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Abstract

Background—Genome wide association studies (GWAS) have revealed significant association
of caveolin-1 (Cavl) gene variants with increased risk of cardiac arrhythmias. Nevertheless, the
mechanism for this linkage is unclear.

Methods and Results—Using adult Cav1™~ mice, we revealed a marked reduction in the left
ventricular (LV) conduction velocity in the absence of myocardial Cavl, which is accompanied
with increased inducibility of ventricular arrhythmias. Further studies demonstrated that loss of
Cavl leads to the activation of cSrc tyrosine kinase, resulting in the downregulation of connexin
43 (Cx43) and subsequent electrical abnormalities. Pharmacological inhibition of cSrc mitigates
Cx43 downregulation, slow conduction and arrhythmia inducibility in Cav1~~ animals. Using a
transgenic mouse model with cardiac-specific overexpression of angiotensin converting enzyme
(ACES8/8), we demonstrated that, upon enhanced cardiac RAS activity, Cav1 dissociated from
cSrc because of increased Cavl S-nitrosation (SNO) at Cys!®6, leading to c-Src activation, Cx43
reduction, impaired gap junction function, and subsequent increase in the propensity for
ventricular arrhythmias and sudden cardiac death. RAS-induced Cav1l SNO was associated with
increased Cav1-eNOS binding in response to increased mitochondrial reactive oxidative species
(ROS) generation.
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Conclusions—The present studies reveal the critical role of Cavl in modulating cSrc activation,
gap junction remodeling and ventricular arrhythmias. These data provide a mechanistic
explanation for the observed genetic link between Cavl and cardiac arrhythmias in humans and
suggest that targeted regulation of Cavl may reduce arrhythmic risk in cardiac diseases associated
with RAS activation.
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Introduction

Methods

Human genetic studies have revealed an important link between caveolins and cardiac
arrhythmias.1=3 Among the genes (CAV1, CAV2, CAV3) encoding the three distinct
caveolin isoforms named caveolins 1 to 3, mutations in CAV3 have been shown to lead to
congenital long-QT (LQT)! and sudden infant death? syndromes, whereas human genome-
wide association studies (GWAS) have observed significant association of CAV1 variants
with PR intervals? and increased susceptibility to cardiac arrhythmias.?3 It is clear now that
caveolin-3 (Cav3) interacts with and regulates cardiac sodium channel Nav1.5,1 and that
mutations in CAV3 can lead to a 3-to 5-fold increase in late sodium currents, resulting in
delayed repolarization, prolonged QT intervals and arrhythmogenic phenotype.24 In
contrast, albeit caveolin 1 (Cav1) is known to express in cardiomyocytes®® and has been
implicated in regulating ion channels in in vitro studies,”- there is no established
mechanism explaining the genetic link between CAV1 and cardiac arrhythmias. We sought
to determine the mechanistic link between Cav1 and cardiac arrhythmias.

Animals were handled in accordance with the NIH Guide for the Care and Use of
Laboratory Animals. All protocols involving animals were approved by the Animal Studies
Committee at the University of Illinois at Chicago, Lifespan, or the Veterans Administration
San Diego Healthcare System.

In vivo electrophysiological studies, including electrocardiogram (ECG) recordings,
programmed stimulation, and ventricular conduction velocity were performed on Cav1~/~
and ACE8/8 mice (all in C57/BI6 background) that were derived and maintained as
described previously.9-11 Left ventricular (LV) tissue and/or cardiomyocytes isolated from
Cavl~/~, Cav3~/~ and ACE8/8 mice were used for Western blotting, immunoprecipitation,
S-nitrosation assay, NO measurement and transcript analyses.

All measurements were presented in dot plots with means + SEM. The inducibility of VT
was presented as percentage of all tested animals in the same group. The statistical
significance of differences between experimental groups was evaluated by the exact version
of the Mann-Whitney U test or Fisher’s exact test, followed by Holm test to correct for
multiple comparisons; P values <0.05 are considered statistically significant. Detailed
methods are available in the Supplemental Material.

