
also commonly seen (1, 4). Neurological manifestations
have been described, with lower limb spasticity being the
most commonly reported complaint, associated with high-
signal-intensity brain magnetic resonance imaging (MRI)
of subcortical white matter (4). Other neurological symp-
toms include loss of visual acuity and hearing, sphincter
disturbances and gait ataxia. 

ODDD syndrome is caused by mutations in the gap
junction alpha-1 protein gene (GJA1) that encodes the
gap junction protein connexin 43 (Cx43), predominantly
expressed in cardiomyocytes and keratinocytes, but also
found in at least 35 different human tissues. Connexins
are transmembrane proteins that form intercellular gap
junctions, or channels, that allow the transfer of small ions
and molecules of up to 1 kDa between adjacent cells,
which is essential for physiological and developmental
processes (5). Connexins assemble into hexamers to
form connexons or hemichannels (Fig. 1) that dock with
apposing connexons from the adjacent cell, hence form-
ing a gap junction channel. Gap junction channels cluster
into plaques at the cell surface, an event that appears to
be important for functional coupling (6).

There are 21 human connexin family members with a
broad diversity of functions. Connexins can assemble into
homomer or heteromer hexamers with other compatible
connexins to form homomeric or heteromeric hemichan-
nels, respectively, which may combine with other con-
nexons to form homotypic or heterotypic gap junction
channels, hence significantly increasing the variety of
channel types (7). 

There is currently no specific treatment for ODDD other
than symptomatic management of the clinical picture.

Genetics

To date, more than 35 mutations have been identified
in the human GJA1 gene leading to ODDD. Initial genet-
ic linkage analysis of six families with a history of ODDD
allowed the mapping of the ODDD locus to the chromo-
some region 6q22-q24 (8), with further studies narrowing
the chromosome region to 6q22-q23 (9) and finally iden-
tifying GJA1 as the candidate gene for ODDD (1). This
latter study analyzed 17 unrelated families with a total of
60 family members. ODDD-affected individuals exhibited
GJA1 missense mutations involving the cytoplasmic,
transmembrane and extracellular domains of the Cx43
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Introduction

Oculodentodigital dysplasia (ODDD) is a rare autoso-
mal dominant disorder characterized by malformations in
different body parts such as the face, teeth, eyes and
limbs (1). Syndactyly, a digital malformation in which fin-
gers or toes are joined together, is typical of ODDD.
Syndactyly type III is common in ODDD patients, and
involves fusion of the fourth and fifth finger (and some-
times the third finger and/or toes) by a tight osseous or
cartilaginous union. Nevertheless, ODDD without syn-
dactyly has also been described (2, 3). Ocular abnormal-
ities found in ODDD patients include microphthalmos,
microcornea, iris malformations, cataracts and glaucoma.
Craniofacial abnormalities, such as a small, thin nose
with hypoplastic nasal alae and anteverted nostrils, are
also characteristic. Dentition abnormalities (hypoplasia of
the tooth enamel), skeletal defects and hypotrichosis are
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Abstract

This month's Filling the Gaps in Drug Therapy
focuses on oculodentodigital dysplasia (ODDD), a rare
inherited disorder caused by mutations in the gap
junction protein connexin 43 (Cx43). Patients with this
disease suffer from malformations in the face, teeth,
eyes and other body parts. There is currently no cure
for this disorder. Advances in genetic studies have
allowed the characterization of Cx43 mutations asso-
ciated with ODDD. Recently, a suitable animal model
was developed, encouraging further investigation on
the pathogenesis of ODDD and the development of
future therapies.



most mutations has not been identified (1, 2).
Interestingly, uncommon skin manifestations linked to
ODDD have been associated with certain Cx43 muta-
tions. In particular, C-terminus-truncating nucleotide dele-
tions in the GJA1 gene have been associated with
marked palmoplantar keratoderma (12, 13), while muta-
tions affecting the N-terminus have resulted in discrete
keratoderma (14). Investigating a developmental series of
morphologically staged mouse embryos, another
research group reported that the pattern of Gja1 expres-
sion during mouse embryonic development correlated
with the clinical phenotype of ODDD (15). 

