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Abstract

A mutant human connexin50 (hCx50), hCx50P88S, has been linked to cataracts inherited as an
autosomal dominant trait. The functional, biochemical and cellular behavior of wild-type and mutant
hCx50 were examined in transfected cells. hCx50P88S was unable to induce gap junctional currents
by itself, and it abolished gap junctional currents when co-expressed with wild-type (wt) hCx50.
Cells transfected with hCx50P88S showed cytoplasmic accumulations of Cx50 immunoreactivity in
addition to staining at appositional membranes; these accumulations did not significantly co-localize
with markers for the endoplasmic reticulum, Golgi apparatus, lysosomes, endosomes or vimentin
filaments. Immunoelectron microscopy studies localized hCx50P88S to cytoplasmic membrane
stacks in close vicinity to the endoplasmic reticulum. In contrast, aggresome-like accumulations were
induced by treatment of wt hCx50-transfected cells with proteasomal inhibitors. The formation of
hCx50P88S accumulations in transiently transfected cells was not blocked by treatment with
Brefeldin A suggesting that they form before Cx50 transits through the Golgi apparatus to the plasma
membrane. Treatment of HeLa-hCx50P88S cells with cycloheximide demonstrated the presence of
a very stable pool of hCx50P88S. Taken together, these results suggest that the P to S mutation at
amino acid residue 88 causes a defect that leads to decreased degradation and subsequent
accumulation of hCx50P88S in a cellular structure different from aggresomes.
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Introduction

Gap junctions are membrane specializations containing clusters of intercellular channels that
allow intercellular passage of ions and molecules of up to 1000 Da. These channels are
oligomeric assemblies of members of a family of related proteins called connexins (Cx). Six
connexin monomers assemble to form a hemi-gap junction channel or connexon, which, in
turn, may form a complete gap junction channel by docking with a connexon from an adjacent
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cell. Connexins are synthesized in the endoplasmic reticulum and are transported to the plasma
membrane through the secretory pathway. Degradation of connexins involves the lysosomal
and proteasomal pathways. The lysosomal pathway has been implicated in the degradation of
gap junctions after their internalization. The proteasomal pathway has been implicated in the
degradation of connexins as a quality control system for misfolded connexins and for connexins
forming part of gap junctions. The half-life (or turnover rate) of most connexins as determined
by pulse-chase studies is only a few hours (1.5 — 3 h) which would imply that, on average, the
life-cycle of a connexin is rather short.

The lens is an avascular organ formed by an anterior epithelial cell layer and fiber cells which
form the bulk of the organ. Gap junctions have been identified morphologically between
epithelial cells and between fiber cells using electron microscopy (Goodenough, 1992). Their
molecular components have been characterized. Lens epithelial cells express mainly Cx43
(Beyer et al., 1989; Musil et al., 1990). Mammalian lens fiber cells express Cx50 (White et al.,
1992; Church et al., 1995) and Cx46 (Paul et al., 1991). Because gap junction channels allow
transfer of ions and molecules of up to 1000 Da between adjacent cells, it has been proposed
that they play a pivotal role for cell survival and function and, thus, for lens transparency
(Goodenough, 1992). In fact, targeted disruption of the Cx50 (White et al., 1998) or Cx46
(Gong et al., 1997) gene results in cataracts in mice. Moreover, cataract-associated mutations
in Cx50 (Shiels et al., 1998) or Cx46 (Mackay et al., 1999) have been identified in human
families and in the No2mouse (Steele et al., 1998). The exact mechanisms for the observed
phenotypes are not completely understood. However, when the proteins are expressed in
Xenopus oocyte pairs, the human Cx46 mutants (Cx46N63S and Cx46fs380) (Pal et al.,
2000) and the No 2 Cx50 mutant (Xu and Ebihara, 1999) do not induce gap junctional currents.
Likewise, the missense human Cx50P88S (hCx50P88S) mutant does not induce junctional
currents when expressed alone; and, when co-injected with wild-type Cx50 (wt hCx50), it
impairs the ability of wt hCx50 to induce junctional currents (Pal et al., 1999).

Several steps in the life-cycle of a disease-associated connexin might be impaired. Several non-
functional Cx32 mutants associated with the X-linked Charcot-Marie-Tooth disease (CMTX)
have been shown not to traffic properly, to be retained in the ER or in the Golgi apparatus
(Deschenes et al., 1997), and to degrade at least as rapidly as wild-type Cx32 (VanSlyke et al.,
2000).

Functional studies have demonstrated that gap junction channels made of site-directed mutants
of Cx26 (Suchyna et al., 1993) or Cx32 (Ri et al., 1999) in which proline 87 (corresponding
to proline 88 in Cx50) was substituted with amino acids other than serine show changes in
voltage gating. No further characterization of these proline-substituted connexin mutants has
been reported. The present experiments were undertaken to characterize the biochemical and
cellular behavior of wt hCx50 and hCx50P88S.

Materials and methods

Chemicals

Cell culture

All chemicals were obtained from Sigma Chemical Co. (St. Louis, MO, USA) unless otherwise
specified.

HeLa cells were grown in DMEM supplemented with non-essential amino acids, 10% fetal

bovine serum (FBS), 2 mM glutamine, 100 units/ml penicillin G and 100 pg/ml streptomycin
sulfate. Neuroblastoma (N2A) cells were grown in DMEM containing high glucose, with L-
glutamine and no sodium pyruvate, supplemented with 10% FBS, non-essential amino acids,
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100 units/ml penicillin G and 100 pg/ml streptomycin sulfate. Normal rat kidney cells
(NRK-52E, ATCC CRL 1571) were obtained from ATCC and grown in DMEM with 5% FBS,
100 units/ml penicillin G and 100 pg/ml streptomycin sulfate, non-essential amino acids and
2 mM glutamine. 293/FIpln cells (Invitrogen, Carlsbad, CA) were grown in DMEM
supplemented with 10% FBS, 2 mM glutamine, 100 units/ml penicillin G and 100 pg/ml
streptomycin sulfate. Transfections were carried out using lipofectin (Invitrogen Life
Technologies) or Superfect (Qiagen, Valencia, CA). Wild-type human Cx50 or hCx50P88S
were subcloned into pSFFV-neo (Rup et al., 1993), and stably transfected clones were selected
by their resistance to Geneticin (Invitrogen). For some tranfections, wt hCx50 or hCx50P88S
were subcloned into pcDNA3.1/Hygro(+) or pcDNAS/FRT (Invitrogen), and stably transfected
clones were selected by their resistance to hygromycin (Calbiochem-Novabiochem
Corporation, San Diego, CA).

RNA blotting

Antibodies

Total cellular RNA was prepared from cell cultures using the RNeasy Mini kit (Qiagen). RNA
was separated on formaldehyde/agarose gels, and transferred to Hybond N nylon membranes
(Amersham, Arlington Heights, IL) as previously described (Beyer et al., 1987). Hybridization
was performed using specific 32P-labeled DNA probes containing the full length of the coding
region of human Cx50. Probes were prepared using random hexanucleotide primers and the
Klenow fragment of DNA polymerase I (Feinberg and VVogelstein, 1983).

