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Abstract. Connexin 46 (Cx46) is important for gap junction channels formation which plays crucial role in the preservation of
lens homeostasis and transparency. Previously, we have identified a missense mutation (p.V44M) of Cx46 in a congenital cataract
family. This study aims at dissecting the potential pathogenesis of the causative mutant of cataract. Plasmids carrying wild-type (wt)
and mutant (V44M) of Cx46 were constructed and expressed in Hela cells respectively. Western blotting and fluorescence microscopy
were applied to analyse the expression and subcellular localization of recombinant proteins, respectively. Scrape loading dye transfer
experiment was performed to detect the transfer capability of gap junction channels among cells expressed V44Mmutant. The results
demonstrated that in transfected Hela cells, both wt-Cx46 and Cx46 V44M were localized abundantly in the plasma membrane. No
significant difference was found between the protein expressions of the two types of Cx46. The fluorescent localization assay revealed
the plaque formation, significantly reduced in the cells expressingCx46V44M. Immunoblotting analysis demonstrated that formation
of Triton X-100 insoluble complex decreased obviously in mutant Cx46. Additionally, the scrape-loading dye-transfer experiment
showed a lower dye diffusion distance of Cx46 V44M cells, which indicates that the gap junction intercellular communication activity
was aberrant. Human Cx46 V44M mutant causing cataracts result in abnormally decreased formation of gap junction plaques and
impaired gap junction channel function.
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Introduction

Gap-junctions are order-packing cell-to-cell channels that
facilitate the exchange of small metabolites, such as
water, ions and secondarymessengers (Goodenough 1992;
Kumar and Gilula 1996; Mathias et al. 1997). In the lens,
gap-junctions are comprised of at least three gap junction
proteins a1, a3 and a8 (Beyer et al. 1987; Kistler and Bul-
livant 1988; Valdimarsson et al. 1991; White et al. 1992).
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Each gap-junction channel consists of two hemichannels
(also named connexons), and each connexon is composed
of six transmembrane protein subunits called connexins
(Berthoud and Beyer 2009). All connexins have well con-
served transmembrane domains and extracellular loops.
In contrast, the intracellular loops and C termini of con-
nexins are different.
Studies of connexins show that channel gating and

permeability could be affected by alterations of charged
residues of connexins (Verselis et al. 1994; Purnick et al.
2000; Tong and Ebihara 2006). Connexin mutations
have been associated with various pathologies including
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cataracts, deafness, skin diseases, X-linked Charcot—
Marie—tooth disease and oculodentodigital dysplasia.
Distinct gap junctions developed between fibre cells

are different from that between epithelial cells (Rae and
Kuszak 1983; Miller 1986). The primary lens fibres con-
sist of a3 and a8 connexins, which are coexpressed in the
same gap junction plaque in the cytomembrane (Gong
et al. 1997; Benedetti et al. 2000). Cx43 is mainly identified
in the anterior epithelial cells. The expression of Cx43 is
downregulated and replaced by Cx50 and Cx46 as epithe-
lial cells gradually differentiate into lens fibres (Gong et al.
2007). Cx46 plays an important role in coupling of fibre
cells, particularly in mature fibres. Mutations in theGJA3,
encoding Cx46, showed a direct association with human
congenital cataracts (Jiang 2010; Mathias et al. 2010; Liu
et al. 2011). Moreover, deletion of GJA3 gene results in
severe nuclear cataracts in mice (Gong et al. 1997). Stud-
ies revealed that 20 cataract-associated mutations of Cx46
are primarily located in the extracellular loop and trans-
membrane domains (Bennett and Shiels 2011).

Previously, we identified a heterozygous 130G>Amuta-
tion in the Cx46 gene (GJA3) associated with congenital
nuclear cataract in a Chinese family (Zhou et al. 2010).
This mutation causes the replacement of highly conserved
valine at position 44 with methionine (V44M), indicating
the essentiality of amino acid valine for connexin function.
However, no systematic studies have been reported on the
disease-linked substitution. Hence, analysing the molecu-
lar consequence of the identified mutation may focus on
the pathogenesis of inherited cataracts, as well as diseases
relating with this substitution in any other connexins.

