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Abstract
Mutations in GJB2, the gene encoding the human gap junction protein connexin26 (Cx26), cause
either non-syndromic hearing loss or syndromes affecting both hearing and skin. We have
investigated whether dominant Cx26 mutants can interact physically with wild type Cx26. HeLa
cells stably expressing wild type Cx26 were transiently transfected to co-express nine individual
dominant Cx26 mutants; six associated with non-syndromic hearing loss (W44C, W44S, R143Q,
D179N, R184Q, and C202F) and three associated with hearing loss and palmoplantar keratoderma
(G59A, R75Q, and R75W). All mutants co-localized and co-immunoprecipitated with wild type
Cx26, indicating that they interact physically, likely by forming admixed heteromeric/heterotypic
channels. Furthermore, all nine mutants inhibited the transfer of calcein in cells stably expressing
Cx26, demonstrating that they each have dominant effects on wild type Cx26. Taken together,
these results show that dominant-negative effects of these Cx26 mutants likely contribute to the
pathogenesis of hearing loss.
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INTRODUCTION
Gap junctions (GJs) are intercellular channels that allow the direct passage of ions and small
molecules (typically < 1000 Da) between adjacent cells, and are thought to have diverse
functions, including the propagation of electrical signals, metabolic cooperation, spatial
buffering of ions, growth control, and cellular differentiation (Bruzzone et al., 1996). A
complete channel is formed when one hemichannel (or connexon) docks with a compatible
hemichannel on an apposed cell membrane; each hemichannel is comprised of six
compatible connexin molecules - a large family of highly conserved proteins, named
according to their predicted molecular mass (Willecke et al., 2002). Individual hemichannels
can be composed of one (homomeric) or more than one (heteromeric) type of connexins.
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Similarly, channels can be composed of hemichannels comprised of the same (homotypic)
or different (heterotypic) connexins (Kumar and Gilula, 1996; White and Bruzzone, 1996).
The configuration and molecular composition of channels affect the biophysical properties
such as permeability and gating (Harris, 2001).

Mutations in GJB2, GJB6, and GJB3, the genes that encode the human gap junction proteins
connexin26 (Cx26), Cx30, and Cx31, respectively, cause hearing loss (Estivill et al., 1998;
Grifa et al., 1999; Kelsell et al., 1997; Xia et al., 1998). Recessive mutations of GJB2 are the
most common cause of hereditary non-syndromic hearing loss, accounting for up to 50% of
such patients, with over 90 recessive mutations reported (http://davinci.crg.es/deafness/). At
least 30 dominant mutations in GJB2 have also been reported to cause hearing loss, either in
isolation (non-syndromic) or as part of a syndrome with various skin disorders, including
palmoplantar keratoderma (PPK). Recessive GJB2 mutations likely cause simple loss of
function, whereas dominant GJB2 mutations likely cause gain of function, including
dominant-negative effects on wild type (WT) Cx26 and/or Cx30 (Marziano et al., 2003;
Yum et al., 2010).

Cx26 is widely expressed throughout non-sensory epithelial and connective tissue cells, and
is largely co-expressed with Cx30 in the inner ear (Ahmad et al., 2003; Forge et al., 2002;
Jagger and Forge, 2006; Kikuchi et al., 1995; Lautermann et al., 1998; Sun et al., 2005). We
reported that 9 dominant Cx26 mutants co-immunoprecipitated with Cx30, indicating that
they form admixed heteromeric/heterotypic channels and 8 of them have trans-dominant
effects on Cx30 (Yum et al., 2010). Cx26 mutants are proposed to exert their dominant-
negative effect on WT Cx26 by forming heteromeric/heterotypic channels as well (Marziano
et al., 2003; Oshima et al., 2003; Piazza et al., 2005), but this has not been directly
demonstrated. In this study, we extended the analysis of these nine dominant Cx26 mutants
(Suppl. Fig. 1) - six (W44C, W44S, R143Q, D179N, R184Q and C202F) that cause non-
syndromic hearing loss (NSHL) and three (G59A, R75Q and R75W) that cause syndromic
hearing loss (SHL) associated with PPK, and demonstrated that all nine co-localized and co-
immunoprecipitated with WT Cx26, indicating that these individual mutants co-assembled
with WT Cx26 into heteromeric/heterotypic channels, and they either partially or completely
inhibited dye transfer of WT Cx26. Dominant-negative effects of these Cx26 mutants likely
contribute to the pathogenesis of hearing loss.