Mouse monoclonal anti-protein disulphide isomerase and anti-glucose-regulated protein 94
antibodies were obtained from Affinity Bioreagents (Golden, CO). Mouse monoclonal anti-
Golgi 58K protein (clone 58K-9), anti-vimentin (clone VV9), anti-p-COP, and anti-B-tubulin
antibodies were obtained from Sigma Chemical Company (St. Louis, MO). Mouse monoclonal
anti-transferrin receptor antibodies were obtained from Zymed Laboratories, Inc. (South San
Francisco, CA) and Roche Diagnostics (Indianapolis, IN). Mouse monoclonal anti-membrin
antibody was obtained from Stressgen (Victoria, BC Canada). Mouse monoclonal anti-rab5
antibody was obtained from BD Transduction Laboratories (Franklin Lakes, NJ). Mouse
monoclonal anti- Hsp70 antibody was obtained from Calbiochem (San Diego, CA). Mouse
monoclonal anti-LAMP1 antibody developed by J. T. August and J. E. K. Hildreth was obtained
from the Developmental Studies Hybridoma Bank developed under the auspices of the NICHD
and maintained by The University of lowa, Department of Biological Sciences, lowa City, IA
52242. Cy3-conjugated goat anti-mouse 1gG, FITC-conjugated goat anti-rabbit 1gG, Cy2-
conjugated donkey anti-rabbit IgG and HRP-conjugated goat anti-rabbit IgG antibodies were
obtained from Jackson ImmunoResearch (West Grove, PA, USA). Alexa Fluor 660-conjugated
goat anti-rabbit 1gG was obtained from Molecular Probes (Eugene, OR).

Generation of anti-hCx50 antibodies

Apolypeptide containing an hCx50 fragment (including amino acids 231 — 433) fused to
glutathione S-transferase (GST) was produced using the plasmid pGEX-3X (Amersham
Biosciences, Piscataway,NJ). The purified hCx50 fusion protein was used for rabbit
immunization. The rabbit serum obtained was stripped of anti-GST antibodies using a GST-
immobilized agarosecolumn(Pierce, Rockford, IL).The anti-Cx50 antibodies were then
affinity purified using the hCx50 fusion protein coupled to a Sulfolink column (Pierce)
according to the manufacturer’s directions.

Immunofluorescence

Untransfected cells or cells transfected with wt hCx50 or hCx50P88S were plated on 4-well
chamber slides (LAB TEK, Nalge Nunc International, Naperville, IL, USA) and allowed to
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reach 80 — 90% confluence. Cells were then rinsed with phosphate-buffered saline pH 7.4
(PBS), fixed in 4% paraformaldehyde for 15 min at room temperature, permeabilized in 1%
Triton X-100 in PBS for 15 min at room temperature and blocked in 2% normal goat serum,
1% Triton X-100 in PBS for 10 min at room temperature. Cells were then incubated in mouse
monoclonal antibody against proteins from different cellular compartments and/or affinity-
purified rabbit polyclonal anti-Cx50 antibodies overnight at 4°C. Cells were rinsed 4 times
with PBS and then incubated in secondary antibodies. After incubation at room temperature
for 45 min, cells were rinsed 4 times in PBS, and coverslips were mounted with 2% n-
propylgallate in PBS:glycerol (1 : 1).

Photomicrographs were obtained using a Zeiss Axioplan 2 microscope (Carl Zeiss, Miinchen,
Germany) equipped with a mercury lamp and a digital camera. Measurements were performed
using the Zeiss Axiovision software.

Confocal images were obtained using an 1X70 Olympus Fluoview 200 laser-scanning confocal
microscope (Melville,NY, USA) equipped with laser lines (488 nm, 543 nm and 633 nm).
Images were collected by sequential scanning using single laser-line excitation to eliminate
bleeding from one color channel into the other. Images were analyzed using Fluoview or NIH
Image J software.

Electron microscopy

Thin-section electron microscopy—Hela-hCx50P88S cells were fixed overnight at room
temperature with 4% glutaraldehyde (EMS, Fort Washington, PA) in 0.1 M sodium cacodylate,
pH 7.3. Then, cells were washed with buffer, postfixed with 1% osmium tetroxide (EMS) for
1 hour at room temperature, washed with distilled water, and stained en bloc with 0.5% uranyl
acetate at 4°C overnight. The specimens were dehydrated through a series of alcohols. Blocks
were infiltrated with Epon resin:ethanol mixtures followed by 3 changes of 100% Epon resin.
Blocks of cell pellets were embedded in 100% Epon, and allowed to polymerize overnight at
65°C. Ultrathin sections (70 — 90 nm) were cut on a Reichert Ultracut-E ultramicrotome
(Vienna, Austria) and contrasted with uranyl acetate and lead citrate.

Immunoelectron microscopy—This procedure was performed essentially as outlined by
Griffiths (1993). HelLa cells expressing hCx50P88S at 85% confluence were fixed for 15 min
at room temperature in 4% paraformaldehyde (EMS), 0.5% glutaraldehyde (EMS) buffered
with 0.1 M HEPES at pH 7.3. Cells were centrifuged and the fixative was replaced with fresh
fixative; the cells were kept in fixative overnight at 4°C. Small pieces of the pellet were frozen
on copper stubs by liquid nitrogen immersion after infiltration with 2.1 M sucrose and 0.02 M
glycine in PBS. Sections (100 nm) were obtained from the cell blocks using an RMC CR-21
cryo attachment (Tucson, AZ) on a Reichert Ultracut-E ultramicrotome. Sections were blocked
with 10% fetal calf serum, 0.02 M glycine in PBS for 10 min, rinsed with buffer, and incubated
with rabbit anti-Cx50 antibodies (1 : 400) for one hour at room temperature. Then, sections
were rinsed in PBS and incubated in 10 nm gold-conjugated protein A (Pella, Redding, CA)
at a 1: 45 dilution. Sections were washed with PBS, rinsed with distilled water and stained on
ice with uranyl acetate in 2% methyl cellulose (25 cps) for 10 min. All sections were collected
on 200-mesh formvar-coated gold grids, and examined using a Philips CM-120 electron
microscope (NewYork, NY), operated at an accelerating voltage of 120 kV. Images were
collected using a CCD camera (Gatan Inc., Pleasanton, CA).

