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Abstract

Altered phosphorylation and trafficking of connexin 43 (Cx43) during acute ischemia contributes
to arrhythmogenic gap junction remodeling, yet the critical sequence and accessory proteins
necessary for Cx43 internalization remain unresolved. 14-3-3 proteins can regulate protein
trafficking, and a 14-3-3 mode-1 binding motif is activated upon phosphorylation of Ser373 of the
Cx43 C-terminus. We hypothesized that Cx435€373 phosphorylation is important to pathologic
gap junction remodeling. Immunofluorescence in human heart reveals enrichment of 14-3-3
proteins at intercalated discs, suggesting interaction with gap junctions. Knockdown of 14-3-3t in
cell lines increases gap junction plaque size at cell-cell borders. Cx435373A mutation prevents
Cx43/14-3-3 complexing and stabilizes Cx43 at the cell surface, indicating avoidance of
degradation. Using Langendorff-perfused mouse hearts we detect phosphorylation of newly
internalized Cx43 at Ser373 and Ser368 within 30 minutes of no-flow ischemia. Phosphorylation
of Cx43 at Ser368 by PKC and Ser255 by MAPK has previously been implicated in Cx43
internalization. The Cx435373A mutant is resistant to phosphorylation at both these residues and
does not undergo ubiquitination, revealing Ser373 phosphorylation as an upstream gate-keeper of
a post-translational modification cascade necessary for Cx43 internalization. Cx435€r373
phosphorylation is a potent target for therapeutic interventions to preserve gap junction coupling
in the stressed myocardium.
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Introduction

Proper heart pumping function depends upon the organized and rapid propagation of action
potentials through the working myocardium to induce coordinated organ level contraction.
Coordination in heart ventricles, which are the main pumping chambers, is achieved
primarily through direct electrical coupling of individual cardiomyocytes via connexin 43
(Cx43) gap junctions (1, 2). Gap junctions comprise thousands of intercellular channels
which permit the rapid passage of cytosolic factors such as ions and second messenger
signaling molecules. Individual connexin proteins oligomerize into hexameric
transmembrane channels termed connexons. Once inserted into the plasma membrane,
connexons then couple with connexons on the surface of neighboring cells to form gap
junctions (3). There are 21 human connexin proteins, of which Cx43 is the most broadly
expressed, and is particularly enriched in ventricular cardiomyocytes (4). Localization of
Cx43 gap junctions to the intercalated discs of cardiomyocytes is essential for organ level
propagation of action potentials. During stress, such as acute ischemia, Cx43 undergoes
pathological remodeling and gap junction coupling is rapidly down-regulated (5-8). Such
altered Cx43 localization slows action potential propagation and contributes to an
arrhythmogenic substrate (2, 9-11).

The gap junction life cycle can be separated into three stages: (i) anterograde transport of de
novo connexons from the Golgi apparatus to the cell surface, (ii) assembly into and
maintenance within the gap junction plaque, and (iii) retrograde transport encompassing
internalization prior to degradation (12-14). Alterations in the balance between any of these
three stages can rapidly affect intercellular coupling as Cx43 has a relatively short half-life
of 1-5 hours (15-17). We have previously demonstrated that altered regulation of the
cytoskeleton-based forward trafficking machinery contributes to loss of Cx43 gap junction
coupling in diseased hearts (11, 18). The Cx43 protein itself is subject to a host of
posttranslational modifications which can influence its trafficking, conductance, and
degradation (19). Of these modifications, phosphorylation of the Cx43 C-terminus has
emerged as a powerful but complex mode of cellular gap junction regulation (20).

Several signal transduction pathways converge on the Cx43 C-terminus. Positive regulators
of gap junction coupling include; protein kinase A (PKA) which promotes trafficking and
assembly of gap junctions (21, 22), and casein kinase 1 (CK1) which also supports forward
trafficking of Cx43 (23, 24) and was recently demonstrated to protect against
arrhythmogenic internalization of gap junctions during stress (25). In contrast,
phosphorylation of Cx43 by mitogen-activated protein kinase (MAPK) signaling reduces
open channel probability and can induce internalization, ubiquitination, and degradation of
Cx43 (26-31). Protein kinase C (PKC) phosphorylates Cx43 at Ser368 which reduces gap
junction conductance in addition to promotion of Cx43 endocytosis and degradation (28,
32-37). Interestingly, pCx435€'368 js associated with cardioprotective effects such as
reduction of infarct size, presumably by limiting the spread of toxic factors (38—40).
Phosphorylation events on the Cx43 C-terminus can act as checkpoints in the regulation of
subsequent posttranslational modification. For example, Ser368 phosphorylation itself is
prevented by prior phosphorylation of the PKA site Ser365 (41).
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In close proximity to Ser368 is residue Ser373 whose phosphorylation activates a 14-3-3
mode-1 binding motif (42, 43). 14-3-3 proteins are accessory proteins whose binding often
requires phosphorylation of the client protein within a specific domain, which is the case
with Ser373 of the Cx43 mode-1 binding motif. 14-3-3 proteins have diverse cellular
functions, including regulation of vesicular transport (44). In terms of protein transport,
14-3-3 binding is associated with masking of endoplasmic reticulum (ER) retention motifs,
promoting client protein trafficking through the vesicular transport pathway (44-46).
Indeed, phosphorylation of Ser373 and Cx43/14-3-3 complexing has been implicated in the
regulation of Cx43 anterograde transport (47, 48) and increased gap junction assembly
during stress (49). Given the colocalization of 14-3-3 proteins with Cx43 at gap junction
plaques (43), and increased phosphorylation of Ser373 during stress (49), we hypothesized
that 14-3-3 complexes with Cx43 in gap junction plaques, and provides critical negative
regulation during acute ischemia.