MATERIALS AND METHODS
Chimeric/epitope tagged Cx26 and mutant Cx26 expression constructs

A plasmid containing human GJB2 (kindly provided by Dr. Bruce Nicholson) was amplified
by PCR using oligonucleotide primers designed to include the open reading frame (ORF)
and incorporate a 5’ NheI site and a 3’ BamHI site. The PCR product was ligated into
pIRESneo3 and/or pIRESpuro3 (Clontech, Palo Alto, CA), and the pIRES2-DsRed
bicistronic vector (Orthmann-Murphy et al., 2007) as previously described (Yum et al.,
2007). The GJB2 mutations were introduced into the ORF of human GJB2 cDNA by PCR
site-directed mutagenesis using the QuickChange kit (Stratagene, La Jolla, CA). To generate
the mutations, oligonucleotide mutagenic primers were designed and incorporated using
Pfu-Turbo DNA polymerase. The PCR products were digested by DpnI endonuclease to
eliminate the parental DNA template. The resulting DNA was used to transform XL-1 Blue
bacteria, and minipreps were made from single colonies and sequenced at the Cell Center at
the University of Pennsylvania. A large-scale plasmid preparation was made from a single
colony (Qiagen) and the GJB2 sequence and each mutation was confirmed by direct
sequencing.
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To generate fusion proteins of Cx26 and EGFP (Cx26EGFP) and DsRed (Cx26DsRed),
human GJB2 cDNA was amplified by PCR using oligonucleotide primers designed to
include the ORF, delete the stop codon and incorporate a 5’ EcoRI site and a 3’ BamHI site,
using Pfu Turbo polymerase. The PCR products were cloned into the EcoRI and the BamHI
restriction sites of vector pEGFPN1 or DsRed-monomer-N1 (Clontech, Palo Alto, CA). The
resulting constructs have GJB2 in frame with EGFP or DsRed with a 7 amino acid linker. To
generate fusion proteins of Cx26 and V5 (Cx26V5), myc (Cx26Myc), and FLAG
(Cx26FLAG), an adaptor-duplex containing each epitope tag sequence, a 5’ BamHI site, and
a 3’ BsrGI site was synthesized, and subcloned into the 5’ BamHI and the 3’ BsrGI
restriction sites of the Cx26EGFP construct, replacing the EGFP sequence with that of the
specific epitope tag. The resulting constructs were sequencing from a large-scale plasmid
preparation obtained from a single colony.

Generating cell lines expressing WT Cx26 or Cx26 mutants
Communication-incompetent HeLa cells (Elfgang et al., 1995) were obtained from Dr.
Klaus Willecke. They were grown in low-glucose Dulbecco’s modified Eagle’s Medium
(DMEM) supplemented by 10% fetal bovine serum (FBS) and antibiotics (100 units/ml
penicillin, 100 µg/ml streptomycin) in a humidified atmosphere containing 5% CO2 at 37°C.
To generate transiently transfected cells, HeLa cells were grown on coverslips in 24 well
plates, and transfection with FuGENE 6 transfection reagent (Roche Applied Science,
Indianapolis, IN) according to the manufacturer’s protocol. Briefly, FuGENE 6 was diluted
in Opti-MEM (GIBCO BRL, Carlsbad, California), then admixed with plasmids encoding
Cx26V5, Cx26Flag, Cx26Myc, Cx26DsRed, Cx26EGFP, WT Cx26 or individual Cx26
mutations, or equal amounts of plasmids encoding Cx26V5 and (untagged), WT Cx26, or
individual human Cx26 mutations in the co-transfection experiments. The transfection
reagent:DNA complex was incubated for 15–20 min at RT, then added to HeLa cells
(approximately 50% confluent), incubated for 2 days in DMEM at 37°. Immunostaining,
immunoblot analysis or co-immunoprecipitation experiments were performed two days after
transfection.

