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a b s t r a c t

Gap junction channels are made of a family proteins called connexins. The best-studied type of connexin,
Connexin43 (Cx43), is phosphorylated at several sites in its C-terminus. The tumor-promoting phorbol
ester TPA strongly inhibits Cx43 gap junction channels. In this study we have investigated mechanisms
involved in TPA-induced phosphorylation of Cx43 and inhibition of gap junction channels. The data show
that TPA-induced inhibition of gap junction intercellular communication (GJIC) is dependent on both PKC
and the MAP kinase pathway. The data suggest that PKC-induced activation of MAP kinase partly involves
Src-independent trans-activation of the EGF receptor, and that TPA-induced shift in SDS–PAGE gel mobil-
ity of Cx43 is caused by MAP kinase phosphorylation, whereas phosphorylation of S368 by PKC does not
alter gel migration of Cx43. We also show that TPA, in addition to phosphorylation of S368, also induces
phosphorylation of S255 and S262, in a MAP kinase-dependent manner. The data add to our understand-
ing of the molecular mechanisms involved in the interplay between signaling pathways in regulation of
GJIC.

� 2009 Elsevier Inc. All rights reserved.
Introduction

Gap junctions are plasma membrane domains containing chan-
nels that permit ions and small molecules to be transferred
between neighboring cells [1]. The channels consist of connexin
proteins, and their aberrant function has been associated with a
number of pathological conditions, including cancer [2–4].

Phosphorylation of Connexin43 (Cx43), the best-studied type of
connexin, has been shown to regulate both gap junction channel
formation, permeability and turnover [5,6]. However, the specific
role of the various phosphorylation sites in regulating gap junction
channel activity is incompletely understood. This is also compli-
cated by the fact that many inhibitors of gap junction intercellular
communication (GJIC) activate more than one kinase, and more
than one signaling pathway [7,8].

The phorbol ester 12-O-tetradecanoylphorbol-13-acetate (TPA)
and epidermal growth factor (EGF) are potent inhibitors of GJIC
[8,9] and their action has been associated with phosphorylation
of Cx43 at different sites [10,11]. TPA- and EGF-induced phosphor-
ylation of Cx43 is associated with a decrease in SDS–PAGE gel
mobility, from the so-called Cx43-P0 form to the Cx43-P1/P2 forms
[12], as well as enhanced Triton X-100 solubility [13].
ll rights reserved.

.

We and others have previously suggested that the TPA-induced
inhibition of GJIC involves the MAP kinase pathway [8,14]. The aim
of the present study was to obtain a better understanding of the
role of Cx43 phosphorylation in inhibition of GJIC and change in
mobility of Cx43 in SDS–PAGE in response to TPA. We show that
TPA-induced modulation of Cx43 phosphorylation and GJIC in
IAR20 cells involves a combined action of the PKC and MAP kinase
signaling pathways. Evidence is provided that TPA-induced alter-
ation in the gel mobility shift of Cx43 and effect on GJIC is caused
by MAP kinase phosphorylation.

Material and methods

Cells. The rat liver epithelial cell line IAR20 was obtained from
The International Agency for Research on Cancer, Lyon, France [15].

Materials. TPA, EGF, U1026, GF109203X, AG1478, PD153035,
PP2 and Lucifer Yellow were purchased from Sigma (St. Louis,
MO, USA) and chlordane from Sulpelco (Bellefonte, PA, USA). All
chemicals except Lucifer Yellow were dissolved in dimethyl sulfox-
ide (DMSO).

