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The 6-billion human population provides a vast reservoir of mutations, which, in addition to
the opportunity of detecting very subtle defects, including specific cognitive dysfunctions as
well as late appearing disorders, offers a unique background in which to investigate the roles
of cell–cell adhesion proteins. Here we focus on inherited human disorders involving
members of the cadherin superfamily. Most of the advances concern monogenic disorders.
Yet, with the development of single nucleotide polymorphism (SNP) association studies, cad-
herin genes are emerging as susceptibility genes in multifactorial disorders. Various skin and
heart disorders revealed the critical role played by desmosomal cadherins in epidermis,
hairs, and myocardium, which experience high mechanical stress. Of particular interest in
that respect is the study of Usher syndrome type 1 (USH1), a hereditary syndromic form of
deafness. Studies of USH1 brought to light the crucial role of transient fibrous links formed
by cadherin 23 and protocadherin 15 in the cohesion of the developing hair bundle, the
mechanoreceptive structure of the auditory sensory cells, as well as the involvement of
these cadherins in the formation of the tip-link, a key component of the mechano-electrical
transduction machinery. Finally, in line with the well-established role of cadherins in synap-
tic formation, maintenance, strength, and plasticity, a growing number of cadherin family
members, especially protocadherins, have been found to be involved in neuropsychiatric
disorders.

Cell–cell adhesion maintains the structural
and functional integrity of multicellular

organisms. It ensures cell recognition, sorting,
and signaling in various tissues and organs. In
line with the diversity of the structural and
physiological properties of the cell–cell junc-
tions (tight junctions, adherens junctions,
desmosomes, and gap junctions), related dis-
orders span a highly heterogeneous group of

diseases. Abnormal or loss of cell–cell adhesion
and/or associated signaling are hallmarks of
tumor growth, malignant transformation, and
metastases (see Berx and van Roy 2009). In
addition, nonneoplastic diseases caused by
defects in genes encoding proteins of the tight
junctions, adherens junctions, desmosomes,
and gap junctions have been identified
(Table 1) (see also Lai-Cheong et al. 2007;
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Table 1. Integral membrane proteins of cell–cell junctions involved in human diseases.

Neonatal sclerosing
cholangitis with
ichthyosis
(OMIM 603718 and
607626)

Familial hypercalciuric
hypomagnesemia with
nephrocalcinosis
(OMIM 603959 and
248250)

Familial hypercalciuric
hypomagnesemia with
nephrocalcinosis, and
severe visual impairment
(OMIM 610036 and
248190)
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Claudin 16 Claudin 19

Hypotrichosis, juvenile
macular dystrophy
(OMIM 601553)

Ectodermal dysplasia,
ectrodactyly, macular
dystrophy syndrome
(OMIM 225280)

Intellectualdisability
(OMIM 114019)

X-linked epilepsy
and mental retardation
limited to females
(OMIM 300088)
and 
Dravet syndrome
(OMIM 607208)

P-cadherin M-cadherin Protocadherin 19

Striate palmoplantar
keratoderma
(OMIM 125670
and 148700)

Localized recessive
hypotrichosis (OMIM 607892
and 607903)
±
Recessive monilethrix
(OMIM 158000
and 252200)

Desmoglein 1 Desmoglein 4

Connexin 26
(OMIM 121011)

Connexin 30
(OMIM 604418)

Connexin 30.3
(OMIM 605425)

Sensorineural
deafness, DFNB1,
DFNA3
±
Plamoplantar
keratoderma
±
Keratitis-Ichtyosis...

Sensorineural
deafness, DFNB1,
DFNA3
±
Ectodermal
dysplasia, hidrotic

Erythrokerato-
derma variabilis
(OMIM 133200)

Erythrokerato-
derma variabilis
± Deafness,
DFNA2
± Peripheral
neuropathy
(OMIM 133200)

Connexin 31
(OMIM 603324)

Sensorineural
deafness, DFNB29
(OMIM 605608)

Claudin 14

Sensorineural
deafness, DFNB49
(OMIM 610153 and
610572)

Tricellulin

Suceptibility to late-
onset Alzheimer's
disease, LOAD
(OMIM 300246)

Protocadherin 11X

Sensorineural
deafness, DFNB12
and
Usher syndrome,
Type 1D
(OMIM 605516)

Cadherin 23

Sensorineural
deafness, DFNB23
and
Usher syndrome,
Type 1F
(OMIM 605514)

Protocadherin 15

Suceptibility to
blood pressure
variations
(OMIM 300246)

H-cadherina

Arrhythmogenic right
ventricular cardiomyopathy,
ARVC10
(OMIM 125671
and 610193)

Desmoglein 2

Arrhythmogenic right
ventricular cardiomyopathy,
ARVC11
(OMIM 125645 and 610476)
±
Palmoplantar keratoderma
and woolly hair

Desmocollin 2

X-linked
Charcot
Marie Toot
(OMIM
302800)

Connexin 32
(OMIM 304040)

Atrial
fibrillation
(OMIM
608583)

Connexin 40
(OMIM 121013)

Oculodento-
digital
dysplasia
(OMIM
164200)

Connexin 43
(OMIM 121014)

Zonular
pulverent
cataract-3
(OMIM
601885)

Connexin 46
(OMIM 121015)

Zonular
pulverent
cataract-1
(OMIM
600897)

Connexin 50
(OMIM 116200)

a H-cadherin (also referred to as cadherin 13) lacks transmembrane and cytoplasmic domains (see Org et al. 2009). OMIM numbers are listed for references

and details on the indicated protein and/or associated human diseases.
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Awad et al. 2008; Org et al. 2009). In this article,
we summarize the current understanding of
human inherited disorders because of defects
in members of the cadherin superfamily, i.e.,
classical cadherins, desmosomal cadherins,
protocadherins, and atypical cadherins.

Cadherins are characterized by the presence
of 1–34 extracellular cadherin (EC) domains
(comprised of �110 amino acids). Variations
in their cytoplasmic domains impart functional
specificity by conferring to each molecule the
ability to interact with different ligands (see
Shapiro and Weis 2009). These cadherins ini-
tiate and build up two types of specialized
cell–cell contacts: (1) adherens junctions, and
(2) desmosomes, where they tether the plasma
membrane to actin microfilaments and inter-
mediate filaments, respectively.