14-3-3 proteins limit Cx43 gap junction plague size

We chose to investigate the subcellular localization of 14-3-3 proteins in human heart
relative to Cx43 distribution. By immunofluorescence, we find 14-3-3 proteins (green)
throughout the cytosol of human adult cardiomyocytes, but also detect enrichment of 14-3-3
proteins which co-localizes with Cx43 at the intercalated disc (red, Figure. 1A, arrow). To
investigate the potential role for 14-3-3 proteins in gap junction regulation, we exposed
neonatal mouse ventricular cardiomyocytes (NVCMs) to the 14-3-3 inhibitor R18 (50).
After 16 h of incubation with R18, Cx43 gap junction plaques (green) were substantially
larger in comparison to control cells, as detected by immunofluorescence (Figure 1B). Seven
isoforms of 14-3-3 exist in mammalian cells, with the 14-3-3v isoform having previously
been found to complex with Cx43 (43, 47, 49). Using siRNA-mediated knockdown of
14-3-3t in a stable HaCaT cell line overexpressing Cx43, Western blotting reveals that loss
of this 14-3-3 isoform increases total cellular Cx43 levels in comparison to cells transfected
with a non-targeting siRNA (Figure. 1C). Cx43 protein exhibits a high turnover rate and one
cellular location the protein can accumulate in the absence of degradation is the plasma
membrane. We used fixed-cell immunofluorescence 24 hours post transfection with sSiRNA
duplexes to identify where this stabilized pool of Cx43 protein occurs within the cell. Data
presented in Figure. 1D reveal larger Cx43 gap junction plaques (green, arrows) following
knockdown of 14-3-3t (quantification in Figure 1E). Cell membrane is identified using
wheat germ agglutinin (WGA, red). Taken together with the co-localization of 14-3-3
proteins and Cx43 at intercalated disc structures (Figure. 1A), these data suggest 14-3-3
binding limits gap junction plaque size at the cell surface.

Inactivation of the Cx43 14-3-3 binding motif increases Cx43 surface levels and stabilizes
the Cx43 protein

14-3-3 complexing with partners such as Cx43 is dependent on phosphorylation of its
binding motif (45, 51). The C-terminus of Cx43 contains a mode-1 14-3-3 binding motif
whose activity requires phosphorylation of Ser373 (42) (Figure. 2A). Using site-directed
mutagenesis, we substituted Cx435€7373 with the unphosphorylated mimetic alanine (S373A
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mutation) to study the effects of inactivating the 14-3-3 binding motif on the Cx43 protein.
Loss of the phosphorylated 14-3-3 motif was confirmed by immunoprecipitation followed
by Western blot using a phosphorylation-specific antibody against the 14-3-3 mode-1 site
(Figure. 2B, middle panel). In addition to ablation of a detectable 14-3-3 mode-1 binding
motif, we find, by co-immunoprecipitation, that the Cx435373A mutant has reduced affinity
for 14-3-3t in comparison to wild-type Cx43 (Figure. 2C, quantification in Figure 2D).

Given the increase in gap junction plaque size following knockdown of 14-3-3+t (Figure.
1C), we were interested if the S373A mutation, which limits 14-3-3< binding to Cx43, could
also increase Cx43 surface levels. HaCaT cells were transfected with either wild-type Cx43
or the Cx435373A mutant 24 h prior to surface protein biotinylation. As seen in Figure. 3A,
we detected a 41 % increase in surface levels of Cx435373A compared to the wild type
protein. Moreover, 35S pulse chase experiments found the half-life of Cx435373A to increase
from 2.46 h to 3.48 h (Figure. 3B). The finding of increased Cx43 gap junction size upon
loss of the 14-3-3+ isoform (Figure. 1C), and concomitant increase of both Cx43 surface
levels (Figure. 3A) and half-life (Figure. 3B) upon mutation of the Cx43 14-3-3 binding
motif, suggest that loss of 14-3-3/Cx43 interaction increases Cx43 stability.

Acute cardiac ischemia results in internalization of Cx43 phosphorylated at residues
Ser368 and Ser373

Having found that Cx43/14-3-3 interaction regulates gap junction surface levels and Cx43
membrane stability, we were interested in the status of Ser373 phosphorylation during acute
cardiac ischemia, when intercellular Cx43 gap junction coupling is actively undergoing not
just altered forward trafficking (11) but remodeling from the intercalated disc by the
cardiomyocyte (6). We exposed Langendorff-perfused mouse hearts to 30 minutes global
ischemia or normal perfusion and harvested tissue for analysis by biochemistry and
microscopy. Confocal immunofluorescence imaging of snap-frozen sections reveals lower
levels of Cx43 (green) in colocalization with N-cadherin (red) at intercalated discs (Figure.
4A). SDS-PAGE of Cx43 typically exhibits four discrete bands termed p0, p1, p2, and p3
which are understood to represent various phosphorylation states (52). Following 30 minutes
acute ischemia we find an increase in p0, p1, and p2 together with a loss of detectable p3
isoform (Figure. 4B). Despite this shift towards the faster migrating bands, we find that
phosphorylation at Ser368 of Cx43 is significantly higher in ischemic hearts (Figure. 4C),
and that this phosphorylation occurs in concert with phosphorylation of the Cx43 14-3-3
mode-1 binding motif at Ser373 (Figure. 4D). Having found that Ser373 phosphorylation
reduces stability of surface membrane Cx43 (Figures 1-3) we examined whether ischemia
induced phosphorylatation of membrane Cx43 may accelerate internalization.

