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Abstract

Identification of proteins that interact with Cx43 has been instrumental in the understanding of gap
junction (GJ) regulation. An in vitro phosphorylation screen identified that Protein tyrosine kinase
2 beta (Pyk2) phosphorylated purified Cx43CT and this led us to characterize the impact of this
phosphorylation on Cx43 function. Mass spectrometry identified Pyk2 phosphorylates Cx43
residues Y247, Y265, Y267, and Y313. Western blot and immunofluorescence staining using
HeLa®43 cells, HEK 293T cells, and neonatal rat ventricular myocytes (NRVMs) revealed Pyk2
can be activated by Src and active Pyk2 interacts with Cx43 at the plasma membrane.
Overexpression of Pyk?2 increases Cx43 phosphorylation and knock-down of Pyk2 decreases Cx43
phosphorylation, without affecting the level of active Src. In HeLa®“3 cells treated with PMA to
activate Pyk2, a decrease in Cx43 GJ intercellular communication (GJIC) was observed when
assayed by dye transfer. Moreover, PMA activation of Pyk2 could be inhibited by the small
molecule PF4618433. This partially restored GJIC, and when paired with a Src inhibitor, returned
GJIC to the no PMA control-level. The ability of Pyk2 and Src inhibitors to restore Cx43 function
in the presence of PMA was also observed in NRVMs. Additionally, an animal model of
myocardial infarction induced heart failure showed a higher level of active Pyk2 activity and
increased interaction with Cx43 in ventricular myocytes. Src inhibitors have been used to reverse
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Cx43 remodeling and improve heart function after myocardial infarction; however, they alone
could not fully restore proper Cx43 function. Our data suggest that Pyk2 may need to be inhibited,
in addition to Src, to further (if not completely) reverse Cx43 remodeling and improve intercellular
communication.
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1. Introduction

Connexin43 (Cx43), the most abundant cardiac gap junction (GJ) protein [1], mediates
ventricular propagation of cardiac action potentials and maintenance of a regular beating
rhythm. The importance of Cx43 GJs in the heart is well established: closure, dysregulation
or mislocation disrupts propagation, and lethal arrhythmias can ensue [1-4]. Following a
myocardial infarction (MI; early stage-remodeling), in the surviving ventricular myocytes
from the epicardial border zone (EBZ; adjacent to the necrosing area [5]), the cardiac muscle
sarcoplasm experiences a number of abnormalities that includes an increase in Ca2*,
decrease in pH, reduced PKA activity, and a drop in ATP [6-9]. Additionally, there is
reduced Cx43 GJ intercellular communication (GJIC) due to changes in Cx43 expression,
phosphorylation state, and membrane localization (i.e. from the intercalated disc (ID) to the
lateral membrane) [10, 11]. An important consequence of cellular uncoupling is an increased
dispersion of action potential duration and refractory period, which is pronounced in the
EBZ [12]. While lateralization of Cx43 is an almost ubiquitous response to cardiac
pathology [12-14], mechanisms of remodeling are unknown.

Left ventricle hypertrophy (LVH) following a MI (late-stage remodeling) is an adaptive
response to increased biomechanical stress [15]. Initially, heart mass increases to normalize
wall stress and retain normal cardiovascular function, accompanied by a transient increase in
Cx43 expression and phosphorylation [16, 17]. However, the increased cardiac mass and
sustained overload eventually lead to contractile dysfunction and heart failure (HF) through
poorly understood mechanisms [18]. As LVH becomes severe, propagation velocity
decreases. This correlates with reduced Cx43 expression and ID localization, altered
phosphorylation of Cx43, increased Cx45 expression, and extensive Cx45 co-localization
with the remaining Cx43 at the ID (seen in both ischemia and dilated cardiomyopathy [19-
22)).

A number of studies have attempted to reverse Cx43 remodeling in the infarct EBZ and
LVH. Unfortunately, they have not been sufficient to restore normal conduction and prevent
arrhythmias. For example, Macia et al. [23] found that in the EBZ after Ml the peptide
rotigaptide partially reversed the loss of Cx43 expression but did not affect the increase in
S368 phosphorylation (pS368 decreases GJ conductance [23, 24]), nor reverse Cx43
lateralization. The partial reversal of Cx43 remodeling was not sufficient to restore normal
conduction or prevent arrhythmias. Greener et al. [25] used gene transfer to show that
increased Cx43 expression in the infarct EBZ could improve conduction velocity and lessen
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arrhythmia susceptibility. Interestingly, while an overall increase of Cx43 was observed at
the ID, the ratio of ID/lateral membrane Cx43 was the same between control and animals
receiving adenovirus Cx43. The data strongly suggest that any targeted mechanism that can
increase the Cx43 I1D/lateral membrane ratio under endogenously expressing conditions
would be therapeutically beneficial. Finally, Rutledge et al. [26] addressed if Src inhibitors
would reverse Cx43 remodeling and improve heart function after MI. Of note, studies by our
lab and others have linked Src to dysregulation of Cx43 in the heart [11, 27, 28]. In the EBZ,
Src inhibitors PP1 and AZD0530 (in clinical trials to treat cancer [29, 30]) decreased Src
activity back to sham levels, raised Cx43 expression by ~69%, and had a higher level of the
Cx43 P2 phosphorylation isoform (correlates with GJ localization/promoting GJIC [9]).
Although no change in Cx43 lateralization was observed, this still led to ~50% improvement
in conduction velocity and lowered arrhythmia inducibility. While affecting the Cx43
phosphorylation state can explain the beneficial effects after Src inhibition, their data
indicate that a second undiscovered process prevented full restoration of proper Cx43
function (protein level, phosphorylation state, ID localization).