Immunocytochemistry
HeLa cells were grown on coverslips for 2 days to approximately 70–80% confluence,
washed in 1X PBS, fixed in acetone at −20°C for 10 min, blocked (5% fish skin gelatin in
1X PBS containing 0.1% Triton) for 1 hr in RT, and incubated overnight at 4°C with various
antibodies diluted in blocking solution. After washing in PBS, TRITC-conjugated donkey
anti-rabbit, and FITC-conjugated donkey anti-mouse secondary antibodies were added in the
same blocking solution (1:200) and incubated at RT for 1 hr. Coverslips were mounted with
Vectashield (Vector Laboratories Inc., Burlingame, CA) and samples were photographed
with a Leica fluorescence microscope with a Hamamatsu digital camera C4742-95
connected to a G5 Mac computer, using the Openlab 2.2 software for deconvolution.
Confocal images were captured using a 60X, oil immersion objective on the Leica TCS SPZ
AOBS confocal microscope system (USA). Z series were taken through the cells at near the
limit of resolution. Three confocal planes near the middle of the z series that contain the
sharpest images of cells were stacked using the ImageJ software and analyzed for the
expression of both Cx26V5 and Cx26 mutants.

We used a monoclonal antibody (Zymed Laboratories 33-5800, South San Francisco, CA;
diluted 1:500) and a rabbit antiserum (Zymed Laboratories 51-2800, South San Francisco,
CA, diluted 1:1000) against the C-terminus of Cx26 (Cx26-C), a rabbit antiserum against the
intracellular loop of Cx26 (Cx26-L; Zymed Laboratories 71-0500, South San Francisco, CA;
diluted 1:1000), monoclonal antibodies against V5 (Invitrogen, Carlsbad, CA, diluted
1:1000), FLAG (Sigma-Aldrich, diluted 1:2000), or c-Myc (Sigma, diluted 1:1000), and
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rabbit antisera against V5 (Sigma-Aldrich, diluted 1:1000), FLAG (Sigma, diluted 1:2000),
or c-Myc (Sigma, diluted 1:1000). For cells co-expressing individual Cx26 mutants and
Cx26V5, we typically used the combination of the rabbit antiserum against Cx26-C and the
mouse monoclonal antibodies against V5 because we found that the epitope tag “blocks” the
immunoreactivity of Cx26V5 to antibodies against Cx26-C (Fig. 1).

Immunoblot analysis and co-immunoprecipitations
For immunoblots, HeLa cells were grown to confluence on 100 mm plates, harvested in cold
Dulbecco’s PBS lacking Ca2+ and Mg2+ (Invitrogen, Carlsbad, CA). The supernatant was
removed, the pellet was lysed in ice-cold lysis buffer (50 mM Tris, pH = 7.0, 1%
dodesylsulfate (SDS), and 0.017 mg/ml phenylmethylsulfonyl fluoride (Sigma-Aldrich, St.
Louis, MO), followed by a brief sonication (15 sec on, 10 sec off, for six times) on ice with
a dismembrator (Fisher Scientific, Pittsburgh, PA). The protein concentration of each
sample was measured (Bio-Rad Laboratories, Richmond, CA) according to manufacturer’s
instructions. 100 µg of each sample was incubated with electrophoresis buffer (62.5 mM
Tris, pH = 6.8, 20% glycerol, 2% SDS, 100 mM DTT and bromophenol blue) at RT for 5–
15 min, loaded onto 12% SDS-polyacrylamide gel, electrophoresed, transferred to an
Immobilon-polyvinylidene fluoride membrane (Millipore, Billerica, MA) using a semi-dry
transfer unit (Bio-Rad, Hercules, CA), blocked (5% blotting grade blocker non-fat dry milk
and 0.5% Tween-20 in Tris-buffered saline) for 1 h, and incubated overnight at 4°C with
various primary antibodies against Cx26 (diluted in blocking solution). The blots were
washed in blocking solution, incubated in peroxidase-coupled donkey antiserum against
rabbit or mouse IgG (Jackson ImmunoResearch, West Grove, PA, diluted 1:10,000) for 1 h
at RT. After washing in blocking solution and Tris-buffered saline containing 0.5%
Tween-20, the blots were visualized by enhanced chemiluminescence (Amersham,
Piscataway, NJ) according to the manufacturer’s protocol. In this way, we found that a
rabbit antiserum against Cx26-C (Zymed Laboratories 51-2800, South San Francisco, CA)
and a monoclonal antibody against Cx26-C (Zymed Laboratories 33-5800, South San
Francisco, CA; diluted 1:500) did not bind to Cx26V5.

