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Abstract
The current study aimed to understand the anti-apoptotic effect of overexpressed gap junction
forming protein connexin (Cx) 43 in C6 glioma cells. C6 cells exposed to hydrogen peroxide
(H2O2) or staurosporine demonstrated morphological and biochemical changes consistent with
apoptosis, whereas C6 cells expressing Cx43 demonstrated relative resistance to H2O2, but not to
staurosporine. This selective protection against H2O2 was due to inhibition of caspase 3 activation
in Cx43 expressing cells. siRNA knockdown experiments in rat primary astrocytes confirmed the
presence of endogenous Cx43-mediated anti-apoptotic effect. Cx43 interacts with the upstream
apoptosis signal-regulating kinase 1 known to mediate H2O2-induced apoptosis providing a possible
mechanism for protection. These findings provided new evidence for regulation of the mitogen
activated protein kinase pathway and apoptosis by Cx43 implicating this protein in intracellular
signaling beyond its role as a gap junction forming protein on the plasma membrane.
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Introduction
Connexin 43 (Cx43) is a gap junction forming protein found in the plasma membrane in a
variety of cell types, including astrocytes. Gap junctions allow the transfer of small hydrophilic
molecules less than 1.2 kDa, including ATP and Ca2+ [1], from one cell to adjacent cells. Gap
junctions are composed of six connexin (Cx) proteins, which together make a connexon
hemichannel. A hemichannel may interact with a hemichannel from a neighboring cell and
together they form a gap junction. There have been 20 identified mammalian connexin proteins,
and in addition to the prototypical role as the proteins forming the gap junction, they play
diverse physiological roles including proliferation, differentiation, and development [2].
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Gap junctions have previously been shown to propagate cellular injury in models of ischemia,
traumatic brain injury, and chemotherapy-induced apoptosis, suggesting gap junctions may
allow the passage of “death” signals directly from one cell to other. This phenomenon has be
termed bystander death [3]. In contrast, gap junctions may aid the survival of cells, thought to
be mediated through the dilution of the “death signal” through neighboring cells [3] or
maintenance of homeostatic milieu [4].

Cx43 also appears to regulate apoptosis outside the traditional context of gap junctions.
Expression of Cx43-(enhanced green fluorescent protein) EGFP fusion protein in HeLa cells
usually devoid of functional gap junction protein resulted in an acceleration of injured cells
exhibiting irreversible damage [5]. However, the degree and timing of the apoptotic process
did not correlate with plasma membrane permeability through the hemichannel, assessed by
ethidium bromide entry from the cell exterior into the cytoplasm, suggesting an alternative
non-gap junction mechanism for Cx43 regulation of apoptosis. In the bone-forming osteoblasts
and osteocytes, bisphosphonates, a class of drug clinically used to prevent bone loss, was shown
to exert its anti-apoptotic effect through activation of Cx43 hemichannels. Cx43 transduction
of this anti-apoptotic action of bisphosphonates required the pore-forming transmembrane
domains as well as the cytoplasmic C-terminal of the Cx43 protein [6]. Conversely,
camptothecin-induced apoptosis was three-fold higher in primary osteoblasts isolated from
Cx43-null mutant mice compared to the wild-type control [7]. A site-specific proteolytic
cleavage of Cx45.6 by caspase-3 in the developing lens suggested the presence of a reciprocal
regulation of connexin by an apoptotic effector caspase further providing evidence for a link
between apoptosis and Cx [8]. An association between Cx43 expression and apoptosis was
also suggested by a gene chip study comparing genes differentially expressed between wild-
type and Cx43-null mutant astrocytes [9]. Among the 252 mRNAs affected by the loss of Cx43
expression were genes associated with apoptosis and cell cycle regulation. The Cx43 protein
itself, independent of its ability to form gap junctions, may serve a protective function
conferring resistance to glial cell injury [10] again suggesting a role of Cx43 in cell death most
likely independent of gap junctions. These observations suggest an under-explored role of
Cx43 in the cell biology of growth and apoptosis and a deeper understanding of the cellular
mechanisms by which Cx43 affects cell survival may reveal novel roles of this protein as a
bona fide signal transduction molecule. The current study examined the role of Cx43 in
apoptosis in C6 glioma cells caused by exposure to H2O2, a well established model for oxidative
stress-induced injury.

