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Abstract

Gap junctions (GJs) allow direct communication between cells. In the heart, GJs mediate the
electrical coupling of cardiomyocytes and as such dictate the speed and direction of cardiac
conduction. A prominent feature of acquired structural heart disease is remodeling of GJ protein
expression and localization concomitant with increased susceptibility to lethal arrhythmias,
leading many to hypothesize that the two are causally linked. Detailed understanding of the
cellular mechanisms that regulate GJ localization and function within cardiomyocytes may
therefore uncover potential therapeutic strategies for a significant clinical problem. This review
will outline our current understanding of GJ cell biology with the intent of highlighting cellular
mechanisms responsible for GJ remodeling associated with cardiac disease.
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INTRODUCTION

Disturbances in electrical propagation are a hallmark of many acquired heart diseases, such
as ischemic cardiomyopathy and heart failure, and are associated with an increased
prevalence of cardiac arrhythmias, resulting in sudden cardiac death. A common
electrophysiological feature of failing myocardium is a decrease in conduction velocity (CV)
that can serve as a substrate for reentry, causing potentially lethal ventricular arrhythmias.
Gap junctions (GJs) are specialized cell—cell contacts that mediate conduction in the heart.
The tight correlation between decreased CV and remodeling of GJ protein expression, post-
translational modifications and localization with cardiac disease, has led many to
hypothesize that GJ remodeling plays a causative role in the decrease in CV and the
generation of arrhythmias. Consistent with this hypothesis are studies that demonstrate a
high incidence of lethal cardiac arrhythmias upon genetic disruption of connexin 43 (Cx43),
the primary GJ-forming protein of the working myocardium.1=3 To fully understand the role
that GJ remodeling plays in diseased hearts, it is essential to understand the molecular and
cellular mechanisms by which intercellular communication through GJs is regulated.
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This review will outline key features of GJ remodeling associated with cardiac disease,
followed by a detailed discussion of our current mechanistic understanding of the GJ life
cycle. We will begin with a description of GJ structure and function followed by a brief
discussion of the relationship between changes in GJ function and structural heart disease.
We will then provide an outline of the steps involved in the assembly and targeting, as well
as internalization and degradation of GJs. Particular emphasis will be placed on Cx43
because it is the most widely studied and the primary connexin in ventricular myocardium.

GJs form low-resistance pores between cells and are composed of protein subunits called
connexins of which there are up to 21 different types in humans (Fig. 1A). In addition to
Cx43, at least four other connexins are present in the heart, Cx30.2, Cx37, Cx40, and Cx45.
These different connexins exhibit distinct regional, cell type—specific, and heart chamber—
specific expression patterns including endothelial cells and specialized conduction tissues.
Connexins are transmembrane proteins with four membrane-spanning helices (Fig. 1B) and
can oligomerize into hexameric channels called connexons. Connexons composed of a
single type of connexin are called homomeric connexons, whereas those made of more than
one type of connexin are called heteromeric connexons (Fig. 1C). GJ channels are formed
when two apposing cells each contribute a single connexon that dock together in the
extracellular space.* GJ channels formed from two identical connexons are called homotypic
channels, whereas those formed by two different connexons are called heterotypic channels
(Fig. 1C). GJ channels cluster together into semicrystalline arrays ranging from tens to
thousands of channels, forming GJ plaques (Fig. 1D). Once formed, GJs allow the exchange
of ions and small molecules between the coupled cells. Depending on the isoforms of
connexin forming the GJ channels, the conductance and selectivity may vary.® Furthermore,
GJ channels can open and close in response to a variety of physiological stimuli including
voltage, ionic concentrations, pH, and local lipid and protein interactions, with different
connexins exhibiting distinct gating properties. The enormous diversity in GJ channel
function allows for the possibility of fine-tuning intercellular coupling.

A remarkable feature of GJs is the extremely rapid time course with which they progress
through their life cycle relative to most integral membrane proteins. Most connexins have
half-lives on the order of 1-3 hours, and such rapid kinetics necessitate highly coordinated
and tightly regulated trafficking mechanisms.® The constitutive GJ life cycle involves
multiple steps, including connexin synthesis and oligomerization, hemichannel translocation
to the plasma membrane (PM) for incorporation into GJs, and subsequent removal from the
PM and degradation with continuous intercellular coupling being maintained.