Clinical interest in cadherins stems from
the discovery, about 25 years ago, of autoanti-
bodies directed against desmosomal cadherins,
desmoglein 1 and desmoglein 3, in the auto-
immune blistering skin diseases pemphigus
foliaceous and pemphigus vulgaris, respectively
(Waschke 2008). Pemphigus-affected patients
display a loss of intercellular adhesion between
keratinocytes (acantholysis) caused by the
binding of autoantibodies to desmosomal
cadherins (Waschke 2008). Later on, when a
dominantly inherited skin disease, striate
palmoplantar keratoderma (SPPK; OMIM
148700), was mapped at chromosome
18q12.1, near the cluster of desmosomal cad-
herin genes (Hennies et al. 1995), the corre-
sponding genes were considered as candidate
causative genes for this disorder (Allen et al.
1996). However, it was not until 1999 that the
first mutation—an in-frame deletion—was
detected in the desmoglein 1 gene in SPPK
patients (Rickman et al. 1999).

Genome sequence analysis has revealed an
impressive diversity of the cadherin superfam-
ily, with 113 cadherins identified in humans to
date (Hulpiau and van Roy 2009). Despite func-
tional redundancy among cell–cell junction
proteins, several genetic defects affecting the
skin, heart, nervous system, ear, or eye have been
reported in mice and humans carrying muta-
tions in some cadherin genes (Table 1). So far,

mutations in genes encoding 11 cadherins
(two classical, four desmosomal, three proto-
cadherins, and two atypical) have been associ-
ated with hereditary human diseases (Table 1).
These have highlighted a particular need for
dynamic and positional cues for axon guidance
during the establishment of neural circuits, or
for high adhesive strength in tissues that experi-
ence mechanical stress, such as the epidermis
and hairs, myocardium, and inner ear sensory
epithelia.

CADHERINS IN SKIN AND HEART

Skin, Retinal, and Limb Defects Caused by
P-Cadherin Deficiency

Sixteen members of the classical cadherin
subfamily have been identified in the human
genome (Hulpiau and van Roy 2009). P-
cadherin (also referred to as cadherin 3)
displays a wide tissue distribution. In 2001,
mutations in P-cadherin were identified in a
human disease exclusively affecting the hair
follicle and the retina (Fig. 1B,C), termed hypo-
trichosis with juvenile macular dystrophy
(HJMD syndrome; OMIM 601553). HJMD
patients have short, sparse hair, and progres-
sive blindness (Sprecher et al. 2001). Mutations
in P-cadherin were later reported to cause
another autosomal recessive disease, ectoder-
mal dysplasia, ectrodactyly, and macular dystro-
phy (EEM syndrome; OMIM 225280) (Kjaer
et al. 2005; Shimomura et al. 2008). The
common features of the two diseases are early
hair loss followed by progressive degeneration
of the central retina, leading to blindness
between the first and third decades. EEM
affected patients, however, also display hypo-
dontia and limb defects such as a split hand/
foot malformation (see Fig. 1C). Genetic and
clinical analyses revealed that HJMD patients
carrying identical P-cadherin mutations display
varying degrees of visual impairment (Kjaer
et al. 2005; Shimomura et al. 2008). Whether
modifier genes or possible digenic inheritance
could explain the phenotype variability remains
to be established.

Cadherins as Targets for Genetic Diseases
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Differences in the phenotypes caused by
P-cadherin deficiency in humans and mice have
slowed down the deciphering of mechanisms
underlying skin, limb, and eye anomalies in
HJMD and EEM syndromes. P-cadherin null
mice show precocious mammary gland devel-
opment, but surprisingly hairs, eyes, and limbs
develop normally (Radice et al. 1997). Chroma-
tin immunoprecipitation assays revealed that
P-cadherin is a direct target for p63, a transcrip-
tion factor known to be involved in hair fol-
licle and limb development, and whose defects
also cause split hand/foot malformations in
humans. The p63 protein directly interacts
with two distinct regions of the P-cadherin
promoter, which could be crucial for hair fol-
licle and limb bud development (Shimomura
et al. 2008). Interestingly, one of the p63-target
sites of the human P-cadherin gene is located
within an intronic region not conserved in the
mouse gene (Yang et al. 2006), thereby possibly
accounting for the species-related phenotypic

differences associated with mutations in the
P-cadherin gene.

The strong expression of the P-cadherin
gene that is observed in the hair follicle
matrix, the apical ridge of limb buds, and the
retinal pigment epithelium (RPE) correlate
with the affected sites in humans carrying
mutations in this gene (Xu et al. 2002). The
changes in the spatio-temporal expression
pattern of this cadherin during development
may explain the restricted spectrum of clinical
manifestations resulting from mutations in
the P-cadherin gene (Indelman et al. 2007). In
the developing epidermis, P-cadherin up-
regulation correlated specifically with follicle
downgrowth (Jamora et al. 2003). Also, when
the outer layer of the optic cup differentiates
into RPE cells, an increase in P-cadherin
expression is observed concomitantly with a
down-regulation of N-cadherin (the most
abundant cadherin expressed by RPE cells)
(Xu et al. 2002). Details on the subcellular

IA ICS

Classical (E-, P-, N-, R-, …) cadherins

Desmogleins (DSG1-4)

Desmocollins (DSC1-3)
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HJMD syndrome
(hair, retina)

EEM syndrome
(hair, retina, HSFP)

P-cadherin
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Figure 1. Mutations in P-cadherin, desmogleins (1 and 4), and desmocollin 2 cause hair, retina, and skin
disorders. (A) Predicted structure of classical and desmosomal cadherins. These cadherins are composed of
four highly conserved extracellular domains (EC1–4), a more variable extracellular anchor (EA, also referred
to as EC5), a single transmembrane domain (TM), an intracellular anchor (IA), and additional cytoplasmic
domains. The four desmogleins are unique in having extended tails beyond the ICS (intracellular
catenin-binding site segment), namely an intracellular proline-rich linker domain (IPL), a variable number
of repeated-unit domains (RUD; five in Dsg1, six in Dsg2, two in Dsg3, and three in Dsg4) and a
desmoglein-specific terminal domain (DTD). Each of the three desmocollins (DSC1-3) have two spliced
forms, a and b, with the “b” form lacking the ICS and therefore being unable to bind to plakoglobin. (B)
P-cadherin mutations identified in HJMD and EEM affected patients are indicated. Note that a similar
mutation (bold) can result either in EEM or HJMD disease (see Shimomura et al. 2008). (C, D) Clinical
features. (C) HJMD patients show sparse, light and short hairs over the scalp and macular pigmentary
abnormalities. EEM patients in addition show limb defects (adapted, with permission, from Indelman et al.
2007 [# Blackwell], and Shimomura et al. 2008). (D) SPPK patients show hyperkeratotic lesions on the
palms and soles (adapted, with permission, from Dua-Awereh et al. 2009 [# Elsevier]).
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defects caused by P-cadherin dysfunction in
RPE cells and the underlying photoreceptor
cells in HJMD patients are however still missing.