Materials and methods

Site-directed mutagenesis and plasmid construction

The human Cx46 expression vector was obtained from
OriGene (Rockville, USA). The expression vector for
Cx46V44Mmutantwas constructed by using site-directed
mutagenesis with the following oligonucleotides: sense pri-
mer, 5′-CGGAGGACATGTGGGGCGATGAG-3′; anti-
sense primer, 5′-GCCCCACATGTCCTCCGCCGCG-3′.
The mutation was confirmed with DNA sequencing.
To create Cx46-GFP fusion proteins, the vectors were

amplified by PCR with a pair of primers (sense primer,
5′-CCGCTCGAGATGGGCGACTGGAGCTTTCTGG
-3′; antisense primer, 5′-CCCAAGCTTGATGGCCAAG
TCCTCCGGTCTGG-3′). Then products were cloned
into XhoI and HindIII digested GFP vector.

Cell culture and transfection

Hela cells weremaintained in Iscove’smodifiedDulbecco’s
medium (DMEM, GIBCO) supplemented with 10% fetal
bovine serum (FBS, GIBCO), 100 mg/mL penicillin and

100 mg/mL streptomycin in a humidified atmosphere con-
taining 5% CO2 at 37◦C. Transfection was carried out
using lipofectamine 2000 (Invitrogen Corporation, Carls-
bad, USA).

Western blotting

Total proteins were extracted from Hela cells contain-
ing wt-Cx46 (wild type), Cx46 V44M (mutant) and GFP
vector plasmids, respectively. The protocol for western
blotting was described previously (Ren et al. 2009). Equal
amounts (20–30 µg) of protein was loaded into the
wells along with molecular weight marker. After elec-
trophoresis (1–2 h at 100 V), a polyvinylidene fluoride
(PVDF)membrane was used to transfer the protein. After
blocking the membrane for 1 h at room temperature
using blocking buffer. The membranes were incubated
with anti-β-actin antibody (Sigma) and anti-Cx46 anti-
body (Abcam), respectively. The membrane was washed
thrice using TBST, 5 min each. Then the membrane was
incubated with the recommended dilution of conjugated
secondary antibody in blocking buffer at room temper-
ature for 1 h. The signals were visualized by using the
chemiluminescent substrate method with the SuperSignal
West Pico kit provided by Pierce.

Subcellular localization and gap junction plaques observation

Hela cells were seeded into six-well issue culture plates
24hbefore transfectionat∼70%confluency.Thewild-type
and mutant Cx46-GFP-fusion expression constructs and
GFP vectors were transfected using lipofectamine 2000,
according to the manufacturer’s instructions (Invitrogen,
Carlsbad, USA). After 48 h of transfection, localization of
wild-type and mutant Cx46-GFP-fusion protein in trans-
fected cells was viewed by fluorescent microscopy (Nikon
80i). The empty vector pGFP-N1 was transfected as a
control cells were also analysed by Nikon fluorescence
microscopy. Fluorescence was observed with excitation fil-
ters of 460–490 nm and emission filters of 510 nm.

Triton X-100 fraction isolation assay

Transfected cells were cultured on 60-mm dishes at over
90% confluency. Triton X-100 fraction isolation assay was
performed with modified method described previously
(Devi et al. 2005). Briefly, cells were collected and lysed
with cell lysis buffer for 30 min and then centrifuged at
140,000 g at 4◦C. The pellet was resuspended with 1%
Triton X-100 in lysis buffer and incubated for 30 min. A
quarter of the lysate was kept on ice as whole lysate sam-
ples, three quarters of lysate samples were centrifuged at
140,000 g at 4◦C for another 30 min. The supernatant was
collected and labelled as Triton X-100-soluble fractions.
The pellet was resuspended in lysis buffer with 1% SDS as
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Triton X-100-insoluble fractions. Cell lysates were loaded
on a 10% SDS acrylamide gel and analysed by western
blotting. The intensities of bands were analysed using den-
sitometry by NIH Image J software.

Scrape loading dye transfer assay

The scrape-loading procedure was a modification of that
one described by Sato et al. (2002) and Yum et al. (2007).
Hela cells transfected with wt-Cx46 and Cx46 V44Mwere
plated on 35 mm dishes to reach over 95% confluency.
The medium was changed to HBSS plus the fluorescent
dye Alexa Fluor 350 (Thermo Fisher Scientific, Waltham,
USA), and a scalpel blade was used to make many paral-
lel lines on the dish. The cells were incubated for 15 min
at room temperature in the dye solution and then rinsed
thricewithHBSS.The cellswere thenfixedwith1mLof4%
formalin and photographed using confocal microscope.

