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Background: The mechanism by which CX50fs, a mutant connexin50 containing a frameshift after amino acid 255, causes
cataracts is unknown.
Results: CX50fs was unstable in HeLa cells, but epoxomicin treatment restored gap junction abundance and intercellular
communication.
Conclusion: CX50fs undergoes enhanced endoplasmic reticulum-associated proteasomal degradation leading to decreased
function.
Significance: The results suggest protease inhibition as a novel therapeutic approach to treat connexin mutant-associated
diseases.

The mechanisms by which mutant connexins lead to disease
are diverse, including those of connexin50 (CX50) encoded by
the GJA8 gene. We investigated the cellular and functional
behavior of CX50fs, a mutant CX50 that has a frameshift after
amino acid 255 and causes recessive congenital cataracts. Cellu-
lar levels of CX50fs were much lower than those of wild type
CX50 in stably transfected HeLa cells. Whereas CX50 localized
at distinct gap junction plaques and supported extensive inter-
cellular transfer of Neurobiotin, CX50fs gap junctions were
rare, and their support of Neurobiotin transfer was reduced by
>90%. After inhibition of new protein synthesis with cyclohex-
imide, CX50fs disappeared muchmore rapidly than CX50, sug-
gesting increased degradation of the mutant. Treatment of cells
with epoxomicin (a proteasomal inhibitor) led to a dramatic
increase in CX50fs levels and in the abundance of gap junctions.
Epoxomicin treatment also rescued intercellular transfer of
Neurobiotin to levels similar to those in cells expressing thewild
type protein. Treatmentwith eeyarestatin I (an inhibitor of p97-
dependent protein degradation) resulted in many abundant
slowly migrating CX50 and CX50fs bands consistent with
polyubiquitination of the proteins. These results demonstrate
that the CX50fs mutant is rapidly degraded by endoplasmic
reticulum-associated degradation in mammalian cells. This
accelerated degradation reduces the abundance of gap junctions
and the extent of intercellular communication, potentially
explaining the pathogenesis of cataracts linked to this mutant.
The efficacy of epoxomicin in restoring function suggests that
protease inhibition might have therapeutic value for this and
other diseases caused by mutants with similar defects.

Connexins (CXs)2 are members of a family of transmem-
brane proteins that oligomerize to form gap junction channels

and hemichannels. Gap junction channels allow direct transfer
of cytoplasmic ions and molecules between adjacent cells, and
hemichannels allow transfer of ions andmolecules between the
cytoplasm and the extracellular milieu (for review, see Ref. 1).
Identification of connexin mutants has linked alterations of
connexins and their functions to human diseases including
demyelinating neuropathies, oculodentodigital dysplasia, skin
disorders, deafness, arrhythmias, and cataracts (2–9).
A number of the connexin mutants have been studied by in

vitro expression to characterize abnormalities that might
explain their contributions to pathogenesis. Many mutants
have reduced or absent channel function or form channels/
hemichannels with altered gating or permeability (2, 3, 5–9).
Many mutants show alterations in their cellular behaviors
including impaired trafficking or degradation that can lead to
accumulation of the abnormal protein (2, 3, 5–9). Several of the
CX46 and CX50 mutants linked to cataracts have been thor-
oughly studied (10–17). Most of these mutants are associated
with congenital cataracts that are inherited as autosomal dom-
inant traits.
In this study, we characterized the behavior of a mutant

CX50 associated with a triangular cataract that is inherited
recessively (18). In this mutant, the insertion of a G in theGJA8
gene that encodes CX50 leads to a translational frameshift that
changes the reading frame after amino acid 255. The altered
CX50 polypeptide contains 123C-terminal amino acids (amino
acids 256–378) that differ from the wild type CX50 sequence.
Although Schmidt et al. (18) termed the mutant c776insG, we
refer to the mutant protein as CX50fs for simplicity. Studies of
this mutant could not be performed in lenses from affected
individuals because they are very rare and the integrity of the
lens is destroyed during surgical extraction. Moreover, epithe-
lial cells lose their organelles during differentiation into fiber
cells (which form the bulk of the lens) making studies on cul-
tured lens fiber cells impossible. Therefore, we have used an
exogenous system for cellular, biochemical, and physiological
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characterization of this mutant. The data presented suggest
that CX50fs causes cataracts because of its instability.

