Basic Research in Cardiology (2019) 114:40
https://doi.org/10.1007/s00395-019-0748-8

ORIGINAL CONTRIBUTION q

Check for
updates

Connexin 43 dephosphorylation contributes to arrhythmias
and cardiomyocyte apoptosis in ischemia/reperfusion hearts

Jingyi Xue' - Xinxin Yan'2 . Yutong Yang' - Min Chen' - Lulin Wu' - Zhongshan Gou' - Zhipeng Sun’ -
Shaletanati Talabieke' - Yuanyuan Zheng' - Dali Luo'

Received: 8 May 2019 / Accepted: 19 August 2019 / Published online: 28 August 2019
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract

Connexin 43 (Cx43)-associated gap junctions form electrical and mechanical conduits between adjacent ventricular cardio-
myocytes, ensuring coordinate electrical excitation and synchronic contraction for each heartbeat. Cx43 dephosphorylation
is a characteristic of ischemia, arrhythmia, and a failing and aging myocardium, but the exact phosphosite(s) triggering
myocardial apoptosis and electrical disturbance and its underlying mechanisms are unclear. We previously found that Cx43-
serine 282 phosphorylation (pS282) can regulate cardiomyocyte survival and electrical stability. Here, we investigated the
hypothesis that S282 dephosphorylation occurs in and contributes to ischemia/reperfusion (//R)-induced cardiac injury. We
found enhanced Cx43-pS262 and Cx43-pS368 but decreased Cx43-pS282 in rat hearts subjected to /R (30 min/2 h). I/R
rats had ventricular arrhythmias and myocardial apoptosis with activation of the p38 mitogen-activated protein kinase (p38)/
factor-associated suicide (Fas)/Fas-associating protein with a novel death domain (FADD) pathway. Similarly, S282 dephos-
phorylation, abnormal Ca** transients, cell apoptosis and p38/Fas/FADD activation also occurred in neonatal rat ventricular
myocytes exposed to anoxia/reoxygenation (12/6 h). To confirm the causative role of S282 dephosphorylation in cardiac
injury, rat hearts were intramyocardially injected with a virus carrying the S282 mutant substituted with alanine (S282A),
thus causing arrhythmias and reducing cardiac output and myocardial apoptosis with p38/Fas/FADD pathway activation.
Moreover, Cx43-S282A*'~ mice displayed arrhythmias and impaired cardiac output with global myocardial apoptosis. Our
findings revealed that Cx43 dephosphorylation at S282 triggers arrhythmias and, at least partly, contributes to cardiomyocyte
death upon I/R by activating the p38/Fas/FADD pathway, providing a novel molecular mechanism and potential target for
protecting against cardiac I/R injury.
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phosphorylation, the predominant ventricular gap channel
protein, have been implicated to play a profound role in
severe myocardial lesions [9, 10, 31, 48].

More than ten serine residues in the Cx43 carboxyl ter-
minus (Cx43-CT), a substrate of several kinases, are highly
phosphorylated in normal myocardium and are essential for
synchronizing cardiac functional performances and main-
taining cardiomyocyte homeostasis [11, 24, 49]. Under path-
ological conditions, Cx43 is dephosphorylated by mostly
undefined mechanisms, which is a characteristic event in
ischemia and nonischemic heart diseases across species,
including myocardial ischemia, arrhythmias, diabetes, and
aging and failing hearts [9, 10, 24, 31, 49]. Specific dephos-
phorylated serines, including serine 325 (S325)/328/330
[3, 27, 39], S365 [51], S368 [52] and S297 [13], are found
in ischemic and I/R hearts. Mimicking S262, S368 or
S$325/328/330 dephosphorylation renders cardiomyocytes
susceptible to ischemic death and electrical instability
under detrimental stimuli [3, 13, 24, 27, 39], while enhanced
phosphorylation at S368 or S262 found at the beginning of
(S368) and during (S373 and S262) cardiac ischemia con-
tributes to cytoprotection against ischemic injury [13, 24, 27,
29, 36, 51, 52]. Therefore, regulating Cx43-CT phosphoryla-
tion in the heart during //R is twofold. First, dephosphoryla-
tion at specific serine residues inhibits the injured signal to
propagate to the adjacent cardiomyocytes [18, 34, 46] while
simultaneously sensitizing the heart to apoptosis and electri-
cal disturbances to stress stimulation [3, 13, 24, 27, 34, 36,
51, 52]. Second, increased phosphorylation at specific ser-
ines protects cardiomyocytes from /R injury, which provides
an emerging therapeutic target for severe heart diseases [3,
24, 34, 36, 46, 55]. All data obtained thus far indicate that
modifying Cx43 phosphorylation plays an important role in
generating cardiomyocyte death and electrical disorders in
severe heart diseases. However, which Cx43-phosphosite(s)
directly trigger disorders in cardiomyocyte electrical activity
and survival status and which are relevant to the pathophysi-
ology in injured heart diseases remain unclear.