Src-induced phosphorylation of Cx43 residues Y247, Y265, and Y313 leads to down
regulation of GJIC and GJ disassembly [31-39]. Another target of Src is the Ca?*-
dependent, nonreceptor tyrosine kinase of the FAK family, Protein tyrosine kinase 2 beta
(Pyk2) [40]. Pyk2 activation initiates after auto-phosphorylation at Y402, which facilitates
enhanced kinase activity after Src binding (via SH2 domain) and phosphorylation at Y579
and Y580 [41, 42]. A commonality exists between these kinases in that increased expression
and activity is observed in animal models of HF and in the left ventricle of failing human
hearts [36, 43—48]. Inhibition of Src or Pyk2 (individually) reduces arrhythmias, slows
ventricular remodeling, improves ventricle function, and prevents sudden cardiac death [26,
28, 44]. In relation to Src inhibition, the level of Cx43 protein at the plaque and intercellular
communication was improved [26, 28, 44]. Based upon these commonalities and that both
Src (SH4 domain-myristoylation) and Pyk2 (FERM domain-PIP,) are plasma membrane
associated, we will test the hypothesis that inhibition of both Pyk2 and Src phosphorylation
is necessary to prevent GJ channel closure and remodeling of Cx43 under conditions that
stimulate heart disease.

2. Materials and Methods

2.1 Molecular biology

Cx43 WT and mutant construct (hCx43 Y247/265F) were generated as described previously
[39]. v-Src was a gift from Dr. Joan Brugge (Addgene plasmid #14578) and human c-Src
plasmid was a gift from Dr. Robert Lefkowitz (Addgene plasmid # 42202) [49]. Pyk2 WT
and CT domain (Cell Adhesion Kinase-B-Related Non-kinase, CRNK) were PCR amplified
from a pPCMV-HA plasmid containing the hPyk2 sequence using primers (Supplemental
Methods) suitable for Gibson assembly into the pD2529 vector (Atum). Purified PCR
product and vector were assembled using NEBuilder HIFI DNA Assembly Master Mix
(NEB) per manufacturer protocol. Pyk2 kinase dead (KD; K457A), constitutively active c-
Src (Y530F), SH3-deficient (W121K) or SH2-deficient (R178L) c-SrcY530F constructs were
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made by QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent) and confirmed by
DNA sequencing (ACGT, Inc.).

2.2 Cell line culture

Parental HeL.a, MCF-7, and HEK 293T cells (gift from Dr. Myron Toews, University of
Nebraska Medical Center) were cultured in Dulbecco’s modified Eagle medium (Corning) at
37°C in a humidified 5% CO-, atmosphere. Stable HeLa cell lines were generated as
described previously [39]. Western blots and immunofluorescence were used to screen
clones. HeLa or HEK 293T cells at ~80% confluence were transfected using the X-
tremeGENE HP (Roche) reagent at 2:1 (reagent:plasmid), diluted in OptiMem under
antibiotic free conditions. Cells were analyzed 24 hr after transfection. Protocols for
Dulbecco’s modified Eagle medium, Western blot, and immunofluorescence are located in
the Supplemental Methods.

2.3 Antibodies

Detection reagents, manufacturers, applications, and concentration ranges for all primary
and secondary antibodies utilized in this study are summarized in Supplemental Table 1.

2.4 Pyk2 siRNA transfection

Pyk2 siRNA (ThermoFisher) and a scrambled Pyk2 siRNA (does not target any gene
product, negative control; ThermoFisher) were reverse transfected (24 hr) into HeLa Cx43
WT cells using Lipofectamine RNAIMAX (Invitrogen) according to the manufacturer’s
protocols. HeLa Cx43 WT cells were then transfected with active c-Src for 24 hr. Protein
levels were detected by Western blot.

2.5 Primary cardiomyocyte isolation and contractile analysis

Neonatal rat ventricular myocytes (NRVMs) were isolated from day 1-3 rat hearts using the
Pierce Primary Cardiomyocyte Isolation Kit (>90% pure). Isolated NRVMs were plated at a
seeding density of 2.5 x 10° cells/cm? in complete DMEM supplemented with 10% FBS and
1% pen-strep at 37°C in a 5% CO», incubator for 24 hr. The medium was then replaced with
complete DMEM containing Cardiomyocyte Growth Supplement (1000X). After 3 days,
NRVMs were pre-treated with Saracatinib, PF4618433, or both for 3 hr and then treated
with PMA for 60 min. Videos of NRVMs beating were recorded through the Leica DMil
inverted microscope. The contraction of NRVMs expressed as beat per minutes and the total
number of NRVMs contributing to the beats were calculated.

2.6 Confocal imaging

All cell immunofluorescence images were acquired on a Zeiss LSM 800 Confocal system
using appropriate numerical aperture objectives and appropriate filter sets.

2.7 Kinase Screen (Eurofins KinaseProfiler)

Rat Cx43CTj36_3g2 Was expressed and purified as described previously [50]. Purified
protein was diluted in 1x PBS pH 7.4 to a final concentration of 200 uM in a final volume of
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1 mL, flash frozen on dry ice and shipped on dry ice to Eurofins Scientific for a custom
Kinase Profiler Assay testing the Cx43CT as substrate for the indicated kinases.

2.8 Mass spectrometry

Purified rat Cx43CT35_382 Was incubated with 1.5 ug of active Pyk2 (recombinant human
residues 360-690, SignalChem) and 500 UM ATP in reaction buffer for 16 hr at 30°C. The
reaction was stopped on ice. 10 nmol of protein was run on a SDS-PAGE gel and stained
with Coomassie blue. Once the Cx43CT bands were cut out and washed, the sample was
shipped on dry ice to the Harvard Beth Israel Deaconess Medical Center Mass Spectrometry
Core Facility for post-translational mapping. For negative control the kinase was substituted
with reaction buffer.