EXPERIMENTAL PROCEDURES

Chemicals—All chemicals were obtained from Sigma unless
otherwise specified.
Generation of CX50 Constructs—DNAs encoding CX50fs

and CX50Tr (a mutant CX50 truncated after amino acid 255)
were obtained by polymerase chain reaction using Phusion
DNA polymerase (New England BioLabs), plasmid template
containing wild type CX50 in pcDNA 3.1/Hygro(�) (Invitro-
gen) and oligonucleotides encoding the nucleotide insertion
(CX50fs) or an early stop codon (CX50Tr) using the strategy
published byMinogue et al. (13). The coding regions of all con-
structs were fully sequenced at the University of Chicago Com-
prehensive Cancer Center DNA Sequencing and Genotyping
Facility to ensure that PCR amplification did not introduce ran-
dom mutations.
Cell Culture—HeLa cells were grown in minimum essential

medium supplemented with nonessential amino acids, 10%
fetal bovine serum, 2 mM glutamine, 100 units/ml penicillin G,
and 10 �g/ml streptomycin sulfate. Stably transfected cell
clones expressing CX50fs or CX50Tr were obtained by selec-
tion in 400 �g/ml hygromycin. For HeLa-CX50 cells, the
growth medium was supplemented with 1 mg/ml Geneticin
(Invitrogen) similar to Lichtenstein et al. (15).
Cell Treatments—Cells were grown to approximately 80%

confluence. Then, the culture growth medium was replaced
with normal growth medium alone or normal growth medium
containing 2 �M epoxomicin or 100 �M chloroquine and incu-
bated for 4 h. To study the temporal course of disappearance of
CX50 and CX50fs, cells were treated with 40 �g/ml cyclohexi-
mide for 4, 6, 8, and 18 h. To study the participation of endo-
plasmic reticulum-associated degradation (ERAD) in the deg-
radation of CX50fs, the culture growth medium was replaced
with normal growth medium containing DMSO (used as a sol-
vent for eeyarestatin I) or 10�M eeyarestatin I (EMDMillipore)
and incubated for 8 h.
Generation of Affinity-purified Anti-CX50IL Antibodies—

Anti-CX50IL antibodies were generated in rabbits using a
unique amino acid sequence from the intracellular loop of
humanCX50 (amino acids 113–132) coupled to keyhole limpet
hemocyanin as immunogen. Their ability to recognize the
immunogenic peptide and their titer were determined by
ELISA. Anti-CX50IL antibodies were subsequently affinity
purified by YenZym Antibodies (South San Francisco, CA)
using an immunogenic peptide-conjugated affinity matrix.
Immunofluorescence—Cells cultured on glass coverslips or

on 4-well LAB-TEK Nalge Nunc International chamber slides
(Thermo Fisher Scientific) were fixed in 4% paraformaldehyde
in PBS for 15 min and subjected to immunofluorescence as
described previously (12) using rabbit polyclonal anti-CX50IL
antibodies and Cy3-conjugated goat anti-rabbit IgG antibodies
(Jackson ImmunoResearch). Specimens were studied with a
Zeiss Plan Apochromat 40� objective (n.a., 1.0) in an Axioplan
2 microscope (Carl Zeiss) equipped with a mercury lamp.
Images were acquired with a Zeiss AxioCam digital camera

using Zeiss AxioVision software. Figures were assembled using
Photoshop CS3 Extended (Adobe Systems).
Immunoblotting—Cells at 80–90% confluence cultured on

