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Abstract

Communication between adjacent cells can occur via gap junctions (GJ) composed of connexin (Cx)
hexamers that allow passage of small molecules. One of the most widely and highly expressed Cxs in
human tissues is Cx43, shown to be regulated through phosphorylation by several kinases including
PKA. Ezrin is a membrane associated protein that can serve as an A kinase anchoring protein (AKAP)
and hold an anchored pool of PKA. Here, we used the liver epithelial cell line IAR20, which expresses
Cx43 as the predominant GJ protein, to test the hypothesis that Ezrin may associate with Cx43 in cell
types that form stable GJs and serve as an AKAP. Our biochemical and proteomics data indicate that
Ezrin associates with Cx43 in epithelial cells. Analyses by confocal immunofluorescence microscopy
and proximity ligation assays demonstrate that Ezrin and Cx43 co-localize, together with zonula
occludens-1 (Z0-1) and PKA Rla and Rlla, at the cell membrane. Quantitative gap-FRAP experiments
show increased GJ intercellular communication after cAMP stimulation. Moreover, loading of cells
with the Ht31 peptide that displaces both PKA Rla and Rlla from the AKAP or a peptide that disrupts
the Cx43-Ezrin interaction reverts the effect and reduces the level of communication, supporting the
hypothesis that in IAR20 cells Ezrin associates with Cx43 (in complex with ZO-1) which places PKA in

proximity to Cx43, enabling its phosphorylation and GJ opening.
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1. Introduction

Gap junctions (GJs) are channels composed of integral membrane proteins termed connexins (Cxs),

which form hexameric pores that transverse the cell membrane of two adjacent cells and allow the



passage of fluid, ions and molecules smaller than approximately 1 kDa between cells [1]. The Cx
family includes 21 members in humans, and are numbered according to their molecular weight in
kilodaltons [2]. Cx43 is the most widely expressed and predominant Cx in many primary cell types as
well as in a number of cell lines. GJ intercellular communication (GJIC) plays important roles in
development, cell growth control, as well as metabolic homeostasis and synchronized physiological

functions of cells [3]. Aberrant GJIC has been linked to several human diseases, including cancer [4, 5].

Phosphorylation plays an important role in the acute regulation of GJ channels. The C-terminus of
Cx43 contains several putative phosphorylation sites that are prone to phosphorylation by many
kinases, including cAMP-dependent protein kinase (PKA) [6]. Spatial organization brings specificity to
cAMP signaling via A-kinase-anchoring proteins (AKAPs) that place PKA close to their substrates, also
ensuring appropriate temporal control [7, 8]. Besides the A-kinase binding domain (AKB), all AKAPs
have specific targeting domains, which enable PKA-AKAP complexes to be positioned in a membrane,
organelle or other subcellular organization. In addition, these complexes may contain binding

domains for other cAMP effectors and signaling molecules [9, 10].

Ezrin belongs to the ERM (ezrin-radixin-moesin) family of proteins [11]. In addition to the role of ERM
proteins in organizing the cortical cytoskeleton by connecting actin filaments to the plasma
membrane, ERM proteins also serve as scaffolds to directly organize signaling components, for
example in T cell receptor signaling where Ezrin serves as an AKAP for PKA, in the insulin secretory
pathway and during apoptosis [12-16]. In a soluble state the N-terminal, transmembrane receptor
binding domain of ERM proteins interacts with the C-terminal, actin-binding domain, leaving ERM
proteins in a folded and inactive state [17]. The association with PKA is hindered when Ezrin is in the
folded configuration, but the Ezrin AKB, located in the middle alpha-helical region, becomes
accessible for PKA binding when Ezrin is activated by phosphorylation of the C-terminal threonine

(T567) and unfolds [14, 18].

We recently showed that in placental cytotrophoblasts, Ezrin functions as an AKAP to confer human
chorion gonadotropin (hCG)-driven cAMP regulation of cell fusion [19]. In the placenta, GJ opening is
accomplished by Cx43 phosphorylation by an anchored pool of PKA, bound to Ezrin in complex with
Cx43 [19]. In order to assess whether Ezrin regulates GJ opening also in other nonfusogenic cell types,
we examined an epithelial liver cell line with Cx43 as the predominant GJ protein and found that
Ezrin coordinates a supramolecular complex with PKA and Cx43 that facilitates regulation of GJ

communication by cAMP.