Materials and methods
Culture

Rat C6 glioma cells stably expressing wild type connexin 43 (designated C6-Cx) or mock
transfected cell (designated Cx-null) lines have been described [10]. Cultures were grown in
DMEM supplemented with 10% fetal bovine serum and antibiotics. Low passage number cells
were used for all experiments. Cells were seeded at a final density of 0.5 × 106 cells/ cm2 24
h before used in experiments. Cells were exposed to H2O2 in DMEM containing no serum for
5 - 15 min, media was aspirated and cells were left in DMEM containing no serum for indicated
times. STS exposure was conducted in a serum containing medium for indicated times to
prevent excessive cell death.

Primary cultures of rat brain astrocytes were obtained from cerebral cortices of 2 day old rat
pups by trypsinization (0.05% for 20 minutes at 37 C°) and trituration before being plated onto
75 cm2 flasks. After the astrocytes became confluent, the cultures were washed 3 times in ice
cold PBS to remove any microglia, oligodendroglia, and any remaining neurons and re-seeded
onto 6 well plates for further experimentation.
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Immunohistochemical staining with anti- glial fibrillary acidic protein antibody (Chemicon
International, Temecula, CA, USA) confirmed greater than 95% purity for astrocytes.

siRNA knock down
siRNA targeting rat Cx43 (Accession number X06656) was designed using a web-based
program (http://www.dharmacon.com/sidesign) and manufactured by Dharmacon Inc.
(Chicago, IL, USA). Three siRNA were tested and after preliminary experiments, the sequence
ACAUCAUUGAGCUCUUCUA and its complimentary strand were chosen for further use.
For siRNA experiments, the astrocytes were plated onto 6 well dishes no more than 24 h prior
to transfection. 200 pmol of double stranded annealed siRNA or its scrambled control was
combined with Lipofectamine 2000 (3 μg/ well) in Opti-MEM media. The apoptotic cell count
experiments were conducted 24-48 h after transfection when the target knockdown was verified
to be maximal by Western blotting.

Caspase Assay
Cells treated with H2O2 or STS and incubated for variable times as dictated by the experiment
were washed in PBS, lysed in ice-cold caspase lysis buffer (10mM Tris-HCl, 10mM
NaH2PO4, 130mM NaCl, 1% Triton x-100, 10mM NaPPi, pH 7.5), for 15 min, and clarified
by centrifugation. Protein concentration was standardized to 1 mg/ ml in caspase lysis buffer
and 50 μg of protein was used for the assays. The caspase enzymatic reactions were carried
out at 37°C in 20 mM PIPES, 100 mM KCl, 1 mM EDTA, 1% Chaps, 5 mM DTT (pH 7.2)
containing either 0.1 mM Ac-DEVD-AMC or 0.1mM Ac-IETD-AMC (Biomol Research). The
rate of fluorescence increase was measured kinetically over 1h (ex: 360 nm, em: 460 nm) using
a Synergy II microplate reader (Bio-Tek Instruments, Winooski, VT, USA) and converted to
AMC released/ min/ mg protein using the calibration standard correlating fluorescence to
AMC.

TUNEL Assay
The TUNEL assay was carried out as per manufacturer’s instructions (Dead End Fluorimetric
TUNEL Assay, Promega, Madison, WI, USA). Positive staining was visualized under an
inverted microscope and random fields of view photographed and positive cells were counted
and expressed as a percentage of total cells, determined by DAPI staining. At least 6 random
fields with a total cell count >600 from 3 independent experiments were photographed and
counted.

