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Abstract

Protein phosphorylation is a central mechanism in vertebrates for the regulation of signaling. With
regard to the cardiovascular system, phosphorylation of myocyte targets is critical for the
regulation of excitation contraction coupling, metabolism, intracellular calcium regulation,
mitochondrial activity, transcriptional regulation, and cytoskeletal dynamics. In fact, pathways
that tune protein kinase signaling have been a mainstay for cardiovascular therapies for the past 60
years. The calcium/calmodulin-dependent protein kinase 1l (CaMKII) is a multifunctional serine/
threonine kinase with numerous roles in human physiology. Dysfunction in CaMKII-based
signaling has been linked with a host of cardiovascular phenotypes including heart failure and
arrhythmia, and CaMKII levels are elevated in human and animal disease models of heart disease.
While nearly a decade has been invested in targeting CaMKII for the treatment of heart failure and
arrhythmia phenotypes, to date, approaches to target the molecule for antiarrhythmic benefit have
been unsuccessful for reasons that are still not entirely clear, although (1) lack of compound
specificity and (2) the multitude of downstream targets are likely contributing factors. This review
will provide an update on current pathways regulated by CaMKII with the goal of illustrating
potential upstream regulatory mechanisms and downstream targets that may be modulated for the
prevention of cardiac electrical defects. While the review will cover multiple aspects of CaMKII
dysfunction in cardiovascular disease, we have given special attention to the potential of CaMKII-
associated late Na* current as a novel therapeutic target for cardiac arrhythmia.

Fundamental aspects of CaMKII structure/function

Calcium/calmodulin-dependent kinase 1l (CaMKI]1) is a multi-functional serine/threonine
kinase with broad substrate specificity and tissue distribution. Every metazoan cell studied
to date contains at least one of the four main CaMKII isoforms produced by four different
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genes: alpha, beta, delta, and gamma (a, f, 8, and ). The predominant isoform in the heart is
delta, with a secondary expression of gamma. Alternative splicing produces further diversity
in CaMKI|I function and/or localization. For example, the CaMKIIS8B splice variant contains
a nuclear localization sequence that may regulate subcellular localization, although the
precise mechanism is unclear [1-3]. There is high homology across CaMKII isoforms and
the CaMKII monomer is comprised of an N-terminal catalytic domain, a regulatory domain,
and a C-terminal association domain (Fig. 1) [4]. The catalytic domain is responsible for
enzymatic activity of the kinase and in the baseline state is autoinhibited through interaction
with the regulatory domain. The regulatory domain contains the Ca*/calmodulin binding
pocket, as well as numerous regulatory sites that confer unique activation states in response
to autophosphorylation (Thr287—residue numbers correspond to location in CaMKI18),
oxidation (Met281/282), and O-linked glycosylation (Ser280) [5-7] (Fig. 1). The association
domain is responsible for assembly of the dodecameric holoenzyme. Binding of Ca%*/
calmodulin to a specialized binding region in the kinase regulatory domain leads to
displacement of the auto-inhibitory region from the catalytic domain, which confers the
primary active state but also exposes the various regulatory sites, facilitating entry into
alternative activation modes depending on the environment. CaMKI|I targets
(phosphorylates) a large number of substrates in the cell, including ion channels, pumps,
transporters, Ca2* cycling proteins, and transcription factors (reviewed in Refs. [3,8]).
Important and well-studied targets include L-type Ca2* channels, sarcoplasmic reticulum
(SR) Ca?* release channels (RyR), phospholamban, voltage-gated Na* channel (Nav1.5),
and multiple voltage-gated K* channels [3,9-12]. More recently, CaMKII has also been
associated with the regulation of other channels potentially important for arrhythmias,
including ATP-sensitive potassium channels [13-15] and chloride channels [16,17].

CaMKIl signaling is highly organized in the myocyte

Similar to other complex cell types such as neurons and epithelial cells, signaling pathways
in the cardiomyocyte are compartmentalized to maintain both efficiency and target
specificity. In fact, control of CaMKII subcellular localization is a critical task for the
cardiomyocyte to maintain normal membrane excitability. Not surprisingly, CaMKII is
highly localized to the transverse tubules close to L-type Ca2* channels (Cav1.2) and SR
Ca?* release channels (RyR2), which are important targets for regulation of calcium-induced
Ca?* release.