Statistical analysis

The student t-test was used to calculate the statistical sig-
nificance of the experimental data. The significance level
was set as *P < 0.05; **P < 0.01; error bars denote stan-
dard deviations.

Results

To determine if the p.V44M mutation affected the expres-
sion level of Cx46 protein in the plasma membrane,
Western blot was performed using an anti-Cx46 antibody.
The GFP expression plasmid was used as a negative con-
trol. The test results showed no obvious difference in the
expression level of Cx46 V44M compared with the wt-
Cx46 protein of the cell lysates (figure 1a). This means
that the expression level and instability of the protein were
not greatly altered by introducing the mutation.
To examine the subcellular locations of wt-Cx46 and

Cx46 V44M, the GFP-tagged Cx46 constructs were trans-
fected separately into Hela cells and analysed by fluores-
cence microscopy. As shown in figure 2, GFP as a control
was located in the nucleus and cytoplasm, while both
wt-Cx46 and Cx46 V44M were localized in the plasma
membrane of culture cells. These imagesmainly illustrated
that the mutation in the Cx46 did not alter their plasma
localization.
Although, both wt-Cx46 and Cx46 V44M were mainly

localized in the plasmamembrane of culture cells, the abil-
ity to form gap junction plaques of wt-Cx46 and Cx46
V44M was different. As shown in figure 3a, cells trans-
fectedwithwt-Cx46 showed strong stainingat gap junction
plaques under fluorescence microscopy. In contrast, Cx46
V44M cells showed lower level of gap junction plaques
between adjacent cells (figure 3a). To quantify the gap

Figure 1. Expression level ofwt-Cx46andCx46p.V44Mmutant
proteins by Western blot. (a) Hela cells were transfected
with wt-Cx46 and Cx46 V44M expression plasmids, respec-
tively and western blotting was performed with Cx46 antibody.
(b) No notable difference was found in quantitative protein
expression level between wt-Cx46 and V44M. The quantita-
tive analysis of protein expression level between wt-Cx46 and
V44M was done using Image-Pro Plus data analysis software.
*P < 0.05; **P < 0.01 versus the wt-Cx46 group.

junction plaque content in the wt-Cx46 and Cx46 mutant
cells, Triton X-100 fraction isolation assay was used in our
study. Previous studies have found that connexin assem-
bled into gap junction plaques is not soluble in 1% Triton
X-100 (Du et al. 2013). Our results showed that cells trans-
fected with wt-Cx46 and V44M mutant were divided into
Triton X-100-soluble and Triton X-100-insoluble frac-
tions, respectively. Western blots demonstrated that Cx46
V44M showed lower levels of protein in the Triton X-
100-insoluble junctional plaque fractions than wt-Cx46.
This was best illustrated by the ratio of Triton X-100-
insoluble to total Cx46 protein (figure 3b). As shown in
figure 3b, the insoluble/total Cx46 protein ratio reached
a value of 21.55%, compared with 39.43% of the wt-
Cx46 group (figure 3c). These declines indicate that Cx46
V44M reduces the formation of gap junction plaques. Fur-
ther, our studies revealed that the mutant Cx46 failed to
formCx46 oligomers, whichmay result in functional Cx46
gap junction plaque disruption, and impaired intercellular
communication.
Scrape loading dye transfer assay is a well-known classi-

cal method for detection of gap junction channels between
the cells. In this experiment, we used Alexa fluor 350
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Figure 2. Localization of GFP, wt-Cx46 and Cx46 V44M in Hela cells. Cx46-GFP expression constructs containing wild-type or
mutant were transfected into Hela cells using lipofectamine 2000. Localization of wild-type and mutant Cx46 GFP-fusion proteins
in transfected Hela cells was viewed using a fluorescent microscope. The GFP empty vector was used as a control. (a) GFP empty
vector, (b) wt-Cx46 and (c) p.V44M mutant. Original magnification was 200×.

hydrazide as a tracer. As shown in figure 4a, intercellu-
lar gap junction communication between transfected Hela
cells expressing Cx46 V44M had significantly lower dye
diffusion distance than control groups. We quantified the
extent of dye transfer by measuring the distance from the
scrape line to the blue fluorescence point, the dye diffusion
distance of Cx46 V44M cells was about 45% less than wt-
Cx46 cells (figure 4b).This result indicated that the transfer
capacitywas significantly reduced in theCx46mutant cells.