For co-immunoprecipitations, HeLa cells (grown on 60 mm plates) were transiently
transfected to co-express Cx26V5 and (untagged) WT Cx26, a Cx26 mutant, or Cx43, lysed
in 500 µL of ice-cold RIPA buffer (10 mM sodium phosphate pH 7.0, 150 mM NaCl, 2 mM
EDTA, 50 mM sodium fluoride, 1% NP-40, 1% sodium deoxycholate, and 0.1% SDS) for
15 minutes on ice, scraped, then spun at 14,000 rpm for 30 minutes. The supernatants were
collected, and incubated on ice with either 10 µl mouse monoclonal antibody against V5
(Invitrogen) or 5 µl rabbit antiserum against V5 (Sigma-Aldrich) for 1 hour. Protein G
agarose (100 µl) was added to the above cell lysates/antibody solution, and incubated
overnight at 4°C. The beads were washed in RIPA buffer, re-suspended in electrophoresis
buffer (62.5 mM TRIS, 20% glycerol, 2% SDS, 100 mM DTT), separated on 12% SDS-
polyacrylamide gel for protein detection following the immunoblotting protocol described.
The blots were initially incubated with a rabbit polyclonal antiserum against Cx26-C or
Cx43, respectively, visualized, and then re-hybridized with a rabbit antiserum against V5.
The blots were stripped, then re-hybridized again with a rabbit antiserum against Cx26-L.

Fluorescence recovery after photobleaching (FRAP)
For FRAP, HeLa cells stably expressing Cx26 (Yum et al., 2007) were grown on 35/22 mm
glass bottom dish (Warner Instruments, Hamden, CT) and transiently transfected with a
pIRES2-DsRed bicistronic vector containing WT GJB2 or selected GJB2 mutations, using
Lipofectamine LTX reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s
“one tube” protocol. About 40 h after transfection, the cells (about 70–90% confluent) were
washed in 1X HBSS, incubated with Calcein-AM (1 µM; Biotium, Haywood, CA) in Opti-
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MEM (Invitrogen, Carlsbad, CA) for 20 min, rinsed several times with 1X HBSS, and
maintained in Opti-MEM at RT during the experiment. We used the interactive software of a
FluoView FV1000 Olympus laser scanning confocal microscope that has a synchronized
laser scanning system, in which one laser provides high resolution images while the second
laser simultaneously stimulates. Using a 60x objective, individual DsRed-positive cells that
were surrounded by at least 4 other transfected (DsRed positive) cells (ranged 4–7
depending on the size and the shape of the cells) were bleached by placing a cursor within
the contour of the cell membrane, and photobleached for 600 ms with a 405 nm, 25 mW
diode laser at full power. The aim was to bleach maximally the selected cells, without
bleaching neighboring cells. The 488-nm line of a 30 mW Argon laser at 0.3% excitation
power of this instrument was used to detect the green fluorescence signal during the entire
recording. To measure FRAP, images were acquired before bleaching and every 10 seconds
following bleaching for 400 seconds. A circular cursor (slightly smaller than the one used to
bleach the cell) was placed in the center of the bleached cell, average fluorescence intensity
within the circle was measured as mean pixel density and exported as Excel files. One
unbleached cell in the same field was also monitored for fluorescence loss throughout the
experiment. In addition, individual cells that were isolated from the rest of the cells were
also bleached and monitored for recovery in each dish; no recovery was observed (data not
shown). Using Microsoft Excel software, the fluorescence signal intensity immediately prior
and immediately after photobleaching was normalize to 100% and 0% respectively.
Recovery was calculated based on the fluorescence intensity in the photobleached cell at
each time point relative to the fluorescence intensity of the same cell at the same region
prior to the bleaching and expressed as percent recovery.

To determine whether FRAP of cells co-expressing Cx26 and individual Cx26 mutants
differed from those of cells co-transfected with plasmids containing WT Cx26 (in a DsRed
bicistronic vector), we conducted a statistical analysis applying a repeated measure
nonlinear regression model with autocorrelated errors to model recovery curve for the
transformed percentages over time (Proc Mixed in SAS software version 9.1). The test for
difference between two group-specific mean curves (each curve is a specific cell line) was
based on the test of significance of the two interaction parameters (the group-slope and the
quadratic time interactions). The error terms were assumed to be autocorrelated to account
for correlations among the responses across time within a given cell line (Yum et al., 2010;
Yum et al., 2007). A p-value of < 0.05 was considered to be significant.