Further, select subpopulations of CaMKI|I are also found at the intercalated disc,
mitochondria, and nucleus [3]. An important unresolved issue for the field is the mechanism
by which the cell controls temporal and spatial control of CaMKII signaling. While large
families of specialized anchoring proteins have been identified for other signaling molecules
(e.g., AKAPs and RACKSs), no analogous group has been found to date for CaMKI|I. Instead,
CaMKII subcellular localization appears to be determined in a heterogeneous fashion,
depending on the target and membrane domain [18]. For example, CaMKII phosphorylates
the L-type Ca?* channel to increase channel open probability and mean channel open time
(mode 2 gating), with identified phosphorylation sites in both alpha and beta channel
subunits [3,10]. Interestingly, a phosphorylation site on the 1, and o, subunits resides
within a CaMKII-binding motif with high homology to the CaMKII auto-inhibitory region
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and validated binding site on the NR2B subunit of the NMDA receptor [19]. Direct binding
of CaMKII to the beta subunit via this motif is required for rate-dependent facilitation of L-
type Ca2* current [19,20].

More recently, CaMKII was discovered to associate with a motif in the C-terminal region of
the actin-associated protein f3jy/-spectrin with high homology to the binding domain found in
the L-type Ca?* channel Bsubunit. Furthermore, the CaM-KI1/Bj-spectrin interaction was
identified as a requirement for CaMKI| targeting and phosphorylation of voltage-gated Na*
channels at the cardiomyocyte intercalated disc [21,22]. An analogous macromolecular
complex involving CaMKII, the MAGUK protein SAP97, and the Kv4.3 alpha subunit of
transient outward K* current (Ito) has been proposed for CaMKIl-dependent regulation of
early repolarization [23]. Thus, CaMKII localization appears to be at least partially
dependent on sequences embedded within targets themselves (e.g., Boa subunit), as well as
on cytoskeletal/adapter proteins that facilitate phosphorylation of associated targets but may
also serve as targets themselves (e.g., Pry-spectrin).

Cardiovascular disease, arrhythmias, and “drugging” of CaMKII

Support for CaMKII as a critical player in the promotion of cardiovascular disease and
arrhythmia phenotypes has been growing for nearly 2 decades as dysfunction in CaMKII
signaling has been reported in a wide range of cardiovascular disease states. Among the
most studied examples is heart failure where increased expression and activity of CaMKI|
has been reported in animal models and in humans, downstream of a large number of
possible stimuli, including Ca2*, reactive oxygen species (ROS), B-adrenergic stimulation,
angiotensin 1, and aldosterone (Fig. 2) [3]. Consistent with these findings, transgenic
CaMKII overexpression in the mouse leads to development of heart failure, while CaMKI|
deletion prevents onset of heart failure following transaortic constriction [24—26]. Beyond
heart failure, dysfunction in CaMKII has now also been reported for both atrial fibrillation
and sinus node disease [27]. The mechanisms and targets underlying these pathologies are
likely complex [11,28,29] and will require additional investigation. Finally, CaMKII has
also been linked with other cardiovascular diseases, including in the setting of diabetes,
although the precise pathways are still under active investigation [30-32].

Aside from acquired disease, CaMKII dysregulation contributes to pathology in a number of
inherited arrhythmia syndromes, including catecholaminergic polymorphic ventricular
tachycardia, long QT type 3, ankyrin-B syndrome (long QT type 4), and Timothy syndrome
(long QT type 8) [33-36]. These findings raise the question of when/if will a therapeutic
agent be available that specifically targets CaM-KI1? Of course, a large and often
insurmountable chasm resides between identifying a potential target and introduction of an
approved therapeutic agent to the market [37]. So, what is the state of the field with regards
to development of a CaMKII drug and what have been the challenges? There are currently a
variety of CaMKII inhibitors available for research purposes, including the commonly used
KN-93, which lack potency and/or specificity required for a viable therapeutic agent [37].
For example, KN-93 not only blocks CaMKII activation but also has direct effects on
several ion channels, including multiple voltage-gated K* channel family members and the
L-type Ca2* channel. Other peptide inhibitors have been developed that mimic the CaMKI|
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auto-inhibitory region without the CaZ*/calmodulin binding motif (AIP and AC3-1);
however, these agents also have important limitations, including specificity and off-target
effects related to delivery. Perhaps the most promising of the tool inhibitors is the
endogenous inhibitor CaMKIIN and its derivatives (CaMKII-Ntides). CaMKIIN binds to the
active kinase in a region (B/C sites) that also may prevent protein—protein interactions
involving CaMKII and cytoskeletal/adapter proteins important for targeting [37]. In light of
the difficulties and uncertainties associated with “drugging” CaMKI|I, it may be logical at
this juncture to consider additional downstream elements in the CaMKII signaling pathway
that may serve as effective therapeutic targets.