Desmosomal Cadherins in the
Skin and Hair Follicles

Desmosomal cadherins form the core of des-
mosomes, adhesion structures often present in
tissues under high mechanical stress, such as
skin epidermis and hair follicles (see Delva
et al. 2009). In humans, there are seven desmo-
somal cadherins: four desmogleins (DSG1–4)
and three desmocollins (DSC1–3, each of them
having two splice variants) (Fig. 1A). These
cadherins resemble the classical cadherins,
such as E-cadherin. They contain five tandemly
repeated EC domains, a single transmembrane
region, and a cytoplasmic domain. The desmo-
gleins, however, differ from classical cadherins
by the presence of several additional cyto-
plasmic domains that interact with the inter-
mediate filament-based cytoskeleton through
plakoglobin, plakophilins, and desmoplakin
(Figs. 1A and 2).

Desmogleins and desmocollins are both
needed for normal adhesive function. They are
expressed in a tissue-specific and differentia-
tion step-specific manner (Bazzi et al. 2006).

Monolayered epithelia express only the desmo-
glein 2–desmocollin 2 pair, whereas stratified
epithelia, such as the epidermis and the hair
follicle, express combinations of the seven des-
mosomal cadherins (see Delva et al. 2009).

Desmoglein 1: Desmoglein 1 was the first
cadherin found as a target of a human heredi-
tary disease, striate palmoplantar keratoderma
(Rickman et al. 1999). Sixteen different muta-
tions have been identified in the DSG1 gene,
most of which result in premature stop codons
(Dua-Awereh et al. 2009; Hershkovitz et al.
2009). SPPK is likely caused by desmoglein 1
haploinsufficiency, even though a dominant-
negative effect of mutant alleles cannot be
excluded (Dua-Awereh et al. 2009).

SPPK patients display longitudinal hyper-
keratotic lesions on the palms and soles, usually
evident on the pressure areas that are under
continuous mechanical stress and friction (see
Fig. 1D). To date, no desmoglein 1 defective
mice have been reported. Three Dsg1 genes,
Dsg1a, Dsg1b, and Dsg1g, have been identified
in the mouse genome, whereas a single DSG1
gene is present in man. The murine Dsg1
genes display redundant expression patterns,
suggesting that a targeted deletion of all three
genes (technically difficult because of their
genomic proximity) may be required to obtain
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Figure 2. The desmosomal molecular network. The tissues that are affected in human individuals who carry
mutations in genes encoding desmosomal proteins are indicated. (PKP) plakophilins 1 and 2; (PKG)
plakoglobin; (DSP) desmoplakin.
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a murine model of the human disease. Palmar
skin analysis by EM in SPPK patients showed
a reduced number of desmosomes in suprabasal
layers that are abnormally small and poorly
formed. At the molecular level, the expression
of keratins K5, K14, and K10 was reduced,
whereas that of K16 was increased (Wan et al.
2004). The up-regulation of K16, a known
marker of the onset of epidermal proliferation
and regeneration, may account for the incom-
plete differentiation of keratinocytes and skin
thickening characteristic of the phenotype
(Wan et al. 2004).

Desmoglein 4: Mutations in the DSG4 gene
have been associated with an inherited human
hair disorder, the Localized autosomal recessive
hypotrichosis (LAH; OMIM 607903). The first
identified mutation was a large, intragenic de-
letion, which leads to an in-frame deletion of
the EC2 domain and part of the EC1 and EC3
domains (Kljuic et al. 2003). The frequent
occurrence and high incidence of this mutation
in Pakistani individuals from different geo-
graphical regions suggest that this is an ancestral
mutation (Schweizer 2006). Additional muta-
tions, missense, and null mutations have been
reported (Wajid et al. 2007).

LAH affects the scalp, trunk, and extremi-
ties, largely sparing the facial, pubic, and axil-
lary hairs. Hairs are fragile and break easily,
leaving short sparse scalp hairs with a charac-
teristic appearance (Kljuic et al. 2003). DSG4
is abundant in the hair follicle shaft cortex,
where the abnormal phenotype is observed in
LAH patients. Skin biopsy analysis from
patients showed widening of spaces between
keratinocytes throughout most of the epidermis
(apart from the basal layer), with ultrastructural
evidence of a reduced number of desmosomes
that are abnormally small and poorly formed.
A clinical overlap was observed between
LAH and monilethrix, another human disease
that also manifests a beaded hair phenotype
(Schweizer 2006). Monilethrix is inherited
either as a dominant or a recessive disorder.
Homozygous mutations in DSG4 were iden-
tified in monilethrix-affected patients (Schaffer
et al. 2006; Shimomura et al. 2006; Zlotogor-
ski et al. 2006). The existence of potential

modifying genes or different types/combi-
nations of mutations may explain the inter-
familial variations in phenotype among
individuals carrying DSG4 mutations.

Desmoglein 2 and Desmocollin 2
in Heart Function

Myocardium desmosomes are essentially made
of desmoglein 2 and desmocollin 2. Several
studies have shown that heterozygous muta-
tions in desmoglein 2 and desmocollin 2 in
humans cause arrhythmogenic right ventric-
ular cardiomyopathy (ARVC; OMIM 107970).
ARVC is estimated to affect approximately one
in 5000 individuals. The disease is frequently
familial and typically involves autosomal domi-
nant transmission with low penetrance and
variable expressivity. Clinical features include
right ventricular enlargement and dysfunction,
characteristic electrocardiographic abnormal-
ities with ventricular arrhythmia, and fibrofatty
replacement of myocytes (see Awad et al. 2008
and references therein).