RESULTS
All nine dominant Cx26 mutants co-localized with WT Cx26 in the gap junction plaques

We have recently shown that nine dominant Cx26 dominant mutants (W44C, W44S, G59A,
R75Q, R75W, R143Q, D179N, R184Q, C202F) form gap junction plaques at apposed cell
borders, similar in appearance to those formed by WT Cx26 (Yum et al., 2010). To
determine whether these dominant mutants can interact with WT Cx26, we added various
tags (EGFP or DsRed, as well as V5, myc, or FLAG epitopes) to the C-terminus of WT
Cx26. Immunostaining transiently transfected HeLa cells showed that WT Cx26 with a V5
tag (Cx26V5) had the most similar expression pattern to that of (untagged) WT Cx26
(Suppl. Fig. 2), and that the V5 tag “blocked” the staining of a rabbit antiserum against the
C-terminus of Cx26 (RbaCx26-C) but not that of a rabbit antiserum against the cytoplasmic
loop of Cx26 (RbαCx26-L), as shown in Figure 1A. This serendipitous finding allowed us to
localize Cx26V5 (with MαV5) and untagged Cx26 (with RbαCx26-C) separately in HeLa
cells expressing both of them (Fig. 1A). Using this approach, we found that WT Cx26 and
each of the 9 dominant Cx26 mutants formed gap junction plaques at apposed cell borders,
as in cells transfected to express the individual mutants alone at the same time (Fig. 1C), and
were largely co-localized with Cx26V5 in gap junction plaques at apposed cell borders (Fig.
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1B). We have performed the transfection at least 5 times for each mutant with similar
results. Thus, none of the nine Cx26 mutants affected the trafficking and localization of WT
Cx26.

Cx26V5 and Cx26 mutants co-immunoprecipitate
The co-localization of Cx26V5 and Cx26 mutants in co-transfected cells suggests that they
form heteromeric hemichannels. To evaluate directly this possibility, we
immunoprecipitated Cx26V5 with a mouse monoclonal antibody against V5, blotted the
immunoprecipitates with the rabbit antiserum against the C-terminus of Cx26. As shown in
Figure 2, WT Cx26 as well as all 9 different mutants co-immunoprecipitated with Cx26V5.
In contrast, Cx43 does not co-immunoprecipitate with Cx26V5 (Fig. 2A, right panel), in
keeping with the evidence that these two connexins do not interact in mammalian cells
(Gemel et al., 2004; Yum et al., 2007). To validate our approach, we demonstrated directly
that two different V5 antibodies co-immunoprecipitate Cx26V5, but do not
immunoprecipitate WT Cx26 itself, and that the V5 epitope tag largely blocks the binding of
the rabbit antiserum against the C-terminus of Cx26 (Suppl. Fig. 3). We performed these
experiments three times with similar results, and conclude that the dominant Cx26 mutants
likely interact physically with Cx26WT, probably by forming heteromers.

Functional analysis of cells expressing Cx26V5 and/or Cx26 mutants
To investigate whether these dominant Cx26 mutants affect the function of WT Cx26, we
compared the fluorescence recovery after photobleaching (FRAP), a quantitative analysis of
dye transfer over time, in HeLa cells stably expressing Cx26 (Yum et al., 2007) transiently
transfected with a pIRES2-DsRed bicistronic vector containing WT GJB2 or one of the nine
GJB2 mutations. After transfection, confluent monolayers of cells were incubated in calcein
AM, which is cleaved within cells, yielding calcein, a small (623 Da; -4 charge) fluorescent
molecule. The number of neighboring cells needed to surround an individual cells
completely in the culture ranged from 4–7 depending on the size and the shape of the cells;
fewer cells if they were larger or if they were relatively elongated. Therefore, we selected
individual DsRed-positive cells that were in close contact with at least four other DsRed-
positive cells for photobleaching. The images were acquired immediately before and after
bleaching, and every 10 seconds thereafter for 400 seconds; examples are shown in Figure
3A. The fluorescence was measured as mean pixel density in the bleached cell in every
image. We normalized the data for each cell, assigning the fluorescent signal present in each
cell immediately prior to and immediately after photobleaching as 100% and 0%,
respectively, so that the data from different cells could be pooled. As shown in Figure 3B,
all 9 mutants significantly suppressed calcein transfer of WT Cx26 (p < 0.0001), although
the D179N mutant had less severe inhibition comparing to other mutants (p < 0.0001).