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Yang et al. Page 3

Results

Loss of Cavl results in slowed cardiac conduction and increased risk of ventricular
arrhythmia

To determine the potential impact of genetic deletion of Cav1 on cardiac electric
functioning, adult (2-4 months) WT and Cav1~~ mice were first subjected to surface ECG
recordings (Figure 1A). Cavl~~ mice were viable and fertile without evidence of cardiac
structural abnormality up to 5 months of age.19 The ECG recordings revealed that the
morphologies of the P, J and T waves, as well as the durations of the PR, QRS, and
corrected QT (QTc) intervals (Figure 1B) measured in WT and Cav1™~ animals were
indistinguishable, although the R wave amplitudes were trending lower in Cav1 ™/~
compared with WT mice (Figure 1A and 1B). Using a 72-electrode Flex-Multi-electrode
array (Flex-MEA\), the LV epicardial conduction velocity was measured in WT and Cav1™~
mice. As shown in Figure 1C, the LV conduction velocity in Cav1™~ (n=6, 0.35+0.03
mm/ms, median 0.32 mm/ms) was significantly (P=0.004) lower than that in WT (n=6,
0.50£0.09 mm/ms, median 0.44 mm/ms) mice. To test if the reduced LV conduction
velocity observed in Cavl™~ mice is associated with increased arrhythmia risk, epicardial
programmed electrical stimulation was conducted in WT and Cav1™~ mice. These
experiments revealed that none of the WT mice (8 with double and 14 with triple extra-
stimuli) was inducible for ventricular tachycardia (VT), whereas 70% (7 out of 10, P<0.001
by Fisher’s exact test) and 79% (11 out of 14, P<0.0001) of the Cav1 ™~ mice were inducible
for VT using double and triple extra-stimuli, respectively (Figure 1D and Supplemental
Table). Single extra-stimulus failed to induce arrhythmias in any of the animals studied.
Taken together, initial electrophysiological studies demonstrated that loss of Cavl resulted
in slowed LV conduction velocity and increased ventricular arrhythmia inducibility.

Electrical abnormalities observed in Cavl™~ mice result from LV Cx43 downregulation by
activated cSrc tyrosine kinase

Slow myocardial conduction velocity can result from reduced Na* current (Ing) or from
increased cell-cell conduction resistance caused by increased fibrosis or decreased gap
junction function.12 Whole-cell voltage clamp experiments in LV cardiomyocytes, as well
as Mason-trichrome staining of the LV cross-sections, were conducted in WT and Cav1 ™/~
mice to determine if changes in In4 currents or the presence of cardiac fibrosis may
contribute to the conduction abnormality and increased arrhythmia inducibility observed in
Cav1~~ mice. As shown in Supplemental Figure 1A and 1B, the densities of Iy, as well as
the steady state inactivation properties of I, were similar in WT and Cavl™~ LV
myocytes. Also similar to WT LV, there was no significant fibrosis detected in Cavl™~ LV
(Supplemental Figure 1 C,D). In contrast, Western blot analyses revealed a 42% reduction
of the Cx43 expression in Cav1™~, compared with WT LV (Figure 2A,B). Quantification of
Cx43 of different phosphorylation states, PO, P1 and P3, relative to total Cx43 levels, did not
reveal significant difference between WT and Cav1~~ LV samples (Supplemental Figure 2),
suggesting that genetic deletion of Cav1 does not affect the phosphorylation state of cardiac
Cx43. In addition, immunofluorescent staining of Cx43 and N-cadherin, a protein marker of
the intercalated discs (Supplemental Figure 3A and 3B), revealed that the percentage of
Cx43 colocalized with N-cadherin was similar in WT and Cav1~~ LV, suggesting the
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proportion of cellular Cx43 incorporated into gap junctions was not affected in the absence
of Cavl. Isolated myocytes from WT and Cav1™~ LV were used in additional Western blots
to confirm that Cx43 expression levels were indeed markedly reduced in Cavl~~ compared
to WT LV cardiomyocytes (52% reduction, P=0.004; Figure 2C). Taken together, these data
suggest that the conduction abnormality and increased inducibility for ventricular
arrhythmias observed in Cavl™~ mice can be attributed largely to Cx43 downregulation.

It is known that Cav1l negatively regulates a redox-sensitive tyrosine kinase cSrc, the
activation of which has been shown to cause the downregulation of cardiac Cx43.13 We
hypothesized that the observed Cx43 downregulation, slow conduction and increased
arrhythmic inducibility in Cav1™~ mice resulted from loss of Cav1 inhibition of cSrc. To
test this, we first examined the expression levels of phosphorylated cSrc at Tyr418 (p-cSre,
the active form of cSrc) in the ventricular myocardium and isolated LV cardiomyocytes
from WT and Cav1~~ mice. As shown in Figure 2A and 2C, the protein expression level of
p-cSrc was significantly upregulated in Cavl™~ LV (by 2.8 fold, P=0.002) and isolated LV
cardiomyocytes (by 2.6 fold, P=0.002), compared to WT. In addition, pharmacological
inhibition of cSrc activity with 4 weeks of the cSrc inhibitor PP1 (1.5 mg/kg/dose, 3 times
per week for 4 weeks, intraperitoneally) in Cav1~~ mice normalized LV p-cSrc and Cx43
expression to levels similar to that in WT (Figure 2A and 2B). Consistent with the notion
that cSrc regulates Cx43 post-transcriptionally,13 quantitative RT-PCR did not reveal a
significant difference in the LV Cx43 mRNA expression levels in WT, Cavl™~ and PP1-
treated Cav1 ™'~ mice (Supplemental Figure 4, see Discussion).

