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Abstract
Gap junction protein connexin 43 (Cx43) plays an important role in regulating cardiomyocyte survival in addition to
regulating electrical coordination. Cx43 dephosphorylation, found in severe cardiac pathologies, is thought to contribute to
myocardial injury. However, the mechanisms underlying Cx43 mediation of cell survival and myocardial lesions remain
unknown. Here, we found that transfecting an adenovirus carrying a mutant gene of Cx43-serine 282 substituted with
alanine (S282A) into neonatal rat ventricular myocytes (NRVMs) induced cell apoptosis and Ca2+ transient
desynchronization, whereas using gap junction inhibitor or knocking down Cx43 expression with Cx43-miRNA caused
uncoupled Ca2+ signaling without cell death. Similarly, while Cx43-S282A+/+ failed in generation, Cx43-S282A+/− mice
exhibited cardiomyocyte apoptosis and ventricular arrhythmias dependent on S282 dephosphorylation. Further, Cx43
dephosphorylation at S282 activated p38 mitogen-activated protein kinase (p38 MAPK), factor-associated suicide and the
caspase-8 apoptotic pathway by physically interacting with p38 MAPK. These findings uncovered a specific Cx43
phosphorylation residue involved in regulating cardiomyocyte homeostasis. S282 phosphorylation deficiency acts as a
trigger inducing cardiomyocyte apoptosis and cardiac arrhythmias, providing a potential mechanism for Cx43-mediated
myocardial injury in severe cardiac diseases.

Introduction

Cardiomyocyte apoptosis is a fundamental cause of myo-
cardial injury and cardiac dysfunction in severe diseases.
Several stimuli, including reactive oxygen species genera-
tion, autoimmune response, cell cycle perturbation and ATP
consumption, are proposed to be associated with activating
the cardiomyocyte death machinery [1–3]. Evidence has

also demonstrated that the gap channel protein, connexin43
(Cx43), plays an important role in regulating cell survival
and death processes and participating in severe myocardial
lesions [3–6].

Cx43 is the major connexin protein in ventricular gap
junctions. Because Cx43 plays a central role in cardiac elec-
trical coupling and development, Cx43 gene mutations in
humans are associated with severe arrhythmias, oculodento-
digital dysplasia, visceroatrial heterotaxia, and sudden infant
death [7–12]. Mice with a complete Cx43 knockout die as
neonates [10, 11], while heart-specific Cx43-deficient mice
(approximately 90% ablation) and heterozygous Cx43-
truncated or site-mutated mice reach adulthood with
unchanged cardiac structure and function. However, these
mice have enhanced risks of spontaneous and inducible
ventricular tachyarrhythmias and sudden death [7, 9, 12].
Therefore, cardiac electrical disturbances and aberrant devel-
opment are the dominant phenotypes of Cx43 gene-alteration-
associated human diseases and animal models. In addition,
posttranscriptional modulations, particularly phosphorylation
modifications, significantly alter Cx43 function and bio-
transformation. Normal myocardial Cx43 is highly
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phosphorylated at multiple carboxyl-terminal serine and
threonine residues, which regulate Cx43 assembly, trafficking
and turnover, and intercellular electrical and metabolic cou-
pling in the heart [13, 14]. Under pathological conditions,
evidence shows that Cx43 is dephosphorylated at multiple
serine sites and participates in arrhythmias, ischemic/reper-
fusion myocardial injury and heart failure processes across
species [3–6, 14–16]. However, how Cx43 regulates cardio-
myocyte survival and the specific Cx43 dephosphorylation
site(s) involved in this process are unknown.

In this study, we demonstrated Cx43’s distinct role in
inducing cardiomyocyte death beyond regulating electrical
coordination. In addition to cell-to-cell uncoupling and spon-
taneous ventricular arrhythmias, Cx43 phosphorylation defi-
ciency at serine 282 (S282) activates factor-associated suicide

(Fas)/Fas-associating protein with a novel death domain
(FADD) pathway and induces cardiomyocyte apoptosis.
Moreover, by physically interacting with Cx43, p38 mitogen-
activated protein kinase (p38 MAPK) is activated upon S282
dephosphorylation, initiating this apoptotic process.

Results

S282, but not S279, mutation induced
cardiomyocyte apoptosis via Fas/FADD activation
in vitro

Previously, we demonstrated that Cx43 phosphorylation at
S282 (pS282) mediates gap coupling in neonatal rat

Fig. 1 S282 mutation with alanine induced cardiomyocyte death. a, b
Representative images of NRVMs at 36 h after transfection with virus
carrying rat Cx43-wt, S279A or S282A gene (20 m.o.i. for each)
recorded by microscope (a) and time-lapse cell death curve detected by
YOYO-1 probe (b). NRVM death with time-lapse was collected from
16 fields in each well, and three wells with subconfluent NRVMs
obtained from 40 rat ventricles were assigned for each treatment
(Videos 1, 2). c–e Measured by confocal microscopy, representative

