
ONLINE MUTATION REPORT

A nonsense mutation in the first transmembrane domain of
connexin 43 underlies autosomal recessive
oculodentodigital syndrome
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Background: Oculodentodigital syndrome (ODD) is a pleio-
tropic congenital disorder characterised by abnormalities of
the face, eyes, dentition, and limbs. ODD, which is inherited
as an autosomal dominant trait, results from missense
mutations in the gap junction protein connexin 43.
Objective: To analyse a family with a history of ODD which
is inherited in an autosomal recessive manner
Results: ODD in this family resulted from the homozygous
mutation R33X in the first transmembrane domain of
connexin 43.
Conclusions: The findings provide clear genetic evidence that
ODD can be inherited in an autosomal recessive manner and
that a dominant negative mechanism underlies autosomal
dominant ODD.

O
culodentodigital syndrome (ODD; OMIM 164200) is a
congenital disorder characterised by abnormalities of
the face, eyes, dentition, and limbs. Affected indivi-

duals have a long, narrow nose with hypoplastic alae and a
prominent nasal bridge, short palpebral fissures, and bilateral
microcornea, often with iris anomalies.1 2 The characteristic
digital abnormality is bilateral complete syndactyly of the
fourth and fifth fingers (type III syndactyly); the third finger
may also be involved.3 In addition, microdontia and enamel
hypoplasia—which tend to affect both the primary and
secondary dentitions—are often observed.3 4

ODD is inherited in an autosomal dominant fashion with
high penetrance but variable expression.5 A potential case of
autosomal recessive inheritance of ODD has also been
documented.6 Recently, Paznekas and co-workers reported
that ODD arises as the result of heterozygous mutations in
GJA1, the gene encoding the gap junction protein connexin
43.7 These findings have been confirmed and extended by a
series of studies which demonstrate clearly that the
pleiotropic features observed in ODD result from mutation
of GJA1.8–12 All but two of over 30 mutations that have been
reported to date result in missense changes in highly
conserved amino acid residues in the N-terminal two thirds
of connexin 43, the exceptions being the mutations F52dup
and C260fsX307.7 11 The paucity of deletions or mutations
resulting in the introduction of a termination codon into the
protein suggests that the underlying mechanism for ODD is
either a dominant negative effect or a gain of function rather
than haploinsufficiency. In the current investigation, we
provide clear genetic evidence that ODD can be inherited in
an autosomal recessive manner and that a dominant negative
mechanism underlies autosomal dominant ODD.

METHODS
Genetic analysis
GJA1 contains two exons, the coding sequence being
encompassed in its entirety by the second one. The coding
sequence of GJA1 was amplified in two overlapping segments
using the primers 59-AAT ACG TGA AAC CGT TGG TAG-39

and 59-CTC TTT CCC TTA ACC CGA TC-39, which amplified a
product of 855 base pairs (bp), and 59-TCT TTG AGG TGG
CCT TCT TG-39 and 59-TAA GGC TGT TGA GTA CCA CC-39,
which amplified a product of 773 bp. After amplification, the
products were excised from a 1% agarose gel and sequenced
directly by the dideoxy chain termination method using dye
primer chemistry. Primers were designed to avoid amplifica-
tion of the processed pseudogene GJA1P1 on human
chromosome 5q21-q22.

RESULTS
The proband is the first child of a consanguineous couple of
Pakistani origin. At birth, she was noted to be hypotonic with
large fontanelles and widely separated sutures, small deep set
eyes, a pinched nasal appearance with hypoplastic alae nasi,
and micrognathia (fig 1A). She had complete skin syndactyly
of the left ring and little fingers and the right middle, ring,
and little fingers (fig 1B). Ophthalmological assessment
showed bilateral microphthalmia, persistent pupillary mem-
brane, and cataract (fig 1A). Tooth eruption was delayed and
her deciduous teeth, which were severely hypoplastic, had to
be removed in her third year because of chronic abscesses.
She has sparse, fine hair which did not appear until her
second year. She has gross motor and speech delay and has
been investigated for failure to thrive. Her karyotype was
46,XX. Renal and cardiac ultrasound scans were normal.
Computed tomography (CT) of the brain showed grossly
abnormal grey and white matter differentiation, particularly
in the frontal and occipital regions and cerebellum.

The proband’s parents went on to have a second daughter.
She has a similar facial appearance to her sister; however, she
has bilateral syndactyly of her ring and little fingers only. At
one year she still has no teeth. She is not delayed in her gross
motor milestones and has not had any investigations. Neither
parent has similar facial features or syndactyly (fig 1). In
addition, dental and ophthalmological examinations were
normal and, although brain CT was not done, neither parent
reported any neurological symptoms.

