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Abstract

Regulation of cell-to-cell communication in the heart by the gap junction protein Connexin43
(Cx43) involves modulation of Cx43 phosphorylation state by protein kinases, and
dephosphorylation by protein phosphatases. Dephosphorylation of Cx43 has been associated with
impaired intercellular coupling and enhanced arrhythmogenesis in various pathologic states. While
there has been extensive study of the protein kinases acting on Cx43, there has been limited
studies of the protein phosphatases that may underlie Cx43 dephosphorylation. The focus of this
review is to introduce serine-threonine protein phosphatase regulation of Cx43 phosphorylation
state and cell-to-cell communication, and its impact on arrhythmogenesis in the setting of chronic
heart failure and myocardial ischemia, as well as on atrial fibrillation. We also discuss the
therapeutic potential of modulating protein phosphatases to treat arrhythmias in these clinical
settings.
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1. Introduction

Cell-to-cell electrical coupling (intercellular coupling) is an essential form of
electrophysiological communication between adjacent myocytes occurring mainly via gap
junction channels in the heart. Conduction slowing from decreased gap junctional coupling
(as well as from decreased depolarizing currents) can lead to reentry that underlies lethal
ventricular arrhythmias in the setting of heart failure (HF), myocardial ischemia and atrial
fibrillation (AF) [1-6].
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Gap junctional channels, composed of connexins, are specialized membrane structures
between adjacent myocardial cells [7,8]. Connexins assemble into hexameric pores known
as connexons, which integrate into the cell membrane forming gap junction channels to
facilitate exchange of molecules between adjacent cells to allow for intercellular electrical
and chemical communication [9-13]. Connexins have four transmembrane domains with
two extracellular loops (EL), one cytosolic loop, and a N-terminus and C-terminus.
Connexins also interact with scaffolding proteins at the C-terminus, and may play a role

in signaling pathways and cell regulation [14-17]. Thousands of gap junction channels
assemble to form macromolecular complexes known as gap junction plaques, located at the
intercalated discs between adjacent myocytes, that facilitate exchange of molecules between
cells as part of gap junctional intercellular communication.

Gap junctional channels open or close in response to numerous triggers, including changes
in transmembrane potential, changes in intracellular or extracellular ion concentrations,

or alterations in phosphorylation status of connexin proteins [14-18]. Connexins are
phosphoproteins and their post-translational phosphorylation influences the functional
status of intercellular coupling, and dysregulation of the connexin phosphorylation occurs
under various pathological conditions. An extensive number of protein kinases regulates
connexin phosphorylation, primarily at serine and threonine sites, while only a few protein
phosphatases are involved in modulating the phosphorylation state of connexins via protein
dephosphorylation [19]. Much is known about these kinases, their key phosphorylation sites,
and their potential as therapeutic targets [20]. However, understanding of the role of protein
phosphatases in the function of connexin remains an ongoing effort. The phosphatases
function as holoenzymes with multiple regulatory units controlling the catalytic units [21],
while the activity of phosphatases can be modified via post-translational modification [22].

Protein phosphatases directly catalyze the hydrolysis of the phosphorylated amino acid
residue in a protein molecule substrate. Based on the substrate specificity, protein
phosphatases can be divided into protein serine-threonine phosphatases, protein tyrosine
phosphatases superfamilies and dual-specificity phosphatases. Because over one third of
all cardiac proteins go through the reversible phosphorylation/dephosphorylation process
[23], phosphatases affect a vast spectrum of physiological activities in the heart, including
cell-to-cell communication, excitation-contraction [24], Ca handling [25,26] and metabolism
[27]. The serine-threonine phosphatases include three major families — the phosphoprotein
phosphatases family (PPP), the Mg2* or Mn2*-dependent protein phosphatases family
(PMP), and the recently discovered aspartate-based phosphatases [22,28-30]. Protein
phosphatase 1 (PP1), protein phosphatase 2A (PP2A), and protein phosphatase 2B (PP2B,
also known as calcineurin) are the well-studied PPP members, and are responsible for

90% of dephosphorylation activities in the human heart [31,32]. This review focuses on
the current understanding of protein phosphatase (PPase) regulation of the phosphorylation
state of Cx43, the most abundantly expressed connexin in both ventricle and atria, and on
intercellular coupling underlying ventricular arrhythmias in the setting of HF and ischemia
as well as on AF. We will also address the therapeutic potential of modulating protein
phosphatases at the level of Cx43 to treat arrhythmias in these clinical settings.
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2. Connexin expression and phosphorylation in the heart

There are three major connexins in heart: Connexin 43 (Cx43), Connexin 40 (Cx40), and
Connexin 45 (Cx45). Cx43 is the predominant ventricular gap junction protein, but is also
expressed in atrial and endothelial cells. Connexin 40 (Cx40) and connexin 45 (Cx45) are
found primarily in atria and the conduction system [18,33-35] and are less abundant overall
in the heart. The conduction properties of cells are influenced by the relative amounts,
composition, and distribution of these connexins [36—38]. The abundance of Cx43 proteins
is critically regulated at the transcriptional level. The Cx43 promoter harbors a number of
binding sites of transcription factors including SP1, AP-1, CREB, c-Myc, HSP90, retinoic
acid, and STAT [39-41]. Several transcriptional factors have been reported to enhance the
Cx43 promoter activity and thus increased Cx43 expression in hon-myocytes. For instance,
several kinases including PKC, P38, ERK1/2, and JAK can activate the Cx43 promoter

via the recruitment of transcriptional factors such as AP-1, SP1, STAT to upregulate the
expression of Cx43 [42-45]. Interestingly, phosphoinostide-3 kinase (P13K)/Akt signaling
also activates the Cx43 promoter, but it does so by enhancing the binding of -catenin to
the Cx43 promoter [46,47]. Overall, a number of signaling pathways have been found to

be involved in Cx43 expression via transcriptional regulation in non-myocytes. It is notable
that Cx43 down-regulation in cardiac myocytes is a common feature in diseased and aged
hearts [19,48-52]. However, current understanding regarding the underlying mechanisms of
reduced Cx43 gene expression in myocytes remain limited. The Ai Lab recently reported for
the first time that c-jun N-terminal kinase, an important member of MAP kinase, directly
suppresses the promoter activity of Cx43 in myocytes via increased binding of c-jun to

the promoter region, and consequently downregulates the mRNA and protein expression of
Cx43 under stressed conditions such as advanced age in both humans and animal models
[49]. Notably, Cx43 dephosphorylation has been found to be frequently linked to reduced
Cx43 expression under certain pathological conditions. The involvement of phosphatases

in transcriptional regulation of Cx43, however, is completely unknown and thus further
investigations are needed.

Connexins, including Cx43, are known to be regulated by a number of post-translational
madifications including phosphorylation, ubiquitination, sumoylation, S-nitrosylation,
palmitoylation, hydroxylation, acetylation, methylation, and -y-carboxyglutamination [53],
which ultimately modulate the function of gap junction channels. Extensive studies show
that post-translational phosphorylation of Cx43 critically influences intercellular coupling
through gap junction remodeling under pathological conditions. The function of Cx43,
including channel conductance, can change in response to phosphorylation of at least

17 serine and 2 tyrosine sites located at the C-terminus. These include the serine sites

S297, S306, S325, S328, S330, S365, S368, and the more recently characterized S282
[54,55]. Cx43 phosphorylation occurs via several kinases, including protein kinase A
(PKA), protein kinase C (PKC), casein kinase 1 (CK1), mitogen-activated protein kinase
(MAPK), Ca2*/calmodulin-dependent protein kinase 11 (CaMKII), and Src kinases [14—
16,20,23,32,33,48,56-59], and many of the kinases colocalize with Cx43 as part of the Cx43
macromolecular complex (interactome or connexome) [53,60-62]. Studies showed that PKA
activation can increase or decrease conductance and alter cell-to-cell communication, while
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activation of PKC decreases gap junctional communication [63,64]. While MAPK promotes
gap junction channel closure and destabilizes cytoskeletal anchoring, phosphorylation by
CK1 promotes assembly and channel opening [49]. For instance, reduced phosphorylation
of Cx43 either at Ser365 (PKA-dependent site) or Ser325/328/330 (CK16-dependent

site) resulted in slowed cardiac conduction and enhanced arrhythmogenicity [65-67].
Transgenic knock-in mice with phosphomimetic Ser325/328/330GIu mutant Cx43 (S3E)
was found to be resistant to ventricular arrhythmia with normal Cx43 channel function

and normal calcium homeostasis in response to insults, while mutant Cx43 mice (S3A)
with non-phosphorylatable Ser325/328/330 showed an enhanced arrhythmia risk [14,67].
Also, Cx43 dephosphorylation at S282 (PKA phosphorylation site) was found to mitigate
ischemia/reperfusion-induced cardiac injury, and S282A mutation knock-in mice with non-
phosphorylatable Cx43-S282 was reported to promote myocyte apoptosis and arrhythmias
[54]. Moreover, recent studies indicate that Cx43 remodeling could mediate contractile
dysfunction and arrhythmias via the opening of Cx43 hemichannels [68-70]. While
numerous kinases have been shown to phosphorylate Cx43, only Akt, MAPK and PKC
have been shown to regulate the activity of Cx43 hemichannels, and thereby potentially
affect cardiac excitability. For instance, Akt (PKB) phosphorylation on Ser373 increases
hemichannel function by enhancing the levels of surface Cx43 [71,72], while PKC’s inhibit
hemichannel activity by phosphorylation of Ser368 [73-77]. MAPK’s have also been shown
to promote hemichannel opening [78-80], but other studies show inhibition of hemichannel
opening [81,82]. It is clear that further studies are needed to advance our understanding of
the functional impact of MAPKSs on gap junction channels.[83,84]

3. Phosphatases and Cx43 channel function

Although kinases are critical in regulating Cx43 phosphorylation, protein phosphatases are
also important in maintaining the phosphorylation status by dephosphorylation of Cx43
proteins. In contrast to the growing literature on the role of phosphorylation on hemichannel
function, little is known about the role of phosphatases on gap junction regulation [85].

Cx43 dephosphorylation, often in the setting of reduced Cx43 expression and redistribution,
is a major contributor to altered intercellular coupling and slowing of conduction under
certain pathological conditions [14-16,18,19,58,86-88]. On the other hand, dysregulation of
the key protein phosphatases has been found in numerous pathologic settings including HF,
myocardial ischemia, and AF. Cx43 can be dephosphorylated by a limited number of protein
phosphatase, mainly the ubiquitous serine-threonine protein phosphatase — PP1, PP2A, and
PP2B(calcineurin) [32,33,89]. While these phosphatases are present in the cytoplasm, PP1
[19] and PP2A [19,90] have been shown to colocalize with Cx43 [19,90], suggesting their
local control of Cx43 phosphorylation state at the level of the gap junction. Inhibiting
phosphatase activity was indeed found to improve intercellular coupling by improving the
phosphorylation state of Cx43, supporting the critical role of PPase’s in reduced intercellular
coupling and arrhythmia development via Cx43 dephosphorylation [19,89,91].

It is known that the activity of PP1 can be specifically regulated by two endogenous PP1
inhibitors (heat-stable protein inhibitors), inhibitor-1 (I-1) and inhibitor-2 (1-2) [92-95],
that are expressed in heart [96,97]. Likewise, PP2A has endogenous inhibitor proteins,
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inhibitorlPP2A (11PP2A) and inhibitor2PP2A (12PP2A) [98-100], that are also expressed
in heart [97]. Intrinsic or extrinsic PPase inhibition, as well as modulation of upstream
regulators of PPase activity, may be effective therapeutic approaches to reduce PPase
activity, improve Cx43 channel function, and ultimately modify conduction. Unfortunately,
there is nothing known about the effects of these endogenous PPase inhibitors on Cx43 and
gap junctional conductance. Thus, future investigations are required. Calcineurin is another
serine-threonine PPase, and its activity is Ca2*-calmodulin-dependent. Studies suggest that
calcineurin activation by raised intercellular [Ca?*] reduces gap junctional conductance
(G;) via dephosphorylation of Cx43 at the Ser365 site, which is the result of calcineurin-
mediated activation of PP1 [101]. Notably, phosphorylation of S365 is known to promote
gap junction assembly and channel opening, while phosphrylation of S368 promotes channel
closure. Since phosphorylation of S365 and S368 are mutually exclusive, enhancing the
phosphorylation status of S365 could be a therapeutic intervention approach to improve the
cell-to-cell communication under certain pathological conditions.