Western Blotting
Western blotting was carried out by standard methods. Proteins from cell lysates were separated
by electrophoresis, and transferred to a nitrocellulose membrane (BioRad, Hercules, CA,
USA). The membrane was blocked in 3% milk-TBST, probed with the anti-Cx43 antibody
(1:500, Chemicon International; MAB3067) in 3% milk-PBST, and reacted with the
horseradish peroxidase-conjugated secondary antibody (1:2000) in 1% milk-TBST. After
reaction with the Western Lightning chemiluminescence reagent (NEN Life Science Products,
Boston, MA, USA), the images were captured on the EpiChemi Darkroom System (UVP Inc,
Upland, CA).

For immunoprecipitation, 200 μg cell lysate was incubated with 25 μl each of Agarose A and
G (Invitrogen) in 500 μl total volume for 1 h and immunoprecipitating antibody (4 μg) added
with additional 1 h incubation at 4C° with constant rotation. The reaction was washed 3 times
with RIPA buffer and the pellet was resuspended in SDS loading buffer. After boiling, the
supernatant was loaded for Western blotting as described above. Parallel experiments but
omitting the immunoprecipitating antibody served as a negative control for all experiments.
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The co-immunoprecipitation experiments (Figure 3) are presented in 3 lanes consisting of In
(input lysate), - (no antibody), and + (with antibody) where the total protein in input lysate was
approximately 1/10 of the amount used for immunoprecipitation. Antibodies used were: JNK
(Cell Signaling Technology, Beverly, MA, USA, #9252); MKK4 (Cell Signaling Technology;
#9152), MKK7 (Cell Signaling Technology; #4172), c-Src (Cell Signaling Technology;
#2107), EGFP (Roche Molecular, Indianapolis, IN, USA; #1814460), pan-ASK1 (Santa Cruz
Biotech, Santa Cruz, CA, USA; sc-7931), pThr845-ASK1 (Cell Signaling Technology; #3765).

Data analysis
Data are presented as mean ± SD and the statistical significance determined by the Mann-
Whitney nonparametric test at the indicated p-level.

Results
Expression of Cx43 inhibits H2O2-induced caspase 3 activation in C6 cells

Exposure of C6-null cells to 100 μM H2O2 resulted in an increase in morphological changes
consistent with apoptosis, including cellular shrinkage and nuclear condensation. As
previously described [10], C6-Cx cells demonstrated a marked resistance to H2O2 (Figure 1A).
Pretreatment with 10μM DEVD-FMK or LEHD-FMK, to inhibit caspase -3 or -8, respectively,
demonstrated a caspase-3-mediated cell death induced by H2O2 in C6-null cells (Figure 1B).
Consistent with the observation that DEVD-FMK reduced H2O2-induced apoptosis, C6-null
cells demonstrated a marked increase in caspase-3 like activity, in a time and H2O2
concentration-dependent manner, but with little change in caspase-8 like activity (Figure 1C,
D). Western blot of lysates from the two cell lines (Figure 1C, inset) demonstrated the presence
of similar amounts of caspase-3 protein indicating that the difference in the caspase-3 like
activity must be due to a difference in H2O2 activation of this protease. To ensure that the
relative-apoptotic resistant C6-Cx cells could indeed induce caspase-3 activity and that
protection was not due to the inability of C6-Cx cells to activate this protease, the caspase 3
activity was measured in STS treated lysates. C6-Cx treated with STS demonstrated the
expected increase in caspase-3 like and caspase-8 like activity not different from the C6-null
cells (Figure 1E, F). Taken together, these results suggested Cx43-mediated cellular protection
against H202-induced injury was specific and pre-mitochondrial likely to involve upstream
kinases.

