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Mutation R184Q of connexin 26 in hearing loss
patients has a dominant-negative effect on connexin

26 and connexin 30

Ching-Chyuan Su!, Shuan-Yow Li%3, Mao-Chang Su*’, Wei-Chi Chen? and Jiann-Jou Yang*’2’3

Hearing impairment is the most common sensory disorder worldwide. In a recent study, the authors have shown that a
heterozygous missense mutation, p.R184Q, in the connexin 26 (Cx26) is causally related to hearing loss. However, the
functional change in the Cx26R184Q mutant remains unknown. This study compared the intracellular distribution and assembly
of mutant Cx26R184Q with that of the wild-type (WT) Cx26 and Cx30WT in tet-on HeLa cells and the effect that the mutant
protein had on those cells. Fluorescent localization assay of WT Cx26 showed the typical punctuate pattern of gap junction
channel between neighboring expression cells. Conversely, the p.R184Q missense mutation resulted in accumulation of the
Cx26 mutant protein in the Golgi apparatus rather than in the cytoplasmic membrane. Cx26R184Q coexpressed with either
Cx26WT or Cx30WT showed perinuclear localization by bidirectional tet-on expression system, suggesting the impairment of the
ability of both WT proteins to intracellular trafficking and targeting to the plasma membrane. Therefore, we proposed that
Cx26R184Q has a dominant-negative effect on the function of WT Cx26 and Cx30.
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INTRODUCTION

Hearing loss, a common sensory disorder in the human population, is
often caused by genetic inheritance of auditory system dysfunction.!
In developed countries, the estimated incidence of congenital hearing
loss is 1 in 1000 births, of which approximately 60% are attributable to
genetic factors.>* Of the genes responsible for deafness, 59 genes have
been identified, some of which are those involved in ion recycling and
maintenance.

Connexins (Cxs), a large family of membrane proteins, are key
components of gap junctions (GJ). Ions or small molecules
pass through these critical intercellular pathways to regulate various
physiological and developmental processes.” The GJ channels are
double-membrane protein structures that form by head-to-head
docking of two half channels, termed connexons, to create hydrophilic
pores across the membranes.® Each connexon is composed of six
polytopic transmembrane protein subunits, termed connexins. Within
a connexon, all Cxs may be identical (homomeric) or different
(heteromeric), and two connexons docking together may also be
either identical (homotypic junctions) or different (heterotypic
junctions).” Other studies have shown that Cxs can assemble into
functional hexameric connexons in the endoplasmic reticulum (ER)
membrane.® Subcellular fractionation studies and immunocolocali-
zation analyses suggest that Cxs reach the plasma membrane by
passing through the Golgi apparatus.®~!!

Twenty-one genes have been identified in the human genome
coding for connexin proteins.!? Recent studies suggested that inter-
cellular communication through GJ is crucial for auditory func-
tion.!>4 In mice, Cx26 and Cx30, apparently the two most
abundantly expressed Cxs, are known to co-assemble to form GJ in
the cochlea.!> Mutations of GJB2, which encodes the Cx26 protein,
and GJB6, which encodes the Cx30 protein, are implicated in cases of
inherited nonsyndromic hearing loss.! In addition, Cx26 and Cx30
also co-assemble to form heteromeric GJ, and Cx26 mutant protein
has dominant-negative effects on Cx30 protein.'® In a previous study,
the authors identified one heterozygous mutation, ¢.551G>A
(p-R184Q), in the GJB2 gene of a nonsyndromic hearing loss patient.!”
The family is comprised of a proband with a Cx26 p.R184Q hetero-
zygous variant, a father with hearing loss and a mother with normal
hearing. The pedigree strongly suggests that the loss of hearing is
inherited in a dominant manner. However, the molecular mechanisms
of the mutations leading to hearing loss remain unclear. Therefore, we
further investigated this GJB2 gene mutation for mutual correlations
with hearing loss. This study used immunofluorescent staining and
fusion proteins consisting of Cx with EGFP or DsRed attached to its C
terminus to observe the subcellular localization of wild-type (WT)
and mutant Cx26 protein in tet-on Hela cell. In addition, we also
investigated the effects of the Cx26R184Q heterozygous mutation
protein on WT Cx26 and Cx30 using the tet-on expression system.
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MATERIALS AND METHODS