images of NRVMs transfected with different mutants for 24 h, and
then stained with antibody against Cx43, or loaded with Fluo4 to
detect Ca2+ transients or Lucifer Yellow (LY) to detect intercellular
communication, as indicated (c). Nucleus was stained with Hoch-
est33258. Scale bar: 10 μm. Typical traces of Ca2+ transients illustrate
that S282A cells had uncoupled transients (d) and decreased LY
uptake (e). *P < 0.05, **P < 0.01, unpaired two-tailed Student’s t test,
n= 4–6 independent determinations for each group as indicated
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ventricular myocytes (NRVMs) by transfecting an adeno-
virus carrying S282 mutant gene substituted with alanine
(S282A) for 24 h [17]. Unexpectedly, after further culturing,
S282A-transfected NRVMs continued to die, while cells
transfected with the wild-type Cx43 gene (Cx43-wt) or the
mutant S279A remained intact (Fig. 1a, b and Videos 1, 2).
Using flow cytometry to detect annexin V-FITC/PI staining,
S282A cells displayed dramatic apoptosis response after
transfected for 36 h (Supplementary Fig. 1). In addition,
S282A cells showed uncoupled Ca2+ signaling and inhibited
Lucifer Yellow (LY) uptake, suggesting a blockaded

intercellular coupling (Fig. 1c–e). Western blot analysis
displayed reduced pS282 and high Cx43 overexpression that
was distributed similarly to Cx43 in the membranes of
S279A and Cx43-wt cells (Fig. 2a–d), which was also evi-
denced via immunostaining (Fig. 1c). Phosphorylation levels
at other C-terminal serine sites, including S262 and S368,
were unaffected by S282 or S279 mutation (Fig. 2a, b).

To investigate the apoptosis pathway responsible for
NRVM death, cells after transfection for 28 h were used and
detected by annexin V-FITC/PI staining as well as an
ELISA assay kit. We found a three-fold increase in

Fig. 2 Cx43 expression and distribution in NRVMs transfected with
different mutants. a–d NRVMs were transfected with virus carrying
Cx43-wt, S279A or S282A gene (20 m.o.i. for each) for 24 h and lysed
by RIPA (a, b) or RIPA + junctional/non-junctional isolation treat-
ment (c, d). The lysates were analyzed by Western blot (a, c), and the
fold changes in phosphorylated S282 (pS282), pS262, pS368 and
Cx43 abundances in relative to those of vector cells (after normalized

with GAPDH or β-actin) were thereby detected (b, d). Junctional and
non-junctional fractions were referred to cell-membrane and cytosolic
fractions to detect Cx43 abundance distributed in both regions (see
Methods), respectively, and no difference in their pattern between the
two regions was found among the different treatments. *P < 0.05, **P
< 0.01, ***P < 0.001, unpaired two-tailed Student’s t test, n= 4–5
independent experiments for each group as indicated
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apoptosis-positive cells and a two-fold increase in caspase-3
activity in S282A-transfected cells compared with Cx43-wt
cells (Fig. 3a, b). Because both caspase-9 activity and the
release of cytochrome C from the mitochondria, the indi-
cation of mitochondrial apoptotic activation, did not differ
between S282A and Cx43-wt-transfected NRVMs (Sup-
plementary Fig. 2), we explored the Fas/FADD/caspase-8
apoptotic pathway and found markedly increased cleaved
caspase-8 and Fas expression in S282A cells (Fig. 3c, d).
The inhibition of caspase-3 activation by soluble Fas (sFas),

a blocker of Fas activation [18], further supported the Fas
activation involved in S282A-mediated cell death (Fig. 3e).
In addition, Fas was activated in a transfection-time-
dependent manner, accompanied by a marked activation
of FADD but no other apoptotic proteins such as death
receptor 5 (DR5) or tumor necrosis factor receptor (TNFR)
(Fig. 3f). Therefore, these data suggest that deficient Cx43
phosphorylation at S282, but not at S279, causes cardio-
myocyte apoptosis via the activation of Fas/FADD/caspase-
8 pathway.

Fig. 3 Expression of S282 mutant with alanine activated Fas-apoptotic
pathway. a, b Apoptosis in NRVMs transfected with virus carrying
Cx43-wt, S279A or S282A gene for 28 h (20 m.o.i. for each), respec-
tively, was detected by annexin V-FITC/PI assay using flow cytometry
(a) and caspase-3 ELISA kit (b), n= 4 independent determinations for
each group. c Caspase-8 activity in these transfected NRVMs was
determined by Western blot with a specific antibody against caspase-8,
n= 3 independent determinations for each group. d, e Transfection-
time-dependent activation of Fas in NRVMs with S282A mutant was
analyzed by Western blot, and fold changes of Fas in these cells after
normalized with GAPDH, respectively, in relative to those of control

cells were thereby detected (d). The activation of caspase-3 by S282A
was significantly inhibited by soluble Fas (sFas, 3 μg/60-mm dish,
added to the dish when virus was added) (e), n= 3 independent
determinations for each group. f The levels of FADD, DR5, and TNFR
were determined by Western blot in cells transfected with S282A or
Cx43-wt for 28 h and the fold increases in their abundances in relative
to those of control (after normalized with GAPDH) were thereby
detected, n= 3–4 independent determinations for each group as indi-
cated. *P < 0.05, **P < 0.01, NS: not significant, unpaired two-tailed
Student’s t test or one-way ANOVA (e)
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S282 mutation selectively induced cardiomyocyte
apoptosis independent of gap junction blockade

Because Cx43 site mutations can affect some tissue devel-
opment [9–12], primary cultured myofibroblasts and vas-
cular smooth muscle cells after three passages were used
and transfected with these mutants for 48 h to detect the
S282A proapoptotic effects on the non-cardiomyocytes.
Generally, similar changes in pS282 and Cx43 expressions
and LY uptake in cardiomyocytes were observed in both
myofibroblasts and vascular smooth muscle cells (Supple-
mentary Fig. 3a–d) and in HEK293 cells [17]. However,
S282 mutant did not affect cell shape, growth, and pro-
liferation in all these types of cells.

