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Abstract

Gap junctions are specialized membrane domains composed of collections of channels that directly
connect neighboring cells providing for the cell-to-cell diffusion of small molecules, including ions,
amino acids, nucleotides, and second messengers. Vertebrate gap junctions are composed of proteins
encoded by the “connexin” gene family. In most cases examined, connexins are modified post-
translationally by phosphorylation. Phosphorylation has been implicated in the regulation of gap
junctional communication at several stages of the connexin “lifecycle”, such as the trafficking,
assembly/disassembly, degradation, as well as, the gating of gap junction channels. Since connexin43
(Cx43) is widely expressed in tissues and cell lines, we understand the most about how it is regulated,
and thus, connexin43 phosphorylation is a major focus of this review. Recent reports utilizing new
methodologies combined with the latest genome information have shown that activation of several
kinases including protein kinase A, protein kinase C, p34°4¢2/cyclin B kinase, casein kinase 1,
mitogen-activated protein (MAP) kinase and pp60°' kinase can lead to phosphorylation at 12 of the
21 serine and two of the six tyrosine residues in the C-terminal region of connexin43. In several
cases, use of site-directed mutants of these sites have shown that these specific phosphorylation
events can be linked to changes in gap junctional communication.
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1. Introduction

Gap junctions are collections of plasma membrane channels that enable adjacent cells to
exchange cytoplasmic components directly without transit through the extracellular space.
These channels allow passage of small molecules (generally less than 1000 Da) such as ions,
individual amino acids or short peptides, second messengers (e.g. Ca%*, IP3, cCAMP) and other
metabolites. In vertebrates, gap junctions are composed of proteins from the connexin family,
which is comprised of approximately 20 members in humans. Connexins are designated with
numerical suffixes referring to the molecular weight of the deduced sequence in kilodaltons
(e.g. connexind3 or Cx43) (Goodenough, Goliger, & Paul, 1996) or an a/p nomenclature
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(Kumar & Gilula, 1996). Connexins are differentially expressed in tissues with some being
significantly expressed in only a few tissues and some, like Cx43, being more widespread.

Deficient or improper gap junction function has recently been associated with a variety of
diseases, including some forms of neuropathy, hereditary deafness, cataracts, skin disease,
heart disease, and cancer (Willecke et al., 2002). Specifically, Cx26, Cx30 and Cx31 gene
mutations have been implicated by genetic linkage studies in some forms of non-syndromic
deafness in humans, and defects in Cx26, Cx30.3 and Cx31 have been linked to the skin disease
erythroker-atoderma (Kelsell et al., 1997). Mutations within the Cx32 gene are associated with
the X-linked peripheral nerve disorder Charcot—Marie tooth syndrome, which results from the
demyelination of Schwann cells that surround peripheral neurons (Bergoffen et al., 1993).
Cx32-deficient mice also can show neuropathy at older age and are 25-fold more susceptible
to carcinogen-induced liver cancer (Willecke et al., 2002). Junctional communication appears
to be critical in development as Cx26 and Cx45 knockout mice die in utero, Cx37 knockout
female mice are infertile, and Cx43-deficient mice die shortly after birth from malformation
of the conotruncal region of the right ventricle (Gabriel et al., 1998; Reaume et al., 1995;
Simon, Goodenough, & Paul, 1998; Willecke et al., 2002). These disparate phenotypes not
only show the diversity of the expression pattern of connexins, but they also illustrate that gap
junctions play different roles in different tissues.

Recent work has also illustrated that the complexity of the connexin family may have evolved
to serve different functions via transfer of molecules specific to a particular connexin isotype
and through functions not directly connected to the exchange of small molecules. For example,
when Cx43 was replaced by Cx32 or Cx40 in a “knock-in” experiment, the mice survived past
birth but the developmental defect was only somewhat moderated in the case of Cx32 and
several additional defects became apparent in both groups of mice (Plum et al., 2000). In
another example, knockout of either the lens fiber cell Cx46 or Cx50 leads to cataract formation
and reduced lens growth for Cx50. Targeted replacement of Cx50 with Cx46 in a knock-in
experiment corrected defects in differentiation and prevented cataract formation but did not
restore growth control (White, 2002). In a study designed to determine what molecules pass
through gap junction channels, cells expressing Cx43 were shown to exchange ATP 300-fold
and ADP and AMP 8-fold better than Cx32-expressing cells (Goldberg, Moreno, & Lampe,
2002). Cells expressing Cx32 exchanged adenosine 12-fold better than those containing Cx43
in a manner not easily explained by size and charge differences of the permeant molecules
(Goldberg et al., 2002).

Connexin proteins possess four hydrophobic membrane-spanning domains, two conserved,
extracellular domains involved in docking with a connexin in the adjacent membrane, and three
cytoplasmic domains corresponding to the amino (N)-terminal region, a loop between
transmembrane domains 2 and 3, and the carboxy (C)-terminal tail region (Fig. 1) (Willecke
et al., 2002). During intercellular channel formation, six connexin proteins oligomerize into a
hemi-channel or connexon, followed by connexon trafficking to the plasma membrane. The
intact channel is formed when one hemi-channel docks with a second in an opposing cell (Fig.
2). Once assembled, groups of these intercellular channels (termed gap junctional plaques)
allow coordinated function in post-mitotic cells. Formation and degradation of gap junctions
is a very dynamic process with reports of half-lives of less than 2 h in cultured cells and tissues
(Beardslee, Laing, Beyer, & Saffitz, 1998;Crow, Beyer, Paul, Kobe, & Lau, 1990;Laird,
Puranam, & Revel, 1991;Lampe, 1994;Musil, Beyer, & Goodenough, 1990a). Therefore, the
regulation of gap junction assembly and turnover is likely to be critical in the control of
intercellular communication. Gap junction channels can also be acutely regulated in response
to various stimuli, including changes in voltage, pH, and connexin phosphorylation.
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This review starts by discussing what is known about phosphorylation of all members of the
connexin gene family, but then focuses on Cx43 because it accounts for the majority of the
literature related to connexin phosphorylation. Connexin phosphorylation has been previously
reviewed (Lampe & Lau, 2000; Saez, Martinez, Branes, & Gonzalez, 1998; Stagg & Fletcher,
1990) and, thus, this review concentrates on the most recent developments. The total number
of references has been limited by the journal and, thus, we apologize in advance for the curtailed
citations and the use of reviews.