Recently, a new GJA1 mutation affecting the N-termi-
nal intracellular domain has been reported (16) in a
patient of Mexican origin. This patient presented with typ-
ical ODDD features, in addition to previously undetected
signs such as umbilical hernia and bilateral optociliary
veins, which was associated with impaired drainage of
retinal blood.

It is interesting to note that although Cx43 is the major
connexin in the human heart and plays a role in normal
cardiac conduction (5), ODDD patients do not consistent-
ly exhibit cardiac anomalies, although recurrent ventricu-
lar tachycardia and atrioventricular block have been
reported (1), which would be consistent with altered Cx43
function. 

protein. All mutations were found to affect amino acids
highly conserved throughout the Cx43 sequence of dif-
ferent species. These studies demonstrated the high
penetrance of ODDD, as all mutation carriers presented
with typical craniofacial and limb malformations. Other
major phenotypic features were syndactyly and neu-
rodegeneration (leukodystrophy). Conductive hearing
loss, cataracts, glaucoma, keratoderma and cardiac
defects were also part of the phenotype displayed by
ODDD families.

Another study associated a previously unreported
GJA1 mutation with the occurrence of open- and closed-
angle glaucoma within the same family and suggested
that structural modification in the Cx43 protein, which is
expressed in the trabecular meshwork, could impair
aqueous humor outflow (10). Classically considered a
distinctive feature of ODDD, type III syndactyly has also
been described as an isolated finding in patients with
GJA1 mutations (11), initially suggesting the existence of
two separate conditions. However, the absence of hand
and foot syndactyly reported in patients with GJA1 muta-
tions exhibiting other typical ODDD features (2, 3) has
suggested that they likely represent a disease spectrum
derived from GJA1 mutations. In spite of multiple studies
analyzing the distribution of mutations along the Cx43
protein, an obvious genotype-phenotype correlation for
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Fig. 1. Connexins form pore-forming hexamers that are known as connexons or hemichannels. Each connexon docks to an apposing
connexon from the neighboring cell to form a functional gap junction channel. Connexins are integral membrane proteins with four trans-
membrane domains (M1-M4), two extracellular loops (E1, E2) and a cytoplasmic loop (CL). The N- and C-termini are both found in the
cytoplasm.



intercellular channels. Studies by McLachlan et al. also
described three additional mutations (R202H, Q49K,
V216L) that yield nonfunctional channels and have domi-
nant negative effects on wild-type Cx43 (21). Moreover, it
also appeared that these ODDD-associated mutations do
not interfere with osteoblast differentiation, as was initially
hypothesized due to the presence of skeletal manifesta-
tions associated with abnormal bone development in
ODDD patients. However, further studies need to be con-
ducted using novel mouse ODDD models displaying sim-
ilar bone deformities to those found in human patients.
Cx43 is expressed in major bone cell types and plays a
role in different signaling pathways that control osteoblast
differentiation, bone formation and remodeling (reviewed
in 22) and it thereby seems plausible that mutation-
induced impaired signal transduction may result in the
ODDD skeletal phenotype.

According to the above-mentioned observation, it has
been suggested that the severity of the disease may
depend on the impact that mutants may have as domi-
nant negatives of wild-type Cx43 function and also on the
ability of other co-expressed connexins to compensate for
Cx43 loss of function. In fact, G21R and G138R mutants
have shown differential potency in inhibiting wild-type
Cx43, with the G21R mutant being 2-fold more potent
than the G138R mutant (23), which could at least partial-
ly explain the different clinical manifestations exhibited by

How do GJA1 mutations affect Cx43 protein function?