Previous reports have localized pCx435¢7368 tg the intercalated disc following acute
ischemia (53), and Cx43-Ser368 phosphorylation is involved in gap junction remodeling
(38-40). Consistent with these reports, we find increased pCx435€r368 gt intercalated discs
as determined by immunofluorescence of frozen sections (Figure. 5A). High resolution
confocal imaging uncovers an additional population of large pCx435¢7368 (green)
accumulatiions in close proximity to, but not within, the N-cadherin (red) enriched
intercalated disc structures (arrows, Figure. 5B).
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In order to investigate the origin of these non-junctional pCx435€r368 structures and to
complement imaging-based studies, we undertook biochemical tissue fractionation to
localize Cx43 populations based upon triton-x100 solubility. Higher levels of pCx435€er368
were detectable in the soluble (non-junctional) fraction after acute ischemia (Figure. 5C,
quantification relative to total Cx43 in Figure. 5D). Additionally, more soluble Cx43 was
phosphorylated in response to acute ischemia at Ser373 (mode-1, Figure. 5C and Figure.
5D). The acuity of the ischemic intervention (30 minutes) further indicates that the
phosphorylation occurs on existing Cx43 that is internalized from the intercalated disc rather
than on de novo generated Cx43. Taken together, these findings identify phosphorylation of
Cx43 at the 14-3-3 mode-1 binding site Ser373, as well as Ser368, as occurring during acute
cardiac ischemia and being associated with Cx43 internalization.

Cx43S373A js resistant to PMA-induced phosphorylation, ubiquitination, and internalization

The Langendorff-perfused mouse heart studies in Figure. 4 and Figure. 5 reveal that
internalized Cx43 is phosphorylated at Ser373 and Ser368 after 30 min acute ischemia. To
test the relationship between these two sites and their role in Cx43 internalization, we used
the phorbol ester PMA which is known to reduce gap junction coupling and induce
ubiquitination and degradation of Cx43 in cultured cells. PMA activates protein kinase C
(PKC) which, in turn, phosphorylates Cx43 at Ser368, leading to internalization (33). We
exposed HaCaT cells transiently transfected with cDNA encoding wild-type Cx43 to PMA
for 90 minutes. As expected, following stimulation we found surface levels of Cx43 were
lower in PMA-stimulated cells (Figure. 6A). The decrease in surface levels were blocked
using the endocytosis inhibitor Dynasore (54), confirming that PMA increases Cx43
internalization. The effects of PMA on Ser368 phosphorylation provides the opportunity to
test whether Ser373 phosphorylation is upstream of Ser368. We repeated the experiment in
Figure. 6A using the S373A mutant. Results, seen in Figure. 6B, are that S373A prevents
PMA induced reductions in surface Cx43.

To study the effects of dynamic phosphorylation, we serum-starved HaCaT cells expressing
wild-type Cx43 or Cx435373A and then stimulated them with PMA. The cells were harvested
for biochemical analysis at multiple time points within a 2 hour period. Western blotting
reveals that Ser368 is rapidly and robustly phosphorylated upon stimulation by PMA (left
side of Figure. 6C red arrow, quantification in red line of graph). Interestingly, the
Cx43S373A mutant prevents Ser368 phosphorylation (right side of Figure. 6C red arrow,
quantification in green line of graph). These findings confirm that Cx43 Ser368
phosphorylation is downstream of Cx43 Ser373 phosphorylation.

It is worth noting that, through a combination of stimulating Ser368 phosphorylation and
activating of MAPK pathways, PMA also results in phosphorylation of Cx43 at Ser255 (28).
Just as with Ser368 phosphorylation in Figure. 6C, we found the Cx435373A mutant resistant
to phosphorylation at Ser255 when the cells were exposed to PMA (Figure. 7A). MAPK
phosphorylation of Cx43 occurs upstream of ubiquitination and internalization (55).
Immunoprecipitation of Cx43 to determine the ubiquitination status of the protein, reveals
that the Cx435373A mutant is resistant to ubiquitination (Figure. 7B), in addition to upstream
phosphorylation events at Ser373, Ser368 and Ser255. The finding that phosphorylation of
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Ser373 is necessary for phosphorylation at Ser368/255, followed by ubiquitination of Cx43,
indicates that Ser373 phosphorylation is a gatekeeper event for these highly important
regulatory posttranslational events in intercellular gap junction coupling (Figure. 7C).