Antibodies. The anti-Cx43 antiserum was made in rabbits in-
jected with a synthetic peptide consisting of the 20 C-terminal
amino acids of Cx43 [16], rabbit anti phospho-ERK1/2 was from
Cell Signaling Technology (Beverly, MA, USA). Rabbit anti phos-
pho-(S368)-Cx43 was from Chemicon (Temecula, CA, USA). Phos-
pho specific antibodies against P(S255)-Cx43 and P(S262)-Cx43
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Fig. 1. (A) Effect of the MEK inhibitor U0126 (5 lM), PKC inhibitor GF109203X (GF)
(5 lM), EGF receptor inhibitor PD153035 (0.5 lM), EGF receptor inhibitor AG1478
(0.5 lM), SRC inhibitor PP2 (5 lM), on TPA-induced inhibition of GJIC in IAR20 cells.
The cells were co-exposed to different concentrations of TPA and the inhibitors for
30 min prior to determination of GJIC. (B) Effect of the MEK inhibitor U0126 (5 lM)
and the PKC inhibitor GF109203X (5 lM) on TPA-induced phosphorylation of the
PKC-specific cellular substrate MARCKS. The cells were co-exposed to 100 ng/ml
TPA and the inhibitors for 30 min prior to preparation of extracts for Western blot.
(C) Effect of the MEK inhibitor U0126 (5 lM), the EGF receptor inhibitors PD153035
(0.5 lM) and AG1478 (0.5 lM) on EGF-induced inhibition of GJIC in IAR20 cells. The
cells were co-exposed to 100 ng/ml EGF and inhibitor for 30 min prior to
determination of GJIC.
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was obtained from Santa Cruz Biotechnology Inc. (Santa Cruz, CA,
USA), and anti P-MARCKS from Sigma (St. Louis, MO, USA).

Measurement of gap junction intercellular communication by
scrape loading. GJIC in the rat liver epithelial cell line IAR20 was
determined by scrape loading of Lucifer Yellow (LY) and quantita-
tive determination of dye spreading by image analysis as previ-
ously described [17].

Western blotting. Cells were scraped into SDS electrophoresis
sample buffer (10 mM Tris pH 6.8, 15% (w/v) glycerol, 3% (w/v)
SDS, 0.01% (w/v) bromophenol blue and 5% (v/v) 2-mercap-
toethanol). The extracts were sonicated in a Branson Sonifier and
heated for 5 min at 95 �C prior to electrophoresis and Western
blotting. Blotting membranes were developed with 4-chloro-1-
naphtol (Cx43) or chemoluminescence (phospho-specific antibod-
ies against Cx43 and phospho-ERK1/2).

Results

Pharmacological evidence that TPA-induced inhibition of gap junction
channels involves EGF receptor and the MAP kinase pathway

In agreement with previous studies, TPA induced complete
block in cell communication in IAR20 cells after 30 min exposure
[15,18] (Fig. 1A). As expected, the PKC inhibitor GF109203X com-
pletely blocked the TPA-induced inhibition of GJIC (Fig. 1A). Impor-
tantly, the MEK inhibitor U0126 was about as effective as the PKC
inhibitor in counteracting the effect of TPA on GJIC. Only at the
highest TPA concentration examined (100 ng/ml), the PKC inhibitor
was slightly more effective in counteracting TPA-induced inhibi-
tion of dye transfer. These data are in accordance with our previous
studies in the transformed cell line IAR6.1, and suggest that the
TPA-induced inhibitory effect on GJIC is mediated through PKC-
mediated activation of the MAP kinase pathway, and that the direct
phosphorylation of Cx43 by PKC is of minor importance [8]. To rule
out the possibility that the effect of U0126 on TPA-induced inhibi-
tion is due to unspecific inhibition of PKC, we examined the effect
of U0126 on TPA-induced phosphorylation of MARCKS, a well-
studied substrate for PKC [19]. As shown in Fig. 1B, TPA-induced
phosphorylation of MARCKS was efficiently prevented by the PKC
inhibitor GF109203X, but not by U0126. On the contrary, U0126
seemed to result in increased amount of phosphorylated MARCKS.
The reason for this is unknown. Thus, the inhibitory effect of U0126
on TPA-induced block in gap junction channel activity is not a
result of unspecific inhibition of PKC.

To elucidate the mechanism by which TPA induces activation of
the MAP kinase pathway, we asked whether trans-activation of
EGF receptor could be involved. AG1478 and PD153035 are potent
and selective inhibitors of EGF receptor kinase and can block phos-
phorylation of EGF receptor induced by several substances. As
expected, AG1478 and PD153035, as well as the MEK inhibitor
U0126, completely counteracted EGF-induced inhibition of GJIC
(Fig. 1C). Interestingly, AG1478 and PD153035 counteracted the
TPA-induced inhibition of GJIC by approximately 20% (Fig. 1A). This
suggests that TPA activates the MAP kinase pathway partly by
transactivating EGF receptor.

