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ABSTRACT

Connexins are a family of transmembrane proteins that form gap
junctions between adjacent cells and allow intercellular communica-
tion. Connexin proteins are involved in pathological conditions in
humans, mainly in hearing loss, neurodegenerative disorders and skin
diseases. The association between connexin proteins and the inner ear
is well established. The abundant expression of connexins in the
auditory system of the inner ear demonstrates their importance in
inner ear development and the hearing process. Most compelling,
there are over 100 mutations in genes encoding connexins that are
associated with deafness. Most prominent is the remarkable
involvement of connexin 26 in hearing loss. Mutations in the gene
GJB2, encoding connexin 26, are responsible for around 50% of
genetic cases of severe to profound non-syndromic hearing loss in
some parts of the world. Learning more about the connexin family in
general and about connexin 26 in particular can shed light on the
pathogenesis of the inner ear and bring us closer to finding clinical
solutions for the hearing impaired.
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INTRODUCTION

Humans are born with five senses that allow us to see, hear, taste,
smell and feel the world around us. Developmental defects and/or
exposure to viral infection or ototoxic drugs during pregnancy can,
however, lead to profound congenital deafness, as occurs in around
one in 1,000 live births /1/. Indeed, hearing loss (HL) is the most
common of all human sensorineural disorders and may also occur
later in life, affecting up to half the elderly population. HL is very
heterogeneous with different causes, characteristics and potential
methods of treatment. Despite this diversity, mutations in one gene,
connexin 26 (GJB2), are the predominant cause of hereditary HL.

Hereditary HL may be either syndromic (SHL) or non-syndromic
(NSHL). NSHL accounts for 70% of genetic deafness cases /2/. In
these cases, HL is the only deficiency the patients experience. SHL
involves other symptoms, such as blindness due to retinitis
pigmentosis, as in the case of Usher syndrome, or skin disease, as in
the case of keratitis-ichthyosis-deafness (KID) syndrome. The genetic
basis of HL can be either autosomal dominant or recessive, X-linked
or mitochondrial.

It is estimated that as many as 200 genes may be involved in both
non-syndromic and syndromic HL. To date 65 of these genes have
been cloned and 120 different loci have been mapped (Hereditary
Hearing Loss Homepage; http://webhost.ua.ac.be/hhh/). Although HL
is genetically heterogeneous, a single gene is responsible for around
50% of severe to profound NSHL /3/. This gene, GJB2, encodes the
protein connexin (Cx) 26.

THE CONNEXIN FAMILY

The connexins are a family of proteins that form gap junctions
between adjacent cells. There are 21 human genes in the connexin
family known to date that are expressed in almost all tissues and cell
types in our body. The connexins are part of a family of trans-
membrane (TM) proteins. These proteins are embedded in the lipid
bilayers and mediate communication between both sides of the
membrane /4/. The connexin protein is comprised of four TM domains
designated M1-M4, two extracellular loops (EC1, EC2) and three
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intracellular domains (IC), two of which are the NH, and COOH
termini of the protein (see Fig. 1).

Fig. 1: Schematic presentation of connexin topology. The protein is
comprised of four transmembrane domains designated M1-M4, two
extracellular loops (EC1, EC2) and three intracellular domains (IC),
two of which are the NH, and COOH termini of the protein.

The functional entity of gap junction proteins is formed by the
assembly of six connexin units to form a hemichannel that is called a
connexon. Connexons of two neighboring cells can travel along the
plasma membrane until they dock opposite to each other, and in this
way form the gap junction, a channel that allows cell communication
in various tissues in our bodies. Both the connexons and the channels
can be composed of more than one connexin isoform. A channel can
be either homomeric (formed by six units of the same isoform) or
heteromeric (formed by different isoforms). Similar connexons dock-
ing together form a homotypic junction, while different connexons
form a heterotypic junction (see Fig. 2). This allows different
combinations and formation of gap junctions with different perme-
ability to ions and small molecules well-matched for particular tissues
/5/. For example, it was recently reported that intercellular Ca®"
signaling across heteromeric gap junctions composed of Cx26 and
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Cx30 was at least twice as fast as the signaling across each of the
homomeric channels /6/. However, this diverse expression of different
isoforms in the same tissue can lead not only to diverse functionality
but also to redundancy and hence leads to the speculation that in the
absence of one functional connexin due to mutations, its role can be
compensated for by a different type of connexin expressed in the same
tissue.

