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Proteasome inhibition is a promising approach for cancer therapy.
However, the mechanisms involved have not been fully eluci-
dated. Gap junctions play important roles in the regulation of
tumor cell phenotypes and mediation of the bystander effect in
cancer therapy. Because the degradation of gap junction proteins
involves the proteasome, we speculated that altered gap junctions
might contribute to the antitumor activities of proteasome inhibi-
tion. Incubation of Hepa-1c1c7 cells with the proteasome inhibitor
MG132 elevated the levels of gap junction protein connexin 43
(Cx43) and promoted gap junctional intercellular communication.
This was associated with a marked accumulation of ubiquitylated
Cx43 and a significantly decreased rate of Cx43 degradation. The
elevated Cx43 contributed to MG132-induced cell apoptosis. This is
shown by the observations that: (i) overexpression of Cx43 in the
gap junction-deficient LLC-PK1 cells rendered them vulnerable to
MG132-elicited cell injury; (ii) fibroblasts derived from Cx43-null
mice were more resistant to MG-132 compared with Cx43
wild-type control; and (iii) the gap junction inhibitor flufenamic
acid significantly attenuated cell damage caused by MG132
in Hepa-1c1c7 cells. Further studies demonstrated that MG132
activates endoplasmic reticulum stress. Exposure of cells to the
endoplasmic reticulum stress inducers thapsigargin and tunicamy-
cin also led to cell apoptosis, which was modulated by Cx43 levels
in a way similar to MG132. These results suggested that elevated
Cx43 sensitizes cells to MG132-induced cell apoptosis. Regulation
of gap junctions could be an important mechanism behind the
antitumor activities of proteasome inhibitors. (Cancer Sci 2010;
101: 713–721)

T he proteasome plays a pivotal role in the maintenance
of cell survival through controlling the degradation of

important regulatory proteins. Disruption of proteasome func-
tion causes cell apoptosis, which has been explored as a novel
therapeutic strategy for cancer.(1,2) Preclinical trials have dem-
onstrated that proteasome inhibition induces cell differentiation,
suppresses cell proliferation, and promotes cell apoptosis.(1–3) In
addition, it sensitizes tumor cells to biotherapy, chemotherapy,
and radiotherapy.(4–7) The mechanisms underlying these effects
are multiple, involving activation of pro-death machineries and
suppression of several cell survival signaling cascades.(1,2)

Activation of endoplasmic reticulum (ER) stress is one of the
mechanisms mediating proteasome inhibition-induced cell apop-
tosis.(7–9) Interference with normal protein folding in the ER
leads to accumulation of unfolded proteins. The clearance of
these proteins requires a functional ER-associated degradation
pathway.(10,11) Disruption of this pathway by proteasome inhibi-
tors causes a build up of misfolded proteins, resulting in ER
stress-mediated cell death.(7–9)

Gap junctions, formed by specific proteins termed connexins
(Cx), are intercellular channels that allow direct intercellular
exchange of ions, nutrients, and small signaling molecules. Gap
junctions play critical roles in the transmission of intercellular
signals and in the control of cell growth, differentiation,
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migration, and survival.(12–14) Dysfunction of gap junctions has
been reported to be present in various tumors, and is well recog-
nized as a promoting factor for carcinogenesis.(15–19) Gap junc-
tions have also been characterized as an important factor
determining cell responses to conventional therapy and
radiotherapy in cancer.(16,17) The roles of gap junctions in the
antitumor activities of proteasome inhibitors have not been
investigated. However, several considerations have prompted us
to investigate this possibility. First, the degradation of Cx
involves the proteasome. As a short-lived protein with the
half-life of only a few hours, the turnover of Cx is critically
controlled by the proteasome.(20–22) Second, gap junctions
regulate cell phenotypes and govern cell fate against various
stresses.(23–25) The gap junction-mediated bystander effect in
suicide tumor gene therapy has been extensively docu-
mented.(26,27) The antitumor activities of several chemothera-
peutic agents such as retinoids and carotenoids have been
described to be closely correlated with their ability to increase
gap junction protein expression and function.(17,28,29) Therefore,
involvement of altered gap junctions in the therapeutic effects of
proteasome inhibitors is highly possible.

Here, we present the first evidence that elevated Cx43
contributes to proteasome inhibitor MG132-elicited cell death.
Regulation of gap junctions could be a presently unrecognized
mechanism behind the antitumor activities of proteasome inhibi-
tors.

Materials and Methods

Reagents. Glucose-regulated protein (GRP78), C ⁄ EBP homo-
logous protein (CHOP), and ubiquitin antibodies were purchased
from Santa Cruz (Santa Cruz, CA, USA). Anti-caspase-3 antibody
was from Cell Signaling (Beverly, MA, USA). FITC-conjugated
swine anti-rabbit immunoglobulin was purchased from DAKO
(Glostrup, Denmark). All other reagents, including MG132, anti-
connexin43 (Cx43), and anti-b-actin antibodies were obtained
from Sigma-Aldrich Japan (Tokyo, Japan).