We next examined the role of Src in TPA-induced inhibition of
GJIC, since PKCd has been shown to be able to activate EGF receptor
via activation of Src in response to TPA treatment [20]. However,
the selective inhibitor of Src activity, PP2, was found to have no
effect on the TPA-induced inhibition of GJIC, suggesting that Src
is not involved in this process (Fig. 1A).

Taken together, these results provide complementary evidence
and understanding to previous studies in other cell lines, indicating
that MAP kinase is of major importance in TPA-induced inhibition
of GJIC [8,14]. The results also suggest that this process partly
involves trans-activation of the EGF receptor.
Effect of combined exposure of TPA and EGF on gap junctional
communication

To further elucidate the role of PKC and MAP kinase in TPA-in-
duced phosphorylation of Cx43 and inhibition of gap junction
channels, we next examined the effect of the combined exposure
of TPA and EGF on gap junction channel activity. As expected,
TPA induced complete block in cell–cell communication in IAR20
cells after 30 min exposure [15,18] (Fig. 2). The block was tran-
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Fig. 3. Effect of the MEK inhibitor U0126 (5 lM) and the PKC inhibitor GF109203X
(5 lM) on TPA-induced effects on Cx43 Western blots using five different
antibodies: Cx43, antibody against the carboxy terminal part of Cx43; P368, P255
and P262, phospho-specific antibodies to detect Cx43 phosphorylated at position
S368, S255 and S262; P-ERK, antibody detecting activated ERK1/2. The cells were
co-exposed to 100 ng/ml TPA and the inhibitors for 30 min prior to preparation of
extracts for Western blotting.
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sient, and after 5 h of TPA exposure GJIC was restored to about 60%
of that seen in unexposed IAR20 cells. At this time point, re-expo-
sure with fresh TPA had little or no effect on the level of commu-
nication, showing that restoration of GJIC in IAR20 cells was not
caused by inactivation of inhibitory compound, but by down-regu-
lation of the mechanism of action. These results are compatible
with previous studies showing that PKC is down-regulated in re-
sponse to TPA treatment [21,22].

GJIC was also completely blocked 30 min after the addition of
EGF (Fig. 2). Inhibition of GJIC by EGF is considered mediated
through activation of a MAP kinase pathway, probably ERK1/2
[11]. TPA is, however, also activating ERK1/2 (Fig. 2) [23], and pro-
longed TPA exposure could therefore possibly down regulate both
PKC and ERK1/2. Pre-exposure to TPA for 5 h did however not abol-
ish the ability of EGF to down regulate GJIC or activate ERK1/2. This
observation shows that although ERK1/2 is activated by TPA, it is
not down regulated by TPA exposure.

EGF had similar transient effect as TPA on cell communication
in IAR20 cells. From complete block of GJIC after 30 min EGF expo-
sure, communication was restored to about 70% of normal level
after 5 h continuous exposure. Communication in cells pre-ex-
posed 5 h to EGF was however not affected by EGF re-exposure,
while TPA was still able to completely down regulate GJIC
(Fig. 2). Interestingly, the level of activated ERK1/2 was fully re-
versed after 5 h exposure to TPA, but not after 5 h EGF exposure.
This could perhaps explain why the TPA-induced inhibition of GJIC
after 5 h of EGF treatment was apparently not associated with in-
creased activation of ERK1/2 (Fig. 2).

Effect of combined exposure to TPA and EGF on the Cx43
phosphorylation status

We next evaluated the effect of TPA and EGF exposure on the
Cx43 phosphorylation status. Cx43 was analyzed by Western blot-
ting using four different antibodies. (1) An antibody against the last
20 amino acids of the C-terminal part of Cx43. This antibody has
been used to detect total amount of Cx43 as well as some of the
changes in the phosphorylation pattern of Cx43 [8]. (2) An antibody
shown to be specific for Cx43 phosphorylated on serine at position
368 [10]. (3) An antibody directed against Cx43 phosphorylated at
S255, and (4) an antibody specific for Cx43 phosphorylated at S262.

Cx43 often exists in several phosphorylated forms with different
mobility in SDS gel electrophoresis. Unexposed IAR20 cells show
three major bands (Fig. 2). The fastest migrating band, P0, has been
shown to contain unphosphorylated Cx43 since phosphatase trea-
ted cell extracts have been shown to give only one single band in
this position [24]. It can, however, not be excluded that the band
at the P0 position also contains phosphorylated forms of Cx43.