Previous study showed that S282 dephosphorylation
suppressed NRVM intercellular communication (Fig. 1c–e)
[17], we treated NRVMs for 24 h with the gap junction
uncoupler, carbenoxolone (CBX) [19], or with aminoethyl

diphenylborinate (2-APB), which blocks the inositol 1,4,5-
trisphosphate receptor, and inhibits gap communication and
Cx43 phosphorylation at S279/282 as well [17, 20], to
eliminate the possible effect of gap blockade on cell
survival. Both compounds hampered the spread of
6-carboxyfluorescein (6-CF) and synchronized Ca2+ oscil-
lations in monolayer NRVMs, thus indicating gap uncou-
pling. However, 2-APB significantly changed the cell
shape, reduced Cx43 phosphorylation at S282 and activated
Fas/FADD (Supplementary Fig. 4a–e), while CBX did not.
This demonstrated that S282 dephosphorylation rather than
gap uncoupling was responsible for activating cell apopto-
sis. This finding was further supported by the observation
that using an adenovirus carrying Cx43-miRNA to knock
down Cx43 expression (by approximately 90%) decreased
LY uptake and coordinated Ca2+ oscillations but did not
induce morphological changes or Fas/FADD activation in
NRVMs (Supplementary Fig. 5a–d).

Fig. 4 Cx43 S282A+/− mice exhibited arrhythmias and cardiomyocyte
apoptosis. a Neonatal lethality (24/81) occurred in heterozygous mice
(Het) between day 9 and 21 after birth, while no death was found in
wild-type mice (WT). b Typical surface ECG recordings show dif-
ferent changes in Het; generally normal ECG, premature ventricular
beat (PVB) and ventricular tachycardia (VT), while no arrhythmia was
found in WT. Thereby, three groups: Het(1), Het(2) and Het(3) were
divided according to the severity of arrhythmias. c Representative
photos of animals and hearts from WT, Het(2) and Het(3) groups, and

comparisons of the heart weight (HW) and ratio of heart/body weight
(BW) between WT and Het groups, n= 8–12 mice for each group as
indicated. d Hearts from different groups stained with H&E showed no
obvious morphological change, except for a noticeable increase in
the extracellular space in Het(2) and (3) ventricles. Scale bar: 20 μm, n
= 5 animals for each group. All the animals were detected between
day 10 and 14 after birth. *P < 0.05, NS not significant, unpaired two-
tailed Student’s t test
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Cx43-S282A heterozygous mice displayed
cardiomyocyte apoptosis and arrhythmias in vivo

To further investigate the novel effect of Cx43 phosphor-
ylation deficiency at S282 on cardiomyocyte survival and
arrhythmogenesis, we established Cx43-S282A mice, gen-
erated and identified their offspring, and evaluated their
hearts. Their offspring (156 mice) were 36% wild-type
(WT), 64% heterozygous (Het) and 0% homozygous (Hom)
from Het mating pairs (Supplementary Fig. 6a–d). In
addition, ~30% of the Het mice died between days 9 and 21
after birth (Fig. 4a). Thus, we focused on the Het mice from
days 10 to 14 after birth and investigated whether their
hearts incurred apoptotic injury.

Neonatal Het mice were measured from day 10 after
birth and 66% Het had differing degrees of spontaneous
arrhythmias. These mice were divided into three groups:
Het(1) had generally normal ECG; Het(2) had premature
ventricular beats (PVB); and Het(3) had ventricular
tachycardia (VT) (Fig. 4b). Notably, the Het(3) group’s
heart/weight (H/W) ratio was significantly increased,

while their heart development and morphologies appeared
normal (Fig. 4c). Accordingly, both Het(2) and Het(3)
mouse ventricles exhibited increased extracellular space
(Fig. 4d); increased TUNEL-, Masson- and Sirius Red-
positive stained cells (indicative of fibrosis; Fig. 5a–c);
and caspase-8/3 and Fas/FADD activation (Figs. 5d and
6a, d). The abundance of pS282 was gradually reduced
from the Het(1) to the Het(3) hearts, but Cx43 expression
was only reduced in the Het(3) hearts with unaltered
expression of N-cadherin, the adherens junction protein in
the heart (Fig. 6a, c). Importantly, all abnormal alterations
were strongly correlated with pS282 level (Fig. 6e) but
not Cx43 or pS368 abundance, both of which were
unchanged in the Het(2) hearts compared with the WT
hearts (Fig. 6a, c). Additionally, the Cx43 and pS282
expressions remained unchanged in the bone, brains and
livers in the Het(3) mice (Fig. 6b), suggesting that only
the heart is susceptible to S282 mutation after alanine
substitution.