aspects of connexin phosphorylation

Although the completion of the human genome sequence has increased the number of known
human connexins from a dozen or so to approximately 20, we have little direct experimental
information on many of these newly discovered family members. Many of the connexins not
only contain protein kinase “consensus phosphorylation sequences”, but have also been
demonstrated to be phosphorylated by kinases in vitro and in some cases in cell culture or
tissues. In addition, many connexins (Cx31, Cx32, Cx37, Cx40, Cx43, Cx45, Cx46, Cx50 and
Cx56) have been shown to be phosphoproteins by either a shift in their electrophoretic mobility
or direct incorporation of 32P (Lampe & Lau, 2000; Saez et al., 1998), and we expect this list
to grow as recently discovered family members are investigated. Functional data related to
phosphorylation has been reported for Cx32, Cx43, Cx45 and Cx56. The C-terminal region of
the connexin proteins appears to be the primary region that becomes phosphorylated. However,
Cx56 can be phosphorylated within the cytoplasmic loop region, in addition to its C-terminal
domain (Berthoud, Beyer, Kurata, Lau, & Lampe, 1997). Cx43 does not contain serine residues
in its intracellular loop region. No reports of phosphorylation of the N-terminal region of
connexins have been presented.

Cx26 is the only connexin that has been reported to not be phosphorylated (Traub et al.,
1989) which may be due to the fact that it is the shortest connexin and only has a few C-terminal
tail amino acids after the fourth transmembrane domain that could interact with cytoplasmic
signaling elements. Since Cx26 can form functional channels, connexin phosphorylation
clearly is not necessary for the formation of gap junction channels. Analogous to Cx26,
truncated Cx43 mutants that lack most of the cytoplasmic, C-terminal portion can nevertheless
form functional channels, but they exhibit different permeability and electrophysiological
properties than those formed by wild-type Cx43 (Fishman, Moreno, Spray, & Leinwand,
1991).

The importance of the C-terminal domain in the modulation was evident in experiments where
independent expression of the C-terminal region (amino acids 246-382) of Cx43 restored the
ability of the v-Src tyrosine kinase and cytoplasmic acidification to disrupt the activity of
channels formed by a truncated Cx43 mutant in Xenopus oocytes (Calero, Kanemitsu, Taffet,
Lau, & Delmar, 1998; Zhou, Kasperek, & Nicholson, 1999).

3. Phosphorylation of Cx32, Cx40, Cx45, Cx46 and Cx50

Cx32 is phosphorylated in vitro by cAMP-dependent protein kinase (PKA) at S233, by protein
kinase C (PKC) at $233, and by Ca?*/calmodulin-dependent kinase 11 and epidermal growth
factor receptor at unidentified residues (Diez, Elvira, & Villalobo, 1998; Saez et al., 1986,
1990; Takeda, Saheki, Shimazu, & Takeuchi, 1989). Activation of PKA has been correlated
temporally with increased junctional conductance in multiple cell types expressing either Cx32
or Cx40 (Chanson, White, & Garber, 1996; Saez et al., 1986; Van Rijen, Van Veen, Hermans,
& Jongsma, 2000). Cx45 has been shown to be phosphorylated in cells incubated with 32p-
orthophosphate. Deletion of the last 26 amino acids of Cx45 (nine of which are serines) or
substitution of the serines to glycine or alanine led to a 90% reduction in phosphorylation and
a dramatic loss of communication in former case (Hertlein, Butterweck, Haubrich, Willecke,
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& Traub, 1998). Cx45 channels have also been shown to be modulated by phosphorylation
(van Veen, van Rijen, & Jongsma, 2000).

The vertebrate ocular lens fiber cell expresses high levels of Cx46 and Cx50 and lens gap
junctions have been shown to change communication properties in a manner correlated with
changes in connexin phosphorylation. The sheep homologue of human Cx50 can be
phosphorylated by casein kinase I, and inhibition of this kinase led to an increase in
communication (Cheng & Louis, 2001). The chicken homologue of human Cx50 can be
phosphorylated at S363 by casein kinase 11, and this phosphorylation event inhibits cleavage
of the connexin via a caspase protease (Yin, Gu, & Jiang, 2001). The chicken homologue of
Cx46 has been shown to be phosphorylated at S118 and S493 in cells and activation of PKC
led to increased phosphorylation at S118 and decreased communication in a manner dependent
on PKCy (Berthoud et al., 1997, 2000).