2.9 Glutathione S-transferase (GST) Pull-down Assay

The GST pull down assay was modified from [51] and has been described previously [39]
(for additional details, see Supplemental Methods).

2.10 Dye-transfer assay

HeL.aC*43 cells were treated with Saracatinib, PF4618433, U0126, or both inhibitors 3 hr
prior to PMA (100 nM) treatment. 1 hr after PMA treatment, cell imaging dishes with a
100% confluent monolayer were removed from the incubator. All buffer and medium used
for Dye-transfer assay were pre-warmed at 37°C. After two washes with 1x PBS, cells were
overlaid with 1x PBS containing Lucifer yellow. Cells were scrape-loaded with a fine edged
micro-scalpel by three longitudinal scratches and then incubated at room temperature for 5
min. Cells were rinsed twice with 1x PBS and incubated in cell culture medium at 37°C for
5 min. After incubation, cells were washed twice with 1x PBS containing 1 mM CaCl, and 1
mM MgCl;, to stop dye spread and fixed with 4% Paraformaldehyde for 20 min. After
stained with DAPI for 10 min, cells were mounted by adding several drops of SlowFade
anti-fade (Invitrogen). Cells were imaged using confocal microscopy.

2.11 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) assay

NRVMs were seeded on each well of a 24-well plate and cultured in complete DMEM
containing Cardiomyocyte Growth Supplement at 37°C in a humidified incubator containing
5% CO», for 3 days. Saracatinib and PF4618433 in a series of concentrations were
individually prepared in the culture media and added to each well of cells followed by 48 hr
incubation. The control group contained no kinase inhibitors. Each concentration and control
group had 4 replicates. After that, the drug cytotoxicity was determined using MTT (Sigma)
assay. Absorbance at 540 nm was measured with a microplate reader. The absorbance value
from each group was normalized to the average absorbance value in the control group.

2.12 Left anterior descending artery (LAD) ligation and tissue collection

Rats (Sprague Dawley; 200-250g) were purchased from Sasco Breeding Laboratories. All
surgical procedures and animal care protocols were approved by the University of Nebraska
Medical Center Institutional Animal Care and Use Committee (IACUC) and conducted
according to National Institutes of Health (NIH) Guide for the Care and Use of Laboratory
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Animals (National Academic Press, 2011). Rats were assigned into two groups randomly:
sham control and HF group. HF was generated by Left anterior descending artery (LAD)
ligation as previously described [52]. Briefly, Rats were orally intubated and ventilated with
2-2.5% isoflurane during the surgical procedure. To produce heart failure, the left coronary
artery was ligated 1-2 mm below its origin from the aorta. The sham rats had the
thoracotomy, the manipulation of the heart and lidocaine with no ligations of coronary
artery. HF and the left ventricular dysfunction degree was determined by the hemodynamic
and morphological change extent at the end of each experiment (six weeks post-surgery).
Rats were anesthetized by one injection of urethane (0.75 g/kg i.p.) and a-chloralose (70
mg/Kkg i.p.). Body temperature was maintained 36—-38°C by a heated stage. A Mikro-Tip
catheter (Millar Instruments) was used to measure the left ventricular end-diastolic pressure
(LVEDP). After measurement, rats were euthanized by pentobarbital (150 mg/kg, i.p.).
Hearts were quickly removed and dissected. The infarct size ratio was determined by
dividing the infarct area to the total left ventricle area with the SigmaScan Pro software
(Aspire Software International) [53]. Rats with both L\VEDP =15 mmHg and infarct size
ratio =30% were considered as HF. The left ventricles of surgical hearts (samples are distal
to the infarction; hypertrophy area) were collected for Western blot or immunofluorescence
staining.

3. Statistical Analysis

All data were analyzed by using GraphPad Prism 8.0 and presented as the mean + SD.
Statistical analysis performed in GraphPad Prism 8.0 were either one-way ANOVA with a
Neuman-Keuls post-hoc analysis or Student’s t-test where appropriate. P-values <0.05 were
considered statistically significant.

4. Results

4.1 Pyk2 directly interacts and phosphorylates the Cx43 carboxyl terminal (CT) domain

An /in vitro tyrosine phosphorylation screen performed by Eurofins Scientific
(KinaseProfiler) discovered that Pyk2 phosphorylates purified Cx43CT935_3g2
(Supplemental Figure 1A). FAK, the other FAK family member, had significantly less ability
to phosphorylate the Cx43CT domain (Tyk2, positive control [54]; SYK and ZAP70,
examples with little-to-no Cx43CT »36_382 phosphorylation). To confirm the interaction
between Cx43 and Pyk2, purified GST-tagged Cx43CT»36-3g2 immobilized on glutathione-
Sepharose beads and lysate from MCF-7 cells that express Pyk2 were used in a pull-down
assay (Supplemental Figure 1B). Pyk2 could be pulled-down by GST-Cx43CT but not GST.
To identify the Cx43CT tyrosine residue(s) phosphorylated by Pyk2, purified
Cx43CTo3g_3g2 Was incubated /n vitro with active Pyk2 (SignalChem). After trypsin
digestion, Tandem MS/MS identified phosphorylation at Y247, Y265, Y267, and Y313
(Supplemental Figure 1C and Supplemental Table 2). The identical Cx43CT residues were
identified by MS/MS to be phosphorylated when the experiment was performed with active
c-Src [39].
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4.2 Pyk2 phosphorylates Cx43 residues Y247, Y265, and Y313 in HeLa and HEK 293T

cells.