4. Phosphatases and Cx43 in heart failure

HF affects over 5 million people in the US, and nearly half of these patients die suddenly,
primarily from ventricular tachycardia (VT) that degenerates into ventricular fibrillation
(VF) [1]. In 3-dimensional cardiac mapping studies, the Pogwizd lab previously showed that
spontaneously occurring VT in nonischemic HF (both in a rabbit HF model and in patients
with nonischemic HF) is initiated and maintained by a nonreentrant mechanism such as
triggered activity from delayed or early afterdepolarizations [2]. However, mapping in their
rabbit HF model and in patients with nonischemic HF [102] revealed altered anisotropic
conduction and conduction block that could underlie the development of reentry (especially
during the transition from VT to VF) [3], and that was likely due to altered intercellular
coupling.

Cx43 remodeling has been found to be critical in impaired intercellular coupling and
enhanced reentrant arrhythmias in HF. Down-regulation of Cx43 expression occurs in

HF models and in failing human hearts [7,19,38,51,52,86,103,104], with subepicardial
Cx43 reduced more than midmyocardial and subendocardial Cx43 [52]. Moreover, Cx43
is redistributed from the intercalated discs (at end-to-end junctions) to the lateral sides
(side-to-side junctions) in a process known as lateralization [105,106], and Cx45 levels

are elevated [52,107-109]. In the arrhythmogenic rabbit model of HF and idiopathic
dilated cardiomyopathy (IDCM, nonischemic HF) patients, Cx43 protein and mRNA levels
were decreased in left ventricular (LV) myocardium [19]. In control rabbit LV, Cx43

was primarily in the phosphorylated state, but with HF there was a significant increase

in dephosphorylated Cx43 (similar results were noted in human IDCM LV myocytes).
Moreover, PPase’s were found to dephosphorylate Cx43 [19], evidenced by increased
amount of PP2A co-localized with Cx43 in HF, whereas colocalized PP1 was unchanged
[19]. These changes in local expression were considerably different from changes in global
expression, where total PP2A was decreased and total PP1 levels were increased in HF
myocytes. This PP2A-modulated dephosphorylation of Cx43 led to decreased intercellular
coupling, while was improved with the treatment of the PPase inhibitor okadaic acid (at a
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concentration that inhibited PP2A but not PP1) [110,111], suggesting decreased intercellular
coupling in HF myocytes can be enhanced by PPase inhibition.

PAKSs are another family of serine-threonine kinases (PAK 1 to 6) that phosphorylate

a variety of substrates [112-114]. PAK1, PAK2, and PAK3 have been shown to play
important roles in cardiac function [112-115]. PAKZ, in particular, has been shown to
co-localize with PP2A and to modulate PP2A activity [103,116-118]. PAK1 and activated
PAK1 (pPAK1 that is phosphorylated at the Thr423 site) protein levels were enhanced

with HF. We investigated the regulation of PAK1 in dephosphorylation of Cx43 via
PAK1-regulated PP2A activity in HF [103]. While PAK1 colocalized with Cx43, and

the levels of colocalized PAK1 and PP2A increased in rabbit and human HF, PAK1
overexpression in nonfailing myocytes increased PP2A activity, dephosphorylated Cx43, and
decreased intercellular coupling, effects that were blocked by PP2A-specific inhibition with
okadaic acid [103]. These findings suggest that enhanced PAK1 contributes to increased
PP2A activation at the local level of Cx43 proteins in HF, resulting in increased Cx43
dephosphorylation that is associated with decreased intercellular coupling [103]. PAK1-
mediated regulation of Cx43 through PP2A may therefore be used as a potential therapeutic
approach for preventing ventricular arrhythmias in HF through improved intercellular
coupling.

In HF, a number of studies have shown enhanced PP1 activity in the heart [119-123],

but other studies demonstrated conflicting results [23,124-127]. Notably, most of these
studies measured only the PP1 catalytic subunit (PP1c) and assessed global levels or
activity, and did not explore its diverse set of interactors, which confer localization and
substrate specificity to PP1. Chiang et al. [128] recently assessed the PP1 interactome during
HF progression in mice. Affinity purification with anti-PP1c antibodies was followed by
high-resolution mass spectrometry. Seventy-one PP1c interactors were quantified, and they
demonstrated 9 PP1c interactors (Ppplr7, Ppplrl8, and 7 novel interactors) with changes

in their binding to PP1c strongly associated with HF progression. The interactors involved
with PP1 activation at the level of Cx43 remain to be determined, but this novel approach
could identify key local targets in the failing heart. To explore why there are decreased
PP2A levels in HF, expression level of the PP2A catalytic subunits B56a and B566 were
assessed and found to be decreased in the failing heart [129,130]. B56a is a potential target
to indirectly inhibit PP2A via its interaction with ankyrin-B [131,132]. Interestingly, mice
deficient in B56a exhibited increased PP2A activity and slow conduction [133]. The role of
B56a-PP2A and its association with ankyrin-B at the level of Cx43 remains unknown, but
ankyrin-B is involved in the localization of B56a.-PP2A, which could have effects on PP2A
activity and, subsequently, Cx43 dephosphorylation. Future investigation is clearly needed in
this regard.

5. Phosphatases and Cx43 in myocardial ischemia

Ventricular arrhythmias such as VT and VVF occur within minutes of onset of myocardial
ischemia [134,135]. Three-dimensional cardiac mapping during early ischemia showed
intramural reentry in nearly 75% of cases of VT [134] as well as during the transition
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from VT to VF [135], from slow conduction likely arising from altered cellular coupling (as
well as altered ion channel function) [136].

Downregulation of Cx43 expression occurs in myocardial ischemia in both humans

and animal models [134,135,137,138]. However, the role of Cx43 dephosphorylation in
intercellular uncoupling and arrhythmogenesis began with the seminal work by Beardslee

et al. [138]. In the perfused rat heart, they showed progressive Cx43 dephosphorylation,
with dephosphorylated Cx43 accumulation at sites of gap junctions, with a time course
similar to ischemia-induced electrical uncoupling. Total Cx43 expression was unchanged
over that time period, suggesting that accumulation of dephosphorylated Cx43 could
underlie gap junctional uncoupling in that setting. With ischemia, Cx43 is found to
redistributed from end-to-end to side-to-side (i.e. lateralization) and is mainly in the
dephosphorylated state [50]. Considerable work has focused on specific Cx43 serine

sites and their phosphorylation state during ischemia [139-141]. Axelsen et al. [142], for
example, used a mass spectroscopy approach and identified 13 serine phosphorylation sites
(3 of which were not previously described), and they found dephosphorylation at Ser306,
Ser297, and Ser368, as well as phosphorylation at Ser330 in the ischemic heart [142].

More recently, Ser282 has been shown to have an important role in ischemia [54,55]. The
role of protein phosphatases in ischemia-induced Cx43 dephosphorylation was reported in
both isolated myocytes and isolated perfused heart. PP1 + PP2A inhibition with okadaic
acid and calyculin (but not the PP2A inhibitor fostreicin) decreased dephosphorylated Cx43
accumulation at the intercalated discs [143]. PP1 inhibitors also improved gap junctional
uncoupling during ATP depletion [91]. These findings point to an important role for PP1,
but the fact that okadaic acid and calyculin did not completely prevent the ischemia-induced
Cx43 dephosphorylation suggest that other phosphatases could also be involved. In support
of this are the findings that calcineurin activity is increased in ischemic rat heart [144,145],
and inhibition of calcineurin by cyclosporine A in rats prevented Cx43 dephosphorylation
after myocardial ischemia; but the functional contribution of calcineurin in intercellular
coupling remains to be determined [137]. Moreover, the role of PPase’s was explored in
studies of ischemic preconditioning (IP), where repeated short bursts of non-lethal ischemia
and reperfusion are given prior to prolonged ischemic/reperfusion period. IP has been shown
to prevent ischemia-induced Cx43 dephosphorylation [146-148]. The role of PP1, PP2A and
calcineurin in preconditioned myocardium was studied in mini pigs subjected to IP + 90 min
of low-flow ischemia. Totzek et al [90] found that Cx43 co-immunoprecipitated with PP2A,
but not with PP1, and the amount of co-immunoprecipitated PP2A with Cx43 did not change
with IP. These findings suggest that there may be species differences in the direct association
of PPase’s at the level of Cx43. While coprecipitated PP2A (with Cx43) did not change with
IP+ ischemia, changes in PP2A activity at the level of Cx43 and/or contributions from other
PPase’s such as calcineurin could not be ruled out.

6. Phosphatases and Cx43in atrial fibrillation

AF is the most common arrhythmia in clinical practice and is associated with a high risk of
morbidity (stroke and HF) [149,150]. While aging is inevitable and the most prevalent risk
factor for AF, various conditions (e.g. alcohol abuse, obesity, diabetes, HF, valvular diseases,
myocardial ischemia) have been well recognized as independent AF risk factors [151-
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158]. The electrophysiological mechanisms underlying AF [159,160] include reentry (from
slow conduction due to altered gap junctions, interstitial fibrosis, and sodium channels)
[48,49,161-164] as well as non-reentrant activation from triggered activity due to delayed
and/or early afterdepolarization as a result of altered Ca2* handling [5,163,165-170]. Over
the years, significant progresses have been made regarding the underlying mechanisms of
altered gap junctions in AF and potential approaches for therapeutic interventions.

Atrial gap junctions, composed of Cx43 and Cx40, form specialized membrane channel
structures that critically influence electrical and chemical signal propagation between
adjacent atrial myocytes [171,172]. Atrial gap junction remodeling leads, at least in

part, to slowed action potential propagation that facilitates arrhythmic reentry circuits
[19,48,86,172,173]. However, gap junctional remodeling in atrial tissue from AF patients
has been variably reported as an increase or a decrease in one or more connexins

(Cx43 and/or Cx40), and as increased heterogeneity in the distribution of the connexins.
Each of these results is dependent on comorbid cardiovascular diseases, the type of AF
(paroxysmal or chronic), or the AF animal model used [174,175]. The Ai lab found
significantly decreased Cx43 in aged atria from humans, rabbits, and mice [48,49,176].
Moreover, reduced Cx43 was also reported in the tachy-pacing induced AF model of swine.
Overexpression of Cx43 using atrial gene transfer corrected Cx43 downregulated-caused
slow conduction and AF propensity [162], suggesting the critical role of Cx43 in AF.

While growing evidence has supported the functional contribution of Cx43 in reentrant
arrhythmias and AF, the underlying mechanisms of altered Cx43 and its functional impact
in stressed or diseased hearts remains unclear. The c-jun N-terminal kinase (JNK) is

a stress-response protein kinase, one member of the mitogen-activated protein kinases
(MAPKS) family, which is known to be critical in the development of cardiovascular
diseases including HF, hypertrophy, and atherosclerosis [177,178]. The Ai lab recently
elucidated the pivotal roles of the stress kinase JNK in suppressing Cx43 expression and
enhancing abnormal triggered Ca2* activities, both of which promote the formation of

the arrhythmogenic substrate of AF [48,49,165-167]. Specifically, activated atrial INK
downregulated Cx43 expression via suppressed transcriptional activity by increased binding
of the INK-downstream transcriptional factor c-Jun to the Cx43 gene promoter, which
consequently led to impaired intercellular coupling and slowing of conduction in the
atrium [49]. Meanwhile, activated atrial INK also drove a pathogenic kinase-to-kinase
crosstalk between JNK kinase and the ‘pro-arrhythmic kinase” CaMKI18 in the control of
intercellular Ca%* signaling and consequently Ca2*-mediated aberrant triggered activities.
Overall, these studies provided direct evidence for the causative action of JNK in atrial
arrhythmogenic remodeling and a novel molecular mechanism underlying JNK-regulated
Cx43 gene expression and impaired intercellular coupling. It also supports that INK

kinase activity modulation could be a potential therapeutic approach for improved atrial
conduction and AF prevention in the aged heart. To date, the direct regulation of INK on
the phosphorylation status of Cx43 remains unknown. However, it is interesting to note
that the INK activator anisomycin has been shown to stimulate JNK activity by inducing
ubiquitination and degradation of the dual-specificity phosphatase 8 (DUSP8, M3/6) [179];
and other DUSP’s such as DUSP1 inhibit JNK in heart [180]. The relationship between JNK
kinase and PPases in Cx43 is clearly worthy of further investigation.
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Cx43 dephosphorylation and lateralization, as well as reduced coupling were observed in
atria from patients with AF and in dilated atria from infarcted rats [181]. However, little
is known about the role of phosphatases at the level of Cx43 in AF. Altered expression
and activity of protein phosphatases in human chronic AF have been reported, although
reported findings are inconsistent [119,182,183]. One study reported increased PP2A but
not PP1 [119,182], while another study found increased PP1 and PP2A activity along
with hyperphosphorylated inhibitor 1 of PP1 (I-1) in atria from chronic AF patients
[183]. In addtion, atrial samples from chronic coronary artery disease patients showed
expression of 11PP2A and I2PP2A, and a significant decline in PP2Ac and 12PP2A in
older patients [97]. In the end, it remains to be determined whether alteration in PP1 and
PP2A activity and endogenous inhibitors 1-1, 1-2, I1PP2A and/or I12PP2A could modulate
Cx43 phosphorylation and channel function at the level of Cx43 proteins, and contribute to
development of AF.