Desmoglein 2: Complete loss of desmo-
glein 2 in mice is embryonic lethal, shortly
after implantation (Eshkind et al. 2002). Het-
erozygous mutations in the human DSG2
gene cause isolated ARVC without skin or hair
abnormalities (Awad et al. 2006; Pilichou et al.
2006). Compensation by other DSG genes
likely takes place in the epidermis but not in
the myocardium of DSG2 mutation carriers.
More than 22 mutations have been identified
in ARVC patients, most of which are missense
mutations located in the extracellular region
of DSG2 (Awad et al. 2008). Histopathological
analyses in several patients revealed a loss of
cardiac cells and replacement with fibrofatty
tissue, a decreased desmosome number and
intercellular gap widening.

Desmocollin 2: A few families with auto-
somal dominant ARVC have been described to
date (see Awad et al. 2008). Although inacti-
vation of Dsc2 in the mouse has not yet been
reported, knockdown of this gene in zebrafish
results in dose-dependent impaired contrac-
tility and dilation of cardiac ventricles and
bradycardia, associated with consistent loss of

A. El-Amraoui and C. Petit
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the desmosomal extracellular electron-dense
midlines. The cardiac phenotype can be rescued
with wild-type human DSC2 mRNA but not
with the mutated DSC2 mRNA that carries the
M211fs221 mutation (a frame shift mutation
at amino acid position 211, leading to a prema-
ture stop codon at position 221) identified in
ARVC patients. The markedly decreased levels
of mRNA observed with the mutant DSC2
allele (M211fs221) led the authors to suggest
that nonsense-mediated mRNA decay and con-
sequent haploinsufficiency likely contribute
to the disease mechanism (Heuser et al. 2006).
Recently, sequence analysis of DSC2 revealed a
homozygous single-base deletion in exon 12
(1841delG) in a family affected by autosomal
recessive ARVC associated with palmoplantar
keratoderma and woolly hair (Simpson et al.
2008), a phenotype similar to Naxos disease
(OMIM 601214).

The Desmosomal Molecular Complex
in Skin and Heart

Abnormal skin and heart phenotypes are not
restricted to mutations of desmosomal cadher-
ins. Twelve ARVC loci have been identified so
far (Awad et al. 2008). In approximately 50%
of ARVC patients, a mutation in one of the
genes encoding the desmosomal cadherins
and four major components of the cardiac des-
mosome have been identified (see Fig. 2). The
four genes encode plakoglobin (skin, hair,
heart; OMIM 601214), plakophilin 1 (skin;
OMIM 604536), plakophilin 2 (heart; OMIM
609040), and desmoplakin (skin, hair, and
heart; OMIM 605656) (see Fig. 2) (McGrath
2005; Syrris et al. 2006; Awad et al. 2008).

Two nonmutually exclusive models have
been proposed to explain the phenotypes in
skin, hair, and heart diseases. The first one in-
volves a structural defect and suggests that the
mechanical disruption of cell–cell adhesion
underlies the observed anomalies. The second
one involves signaling pathways, likely initiated
by the translocation of the armadillo proteins,
b-catenin and/or plakoglobin (g-catenin), to
the nucleus (Martin et al. 2009). It has been pro-
posed that the translocation of plakoglobin to

the nucleus decreases canonical Wnt signaling
through Tcf/Lef1, and decreases the transcrip-
tion of b-catenin target genes, e.g., c-Myc and
cyclin D1 (see Fig. 2) (for details of the Wnt
signaling pathway, see Cadigan and Peifer
2009). The resulting suppression of the Wnt
pathway ultimately enhances the expression of
adipogenic genes, thus promoting the transdif-
ferentiation of cardiac myocytes to adipocytes,
as observed in ARVC patients (Garcia-Gras
et al. 2006).

The existence of crosstalk between desmo-
somes, adherens junctions, and gap junctions
is well established (Fidler et al. 2008; Li et al.
2008). Consistently, abnormal expression of
the gap junction protein connexin 43 has been
reported in autosomal dominant forms of
ARVC, Naxos, and Carvajal diseases, caused by
homozygous mutations of desmosomal pro-
teins (Fidler et al. 2008) (for details of gap junc-
tion structure and function, see Goodenough
and Paul 2009). Connexin 43-containing gap
junctions were significantly reduced in the heart
both in number and in size, after N-cadherin
depletion, which led the authors to suggest
that germline mutations in the human N-
cadherin gene may predispose patients to
increased risk of cardiac arrhythmias (Li et al.
2008). Additional studies are thus necessary to
discern how the interplay between the distinct
specialized cell–cell junctions relates to the
pathogenesis of the previously described dis-
eases. Disentangling the respective contribu-
tions of adhesion and signaling functions of
the desmosomal cadherins in tissue develop-
ment and physiology as well as their respective
contribution in the associated human diseases
is an important issue regarding the develop-
ment of appropriate therapeutic approaches.

CADHERINS IN THE CENTRAL
NERVOUS SYSTEM

Synapses of the central nervous system are
specialized asymmetric cell-adhesion junctions
(Yamada and Nelson 2007) (for details of the
neuronal synapse, see Giagtzoglou et al. 2009).
In vitro experiments and analyses of sponta-
neous as well as engineered mutant mice have

Cadherins as Targets for Genetic Diseases
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shed light on the roles played by members of the
cadherin family in both synapse morphogenesis
and plasticity (Morishita and Yagi 2007;
Takeichi 2007; Arikkath and Reichardt 2008).
Given their wide, differential, and combinato-
rial expression patterns and their critical roles
in dendrite spine morphogenesis, synapse
formation and remodeling, cadherins have over
the past years been considered as possible targets
for cognitive disorders (Bourgeron 2007;
Arikkath and Reichardt 2008). Accordingly,
causative mutations in several adhesion pro-
teins (e.g., neuroligins and neurexins) have
been identified in patients that manifest autistic
spectrum disorders (Bourgeron 2007; Sudhof
2008). Nonetheless, it is only recently that cau-
sative mutations in some cadherin genes have
been reported in cognitive disorders.

