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SUMMARY

Dominant mutations of GJB2-encoding connexin-26 (Cx26)
have pleiotropic effects, causing either hearing impairment
(HI) alone or in association with palmoplantar
keratoderma (PPK/HI). We examined a British family with
the latter phenotype and identified a new dominanGJB2
mutation predicted to eliminate the amino acid residue E42
(AE42) in Cx26. To dissect the pathomechanisms that result
in diverse phenotypes of dominantGJB2 mutations, we
studied the effect of three Cx26 mutantsE42, D66H and
R75W) identified in individuals with PPK/HI, and another
(W44C) present in individuals with non-syndromic HI on
gap junctional intercellular communication. We expressed
mutant Cx26 alone and together with the epidermal
connexins Cx26, Cx37 and Cx43 in pairedenopusoocytes,
and measured the intercellular coupling by dual voltage
clamping. Homotypic expression of each connexin as well
as co-expression of wild-type (wt) Cx26/wtCx43 and
wtCx26/wtCx37 yielded variable, yet robust, levels of
channel activity. However, all four Cx26 mutants were

functionally impaired and failed to induce intercellular
coupling. When co-expressed with wtCx26, all four
mutants suppressed the wtCx26 channel activity consistent
with a dominant inhibitory effect. However, only those
Cx26 mutants associated with a skin phenotype also
significantly (P<0.05) inhibited intercellular conductance
of co-expressed wtCx43, indicating a direct interaction
of mutant Cx26 units with wtCx43. These results
demonstrate, for the first time, a trans-dominant negative
effect of Cx26 mutants in vitro. Furthermore, they support
a novel concept suggesting that the principal mechanism
for manifestation of dominant GJB2 mutations in the skin
is their dominant interference with the function of wtCx43.
This assumption is further corroborated by our finding
that Cx26 and Cx43 focally colocalize at gap junctional
plagues in affected skin tissue of two carriers cAE42.
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INTRODUCTION

on the compatibility of interacting connexons, this diversity is
amplified at the level of intercellular channels, which can

In solid tissues of metazoans, most cells form gap junctionsie formed by similar (homotypic channels) or different

clusters of gated intercellular channels that directly connect tHeomomeric connexons (heterotypic channels),

or two

cytoplasm of neighboring cells and thereby allow the passadeteromeric Cx (heteromeric channels) (White and Bruzzone,
of small ions, metabolites and other signaling molecules. In th€996).

plasma membrane, connexon hemichannels are assembled byap junctional intercellular communication (GJIC) fulfills a
hexameric array of gap junction proteins, which dock in thenultitude of different functions, tailored to meet the specific
intercellular space with connexons of the adjacent cell to formeeds of organs, tissues or groups of cells in which Cx are
functional channels. In the vertebrates connexons are formedpressed. In the auditory system, intercellular channels
from connexin proteins (Cx), a family of more than 20formed predominantly by Cx26 but also Cx30 and Cx31
members each encoded by a different gene. Cx share (léelley et al., 1999; Lautermann et al., 1998; Xia et al., 2000)
common structure of four transmembrane segments, whicdeem crucial for maintaining a high extracellular electrical
extend into two extracellular and three cytoplasmic domainpotential in the cochlea by facilitating the local circulation
(Bruzzone et al., 1996). Most cell types express more than oiné K* ions (Forge et al., 1999). Autosomal recessive and
Cx species; thus connexons may either stem from a sing&utosomal dominant mutations in the genes encoding each one
species (homomeric) or different Cx (heteromeric). Dependingf these CxGJB2 (Cx26), GIJB3 (Cx31) andGJB6 (Cx30),
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cause hearing impairment (HI) and demonstrate the crucial rold other epidermally expressed Cx, such as Cx43 and Cx37,
of GJIC in the auditory process (Denoyelle et al., 1998; Estivillve assessed the effect of four Cx26 mutants with distinct and
et al., 1998; Grifa et al., 1999; Kelley et al., 1998; Kelsell etiffering phenotypes on cell-cell coupling mediated by co-
al., 1997, Liu et al., 2000; Morle et al., 2000; Xia et al., 1998)expressed wtCx26, wtCx43 and wtCx37 in the pakedopus

To date, over 36 differe@JB2mutations have been identified, oocyte system.

making them the leading cause of autosomal recessive non-

syndromic HI (DFNB1, OMIM 220290) and of 10-40% of

sporadic cases of congenital deafness (Cohn and Kelley, 1994ATERIALS AND METHODS

Green et al., 1999; Rabionet et al., 2000; Wilcox et al., 2000).