4. The functional consequences of phosphorylation of Cx43

4.1. The life cycle of Cx43 in homeostatic cells

Gap junctions are dynamic plasma membrane structures with rapid turnover rates. Although
there is some controversy as to whether all connexins follow the conventional pathway of
synthesis in the endoplasmic reticulum (ER), transport through the Golgi and export to the
plasma membrane where they accumulate into gap junction structures (see Fig. 2), essentially
all data indicates that Cx43 follows this pathway. However, whether Cx43 oligomerizes into
a connexon in the endoplasmic reticulum, Golgi or trans-Golgi network is not as clear. Several
reports have shown that Cx43 has a half-life in the range of 1-3 h in cultured cells or in tissues
(Beardslee et al., 1998;Crow et al., 1990;Laird et al., 1991;Lampe, 1994;Musil et al., 1990a).
A fast turnover rate could imply a high level of post-translational regulation. Indeed, Cx43 is
differentially phosphorylated throughout its life cycle in homeostatic cells (Fig. 2) (Laird,
Puranam, & Revel, 1993;Musil & Goodenough, 1991;Solan, Fry, TenBroek, & Lampe,
2003). Evidence for the acute regulation of gap junction assembly/disassembly can be found
in the myometrium where gap junctions are necessary for the synchronization of electrical and
metabolic activities of smooth muscle contractions during delivery (Garfield, Sims, & Daniel,
1977). A 5-10-fold increase in Cx43 mRNA and protein levels was detected immediately prior
to and during labor. Cx43 protein accumulates within cytoplasmic membranes until parturition,
when it is rapidly transported to the plasma membrane and assembled into gap junctions,
followed by a rapid loss of the protein after delivery (e.g. Lye, Nicholson, Mascarenhas,
Macenzie, & Petrocelli, 1993).

Cx43 demonstrates multiple electrophoretic isoforms when analyzed by sodium
dodecylsulfate— polyacrylamide gel electrophoresis (SDS-PAGE), including a faster
migrating, non-phosphorylated (PO or NP) form, and at least two slower migrating forms,
commonly termed P1 and P2. Both P1 and P2 co-migrate with NP following alkaline
phosphatase treatment, suggesting that phosphorylation is the primary covalent modification
detected in SDS-PAGE analysis (Crow et al., 1990; Musil, Cunningham,
Edelman,&Goodenough, 1990b). Phosphoamino acid analysis indicates the majority of the
phosphorylation events occur on serines (Lampe, Kurata,Warn-Cramer, & Lau, 1998; Musil
et al., 1990b; Warn-Cramer et al., 1996), although tyrosine phosphorylation has also been
observed in the presence of activated pp60S'® (Crow et al., 1990; Swenson, Piwnica-Worms,
McNamee, & Paul, 1990). Pulse-chase studies indicate some Cx43 phosphorylation occurs
prior to reaching the plasma membrane (Crow et al., 1990; Laird, Castillo, & Kasprzak,
1995). In addition, studies investigating phosphorylation in normal rat kidney cells show that
Cx43 acquires resistance to Triton X-100 once it has been phosphorylated to the P2 form and
assembled into gap junction plaques (Musil & Goodenough, 1991). Based on several studies,
Cx43 undergoes multiple phosphorylation events, as at least five phosphorylated serines have
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been detected on Cx43 isolated from unstimulated cells (Cooper, Solan, Dolejsi, & Lampe,
2000) and several more in growth factor or kinase activator treated cells (see Fig. 1). These
mostly uncharacterized phosphorylation events have been correlated with changes in assembly,
acquisition of Triton X-100 insolubility, and degradation of Cx43 gap junction channels, and
hence, could play critical roles in regulating gap junctional communication.

4.2. Changes in Cx43 phosphorylation during the cell cycle

Transient changes in gap junctional communication, probably regulated by signaling cascades,
have been observed and may be necessary for normal cell cycling. For example, a decrease in
gap junctional communication as cells transit from G, to S was correlated with Cx43
phosphorylation changes and was dependent on PKC activity (Koo, Kim, Park, Kang, & Joe,
1997). Phosphorylation of Cx43 increases as cells proceed through the cell cycle (Kanemitsu,
Jiang, & Eckhart, 1998). Gap junctional communication was reported to be moderate during
G1/S, increased through S, and dramatically decreased in Go/M (Bittman & LoTurco, 1999).
The downregulation of junctional communication during G,/M has been correlated with
increased, p34°9¢2 kinase-dependent phosphorylation of Cx43 (Lampe et al., 1998; Kanemitsu
et al., 1998) and redistribution of Cx43 from gap junctions to the cytoplasm (Lampe et al.,
1998; Xie, Laird, Chang, & Hu, 1997). Phosphorylation at serines 255 and 262 and other
undefined sites (Fig. 1 and Table 1) appears to be increased during mitosis either through direct
and indirect activation of p34¢d¢2 (Lampe et al., 1998; Kanemitsu et al., 1998). Increased Cx43
phosphorylation at S368 (Fig. 1 and Table 1) during S and G,/M phases has also been correlated
with decreased gap junction assembly (Solan et al., 2003). Thus, gap junctional communication
and Cx43 phosphorylation appear to be linked and highly regulated during the cell cycle.

4.3. Phosphorylation of Cx43 by tyrosine protein kinases

4.3.1. Non-receptor protein tyrosine kinases—The phosphorylation of Cx43 by the v-
Src tyrosine protein Kinase represents a well investigated example of the regulation of gap
junctional communication by a protein kinase. In earlier work, several laboratories showed
that activated non-receptor tyrosine kinases, such as pp60Y-S¢ and p130929-PS, phosphorylated
Cx43 on tyrosine residues, which was generally correlated with a marked disruption of
intercellular junctional communication (Crow et al., 1990; Filson, Azarnia, Beyer,
Loewenstein, & Brugge, 1990; Kurata & Lau, 1994; Swenson et al., 1990). Pp60V-S'¢ appeared
to phosphorylate Cx43 directly in vitro and in vivo (Loo, Berestecky, Kanemitsu, & Lau,
1995). Consistent with this demonstrated catalytic activity, Cx43 not only co-localized with
the v-Src tyrosine kinase to plasma membrane regions of the cell (Loo, Kanemitsu, & Lau,
1999), but also appeared to interact directly with v-Src (Kanemitsu, Loo, Simon, Lau, &
Eckhart, 1997). Tyr265 in Cx43 was identified as a critical site that appeared to be targeted by
the v-Src kinase (Fig. 1 and Table 1). An Y265F site-directed mutant of Cx43 produced
functional gap junction channels in Xenopus oocytes that were no longer disrupted by the
presence of active pp60°S kinase (Swenson et al., 1990). The interaction was dependent upon
the SH3 and SH2 domains of v-Src and a proline-rich region (P274-P284) and phosphorylated
Y265 in Cx43 (Kanemitsu etal., 1997). Indeed, a Y265F Cx43 mutant not only failed to interact
with v-Src, but was no longer phosphorylated by the v-Src kinase (Fig. 1 and Table 1)
(Kanemitsu et al., 1997). The corresponding Y247F mutant was still able to bind v-Src,
indicating that this site was not likely involved in the interaction.