Molecular cloning of wild-type and mutant GJB2 gene

The mammalian expression vector pcDNA3.1-CT used in this study was
constructed as previously described.'® We designed and synthesized a tight-
binding pair of molecular components comprising a small receptor domain
composed of as few as six natural amino acids (-Cys-Cys-Xaa-Xaa-Cys-Cys-
tags) in the C tail of the pcDNA3.1 vector (Invitrogen, Carlsbad, CA, USA).
The open reading frames (ORFs) of GJB2 were obtained from genomic DNA by
PCR. PCR was carried out with the following oligonucleotide primers: forward
primer was GJB2F-HindIIl 5-ATGAAGCTTATGGATTGGGGCACGCTGC-3
and corresponded to nucleotides 1-19 of the human GJB2 coding region;
reverse primer was GJB2R-Xhol 5-ATGGAGCTCGCAACTGGCTTTTTTG
ACTTCC-3" and corresponded to nucleotides 659—678 of the human GJB2
coding region (enzyme site nucleotide is underlined). The PCR DNA product
(678 bp) of the human GJB2 coding region without the stop codon was cloned
into the pcDNA3.1-CT vector. Mutant Cx26 GJ proteins were obtained by
performing oligonucleotide-directed mutagenesis using the Stratagene Quik-
Change Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA). The
following oligonucleotide primers (mutated nucleotide is underlined) were
used to prepare the mutant Cx26R184Q gene: Cx26R184Q sense 5'-CTGCTT
TGTGTCCCAGCCCACGGAGAAGAC-3'; Cx26R184Q antisense 5-GTCTTCT
CCGTGGGCTGGGACACAAAGCAG-3'. For fusion protein generation, cDNA
sequences of the autofluorescent reporter proteins EGFP (pEGFPN1 vector;
Clontech, Palo Alto, CA, USA) and DsRed (pDsRedN1 vector; Clontech) were
fused in-frame to the C terminus of WT and mutant Cx26R184Q. The ORFs of
GJB2 were obtained from the pcDNA3.1-CT clone after digestion with HindIII
and Sacll, and then subcloned into the HindIIl and Sacll restriction sites in
vectors pEGFPN1 and pDsRedN1 (Clontech). The coding region of Cx26WT
and that of mutant Cx26R184Q were amplified from plasmids containing the
Cx26 cDNA (Cx26wt-EGFP or Cx26R184Q-DsRed) using two pair primers
containing recognition sequences 5’-Sall and 3’-Notl or 5'-Nhel and 3’-EcoRV,
respectively, and Platinum Pfx DNA Polymerase (Invitrogen). Purified products
were subcloned into the corresponding site of the bidirectional expression
vector pBI (Clontech). The dideoxy DNA sequencing method, using a DNA
sequencing kit (Applied Biosystems Corporation, Foster City, CA, USA), an
ABI Prism 3730 Genetic Analyzer (Applied Biosystems Corporation) and
restriction digest were used to confirm the DNA sequence of all constructs.

Transfection and expression of Cx26WT, Cx26R184Q,
Cx26WT/Cx26R184Q and Cx30WT/Cx26R184Q chimerae protein
in tet-on HelLa cell line

The tet-on HeLa cell line deficient in the GJIC gene was purchased from BD
Biosciences Clontech and maintained in Dulbecco’s modified Eagle’s medium,
supplemented with 10% FBS (Gibco BRL, Gaithersburg, MD, USA), 100 g/ml
G418, 100 U/ml penicillin and 100 ug/ml streptomycin at 37°C in a moist
atmosphere containing 5% CO,. Transfection was carried out using the
LipofectAMINE reagent (Invitrogen) according to the manufacturer’s instruc-
tions. A ratio of 1 ug DNA vs 2 ul Lipofect AMINE 2000 was used for the tet-on
HeLa cells. Cells were harvested at 24h after transfection and grown on a
coverslip for 24h at 37°C in a humidified 5% CO, incubator. Then, tet-on
HelLa cells were treated with 1 ug/ml doxycyclin (Dox; Sigma-Aldrich Corpora-
tion, St Louis, MO, USA) in cell culture medium to induce Cx26WT, Cx30WT,
Cx26R184Q or both WT and mutant protein expressions.