In a previous study, we found spontaneous arrhythmias
and myocardial apoptosis in heterozygous mice with a Cx43
mutation at S282 by alanine (S282A%", to deprive S282
phosphorylation) in a pS282-deficiency-dependent fashion
as well as abnormal Ca** transients and cell death in pri-
mary cultured neonatal rat ventricular myocytes (NRVMs)
transfected with S282A under basal conditions [57]. Coex-
pression of wild-type Cx43 (Cx43-wt) or a mutant substi-
tute with aspartate (S282 phospho-mimic) could not res-
cue the disturbed Ca®* signals and lethal effect of S282A
in the NRVMs, indicating a dominant negative effect. In
addition, dramatic p38 mitogen-activated protein kinase
(p38) phosphorylation and enhanced expressions of factor-
associated suicide (Fas) and Fas-associating protein with a
novel death domain (FADD) were involved in the deficient
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S282 phosphorylation-induced cell apoptosis in both in vitro
and in vivo studies. These results suggest an intrinsic regu-
latory role of pS282 in physiologic cardiomyocyte survival
and electrical stability [S7]. Thus, in this study, we investi-
gated the pathological effect of S282 phosphorylation during
I/R-induced myocardial injury. We found significant S282
dephosphorylation and p38/Fas/FADD pathway activation
in I/R rat hearts and anoxia/reoxygenation (A/R)-treated
NRVMs. Further evaluating rats with ventricles subjected to
local S282A transfection, we found ventricular arrhythmias,
decreased cardiac output and local myocardial apoptosis
and injury, mimicking I/R heart manifestations. Heterozy-
gous mouse hearts with an S282A*~ mutant also displayed
S282-dephosphorylation-dependent animal death, arrhyth-
mias, cardiac dysfunction and myocardial apoptosis. These
data support our hypothesis that Cx43 dephosphorylation at
S282 occurs during I/R and is involved in triggering myo-
cardial apoptosis and electrical disability, providing a novel
molecular mechanism underpinning Cx43 involvement in
inducing I/R-related heart injury.

Materials and methods
Animals

Animals were maintained in the Center for Experimental
Animals at Capital Medical University (Beijing, China), and
kept on a 12-h light—dark cycle in a temperature-controlled
room with ad 1ib access to food and water. All the animal
experiments in this study were approved by the Capital Med-
ical University Animal Care and Use Committee (AEEI-
2015-193) and conducted in accordance with the “Guide
for the Care and Use of Laboratory Animals” adopted by
Beijing Municipal People’s Government and the National
Institutes of Health’s Guidance.

Cardiac ischemia/reperfusion model

I/R injury was performed in sixty Sprague—Dawley male rats
(12—13 weeks old) obtained from the Center of Experimen-
tal Animal at Capital Medical University (Beijing, China)
as previously described [17]. Briefly, rats were anesthetized
intraperitoneally with pentobarbital (100 mg/kg). The left
chest was opened to expose the heart and an 8-0 silk suture
was passed underneath the left anterior descending coro-
nary artery (LAD), and then tied a slipknot. The rats were
subjected to 30-min ligation followed by 2 h of reperfusion
(Supplementary Fig. 1). Significant elevations of S-T seg-
ment detected by surface electrocardiograph (ECG) indi-
cated a successful operation in these rats. Sham-operated
rats underwent the same procedures except that the suture
was placed beneath the LAD without ligation.
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To determine the infarct area (IA) and area at risk (AAR),
the LAD was reoccluded and 2 ml of 2% Evans blue dye
(Sigma) was injected into the left ventricular cavity after I/R
injury. The heart was quickly removed, frozen at — 80 °C
and sliced horizontally to yield fives slices. The heart slices
were incubated in 1.0% 2,3,5-triphenyltetrazolium chloride
(TTC, Sigma) prepared with phosphate buffer (pH 7.8) for
15 min at 37 °C, and fixed in 10% neutral buffered formal-
dehyde. Both sides of each slice were photographed using
Lumar V12 Stereomicroscope (ZEISS). The IA (TTC-nega-
tive area), AAR (TTC-positive area) and total left ventricular
area (LV) were analyzed by planimetry with ImageJ (http://
imagej.nih.gov/ij/). The infarct size was then expressed as a
percentage of the AAR or LV area.

To determine the lactate dehydrogenase (LDH) and car-
diac troponin-I (cTn-I) release for indication of cardiomyo-
cyte damage, the blood outflows of heart immediately after
I/R were used. Blood samples were collected and centrifuged
for 10 min at 3000 rpm to obtain serum. LDH and c¢Tn-I
were spectrophotometrically assayed using LDH and c¢Tn-I
kits (Sigma) according to the manufacturer’s instructions.

Anoxia and reoxygenation model

NRVM isolation and culture were performed as previously
described [26, 30]. After cultured for 6 h in the absence
of fetal bovine serum, NRVMs were exposed to anoxia
followed by reoxygenation (A/R) treatment as previously
described [26]. Briefly, cardiomyocytes were exposed to
anoxia in serum-free DMEM with vehicle control, 58 nM
cantharidinate (CA, MilliporeSigma, USA), and incubated
in an anoxic chamber (Thermo3100, USA) with an atmos-
phere of 95% N, and 5% CO, for 12 h. Cells were returned
to reoxygenation medium and incubated in an incubator with
an atmosphere of 95% O, and 5% CO, for 6 h, while cells
in control normoxia experiments were incubated in fresh
culture medium in an incubator with 95% O, and 5% CO,
for 18 h.

Adenovirus constitution

Recombinant plasmids and adenoviral vectors carrying wild-
type Cx43 (Cx43-wt) or Cx43 S282 substituted with alanine
(85282A) genes were constructed as previously described
[25].

Intramyocardial injection of virus

Sprague—-Dawley male rats (250+20 g, n=50) were
divided into three groups. After anesthetized with pento-
barbital (100 mg/kg), rats were injected with adenovirus
constructs of vector, Cx43-wt and S282A into the anterior
wall of the left ventricle under ultrasound image guidance

as previously described [42]. Virus constructs were diluted
with 0.9% saline to a final concentration of 1x 10° virus
particles in 100 pl. Briefly, a 30-gauge needle in a 50-pl
syringe was used. The needle was penetrated through the
chest to left ventricle chamber, and then went back until the
needle reached the injection position in the left ventricle
wall, where viruses were injected over a period of 5-7 s.
Altogether four injections (25 pl for each site) into the ante-
rior wall of rat heart were performed in a sequent sites A-D
as the plot indicated (Fig. 5a). Surface ECG was monitored
twice a day. On the fifth day post-injection, S282A animals
displayed significant changes in ECG measurements, and all
the animals were subjected to anesthesia for examination of
ultrasonic cardiogram (UCG) and then hearts were taken for
further examinations (Supplementary Fig. 1).