2. Material and methods
2.1. Cells

The rat liver epithelial cell line IAR20 was cultured at 37°C 5% CO, in DMEM high glucose GlutaMAX
medium (Gibco) supplemented with 10% fetal bovine serum (Gibco) and 1% PenStrep (Gibco). All the
experiments were done with 90-100% confluent cells (grown in different dishes depending on the
experiment). The cells were routinely examined for infections, tested for mycoplasma and were free

of contamination.

2.2. Reagents

8-CPT-cAMP (Biolog), [**P]y-ATP (Pierce), ATP (Sigma), cCAMP (Sigma).

2.3. Peptides

All peptides used were synthesized on an Intavis MultiPep robot (Intavis Bioanalytical Instruments
AG), uncoupled and verified by high performance liquid chromatography (HPLC). The concentrations
of the peptides were determined by amino acid analysis (Thermo Scientific Dionex). Ht31 R11-
DLIEEAASRIVDAVIEQVKAAGAY;  ppHt31  R11-DLIEEAASRPVDAVPEQVKAAGAY;  PKI-Arg:  R9-
TYADFIASGRTGRRNAI; PKI-Arg-Scr: R9-RRANITSGYFDTIAAGR; Cx43 wt R9-DQRPSSRASSRASSRPRP;
Cx43 mut R9-DQRPSSRASSEASSRPRP.

2.4. Confocal immunofluorescence microscopy

The immunostaining was performed on cells that were fixed and permeabilized in 100% methanol for
3-5 min at -20°C, after which they were incubated with primary antibodies against Cx43 (Rabbit
polyclonal, 1:400, Sigma, C6219; Mouse, 1:100, Invitrogen, 13-8300), Ezrin (Rabbit polyclonal, 1:1000,
Sigma, E1281; Mouse, 1:100, Invitrogen, 35-7300) ZO-1 (Mouse monoclonal, 1:100, Invitrogen, 33-
9100), PKA Rla (mouse monoclonal, 1:100, BD Transduction Laboratories, 610610) and PKA Rlla
(mouse monoclonal, 1:100, BD Transduction Laboratories, 612243) for 30 min at room temperature.
As secondary antibodies, anti-mouse or anti-rabbit fluorochrom-conjugated antibodies were used
(Alexa Fluor 488 (Jackson) and 546 (Invitrogen), 1:500) for 30 min at room temperature. Nuclei were
counter-stained with DAPI. Images of confocal slices were acquired with Zeiss LSM 510Meta confocal
microscope, using a 63x oil immersion objective (NA 1.4) at 20°C with ZEN Software and further
processed in Adobe Photoshop. Images were only adjusted for brightness and contrast in the same

manner.



2.5. Western blotting

Whole cell extracts were prepared in RIPA buffer, cells were sonicated and centrifuged 10,000g for
10min at 4 °C. Supernatants were collected and protein extract prepared in SDS Loading buffer for
Western blot analyses. Ten ug of protein was loaded on gels and antibodies to the following proteins
were applied: Cx43 (rabbit polyclonal, 1:8000, Sigma, C6219), Cx43 (mouse monoclonal, 1:500, Sigma,
C8093), Ezrin (rabbit polyclonal, 1:2000, Sigma, E1281), phospho-Ezrin (Thr567) (monoclonal rabbit,
1:1000, Cell Signaling, 3149), PKA Rla (mouse monoclonal, BD Transduction Laboratories, 1:1000),
PKA Rlla (mouse monoclonal, BD Transduction Laboratories, 1:1000), PKA C (rabbit polyclonal,
1:1000, Santa Cruz, sc-905), PKA C (mouse monoclonal, 1:1000, BD Transduction Laboratories), ZO-1
(mouse monoclonal, 1:250, Invitrogen, 33-9100), phospho-PKA substrate (rabbit monoclonal, 1:1000,
Cell Signaling, 9624) and vinculin (mouse monoclonal, 1:3000, Sigma, V9131). After using secondary-
HRP-conjugated antibodies, blots were developed with Supersignal West Pico or Dura substrates

(Thermo Scientific).

2.6. Immunoprecipitation

Dynabeads® Protein G Immunoprecipitation kits were applied using protein extracts prepared as
described above at a concentration of 1-2 mg/mg and 10 pg of primary antibody used, according to
the manufacturer. Nonspecific rabbit and mouse 1gG antibodies (Jackson ImmunoResearch) were
used as controls. IPs, IgG controls and lysates are from the same gels. Some lysates are from different

exposures. Images of blots were only adjusted for brightness and contrast in the same manner.