Cells. The murine hepatoma cell line Hepa-1c1c7 and porcine
kidney epithelial cell line LLC-PK1 were purchased from Amer-
ican Type Culture Collection (Manassas, VA, USA). Mouse
embryonic fibroblasts were derived from the fetal offspring of
mating pairs of heterozygous Cx43 knockout mice (B6,129-
Gja1 < tm1Kdr+ ⁄ ) mice; Jackson Laboratories, Bar Harbor,
ME, USA), using a method described by Ehrlich et al. with
minor modifications.(30) Briefly, paired mouse forelimbs were
taken from fetuses at day 18 of gestation, minced, and digested
in DMEM ⁄ F12 containing 0.1% collagenase for 30 min. Freed
cells were collected and cultured in DMEM ⁄ F12 medium
containing 15% FBS. Cells at passages between 5 and 15 were
used for this study. Genotypes of individual mice and
established cell lines were analyzed by PCR.
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Formazan assay. The number of viable cells was assessed by
a formazan assay using Cell Counting Kit-8 following the manu-
facturer‘s instructions (Dojindo Laboratory, Kumamoto, Japan).

Scrape loading dye transfer assay. The scrape loading dye
transfer (SLDT) assay was used to assess gap junctional inter-
cellular communication (GJIC). Cells were exposed to culture
medium containing 0.5% Lucifer Yellow. A scrape line on the
monolayer was made with a surgical blade. After washing out
background fluorescence, the cells were fixed and photographed
with a digital camera attached to a fluorescence microscope
(magnification ·200).

Immunocytochemistry. For immunochemistry, cells on glass
slides were fixed in 4% formaldehyde for 10 min and permeabi-
lized in 0.2% Triton-X 100 for 5 min. Staining of Cx43 and
ubiquitin was carried out using an anti-Cx43 and anti-ubiquitin
antibody, respectively.(31,32)

Western blot analysis. Western blotting was carried out
using the enhanced chemiluminescence system.(31,32) Briefly,
extracted cellular proteins were separated by 10% or 15% SDS-
polyacrylamide gels and electrotransferred onto polyvinylidine
difluoride membranes. After blocking with 3% bovine serum
albumin in PBS, the membranes were incubated with the anti-
bodies. After washing, the filters were probed with horseradish
peroxidase-conjugated anti-rabbit or anti-mouse IgG, and the
bands were visualized using the enhanced chemiluminescence
system (Amersham Biosciences, Buckinghamshire, UK). To
confirm equal loading of proteins, the filters were soaked in
62.5 mM Tris-HCl (pH 6.8) containing 2% SDS and 100 mM

b-mercaptoethanol for 30 min at 60�C and reprobed for b-actin.
Immunoprecipitation. Hepa-1c1c7 cells were treated with

the indicated concentrations of MG132 for 12 h. The cells
were lysed in RIPA buffer (50 mM Tris-HCl, 150 mM NaCl,
5 mM EGTA containing 1% Triton, 0.5% deoxycholate, 0.1%
SDS). The cellular lysates were homogenated, cleared, and im-
munoprecipitated using a rabbit polyclonal anti-Cx43 antibody
at 4�C overnight. Immune complexes were precipitated with
(A) (B)

(C)

(E)

(D)
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protein-A ⁄ G-sephrose (Pharmacia, Piscataway, NJ, USA), and
washed with RIPA buffer. The resulting pellets were resus-
pended in 2 · Laemmli buffer, and the proteins were resolved
by electrophoresis on a 12% gradient SDS polyacrylamide gel,
electrotransferred onto polyvinylidine difluoride membranes,
and probed for ubiquitin using the enhanced chemilumines-
cence system, as described above.

Northern blot analysis. Total RNA was extracted by the sin-
gle-step method, and northern blot analysis was carried out as
described previously.(32,33) cDNA for Cx43, GRP78, and CHOP
was used for the preparation of radiolabeled probes. Expression
of GAPDH was used as a loading control.

Calcein AM–propidium iodide cell-survival assay. Cell viabil-
ity was evaluated by calcein AM–propidium iodide (PI) double
staining following the manufacturer‘s instructions (Dojindo Lab-
oratory).

Transfection experiment. Hepa-lclc7 cells in subconfluent
culture were transfected with a ubiquitin–luciferase biolumines-
cence imaging reporter (Ub-FL)(34) by using Gene Juice accord-
ing to the manufacturer‘s instructions (Novagen, Madison, WI,
US). Ub-FL is a reporter construct that directs the production of
a non-hydrolyzable chain of ubiquitin peptides fused to firefly
luciferase. Under normal conditions, Ub-FL is rapidly degraded
by the ubiquitin proteasome system. Proteasome inhibition stabi-
lizes Ub-FL and increases luciferase activity.(34) In the present
study, the transfected cells were exposed to the proteasome
inhibitor MG132 and assayed for luciferase activity using the
method previously described.(31,33) LLC-PK1 cells were trans-
fected with pCx43-EGFP1, control pEGFP-N1, or mutated
Cx43-pEGFP vector.(35) Clones with high levels of green fluores-
cent protein (GFP) were selected and used in this investigation.