Generation of Gja1 $282A mutant mice

S282A mutant mice were generated, and experiments on
these mice were performed as previously described [57].

Echocardiography and electrocardiograph

Rats and mice were intubated and anaesthetized with
mechanical ventilation by inhalation of 1-1.5% isoflurane
(RWD, Batch) in 100% oxygen continuously. Body tempera-
ture was maintained by a heating pad. M-mode echocardi-
ography was performed using a high-resolution ultrasound
system (VisualSonics Vevo 770, Toronto, Canada) equipped
with a frequency transducer (frequency band 12-38 MHz).
Left ventricular anterior/posterior wall thickness (LVAW/
LVPW) and parameters of ejection fraction (EF) and fraction
shortening (FS) were measured and calculated by Visual-
Sonics analysis software (version 2.1.0) from the average
of five beats.

Surface ECG was monitored using P3 Plus (Data Sci-
ences International) for every animal anaesthetized by a
1.5% isoflurane oxygen mixture with sub-dermal platinum
electrodes placed in lead II arrangement. Body temperature
was maintained at 37 °C. An ECG sample of 3 min of each
animal was analyzed. Time intervals, S—T section and QRS-
time were measured from the mean curve of 1 min with a
specially made LabChart7 analysis program. ECG recording
was marked at 30 min after rat ligation and 1 h after reper-
fusion for //R rats and twice a day for virus-injected rats
and S282 mutation mice. Ventricular tachycardia (VT) was
defined as at least four consecutive premature ventricular
beats (PVB).

Mitochondrial isolation

Mitochondria/cytosol fractionation kit (Beyotime Int.
Biotech, Peking, China) was used to isolate subcellular
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cytoplasmic and mitochondrial fractionations according to
instruction. Briefly, NRVMs were collected and washed in
PBS. Then the cells in mitochondrial isolation buffer with
1 mM phenylmethylsulfonyl fluoride (PMSF) were lysed
on ice for 15 min and homogenized for 10-20 strokes. The
homogenate was centrifuged at 600xg for 10 min at 4 °C,
and the supernatant was collected and centrifuged at 3500xg
for 10 min at 4 °C. After addiction of mitochondrial lysate
with 1 mM PMSF, the substratum was used as the mito-
chondrial fraction, and supernatants were centrifuged at
12,000 rpm for 10 min at 4 °C. Then the supernatant was
used for the analysis of cytosolic fraction. GAPDH and Cox-
IV were used as reference for cytosolic and mitochondrial
fractions, respectively.

Assessment of apoptosis

Apoptosis evaluations in NRVMs and heart tissue were per-
formed by Annexin V-FITC/PI staining using flow cytom-
etry and terminal deoxyribonucleotide transferase-mediated
dUTP nick-end labeling (TUNEL) staining, respectively, as
previously described [57].

Histological analyses and immunostaining

Evaluations of histological and immunostaining of ventricu-
lar structure, Cx43 distribution and myocardium apoptosis
were performed as previously described [30, 47].

Ca?* transient imaging

NRVM Ca?* transient measurement was performed by SP8
Leica confocal microscopy as previously described [30, 42,
57].

Immunoblotting

NRVM and heart tissue were lysed and their immunoblotting
evaluations were performed as previously described [30, 57].

Antibodies

Antibodies used were as follows: rabbit anti-calnexin, anti-
sodium potassium-ATPase, anti-Fas and anti-N-cadherin
(Abcam), rabbit anti-Cx43-pS282 and anti-Cx43-pS279
(Biobyt), rabbit anti-p-p38 (Thr180/Tyr182), anti-p38
MAPKa«, anti-Cx43-pS368, anti-Cx43-pS262, anti-Cx43
and anti-FADD (Santa Cruz), mouse anti-GAPDH and
anti-p-actin (ZSGB-BIO), mouse anti-caspase-8 and anti-
cytochrome C (Santa Cruz), mouse anti-Cox-IV and rabbit
anti-protein phosphatase type 2A (PP2A-A) and anti-PP2A-
B (CST), and goat anti-Cx43 (Acris). All antibodies were
used at a ratio of 1:1000, except for anti-FADD antibody and
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anti-sodium potassium-ATPase antibody at a ratio of 1:500
and 1:10,000, respectively.

Statistical analysis

All experiments were performed at least four times to
assess reproducibility of the results. Data are presented
as mean + SD, and were analyzed by Student’s ¢ test for
unpaired observations. For multiple groups, two-way
ANOVA was performed with post Tukey adjustment when
appropriate. A p value of <0.05 was considered statisti-
cally significant, and significant values were expressed as
*p <0.05, **p <0.01, ***p <0.001.

Results

Ischemia/reperfusion induced Cx43
dephosphorylation at S282 and cardiac injury
in vivo

To explore whether Cx43 phospho-S282 is altered and thus
causes I/R-triggered electrical disturbances and cardio-
myocyte apoptosis by activating p38/Fas/FADD/caspase-8,
a pathway found to be activated in S282-mutant-treated
NRVMs and Cx43-S282A%~ mice [57], we first evaluated
the Cx43-pS282 status in rats subjected to left coronary
artery ligation following reperfusion (30 min/2 h) (Sup-
plementary Fig. 1). ELISA analysis revealed that I/R rats
displayed higher levels of lactate dehydrogenase (LDH) and
cardiac troponin-I (cTn-I) in their blood sera than did the
sham rats (Supplementary Fig. 2) as well as elevated S-T
segments (18/22, 86.4%), premature ventricular beats (PVB,;
8/22,36.4%) and ventricular tachycardia (VT; 3/22, 13.6%)
on the electrocardiogram (ECG) (Fig. 1a, b). In addition, we
found caspase family activation, including caspase-8/-9/-3
detected by ELISA kits, myocardial infarct with enlarged
extracellular space detected by 2,3,5-triphenyltetrazolium
chloride (TTC) and hematoxylin and eosin (H&E) staining,
respectively, and increased apoptotic cells detected by ter-
minal deoxyribonucleotide transferase-mediated dUTP nick-
end labeling (TUNEL) assays (Fig. 2a—c). Thus, these results
demonstrated a typical heart injury, including myocardial
apoptosis and infarction and arrhythmias upon /R attack
in a rat model.