To determine if Pyk2 phosphorylation of Cx43 occurs in cells, we initially tested in Cx-
deficient HeLa cells stably transfected with Cx43 (HeLa®*43) if Cx43 and active Pyk2
(endogenously expressed) colocalize (Figure 1). We also used a phosphorylation eliminating
Cx43 Y247/265F mutant (HeLaC*43Y247/265F) wjith the goal of enhancing the interaction by
trapping Pyk2 on a non-phosphorylatable Cx43. Transient transfection of v-Src activated
Pyk2 (increased pY402 and pY579/Y580) and increased the Cx43 P1/P2 ratio that is
consistent with closed channels [55] (Figure 1A). The images of HeLa®43 without v-Src
(control, Ctr) show a small level of active Pyk?2 that increases in the presence of v-Src
(Figure 1B). Active Pyk2 colocalizes with Cx43 (antibody recognizes total Cx43) at the
plasma membrane and within intracellular compartments. Of the remaining plasma
membrane localized Cx43, the presence of active Pyk2 and v-Src causes a significant
decrease in number of plaques and plaque length (Supplemental Figure 2A; statistics from
images using an antibody (IF1) that recognizes junctional Cx43 [56]). When the same
experiment was performed with HelLaCx43Y247/265F the Cx43 and Pyk2 colocalization is
predominately at the plasma membrane, suggesting Pyk2 phosphorylation occurs at the
plasma membrane before the internalization of Cx43 (Figure 1C and Supplemental Figure
2B). A Z-stack image of the Cx43Y247/265F indicates that Pyk2 colocalization occurs in the
center of the GJ plaque (Figure 1D). This observation is consistent with previous studies that
revealed newly synthesized channels accrue along the plaque edges and removal of channels
from plaque centers [57, 58]. Of note, we speculate that the large gap junctions observed for
Cx43Y247I265F in the presence of v-Src is a function of B-tubulin remaining attached to the
Cx43CT (unable to phosphorylate Y247, [59]) and the inability of AP2 to interact with the
Cx43CT (Y265F eliminates the Tyr-based motif YXX®, [60]).

The ability to directly characterize the impact of Pyk2 phosphorylation on Cx43 is
challenged by the knowledge that Pyk2 requires c-Src for “enhanced” activation and that
they both phosphorylate the same Cx43CT tyrosine residues [39]. To initially address this
issue, Cx43 tyrosine phosphorylation levels were evaluated in the HeLa®“43 cells after
decreasing the activation of Pyk2 (i.e., “loss of function” study) and probing with the only
available Cx43 tyrosine phospho-specific antibodies pY247, pY 265, and pY313 (Figure 2).
The first “loss of function” experiment used siRNA to knockdown the expression of Pyk2 in
the presence and absence of constitutively active c-Src (c-SrcY>30F; Figure 2A). In the
absence of c-SrcY330F (control, Ctr), Pyk2 has no effect on the phosphorylation of Cx43
residues Y247, Y265, and Y313. In the presence of c-SrcY230F there is an increase in the
level of active Pyk2 (pY402 and pY579/pY580) as well as Cx43 pY247, pY265, and pY313.
siRNA knockdown of Pyk2 significantly decreased the phosphorylation of Cx43 residues
Y247, Y265, and Y313. Importantly, knockdown of Pyk2 did not affect the level of total or
active c-Src.

The next “loss of function” experiment used expression of the Cell Adhesion Kinase-p-
Related Non-kinase (CRNK, i.e. Pyk2 CT domain; endogenously expressed inhibitor
regulates the function of Pyk2 by blocking auto-phosphorylation at Y402 [44, 61]) to inhibit
the activation of Pyk2 in the presence and absence of the indirect Src-activators phorbol 12-
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myristate 13-acetate (PMA) or epidermal growth factor (EGF) (both lead to decreased Cx43
GJIC [62, 63]; Figure 2B,C). PMA and EGF were utilized so Cx43 tyrosine phosphorylation
could be evaluated under conditions of endogenous Src and Pyk?2 expression. Although,
PMA and EGF also activate a number of serine kinases (see Supplemental Figure 3) that
phosphorylate different Cx43 residues [55, 64, 65], we are focusing on the Src/Pyk2 axis
using the Cx43 phospho-specific tyrosine antibodies. In the absence of PMA or EGF, the
presence of the Pyk2 CT domain had little-to-no effect on the level of active Pyk2 (pY402
and pY579/pY580) as well as phosphorylation of Cx43 residues Y247, Y265, and Y313.
The addition of PMA or EGF increased the level of active Src, active Pyk2, and
phosphorylation of Cx43 residues Y247 and Y265. Conversely, expression of the Pyk2 CT
domain in the presence of PMA or EGF reduced the level of active Pyk2 and
phosphorylation of Cx43 residues Y247 and Y265 without affecting the level of total or
active c-Src. Of note, although not significant, the (de)phosphorylation of Y313 had the
same trend as Y247 and Y265 in the presence of PMA or EGF experiments with and
without the Pyk2 CT domain.

The final “loss of function” experiment used a small molecule Pyk?2 inhibitor (PF4618433)
in the presence of PMA (Figure 2D). Increasing the concentration of PF4618433 to 37.5 uM
counteracted the effect of PMA by returning active Pyk2 (pY402 and pY579/pY580) to the
pre-PMA treated level. The inhibitor had the additional effect of causing activated c-Src to
also return to the pre-PMA treated level; this occurred at a lower concentration of
PF4618433 (12.5 uM). Noteworthy is that while additional concentrations of PF4618433 (25
and 37.5 pM) had no further effect on the level of activated c-Src, unlike Pyk2, the level of
phosphorylation of Cx43 residues Y247, Y265, and Y313 also continued to decrease with
additional PF4618433. Altogether, three different techniques to inhibit active Pyk2 were
consistent in suggesting that Pyk2 plays a direct role in the phosphorylation of Cx43
residues Y247, Y265, and Y313.