Solubility experiments

Cells at about 90% confluence were harvested in PBS supplemented with protease inhibitors
and centrifuged at 150g for 7 min. Then, the pellets were homogenized in either 1% NP40 (10
mM Tris-HCI, pH 7.5, 5mM EDTA, 1%NP40, 0.5% sodium deoxycholate, and 150 mM NaCl)
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(Johnston et al., 1998) or RIPA buffer (50 mM Tris-HCI, pH 8.0, 1% NP40, 0.5% sodium
deoxycholate, 0.1% SDS, and 150 mM NaCl) (Garcia-Mata et al., 1999) supplemented with
protease inhibitors, and then incubated for 30 min on ice. Insoluble material was recovered by
centrifugation at 13 000g for 15 min at 4°C. The supernatant was separated from the pellet; an
equal volume of Laemmli loading dye was added to the pellet. Both fractions were stored at
—80°C until subjected to electrophoresis and immunoblotting.

Immunoblotting

Proteins from cell homogenates were resolved on 9% SDS-containing polyacrylamide gels,
and transferred to Immobilon P membranes (Millipore, Bedford, MA). Membranes were
blocked in 5% non-fat dry milk in Tris-buffered saline, pH 7.4, (TBS) for 30 min at room
temperature and incubated in affinity-purified rabbit polyclonal anti- Cx50 antibodies
overnight at 4°C. Then, membranes were rinsed in TBS six times, five minutes each, and
incubated in HRP-conjugated goat anti-rabbit 1gG antibodies for 1 h at room temperature. After
this period of time, the membranes were rinsed in TBS and detection of secondary antibody
binding was performed using enhanced chemiluminescence (Amersham).

Cell treatments

Brefeldin A—HelLa cells transiently or stably transfected with wt hCx50 or hCx50P88S were
treated with 5, 10 or 15 pg/ml BFA or ethanol (used as a solvent for the BFA stock solution)
for different lengths of time (4 and 24 h for stably transfected cells and 9 and 23 h for transiently
transfected cells). Transiently transfected cells were treated with BFA 1 h after DNA
transfection. Disruption of the Golgi apparatus was confirmed by immunofluorescence using
a mouse monoclonal anti-Golgi 58K protein antibody.

Proteasomal inhibitors—Cells were treated with 10 pM clasto-lactacystin -lactone
(Calbiochem-Novabiochem Corporation) for 48 hours, 0.5 uM epoxomicin (Calbiochem-
Novabiochem Corporation) for 24 h, or DMSO (used as a solvent for stock solutions of the
proteasomal inhibitors). For some experiments, HeL a cells stably transfected with wt hCx50
were treated with both 0.5 uM epoxomicin and 5 pg/ml nocodazole for 18 or 24 h. Disruption
of microtubules was confirmed by immunofluorescence using anti-f-tubulin antibodies.

Sodium 4-phenylbutyrate—Hela-hCx50P88S cells were treated with 1 mM sodium 4-
phenylbutyrate (dissolved in water) for 24 hours.

Incubation at lower temperatures—Cells were grown at 37°C until they reached 40 —
50% confluence. Then, they were either transferred to 25 °C or 30°C or left at 37 °C and further
incubated until they reached 80 — 90% confluence.

Cycloheximide—Cells were treated with 40 pg/ml cycloheximide for 0, 1, 3, 12, or 21 h.

After the treatments, cells were rinsed in PBS, fixed in 4% paraformaldehyde, and processed
for immunofluorescence as described above, or cells were harvested for immunaoblotting after
rinsing with PBS.

Labeling of endocytic pathway with fluorescent probes

Transiently transfected cells cultured in 4-well chamber slides were incubated in 1.5 mg/ml
tetramethylrhodamine-conjugated dextran (MW 10000) (Molecular Probes) or 20 pg/ml Alexa
Fluor 488-conjugated cholera toxin (Molecular Probes) for 7 hours; stably transfected cells
were incubated in the fluorescent probes for 1 or 14 h. After that time, cells were rinsed in
PBS, fixed and processed for immunofluorescence using anti-hCx50 antibodies.
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Protein determination

Proteins were determined using the BioRad Protein Assay (BioRad, Hercules, CA, USA) based
on the Bradford dye-binding procedure (Bradford, 1976) or by the method described by
Schaffner and Weiss-man (1973).

Electrophysiology

Results

Junctional currents between pairs of transfected cells were recorded using the double whole-
cell patch-clamp technique using an Axopatch 200A amplifier (Axon Instruments, Foster City,
CA) and an L/M-EPC7 amplifier (List-electronic, Germany). Patch pipettes were pulled from
glass capillaries with 1.5 OD/1.0 ID (World Precision Instruments, Inc., Sarasota, FL), using
a Brown-Flaming micropipette puller (Sutter Instruments, San Francisco, CA); the tips of the
micropipettes were subsequently fire-polished and the resistance of the pipettes was 2 — 6
MQ when filled with the internal pipette solution (130 mM CsClI, 10 mM EGTA, 0.5 mM
CaCl,, 3mM MgATP, 2 mM Na,ATP, 10 mM HEPES, pH 7.2). For recordings, the cell culture
medium was replaced by an extracellular solution containing 140 mM NaCl, 2 mM CsCl, 2
mM CaCl,, 1 mM MgCl,, 5 mM HEPES, 4 mM KCI, 5 mM dextrose, 2 mM pyruvate, 1 mM
BaCl,, pH 7.2 (Srinivas et al., 1999; Xu et al., 2002). All experiments were performed at room
temperature (22 — 24°C).

Gap junctional currents were elicited by initially holding both cells of a pair at 0 mV and
applyinga5-10 mV pulse to one of the cells. Under these conditions, current changes recorded
in the second cell would be equal in magnitude and opposite in polarity to the current flowing
through gap junction channels. Gap junctional conductance, gj, was calculated as the ratio of
the change in current recorded in the second cell divided by the applied difference in voltage.
Data are presented as the mean + standard error of the mean.

Stable transfection of wild-type human connexin50 and human connexin50P88S -
Determination of function

We have previously shown that expression of hCx50P88S in Xenopus oocytes results in no
junctional currents (Pal et al., 1999). This could result from improper trafficking/targeting,
formation of non-functional channels, and/or other alterations in the life-cycle of the connexin.
Because the Xenopus oocyte system is not ideal to elucidate potentially altered steps in the
connexin life-cycle, we transfected mammalian cell lines with wt hCx50 or hCx50P88S.

Stably transfected clones of N2A, HeLa, NRK, and 293 cells were analyzed for their expression
of wt hCx50 and hCx50P88S by RNA blot hybridization. A band of the expected size was
detected in the transfected clones (shown for HeLa cells in Fig. 6G). The presence of Cx50
protein was assessed by immunoblotting (Fig. 1); a band of M=62 kDa was detected in the
transfected clones. This band had an electrophoretic mobility indistinguishable from the Cx50
band detected in human lens homogenates, and it was absent in homogenates from
untransfected cells.

The formation of functional gap junction channels was analyzed using the double whole-cell
patch-clamp technique. The junctional conductance between pairs of cells transfected with
either wt hCx50 or hCx50P88S was determined from the current obtained when applying 5 —
10 mV transjunctional voltages (Table ). Wild-type hCx50 formed functional channels in N2A
cells and in HeLa cells. The junctional conductance of cells expressing wt hCx50 was
significantly higher than that determined in untransfected cells from either cell line. In contrast,
N2A cells transfected with the mutant, hCx50P88S, showed no detectable junctional
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conductance; HeLa cells transfected with the hCx50P88S showed significantly lower
junctional conductance than either untransfected cells or cells transfected with wt hCx50.