2.7. Mass spectrometry

Protein identification in immunoprecipitates was done by NanoLC-ESI-MS after tryptic digestion as

described [20]. The complete rat proteome databased was used and proteins of interest indicated.

2.8. Duolink Proximity Ligation Assay (PLA)

Applying the same fixation and permeabilization protocol as for the immunofluorescence, PLA assays
were performed according to the manufacturer’s instructions (Sigma). For the visualization, Duolink
in situ detection reagent orange was used (Sigma). Cell membrane staining was done with Wheat

Germ Agglutinin (WGA) (5ug/ml) conjugated with Alexa 488 (Life technologies) and nuclei were



visualized with DAPI. Images of confocal slices were acquired with Zeiss LSM 510Meta confocal
microscope and adjusted for brightness and contrast in the same manner. PLA signal was assessed
after the treatment with peptides Ht31 and ppHt31 (25 uM) together with 8-CPT-cAMP (100 uM).
Control experiments were performed with just one primary antibody in the incubation or with a pair

of 1gG (rabbit and mouse) control antibodies. The signal was quantified using Imagel.

2.9. PKA Kinase Assay

The assay was based on the previously published method [21] with some modifications.
Immunoprecipitations were performed as previously described and precipitates incubated in a kinase
reaction mix containing 10 mM ATP, 50 mM Tris-HCL pH 7.4, 1M MgAc,, [y*°P] ATP and kemptide
(Leu-Arg-Arg-Ala-Ser-Leu-Gly) with cAMP (5 uM) = PKI (10 uM) for 9 min at 30 °C. The reaction
mixture was spotted on phosphocellulose paper, washed 4 times in 75 mM phosphoric acid, once in

95% ethanol, dried and counted by liquid scintillation.

2.10. siRNA transfection

Lipofectamine RNAIMAX transfection reagent (Invitrogen) was used for siRNA knock down
experiments according to the manufacturer’s instructions. Cx43 siRNA:
5'ACUAGCUGCUGGACAUGATT 3', 5' UUCAUGUCCAGCAGCUAGUTT 3'. Stealth RNAi negative control

medium GC duplex (Invitrogen) was used as a siRNA control.

2.11. Calcein dye transfer-based assay for gap junction intercellular communication (GJIC)

A cell-based assay for higher throughput GJIC assessment using IAR20 cells was developed as
described in [51]. In brief, the assay implied loading one population of IAR20 cells with calcein,
mixing it 1:1 with an unlabeled cell population, plating the cells at a density where they formed gap
junctions and 4 hours later measuring dye transfer by assessing the increased number or dye positive

cells using the IncuCyte Zoom instrument.

2.12. Gap-Fluorescence Recovery After Photobleaching (gap-FRAP)

For assessment of GJIC in live cells, a quantitative gap-FRAP assay based on calcein red-orange AM
dye (2.5 puM, Invitrogen) was performed [22]. An Olympus FluoView 1000 inverted microscope
equipped with a 60x PlanApo (NA 1.3) oil immersion objective was used at 37°C with DMEM (high


https://www.mn.uio.no/ibv/english/research/about/infrastructure/imaging/fluoview-1000-inverted

glucose, HEPES, no phenol red, 21063-029, Gibco) imaging medium. Olympus acquisition software
was applied. The exponential fluorescence recovery curves were formed using the equation: (Fi— F;) /
(Fi- Fo) = c‘t/r, where F, F, and Fyare fluorescence intensities before bleaching, at a certain time point
t and time O, respectively, and t is a time constant. The transfer rate constant k = 1/ T was calculated

and corrected for the number of neighboring cells surrounding the bleached cell.

2.13. Statistics

GraphPad Prism software was used for all the statistical analysis and unpaired t-test or ManWhitney
test applied for comparison between groups, depending on the data. All the data are shown as mean

+ SD. * p<0.05, ** p<0.01, *** p<0.005.