Several research groups have attempted the function-
al characterization of Cx43 mutations found in patients
with ODDD by engineering Cx43 mutant constructs
(Table I). Seki et al. first questioned whether mutations
associated with ODDD had an impact on wild-type Cx43
function (17). They observed that point mutations affect-
ing the cytoplasmic loop (G138R, I130T, K134E) resulted
in either nonfunctional channels or channels with reduced
open probability compared to wild-type channels, but their
ability to form gap junction plaques was unaltered. Further
work by Roscoe et al. revealed that mutations affecting
the first transmembrane domain (G21R) and the intracel-
lular loop of Cx43 (G138R) resulted in protein mutants
that are transported to the cell surface and cluster into
structures resembling gap junctions, but fail to form func-
tional intercellular channels when transfected into differ-
ent cell types (18). Moreover, when co-expressed with
wild-type Cx43, ODDD mutants acted as dominant nega-
tives compromising wild-type Cx43 function, a scenario
that may mimic what occurs in ODDD patients. Similarly,
Shibayama et al. (19) and Lai et al. (20) further charac-
terized eight ODDD-related mutations (Table I) and found
that they result in a wide spectrum of alterations in Cx43
gap junctions, ranging from protein mutants unable to
reach the membrane to others unable to form functional
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Table I: Summary of functional characterization of ODDD-associated mutants.

Amino acid change Cx43 domain Effect Ref.

G21R Transmembrane 1 Nonfunctional* 18-20
Dominant negative to wt Cx43

A40V Transmembrane 1 Nonfunctional 19, 20

G138R Intracellular loop Nonfunctional 17, 18 
Dominant negative to wt Cx43

Y17S Intracellular N-terminus Nonfunctional 19, 20

F52dup Extracellular E1 loop Nonfunctional 19, 20

L90V Transmembrane 2 Functional 19-21
Dominant negative to wt Cx43

I130T Intracellular loop Functional** 17, 19, 20

K134E Intracellular loop Functional** 17, 19

R202H Extracellular E2 loop Nonfunctional 19, 21
Dominant negative to wt Cx43

Q49K Extracellular E1 loop Nonfunctional 21
Dominant negative to wt Cx43

V216L Transmembrane 4 Nonfunctional 21
Dominant negative to wt Cx43

I31M Transmembrane 1 Nonfunctional 24

G143S Intracellular loop Nonfunctional 24

H194P Extracellular E2 loop Nonfunctional 24

*Refers to the inability to form nonfunctional gap junction channels. **Levels of channel activity were lower than those of wild-type Cx43
channels. G138R: Functional hemichannel activity according to Dobrowolski et al., but nonfunctional gap junction intercellular commu-
nication. Wt, wild-type; A, alanine; R, arginine; N, asparagine; D, aspartic acid; C, cysteine; Q, glutamine; E, glutamic acid; G, glycine;
H, histidine; I, isoleucine; L, leucine; K, lysine; M, methionine; F, phenylalanine; P, proline; S, serine; T, threonine; W, tryptophan; Y, tyro-
sine; V, valine.



us to test potential experimental therapies. For example,
in experimental models of cardiac disease, transplanta-
tion of embryonic cardiomyocytes (eCMs) or Cx43-
expressing skeletal muscle cells (SM-Cx43+) has suc-
cessfully resulted in improvement in cardiac conduction.
When transplanted into mice suffering from left ventricular
infarcts, eCMs and SM-Cx43+ increased the electrical sta-
bility and reduced the incidence of ventricular tachycardia,
similar to in noninfarcted controls. Moreover, eCM grafts
showed coupling with native, noninfarcted cardiomy-
ocytes in vivo, decreased the incidence of conduction
block and suppressed border zone focal activity, which is
characteristic of postinfarct ventricular arrhythmia (27).

Conclusions

Functional characterization of mutations in Cx43
associated with ODDD has greatly contributed to eluci-
dating some of the pathogenic mechanisms of this dis-
ease. The latest advances in generating an adequate ani-
mal model that mimics ODDD features may provide
further understanding of how GJA1 mutations result in
such varied clinical features and will also allow the inves-
tigation of future therapies. 

Online link

Subscribers to the online version of Drugs of the
Future and/or Prous Science Integrity® can access the
animation: Structure and Function of Gap Junctions.
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