100-mm plastic dishes were harvested in PBS, 4 mM EDTA, 2
mM PMSF, and cOmplete EDTA-free protease inhibitor mix-
ture (Roche Applied Science) and centrifuged at 13,000 � g for
5 min. Pellets were resuspended in harvesting buffer and soni-
cated. Aliquots from cell homogenates containing 20�g of pro-
tein were subjected to immunoblotting as described previously
(16) using rabbit polyclonal anti-CX50IL antibodies and perox-
idase-conjugated goat anti-rabbit IgG antibodies. Binding of
the secondary antibodies was detected using ECL (GE
Healthcare).
Assessment of Intercellular Communication—Cells were

plated in 100-mm dishes containing glass coverslips and
allowed to grow to approximately 90% confluence. Then, the
coverslips were transferred to a dish containing F12 medium
buffered with 15 mM HEPES, pH 7.4. Cells were microinjected
for 1 min with a solution containing 5% Lucifer yellow and 9%
Neurobiotin (Vector Laboratories) or 1 mg/ml propidium
iodide (Sigma) using a picospritzer (model PLI-188; Nikon
Instruments Inc., Melville, NY). The gap junction tracers were
allowed to transfer for at least 5 min before counting the num-
ber of cells to which propidium transferred.
To visualize Neurobiotin transfer, 5min aftermicroinjection

of the gap junction tracers, cells were fixed in 4% formaldehyde
for 15min and rinsed three times in PBS. Fixed cells were incu-
bated in 10% normal goat serum, 1% Triton X-100 in PBS, pH
7.4 (blocking solution) for 1 h. Then, the cells were incubated
for 45 min in Cy3-streptavidin conjugate diluted in blocking
solution followed by six 7-min rinses in PBS, pH 7.4. The extent
of intercellular transfer was determined by counting the num-
ber of cells surrounding the microinjected cell that contained
Neurobiotin. Because CX50 channels allow very limited trans-
fer of Lucifer yellow, co-injection of this tracer was used to
facilitate identification of the microinjected cell. Results are
reported as means � S.E. Statistical analysis was performed
using Student’s t test.

RESULTS

The Cataract-associated Mutant, CX50fs, Forms Small and
Infrequent Gap Junction Plaques—To compare the behavior of
CX50fs with that of wild type CX50, we stably transfectedHeLa
cells with DNA constructs encoding these proteins (HeLa-
CX50 andHeLa-CX50fs). Thewild type andmutantCX50were
detected using a newly developed antibody raised against the
intracellular loop of CX50 because this region is identical in
both proteins. A major immunoreactive band was detected by
immunoblotting in homogenates from HeLa-CX50 cells
whereas no bandswere detected in homogenates fromuntrans-
fected cells. Immunoblots of homogenates from HeLa-CX50fs
cells showed a band of faster electrophoretic mobility than wild
type CX50 and occasionally, a much lower intensity band of a
slower electrophoretic mobility than wild type CX50. Levels of
immunoreactive CX50 were much lower in HeLa-CX50fs cells
than in HeLa-CX50 cells (Fig. 1A).
To test whether the reduction in CX50fs levels resulted from

the absence of the last 178 amino acids of CX50, we expressed a
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mutant CX50 truncated after amino acid 255 where the frame-
shift occurs in CX50fs (CX50Tr). InHeLa cells transfectedwith
CX50Tr (HeLa-CX50Tr), levels of immunoreactive CX50 were
not reduced; rather, they were higher than in HeLa-CX50 cells
(Fig. 1A). These results suggest that the presence of the abnor-
mal C-terminal sequence in the mutant was responsible for the
decreased levels of CX50fs (and not the absence of amino acids
256–433).
We also assessed the distribution of CX50 in these cells.

CX50fs rarely formed gap junction plaques, and they were
barely detectable (Fig. 1B). In contrast, CX50Tr localized in gap
junctional plaques that were more abundant and as large as (if
not larger than) those found between cells expressing wild type
CX50 (Fig. 1B). No immunoreactive CX50 was detected in
untransfected cells (data not shown).
HeLa-CX50fs Cells Show Very Low Levels of Intercellular