In line with the reversal of Cx43 downregulation with cSrc inhibition, the slow LV
conduction and increased ventricular arrhythmia inducibility observed in Cav1™~ mice
could be mitigated by 4-week treatment with c¢Src inhibitor PP1 (mean LV conduction
velocity 0.43+0.01 mm/ms, median 0.45 mm/ms; 0% inducible for VT with double extra-
stimuli, n=8, Figure 1C, 1D and Supplemental Table). In contrast to Cavl~~ mice, the LV
p-cSrc and Cx43 expression in Cav3~/~ LV were similar to that in WT (Figure 2D),
suggesting no obvious role of Cav3 in cSrc/Cx43 regulation. Taken together, these results
suggest that Cavl, but not Cav3, plays a critical role in maintaining cardiac Cx43
homeostasis through regulating cSrc activity. In the absence of Cav1l, cSrc becomes
activated, leading to Cx43 downregulation, subsequent conduction abnormality, and
increased inducibility for arrhythmias.

Reduced binding between Cavl and cSrc results in cSrc activation and subsequent Cx43
downregulation upon enhanced cardiac RAS signaling

The electrophysiological abnormalities linked to Cx43 dysregulation observed in Cavl™~
mice were reminiscent of the phenotype of the mouse models with increased cardiac RAS
activity.914 These animals have a high incidence of conduction block, ventricular
arrhythmias and sudden death resulting from reduced cardiac Cx43 and impaired gap
junction function. Using a gene-targeted mouse model of cardiac-specific ACE
overexpression (ACES8/8),%15 we have previously demonstrated that enhanced cardiac RAS
signaling can lead to cSrc activation, Cx43 degradation, reduce myocyte coupling, increased
inducibility of ventricular arrhythmias and sudden cardiac death, all of which can be
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reversed by pharmacological inhibition of cSrc.915 Given the similarity in the
electrophysiological phenotypes of Cavl™~ and ACE8/8 mice, we hypothesized that Cav1l
was likely involved in RAS-induced cardiac cSrc activation and Cx43 reduction.

Increased cardiac RAS activity in ACE8/8 mice was accompanied by a 3.4 fold increase
(P<0.001) in cSrc activation/phosphorylation and 77% reduction in Cx43 (P=0.002)
compared to WT LV (Figure 3A,B). The intrinsic kinase activity of cSrc is controlled by
autophosphorylation of Tyr416 |ocated within the kinase domain that results in cSrc
activation and by phosphorylation at Tyr®27 that results in cSrc inactivation.18
Phosphorylation of Tyr°27 is mediated by the C-terminal Src kinase (CSK),17:18 whereas
cSrc Tyr416 autophosphorylation can be suppressed by the direct binding with the
scaffolding proteins Cav1 and Cav3.19 Cav1 is also necessary for CSK recruitment to cSrc.5
We hypothesized that enhanced RAS signaling activated cSrc either through decreasing the
availability of the negative regulator(s) or through abrogating the interaction between cSrc
and its negative regulator(s). To test this, the protein expression levels of CSK, Cav3, Cavl,
as well as phosphorylated Cav1 (at Tyrl4), the active form of Cav1 shown to inhibit cSrc
activity,18 were examined and compared in WT and ACE8/8 LV samples. As shown in
Figure 3A and 3B, the protein expression of cSrc negative regulators, CSK, Cav3 and
Cavl/p-Cavl, were not significantly different in WT and ACE8/8 LV. Next, we assessed the
interaction between cSrc and its negative regulators in the mouse LV. Interestingly, cSrc
failed to co-immunoprecipitate with CSK (Supplemental Figure 5) or Cav3 (Figure 3C,D),
whereas cSrc co-immunoprecipitated with Cavl in mouse LV (Figure 3E). In addition, the
interaction between cSrc and Cavl was markedly reduced (by 50%, P=0.003) in ACE8/8
compared with WT LV (Figure 3E,F). Taken together, these results suggest that reduced
interaction between Cav1l and cSrc abrogates the inhibitory effects of Cav1 on cSrc, thereby
contributing to cSrc activation upon enhanced RAS signaling in mouse ventricular
myocardium.

