by numerous environmental
factors. The term complex deaf-
ness also refers to an interaction
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between several genes and differ-
ent (unknown) environmental
triggers. Otosclerosis, presbyacu-
sis and noise induced hearing loss
are members of this group. Some
of them have circumstantial evi-
dence for a genetic origin but the
susceptibility genes are not yet
found. For Age Related Hearing
Impairment (ARHI), a complex
genetic heredity has been report-
ed.” Two large scale multicenter
studies on ARHI and otosclerosis
are currently running under coor-
dination of the department of
Medical  Genetics of the
University of Antwerp.

Acquired deafness in our con-
ceptual framework is due to pure-
ly environmental factors such as
infection or trauma. Absence of
any inheritance factor, of course,
can be disputed for any trait. All
types of hearing impairment,
except for trauma, are likely to
have genetic susceptibility genes.
For example, it is well know that
otitis serosa or cholesteatomata
cluster in families.

Classical inheritance patterns

Autosomal dominant inheritance
describes a pattern of inheritance
in which the phenotype is
expressed in those who have
inherited only one copy of a par-
ticular gene mutation (allele) and
refers to a gene on one of the 22
pairs of autosomes (non-sex chro-
mosomes). Today, 21 autosomal
dominant non-syndromic deafness
genes are known.2 Their chromo-
somal localization is indicated
with DFNA, where DFN stands
for “deafness’ and “A” for autoso-
mal dominant. The abbreviationis
followed by a number that repre-
sents the order of discovery of the
chromosome locus. Currently,
DFNAS54 is the most recently
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Pedigree chart of with autosomal dominant inheritance pattern
of a DFNA2/KCNQ4 family with progressive high frequency
hearing loss. Typical for autosomal dominant inheritance is
that the trait does not skip ageneration and that every offspring
has a 50% risk for the trait. Unaffected family members do not
pass on thetrait to their children. Males and females are equal -
ly affected. Circles represent females and squares represent
males. Filled symbols represent affected individuals. The bars
underneath individuals represent pathogenic and wild-type
dleles. Roman numbers indicate generations and Arabic
numbers indicate individuals within a generation.

reported chromosome locus® A
chromosome locus is a physical
site on a chromosome. Prior to
identifying and sequencing a puta-
tive disease causing gene, its chro-
mosome locus has to be deter-
mined; thisis achieved by linkage
analysis. Linkage analysis tests
for co-segregation of any chromo-
soma locus and a trait locus of
interest.

Figure 2 demonstrates autoso-
mal dominant inheritance in a
pedigree chart of a DFNA2 fami-
ly. DFNA2 is characterized by
progressive, high-frequency sen-
sorineural hearing impairment. At
its locus on chromosome 1p34,
two deafness genes have been
identified: the GJB3 gene that
encodes connexin 31, a gap junc-

tion subunit, and the KCNQ4 gene
that encodes the subunits of avolt-
age-gated potassium channel .2
Both genes presumably play arole
in the recycling of potassium ions
from the hair cells to the
endolymph. Currently, at least
15 families with progressive high-
frequency sensorineural hearing
impairment linked to the DFNA2
locus have been studied. Ten of
these DFNA2 families harbour a
mutation in the KCNQ4 gene and
five in the GJB3 gene. For three
families linked to DFNA2, no
mutation has been found yet, and
thus, a third gene might be
involved in this chromosome
locus. Other late onset, progres-
sive high frequency HHI loci are
DFNAS5 and DFNA7 reported in



128

lI:1 II:2 1I:3

1:4

l:1 n:2

([ [

2 V3

T

v:4

Figure 3

Pedigree chart representing autosomal recessive inheritance
pattern in a DFNB1/GJB2 family. The pathogenic GIB2 alele
is indicated with a filled bar, and the wild-type allele with a
non-filled bar. When both parents are heterozygous carriers,
each offspring has a 25% risk for the deafness, and a 66% risk
for carrying the pathogenic allele. When one of the parents is
homozygous for the wild-type allele, none of the offsprings
will have the deafness. Males and females are equally affect-
ed. Consanguinity is indicated with a double marriage line

(same symbols as Figure 2).