Immunofluorescence staining of post-transfection tet-on HeLa cells
Wild-type or mutant Cx protein expression in tet-on HeLa cells was analyzed
by a direct fluorescent protein fusion method involving fusion of EGFP or
DsRed to the C-terminal ends of the Cx proteins. Briefly, post-transfection
tet-on Hela cells grown on coverslips were exposed to Dox for 5h before
immunofluorescence staining. Tet-on HeLa cells were fixed with 4% parafor-
maldehyde in 0.1 M PBS for 20 min and then rinsed three times in PBS. Then,
the coverslips were immersed in 10% normal goat serum and 0.1% Triton
X-100 for 15 min. The primary antisera and dilutions were as follows: mouse anti-
pan-cadherin antibody at 1:200 (anti-CH19; Abcam plc., Cambridge, UK) for
cell membrane and mouse anti-Golgin-97 at 1:200 (Invitrogen) for Golgi
apparatus. After incubation with primary antiserum at 4°C overnight, the cells
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were rinsed in PBS three times before adding Alexa Fluor 488- and/or Alexa
Fluor 594-conjugated secondary antibodies (Invitrogen). ER was stained with
ER-Tracker Blue-white DPX Probes at 1:670 dilution (Invitrogen) for 10 min at
room temperature. The nuclei of cells were counterstained with 4’-6-diamidino-2-
phenylindole (DAPI; 2 ug/ml) or propidium iodide (PI; 1 mg/ml; 1:400 dilution)
for 5 min and rinsed with PBS. Mounted slides were visualized and photographed
using a fluorescence microscope (Zeiss Axioplam, Oberkochen, Germany).

RESULTS
Cx26 consists of four transmembrane domains linked to the cytoplasmic
C- and N-terminal ends by one cytoplasmic and two extracellular loops.
The p.R184Q substitutions were detected in the second extracellular
loop (E2) of the Cx26 protein. To elucidate the effect of the p.R184Q
missense mutation, we examined amino-acid sequences of Cx26 using
ConSeq analysis (http://conseq.tau.ac.il/). After depositing the protein
sequence of Cx26 into the system, it automatically collected homologous
sequences of Cx26 and constructed multiple sequence alignments. The
system collected 114 PSI-BLAST hits, of which 96 were unique
sequences. The system then automatically calculated the 50 sequences
with the lowest E-values. The sequencing results revealed that p.R184 is
highly conserved (Conseq score=8-9), which is a predicted functional
residue and exposed outside the protein (Supplementary Figure S1).
To elucidate how p.R184Q affects the functional properties and
subcellular localization of the Cx26 protein, this study used lipofection
to transiently transfect GJ-deficient tet-on HelLa cells with ¢cDNA
constructs of WT or mutant Cx26. In cells transiently expressing
Cx26WT-EGFP, Cx26-EGFP expression was observed localized to
the cell membranes at points of contact between adjacent EGFP-
expressing cells, indicating the formation of GJ plaques (Figure 1a).
This membrane localization was confirmed by colocalization with

pan-Cadherin

Cx26WT-DsRed pan-Cadherin

Cx26R184Q-EGFP

pan-Cadherin

Figure 1 Analysis of Cx26WT and Cx26R184Q expression in transiently
transfected tet-on Hela cells by immunocytochemistry using pan-cadherin
antibody. Fluorescence microscopy of Cx26WT-EGFP (a) and Cx26WT-DsRed
(b) tet-on Hela cells showing expression of Cx26 fusion protein in the
plasma membranes. The Cx26R184Q-EGFP (c) transfected Hela cells show
impaired trafficking and concentration near the nucleus. Cells were
counterstained with 4’-6-diamidino-2-phenylindole (DAPI) to highlight the
nuclei. Arrows indicate the localization of Cx26 protein. Scale bars=10 um.
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Cx26R184Q-EGFP ER-Tracker