The majority of these mutations are nonsense and frameshifatients and biological material

mutations that are likely to result in loss of Cx26 expressiofive ascertained a three-generation British family with PPK associated
or obliteration of its function. In contrast to these recessivavith deafness (PPK/HI) (Fig. 1). DNA was collected from all family
mutations invariably resulting in HI, dominant non- members using either buccal swabs or venous blood samples. Punch

conservative missense mutations @IB2. GJB3and GJB6  biopsy samples were obtained from lesional and/or normal-appearing
manifest with a spectrum of clinical |;Jhen0types affectin kin from individuals 1I-1, 11-2 and Ill-2. The studies were performed
Eivith informed consent of all family members.

hearing and the skin. Specifically, without any evidence fo
phenotypic overlap, autosomal dominant mutations inutation analysis

GJB3 may cause either HI or the rare skin disordenye ampiified a 963 bp fragment from genomic DNA encompassing
erythrokeratodel’mla Val’labl|IS (OM'M 133200, R|Chard et al.,the entire Coding sequence of human Connexireme GenBank
1998a; Xia et al., 1998). Similarly, mutationsGdB6underlie  Accession Number, M86849) (Lee et al., 1992), purified the DNA
HI in some families and hidrotic ectodermal dysplasiaemplates and subjected them to automated PCR cycle-sequencing on
(Clouston syndrome, OMIM 129500) in others (Grifa et al.,the ABI 377 sequencer system (PE Applied Biosystems) as previously
1999; Lamartine et al., 2000). Finali@JB2 mutations may described (Richard et al., 1998b).

manifest with HI alone (Denoyelle et al., 1998; Morle et al.,__. . .
2000), or in association with thickening of the skin of palm Paired Xenop us oocyte expression and el.eCtrOphys'Ology .

and soles, diagnosed as palmoplantar keratoderma (PPK). T & used the paired. laevisoocytes expression system as previously

. . P /. _described to test the gap junctional activity of wild-type (wt) and
mutations R75W and G59A have been identified in famllle?nutant (mt) Cx by double voltage clamp (Richard et al., 1998b). The

with co-segregation of congenital deafness and diffusgyging regions of wtCx26, wtCx37 and wtCx43, as well as of Cx26
fissuring PPK, although one individual carrying R75W had n@nytantsAE42, W44C, D66H and R75W, were amplified by PCR from
obvious cutaneous phenotype and unknown hearing statggnomic DNA with primers containingamHl linkers:

(Heathcote et al., 2000; Richard et al., 1998b). In contrast, HI Cx26 (sense) 'sSTGTTGTGGATCCATGGATTGGGGCACGC-
was only mild to moderate in individuals from four unrelatedTGCAGACG-3

families of diverse origins carrying mutation D66H (with _ (antisense) STGTTGTGGATCCTTAAACTGGCTTTTTTGAC-

exception of individuals compound heterozygous for other CXTCCCAG-3 '
mutations), while the skin in most individuals was severerCTCT’g’éTGgEgs_g) STGTTGTGGATCCATGGGTGACTGGGG-

affected With' a mutilating type of PPK characterized. by a (antisense)  'STGTTGTGGATCCCTATACATACTGCTTCTT-
honeycomb-like surface and development of circulancapcca.a

constriction bands of the dlgltS (Vohwmkel syndrome; OMIM Cx43 (sense) 'STGTTGTGGATCCATGGGTGACTGGAGCG-
124500; Maestrini et al., 1999). CCTTAGGC-3

These observations indicate a striking similarity in the role (antisense) 'STGTTGTGGATCCCTAGATCTCCAGGTCATCA-
of Cx for development and function of each epithelium in theSGCCGA-3.
skin and the inner ear, yet the mechanisms that determineThe PCR products were gel purified using the QIAquik gel
the phenotypic outcome of dominant Cx mutations remaimxtraction kit (QIAGEN, Valencia, CA), digested wBanH]I
obscure. Recent functional in vitro studies in the pairecnd subcloned into the pSP64T or pCS2+ expression vectors
Xenopus oocyte system have demonstrated a dominaniKrieg and Melton, 1984; Rupp et al., 1994; Turner and
inhibitory effect of the Cx26 mutant R75W on the function of Weintraub, 1994). All constructs were sequenced in both
co-expressed wtCx26, resulting in suppression of Cx26directions, then linearized witBcoRI, and capped mRNAs
mediated intercellular coupling between paired oocytesvere transcribed in vitro (mMessage mMachine, Ambion,
(Richard et al., 1998b). Such a dominant negative mechanisAustin, TX). X. laeviseggs were collected and processed for
in vivo could be sufficient to account for the severe Hithe paired oocyte expression assay as previously described
observed in carriers of this mutation. Nevertheless, théSwenson et al., 1989). Prior to electrophysiological studies,
involvement of the skin remains unexplained, because even tdefolliculated X. laevisoocytes were microinjected with the
complete loss of Cx26 function in individuals with recessiveCx38 antisense oligonucleotide '-GTGACTGCTCGTT-
GJB2 mutations has never been associated with any ski@TGTCCACACAG-3 to prohibit contribution of endogenous
disorder. Cx38 intercellular channels to the measured conductance