Cx43 knockdown in primary astrocytes enhances H2O2 toxicity
To demonstrate the presence of a similar Cx43 regulation of apoptosis in non-transformed
cells, we examined the effect of siRNA knockdown of Cx43 on H2O2-induced apoptosis in
cultured primary astrocytes. If Cx43 is protective against H2O2, knockdown of this protective
protein should increase the occurrence of apoptotic events. After transient transfection with
siRNA, Cx43 protein expression was decreased in a time-dependent manner demonstrating
maximum inhibition at times longer than 24 hours (Figure 2A) consistent with the rapid
turnover of Cx43 protein [11]. Cells mock transfected demonstrated a marked resistance to
H2O2-induced apoptosis, whereas cells treated with siRNA, resulting in a knock down of the
Cx43 protein level, showed an increase in sensitivity to H2O2 consistent with a protective role
of the endogenously expressed Cx43 in primary astrocytes (Figure 2B). Therefore the
cytoprotective effect of Cx43 is not an epiphenomenon of a transformed C6 glioma cell line
engineered to over express this protein.

Cx43 protein interacts with apoptosis signal-regulating kinase (ASK) 1
Cx43 has been shown to directly interact with members of the MAPK family including ERK1/2
[12] and ERK5 [13]. Therefore, we sought for a potential physical interaction between the

Giardina et al. Page 4

Biochem Biophys Res Commun. Author manuscript; available in PMC 2008 October 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Cx43 protein and the kinases comprising the ASK1 pathway well documented to mediate
H2O2-induced apoptosis [14]. Since the commercially available antibodies for the ASK1
pathway kinases only recognized the human isoform and C6 cells are difficult to transfect, the
human embryonic kidney (HEK) 293 cells were transfected with the expression plasmid
encoding Cx43-EGFP and probed with antibodies against one of the following: JNK, MKK4,
MKK7, or ASK1. The presence of EGFP epitope-tag allowed for monitoring of transfection
efficiency while not interfering with the Cx43 function [15] nor its interaction with ERK5
[13]. Lysates harvested 48 hours later were immunoprecipitated with the anti-EGFP antibody
and probed for co-immunoprecipitation of the endogenous ASK1 pathway kinases. We chose
to use the anti-EGFP antibody for immunoprecipitation and the respective anti-kinase antibody
for immunoblotting in an effort to minimize problems due to potential differences in
immunoprecipitating efficiency of the different anti-kinase antibodies. Figure 3A shows a co-
immunoprecipitation between Cx43-EGFP and endogenous ASK1. Identical results were
obtained when anti-Cx43 antibody was used rather than the anti-EGFP targeting the epitope-
tag (data not shown). While the Cx43-ASK1 interaction was weak, this protein-protein
interaction was comparable to the Cx43-c-Src interaction previously demonstrated [16]. In
contrast, Cx43-EGFP did not co-immunoprecipitate with JNK or the upstream MKK 4 or 7.
Thus Cx43 protein interacted with the ASK1 protein hinting at a possible mechanism
responsible for the relative resistance to apoptosis seen in the C6-Cx cells. When both Ask1
and Cx43-EGFP were overexpressed in transfected HEK293 cells, the Cx43-ASK1 protein-
protein interaction was more robust while a negative-control experiment with transfection of
ASK1 and EGFP confirmed that the epitope-tag was not responsible for the co-
immunoprecipitation (Figure 3B). Further control experiments supplementing the lysis buffer
with 10 mM N-methyl-maleamide to maintain a strong reducing environment to minimize
cross-linking of oxidized cysteine residues possibly resulting in spurious co-
immunoprecipitation of the two proteins had no effect (data not shown).

In an effort to better understand the consequence of Cx43-ASK1 interaction, we studied the
effect of Cx43 co-expression on the status of ASK1 protein phosphorylation at Thr845 as a
reporter for kinase activation in response to H2O2 stimulation [17]. HEK293 cells transfected
with either human ASK1 and Cx43 or empty vector were treated with 1 mM H2O2 for 5 minutes
and assayed for pThr845 at the indicated times. Western Blot analysis revealed a Cx43-
dependent decrease in pThr845 indicative of inhibition of ASK1 activation in the presence of
Cx43 (Figure 4).