Discussion

Altered phosphorylation of Cx43 is a hallmark of the pathological remodeling of gap
junctions during disease (6, 12, 20). Rather than individual phosphorylation events being
independent of each other, it is likely that internalization results from a sophisticated
cascade of posttranslational modifications. Here, we investigated the role of a
phosphorylation-dependent 14-3-3 binding motif within the C-terminus of Cx43. 14-3-3
proteins are known to regulate protein transport, and have been implicated in facilitating de
novo Cx43 transport from ER to Golgi apparatus (47, 48). In this study, we uncover an
additional role for 14-3-3 binding at the Cx43 gap junction, where phosphorylation of
Ser373 and 14-3-3 binding provides the gateway to a subsequent signaling cascade of
downstream phosphorylation events leading to gap junction ubiquitination, internalization,
and degradation during acute cardiac ischemia (Figure. 7C).

Investigating the effects of ablation of the Cx43 14-3-3 binding motif, through mutation of
Ser373 to alanine, we find that Cx43 has higher surface expression and greater stability in
the cell, consistent with 14-3-3 inhibition and knockdown data. Ser373 of Cx43 resides
within a triad of double serines (Ser364/365, Ser368/369, Ser372/373) which are subject to
dynamic phosphorylation events regulating gap junction formation (22, 24) and degradation
(28, 33, 55, 56). Phosphorylation of Cx43-Ser365 is known to act as a gatekeeper, inhibiting
phosphorylation of Ser368 by PKC (41). pCx435€r368 can lead to degradation of Cx43 (33,
36, 37) as well as reducing channel conductance (35). We uncover a sequential
phosphorylation cascade initiating at Ser373 and continuing to PKC-mediated
phosphorylation of Ser368, which is upstream of phosphorylation at Ser255. This is
consistent with previous findings that Ser255 phosphorylation depends upon prior activation
of PKC (28) and their promotion of gap junction degradation (55).

The Cx43 phosphorylation events described here negatively regulate Cx43 levels at the cell
surface and therefore cell-cell coupling. In contrast, phosphorylation of Cx43 at Ser364 by
PKA can promote gap junction assembly (22) and phosphorylation at Ser325/Ser328/Ser330
by CK1 also exerts positive effects on gap junction coupling (23). In a recent study,
phosphomimetic mutation of Ser325/328/330 in a knock-in transgenic mouse model was
found to limit pathological remodeling of Cx43 during pressure overload hypertrophy and
protect against induced arrhythmia (25). Phosphorylation of Ser325/328/330 may occur as
an important checkpoint in the cascade of events outlined in Figure. 7C which lead to gap
junction internalization.

While posttranslational modification of the Cx43 C-terminus is clearly a potent mechanism
for the cell to regulate gap junction coupling, transgenic mouse studies with Cx43 truncation
mutants (Cx43K2585TOPy have revealed that the C-terminus is not necessary for Cx43
targeting to gap junctions, although alterations in gap junction size and localization were
observed (57). Despite the presence of gap junctions, Cx43K2585TOP mjce were found more
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susceptible to arrhythmia, and experienced increased infarct size following coronary
occlusion (58). Such findings highlight the importance of the Cx43 C-terminus in the
dynamic fine-tuning of gap junction coupling, whereby loss of the C-terminus potentially
limits the cells capability to rapidly regulate gap junctions during stress. A more recent study
ablating just the PDZ domain of Cx43, which is known to interact with ZO-1 for gap
junction organization (Cx43P3785TOP) ‘found that gap junctions were unaltered, but
localization of Nay/1.5 was disrupted and mice were more susceptible to arrhythmias (59).
Taken together, these studies raise the exciting possibility of a non-canonical scaffolding
function for the Cx43 C-terminus in regulating cardiac intercalated disc function, which may
relate to our recent finding of several N-terminally truncated Cx43 isoforms that are
generated endogenously by internal translation of the Cx43 mRNA transcript (60).

We are finding Cx43 to be a powerful probe that, through the study of its lifecycle, is
highlighting key regulatory mechanisms in protein regulation. Beginning at the ribosome
with alternate translation (60), followed by hemichannel assembly in the ER/Golgi,
cytoskeletal-based transport to the cell surface (11, 17, 18), non-canonical functions in the
perinexus (61-63), accrual into gap junction plaques (49), internalization, degradation (33,
55, 64, 65), and recycling(66), it is very likely that 14-3-3 complexing may regulate
phosphorylation, ubiquitination, and internalization of other proteins as well.

Phosphorylation of the Cx43 C-terminus can also alter Cx43 gap junction channel
conductance (20). In this study, we report phosphorylation of Cx43 at Ser368 as an event
which promotes internalization of gap junctions from the cell surface in human epithelial
cells and in ischemic mouse heart. However, the pCx435€r368 has also been found to be
cardioprotective, and can limit infarct size and arrhythmia (38—40). It is believed that these
protective effects are mediated through reduced gap junction conductance, which limits the
spread of toxic factors during stress (38). Protein phosphorylation is a highly dynamic
process, can occur within seconds of kinase activation, and just as quickly be reversed
through actions of protein phosphatases. It is important to consider that many studies on
cardioprotection via pCx435€r368 are undertaken several days or longer post insult, when
overall Cx43 phosphorylation status could be quite different compared to the acute scenario
in this report. In this study, we have identified distinct populations of pCx435€368 hoth
within intercalated disc structures as previously reported and in cytosolic pools which we
believe are internalized (Figure. 5). It is possible that those channels remaining in the
intercalated disc may harbor alternative phosphorylated/dephosphorylated residues
preventing their internalization, and therefore effecting cardioprotective effects of
pCx435er368 gy ch as reduced conductance.