We now report a novezGJB2 mutation QAE42) causing (Bruzzone et al., 1993). For each of the wild-type Cx, oocytes
autosomal dominant HI that is associated with PPK, and weere injected with an empirically determined amount of RNA
have examined its consequences on the expression patternt@fyield an electrical conductance level within a reliably
Cx26 and other epidermal Cx. Based on the hypothesimeasurable range (0.5 to f8). Although injection of 2 ng
that dominant GJB2 mutations disturb the intercellular RNA per oocyte was sufficient for wtCx37 and wtCx43, a
communication in human skin by interfering with the functionhigher RNA concentration (8 ng/oocyte) was required for Cx26
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hyperkeratosis of the sole with accentuated skin markings and
marked callus formation over the pressure points (ll-1 in C). o . .
(B) Transgradient, erythematous, hyperkeratotic plaques on the left Clinical features of a family with palmoplantar

foot (I1I-2 in C). (C) Pedigree of the three-generation family. Black
symbols indicate HI; spotted symbols indicate PPK; white symbols

represent unaffected individuals. Individual genotypes for both
mutations, 35delG and 124delAGG, are shown below symbols.

(D) Sequence chromatograms for 35delG in 1I-1, 1I-2 and 111-2 (left
to right). (E) Sequence chromatograms for 125delAGG in II-2, IlI-2

and the sub-cloned mutant allele (left to right).
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RNA injections, X. laevisoocytes were manually paired, and
the intercellular conductance as a measure of gap junctional
communication was determined by dual voltage clamp. The
electrophysiological data were analyzed using the Clampex 7.0
program, while the statistical analyses (average, s.e.m. and the
Student'st-test) were made using Origin 4.0.

Immunohistochemistry

Sections of snap-frozen skin biopsies of lesional skinnf5 plantar,

II-1; lateral foot, IlI-2) and non-lesional skin (arm, 1I-1; arm, 11-2), as
well as normal control skin, were subjected to immunohistochemical
analyses as previously described (Lucke et al., 1999). The primary
polyclonal anti-Cx43 antibody (rabbit) (provided by Dr E. Rivedal,
Institute for Cancer Research, The Norwegian Radium Institute, Oslo,
Norway) was detected with Texas Red-conjugated anti-rabbit
immunoglobin, while two different monoclonal anti-Cx26 antibodies
(mouse; 13-8100 and 33-5800 from Zymed Laboratories, San
Francisco, CA), one of which (33-5800) does not crossreact with
Cx30, were detected with fluorescein-conjugated anti-mouse
immunoglobin. The analyses were performed on a BioRad MRC 600
confocal microscope.

Protein extraction and western blot analysis

X. laevisoocyte proteins were extracted using a lysis buffer (10 mM
Tris, 5 mM EDTA, pH 8) including protease inhibitors chymostatin,
leupeptin and pepstatin (BioRad Laboratories, CA). The cell extracts
were then homogenized and centrifuged at 2@@@r 5 minutes at

4°C. The resulting supernatants were centrifuged at 1@@60 30
minutes at 4°C, and the pellets were resuspended in Laemmli sample
buffer (Laemmli, 1970). The extracted proteins were resolved on 12%
SDS polyacrylamid gels, transferred to a nitrocellulose membrane and
processed for western blot analysis. The membranes were incubated
either with a rabbit anti-Cx26 polyclonal antibody or a mouse anti-
Cx43 monoclonal antibody. A mouse aatiubulin monoclonal
antibody was used as a control. The blots were washed with 1
phosphate-buffered saline (PBS) containing 0.1% Tween 20. After
incubation with the corresponding secondary 1gG antibodies for 1
hour at room temperature, the blots were washed again with PBS and
developed with an enhanced chemiluminescence system (ECL,
Amersham Pharmacia, Inc).

RESULTS

keratoderma and hearing impairment

We studied a non-consanguineous British family, in which two
individuals had profound hearing loss confirmed by
audiometry and thickening of the skin of palms and soles (Fig.
1). The father (II-1), 41 years of age, had developed a mild,
diffuse PPK with accentuated skin markings and fine scaling
during adolescence. In addition, a recent dermatological
examination revealed multiple callus-like hyperkeratotic

to produce coupling levels that could be accurately measureplaques around the heads of the metacarpals (Fig. 1A) and
For co-expression studies of wtCx26 with different mutanscaling plaques below the corners of the mouth. Hair, nails and
forms of Cx26, RNAs were mixed in a 1:1 ratio, injecting 8 ngmucous membranes were unremarkable. His 15-year-old son
of each RNA. For co-expression of wt or mtCx26 with wtCx37(l11-2) had presented at 8 years of age with shallow pits and
or wtCx43, equal amounts of RNA with respect to the singlénorizontal ridges of the nails, some of which were slightly
injections were used for each of the two Cx species, e.g. 8 ilgickened, as well as with transgradient, diffuse and sharply
Cx26 plus 2 ng wtCx43. To determine if a lower amount odemarcated keratoderma of the soles. The hyperkeratosis
mtCx26 still could interfere with the function of co-expressedprogressively worsened causing deep fissures, and also
wtCx43, we decreased the amount of injected mRNA fomvolved the palms (Fig. 1B). The mother (l1I-2), 38 years of
AE42-Cx26 and W44C-Cx26 from 8 ng to 2 ng (changing thege, had also prelingual hearing loss, which was originally
RNA ratio mtCx26:wtCx43 from 5:1 to 1:1). 24 hours afterthought to result from a fetal rubella infection. Her skin was
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Table 1. Effect of dominant Cx26 mutants on intercellular coupling of paire. laevisoocytes expressing different connexins