Dutch and Norwegian families
respectively.

Autosomal recessive inheri-
tance refers to the need for two
mutated allelesin order to cause a
certain trait. About 75% of the
congenital HHIs are autosomal
recessive.® Recessive traits occur
more often in consanguineous
marriages. Autosomal recessive
HHIs are usualy severe and
prelingual, and are indicated with
DFNB, with “B” standing for
autosomal  recessive.  Today
59 DFNB loci are known, and
21 genes are identified.? In 1994,

the first non-syndromic autosomal
recessive deafness, DFNB1, was
mapped to chromosome 13qg12-
13.% In most cases, the phenotype
is asymmetrical and non-progres-
sive, severe to profound prelin-
gual deafness. Figure 3 shows a
pedigree chart of a DFNB1 fami-
ly. In 1997, three years after the
discovery of the locus, the corre-
sponding gene, GJB2, was identi-
fied. GIB2 encodes for a trans-
membrane protein called
Connexin 26 (Cx26). Connexins
are the structural components of
gap junctions which allow inter-
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cellular passage of ions, messen-
ger molecules, and metabolites.t
Cx26 is present in the supporting
cells of the organ of Corti, in the
spiral ligament, and in the limbus.
Gap junctions presumably play a
role in the recycling of potassium
ions from the hair cells to the
endolymph. The size of GJB2 is
small and therefore, it isrelatively
easy to screen for mutations.
Moreover, since pathogenic alle-
les of GJB2 are relatively preva-
lent, screening for GJB2 is the
most frequently performed genet-
ic test for HHIs. (See paragraph:
“Connexin26").

Mitochondrial inheritance of
hearing loss is less frequent than
autosomal inheritance, but a num-
ber of mutations have been
described.? In case of mitochondr-
ial inheritance, the deafness is
mostly one of the signs of a syn-
drome. Mitochondrial non syn-
dromic hearing impairment, how-
ever, has been demonstrated by
the finding of severa mtDNA
mutations in families in which
hearing loss shows a maternal
inheritance pattern. Affected
males do not transmit the disease
to their offsprings. The first muta-
tion associated with non-syn-
dromic HHI was described in an
Arab-Isragli family where deaf-
ness occurred after aminoglyco-
side exposure. A specific mito-
chondrial mutation that has been
associated to hearing loss is fre-
guent in certain countries includ-
ing China and Spain, but has not
been reported in Belgium,? see
Table 1.

X-linked inheritance refers to a
sex specific inheritance pattern,
and can be subdivided into a dom-
inant and recessive form. A father
can never pass an X-linked trait to
his son. An X-linked recessive
trait gives rise to an inheritance
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pattern in which all males are
affected, and females are unaffect-
ed but transmit the disease.
Families with X-linked HHI are
rare. For X-linked non-syndromic
HHI, eight loci, indicated with
DFN, have been mapped, but one
locus was withdrawn and another
one appeared to be syndromic
after restudy.2 Only for DFN3, the
gene is identified as POU3F4
(POU domain, class 3, transcrip-
tion factor 4).2 DFN3 is character-
ized by a profound deafness with
or without a pseudo-conductive
component, and is associated with
a unique developmental abnor-
mality of the ear.”®

HHIs in Belgium

Bilateral congenital sensorineural
hearing loss

Connexin 26 (GJB2)

In severa races, mutations in the
GJB2 gene account for approxi-
mately 50% of the severe to pro-
found congenital HHIs
Although more than 85 disease
causing mutations are reported,
one mutation, 35delG, predomi-
nates in the Caucasoid race.”
Today, in Belgium and surround-
ing west-European countries,
GJB2 is routinely analyzed by
diagnostic laboratories. In Asian
populations, the 235del C mutation
is more prevalent, and in
Ashkenazi Jewish populations, the
167delT. Each of these three
mutations have probably their
common founder.*® The phenotype
of DFNB1 can be described as
bilateral, non-progressive, prelin-
gual and profound deafness.
Recently, it has been shown that
homozygotes with two inactivat-
ing mutations in GJB2 have more
severe hearing loss than homozy-
gotes with two non-inactivating
mutations. Individuals with one

inactivating and one non-inacti-
vating mutation have a hearing
loss between both extremes, mak-
ing the phenotype predictable to a
certain extent in genetic coun-
selling.”* Some, less frequent,
mutations in GJB2 cause autoso-
mal dominant hearing impairment
(DFNA3). These dominant forms
are often associated with epider-
mal defects, as indicated in
Table 1. Currently, a large multi-
center study is collecting data on
the phenotype of the 35delG
mutation in the GJB2 gene.