Statistical analysis. Values are expressed as means ± SE.
Comparison of two populations was made by Student’s t-test.
For multiple comparisons, one-way analysis of variance (ANO-
VA) followed by Dunnett’s test was employed. Both analyses
were done using the SigmaStat statistical software (SPSS, Inc.,
Fig. 1. Effects of MG132 on connexin 43 (Cx43)
protein expression, distribution, and function in
Hepa-1c1c7 cells. (A–C) Effects of MG132 on Cx43
protein levels. 1c1c-7 cells were exposed to (A)
0.5 lg ⁄ mL MG132 for the indicated times or (B)
various concentrations of MG132 for 12 h. The
cellular protein was extracted and subjected to
western blot analysis of Cx43. Expression of b-actin
is shown at the bottom as a loading control. (C)
The intensities of Cx43 signal in cells treated with
0.5 lg ⁄ mL MG132 for 12 h were measured and
expressed as fold induction relative to untreated
control (mean ± SE, n = 5). *P < 0.01 versus
untreated control. (D) Immunofluorescence staining
of Cx43. Hepa-1c1c7 cells were either left untreated
or incubated with 0.5 lg ⁄ mL MG132 for 12 h, and
then subjected to immunofluorescence staining of
Cx43 (green). Note the obvious enhancement of
Cx43 (green) at the perinuclear region and cell-
to-cell contacts. Magnification, ·400. (E) Effects of
MG132 on gap junctional intercellular communica-
tion measured by scrape loading dye transfer assay.
Hepa-1c1c7 cells were either left untreated or
exposed to increasing concentrations of MG132 for
12 h. The micrographs of Lucifer Yellow diffusion
into the cellular monolayer after scrape-loading are
shown. Magnification, ·200.
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Fig. 2. Effect of MG132 on proteasome function
and connexin 43 (Cx43) degradation. (A) Effect of
MG132 on ubiquitin–luciferase bioluminescence
imaging reporter (Ub-FL) activity. Hepa-1c1c7 cells
were transiently transfected with a Ub-FL reporter
and exposed to the indicated concentrations of
MG132. The relative luciferase activity is expressed as
fold induction over untreated control (mean ± SE,
n = 4). *P < 0.01 versus untreated control. (B)
Immunofluorescent staining for ubiquitin. Hepa-
1c1c7 cells were either left untreated or incubated
with 0.5 lg ⁄ mL MG132 for 12 h, and then subjected
to immunofluorescent staining of ubiqutin (red).
Note the obvious enhanced intensity of ubiqutin
(red) at the perinuclear region. Magnification, ·400.
(C) Effect of MG132 on protein ubiqutiylation. Hepa-
1c1c7 cells were exposed to various concentrations of
MG132 for 12 h. The cellular protein was extracted
and subjected to western blotting analysis of
ubiquitylated proteins. (D) Effect of MG132 on
ubiquitylation of Cx43. Hepa-1c1c7 cells were treated
with the indicated concentrations of MG132 for 12 h.
Cell lysates were subjected to immunoprecipitation
(IP) with an anti-Cx43 antibody and blotted with an
anti-ubiquitin antibody. (E) Effect of MG132 on Cx43
protein degradation. Hepa-1c1c7 cells were exposed
to 50 lg ⁄ mL cycloheximide (CHX) in the presence or
absence of 0.5 lg ⁄ mL MG132 for the indicated times.
Cellular proteins were analyzed by western blotting
(WB) with an anti-Cx43 antibody. A representative
blot is shown in (E). (F) The intensity of each Cx43
signal in (E) was measured and the relative intensity
of the band against its intensity at zero point are
shown (mean ± SE, n = 4). *P < 0.01 versus
untreated control.
Chicago, IL). P < 0.05 was considered to be a statistically sig-
nificant difference.

Results

MG132 increases Cx43 protein levels and promotes GJIC. Incu-
bation of Hepa-1c1c7 cells with MG132 induced a time- and
concentration-dependent elevation in Cx43 protein levels
(Fig. 1A,B). This effect of MG132 was rapid. A clear elevation
of Cx43 was detectable within 3–6 h of cell exposure to
0.5 lg ⁄ mL MG132 and lasted for at least 24 h (Fig. 1A).
MG132 at a concentration of 0.5 lg ⁄ mL caused a 2.5-fold
elevation in Cx43 protein level (Fig. 1C).

Elevated Cx43 was confirmed by immunofluorescence
staining of cells with an anti-Cx43 antibody. Normally, Cx43
molecules are localized at perinuclear and cell-to-cell contact
regions (Fig. 1D). MG132 treatment pronouncedly augmented
Cx43 staining at these areas.

The elevated Cx43 was associated with increased GJIC, when
analyzed using SLDT assay. As shown in Figure 1E, more dye-
coupled cells were observed in MG132-treated cells compared
with the untreated control.