Communication—We assessed the abilities of CX50fs and
CX50Tr to support intercellular transfer of Neurobiotin and
compared them with that of wild type CX50. Neurobiotin
transferred to very few or no untransfected HeLa cells (0.8 �
0.2), whereas in HeLa-CX50 cells it transferred to 119 � 5.7
neighboring cells (Fig. 2). In contrast, CX50fs supported Neu-
robiotin transfer to 10.9 � 0.9 cells, a number that was signifi-

cantly smaller than that between HeLa-CX50 cells but higher
than that between untransfected cells (Fig. 2). Cells expressing
CX50Tr transferred Neurobiotin to 295.8 � 11.2 neighboring
cells, a number that was significantly higher than that of HeLa-
CX50 cells (Fig. 2).
We also observed decreased intercellular communication

between cells transfected with CX50fs when using propidium
iodide as the gap junction tracer. Propidium transferred to
0.8 � 0.4 untransfected cells, 5.7 � 0.3 HeLa-CX50 cells, and
1.3 � 0.4 HeLa-CX50fs cells. The extent of propidium transfer
between HeLa-CX50fs cells was significantly lower than that
between cells expressing wild type CX50 (p � 10�6), but not
significantly different from that between untransfected cells.
Degradation of CX50fs Is Increased—The reduced levels of

CX50fs suggested faster degradation of themutant protein than
of wild type CX50 in HeLa cells. Therefore, we treated HeLa-
CX50 and HeLa-CX50fs with 40 �g/ml cycloheximide to
inhibit de novo protein synthesis and assessed CX50 levels after
different treatment durations. Levels of CX50fs were almost
undetectable after 4 h of treatmentwhereaswild typeCX50was
still detected even after 18 h of treatment (Fig. 3).
To examine degradation pathways that might be responsible

for the rapid disappearance ofCX50fs, we treatedHeLa-CX50fs

FIGURE 1. Levels and distribution of wild type and CX50 mutants in mammalian cells. A, homogenates of untransfected HeLa cells or HeLa cells stably
transfected with CX50, CX50fs, or CX50Tr were subjected to immunoblotting using anti-CX50IL antibodies. The positions of the molecular mass standards are
indicated. B, photomicrographs show the distribution of immunoreactive CX50, CX50fs, and CX50Tr in stably transfected HeLa cells. In this composite image,
exposure times and brightness were optimized to allow visualization of gap junctions plaques (arrows). Scale bar, 21 �m.

FIGURE 2. Cells transfected with CX50fs showed decreased intercellular transfer of Neurobiotin. A, photomicrographs show intercellular transfer of
Neurobiotin from the microinjected cell (*) to the neighboring cells in untransfected HeLa cells or in HeLa cells stably transfected with CX50, CX50fs, or CX50Tr.
Scale bar, 161 �m. B, graph shows the quantification of these experiments. The results are presented as mean � S.E. (error bars; p � 10�8 for CX50 versus CX50fs
or CX50Tr; p � 10�8 for untransfected versus any of the transfected cells).
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cells with an inhibitor of the lysosome (chloroquine) or the
proteasome (epoxomicin) and compared immunoblot results
with those obtained fromHeLa-CX50 cells. Treatment of stably
transfected cells with chloroquine led to a modest increase in
levels of wild type CX50 (on average, 32%; Fig. 4), but did not
increase levels of CX50fs (on average a 30% decrease; Fig. 4). In
contrast, treatment with epoxomicin significantly increased
levels of CX50fs (on average, 6.4 times the values in control
DMSO-treated cells; Fig. 4); this is likely an underestimation,
because the exposure time required to detect the CX50fs band
in control DMSO-treated cells resulted in overexposure of the
band in epoxomicin-treated HeLa-CX50fs cells. Epoxomicin
treatment had little effect on levels of wild type CX50 (on aver-
age, a 9% decrease; Fig. 4).
Proteasomal Inhibition Increases theAbundance ofGap Junc-

tional Plaques and Rescues Intercellular Communication in
HeLa-CX50fs Cells—Because of its effects on CX50fs levels
(likely abolishing its accelerated degradation), we hypothesized
that treatment with a proteasome inhibitor might also restore
gap junction plaque formation and function in cells expressing
this mutant. We treated HeLa-CX50 and HeLa-CX50fs cells