7. Therapeutic implications of phosphatase modulation on Cx43 and

future studies

PP1 and PP2A can be directly inhibited by small molecule serine/threonine phosphatase
inhibitors. Although some of these inhibitors are selective for PP1 and/or PP2A, they all
may also inhibit PP4, PP5, and PP6 to an extent, which may have undesirable effects [184].
The most selective and widely available PPase inhibitors are okadaic acid, calyculin A, and
fostreicin. However, broad-acting phosphatase inhibitors such as okadaic acid and calyculin
(that inhibit both PP1 and PP2A) are known to have significant toxicity precluding any
therapeutic use. Fostreicin has been reported to be highly selective for PP2A over PP1
[185]. While fostreicin did not reduce ischemia-induced Cx43 dephosphorylation [143], it
was protective during myocardial ischemia [186-188]. It is of particular interest since it is
being investigated as a cancer treatment for its antitumor activity in vivo. It showed in vitro
activity against leukemia, lung cancer, breast cancer and ovarian cancer [185,189,190] that
is thought to be due to PP2A’s assumed role in regulating cell apoptosis by activation of
cytotoxic T-lymphocytes and natural killer cells involved in tumor surveillance. Fostreicin
has been safely administered to patients in pharmacokinetic studies and clinical trials,
supporting its possible use in clinical applications [191]. Likewise, the more selective PP2A
inhibitor LB-100 [192-194] is in clinical trials in cancer patients, and further attests to the
feasibility for focused phosphatase inhibition as a viable therapeutic approach.

With regard to potential phosphatase modulation of Cx43, the peptide rotigaptide (ZP123), a
derivative of antiarrhythmic peptide, has been shown to improve gap junctional conductance
in vitro [195,196], and to have antiarrhythmic activity in vivo [197,198]. The mechanisms of
rotigaptide’s effects have remained unclear, and its decreased phosphorylation of serines 297
and 368 [142] on Cx43 could be due to effects on an unknown phosphatase. Unfortunately,
rotigaptide is no longer in development, but the intriguing antiarrhythmic effects with
rotigaptide [198-206], as well as that of a derivative, danegaptide (ZP1609 or GAP-134)
[199,202], suggest that Cx43 phosphorylation state remains a viable therapeutic target for
antiarrhythmic therapy for HF, myocardial ischemia, and AF.
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Another potential approach to phosphatase modulation of Cx43 is microRNA’s. Protein
phosphatases are regulated by microRNA’s. In particular mirR-1 and miR-133 have been
shown to contribute to arrhythmogenesis through changes in RyR2 dephosphorylation by
PP2A, leading to abnormal Ca2* handling by the sarcoplasmic reticulum [130,207]. Cx43 is
a direct target of miR-1 [208-210], and miR-1 has been shown to modulate conduction
through its effects on Cx43 [211]. Whether miR-1’s effect on Cx43 is mediated by
phosphatase activation requires further investigation.

A number of early studies including studies in knockout mice have suggested that gap
junctions may not be the only means by which cells can electrically couple [212]. Recent
work suggests that non-GJ-mediated coupling between cells (i.e. ephaptic coupling) could
underlie intercellular transfer of electrical activation by means of electric fields within a
confined extracellular space such as the perinexus, a perijunctional domain around the GJ’s
[213,214]. The beta subunit of Nav1.5 sodium channels play an essential role [215,216],
and ephaptic coupling is sensitive to extracellular concentrations of Na, K and Ca ions
[217,218]. If intact GJ’s are required for bringing perinexal membranes in close enough
proximity to allow for ephaptic signaling, interventions that maintain Cx43 gap junctions at
the intercalated discs may be effective in preserving ephaptic signaling that would otherwise
be lost. While several studies have shown effects on ephatic coupling independent of
changes in Cx43 phosphorylation state [217,219], little is known about the direct effects

of kinases and phosphatases on this non-GJ coupling mechanism. Further investigations are
needed.

Taken together, the phosphorylation state of Cx43 at various serine, threonine and tyrosine
sites can significantly impact Cx43 expression and function in various pathological states
such as HF, myocardial ischemia, and atrial fibrillation. While much work has focused on a
large number of interacting kinases, the functional role of phosphatases is worthy of future
studies. Moreover, the therapeutic potential of modulating phosphatase activity at the level
of the gap junction should be further explored as a potential targeted antiarrhythmic strategy.

Acknowledgments

This research was supported by National Institutes of Health (R01-AA024769, R01-HL113640, RO1-HL146744 to
XA) and (HL80101 to SMP) and the American Heart Association (25860028 to SMP).

References

[1]. Packer M, Sudden unexpected death in patients with congestive heart failure: a second frontier,
Circulation 72 (4) (1985) 681-685. [PubMed: 2863012]

[2]. Pogwizd SM, Nonreentrant mechanisms underlying spontaneous ventricular arrhythmias in a
model of nonischemic heart failure in rabbits, Circulation 92 (4) (1995) 1034-1048. [PubMed:
7543829]

[3]. Anderson KP, Walker R, Urie P, Ershler PR, Lux RL, Karwandee SV, Myocardial electrical
propagation in patients with idiopathic dilated cardiomyopathy, J. Clin. Invest 92 (1) (1993)
122-140. [PubMed: 8325977]

[4]. Shaw RM, Rudy Y, lonic mechanisms of propagation in cardiac tissue, roles of the sodium and
L-type calcium currents during reduced excitability and decreased gap junction coupling, Circ
Res 81 (5) (1997) 727-741. [PubMed: 9351447]

Cell Signal. Author manuscript; available in PMC 2022 March 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Aietal.

Page 11

[5]. Heijman J, Voigt N, Nattel S, Dobrev D, Cellular and molecular electrophysiology of atrial

fibrillation initiation, maintenance, and progression, Circ. Res 114 (9) (2014) 1483-1499.
[PubMed: 24763466]

[6]. Heijman J, Ghezelbash S, Wehrens XH, Dobrev D, Serine/threonine phosphatases in atrial

fibrillation, J. Mol. Cell. Cardiol 103 (2017) 110-120. [PubMed: 28077320]

[7]. Kostin S, Rieger M, Dammer S, Hein S, Richter M, Klovekorn WP, Bauer EP, Schaper J, Gap

junction remodeling and altered connexin43 expression in the failing human heart, Mol. Cell.
Biochem 242 (1-2) (2003) 135-144. [PubMed: 12619876]

[8]. Rutledge CA, Ng FS, Sulkin MS, Greener ID, Sergeyenko AM, Liu H, Gemel J, Beyer EC,

Sovari AA, Efimov IR, Dudley SC, c-Src kinase inhibition reduces arrhythmia inducibility and
connexin43 dysregulation after myocardial infarction, J. Am. Coll. Cardiol 63 (9) (2014) 928-
934. [PubMed: 24361364]

[9]. Aasen T, Johnstone S, Vidal-Brime L, Lynn KS, Koval M, Connexins: synthesis, post-translational

[10].
[11].
[12].
[13].

[14].

[15].

[16].

[17].

[18].

[19].

[20].

[21].

[22].

[23].

[24].

[25].

modifications, and trafficking in health and disease, Int. J. Mol. Sci 19 (5) (2018).

Goodenough DA, Paul DL, Gap junctions, Cold Spring Harb. Perspect. Biol 1 (1) (2009),
a002576. [PubMed: 20066080]

Esseltine JL, Laird DW, Next-generation connexin and pannexin cell biology, Trends Cell Biol 26
(12) (2016) 944-955. [PubMed: 27339936]

Aasen T, Mesnil M, Naus CC, Lampe PD, Laird DW, Gap junctions and cancer: communicating
for 50 years, Nat. Rev. Cancer 17 (1) (2017) 74.

Saez JC, Leybaert L, Hunting for connexin hemichannels, FEBS Lett 588 (8) (2014) 1205-1211.
[PubMed: 24631534]

Remo BF, Qu J, Volpicelli FM, Giovannone S, Shin D, Lader J, Liu FY, Zhang J, Lent DS,
Morley GE, Fishman GI, Phosphatase-resistant gap junctions inhibit pathological remodeling and
prevent arrhythmias, Circ. Res 108 (12) (2011) 1459-1466. [PubMed: 21527737]

Kwak BR, Jongsma HJ, Regulation of cardiac gap junction channel permeability and
conductance by several phosphorylating conditions, Mol. Cell. Biochem 157 (1-2) (1996) 93-99.
[PubMed: 8739233]

Schulz R, Gorge PM, Gorbe A, Ferdinandy P, Lampe PD, Leybaert L, Connexin 43 is an
emerging therapeutic target in ischemia/reperfusion injury, cardioprotection and neuroprotection,
Pharmacol. Ther 153 (2015) 90-106. [PubMed: 26073311]

Nielsen MS, Axelsen LN, Sorgen PL, Verma V, Delmar M, Holstein-Rathlou NH, Gap junctions,
Compr Physiol 2 (3) (2012) 1981-2035. [PubMed: 23723031]

Axelsen LN, Calloe K, Holstein-Rathlou NH, Nielsen MS, Managing the complexity of
communication: regulation of gap junctions by post-translational modification, Front. Pharmacol
4 (2013) 130. [PubMed: 24155720]

Ai X, Pogwizd SM, Connexin 43 downregulation and dephosphorylation in nonischemic heart
failure is associated with enhanced colocalized protein phosphatase type 2A, Circ. Res 96 (1)
(2005) 54-63. [PubMed: 15576650]

Cohen P, Protein kinases—the major drug targets of the twenty-first century? Nat. Rev. Drug
Discov 1 (4) (2002) 309-315. [PubMed: 12120282]

Lambrecht C, Haesen D, Sents W, Ivanova E, Janssens V, Structure, regulation, and
pharmacological modulation of PP2A phosphatases, Methods Mol. Biol 1053 (2013) 283-305.
[PubMed: 23860660]

Lubbers ER, Mohler PJ, Roles and regulation of protein phosphatase 2A (PP2A) in the heart, J.
Mol. Cell. Cardiol 101 (2016) 127-133. [PubMed: 27832939]

Weber S, Meyer-Roxlau S, Wagner M, Dobrev D, El-Armouche A, Counteracting protein kinase
activity in the heart: the multiple roles of protein phosphatases, Front. Pharmacol 6 (2015) 270.
[PubMed: 26617522]

Sheehan KA, Ke 'Y, Solaro RJ, p21-Activated kinase-1 and its role in integrated regulation

of cardiac contractility, Am J Physiol Regul Integr Comp Physiol 293 (3) (2007) R963-R973.
[PubMed: 17609315]

Lei M, Wang X, Ke Y, Solaro RJ, Regulation of Ca(2) transient by PP2A in normal and failing
heart, Front. Physiol 6 (2015) 13. [PubMed: 25688213]

Cell Signal. Author manuscript; available in PMC 2022 March 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Aietal.

[26].
[27].
[28].
[29].
[30].
[31].

[32].

[33].

[34].

[35].

[36].

[37].

[38].

[39].

[40].

[41].

[42].

[43].

[44].