Cx43 serine dephosphorylation is mainly regulated by ser-
ine/threonine protein phosphatase types 1 and 2A (PP1 and
PP2A), particularly PP2A, which is increased in I/R hearts [1,
55]; hence, we evaluated the expressions of two PP2A sub-
types using specific antibodies. A significant increase in PP2A-
A, but not PP2A-B, expression was found in //R ventricles
compared with the sham hearts, consistent with previous find-
ings [1, 14, 21]. In addition, p-p38 MAPKa (Thr180/Tyr182),
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the critical activation site of p38 in heart stress response [32,
34, 38], and Fas/FADD activations were increased in the I/R
ventricles (Fig. 2d—f). Using specific antibodies for Cx43-
serine sites via Western blot, we found increases in pS262
and pS368 levels, consistent with previous findings [51, 52],
but a decrease in pS279 and pS282 abundance in I/R ventri-
cles compared with sham ones. The Cx43 expression reduced
slightly, while N-cadherin (N-Cad), the junctional protein in
gap junction discs, remained unchanged (Fig. 2f, g). Here,
expression of B-actin, but not GAPDH, was increased in //R
ventricle (Fig. 2f) and also in A/R-stimulated cells (Fig. 3f);
hence, GAPDH was used as a reference protein in all Western
blot experiments in this study. Ventricular staining with spe-
cific antibodies against Cx43 or pS282 revealed more Cx43
redistribution from the intercalated disc to the lateral edges of
the myocytes, a process referred to as Cx43 lateralization [9,
10, 24, 31, 48], and reduced pS282 labeling in the I/R ventri-
cles (Fig. 2h), supporting the Western blot detection (Fig. 2g).

Anoxia/reoxygenation induced Cx43
dephosphorylation at S282 and cardiomyocyte
apoptosis in vitro

Next, we adopted monolayer NRVMs exposed to A/R
(12/6 h) in vitro (Supplementary Fig. 1) to mimic //R myo-
cardial injury in vivo. Additionally, many studies, including
this study, have demonstrated PP2A activation in //R-injury
hearts (Fig. 2), and inhibiting PP2A with a specific antago-
nist can effectively prevent heart injury from /R [1, 14, 20,
23, 55]. Therefore, we evaluated the effect of 58 nM of can-
tharidinate (CA), a PP2A inhibitor, on A/R-induced cardio-
myocyte damage. Functional evaluation showed changes in
cell shape, coordinated spontaneous Ca" transients (indica-
tive of normal electrical activity and gap coupling) and the
potentiated Ca** signal response to phenylephrine (PE, an
a-adrenoceptor agonist) in Fluo4-loaded NRVMs upon A/R
(Fig. 3a, b). In addition, more apoptotic cells and higher
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Fig.2 Ischemia/reperfusion induced rat myocardial apoptosis and
Cx43 phosphorylation changes. a Apoptosis in the I/R myocar-
dium was determined by measuring caspase-8/-9/-3 activity using
ELISA kits and compared with those in sham rats. b Left ventricle
(LV) sections from sham and //R rats were stained with Evans blue
and 2,3,5-triphenyltetrazolium chloride, and the areas at risk (AAR),
infarct area (IA) and LV were analyzed using ImageJ software. ¢
Representative images of the LV from //R and sham rats stained with
H&E or terminal deoxyribonucleotide transferase-mediated dUTP
nick-end labeling (TUNEL), and TUNEL-positive cells indicated
with arrows were increased in I/R ventricles compared with sham
rats. d Abundances of PP2A, PP2B, p-p38, p38, Fas, FADD and
N-Cad were determined by Western blot using specific antibodies.
e PP2A and PP2B fold changes in //R ventricles relative to those in
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sham rats (after normalization with GAPDH) were detected. f Fas,
FADD and p-p38 fold changes after normalization with GAPDH or
p38 in I/R ventricles relative to those in sham rats were detected. g
Cx43 phosphorylation at S262, S368, S279 and S282 was determined
by specific antibodies and fold changes in pS262, pS368 and pS282
after normalization with Cx43, and total Cx43 and N-Cad expres-
sions (after normalization with GAPDH) relative to those in sham
rats. h Cx43 lateralization (indicated with arrows) and a weak signal
in pS282 labeling were observed in //R ventricles stained with anti-
bodies specific for pS282 or Cx43 and compared with sham ventri-
cles. Nuclei were stained with Hoechst 33342. Scale bar 30 pm, the
number of animals is indicated in each panel, except for 5 rats in h.
Data are the mean+SD, *p <0.05, **p<0.01, ***p <0.001, NS, no
significant difference, unpaired two-tailed Student’s ¢ test
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Fig.3 Anoxia/reoxygenation induced cantharidinate-sensitive Ca?*
signaling abnormalities and cell apoptosis. a Representative images
and traces of Fluo-4-loaded monolayer NRVMs under condition of
normoxia or anoxia/reoxygenation (A/R, 12/6 h) show a change in cell
shape, and suppressions of spontaneous Ca>* transients and the phe-
nylephrine (PE, 10 uM) induced potentiation effect on Ca* transients
in A/R cells. b Quantitative analyses of the spontaneous Ca>* tran-
sients in these groups. Pretreatment of cells with cantharidinate (CA,

caspase-8/-9/-3 activity were found in A/R cells than in nor-
moxic cells (Fig. 3c—e). Pretreating cells with CA recov-
ered ~60% of the spontaneous Ca”" transients and inhibited
apoptotic damage in the A/R cells. Accordingly, PP2A-A and
p38, but not PP2A-B, were activated, and enhanced physi-
cal interactions between Cx43/p38 and Cx43/PP2A-A were