GJ REMODELING IN DISEASED HEARTS

A wide variety of cardiac diseases are associated with remodeling of GJs.” Although the
etiologies of the cardiac diseases associated with GJ remodeling are diverse, the nature of
the remodeling among them shares common features. In healthy cardiac tissue, GJs are
typically located at the region of contact between cardiomyocyte cell ends, called the
intercalated disk (ID), with only occasional connexin expression occurring at cardiomyocyte
lateral membranes. It is this preferential formation of GJs at the ID that is the basis for
anisotropic conduction in the heart. A common immuno-histochemical finding in diseased
myocardium is a redistribution of Cx43 protein to the lateral border of cardiomyocytes
(referred to as lateralized GJs) (Fig. 2). Often accompanying this redistribution is an overall
decrease in total tissue Cx43 expression levels. It is the combined decrease in Cx43
expression and redistribution of Cx43 localization to cardiomyocyte lateral membranes that
has been hypothesized to directly contribute to the reduced ventricular CV associated with
structural heart disease.8:° Furthermore, heterogeneities in Cx43 expression across the
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ventricular wall have been demonstrated to contribute to the development of reentrant
arrhythmias in failing hearts.10:11

Moreover, decreased ventricular CV is a key electro-physiological feature of diseased
myocardium that increases the susceptibility to the development of ventricular arrhythmias
associated with sudden cardiac death. In the next section, we describe essential features of
the GJ life cycle from a cell biological perspective. For a more complete description of GJ
remodeling as it relates specifically to heart disease, readers are urged to consult recent
excellent reviews on the subject.”+12

GJ ASSEMBLY: ENDOPLASMIC RETICULUM TO GOLGI APPARATUS

Like most integral membrane proteins, connexins are cotranslationally inserted into the
endoplasmic reticulum (ER) membrane for transport through the secretory pathway. To
form hemichannels, connexins must oligomerize into hexamers at a particular stage along
the secretory pathway, and isoform-specific differences exist in the stage at which
oligomerization occurs. For example, Cx32 will oligomerize in the ER and/or the ER-Golgi
intermediate compartment, whereas Cx43 oligomerizes later in the secretory pathway in the
trans-Golgi network (TGN).13~1° The absence of Cx43 oligomerization in the ER is
consistent with the presence of a quality control mechanism that prevents oligomerization
before the TGN. There is also evidence that specific structural determinants exist within
connexins that determine the stage at which they will oligomerize and define their
compatibility for oligomerization with other connexins.1> The oligomerization of connexins
is essential for normal functional expression because disease-causing mutations have been
identified that prevent the oligomerization of connexins, thus causing their destruction by
the ER-associated degradation (ERAD) pathway.16-18

The mechanisms that regulate the transport of connexins early in the secretory pathway are
virtually unknown. Only a few proteins have been identified that interact with connexins to
regulate their transport within the secretory pathway. A novel Cx43-interacting protein
(CIP75) was identified in a yeast two-hybrid screen using the Cx43 C-terminus (CT) as bait.
19 CIP75 is a ubiquitin-like/ubiquitin-associated domain-containing Cx43-interacting protein
with a molecular weight of 75 kDa that regulates the turnover of Cx43 early in the secretory
pathway via ERAD (see section on GJ Internalization and Degradation below for further
discussion of CIP75). Another recent study has suggested that the small guanosine
triphosphatase (GTPase) Rab20 is a potential regulator of Cx43 trafficking between the ER
and Golgi apparatus.2% In a mammalian cell-based expression screen, Rab20 was
demonstrated to rescue aberrant ER exit and oligomerization of Cx43 containing a dibasic
ER retention motif. Over-expression of this ER-retained Cx43 mutant resulted in saturation
of the retention mechanism, resulting in ER exit and Cx43 localization within a perinuclear
Golgi compartment. Overexpression of Rab20 was able to prevent this Golgi localization
and revert Cx43 back to a primarily ER localization. Furthermore, in cells expressing wild-
type Cx43, overexpression of Rab20 resulted in ER retention and prevention of trafficking
to the PM. This study suggests that Rab20 plays a role in the quality control pathway,
regulating ER exit and forward trafficking of Cx43. Whether or not other mechanisms exist
that control the rate of flux through the secretory pathway, as well as how these mechanisms
might be regulated in different cellular conditions, requires further study.