Similar to that in S282A-treated NRVMs (Supplemen-
tary Fig. 2), the mitochondrial apoptotic pathway was not

Fig. 5 Cx43 S282A+/− mice exhibited myocardium apoptosis and
fibrosis. a–c Mouse ventricles from three groups were stained with
antibody against Cx43 or with SIRIUS Red, MASSON or TUNEL as
indicated. Nucleus was stained with Hochest33342. Scale bar: 75 μm
for Cx43 staining and 20 μm for other images (a). The analysis data for
SIRIUS Red-positive signal (b) and TUNEL-positive cells (c) were

displayed, n= 5–6 animals for each group as indicated. d Caspase-8/3
activities determined by ELISA kits, respectively, illustrated sig-
nificant activations of caspase-8/3 in both Het(2) and Het(3) mice, n=
8 mice for each group. Note that Het(3) mice showed severer apoptosis
and fibrosis than Het(2) mice. **P < 0.01, unpaired two-tailed Stu-
dent’s t test
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significantly activated in the Het(2) mice (Supplementary
Fig. 7).

p38 MAPK activation caused S282
dephosphorylation-induced cell apoptosis

Next, we investigated how pS282 deficiency induces car-
diomyocyte apoptosis. MAPK, especially p38 MAPK, has
been proposed to play an important role in inducing myo-
cardial damage [21–23], and Fas/FADD activation appears
to be involved in its signal transduction [24, 25]. Therefore,
we examined the abundances of phospho-p38 (Thr180/
Tyr182) and p38 MAPKα, the dominant active isoform
during myocardial ischemia [21, 22], using specific anti-
bodies, and found that p-p38 abundance was significantly
elevated relative to p38 MAPK in S282A NRVMs and in
the S282A Het hearts (Fig. 7a–d) compared with those of
the counterpart controls. Twenty hours before Fas activation
(Fig. 3d), p-p38 MAPK was significantly higher in S282A
NRVMs than in Cx43-wt cells and reached its highest level
24 h after viral infection (Fig. 7e). Inhibiting p38 MAPK by
SB203580 (10 μM) significantly prevented S282A-induced

activation of p38 MAPK and Fas, and decreased the cell
viability (Fig. 7f–h).

In addition, double immunofluorescence staining with
specific antibodies for Cx43 (red) and p38 MAPK (green)
displayed markedly increased colocalization along with
Cx43 distribution in S282A-transfected NRVMs compared
with Cx43-wt cells (Fig. 8a, upper panels). Compared with
S282A-negative cells (yellow arrows) and Cx43-wt cells,
Cx43/p38 were colocalized throughout the entire trans-
fected cell, predominantly in the cell membrane and lateral
side of the nucleus (white arrows), represented by Pearson’s
correlation coefficient (see Methods, Fig. 8b). More colo-
calized Cx43/p38 dots were found in neonatal Het(2) ven-
tricles than were found in the WT ventricles (Fig. 8a low
panels). Physical interactions between Cx43, p38 and
FADD were detected by coimmunoprecipitation using a
specific antibody for Cx43 to precipitate p38 and FADD.
More abundant p-p38, p38 and FADD were observed in the
Het(2) ventricles than in the WT hearts (Fig. 8c). Similarly,
enhanced p38 phosphorylation and physical interaction of
p38 and Cx43 were also found in S282A-transfected car-
diomyocytes (Fig. 8d).

Fig. 6 Cx43 S282A+/− mice exhibited an activation of Fas/FADD
pathway. a–d Lysates from ventricles of WT and Het(1)–(3) (a) and
from brain, liver and bone tissues of WT and Het(3) mice (b) were
analyzed by Western blot with specific antibodies as indicated,
respectively, and fold changes in pS282 and Cx43 (c) and Fas/FADD
(d) in relative to those in WT ventricles (after normalized with
GAPDH) were thereby detected, n= 8 mice for each group in all the

panels, except for five mice for each group in b. e Comparing the
values of pS282, Cx43, FADD, TUNEL positive cells (from Fig. 5c)
and p-p38/p38 MAPK (from Fig. 7b, d) among the ventricles from
different groups showed consistence in the activation of apoptosis
pathway (p38/FADD), which was correlated with the level of pS282
but not Cx43 expression. **P < 0.01, ***P < 0.001, NS not significant,
unpaired two-tailed Student’s t test
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S282 phosphorylation deficiency and p38 MAPK/
Fas/FADD pathway activation in doxorubicin-
induced myocardial injury

Finally, we tested whether S282 dephosphorylation-
associated apoptosis occurred in doxorubicin (Dox)-
induced myocardial injury because this chemotherapy drug
is prone to inducing myocardial apoptosis, cardiomyopathy
and heart failure [26, 27]. Mice treated with Dox for 5 days
displayed disarranged myocardium with increased extra-
cellular space, matrix collagen expression, and myocyte
apoptosis (Supplementary Fig. 8). Notably, Cx43 later-
alization, reduced pS282 level, and Fas/FADD and caspase-
8/3 activations were all found in the Dox-treated mouse

ventricles, suggesting that S282 deficiency is involved in
Dox-induced heart lesions.

