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Anchored protein kinase A (PKA) bound to A Kinase
Anchoring Protein (AKAP) mediates effects of localized
increases in cAMP in defined subcellular microdomains and
retains the specificity in cAMP-PKA signaling to distinct
extracellular stimuli. Gap junctions are pores between
adjacent cells constituted by connexin proteins that provide
means of communication and transfer of small molecules.
While the PKA signaling is known to promote human
trophoblast cell fusion, the gap junction communication
through connexin 43 (Cx43) is a prerequisite for this process.
We recently demonstrated that trophoblast fusion is
regulated by ezrin, a known AKAP, which binds to Cx43 and
delivers PKA in the vicinity gap junctions. We found that
disruption of the ezrin-Cx43 interaction abolished PKA-
dependent phosphorylation of Cx43 as well as gap junction
communication and subsequently cell fusion. We propose that
the PKA-ezrin-Cx43 macromolecular complex regulating gap
junction communication constitutes a general mechanism to
control opening of Cx43 gap junctions by phosphorylation in
response to cAMP signaling in various cell types.

The cAMP-dependent protein kinase (PKA) signaling path-
way is characterized in detail in a number of cell types and organ
systems. Specificity in the activation of PKA in response to dis-
tinct extracellular stimuli is controlled by the intracellular
compartmentalization and interaction of PKA with A kinase
anchoring proteins (AKAPs).1 All AKAPs contain an A kinase
binding domain (AKB) and a unique targeting domain localizing
the PKA-AKAP complex to defined subcellular structures, mem-
branes or organelles.2 Distinct subcellular targeting of PKA iso-
zymes provides spatial regulation of different PKA signaling
events by controlling the phosphorylation of specific substrates.3

In addition, AKAPs form supramolecular signaling complexes by
scaffolding other kinases than PKA, protein phosphatases, phos-
phodiesterases and other proteins involved in signal transduc-
tion.4 Through this essential role in the spatial and temporal
integration of effectors and substrates, AKAPs provide a high
level of specificity and temporal regulation to the cAMP-PKA-
signaling pathway.

In vertebrates, communication between adjacent cells occurs
through gap junctions, which are composed of connexin hexam-
ers in the cellular membrane forming hemiconnexons that align
with similar structures on neighboring cell to form gap junction
channels. These intercellular channels allow passage of ions, sec-
ond messengers (e.g. cAMP, Ca2C, IP3) and other small mole-
cules between cells. Connexin 43 (Cx43) is by far the most
abundantly and widely expressed gap junction protein and its
essential role is highlighted by the fact that Cx43 knockout mice
die hours after birth and present malformations of the conotrun-
cal region of the right ventricle.5 Gap junction intercellular com-
munication through Cx43 is critically important in many cell
processes including control of cell proliferation (e.g., metastatic
process), embryonic development, cell differentiation and the
coordinated contraction of heart and smooth muscle.6-8 Cx43 is
expressed and form gap junction channels in cardiomyocytes,
hepatocytes, placental trophoblasts and transiently between
immune cells. In the heart, Cx43 gap junctions allows spread of
the electrical signals from the sinoatrial node across the heart
muscle by transmitting the sodium-mediated membrane depolar-
ization signal to neighboring cells allowing the synchronous con-
traction of many cardiomyocytes at the same time in each
heartbeat.9,10 In the immune system naturally occurring regula-
tory T cells (Tregs), a sub-population of T lymphocytes with sup-
pressive properties, protect from autoimmune responses to self-
antigens by inhibition of effector T cells. One of the suppressive
mechanisms involve transfer of cAMP from naturally occurring
regulatory T cells to effector T cells via gap junctions, presumably
formed by Cx43 which is the connexin in T cells.11 In human
placenta, cytotrophoblasts fuse to form the multinucleated syncy-
tiotrophoblast involved in all the feto-maternal exchanges as well
as in the placental hormonal functions. Passage of fusogenic sig-
nals through Cx43 gap junctions is required for trophoblastic cell
fusion to proceed. The placental pregnancy hormone, human
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chorionic gonadotropin (hCG), increased during early stages of
pregnancy, signals via G-protein coupled LH receptors leading to
intracellular bursts of cAMP. Via PKA, hCG drives trophoblast
fusion and differentiation to form syncytiotrophoblast.12,13

Finally, changes in gap junction communication involving Cx43
is characterized as the earliest alteration linked with malignant
transformation in some cancer cells.14,15 Whereas the N-terminal
two-thirds of the Cx43 sequence serve to form the pore, the C-
terminal cytoplasmic part is more disordered and confers regula-
tion of pore opening and conductivity.

Mutations in Cx43 have been linked to several diseases,
including oculodentodigital dysplasia (ODDD), atrioseptal
defects, arrhythmias and ischemia/reperfusion injury.6 More
than 70 mutations in the Cx43 open reading frame have been
characterized and linked to ODDD. These mutations leading
mostly to substitutions in the amino acid sequence localize in the
N-terminal two-thirds of the Cx43 peptide sequence and are
mainly associated with a loss of intercellular communication
function. To our knowledge only a single mutation in the C-ter-
minal sequence of the Cx43 has been described (S364P), which
suggests that mutations in this region, especially if leaving the
pore constitutively open, could be lethal in the early stages of the
development.16 Taken together, this suggests some selection pres-
sure to conserve the C-terminal part of the Cx43 amino acid
sequence intact in order to avoid impaired regulation of gap junc-
tion communication. As abnormal Cx43 gap junction communi-
cation between neighboring cells contributes to the development
of a set of diseases there is interest to develop therapeutic
approaches (i.e., gene therapy, peptidomimetics and small
molecules) to modulate Cx43 gap junction communication to