GJ ASSEMBLY: GOLGI APPARATUS TO THE PLASMA MEMBRANE

Connexins are transported through the Golgi apparatus and ultimately packaged into
transport vesicles in the TGN for delivery to the PM. The mechanisms regulating the
appropriate packaging of connexins into transport vesicles, as well as connexin vesicle
delivery, and dynamics at the PM are incompletely understood. Studies have demonstrated
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the formation of pleomorphic post-Golgi vesicles, which deliver connexins to the PM, 21723
Cx43 has been shown to bind directly to microtubules,?42% and pharmacological disruption
of microtubules seems to disrupt the efficiency of Cx43 delivery to the PM but not inhibit
the process altogether.26 A recent study by Shaw et al?’” demonstrated the direct delivery of
Cx43 vesicles to adherens junctions (AJs) via microtubules. The authors suggest a
mechanism whereby Cx43 vesicles are “hooked” onto microtubules by a protein complex
including the microtubule plus-end capping protein EB1. This protein complex is proposed
to track Cx43 vesicles along a particular microtubular path that inserts at sites of AJ
formation, which provide strong mechanical coupling between cells. This model contrasts
with the prevailing model of connexin delivery to the PM, which proposes that connexons
are delivered to regions of unapposed PM where they are free to diffuse in the plane of the
membrane. Laterally diffusing connexons will then coalesce with the edges of existing GJs
where they dock with connexons from opposing cells to form new GJ channels. It is possible
that some combination of the two models exists.

There is mounting evidence that connexons acting as hemichannels in the PM mediate
exchange between the cytoplasm and the extracellular space.28 For example, a widely
studied role for hemichannels is the release of intracellular ATP, which can mediate both
autocrine and paracrine signaling.29:30 Different mechanisms may therefore exist for
delivery of connexons to the PM depending on whether they are to function as hemichannels
or to be incorporated into GJs. Regardless of the mechanism of delivery, it seems that
connexons are added to growing GJs around the plaque periphery. This phenomenon was
elegantly shown by Gaietta et al3! using Cx43 with genetically encoded tetracysteine tags
linked to the CT, which bind to the biarsenical fluorescent dyes FIAsH (green) and ReAsH
(red). Using temporally separated dual color labeling and fluorescent microscopy, the
authors were able to demonstrate the addition of newly synthesized Cx43 to the periphery of
GJ plaques, whereas older Cx43 was confined to the center of GJ plaques and subsequently
internalized into one cell.

GJ DYNAMICS AT THE PM: ROLE OF MECHANICAL JUNCTIONS

An emerging theme is the requirement for intact mechanical junctions (Table 1) between
cells for proper GJ formation and maintenance. An important role has been demonstrated for
the tight junction protein zonula-occludens 1 (ZO-1) in regulating GJ function. ZO-1 is a
PDZ domain containing scaffolding protein originally identified as a component of tight
junctions in polarized epithelial cells.32 Cx43 has been shown to bind directly to the second
PDZ domain of ZO-1 via its CT PDZ binding motif.33:34 Studies have suggested that ZO-1
regulates the accrual of Cx43 into the periphery of GJ plaques and that the Cx43/Z0-1
interaction is important for regulating GJ size.3>:36 Furthermore, the ZO-1/Cx43 interaction
seems to be involved in the pathogenic remodeling of GJs associated with diseased hearts.
3740 |n addition to Cx43, ZO-1 has been shown to bind and regulate the function of
multiple other connexins, including Cx35,4! Cx36,42 Cx45,43 Cx47,%4 and Cx50.4°