Discussion

As more connexin-interacting proteins are found, Cx43 gap
junctions act not only as channels between neighboring cells,
but also as modulators regulating cell function, survival and
death via mostly undefined mechanisms [13, 14, 28, 29].
Here, we demonstrated that Cx43-phospho-S282 plays
essential roles in regulating cardiomyocyte survival and
electrical stability. S282 phosphorylation deficiency by
genetic or chemical approaches triggered cardiomyocyte

Fig. 7 Activation of p38 MAPK responsible for the cell death in S282
mutated NRVMs and Cx43-S282A+/− mice. a–d Lysates from
S282A-transfected NRVMs (a) and ventricles of WT and Het mice (b)
were analyzed by Western blot using specific antibody for phos-
phorylated p38 MAPK (p-p38) or p38 MAPK, and fold increases in p-
p38 in cells (c) and ventricles (d) after normalized with p38 MAPK in
relative to their counterpart controls were thereby detected, n= 3–4
independent determinations (c) and 8 mice (d) for each group as
indicated. e The activation of p38 MAPK was transfection-time-

dependent (data from a) and compared with that in Fas activation (data
from Fig. 3d) in S282A transfected cells. f–h The inhibitory effect of
SB203580 (SB, 10 μM, added at the time of transfection and harvested
28 h after) on Fas/FADD activation (f, g) and the lowered cell viability
(h) induced by S282A transfection were detected by Western blot and
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
method, respectively, n= 4 (g) and 8–11 (h) independent determina-
tions for each group as indicated. *P < 0.05, **P < 0.01, ***P < 0.001,
unpaired two-tailed Student’s t test (c, d) and one-way ANOVA (g, h)
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death and disordered electrical transients in vitro under basal
conditions (Fig. 1, and Supplementary Figs. 1 and 4), which
could not be rescued by Cx43-wt or Cx43-S282D gene
coexpression (substituted with aspartate as phospho-mimick-
ing, data not shown), indicating that S282A exhibited a strong
dominant negative effect. Moreover, S282A-homozygous
mice ceased to develop at the embryonic stage (Supplemen-
tary Fig. 6) as reported in other Cx43 residue-mutated mice
[9, 10]. Heterozygous mice could develop, but more than
60% revealed spontaneous ventricular arrhythmias from the
neonatal stage, and some died before maturation (Fig. 4), in

consistent with the findings in Cx43 knockout or site-mutated
mice [7–10]. Importantly, these heterozygous mice exhibited
a novel phenotype—cardiomyocyte apoptosis and myocardial
fibrosis (Figs. 5–7)—while other tissues, including bone,
brain and liver, developed normally with unchanged S282
phosphorylation and Cx43 expressions. This is unlike the
phenotype in I130T mice that exhibited abnormal bone
development and arrhythmias without cardiac injury [9]. In
addition, primary cultured rat myofibroblasts and vascular
smooth muscle cells retained normal growth and differentia-
tion after S282 phosphorylation was blocked (Supplementary

Fig. 8 Enhanced physical interaction between p38 MAPK and Cx43 in
S282A transfected cardiomyocytes and Cx43 S282A+/− hearts. a
Representative images of NRVMs transfected with adenovirus and
ventricles from WT and Het(2) mice, as indicated, and double-stained
with antibodies specific for p38 MAPK (green) and Cx43 (red). The
cells indicated with dot irregular shapes and yellow arrows were
S282A-negative cells. White arrows point to p38 MAPK colocalized
with Cx43 in S282A-positive cell surface and lateral side of the
nucleus, and in ventricles of WT and Het(2) mice in enlarged images.
Nucleus was stained with Hochest33342, scale bar: 10 μm, n= 3
independent experiments for cell experiment and four hearts for

ventricle test in each group. b The quantitative analysis of p38/Cx43
colocalization, represented by Pearson’s correlation coefficient (see
Methods), in adenovirus transfected-NRVMs, n= 43–67 cells as
indicated, ***P < 0.001, unpaired two-tailed Student’s t test. c Ven-
tricle lysates from WT and Het(2) mice were immunoprecipitated with
anti-Cx43 antibody and then Western blotted with anti-p-p38, anti-p38
or anti-FADD antibody, n= 3 independent experiments from 32 mice
for each group. d Lysates from vector and Cx43-wt or S282A-
transfected cardiomyocytes were immunoprecipitated with anti-Cx43
antibody and then Western blotted with anti-p-p38 or anti-p38 anti-
body, n= 3 independent experiments for each group
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Fig. 3). Thus, these results demonstrated that only cardio-
myocytes occur death upon Cx43-S282 dephosphorylation.