Interestingly, the only band detected by the p368 antibody in
unexposed IAR20 cells was observed at the P0 position (Fig. 2). This
has also been reported for other cell types [10], and suggests that
this type of Cx43 phosphorylation does not result in altered gel
electrophoresis mobility. No band was detected by the S255 phos-
phorylation specific antibody. Only a weak band could be observed
after blotting with the p262 antibody (Figs. 2 and 3). Exposure of
IAR20 cells to TPA for 30 min caused strong relative increase in
the P2 band for all Cx43 antibodies used. S262 was previously re-
ported to be phosphorylated in response to p34Cdc2 as well as in re-
sponse to TPA treatment [25]. S255 is a reported MAP kinase
phosphorylation site [26]. Phosphorylation of this site after expo-
sure to TPA strengthens the hypothesis that TPA-induced inhibi-
tion of GJIC involves MAP kinase.

After 5 h exposure to TPA, the band patterns for all antibodies
had returned to that of unexposed cells, except that the total
amount of Cx43 was decreased (Fig. 2). Re-exposure with fresh
TPA for 30 min had no effect on any of the band patterns, in con-
cordance with its inability to inhibit GJIC under these conditions.

Thirty minutes exposure to EGF induced a change in the Cx43
band pattern similar to what was observed in response to TPA
treatment. EGF did however not induce enhanced intensity of
S368 phosphorylation in Cx43, although the band pattern of
S368-phosphorylated Cx43 was altered compared to unexposed
cells. Thus, exposure to EGF seemed to result in changed mobility
in already S368-phosphorylated Cx43, indicating that phosphory-
lation at other sites than S368, possibly by ERK1/2, could be
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responsible for the change in mobility. As expected, exposure to
EGF caused an increase in the P2 band for Cx43 phosphorylated
on S255, but the increase was smaller than after TPA treatment.
EGF also induced an increased intensity of the P2 band of Cx43
phosphorylated on S262.

Pre-exposure to TPA for 5 h did not prevent the effect of EGF on
the Cx43 band pattern, neither for total Cx43 nor for the phosphor-
ylated species of Cx43 (Fig. 2). EGF was also under these conditions
able to activate ERK1/2. The data are in line with the observation
that TPA pretreatment did not counteract EGF-induced effects on
GJIC. Thus, TPA-induced refractoriness is likely to be caused by
down-regulation of PKC and not by preventing ERK1/2 activation.

EGF exposure for 5 h resulted in Cx43 band patterns reversing
to that of unexposed cells. The 5 h EGF exposure rendered the cells
resistant to further ERK1/2 activation by EGF, as well as EGF-in-
duced alterations in the Cx43 band pattern, all in agreement with
the GJIC experiments.

Pre-treatment to EGF for 5 h did not, also in agreement with the
GJIC experiment, prevent TPA-induced alteration in the Cx43 band
pattern, neither for the antibody against the C-terminal part, nor
for the phosphorylated Cx43 (Fig. 1). The shifts are, however, partly
reduced compared with the TPA-induced effects in cells without
EGF pre-exposure, in agreement with the observed partial role of
TPA-induced trans-activation of EGF receptor in the GJIC measur-
ing experiment.

TPA-induced SDS–PAGE mobility shift of Cx43 is caused by a MAP
kinase mediated phosphorylation