MG132 suppresses Cx43 degradation. To answer whether the
elevated Cx43 was due to proteasome inhibition, the effects of
MG132 on proteasome function and Cx43 degradation were
examined. As shown in Figure 2A, MG132 induced a concentra-
tion-dependent increase in luciferase activity in Hepa-1c1c7
Huang et al.
cells transiently transfected with Ub-FL, indicating that MG132
suppresses 26S proteasome activity.(34) Consistent with this
result, MG132 caused a marked accumulation of ubiquitylated
proteins in Hepa-1c1c7 cells, as revealed by immunofluores-
cence staining (Fig. 2B) and western blot analysis using an
anti-ubiquitin antibody (Fig. 2C). The immunoprecipitation
experiment demonstrated that MG132 caused a concentration-
dependent increase in Cx43 ubiquitylation (Fig. 2D).

To further assess the role of the proteasome in Cx43 turnover,
the rate of Cx43 degradation was analyzed in the presence or
absence of MG132. As shown in Figure 2E, blockade of protein
synthesis using cycloheximide caused a gradual degradation of
Cx43, which was largely blocked in the presence of MG132.
Based on the rate of Cx43 degradation, the time required to
achieve 50% degradation was estimated to be 2.2 and 5.0 h in
control and MG132-treated cells, respectively (Fig. 2F).

Involvement of elevated gap junction protein in MG132-
induced cell apoptosis in Hepa-1c1c7 cells. During the immuno-
chemistry experiment, we noticed that the elevated Cx43 in
MG132-treated 1c1c7 cells (Fig. 3A; upper panel) was accom-
panied by an increased number of apoptotic cells. Treatment of
cells with 1 lg ⁄ mL MG132 for 12 h caused the appearance of
rounded, shrunken, and loosely attached cells. These cells exhib-
ited nuclear condensation and fragmentation, the typical features
of apoptosis, when visualized by nuclear staining with DAPI.
Quantitative analysis indicated that MG132 induced cell apopto-
sis in a concentration-dependent manner (Fig. 3B).
Cancer Sci | March 2010 | vol. 101 | no. 3 | 715
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Fig. 3. Involvement of gap junctions in MG132-
induced cell damage. (A) Concomitant induction of
connexin 43 (Cx43) and cell apoptosis by MG132.
Hepa-1c1c7 cells were either left untreated or
incubated with 1 lg ⁄ mL MG132 for 12 h, and then
subjected to immunofluorescence staining of Cx43
(green; upper panel) and nuclei (DAPI stain, blue;
lower panel). Arrow and arrow heads indicate
apoptotic cells. Note the coexistence of elevated
Cx43 and nuclear condensation in part of the
indicated cells. Magnification, ·400. (B) The number
of apoptotic cells after MG132 treatment. The cells
with nuclear condensation and fragmentation were
quantified and expressed as apoptotic cells per field
(mean ± SE, n = 10). *P < 0.01 versus respective
control. (C) Effect of the gap junction inhibitor
flufenamic acid (FFA) on MG132-elicited loss of cell
viability. Hepa-1c1c7 cells were exposed to the
indicated concentrations of MG132 in the presence
or absence of 150 lM FFA for 12 h. Cellular viability
was determined by formazan assay. The data are
expressed as a percentage of the control
(mean ± SE, n = 4). *P < 0.01 versus respective
control. (D) Effect of FFA on Cx43 protein levels.
1c1c-7 cells were exposed to the indicated
concentrations of FFA for 12 h. The cellular protein
was extracted and subjected to western blot
analysis of Cx43. Expression of b-actin is shown at
the bottom as a loading control. (E) Effects of
several different gap junction inhibitors on MG132-
elicited loss of cell viability. Hepa-1c1c7 cells were
exposed to 5 lg ⁄ mL MG132 in the presence or
absence of 10 lM 18-a glycyrrhetinic (a-GA), 10 lM

carbenoxolone (CBX), or 150 lM FFA for 12 h.
Cellular viability was determined by formazan
assay. The data are expressed as a percentage of
the control (mean ± SE, n = 4). *P < 0.01 versus
MG132 alone.
To assess the role of elevated Cx43 in cell injury, MG132-
induced cytotoxicity in the presence or absence of the gap
junction inhibitor was examined. As shown in Figure 3C, the
gap junction inhibitor flufenamic acid (FFA) significantly
attenuated the loss of cell viability induced by MG132. This
effect of FFA was associated with a strong inhibition in Cx43
protein levels (Fig. 3D). Besides FFA, the gap junction inhibi-
tors 18-a glycyrrhetinic and carbenoxolone also greatly attenu-
ated MG132-elicited cell injury (Fig. 3E). These results
indicated that gap junction contributes to MG132-induced cell
damage.