Previous experiments have also shown that hCx50P88S decreases the magnitude of the wt
hCx50-induced gap junctional currents in the Xenopus oocyte expression system (Pal et al.,
1999). To test whether hCx50P88S behaved similarly in mammalian cells, wt hCx50-
expressing N2A cells were transfected with hCx50P88S, and stable clones were obtained using
a different selectable marker (hygromycin). The expression of both wt hCx50 and hCx50P88S
in N2A cells was assessed by hybridization of RNA blots with a Cx50 probe. Because cells
had been transfected with wt hCx50 in pSFFV-neo vector and hCx50P88S in pcDNA3.1/Hygro
(+) vector, it was expected that the MRNAs derived from these two constructs would be of
different size. Total RNA prepared from N2A cells transfected with wt hCx50 showed one
band while co-transfected cells showed two: one corresponding to the wild-type Cx50 mRNA
and the other corresponding to the mutant Cx50 mRNA (Fig. 2). The co-expressing cells were
analyzed for the presence of functional channels by the double whole-cell patch-clamp
technique. No junctional conductance was detected in any of the cell pairs analyzed from two
different clones of N2A co-transfectants (Table I).

Distribution of anti-Cx50 immunoreactivity in transfected cells

The distribution of Cx50 in stable transfectants was assessed by immunofluorescence (Fig. 3).
Cells transfected with wt hCx50 showed staining at appositional membranes and in the
cytoplasm as expected for transfected connexins (Fig. 3A, C, F). In contrast, cells transfected
with hCx50P88S showed intense staining in cytoplasmic accumulations of immunoreactivity
to anti-Cx50 antibodies (Fig. 3B, D, G, H). Generally, one to five accumulations were found
at different locations in the cytoplasm of each cell; measurements of inclusions in HelLa cells
showed that their diameters ranged from 0.6 to 2.7 um. The prominence of the staining at
appositional membranes varied between different cell types transfected with hCx50P88S;
plasma membrane staining was very infrequent in N2A cells, occasional in HeLa cells and
commonly observed in NRK cells (Fig. 3). N2A cells co-transfected with wt hCx50 and
hCx50P88S showed cytoplasmic accumulations of Cx50 immunoreactivity and staining at
appositional membranes (Fig. 3E).

Studies in transfected cells have shown that several mutant Cx32 proteins associated with
CMTX are retained in the ER or in the Golgi compartment, and they do not localize at
appositional membranes (Deschenes et al., 1997; VanSlyke et al., 2000). To assess whether
the hCx50P88S accumulations were present in the ER or Golgi, or whether they were associated
with another specific subcellular compartment, we performed double-label
immunofluorescence in HeLa-hCx50P88S cells using antibodies directed against resident
proteins of the ER (GRP94 and PDI), Golgi (B-COP, membrin and 58K protein), lysosomes
(LAMP1), endocytic pathway (transferrin receptor, rab5), or stress-related chaperones (Hsp70)
and anti-Cx50 antibodies. No significant co-localization was observed between any of these
compartment-specific proteins and the cytoplasmic accumulations of immunoreactive Cx50
(Fig. 4A - D). (Occasional co-localization of membrin or rab5 immunoreactivity with small
spots of Cx50 immunoreactivity was observed.) Moreover, no co-localization of Cx50
immunoreactivity with tetramethylrhodamine-conjugated dextran or Alexa Fluor 488-
conjugated cholera toxin (used as markers of endosomes/rafts) was observed in HeLa cells
either stably or transiently transfected with hCx50P88S (Fig. 4E, F).

Because connexins are plasma membrane proteins, they would be expected to be transported
along the secretory pathway from their place of synthesis in the rough endoplasmic reticulum
to the Golgi and from there to the plasma membrane. To test whether wt hCx50 was delivered
to the plasma membrane through the secretory pathway, the distribution of Cx50 was analyzed
by immunofluorescence after treatment of HeLa-wt hCx50 cells with BFA (a drug that disrupts
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the Golgi and protein trafficking to the plasma membrane). This treatment disrupted the Golgi
apparatus as assessed by the dispersion of the immunoreactivity to the anti-Golgi 58K protein
antibody (compare Fig. 5A and B, red channel). The distribution of Cx50 immunoreactivity
was drastically changed after treatment with BFA (compare Fig. 5A and B, green channel).
Several Cx50-immunoreactive spots were observed intracellularly after treatment with BFA,
most of the Cx50 immunoreactivity detected at appositional membranes under control
conditions (Fig. 5A, green channel) was absent in cells treated with BFA (Fig. 5B, green
channel); in very rare occasions some Cx50 immunoreactivity was observed at the plasma
membrane.

Once we had proven that hCx50 is delivered to the plasma membrane through the secretory
pathway, it was of interest to test whether hCx50P88S accumulations formed in an early
secretory compartment. HelL a cells stably transfected with hCx50P88S were treated with BFA
for up to 24 hours, and the distribution of the mutant protein was assessed by
immunofluorescence. The Cx50 inclusions observed in HeLa cells stably transfected with
hCx50P88S were unaffected by BFA treatment (not shown). In transiently transfected cells,
Cx50 immunoreactivity was first detected 6 h post-transfection. Eight hours after transfection,
immunoreactivity localized to very small round structures. Larger immunoreactive inclusions
were observed at 24 h. Treatment with BFA 1 h after transfection did not affect the formation
of accumulations of Cx50 immunoreactivity. These accumulations were similar in size and
shape to those observed in untreated cells (Fig. 5C, D).

Degradation of mutant Cx50

Mutations in proteins may also alter their degradation. To test whether the degradation of
hCx50 was altered due to the presence of the P88S missense mutation, cells transfected with
either wt hCx50 or hCx50P88S were treated with 40 pug/ml cycloheximide for 0 — 21 h, and
the homogenates were analyzed after immunoblotting. Levels of Cx50 decreased during the
first few hours of cycloheximide treatment in both wt hCx50- and hCx50P88S-transfected
HeLa cells; however, after a longer duration of cycloheximide treatment, levels of Cx50 were
much lower in wt hCx50-transfected cells than in hCx50P88S-transfected cells (Fig. 6A, B).
In agreement with these results, cycloheximide-treated HeLa-wt hCx50 cells showed a general
decrease in Cx50-immunofluorescent staining with persistence of some diffuse and small
particulate cytoplasmic staining and some appositional membrane staining; in contrast,
cycloheximide-treated hCx50P88S-transfected cells showed persistence of the large
accumulations with some decrease in small Cx50-immunoreactive accumulations (Fig. 6C —
F). Northern blot analysis of untreated HeLa-wt hCx50 and HeLa-hCx50P88S cells showed
very similar levels of mMRNA expression (Fig. 6G). However, the levels of Cx50 protein in
immunoblots were higher in cells transfected with the mutant connexin than in cells transfected
with the wild-type protein (Fig. 6H); when normalized to vimentin levels (Fig. 61), the Cx50
levels in HeLa-hCx50P88S were 1.7-fold as great as those of cells transfected with wild-type
connexin.