Cx43 has many binding partners within the cell, and the majority of these protein-protein
interactions occur via the Cx43 C-terminus (67). In close proximity to the Cx43 14-3-3
binding motif studied here, is a PDZ domain encompassing the distal end of the C-terminus.
It is through this PDZ domain that Cx43 interacts with another scaffolding protein, ZO-1
(68), and this interaction has been demonstrated to regulate Cx43 gap junction plaque size
and assembly (69, 70). Disruption of Cx43/Z0-1 complexing has been reported to increase
gap junction plaque size in cultured cells (71, 72). Phosphorylation of Cx435€r373 can
disrupt interaction with ZO-1 (73), and indeed it would be sterically unlikely for both 14-3-3
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and ZO-1 to bind the same Cx43 protomer simultaneously. Consistent with these reports, a
recent study by Dunn and Lampe found that phosphorylation of Cx43-Ser373 by AKT
resulted in larger gap junctions and a loss of Cx43/Z0-1 interaction (49). However,
increased Cx43/Z0-1 interaction has also been associated with gap junction remodeling,
highlighting the complex nature of these dynamic posttranslational and protein complexing
events, as they occur at various stages in the Cx43 lifecycle (74-76).

This report reveals 14-3-3 proteins as regulators of membrane protein endocytosis. 14-3-3
interaction therefore likely relates to Cx43 ubiquitination and binding of other known
downstream effectors of Cx43 endocytosis such as AP-2, Esp15, Dab2, and dynamin2 (12,
14). With the identification of a series of intramolecular checkpoints regulating sequential
phosphorylation events, it may be best to consider entire distinct phosphorylation ‘patterns’
of Cx43 having specific effects. 14-3-3 proteins are also associated with positive regulation
of Cx43 trafficking (48), implying multiple roles for the Cx43 mode-1 binding motif as the
protein makes its way from the ER, to the cell surface, and back again. Also, the recent
discovery of the dynamic perinexus region at the edge of the gap junction plaque provides
support for multiple pools of Cx43 with distinct patterns of phosphorylated residues
regulating scaffolding as well as entry and exit from the gap junction proper (62, 70). As the
evidence in the work presented here suggests, Ser373 phosphorylation and 14-3-3 binding
initiates this pathway, and may represent a potent target for therapies aimed at restoring
normal gap junction coupling in heart disease.

Materials and Methods

Mice

C57BL/6 mice were maintained under sterile barrier conditions. All procedures were
reviewed and approved by the University of California IACUC.

Human Tissue

With UCSF Committee for Human Research approval, the California Transplant Donor
Network (CTDN) provided unused donor hearts and obtained informed consent for their use
from the next of kin. Samples from left ventricle base were embedded in OCT medium and
submerged in liquid No-chilled isopentane to snap-freeze before storage at —80°C.

Molecular Biology

Stealth siRNA duplexes targeting human GJAL (Cx43; HSS178257) and YWHAQ (14-3-3r;
HSS116960, HSS174015) were obtained from Life Technologies. Human GJA1 for Cx43
expression was cloned using Gateway technology (Life Technologies) as previously
described (9,18). Site-directed mutagenesis was performed using the QuickChange
Lightning mutagenesis kit (Agilent Technologies). Cx435373A mutation used the following
sense: AGCAGTCGTGCCAGCGCCAGACCTCGGCCTGAT and antisense:
ATCAGGCCGAGGTCTGGCGCTGGCACGACTGCT primers. Cx43 resistant to
HSS178257 siRNA used the following sense:
GTTGAGTCAGCCTGGGGCGACGAACAATCCGCA
TTCCGCTGTAACACTCAGCAA and antisense:
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TTGCTGAGTGTTACAGCGGAATGCGGATTGTTCG TCGCCCCAGGCTGACTCAAC
primers.

HaCaT cells were maintained in DMEM supplemented with 10% FBS, non-essential amino
acids, sodium pyruvate (Life Technologies) and Mycozap (Lonza). Stable pLenti6.3-hCx43
expressing HaCaT cells were described previously (11). For knockdown studies, cells were
reverse transfected with 10 nM siRNA using RNAIMAX (Life Technologies). Transfection
of Cx43 cDNA was performed using Lipofectamine 2000 (Life Technologies). For
stimulation assays, cells were serum-starved 24 hours post transfection for 4 hours prior to
addition of PMA (100 nM).

P1 neonatal mouse ventricular cardiomyocytes (NMVMs) were isolated and maintained in
culture as previously described (11, 18, 60). For 14-3-3 inhibition, cells were incubated for
16 h in the presence of R18 (25 uM, Sigma-Aldrich) or DMSO as vehicle control. Cells
were fixed at room temperature for 30 min in 4% paraformaldehyde and
immunofluorescence detection of Cx43 and N-cadherin performed as described below.