3. Results

3.1. The GJ protein Cx43 forms a supramolecular complex with Ezrin and PKA at the cell membrane of

IAR20 cells

In order to examine the presence and localization of the AKAP Ezrin and PKA in epithelial cells, the
liver cell line IAR20, which forms abundant GJs, was subjected to confocal immunofluorescence
analysis. Immunostaining showed that Ezrin is present in IAR20 cell membranes and that it co-
distributed with Cx43, which is known to be the predominant Cx isoform expressed in this cell line
[23, 24] (Fig. 1). The main region of co-distribution between Cx43 and Ezrin appeared to be in GJ
plaques [24] (Fig. 1). Ezrin is a dual-specific AKAP [25], and both PKA type | and type I, represented
by the regulatory subunits Rla and Rlla, were found to be abundantly expressed in IAR20 cells and
co-distributed with Cx43 and Ezrin in the IAR20 cell membrane (Fig. 1). It has previously been shown
that zonula occludens 1 (ZO-1) may form a complex with Cx43 [26] and we also observed co-

distribution of Cx43 and ZO-1 in IAR20 cells, particularly in the cell membrane (Fig. 1).

Western blot analysis of IAR20 cell lysates was performed to examine the levels of total and
phosphorylated Ezrin. Phosphorylation of Ezrin at T567 is involved in its activation process [14, 18].
Ezrin was detected in IAR20 cell lysates both by antibodies against total Ezrin as well as Ezrin
phosphorylated at T567 (Fig. 2A). Immunoblotting also demonstrated the expression of both PKA
regulatory subunits, Rla and Rlla, catalytic subunit (PKA C), ZO-1, as well as Cx43. In accordance with
previous studies in various cell types, Cx43 formed three distinct bands on SDS-PAGE, termed Py, P,

and P,, which represent differently phosphorylated forms of Cx43 (Fig. 2A) [27, 28].



To examine whether the Cx43-ZO-1 complex physically interacts with Ezrin and PKA, co-
immunoprecipitations of the proteins were performed. As shown in Fig. 2B, Ezrin
immunoprecipitation pulled down Cx43, PKA Rla, Rlla and PKA C (Fig. 2B). Similarly, when Cx43, ZO-1,
PKA Rla and Rlla and PKA C were immunoprecipitated, the same co-immunoprecipitated
components were found (Fig. 2B). Rabbit and mouse IgGs were used as controls and did not
precipitate any of the proteins examined (Fig. 2B). Proteomic analysis performed on the Cx43
immunoprecipitate identified Ezrin and the PKA Rlla subunit (Fig. 2C). In addition, the PKA C subunit
beta was present in the immunoprecipitates (Fig. 2C). Collectively, these data suggest the presence
of a supramolecular complex in IAR20 cells where Ezrin bound to the Cx43-ZO-1 complex anchors

PKA (Fig. 2D).

To further examine the co-localization of the proteins in this complex, proximity ligation assay (PLA)
was performed, in which IAR20 cells were labelled with pairs of antibodies against the various
complex members. Close proximity between proteins (<40 nm) is indicated by a strong red-dotted
signal, which was observed when Cx43-ZO-1, Ezrin-PKA Rla and Ezrin-Rlla colocalization was
examined (Fig. 3A). The signal was particularly intense in the cell membrane regions (Fig. 3A). The co-
incubation of Cx43 and Ezrin antibodies was found to yield the most intense PLA signal, which may
suggest that these proteins have the shortest distance among the proteins analyzed (Fig. 3A). In
contrast, when IAR20 cells were labelled with a single antibody or a pair of unspecific IgG (rabbit and
mouse) controls, no signal was detected (Supplementary Fig. S1). Preincubating the cells with the cell
permeable version of the Ht31 peptide, which is a PKA anchoring disruptor with dual specificity for Rl
and RIl regulatory subunits [29], prevented the PLA signal generation for all antibody pairs involving
PKA (p<0.005), indicating that it displaced PKA Rla and Rlla from Ezrin (Fig. 3B). In contrast,
preincubating the cells with the control peptide ppHt31 did not have any effect on the PLA signal (Fig.
3B).