Discussion
Our work confirmed the earlier observation that Cx43 expression protected the C6 cells from
oxidative challenge with H2O2. We propose that by selectively interfering with a signaling
pathway which leads to caspase-3 activation, Cx43 protected against H2O2-induced apoptosis.
Furthermore, we demonstrated that by reducing the expression of Cx43 with siRNA in cultured
astrocytes, we can sensitize these normally resistant cells to H2O2-mediated apoptosis,
indicating that the anti-apoptotic effect of Cx43 expression was present in normal astrocytes.

Cx43-mediated protection was upstream of caspase activation, as there was little activation of
caspase-3 after stimulation with H2O2 in C6-Cx cells. There was no difference between the
cell types in STS-induced caspase-3-like activity, nor in overall expression of the caspase 3
protein, indicating that the failure of H2O2 to induce caspase-3 activity in C6-Cx was selective.
In contrast, caspase-8 was not activated by H2O2 in neither C6-null nor C6-Cx lines, indicating
that H2O2-induced apoptosis in this glioma cell line is driven mainly by the intrinsic apoptotic
pathway.
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It is now known that ASK1, an upstream activator of JNK, plays a central role in H2O2-induced
apoptosis (reviewed in Matsukawa et. al., [14]). ASK1 activity is regulated by many kinases,
phosphatases, and binding proteins and it is likely that more regulators exist yet to be
discovered. Cx43 interacts with various protein kinases, including c-Src [16], PKC [18,19],
ERK1/2 [12] and ERK5 [13]; it is not known whether Cx43 interacts with any of the MAPKs
comprising the ASK1 cascade. We demonstrated that Cx43 does co-immunoprecipitate
selectively with ASK1 but not other downstream kinases. A direct inhibition of the H2O2-
induced apoptotic cascade by a protein-protein interaction between Cx43 and the components
of the ASK1 cascade similar to the action of other apoptosis-modulating proteins such as the
adaptor protein Daxx [20], thioredoxin [21], TNF-associated factor 2 [21], ASK1-interacting
protein 1 [23] and glutaredoxin [24], is a plausible mechanism. Demonstration of a reduction
in the ASK1 pThr845 level by co-expression of Cx43 supports an inhibitory role of this newly
discovered protein: protein interaction possibly mediating the anti-apoptotic effect of Cx43.
However, a site-directed- and/ or deletion mutants of Cx43 devoid of interacting with ASK1
must be first identified and studied to definitively prove that this protein: protein interaction is
responsible for the protection against H2O2-induced apoptosis in C6 cells.