More recent studies not only confirmed Y265 as a site phosphorylated by pp60¥-S'¢, but also
identified Y247 as a second v-Src site in Cx43 (Lin, Warn-Cramer, Kurata, & Lau, 2001).
Interestingly, phosphorylation of the Y265 site alone was insufficient to induce channel
closure, raising the possibility that Cx43 phosphorylation occurs in a processive fashion with
phosphorylation of Y265 occurring first followed by phosphorylation at Y247 and channel
closure. The MEK inhibitor, PD98059, did not block the ability of v-Src to induce channel
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closure, suggesting that the activation of MAP kinase and possible serine phosphorylation of
Cx43 were not involved in v-Src’s actions. An activated mutant of c-Src has also been reported
to interact with, and phosphorylate, Cx43 on Y265 (Giepmans, Hengeveld, Postma, &
Moolenaar, 2001; Toyofuku et al., 2001). These actions were associated with the disruption of
gap junctional communication as described below. The critical importance of phosphorylation
of the tyrosine sites in Cx43 by v-Src was underscored by a recent report measuring electrical
coupling (Cottrell, Lin, Warn-Cramer, Lau, & Burt, 2003). Moreover, the actions of v-Src on
Cx43 most likely provoked channel closure by decreasing channel open probability, rather than
diminishing channel unitary conductance, which is characteristic of actions of PKC on Cx43
(Kwak, Van Veen, Analbers, & Jongsma, 1995; Lampe et al., 2000). This study also detected
possible differences in the selectivity profiles of phosphotyrosine-containing Cx43 channels
induced by v-Src.

Taken together, these data on the phosphotyrosine sites of Cx43 targeted by v-Src and the
domains necessary for their molecular association suggested a possible model for the
interaction and the phosphorylation events leading to the disruption of gap junctional
communication (Kanemitsu et al., 1997; Lin et al., 2001). This model hypothesizes that the
SH3 domain of v-Src may initially bind to a proline-rich region in Cx43 (P274-P284) bringing
the molecules in close physical proximity that is necessary for phosphorylation of Y265 in
Cx43 by the Src kinase domain. Binding between the two partners may be stabilized further
by a SH2 domain-phospho-Y265 (P-Y265) interaction. Phosphorylation of Y247 and the
observed disruption of gap junctional communication may then ensue. These data offered the
impression that the phosphotyrosine sites may have distinct roles: P-Y265 may be important
in the interaction between Cx43 and v-Src, whereas P-Y247 may provoke the closure of Cx43
gap junction channels. These data and the working model raise numerous intriguing questions,
one of which is the precise manner by which the P-Y265 and P-Y247 sites cooperate to close
gap junctions.

Work from Bruce Nicholson’s laboratory challenges this model for the direct regulation of
Cx43 channel activity by v-Src (Zhou et al., 1999). In this work, junctional conductance
established by similar Y265F or Y247F site-directed Cx43 mutants in paired Xenopus oocytes,
was disrupted by v-Src expressed from injected RNA (Zhou et al., 1999). Moreover, the MEK
inhibitor, PD98059, blocked the ability of v-Src to disrupt gap junctional communication in
fibroblasts expressing temperature-sensitive v-Src, suggesting that phosphorylation of Cx43
on serine, not tyrosine, by an enzyme, such as MAP kinase, may be involved in v-Src’s action
(Zhou et al., 1999). At the present time, there is no simple resolution of these experimental
differences, however, they may relate to the acute presence of kinase-active Src produced either
by transcription of Src RNA microinjected into oocytes or activation of Src by temperature
shift in cells containing temperature-sensitive Src (Zhou et al., 1999) versus the chronic
presence of non-conditionally active v-Src in mouse fibroblasts (Lin et al., 2001).

This work also examined the ability of the C-terminal tail of Cx43, introduced separately into
oocytes, to permit the closure of mutant Cx43 (truncated at D245) channels by v-Src (Zhou et
al., 1999). These critical observations supported the concept that Cx43 channel closure induced
by v-Src phosphorylation may be mediated through a ball and chain mechanism, as proposed
for pH- and insulin-induced channel gating (Homma et al., 1998; Morley, Taffet, & Delmar,
1996). The specific details underlying the mechanisms for either pH- or phosphorylation-
induced channel closure have yet to be illuminated satisfactorily.