Are these Cx50P88S accumulations aggresomes?

Several mutant proteins, including a mutant of CFTR, accumulate in cellular structures called
aggresomes (Johnston et al., 1998; Garcia-Mata et al., 1999; Kabore et al., 2001; Waelter et
al., 2001). Aggresomes have been proposed to be generated in response to an overload of
misfolded proteins which are normally degraded by the proteasome (Kopito, 2000; Garcia-
Mata et al., 2002). They would form by coalescence of small accumulations of proteins that
travel along microtubules towards the microtubule organizing center. Characterization of
aggresomes in other systems has shown that these inclusions are usually surrounded by a cage
of vimentin. To assess whether the hCx50P88S accumulations met this criteria, we performed
double immunofluorescence using anti-vimentin and anti-Cx50 antibodies. These experiments
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showed little correlation between vimentin and Cx50 staining (Fig. 7A). Moreover, when
samples were analyzed by confocal microscopy, the vimentin and Cx50 stainings were detected
in different focal planes of the optical section (Fig. 7B). After reconstruction of a z-series of
confocal sections, many of the Cx50 accumulations resembled doughnut- or C-shaped
structures.

Formation of aggresomes in other systems has been induced by treatment of cells with
proteasomal inhibitors (Garcia-Mata et al., 1999; Waelter et al., 2001). To test whether the
wild-type Cx50 could form aggresomes (and whether they resembled the accumulations
observed in hCx50P88S-transfected cells), HeLa cells transfected with wt hCx50 were treated
with clasto-lactacystin-p-lactone or epoxomicin. When treated HelLa-wt hCx50 cells were
analyzed by immunofluorescence, a significant proportion of Cx50 immunoreactivity
collapsed into a single large area (Fig. 8, compare panels A and B) that appeared more compact
after treatment with epoxomicin. Similarly, the filamentous staining observed with anti-
vimentin antibodies in untreated cells (Fig. 8C) collapsed after treatment with proteasomal
inhibitors (Fig. 8D). A high degree of co-localization between the two signals was observed
in proteasomal inhibitor-treated cells (Fig. 8, compare panels E and F). Treatment of cells with
proteasomal inhibitors in the presence of nocodazole blocked the collapse of the Cx50
immunoreactivity observed in cells treated with proteasomal inhibitors only. In contrast, when
HelLa-hCx50P88S cells were treated with epoxomicin or clasto-lactacystin-p-lactone, the
accumulations of Cx50 immunoreactivity remained unaltered; minimal, if any, co-localization
with vimentin was observed (not shown).

Characterization of aggresomes in other systems has also shown that these accumulations are
highly insoluble in various detergents (Johnston et al., 1998; Garcia-Mata et al., 1999).The
solubility properties of transfected wt hCx50 or hCx50P88S proteins were assessed using 1%
NP40 or RIPA buffer. In untreated cells, virtually all Cx50 immunoreactivity was detected in
the 13 000g pellet of either wt hCx50 or hCx50P88S-transfected cells (Fig. 9, lanes 1 and 2).
At least 90% of immunoreactive Cx50 was solubilized by RIPA buffer for both wild-type and
mutant hCx50 (Fig. 9, lanes 5 and 6). However, when treated with 1% NP40, more than 85%
of the wild-type protein was detected in the supernatant, but only about 40% of the mutant
protein was soluble in this detergent (Fig. 9, lanes 3 and 4).

To test whether proteasomal inhibitor-induced Cx50 accumulations had similar solubility
properties to aggresomes, the detergent solubility of these Cx50 accumulations was
investigated. In epoxomicin-treated HeLa-wt hCx50 cells, the 1% NP40 or RIPA buffer
supernatant contained substantially decreased Cx50 immunoreactivity (50 — 60%) as compared
to untreated cells (Fig. 9A, lanes 9 — 12).To test whether inhibition of the proteasome altered
the solubility of the mutant Cx50, HeLa cells transfected with hCx50P88S were also treated
with epoxomicin. Under these conditions, the solubility of hCx50P88S in 1% NP40 was not
significantly altered by proteasomal inhibitor treatment, but the RIPA buffer supernatant
contained substantially decreased Cx50 immunoreactivity (50 — 60%) as compared to untreated
cells (Fig. 9B, lanes 9 — 12).

Electron microscopy studies

To identify the subcellular compartment/structure(s) in which the transfected connexin was
localized, we performed electron microscopy studies on HeLa-hCx50P88S cells. When thin-
section electron microscopy was performed, vesicles with single membranes were frequently
seen, and these vesicles were larger and more numerous in cells expressing mutant protein. In
addition, circular or semicircular membrane stacks were identified within the cytoplasm of
cells. These structures had a similar size and location to the doughnut and C-shaped structures
seen by immunofluorescence (Fig. 10A). In most instances, these membrane stacks appeared
to be individual sheets in close apposition similar to the appearance of normal gap junctions
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(Fig. 10A, arrowheads). However, the ends of some of these stacks separated to form clear
lumenal spaces (Fig. 10A, arrow). These individual membranes curved around to make contact
with other membranes about 5 — 10 stacks away (Fig. 10A, asterisk). When membranes curved
in the cell, they often moved out of the plane of section, which made it difficult to determine
the exact localization of these membrane curves. Nevertheless, the overall series of
multilayered membrane structures was not surrounded by an individual membrane sheet.
Rough ER membranes (as judged by punctate dots along membrane contiguous with the
nuclear membrane) were observed close to both the nuclear and the cytoplasmic sides of the
stacks (Fig. 10). These structures were not observed in cells transfected with wt hCx50.

Examination of these cells using cryo-immunoelectron microscopy revealed many small
vesicles that were moderately positive for anti-Cx50 immunoreactivity, each surrounded by a
single membrane. The presence of very closely apposed membrane stacks intensely labeled
with anti-Cx50 antibodies was sometimes observed in these preparations (Fig. 10B); in most
instances, the gold particles were located on the outside of each membrane (Fig. 10C).Gold
particles were also seen in the cytoplasm surrounded by the stacks of membrane and close to
the plasma membrane. No gold particles were observed in multivesicular bodies (Fig. 10D) or
in the nuclear envelope.