Number of
RNAinjected Gj (US)* +s.e.m. pairs Pt Pg
Deionized HO 1.7%1073 1.7x1073 16 n.a. n.a.
wtCx26/wtCx26 7.06 1.65 63 n.a. n.a.
W44C-Cx26/W44C-Cx26 0.05 0.01 25 4085 n.a.
DelE42-Cx26/DelE42-Cx26 0.03 0.01 25 386> n.a.
D66H-Cx26/D66H-Cx26 0.03 0.03 7 3.800° n.a.
R75W-Cx26/R75W-Cx26 0.08 0.02 25 38805 n.a.
W44C-Cx26/WtCx26 0.59 0.19 13 1.8004 n.a.
delE42-Cx26/WtCx26 0.02 0.01 19 38105 n.a.
D66H-Cx26/WtCx26 1.43 0.80 15 n.s. n.a.
R75W-Cx26/WtCx26 0.07 0.05 14 429075 n.a.
wtCx43/wtCx43 9.52 1.71 39 n.a. n.a.
WtCx26/wtCx43 19.48 3.38 34 n.a. 551073
W44C-Cx26/wtCx43 10.18 2.09 31 0.012 n.s.
DelE42-Cx26/wtCx43 1.05 0.26 25 254076 8.78<1076
D66H-Cx26/wtCx43 3.75 2.77 9 5.8404 0.05
R75W-Cx26/wtCx43 2.86 0.73 10 1.410°° 4221074
WtCx37/wtCx37 39.35 3.31 27 n.a. n.a.
WtCx26/wtCx37 27.42 4.74 22 n.a. 28003
W44C-Cx26/wtCx37 5.64 1.54 11 9.810°° 4.20¢10711
DelE42-Cx26/wtCx37 2.32 0.66 23 18105 6.08<10712
D66H-Cx26/wtCx37 30.15 3.75 7 n.s. 0.04
R75W-Cx26/wtCx37 50.67 8.91 8 0.02 n.s.

*Intercellular gap junctional conductance.
fRelative to wtCx26.

8Relative to wtCx26/wtCx43 or wtCx26/Cx37.
n.s., not statistically significanP$0.05).

n.a., not applicable.

normal. Finally, both parents of the affected father as well adifferent chromosomes (99.99998% probability of paternity
his 18-year-old daughter (lll-1) were unaffected and hadssuming a prior probability of 50%). Furthermore,
normal skin and hearing. A biopsy of lesional skin of 11-1125delAGG was excluded from 102 alleles of unrelated
revealed histopathological features consistent with non€aucasian individuals without a history of HI and skin
epidermolytic PPK, including marked orthokeratotic disorders, thus eliminating the possibility that it represents a
hyperkeratosis with small patches of parakeratosis as well &&quent sequence polymorphism. In contrast, four control
acanthosis of the epidermis. alleles carried 35delG, reflecting a frequency of 0.04 of this
mutant allele in our control cohort.

Mutation analysis reveals two sequence variants of _ o _
GJB2 Functional studies in  X. laevis oocytes

Direct DNA sequence analysis GJB2 from amplicons of Cx26 mutants dominantly inhibit the function of gap

genomic DNA disclosed that two distinct sequence variantiinctional channels formed by wtCx26

segregated in our family. The deaf individual II-2 (mother ofAE42-Cx26 is the fourth reported heterozygous mutation of
I11-2) was homozygous for the deletion of a guanine nucleotid&JB2that results in HI as well as PPK (Heathcote et al., 2000;
at position 35 of the coding sequence, a mutation designatdtaestrini et al., 1999; Richard et al., 1998b). To elucidate the
35delG (Fig. 1C,D), which results in frameshift and prematureole of this and other dominantly inherited Cx26 mutants in the
stop codon immediately downstream of the mutation sitepathophysiology of PPK, we expressed wtCx26 and/or three
Consistent with this finding, both children (Ill-1 and 11I-2) different mutants with a skin phenotypsE42-Cx26, R75W-
were carriers of 35delG. In addition, 1I-1 and IlI-2, both Cx26, D66H-Cx26) in paireX. laevisoocytes and assessed
affected with HI/PPK, carried a heterozygous 3 bp deletiothe Cx-mediated intercellular communication by dual voltage
mutation starting at nucleotide 125 of the coding sequence ofamp. The results were compared with those obtained for
GJB2 (125delAGG) (Fig. 1C,E). This in-frame deletion mutant W44C-Cx26, which causes dominant hearing loss
eliminates a glutamic acid residue at position 42 of Cx26vithout affecting the skin (Denoyelle et al., 1998).