with 2 �M epoxomicin for 4 h and evaluated the cellular distri-
bution of immunoreactive CX50. This treatment did not dra-
matically affect the frequency or size of gap junctions between
cells expressing wild type CX50, although some variability in
the amount of intracellular staining was observed (Fig. 5A).We
observed on average 0.69 interfaces with immunopositive gap
junction plaques per cell in control (DMSO-treated) cultures
versus 0.79 immunoreactive interfaces per cell in epoxomicin-
treated cultures of HeLa-CX50 cells (Fig. 5B). In contrast,
epoxomicin treatment greatly increased cytoplasmic immuno-
reactivity and the abundance of gap junction plaques in HeLa-
CX50fs cells such that obvious plaques were observed between
nearly all cells (Fig. 5A). This difference was clearly reflected in
the number of interfaces containing immunoreactive gap junc-
tion plaques per cell; this value increased from an average of
�0.02 in control HeLa-CX50fs cells to an average of 0.52 in
epoxomicin-treated cells (Fig. 5B).
To assess the effects of proteasome inhibition on gap junc-

tion function, we also examined Neurobiotin transfer between
HeLa-CX50 and HeLa-CX50fs cells under control conditions
and after treatment with 2 �M epoxomicin for 4 h. Epoxomicin
treatment did not significantly affect the extent of intercellular
communication among HeLa-CX50 cells (Fig. 5C). In contrast,
treatment of HeLa-CX50fs with epoxomicin resulted in a very
large and significant increase (nearly 9-fold) in the number of

FIGURE 3. After inhibition of de novo protein synthesis, CX50fs disap-
peared much more rapidly than wild type CX50. A, HeLa cells stably trans-
fected with CX50 or CX50fs were treated with 40 �g/ml cycloheximide for
0 –18 h as indicated. Then, cells were harvested and homogenized. Homoge-
nate aliquots containing 20 �g of protein were subjected to immunoblotting
using anti-CX50IL antibodies. B, graph shows the quantification of the results
obtained in three independent experiments performed as described in A. The
relative levels of CX50 (filled circles) and Cx50fs (open circles) were quantified
by densitometry and calculated as a percentage of the densitometric values
obtained at time � 0. The curves (CX50, solid line; CX50fs, dotted line) corre-
spond to the best fit for a single exponential.

FIGURE 4. Epoxomicin dramatically increased levels of CX50fs. A, immu-
noblot shows the levels of immunoreactive CX50 in homogenates from HeLa-
CX50 and HeLa-CX50fs cells left untreated or treated with DMSO (solvent for
epoxomicin), 100 �M chloroquine, or 2 �M epoxomicin for 4 h. B, graph shows
the quantification of the results obtained in three independent experiments
performed as described in A. For each condition, the levels of CX50 and
CX50fs were quantified by densitometry. For chloroquine, the -fold change in
levels was calculated as the ratio between the densitometric values obtained
after treatment with chloroquine and those obtained in Control. For epox-
omicin, the -fold change in levels was calculated as the ratio between the
densitometric values obtained after treatment with epoxomicin and those
obtained in DMSO.
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Neurobiotin-coupled neighbors. Indeed, the extent of coupling
of HeLa-CX50fs cells under these conditions was not signifi-
cantly different from that determined in HeLa cells expressing
the wild type connexin (Fig. 5B).
Inhibition of p97-dependent Protein Degradation Increases

Levels, but Not the Abundance of CX50fs Gap Junction Plaques—
The fast degradation of CX50fs and its dependence on the
activity of the proteasome suggested that CX50fs was being
degraded by ERAD. To test the role of ERAD in the degradation
of CX50fs compared with that of wild type CX50, we treated
HeLa-CX50 and HeLa-CX50fs cells with eeyarestatin I, a

known ERAD inhibitor that targets p97, a central element in
ubiquitin-dependent processes, leading to accumulation of
polyubiquitinated proteins (19, 20). Treatment of these cells
with eeyarestatin I changed the banding pattern and total inten-
sity of immunoreactive CX50 (Fig. 6A). In HeLa-CX50 cells, a
fraction of the protein was detected at the same electrophoretic
mobility as in control (DMSO-treated) cells, but most CX50
was detected at much higher apparent molecular masses. In
HeLa-CX50fs cells treated with eeyarestatin I, CX50 immuno-
reactivity was not detected at the position corresponding to the
CX50fs band identified in control cells; rather, CX50fs was
detected as a ladder of bands of higher apparent molecular
masses, the smallest of which corresponded to the band occa-
sionally detected in immunoblots of untreated HeLa-CX50fs
cells. The eeyarestatin I-induced increase of total Cx50 immu-
noreactivity (compared with DMSO-treated controls) was