Discussion

The lens, being an avascular system, develops a compli-
cated cell–cell communicationnetwork includinggap junc-
tion channels tomaintain lens homeostasis. Gap junctions
in lens are mainly composed of three members of the con-
nexins (Cx43, Cx46 and Cx50) as channel proteins. These
channels facilitate intercellular communication between
cells (Mathias et al. 2010). The intercellular communica-
tion is essential for numerous cellular processes, including
proliferation, differentiation and development (Loewen-
stein 1979). Any mutations in connexins causing degrada-
tion or decline in their expression, improper assemblage,
mis-trafficking or inability to form the functional gap junc-
tions may impair communication between neighbouring
cells. Thesedisruptionsof gap junction complexes canalter
cell–cell communication and cause a range of various dis-
eases, such as congenital cataract, tumour, cardiovascular
disease and deafness (Loewenstein and Kanno 1966; Gros
and Jongsma 1996; Gong et al. 1997; Rivedal and Opsahl
2001; Miura et al. 2004; Dalamon et al. 2016). Until now,
about 20 human and mouse genes, respectively, encoding
for connexin have been identified (Oyamada et al. 2005).
Cx46 encoded by GJA3 is abundant in terminally differ-
entiated lens fibres (Paul et al. 1991). Hitherto, studies

have identified at least 19 different heterozygous coding
mutations in GJA3 associated with autosomal dominant
cataracts (Mackay et al. 1999; Rees et al. 2000; Jiang et al.
2003; Bennett et al. 2004; Burdon et al. 2004; Devi et al.
2005; Hansen et al. 2009). In mouse, the knockout ofGja3
developed nuclear cataract at about 12 days of age (Gong
et al. 1997, 1998; Baruch et al. 2001). Previously, we have
identified a novel missense mutation (c.130G>A) in the
connexin 46 gene (GJA3) leading to congenital nuclear
cataract in a three-generation Chinese family (Zhou et al.
2010).

ThisV44MmutationofCx46 is located in the extracellu-
lar loop domain, a common site of human connexinmuta-
tions associatedwith disease. Connexins are synthesized in
the endoplasmic reticulum (ER) and then transported to
the Golgi complex (Musil and Goodenough 1991; Falk
et al. 1994). Studies on Cx46 carrying the fs380 mutation
(Cx46fs380) showed that mutant connexins were retained
within the ER, ERGIC and/or Golgi apparatus possi-
bly because of misfolding and/or incomplete/improper
oligomerization of connexins, which contains an abnor-
mal C-terminal sequence (Koval et al. 1997; Arora et al.
2008). The normal C-terminal region is essential for con-
nexin trafficking to the membrane and the formation of
gap junction plaques (Schlingmann et al. 2013). Our data
showed that the V44M mutation located in extracellu-
lar loop did not alter their plasma localization and the
expression level or instability of the Cx46 protein. Stud-
ies on Cx46 revealed that mutations in the NH2 terminus
of Cx46 (e.g. Cx46D3Y, Cx46N63S and Cx46L11S) or
N188T mutation in the intracellular loop of Cx46 were
also able to oligomerize and traffic to the plasma mem-
brane properly in transfected Hela cells of Cx46 (Beyer
et al. 2013).
In this study, we have revealed that substitution of the

conserved valine-44 causes a specific range of



Mutant impairs gap junction function causing cataract 973

Figure 3. Cx46 V44M is inefficient at gap junction plaques formation. (a) Fluorescent microscopy showed the gap junction plaques
formation from Hela cells which were transfected with GFP, wild-type human Cx46 and V44Mmutant plasmids, irrespectively. The
left panel was GFP, the middle panel was wild-type human Cx46 and the right panel was V44Mmutant. Original magnification was
200×. (b) Solubility of wt-Cx46 and Cx46 V44M in Triton X-100 solution. Hela cells expressing wt-Cx46 or Cx46 V44Mwere treated
by the Triton X-100 soluble or insoluble pellet was tested by Western blot with anti-Cx46 antibody. (c) The ratio of Triton X-100
insoluble fraction to total Cx46 protein was quantified using Image-Pro Plus data analysis software. *P < 0.05; **P < 0.01 versus
the wt-Cx46 group, n = 3.