Page 12

Terentyev D, Hamilton S, Regulation of sarcoplasmic reticulum Ca(2) release by serine-threonine
phosphatases in the heart, J. Mol. Cell. Cardiol 101 (2016) 156-164. [PubMed: 27585747]

Thiebaut PA, Besnier M, Gomez E, Richard V, Role of protein tyrosine phosphatase 1B in
cardiovascular diseases, J. Mol. Cell. Cardiol 101 (2016) 50-57. [PubMed: 27596049]

Baskaran R, Velmurugan BK, Protein phosphatase 2A as therapeutic targets in various disease
models, Life Sci 210 (2018) 40-46. [PubMed: 30170071]

Cohen PT, Protein phosphatase 1-targeted in many directions, J. Cell Sci 115 (Pt 2) (2002)
241-256. [PubMed: 11839776]

Moorhead GB, De Wever V, Templeton G, Kerk D, Evolution of protein phosphatases in plants
and animals, Biochem. J 417 (2) (2009) 401-409. [PubMed: 19099538]

Cohen P, The structure and regulation of protein phosphatases, Annu. Rev. Biochem 58 (1989)
453-508. [PubMed: 2549856]

MacDougall LK, Jones LR, Cohen P, Identification of the major protein phosphatases in
mammalian cardiac muscle which dephosphorylate phospholamban, Eur. J. Biochem 196 (3)
(1991) 725-734. [PubMed: 1849481]

Herve JC, Sarrouilhe D, Protein phosphatase modulation of the intercellular junctional
communication: importance in cardiac myocytes, Prog. Biophys. Mol. Biol 90 (1-3) (2006)
225-248. [PubMed: 16054199]

Gourdie RG, Severs NJ, Green CR, Rothery S, Germroth P, Thompson RP, The spatial
distribution and relative abundance of gap-junctional connexin40 and connexin43 correlate to
functional properties of components of the cardiac atrioventricular conduction system, J. Cell Sci
105 (Pt 4) (1993) 985-991. [PubMed: 8227219]

Coppen SR, Dupont E, Rothery S, Severs NJ, Connexin45 expression is preferentially associated
with the ventricular conduction system in mouse and rat heart, Circ. Res 82 (2) (1998) 232-243.
[PubMed: 9468194]

Alvarez CK, Cronin E, Baker WL, Kluger J, Heart failure as a substrate and trigger for
ventricular tachycardia, J. Interv. Card. Electrophysiol 56 (3) (2019) 229-247. [PubMed:
31598875]

Thomas SA, Schuessler RB, Berul Cl, Beardslee MA, Beyer EC, Mendelsohn ME, Saffitz JE,
Disparate effects of deficient expression of connexin43 on atrial and ventricular conduction:
Evidence for chamber-specific molecular determinants of conduction, Circulation 97 (7) (1998)
686-691. [PubMed: 9495305]

Wiegerinck RF, van Veen TA, Belterman CN, Schumacher CA, Noorman M, de Bakker JM,
Coronel R, Transmural dispersion of refractoriness and conduction velocity is associated with
heterogeneously reduced connexin43 in a rabbit model of heart failure, Heart Rhythm 5 (8)
(2008) 1178-1185. [PubMed: 18675229]

Carystinos GD, Kandouz M, Alaoui-Jamali MA, Batist G, Unexpected induction of the human
connexin 43 promoter by the ras signaling pathway is mediated by a novel putative promoter
sequence, Mol. Pharmacol 63 (4) (2003) 821-831. [PubMed: 12644583]

Teunissen BE, Jansen AT, van Amersfoorth SC, O’Brien TX, Jongsma HJ, Bierhuizen MF,
Analysis of the rat connexin 43 proximal promoter in neonatal cardiomyocytes, Gene 322 (2003)
123-136. [PubMed: 14644504]

Gu R, Xu J, Lin Y, Zhang J, Wang H, Sheng W, Ma D, Ma X, Huang G, Liganded retinoic acid
X receptor alpha represses connexin 43 through a potential retinoic acid response element in the
promoter region, Pediatr. Res 80 (1) (2016) 159-168. [PubMed: 26991262]

Andersen J, Comparing regulation of the connexin43 gene by estrogen in uterine leiomyoma
and pregnancy myometrium, Environ. Health Perspect 108 (Suppl 5) (2000) 811-815. [PubMed:
11035987]

Geimonen E, Jiang W, Ali M, Fishman GlI, Garfield RE, Andersen J, Activation of protein kinase
C in human uterine smooth muscle induces connexin-43 gene transcription through an AP-1 site
in the promoter sequence, J. Biol. Chem 271 (39) (1996) 23667-23674. [PubMed: 8798588]
Gupta A, Leser JM, Gould NR, Buo AM, Moorer MC, Stains JP, Connexin43 regulates
osteoprotegerin expression via ERK1/2 -dependent recruitment of Sp1, Biochem. Biophys. Res.
Commun 509 (3) (2019) 728-733. [PubMed: 30626485]

Cell Signal. Author manuscript; available in PMC 2022 March 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Aietal.

[45].

[46].

[47].

[48].

[49].

[50].

[51].

[52].

[53].

[54].

[55].

[56].
[57].
[58].
[59].
[60].
[61].
[62].

[63].

Page 13

0Ozog MA, Bernier SM, Bates DC, Chatterjee B, Lo CW, Naus CC, The complex of ciliary
neurotrophic factor-ciliary neurotrophic factor receptor alpha up-regulates connexin43 and
intercellular coupling in astrocytes via the Janus tyrosine kinase/signal transducer and activator of
transcription pathway, Mol. Biol. Cell 15 (11) (2004) 4761-4774. [PubMed: 15342787]

Xia X, Batra N, Shi Q, Bonewald LF, Sprague E, Jiang JX, Prostaglandin promotion of osteocyte
gap junction function through transcriptional regulation of connexin 43 by glycogen synthase
kinase 3/beta-catenin signaling, Mol. Cell. Biol 30 (1) (2010) 206-219. [PubMed: 19841066]
Zhao F, Yan J, Zhao J, Shi B, Ye M, Huang X, Yu B, Lv B, Huang W, Effect of platelet-derived
growth factor-BB on gap junction and connexin43 in rat penile corpus cavernosum smooth
muscle cells, Andrologia 51 (3) (2019), e13200. [PubMed: 30467872]

Yan J, Kong W, Zhang Q, Beyer EC, Walcott G, Fast VG, Ai X, c-Jun N-terminal kinase
activation contributes to reduced connexin43 and development of atrial arrhythmias, Cardiovasc.
Res 97 (3) (2013) 589-597. [PubMed: 23241357]

Yan J, Thomson JK, Zhao W, Wu X, Gao X, DeMarco D, Kong W, Tong M, Sun J, Bakhos M,
Fast VG, Liang Q, Prabhu SD, Ai X, The stress kinase JNK regulates gap junction Cx43 gene
expression and promotes atrial fibrillation in the aged heart, J. Mol. Cell. Cardiol 114 (2017)
105-115. [PubMed: 29146153]

Severs NJ, Bruce AF, Dupont E, Rothery S, Remodelling of gap junctions and connexin
expression in diseased myocardium, Cardiovasc. Res 80 (1) (2008) 9-19. [PubMed: 18519446]
Akar FG, Nass RD, Hahn S, Cingolani E, Shah M, Hesketh GG, DiSilvestre D, Tunin RS, Kass
DA, Tomaselli GF, Dynamic changes in conduction velocity and gap junction properties during
development of pacing-induced heart failure, Am. J. Physiol. Heart Circ. Physiol 293 (2) (2007)
H1223-H1230. [PubMed: 17434978]

Poelzing S, Rosenbaum DS, Altered connexin43 expression produces arrhythmia substrate in
heart failure, Am. J. Physiol. Heart Circ. Physiol 287 (4) (2004) H1762-H1770. [PubMed:
15205174]

Leybaert L, Lampe PD, Dhein S, Kwak BR, Ferdinandy P, Beyer EC, Laird DW, Naus

CC, Green CR, Schulz R, Connexins in cardiovascular and neurovascular health and disease:
pharmacological implications, Pharmacol. Rev 69 (4) (2017) 396-478. [PubMed: 28931622]
Xue J, Yan X, Yang Y, Chen M, Wu L, Gou Z, Sun Z, Talabieke S, Zheng Y, Luo D,

Connexin 43 dephosphorylation contributes to arrhythmias and cardiomyocyte apoptosis in
ischemia/reperfusion hearts, Basic Res. Cardiol 114 (5) (2019) 40. [PubMed: 31463533]

Yang Y, Yan X, Xue J, Zheng Y, Chen M, Sun Z, Liu T, Wang C, You H, Luo D, Connexin43
dephosphorylation at serine 282 is associated with connexin43-mediated cardiomyocyte
apoptosis, Cell Death Differ 26 (7) (2019) 1332-1345. [PubMed: 30770876]

Rapundalo ST, Cardiac protein phosphorylation: functional and pathophysiological correlates,
Cardiovasc. Res 38 (3) (1998) 559-588. [PubMed: 9747427]

Cohen P, The origins of protein phosphorylation, Nat. Cell Biol 4 (5) (2002) E127-E130.
[PubMed: 11988757]

Palatinus JA, Rhett JM, Gourdie RG, The connexin43 carboxyl terminus and cardiac gap junction
organization, Biochim. Biophys. Acta 1818 (8) (2012) 1831-1843. [PubMed: 21856279]
Kurtenbach S, Zoidl G, Gap junction modulation and its implications for heart function, Front.
Physiol 5 (2014) 82. [PubMed: 24578694]

Laird DW, Lampe PD, Therapeutic strategies targeting connexins, Nat. Rev. Drug Discov 17 (12)
(2018) 905-921. [PubMed: 30310236]

Sorgen PL, Trease AJ, Spagnol G, Delmar M, Nielsen MS, Protein(=)protein interactions with
connexin 43: regulation and function, Int. J. Mol. Sci 19 (5) (2018).

Singh P, Kim TJ, Tripathy DN, Identification and characterization of fowlpox virus strains using
monoclonal antibodies, J. Vet. Diagn. Investig 15 (1) (2003) 50-54. [PubMed: 12580296]
Lampe PD, TenBroek EM, Burt JM, Kurata WE, Johnson RG, Lau AF, Phosphorylation of
connexin43 on serine368 by protein kinase C regulates gap junctional communication, J. Cell
Biol 149 (7) (2000) 1503-1512. [PubMed: 10871288]

Cell Signal. Author manuscript; available in PMC 2022 March 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Aietal. Page 14

[64]. Matsumura K, Mayama T, Lin H, Sakamoto Y, Ogawa K, Imanaga I, Effects of cyclic AMP
on the function of the cardiac gap junction during hypoxia, Exp. Clin. Cardiol 11 (4) (2006)
286-293. [PubMed: 18651019]

[65]. Remo BF, Giovannone S, Fishman Gl, Connexin43 cardiac gap junction remodeling: lessons
from genetically engineered murine models, J. Membr. Biol 245 (5-6) (2012) 275-281.
[PubMed: 22722763]

[66]. Kalcheva N, Qu J, Sandeep N, Garcia L, Zhang J, Wang Z, Lampe PD, Suadicani SO, Spray
DC, Fishman GI, Gap junction remodeling and cardiac arrhythmogenesis in a murine model
of oculodentodigital dysplasia, Proc. Natl. Acad. Sci. U. S. A 104 (51) (2007) 20512-20516.
[PubMed: 18077386]

[67]. Himelman E, Lillo MA, Nouet J, Gonzalez JP, Zhao Q, Xie LH, Li H, Liu T, Wehrens XH,
Lampe PD, Fishman GlI, Shirokova N, Contreras JE, Fraidenraich D, Prevention of connexin-43
remodeling protects against Duchenne muscular dystrophy cardiomyopathy, J. Clin. Invest 130
(4) (2020) 1713-1727. [PubMed: 31910160]

[68]. Kim JC, Perez-Hernandez M, Alvarado FJ, Maurya SR, Montnach J, Yin Y, Zhang M, Lin X,
Vasquez C, Heguy A, Liang FX, Woo SH, Morley GE, Rothenberg E, Lundby A, Valdivia HH,
Cerrone M, Delmar M, Disruption of Ca(2)i homeostasis and connexin 43 hemichannel function
in the right ventricle precedes overt arrhythmogenic cardiomyopathy in plakophilin-2-deficient
mice, Circulation 140 (12) (2019) 1015-1030. [PubMed: 31315456]

[69]. Lillo MA, Himelman E, Shirokova N, Xie LH, Fraidenraich D, Contreras JE, S-nitrosylation
of connexin43 hemichannels elicits cardiac stress-induced arrhythmias in Duchenne muscular
dystrophy mice, JCI Insight 4 (24) (2019).