DISCUSSION
To simulate the in vivo situation in patients with dominant GJB2 mutations, where mutant
and WT Cx26 subunits are co-expressed due to the heterozygous state of the mutations, we
investigated the interaction between nine individual dominant Cx26 mutants and WT Cx26
in a model system. The lack of binding of antibodies against the C-terminus of Cx26 to
Cx26V5 enabled us to distinguish WT Cx26 (Cx26V5) from the untagged Cx26 mutants. In
this way, we showed that nine dominant Cx26 mutants interact directly with WT Cx26 – all
mutants were co-localized and co-immunoprecipitated with Cx26V5. Furthermore, we used
a novel adaptation of a FRAP assay to demonstrate directly that all nine mutants diminished
the function of WT Cx26. Our results, taken together, provide the first comprehensive
demonstration that dominant Cx26 mutants interact physically with, and have dominant
effects upon, WT Cx26, likely by forming heteromeric/heterotypic channels.
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All nine dominant Cx26 mutants interact physically with WT Cx26
Up to 30 different dominant mutations in GJB2 have been reported; 10 are associated with
non-syndromic hearing loss (NSHL), and the others cause syndromic hearing loss (SHL)
with various skin diseases. In this study, we focused our investigation on mutants associated
with NSHL or SHL associated with the milder form of skin disease PKK. We previously
reported that these nine dominant Cx26 mutants formed gap junction plaques in transfected
cells when expressed alone, or when co-expressed with Cx30, with which they were co-
localized (Yum et al., 2010). We extended the analysis here by showing that these nine
mutants were also colocalized with Cx26V5, forming normal-appearing gap junction
plaques. Our findings are consistent with previous reports that W44S, G59A, G59A-EGFP,
W75Q-EYFP, or R75W-GFP formed gap junction plaques at the cell borders in cells co-
expressing WT Cx26 (Marziano et al., 2003; Oshima et al., 2003; Piazza et al., 2005), but
some of these reports did not directly demonstrate that both mutants and WT Cx26 were
present in these plaques (Marziano et al., 2003). It should be noted that Marziono et al.
(Marziano et al., 2003) made the W44S, G59A, G59A-EGFP, R75W-GFP mutations in a rat
cDNA (and co-expressed these with WT rat Cx26), and that the rat G59A did not form gap
junction plaques when expressed alone, whereas we and others (Thomas et al., 2007;
Thomas et al., 2004) found that the human G59A mutant did form gap junction plaques
when expressed alone. Similarly, our result was also different from a recent report of
trafficking defect of the R184Q mutant (Su et al.). Technical reasons could account for the
discrepancy as Su et al used a complicated Tet-on system in the experiment. In addition,
they used an EGFP tagged plasmid that could potentially affect the trafficking of the protein.

We also provided the first demonstration that these nine mutants co-immunoprecipitated
with Cx26V5; this is strong evidence of a direct interaction. Based on our co-
immunoprecipitations of Cx26 and Cx30 (Yum et al., 2010), the predominant interaction
demonstrated by this assay between individual mutants and WT Cx26 is heteromeric (within
hemichannels) rather than heterotypic (between apposed hemichannels). This interpretation
is consistent with the finding that R75W-His and Cx26 are co-eluted in the hexamer fraction
in cells co-expressing them (Oshima et al., 2003).

Dominant-negative effect of Cx26 mutants on WT Cx26
All nine dominant Cx26 mutants inhibited dye transfer of WT Cx26, thereby providing
direct evidence that each mutant has a dominant-negative effect on WT Cx26. Because we
used a DsRed bicistronic vector, we avoided the potentially confounding effect of epitope
tags, which can potentially alter the biophysical properties of connexin channels (Bukauskas
et al., 2001; Sullivan and Lo, 1995). Our results confirm and extend prior reports that W44S
or R75W diminished dye transfer in cells co-expressing (rat) Cx26 (Marziano et al., 2003);
R75W inhibited sulforhodamine transfer when co-expressed with WT Cx26-GFP, while
C64S (a recessive mutation) did not (Oshima et al., 2003); R75GYFP suppressed LY
transfer and electrical coupling in HeLa cells expressing Cx26 (Piazza et al., 2005);
HBL-100 cells co-expressing (rat) Cx26 and either G59A-GFP or D66H-GFP exhibited an
80% decrease in dye transfer (Thomas et al., 2004); R75W and W44C almost completely
blocked the electrical coupling of co-expressed WT Cx26 in paired Xenopus oocytes, while
the recessive mutant W77R did not (Richard et al., 1998; Rouan et al., 2001). Because these
mutants did not cause trafficking defect, the dominant effects likely involve improper
docking or abnormal gating of the heteromeric heterotypic channels formed. Four mutations
(R143Q, D179N, R184Q and C202F) we studied had not been investigated previously.