Fig.2: Composition of gap junctions. Since a cell can express more than one
isoform of connexin, a connexon can be either homomeric (formed by six
units of the same isoform) or heteromeric (formed by different isoforms).
Similar connexons docking together form a homotypic junction, while
different connexons form a heterotypic junction. A. Homotypic junction,
formed by two homomeric connexons. B. Heterotypic junction, formed by
two homomeric connexons. C. Homomeric junction, formed by two
heteromeric connexons.

CONNEXINS AND HUMAN DISEASE

Due to their essential roles in cellular function, connexin proteins
are substantially involved in human disease. The first discovery of an
inherited disease involving a connexin protein was that of Cx32,
causing X-linked Charcot-Marie-Tooth disease (CMTX), a common
form of inherited sensory and motor neuropathy /7/. Some cases of
CMTX also involve deafness /8-10/. Several skin disorders are caused
by mutations in Cx26, Cx30, Cx30.3 and Cx31. As in CMTX, some
skin disorders are accompanied by impaired hearing. Two dominant
forms of congenital cataract are associated with missense mutations in
Cx46 and Cx50. Cx43 is involved in heart disease /11/. An interesting
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aspect of disease-causing mutations in connexins is that in some cases
different mutations in the same gene cause two different diseases. This
is the case for GJB3 encoding Cx31, where some mutations cause
erythrokeratodermia variabilis (EKV), while others cause isolated
deafness. Another example is that of GJB6, mutations in which result
in aberrant Cx30 protein, leading to either hidrotic ectodermal
dysplasia (HED) or deafness. As described, connexin proteins are
expressed in many tissues and are potentially involved in numerous
processes in the body, but evidently one of the major involvements of
connexin proteins in human disease is in hearing loss.

CONNEXINS IN THE INNER EAR

Several connexin proteins are expressed in the ear. Along with the
abundant expression of Cx26 in both the auditory and vestibular
systems of the inner ear /12/, many connexin genes are expressed in
the developing ear. In situ hybridization studies on murine sections
revealed the expression of Cx26, Cx30, Cx30.2, Cx31, Cx37, Cx43,
Cx46 and also low expression of Cx45 and Cx59 /13/. In a different
study on the mature ear, mRNA of Cx26, Cx30, Cx31, Cx43 and
Cx50 was identified by RT-PCR /14/. A recent study documented the
expression of Cx43- and Cx45-encoding genes in the developing and
mature murine inner ear /15/. Specific antibodies for Cx26, Cx30,
Cx31 and Cx43 identified the encoded proteins in the mature inner ear
/14/.

Cx26 is highly expressed in large gap junctions between adjacent
supporting cells in the inner ear in both the auditory and vestibular
sensory epithelia. One role of gap junctions between supporting cells
may be to provide a pathway for the rapid removal of ions away from
the region of the sensory cells during transduction in order to maintain
sensitivity. Another possible role is to help maintain the high extra-
cellular electrical potential in the cochlea by circulation of K* from
the endolymph to perilymph and back to endolymph through the stria
vascularis /12/. Cx30 is not as abundant in the inner ear as Cx26 but
the two are partly co-localized in supporting cells of the sensory
epithelia, fibrocytes in the spiral ligament and spiral limbus, as well as
in the vestibular system /16,17/ (Fig. 3). Cx26 and Cx30 were
previously reported to co-assemble in the inner ear into heteromeric
channels /18/. However, several knockout experiments in either Cx26
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or Cx30 revealed dramatic defects. Mice with a deletion of Cx30 are
deaf. They do not generate endocochlear potentials and exhibit death
of outer hair cells /19/. Mice with a targeted deletion of Cx26 in the
supporting cells of the organ of Corti experience outer hair cell death
as well, initiated at about the time of onsest of hearing /20/. These
findings indicate that Cx26 and Cx30 do not compensate for one
another in the ear.