Expression of Cx43 in LLC-PK1 cells renders them vulnerable to
MG132-elicited cell apoptosis. To further establish the role of
elevated Cx43 in MG132-elicited apoptosis, we transfected gap
junction-deficient LLC-PK1 cells with a wild-type Cx43 fused
with enhanced GFP (Cx43-EGFP)(35) and examined the cell
response to MG132-induced cytotoxicity. As shown in Fig-
ure 4A, LLC-PK1 cells expressing wild-type Cx43-EGFP dis-
played a liner localization of the fusion protein on the plasma
membrane under fluorescence microscopy (Fig. 4A, lower
panel). In the presence of MG132, the amount of fusion protein
was markedly increased, as reflected by the enhanced EGFP
fluorescence intensity and the widespread distribution. Western
blot analysis confirmed the elevation of Cx43 (Fig. 4B). As a
control, LLC-PK1 cells were also transfected with a pEGFP
construct (Fig. 4A, upper panel). The cellular expression and
distribution of the control EGFP protein were not greatly
affected by MG132.
716
Expression of Cx43 in LLC-PK1 cells sensitized them to
MG132-triggered loss of cellular viability. As shown in
Figure 4C,D, MG132 caused a time- and concentration-depen-
dent loss of cell viability in Cx43-expressing LLC-PK1 cells,
but not in Cx43-deficient control cells. In fact, MG132 at the
lower concentrations tended to promote cell growth in Cx43-
deficient cells.

The increased susceptibility of Cx43-expressing LLC-PK1
cells to MG132 was associated with obviously increased levels
of cleaved caspase-3, suggesting that elevated Cx43 sensitizes
cells to MG132-induced apoptosis (Fig. 4E).

In further support of the role of gap junctions in
MG132-induced cell injury, the gap junction inhibitor FFA also
significantly inhibited the loss of cell viability in Cx43-EGFP
LLC-PK1 cells (Fig. 4F).

Gap junctions regulate cell phenotypes through either com-
munication-dependent or communication-independent mecha-
nisms.(15,23,24,36,37) To distinguish which mechanism was
responsible for sensitizing cells to MG132, LLC-PK1 cells were
transfected with a communication-free mutated Cx43-pEGFP(35)

and cell response to MG132 was evaluated. As shown in
Figure 5G, expression of D130–137 (mutated) Cx43-pEGFP in
LLC-PK1 cells elevated cell susceptibility to MG132 to an
extent comparable to that caused by wild-type Cx43 EGFP
(Fig. 4G). This result indicated that the effect of elevated Cx43
on MG132-elicited cell injury is GJIC-independent.

Expression of Cx43 in LLC-PK1 cells sensitizes cell to ER stress-
elicited cell damage. Given that ER stress mediates proteasome
doi: 10.1111/j.1349-7006.2009.01421.x
ªª 2009 Japanese Cancer Association



(A) (B)

(C) (D)

(E)

(G)

(F)

Fig. 4. Overexpression of connexin 43 (Cx43) in
LLC-PK1 cells with MG132-induced cell injury. (A)
LLC-PK1 cells were transfected with a vector
encoding Cx43 (Cx43-EGFP) or GFP protein (pEGFP)
and clones expressing a high level of Cx43 and GFP
were selected. The expression of Cx43 and GFP
before and after treatment with 1 lg ⁄ mL MG132
for 12 h is shown. Note the linear distribution of
Cx43-GFP at the region of cell-to-cell contact in
untreated cells and the increased intensity and
widespread cellular distribution of Cx43-GFP after
MG132 treatment. Magnification, ·400. (B) LLC-PK1
cells expressing pEGFP or Cx43-EGFP were exposed
to 3 lg ⁄ mL MG132 for 12 h. The cellular protein
was extracted and subjected to western blot
analysis of Cx43. Expression of b-actin is shown at
the bottom as a loading control. (C,D) Effects of
MG132 on cellular viability. LLC-PK1 cells were
exposed to (C) 1 lg ⁄ mL MG132 for the indicated
times or (D) different concentrations of MG132 for
36 h. Cellular viability was determined by formazan
assay. The data are expressed as a percentage of
the control (mean ± SE, n = 4). *P < 0.01 versus the
respective control. (E) Cells were treated with
the indicated concentrations of MG132 for 28 h.
The cellular proteins were extracted and subjected
to western blot analysis of caspase-3. The top band
represents procaspase-3 (Mr 35 000) and the bottom
band indicates its cleaved, mature form (Mr 17 000).
(F) Effects of the gap junction inhibitor flufenamic
acid (FFA) on MG132-elicited loss of cell viability in
Cx43-expressing LLC-PK1 cells. Cx43-EGFP LLC-PK1
cells were exposed to the indicated concentrations
of MG132 in the presence or absence of 150 lM FFA
for 36 h. Cellular viability was determined by
formazan assay. The data are expressed as a
percentage of the control (mean ± SE, n = 4).
*P < 0.01 versus the respective control. (G)
Expression of mutated Cx43-EGFP in LLC-PK1 cells
on MG132-initiated loss of cell viability. LLC-PK1
cells expressing EGFP, Cx43-EGFP, or communi-
cation-free mutated Cx43-EGFP were exposed to
the indicated concentrations of MG132 for 36 h.
Cellular viability was determined by formazan
assay. The data are expressed as a percentage of
the control (mean ± SE, n = 4).
inhibition-elicited cell apoptosis,(7–9) we asked whether cell
response to ER stress could also be influenced by gap junctions.
To address this question, we first confirmed that MG132 was
able to activate ER stress. As shown in Figure 5A, MG132 acti-
vated ER stress in LLC-PK1 cells, as revealed by the elevated
mRNA expression of GRP78 and CHOP. As expected, the ER
stress inducers thapsigargin (TG) and tunicamycin (TM) also
elevated GRP78 and CHOP (Fig. 5B). There was no obvious
difference in the levels of GRP78 and CHOP between control
and Cx43-EGFP LLC-PK1 cells in both basal and stimulated sit-
uations. We therefore proceeded to examine the influence of
Cx43 on ER stress-triggered cell death in LLC-PK1 cells. Treat-
ment of LLC-PK1 cells with TG and TM resulted in a concen-
tration-dependent loss of cell viability, which was significantly
more severe in Cx43-expressing LLC-PK1 cells compared with
Cx43-deficient control cells (Fig. 5C,D). Consistent with this,
Cx43-expressing LLC-PK1 cells displayed a much stronger acti-
vation of caspase-3 after TG treatment (Fig. 5E). These results
indicated that elevated Cx43 sensitizes cells to ER stress-elicited
apoptosis.