Late Na* current as a novel therapeutic target for cardiac arrhythmia

Precise regulation of voltage-gated Na* channel (Nav) activity is essential for normal cell
membrane excitability. During a normal cardiac action potential, Na* channels open rapidly
to generate the phase 0 AP upstroke. This opening is followed by almost instantaneous
inactivation of INa, allowing for a delicate balance of voltage-gated Ca2* current and
delayed rectifier K* currents to define the plateau and repolarization phases. While voltage-
dependent inactivation rapidly turns off the Na* current, a small persistent (late) component
is apparent even under normal conditions. Increased late current is characteristic of
cardiomyocytes from failing hearts, where elevated CaMKI| activity is also a common
finding (Fig. 2) [38-40]. CaMKII phosphorylates voltage-gated Na* channels to regulate
INa gating, with reported effects on steady-state inactivation, recovery from inactivation,
and magnitude of this late component [12,21,41]. Studies in heterologous cells and primary
myocytes have shown an increase in inappropriate late Na* current with CaMKII activation.
Mechanistically, several potential sites for CaMKII phosphorylation have been identified in
the DI-DII linker of Nav1.5 [21,34,42,43]. Nav1.5 Ser571 was first identified as a potential
phosphorylation site for CaMKII through functional screening in heterologous cells of a
library of mutants created by ablating putative CaMKII sites in the intracellular regions of
Nav1.5 [21]. Studies using a Nav1.5 pS571-specific antibody showed increased CaMKI|I-
dependent phosphorylation of this site in disease [34]. A subsequent study using a
phosphorylation assay followed by mass spectrometry identified additional sites, including
Ser516 and Thr594, which may also be important for CaMKI| in the myocyte [42]. It will be
important in the future to evaluate these mutants in parallel using in vivo models to define
their relative and potentially integrative roles. Finally, an unbiased mass spectrometry
approach identified 11 potential sites, including Ser571, as targets for CaMKI|
phosphorylation [43]. Additional studies will be required to sort out the specific roles of
these sites in vivo. Regardless, agents that selectively block late Na* current (e.g., ranolazine
approved as an antianginal medication) have demonstrated antiarrhythmic potential across
species and preparations [44].

While CaMKII regulation is now widely considered to be central for the modulation of
Nav1.5 function, recent data support that all cardiac Nav1.5 channels may not be identically
targeted by the kinase. Work over the past 5 years demonstrates not only that there are
multiple membrane populations of Nav1.5 in the cardiac myocyte, but also that these
populations are differentially regulated and have unique biophysical properties for myocyte
function [45]. To date, three defined populations of Nav1.5 channels have been identified,
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each with their own select group of targe ting, scaffolding, and regulatory proteins. For
example, the intercalated disc is the primary site of myocyte Nav1.5 populations, where it is
targeted, retained, and regulated by ankyrin-G, By spectrin, and CaMKI|, as described
above. Human SCNB5A variants that block ankyrin-G/Nav1.5 targeting alter Nav1.5
trafficking, resulting in reduced INa and Brugada syndrome arrhythmia phenotypes [46].
More recently, work by Makara et al. [22] showed that mice selectively lacking ankyrin-G
expression in the heart display defects in Nav1.5, By spectrin, and CaMKI|I intercalated disc
expression as well as defects in CaMKII regulation of Nav1.5-dependent late current.
Notably, loss of ankyrin-G did not alter sarcolemmal membrane Nav1.5 channels [22].

Interestingly, the second population of Nav1.5 at the peripheral sarcolemma is targeted and
retained by a unique cellular pathway dependent on alphal-syntrophin [47,48], a gene
product previously linked with congenital long QT syndrome [49]. More specifically,
Nav1.5 associates via its C-terminal (S-1-V motif) with the PDZ domain of alphal-
syntrophin [48]. Recent work by Hughes et al. showed that mice harboring mutant alphal-
syntrophin lacking the C-terminal motif (ASIV) showed altered lateral membrane targeting
and reduced Iy, [48]. Notably, in line with the above findings from ankyrin-G knockout
mice, intercalated disc Nav1.5 targeting is retained in the alphal-syntrophin ASIV mouse
line [48]. Thus, two unique pathways are utilized for Nav1.5 targeting and regulation in the
same cell. Based on the role of CaMKI|I in the regulation of Nav1.5-dependent late current,
it will be critical in the future to define if the ankyrin-G-based pathway may be tuned to
modulate late Na* current, while protecting critical upstroke and repolarization. Finally, it
remains to be determined whether precise molecular information about how CaMKI|I
regulates Nav1.5 will be useful in designing new therapeutic strategies for preventing
arrhythmia and/or maladaptive remodeling in cardiovascular disease patients.