Otoferlin (OTOF)

Otoferlin, coded by the OTOF
gene, is a protein that is predomi-
nantly expressed in the inner hair
cells of the cochlea, and probably
plays a role in synaptic vesicle
trafficking.'” Mutations in the
OTOF gene cause prelingual,
severe to profound, non-syn-
dromic HHI linked to DFNB9. A
characteristic of the phenotype is
that Otoacoustic Emissions
(OAE) are present (normal outer
hair cell function) but Auditory
Brainstem Responses (ABR) are
absent. Therefore, this trait is
sometimes — according to us,
wrongly - referred to as Auditory
Neuropathy. Although several
mutations are known, the Q829X
mutation is very frequent in Spain,
probably due to a common
founder.®®* No Belgian DFNB9-
families are known, but genetic
tests are available.

Progressive bilateral cochleo-
vestibular deficit

Cochlin (COCH)

The COCH gene is expressed in
the cochlea and semicircular
canals.*® Today, six different muta-
tions have been found, and the
P51S mutation predominates in
Belgium and the Netherlands
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because of a common founder.®
The exact pathogenic mechanism
is not yet fully understood, but
defects in the COCH gene cause
autosomal dominant non-syn-
dromic HHI associated with
vestibular symptoms (DFNA9). A
direct genetic tests for the COCH
gene is indicated when progres-
sive, initially high frequency but
eventually pan-cochlear HHI is
associated with vestibular dys-
function.

Progressive low frequency hear-
ing loss
Wolframin (WFS1)

The WFSL1 gene encodes a glyco-
protein that is localized in the
endoplasmic reticulum, but its
function is not yet completely
understood. Homozygous inacti-
vating mutations in the WFS1
gene cause the autosomal reces-
sive Wolfram syndrome, whereas
heterozygous non-inactivating
mutations® account for the non-
syndromic autosomal dominant
low frequency sensorineural HHI
DFNAG6/14. Although DFNAG6
and DFNA14 were originaly
reported as non-overlapping, re-
evaluation of the original DFNAG
locus indicated that they were in
fact the same. WFSL isthe gene of
interest in both DFNA6 and
DFNA14, now designated as
DFNAG6/14.2 The hearing impair-
ment is characterized by sowly
increasing hearing thresholds at
low frequencies. Four Dutch fam-
ilies and one German DFNA6/14
family have been described in
Europe. Although no Belgian fam-
ilies are reported yet, this gene has
an important diagnostic value
because it is alelic with the
Wolfram Syndrome. Thisis a pro-
gressive neurodegenerative dis-
ease characterized by Diabetes
Insipidus, Diabetes Mellitus,
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Optic Atrophy and Deafness
(DIDMOAD). Psychiatric disor-
ders, renal tract anomalies,
gonadal atrophy and gastro-
intestinal dysmotility are also fea-
tures of this rare syndrome (Table
2). In contrast to DFNA6/14, hear-
ing impairment with DIDMOAD
starts during the second decade,
and affects primarily the basal
cochlea. Hearing thresholds dete-
riorate with 4 dB per year, and the
median life expectancy is
30 years.?