Fibroblasts derived from wild-type and Cx43 knockout
littermates exhibit different response to MG132- and ER stress-
elicited cell damage. To further establish the role of elevated
Cx43 in MG132- and ER stress-elicited cell injury, we have
Huang et al.
examined the difference between fibroblasts derived from
Cx43 wild-type (+ ⁄ +) and Cx43 knockout () ⁄ )) littermates.
As shown in Figure 6A, Cx43 was only detectable in Cx43+ ⁄ +

and not in Cx43) ⁄ ) fibroblasts. Consistent with this, only
Cx43+ ⁄ + cells had functional GJIC, as analyzed by SLDT assay
(data not shown). Incubation of wild-type Cx43+ ⁄ + fibroblasts
with MG132 elevated Cx43 protein levels. Longer incubation
with a higher concentration of MG132 (5 lg ⁄ mL) led to the
appearance of numerous shrunken and loosely adherent cells
under a light microscope (data not shown). These cells were
identified as either intense green (Fig. 6B, calcein AM) or red
(Fig. 6B, PI) by calcein AM–PI staining, representing early
apoptotic and dead cells, respectively.(38) In contrast to the
intensely stained and deformed apoptotic cells, the living cells
were well spread and stained as light green. As shown in
Figure 6B, far more intensely stained green and red cells
were observed in Cx43+ ⁄ + fibroblasts after incubation with
MG132, compared with Cx43) ⁄ ) fibroblasts. The formazan
assay demonstrated that MG132 caused a concentration-
dependent loss of cell viability in Cx43+ ⁄ + cells, but not in
Cx43) ⁄ ) cells. Interestingly, similar to the result obtained
with Cx43-deficient LLC-PK1 cells, MG132 at the lower con-
centrations also promoted proliferation of Cx43) ⁄ ) fibroblasts
(Fig. 6C).
Cancer Sci | March 2010 | vol. 101 | no. 3 | 717
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Fig. 5. Induction of endoplasmic reticulum (ER)
stress by MG132 and influence of connexin 43
(Cx43) expression on ER stress-elicited cell injury in
LLC-PK1 cells. (A,B) Induction of ER stress by
MG132, thapsigargin (TG), and tunicamycin (TM).
LLC-PK1 cells were treated with (A) 1 lg ⁄ mL MG132
for the indicated time or (B) 100 nM TG or 5 lg ⁄ mL
TM for 6 h. Cellular RNA was extracted and
subjected to northern blot analysis of GRP78 and
CHOP. Expression of GAPDH is shown at the
bottom as a loading control. (C,D) Induction of
cytotoxicity in LLC-PK1 cells expressing different
amounts of Cx43. Cells were exposed to the
indicated concentrations of (C) TG or (D) TM for
36 and 60 h respectively. Cellular viability was
determined by formazan assay. The data are
expressed as a percentage of cellular survival
normalized against the untreated control
(mean ± SE, n = 4). *P < 0.01 versus the respective
control. (E) Different activation of caspase-3 by TG
in LLC-PK1 cells expressing different amounts of
Cx43. Cells were treated with the indicated
concentrations of TG for 24 h. The cellular proteins
were extracted and subjected to western blot
analysis for caspase-3.
We also examined the fibroblast response to ER stress-elicited
cell injury. As shown in Figure 6D, the ER stress inducers TG
and TM caused ER stress in fibroblasts, as evidenced by the
elevated CHOP protein level. Exposure of fibroblasts to these
chemicals resulted in cell injury, which was found to be far
more severe in wild-type Cx43+ ⁄ + fibroblasts, as revealed by
calcein AM–PI staining (Fig. 6E) and formazan assay (Fig. 6F).
These experiments further indicated that Cx43 levels regulate
the cell response to MG132- and ER stress-induced cell damage.