alterations of connexin behaviour. Studies showed that
most of the mutations among the extracellular loop or the
first/second transmembrane domains of Cx46 are associ-
ated with gap junction formation (Schadzek et al. 2016).
Likewise, V44M, localized in the first extracellular loop
of Cx46 (Zhou et al. 2010), displays impaired forma-
tion of gap junction plaque, gap junction assembly and

aberrant gap junctional channel activities, indicating that
this residue is critical for physiological and biological func-
tions in lens fibre cell. Poor formation of gap junction
plaques in Cx46 mutants is likely responsible for aber-
rant intercellular communication in V44M. Studies have
reported that inability gap junction function attributes to
ineffective formation of gap junction plaques, which is
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Figure 4. Results of scrape-loading experiments in transfected cells expressed Cx46 V44M. (a) The fluorescence micrographs show
the diffusion of Alexa fluor� 350 hydrazide (blue) in cells transfected with wt-Cx46 and Cx46mutants. (b) Quantitative evaluation of
the dye diffusion distance was performed to reveal the gap junction function. The columns represent the relative ratio of dye transfer
distance between cells transfected with wt-Cx46 and Cx46 V44M. The dye diffusion distance was measured for the indicated dyes,
by acquiring from five randomly selected fields from different plates of cells, and are shown as means ± SD. *P < 0.05; **P < 0.01
versus the wt-Cx46 group. Scale bar = 100µm.

resulted frommis-trafficking of the connexin mutants that
cause cataracts or other disease (Pal et al. 2000; VanSlyke
et al. 2000; Forge et al. 2003; Arora et al. 2008; Du et al.
2013). Hence, the invalid assemblage of mutant protein
into gap junction plaques appears to be the most likely
explication. However, V44M showed decreased formation
of gap junction plaques, but it can still traffic to the plasma
membrane.
Cx46 is an indispensible fibre cell gap junctional compo-

nent. The regulation of cell–cell communication depends
essentially on the accumulation of Cx46 into gap junc-
tional plaques under physiological conditions (Zhang
et al. 2014). Cx46 gap junction channels can be iso-
lated in detergent-resistant junctional plaque fraction
(Musil and Goodenough 1991; Solan and Lampe 2007,
2009). We detect levels of Triton X-100 detergent resis-
tant forms of Cx46 V44M and wt-Cx46, to test the
possibility that the reduced gap junctional coupling in
Cx46 V44M cells was resulted from reduced forma-
tion of junctional plaques. Consistent with the fluores-
cence microscopy results, the mutant demonstrated lower
levels of Triton X-100-insoluble protein in the junc-
tional plaque fraction than wild-type Cx46. These results

indicated that Cx46 V44M will cripple the formation of
gap junction plaques. Moreover, it implies that the mini-
mal gap junctional coupling is possibly as a result of the
failure to assemble into stable gap junction structures.
We showed that Cx46 V44M had lower dye coupling as

compared towild-typeCx46. In agreementwith our result,
Cx43 mutations G138R, G143S and I130T are reduced in
transfer of injected dye (Dobrowolski et al. 2007). Like-
wise our result demonstrated that Cx46 V44M mutation
reduces gap junctional dye transfer. The V44M mutant
is able to assemble on cell–cell interfaces, which excludes
the possibility that the impaired gap junctional coupling
is due to abnormal delivery of Cx46 to junctional plaques.
Since Cx46 V44M mutant forms smaller and less junc-
tional plaques than wt-Cx46, this is possibly owing to the
decreased formation of junctional plaques or because of
the mutant somehow may have weaker interaction with
those from neighbouring cells as well.
The gap junction plaques defects in Cx46 function

caused by theV44Mmutationmay contribute to the devel-
opment of cataracts in people expressing the lens charac-
terized as a central nuclear opacity (Zhou et al. 2010). All
the affected people in our family showed the same clinical
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presentation. It is believed that the functional absence
of Cx46 alters the internal circulation system on which
the avascular lens relies to maintain metabolic homeosta-
sis, function and transparency. Owing to the dye transfer
results showed that the transfer capacity of dye was signifi-
cantly reduced in the Cx46 V44Mmutant cells, expression
of mutant in the lens nucleus is expected to cause a
reduction in the gap junction-mediated flux of water, ions
and other solutes to the surface of the lens. These alter-
ations could lead to the loss of metabolic homeostasis,
lower transparency of lens and nuclear cataract forma-
tion. Hereby, formation of fewer gap junction plaques was
most likely the reason why nuclear cataract was developed
in our family.
In conclusion, our data show that disease-associated

Cx46mutation, V44M, causes decreased formation of gap
junction plaques, minimal gap junctional coupling and
effects on transfectedHela cells, whichmay account for the
molecular mechanisms underlying cataracts in this Cx46
V44M family.
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