M-cadherin Deficiency Associated with
Mild to Severe Intellectual Disability

In 2008, a balanced translocation in a female
patient with severe intellectual disability (ID)
was characterized (Bhalla et al. 2008). Intel-
lectual disability, also referred to as mental
retardation, is the most frequently reported
developmental disability, affecting cognitive
function in about 1%–3% of people world-
wide. Whereas the origin of at least half of
all ID cases is still unknown, chromosome
abnormalities, single-gene mutations, and
multifactorial interactions may account for
approximately 30% of ID cases. The t(11;16)
translocation truncates two genes encoding
cell-adhesion molecules, M-cadherin (cadherin
15; OMIM 114019) and KIRREL3, Kin of ir-
regular chiasm-like 3 (member of the immuno-
globulin superfamily; OMIM 607761) (Bhalla
et al. 2008). Subsequent analysis revealed four
nonsynonymous variants in the M-cadherin
gene, three of which (R60C, R92W, and
A122V) were found to alter M-cadherin-
mediated adhesiveness (Bhalla et al. 2008).

How defects in M-cadherin lead to ID in
humans is still unknown. Expression studies
in mice suggested that M-cadherin might play
a critical role in skeletal muscle and cerebellum,
where this cadherin is mainly expressed.

Nevertheless, M-cadherin–deficient mice do
not show defects in skeletal muscle develop-
ment. Because adherens junctions in the cer-
ebellum were normal in the mutant mice, it
has been proposed that other cadherins, in par-
ticular N-cadherin, substitute for the mutated
M-cadherin (Hollnagel et al. 2002). Whether
these mice show impaired learning and memory
performances remains to be determined.

The second gene affected by the translo-
cation is KIRREL3, a mammalian homolog of
the Drosophila gene kirre (kin of irregular
chiasm C-roughest). KIRREL3 expression was
detected exclusively in human fetal and adult
brain. Interestingly, KIRREL3 interacts with
CASK, calcium/calmodulin-dependent serine
protein kinase, which is defective in an X
chromosome-linked ID (OMIM 300172).
CASK interacts with GluR6, which is defective
in an autosomal recessive ID (OMIM 138244),
and with d-catenin, mutations of which are
associated with the severe mental retardation in
cri-du-chat syndrome (OMIM 116806). Thus,
a cadherin-catenin-KIRREL3-CASK molecular
network has been proposed to operate in cogni-
tive functions.

Mutations in Protocadherin 19
Associated with Epilepsy and
Mental Retardation

Protocadherins are predominantly expressed in
the nervous system and constitute the largest of
the cadherin subfamilies (see Giagtzoglou et al.
2009). Although most of these genes are found
in three clusters (Pcdh-a, Pcdh-b, and Pcdh-g)
located at chromosome 5q31, others are found
dispersed in the genome (see Morishita and
Yagi 2007; Hulpiau and van Roy 2009). Proto-
cadherin genes are characterized by the presence
of a large first exon coding for extracellular
ectodomain repeats (typically six or seven), a
transmembrane domain, and a part of the cyto-
plasmic domain (Morishita and Yagi 2007).

Mutations in the protocadherin 19 gene, a
member of the d2 subclass of nonclustered pro-
tocadherins, cause an X chromosome-linked
epilepsy and mental retardation limited to
females (EFMR), which is characterized by
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seizure onset in infancy or early childhood and
cognitive impairment (OMIM 300088). EFMR
has a unique inheritance pattern. Indeed, dis-
orders caused by defects in genes located on
the X chromosome typically affect males and
leave carrier females unaffected. In contrast,
EFMR spares male carriers of the mutations
and only affects females (Dibbens et al. 2008).
To explain the sex-limited mode of inheritance
of EFMR, Dibbens et al. proposed that males
lacking functional PCDH19 are unaffected
because a related but nonparalogous proto-
cadherin gene specific to the Y chromosome,
PCDH11Y, compensates for the lack of
PCDH19. By contrast, females, as a result of
the X-inactivation process (Heard et al. 2004),
display mosaicism with some neurons ex-
pressing the mutated PCDH19 gene and others
the wild-type gene. The resulting mosaics
would scramble neuronal identity and interfere
with cell–cell communication, thus causing
EFMR (Dibbens et al. 2008). Interestingly,
additional point mutations (missense and trun-
cating mutations, all located in the sequence
encoding the extracellular region of the
protein) were identified in female patients dis-
playing Dravet syndrome, a genetically deter-
mined epileptic encephalopathy that mainly
affects females (Depienne et al. 2009). In this
study, a hemizygous deletion encompassing
the PCDH19 gene was, however, found also in
one male patient. Analysis of fibroblasts from
the affected male revealed cell mosaicism for
the PCDH19 deletion, which further argues in
favor of “cellular interference” being the patho-
genic mechanism in PCDH19-linked diseases
(Depienne et al. 2009).

Genetic Variations in Cadherins and the
Susceptibility to Psychiatric Disorders

Besides causative mutations, sequence variants,
such as SNPs, in cadherin genes (see the follow-
ing discussion) have recently been associated
with an increased risk of developing psychiatric
disorders. Given the roles that the adhesion
proteins play in the development and the
connectivity between individual neurons, cor-
responding genes have been considered as

good candidates for susceptibility to psychiatric
disorders.

Over the years, several laboratories have
tested and excluded the involvement of se-
quence variants in PCDH8, PCDH11Y, or
NrCAM, in patients with cognitive disorders
including autism, attention deficit hyperactivity
disorder, obsessive-compulsive disorder, and
schizophrenia. More recently, a preliminary re-
port analyzed 32 polymorphisms in 30 genes,
including protocadherin a3, b11, cluster a

(PCDHa8 and PCDHa10), and protocadherin
12 genes, in schizophrenic patients with abnor-
mal neurodevelopment. These studies revealed
an association between a polymorphism in pro-
tocadherin 12 (S640 N) and cortical folding
(asymmetry coefficient of gyrification index)
(Gregorio et al. 2009). Yet, further studies are
needed to confirm this finding. Moreover,
a recent two-stage genome-wide association
study conducted in large cohorts of patients
affected by late-onset Alzheimer’s disease (a
neurodegenerative disease characterized by
senile plaques and neurofibrillary tangles in
the brain) and control cases identified a signifi-
cant association between the disease and SNPs
located within a haplotype block that encom-
passes PCDH11X at Xq21.3 (Carrasquillo et al.
2009). One of the SNPs (rs2573905) is more
likely to alter PCDH11X function, as it resides
in a 100-bp region in intron 2 that is conserved
(70% identity) between the human and mouse
sequences. To date, no mutation affecting pro-
tocadherin 11 encoded by the X chromosome
has been identified in the patients. Additional
studies are therefore needed to determine
whether risk for Alzheimer’s disease is mediated
by specific PCDH11X variants.