Enhanced RAS signaling increases S-nitrosation of Cavl, resulting in reduced Cavl1-cSrc
interaction in LV cardiomyocytes

It is known that the interaction between Cavl and cSrc at the cell membrane depends on the
coupling between the N-terminal myristoyl moiety of cSrc and the palmitoylated Cys16 of
Cav1.20 Protein palmitoylation can be disrupted by nitrosation of cysteine residues (S-
nitrosation, SNO) by direct competition for cysteine or by the displacement of palmitate;2!
SNO cysteine modification is known to modulate the activity of various signaling molecules
including PSD-95,22 p-adrenergic receptor23 and Cav1.24 We hypothesized that increased
SNO of Cavl may contribute to the observed uncoupling of cardiac Cavl and cSrc upon
enhanced RAS signaling.

To test this hypothesis directly, a biotin-switch assay to detect protein SNO was conducted
using isolated cardiomyocytes from WT and ACE8/8 LV. As shown in Figure 4A, there was
a 5.5 fold increase (P=0.03) of Cavl SNO in isolated myocytes from ACE8/8, compared to
WT LV. The increased Cavl SNO with increased RAS activity was accompanied by a 50%
reduction (P=0.03) in Cav1-cSrc interaction in ACE8/8 compared with WT LV myocytes
(Figure 4B). To test if increased Cavl SNO could result in Cav1-cSrc dissociation, human
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embryonic kidney (HEK) cells transfected with mouse Cav1l and cSrc were treated with 20
UM nitric oxide (NO) donor S-nitroso-N-acetyl-DL-penicillamine (SNAP) or vehicle for 10
min. Increased Cavl SNO induced by SNAP treatment resulted in decreased (by 58%
compared to control, P=0.03) Cav1-cSrc binding (Figure 4C), suggesting that increased
Cav1 SNO directly disrupted the Cav1-cSrc interaction.

Cys156, but not Cys!33 or Cys143, is critical for Cavl S-nitrosation

Cavl contains three cysteines (C133, C143 and C156) that can be palmitoylated, tethering
Cav1 to the plasma membrane (Figure 5A). Because protein S-nitrosation, like
phosphorylation, usually occurs in the presence of conserved motifs in the primary amino
acid sequence,?®> we examined the amino acid sequences surrounding the cysteine residues
of Cavl to identify potential sites for S-nitrosation. Of the three cysteines present in Cavl,
only Cys1 resides within a consensus motif (G,S,T,C,Y,N,Q)(K,R,H,D,E)C(D,E) for S-
nitrosation (Figure 5A),2 predicting Cys!®6 as the Cavl SNO site. To test this prediction,
HEK cells transfected either with WT Cav1 or one of the nitrosation-resistant Cys-to-Ser
(C133S, C143S or C156S) Cavl mutants were treated with SNAP (20 pM, 10 min) and
assayed for Cavl SNO by biotin-switch assay. As shown in Figure 5B, SNAP treatment
increased S-nitrosation in WT, C133S- and C143S-Cavl, but not in C156S-Cav1,
suggesting Cys1°6 was the critical cysteine residue required for Cavl SNO. Consistent with
this result, a recent study also reported that human Cav1 SNO at Cys!®8 is critical for cSrc
activation in response to chronic pulmonary vascular inflammation.28

Cardiac Cavl S-nitrosation upon enhanced RAS signaling is facilitated by increased
eNOS-Cav1l association

Physiologically, the chemical reaction of protein S-nitrosation is favored upon increased
availability of NO, either through increased NO production2’ or by close proximity to the
enzymes that synthesize NO, NO synthase (NOS).27-28 To test if the increased Cavl SNO
upon enhanced cardiac RAS signaling was the result of elevated NO production, we
examined the protein expression levels of NOS in isolated LV cardiomyocytes from WT and
ACES8/8 animals. As shown in Figure 5C, the protein expression levels of neuronal (nNOS)
and endothelial (eNOS) NOS, as well as phospho-eNQOS, the active form of eNOS, were not
significantly different in WT and ACE8/8 cardiomyocytes. In addition, a direct
quantification of NO concentration did not reveal a measurable difference in NO production
from isolated WT and ACE8/8 ventricular cardiomyocytes (Supplemental Figure 6). To test
if enhanced RAS signaling makes NO available to Cavl by bringing NOS in proximity to
Cav1l, we examined the amount of NOS that could be co-immunoprecipitated with Cavl in
WT and ACE8/8 LV myocytes. As shown in Figure 5D, Western blots of the Cav1-pull
down lysates revealed a 2.2-fold increase (P=0.03) in the binding between eNOS and Cav1l
in ACE8/8, compared with WT isolated LV myocytes. nNOS, however, did not co-
immunoprecipitate with Cav1 in either WT or ACE8/8 LV myocytes (data not shown).
Taken together, these data suggest that increased Cavl SNO with enhanced cardiac RAS
signaling is related to increased Cav1-eNOS binding.