To complement the “loss of function” study we used HEK 293T cells to investigate the
contribution of Pyk2 via a “gain of function” study. HEK 293T cells were utilized because
they endogenously express Cx43, contain a low level of endogenous Pyk2 and c-Src, and
they are highly efficient for double transfection. HEK 293T cells were transiently transfected
with c-SrcY530F and Pyk2 WT or a kinase dead (KD) mutant and evaluated for
phosphorylation of Cx43 residues Y247, Y265, and Y313 (Figure 3A; two exposure levels
are provided to better visualize the bands). Consistent with our previous study, the
transfection of c-SrcY530F alone caused an increase in the phosphorylation of Cx43 residues
Y247, Y265, and Y313 (control, Ctr) [39]. However, a significant increase is observed in
phosphorylation of Cx43 residues Y247, Y265, and Y313 when Pyk2 is co-expressed with
c-SrcY330F (Figure 3B). Importantly, the presence of Pyk2 did not affect the level of active c-
SrcY230F This increase in Cx43 phosphorylation is not seen with expression of Pyk2 KD
version (Figure 3A,B). Interestingly, upon examination of the long exposure control and
expression of Pyk2 WT without expression of c-SrcY530F there is still an increase in
phosphorylation of Cx43 residues Y247, Y265, and Y313. In total, the “loss” and “gain” of
function data are consistent in demonstrating that Pyk2 contributes to the level of Cx43
Y247, Y265, and Y313 phosphorylation.

J Mol Cell Cardiol. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zheng et al.

Page 9

4.3 Pyk2 has a greater impact on Cx43 phosphorylation than Src

4.4

A working model for Src phosphorylation of Cx43 includes: 1) association initiates between
Cx43 residues A276-S282 and the Src SH3 domain [11, 35, 66]; 2) SH3 domain binding
causes Cx43CT residues T275-P284 to adopt a left-handed type Il helix [11]; 3) Src kinase
domain phosphorylates Cx43 residue Y265 [35, 67]; and 4) Src SH2 domain binds pY265,
which stabilizes the Src-Cx43 interaction to promote phosphorylation at Y247 and Y313
[35, 39, 66, 68]. Src regulation of Pyk2 includes the association of the Src SH2 domain with
Pyk2 pY402 and subsequent Src kinase domain phosphorylation of Pyk2 residues Y579/
Y580 to enhance activity [40]. Based upon this information, another method was employed
to dissect the impact of Pyk2 and Src phosphorylation on Cx43, the use of a SH3- and SH2-
deficient active c-Src (c-SrcY530F). The idea is that a SH3-deficient c-SrcY>30F (point
mutation disrupts binding, W121K) could still activate Pyk2, but not bind Cx43CT residues
T275-P284 to initiate phosphorylation of Y265 and a SH2-deficient c-SrcY>30F (point
mutation disrupts binding, R178L) would not activate Pyk2, but could still bind Cx43CT
residues T275-P284 and phosphorylate Y265. WT, SH3-deficient, and SH2-deficient c-
SrcY230F constructs were transiently transfected into HeLa®*43 cells (Figure 4). WT c-
SrcY330F increased the level of active Pyk2 and phosphorylation of Cx43 residues Y247,
Y265, and Y313 as previously observed. The SH3-deficient c-SrcY330F was able to activate
Pyk2 and while there was not a statistically significant decrease in phosphorylation of Cx43
residues Y247, Y265, and Y313 when compared to WT, the trend was lower. Conversely,
SH2-deficient c-SrcY>30F was unable to activate Pyk2 and phosphorylation only occurred on
Cx43 residues Y265, which is significantly lower than in the presence of active Pyk2. The
data suggest that the overall phosphorylation level of Cx43 residues Y247, Y265, and Y313
is higher in the presence of active Pyk2 than c-Src. This result is consistent with the
PF4618433 data (25 and 37.5 uM; active Src at basal level) which showed that the decrease
in phosphorylation of Cx43 residues Y247, Y265, and Y313 correlated with the decrease in
active Pyk2.

Inhibition of Pyk2 is necessary to maintain GJIC

To determine if Pyk2 phosphorylation affects cell-to-cell communication, junctional transfer
of the tracer Lucifer Yellow (anionic) was measured in a scrape-loading assay using
HeLaC*43 cells treated with PMA in the presence of Pyk2 (PF4618433) and/or c-Src
(Saracatinib) inhibitors. Western blot data demonstrates that 60 min of PMA treatment
activates Pyk2 (Figure 5A). In addition, while PF4618433 and Saracatinib inhibit the
activation of Pyk2 and c-Src, respectively, the inhibitors also inhibit the activation of each
other. Similar to previously published studies, Cx43 WT expressing HelLa cells (no PMA)
were extensively coupled with respect to Lucifer Yellow (Figure 5B) [69]. PMA reduced
coupling by ~81%, which was partially reversed by the addition of Saracatinib (~53%
reduction) or PF4618433 (~41% reduction). Only in the presence of both Saracatinib and
PF4618433 was the effect of PMA on coupling completely reversed (no reduction).
Immunofluorescence from an /n situ Triton X-100 extraction assay, used to quantify the
junctional (insoluble) and non-junctional (soluble) pools [70, 71], identified that the increase
in coupling (seen in Figure 5B) with the inhibitors alone and together correlated with the
increase of Cx43 in the junctional fraction at the plasma membrane (Figure 5C). Altogether,
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the data indicates that inhibition of both Pyk2 and Src is needed to counteract the effect of
PMA on GJIC.