FIGURE 5. Treatment of HeLa-CX50fs cells with epoxomicin increased gap
junction plaques and rescued intercellular communication. A, photomi-
crographs show the distribution of CX50 and CX50fs in cells that were treated
with DMSO (Control) or with 2 �M epoxomicin for 4 h. Arrows point to gap
junction plaques between untreated HeLa-CX50fs cells. For either HeLa-CX50
or HeLa-CX50fs cells, the images of DMSO-treated and epoxomicin-treated
cells were obtained with the same exposure time. Scale bar, 34 �m. B, the
vertical point graph shows the quantification of the results presented in A. For
each treatment, the total number of cell interfaces with immunopositive gap
junction plaques and the total number of cells were counted in 10 different
fields of view (containing confluent, but well spread cells). The results are
presented as the number of immunoreactive interfaces per cell. The average
for each treatment is indicated by the short horizontal line. C, the bar graph
shows the quantification of intercellular transfer of Neurobiotin in HeLa-CX50
and HeLa-CX50fs cells after DMSO (�) or epoxomicin (�) treatment. The
results are presented as mean � S.E. (error bars; p � 10�5 for untreated CX50fs
versus CX50 or epoxomicin-treated CX50fs).

FIGURE 6. Treatment with a p97 inhibitor led to accumulation of slower
migrating forms of CX50 and CX50fs. A, immunoblot shows the levels of
immunoreactive CX50 in homogenates from HeLa-CX50 and HeLa-CX50fs
cells treated with DMSO (solvent for eeyarestatin I) or treated with 10 �M

eeyarestatin I for 8 h. Note that the CX50fs band appears almost as intense as
that of wild type CX50 in the Control samples, because the CX50fs data come
from a different blot with a longer exposure time of the film to chemilumines-
cence than the data for wild type CX50. B, graph shows the quantification of
the results obtained in three independent experiments performed as
described in A. For each condition, the levels of CX50 and CX50fs were quan-
tified by densitometry. The -fold change in levels was calculated as the ratio
between the densitometric values obtained after treatment with eeyaresta-
tin I and those obtained in homogenates from DMSO-treated cultures (Con-
trol). C, photomicrographs show the distribution of CX50 and CX50fs in cells
that were treated with DMSO (Control) or with 10 �M eeyarestatin I for 8 h. For
either HeLa-CX50 or HeLa-CX50fs cells, the images of DMSO-treated and
eeyarestatin I-treated cells were acquired with the same exposure time. The
arrow points to a gap junction plaque between Control HeLa-CX50fs cells.
Scale bar, 8.3 �m.
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much more pronounced for CX50fs than for wild type CX50
cells (on average, 11.2-fold inHeLa-CX50fs comparedwith 3.5-
fold in HeLa-CX50; n � 3) (Fig. 6B).
We also assessed the distribution of the proteins in cells

treated with eeyarestatin I. With the exception of the perinu-
clear CX50 immunostaining which was not apparent in treated
cells, wild type CX50 localized in gap junction plaques and in
bright intracellular structures in eeyarestatin I-treated HeLa-
CX50 cells similar to its distribution in DMSO-treated control
cells (Fig. 6C). Treatment of HeLa-CX50fs cells with eeyaresta-
tin I led to a major increase in the intensity of intracellular
immunoreactivity with no obvious changes in CX50fs distribu-
tion compared with DMSO-treated control cells (Fig. 6C).

DISCUSSION

In this paper, we have elucidated defects of the cataract-
linked GJA8 mutant, c776insG, which encodes an abnormal
lens connexin that we have termed CX50fs. When stably
expressed inHeLa cells, CX50fs has a severely reduced ability to
support intercellular communication compared with wild type
CX50. This defect is not due to the absence of amino acids
256–433 from the C terminus of CX50fs, because a truncated
form of CX50 lacking these amino acids supports transfer of
Neurobiotin even better than wild type CX50. Rather, the
reduced function of CX50fs must result from the abnormal
amino acids that follow the frameshift.
Our data regarding the truncated form of CX50 complement