Figure 2 Intercellular localization of the mutant Cx26R184Q protein.
Photomicrographs of tet-on HelLa cells transiently transfected with Cx26R184Q-
EGFP cDNA and immunostained for use as markers of Golgi apparatus (a) and
endoplasmic reticulum (ER) (b), respectively. The staining results for mutant
Cx26R184Q showed substantial colocalization in the Golgi apparatus and slight
colocalization with ER marker. The cells were counterstained with 4’-6-
diamidino-2-phenylindole (DAPI) or propidium iodide (PI) to highlight the
nuclei. Arrows indicate the localization of Cx26 mutant protein. Arrowheads
indicate the localization of Golgi apparatus or ER. Scale bars=10 um.

pan-Cadherin (Figure la). Similarly, Cx26WT-DsRed also localized to
the cell membrane (Figure 1b). However, Cx26R184Q-EGFP mutant
protein was impaired in trafficking to the cell membrane and then
consequently concentrated in the cytoplasm close to the nucleus
(Figure 1c). This study then investigated which organelles in the
cytoplasm of the mutant Cx26 localized in tet-on HeLa cells that had
been transfected with Cx26R184Q c¢DNA were immunostained with
markers for Golgi apparatus and ER (Figure 2). The analytical results
indicated that most accumulation of p.R184Q of Cx26 mutant protein
was in the Golgi apparatus (Figure 2a). Some proteins showed a
reticular pattern and were colocalized with ER-tracker Blue-white
DPX probe, an ER marker (Figure 2b).

Our previous study found that p.R184Q of Cx26 is a heterozygous
mutation in a hearing loss patient.!” Consequently, coexpression
studies were performed to examine the effects of the mutant proteins
on Cx26WT in tet-on HeLa cell using the bidirectional tet-on protein
expression system with equal amounts of the two respective expression
proteins. Cells expressing both Cx26WT-DsRed and the Cx26WT-
EGFP protein showed co-assembly expression in the cell membrane of
tet-on HelLa cells (Figure 3a). Conversely, both Cx26WT-DsRed and
the Cx26R184Q-EGFP mutant revealed expression patterns resembling
those of p.R184Q alone (Figure 3b). Analytical results indicated that
Cx26R184Q mutant protein showed co-assembly with Cx26WT pro-
tein and impaired Cx26WT protein trafficking to the cell membrane.

Reports of Cx26 and Cx30 coexpression in the inner ear’®1°
prompted us to examine the effects of the mutant Cx26R184Q protein
on Cx30WT using the tet-on protein expression system. Both
Cx26WT-DsRed and Cx30WT-EGFP were colocalized at the points
of contact between adjacent tet-on HeLa cells (Figure 4a). This showed
that both Cx26 and Cx30 can be trafficked to the same GJ plaque.
However, coexpression of Cx26R184Q-EGFP and Cx30WT-DsRed
produced a localization change of these Cx30WT proteins from the
cell membrane to concentrate in the cytoplasm (Figure 4b; Supple-
mentary Figure S2). Analytical results indicated that Cx26R184Q
mutant protein showed coassembly with Cx30WT protein and
impaired Cx30WT protein trafficking to the cell membrane.

As a result, we propose that p.R184Q of Cx26 has a dominant-
negative effect on Cx26WT and Cx30WT.
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Figure 3 Coexpression of mutant proteins with Cx26WT by the tet-on protein
expression system. (a) Tet-on Hela cells coexpressing Cx26WT-DsRed and
Cx26WT-EGFP, revealing colocalization of the two proteins at the plasma
membrane. (b) Tet-on Hela cells coexpressing Cx26WT-DsRed and
Cx26R184-EGFP revealing colocalization of the two proteins around the
nucleus regions. Arrows indicate coexpressed protein. The cells were
counterstained with 4’-6-diamidino-2-phenylindole (DAPI) to highlight the
nuclei. Scale bars=10 um.

Figure 4 Coexpression of mutant proteins with Cx30WT by the tet-on protein
expression system. (a) Tet-on Hela cells coexpressing Cx26WT-DsRed and
Cx30WT-EGFP revealing colocalization of the two proteins at the plasma
membrane. (b) Tet-on Hela cells coexpressing Cx30WT-DsRed and
Cx26R184-EGFP revealing colocalization of the two proteins around the
nucleus regions. Arrows indicate coexpressed protein. The cells were
counterstained with 4’-6-diamidino-2-phenylindole (DAPI) to highlight the
nuclei. Scale bars=10 um.