Zhou et al 1999 [37] put forth the hypothesis that MAP kinase (or a related kinase) is
necessary for v-Src induced Cx43 gating. A follow-up study presented that chronic gating
appears to be connected with tyrosine phosphorylation, while acute gating appears to work
through ERK 1/2 [72]. Therefore, we repeated the scrape-loading assay using HeLa®x43
cells treated with PMA in the presence of the specific inhibitor of ERK 1/2 activation U0126
(same as in [72]) alone and combined with the Pyk2 (PF4618433) and c-Src (Saracatinib)
inhibitors. Western blot data demonstrates that 60 min of PMA treatment activates ERK
(Supplemental Figure 4A). Treatment with U0126 inhibits the activation of ERK, but has no
effect on the activation of Pyk2 and c-Src. PMA reduced coupling was only partially
reversed by the addition of U0126 alone (~25% reduction). When U0126 was combined
with the Pyk2 and c-Src inhibitors, coupling was similar to using the Pyk2 and Src inhibitors
alone. The data suggests that while serine phosphorylation can contribute to reducing GJIC,
in this experimental system, the larger driving force for reducing GJIC is tyrosine
phosphorylation.

Next, we addressed if inhibition of active Pyk2 and Src would contribute to maintaining
Cx43-mediated GJIC in a more biologically relevant cell system. Thus, neonatal rat
ventricular myocytes (NRVMs) were purified (Supplemental Figure 5A) and found viable in
the presence of the c-Src (Saracatinib) or Pyk2 (PF4618433) inhibitors (Supplemental
Figure 5B). Western blot data demonstrates that 30 min of PMA treatment activates Src and
Pyk2, PF4618433 and Saracatinib partially inhibit the activation of Pyk2 and c-Src,
respectively, and the presence of both inhibitors is the most effective in inhibiting active
Pyk2 (Figure 6A). Importantly, the increased level of phosphorylation on Cx43 residues
Y247 and Y265 seen in the presence of only PMA (similar to PMA treated HeLa®*43,
Figure 2B) is reduced to a level below that of even the untreated NRVMs in the presence of
both PF4618433 and Saracatinib. These data would suggest that Cx43 in the presence of
both inhibitors would have a beneficial effect on impulse propagation (i.e. decreasing
tyrosine phosphorylations involved with channel closure and turnover). To test this
possibility, we evaluated NRVM contraction in the presence of PMA and the inhibitors.
When NRVMs are treated with PMA, only 8% of the cell population is beating and the
number of contractions is ~43% of control (Figure 6B). Pre-treatment with Saracatinib or
PF4618433 restore the number of beating cells to the control level. Interestingly, Saracatinib
only improved the number of contractions to ~63% of control, while PF4618433 completely
reversed the effect of PMA (i.e. same as the no PMA control). Pre-treatment with both
Saracatinib and PF4618433 resembled with that of PF4618433 alone. Immunofluorescence
of the NRVMs with and without PMA revealed that the advantageous effects observed in the
presence of the Pyk2 and Src inhibitors was the result of an increase in the level of Cx43 in
the GJ plaque (Figure 7).
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4.5 Pyk2 activity and co-localization with Cx43 increase in the left ventricle during heart

failure (HF)

The starting point to determine if Pyk2 could become a target for therapeutic intervention, to
restore proper GJIC in HF, would require the interaction with Cx43 under disease
conditions. Ml leads to a loss in mass of the cardiomyocytes (hypertrophy) and a
progression to pathological ventricular remodeling, which can lead to ventricular
dysfunction and HF. This is achieved by occluding the left anterior descending artery (LAD)
in an animal model [73]. Western blot analysis of left ventricle lysate at six weeks post LAD
ligation surgery shows an increase in the hypertrophy and HF marker atrial natriuretic
peptide (ANP) validating the HF model (Figure 8A). Immunofluorescence images also
confirm HF by the observation of Cx43 at the lateral membrane and within intracellular
compartment (longitudinal sections from samples distal to the infraction (hypertrophy area;
Figure 8B). LAD ligated animals also have an increase in active Src, active Pyk2, and
phosphorylation of Cx43 residue Y265. While there was no statistical difference for the level
of total Pyk2 and Cx43, the trend was higher and lower, respectively. The increase in active
Pyk2 is associated with an increased localization with Cx43. Interestingly, the Pyk2 and
Cx43 colocalization was observed at the ID, lateral membrane, and intracellularly.

5. Discussion

Cx43CT phosphorylation is a key regulator of GJ assembly, stability, degradation, channel
gating, and selectivity properties. Phosphorylation may alter the structure of the
transmembrane a-helices to influence pore size, or modify the binding affinities of
regulatory protein partners. Notably, when phosphorylation alters the kinetics of channel
assembly or degradation (e.g., via interaction with Nedd4 [51, 74, 75]), cell-to-cell
communication is altered. A wealth of data exists about the kinases involved in
phosphorylation of Cx43 [54, 76-79]. For example, PKA is associated with enhanced
trafficking of Cx43 to the plasma membrane [80-84], while movement of Cx43 into the
plaque involves casein kinase 1 [9]. Under disease conditions (e.g., HF), growth factors and
other stimuli including coordinated Cx43 phosphorylation by several kinases lead to its
trafficking away from the GJ [79, 85]. Sequential phosphorylation by Akt, MAPK, PKC,
and Src results in an initial increase and then decrease in GJIC followed by internalization
[79, 85]. In this study, we identified that Pyk2 is another kinase involved in the direct
phosphorylation and regulation of Cx43.