AJ proteins, as well as AJs themselves, have been demonstrated to play a role in the
formation of GJs. Application of Fab fragments of antibodies to N-cadherin, an AJ protein,
inhibited the formation of GJs between cultured lens cells.*® Shaw et al showed that AJs
were required for the targeted delivery of Cx43 to the PM. Disruption of beta-catenin or
p150(Glued), another AJ protein, by small interfering RNA (siRNA) knockdown or
blocking homophilic N-cadherin interactions with a blocking peptide resulted in reduced GJ
formation in HelLa cells transfected with Cx43-YFP.27 Another study demonstrated
inhibition of Cx43 trafficking to the cell surface upon siRNA knockdown of N-cadherin in
NIH 3T3 cells* and cardiac specific loss of N-cadherin resulted in arrhythmogenic sudden
cardiac death due to conduction slowing and GJ remodeling.#8:49 Cardiac-restricted deletion
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of vinculin, a protein that mediates actin anchoring to the PM and is involved in
extracellular membrane adhesion, also resulted in remodeling of GJs and promoted lethal
ventricular arrhythmias.>0

Functioning desmosomes are required for efficient GJ formation. Knockdown of the
desmosomal protein plakophilin-2 by RNA interference in cultured neonatal rat ventricular
myocytes resulted in an inhibition of GJ formation and intercellular communication.®?
Furthermore, a transgenic mouse model of a desmin-related cardiomyopathy exhibited
impaired GJ formation and a significant decrease in ventricular CV.52 Arrhythmogenic right
ventricular dysplasia/cardiomyopathy (ARVD/C) is a structural heart disease predominantly
of the right ventricle with a high incidence of ventricular arrhythmias causing sudden
cardiac death. ARVD/C is commonly caused by mutations in desmosomal proteins, such as
plakoglobin, plakophilin, and desmoplakin,® and altered desmosomal protein localization
may in fact serve as a specific diagnostic of ARVD/C.>* Remodeling of GJs has been
reported in ARVD/C and may in part explain the electrophysiological phenotype of this
desmosomal disease.>4—°7

In addition to mechanical junctions stabilizing GJs at the PM, phosphorylated inositol lipids
have recently been shown to be important for regulating the function of Cx43-based GJs.58
Phosphatidylinositol 4,5-bisphosphate (P1P) hydrolysis at the PM results in closure of GJs,
thus explaining the mechanism by which phopholipase C beta (PLCP) activation by Gayg
protein—coupled receptors causes rapid inhibition of GJ communication. The authors
demonstrate that ZO-1 is required for PIP,-associated GJ channel closure and propose that
scaffolding by ZO-1 forms a complex between Cx43 (via the ZO-1 PDZ2 domain) and
PLCp3 (via the ZO-1 PDZ3 domain), thereby creating a local pool of PLCB3 near Cx43
poised to mediate PIP, hydrolysis. This model assumes an interaction (either direct or
indirect) between PIP, and the region in Cx43 responsible for GJ gating, although the nature
of this interaction remains to be identified.

GJ INTERNALIZATION AND DEGRADATION

The rapid turnover kinetics of GJs implies a tightly regulated mechanism of GJ
internalization and degradation. GJs are removed from the PM by a unique cellular process,
whereby entire GJ plaques are engulfed into 1 of the 2 cells of communicating cell pairs
(Fig. 3). GJ internalization requires significant membrane perturbations, which likely
employ distinct cellular machinery and mechanisms from those involved in more classical
modes of membrane endocytosis. Very little is known about the cellular machinery that
orchestrates the internalization of GJs, although several mechanisms have been proposed.

An early ultrastructural study proposed a role for clathrin coats and actin microfilaments in
the process of GJ internalization.>® More recent studies have supported a role for clathrin in
GJ internalization using more direct methods.59-62 Still another study has provided more
direct evidence for actin microfilaments and the unconventional myosin, myosin VI, playing
arole in the dynamics of GJ internalization.®0 Stabilization or depolymerization of actin,
respectively, increased or decreased the velocity of internalized GJ movement within the
cell. Furthermore, myosin VI was recruited to internalizing GJs, and overexpression of
myosin V1 increased the dynamics of internalization of GJs. Furthermore, in support of
cytoskeletal actin regulating GJ dynamics is the identification of the actin-binding protein,
drebrin, as a Cx43-interacting protein.53 However, siRNA depletion of drebrin resulted in an
apparent increase in the internalization and degradation of GJs, suggesting that drebrin may
play more of a role in actin-mediated stabilization of GJ plaques at the PM rather than in GJ
internalization.
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Recently, Src tyrosine kinase recruitment and ZO-1 displacement from GJ plaques have
been implicated in the timing and directionality of GJ internalization.54=66 Gilleron et al
demonstrated enhanced GJ internalization upon treatment of Sertoli cells with the
nongenomic carcinogen hexachlorocyclohexane. They further showed that GJ
internalization is associated with c-Src recruitment to GJ plaques resulting in ZO-1
displacement from Cx43. GJ internalization occurred preferentially into the cell from which
c-Src was recruited and ZO-1 was displaced. This study is among the first to describe the
molecular events involved in the directionality of GJ internalization.