Most studies to date have examined Cx43 as a kinase substrate focusing on the effect of
phosphorylation of Cx43 on gap junction communication. Our present study suggested that
the Cx43-kinase interaction may have an effect on cellular apoptosis qualifying Cx43 as a
signaling molecule in its own right modulating complex signaling pathways most likely to play
a critical role in the biology of cells expressing high levels of Cx43 such as astrocytes. While
further experiments are needed to fully elucidate the role of Cx43 as an intracellular signaling
molecule, the differential sensitivity of Cx43-expressing normal astrocytes and C6 cells largely
devoid of Cx43 to some apoptosis-inducers could be exploited to formulate a chemotherapeutic
strategy targeting gliomas while sparing the normal brain.
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Figure 1. Expression of Cx43 confers relative protection against H2O2-induced apoptosis
A. C6-null and -Cx cells were exposed to 100μM H2O2 for 15 min and left in serum-free media
for an additional 24 h. After fixation, cells were TUNEL labeled and co-stained with DAPI.
TUNEL positive cells are clearly seen in C6-null cultures treated with H2O2 (arrows), but not
in C6-Cx cells. B. TUNEL labeling was quantified by counting cells from random fields. Where
used, caspase inhibitors were pre-incubated for 30 min prior to H2O2 insult and left throughout
the duration of the experiment. Greater than 400 cells, from n = 6 experiments were counted.
Lysates were prepared from H2O2-injured cells harvested at the indicated times, and proteolysis
of (C) Ac-DEVD-AMC (caspase 3-like reporter) or (D) Ac-IETD-AMC (caspase 8-like
reporter) was kinetically recorded at 37 C° at 1 min intervals for 1h. Data represents mean ±
SD obtained from 3 separate experiments and * indicates significant difference at p<0.05. Inset
in C is a Western blot probed with anti-caspase 3 antibody demonstrating equivalent amounts
of the caspase protein present in both cell lines. Lysates from STS (1 μM for 6 h) treated cells
demonstrated a marked increase in both (E) caspase-3 like and (F), caspase 8-like activity for
both cell lines. The means were not significantly different between the C6-null and C6-Cx cell
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lines under control or STS stimulation. In contrast, STS stimulation significantly increased
both caspase-like activities over control.

Giardina et al. Page 9

Biochem Biophys Res Commun. Author manuscript; available in PMC 2008 October 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. siRNA knock down of endogenous Cx43 sensitizes cultured primary astrocytes to H2O2-
induced apoptosis
A. Cultured primary astrocytes were transfected with Cx43 siRNA (left) or control siRNA
(right) (200 pmoles/ well) and the level of Cx43 protein in cell lysates harvested at the indicated
time points after transfection determined by a Western blot. The blot shown is representative
of 3 replicate experiments. GAPDH serves as a loading control. B. Photographs of control C6
cells with or without H2O2 treatment. Note the clear correlation between cells with nuclear
condensation (arrows) and the TUNEL positive cells. Scale bar = 30 μm. C. 48 h after siRNA
transfection, cultures were treated with H2O2 (0, 300, or 1000 μM) for 24h and subsequently
fixed. Hoechst stained nuclei were counted from random fields and apoptotic nuclei expressed
as a percentage of total. Data represent mean ± SD from four independent experiments. *
denotes p<0.05 or ** p <0.01 between the control (open) and 200 pmoles siRNA transfected
(hatched) conditions.
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Figure 3. Cx43 co-immunoprecipitates with endogenous ASK1 but not with other members of the
JNK-signaling cascade
A. HEK293 cells were transfected with a Cx43-EGFP plasmid, cells harvested 48 h after
transfection, lysates subjected to immunoprecipitation (IP) with anti-EGFP antibody, and the
Western blot probed with the respective anti-MKK4, -MKK7, -JNK, -cSrc, or anti-ASK1
antibodies. B. Same as above but in cells transfected (Tx) with both ASK1 and Cx43-EGFP
(left) or EGFP (right). In: input lysate approximately 1:10 of the protein amount used for IP,
-: no IP antibody control, +: with IP antibody. Representative of 3 independent experiments.
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Figure 4. Co-expression of Cx43 inhibits H2O2-induced phosphorylation of ASK1 Thr845
A. HEK293 cells were co-transfected with ASK1 and Cx43 (open bar) plasmids or empty
vector (solid bar) and 48 h after transfection, cells were serum starved and exposed to 1 mM
H2O2 for 5 min and left in serum-free medium for the indicated times until harvested. Lysates
were analyzed by a Western blot probed with the pThr845-specific ASK1 or pan-ASK1
antibodies. The pan-ASK immunoreactivity confirmed equal loading of the lanes and
transfection efficiency. B. A histogram of densitometric analyses (mean ± SD) for pThr845
from three independent experiments normalized to the control no H2O2-treatment condition.
* denotes statistical significance at p<0.05 for a comparison between the solid and open bars
at the indicated times.
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