Discussion

In the present study, we demonstrated that upregulation of gap
junctions is an important mechanism implicated in the antitumor
activities of the proteasome inhibitor MG132. Exposure of
Hepa-1c1c7 cells to MG132 elevated Cx43 protein levels and
promoted GJIC. This effect was caused by proteasome
inhibition, because MG132 at the concentrations used effec-
tively disrupted proteasome function, as evidenced by the signif-
icant elevation of Ub-FL activity(34) and marked accumulation
of ubiquitylated Cx43. Furthermore, MG132 dramatically
decreased the rate of Cx43 degradation and prolonged the half-
life of Cx43. This evidence thus support a predominant role of
the proteasome in Cx43 degradation. This conclusion is consis-
tent with previous studies in several other cell types.(20–22) Of
note, increased levels of Cx43 protein could also result from the
enhanced Cx43 synthesis. However, the rapid elevation of Cx43
following MG132 addition (within 3–6 h) made this alternative
less likely. Indeed, we did not find an increase in Cx43 mRNA
levels after treatment of Hepa-1c1c7 cells with MG132 (data not
shown).

The elevated Cx43 contributed to MG132-elecited cell
apoptosis. Several observations supported this idea. First,
MG132-induced cytotoxicity in Hepa-1c1c7 cells was associated
with elevated levels of Cx43 protein and increased GJIC. Inhibi-
tion of gap junctions with FFA, 18-a glycyrrhetinic, or carbe-
noxolone significantly attenuated the cytotoxic effects of
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MG132. Second, overexpression of Cx43 in gap junction-defi-
cient LLC-PK1 cells sensitized them to MG132-induced cell
apoptosis. In contrast, fibroblasts from Cx43 knockout mice
were resistant. Several investigators have reported that ER stress
mediates proteasome inhibitor-induced cell injury.(7–9) Consis-
tent with these reports, MG132 activated ER stress in all of the
cell types tested in the current investigation (data not shown). In
addition, ER stress-elicited cell apoptosis was enhanced by
Cx43 in a manner similar to MG132.

The mechanisms involved in the effects of gap junction are
presently unclear. The possibilities include: (1) GJIC-dependent
and ⁄ or independent regulation of the cell survival signaling
pathway; and (2) induction or exaggeration of ER stress by
Cx43 overexpression. Under several pathological situations, gap
junctions are known to be able to transfer molecules like super-
oxide and calcium ions to propagate a toxic response.(15,23,24) A
similar scenario could occur in the current investigation, because
production of superoxide and induction of ER Ca2+ release by
proteasome inhibitors and their roles in induction of cell apopto-
sis have been reported.(9,39) However, contradictory to this
speculation, transfection of LLC-PK1 cells with a communica-
tion-free mutated Cx43 enhanced cell susceptibility to MG132
to an extent comparable to wild-type Cx43, suggesting that the
effect of Cx43 was communication-independent. At present, the
mechanisms underlying the communication-independent effect
of Cx43 are unclear. Given that Cx43 molecules are transported
to the cell surface via the conventional secretory pathway,(40,41)

one would expect that Cx43 overexpression could increase the
load of protein in the ER, inducing or exaggerating ER stress.
However, our data also did not support this speculation. No dif-
ference was found in the levels of the ER stress markers GRP78
and CHOP between Cx43-expressing and control LLC-PK1
cells. It appears that Cx43 regulated the downstream response of
cells to ER stress, rather than the level of ER stress itself. In line
with this conclusion, caspase 3, a protease critically involved
in the initiation of ER-induced apoptosis, was activated by
MG132 and TG in Cx43-expressing LLC-PK1 cells. In addition,
doi: 10.1111/j.1349-7006.2009.01421.x
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Fig. 6. Influence of connexin 43 (Cx43) levels on cell response to MG132- and endoplasmic reticulum (ER) stress-elicited cell injury. (A) Effects of
MG132 on Cx43 protein levels in fibroblasts from Cx43+ ⁄ + and Cx43) ⁄ ) littermates. Cx43+ ⁄ + and Cx43) ⁄ ) fibroblasts were exposed to the
indicated concentrations of MG132 for 12 h or left untreated. The expression of Cx43 was determined by western blot analysis. b-Actin levels
shown at the bottom of the blots indicate equal protein loading. (B,C) Cell viability of Cx43+ ⁄ + and Cx43) ⁄ ) fibroblasts after MG132 treatment.
(B) Cells were treated with 1 lg ⁄ mL MG132 for 36 h or left untreated (control). The living (green), early apoptotic (intense green), and dead
cells (red) were identified by calcein AM ⁄ PI staining. (C) Fibroblasts were exposed to the indicated concentrations of MG132 for 36 h. Cell
viability was evaluated by formazan assay. The data are expressed as percentage of the control (mean ± SE, n = 4). *P < 0.01 versus the
respective control. (D) Induction of ER stress by MG132 in fibroblasts. Cx43+ ⁄ + and Cx43) ⁄ ) fibroblasts were either exposed to 100 nM