Tectorial
membrane
Spiral
limbus

Cochlea Saccule Utricle — lhc  Ohc Suppc‘J‘rting
cells
Cx26 &Cx30

Fig. 3: Localization of connexin in the auditory system of the inner ear. The
enlargement of the cochlear duct shows a cross section of the organ of
Corti. Cx26 and Cx30 are the most abundant connexins in the inner ear.
They are found in the supporting cells, basal cells of the stria vascularis,
fibrocytes of the spiral ligament, beneath the stria vascularis and in cells of
the spiral limbus (modified from /55/).

CONNEXINS AND DEAFNESS

Mutations in the genes encoding Cx30 and Cx31 are involved in
either dominant or recessive NSHL. In addition, the most significant
representation of deafness-causing mutations is, without a doubt, in
Cx26. The reports of GJB2 mutations associated with HL includes 92
recessive mutations and nine dominant mutations causing NSHL and
nine dominant mutations causing syndromic HL reported to date (The
Connexin-Deafness Homepage; http://davinci.crg.es/deafness/). How-
ever, among these mutations many were described only in a single or
a few patients, while three mutations are significantly more common
in many populations in the world. Two of them were first described in
1997 by Zelante et al. /21/. 35delG was found to be most common
in the Mediterranean region /21/ and 167delT was found to be most
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common in the Jewish Ashkenazi population /22,23/. In 1999, another
novel mutation, 235delC, was described and found to be common
among the Asian population, mostly in the Japanese /24/. Carrier
frequencies for these common mutated alleles have been determined
in different populations. Reports of carrier frequency of 35delG vary
from none in African Americans /23,25/ to 2.8% in North European
Caucasians /25/, 3.2% in Spanish and Italian Caucasians /26/ and
3.5% in Greek Caucasians /27/. Reports on 167delT indicate a carrier
rate of 2.8-7.5% among Ashkenazi Jews /23,28,29/. The carrier
frequency of 235delC in the Japanese population ranges from 1.0-
2.1% /30,31/.

Most GJB2 mutations lead to recessive NSHL. Three years after
the first locus for recessive deafness, DFNB1, was defined and
mapped to chromosome 13q11 /32/, GJB2 was identified and found to
be responsible for the high prevalence of DFNB1 mutations /33/.
Since the mode of inheritance in this locus is recessive, a surprising
phenomenon was the existence of only one mutant allele in a large
number of autosomal recessive hearing impaired patients in several
populations. The high proportion of 10-42% heterozygosity in deaf
individuals could not be firmly explained /34/. This puzzle was at
least partly solved with the discovery of a GJB6 deletion in the
Ashkenazi Jewish population, found on one allele in conjunction with
a GJB2 mutation /35/. The deletion was identified as 342 kb long,
including the 5 -untranslated region of the GJB6 gene and most of its
coding region, but keeping the GJB2 gene intact /34/. The deletion
was found associated in frans with a single GJB2 mutant allele in deaf
patients. This was the missing link in around 50% of heterozygosity
cases that until this point were unexplained. This deletion, named
del(GJB6-D13S1830), was only rarely described in homozygosity
/34-36/. The mechanism of a common effect between the two mutated
alleles is still not clear. Some evidence supports a digenic pattern of
inheritance /37/ but this hypothesis is put in doubt in light of the
absence of autosomal recessive-associated GJB6 point mutations.
Another possibility is that the deletion eliminates an indispensable
regulatory element for GJB2 expression in the inner ear. Such a
regulatory element has yet to be found.
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IMPLICATIONS FOR GENETIC COUNSELING