3.2. The Ezrin-PKA complex phosphorylates Cx43

As the above data indicated that Cx43 and ZO-1 form a complex together with Ezrin and PKA in IAR20
cells, we next found it of importance to examine whether PKA can directly phosphorylate Cx43 and
thereby affect GJ gating. The direct role of PKA in Cx43 phosphorylation has been unclear, and it has
been suggested that Cx43 is a poor substrate for PKA, unlike its role as a substrate for PKC and MAPK
[30-32]. To assess the level of Cx43-associated PKA activity, a kemptide-based kinase assay was
performed. As evident from Fig. 4A, PKA C, Ezrin and Cx43 immunoprecipitates had cAMP-stimulated

and protein kinase inhibitor (PKI)-inhibitable (p<0.05) phosphotransferase activity that significantly



differed (p<0.05) from that associated with IgG precipitates, used as controls (Fig. 4A). Furthermore,
stimulation of cells with 8-CPT-cAMP produced a mobility shift in Cx43. When analyzed by SDS-PAGE,
Cx43 shows multiple electrophoretic isoforms (as shown in Fig. 2A), named P,, which is a faster
migrating form with few phosphorylated sites [33], and P, and P,, [27, 34, 35], both of which migrate
slower due to phosphorylation at specific sites that induce conformational changes and shift in
mobility. Since several kinases phosphorylate Cx43, treatment of cells with chemicals like 12-O-
tetradecanoylphorbol-13-acetate (TPA) or growth factors such as epidermal growth factor (EGF),
which activates a variety of kinases, leads to Cx43 mobility shifts [36]. Control and 8-CPT-cAMP-
pretreated cells were lysed and analyzed by western blot using an anti-phospho-PKA phosphorylation
site antibody that detects specific motifs (RRXS, RXXS and RXS) in proteins phosphorylated by PKA
and which detects phosphorylation in Cx43 (data not shown). The data demonstrated a shift in Cx43
mobility towards the P, isoform following cCAMP treatment (p<0.05) (Fig. 4B). siRNA-mediated Cx43
knock down was performed to verify that the bands indeed represented Cx43 and not unspecific
bands (Fig. 4B). Efficiency of the knock-down was close to 100%. Samples treated with control siRNA
showed a similar pattern of the Cx43 phospho-forms as non-treated cells. To further analyze the
effect of 8-CPT-cAMP on the Cx43 phosphorylation status, antibodies against unphosphorylated and
phosphorylated Cx43 isoforms were used separately. Stimulation with 8-CPT-cAMP was found to
significantly change (p<0.05) the ratio between unphosphorylated/phosphorylated Cx43 towards the
phosphorylated form (Fig. 4C). Using a live cell assay for calcein dye transfer to assess GJIC in IAR20
cells, we next examined the effect of a cell-permeable version of PKI alone and together with cAMP.
As evident from Fig. 4D, cAMP increased GJIC (bottom panel). PKI, but not its scrambled control
reduced both basal and cAMP-stimulated GJIC (top and bottom panels, respectively). Together our
data indicate that cAMP through activation of an anchored pool of PKA, directly or indirectly, elicits

phosphorylation of Cx43.

3.3. Ezrin-anchored PKA controls Cx43 gap junction intercellular communication

Our data demonstrate the importance of PKA kinase activity when PKA is in complex with Cx43 and
the changes in Cx43 phosphorylation when PKA is being activated. In order to examine whether
Ezrin-mediated Cx43 phosphorylation functionally affects GJIC in live cells, quantitative gap-FRAP
experiments were performed. Whole cells in a confluent monolayer were subjected to
photobleaching and the fluorescence recovery that occurs as a consequence of the calcein dye
passage through the Gls from the neighboring (non-photobleached cells) was measured (Fig. 5A).

The fluorescence recovery was monitored during 600s post bleaching, which was estimated to be



sufficient time for reaching the plateau in cAMP-treated cells (Fig. 5B). The florescence recovery was
significantly faster upon cAMP stimulation and slower when cells were loaded with a cell-permeable
version of the Ht31 peptide together with cAMP (Fig. 5B). Interestingly, cells subjected to Ht31
treatment did not recover their GJIC even after 600s (Fig. 5B). The proline-substituted ppHt31
peptide used as a control together with cAMP did not affect the recovery rate (Fig. 5B). Calcein
transfer rate constant (k) analysis furthermore supported the observation that cAMP increases
intercellular communication (p<0.05) over the total recorded time of 600s and particularly in the first
150s of the recovery (p<0.001) (Fig. 5C-D). Ht31 treatment significantly lowered the k value during
the starting 150s (p<0.01), as well as for the total 600s (p<0.005) (Fig. 5C-D). Furthermore, treatment
with a cell-permeable peptide from the Cx43 sequence that interacts with Ezrin [19], which was
specifically designed to disrupt the Cx43-Ezrin interaction (Cx43 wt) [51], significantly reduced the
cAMP-induced increase in communication compared to a control peptide with a substitution in the
amino acid crucial for binding (Cx43 mut). The transfer rate constant was significantly lower for the
first 150s (p<0.01) as well as for the total 600s (p<0.05) (Fig. 5E). To test our hypothesis that that GJIC
assessed with the gap-FRAP technique represents traffic through Cx43 hexamers, Cx43 was knocked
down by transfection with siRNA, which caused loss of GJIC, while control siRNA transfection did not

have any significant effect on the communication (Fig. 5F). The transfection efficiency was 97%.