58 nM) for 10 min and present until harvest partially recovered these
abnormal changes due to A/R. ¢ Apoptosis in NRVMs exposed to A/R
with or without CA was determined by Annexin V-FITC/PI staining
using flow cytometry. d CA inhibited NRVM apoptosis due to A/R. e
NRVM apoptosis due to A/R was also determined by measuring the
activities of caspase-3/-8/-9 using ELISA kits, and CA inhibited the
A/R-induced caspase activation. Data are the mean+SD, *p <0.05,
*#p <0.01, ***p <0.001, two-way analysis of variance (ANOVA)

observed in the A/R cells (Fig. 4a—c). Fas/FADD were also
activated but completely inhibited by CA in the A/R cells
(Fig. 4d). Further, specific antibodies were used to assess
Cx43 phosphorylation via Western blot. Increased phos-
phorylation at S262 and S368, but dephosphorylation at
S279 and S282, relative to the total Cx43 was found in A/R
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Fig.4 Anoxia/reoxygenation induced p38 and PP2A activations and
Cx43 dephosphorylation at S282. a Lysates from NRVMs under
conditions of normoxia or A/R were analyzed by Western blot, and
fold increases in PP2A-A and PP2A-B relative to those of normoxic
cells (Con) (after normalization with GAPDH) were detected. b Fold
increase in p-p38/p38 was detected by Western blot in A/R cells. ¢
Lysates from NRVMs under condition of normoxia or A/R were
immunoprecipitated with anti-Cx43 antibody and then Western blot-
ted with anti-p-p38, anti-p38 or anti-PP2A antibody, and fold changes
in p-p38/p38, p38/Cx43 and PP2A/Cx43 in A/R cells relative to those
of the control were detected. N=4 independent experiments for each

cells compared with normoxic cells. As expected, inhibiting
PP2A with CA abolished S279 and S282 dephosphorylation,
and unexpectedly, increased pS262, but not pS368, under
anoxic conditions (Fig. 4e). This suggests that PP2A may
have directly or indirectly mediated the altered phospho-
rylation at S279, S282 and S368, but not the altered S262,
during //R. pS368 upregulation in ischemic hearts has been
found to result from S365 dephosphorylation [51]; hence,
PP2A likely regulates S365 dephosphorylation, which sub-
sequently reduces pS368 increase.
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treatment. d Lysates from control or A/R-treated NRVMs with DMSO
or CA (58 nM) pretreatment for 10 min were analyzed by Western
blot, and fold changes in Fas and FADD relative to those of the con-
trol were detected (after normalization with GAPDH). e Cx43-pS262,
pS368, pS279 and pS282 and total Cx43 expressions relative to those
of the control were detected (after normalization with GAPDH).
N=4-5 dishes of cultured NRVMs from at least 80 rat hearts as indi-
cated in each panel. Data are the mean+SD, *p<0.05, **p<0.01,
NS, no significant difference, unpaired two-tailed Student’s ¢ test (b,
¢) and two-way ANOVA (d, e)

Cx43 also expresses in mitochondria and is involved in
the regulation of mitochondrial function [5, 33]. Impor-
tantly, cardiac mitochondrial Cx43 contributes to ischemic
preconditioning-induced myocardium protection effect [6,
7, 20, 41]. Here, in this study, the mitochondrial apoptotic
pathway is also activated in A/R cells as previously reported
[4, 8, 15, 20] because caspase-9 was activated (Fig. 3e) and
cytochrome C (Cyt-C) was released from the mitochon-
dria to the cytoplasm (Supplementary Fig. 3). The level of
pS282 in the mitochondria was not significantly altered upon
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A/R stimulation (Supplementary Fig. 3) and in heterozy-
gous Cx43-S282A mice [57]. This may indicate that Cx43
dephosphorylation upon S282-related cardiomyocyte injury
is not closely associated with the mitochondrial pathway;
thus, we did not further investigate the Cx43-pS282 involved
in the mitochondrial pathway.

$282A intramyocardial injection induced cardiac
dysfunction, arrhythmias and myocardial apoptosis

These data above demonstrated an obvious Cx43 dephos-
phorylation at S279/282 accompanied by arrhythmias and
myocardial apoptosis under ischemic conditions. In addition,
previous studies found a proapoptotic effect of the S282A
mutant on cultured NRVMs and serine 282 phosphoryla-
tion also regulates the phosphorylation of S279 [25, 53,
57]. Thus, we performed an in vivo study in three groups of
rats receiving intramyocardial injections of a vector or virus
carrying either the S282A or Cx43-wt genes under ultra-
sound guidance to investigate a possible causal role of S282
dephosphorylation in heart injury [42]. Four sites in the left
ventricular anterior wall were selected and injected with
100 pl saline or an equal volume of saline containing the
virus (Fig. 5a). All animals had normal ECG measurements
before and until the 2nd day post-viral transfection. On day 3
post-injection, three of twenty-three S282A-transfected rats
developed accidental premature ventricular tachycardia (data
not shown), and more than half of these rats had persistent
arrhythmias 2 days later; therefore, all data were collected
on day 5 post-transfection (Supplementary Fig. 1). Positive
green fluorescent protein (GFP) and HA-antibody staining
indicated a successful viral transfection into the left ven-
tricular myocardium (Fig. 5a, b). Disarranged myocardium
(indicated with long yellow arrow) with Cx43 lateralization
(short yellow arrows) and pS282 disappearance in the dam-
aged myocardium but appearing intermittently at the end of
myocytes (white arrows) was found in S282A rats (Fig. 5b).
In addition, functional changes, including significant
decreases in the ejection fraction (EF), fractional shorten-
ing (FS) and left ventricular anterior wall thickness at systole
(LVAW;s), were observed, whereas left ventricular posterior
wall thickness at systole (LVPW;s) where the S282A gene
was absent remained unaltered (Fig. 5¢ and Supplementary
Table 1). Similar to the I/R rats, S282A rats also displayed
S-T elevation (14/23, 60.8%), PVB (8/23, 34.8%) and VT
(4/23, 17.4%) (Fig. 1c, d). Moreover, obvious local myocar-
dial defects were found in three of five tested rats receiv-
ing S282A mutants (indicated with an arrow), and distorted
myocardial fibers and many TUNEL-positive myocytes
appeared in the para-defect areas (Fig. 6a). Increased Fas/
FADD expression and caspase-8/-3 activity and p38 activa-
tion also occurred in the S282A ventricles (Fig. 6b—e). West-
ern blot analysis of the injected area showed considerably