Details regarding GJ degradation are not well understood. It has been reported that GJ
degradation involves both the lysosome and the proteasome.87:68 The proteasome likely
serves to degrade misfolded, and possibly membrane-extracted, connexins early in the
secretory pathway via an ERAD mechanism.®® Consistent with this is a study by Musil et al,
70 which demonstrated enhanced assembly of GJs in GJ- assembly defective cells upon
proteasomal inhibition. Quite unexpectedly, though, inhibition of the proteasome also seems
to stabilize GJs at the PM by decreasing their rate of internalization. The mechanism for this
stabilization may be indirect, through regulation of the turnover of yet unidentified
proteasomal substrates other than connexins, which may play a role in GJ internalization.
71,72 G} internalization and degradation has been suggested to be dependent upon short-
lived proteins, consistent with an indirect mechanism of stabilization.”3

Recent studies by Lau et al have identified two novel Cx43-interacting proteins involved in
its degradation.19:74 Using a yeast two-hybrid screen, the authors identified Cx43-interacting
proteins with molecular weights of 85 kDa (CIP85) and 75 kDa (CIP75) as novel binding
partners of Cx43 at its CT domain. CIP85 is a previously uncharacterized protein with
putative Rab-GAP activity, which was shown to bind to a proline-rich sequence within the
Cx43 CT (P253LSPys6). Interestingly, this amino acid sequence also possesses a mitogen-
activated protein kinase (MAPK) phosphorylation site (Ser255) known to play a role in
downregulation of GJ communication through plague internalization.”®76 CIP85 is localized
to GJ plaque regions in HelLa cells expressing Cx43 and was shown to regulate the
degradation of GJs by a lysosomal pathway.”4 The putative Rab-GAP activity of CIP85,
although not yet demonstrated to modulate a Rab family GTPase directly, is intriguing in
light of the recently described role for Rab20 in regulating Cx43 transport within the
secretory pathway.?% CIP75 is a novel member of the ubiquitin-like/ubiquitin-associated
domain protein family, which binds to the CT of Cx43 within a region spanning Lys264—
Asp302. This amino acid region is of interest in that it also contains MAPK phosphorylation
sites involved in GJ internalization (Ser279/282)7%:76 and a previously described PY motif
in conjunction with a tyrosine-based sorting signal (P2g3PGYKLVagg).”” CIP75 is
colocalized with Cx43 in the ER and regulates the turnover of Cx43 via a proteasomal
pathway. The PY motif and associated tyrosine-based sorting signal have themselves been
examined for their role in regulating Cx43 turnover. Steady state levels of Cx43 were
increased by approximately 3.5-fold with mutation of valine at position 289 to aspartate
(\V289D), whereas a comparatively small increase of approximately 1.7-fold was observed
with a P283L mutation.”” These results suggest that the tyrosine-based sorting signal plays
more of a role in the steady state internalization of GJs, whereas the PY motif may be
involved in regulated internalization upon stimulation. Consistent with this hypothesis is a
study demonstrating interaction of the E3 ubiquitin ligase Nedd4 with the Cx43 PY motif
via Nedd4 WW domains.”8 The affinity of this interaction was moderately increased by
phosphorylation of Cx43 amino acid residues Ser279/282. MAPK phosphorylation at
Ser279/282 may therefore enhance the interaction of Nedd4 with Cx43 and increase the
extent of Cx43 ubiquitination, thereby increasing the rate of GJ internalization (see Table 2).
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The most plausible mechanism of GJ degradation after their internalization is delivery to
lysosomes.®” The mechanisms mediating the delivery of internalized GJs to lysosomes have
been the subject of recent study, although few details are understood. Leithe et al’® have
described a process whereby internalized double-membrane GJs undergo progressive
separation and involution to produce multivesicular endosomes with a single limiting
membrane for subsequent fusion with lysosomes. Piehl et al® also demonstrated
morphological evidence of internalized GJs fragmenting into smaller vesicles before
lysosomal degradation. Whether this process is mechanistically similar to the typical
maturation of endosomes into multivesicular bodies via the endosomal sorting complex
required for transport (ESCRT) pathway is unknown.