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Yang etal.

Page 7

Cardiac RAS-induced eNOS-Cav1l association is dependent on increased mitochondrial

ROS

Using the same ACE8/8 mouse model, we have recently demonstrated that cardiac ROS,
specifically mitochondrial ROS (mitoROS), is markedly increased with enhanced RAS
signaling.1529 Treatment with mitochondria-targeted antioxidant MitoTEMPO, but not the
other types of antioxidants, restores the Cx43 expression, normalizes gap junction
conduction, as well as ameliorates ventricular arrhythmias and sudden cardiac death in
ACE8/8 mice.2? We hypothesized that increased mitoROS upon enhanced RAS signaling
mediated Cx43 degradation through modulating the Cav1-cSrc interaction and cSrc activity.
To test this, 4 week ACE8/8 animals were treated with MitoTEMPO (0.7 mg/kg/day,
intraperitoneally) for 2 weeks, a regimen that has been demonstrated to normalize elevated
mitoROS in ACE8/8 hearts to the levels similar to WT controls.2® As shown in Figure 6A
and consistent with previous results,2® MitoTEMPO treatment in ACE8/8 mice resulted in
reduced cardiac cSrc phosphorylation (by 65 %, P=0.002) and increased Cx43 expression
(by 1.9 fold, P=0.002) compared to untreated ACE8/8 animals. Importantly, co-
immunoprecipitation experiments revealed that the increased Cav1-eNOS binding and
decreased Cav1-cSrc interaction observed in ACE8/8 LV were both reversed with the
treatment of MitoTEMPO (Figure 6B), suggesting that the increased Cav1-eNOS binding
and subsequent Cav1-cSrc dissociation upon enhanced RAS signaling were dependent on
mitochondrial ROS.

Discussion

Accumulating evidence has suggested that Cavl is involved in the regulation of cardiac
electrical functioning. For example, Cav1 binds to the human ether-a-go-go related gene
(hERG) K* channel and regulates its function’ and degradation.3 L-type Ca2* channels,® as
well as Cx43,31 have been shown to be targeted to lipid rafts/caveolae and directly interact
with Cav1l. Importantly, human genome-wide association studies have revealed significant
association of Cav1 variants with increased risk of cardiac arrhythmias.22 Using two
different mouse models (Cav1~~ and ACE8/8) in the present study, we have demonstrated
the essential role of Cav1l in maintaining the homeostasis of cardiac Cx43 by modulating
cSrc activity. With the abrogation of Cavl-mediated cSrc inhibition, either through genetic
deletion of Cavl or via Cavl SNO induced by enhanced RAS signaling, cSrc became
activated, leading to downregulation of Cx43, reduced ventricular conduction velocity, and
increased propensity for ventricular arrhythmias.

The renin-angiotensin system (RAS) is a critical component of the physiological and
pathological responses of the cardiovascular system. Angiotensin 11 (Angll), the central
signaling effector of RAS, binds to Angll type 1 receptor (AT1R) and activates NAD(P)H
oxidases leading to increased production of cytosolic as well as mitochondrial ROS. It has
been demonstrated that mitochondrial, but not cytosolic, ROS plays a critical role in RAS-
mediated connexon remodeling and ventricular arrhythmias.2® The present study provides a
mechanistic link between RAS-induced oxidative stress and ventricular arrhythmias, where
RAS-induced mitochondrial ROS triggers increased eNOS-Cavl association and Cav1-S-
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nitrosation, resulting in cSrc activation, Cx43 downregulation and subsequent electrical
abnormalities.

It has been demonstrated previously that increased cardiac p-cSrc can compete with Cx43
for the binding with ZO-1 protein at the intercalated disc, promoting Cx43 internalization
and degradation.13 With the robust increases in p-cSrc, it is likely that Cx43 downregulation
observed in Cavl™~ LV can be attributed to p-cSrc-mediated Cx43 depletion. Indeed, Cx43
mRNA expression levels were not different in the LV from WT, Cav1~~ and Cavl~/~+PP1
mice (Supplemental Figure 4), suggesting that the production of Cx43, at least on the
transcriptional level, is not affected in Cav1~~ LV. Our experiments, however, could not
exclude the possibility that the efficiency of ventricular Cx43 protein translation or
trafficking could be impaired in the absence of Cavl.