The c-Src tyrosine kinase has been implicated in the ability of G protein-coupled receptors to
induce the disruption of Cx43-mediated gap junctional communication (Postma et al., 1998).
In this work, downstream signaling initiated by G protein-coupled receptors activated by

lysophosphatidic acid and thrombin were independent of Ca2* mobilization and the activation
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of PKC, MAP kinase, Rho, or Ras. Instead, activated G protein-coupled receptors appeared to
rely upon the activity of c-Src to effect the observed changes in channel activity. The actions
of wild-type c-Src in this experimental system may be indirect because phosphorylation of
Cx43ontyrosine could not be demonstrated. In related studies, an activated c-Src kinase mutant
(c-SrcY527A) was capable of phosphorylating the Y265 site in the C-terminal tail of Cx43 in
vitro and in Rat-1 fibroblasts (Giepmans et al., 2001). A Y265F Cx43 mutant was not
phosphorylated by, and no longer interacted with the activated c-Src mutant. As proposed in
the model described previously, phosphorylation of Y265 was envisioned to stabilize the
interaction between Cx43 and c-Src. In related, but independent studies, a similar activated c-
Src mutant was reported to inhibit the endogenous interaction between Cx43 and the tight
junction-associated protein, ZO-1, in rat neonatal cardiac myocytes (Toyofuku et al., 2001).
The disruption of ZO-1 binding to Cx43 appeared to depend upon the competitive binding of
activated c-Src through its SH2 domain. Interestingly, these changes in phosphorylation and
binding activities correlated with a downregulation of total cell and plasma membrane-bound
Cx43 and an inhibition of gap junction conductance.

Lipopolysaccharide (LPS) treatment of primary microvascular endothelial cells isolated from
rat skeletal muscle stimulated a protein tyrosine kinase-dependent reduction in junctional
coupling (Lidington, Tyml, & Ouellette, 2002). This functional alteration was accompanied
by the phosphorylation of Cx43 on tyrosine, as demonstrated by immunoblotting with Ptyr
antibody and direct phosphoamino acid analysis, with little change in the content of
phosphoserine (Lidington et al., 2002). Although the tyrosine protein kinase involved in these
effects of LPS was not definitively identified, data derived from the use of chemical inhibitors
suggested the actions of a Src family member.

4.3.2. Receptor protein tyrosine kinases—In many cases, activation of the EGF and
PDGF receptor tyrosine kinases by ligand binding resulted in the rapid and transient disruption
of gap junctional communication and a marked increase in the phosphorylation of Cx43, not
on tyrosine, but serine amino acids (Hossain, Ao, & Boynton, 1998a; Kanemitsu & Lau,
1993; Lau, Kanemitsu, Kurata, Danesh, & Boynton, 1992; Rivedal & Opsahl, 2001). The
disruption of gap junctional communication appeared to occur independently of observable
changes in gap junction plaques (Lau et al., 1992). In the case of the EGF receptor, the
disruption of Cx43 function was independent of PKC activity, but dependent upon the
activation of the downstream mitogen-activated protein (MAP) kinase (Kanemitsu & Lau,
1993). MAP kinase appeared to phosphorylate Cx43 directly in EGF-treated cells (Kanemitsu
& Lau, 1993). S255, S279, and S282 were targeted by the activated MAP kinase in in vitro
kinase reactions and in vivo (Fig. 1 and Table 1) (Warn-Cramer et al., 1996, 1998). A triple
phosphorylation site Cx43 mutant (S255A, S279A, S282A), introduced into cells lacking wild-
type Cx43, retained the ability to establish functional gap junctions, but, interestingly, was
resistant to the disruptive effects of MAP kinase activated by the EGF receptor (Warn-Cramer
etal., 1998). In a distinctly different experimental approach, Cx43 channels reconstituted into
lipid vesicles were phosphorylated by purified MAP kinase, which resulted in the reduction in
the permeability of reconstituted liposomes (Kim, Kam, Koo, & Joe, 1999). These data
confirmed Cx43 and, particularly these three serine sites, as targets of EGF-activated MAP
kinase in vivo and strongly supported the concept that phosphorylation of these sites was
sufficient for the ability of the activated EGF receptor to disrupt gap junctional communication.
The ability of the activated EGF receptor to induce gap junction channel closure through
phosphorylation of Cx43 at these serine sites has been attributed to the possible reduction in
P open channel probability (Cottrell et al., 2003).

Vascular endothelial growth factor (VEGF) binds to and activates the VEGF receptor 2 (FIk-1
or KDR) tyrosine kinase. In a manner reminiscent of EGF stimulation of epithelial cells
(Kanemitsu & Lau, 1993; Lau et al., 1992), VEGF-A treatment of endothelial cells resulted in
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a transient reduction in gap junctional communication, which correlated with the
phosphorylation of Cx43, probably on serine or threonine residues (Suarez & Ballmer-Hofer,
2001). Alterations in localization of Cx43 at the plasma membrane were not noted in this study.
The effects on Cx43 phosphorylation and channel activity were dependent upon the activation
of both the c-Src tyrosine kinase and MAP kinase.

Growth factors may also modulate gap junctional communication through mechanisms
independent of phosphorylation of Cx43. Treatment of a kidney epithelial cell line with EGF
for 2-3 h was reported to stimulate the upregulation of gap junctional communication, which
may be related to the synthesis or transport of Cx43 (Vikhamar, Rivedal, Mollerup, & Sanner,
1998). EGF was also found recently to increase the expression of Cx43 protein in porcine
granulosa cells by two to five-fold (Bolamba, Floyd, McGlone, & Lee, 2002). This change
occurred in the absence of changes in Cx43 phosphorylation and may be involved in the
regulation of early folliculogenesis.