Activation of the apoptotic pathway by deficient S282
phosphorylation was likely unassociated with mitochondrial
activation (intrinsic apoptotic pathway) (Supplementary
Figs. 2, 7), while activation of the Fas/FADD/caspase-8
pathway (extrinsic apoptotic pathway) mechanistically
should account for the deficient pS282-induced apoptosis
(Figs. 3, 6 and Supplementary Fig. 4), which is also acti-
vated in severe cardiac diseases. Here, p38 MAPK (a cri-
tical stress kinase in the heart) appeared to be the upstream
of Fas/FADD activation and initiated S282A-induced car-
diomyocyte apoptosis because S282A induced a
transfection-time-dependent activation of p38 MAPK
before activating Fas/FADD. Additionally, inhibiting
endogenous p38 MAPK activity with SB203580 blocked
S282A-induced Fas activation and cell death (Fig. 7). Fur-
ther, the physical interaction between Cx43, p38 and
FADD, and p38 phosphorylation were enhanced in S282-
mutated NRVMs and heterozygous hearts (Fig. 8). It has
already been found that p38 MAPK interacts with Cx43 in
the heart [30–32], and activation of Fas/caspase-3 is likely
involved in p38-induced cardiomyocyte death [24, 25]. p38
MAPK overexpression leads to a proapoptotic effect on
cardiomyocytes, whereas inhibiting p38 MAPK activity
alleviates cardiac infarction and helps preserve cardiac
function following harmful stress [23, 24, 33]. Therefore,
this study provided a novel linkage between Cx43-regulated
cell survival and p38 MAPK-mediated apoptosis, which
may explain how Cx43 remodeling is associated with car-
diomyocyte apoptosis and participates in myocardial injury
in several severe heart diseases [4–6, 14–16, 29].

Targeting p38 MAPK has been suggested as a promising
direction for drug development against cardiac injury.
However, noticeable cardiac toxicity due to p38 MAPK
inhibitors suppressing the benefits of endogenous p38
MAPK activity hinders its application [21, 22]. Recently,
some noncanonical MAPK kinase-independent activation
mechanisms were identified [34–36]. Specifically, p38
MAPK autophosphorylation via binding to TGF-β-activated
protein kinase 1-binding protein is the mechanism that
activates p38 MAPK during myocardial ischemia. There-
fore, this provides a specific target and new strategy to
prevent p38 MAPK activation during myocardial injury
while maintaining its benefits [36]. The association between
deficient Cx43 phosphorylation at S282 and p38 MAPK
activation found in this study may also provide new insights
into understanding Cx43-mediated cardiomyocyte death
and additional p38 activation pathways.

Cx43 mutations or complete knockout can induce var-
ious arrhythmias and developmental problems in animals
and humans, in which severe ventricular arrhythmias have
been recognized as a cause of death [7–12]. In addition to

ventricular arrhythmias, we found that dispersed cardio-
myocyte apoptosis together with p38/Fas/FADD activation
and cardiac fibrosis were highly correlated with the degree
of S282 dephosphorylation in S282 heterozygous mice,
suggesting that cardiomyocyte homeostasis and electrical
stability depend heavily on S282 phosphorylation. In
addition, Cx43 expression in the heart was also hampered
by S282 dephosphorylation in het(3) mice. Nevertheless,
this is unlikely to induce cardiomyocyte apoptosis because
het(2) mice showed myocardial apoptosis and fibrosis with
unaltered Cx43 expression and distribution (Figs. 5, 6).
Moreover, because Cx43-deficient NRVMs retained their
normal shape and growth (Supplementary Fig. 5), and
Cx43-knockout mice developed to adulthood with unaltered
cardiac structure and function except for occasional severe
ventricular arrhythmias [7–9, 12], Cx43 expression abun-
dance change is unlikely responsible for S282A-induced
apoptosis.

Recent evidence shows that Cx43 is involved in reg-
ulating tissue and organ development and cell growth,
proliferation, homeostasis and death [13, 14, 28]. Under
severe pathological conditions, including cardiac ischemia,
failure and arrhythmia, Cx43 undergoes remodeling,
including downregulated Cx43 expression and C-terminal
serine dephosphorylations, such as S262 [29], S365 [37],
S368 [29], S297 [38], and S325/328/330 [15, 39]. This
pathological dephosphorylation modification greatly
impairs cardiac electrical and pump stabilities, and even
enhances myocardial injury via undefined mechanisms
[13–15]. In this study, S282 dephosphorylation induced
cardiomyocyte apoptosis under normal conditions. More-
over, significant phospho-S282 downregulation occurred in
both doxorubicin-injured heart (Supplementary Fig. 8) and
ischemic/reperfusion heart (described in another manu-
script), reflecting a potential mechanism underlying the
cardiomyocyte apoptosis that occurred in these pathologies.

In summary, this study demonstrated that Cx43 phos-
phorylation at S282 mediates cardiomyocyte survival and
electrical stability. Deficiency in this residual phosphor-
ylation triggers cardiomyocyte death by activating p38
MAPK and the Fas/FADD pathway. This study may sug-
gest a previously unknown mechanism for Cx43-mediated
cardiomyocyte survival and apoptosis under physiological
and pathophysiological conditions.

Materials and methods

The detection of cell death by fluorescent dye YOYO-1
iodide using IncuCyte ZOOM (Essen Bioscience), isola-
tions of vascular smooth muscle cells and cardiomyocyte
mitochondrial fraction, the detection of gap exchange by 6-
carboxyfluorescein (6-CF) dye transfer analysis and the
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preparation of doxorubicin-induced cardiac injury were
described in the online supplementary materials.