CADHERINS IN THE INNER EAR
AND RETINA

The cell–cell junctions of the mammalian inner
ear that house two sensory organs, the cochlea,
the auditory sensory organ, the vestibule, the
balance organ (see Fig. 3A), have focused a
long-lasting interest as they are continuously
submitted to tensions evoked by sound or
acceleration stimuli. Surprisingly, the presence
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of cadherins at the junctions between mature
sensory cells and their supporting cells is still
under debate (Leonova and Raphael 1997;
Nunes et al. 2006). The identification of genes
which cause nonsyndromic (isolated) forms of
deafness in humans combined with the study
of the corresponding mouse mutants (see the
following discussion) has highlighted the roles
of the auditory neuroepithelium cell–cell junc-
tions in cochlear physiology and the underlying
molecular mechanisms. In addition, the study
of a human syndromic form of deafness,
Usher syndrome type 1 (USH1), has uncovered
the key role of two members of the cadherin
superfamily, cadherin 23 and protocadherin 15,
in the development and function of the hair
bundle, the mechanosensitive structure operat-
ing the conversion of acoustic pressure signals

into electrical signals by the auditory sensory
hair cells (Petit 2001; Petit and Richardson
2009).

Typical and Atypical Cell–Cell Junctions
in the Cochlea

The cochlea is made up of three fluid-filled
compartments of different ionic composi-
tions—the scala vestibuli (perilymph), the
scala media (endolymph), and the scala
tympani (perilymph) (Fig. 3A,B). The peri-
lymph has an ion composition typical of extra-
cellular fluids (high Naþ and low Kþ

concentrations), whereas the endolymph has
high Kþ and low Naþ concentrations, and thus
displays characteristics of an intracellular
fluid (see Wangemann 2006). In addition, a
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Figure 3. Atypical tight-adherens junctions are found between outer hair cells and their supporting cells in the
mammalian auditory organ (cochlea). (A) A cross section through the cochlea, which is the auditory organ,
shows the three fluid-filled compartments, the scala vestibuli, scala media, and scala tympani. (B) Focus on
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Nunes et al. 2006).
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transepithelial electric potential difference of
�100 mV exists between the endolymphatic
and perilymphatic compartments of the
cochlea. This so-called endocochlear potential
drives the cationic transduction current through
hair cells in response to sound stimulation.

The auditory sensory epithelium, the organ
of Corti, which keeps apart the endolymphatic
and the perilymphatic compartments, contains
sensory hair cells of two types, the inner (IHC)
and the outer (OHC) hair cells (Fig. 3C,D).
Various typical and atypical junctions ensure
both the ion barrier between the endolymph
and perilymph, and the integrity of the sensory
epithelium despite the continuous mechanical
stress the organ of Corti experiences. The hair
bundle, at the apical region of hair cells, is
exposed to endolymph, whereas hair cell baso-
lateral regions are bathed in perilymph. The
junctions between outer hair cells and their sup-
porting cells, the Deiters cells, have a unique
organization that does not conform to canoni-
cal TJs and AJs (Fig. 3D). It has been first pro-
posed that mosaics of several alternating TJs
and AJs make up these junctions (Raphael and
Altschuler 2003). Later on, freeze-fracture elec-
tron microscopy and immunolabeling studies
showed that these junctions are instead made
up of a single large (3–5 mm) occluding junc-
tion with AJ features (Nunes et al. 2006).
Strikingly, at least three canonical AJ proteins,
a-, b-, and p120-catenins, were present
between OHCs and Deiters cells, and colocaliz-
ing with TJ proteins (ZO1, claudin 14, and
claudins 6/9) (Fig. 3D). This hybrid junction
is now referred to as a tight adherens junction,
TAJ (Nunes et al. 2006). Defects in two TJ
proteins, tricellulin and claudin 14, cause deaf-
ness in humans (Table 1). So far, there is no
mutant animal model for the tricellulin defect.
In the claudin 14-deficient mice, a disruption
of the junctional barrier resulting in an elevated
Kþ concentration around the hair cell bodies,
and thereby chronic cell depolarization has been
proposed to lead to hair cell death (Ben-Yosef
et al. 2003).

The sound-induced displacement ampli-
tude of the organ of Corti measured in the
apical region of the guinea pig cochlea is

roughly 10 nm for a sound intensity of 80 dB
SPL. This displacement is estimated to generate
a force per unit surface of 30–90 Pascals in the
radial direction of the neuroepithelium, with
similar forces in the transversal and longitudi-
nal directions (Tomo et al. 2007). How cell–
cell junctions of the organ of Corti cope with
this mechanical stress is poorly understood.
However, the critical role that the junctions
between hair cells and their supporting cells
play in the resilience of the auditory epithelium
to sound trauma has recently been pinpointed.
Hair cell conditional inactivation of the gene
encoding vezatin, a transmembrane ubiquitous
AJ protein previously shown to associate with
the E-cadherin-catenin complex (Kussel-
Andermann et al. 2000), resulted in a delayed
spontaneous hearing loss in the mutant mice
(Bahloul et al. 2009). Moreover, a single short
exposure (1 minute) of these mice to a loud
broadband sound (106 dB SPL) was sufficient
to cause irreversible hearing impairment, with
TAJ disorganization and hair cell loss (Bahloul
et al. 2009).