In the past, a deaf individual approaching a genetic clinic would
receive an empiric risk for reoccurrence, without any precise informa-
tion related to the cause of HL. Today, advances in molecular biology
and medical genetics have changed the picture dramatically. Much
more is known about the etiology of HL and there are more
possibilities available to define it. Since GJB2 mutations are the most
frequent cause of NSHL, genetic testing of GJB2 and GJB6 is offered
to individuals either with or without a family history. It has been
shown that it is more cost-effective to check for mutations in GJB2
before proceeding through a full medical evaluation /38/. In cases
where GJB2 is not the causative mutation, additional genetic testing
could be offered depending on the mode of inheritance, the nature of
the HL, and the ethnic background of the family. Furthermore, the
possibility of prenatal diagnosis is now a reality and can be an option
for parents with hearing-impaired children, but it must be stressed that
this is a very controversial topic. Moreover, a compelling question is
whether deaf individuals and families are interested in genetic testing.
This is one of the main questions asked by researchers in the field
around the world.

In the Israeli population, a study on the interest and motivations of
hearing parents of deaf children to choose genetic testing and prenatal
diagnosis showed a very high interest (87%) in genetic testing among
Jewish parents /39/. The study questioned parental reasons for their
interest in genetic testing. The most important reasons in all groups
were related to finding out the etiology of the HL. The parents
expected that genetic testing would reduce the uncertainty related to
the etiology of the HL in their own family. Reducing uncertainty was
shown to be one of the most important roles of genetic counseling /40/
and predictive genetic testing for late onset disease /41/. Other reasons
were different among the different Jewish religious sectors. For
example, the possibility to utilize the test for matchmaking of hearing-
impaired children and their hearing siblings was one of the most
important reasons motivating the ultra-Orthodox to undertake the test,
as opposed to reasons related to family planning and prenatal
diagnosis, which were significantly less important in this group but
high in the secular, non-religious group. The intention to utilize
prenatal diagnosis was highly dependant on religious beliefs. This
study demonstrates that genetic testing would be welcomed even by
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communities that usually do not promote genetic counseling and
testing, if it was offered in accordance with their cultural norms and
beliefs.

Studies performed in the UK checked mainly adults who consider
themselves part of the ‘Deaf Culture’; this group views itself as a
cultural group sharing the same language, identity and history. Most
of the participants showed a negative attitude towards genetic testing,
since they felt that it threatened their community and devalued them
/42,43/. The interest in genetic testing was low and, moreover, some
participants said they prefer a deaf child and would consider using
prenatal genetic testing to terminate a pregnancy of a hearing fetus
/43/. These studies and others show that genetic testing for deafness,
though available, is a complex and sensitive issue that must be dealt
with cautiously.

COCHLEAR IMPLANTATION AND CX26 MUTATIONS

Cochlear implantation is one of the most common treatments for
patients with severe to profound HL. The outcome of this procedure,
primarily auditory perception and speech discrimination, can vary
between patients due to differences in age at implantation and on
factors that influence speech perception, such as residual hearing.
However, after taking these aspects into consideration, many differen-
ces in performance still remain unexplained. Psychophysiological
tests can help to predict variance among users, but these tests are not
always practical or reliable in very young children. It is possible that
some of the differences can be explained by different etiologies of
deafness. The high prevalence of GJB2 mutations makes it possible to
conduct studies that will include a large number of patients with a
common etiology. Another motivation to compare the performance of
Cx26-deafness patients with non-Cx26-deafness patients has to do
with the nature of the ear defect. The cochlear implant sends electrical
stimulus directly to the auditory nerve fibers and spiral ganglion cells
and in that way bypasses the affected organ of Corti. Thus, better
performance is expected when there is no neural damage. This is
usually the case with sensorineural hereditary HL, which affects the
cochlea and usually does not lead to neural damage or central damage
to the auditory pathway. Several studies assessed speech perception of
children with GJB2-related deafness after cochlear implantation, as
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compared to a control group of GJB2-nonrelated deafness patients.
Some studies reported better speech performance in cochlear implant
patients with GJB2-related deafness /44-46/, and in two additional
studies better results were found in the Cx26 group, but the study
groups were very small /47,48/. In other studies there was no
statistical difference between patients with and without GJB2-related
HL /49-51/. It is important to point out that in the control groups the
cause of deafness is not indicated and there is no uniformity within the
control group and between control groups in different studies. Most
likely the control groups include patients with other mutated genes,
especially in participants who have hearing-impaired relatives. It is
not surprising that in hereditary HL cases the central auditory pathway
is substantially preserved, but the question remains whether the
identity of the mutated genes has an influence on the efficacy of
cochlear implants. A final consensus will have implications for
counseling of pediatric patients with congenital sensorineural HL
without other complications (e.g., developmental delay, inner ear
malformations).