Pyk2 functions to transduce signals from Ca2*, integrins, and G protein-coupled receptor to
downstream MAPK and Akt signaling pathways [42, 86]. Pyk2 activation occurs from an
interaction with calmodulin causing homodimerization and auto-phosphorylation at Y402
which facilitates Src binding [41]. Subsequent Src phosphorylation at multiple Pyk?2 sites
enhances kinase activity and binding of several other adaptor proteins [42]. In
cardiomyocytes, intracellular Ca2* and PKCg also regulate Pyk2 activation [87, 88]. This
observation may explain why Pyk?2 was still “enhanced” activated without expression of c-
SrcY930F in HEK 293T cells (albeit to a much lower level, Figure 3) and why the Src
inhibitor Saracatinib alone is unable to fully restore Cx43 function (Figures 5 and 6). Pyk2
regulates a wide range of physiological effects, including cell proliferation, differentiation,
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apoptosis, and cytoskeletal regulation. In the heart, Pyk2 expression is much greater in
neonatal, than in adult ventricular myocytes [87]. However, /n vivo studies using animal
models of HF (e.g., pressure overload) identified an increase in Pyk2 expression and activity
[43, 46]. Furthermore, expression and activity of Pyk2 in the LV of failing human hearts is
markedly increased and related to lethal arrhythmias [47]. Importantly, the endogenously
expressed inhibitor CRNK improves survival, increases LV function, and alters expression
of proteins characteristic of LVH in models of MI and dilated cardiomyopathy [44, 61].
Molecular mechanisms responsible for the adverse effects of Pyk2 dysregulation that
accompany LVH and HF have remained unclear.

We propose one molecular mechanism by which Pyk?2 exerts its adverse effects in the heart
is to contribute to the process of Cx43 lateralization and degradation. First, low intracellular
pH that results from the MI causes translocation of Src from the perinuclear region to gap
junctions at the 1D using the cellular actin network [89, 90]. Since Src activation is thought
to occur after recruitment to endosomes [89, 91] and Pyk2 also uses the actin cytoskeleton to
translocate to the plasma membrane [92], at some point along the journey to the ID, Src
interacts and activates Pyk2. At the GJ plaque, they bind directly to Cx43 (Src SH3 domain
with Cx43CT residues T275-P284 [11]; currently unknown for Pyk2, although with no SH3
domain, will be different than Src) causing phosphorylation of CT residues Y247, Y265,
Y267, and Y313 [35, 39]. pY247 inhibits the Cx43 interaction with p-tubulin [59], pY 265
and pY313 inhibit the Cx43 interaction with Drebrin (maintains Cx43 GJs in their functional
state at the plasma membrane, binds F-actin) [39, 93], and the Src SH3 domain interacts
with the ZO-1 PDZ-2 domain causing displacement of ZO-1 (binds F-actin) from the
Cx43CT [11]. Once Z0O-1 unhooks from Cx43, the plaque size begins to increase [94, 95],
but as it is no longer anchored at the ID (also caused by loss of interaction with tubulin and
Drebrin), the entire plaque translocates from the region of high concentration at the ID to the
lateral membrane [11]. Consistent with this hypothesis is the lateralized GJs appear larger-
than normal plaques [96]. We speculate that Pyk2 inhibition, in addition to Src, would
further reverse Cx43 remodeling and improve intercellular communication as seen from
inhibiting Src alone [26]. As mentioned above, the reduced phosphorylation at Y247, Y265,
and Y313 would correlate with increased binding to Drebrin and tubulin. Additionally,
because Src activates ERK1/2, PKC, and Akt [67, 72, 97], Pyk2 activates MAPK and Akt
[42, 86], and PKC can activate Pyk2 [87, 88], benefits of inhibiting Pyk2 and Src would also
include decreased phosphorylation of S279/282 (MAPK sites), S368 (PKC site), and S373
(Akt site). Consistent with reversing S279/282, S368, and S373 phosphorylation is the
observation that in the infarct EBZ, Src inhibition (Tyr phosphorylation) led to higher levels
of the Cx43 P2 phosphorylation isoform (Ser phosphorylation at S325, S328, and S330 by
casein kinase 1 that promotes GJIC) [9, 26, 98].

GJ channels composed of Cx43 mediate electrical coupling and impulse propagation in the
normal working myocardium. In the failing heart caused by a MI, Cx43 remodeling
(decreased expression, loss at IDs, and increased presence at lateral membranes) contributes
to ventricular arrhythmias; activated Src has been linked to this Cx43 dysregulation.
Rutledge et al. demonstrated that inhibiting Src following M1 increases Cx43 expression,
improves conduction velocity, reduces arrhythmia inducibility, and may represent a new
approach to arrhythmia reduction in ischemic cardiomyopathy [26]. However, while
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increased Cx43 expression was sufficient to explain the beneficial effects after Src
inhibition, their data indicate there is an “undiscovered second process” preventing full
restoration of Cx43 levels [26]. Our preliminary data suggest we may have identified this
second process (i.e., Pyk2) and mechanism that affects Cx43 regulation (e.g., Drebrin [39]).
Thus, future studies will inhibit the Pyk2/Src axis /in vivo as a therapeutic approach to heart
disease.
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Highlights
. Protein tyrosine kinase 2 beta (Pyk2) phosphorylates Cx43CT residues Y247,
Y265, Y267, and Y313.
. Pyk2 phosphorylation of Cx43 leads to decreased GJIC and internalization.

. An animal model of myocardial infarction induced heart failure also showed
an increase in Pyk2 activity and interaction with Cx43.

. Inhibition of both Pyk2 and Src phosphorylation may be necessary to prevent
GJ channel closure and remodeling of Cx43 under conditions that stimulate
heart disease.
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Figure 1: Active Pyk2 interacts with Cx43 in HeLa cells.
(A) Western blot of lysate from HeLa cells stably expressing Cx43 WT or Cx43 Y247/265F

+ v-Src (24 h). Antibodies used are labeled on the left of each panel. The Cx43 P0, P1, and
P2 isoforms have been labeled. Cellular localization of (B) Cx43 WT or (C) Cx43
Y247/265F + v-Src (24 h) in HeLa cells detected by immunofluorescence (green, p-
Pyk2Y579/580: hlye, DAPI-stained DNA; red, total Cx43; yellow, p-Pyk2/Cx43
colocalization). (D) Z-stack imaging of HeLa Cx43 Y247/265F cells after v-Src transfection.
Arrows point to Cx43 colocalization with active Pyk2.
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Figure 2: Inhibition of active Pyk2 decreases Cx43 phosphorylation at residues Y247, Y265, and
Y313.