Dual Function of Cadherin 23 and
Protocadherin 15 in Auditory Hair Cell
Development and Mechanoelectrical
Transduction

Our ability to perceive sound and maintain
balance depends on mechanoelectrical trans-
duction (MET), a process achieved in the hair
bundle. The hair bundle is made up of 20–300
actin-filled, stiff microvilli—the stereocilia—
and a single genuine cilium, the kinocilium
(only transient in the cochlea) (Fig. 4A). The
stereocilia are arranged in three to four rows
of increasing heights toward the kinocilium.
Altogether they form a “V”-shaped staircase,
with the kinocilium located at the vertex of
the V. The vertices of the hair bundles of all
OHCs are aligned uniformly along the medio-
lateral axis of the cochlea, thereby defining the
planar cell polarity axis of the organ of Corti
(Fig. 4A,B). Two types of links interconnect
adjacent stereocilia in the mature hair bundle,
namely the tip link and the horizontal top
connectors (Fig. 4A). The tip link is a single
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oblique apical link that connects the tip of each
stereocilium to the side of the nearest taller
stereocilium, whereas the top connectors are
lateral links that couple adjacent stereocilia
both within and between rows. During develop-
ment, different types of transient lateral links
connect the growing stereocilia to each other
and the kinocilium to the adjacent stereocilia
of the tallest row. These links are the early
transient lateral links, shaft links, ankle links,
and kinociliary links (Fig. 4A) (see Petit and
Richardson 2009). The function of these links
was unknown until several deafness genes,

including those responsible for the USH1 syn-
drome, were found to encode components of
the different subsets of stereocilia links.

Usher syndrome is the most frequent cause
of hereditary deaf-blindness in humans. It is a
monogenic disorder, transmitted on an autoso-
mal recessive mode. Of the three clinical forms
(USH1–3), USH1 is the most severe. It is charac-
terized by severe to profound congenital hearing
impairment, balance deficiency, and prepuber-
tal-onset retinitis pigmentosa leading to blind-
ness. Five USH1 genes have been identified
(El-Amraoui and Petit 2005; Leibovici et al.
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2008). Two cadherins, cadherin 23 and proto-
cadherin 15, underlie the USH1D (Bolz et al.
2001; Bork et al. 2001) and USH1F (Ahmed
et al. 2001; Alagramam et al. 2001b) forms,
respectively. The three other USH1 genes encode
an actin-based motor, myosin VIIa (USH1B)
(Weil et al. 1995), a PDZ-domain-containing
protein, harmonin (USH1C) (Bitner-Glindzicz
et al. 2000; Verpy et al. 2000), and a putative
scaffolding protein with ankyrin repeats, sans
(USH1G) (Weil et al. 2003).

Cadherin 23 and Protocadherin 15 Form
Transient Links that are Essential for the
Cohesion and Proper Orientation of the
Growing Hair Bundle

Cadherin 23 and protocadherin 15 consist of
several isoforms with distinct extracellular
regions and cytoplasmic domains, which result
from alternatively spliced CDH23 and PCDH15
transcripts. Three classes of cadherin 23 iso-
forms (a to c) and four classes of protocadherin
15 isoforms (CD1 to CD3, and SI) have been
predicted (Lagziel et al. 2005; Michel et al.
2005; Ahmed et al. 2006). The longest cadherin
23 and protocadherin 15 isoforms contain 27
and 11 EC domains, respectively (Fig. 5A,B).
Notably, the cytoplasmic domains of both
cadherin 23 and protocadherin 15 isoforms
show no sequence similarity between each
other or with classical cadherins. In particular,
they all lack the consensus motif for binding
to b-catenin (Cavey et al. 2008; Nelson 2008),
raising the question of the existence of a
dynamic link between these two cadherins and
actin filaments.

Animal models defective for these proteins
(Leibovici et al. 2008) have revealed the roles
of these two cadherins, i.e., the deaf waltzer
mouse (Di Palma et al. 2001) and sputnik
zebrafish (Sollner et al. 2004) mutants for
cadherin23, and the Ames waltzer mouse
(Alagramam et al. 2001a) and orbiter zebrafish
(Seiler et al. 2005) mutants for protocadherin
15. Mutations in either of these genes, or in
the genes encoding myosin VIIa, harmonin,
or sans all lead to similar morphological
anomalies in the mouse cochlea, which consist

of fragmented and misoriented hair bundles
(see Fig. 5C, Lefevre et al. 2008; Petit and
Richardson 2009).

When stereocilia emerge at the apical surface
of auditory hair cells at E15.5 in the mouse, the
kinocilium is located at the center. It then
migrates to the cell periphery, thereby initiating
the establishment of hair bundle polarity. Then,
the kinocilium undergoes a second migratory
step that results in a reorientation of the hair
bundle, which reaches its final location on the
apical cell surface, pointing toward the cochlear
lateral wall (Fig. 4B) (Kelly and Chen 2007;
Jones and Chen 2008; Petit and Richardson
2009). Analysis of the various USH1 mouse
models revealed that although the kinocilium
migrated from its central position to the cell
periphery, it failed to reach its final correct po-
sition and was frequently disconnected from
the neighboring stereocilia (Lefevre et al.
2008). In addition, in all Ush1 mutants, the
hair cells had undergone early fragmentation
of their hair bundle, which was split into a few
clumps of stereocilia (Fig. 5C).

How does the absence of any of the USH1
proteins lead to this common hair bundle phe-
notype? Over the past 10 years, evidence for
colocalization in the hair bundle and direct in
vitro interactions of these proteins (Fig. 5D)
has led to the conclusion that a similar patho-
genic mechanism causes deafness in USH1
patients (see Leibovici et al. 2008). This mech-
anism involves defective early transient stereo-
cilia lateral links and kinociliary links in the
growing hair bundles (see Fig. 5C). Myosin
VIIa and sans are required for the targeting of
harmonin-b into the stereocilia, where it binds
to F-actin and thus most likely anchors the
cadherin 23- and protocadherin 15-containing
links to the actin core of the stereocilium
(Boëda et al. 2002; Lefevre et al. 2008). How-
ever, because the phenotype of the null harmo-
nin b mutant is less severe than that of the
mutant lacking all three harmonin isoforms,
additional roles can be predicted for myosin
VIIa and sans in the establishment of a cohesive
hair bundle (I. Foucher, A. Bahloul, and
E. Caberlotto, unpubl.). Cohesive forces
applied to the early transient interstereociliary
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and kinociliary links in the forming hair bundle
are thus necessary for the formation of a unitary
and properly oriented “V”-shaped hair bundles.
Conversely, the hair bundle misorientation
suggests that the kinocilium final position is
controlled by the sum of the forces applied to
the entire hair bundle. Whether these forces
originate outside the hair cell, for instance
from the concomitant convergent-extension
process driving cell intercalation and elongation
of the cochlear neuroepithelium, or within
the hair cell, is still unknown. This calls for
both qualitative and quantitative information
regarding the movements of the cells and of
the kinocilia in the developing auditory neuro-
epithelium, as well as of actin filaments and
microtubules organization over that time
period.