[70]. De Smet MA, Lissoni A, Nezlobinsky T, Wang N, Dries E, Perez-Hernandez M, Lin X, Amoni
M, Vervliet T, Witschas K, Rothenberg E, Bultynck G, Schulz R, Panfilov AV, Delmar M, Sipido
KR, Leybaert L, Cx43 hemichannel microdomain signaling at the intercalated disc enhances
cardiac excitability, J. Clin. Invest 131 (7) (2021).

[71]. Batra N, Riquelme MA, Burra S, Kar R, Gu S, Jiang JX, Direct regulation of osteocytic connexin
43 hemichannels through AKT kinase activated by mechanical stimulation, J. Biol. Chem 289
(15) (2014) 10582-10591. [PubMed: 24563481]

[72]. Salas D, Puebla C, Lampe PD, Lavandero S, Saez JC, Role of Akt and Ca2 on cell
permeabilization via connexin43 hemichannels induced by metabolic inhibition, Biochim.
Biophys. Acta 1852 (7) (2015) 1268-1277. [PubMed: 25779082]

[73]. Bao X, Altenberg GA, Reuss L, Mechanism of regulation of the gap junction protein connexin
43 by protein kinase C-mediated phosphorylation, Am J Physiol Cell Physiol 286 (3) (2004)
C647-C654. [PubMed: 14602580]

[74]. Bao X, Reuss L, Altenberg GA, Regulation of purified and reconstituted connexin 43
hemichannels by protein kinase C-mediated phosphorylation of Serine 368, J. Biol. Chem 279
(19) (2004) 20058-20066. [PubMed: 14973142]

[75]. Bao X, Lee SC, Reuss L, Altenberg GA, Change in permeant size selectivity by phosphorylation
of connexin 43 gap-junctional hemichannels by PKC, Proc. Natl. Acad. Sci. U. S. A 104 (12)
(2007) 4919-4924. [PubMed: 17360407]

[76]. Hawat G, Baroudi G, Differential modulation of unapposed connexin 43 hemichannel electrical
conductance by protein kinase C isoforms, Pflugers Arch 456 (3) (2008) 519-527. [PubMed:
18172602]

[77]. D’Hondt C, Ponsaerts R, Srinivas SP, Vereecke J, Himpens B, Thrombin inhibits intercellular
calcium wave propagation in corneal endothelial cells by modulation of hemichannels and gap
junctions, Invest. Ophthalmol. Vis. Sci 48 (1) (2007) 120-133. [PubMed: 17197525]

[78]. Schalper KA, Palacios-Prado N, Retamal MA, Shoji KF, Martinez AD, Saez JC, Connexin
hemichannel composition determines the FGF-1-induced membrane permeability and free [Ca2]i
responses, Mol. Biol. Cell 19 (8) (2008) 3501-3513. [PubMed: 18495870]

[79]. De Vuyst E, Wang N, Decrock E, De Bock M, Vinken M, Van Moorhem M, Lai C, Culot
M, Rogiers V, Cecchelli R, Naus CC, Evans WH, Leybaert L, Ca(2) regulation of connexin
43 hemichannels in C6 glioma and glial cells, Cell Calcium 46 (3) (2009) 176-187. [PubMed:
19656565]

Cell Signal. Author manuscript; available in PMC 2022 March 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Aietal.

Page 15

[80]. Avendano BC, Montero TD, Chavez CE, von Bernhardi R, Orellana JA, Prenatal exposure to

[81].

[82].

[83].

[84].

[85].

[86].

[87].

[88].

[89].

[90].

[91].

[92].

[93].

[94].

[95].

[96].

inflammatory conditions increases Cx43 and Panx1 unopposed channel opening and activation of
astrocytes in the offspring effect on neuronal survival, Glia 63 (11) (2015) 2058-2072. [PubMed:
26096155]

Kim DY, Kam Y, Koo SK, Joe CO, Gating connexin 43 channels reconstituted in lipid vesicles
by mitogen-activated protein kinase phosphorylation, J. Biol. Chem 274 (9) (1999) 5581-5587.
[PubMed: 10026174]

Riquelme MA, Burra S, Kar R, Lampe PD, Jiang JX, Mitogen-activated protein kinase (MAPK)
activated by prostaglandin E2 phosphorylates connexin 43 and closes osteocytic hemichannels in
response to continuous flow shear stress, J. Biol. Chem 290 (47) (2015) 28321-28328. [PubMed:
26442583]

Warn-Cramer BJ, Lampe PD, Kurata WE, Kanemitsu MY, Loo LW, Eckhart W, Lau

AF, Characterization of the mitogen-activated protein kinase phosphorylation sites on the
connexin-43 gap junction protein, J. Biol. Chem 271 (7) (1996) 3779-3786. [PubMed: 8631994]
Sirnes S, Kjenseth A, Leithe E, Rivedal E, Interplay between PKC and the MAP kinase pathway
in connexin43 phosphorylation and inhibition of gap junction intercellular communication,
Biochem. Biophys. Res. Commun 382 (1) (2009) 41-45. [PubMed: 19258009]

John S, Cesario D, Weiss JN, Gap junctional hemichannels in the heart, Acta Physiol. Scand 179
(1) (2003) 23-31. [PubMed: 12940935]

Ai X, Zhao W, Pogwizd SM, Connexin43 knockdown or overexpression modulates cell coupling
in control and failing rabbit left ventricular myocytes, Cardiovasc. Res 85 (4) (2010) 751-762.
[PubMed: 19880431]

McCain ML, Desplantez T, Geisse NA, Rothen-Rutishauser B, Oberer H, Parker KK, Kleber
AG, Cell-to-cell coupling in engineered pairs of rat ventricular cardiomyocytes: relation between
Cx43 immunofluorescence and intercellular electrical conductance, Am. J. Physiol. Heart Circ.
Physiol 302 (2) (2012) H443-H450. [PubMed: 22081700]

Boulaksil M, Bierhuizen MF, Engelen MA, Stein M, Kok BJ, van Amersfoorth SC, Vos MA,
van Rijen HV, de Bakker JM, van Veen TA, Spatial heterogeneity of Cx43 is an arrhythmogenic
substrate of polymorphic ventricular tachycardias during compensated cardiac hypertrophy in
rats, Front Cardiovasc Med 3 (2016) 5. [PubMed: 26973841]

DeGrande ST, Little SC, Nixon DJ, Wright P, Snyder J, Dun W, Murphy N, Kilic A, Higgins R,
Binkley PF, Boyden PA, Carnes CA, Anderson ME, Hund TJ, Mohler PJ, Molecular mechanisms
underlying cardiac protein phosphatase 2A regulation in heart, J. Biol. Chem 288 (2) (2013)
1032-1046. [PubMed: 23204520]

Totzeck A, Boengler K, van de Sand A, Konietzka I, Gres P, Garcia-Dorado D, Heusch G,
Schulz R, No impact of protein phosphatases on connexin 43 phosphorylation in ischemic
preconditioning, Am. J. Physiol. Heart Circ. Physiol 295 (5) (2008) H2106-H2112. [PubMed:
18835920]

Duthe F, Plaisance I, Sarrouilhe D, Herve JC, Endogenous protein phosphatase 1 runs down gap
junctional communication of rat ventricular myocytes, Am J Physiol Cell Physiol 281 (5) (2001)
C1648-C1656. [PubMed: 11600429]

Brandt H, Lee EY, Killilea SD, A protein inhibitor of rabbit liver phosphorylase phosphatase,
Biochem. Biophys. Res. Commun 63 (4) (1975) 950-956. [PubMed: 165821]

Holmes CF, Campbell DG, Caudwell FB, Aitken A, Cohen P, The protein phosphatases involved
in cellular regulation. Primary structure of inhibitor-2 from rabbit skeletal muscle, Eur. J.
Biochem 155 (1) (1986) 173-182. [PubMed: 3512270]

Huang FL, Glinsmann WH, Separation and characterization of two phosphorylase phosphatase
inhibitors from rabbit skeletal muscle, Eur. J. Biochem 70 (2) (1976) 419-426. [PubMed:
188646]

Roach P, Roach PJ, DePaoli-Roach AA, Phosphoprotein phosphatase inhibitor-2. Identification as
a species of molecular weight 31,000 in rabbit muscle, liver, and other tissues, J. Biol. Chem 260
(10) (1985) 6314-6317. [PubMed: 2987219]

Bruchert N, Mavila N, Boknik P, Baba HA, Fabritz L, Gergs U, Kirchhefer U, Kirchhof P,
Matus M, Schmitz W, DePaoli-Roach AA, Neumann J, Inhibitor-2 prevents protein phosphatase

Cell Signal. Author manuscript; available in PMC 2022 March 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Aietal.

Page 16

1-induced cardiac hypertrophy and mortality, Am. J. Physiol. Heart Circ. Physiol 295 (4) (2008)
H1539-H1546. [PubMed: 18689497]

[97]. Gergs U, Trapp T, Bushnag H, Simm A, Silber RE, Neumann J, Age-dependent protein
expression of serine/threonine phosphatases and their inhibitors in the human cardiac atrium,
Adv Med 2019 (2019) 2675972. [PubMed: 30719459]

[98]. Li M, Makkinje A, Damuni Z, Molecular identification of ILPP2A, a novel potent heat-stable
inhibitor protein of protein phosphatase 2A, Biochemistry 35 (22) (1996) 6998-7002. [PubMed:
8679524]

[99]. Adachi Y, Pavlakis GN, Copeland TD, Identification and characterization of SET, a nuclear
phosphoprotein encoded by the translocation break point in acute undifferentiated leukemia, J.
Biol. Chem 269 (3) (1994) 2258-2262. [PubMed: 8294483]

[100]. Li M, Makkinje A, Damuni Z, The myeloid leukemia-associated protein SET is a potent
inhibitor of protein phosphatase 2A, J. Biol. Chem 271 (19) (1996) 11059-11062. [PubMed:
8626647]

[101]. Jabr RI, Hatch FS, Salvage SC, Orlowski A, Lampe PD, Fry CH, Regulation of gap junction
conductance by calcineurin through Cx43 phosphorylation: implications for action potential
conduction, Pflugers Arch 468 (11-12) (2016) 1945-1955. [PubMed: 27757582]

[102]. Pogwizd SM, Hoyt RH, Saffitz JE, Corr PB, Cox JL, Cain ME, Reentrant and focal mechanisms
underlying ventricular tachycardia in the human heart, Circulation 86 (6) (1992) 1872-1887.
[PubMed: 1451259]

[103]. Ai X, Jiang A, Ke Y, Solaro RJ, Pogwizd SM, Enhanced activation of p21-activated kinase 1
in heart failure contributes to dephosphorylation of connexin 43, Cardiovasc. Res 92 (1) (2011)
106-114. [PubMed: 21727092]

[104]. Coronel R, Wilders R, Verkerk AO, Wiegerinck RF, Benoist D, Bernus O, Electrophysiological
changes in heart failure and their implications for arrhythmogenesis, Biochim. Biophys. Acta
1832 (12) (2013) 2432-2441. [PubMed: 23579069]

[105]. Peters NS, Green CR, Poole-Wilson PA, Severs NJ, Reduced content of connexin43 gap
junctions in ventricular myocardium from hypertrophied and ischemic human hearts, Circulation
88 (3) (1993) 864-875. [PubMed: 8394786]

[106]. Smith JH, Green CR, Peters NS, Rothery S, Severs NJ, Altered patterns of gap junction
distribution in ischemic heart disease. An immunohistochemical study of human myocardium
using laser scanning confocal microscopy, Am. J. Pathol 139 (4) (1991) 801-821. [PubMed:
1656760]