reduced pS282 expression after normalization with Cx43
in the S282A ventricles compared with that in the vector-
treated ventricles (Supplementary Fig. 4). Thus, these results
demonstrated an I/R-like cardiac injury including arrhyth-
mias and myocardial apoptosis due to direct ventricular
transfection of the S282A gene.

Cx43 S282A heterozygous mice displayed
animal death, arrhythmias, cardiac dysfunction
and dispersed myocardial apoptosis

In a previous study, significant changes, including arrhyth-
mias, myocardial apoptosis and fibrosis, were found in
heterozygous Cx43-S282A mice, while homozygous
mice failed to be generated. Notably, heterozygous mice
exhibited different degrees of ventricular arrhythmias;
that is, some mice without significant changes in pS282
retained generally normal cardiac electrical activity and
cell homeostasis (referred to as Hetl), whereas others with
moderate or severely decreased pS282 had moderate to
severe ventricular arrhythmias and myocardial apoptosis/
fibrosis (referred to as Het2 and Het3). Such S282 dephos-
phorylation-dependent pathological alterations occurring
under basal conditions suggest that intrinsic pS282 plays
an essential role in regulating cardiomyocyte survival and
electrical stability in vivo [57].

In this study, we further evaluated the relationship
between survival rate, cardiac function and dispersed myo-
cardial injury and pS282 levels among the three groups
of heterozygous mice measured on days 12-21 after birth
(Supplementary Fig. 1). All Het3 mice died within 20 days
after birth, while mice above 95% Het2 and 100% Hetl
developed to maturation (Fig. 7a). Interestingly, similar
to S282A-transfected rats, both Het2 and Het3 mice had
more and severer spontaneous ventricular arrhythmias and
S-T change (Fig. 7b, c. S—T change was not detectable in
Het3 mice because of persistent VT) than did the S282A
rats (Fig. lc, d) and significantly decreased EF and FS
compared with those in WT mice (Fig. 7e and Supplemen-
tary Table 2). These pathological changes including death
rate, lowered EF and ventricular arrhythmias (PVB and
VT were arbitrarily measured as 20% and 40% in severity)
and myocardial apoptosis [57] were tightly correlated with
cardiac Cx43-pS282 levels (Fig. 7f). Moreover, while local
myocardial injury and decreased LVAW;s were found in
the S282A injected area (Figs. 5, 6), both the right and left
ventricles in the Het2 mouse displayed dispersed widen
extracellular space, cardiomyocyte apoptosis (Fig. 8a, b)
and decreased LVAW;s and LVPW;s (Fig. 7e), further sup-
porting the hypothesis that myocardial injury depends on
deficient Cx43 phosphorylation at S282.
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Ant: anterior wall; Pos: Posterior wall; LV: left ventricle
RV: right ventricle; MV: mitral valve
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Fig.5 S282A expression induced myocardial injury and Cx43 later-
alization in rats. a Plot of four injection sites in left ventricular ante-
rior walls of rats (A-D) and an overview of the ultrasound-facilitated
myocardial transfection of the S282A or Cx43-wt genes. Arrows indi-
cate the needle for entering and injecting. Enhanced GFP labeling
in vector-GFP-transfected ventricles at day 3 indicated successful
viral infection. Scale bar 100 pm. b Representative images of gene-
transfected ventricles for 5 days stained with antibodies specific for
HA, Cx43 and pS282, respectively. White arrows and long and short
yellow arrows indicate the remaining pS282, disarranged myocar-
dium and obvious Cx43 lateralization in the S282A-transfected area,

Discussion
Arrhythmias and myocardial infarction are common events

in myocardial ischemia and the leading cause of mobility
and mortality among heart diseases. Alterations in Cx43
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respectively. The square frames with number 14 in it indicate the
panels below of enlarged interested areas. Nuclei were stained with
Hoechst 33342. Scale bar 30 pm. ¢ Rat echocardiographic images
and data analysis on day 5 after transfection. Double arrows indicate
decreased left ventricular anterior wall thickness at systole (LVAW:;s);
but no change in posterior wall thickness at systole (LVPW;s) in
S282A rats. Assessments of ejection fraction (FS), fractional shorten-
ing (EF) (upper panels in left) and LVAW;s and LVPW;s (lower pan-
els in left) were detected and compared with those of Cx43-wt rats.
N=5 rats for a, b and 8 for ¢ in each group as indicated. Data are the
mean +SD, *¥p <0.01, unpaired two-tailed Student’s  test