Mathematical modeling as a tool to define CaMKIl roles in cardiac

excitability

Mathematical modeling has been very useful in trying to understand a number of issues
related to CaMKII signaling [50,51]. Early models demonstrated a potential role for
CaMKI|I in rate-dependent regulation of cell membrane excitability and calcium handling
[52,53]. Subsequent theoretical studies have been critical in shaping our understanding of
how CaMKII hyperactivity promotes dysfunction in disease [20,34,54-57] and the complex
cross talk with other signaling pathways important for disease (protein kinase A) [58]. More
recently, elegant modeling work has demonstrated the positive feedback loop between
CaMKII and the often pro-arrhythmogenic late Na* current, with CaMKII causing an
increase in late current, which in turn further activates CaMKII through elevations in Na*
and Ca?* [59]. In the future, a major challenge for modeling relates to the deleterious effects
of chronic CaMKII activation involving changes in gene transcription, apoptosis, and/or
metabolic remodeling. For example, recent combined experimental and modeling work has
demonstrated the importance of CaMKII-mediated cell loss in sinus node dysfunction in the
setting of heart failure and diabetes [60,61]. It will be important for future efforts to account
for both acute and chronic CaMKI| effects in disease. Furthermore, modeling will be
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instrumental in our efforts to understand local control of CaMKI|I signaling and implications
in disease [62].

Conclusion

CaMKI|I resides at the center of a vast signaling network with major implications for human
health and disease. The kinase targets a large number of substrates important for Ca2*
cycling, cell excitability, and cell function and is responsive to multiple cues relevant for
disease, including Ca%*, reactive oxygen species, and neurohumoral factors. While an
impressive collection of experimental inhibitor tools have been developed to study CaMKI|I
function, targeting CaMKII for therapeutic benefit has not yet proved successful. As noted
above, CaMKI|I is ubiquitously expressed in humans. Therefore, CaMKII-based therapies to
treat cardiac arrhythmia must balance therapeutic benefit versus potential off-target effects
on key noncardiac pathways (e.g., neuronal or metabolic). Thus, in parallel with efforts to
discover new compounds and optimize existing ones, it is important to consider
downstream/upstream nodes in the CaMKII pathway that may serve as alternative targets,
particularly pathways that are specific to cardiac myocytes. In fact, it may be beneficial to
design therapies against select CaMKI| targets that are expressed in specific cellular
subpopulations (e.g., mitochondria and intercalated disc). Among the most promising of
these candidates is the late Na* current that is upregulated by CaMKII commonly in disease.
It is anticipated that a greater understanding of this pathway may yield important advances
in the overall effort to develop new and improved therapies for arrhythmia patients.
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Fig. 1.
Regulation of CaMKII activity. (A) Under basal (inactive) conditions, the catalytic domain

of the CaMKII subunit is autoinhibited through direct interaction with the autoregulatory
domain. (B) CaMKI| is activated by binding of Ca2*/calmodulin, which exposes the
catalytic domain by displacing the autoregulatory domain. (C and D) Ca%*/calmodulin
binding also exposes sites in the autoregulatory domain that may be subject to post-
translational modification, resulting in alternative activation modes. For example,
autophosphorylation of Thr287 by a neighboring active subunit (autophosphorylation)
induces a high activity mode subunit that retains activity even upon dissociation of CaZ*/
calmodulin (autonomy). Similar autonomy is observed with oxidation at exposed Met281 or
Met282 or O-linked glycosylation at Ser280.
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Fig. 2.
Role for CaMKII and late Na* current in arrhythmia. CaMKII resides downstream of several

second messengers and/or neurohumoral factors relevant for cardiovascular disease,
including Ca2*, oxidative stress, beta-adrenergic receptor (BAR), and angiotensin receptor
(AT1AR) stimulation (result in defects in Ca2* and/or reactive oxygen species). Hyperactive
CaMKII in turn produces defects in activity of multiple ion channels, pumps, and
transporters, including the voltage-gated Na* channel. Specifically, increased CaMKI|I
activity in disease has been linked to increased inappropriate persistent (“late™) Na* current
that not only promotes arrhythmias by altering cell excitability and Ca2* handling, but also
“feed backs” on CaMKII to exacerbate the signaling defect. Thus, the late Na* current may
serve as a viable alternative therapeutic target to reduce arrhythmia burden in cardiovascular
disease patients.
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