Disruption of gap junctional communication induced by the activated PDGF receptor appears
to be more complex in terms of possible downstream effectors because both PKC and MAPK
were reported to be necessary for the disruption of Cx43 activity (Hossain, Ao, & Boynton,
1998b). In addition, recent reports suggested that the PDGF-induced disruption of Cx43
function did not rely solely on phosphorylation of Cx43 or activation of MAP kinase, but may
require additional signaling pathways (Hossain, Jagdale, Ao, & Boynton, 1999a,b). The site
(s) of serine phosphorylation induced by the activated PDGF receptor and other potential
regulatory element(s) have not been identified. To contribute to the complexity of this
experimental system, PDGF induced a rapid, transient disruption of gap junctional
communication in mesangial cells of the kidney glomerulus, which correlated with the
activation of ERK1/2 and phosphorylation of Cx43 on tyrosine (Yao, Morioka, & Oite,
2000). PI3-kinase may be involved in the signaling pathways because wortmanin and
LY294002 blocked both the elevated tyrosine phosphorylation of Cx43 and the activation of
ERK. The tyrosine kinase responsible for the PDGF-induced accumulation of phosphotyrosine
in Cx43 in these cells was not demonstrated. Additional studies aimed at clarifying the
molecular mechanism of action of the activated PDGF receptor on Cx43 function would be
welcomed.

4.3.3. MAP kinase phosphorylation of Cx43—The phosphorylation of Cx43 by MAP
kinase-activated downstream of receptor tyrosine kinases and v-Src has been discussed in the
preceding paragraphs. In addition, several recent reports have described the abilities of diverse
stimuli to activate MAP kinase and stimulate the phosphorylation of Cx43. Treatment of WB-
F344 rat liver epithelial cells with 12-O-tetradeconylphorbol-13-acetate (TPA) activated
Erk1/2, induced Cx43 phosphorylation, and blocked dye coupling (Ruch, Trosko, & Madhukar,
2001). The depressive effect of TPA on dye coupling correlated with the apparent loss of gap
junction plaques at the plasma membrane, rather than an effect on gating alone. Similar results
were obtained by TPA treatment of the IARG6.1 rat liver epithelial cell line (Rivedal & Opsahl,
2001). The TPA-induced loss of gap junctional communication in this system correlated with
phosphorylation of Cx43. However, the effects on Cx43 internalization from plasma membrane
regions were not reported. Finally, Vitamin K3 (menadione) was reported to decrease gap
junctional intercellular communication in WB-F344 rat liver epithelial cells through a
mechanism involving the activation of the EGF receptor, MAP kinase and phosphorylation of
Cx43 (Klotz etal., 2002). These effects of Vitamin K3 occurred in the absence of any detectable
changes in the distribution of Cx43 to the plasma membrane.

Int J Biochem Cell Biol. Author manuscript; available in PMC 2010 May 28.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lampe and Lau

Page 9

4.4. Phosphorylation of Cx43 in response to increased cAMP levels

Agents that elevate intracellular cAMP have been shown to increase Cx43 phosphorylation
and Cx43-mediated communication (Darrow, Laing, Lampe, Saffitz, & Beyer, 1995), the size
and number of GJs (Atkinson et al., 1995), and the assembly of new GJs (Paulson et al.,
2000). Such enhancement has been shown to result from increased synthesis (Mehta,
Yamamoto, & Rose, 1992) and/or the increased trafficking of connexons to the plasma
membrane (Burghardt, Barhoumi, Sewall, & Bowen, 1995; Holm, Mikhailov, Jillson, & Rose,
1999; Paulson et al., 2000). Cyclic AMP-enhanced GJ assembly appears to mediated by PKA
(Paulson et al., 2000), and microinjected PKA catalytic subunit can have rapid effects on GJ
communication (Britz-Cunningham, Shah, Zuppan, & Fletcher, 1995; Godwin et al., 1993).
S364 is a major phosphorylation site in cellular Cx43 and phosphorylation of this site appears
to be critical for cAMP-enhanced GJ assembly (TenBroek, Lampe, Solan, Reynhout, &
Johnson, 2001). However, Cx43 is a relatively poor substrate for PKA compared to PKC or
MAPK (Shah, Martinez, & Fletcher, 2002; TenBroek et al., 2001; Warn-Cramer et al., 1996).
Whether PKA activates another kinase that actually phosphorylates Cx43 at S364 or PKA
inefficiently directly phosphorylates this site implying some physiologic advantage to Cx43
being a poor substrate (Shah et al., 2002) is unknown. There is significant biological interest
associated with S364. S364 resides in the first of a tandem RXSSR repeat found from R362—
R374 (Fig. 1). A serine to proline conversion at S364 (S364P) was first identified as a mutation
inasubset of patients with visceral atrial heterotaxia, and transfected cells expressing the S364P
mutant Cx43 displayed altered gap junctional properties in response to PKC or PKA activity
(Britz-Cunningham et al., 1995). In spite of the fact that Cx43 mutations have not been
identified in other populations of visceral atrial heterotaxia patients (Debrus et al., 1997), the
S364P mutation significantly affects left-right patterning in the early Xenopus embryo when
misexpressed dorsally, resulting in a significant increase in heterotaxia (Levin & Mercola,
1998). The S364P mutation also alters the pH sensitivity of Cx43 gating in the Xenopus oocyte
expression system (Ek-Vitorin et al., 1996).