function or topology, the critical cardiac gap junction
protein, contribute profoundly to electrical disturbances
and myocardial injury in /R hearts. As in many cardiac
pathologies, Cx43 remodeling, including Cx43 dephos-
phorylation, decreased Cx43 expression at the intercalated
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Fig.6 S282A expression induced rat local myocardial apoptosis.
a Representative images of S282A-mutant-transfected ventricles
stained with H&E or TUNEL as indicated. Arrows indicate a myo-
cardial defect area in the H&E image and TUNEL-positive cells in
the TUNEL image. Scale bars are as indicated. b Lysates from the
locally injected ventricle were analyzed by Western blot, and cas-
pase-8 activation was detected. ¢ Activity of caspase-3 was deter-

disc and Cx43 lateralization in the ventricle, is the key
trigger of arrhythmias and vulnerability of cardiomyocyte
apoptosis in myocardial ischemia and nonischemic stresses
[9, 10, 24, 29, 31, 44, 46, 48, 50]. However, although the
causal role of Cx43 as an arrhythmogenic substrate is
established, the exact site(s) that directly trigger arrhyth-
mias and the mechanism(s) underpinning the pathological
action of Cx43 in cell death are poorly understood.

mined by ELISA. d Fas/FADD expressions and fold increases relative
to those of the vector ventricles (after normalization with GAPDH)
were detected. e Fold increase in p-p38 after normalization with p38
was detected. N=5 mice for a in each group and other panel num-
bers as indicated. Data are the mean+SD, *p<0.05, **p<0.01,
##%p <(0.001, unpaired two-tailed Student’s 7 test

We previously found that Cx43 dephosphorylation at
S282 caused both arrhythmias and cardiomyocyte apoptosis
under normal conditions, demonstrating this site’s impor-
tant role in cardiomyocyte homeostasis [57]. In this study,
we asked whether cardiac I/R conditions induce Cx43-S282
dephosphorylation, which is involved inducing the arrhyth-
mias and myocardial apoptosis due to I/R attack. We found
significant Cx43 dephosphorylation at S282 in both I/R
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Fig.7 Cx43-S282A*'~ mice exhibited dispersed myocardial damage
and apoptosis. a Neonatal lethality occurred between days 9 and 21
after birth in all Het3 mice, while 98% and no deaths were found in
Het2 and wild-type mice (WT) mice. b Representative ECG record-
ings showed S-T segment reduction, PVB and VT in Cx43-S282A
heterozygous mice on day 12 after birth. An oblique arrow indicates
abnormal beat. ¢ Percentages of S-T elevation, PVB and VT were
analyzed. d Mouse echocardiographic images and data analysis of

hearts and NRVMs exposed to A/R (Figs. 2g, 4e), accompa-
nied by S-T elevation and ventricular tachycardia in //R rats
and depressed or uncoupled Ca’" transients in A/R-treated
NRVMs (Figs. 1a, b, 3a, b). Apparent ischemic cardiomyo-
cyte death with p38/Fas/FADD/caspase-8/caspase-3 path-
way activation was also observed in both the I/R ventricles
and A/R-treated NRVMs (Figs. 2, 3 and 4 and Supplemen-
tary Fig. 2). Importantly, the S282A viral infection in the
anterior wall of the left ventricle mimicked the /R injuries in
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WT  Hetl  Het?  Het3

EF, FS, LVAW;s and LVPW;s in S282A-heterozygous mice compared
with those in WT mice. e Lysates from ventricles of WT and Het1-3
were analyzed by Western blot, and pS282 and Cx43 were detected
with specific antibodies. Cardiac damage, including arrhythmias,
animal death and cardiac dysfunction were well correlated with the
abundance of S282 dephosphorylation in heterozygous mouse ven-
tricles. Data are the mean+SD, *p <0.05, **p <0.01, unpaired two-
tailed Student’s 7 test

manifestations of ventricular tachycardia (Fig. 1c, d), local
myocardial defect (infarction)/apoptosis and p38/Fas/FADD/
caspase-8 pathway activation (Figs. 5, 6). In addition, S282A
ventricles displayed Cx43 lateralization (Fig. 5b, enlarged
panels © and @) and pS282 disappearance (Fig. 5b, enlarged
panel @) in the injured area similar to the Cx43 changes
displayed in the I/R ventricles (Fig. 2h). Heterozygous Cx43-
S282A mice further confirmed the relationship between the
deficient S282 phosphorylation and heart injury, in which
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Fig.8 Comparison of myocardial injury between Cx43-S282A*~
mice and heart S282A transfected rats. a Rat with left ventricle
anterior wall intramyocardial transfection of S282A gene stained
with H&E and TUNEL shows spotted damage and cardiomyocyte
apoptosis. b Left and right ventricles from Cx43-S282A*'~ mice 2

the death rate, ventricular tachycardia, cardiac dysfunction,
global myocardial apoptosis and lowered thickness in the
ventricular wall in the mice were all tightly correlated with
the pS282 level, compatible with the changes that occurred
in the rats’ left ventricular anterior walls where S282A-
mutant transfection induced local S282 dephosphorylation
(Figs. 6, 7 and 8). Therefore, both the in vivo S282 dephos-
phorylation-manipulating models and the in vitro cell model
support the hypothesis that S282 dephosphorylation alone
is sufficient to trigger and sustain the electrical disturbance
and cardiomyocyte apoptosis in I/R hearts.