Cadherin 23 and Protocadherin 15 Form
the Tip Link in Mature Hair Cells

A late onset form of deafness caused by CDH23
mutations provided the first indication for
its role beyond early hair bundle development
and possibly also in MET (Noben-Trauth et al.
2003). The prevailing theory for MET states
that tension in “gating springs” controls the
open probability of MET channels (Corey and
Hudspeth 1983). The tip link (Pickles et al.
1984), or a more compliant link in series with
the tip link, comprises the gating spring. Sound
displacement of the hair bundle toward the
tallest stereocilia promotes MET channel open-
ing, leading to an influx of endolymphatic
cations. The resulting depolarizing receptor
potential ultimately leads to neurotransmitter
release by IHCs, and thereby the transfer of
the acoustic information to the auditory
neurons. Under a 90 dB sound stimulation, a
100 nm displacement of the hair bundle tip
occurs in the guinea pig, generating a tension
of 3 to 6 pN on the tip link and the molecular
complex that bridges it to the stereocilia actin-
filaments (Fridberger et al. 2006). This corre-
sponds to a roughly 10% modulation of its
resting tension evaluated in the range of
40 pN (Jaramillo and Hudspeth 1993; Prost
et al. 2007).

High-resolution ultrastructural studies
have shown that tip links consist of two to
three helical filaments, approximately 150–
200 nm in length (Kachar et al. 2000).
Antibodies to specific epitopes of cadherin 23
or protocadherin 15 labeled the tips of stereo-
cilia at the tip link emplacement (Ahmed et al.
2006; Kazmierczak et al. 2007). A detailed sub-
cellular analysis showed that cadherin 23 and
protocadherin 15 localize to the upper and
lower part of the tip link, respectively
(Fig. 4C). Cadherin 23 homodimers have been
shown to interact in trans in a Ca2þ-dependent
manner with protocadherin 15 homodimers,
forming a filament with structural similarity
to the tip link (Kazmierczak et al. 2007; Muller
2008). To date, functional evidence establishing
that cadherin 23 and protocadherin 15 form the
tip link is a major issue, especially because
careful analysis of the hair bundles in mouse
mutants with predicted null alleles of cadherin
23 has shown the presence of tip link-like
filaments connecting adjacent stereocilia
(Rzadzinska and Steel 2009). Yet, a cadherin
23 mouse mutant, salsa, with an E737V substi-
tution within the Ca2þ binding motif (LDRE)
in the EC7 domain of the a-isoform, the
longest one, further supports the involvement
of the cadherins in the formation of the tip
link because only rare disorganized hair
bundles were observed, whereas absence of
tension on the stereocilia tips argues for a loss
of the tip links (Schwander et al. 2009).
Protocadherin 15 isoforms from the CD2 sub-
group have been proposed to be components
of the early transient lateral links, and isoforms
from the CD3 subgroup to form the tip link
(Ahmed et al. 2006).

Cadherin 23 and Protocadherin
15 in the Retina

So far, progress in understanding the critical
roles of cadherin 23 and protocadherin 15 in
the retina has been hampered by the absence
of retinitis pigmentosa in Ush1 mutant mice,
including cadherin 23 and protocadherin 15
double knockout mutants (Ahmed et al.
2008a, see Leibovici et al. 2008 for a review).
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The shorter lifespan of the mouse, interspecies
difference in light exposure, existence of a func-
tional redundancy for USH1 proteins in murine
but not human retina, or an intrinsic difference
between murine and human photoreceptor
cell’s physiology may account for this pheno-
typic discrepancy. In regards to the last possi-
bility, the underdevelopment of photoreceptor
cells’ calycal processes in mouse compared to
human is an attractive hypothesis (Petit 2001).
Indeed, these microvilli-like extensions of the
photoreceptor inner segment of yet unknown
functions are bridged to the connecting cilium
(Cohen 1963) by fibrous links and some of
these links have been shown to share molecular
components with a subset of hair bundle tran-
sient lateral links, the ankle links (Kremer
et al. 2006; Leibovici et al. 2008). To clarify
this point, comparative studies determining
the subcellular localization of cadherin 23 and
protocadherin 15 isoforms in mouse and in
human retinas are required.

According to the mutations detected in
USH1 patients, the protocadherin 15-CD1 sub-
class may be the only subclass critical for retinal
functions (Ahmed et al. 2008b). Whereas the
USH1D mutations that have been identified
do affect the a-isoforms of cadherin 23 (see
http://webh01.ua.ac.be/hhh/), whether the b-
and c-isoforms also play an important role in
the retina is still unknown. Results of the com-
parative analysis will be essential to determine
the appropriate animal model to decipher the
pathogenesis of retinitis pigmentosa as well as
to test future therapeutic approaches. Of note
in zebrafish, two orthologues of the mammalian
protocadherin 15 gene, pcdh15a and pcdh15b,
encode proteins with highly dissimilar intra-
cellular domains. Pcdh15a defects result in the
hair bundle disorganization without visual
abnormalities, whereas pcdh15b defects only
cause retinal anomalies, i.e., abnormal align-
ment of photoreceptor outer disks (Seiler
et al. 2005).

CONCLUDING REMARKS

The human genome-wide association studies
are likely to extend the list of human disorders

involving cadherins in a near future, especially
regarding neuropsychiatric disorders. Epige-
netic modifications of these genes are likely to
broaden their implication in these diseases.
Mutation screening will not only allow further
deciphering of the cadherin isoforms critically
underlying phenotypic features, but should
also help identify the role of some of their inter-
acting partners, such as cytoskeletal regulators,
protein kinases and phosphatases, and tran-
scription cofactors. The putative correlation
between phenotypic features and copy number
variants (CNV) of the cadherin genes would be
of particular interest regarding the role of
adhesion strength. Furthermore, the finding
of modifier genes accounting for the failure of
phenotype-genotype correlation in cadherin
genes should add to our present knowledge of
the roles played by the cadherins in various
signaling pathways. Generating appropriate
animal models remains, however, essential to
achieve an in-depth understanding of cadherin
functions/dysfunctions and as regards neuro-
psychiatric disorders, genetically modified
animals with more elaborated cognitive func-
tions than those of the mouse are needed.
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