Distribution of anti-Cx50 immunoreactivity after incubation of cell cultures at reduced
temperatures or after treatment with a chemical chaperone

Folding/trafficking defects in several membrane protein mutants have been overcome by
chemical chaperones or by decreasing the temperature at which cells are incubated (Denning
et al., 1992; Rubenstein et al., 1997). To test for possible folding/trafficking defects of
hCx50P88S expressed in HeLa or N2A cells, HeLa-hCx50P88S or N2A-hCx50P88S were
shifted from incubation at 37 °C to 25°C or 30°C, and the distribution of Cx50 was assessed
by immunofluorescence (Fig. 11). Cells shifted to temperatures lower than 37°C showed
increased anti-Cx50 immunoreactivity at appositional membranes as compared to cells that
remained at 37°C (Fig. 11, compare panels A and D to panels B and E, respectively). Similarly,
treatment of HeLa-hCx50P88S with sodium 4-phenylbutyrate led to an increase in Cx50
immunoreactivity at appositional membranes (Fig. 11C); a decrease in the size of the
cytoplasmic Cx50 accumulations was also apparent after this treatment (Fig. 11C). However,
growth at reduced temperatures did not restore proper function, since double whole-cell patch-
clamp analysis of N2A-hCx50P88S cells did not show any increase in junctional conductance
(not shown).

Discussion

The results presented in this paper have shown a striking difference between the distribution
of wild-type hCx50 and hCx50P88S. Wild-type protein localizes to the plasma membrane, but
hCx50P88S localizes in cytoplasmic inclusions. The distribution of wt hCx50 in the cytoplasm
and at appositional membranes is consistent with its appropriate targeting and assembly into
gap junctions as reported for other transfected wild-type connexins (Eghbali et al., 1990;
Steinberg et al., 1994; Traub et al., 1994). Cells transfected with wild-type and mutant Cx50
also differed in Cx50 protein levels; higher levels of Cx50 were detected in hCx50P88S-
transfected cells. This difference did not result from increased RNA expression as mRNA levels
were similar; rather, from a reduced degradation rate of the mutant protein, since after treatment
with cycloheximide a very stable pool of Cx50 immunoreactivity was detected only in cells
expressing the mutant protein.

The results presented in this study have also shown that while transfection of mammalian cells
with wt hCx50 induced junctional conductance, transfection of hCx50P88S into N2A cells
produced no junctional conductance. Moreover, introduction of hCx50P88S significantly
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decreased (or abolished) the junctional conductance detected in HelLa cells or in wt hCx50-
expressing N2A cells. These results extend our previous observations in Xenopus oocytes (Pal
et al., 1999) by suggesting that hCx50P88S is unable to induce junctional currents when
expressed by itself in mammalian cells and that it can inhibit not only wt hCx50-induced
junctional conductance but also the endogenous gap junctional conductance present in HelLa
cells (possibly due to Cx45). The presence of some Cx50 immunoreactivity at the plasma
membrane in hCx50P88S-transfected cells suggests that the mutant Cx50 formed non
functional channels. Moreover, because some mutant protein reached the plasma membrane,
the functional data obtained in cells co-transfected with wild-type and mutant Cx50 argue that
hCx50P88S acted as a dominant negative inhibitor of the wild-type hCx50.

Several connexin mutants associated with human diseases have been reported in recent years.
The cellular mechanisms leading to the disease phenotype may differ among connexin mutants.
Studies of CMT X-associated Cx32 mutants have revealed that while some Cx32 mutants reach
the plasma membrane, several non-functional mutants are retained in the endoplasmic
reticulum or in the Golgi apparatus (Deschenes et al., 1997; VanSlyke et al., 2000). In the
present study, a significant proportion of the non-functional mutant, hCx50P88S, was observed
in cytoplasmic accumulations. The lack of significant co-localization of hCx50P88S
accumulations with resident proteins of the endoplasmic reticulum or Golgi apparatus suggests
that the mutant protein was not retained in either of these compartments. Moreover, while the
CMTX-associated Cx32 mutants are degraded at least as fast as the wild-type protein
(VanSlyke et al., 2000), hCx50P88S-transfected HeLa cells contained a very stable pool of
Cx50 protein. Thus, the data suggest that the P88S missense mutation in hCx50 induced a
distinct defect, not previously reported for a connexin.

Several mutant proteins (including CFTR) accumulate in the cytoplasm in structures that have
been named aggresomes (Johnston et al., 1998; Garcia-Mata et al., 1999; Kabore et al., 2001,
Waelter et al., 2001). The current hypothesis is that aggresomes originate as a consequence of
exceeding the degradative capacity of the proteasome; small protein aggregates dispersed
throughout the cell travel along microtubules towards the microtubule organizing center where
they coalesce to form aggresomes. These accumulations are characterized by their detergent
insolubility and, in most cases, by being surrounded by a cage of vimentin. Treatment of wt
hCx50-transfected HeLa cells with proteasomal inhibitors induced the collapse of Cx50
immunoreactivity into an area where it co-localized with vimentin immunoreactivity through
a process that was dependent on microtubule integrity; this effect was also associated with an
increase in insolubility of Cx50- immunoreactive material. Overall, these results suggest that
wt hCx50 can form aggresome-like accumulations when the degradative capacity of the
proteasome is exceeded; they also imply that, similar to Cx43 (Laing and Beyer, 1995), the
proteasomal pathway participates in the degradation of wt hCx50. In contrast, the hCx50P88S
cytoplasmic accumulations did not co-localize with vimentin. While aggresomes are insoluble
in RIPA buffer, hCx50P88S was highly soluble. Treatment with proteasomal inhibitors did not
alter the distribution or appearance of hCx50P88S accumulations. The differences in the results
obtained in proteasomal inhibitor-treated wt hCx50-transfectants and untreated hCx50P88S-
transfected cells argue that the hCx50P88S accumulations observed in this study do not
correspond to aggresomes; at the same time, they argue that the hCx50P88S accumulations are
formed at a step in the life-cycle of the connexin different than that affected by the proteasomal
inhibitors in wt hCx50-transfected cells.

Degradation of connexins can occur through the lysosomal or the proteasomal pathway. Gap
junctional plaques appear to be degraded by lysosomes after internalization by endocytosis.
The lack of co-localization of hCx50P88S with markers of the endosome/lysosome
compartment or of immunogold labeling in multivesicular bodies suggest that hCx50P88S did
not accumulate within components of this compartment. Cytoplasmic connexins can be
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degraded by the proteasome; this process may occur after dislocation of connexins from the
ER (by ER-associated degradation, ERAD), which in the case of Cx43 appears to be regulated
by cytosolic stress (Van Slyke and Musil, 2002). The altered degradation of hCx50P88S
observed in the present study apparently resulted from trapping of the mutant protein in a
compartment in which it could not undergo normal degradation. The electron microscopy data
suggest that this compartment contained stacks of double membranes. Gold particles were
observed on the outside of each membrane within a stack indicating that hCx50P88S was
inserted into the membrane in the correct topological orientation (since the antibody was raised
to a fusion protein containing the carboxyl terminus of hCx50). These stacks of double
membrane are different from the multilamellar bodies described by Gilliland et al. (2001), but
are reminiscent of the “internal gap junctions” observed in BHK cells transfected with Cx32
under the control of an inducible promoter (Kumar et al., 1995). Based on the presence of gap
junctions in the nuclear envelope and its continuity with the ER, Kumar et al. (1995) concluded
that the membrane stacks originated from the ER. The formation of hCx50P88S accumulations
in transiently transfected cells in the presence of BFA, a drug that disrupts the Golgi apparatus,
suggests that these inclusions form from an early secretory compartment, most likely the ER
or ERGIC. Zampighi et al. (1999) have reported that reflexive gap junctions can form in single
Xenopus oocytes expressing Cx50 when the expressed connexin attains a threshold of
hemichannel density/membrane unit area. Thus, it is possible that hCx50P88S cannot be
degraded in this membrane compartment and reaches a threshold concentration triggering the
formation of the observed accumulations.