DISCUSSION

Functional studies of Cx expression?’ have reconstituted GJ commu-
nication in transfected mammalian cells (eg, HeLa cell). Coexpressed
fluorescent reporter and expressed fluorescent-protein-tagged (eg,
green fluorescent protein, GFP) have also been used for rapid and
efficient functional analysis of several Cxs, including Cx26, Cx30, Cx31
and Cx43.20-23 The tet-on protein expression system, a high-level gene
expression system, was first described by Gossen et al.>* The bidirec-
tional (pBI) tet-on expression vectors are specially designed response
vectors that allow coregulated expression of two genes under control
of a single tet response element. The pBI vector can induce equal
amounts of the two expression proteins under the regulation of
doxycycline. We therefore studied the subcellular localization of the
heterozygous mutant Cx26 protein that was expressed by using a
combination of tet-on HeLa cells, the bidirect tet-on protein expres-
sion system and expressed fluorescent-tagged protein.
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Mutation of the GJB2 gene encoding Cx26 protein is the most
common cause of hereditary, prelingual and nonsyndromic hearing
loss.! Approximately 90 GJB2 mutations causing abnormal Cx26
expression have been reported and linked to hearing impairment.?
The p.R184Q (551G >A) was also described elsewhere?® and in our
earlier study in Taiwan.!” Position 184 of GJB2 is located at the second
extracellular loop (E2). The R184Q of GJB2 at E2 might result in
incompatibility between different species of connexin proteins to form
heterotypic functional channels.”’” ConSeq is a web site server for
identifying biologically important residues in protein sequences.”® The
ConSeq indicated that p.R184 of Cx26 is exposed, highly conserved
and throughout evolutionary. Two other missense mutations
(R184W and R184P) at the same position have been associated with
hearing impairments.?>*® We also found that the p.R184Q missense
mutation of Cx26 causes Cx26 mutant protein accumulation in the
Golgi apparatus instead of targeting to cytoplasmic membrane.
Finally, according to our results, Cx26R184Q have dominant-negative
effect on the function of WT Cx26 and Cx30 in the co-expression
study using bidirect tet-on protein expression system. Therefore,
we suggest that the p.R184 amino acid is perhaps critical in Cx26,
and as a result a mutation in this residue will lead to loss of function of
the protein.

Generally, Cxs are translated in the ER and then posttranslationally
modified and packaged into the membrane vesicles of the Golgi. They
reach the cortical plasma membrane along microtubules as tracks and
then diffuse laterally within the plasma membrane before finally
residing at cell-to-cell contact regions.1*? A recent study indicated
that Cx26 and Cx30 travel to the plasma membrane by bypassing the
Golgi apparatus (Golgi-independent) secretory route. The route
differs from the classical secretory route of Cx32 and Cx43.32 The
analytical results in this study revealed heavy and moderate accumula-
tions of Cx26 mutant protein in the Golgi apparatus and ER,
respectively. The presumed explanation is that when Cx26R184Q
mutations occur, the Cx26 mutant protein trafficking route was
altered, subsequently causing accumulation in the Golgi apparatus.
Another possibility is that the Cx26R184Q mutant protein impairs
trafficking by changing its 3D structure. Cx26R184Q mutant proteins
were observed in the ER, suggesting that it is a newly synthesized
protein. In addition, Cx26 and Cx30 share a similar protein structure
and the same pattern of expression in the cochlea in the form of
homotypic or heterotypic channels. The trafficking and assembly
features of Cx30 are also similar to those of Cx26.3> These properties
facilitate the assembly of heterotypic GJs and help explain the
dominant-negative effect of WT Cx30 by Cx26R184Q. However, the
detailed mechanisms and components of the molecular machinery
that mediate this unconventional process remain unclear.

Therefore, further study is warranted to clarify the influence of this
mutation on the protein level and 3D structure of WT and mutant
Cx26 protein. Sucrose gradient analysis and immunoprecipitation are
also suggested for further confirmation and to resolve the interesting
question of the Cxs ratio in individual connexons and the trafficking
machinery of Cx26R184Q mutation protein.
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