[107]. Betsuyaku T, Nnebe NS, Sundset R, Patibandla S, Krueger CM, Yamada KA, Overexpression
of cardiac connexin45 increases susceptibility to ventricular tachyarrhythmias in vivo, Am. J.
Physiol. Heart Circ. Physiol 290 (1) (2006) H163-H171. [PubMed: 16126808]

[108]. Yamada KA, Rogers JG, Sundset R, Steinberg TH, Saffitz J, Up-regulation of connexin45 in
heart failure, J. Cardiovasc. Electrophysiol 14 (11) (2003) 1205-1212. [PubMed: 14678136]

[109]. Wang X, Gerdes AM, Chronic pressure overload cardiac hypertrophy and failure in guinea
pigs: 11, intercalated disc remodeling, J Mol Cell Cardiol 31 (2) (1999) 333-343. [PubMed:
10093046]

[110]. Herzig S, Neumann J, Effects of serine/threonine protein phosphatases on ion channels in
excitable membranes, Physiol. Rev 80 (1) (2000) 173-210. [PubMed: 10617768]

[111]. Bialojan C, Takai A, Inhibitory effect of a marine-sponge toxin, okadaic acid, on protein
phosphatases. Specificity and kinetics, Biochem. J 256 (1) (1988) 283-290. [PubMed: 2851982]

[112]. Ke Y, Lei M, Solaro RJ, Regulation of cardiac excitation and contraction by p21 activated
kinase-1, Prog. Biophys. Mol. Biol 98 (2-3) (2008) 238-250. [PubMed: 19351515]

[113]. Ke Y, Lei M, Wang X, Solaro RJ, Unique catalytic activities and scaffolding of p21 activated
kinase-1 in cardiovascular signaling, Front. Pharmacol 4 (2013) 116. [PubMed: 24098283]

[114]. Kelly ML, Astsaturov A, Chernoff J, Role of p21-activated kinases in cardiovascular
development and function, Cell. Mol. Life Sci 70 (22) (2013) 4223-4228. [PubMed: 23640572]

[115]. Wang R, Wang Y, Lin WK, Zhang Y, Liu W, Huang K, Terrar DA, Solaro RJ, Wang X, Ke
Y, Lei M, Inhibition of angiotensin ll-induced cardiac hypertrophy and associated ventricular

Cell Signal. Author manuscript; available in PMC 2022 March 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Aietal.

Page 17

arrhythmias by a p21 activated kinase 1 bioactive peptide, Plos One 9 (7) (2014), €101974.
[PubMed: 25014109]

[116]. Ke Y, Wang L, Pyle WG, de Tombe PP, Solaro RJ, Intracellular localization and functional
effects of P21-activated kinase-1 (Pak1) in cardiac myocytes, Circ. Res 94 (2) (2004) 194-200.
[PubMed: 14670848]

[117]. Taglieri DM, Monasky MM, Knezevic I, Sheehan KA, Lei M, Wang X, Chernoff J, Wolska
BM, Ke'Y, Solaro RJ, Ablation of p21-activated kinase-1 in mice promotes isoproterenol-induced
cardiac hypertrophy in association with activation of Erk1/2 and inhibition of protein phosphatase
2A, J. Mol. Cell. Cardiol 51 (6) (2011) 988-996. [PubMed: 21971074]

[118]. Ke Y, Wang X, Jin XY, Solaro RJ, Lei M, PAK1 is a novel cardiac protective signaling
molecule, Front Med 8 (4) (2014) 399-403. [PubMed: 25416031]

[119]. Christ T, Boknik P, Wohrl S, Wettwer E, Graf EM, Bosch RF, Knaut M, Schmitz W,

Ravens U, Dobrev D, L-type Ca2 current downregulation in chronic human atrial fibrillation
is associated with increased activity of protein phosphatases, Circulation 110 (17) (2004) 2651—
2657. [PubMed: 15492323]

[120]. Pathak A, del Monte F, Zhao W, Schultz JE, Lorenz JN, Bodi I, Weiser D, Hahn H, Carr AN,
Syed F, Mavila N, Jha L, Qian J, Marreez Y, Chen G, McGraw DW, Heist EK, Guerrero JL,
DePaoli-Roach AA, Hajjar RJ, Kranias EG, Enhancement of cardiac function and suppression of
heart failure progression by inhibition of protein phosphatase 1, Circ. Res 96 (7) (2005) 756-766.
[PubMed: 15746443]

[121]. Nicolaou P, Rodriguez P, Ren X, Zhou X, Qian J, Sadayappan S, Mitton B, Pathak A, Robbins J,
Hajjar RJ, Jones K, Kranias EG, Inducible expression of active protein phosphatase-1 inhibitor-1
enhances basal cardiac function and protects against ischemia/reperfusion injury, Circ. Res 104
(8) (2009) 1012-1020. [PubMed: 19299645]

[122]. Kirchhefer U, Baba HA, Boknik P, Breeden KM, Mavila N, Bruchert N, Justus I, Matus M,
Schmitz W, Depaoli-Roach AA, Neumann J, Enhanced cardiac function in mice overexpressing
protein phosphatase Inhibitor-2, Cardiovasc. Res 68 (1) (2005) 98-108. [PubMed: 15975567]

[123]. EI-Armouche A, Wittkopper K, Degenhardt F, Weinberger F, Didie M, Melnychenko 1,

Grimm M, Peeck M, Zimmermann WH, Unsold B, Hasenfuss G, Dobrev D, Eschenhagen T,
Phosphatase inhibitor-1-deficient mice are protected from catecholamine-induced arrhythmias
and myocardial hypertrophy, Cardiovasc. Res 80 (3) (2008) 396—406. [PubMed: 18689792]

[124]. Grote-Wessels S, Baba HA, Boknik P, EI-Armouche A, Fabritz L, Gillmann HJ, Kucerova
D, Matus M, Muller FU, Neumann J, Schmitz M, Stumpel F, Theilmeier G, Wohlschlaeger
J, Schmitz W, Kirchhefer U, Inhibition of protein phosphatase 1 by inhibitor-2 exacerbates
progression of cardiac failure in a model with pressure overload, Cardiovasc. Res 79 (3) (2008)
464-471. [PubMed: 18453636]

[125]. Ladilov Y, Maxeiner H, Wolf C, Schafer C, Meuter K, Piper HM, Role of protein phosphatases
in hypoxic preconditioning, Am. J. Physiol. Heart Circ. Physiol 283 (3) (2002) H1092-H1098.
[PubMed: 12181139]

[126]. Wittkopper K, Fabritz L, Neef S, Ort KR, Grefe C, Unsold B, Kirchhof P, Maier LS, Hasenfuss
G, Dobrev D, Eschenhagen T, EI-Armouche A, Constitutively active phosphatase inhibitor-1
improves cardiac contractility in young mice but is deleterious after catecholaminergic stress and
with aging, J. Clin. Invest 120 (2) (2010) 617-626. [PubMed: 20071777]

[127]. Chiang DY, Heck AJ, Dobrev D, Wehrens XH, Regulating the regulator: insights into the
cardiac protein phosphatase 1 interactome, J. Mol. Cell. Cardiol 101 (2016) 165-172. [PubMed:
27663175]

[128]. Chiang DY, Alsina KM, Corradini E, Fitzpatrick M, Ni L, Lahiri SK, Reynolds JO, Pan X, Scott
L Jr., Heck AJR, Wehrens XHT, Rearrangement of the protein phosphatase 1 interactome during
heart failure progression, Circulation 138 (15) (2018) 1569-1581. [PubMed: 29669786]

[129]. Wijnker PJ, Boknik P, Gergs U, Muller FU, Neumann J, dos Remedios C, Schmitz W,
Sindermann JR, Stienen GJ, van der Velden J, Kirchhefer U, Protein phosphatase 2A affects
myofilament contractility in non-failing but not in failing human myocardium, J. Muscle Res.
Cell Motil 32 (3) (2011) 221-233. [PubMed: 21959857]

[130]. Belevych AE, Sansom SE, Terentyeva R, Ho HT, Nishijima Y, Martin MM, Jindal HK, Rochira
JA, Kunitomo Y, Abdellatif M, Carnes CA, Elton TS, Gyorke S, Terentyev D, MicroRNA-1 and

Cell Signal. Author manuscript; available in PMC 2022 March 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Aietal.

Page 18

-133 increase arrhythmogenesis in heart failure by dissociating phosphatase activity from RyR2
complex, Plos One 6 (12) (2011), e28324. [PubMed: 22163007]

[131]. Bhasin N, Cunha SR, Mudannayake M, Gigena MS, Rogers TB, Mohler PJ, Molecular basis
for PP2A regulatory subunit B56alpha targeting in cardiomyocytes, Am. J. Physiol. Heart Circ.
Physiol 293 (1) (2007) H109-H119. [PubMed: 17416611]

[132]. Kirchhefer U, Brekle C, Eskandar J, Isensee G, Kucerova D, Muller FU, Pinet F, Schulte JS,
Seidl MD, Boknik P, Cardiac function is regulated by B56alpha-mediated targeting of protein
phosphatase 2A (PP2A) to contractile relevant substrates, J. Biol. Chem 289 (49) (2014) 33862—
33873. [PubMed: 25320082]

[133]. Little SC, Curran J, Makara MA, Kline CF, Ho HT, Xu Z, Wu X, Polina I, Musa H, Meadows
AM, Carnes CA, Biesiadecki BJ, Davis JP, Weisleder N, Gyorke S, Wehrens XH, Hund TJ,
Mohler PJ, Protein phosphatase 2A regulatory subunit B56alpha limits phosphatase activity in
the heart, Sci. Signal 8 (386) (2015) ra72.

[134]. Pogwizd SM, Corr PB, Reentrant and nonreentrant mechanisms contribute to arrhythmogenesis
during early myocardial ischemia: results using three-dimensional mapping, Circ. Res 61 (3)
(1987) 352-371. [PubMed: 3621498]

[135]. Pogwizd SM, Corr PB, Mechanisms underlying the development of ventricular fibrillation
during early myocardial ischemia, Circ. Res 66 (3) (1990) 672—695. [PubMed: 2306802]

[136]. de Diego C, Pai RK, Chen F, Xie LH, De Leeuw J, Weiss JN, Valderrabano M,
Electrophysiological consequences of acute regional ischemia/reperfusion in neonatal rat
ventricular myocyte monolayers, Circulation 118 (23) (2008) 2330-2337. [PubMed: 19015404]

[137]. Hatanaka K, Kawata H, Toyofuku T, Yoshida K, Down-regulation of connexin43 in early
myocardial ischemia and protective effect by ischemic preconditioning in rat hearts in vivo, Jpn.
Heart J 45 (6) (2004) 1007-1019. [PubMed: 15655276]

[138]. Beardslee MA, Lerner DL, Tadros PN, Laing JG, Beyer EC, Yamada KA, Kleber AG,
Schuessler RB, Saffitz JE, Dephosphorylation and intracellular redistribution of ventricular
connexin43 during electrical uncoupling induced by ischemia, Circ. Res 87 (8) (2000) 656—662.
[PubMed: 11029400]

[139]. Ek-Vitorin JF, King TJ, Heyman NS, Lampe PD, Burt JM, Selectivity of connexin 43 channels
is regulated through protein kinase C-dependent phosphorylation, Circ. Res 98 (12) (2006) 1498—
1505. [PubMed: 16709897]

[140]. Lampe PD, Cooper CD, King TJ, Burt JM, Analysis of Connexin43 phosphorylated at S325,
S328 and S330 in normoxic and ischemic heart, J. Cell Sci 119 (Pt 16) (2006) 3435-3442.
[PubMed: 16882687]

[141]. Solan JL, Marquez-Rosado L, Sorgen PL, Thornton PJ, Gafken PR, Lampe PD,
Phosphorylation at S365 is a gatekeeper event that changes the structure of Cx43 and prevents
down-regulation by PKC, J. Cell Biol 179 (6) (2007) 1301-1309. [PubMed: 18086922]

[142]. Axelsen LN, Stahlhut M, Mohammed S, Larsen BD, Nielsen MS, Holstein-Rathlou NH,
Andersen S, Jensen ON, Hennan JK, Kjolbye AL, Identification of ischemia-regulated
phosphorylation sites in connexin43: A possible target for the antiarrhythmic peptide analogue
rotigaptide (ZP123), J. Mol. Cell. Cardiol 40 (6) (2006) 790-798. [PubMed: 16678851]

[143]. Jeyaraman M, Tanguy S, Fandrich RR, Lukas A, Kardami E, Ischemia-induced
dephosphorylation of cardiomyocyte connexin-43 is reduced by okadaic acid and calyculin a
but not fostriecin, Mol. Cell. Biochem 242 (1-2) (2003) 129-134. [PubMed: 12619875]

[144]. Lakshmikuttyamma A, Selvakumar P, Kakkar R, Kanthan R, Wang R, Sharma RK, Activation
of calcineurin expression in ischemia-reperfused rat heart and in human ischemic myocardium, J.
Cell. Biochem 90 (5) (2003) 987-997. [PubMed: 14624458]

[145]. Sharma RK, Parameswaran S, Calmodulin-binding proteins: a journey of 40 years, Cell Calcium
75 (2018) 89-100. [PubMed: 30205293]

[146]. Jain SK, Schuessler RB, Saffitz JE, Mechanisms of delayed electrical uncoupling induced by
ischemic preconditioning, Circ. Res 92 (10) (2003) 1138-1144. [PubMed: 12730093]

[147]. Papp R, Gonczi M, Kovacs M, Seprenyi G, Vegh A, Gap junctional uncoupling plays a trigger
role in the antiarrhythmic effect of ischaemic preconditioning, Cardiovasc. Res 74 (3) (2007)
396-405. [PubMed: 17362896]

Cell Signal. Author manuscript; available in PMC 2022 March 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Aietal.