REGULATION OF GJS THROUGH CX43 PHOSPHORYLATION

Cx43 can be extensively phosphorylated at amino acid residues in its CT domain (Fig. 4).
Cx43 phosphorylation has been shown to regulate many aspects of the GJ life cycle
including assembly, gating, internalization, and degradation. Several excellent reviews have
recently been written on the role of phosphorylation in GJ assembly,89 gating,8!
internalization, and degradation,®2 and therefore, the topic will be covered only briefly here
with an emphasis placed on GJ trafficking.

Phosphorylation of Cx43 is not an absolute prerequisite for GJ channel function because
Cx43 with the CT truncated removing all known Cx43 phosphorylation sites can still form
functional GJs.83 Rather, phosphorylation of Cx43 can serve to regulate the formation and
destruction of GJs under certain cellular conditions. Increased levels of intracellular cyclic
adenosine monophosphate (CAMP) have been widely reported to enhance the forward
trafficking and assembly of GJs, and this response is thought to be protein kinase A (PKA)
dependent.84-87 The major sites of PKA-dependent phosphorylation are proposed to be
serine residues within a series of three RXSS motifs located in the distal portion of the CT of
Cx43 (Ser364/5, Ser368/9, and Ser372/3).80:88 Despite the PKA dependence of these
phosphorylation events, it has not been established whether Cx43 is itself a substrate for
PKA or whether the PKA effects are mediated through activation of other kinases or
phosphatases. For example, Ser373 has recently been shown to be phosphorylated by the
protein kinase Akt, which creates a binding site for 14-3-30.89:90 Phosphorylation-dependent
binding of 14-3-3 has been shown to play a role in enhanced forward trafficking of various
membrane proteins, often through masking dibasic ER retention motifs,%1 although it
remains to be elucidated whether this is the case for Cx43.

Protein kinase C (PKC) phosphorylates Cx43 at Ser368, and this has been shown to inhibit
GJ communication by decreasing the unitary conductance of GJ channels.92 PKC-mediated
phosphorylation at Ser368 mediates the GJ inhibition associated with the treatment of cells
with phorbol esters, such as phorbol 12-myristate 13-acetate (PMA). Phosphorylation of
Cx43 at Ser365 has recently been shown to modulate the potential for subsequent
phosphorylation of Ser368 by PKC.% Phosphorylation at Ser365 alters the structure of the
Cx43 CT such that subsequent phosphorylation at Ser368 is inhibited and therefore prevents
PKC-mediated closure of GJs. PKC-mediated closure of GJs is also correlated with
enhanced internalization and degradation of GJs, although this may be the result of cross
talk with MAPK signaling pathways.

It has long been known that growth factor stimulation, for example, by epidermal growth
factor (EGF), disrupts GJ communication through phosphorylation of Cx43.%4 The specific
sites of phosphorylation on Cx43 after EGF stimulation were identified as Ser255/279/282,
which were later shown to be phosphorylated by MAPK.75:76 The specific kinases that
phosphorylate Cx43 at these sites in vivo have been the subject of some debate because
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there are many MAPK family members that may be activated upon EGF stimulation. For
example, one study has demonstrated phosphorylation of Cx43 at Ser255 by ERKS, rather
than ERK1/2 upon EGF stimulation,? although this work has been directly challenged.%6
Disruption of GJ communication has been demonstrated through stimulation with a wide
variety of growth factors, including platelet-derived growth factor,%” vascular endothelial
growth factor,?8 fibroblast derived growth factor (FGF),% and insulin,100 as well as
phosphorylation of Cx43 with different members of the MAPK family.101:102 MAPK-
dependent phosphorylation of Cx43 has most often been associated with enhanced
internalization of GJ plagues. EGF stimulation was shown to induce monoubiquitination of
Cx43 at the PM, followed by GJ internalization and degradation.103 It will be interesting to
determine whether a common theme exists whereby pro—growth stimuli in cells result in
MAPK-dependent ubiquitination of Cx43, causing internalization and degradation of GJs.