Animals were maintained at the Center for Experimental
Animals at Capital Medical University (Beijing, China) and
maintained on a 12 h light-dark cycle in a temperature-
controlled room with access to food and water ad libitum.
The animal experiments in this study were approved by the
Capital Medical University Animal Care and Use Com-
mittee (AEEI-2015-193) and conducted in accordance with
the “Guide for the Care and Use of Laboratory Animals”
adopted by the Beijing Municipal People’s Government.

Generation of Gja1 S282A mutant mice

S282A-mutant mice were generated at Cyagen Biosciences
(Santa Clara, CA, USA) using C57BL/6N embryonic stem
cells by standard gene targeting techniques. Briefly, to
engineer the targeting vector, the 5′ and 3′ homology arms
were amplified from BAC clone RP24-368N3/RP24-289B3
from the C57BL/6J library as a template (Supplementary
Fig. 6a). The targeting vector was constructed by site-
directed mutagenesis to replace serine (Ser) with alanine
(Ala) at position 282 (S282A single nucleotide poly-
morphism [SNP] at exon 2) and was transfected into
C57BL/6N embryonic stem cells. The targeting vector had a
Neo selection cassette flanked by LoxP sites for antibiotic
selection as well as diphtheria toxin A (DTA), which was
used for negative selection to identify cells carrying the
S282A SNP. Embryonic stem cells were injected into
mouse blastocysts and transplanted into the uteri of Cre-
expressing C57BL/6 mice to produce chimeric knock-in
(KI) mice and to remove the Neo cassette. After selection,
allele presence was verified by Southern blot analysis and
DNA sequencing of the PCR products generated using the
primers: GGCTGGTAAGGGATATTTGCCTG forward
and TCCAAGGGTCTGTATG-CCTCTAAG reverse.
Sequence analysis of F0 male mice confirmed the mutation
of Ser to Ala (Supplementary Fig. 6b). The chimeric het-
erozygous F1 mice were interbred to generate S282A
homozygous mice. The genotyping strategy for the S282A-
mutant mice was performed by PCR for the tail DNAs with
the specific primers, Gja1_F1: AAGGCTGGTTGCT-
GAAGGTCCGT and Gja1_R1: TCCCAAAGATGAAGT
TGACTCGG.

Isolation and culture of myocytes and transfection
with adenovirus

NRVMs were isolated from 2-day-old Sprague-Dawley rats
by enzymatic digestion with 0.1% trypsin and 0.03% col-
lagenase as described previously [40]. The isolated cells at
the density of 1 × 106/ml were cultured for 24, 36 or 72 h as
needed and used for Ca2+ transients, LY uptake and

cytoimmunostaining, respectively. Cells at the density of
3 × 106/ml were used for Western-blot, flow cytometry and
6-CF dye transfer analysis. The cells exhibited >95%
positive staining for α-actinin in this study. Recombinant
plasmids and adenoviral vectors carrying wild-type Cx43
(Cx43-wt), Cx43-S279 substituted with alanine (S279A) and
S282 substituted with alanine (S282A) genes were con-
structed as described previously [17].

The monolayer NRVMs were cultured for 24 h, and
transfected with the adenovirus (20 m.o.i. for each),
respectively, and cultured further for 24–72 h. For inter-
vention of p38 MAPK or Fas activation, 10 μM SB203580
(Selleck) or soluble factor-associated suicide (Fas, 3 μg/
60-mm dish) was added to the S282A cells at the same time
with virus addition and remained until harvesting.

Assessment of apoptosis

Myocardial apoptosis was detected by TUNEL kit (Roche
Applied Science), caspase-8, -9 and -3 activity by ELISA
kits (Invitrogen), and Fas/FADD expression by Western
blots. Apoptotic death in cultured cardiomyocytes was also
detected by an Annexin V-FITC and propidium iodide (PI)
apoptosis kit (Bio Red Biosciences) using flow cytometry.

TUNEL staining of tissue sections was carried out
according to the manufacturer’s instructions. Briefly, the
formalin-fixed paraffinembedded tissue sections were
incubated with 20 μg proteinase K for 15 min, and washed
several times with PBS. The sections were incubated with
TdT-enzyme TUNEL reaction mixture at 37 °C for 1 h, and
then conjugated with horseradish peroxidase dropped on the
slides. The 3,3-diaminobenzidine was used as the substrate.
Samples were visualized under a Leica inverted microscope
at 400× magnification. The number of apoptotic cardio-
myocytes (TUNEL-positive) in relation to the total number
of myocytes were calculated from 6 fields in each section.

For flow cytometry, according to the manufacturer’s
instruction, NRVMs were washed twice with PBS and
resuspended in 1× Binding Buffer at a concentration of 1 ×
106 cells/ml. The cell solution (100 μl, 1 × 105 cells) was
transferred to a culture tube, and 5 μl FITC Annexin V/5 μl
PI were added and incubated for 15 min at 25 °C in dark. In
the end, 400 μl of 1× Binding Buffer was added to each
tube, and cells were analyzed with a BD LSRFortessa, and
data were analyzed using BD FACSDiva 7.0
(BectonDickinson).