previous studies and emphasize the complexities of defining
the roles of amino acid domains in the C terminus of CX50 for
gap junction plaque formation and function. Previous studies
have shown thatmouseCX50 truncated at amino acid 290 (cor-
responding to amino acid 283 of human CX50) forms gap junc-
tions plaques (21); however, when three FLAG epitopes are
appended to its C terminus, it localizes in intracellular mem-
branes (22). A shorter truncated form of mouse CX50 lacking
amino acids 246–440 containing the tandemof FLAG epitopes
localized in sparse gap junction plaques (22). The reported
effects of partial deletion of the C terminus on gap junction
function are diverse. Mouse, ovine, or human CX50 carrying
deletions from the C terminus of different lengths and up to a
site corresponding to amino acid 284 of human CX50 (291 in
mouse and ovine CX50) supported little (or no) macroscopic
gap junctional conductance and no intercellular transfer of
Neurobiotin (21–25), but ovine CX50 truncated at amino acid
290 induced similarmacroscopic junctional conductance to the
full-length protein in Xenopus oocytes (26). The �246–440
mouse CX50 truncation (containing a longer deletion) sup-
ported a reduced transfer of Neurobiotin (22); although no data
on gap junctional conductance for this truncated form are
available, based on the size difference it is likely that gap junc-
tional (ionic) conductance will be decreased to a lesser extent
than the transfer of Neurobiotin. By sequence alignment, the
C-terminal domain of CX50Tr (which formed abundant gap
junction plaques and showed increased transfer of Neurobiotin
in our study) is longer than that of�246–440mouse CX50, but
shorter than that of mouse CX50 truncated at amino acid 290.
Thus, our data onCX50Tr suggest that amino acids 256–433 of
human CX50 are dispensable for protein stability, formation of

gap junctions, and gap junction-mediated intercellular com-
munication. These results raise the possibility that truncation
of CX50 after isoleucine 255 may have exposed a normally hid-
den domain in the C terminus of CX50 or generated a novel
binding site for a scaffolding protein (e.g. ZO-1) that allowed
formation of gap junctional plaques in the absence of the ZO-1
binding sequence identified by Chai et al. (22) in mouse CX50.
Because studying scaffolding-interacting domains in a trun-
cated form of CX50 generated by site-directed mutagenesis is
tangential to themain purpose of this report, these studies were
not pursued further.
Our results demonstrate that CX50fs is very unstable com-

pared with wild type CX50 based on its rapid disappearance
after blocking de novo protein synthesis with cycloheximide.
This conclusion is further supported by the large increase in
CX50fs levels observed after inhibiting the proteasome with
epoxomicin. Proteasomal degradation at the level of the ER has
been described for some CX32 mutants associated with
X-linked Charcot-Marie-Tooth disease (27). Many protea-
somal substrates are targeted for degradation by modification
with ubiquitin chains through a series of enzymatic reactions
(28); p97 is involved in their dislocation from the ER before they
can be degraded (20). The p97 inhibitor eeyarestatin I-induced
accumulation of CX50fs modified forms (that are likely polyu-
biquitinated) and the major increase in CX50fs immunoreac-
tivity (in a somewhat reticular ER-like pattern) suggest that the
protein is polyubiquitinated and targeted for proteasomal deg-
radation before reaching the plasma membrane (and forming
gap junction plaques). Taken together, these results imply that
most (if not all) of the accelerated degradation of CX50fs occurs
via proteasome-dependent ERAD.
In contrast to the CX50 mutant, levels of wild type CX50

were not affected by inhibition of the proteasome; they were
increased by inhibition of the lysosome. The eeyarestatin I-in-
duced accumulation of unmodified and modified (most likely
by ubiquitin) forms of CX50 implicates the participation of p97
in the degradation of this connexin. Ubiquitination of chicken
CX50 has been demonstrated (29). Because p97 is involved in
autophagy (a degradation pathway that depends on the activity
of lysosomal enzymes), and CX50 is a substrate of autophagy
(30), these results imply that CX50 is subject to post-transla-
tional modification before its degradation by the lysosome.
Similar to the CX50fs levels, the abundance of gap junctional