4. Discussion

The discovery that Ezrin is a dual-specific AKAP in placental trophoblasts responsible for regulation of
GJIC, raised the question of whether Ezrin also in other cell systems serves as an AKAP that confers
PKA phosphorylation of Cx43 and channel opening. In the placenta, cytotrophoblasts fuse and form
multinucleated syncytium, which is a hormone driven process that is known to involve cAMP
signaling pathway [37]. Fusogenic signal transmission through Cx43 GJs is needed for the fusion
process to proceed [38]. However, it has remained elusive whether regulation of GJIC by an Ezrin-
anchored pool of PKA applies to other non-fusogenic cell types. In this study, we demonstrate that in
epithelial 1AR20 cells, Ezrin is a membrane-anchored AKAP that associates with the Cx43-ZO-1
complex and places PKA in proximity to Cx43. Our data indicate that Ezrin facilitates Cx43
phosphorylation and regulation of GJ channel permeability also in non-fusogenic cells. Similar

observations were also made in HEK cells (not shown).

Cx43 phosphorylation affects GJ channels at different levels, including GJ assembly and disassembly,
degradation, and interaction with other proteins as well as channel permeability [39]. A number of

serines in the C terminal region of Cx43 are potential targets for different kinases as recently
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reviewed [39]. Several studies have reported that PKA is involved in GJ assembly [31, 40-42]. PKC has
been shown to abolish GJ assembly as well as communication [43]. Phosphorylation of Cx43 by
casein kinase 1 might potentiate cell communication by increasing GJ assembly, whereas Src and
MAPK activity have been shown to lead to the closing of the GJ channels [44, 45]. Positive regulation
of GJIC by hCG stimulation of cytotrophoblast was in accordance with previous studies, where cAMP
stimulation promoted cell communication in numerous cell types or application of PKA catalytic
subunit resumed PKI reduced cell communication in primary ovarian granulosa cells [42, 46]. Finally,
we showed that the AKAP Ezrin spatiotemporally regulates the process of GJ opening and facilitated

communication [19].

IAR20 cells are known to express Cx43 [23] and show quite high levels of GJIC [47, 48].
Immunolocalization experiments and western blot analysis indicated that IAR20 cells also express
Ezrin and both PKA regulatory subunits (Rla and Rlla). Co-immunoprecipitation, mass spectrometry
and PLA showed that there is a physical interaction between Cx43-ZO-1 and Ezrin-PKA, which
together form a supramolecular complex that localizes in the membrane. PKA C is also found in the
complex which is not surprising since Smith et al. showed that PKA C remains in the complex with
Rlla and AKAP18y upon PKA activation by cAMP [49], which presumably would be the situation in
complexes with other AKAPs too. ZO-1 probably interacts with the C terminal part of Cx43, as shown
elsewhere [19, 50]. The strong PLA signal between a pair of antibodies to Ezrin and Cx43 suggests
close proximity and possibly direct binding of the two proteins. Although Ezrin is a dual-specific AKAP,
the Rlla subunit of PKA appeared to interact more with Ezrin than Rla, according to the
immunofluorescence experiments as well as the PLA. A similar observation was made in placental
syncytia, where levels of Rla co-localization with Ezrin also were lower than those of Rlla and Ezrin
[19]. It is known that Rla has faster off-rate from Ezrin than RIl, which could mean that the Rlla-Ezrin

complex is favoured [14].

By a biochemical approach we demonstrated that activation of PKA is able to directly or indirectly
trigger phosphorylation of Cx43 inside cells. This process is Ezrin-dependent, supporting previous
observations of ERM protein involvement in signaling events [13-16]. Silencing and reconstitution
experiments in trophoblasts indicated a central role for Ezrin and GJIC in the fusion process [19]. It
was, however, unclear if PKA actually phosphorylates Cx43 directly or if this effect is indirect and
acting via some other kinase. Some studies speculated that Cx43 is a relatively poor substrate for PKA,
especially compared to PKC and MAPK [30-32]. However, Pidoux et al. demonstrated that loss of PKA
from the Ezrin-Cx43-Z0-1 complex prevented cell fusion and syncytial formation due to the channel

closure, indicating that a direct role for PKA is necessary for controlling GJIC in these cells [19].