DSP-cross-linked co-immunoprecipitation

Transfected cells were incubated with DSP (Pierce) for 30 minutes at room temperature in
PBS according to manufacturer’s instructions. The reaction was quenched with 100 mM
glycine in PBS and cells lysed in RIPA buffer as described above. Immunoprecipitation of
lysates was undertaken using 2 pg mouse anti-14-3-3t (Abcam) or mouse anti-GST (Santa-
Cruz Biotechnology) as an isotype control. Protein complexes were precipitated using
Dynabeads Protein G (Life Technologies) and washed four times in RIPA buffer. Elution
was undertaken using 10 pl 2X NuPAGE sample buffer supplemented with 100 mM DTT
and Western Blot performed.

35S pulse chase

Transfected HaCaT cells in 100 mm dishes were starved in methionine- and cysteine-free
medium containing 0.2% fetal bovine serum for 3 hours. The cells were then labeled with
0.15 mCi/ml [35S]JEXPRESS protein labeling mix (PerkinElmer) for 1 hour. Cells were
washed three times with, and subsequently incubated in, fully supplemented DMEM. Dishes
were sampled at 0, 3, 6, 9 and 12 hours post 3°S pulse. Upon sampling, cells were washed
twice in ice-cold PBS and scraped into 500 pl RIPA. Lysates were clarified by
centrifugation at 15,000 x g and precleared with 20 pl Protein G Sepharose 4B (Life
Technologies). Immunoprecipitation was performed using 2 pg rabbit anti-Cx43 (Sigma-
Aldrich) or rabbit anti-GST (Santa-Cruz Biotechnology) as an isotype control. Antibody/
protein complexes were purified with 20 pl Protein G Sepharose 4B, and washed four times
for 10 min in 1 ml RIPA. Immunoprecipitations were eluted into 10 pl 2X NuPAGE sample
buffer supplemented with 100 mM DTT and subjected to SDS-PAGE. Labeled Cx43 was
visualized using a phosphorimager, densitometry performed on resulting images using
ImageJ software (NIH), and protein half-life calculated using non-linear regression analysis
in Prism 5 software (Graphpad).
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Surface Biotinylation

Surface proteins were biotinylated following 2 washes with ice-cold PBS by incubating cells
for 5 minutes at 4°C with EZ-link Sulfo-NHS-SS-Biotin (Pierce Biotechnology) at a
concentration of 0.5 mg/ml in PBS. Cells were washed in ice-cold PBS and incubated twice
for 5 minutes in PBS containing 100 mM glycine to quench the reaction. After a further 2
washes in ice-cold PBS, cells were lysed in 200-ul RIPA buffer (50 mM Tris pH 7.4, 150
mM NaCl, 1 mM EDTA, 1% Triton X-100, 1% sodium deoxycholate, 2 mM NaF, 200 uM
NazVOy,) supplemented with HALT Protease and Phosphatase Inhibitor Cocktail (Pierce
Biotechnology). Lysates were sonicated using a Microson ultrasonic cell disruptor
(Misonex) before centrifugation at 10,000 x g for 20 minutes at 4°C. Protein concentration
was determined using the BioRad D¢ Protein Assay and normalized. 1 mg of protein per
condition was nutated with 50 pl of Ultralink Immobilized NeutrAvidin slurry (Pierce
Biotechnology) overnight at 4°C. Beads were pelleted at 300 x g for 5 minutes and washed
three times in 1 ml RIPA buffer. Bound proteins were eluted in 20 ul 2X NuPAGE sample
buffer (Life Technologies) supplemented with 100 MM DTT (Sigma-Aldrich). Samples
were heated for 10 minutes at 70°C prior to subjection to SDS-PAGE electrophoresis and
Western blotting.

Langendorff-perfused mouse heart acute ischemia studies

8-week old Male C57BL/6 mice were anesthetized with isoflurane and injected with heparin
(50 1U i.p.). After cervical dislocation, hearts were removed quickly by a midsternal incision
and placed into ice-cold modified Krebs-Henseleit (K-H) solution. Under a dissecting
microscope, the aortic opening was immediately cannulated and tied on a 23-gauge stainless
steel blunt needle. The heart was attached to a Langendorff apparatus (ADInstruments) and
perfused through the aorta at a constant rate of 4 ml/min with a modified pH 7.4 K-H buffer
of the following composition (in mM): NaCl 118, KCI 4.7, CaCl,-H,0 2.5, MgCl,-7H,0
1.2, NaHCO3 24, KH,PO4 1.2, glucose 11, EDTA 0.5. Perfusion medium was passed
through water-jacketed tubing and cylinders, and the temperature was maintained at 37°C
with a temperature-controlled circulating water bath. Normal perfusion was maintained for
15 minutes and hearts were then either perfused for a further 30 minutes for control
conditions or exposed to no-flow ischemia for 30 minutes. Immediately after Langendorff
procedure, hearts were placed in cryovials and snap-frozen in liquid nitrogen for
biochemical studies. For cryosectioning, hearts were embedded in OCT (Sakura Finotek)
and snap-frozen by immersing in liquid nitrogen-chilled isopentane to snap-freeze before
storage at —80°C.