plaques was greatly increased when proteasomal degradation
was blocked by epoxomicin treatment. An increase in the abun-
dance of gap junctions formed of other connexins (e.g. CX43)
has previously been observed in response to proteasomal inhi-
bition (31–35). The increase in CX43 gap junctional plaques
induced byMG132 treatment has been ascribed to proteasome
inhibition-induced Akt activation (35). However, Akt is
unlikely to have a substantial participation in themechanismby
which proteasome inhibitors exert their effects on CX50fs
because we still observed a major increase in CX50fs plaques
when Akt was inhibited prior to epoxomicin treatment (data
not shown). The most reasonable conclusion is that the effects
induced by proteasome inhibition onCX50fs result fromblock-
age of ERAD.
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Most dramatically, epoxomicin treatment restored intercel-
lular transfer of Neurobiotin in cells expressing CX50fs to an
extent similar to that in cells expressing wild type CX50.
Although involvement of the proteasome in the degradation of
wild type and mutant connexins has been reported previously
(27, 31–34, 36–39), only the studies byMusil et al. of CHOcells
(31) andGirǎo and Pereira using bovine lens epithelial cells (32)
that express wild type Cx43 have reported increased gap junc-
tional communication following proteasomal inhibition.
Although Musil et al. (31) attributed the increase to an
improvement in the inefficient capacity of CHO cells to assem-
ble gap junctions, a similar hypothesis cannot explain our
results, because HeLa cells efficiently assemble wild type con-
nexins (and somemutants) into gap junction plaques. Thus, our
results imply that the reduced intercellular communication
betweenHeLa cells expressingCX50fswas due to the instability
of the mutant protein and that the aberrant sequence had min-
imal (if any) effect on gap junction function.
It is a reasonable extrapolation that ERAD of CX50fs can

explain the development of cataracts in individuals carrying
this mutation. Components of the ubiquitin-proteasome sys-
tem are present, and the function of this system has been doc-
umented in the lens (40, 41), where CX50 is normally
expressed. Therefore, it is likely that most of this CX50 mutant
would be rapidly degraded by ERAD in vivo. Considering the
results of our study, it would be expected that the CX50fs
(c776insG) allele behaves like a CX50-null allele, explaining the
recessive inheritance pattern of cataracts associated with this
CX50 mutant. Thus, individuals that are heterozygous for this
mutation should have approximately 50% of normal CX50
function, and like mice that are heterozygous for the CX50
knock-out, they should have normal lenses (42, 43). This
appears to be true, because visual acuity was unaffected in adult
individuals carrying one mutant allele; they only had discrete,
symmetric opacities in the fetal lens nucleus (18). In contrast,
individuals that are homozygous for the mutant allele should
have almost no CX50 gap junctions or function leading to cat-
aracts as in the homozygous null mice.
The remarkable rescue of CX50fs gap junction function by

epoxomicin suggests that a proteasomal inhibitor could be used
to ameliorate or prevent the formation of cataracts. Protea-
somal inhibitors are currently undergoing clinical trials or
being incorporated into therapeutic protocols for people (44).
In fact, one drug of this class, bortezomib, is being used for
treatment of some hematologic malignancies. Proteasomal
inhibitors have also been reported to rescue targeting to the
plasma membrane and function of some proteasomally
degraded mutants associated with other diseases (45–48).
Other inhibitors of the proteasome that may have reduced sec-
ondary effects (49, 50) are being developed, and theymay even-
tually allow chronic application to prevent or ameliorate dis-
ease (like cataracts). Indeed, inhibition of other proteases may
also have benefits for lens disease due to connexin abnormali-
ties, because the formation of nuclear cataracts in lenses from
CX46 knock-out mice can be blocked by in vitro incubation of
the lenses with the irreversible cysteine protease inhibitor, E-64
(51).

In summary, we report a frameshift mutant of CX50 that is
unstable but can be rescued by treatment with a proteasomal
inhibitor. These results suggest a novel therapeutic approach to
treat some forms of cataract. They also suggest that the use of
proteasomal inhibitors might be beneficial in the treatment of
other diseases caused by connexinmutantswith similar defects.

Acknowledgment—We thank Wenji Guo for participation in the ini-
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REFERENCES
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