Lysate from HeLaC*43 cells treated with (A) Pyk2 siRNA and c-SrcY230F (active c-Src, 24
h), (B) Pyk2 CT and PMA (100 nM, 1 hr), (C) Pyk2 CT and EGF (100 ng/mL 1 hr), or (D)
Pyk2 inhibitor PF4618433 and PMA (100 nM, 1 hr) were Western blotted. Antibodies used
are labeled on the left of each panel. Protein levels were quantified by analyzing scanned
blots using ImageJ software, with normalization of protein expression to the control lane
(value set arbitrarily as 1). Phosphorylated protein levels were normalized to total protein.
Data are representative of three independent experiments (one-way ANOVA, *P<0.05,
**P<0.01, ***P<0.001).
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Figure 3: Overexpression of Pyk2 increases Cx43 phosphorylation at Y247, Y265, and Y313.
(A) HEK 293T cells were co-transfected with c-SrcY530F (active c-Src; 24 hr) and Pyk2 wild

type (WT) or a Pyk2 kinase dead (KD) mutant (K457A) and lysate was Western blotted.
Antibodies used are labeled on the left of each panel. (B) Protein levels were quantified by
analyzing scanned blots using ImageJ software, with normalization of protein expression to
the control lane (value set arbitrarily as 1). Phosphorylated protein levels were normalized to
total protein. Data are representative of three independent experiments (one-way ANOVA,
*P<0.05, **P<0.0]).
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were quantified by analyzing scanned blots using ImageJ software, with normalization of
protein expression to the control lane (value set arbitrarily as 1). Phosphorylated protein
levels were normalized to total protein. Data are representative of three independent
experiments (one-way ANOVA,**P<(0.01, ***P<0.001).
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Figure 5: PMA mediated Cx43 gap junction closure is reversed by inhibiting active Pyk2 and c-
Src.

(A) Lysate from PMA treated (100 nM, 60 min) HeLLa®*43 + Src (Saracatinib, SA, 5uM)
and/or Pyk2 (PF4619433, PF, 50uM) inhibitors was Western blotted. Antibodies used are
labeled on the left of each panel. (B) Level of gap junction intercellular communication in
HeLaC*43 cells pre-treated with Saracatinib, PF4618433 or both and then treated with PMA
(60 min) was determined using the scrape loading dye transfer assay. Provided are
representative immunofluorescence images (green, Lucifer yellow; blue, DAPI).
Quantification of the area of Lucifer Yellow transfer shows the effect of inhibiting Src and/or
Pyk2 phosphorylation of Cx43. Immunofluorescence spread (area) of Lucifer Yellow
transfer was measured by ImageJ software. (C) Representative fluorescent images and
quantification of /n situ TX-100 extracted Cx43 (green, Cx43; blue, DAPI). Quantification
was determined by normalizing the mean fluorescent intensity of insoluble Cx43 to DAPI.
All data are representative of three independent experiments (one-way ANOVA, **P<0.01,
#**P<(),001).
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Figure 6: Inhibiting active Pyk2 reverses PMA mediated decrease in myocyte contraction by
decreasing Cx43 tyrosine phosphorylation.

(A) NRVMs were pre-treated with Saracatinib (SA, 0.5uM), PF4618433 (PF, 5uM) or both
(3 h) and then treated with PMA (300 nM, 30 min). Lysate from each group was Western
blotted. Antibodies used are labeled on the left of each panel. Protein levels were quantified
by analyzing scanned blots using ImageJ software, with normalization of protein expression
to the control lane (value set arbitrarily as 1). Phosphorylated protein levels were normalized
to total protein. (B) NRVMs were pre-treated with Saracatinib, PF4618433 or both (3 h) and
then treated with PMA (60 min). Calculated were the total number of NRVMs contributing
to the beats (left) and the contraction of NRVMs expressed as beat per minutes (right). Data
are representative of three independent experiments (one-way ANOVA, *P<0.05, **P<0.01,
#**P<(),001).
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Figure 7. Inhibiting active Pyk2 reverses PMA mediated decrease in myocyte contraction by
increasing Cx43 at the gap junction (GJ) plaque.

NRVMs were pre-treated with (SA, 0.5uM), PF4618433 (PF, 5uM), or both (3 h) and then
treated with PMA (300 nM, 60 min). A representative fluorescent image is shown for each
group (red, cardiac marker sarcomeric a-actinin; green, Cx43; blue, DAPI). Quantification
was the percentage of total fluorescent intensity of Cx43 at GJ plaque to total Cx43. (one-
way ANOVA, **P<(0.01, ***P<0.001).
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Figure 8: Pyk2 activity increases and co-localizes with Cx43 in a heart failure (HF) rat model.
Six weeks after sham or LAD ligation surgery, left ventricle tissue (distal to the infarction,

hypertrophy area) was harvested for (A) Western blotting and (B) immunofluorescence
imaging (green, enhanced active Pyk2, p-Pyk2Y>79/580; red, Cx43; yellow, co-localization;
blue, DAPI; white arrows, intercalated disc; stars, lateral membrane; blue arrow,
intracellular). All rats with HF had an average infarct area 230% of the left ventricle and left
ventricular end-diastolic pressure (LVEDP) =15 mmHg (Sham, n=4; HF, n=7, t-test,
*P<0.05, ***P<0.001).
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