Syndromic HHI

Pendrin (SLC26A4)

The SLC26A4 gene encodes the
chloride-iodide transporter pen-
drin which is expressed in the
cochlea and the thyroid.* Some
mutations in this gene cause non-
syndromic autosomal recessive
HHI linked to DFNB4. These
patients have severe to profound
HHI and an enlarged vestibular
aqueduct (EVA), but initially no
accompanying goiter. Other muta-
tionsin SLC26A4 cause the auto-
somal recessive Pendred syn-
drome that associates congenital,
profound HHI with goiter. This
thyroid abnormality can be
demonstrated by the perchlorate
test. All Pendred syndrome
patients have cochlear malforma-
tions such as EVA, and many have
aMondini dysplasia®

Stickler Syndrome and Osteo-
genesis _imperfecta (Collagen
genes)

Asindicated in Table 2, mutations
in COL2A1, COL11A1 or
COL 11A2 genes cause the autoso-
mal dominant Stickler syndrome
(STL). The classic phenotype,
STL1, is caused by mutations in
COL2A1, which encodes a fibril-
lar collagen, and is characterized
with progressive myopia, vitreo-

retinal degeneration, premature
joint  degeneration, midface
hypoplasia (flat facial profile),
irregularities of the vertebral bod-
ies, cleft palate and a sensorineur-
al hearing loss of variable severi-
ty. STL2 is caused by mutationsin
COL11A1, and is aso character-
ized by ocular, auditory and orofa-
cial features whereas mutationsin
COL11A2 (STL3) do not cause
visual dysfunction because this
protein is not present in the vitre-
ous body.? The phenotype of STL
is in general highly variable.
Therefore, this syndromeis proba-
bly underdiagnosed, and it is diffi-
cult to differentiate the genetic
subtypes. In STL2 and STL3 high
frequency sensorineural HHI is
reported to be more severe.®
Conductive or mixed hearing loss-
es sometimes occur due to a
hypermobility of the tympano-
ossicular chain (tympanograms
type A, according to Jerger’sclas-
sification). Oto-Spondylo-Mega-
Epiphyseal-Dysplasia (OSMED)
has similar clinical features as
STL but the inheritance is autoso-
mal recessive.

Osteogenesis Imperfecta (Ol) is
another disease that involves col-
lagen genes. COL1A1 and
COL1A2. Although fragile bones
are the hallmark of this syndrome,
non-osseous features such as blue
sclerae, hearing loss, dentinogene-
sisimperfecta (DI), easy bruising,
cardiopulmonary abnormalities
and neurological complications
occur. The inheritance pattern is
usually autosomal dominant, and
four subtypes exist. Typel is char-
acterized by mild to moderate
bone fragility, blue sclerae, DI,
and almost 50% of these patients
have hearing loss that can be con-
ductive, sensorineura or mixed.
Type Il is often lethal during the
perinatal period. Type Il is char-
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acterized by severe bone fragility
and hearing loss is common. In
type 1V, moderate bone fragility is
seen occasionally with hearing
loss. In Belgium, genetic |aborato-
ries of the University of Ghent
provide diagnostic service for
Osteogenesis imperfecta.

Usher Syndrome

Three subtypes of the Usher syn-
drome, characterized by heredi-
tary retinitis pigmentosa with
deafness, are clinically discern-
able® Type | is determined by
congenital, profound deafness
associated with vestibular areflex-
ia and retinitis pigmentosa. Usher
syndrome type Il is characterized
by moderate to severe sen-
sorineural hearing impairment,
intact vestibular responses and
retinitis pigmentosa, whereas
Usher syndrometypelll ischarac-
terized by progressive hearing
impairment, variable vestibular
function and retinitis pigmentosa.
Currently, 7 loci have been
mapped for Usher syndrome type
I (USH1A-USH1G), 3 loci for
Usher syndrome type Il (USH2A-
USH2C) and 1 locus for Usher
syndrome type Il (USH3).® For
these 11 loci, 8 genes have been
identified and can be used for
diagnostic screening as indicated
in Table 2. In Belgium, routine
genetic testing is available for the
USH1B gene. However, mutation
analysis is successful in only
about 20 % of Usher 1B patients.
Recently, in Nijmegen, a micro-
array that covers all known Usher
mutations and reaches mutation
diagnosis of 50 % for Usher 2A,
the most common subtype of
Usher syndrome, has become
available.

Treacher Collins Syndrome

Treacher Collins syndrome, ater-
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Table 3

Basic diagnostic indications for common genetic tests for HHI in Belgium
Type of hearing impair ment Occurrence Genetic test for
Congenital bilateral HHI SorF DFNB1 Connexin26 gene

DFNB9 Otoferlin gene?