We have previously suggested that bands of Cx43 with de-
creased mobility (mainly P2) observed after TPA exposure of
IAR6.1 cells could have occurred as a consequence of phosphoryla-
tion by a MAP kinase, and not by PKC [8]. The above findings do not
exclude that TPA-induced phosphorylation of S368 could result in
decreased mobility of Cx43 in SDS–PAGE gels. We therefore
wanted to more closely investigate the role of MAP kinase in the
altered migration of S368-phosphorylated Cx43 after TPA treat-
ment. Cells were coincubated with TPA and either PKC or MEK1
inhibitor. Then the Cx43 phosphorylation status was examined
with antibodies against total Cx43 or Cx43 phosphorylated at
either S255, S262 or S368. As shown in Fig. 3, the MEK1 inhibitor
U0126 blocked the TPA-induced mobility shift of Cx43, as well as
the activation of MAP kinase ERK1/2. However, U0126 did not
counteract the increased level of S368 phosphorylation induced
by TPA. Interestingly, exposure to the MEK1 inhibitor caused
S368-phosphorylated Cx43 to migrate at the P0 position, rather
than at the P2 position. In contrast, the PKC inhibitor
GF109203X, having intermediate effects on the shift in Cx43 band
pattern and level of activated ERK1/2, completely counteracted
S368 phosphorylation. The TPA-induced phosphorylation of both
S255 and S262 was counteracted by both U0126 and GF109203X,
suggesting that both PKC and MAP kinase are involved in this pro-
cess. Taken together, the data are in support of the view that TPA-
induced mobility shift in Cx43 is caused by MAP kinase phosphor-
ylation, while phosphorylation by PKC on serine 368 does not
change the Cx43 mobility.
Raf

U0126

GF109203X

Cx43
MEK

ERK

Fig. 4. Schematic description of the kinases and chemical inhibitors discussed in
the present work.
Discussion

We have previously observed that the effect of TPA on gap junc-
tions seemed not only to be mediated by a direct effect on Cx43 by
PKC [8]. In the present work we have studied this in more detail.
TPA induced strong inhibition of GJIC as well as mobility shift in
Cx43, observed both with an antibody against total Cx43, and
when using Cx43 phospho-specific antibodies (Fig. 2). This was al-
most completely and equally well prevented by the MEK inhibitor
and the PKC inhibitor. The MEK inhibitor was also efficiently pre-
venting TPA-induced alteration in Cx43 electrophoresis mobility
without preventing TPA-induced increase in the amount of S368-
phosphorylated Cx43. The PKC inhibitor, on the other hand, com-
pletely prevented induction of S368-phosphorylated Cx43. This
suggests that inhibition of GJIC by TPA is mainly mediated via
MAP kinase, and not by direct phosphorylation of Cx43 by PKC.
The data suggest that the TPA-induced phosphorylation of Cx43
on S368 by PKC is not causing mobility shift in SDS electrophoresis
gels. This mobility shift is rather caused by MAP kinase.

EGF was found to induce mobility shift of Cx43 on SDS–PAGE,
both for total and p368 Cx43 (Fig. 2). Pre-exposure to TPA desensi-
tized the cells to itself, but not to EGF, and vice versa (Fig. 2). This is
in accordance with previous findings that desensitization by TPA is
caused by down regulation of PKC. Our finding that EGF inhibits
GJIC also after TPA treatment is in agreement with studies on other
cell types [27], suggesting that the MAP kinase pathway is not
down regulated by prolonged TPA treatment. Exposure of cells to
EGF has been shown to result in phosphorylation of Cx43 at S255
by a MAP kinase [11], while p34Cdc2 as well as TPA exposure, have
been found to induce phosphorylation of S262 [25]. We observed
these two types of phosphorylation in the P2 position (Fig. 3) after
both TPA and EGF exposure of IAR20 cells, supporting serine 255
and 262 as candidates for phosphorylation sites involved in medi-
ating the effect of both TPA and EGF.

PKC has been shown to be able to activate the MAP kinase path-
way via RAF kinase [28] as well as the EGF receptor itself via Src
[20]. Here we show that two EGF receptor inhibitors block TPA-in-
duced inhibition of GJIC by approximately 20%. On the other hand,
the Src inhibitor PP2 had no effect. This suggests that a minor part
of the TPA-induced effect on GJIC is mediated through a Src-inde-
pendent effect on the EGF receptor, while the major effect is med-
iated from PKC to the MAP kinase pathway downstream of EGF
receptor (Fig. 4).

The present study adds to the understanding of how TPA-in-
duced inhibition of Cx43 gap junction channels is mediated by a
cross-talk between PKC and the MAP kinase pathway. The data
suggest that although PKC directly phosphorylates Cx43 at S368,
this phosphorylation seems to have little effect on both GJIC and
Cx43 electrophoresis mobility. Instead, the inhibitory effect of
TPA on GJIC as well as the reduced SDS–PAGE gel mobility of
Cx43 appear to be induced via the MAP kinase pathway.
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