Eight out of nine mutants markedly diminished calcein transfer of WT Cx26, while they
differ in their ability to act as dominant negatives in Cx30 function (Yum et al., 2010). This
is significant, since it has previously been assumed that mutant Cx26 would have the same
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effect on WT Cx26 and WT Cx30. These mutations result in different severity of hearing
loss; whether the variable dominant effects of individual mutants on Cx30 account for the
differences remains to be determined.

Of particular interest is the D179N mutant that only partially inhibited dye transfer of Cx26
and did not affect dye transfer of Cx30 (Yum et al., 2010). This is likely a unique functional
consequence of the mutation as obvious differences in the transfection efficiency or
heteromeric association (as shown in Fig. 1 and Fig 2) has not been observed as compared to
other mutants / WT combination. D179N mutation occurs in the highly conserved residue in
the second extracellular loop of Cx26 that is shown to mediate inter-connexon interaction
(Maeda et al., 2009). It was identified in a family with four affected members presenting
mild-to-moderate post-lingual hearing loss (Primignani et al., 2003); whether the partially
functional channels account for the milder phenotype in this family, and whether a more
severe dominant effect can be demonstrated with other functional assays remain to be
determined.

How do dominant GJB2 mutations cause hearing loss?
Haplotype insufficiency could not be the disease mechanism for dominant GJB2 mutations
because individuals heterozygous for recessive GJB2 deafness mutations do not have
impaired hearing. Therefore, dominant mutants that result in hearing loss must have a gain
of toxic function. There are likely different types of dominant effects. Some Cx26 mutations
associated with keratitis-ichthyosis-deafness syndrome cause cell death that was speculated
to be due to aberrant hemichannel activity (Gerido et al., 2007; Lee et al., 2009; Stong et al.,
2006). However, this has not been demonstrated in dominant mutations associated with
NSHL or SHL with milder forms of skin diseases, and some of these mutants have been
shown to increase cell survival instead (Common et al., 2004). Some dominant Cx26
mutants were shown to interfere with trafficking of the co-expressed WT Cx26 and/or Cx30
(Bakirtzis et al., 2003; Shurman et al., 2005). Our data and those of others (Chen et al.,
2005; Marziano et al., 2003; Oshima et al., 2003; Piazza et al., 2005; Rouan et al., 2001;
Yum et al., 2010) demonstrate that many dominant Cx26 mutants that cause NSHL or SHL
with PKK form gap junction plaques with WT Cx26 or Cx30, but the heteromeric/
heterotypic channels formed have severely impaired function, likely due to improper
docking or defective gating. In this scenario, dominant Cx26 mutants affect hearing by
diminishing the function of co-expressed WT Cx26 and/or Cx30, although separating these
two effects would require a full understanding of the roles of Cx26 and Cx30 in the cochlea.