Several lines of evidence suggest that hCx50P88S can be targeted to the plasma membrane
under some conditions. First, a significant amount of Cx50 immunoreactivity was observed at
appositional membranes in transfected NRK cells. Second, the proportion of hCx50P88S
immunoreactivity at appositional membranes in N2A or HelLa cells could be increased after
either a temperature shift or treatment with sodium 4-phenylbutyrate. These conditions have
been used to overcome defects in cell surface localization and function for some disease-
associated mutant proteins leading to the suggestion that these mutants have folding/trafficking
defects (Denning et al., 1992; Rubenstein et al., 1997). Thus, the results obtained in this study
suggest that hCx50P88S has some folding/trafficking defect that becomes evident when
expressed in N2A or HelLa cells. Because of the presence of some hCx50P88S
immunoreactivity at the plasma membrane and the structure of the membrane stacks observed
by transmission electron microscopy, most likely it is a defect in trafficking. The different
proportions of hCx50P88S present at membrane appositions in N2A, HeLa and NRK cells
might reflect the presence in NRK cells of a more efficient system that facilitates folding/
trafficking of the mutant protein and/or a higher expression of adhesion molecules and
increased appositional membrane area. A relation between expression of adhesion molecules
and formation of gap junctional plaques has been previously reported (Musil et al., 1990;
Jongen et al., 1991; Meyer et al., 1992). Alternatively, because NRK cells express Cx43 and
it has been reported that wild-type Cx43 or Cx43-EGFP can rescue a Cx43-DsRed chimera
that is retained in intracellular compartments (Lauf et al., 2001), it is possible that the
endogenous Cx43 in NRK cells rescues the trafficking defect of hCx50P88S. This
interpretation would imply that wild-type Cx43 could interact with and facilitate trafficking of
the mutant hCx50; and, at the same time it would imply that the interaction between these
connexins occurs in an early compartment of the secretory pathway. However, the increase in
Cx50 at appositional membranes observed when N2A-hCx50P88S cells were grown at reduced
temperatures was not accompanied by restoration of function as no junctional conductance was
detected by double whole-cell patch-clamp.

The hypothesis that gap junctional intercellular communication is crucial for lens transparency
has been substantiated by the gene ablation studies in mice (Gong et al., 1997; White et al.,
1998) and the identification of human (Shiels et al., 1998; Mackay et al., 1999) and mouse
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(Steele et al., 1998) cataract-associated connexin mutants. In the mammalian lens, Cx50 is
highly expressed in fiber cells. Because hCx50P88S-containing channels are not functional,
the presence of this mutant in the lens could induce cataract formation by decreasing
intercellular communication between lens cells. Any loss-of-function connexin mutant would
thus be expected to cause a similar cataract due to the generalized decrease in gap junctional
intercellular communication. Whether accumulations of hCx50P88S also occur in the lenses
of affected individuals is not known. However, the presence of multilamellar bodies with
diameters of 1 — 3 um in cataractous lenses has led Gilliland et al. (2001) to propose these
bodies as possible light scattering particles. If the accumulations of hCx50P88S (which had
similar diameters) also formed in lens cells, they might likewise interfere with lens transparency
and thus contribute to the zonular pulverulent cataracts observed in affected individuals.

In summary, our observations suggest that the P to S mutation at position 88 in connexin50
causes a trafficking defect that can be rescued by incubation at lower temperatures or by co-
expression with wild-type Cx43. The proportion of the protein that is unable to continue along
its normal pathway for incorporation into gap junction plaques or to dislocate for ERAD likely
accumulates in a cytoplasmic membrane compartment leading to the formation of inclusions
that are different from aggresomes.
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Fig. 1.

Detection of wild-type human Cx50 or Cx50P88S protein in transfected cells. Proteins from
whole cell homogenates of untransfected N2A, HelLa, NRK or 293 cells or cells transfected
with wt hCx50 or hCx50P88S were resolved by SDS-PAGE and subjected to immunoblotting
using rabbit polyclonal anti-human Cx50 antibodies. A sample from a human lens homogenate
(HL) was used as a positive control. The positions of the 66- and 46-kDa molecular mass
standards are indicated on the right.

Eur J Cell Biol. Author manuscript; available in PMC 2009 October 19.



Berthoud et al. Page 17

wt hCx5(0 —=
- 18S
hCx50P88S —

Fig. 2.
Co-expression of wild-type hCx50 and hCx50P88S. Total RNA from N2A cells transfected

with wild-type hCx50 (lane 1) or both human wild-type hCx50 and hCx50P88S (lane 2) was
hybridized with a hCx50 probe. The identities of the hybridizing bands are indicated by
arrows. Because cells were transfected with wt hCx50 in the pSFFV-neo vector and
hCx50P88S in the pcDNA3.1/Hygro(+) vector, the sizes of the mRNAs differ. The positions
of the 18S and 28S ribosomal RNAs are indicated.
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Fig. 3.

Distribution of anti-Cx50 immunoreactivity in transfected cells. Photomicrographs show the
distribution of anti-Cx50 immunoreactivity in HeLa (A, B), N2A (C, D, E), 293 (F, G) and
NRK (H) cells transfected with human wild-type Cx50 (A, C, F), hCx50P88S (B, D, G, H),
or both wild-type and mutant hCx50 (E). Panel F is a confocal image and panel G is a
reconstruction of a confocal z series. Staining at membrane appositions (short arrows) and
cytoplasmic accumulations (long arrows) is indicated. Bar represents 35 pm in A, 37 um in
B,21umin Cand D, 31 umin E, F and G, and 33 um in H.
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Fig. 4.

Lack of co-localization of anti-Cx50 immunoreactivity with several cellular compartments.
(A-D) Photomicrographs of double-immunofluorescence staining of HeLa cells stably
transfected with hCx50P88S using rabbit polyclonal anti-Cx50 antibodies and a mouse
monoclonal antibody directed against (A) protein disulfide isomerase (an endoplasmicretic
reticulum-resident protein), (B) Golgi 58K protein (a Golgi-resident protein), (C) the
lysosome-associated membrane protein 1 (LAMP1), or (D) transferrin receptor (a marker for
the endocytic pathway). (E, F) Photomicrographs of HeLa cells transiently (E) or stably (F)
transfected with hCx50P88S showing the lack of co-localization of Cx50 immunoreactivity
with tetramethylrhodamine-dextran (shown in red) used as a different marker for the endocytic

Eur J Cell Biol. Author manuscript; available in PMC 2009 October 19.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Berthoud et al.