Nearly two decades ago, disruption of GJ communication was demonstrated with
phosphorylation of tyrosine residues on Cx43, resulting from coexpression of the viral
nonreceptor tyrosine kinases pp60¥-Sr¢ (v-Src).104:105 Cx43 was shown to be directly
phosphorylated at Tyr265 by v-Src,106 and an interaction between v-Src and Cx43 was
shown to be dependent on SH2 and SH3 domains within v-Src, a proline-rich region within
the Cx43 CT (Pro274-Pro284), as well as phosphorylation at Tyr265.197 More recent studies
demonstrated that v-Src—phosphorylated Cx43 at both Tyr265 and Tyr247, which raised the
possibility that tyrosine phosphorylation of Cx43 is processive, with Tyr265
phosphorylation causing enhanced binding of v-Src (via the v-Src SH2 domain) and
subsequent phosphorylation at Tyr247.108 However, this model has been challenged by the
work of Zhou et al'% who demonstrated in Xenopus oocytes, as well as NRK cells, that
neither Tyr265 nor Tyr247 phosphorylation was responsible for the v-Src mediated
inhibition of GJ communication but rather that the effect was dependent upon MAPK
phosphorylation of Cx43. The reason for these disparate findings has not been resolved.

A role for the v-Src cellular homologue, c-Src, in inhibition of GJ communication has been
demonstrated.110 Further study showed that Tyr265 of Cx43 was a direct substrate for
phosphorylation by c-Src and that the two proteins interacted in vitro and in vivo.111 A role
for altered c-Src phosphorylation of Cx43 has been demonstrated in a cardiomyopathy
model in hamster,112 and the same authors demonstrated that in cardiomyocytes, c-Src
interaction with Cx43 and phosphorylation at Tyr265 regulates the binding of Cx43 and
Z0-1.113 This notion of reciprocal regulation of c-Src and ZO-1 binding to the CT of Cx43
has been further explored at the structural level using nuclear magnetic resonance (NMR) of
the Cx43 CT14 and in cardiomyocytes in the context of intracellular acidification.%°
Phosphorylation of Cx43 by c-Src has been implicated in a variety of extracellular stimuli
regulating changes in GJ communication including endothelin-1,11° lipopolysaccharide
(LPS),116 and tumor necrosis factor a.117

The mechanism by which Src phosphorylation of Cx43 inhibits GJ communication is
presumed to be due to a decrease in channel open probabilityl18; however, significant cross
talk between the various signaling pathways involved suggests that MAPK phosphorylation
of Cx43 and GJ internalization may also contribute to GJ inhibition.11?

CONCLUSIONS

The ubiquity of GJ communication in multicellular organisms speaks to its fundamental
importance in regulated cell-cell communication. The large number of connexin genes
possessed by higher organisms, and the rich diversity in their expression patterns in different
cell types and tissues, is testament to the many functions and robust regulatory potential that
GJs provide. In the heart, for example, coordinated electrical activity across millions of
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cardiomyocytes is only possible due to the direct cell-cell connections provided by GJs. It is
therefore not surprising that when GJ function is compromised, that this coordinated
electrical activity can go awry, with potentially lethal consequences for the organism. Many
questions remain to be answered with respect to GJ remodeling in heart disease. First, the
degree to which GJ remodeling actually contributes to slowed conduction and
arrhythmogenesis in the setting of human heart disease remains to be definitively shown.
The precise cellular mechanisms responsible for GJ assembly, internalization, and
degradation in cardiomyocytes also require further study. Specifically, how GJ assembly is
spatially regulated to occur primarily at the ID and the mechanism and functional
significance of GJ lateralization are important issues. Finally, the specific signaling events
that regulate the formation and destruction of GJs in the heart are only partially understood
and may prove to be viable therapeutic targets for conduction disturbances associated with
disease.
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FIGURE 1.
GJ structure. A, List of all expressed human connexins. B, Topological arrangement of
connexin protein monomers. The cylinders represent transmembrane domains and the blue-
boxed area represents the highly conserved region among different connexins, whereas the
red-boxed area represents the highly divergent region. C, Connexon and GJ channel types.
D, Topological arrangement of GJ channels. The GJ channel schematic is superimposed on a
transmission electron micrograph of a GJ from canine cardiac tissue. Scale bar = 20 nm.
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FIGURE 2.