Intriguingly, Cav3, the muscle-specific caveolin isoform that is essential for caveolae
formation in cardiomyocytes,32 was not involved in the regulation of cSrc and Cx43, since
Cav3 did not interact with cSrc (Figure 3C,D) and knockout of Cav3 did not alter cardiac
cSrc activity or Cx43 expression levels (Figure 2D). The observation that cSrc is not
activated in Cav3~/~ LV suggests that Cav1l-mediated cSrc inhibition is unaffected in
Cav3~/~ hearts. Because caveolae are completely absent in Cav3~/~ cardiomyocytes,32 the
preserved Cav1-cSrc interaction in Cav3™~ hearts suggests that Cav1 interacts with and
regulates cSrc outside of caveolae in cardiomyocytes. Indeed, recent studies indicate that
caveolin can regulate cellular functions in non-caveolar regions. Examples include cell
adhesion,33 reactive neuronal plasticity3* and oxidative stress-induced responses.3® Taken
together, the data presented here provide evidence suggesting the non-caveolar role of Cavl-
mediated cSrc and Cx43 regulation in cardiomyocytes.

Cav1 is known to negatively regulate eNOS activity in endothelial cells in a caveolae-
dependent manner.3® In cells where Cav1 does not drive caveolae assembly, however, the
ability of Cavl to inhibit eNOS activity is diminished, albeit the Cav1-eNOS interaction
remains.36 The observation that Cav1-eNOS binding increased without altering eNOS
activity (levels of p-eNOS) in ACE8/8 cardiomyocytes (Figure 5C,D) suggests that the
Cav1-eNOS interaction in cardiomyocytes is non-caveolar. Therefore, upon enhanced RAS
activity and increased mitoROS, eNOS actively redistributes to non-caveolar compartments,
allowing spatially confined NO release to targets such as Cavl. This observation highlights
the importance of the spatial coupling and direct interaction between eNOS and its targets in
NO-mediated signaling pathways.3 In addition, the paradox that binding between eNOS
and its negative regulator Cavl in ACE8/8 mouse hearts allows nitrosation of Cav1 suggests
that Cav1l may cease to inhibit eNOS if an appropriate signal is given. It is possible that
upon an enhanced RAS state, the non-caveolar interaction between eNOS and Cavl is
increased, and this leads to potential increased local activity of eNOS to facilitate Cavl
SNO. The differential eNOS activities in caveolar and non-caveolar compartments also
suggest that the lipid environment may contribute to the negative regulation of eNOS,38
where eNOS targeted to non-caveolar regions can be activated even in the presence of Cavl.

The present study also revealed that increased eNOS-Cav1 binding upon RAS activation in
cardiomyocytes was dependent on mitoROS. In line with the recent evidence showing that
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mitochondrial-targeted, but not general, antioxidants, can ameliorate RAS activation-
induced Cx43 downregulation and ventricular arrhythmias,2® these findings reflect the
critical role of mitoROS in cardiac cSrc and Cx43 regulation. These data are also consistent
with the emerging role of mitoROS as signaling molecules in regulating physiological
functions. It is intriguing to understand how mitoROS signals the redistribution of eNOS to
non-caveolar Cavl, causes Cavl SNO, and contributes to subsequent cSrc and Cx43
dysregulation. It has been reported that a subpopulation of eNOS is “docked” to the
mitochondrial outer membrane both in endothelial cells3® and neurons.? It is possible that
this subpopulation of eNOS senses the increased mitoROS upon RAS activation, resulting in
its displacement from the mitochondria outer membrane and redistribution to non-caveolar
compartments where eNOS-Cav1-cSrc interaction occurs. Further experiments are required
to test this hypothesis directly.

The observation that the LV conduction velocity is reduced by 30% in Cav1~~ mice, with a
~50% reduction in Cx43 comparing to the WT, is intriguing. Based on the observation in
connexin knockout mice, it is generally considered that there exists a significant redundancy
of myocardial gap junctions, and significant myocardial conduction slowing occurs only
with near-complete connexin depletion.142 Several studies in human and animal
myocardium, however, reported significant changes in ventricular conduction velocity with
relatively small changes in Cx43 levels.#3-45 In a recent study by Dhillon et al., a continuous
relationship between gap-junction conductance and ventricular conduction velocity was
observed in human and guinea-pig myocardium.*6 These findings, along with the data
presented here, suggest that significant conduction slowing can occur with modest decrease
in gap-junction conduction in mammalian myocardium.