Molecular analysis of DNA samples from the proband and
her sister revealed the homozygous nonsense mutation R33X
in the first transmembrane domain of connexin 43 (fig 2).
Both of the child’s parents were heterozygous for this
mutation, confirming autosomal recessive inheritance of
ODD in this family (fig 2). This mutation was not detected
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in a panel of 50 control alleles. Our results therefore
document the first case of autosomal recessive inheritance
of ODD that has been confirmed by molecular analysis and
the first nonsense mutation reported to underlie this
condition.

DISCUSSION
Connexin 43 belongs to a family of proteins which are
composed of four transmembrane domains linked by two
extracellular and one intracellular loop and intracytoplasmic
amino and carboxy termini. Six connexins form a connexon
which spans the cell membrane allowing connexons from
neighbouring cells to dock to form a complete gap junction.
Gap junctions allow the exchange of secondary messengers,
ions, and other small molecules up to the size of 1 kDa
between adjacent cells, thereby allowing cell–cell commu-
nication. Gap junction communication plays a crucial role not
only in normal tissue physiology but in the regulation of
information flow required during embryonic morphogen-
esis.13

Mutations in connexin 43 have been shown to cause ODD,
which is usually inherited in an autosomal dominant
manner. Intriguingly, the vast majority of the mutations
that have been reported to date lead to missense changes in
connexin 43. This observation, together with the paucity of
deletions or mutations resulting in the introduction of a
termination codon into the protein, suggests that either a
dominant negative or a gain of function mechanism under-
lies ODD. In the current study, we have provided clear genetic
evidence that ODD can be inherited as an autosomal recessive

trait. The only previous report of recessive inheritance of an
ODD-like phenotype, which has been confirmed by molecular
analysis, was in an individual with a phenotype that bridged
the Hallermann-Streiff/ODD spectrum.10 The mutation that
leads to classical ODD in the family analysed in the current
study is a nonsense mutation that falls towards the middle of
the first transmembrane domain of connexin 43. As GJA1 is a
two exon gene with the entire coding sequence contained
within exon 2, nonsense mediated mRNA degradation is
unlikely to operate in this case.14 Therefore, the consequence
of the R33X mutation reported in the current study is that the
protein product of the mutant allele will consist solely of the
N-terminal extracellular domain and a portion of first
transmembrane domain. Given that the integrity of the four
transmembrane domains is known to be essential for correct
transport of connexins into the plasma membrane15 and that
the extracellular loops play a central role in the specific
docking of two hemichannel connexons to form a functional
gap junction,16 the mutant protein is likely to be functionless.
Evidence from animal models and other autosomal recessive
connexinopathies strongly suggests that the deletion of one
copy of a connexin gene does not appear to be of major
functional significance.17–20 In contrast, the loss of both copies
will be of consequence in cells and tissues where the
particular connexin is crucial or where other connexin family
members cannot compensate.

Our results provide the first evidence from human genetic
analysis that the missense mutations underlying autosomal
dominant ODD act in a dominant negative fashion. Our
results therefore confirm previous in vitro studies in which

Figure 1 Photographs of the family in
which the oculodentodigital syndrome
(ODD) phenotype is inherited as an
autosomal recessive trait. (A) The facial
appearance of the proband at eight
months showing bilateral
microphthalmia, a pinched nasal
appearance with hypoplastic alae nasi
and micrognathia. (B) The left hand of
the proband demonstrating the 4–5
syndactyly. The father (C) and the
mother (D) appear to be unaffected
clinically. All photographs are
reproduced with the written permission
of the parents.
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the localisation of the ODD mutations G21R and G138R was
examined in NRK and HeLa cells. Although GFP tagged
mutant proteins were transported to the plasma membrane,
they did not form functional gap junction channels.
Moreover, both mutants were found to exert dominant
negative effects when expressed in connexin 43 positive cells,
thereby inhibiting the function of endogenous connexin 43.21

Further support for a dominant negative effect is provided by
the study of mice with the ENU induced mutation G60S in
the first extracellular loop of connexin 43. Unlike mice
heterozygous for a Gja1-null allele,17 Gja1+/G60S mice pheno-
copy patients affected by ODD.22 In vitro and in vivo studies
using the Gja1+/G60S mice indicated that, although gap
junctions formed and localised to the to the cell surface in
plaque-like structures, they were considerably less numerous
and were non-functional. Importantly, western analysis
indicated that total connexin 43 levels in connexin 43-
expressing tissues of Gja1+/G60S mice were reduced substan-
tially below 50%. These results, together with the data
presented in the current paper, confirm that human ODD
mutations are not due merely to loss of connexin 43 function;
rather, they act in a dominant negative fashion.
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