Page 19

[148]. Schulz R, Gres P, Skyschally A, Duschin A, Belosjorow S, Konietzka I, Heusch G, Ischemic
preconditioning preserves connexin 43 phosphorylation during sustained ischemia in pig hearts in
vivo, FASEB J 17 (10) (2003) 1355-1357. [PubMed: 12759340]

[149]. Wolf PA, Mitchell JB, Baker CS, Kannel WB, D’Agostino RB, Impact of atrial fibrillation
on mortality, stroke, and medical costs, Arch. Intern. Med 158 (3) (1998) 229-234. [PubMed:
9472202]

[150]. Bordignon S, Chiara Corti M, Bilato C, Atrial fibrillation associated with heart failure, stroke
and mortality, J Atr Fibrillation 5 (1) (2012) 467. [PubMed: 28496747]

[151]. Staerk L, Sherer JA, Ko D, Benjamin EJ, Helm RH, Atrial fibrillation: epidemiology,
pathophysiology, and clinical outcomes, Circ. Res 120 (9) (2017) 1501-1517. [PubMed:
28450367]

[152]. ix Kannel WB Benjamin EJ, Status of the epidemiology of atrial fibrillation, Med Clin North
Am 92 (1) (2008) 17-40. [PubMed: 18060995]

[153]. Kodama S, Saito K, Tanaka S, Horikawa C, Saito A, Heianza Y, Anasako Y, Nishigaki Y, Yachi
Y, lida KT, Ohashi Y, Yamada N, Sone H, Alcohol consumption and risk of atrial fibrillation: a
meta-analysis, J. Am. Coll. Cardiol 57 (4) (2011) 427-436. [PubMed: 21251583]

[154]. Samokhvalov AV, Irving HM, Rehm J, Alcohol consumption as a risk factor for atrial
fibrillation: a systematic review and meta-analysis, Eur J Cardiovasc Prev Rehabil 17 (6) (2010)
706-712. [PubMed: 21461366]

[155]. Rich MW, Epidemiology of atrial fibrillation, J. Interv. Card. Electrophysiol 25 (1) (2009) 3-8.
[PubMed: 19160031]

[156]. Markides V, Peters NS, Mechanisms underlying the development of atrial arrhythmias in heart
failure, Heart Fail. Rev 7 (3) (2002) 243-253. [PubMed: 12215729]

[157]. Andrade J, Khairy P, Dobrev D, Nattel S, The clinical profile and pathophysiology of atrial
fibrillation: relationships among clinical features, epidemiology, and mechanisms, Circ. Res 114
(9) (2014) 1453-1468. [PubMed: 24763464]

[158]. Heeringa J, van der Kuip DA, Hofman A, Kors JA, van Herpen G, Stricker BH, Stijnen T, Lip
GY, Witteman JC, Prevalence, incidence and lifetime risk of atrial fibrillation: the Rotterdam
study, Eur. Heart J 27 (8) (2006) 949-953. [PubMed: 16527828]

[159]. Landstrom AP, Dobrev D, Wehrens XHT, Calcium signaling and cardiac arrhythmias, Circ. Res
120 (12) (2017) 1969-1993. [PubMed: 28596175]

[160]. Wakili R, Voigt N, Kaab S, Dobrev D, Nattel S, Recent advances in the molecular
pathophysiology of atrial fibrillation, J. Clin. Invest 121 (8) (2011) 2955-2968. [PubMed:
21804195]

[161]. McCauley MD, Hong L, Sridhar A, Menon A, Perike S, Zhang M, da Silva IB, Yan J, Bonini
MG, Ai X, Rehman J, Darbar D, lon channel and structural remodeling in obesity-mediated atrial
fibrillation, Circ. Arrhythm. Electrophysiol 13 (8) (2020), e008296. [PubMed: 32654503]

[162]. Igarashi T, Finet JE, Takeuchi A, Fujino Y, Strom M, Greener ID, Rosenbaum DS, Donahue JK,
Connexin gene transfer preserves conduction velocity and prevents atrial fibrillation, Circulation
125 (2) (2012) 216-225. [PubMed: 22158756]

[163]. Nattel S, Burstein B, Dobrev D, Atrial remodeling and atrial fibrillation: mechanisms and
implications, Circ. Arrhythm. Electrophysiol 1 (1) (2008) 62—73. [PubMed: 19808395]

[164]. Nattel S, Heijman J, Zhou L, Dobrev D, Molecular basis of atrial fibrillation pathophysiology
and therapy: a translational perspective, Circ. Res 127 (1) (2020) 51-72. [PubMed: 32717172]

[165]. Yan J, Thomson JK, Zhao W, Gao X, Huang F, Chen B, Liang Q, Song LS, Fill M, Ai X,

Role of stress kinase JNK in binge alcohol-evoked atrial arrhythmia, J. Am. Coll. Cardiol 71 (13)
(2018) 1459-1470. [PubMed: 29598867]

[166]. Yan J, Zhao W, Thomson JK, Gao X, DeMarco DM, Carrillo E, Chen B, Wu X, Ginsburg KS,
Bakhos M, Bers DM, Anderson ME, Song LS, Fill M, Ai X, Stress signaling JNK2 crosstalk
with CaMKII underlies enhanced atrial arrhythmogenesis, Circ. Res 122 (6) (2018) 821-835.
[PubMed: 29352041]

[167]. Yan J, Bare DJ, DeSantiago J, Zhao W, Mei Y, Chen Z, Ginsburg KS, Solaro RJ, Wolska BM,
Bers DM, Chen SW, Ai X, JNK2, a newly-identified SERCA2 enhancer, augments an arrhythmic
[Ca(2)]SR leak-load relationship, Circ. Res 128 (4) (2021) 455-470. [PubMed: 33334123]

Cell Signal. Author manuscript; available in PMC 2022 March 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Aietal.

Page 20

[168]. Liu Z, Finet JE, Wolfram JA, Anderson ME, Ai X, Donahue JK, Calcium/calmodulin-dependent
protein kinase Il causes atrial structural remodeling associated with atrial fibrillation and heart
failure, Heart Rhythm 16 (7) (2019) 1080-1088. [PubMed: 30654134]

[169]. Molina CE, Abu-Taha IH, Wang Q, Rosello-Diez E, Kamler M, Nattel S, Ravens U, Wehrens
XHT, Hove-Madsen L, Heijman J, Dobrev D, Profibrotic, electrical, and calcium-handling
remodeling of the atria in heart failure patients with and without atrial fibrillation, Front. Physiol
9 (2018) 1383. [PubMed: 30356673]

[170]. Lahiri SK, Aguilar-Sanchez Y, Wehrens XHT, Mechanisms underlying pathological Ca(2+)
handling in diseases of the heart, Pflugers Arch 473 (3) (2021) 331-347. [PubMed: 33399957]

[171]. Kanagaratnam P, Rothery S, Patel P, Severs NJ, Peters NS, Relative expression of
immunolocalized connexins 40 and 43 correlates with human atrial conduction properties, J.
Am. Coll. Cardiol 39 (1) (2002) 116-123. [PubMed: 11755296]

[172]. Saffitz JE, Davis LM, Darrow BJ, Kanter HL, Laing JG, Beyer EC, The molecular basis of
anisotropy: role of gap junctions, J. Cardiovasc. Electrophysiol 6 (6) (1995) 498-510. [PubMed:
7551319]

[173]. van der Velden HM, Ausma J, Rook MB, Hellemons AJ, van Veen TA, Allessie MA, Jongsma
HJ, Gap junctional remodeling in relation to stabilization of atrial fibrillation in the goat,
Cardiovasc. Res 46 (3) (2000) 476-486. [PubMed: 10912458]

[174]. Duffy HS, Wit AL, Is there a role for remodeled connexins in AF? No simple answers, J Mol
Cell Cardiol 44 (1) (2008) 4-13. [PubMed: 17935733]

[175]. Kato T, Iwasaki YK, Nattel S, Connexins and atrial fibrillation: filling in the gaps, Circulation
125 (2) (2012) 203-206. [PubMed: 22158757]

[176]. Yan J, Thomson JK, Wu X, Zhao W, Pollard AE, Ai X, Novel methods of automated
quantification of gap junction distribution and interstitial collagen quantity from animal and
human atrial tissue sections, Plos One 9 (8) (2014), e104357. [PubMed: 25105669]

[177]. Greener ID, Sasano T, Wan X, lgarashi T, Strom M, Rosenbaum DS, Donahue JK, Connexin43
gene transfer reduces ventricular tachycardia susceptibility after myocardial infarction, J. Am.
Coll. Cardiol 60 (12) (2012) 1103-1110. [PubMed: 22883636]

[178]. Karin M, Gallagher E, From JNK to pay dirt: Jun kinases, their biochemistry, physiology and
clinical importance, IUBMB Life 57 (4-5) (2005) 283-295. [PubMed: 16036612]

[179]. Theodosiou A, Ashworth A, Differential effects of stress stimuli on a JNK-inactivating
phosphatase, Oncogene 21 (15) (2002) 2387-2397. [PubMed: 11948422]

[180]. Xie P, Guo S, Fan Y, Zhang H, Gu D, Li H, Atrogin-1/MAFbx enhances simulated ischemia/
reperfusion-induced apoptosis in cardiomyocytes through degradation of MAPK phosphatase-1
and sustained JNK activation, J. Biol. Chem 284 (9) (2009) 5488-5496. [PubMed: 19117950]

[181]. Rucker-Martin C, Milliez P, Tan S, Decrouy X, Recouvreur M, Vranckx R, Delcayre C, Renaud
JF, Dunia I, Segretain D, Hatem SN, Chronic hemodynamic overload of the atria is an important
factor for gap junction remodeling in human and rat hearts, Cardiovasc. Res 72 (1) (2006) 69-79.
[PubMed: 16839528]

[182]. Meyer-Roxlau S, Lammle S, Opitz A, Kunzel S, Joos JP, Neef S, Sekeres K, Sossalla S,
Schondube F, Alexiou K, Maier LS, Dobrev D, Guan K, Weber S, ElI-Armouche A, Differential
regulation of protein phosphatase 1 (PP1) isoforms in human heart failure and atrial fibrillation,
Basic Res. Cardiol 112 (4) (2017) 43. [PubMed: 28597249]

[183]. El-Armouche A, Boknik P, Eschenhagen T, Carrier L, Knaut M, Ravens U, Dobrev D,
Molecular determinants of altered Ca2 handling in human chronic atrial fibrillation, Circulation
114 (7) (2006) 670-680. [PubMed: 16894034]

[184]. Swingle M, Ni L, Honkanen RE, Small-molecule inhibitors of ser/thr protein phosphatases:
specificity, use and common forms of abuse, Methods Mol. Biol 365 (2007) 23-38.