Immunofluorescence

Cells were fixed with 4 % paraformaldehyde in PBS for 30 minutes and immunostained for
Cx43 (rabbit polyclonal, 1/3000, Sigma-Aldrich) with cell membranes identified using
wheat germ agglutinin (WGA) AlexaFluor647 (Life Technologies) as previously described
(18). Cell-cell junctions in NMVMs were identified with N-cadherin (mouse monoclonal,
1/200, BD Biosciences). Slides were mounted with ProLong Gold containing DAPI (Life
Technologies) for image acquisition.
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Tissue cryosections (8 um) were prepared on poly-L-lysine coated glass slides and fixed
with ice-cold acetone for 5 minutes prior to air drying. Immunofluorescence was performed
using antibodies directed against: Cx43 (rabbit, 1:3000), pCx435€"368 (rabbit, 1/500, Cell
Signaling), 14-3-3 (mouse, 1/500, Abcam), and N-cadherin (mouse, 1/200, BD Biosciences).
Coverslips were mounted with ProLong Gold containing DAPI and allowed to dry overnight
prior to image acquisition.

Confocal imaging was performed using a Nikon Ti microscope, Yokogowa CSU-X1
spinning disk confocal unit with 486-, 561-, and 647-nm DPSS laser source, and Coolsnap
HQ? camera controlled by NIS Elements software.

ImageJ software was used for quantification of Cx43 expression at intercalated discs.
Briefly, background was subtracted from N-cadherin images, to which equal thresholds were
applied. Resulting binary masks of intercalated disc regions were image-multiplied by
corresponding Cx43 images, and fluorescence intensity was subsequently measured (11, 18).
Quantification of Cx43 at cell-cell borders following knockdown of 14-3-3t was performed
as previously described utilizing fluorescence intensity profiles of 10 um lines bisecting cell-
cell borders (18, 60).

Fractionation of junctional and non-junctional Cx43

Total, junctional, and non-junctional Cx43 were fractionated from Langendorff-perfused
mouse heart tissue based upon Triton-X-100 solubility. Ventricular tissue was homogenized
(50 mg/ml) in 1% Triton-X-100 solubility buffer (1% Triton-X-100, 50 mM Tris 7.4, 2 mM
EDTA, 2 mM EGTA, 250 mM NaCl, 1 mM NaF, 0.1 mM NazVO,) supplemented with
HALT inhibitor cocktail (Pierce). For ‘total fraction’, 100 pl was mixed 50/50 with 2X
NuPAGE sample buffer supplemented with 200 mM DTT, sonicated, and clarified by
centrifugation. Remaining lysate was centrifuged at 15,000 x g for 30 minutes, and the
‘soluble fraction’ supernatant removed. Pellets were weighed and resuspended at 100 ug/ul
in 1X NuPAGE sample buffer supplemented with 100 mM DTT. For detection of
phosphorylation at Ser373 soluble fractions were mixed 50/50 with 2X RIPA buffer and
immunoprecipitation was performed as described below.

Immunoprecipitation

Statistics

RIPA lysates from cells or mouse tissue were sonicated and clarified by centrifugation prior
to protein concentration determination and normalization. Cx43 was immunoprecipitated
from 500 pg protein using 2 pg rabbit anti Cx43 (Sigma-Aldrich) and Dynabeads protein G
as previously described (18). Western blots were probed with mouse-anti 14-3-3 mode 1
(1/500, Cell Signaling), or mouse anti-ubiquitin (1/200, SantaCruz Biotechnology) stripped
using Re-Blot Plus Strong Solution (Millipore), and re-probed for total Cx43 with rabbit
anti-Cx43 (1/3000, Sigma).

Prism 5 software (Graphpad) was used for all statistical analysis. The Student’s unpaired t
test was employed to compare groups. Values represent mean + SEM. *P < 0.05, **P <
0.01, ***P < 0.001.
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Synopsis

Cardiac ischemia rapidly leads to alterations in phosphorylation status and altered
localization of connexin 43 (Cx43) gap junctions, resulting in ventricular arrhythmias. In
this study, we find that phosphorylation-mediated activation of a 14-3-3 binding motif at
Ser373 within the Cx43 C-terminus is a gate-keeper event necessary for further
phosphorylation and ubiquitination of Cx43, leading to endocytosis of gap junctions.
Regulation of Cx435€7373 phosphorylation and Cx43 /14-3-3 complexing could be a
therapeutic strategy to restore gap junction coupling in ischemic disease.
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Figurel. 14-3-3 proteinsareenriched at inter calated discs of human heart and regulate Cx43

gap junction plaque size

A) Confocal immunofluorescence of a non-failing human heart cryosection probed for
14-3-3 (green) and Cx43 (red). Merged image on right includes nuclear counterstain DAPI.
Original magnification: X20. Scale bar = 50 pm. B) Confocal immunofluorescence of
NMCMs incubated overnight with the 14-3-3 inhibitor R18 (25 pM) or DMSO probed for
Cx43 (green) and N-cadherin (red). Original magnification: X60, Scale bar =25 um. C)
Western blot of HaCaT cells stably expressing Cx43 transfected with non-targeting sSiRNA
(second lane) or siRNA duplexes targeting 14-3-3< (third and fourth lanes) probed for
14-3-3 (top panel), Cx43 (middle panel), and p-actin (bottom panel). D) Confocal
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immunofluorescence of HaCaT cells stably expressing Cx43 transfected with non-targeting
SiRNA (left panels) or an siRNA duplex targeting 14-3-3< (right panels) probed for Cx43
(green) and counterstained with WGA to identify cell-cell borders. Original magnification:
X60. Scale bar = 25 um. E) Fluorescence intensity profiles of Cx43 expression at cell-cell
borders in D, data are averaged from 15 cell pairs. All data are representative of three
separate experiments.
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Figure 2. Cx43 contains a mode-1 14-3-3 binding motif
A) Schematic of Cx43 protein and location of 14-3-3 mode-1 binding motif. B) Western blot