4.5. Protein kinase C (PKC)

In the sustained absence of connexin expression, tumorigenesis is enhanced (Laird et al.,
1999; Moennikes, Buchmann, Ott, Willecke, & Schwarz, 1999). The correlation between
neoplastic transformation and reduced gap junctional communication has led to the hypothesis
that reduced cell-cell communication is a critical step in multistage carcinogenesis. PKC has
received considerable attention because PKC activators, which promote tumorigenesis, both
increase Cx43 phosphorylation and decrease gap junction communication in a number of
different cell types (Berthoud, Ledbetter, Hertzberg, & Saez, 1992; Brissette, Kumar, Gilula,
& Dotto, 1991; Lampe, 1994; Reynhout, Lampe, & Johnson, 1992). In addition, TPA treatment
has been shown to dramatically decrease gap junction assembly (Lampe, 1994), potentially
causing a gradual decrease in communication over time followed by resumption of normal
communication after PKC downregulation occurs. However, in neonatal rat cardiomyocytes,
activation of PKC has been reported to cause an increase in junctional conductance (Kwak et
al., 1995) or no change (Spray & Burt, 1990). The reasons for these differences within and
particularly between cell types are not clear. It has been suggested that the variable response
to TPA stems from differences: (i) inherent to cell lines vs. differentiated cells (Chanson,
Bruzzone, Spray, Regazzi, & Meda, 1988; Munster & Weingart, 1993); (ii) in the connexin’s
phosphorylation state prior to TPA exposure (Saez et al., 1997); (iii) in the PKC isotypes
expressed by the cells (Munster & Weingart, 1993); or (iv) in experimental conditions (Kwak
et al., 1995; Munster & Weingart, 1993). Nevertheless, it is interesting to note that even in an
experiment where junctional conductance increased, a lower conductance state of the channel
(~50 rather than ~100 pS conductance) was still favored and dye coupling was still reduced
following TPA treatment (Kwak et al., 1995). Those data suggest that in addition to regulating
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the channel’s conductance state (and consequently permeability), PKC activation can lead to
changes in other parameters that affect gap junctional communication.

Given that several hundred reports have shown that treatment of cells with tumor promoters
can lead to decreases in gap junctional communication and changes in Cx43 mobility in SDS—
PAGE, we focus here only on recent reports specifying specific residues that could be
phosphorylated by PKC and specific PKC isozymes that might be involved in this process.
PKC has been shown to phosphorylate Cx43 at S368 (Lampe et al., 2000; Saez et al., 1997;
Shah et al., 2002) and S372 (Saez et al., 1997) in vitro. S368 has been shown to underlie the
TPA-induced reduction in intercellular communication and alteration of single channel
behavior (Lampe et al., 2000). However, other potential PKC sites might be involved in
regulating assembly or degradation of gap junctions and channel behavior.

The introduction of several inhibitors and activators of PKC that are specific for certain isotypes
has led to investigations of the roles that these PKC isotypes may play in the downregulation
of communication. For example, overexpression of PKCy or TPA treatment of lens epithelial
cells caused a reduction in cell surface Cx43 and allowed co-immunoprecipiation of PKCy and
Cx43 (Wagner, Saleh, Boyle, & Takemoto, 2002). Inhibition of gap junctional communication
was found to be dependent on PKCa, 3 and 6 to different extents in various fibroblast systems
(Cruciani, Sanner, & Mikalsen, 2001). PKCa and & were found to associate with Cx43 in
cardiomycytes (Bowling et al., 2001). Fibroblast growth factor-2, which decreases
cardiomyocyte gap junctional permeability and increases Cx43 phosphorylation, increased
colocalization of PKCe with Cx43 (Doble, Ping, & Kardami, 2000). Thus, it appears that
several members of the conventional and novel PKC families influence gap junctional
communication. One confounding factor is that different cells express distinct isotypes and
respond differently to these agents, thus generalizing about the importance of specific isotypes
in regulating gap junctional communication may be somewhat premature. Understanding the
actual sites of phosphorylation and the consequences of these events will probably be necessary
before we fully understand the importance of different PKC isozymes in regulating gap
junctional communication.

4.6. Casein kinase 1 (CK1) and other kinases

CKZ1, particularly the & isoform, has been shown to interact with and phosphorylate Cx43 on
serine(s) 325, 328 or 330 in vitro (Fig. 1 and Table 1) (Cooper & Lampe, 2002). Cx43 may
also be a direct substrate for CK1 in vivo as these residues are major phosphorylation sites of
cellular Cx43 (Cooper & Lampe, 2002). Immunofluorescence and cell surface biotinylation
experiments in the presence of a CK1 inhibitor showed increases in Cx43 plasma membrane
localization, but reduced gap junction formation implying these sites are important in gap
junction assembly.

Certainly other kinases phosphorylate Cx43. Several residues in the tandem serine repeat
region can be phosphorylated (i.e. serines 365, 368, 369 and 373) in response to follicle-
stimulating hormone (FSH), probably at least partially through a PKA mechanism (Fig. 1 and
Table 1) (Yogo, Ogawa, Akiyama, Ishida, & Takeya, 2002). As shown in Table 1, there is
experimental evidence that Cx43 can be phosphorylated on at least 12 of the 21 serines and
two of the tyrosines of the cytoplasmic tail region (amino acids 250-382). Certainly, it is
possible that multiple kinases may phosphorylate the same residue as noted in Table 1 for serine
255. Thus, considerable evidence indicates that Cx43 is a highly phosphorylated and a highly
regulated protein. The challenge is to link these specific phosphoregulatory events with the
different steps in the Cx43 lifecycle.
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4.7. Phosphatases