As a crucial channel for rapid electrical signal propa-
gation and cardiac muscle contraction synchronization,
changes in Cx43 function or topology are considered a
key proarrhythmic substrate. Cx43 dephosphorylation
upon ischemic injury has been shown to occur very early
and can prevent propagation of apoptotic signals from the
damaged region through Cx43 gap junction channels to the
adjacent myocardial cells [18, 28, 32, 51, 54, 56]. In turn,
however, it also causes slow or even blocked electrical
diffusion among cardiomyocytes and promotes inducible
arrhythmias [19, 29, 35, 44, 54]. Multiple studies have
found that changes in individual phosphorylated residues

(Het2) display increased extracellular space and dispersed myocar-
dium apoptosis in whole field, while wild-type ventricles do not have
noticeable changes. Scale bar as indicated, n=6 animals for each
group in each panel

within the Cx43-CT domain are linked with inducing
ischemic arrhythmias. For example, animals with S297,
S356, S255, S368 or S325/328/330 dephosphorylation,
respectively, all exhibit high propensities to arrhythmias
upon ischemic stimulation, while mimicking their phos-
phorylation shows resistance to proarrhythmic stimula-
tions [12, 29, 37, 39, 45, 50, 51]. To our knowledge our
findings are the first to suggest that dephosphorylation of
one Cx43 phosphosite, S282, not only induces arrhythmia
vulnerability when stimulated by injury (data not shown)
but is sufficient to trigger ventricular tachycardia under
resting conditions. The heterozygous mice with obvious
deficient S282 phosphorylation have arrhythmias detected
after birth. Hence, these observations indicate an impor-
tant role of S282 phosphorylation in maintaining electrical
stability in cardiomyocytes and interestingly revealed a
common characteristic: the high occurrence of elevated
S-T segments in I/R rats and S282A-transfected rats
(Fig. 1) but lowered S—T segment in S282A™'~ mice
(Fig. 7b, c), the lowered S—T segment is likely due to the
long period of injury in S282A™'~ mice. This may suggest
that deficient Cx43-S282 phosphorylation affects the repo-
larization process of action potentials in cardiomyocytes;
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however, the underlying mechanism and its significance
for ischemic hearts require further investigation.
Myocardial apoptosis and necrosis resulting from //R are
fundamental causes of cardiac infarction and dysfunction.
High-grade apoptosis occurs predominantly during reper-
fusion and plays an important role in determining infarct
size, extent of left ventricular remodeling and development
of early symptomatic heart failure after cardiac ischemia.
Multiple proapoptotic substrates, such as reactive oxygen
species generation, autoimmune response and excess ATP
consumption, are implicated to be associated with activating
the intrinsic (mitochondrial) or extrinsic (death receptor)
apoptotic pathways and inducing cardiomyocyte death [8,
10, 15, 43]. In addition, accumulating evidence has docu-
mented that Cx43 plays an important role in regulating cell
survival and death processes and participating in severe
cardiac lesions through mostly undefined mechanisms [8,
10, 31, 47, 48]. Specific serine sites including S368, S262,
S365 and S325/328/330 are reported to be dephosphoryl-
ated during cardiac ischemia or //R. Mimicking null-phos-
phorylation at these sites sensitizes the heart to ischemic
death and electrical instability upon ischemic stimuli [3,
27,39, 49, 51, 52], while promoting Cx43 phosphorylation
at S262 or S368 via fibroblast growth factor, sphingosine-
1-phosphate, diazoxide or phosphatase inhibitors protects
against I/R-induced myocardial damage [13, 24, 36, 52]. As
with triggering myocardium apoptosis, to our knowledge,
our findings are the first to suggest that deficient Cx43-S282
phosphorylation constitutively induces cardiomyocyte death.
This harmful effect occurs specifically in the myocardium
independently of deficient Cx43 expression or change in
other residual dephosphorylation [57]. Importantly, regional
S282 dephosphorylation by S282A transfection into the left
ventricle exhibited similar myocardial injury as in the I/R
ventricles, including S282 dephosphorylation, local cardio-
myocyte apoptosis/infarction and Cx43 lateralization. Cx43-
S282A*~ mice also demonstrated identical pathological
changes in whole hearts, exhibiting S282 dephosphoryla-
tion-associated animal death, arrhythmias, and myocardial
dysfunction and apoptosis, suggesting that S282 dephospho-
rylation may be involved in //R-induced myocardial injury.
Enhanced PP2A activity in several heart diseases,
including I/R ventricles, has been linked to Cx43 dephos-
phorylation and myocardial lesions through their physical
interactions [1, 14, 21, 23, 56]. Preventing Cx43 dephos-
phorylation by phosphatase inhibitors has been explored
and is considered beneficial in reducing myocardial dam-
age and disordered electrical activity during I/R [14, 21, 23,
24, 56]. Interestingly, in addition to interacting with PP2A
[1, 56], Cx43 also physically interacts with and can activate
p38 (Fig. 4c) [32, 40, 57], thus activating the Fas/FADD/
caspase-8 pathway and cardiomyocyte death [32, 38, 57].
Both p38 and Fas are critical signal proteins involved in
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I/R-induced myocardial cell death in animal models and
ischemic patients [11, 16, 22, 32, 38, 40]. Herein, high abun-
dances of PP2A-A, p-p38 and Fas/FADD with enhanced
interactions between Cx43/PP2A-A and Cx43/p38 were
observed in AR-treated NRVMs (Fig. 4c), and importantly,
these observations are consistent with the findings in the
Cx43-S282A*~ mouse ventricles [57]. Inhibiting PP2A
with cantharidinate prevented cardiomyocyte apoptosis due
to A/R, which is consistent with the effect observed in the
I/R hearts [14, 19, 21, 23, 56]. These findings demonstrate
that enhanced PP2A activity mediate serine S282 dephos-
phorylation, which acts as a linking point to the apoptotic
pathway activation during I/R.

In summary, our results demonstrated for the first time, a
robust Cx43 dephosphorylation at S282 in cardiomyocytes
in vivo and in vitro upon I/R injury. Importantly, deficient
S282 phosphorylation is linked to ventricular arrhyth-
mias and cardiomyocyte apoptosis in /R hearts. Based on
observations from this study, we anticipate that recovery of
S282 phosphorylation improves electrical stability, reduces
arrhythmias, and limits apoptotic responses to ischemic
attacks. Therefore, this intervention should be of great
importance in treating cardiac ischemic damage as well as
a potential candidate target for protecting the heart against
myocardial injury and electrical disturbances during //R.
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