(mutation designated #@¥42), which is predicted to reside at WtCx26 induced robust levels of electrical conductance
the boundary between the first transmembrane segment abetween opposing cells, indicating the formation of
the first extracellular domain. Subcloning GfIB2 of 1I-2 functionally active intercellular channels. In contrast, all four
confirmed the presence of 35delG on the maternal andx26 mutants were non-functional by themselves (Table 1,
125delAGG on the paternal allele (Fig. 1). The latter deletiofrig. 2A). When co-expressed with wtCx26 at a mRNA ratio of
was not detectable by direct DNA sequencing in either paredtl, AE42-Cx26 and R75W-Cx26 almost completely blocked
of 1l-1, suggesting that 125delAGG has arisen de novahe channel activity of wtCx26 (99.6% and 99.0%,
Parentage of the father of 1l-1 (I-1) was confirmed by theespectively). D66H-Cx26 and W44C-Cx26 were slightly less
analysis of eight informative microsatellite markers fromefficient, suppressing only 80% to 92% of wtCx26 function
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(Table 1, Fig. 2B). These results suggest a dominant inhibitoi@x26/wtCx37 and W44C-Cx26/wtCx37 was significantly

mechanism of thes8JB2mutations. inhibited <0.0001).

) ) ) In summary, our results demonstrated that the Cx26 mutants
Cx26 mutants with a skin phenotype exert a selective, AE42, D66H and R75W, all of which manifest with HI and
trans-dominant inhibitory effect on Cx43 channels PPK, not only impaired function of wtCx26 gap junctional

To test whether mutant Cx26 can interfere with the function ofhannels but also trans-dominantly inhibited the function of
other epidermal Cx in our experimental in vitro system, we cogap junctional channels formed by wtCx43. In contrast, the
expressed wtCx43 or wtCx37 with each of the 4 mutant€Cx26 mutant W44C without a skin phenotype did not alter
WA44C-Cx26, AE42-Cx26, R75W-Cx26 and D66H-Cx26 wtCx43-mediated intercellular communication.
(Table 1, Fig. 2C,D). The electrical conductance between .
paired oocytes induced by homotypic wtCx43 or wtCx37increased and aberrant expression of Cx26 and focal
channels was consistently higher than that obtained witgolocalization of Cx26 and Cx43 in lesional skin
homotypic wtCx26 channels as has been previously reportdfithe trans-dominant interaction of mutant Cx26 with wtCx43
(White et al., 1995). observed in vitro is relevant for the pathogenesis of PPK, then
Co-injection of identical amounts of wtCx26 and wtCx43these two Cx should be co-expressed in vivo in the affected
MRNAs as used for single injections resulted in synthesis afkin. To address this question, we performed immunohisto-
both Cx (western blot analysis, data not shown) and a significachemical analysis of plantar skin from a control individual and
increase in intercellular communicatid?=0.0058), suggestive both affected individuals with PPK/HI, including II-1 (who is
of an additive effect. When the mutant W44C-Cx26 (Hlheterozygous forAE42) and 1lI-2 (who is compound
phenotype) was co-expressed with wtCx43, the registerdukterozygous for this mutation and 35delG). In control plantar
conductance was similar to that of wtCx43 expression alonaskin, Cx43 was predominantly expressed in interfollicular
probably because the mutant Cx26
channels were functionally inactive ¢ A
did not contribute to the intercellu 1

communication. In contrast, the prese C 100%

of the PPK/HI mutantsAE42-Cx26 75 20 1

R75W-Cx26 and D66H-Cx26 had —~

deleterious effect on the function of 2 5 & 15 59

expressed wtCx43. Each mut & —

profoundly reduced the intercellu 25 ol %
conductance, between 95%H42-Cx26 05% 05% Q1% 5 19%
and 81% (D66H-Cx26), when compa o

with  wtCx26/wtCx43 expression. T Do BQ B Do -
intercellular communication mediated JY KX 88 Y e § © g
homotypic ~ WtCx43 channels w e 00 Q9 3¢ 00 Bm 3w O, O X 3
i R ; S S 92 82 Sy dg 92 Fo
significantly inhibited P<0.05), with the 35 §% 00 %3 8o 55 35 S5 & & B
residual activity ranging between 3! ST 33 3TT 8L RE 2% £z 3¢ =t £2 RS