counteract pathologies associated with an impaired Cx43 func-
tion. Interestingly, it has been described that a down regulation
of Cx43 or attenuation of gap junction communication in kerati-
nocyte enhances wound closure.17 Furthermore, it has been
demonstrated that gap junction blockers prevent migraine occur-
rence.18 Conversely, in cardiomyocytes a reduced Cx43 gap junc-
tion communication (both electrical and chemical) triggers
arrhythmias after myocardial ischemia. It has been shown that
compounds that trigger Cx43 intercellular communication pre-
vent the risk of arrhythmias by increasing the conduction veloc-
ity.19 In certain cancers, loss of Cx43 associates with progression
and Cx43 has been defined as a tumor suppressor. Enhancement
or restoration of Cx43 intercellular communication restrains
tumor cell growth and potentiates tumor sensitivity to therapy.17

Abnormal Cx43 junction communication has also been linked to
immunological disorders, placental complications, hearing loss
and gastrointestinal diseases.17,20

The C-terminal part of Cx43 appears to be the region that
becomes phosphorylated. Several kinases are shown to phosphor-
ylate Cx43 on various specific sites with different effects on Cx43
behavior. For instance, PKA stimulates assembly of gap junction
proteins at the cell membrane as well as intercellular communica-
tion, whereas PKC abrogates both assembly and communication
through gap junctions. CK1 phosphorylation is shown to pro-
mote cell communication, while the effects of Src and MAPK
appear to inhibit Cx43 channel gating by affecting channel clo-
sure.21 Interestingly, a serine to proline conversion at S364, one
of the known PKA phosphorylation sites, was first identified as a
mutation in a subset of patients with visceral atrial heterotaxia.
Transfected cells expressing the mutation display altered gap

Figure 1. Cx43 gap junction communication is controlled by PKA anchoring through ezrin. (A) Schematic depiction of a resting state gap junction in tro-
phoblast with Cx43 and a compartmentalized pool of PKA anchored to ezrin which again is bound to Cx43. (B) Elevated intracellular cAMP levels lead to
activation of PKA and subsequent spatiotemporally controlled phosphorylation of Cx43 which promotes the communication through the gap junction.
C, catalytic subunit of PKA; P for phosphorylation; pink dots, molecules of cAMP.
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junction properties in response to increased PKA activity.21

Moreover, transgenic mice expressing a heart-specific, C-termi-
nally truncated Cx43 mutant display constitutively open
channels with increased gap junction permeability, altered
electrophysiological properties (susceptibility to arrhythmias)
and larger damaged areas in the heart following myocardial
infarction than wild type littermates.22

We examined whether the hCG- and cAMP-stimulated cell
fusion in primary cultures of human placental cytotrophoblasts
required subcellular anchoring of PKA to AKAPs and how this
could regulate cell fusion. We found that cell fusion is regulated
by ezrin, a known AKAP. We proceeded to examine where in the
cell fusion process ezrin was working and found that it confers
hCG and cAMP regulation on the opening of gap junctions
formed by Cx43.12 Upon local increases in the pool of cAMP,
PKA bound to ezrin is activated and phosphorylates Cx43. The
phosphorylation of Cx43 by PKA at a specific site(s) in the region
between amino acid 362 and 379 promotes the opening of the
gap junction and allows the passage of signal molecules (Fig. 1).
These PKA phosphorylation sites are key regulators of Cx43 gat-
ing. We proceeded to identify a contact site between Cx43 and
ezrin, map its molecular contacts and decipher the minimal
amino acid sequence required for binding of ezrin to Cx43:
362¡RPSSRASSRASSRPRPDD¡379. Interestingly, this sequence
overlaps with the PKA phosphorylation sites in the C-terminal
part of Cx43.23,24 The immediate vicinity between the AKAP
docking site and the PKA phosphorylation sites in Cx43 high-
lights the importance of the spatial organization of available PKA
activity to regulate gap junction communication with the neces-
sary kinetics. Furthermore, we show that disruption of the Cx43-
ezrin interaction not only abolish Cx43 phosphorylation but also
inhibit gap junction flux of tracers.

Cx43 shares some of the same phosphorylation sites with
other member of the connexins a-group (Cx31.9, Cx37, Cx40,

Cx43, Cx45, Cx46, Cx46.6 Cx50 and Cx59) but with the excep-
tion of Cx46, do not appear to share the essential residue cor-
rectly positioned to support the anchoring of ezrin (R370).

Based on its important physiological role it has been of inter-
est to design pharmacological tools to module Cx43 synthesis,
assembly, stabilization or degradation.25 Some molecules that
regulate Cx43 gap junction formation are currently tested in clin-
ical trials.17 Taking into account that Cx43 is by far the most
abundant and ubiquitously represented, additional drug design
need to be performed to optimize selectivity, tissue specificity
and off-target effects.

We suggest that the PKA-ezrin-Cx43 macromolecular complex
controlling the gap junction communication constitutes a general
mechanism to regulate opening of Cx43 gap junctions by phos-
phorylation and in response to cAMP. Furthermore, targeting the
Cx43-ezrin interaction site may provide a new method to block
opening of Cx43 gap junctions. Use of Cx43-ezrin interaction
inhibitors (such as peptides, peptidomimetics and small mole-
cules) could inhibit opening of gap junctions for example in cardi-
omyocytes, regulatory T cells or human placental trophoblasts.
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