thapsigargin (TG) or 5 lg ⁄ mL tunicamycin (TM) for 12 h or left untreated. The expression of CHOP was determined by western blot analysis. (E)
Cell viability in Cx43+ ⁄ + and Cx43) ⁄ ) fibroblasts following ER stress as evaluated by calcein AM–propidium iodide (PI) double staining. Fibroblasts
were treated with 5 lM TG for 36 h or left untreated. The living (green), early apoptotic (intense green), and dead cells (red; lower panel) were
identified by calcein AM–PI staining. (F) Cell viability as evaluated by formazan assay. Cells were either exposed to 5 lM TG or 20 lg ⁄ mL TM for
48 h. The data are expressed as a percentage of the control (mean ± SE, n = 4). *P < 0.01 versus the respective control.
a previous study by Huang et al. demonstrated that overexpres-
sion of Cx43 increases cell susceptibility to chemotherapeutic
agents in a communication-independent manner via inhibition
of the apopotosis inhibitor bcl-2.(42)

Recently, we have reported that ER stress downregulates gap
junction protein expression and function.(43) Interestingly,
although MG132 also induced ER stress in Hepa-1c1c7 cells, it
elevated rather than suppressed gap junctions in the current
investigation. This obvious discrepancy may be explained by
the fact that ER stress-elicited reduction of gap junction proteins
was largely due to the accelerated degradation of Cx molecules
following activation of the ER-associated degradation pathway,
that is, the proteasome degradation pathway. Indeed, in our pre-
vious studies, we have observed that inhibition of proteasomes
with MG132 could largely prevent TG- and TM-induced reduc-
tion of Cx43 levels.(43)

Multiple mechanisms have been shown to be involved in
the antitumor activities of proteasome inhibitors. Apart from
induction of ER stress-reactive oxygen species,(44) proteasome
inhibition also results in release of cytochrome c,(45) suppression
of nuclear factor-jB activity,(5,6) activation of the death receptor
pathway,(46) and sensitization of cells to killing by tumor necro-
sis factor.(4) Interestingly, gap junctions are also able to transmit
Huang et al.
and propagate cellular apoptosis triggered by tumor necrosis
factor-a and intracellular injection of cytochrome c.(47,48) Gap
junctions may sensitize cells to proteasome inhibitor-induced
apoptosis via propagation and amplification of the effects of
multiple pro-death machineries. It is worth mentioning that gap
junctions have also been documented to alleviate cellular injury
in several pathological situations.(25) The reasons for the
conflicting effects are presently unclear. It is possible that the
effects of gap junctions on cell damage may differ, depending
on the property of stimuli, the magnitude of injury, as well as
the cell and tissue type involved.

Proteasome inhibition sensitizes cancer cells to biotherapy,
chemotherapy, and radiotherapy.(4–7) However, the mechanisms
involved have not been fully elucidated. Gap junctions may
mediate the synergistic effects of proteasome inhibitors in
combinational cancer therapy. In support of this speculation,
dysfunction of gap junctions in tumor cells has been docu-
mented to be closely related to drug resistance. Upregulation of
gap junctions sensitizes cells to a variety of cancer chemothera-
peutic agents.(24,28,48–50)

Our findings may have important clinical implications for
therapeutic utilization of proteasome inhibitors in tumors.
First, we characterized gap junctions as a novel mechanism
Cancer Sci | March 2010 | vol. 101 | no. 3 | 719
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underlying the antitumor activities of proteasome inhibitors.
Given that gap junctions exert multiple tumor-suppressing
effects on various tumors,(15–19,51) upregulation of the gap junc-
tion itself could have significant implications. The concomitant
induction of gap junction protein expression and several pro-
death machineries such as ER stress by proteasome inhibition
may explain why proteasome inhibitors have potent antitumor
activities, even when they are used alone. Second, our findings
indicate that gap junctions are a critical factor governing the cell
response to proteasome inhibitors. Several human tumors are
less susceptible to proteasome inhibitor-induced apoptosis.(1,2)

However, the molecular mechanisms regulating cell responses
to proteasome inhibitors are largely unknown. The different cel-
lular expression levels of gap junction protein could underlie the
varied cell response to proteasome inhibitors. From a therapeutic
standpoint, enhancement of gap junction protein expression and
function might represent a novel approach to sensitize cancer
cells toward proteasome inhibitors. Third, our findings also indi-
cate that gap junctions might mediate the synergistic effects of
proteasome inhibitors in combinational cancer therapy. In fact,
modulation of gap junctions has been described to increase the
720
efficacy of chemotherapy, radiotherapy, and gene therapy in
cancer.(15–17,24,28,51) The rapid, potent, and cell type-non-specific
induction of gap junctions by proteasome inhibitors indicates
that proteasome inhibition could be an ideal approach to modu-
late gap junctions and to increase the efficacy of tumor thera-
pies.(22)

In conclusion, our study revealed that upregulation of gap
junction protein expression and function is a presently unrecog-
nized mechanism underlying the antitumor activities of protea-
some inhibitors. Gap junctions influence cell susceptibility to
proteasome inhibitors, and modulation of gap junctions could be
a promising way to increase the therapeutic efficacy of protea-
some inhibitors.
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