(D66H-Cx26) and 11% AE42-Cx26)
This significant trans-dominant eff
could be elicited even when the amour

os}
W)
g

microinjected AE42-Cx26 mRNA wa 104 200% 604 é

reduced by 75% (2 ng instead of 8 5] 504 7

AE42-Cx26 mRNA co-injected with 2.1 & © |

WtCx43 mRNA). - @ U100 110%
In the presence of wtCx26, t © 51 = aodl

functional activity of co-express 203% o

wtCx37 channels was significan 2.5] 84% 204

reduced P=0.0023), yet it was still 2- | 0.5 6 o | 206% gy,

3-fold higher than the conductance ok, |

homotypic wtCx26 or wtCx43 channe > T w3 0 > 3 - >

Based on the established conduct: N 8 § N - N X § N

values for wtCx26/wtCx37, each of 1 88 o8 &g 9g ‘;’g 58 9y o O 9

four tested Cx26 mutants yielded &6 36 Lo &S B0 8008 $3 13 &S 80

different effect independent of th £ 2% ©3% 0% 3 ££5% 2z 35 8% ot

phenotype. Co-expressed with wtCx i . . - ) )
Cx26-D66H was neutral and did 1 Fig. 2. Functional analysis of wild-type and/or mutant Cx26 co-expressed with wtCx43 or

X wtCx37 inXenopusocytes. The bars represent the junctional conductance established
change . th_e Ievel_ of |nterc_ellu\ between two cells (meants.e.m.). The relative functional activity of gap junctional channels
communication. While expression is given in percent. (A) Cx26 mutants are functionally inactive. (B) Cx26 mutants
R75W-Cx26/wtCx37 resulted in dominantly inhibit channel function of co-expressed wtCx26. (C) Cx26 mutants causing
significant increase of conductar PPK/HI suppress channel activity of co-expressed wtCx43 (trans-dominant effect). (D) Cx26
(P=0.02), the activity of AE42- mutants exert variable effects on the function of wtCx37 channels.
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epidermis throughout the spinous and granular layers, but ald4®98a). Their exact distribution, level of expression and
showed a weak staining in the basal epidermis. Cx26 stainirigteractions as well as the specific contributions of each Cx to
was restricted to basal keratinocytes (Fig. 3A). In contrasthe intercellular communication of keratinocytes, however,
double immunofluorescence analysis of Cx26 and Cx43 iremain enigmatic. As pathogenic mutationgGdB3 (Cx31),
hyperkeratotic sole skin of II-1 demonstrated a distinct buGJB4 (Cx30.3) andGJB6 (Cx30) may also manifest with
overlapping expression pattern of both connexins. Althoughyperkeratosis as part of their clinical phenotype (Lamartine et
Cx43 expression appeared normal, Cx26 showed not onbl., 2000; Macari et al., 2000; Richard, 2000), it appears that
punctate plasma membrane staining of basal keratinocytes, Hatilty Cx interfere with specific, yet unidentified functions of
was also strongly expressed in the upper spinous and granuiatercellular signaling in the epidermis leading to a disturbed
cell layers of the epidermis. At multiple foci, both Cx differentiation of keratinocytes and thus epidermal
colocalized in cells of the basal and suprabasal layers of thgyperkeratosis.

epidermis (Fig. 3B), in particular around the ducts of eccrine In the present report, we have identified a new dom{BaBg

sweat glands. Essentially similar results were obtained fanutation AE42) that causes deafnhess and PPK. In addition, the
individual 11I-2 (Fig. 3Q. Specifically, Cx26 was expressed results of our molecular analysis GfIB2in the tested family

in a patchy distribution in basal as well as suprabasallowed us to draw several interesting conclusions. First,
keratinocytes, but most abundantly by the epithelium of theeafness of the probands mother (II-2) was heritable and caused
eccrine sweat ducts with a distinct, punctate staining of the cddy homozygosity for the single, most comm®4B2 mutation
surface indistinguishable from that of specimens from II-1in Caucasians, 35delG. Second, the absence of a skin phenotype
Preferentially in keratinocytes surrounding the

eccrine sweat ducts, both Cx43 and Cx26 -
found to colocalize. For comparison, a sectio
a common wart, stained and imaged along
patient material, is shown in Fig. 3F to illustr
the strong expression and overlapf
distribution of both Cx26 and Cx43 in |1
suprabasal layers of hyperproliferative epider
In comparison with affected sole skin,
normal-appearing arm skin of II-1 showed
intense Cx26 staining, which was, neverthe
more pronounced than in normal controls (
3E; see also Lucke et al.,, 1999). Staining
Cx26 was completely absent in the arm ski
II-2 (including the eccrine sweat ducts wh
normally stain strongly for Cx26), who w
homozygous for the 35delG mutation GUB2
thus confirming the in vivo ‘knock-out’ of Cx:
in this individual (Fig. 3D).