Progressive low frequency HHI DFNAG6/14 Wolframin gene
Progressive bilateral DFNA9 Cochlin gene
cochleo-vestibular deficit
HHI with other clinical feature SorF Syndromal HHI (see table 2)

S=Solitary casein family, F = Familial occurrence with several family members affect-
ed. = Specific mutations reported for specific ethnicities (See Table 1). 2 = Mainly

Spanish origin.

Step 1

Defining a genetic condition (phenotype)
e Collecting large families
¢ Collecting unrelated patients

v

Step 2
Mapping a disease causing gene
¢ Genetic mapping
e Mapped animal model

v

Step 3

e Fine genetic mapping

Identifying the disease causing gene

e Generating candidate genes
e Mutation analysis (genotype)

Figure 4

Stepsto identify the disease-causing gene for monogenic HHI.
Modified from Textbook of Audiological Medicine.®

natively called mandibulofacial
dysostosis (MFD), is an autoso-
mal dominant disorder caused by
mutations in the TCOF1 gene
which encodes a trafficking pro-
tein involved in nucleolar-cyto-
plasmic transport.? It is character-
ized by coloboma of the lower
eyelid, micrognathia, microtia,
hypoplasia of the zygomatic arch-
es, macrostomia, and inferior dis-

placement of the lateral canthi
with respect to the media canthi
leading to a recognizable “fish-
like” facial appearance. A single
gene is responsible for Treacher
Collins syndrome, and if a clear
clinical pictureisavailable, ahigh
chance of finding a mutation in
TCOF1 might be expected. The
auditory ossicles, cochlear and
vestibular apparatus can be absent
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or severely malformed leading to
conductive, mixed or perceptive
HHI.

Investigating genetics of HHI

Unravelling the putative genes of
a hearing impairment follows at
least three stages® In the first
stage, agenetic cause for the hear-
ing impairment has to be con-
firmed on the basis of family data.
The simplest genetic conditions
yield Mendelian inheritance pat-
terns that are easily recognizable
from the pedigree chart. If an
inheritance pattern for a hearing
impairment could be confirmed,
recurrence risk is available for
counselling. In the second stage,
the putative gene has to be
mapped to a particular chromo-
some locus. This is achieved with
the so-called linkage analysis
which requires large families.
Linkage analysis tests for co-seg-
regation of a chromosomal locus
and the deafness. In families, par-
ents can pass on either the disease-
causing gene or its normal version
(allele) to each of several children.
The strategy is to check which
chromosome fragment co-segre-
gates together with the disease in
the pedigree chart. The chromo-
some fragments are identified
with specific genetic markers,
available on the market. Of course
thisisan oversimplification and in
practiceit is not that easy. But, the
theory of linkage analysis postu-
lates that if a chromosome frag-
ment co-segregates together with
a disease more than would be
expected on the basis of chance,
then that chromosome fragment
must carry the disease-causing
gene. The logarithm of odds
(LOD) score is a statistical para-
meter that represents the odds or
likelihood of linkage over non-
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linkage. A LOD score of +3 is
significant for linkage, whereas a
LOD score of -2 is significant
against linkage. How closely a
disease-causing gene can be local-
ized depends on the size of the
family, i.e. how many informative
meioses are available. Genetic
mapping, thus, relies on large
families with a high number of
affected individuals. The last step,
and often not the easiest step, isto
identify the disease-causing gene.
This will eventually allow precise
genetic diagnosis for individuals
who want to know their carrier
status for a particular allele. When
ageneisidentified, studies on the
function of the encoded protein
can be started. On long-term, this
might lead to new strategies for
therapy.

There are several techniques
that tackle the quest for the muta-
tion in the candidate gene. These
techniques are not in the objective
of thisreview and can be found in
genetic handbooks. However, it is
important to realize that none of
these methods are perfect or guar-
antee success. Much research is
focussed on increasing the speed
and reliability of screening for
candidate genes. When alelic
variability for a candidate gene is
observed, it is not directly clear
whether an allele is pathogenic or
aharmlessvariant of the wild-type
alele. In conclusion, investigating
HHIs has provided new insights
on the functioning of the inner ear,
and further efforts will surely con-
tribute to further understanding of
normal hearing.
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