Cavl is abundantly expressed in fibroblasts and endothelial cells. Although the effects of
Cav1 deletion on cSrc and Cx43 regulation were observed in isolated cardiomyocytes, we
could not completely exclude the possibility that Cavl deletion might exert non-cell-
autonomous effects on cardiomyocytes indirectly through fibroblasts or endothelial cells in
the mouse heart. A cardiac-specific Cavl knockout mouse line, which is not available so far,
would be a desirable tool to demonstrate cell autonomous effects of Cav1 deletion in
cardiomyocytes.

In summary, the present study, for the first time, demonstrates the critical role of Cavl in
maintaining the homeostasis of cardiac Cx43 by interacting with and inhibiting cSrc tyrosine
kinase. The disrupted Cav1-cSrc interaction upon pathological conditions such as enhanced
RAS signaling resulted in the activation of cSrc, Cx43 reduction, slow conduction and
increased risk for ventricular arrhythmias. As summarized in the schematic illustration
(Figure 7), our data suggest that mitoROS production increases upon RAS activation, which
triggers the redistribution of eNOS and increased Cav1-eNOS interaction, resulting in Cavl
SNO, Cavl-cSrc dissociation, cSrc activation, Cx43 downregulation and subsequently, slow
cardiac conduction and increased propensity for arrhythmias. Our findings provide a
potential explanation for the genetic association of Cavl and human arrhythmias, as well as
the insights into the mechanistic link between RAS-induced mitochondrial ROS and Cx43
hemichannel regulation. These results suggest the potential therapeutic approach of targeting
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the regulation of Cavl or mitochondrial ROS to ameliorate arrhythmic risk caused by RAS
activation in various cardiac diseases.
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Figure 1.

Knockout of Cavl leads to reduced LV conduction velocity and increased inducibility of
ventricular arrhythmias, both of which can be prevented by cSrc inhibition. (A)
Representative ECG (lead 1) waveforms from anesthetized adult (2-4 months) WT and
Cav1~~ mice are illustrated; (B) Mean + SEM PR, QRS and QTc intervals, as well as P and
R wave amplitudes measured in WT (n=6) and Cav1~/~ (n=6) mices were not significantly
different, albeit R wave amplitudes were trending lower in Cav1~/~ compared to WT mice.
(C) Representative LV epicardial conduction velocity recordings in WT, Cav1™~, and
Cav1™~ mice treated with 4 weeks of cSrc kinase inhibitor PP1, using a 72-electrode FLEX-
MEA, were shown. The epicardial conduction velocity was significantly (P=0.004) reduced
in Cavl™~ (n=6) compared with WT (n=6), LV. The LV conduction velocity in Cavl~™~ LV
can be normalized with 4 weeks of PP1 treatment. (D) Representative surface ECG
recordings from WT, Cav1~~ and Cav1~/~ treated with PP1 during epicardial programmed
electrical stimulation. With the use of double extra-stimuli, none of the WT animals (n=8)
were inducible for ventricular arrhythmias, whereas 70% (n=10) of Cav1~~ mice were
inducible for ventricular tachycardia (VT) (P<0.001). PP1 treatment in Cav1™~ mice
significantly reduced the inducibility of ventricular arrhythmias (0% inducible, n=8) with
programmed stimulation.
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Figure2.
Loss of Cavl results in cardiac cSrc activation and Cx43 downregulation, which can be

reversed by cSrc inhibition. (A) Representative Western blots of the LV protein lysates from
WT, Cav1~~ mice and Cav1~~ mice treated with 4 weeks of cSrc inhibitor PP1 (1.5 mg/kg/
dose intraperitoneally, 3 times per week). (B) cSrc phosphorylation was significantly
(P=0.002) increased in Cavl~~ (n=6) compared with WT (n=6), LV, whereas Cx43 was
markedly reduced in Cav1~~ LV. Four weeks of PP1 treatments prevented cSrc
phosphorylation/activation and Cx43 downregulation in Cav1~~ LV (n=6). (C)
Representative Western blots of the isolated LV cardiomyocytes from WT (n=4) and
Cav1™~ (n=4) mice confirmed markedly reduced Cx43 (by 52%, P=0.004) and increased p-
cSrc (by 2.6 fold, P=0.002) in cardiomyocytes with genetic deletion of Cav1l. (D) The p-
cSrc and Cx43 protein levels were not different in WT and Cav3™~ LV.
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Figure 3.