11



How manipulation of the Cx43-Ezrin-PKA complex affects GJIC was analyzed by calcein dye transfer in
the gap-FRAP assay. Displacing PKA from its AKAP Ezrin using Ht31 disabled Cx43 phosphorylation by
PKA and thereby channel opening, which slowed the recovery of calcein. In addition, the recovery
was not complete after Ht31 treatment compared to untreated cells, suggesting that many channels
remain closed for a period of time. Treatment with the specific Cx43-Ezrin interaction disruptor
peptide reduced the communication between IAR20 cells in the gap-FRAP experiments, compared to
a control peptide with a substitution in the amino acid crucial for binding [19]. The same effect was
observed in experiments from a cell-based assay for assessing gap junction communication that we
have recently developed [51]. These live cell imaging data indicate that Ezrin is the AKAP anchoring
PKA in IAR20 cells. Furthermore, Ht31 peptide had the same effect in the PLA assay, abolishing the
signal. A similar finding was observed in trophoblasts treated with RIAD and super-AKAP-IS, which
displace Rl and RIl, respectively, from Ezrin [19]. Moreover, knockdown of Ezrin or Cx43 in
trophoblast and reconstitution experiments with Cx43 or Ezrin mutated in the binding domain also

cause loss of communication [19].

Our data support a model of GJIC regulation in IAR20 cells where increase in the local cAMP pool
activates an anchored PKA leading to Cx43 phosphorylation, promoting GJ opening. This illustrates
that regulation of GJIC by an Ezrin-anchored PKA is a general principle and not just a phenomenon in
fusogenic cells. Since there are multiple phosphorylation sites in Cx43 that are available for PKA
activity, it is to be investigated which ones are PKA specific. Although S364 is the phospho-site
typically associated with the PKA-mediated effect on GJIC [30, 31], mostly due to the increase in the
GJ assembly, others sites on the same region also fit the PKA consensus sequence and could be

involved.

The fact that anchored PKA may act as a gatekeeper to control GJIC in different cell types opens
possibilities for targeting the Cx43-Ezrin interaction in conditions of impaired GJ communication,
where it is known that Cx43 plays an important role. In cancer, GJ communication affects cell
proliferation, migration and plasticity [52]. It has been recently shown that orally bioavailable
modulators of Cx43 gap junctions suppressed brain metastasis in mice [53]. Inhibition of anti-tumor
immunity by regulatory T cells could potentially be reversed by targeting GJ [54]. Furthermore, in the
heart, Cx43 GJ regulation could limit heart damage after myocardial infarction [55]. However, it
remains to be shown that an Ezrin-anchored pool of PKA is present and regulates GJIC in these

systems.
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Figure captions

Fig. 1. Co-distribution of Ezrin and Cx43, together with ZO-1, PKA Rla and Rlla in IAR20 cells. Cells
were immunostained with combinations of antibodies to Cx43, Ezrin, ZO-1, PKA Rla and PKA Rlla in
dual immunofluorescence experiments as indicated. DAPI was used for nuclear counterstaining.
Enlarged image parts are showing selected regions of co-distribution in the membrane.

Representative images are shown.

Fig. 2. A supramolecular complex of Cx43, Ezrin and PKA in IAR20 cells. (A) Immunoblots showing the
presence of Cx43, ZO-1, Ezrin, PKA subunits Rla and Rlla and catalytic subunit (C) of PKA in IAR20
cells. Whole cell lysates were subjected to western blot analysis using antibodies against Cx43, Ezrin,
phospho-Ezrin (Thr567), PKA Rla, PKA Rlla, PKA C and ZO-1. Py, P, and P, migrating forms of Cx43
and phospho-Ezrin band are indicated with arrows. (B) Lysates were subjected to
immunoprecipitation with Ezrin, Cx43, PKA Rlla, PKA C and Z0O-1 antibodies as well as IgG controls.
Immunoprecipitates and corresponding lysates were analyzed by immunoblot for the presence of the
indicated proteins. Dotted lines indicate that lanes from lysates are combined from different parts of
the same gel and same or different exposures. Data in A and B are representative of three
experiments. (C) IAR20 cell extracts were analyzed by Nano-LC-ESI-MS after tryptic digestion of Cx43

immunoprecipitate. (D) Schematic illustration of the complex including Ezrin, PKA, Cx43 and ZO-1.