Localization of GJs in cardiac tissue. A, Immuno-histochemical staining of canine
ventricular myocardium for Cx43. Cx43 appears white predominantly at cell ends, the
myocytes are diffusely stained by actin. The arrows indicate the direction of tissue fiber
orientation through Cx43 staining at ID. The boxed region indicates representative Cx43
staining between cardiomyocyte lateral membranes, which is referred to as lateralized Cx43.
B, Transmission electron microscopy of normal canine ventricular tissue depicting a close-
up view of a region within an ID between 2 myocytes. The 3 main types of cardiomyocyte
cell-cell connections are depicted: fascia adherens (composed of adherens junctions),
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desmosomes, and GJs. C, Localization of “lateralized” GJs within failing canine ventricular
tissue. Scale bars: A =20 um; B, C = 0.5 pm.
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FIGURE 3.

GJ internalization. A, Transmission electron micrograph of internalizing GJs in canine
cardiac tissue. B, Internalized GJ, also known as an annular GJ. Scale bars: A =0.2 um; B =
0.1 um.
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i = PDZ binding motif
ii = 14-3-3 binding motif

iii = Src binding domain
iv = PY motif and tyrosine sorting signal

v = alpha helices

### = phosphorylation sites

FIGURE 4.

Structural motifs and Cx43 phosphorylation. The known and putative phosphorylation sites
in the carboxyl-terminus are numbered and enclosed in boxes. The positioning of proposed
structural features (Fig. 1) and protein—protein interaction sites are indicated by the labeled
boxes.
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Type Definition Function Major Proteins Human Disease
Gls Intercellular channels Intercellular passage Connexins (Cx43) Remodeled in
of ions and small structural heart
molecules disease;
oculodentoldigital
dysplasia
Adherens junctions  Sites of mechanical Hold cells together Cadherins (N-Cadherin) —
attachment linked to actin Catenins (B-catenin)
Desmosomes Sites of mechanical Hold cells together Cadherins (desmoglein, desmocollin) ARVD/C

attachment linked to
intermediate filaments

Plakoglobin
Plakophilin
Desmoplakin
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TABLE 2

Interacting Partner

Nature of Interaction

Proposed Function

CIP75
CIP85
Rab20
Tubulin
EB1
Z0-1
PLCPB3
PIP,
Clathrin
Myosin VI
Drebrin
Src
Nedd4
14-3-3

Lys264-Asp302
P2s3L.SP2s6
Undetermined

Direct and/or via EB1
Undetermined

PDZ binding motif (D37gLEl3gy)
Indirectly via ZO-1
Undetermined
Undetermined
Undetermined

CT domain
Pro274-Pro284

PY motif (P,g3PGY 2g6)
Phosphorylated Ser373

Regulates proteasomal mediated turnover of Cx43
Regulates lysosomal mediated turnover of Cx43

Regulates ER to Golgi traffic of Cx43

Post-Golgi trafficking of Cx43 containing vesicles
Attachment of Cx43 containing vesicles to microtubules
Regulates the delivery of Cx43 to the periphery of GJ plaques
Closure of Cx43 GJs through hydrolysis of PIP,

Maintains open GJs

Internalization of double membrane GJ plaques

Regulates dynamics of internalizing/internalized GJ plaques
Stabilization of GJ plaques at the PM

Phosphorylation of Cx43 mediating GJ closure
Ubiquitination of Cx43

Regulates forward trafficking of Cx43
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