WT ACES8/8

Cardiac RAS-induced cSrc activation and Cx43 downregulation were accompanied by
decreased Cav1-cSrc binding. Western blots (A, B) revealed significantly increased cSrc
activation (phosphorylation at pY416) and Cx43 downregulation in ACE8/8 (n=6) compared
with WT (n=6) LV (P<0.001). The protein expression levels of CSK, Cavl, Cav3, and p-
Cav1l (pY14) were not different in ACE8/8 and WT LV. Immunoprecipitation with either
Cav3 (C) or cSrc (D) antibody did not show an interaction between Cav3 and cSrc in mouse
LV. By contrast, cSrc co-immunoprecipitated with Cav1 in mouse LV (E,F), and the
interaction between cSrc and Cav1l was significantly reduced (P=0.003, by ~50%) in
ACES8/8 (n=4), compared with WT (n=4) LV.
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Figure4.

RAS activation induces Cavl S-nitrosation, resulting in Cav1-cSrc dissociation. (A) Cavl
SNO was assessed using biotin-switch assay in the cardiomyocytes isolated from WT (n=4)
and ACES8/8 (n=4) LV, which showed the level of Cavl SNO was significantly (P=0.03)
higher in ACE8/8 than in WT LV myocytes. (B) Co-immunoprecipitation experiments
revealed that the interaction between cSrc and Cavl was reduced in ACES8/8 (n=4),
compared with WT (n=4), LV myocytes. (F) HEK cells co-transfected with mouse cSrc and
Cavl cDNA were subjected to NO donor (SNAP, 20 uM, 10 min) treatment, where Cavl
SNO was increased, resulting in reduced interaction between cSrc and Cavl (P=0.03, n=4 in
each group).
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Figureb5.
Cavl is nitrosated at Cys156 and Cav1l SNO upon RAS activation is associated with

increased eNOS-Cav1 binding. (A) Schematic illustration of mouse Cavl, containing three
cysteine residues (C133, C143 and C156) close to the C-terminus, among which only C156
is predicted to be nitrosated. (B) HEK cells transfected with mouse cSrc, as well as with
either WT mouse Cavl cDNA or Cavl containing Cys133, Cys143 or Cys156 to Ser
(nitrosation-resistant) single amino acid mutation, were subjected to SNAP treatment. SNAP
treatment significantly increased SNO in WT, C133S and C143S, but not in C156S, Cavl
molecule (P=0.03, n=4 in each pair), suggesting C156 is the only cysteine residue in Cavl
that can be nitrosated. (C) Western blot did not reveal significant differences in the protein
expression levels of nNOS, eNOS or p-eNOS in the isolated LV myocytes from WT (n=6)
and ACE8/8 (n=6) mice. (D) Co-immunoprecipitation experiments demonstrated
significantly (P=0.03) increased eNOS-Cav1 binding in ACE8/8 (n=4), compared with WT
(n=4), isolated LV cardiomyocytes.
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Figure®6.

Mitochondria-targeted antioxidant MitoTEMPO ameliorates cardiac RAS activation-
induced cSrc activation and Cx43 downregulation through reducing Cav1-eNOS interaction
and restoring Cav1-cSrc binding. (A) Two weeks of MitoTEMPO (0.7 mg/kg/day,
intraperitoneally) treatment significantly attenuated cSrc activation/phosphorylation
(P=0.002) and Cx43 downregulation (P=0.002) in ACE8/8 LV (n=6 in each group). (B)
MitoTEMPO treatment significantly reduced Cav1-eNOS interaction (P=0.002) and
restored Cav1-cSrc binding (P=0.002) in ACES8/8 LV (n=6 in each group).
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Figure?.

Sc%ematics illustrating molecular mechanisms linking RAS activation to gap junction
remodeling and ventricular arrhythmias. Upon RAS activation, Angll binds to the AT1
receptor, which elevates the level of mitochondrial ROS (mitoROS). Increased mitoROS
triggers the redistribution of eNOS and increases the binding between eNOS and Cavl,
resulting in increased Cavl SNO at C156. Increased Cavl SNO reduces the interaction
between Cavl and cSrc, resulting in Cav1-cSrc dissociation and subsequent
phosphorylation/activation of cSrc. Phosphorylated cSrc then competes with and displaces
Cx43 from ZO-1 at the intercalated disc, leading to degradation of Cx43, conduction block,
and increased propensity of ventricular arrhythmias.
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