DISCUSSION

Skin has an elaborate gap junction netv
comprising at least eight different Cx specie
rodent epidermis, which are expressed
overlapping, spatial and temporal patte
(Butterweck et al., 1994; Choudhry et al., 1¢
Goliger and Paul, 1994; Kam et al., 1986; R

etal., 1992; Salomon et al., 1994). In human
only the expression patterns of Cx43 and C
have been studied in detail to date. Cx4
expressed in interfollicular ~ epidermr
particularly in the spinous and granular

layers, in sebaceous glands and in hair folli
Cx26 is present in hair follicles, and in ecc
sweat glands and ducts, but is much less abu
in normal epidermis, being seen mainly in
skin of palms and soles (Lucke et al., 1¢
Salomon et al., 1994). Other Cx known to
expressed in human epidermis include C
Cx30.3, Cx31, Cx31.1 and Cx37 (Lamartine
al., 2000; Macari et al., 2000; Richard et

Fig. 3. Double immunofluorescence of normal and lesional skin with Cx26 (green)
and Cx43 (red) antibodies. (A) Normal plantar skin. (B) Lesional plantar skin of II-1
(carrier ofAE42). Areas of focal co-localization of Cx26 and Cx43 are shown in
yellow. (C) Lesional skin of the lateral foot of IlI-2 (compound heterozygous for
AE42/35delG). Normal expression of Cx26 by the epithelium of an eccrine sweat
duct with punctate staining of the plasma membranes. Note the focal co-localization
of Cx26 and Cx43 in suprabasal keratinocytes surrounding the sweat duct.

(D) Normal-appearing skin (arm) of 11-2 (homozygous 35delG mutation carrier)

with absent immunostaining of Cx26. (E) Normal-appearing skin (arm) of II-1
(carrier ofAE42) demonstrating basal expression of Cx26 with extension into the
lower suprabasal cells which results occasionally in co-localization of Cx26 and
Cx43. (F) Viral wart. Epidermal hyperproliferation is associated with strong
expression of Cx26 throughout the upper epidermis and extensive co-localization of
Cx26 and Cx43.e, epidermis; d, dermis; sd, sweat duct. Bam4@,B,C,F); 24