Given the large number of phosphorylation sites on Cx43, a distinct role for phosphoprotein
phosphatases (PP) can be logically envisioned. In fact, phosphatase inhibitors such as okadaic
acid, an inhibitor of PP1 and PP2B, have been shown to have significant effects when cells are
recovering from growth factor or other treatments that affect Cx43 phosphorylation. In
astrocytes subjected to hypoxia, inhibitors of PP2B reduced hypoxia-induced Cx43
dephosphorylation and junctional uncoupling (Wei & Nagy, 2000). Okadaic acid retarded the
resumption of intercellular communication and the associated dephosphorylation of Cx43
normally observed after EGF treatment of rat liver epithelial cells (Lau et al., 1992).
Dephosphorylation of Cx43 induced by the junctional inhibitor 18-B-glycyrrhetinic acid was
inhibited by okadaic acid (Guan, Wilson, Schlender, & Ruch, 1996). PP1 inhibitors partially
preserved channel activity in voltage-clamped cardiomyocyte pairs in the absence of ATP
(Duthe, Plaisance, Sarrouilhe, & Herve, 2001). PP2B was implicated in the preservation of
phosphorylated Cx43 induced by TPA, but had less activity than PP2A on Cx43
immunoprecipitated from TPA treated cells indicating it may have an indirect effect (Cruciani,
Kaalhus, & Mikalsen, 1999). Finally, in an interesting in vivo model, transgenic mice with
cardiac-specific expression of an active form of calcineurin (PP2B) showed reduced Cx43
expression and phosphorylation, which correlated with a reduction in redistribution of Cx43
from the intercalated disc region to the long axis of the plasma membrane (Chu et al., 2002).
These data implied a role for PP2B-sensitive phosphorylation sites in Cx43 localization and
stability. However, in many untreated cell types, okadaic acid had little effect on either Cx43
mobility in SDS-PAGE or gap junctional communication (Berthoud et al., 1992; Guan et al.,
1996; Husoy, Mikalsen, & Sanner, 1993; Lau et al., 1992; Saez, Nairn, Czernik, Spray, &
Hertzberg, 1993). Certainly different phosphatases could play multiple roles in the regulation
of gap junctional communication, but detailed investigation of these roles will depend on a
better understanding of how phosphorylation at specific sites regulates the function or behavior
of Cx43.

4.8. New methodologies

Two relatively recent tools hold considerable promise to assist in the discovery of the biological
roles of specific connexin phosphorylation events. First, the application of the power of tandem
mass spectrometry to peptide sequencing and identification of sites of protein modification has
greatly assisted the discovery of mechanisms of protein regulation in general. This powerful
approach has been utilized to discover multiple sites of Cx43 phosphorylation targeted by CK1
(Cooper & Lampe, 2002) and PKA (TenBroek et al., 2001). Second, the investigation of protein
phosphorylation events in a number of signaling pathways has also been greatly facilitated by
the development of antibodies that only recognize proteins phosphorylated at specific sites.
They can elucidate the temporal changes in phosphorylation during dynamic events such
progression through the cell cycle or phosphorylation/dephosphorylation cycles.
Phosphorylation site-specific antibodies also hold great promise because they can potentially
detect phosphorylation events in situ via immunolabeling of tissue. An antibody specific for
phosphorylated S368 of Cx43 was used to show that phosphorylation increases at this site as
cells progress through the cell cycle (Solan et al., 2003). The phosphospecific S368 Cx43
antibody illustrated that in some cell types, TPA treatment did not lead to any shift in Cx43
mobility but phosphorylation of S368 increased by eight-fold confirming that a shift in SDS—
PAGE mobility is only a crude measure of phosphorylation (Solan et al., 2003). This could
help to explain why TPA treatment of some cell types showed no mobility shift of Cx43 by
SDS-PAGE despite changes in gap junctional communication (e.g. Rivedal & Opsahl,
2001).
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Fig. 1.

Phosphorylation sites in Cx43. Phosphorylation sites targeted by known kinases are indicated
by different colors (Src, lime green; MAPK, red; PKC, blue; p34°d4¢2, orange; CK1, dark green;
PKA-dependent, purple). The primary references for these assignments are listed in Table 1
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Fig. 2.

Protein kinases act at different steps in the life cycle of Cx43. Cx43 produced in the endoplasmic
reticulum assembles into a hexameric connexon as it is transported through the Golgi and
trans-Golgi network (not to scale relative to the plasma membrane). After export and fusion
with the plasma membrane, randomly dispersed Cx43 connexons or hemi-channels will
accumulate at pre-existing or newly formed gap junctions. Cell communication (indicated by
double headed arrows) occurs upon gap junction formation. Presumably hemi-channels are not
normally open (indicated by the bent-back arrow). The possible subcellular sites of action of
different protein kinases are shown and kinases that lead to increased communication are
indicated in green and inhibitors in red. PKA may stimulate gap junctional communication by
upregulating connexin trafficking and assembly. Gap junction channel assembly may be
promoted by CK1 under basal cell conditions. PKC may inhibit gap junction channels by
inhibiting gap junction assembly and channel gating. The effects of Src and MAPK appear to
inhibit Cx43 channel gating by effecting channel closure.
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Table 1

Cx43 residues phosphorylated by activated protein kinases

Residue Kinase or signaling Reference

phosphorylated® ~ Pathway responsible

Y247 pp6osTe Lin et al. (2001)

52550 MAP-K and cyclin B/p34cdc2 Kanemitsu et al. (1998), Lampe et al. (1998), Warn-Cramer et al. (1996)
5262D Cyclin B/p34cdc2 Kanemitsu et al. (1998); Lampe et al. (1998)

Y265 ppe0sTe Lin et al. (2001)

S279 MAP-K Warn-Cramer et al. (1996)

S282 MAP-K Warn-Cramer et al. (1996)

S325 CK1 Cooper and Lampe (2002)

S328 CK1 Cooper and Lampe (2002)

S330 CK1 Cooper and Lampe (2002)

S364 PKA or PKA-dependent kinases  Shah et al. (2002), TenBroek et al. (2001), Warn-Cramer et al. (1996)
S365 FSH stimulation (PKA?) Yogo et al. (2002)

S368 PKC Lampe et al. (2000)

S369 FSH stimulation (PKA?) Yogo et al. (2002)

S373 FSH stimulation (PKA?) Yogo et al. (2002)

aSee also Fig. 1.

bPhosphorylation induced by p34cdC2 may be direct or indirect.
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