GENOTYPE-PHENOTYPE CORRELATION

There is a great deal of interest in exploring the influence of
different mutations on levels and types of hearing loss, which may
have implications for future treatments. Most cases of hearing
impairment due to GJB2 mutations are severe to profound, but it was
observed in the clinic that some cases are mild to moderate. As a
result, large-scale studies were initiated to assess the genotype-
phenotype correlation of connexin mutations. The first systematic
analysis indicating the influence of different GJB2 mutations on the
severity of deafness was published in 2004, showing that patients
homozygous for the 35delG mutation possess the highest degree of
HL compared to compound heterozygotes with only one 35delG
allele, and individuals with two mutations other than 35delG possess
an even lower degree of HL /52/. This study shows that, in general,
inactivating mutations (frameshift and nonsense mutations) exhibit a
more severe phenotype than non-inactivating (missense) mutations.
Though most cases of Cx26-related deafness are severe to profound,
GJB2 mutations are involved in all severities of autosomal recessive
NSHL, suggesting that a complete screening of GJB2 mutations

10
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should be suggested to nonsyndromic hearing-impaired patients
regardless of severity. The exceptional cases that do not correlate with
severe to profound degrees of Cx26-related deafness could be
attributed to environmental influences and/or to the effect of modifier
genes. The potential characterization of modifier genes will help to
fine-tune the genotype-phenotype correlation and provide a more
accurate prediction for the phenotype of GJB2 mutations in the inner
ear.

PATHOGENESIS OF MISSENSE MUTATIONS

The large number of missense mutations associated with connexin
26-deafness has remained a difficult enigma for genetic counseling,
since it is not always trivial to interpret their pathogenicity. Mutations
in different regions of the protein can result in different aberrations of
the protein, depending on the importance of the region for protein
folding, the proximity to a specific functional domain of the protein,
or whether it is involved in protein-protein interaction points. In the
case of connexin proteins, these influences are particularly proble-
matic to predict since the three-dimensional (3D) structure of gap
junction proteins is extremely difficult to solve by conventional
methods. Recently, a computational study to explore the 3D structure
of the transmembrane domains of gap junction proteins was partially
completed. The first high-resolution computer model was published
/53/ and provided us with a valuable tool to explore the important
connection between structure and function in connexin proteins. Using
this model, we can better understand why mutations in certain
positions in the protein are polymorphic, while others lead to severe
aberrations and various disease phenotypes. Furthermore, predicting
the possible interactions between domains in the protein can shed light
on the molecular basis of disease-causing mutations in connexins. The
model predicts several interactions in the protein that are crucial for
protein folding and assembly of functional units. Characterization of
such interactions that are lost when the protein bears a disease-causing
mutation provides us with a first glimpse of the consequences of the
damage to the protein at the molecular level. This is the crucial first
step towards attempting to repair the damage.

11
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CONCLUSION

Exciting progress in the field of repair and regeneration was
recently achieved in the Raphael laboratory, which has succeeded in
regenerating hair cells in deaf cochleae of mature mammals using
phenotypic transdifferentiation of non-sensory cells. Ears with new
hair cells exhibited partial restoration of hearing /54/. Although many
obstacles still remain, such as optimal vehicle delivery, access to the
endolymph in the human inner ear and elucidation of long-term
effects, this very promising step has generated optimism for the
future.

The technology finally appears to be within our reach and for
connexin 26, genetic repair holds great promise. Since Cx26 is the
most dominant player in the etiology of hereditary HL, it is possible
that the alteration of this one gene will provide a treatment for a large
proportion of hearing impairment in the future.
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