of Cx43 immunoprecipitation in HaCaT cells transiently transfected with wild-type Cx43
(left lane) or Cx433373A probed for Cx43 (top panel), phosphorylated 14-3-3 mode-1 motif
(middle panel). Input a-tubulin presented in bottom panel. C) DSP cross-linked co-
immunoprecipitation of Cx43 through 14-3-3t in HaCaT cells transiently transfected with
wild-type Cx43 or Cx435373A, Western Blot probed for Cx43 (top panels) and 14-3-3t
(bottom panels). D) Quantification by densitometry of co-immunoprecipitation of
Cx43S373A with 14-3-3v in comparison to wild-type Cx43 (n = 3).
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Figure 3. Inactivation of the Cx43 14-3-3 binding motif stabilizesthe Cx43 protein
A) Western blot of surface protein biotinylation in HaCaT cells transiently transfected with

wild-type Cx43 or Cx435373A Densitometry of surface Cx43 levels presented in graph on
right (n = 3). B) Immunoprecipitation of Cx43 from 3°S pulse-chase of HaCaT cells
transiently transfected with wild-type Cx43 or Cx435373A, Graph on right is quantification
of averaged (n = 3) intensity values relative to t = 0 for wild-type Cx43 (solid line) and

Cx43-S373A (dashed line).
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Figure 4. Acute cardiac ischemia induces hyper -phosphorylation of Cx43 at serines 368 and 373
Hearts from 8-week-old C57BL/6 mice were maintained using a Langendorff perfusion

apparatus for 15 minutes, followed either by 30 minutes of normal perfusion (control) or no-
flow ischemia (n = 3 per condition). A) Confocal immunofluorescence of Cx43 (green) and
N-cadherin (red) in cryosections from snap-frozen hearts. Quantification of Cx43/N-
cadherin colocalization in graph on right. Original magnification: X60. Scale bar = 50 pm.
B) Western blot of lysates from control (con) and ischemic (isch) hearts probed for Cx43 to
visualize phosphospecific forms p0 — p3. C) Western blot of lysates from control and
ischemic hearts probed for total Cx43 (top panel), pCx435€r368 (middle panel) and a-tubulin
(bottom panel). Quantification of pCx435€7368 relative to total Cx43 in graph on right. D)
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Cx43 immunoprecipitations from control and ischemic hearts. Immunoprecipitation Western
blot was probed for Cx43 and phosphorylated 14-3-3 mode-1 motif. Quantification of
phosphorylated 14-3-3 mode-1 motif in graph on right.
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Figure 5. Serine 368/373 phosphorylated Cx43 is present in non-junctional compartments
following acute ischemia

Hearts from 8-week-old C57BL/6 mice were maintained using a Langendorff perfusion
apparatus for 15 minutes, followed either by 30 minutes of normal perfusion or ischemia (n
= 3 per condition). A) Confocal immunofluorescence of pCx435€r368 (green) and N-cadherin
(red) in heart cryosections. Original magnification: X20. Scale bar = 50 um. B) Zoomed in
confocal immunofluorescence of an intercalated disc from an ischemic heart probed for
pCx435er368 (green) and N-cadherin (red). Arrows indicate intracellular pools of
pCx435€r368_ Original magnification: X100. Scale bar = 5 pm. C) Western blot of
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fractionated control and ischemic hearts based on Triton-X-100 solubility and probed for
Cx43, pCx435€r368 ¢_tubulin, and N-cadherin. Cx43 immunoprecipitations from soluble
fractions were probed for Cx43 and phosphorylated 14-3-3 mode-1 motif. D) Quantification
of phosphorylated Cx43 relative to total Cx43 from C.
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Figure®6. Cx43373A jsresistant to PM A-induced internalization and phosphorylation at Ser 368
A) Western blot of surface protein biotinylation in HaCaT cells transiently transfected with

Cx43 incubated for 90 minutes in the presence or absence of 200 nM PMA and 80 uM
Dynasore. B) Western blot of surface protein biotinylation in HaCaT cells transiently
transfected with wild-type Cx43 or Cx435373A incubated for 90 minutes in the presence or
absence of 100 nM PMA. C) Serum-starved HaCaT cells transiently transfected with
siRNA-resistant wild-type Cx43 or Cx435373A stimulated with 100 nM PMA and harvested
over 2 hours. Graph on right is quantification of pCx435€"368 (red arrow on Western blot)
relative to total Cx43 (n = 3). Data are representative of three separate experiments.
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Figure7. Cx43373A jsresistant to phosphorylation at Ser 368, Ser 255, and ubiquitination
A) Western blot of serum-starved HaCaT cells transiently transfected with wild-type Cx43

or Cx435373A stimulated with 100 nM PMA for 15 minutes. B) Immunoprecipitation of
Cx43 probed for ubiquitin to detect ubiquitinated Cx43 (black arrow). Grey arrow is 1gG
heavy chain. C) Schematic of sequential Cx43 phosphorylation and ubiquitination events
leading to internalization. Data are representative of three separate experiments.
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