[185]. Walsh AH, Cheng A, Honkanen RE, Fostriecin, an antitumor antibiotic with inhibitory activity
against serine/threonine protein phosphatases types 1 (PP1) and 2A (PP2A), is highly selective
for PP2A, FEBS Lett 416 (3) (1997) 230-234. [PubMed: 9373158]

[186]. Armstrong SC, Gao W, Lane JR, Ganote CE, Protein phosphatase inhibitors calyculin a and
fostriecin protect rabbit cardiomyocytes in late ischemia, J. Mol. Cell. Cardiol 30 (1) (1998)
61-73. [PubMed: 9500865]

Cell Signal. Author manuscript; available in PMC 2022 March 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Aietal.

Page 21

[187]. Armstrong SC, Kao R, Gao W, Shivell LC, Downey JM, Honkanen RE, Ganote CE,
Comparison of in vitro preconditioning responses of isolated pig and rabbit cardiomyocytes:
effects of a protein phosphatase inhibitor, fostriecin, J. Mol. Cell. Cardiol 29 (11) (1997) 3009-
3024. [PubMed: 9405176]

[188]. Weinbrenner C, Baines CP, Liu GS, Armstrong SC, Ganote CE, Walsh AH, Honkanen RE,
Cohen MV, Downey JM, Fostriecin, an inhibitor of protein phosphatase 2A, limits myocardial
infarct size even when administered after onset of ischemia, Circulation 98 (9) (1998) 899-905.
[PubMed: 9738645]

[189]. Lewy DS, Gauss CM, Soenen DR, Boger DL, Fostriecin: chemistry and biology, Curr. Med.
Chem 9 (22) (2002) 2005-2032. [PubMed: 12369868]

[190]. Palaniappan N, Kim BS, Sekiyama Y, Osada H, Reynolds KA, Enhancement and selective
production of phoslactomycin B, a protein phosphatase Ila inhibitor, through identification and
engineering of the corresponding biosynthetic gene cluster, J. Biol. Chem 278 (37) (2003)
35552-35557. [PubMed: 12819191]

[191]. Le LH, Erlichman C, Pillon L, Thiessen JJ, Day A, Wainman N, Eisenhauer EA, Moore MJ,
Phase | and pharmacokinetic study of fostriecin given as an intravenous bolus daily for five
consecutive days, Investig. New Drugs 22 (2) (2004) 159-167. [PubMed: 14739664]

[192]. D’Arcy BM, Prakash A, Honkanen RE, Targeting phosphatases in cancer: suppression of many
versus the ablation of one, Oncotarget 10 (61) (2019) 6543-6545. [PubMed: 31762936]

[193]. Maggio D, Ho WS, Breese R, Walbridge S, Wang H, Cui J, Heiss JD, Gilbert MR, Kovach
JS, Lu RO, Zhuang Z, Inhibition of protein phosphatase-2A with LB-100 enhances antitumor
immunity against glioblastoma, J. Neuro-Oncol 148 (2) (2020) 231-244.

[194]. Ho WS, Wang H, Maggio D, Kovach JS, Zhang Q, Song Q, Marincola FM, Heiss JD, Gilbert
MR, Lu R, Zhuang Z, Pharmacologic inhibition of protein phosphatase-2A achieves durable
immune-mediated antitumor activity when combined with PD-1 blockade, Nat. Commun 9 (1)
(2018) 2126. [PubMed: 29844427]

[195]. Lin X, Zemlin C, Hennan JK, Petersen JS, Veenstra RD, Enhancement of ventricular gap-
junction coupling by rotigaptide, Cardiovasc. Res 79 (3) (2008) 416—426. [PubMed: 18430749]

[196]. Clarke TC, Thomas D, Petersen JS, Evans WH, Martin PE, The antiarrhythmic peptide
rotigaptide (ZP123) increases gap junction intercellular communication in cardiac myocytes
and Hel a cells expressing connexin 43, Br. J. Pharmacol 147 (5) (2006) 486-495. [PubMed:
16415913]

[197]. Dhein S, Manicone N, Muller A, Gerwin R, Ziskoven U, Irankhahi A, Minke C, Klaus W, A
new synthetic antiarrhythmic peptide reduces dispersion of epicardial activation recovery interval
and diminishes alterations of epicardial activation patterns induced by regional ischemia. A
mapping study, Naunyn Schmiedeberg’s Arch. Pharmacol 350 (2) (1994) 174-184. [PubMed:
7990974]

[198]. Ng FS, Kalindjian JM, Cooper SA, Chowdhury RA, Patel PM, Dupont E, Lyon AR, Peters
NS, Enhancement of gap junction function during acute myocardial infarction modifies healing
and reduces late ventricular arrhythmia susceptibility, JACC Clin Electrophysiol 2 (5) (2016)
574-582. [PubMed: 27807593]

[199]. Laurent G, Leong-Poi H, Mangat |, Moe GW, Hu X, So PP, Tarulli E, Ramadeen A, Rossman
El, Hennan JK, Dorian P, Effects of chronic gap junction conduction-enhancing antiarrhythmic
peptide GAP-134 administration on experimental atrial fibrillation in dogs, Circ. Arrhythm.
Electrophysiol 2 (2) (2009) 171-178. [PubMed: 19808462]

[200]. Ueda N, Yamamoto M, Honjo H, Kodama I, Kamiya K, The role of gap junctions in stretch-
induced atrial fibrillation, Cardiovasc. Res 104 (2) (2014) 364-370. [PubMed: 25183791]
[201]. Macia E, Dolmatova E, Cabo C, Sosinsky AZ, Dun W, Coromilas J, Ciaccio EJ, Boyden PA,
Wit AL, Duffy HS, Characterization of gap junction remodeling in epicardial border zone of
healing canine infarcts and electrophysiological effects of partial reversal by rotigaptide, Circ.

Arrhythm. Electrophysiol 4 (3) (2011) 344-351. [PubMed: 21493965]

[202]. Rossman El, Liu K, Morgan GA, Swillo RE, Krueger JA, Gardell SJ, Butera J, Gruver M,
Kantrowitz J, Feldman HS, Petersen JS, Haugan K, Hennan JK, The gap junction modifier,
GAP-134 [(2S,4R)-1-(2-aminoacetyl)-4-benzamido-pyrrolidine-2-carboxylic acid], improves

Cell Signal. Author manuscript; available in PMC 2022 March 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Aietal.

Page 22

conduction and reduces atrial fibrillation/flutter in the canine sterile pericarditis model, J.
Pharmacol. Exp. Ther 329 (3) (2009) 1127-1133. [PubMed: 19252062]

[203]. Zhong JQ, Laurent G, So PP, Hu X, Hennan JK, Dorian P, Effects of rotigaptide, a gap junction
modifier, on defibrillation energy and resuscitation from cardiac arrest in rabbits, J. Cardiovasc.
Pharmacol. Ther 12 (1) (2007) 69-77. [PubMed: 17495260]

[204]. Shiroshita-Takeshita A, Sakabe M, Haugan K, Hennan JK, Nattel S, Model-dependent
effects of the gap junction conduction-enhancing antiarrhythmic peptide rotigaptide (ZP123) on
experimental atrial fibrillation in dogs, Circulation 115 (3) (2007) 310-318. [PubMed: 17224477]

[205]. Guerra JM, Lee KW Everett T.H.t. Wilson E, Effects of the gap junction modifier rotigaptide
(ZP123) on atrial conduction and vulnerability to atrial fibrillation, Circulation 114 (2) (2006)
110-118. [PubMed: 16818812]

[206]. Xing D, Kjolbye AL, Nielsen MS, Petersen JS, Harlow KW, Holstein-Rathlou NH, Martins
JB, ZP123 increases gap junctional conductance and prevents reentrant ventricular tachycardia
during myocardial ischemia in open chest dogs, J. Cardiovasc. Electrophysiol 14 (5) (2003)
510-520. [PubMed: 12776869]

[207]. Terentyev D, Belevych AE, Terentyeva R, Martin MM, Malana GE, Kuhn DE, Abdellatif
M, Feldman DS, Elton TS, Gyorke S, miR-1 overexpression enhances Ca(2) release and
promotes cardiac arrhythmogenesis by targeting PP2A regulatory subunit B56alpha and causing
CaMKII-dependent hyperphosphorylation of RyR2, Circ. Res 104 (4) (2009) 514-521. [PubMed:
19131648]

[208]. Calderon JF, Retamal MA, Regulation of connexins expression levels by MicroRNAs, an
update, Front. Physiol 7 (2016) 558. [PubMed: 27932990]

[209]. Curcio A, Torella D, laconetti C, Pasceri E, Sabatino J, Sorrentino S, Giampa S, Micieli
M, Polimeni A, Henning BJ, Leone A, Catalucci D, Ellison GM, Condorelli G, Indolfi
C, MicroRNA-1 downregulation increases connexin 43 displacement and induces ventricular
tachyarrhythmias in rodent hypertrophic hearts, Plos One 8 (7) (2013), e70158. [PubMed:
23922949]

[210]. Kim GH, MicroRNA regulation of cardiac conduction and arrhythmias, Transl. Res 161 (5)
(2013) 381-392. [PubMed: 23274306]

[211]. Yang B, Lin H, Xiao J, Lu Y, Luo X, Li B, Zhang Y, Xu C, Bai Y, Wang H, Chen G, Wang
Z, The muscle-specific microRNA miR-1 regulates cardiac arrhythmogenic potential by targeting
GJAL and KCNJ2, Nat. Med 13 (4) (2007) 486—-491. [PubMed: 17401374]

[212]. Reaume AG, de Sousa PA, Kulkarni S, Langille BL, Zhu D, Davies TC, Juneja SC, Kidder
GM, Rossant J, Cardiac malformation in neonatal mice lacking connexin43, Science 267 (5205)
(1995) 1831-1834. [PubMed: 7892609]

[213]. Gourdie RG, The cardiac gap junction has discrete functions in electrotonic and ephaptic
coupling, Anat Rec (Hoboken) 302 (1) (2019) 93-100. [PubMed: 30565418]

[214]. Hoagland DT, Santos W, Poelzing S, Gourdie RG, The role of the gap junction perinexus in
cardiac conduction: potential as a novel anti-arrhythmic drug target, Prog. Biophys. Mol. Biol
144 (2019) 41-50. [PubMed: 30241906]

[215]. Veeraraghavan R, Lin J, Hoeker GS, Keener JP, Gourdie RG, Poelzing S, Sodium channels in
the Cx43 gap junction perinexus may constitute a cardiac ephapse: an experimental and modeling
study, Pflugers Arch 467 (10) (2015) 2093-2105. [PubMed: 25578859]

[216]. Veeraraghavan R, Hoeker GS, Alvarez-Laviada A, Hoagland D, Wan X, King DR, Sanchez-
Alonso J, Chen C, Jourdan J, Isom LL, Deschenes I, Smyth JW, Gorelik J, Poelzing S, Gourdie
RG, The adhesion function of the sodium channel beta subunit (betal) contributes to cardiac
action potential propagation, elife 7 (2018).

[217]. Entz M 2nd, George SA, Zeitz MJ, Raisch T, Smyth JW, Poelzing S, Heart rate and extracellular
sodium and potassium modulation of gap junction mediated conduction in guinea pigs, Front.
Physiol 7 (2016) 16. [PubMed: 26869934]

[218]. Hoeker GS, James CC, Tegge AN, Gourdie RG, Smyth JW, Poelzing S, Attenuating loss of
cardiac conduction during no-flow ischemia through changes in perfusate sodium and calcium,
Am. J. Physiol. Heart Circ. Physiol 319 (2) (2020) H396—-H409. [PubMed: 32678707]

Cell Signal. Author manuscript; available in PMC 2022 March 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Aietal.

Page 23

[219]. George SA, Calhoun PJ, Gourdie RG, Smyth JW, Poelzing S, TNFalpha modulates cardiac
conduction by altering electrical coupling between Myocytes, Front. Physiol 8 (2017) 334.
[PubMed: 28588504]

Cell Signal. Author manuscript; available in PMC 2022 March 29.



	Abstract
	Introduction
	Connexin expression and phosphorylation in the heart
	Phosphatases and Cx43 channel function
	Phosphatases and Cx43 in heart failure
	Phosphatases and Cx43 in myocardial ischemia
	Phosphatases and Cx43 in atrial fibrillation
	Therapeutic implications of phosphatase modulation on Cx43 and future studies
	References