pm (D); 120um (E).
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of II-2, despite the complete loss of Cx26 confirmed byconnexons and gap junctional channels, or due to interference
immunofluorescence, suggests that either Cx26 is not crucial faiith their functional properties, and thus may be different for
epidermal function or other epidermally expressed Cx (e.ggach mutation (Martin et al., 1999; VanSlyke et al., 2000). To
Cx30, Cx30.3, Cx31, Cx31.1 or Cx37) can compensate for thessess the direct consequenceAl42 on the Cx system in
loss of Cx26. A likely candidate could be Cx30, which shareshe skin, we compared the normal expression profile of Cx26
about 77% identity in amino acid sequence with Cx26 (Kelleyand Cx43 to that of skin samples of all three family members
et al., 1999) and closely mirrors its expression pattern in theith different GIJB2 genotypes. The complete loss of Cx26
inner ear and skin (Kelley et al., 1999; M. B. H., unpublished)staining seen in a skin specimen of [I-2 (35delG/35delG)
Third, both parents transmitted a mut&dB2allele to their son implies that there is also no immunoreactive Cx26 protein
(IN-2), who was compound-heterozygous for the recessive nupiroduced from the 35delG allele of IlI-2. Consequently, the
allele (35delG, maternal allele), and a domir@dB2mutation  observed Cx26 immunostaining in IllI-2 reflects solely the
(125delAGG, paternal allele). Therefore, he is the first knowmxpression of the mutant prote42-Cx26, thus, providing
individual to be in essence hemizygous for a domi&iB2 a unique insight into the effects of this Cx26 mutant with
mutation. The absence of Cx26 has no obvious consequencesifaportant implications. The presence, distribution and plasma
development and differentiation of the epidermis, as illustratechembrane staining pattern of the mutant protein indicates that
by 1I-2, and many other individuals who are homozygous oAE42 does not interfere with expression, synthesis and
compound heterozygous for recessi@JB2 mutations. degradation of Cx26 in keratinocytes and the sweat duct
Therefore, the skin manifestation associated W42 in [I-2  epithelium. Moreover, this mutation obviously does not disturb
can be explained only by dominant interference of the mutarhe intracellular transport and targeting of Cx¥642 to the
Cx26 protein with the function of other epidermal proteins, orcell surface, as has been reported for other Cx mutations
alternatively, a gain-of-function effect. However, our resultsstudied in vitro, e.g. G12S (Cx32) and W77R (Cx26)
favor the former explanation. Finally, the nail dystrophy notedDeschenes et al., 1997; Martin et al., 1999). These results
in 111-2 has not been described in other individuals with PPK/HIstrongly suggest thaAE42 inhibits the normal Cx channel
and could potentially indicate an overlap with Cloustonfunction by perturbing connexon-connexon interactions,
syndrome, which is characterized by PPK, primary naikltering the Cx compatibility code or modifying the passage of
dystrophy, and hypotrichosis, caused by dominant mutations selected signals. The increased level of Cx26 staining
GJB6(Cx30) (Lamartine et al., 2000). However, nail dystrophyobserved, particularly in the sole skin of 1I-1, might reflect a
(especially secondary to trauma) is relatively common in theompensatory overexpression that is due to compromised
dermatological practice. Consequently, PPK and nail findings ifunction of Cx26. Alternatively, this might be an indirect result
I1I-2 could also be associated by chance. of changes in the normal proliferation and differentiation
AE42 is the fourth published autosomal domin&¥B2 program of keratinocytes, which are known to be associated
mutation with pleiotropic effects that impair the normalwith an induction of Cx26 expression, as shown for example,
function of the inner ear and the skin. All these mutations resuih response to trauma (tape stripping, wound healing) or in
in amino acid substitutions clustering in the highly conservegsoriasis (Goliger and Paul, 1995; Labarthe et al., 1998; Lucke
extracellular domain (G59A and D66H) or at its predictecet al., 1999).
interface with the transmembrane domaikis42 and R75W), Electrophysiological studies of the function &E42 and
suggesting that the character and location of these mutationther dominant Cx26 mutants expresseXinaevisoocytes
could at least partially determine their phenotypic expressioronfirmed their dominant-negative effect, resulting in a
In vitro site-directed mutagenesis and swapping of domainsignificant inhibition of the function of co-expressed wtCx26.
between different Cx has clearly demonstrated that the firgtlthough one can only speculate that the degree of interference
extracellular loop is crucial for connexon-connexonof mtCx26 with the function of wtCx26 determines the severity
interactions and voltage gating of Cx channels (Bruzzonef Hl, this simple loss-of-function mechanism cannot explain
et al., 1996). Moreover, most predicted boundaries of théhe skin involvement. Therefore, our co-expression data
transmembrane domains of Cx are marked by conserveprovide the first experimental evidence to suggest that (1)
highly charged residues, including R, K, H (basic) or E (acidicpathogenidcJB2mutations may interfere with the function of
(Yeager and Nicholson, 1996). Distinct mutations changing thether Cx species, and that (2) this trans-dominant effect could
charge of these regions have been associated with disease, sbelthe basis for the cutaneous manifestation of some dominant
as R75W and\E42 inGJB2(Richard et al., 1998b), R42P in GJB2 mutations. Selectively, all dominant Cx26 mutants
GJB3 (Richard et al., 2000; Wilgoss et al., 1999) or R75Wcausing PPKAE42, D66H and R75W) sufficiently blocked the
R75Q and E186K irGJB1 (Bergoffen et al., 1993; Silander function of wtCx43, which we have demonstrated to colocalize
et al.,, 1997; Tan et al., 1996), probably by altering thewith Cx26 in keratinocytes of affected skin tissue, while the
conformation of the mutant Cx and/or the gating polarity ofmutant Cx26 without a skin manifestation (W44C) did not.
aberrant Cx channels (Wilgoss et al., 1999). Such a consistent result could not be elicited for co-expression
Our functional in vitro studies confirmed that all testedwith wtCx37. Although we observed los®H42, W44C) as
dominant GJB2 mutations have a deleterious effect on Cxwell as gain- (R75W) of-function perturbing the normal level
function, similar to recessive mutations, and render the mutanf Cx37 signaling, there was no apparent correlation with the
protein incapable of forming functional Cx channels (Martinphenotypic expression of these mutants that suggested either
et al., 1999; White, 2000). Studies of the fate of mutant Cx inandom or biologically irrelevant effects. It remains to be
mammalian cell culture systems have determined that theslucidated if Cx37 and Cx43 colocalize under normal or
functional impairment may due to disruption of any of the steppathological conditions in human skin when a specific
in Cx synthesis, intracellular trafficking, and assembly toantibody directed against human Cx37 becomes available.
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Owing to differences in Cx biology betwe#nlaevisoocytes The zones of epidermal co-expression of Cx26 and Cx43 are
and mammalian cells, our data obtained in this simple modémited and mainly involve the skin of palms and soles, and
system may not always reflect the much more complethus could explain the restricted phenotype (PPK). Future
situation in vivo as, for example, has been demonstrated fetudies in mammalian cells and/or transgenic animals that
mutation M34T. The presence of this Cx26 mutant dominantlgxpress dominantGJB2 mutations with different clinical
interfered with the function of wtCx26 K. laevisoocytes, manifestations will verify the biological significance of our
whereas M34T has now been recognized as a recessive alletcept in vivo.

associated with mild HI in human (Houseman et al., 2001;

White, 2000). Nevertheless, the selective interference of We are grateful to the family members for their generous

dominant Cx26 mutations exhibiting a skin phenotype withParticipation in our study. We wish to thank H. J. Alder for services
Cx43 is remarkable, and similar interactions with other" oligonucleotide synthesis, DNA sequencing and genotype analysis.
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their inability to form functional homo- and/or heterotypic

channels (Richard et al., 2000; White and Bruzzone, 1996),

indicating a need for further investigations in other eXpressiopEFERENCES

systems.
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