Page 20
pathway. Anti-Cx50 immunoreactivity is shown in green; immunoreactivity to the antibodies

against proteins from specific cellular compartments is shown in red. Bar represents 31 pmin
A, 27 uminBand C, 47 umin D, 14 um in E and 12 pym in F.
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Fig. 5.

Accumulations of hCx50P88S form before the protein transits through the Golgi to the plasma
membrane. Photomicrographs showing the distribution of Cx50 (green) and Golgi 58K protein
(red) immunoreactivities in HeLa cells stably transfected with wt hCx50 (A, B) or transiently
transfected with hCx50P88S (C, D) under control conditions (A, C) or after treatment with
BFA (B, D). For the transient transfection experiments, BFA treatment started 1 h after DNA
transfection; cells were fixed 24 h after transfection and then processed for
immunofluorescence. Co-localization of the two signals appears yellow. Bar represents 21 um.
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Fig. 6.

Presence of a stable pool of immunoreactive Cx50 in cells transfected with hCx50P88S. (A,
B) Immunoblots of homogenates from HeLa-wt hCx50 (A) or HeLa-hCx50P88S (B) cells that
were left untreated (lanes 0) or treated with 40 pg/ml cycloheximide for 1, 3 or 21 h (lanes 1,
3, 21, respectively) using anti-Cx50 antibodies. (Exposure times for A and B were different).
(C-F) Photomicrographs showing Cx50 immunoreactivity in HeLa cells transfected with wild-
type hCx50 (C, E) or hCx50P88S (D, F) that were left untreated (C, D) or treated with
cycloheximide for 12 hours (E, F). (G) Northern blot of Cx50 RNA from HeLa-wt hCx50
(lane 1) and HeLa-hCx50P88S (lane 2) cells hybridized with a hCx50 probe. (Because cells
were transfected with DNAs encoding wt hCx50 or hCx50P88S in the same vector, pSFFV-
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neo, the mRNA sizes of wt hCx50 and hCx50P88S are identical). (H, 1) Immunoblots of
homogenates from HeLa-wt hCx50 (lanes 1) and HeLa-hCx50P88S (lanes 2) cells reacted
with anti-Cx50 (H) or antivimentin (1) antibodies. Bar represents 29 pm in C, and 26 yum in
D, EandF.
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Fig. 7.

Absence of co-localization of hCx50P88S accumulations with vimentin. Anti-Cx50 (green)
and anti-vimentin (red) immunoreactivities after double-immunofluorescence staining of
HelLa cells transfected with hCx50P88S. An epifluorescence photomicrograph is shown in
A, a confocal image is shown in B. Bar represents 33 um in A and 13 pm in B.
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Fig. 8.

Induction of accumulations of wt hCx50 following treatment of cultured cells with proteasomal
inhibitors. Photomicrographs of HeLa cells transfected with wt hCx50 cultured under control
conditions (A, C, E) or treated with 10 uM clasto-lactacystin p-lactone (B, D, F) after double-
label immunostaining using anti-Cx50 (green; A, B) and anti-vimentin (red; C, D) antibodies.
Superposition of the two signals is shown in E and F; the overlap between the two signals
appears yellow. Bar represents 46 um.
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Fig. 9.

Solubility of Cx50 in HeLa cells and effects of proteasomal inhibitor treatment. Homogenates
prepared from HeLa cells transfected with wt hCx50 (A) or hCx50P88S (B) under control
conditions (lanes 1 — 6) or after treatment with 0.5 uM epoxomicin (lanes 7 — 12) were
incubated in the absence or in the presence of 1% NP40 (N) or RIPA buffer (R). After 30 min,
the samples were centrifuged at 13 000g and the pellets (P) were separated from the
supernatants (S) and subjected to immunoblotting.

Eur J Cell Biol. Author manuscript; available in PMC 2009 October 19.



Berthoud et al.

Fig. 10.
Electron micrographs showing the fine structure and immunogold labeling of HeLa-
hCx50P88S cells. (A) Transmission electron micrograph showing the presence of membrane
stacks in the cytoplasm of these cells; in most areas, membranes are closely apposed (arrow-
heads) similar to the appearance of normal gap junctions, but other regions of the membrane
show a widened intermembrane space (arrow). Rough ER (rER) is seen associated with
membrane stacks. These individual membranes curve around to make contact with other
membranes about 5 — 10 stacks away (*). (B and C) Cryosections of immunogold stained
specimens showing membrane stacks. Membrane stacks showed intense labeling with anti-
Cx50 antibodies; these labeled rings of membranes correspond to those identified by
transmission electron microscopy (different orientation of profile). An enlarged view is shown
in C. (D) Cryo-immunolocalization was used to examine classic multi-vesicular bodies (Mvb)
in these cells. In no case, were any Mvbs seen to react with anti-Cx50 antibodies.

Eur J Cell Biol. Author manuscript; available in PMC 2009 October 19.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Berthoud et al. Page 28

Fig. 11.

Increased hCx50P88S immunoreactivity at appositional membranes after incubation at lower
temperatures or in the presence of chemical chaperones. Photomicrographs of anti-Cx50
immunoreactivity from HeLa (A-C) or N2A (D, E) cells transfected with hCx50P88S grown
at 37 °C and kept at 37 °C (A, C, D) or shifted to 30°C (E) or 25°C (B) grown under control
conditions (A, B, D, E) or treated with 1 mM sodium 4-phenylbutyrate for 24 hours (C). Bar
represents 50 um in A, 62 pm in B, 31 pm in C, and 13 pm in D and E.
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Cell line Transfected connexin (clone #) G; (nS) Mean + SEM n
N2A None 0.04 + 0.382 56
wt hCx50 (8) 2.81+0.38 95
wt hCx50 (18) 1.78£0.47 48
hCx50P88S (4) 0.00 + 0.002 30
hCx50P88S (12) 0.00 + 0.002 30
wt hCx50 + hCx50P88S (8) 0.00 + 0.002 35
wt hCx50 + hCx50P88S (12) 0.00 + 0.002 36
HelLa None 28+0.6 110
wt hCx50 13.4 + 1,6b 40
hCx50P88S 11+05P 68

Junctional conductance of pairs of N2A or HeLa cells transfected with wt hCx50, hCx50P88S or both was measured by the dual whole-cell patch-clamp

technique. Values represent the mean + standard error of the mean (SEM); n = number of cell pairs.

ap<0.05(Student><s t-test compared to N2A-wt hCx50);

bp<O.05(Student><s t-test compared to untransfected HeLa cells). The data from N2A cells transfected with wt hCx50 have been reported by Xu et al.

(2002).
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