Gene deletions in mice demonstrate that both Cx26 and Cx30 are required for hearing
(Cohen-Salmon et al., 2002; Teubner et al., 2003), but the roles of Cx26 and Cx30 in
cochlea have yet to be fully elucidated. It has been proposed that GJs are involved in ionic
coupling, allowing endolymphatic K+ recycling and the generation of endocochlear potential
after the onset of hearing (Wangemann, 2002), but this has not been directly demonstrated.
Because both homotypic Cx26 and homotypic Cx30 channels are permeable to K+ (Manthey
et al., 2001; Valiunas et al., 1999), the finding that Cx26 and Cx30 do not compensate for
each other in these animal models suggests that K+ recycling is not the sole role of GJs in
the cochlea. Furthermore, this hypothesis would not explain the findings of altered postnatal
maturation and development of the organ of Corti before the onset of hearing in conditional
Gjb2-null mice (Wang et al., 2009) and in a transgenic mouse model expressing a dominant-
negative R75W mutant (Inoshita et al., 2008). Emerging evidence supports the idea that GJs
mediate metabolic coupling in the cochlea, allowing the exchange of larger molecules such
as metabolites, second messengers and glucose (Beltramello et al., 2005; Chang et al., 2008;
Zhang et al., 2005). The co-assembly of Cx26 mutants and Cx26 or Cx30 may affect the
cellular energy supply and biochemical homeostasis in the cochlea, resulting in hearing loss.
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Figure 1. Dominant Cx26 mutants co-localize with WT Cx26 at gap junction plaques
These are confocal images of transiently transfected HeLa cells that express WT Cx26 with
a C-terminal V5 epitope tag (Cx26V5) alone (A), or co-express Cx26V5 and WT Cx26
(Cx26WT) or the indicated Cx26 mutants (B), or the individual Cx26 mutants alone as
indicated (C) (A) These cells were co-labeled with a mouse antibody against V5 (MaV5)
and a rabbit antiserum against the C-terminus (RbaCx26-C, left panel) or the cytoplasmic
loop (RbaCx26-L, right panel) of Cx26. Note that the V5 tag did not alter the trafficking of
Cx26V5 to gap junction plaques at apposed cell borders as visualized with MaV5 or
RbaCx26-L (right panel), whereas the immunoreactivity to the RbaCx26-C was minimal and
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never seen at the gap junction plaques (left panel), indicating that the V5 tag prevented the
binding of the RbaCx26-C antiserum.
(B) These cells were co-labeled with RbaCx26-C (to visualize the untagged WT or mutant
Cx26) and MaV5 (to visualize Cx26V5). Similar to Cx26WT, all of these Cx26 mutants
were colocalized with Cx26V5, including at gap junction plaques. Scale bar: 10 µm. (C)
These are confocal images of HeLa cells transiently transfected to express WT Cx26
(Cx26WT) or the indicated Cx26 mutants. The cells were labeled with a rabbit antiserum
against the C-terminus of Cx26. Similar to the WT Cx26, all of these mutants formed gap
junction plaques at apposed cell borders. Scale bar: 10 µm.
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Figure 2. Cx26V5 co-immunoprecipitates dominant Cx26 mutants
(A) HeLa cells were transiently transfected to express WT Cx26, Cx26V5, or both Cx26V5
and WT Cx26, as well as WT Cx43, Cx26V5, or both WT Cx43 and Cx26V5. Lysates were
immunoprecipitated (IP) with a mouse monoclonal antibody against V5 (MαV5), probed
with a rabbit antiserum against the C-terminus of Cx26 (RbαCx26-C, lanes 1–3) or Cx43
(RbαCx43, lanes 4–8), then reprobed with a rabbit antiserum against V5 (RbαV5). Note that
the MαV5 co-immunoprecipitated Cx26 (lane 3), but did not co-immunoprecipitate Cx43
(lane 6), which is present in the unbound fraction (UB) of the lysate (lane 8). Because the
blot was not stripped before reprobing, faint signals for Cx26 (arrowhead) and Cx43 (triple
arrowhead) are present.
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(B) HeLa cells were transfected to co-express Cx26V5 and one of the indicated Cx26
mutants. Lysates were immunoprecipitated with MαV5, probed with RbαCx26-C (upper
panel), reprobed with RbαV5 (middle panel), then stripped and reprobed again with a rabbit
antiserum against the cytoplasmic loop of Cx26 (RbαCx26-L, lower panel). Note that MαV5
co-immunoprecipitates Cx26 mutants in all cases, as shown by the bands in the upper panel
and by the lower set of bands in the lower panel. The untagged Cx26 (single arrowhead) ran
slightly further in the gel than did the Cx26V5 (double arrowheads). Size markers (in kDa)
are shown.
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Figure 3. Dominant Cx26 mutants inhibited dye transfer of cells stably expressing WT Cx26
FRAP was performed in HeLa cells stably expressing Cx26 that were transiently transfected
to express WT Cx26 (Cx26WT) or one of nine individual different dominant Cx26 mutants
(in a DsRed bicistronic vector) as indicated. Two days later, the cells were incubated in
calcein AM to fill the cytoplasm with calcein (green), and selected, single cells expressing
DsRed (red) that were in close contact with at least four other DsRed-positive cells were
photobleached, and then the green fluorescence signal was measured every 10 sec for 400
sec.
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(A) Examples of cells immediately before (pre-bleach), immediately after (0 sec), 200
seconds and 400 seconds after bleaching. An asterisk (*) indicates the cell selected for
bleaching. Scale bar: 10 µm.
(B) Summary of the FRAP data for many individual cells. For every bleached cell, the
fluorescent signal present in each cell immediately prior to and immediately after
photobleaching was normally to 100% and 0%, respectively. The number of pooled cells is
indicated in parentheses. For each mutation, the curves connect the mean percent recovery at
each time point; the vertical bars represent means ± SE. Note that the recovery of the calcein
signal in the bleached cells co-expressing the 9 individual mutants was significantly less
than that in cells co-expressing Cx26WT (p < 0.0001).
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