Histological analyses and immunostaining

After excision, S282A heterozygous ventricles were fixed in
4% paraformaldehyde (pH 7.4) for 24 h. Then the samples
were transferred into 30% sucrose solution. Paraffin
embedding of paraformaldehyde-fixed tissues were
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sectioned at 3-μm thickness. H&E, SIRIUS Red (Service-
bio) and MASSON (Servicebio) staining were carried out
according to standard histopathological procedures. Tissue
samples were also cryosectioned (10 μm) for immunos-
taining and permeabilized with 0.1% Triton X-100 for 30
min and blocked with 5% BSA for 1 h. Antibodies against
p38 (rabbit source, CST), Cx43 (goat source, Acris) and
Cx43 (rabbit source, Santa Cruz) were incubated overnight
at 4 °C at the ratio of 1:200. The secondary antibodies,
Alexa Fluor 488-labeled donkey anti-rabbit or Alexa Fluor
594-labeled chicken anti-goat (Molecular Probes) were used
at a dilution of 1:750 or 1:500, respectively, for 1 h at room
temperature. The nucleus was labeled with Hoechst33258 at
the final concentration of 1.0 μg/ml in tissue and cell sam-
ples. Fluorescent detection was performed directly on a
laser-scanning confocal microscopy (Leica SP8) equipped
with a 63× oil immersion objective NA 1.4. All negative
controls were performed using host serum as the primary
antibody. For measurement of p38 colocalization with Cx43
in NRVMs, a 3-D z-stack was obtained at 0.5 μm intervals
and pinhole= 1.0 AU (1 AU= 95.5 μm) after mounting.
The Pearson’s correlation coefficient was calculated for the
degree of overlap between fluorescence signals obtained in
two channels using Imaris Bitplane software in 3-D whole
cell images after background normalization; this value
represents the degree of colocalization as strong (0.49–1.0),
moderate (0.1–0.48) and weak (−1 to 0.09) based on pre-
vious description [41, 42]. Calculating the colocalization in
ventricles was failed due to few positive-signal for
calculation.

Ca2+ transient imaging and Lucifer Yellow uptake
assay

Cultured NRVMs were loaded with 4 μM Fluo4/AM
(Invitrogen) or 2% LY (Invitrogen) at 37 °C for 30 min or
8 min and washed with HEPES-buffer saline solution
(HBSS). The measurements of Ca2+ signaling and LY
uptake and HBSS preparation were performed as described
previously [17, 40].

Subcellular fractionations

Fractionations of junctional and non-junctional Cx43 were
prepared as described previously [43, 44] with some mod-
ifications. Briefly, the myocytes were flushed with cold PBS
for two times and incubated in 100 μM RIPA (CST) for 30
min on the ice and then scrapped and collected the sus-
pension. The suspension was centrifuged at 10,000 rpm
for 5 min at 4 °C, and collected the supernatants as non-
junctional fractions. The remaining cells pellet were re-
suspended, incubated after transient sonication in RIPA
containing 2% Triton X-100 and 0.4% SDS for 30 min

at room temperature, and then centrifuged at 14,000 rpm
for 30 min at 4 °C. The supernatants were the junctional
proteins. GAPDH and β-actin were used as reference
for non-junctional and junctional fraction separation,
respectively.

Co-immunoprecipitation and immunoblotting

Cell protein was extracted with RIPA lysis buffer. The
lysate was centrifuged at 12,000 rpm for 15 min at 4 °C, and
the supernatant was used at once. Heart tissue samples were
also prepared using RIPA buffer. Lysates were gently stir-
red by a mixer on ice for 30 min, then were centrifuged at
15,000 rpm for 15 min at 4 °C. Protein concentration was
measured by BCA assay kit (Thermo Scientific). Analysis
of bands was performed and calculated using the chemilu-
minescence FluorChem FC3 system (ProteinSimple, San
Jose, CA, USA). For immunoprecipitations, NRVMs or
ventricle samples were extracted with mild lysis buffer and
further analyzed as described previously [17, 40].

Antibodies used were as follows: rabbit anti-Fas, anti-N-
Cad and anti-cytochrome C (Abcam), rabbit anti-pS282-
Cx43 and anti-pS279-Cx43 (Biobyt), rabbit anti-Cox IV,
anti-p-p38 MAPK (Thr180/Tyr182), anti-p38 MAPKα,
anti-pS368-Cx43, anti-HA, anti-pS262-Cx43 and anti-Cx43
(Santa Cruz), and rabbit anti-ZO-1 (Proteintech), mouse
anti-GAPDH and anti-β-actin (ZSGB-BIO), mouse anti-
TNFR1, anti-caspase-8 and anti-FADD (Santa Cruz), and
goat anti-Cx43 (Acris) and anti-DR5 (Santa Cruz). All were
used at the ratio of 1:1000, except for anti-FADD antibody
at the ratio of 1:500.

Statistical analysis

All experiments were performed at least three times to
assess reproducibility of the results. Data are presented as
means ± S.D., and were analyzed by Student’s t test for
unpaired observations. For multiple groups, one-way
ANOVA was performed with post Tukey adjustment
when appropriate. P < 0.05 was considered statistically
significant.
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