Fig. 3. Cx43, Ezrin and PKA co-localize in the 1AR20 cells membrane. (A) Cells were subjected to
proximity ligation assay with the following pairs of antibodies: Cx43-Ezrin, Ezrin-PKA Rla, Ezrin-PKA
Rlla, Ezrin-ZO-1, Cx43-PKA Rla, Cx43-PKA Rlla and Cx43-ZO-1. Physical proximity of the molecules
was assessed by Duolink technology generating red spots when proximity < 40 nm. Cell membranes
were stained with Wheat Germ Agglutinin (WGA) conjugated with Alexa 488 and nuclei with DAPI.
Bars represent the mean + SEM (n=6). (B) The proximity was assessed in presence of Ht31 peptide or
peptide ppHt31 as control, both peptides at 25 uM. Bars represent the mean + SEM from (n=6;
***p< 0.005).

Fig. 4. Phosphorylation of Cx43 by PKA. (A) PKA C, Ezrin and Cx43 immunoprecipitates were
subjected to kinase assays using kemptide as substrate and assessing y*’ATP incorporation.

Phosphotransferase activity was examined in samples treated with cAMP (5 uM) % PKI (10 uM). I1gG
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precipitates were used as controls. Bars represent the mean + SD from 3 independent experiments (*
p<0.05 for cAMP vs cAMP+PKI and # p<0.05 for IP vs corresponding 1gG IP, both for cAMP and
cAMP+PKI treated samples). (B) Changes in Cx43 phosphorylation upon 8-CPT-cAMP (100 uM)
stimulation of the cells were detected by a phospho-PKA substrate antibody that recognizes specific
motifs (RRXS*, RXXS* and RXS*) in proteins phosphorylated by PKA and compatible with the putative
phosphorylation sites in Cx43. Arrows indicate the two different migrating forms P, and P,. Cx43- and
control siRNA-transfected cells were used as controls. Dotted lines indicate that different parts of the
same gel and exposure were combined. Bars represent the mean + SEM from 3 independent
experiments (* P< 0.05). (C) Differential Cx43 phosphorylation was detected by specific Cx43
antibodies that recognize either unphosphorylated (non-p-) or phosphorylated (—p-) form of the
protein, in presence and absence of 8-CPT-cAMP (100 uM) pretreatment. Vinculin immunoblots were
used as loading controls. Bars represent the mean + SEM from 3 independent experiments (* P<
0.05). (D) GJIC inhibition by PKI cell permeable peptide assessed in the calcein dye transfer assay in
live IAR20 cells in the absence (top panel) and presence (bottom panel) of 8-CPT-cAMP (** P< 0.01 or
*** P<0.005 compared to control; ### P<0.005 compared to 8-CPT-cAMP-treated).

Fig. 5. Anchored PKA controls Cx43 gap junction intercellular communication. (A) Representative
images of a gap-FRAP experiment performed on control IAR20 cells using calcein red-orange AM dye.
The bleached region corresponds to a single bleached cell (circled in red). (B) Fluorescence recovery
curves for cells treated with 8-CPT-cAMP (30 min) + Ht31 (45 min). Ht31-P peptide was used as a
control peptide. Relative intensity of data points is presented as mean * SD for at least 10
independent experiments. (C-D) Histograms representing transfer rate constant k calculated for the
first 150 seconds (C) and total 600 seconds (D) of the recovery time. * p<0.05 for Ctrl vs treatment,
** p<0.01 for Ctrl vs treatment, *** p<0.005 for Ctrl vs treatment; ### p<0.005 for treatment 1 vs
treatment 2 (E) Transfer rate constants for samples treated with disruption peptides specific for the
Cx43-Ezrin interaction, Cx43 wt and Cx43 mut (peptide with a substitution in the amino acid crucial
for the binding). Peptides were applied together with 8-CPT-cAMP. * p<0.05, ** p< 0.01 (F)
Fluorescence recovery curves for Cx43 and control siRNA transfected cells. Representative western

blot and histograms are showing the transfection efficiency.
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