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Abstract

Many signals have risen and fallen in the tide of investigation into mechanisms of myocardial
hypertrophy and heart failure (HF). In our opinion, the multifunctional Ca and calmodulin-
dependent protein kinase 1l (CaMKII) has emerged as a molecule to watch, in part because a solid
body of accumulated data essentially satisfy Koch's postulates, showing that the CaMKII pathway
is a core mechanism for promoting myocardial hypertrophy and heart failure. Multiple groups
have now confirmed the following: (1) that CaMKII activity is increased in hypertrophied and
failing myocardium from animal models and patients; (2) CaMKII overexpression causes
myocardial hypertrophy and HF and (3) CaMKI|I inhibition (by drugs, inhibitory peptides and
gene deletion) improves myocardial hypertrophy and HF. Patients with myocardial disease die in
equal proportion from HF and arrhythmias, and a major therapeutic obstacle is that drugs designed
to enhance myocardial contraction promote arrhythmias. In contrast, inhibiting the CaMKII
pathway appears to reduce arrhythmias and improve myocardial responses to pathological stimuli.
This brief paper will introduce the molecular physiology of CaMKII and discuss the impact of
CaMKII on ion channels, Ca handling proteins and transcription in myocardium. This article is
part of a Special Issue entitled “Key Signaling Molecules Special Issue”.
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1. Molecular physiology of CaMKII

CaMKIlI is a serine—threonine kinase that exists as an elaborate holoenzyme complex
consisting of a pair of hexameric stacked rings (Fig. 1). There are four CaMKII gene
products (a, B, v, 6). These CaMKII isoforms have different tissue distribution and may have
subtle differences in Ca/CaM sensitivity and activation kinetics, but, at present,
understanding of the potentially specific roles for various CaMKII isoforms is incomplete.
The predominant, though not exclusive, form in myocardium appears to be CaMKII3. Two
major splice variants of CaMKI115 are expressed in the adult heart, CaMKIlIég [1,2] and
CaMKII13¢ [2-4], the former containing an 11 amino acid nuclear localization sequence [5].
It appears that CaMKI1$ is functionally significant for myocardial pathology, as it was
recently shown that targeted deletion of CaMKI13 is sufficient to prevent adverse
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consequences of transaortic banding, a surgical model of pathological afterload
augmentation [6,7] (Table 1). Each of the dozen CaMKII monomers that compose the
holoenzyme consists of three domains (Fig. 1). Under basal conditions CaMKII activity is
submaximal because the N-terminus catalytic domain is constrained by the pseudosubstrate
region within the regulatory domain. CaMKI|I indirectly senses increases in intracellular Ca
by binding calcified calmodulin (Ca/CaM) at the CaM-binding region in the regulatory
domain, which is adjacent to the pseudosubstrate region. Ca/CaM binding reorders CaMKI|I
so that the catalytic domain is not constrained by the pseudosubstrate domain. During brief,
low frequency increases in intracellular [Ca], CaMKII deactivates after Ca/CaM unbinds
from the regulatory domain.

2. CaMKII activity becomes Ca/CaM independent by autophosphorylation
and oxidation

If Ca/CaM elevations are prolonged or occur at high frequency, the CaMKII monomers
catalyze intersubunit phosphorylations at an autophosphorylation site (Thr 286/287, the
precise numbering varies according to isoform) in the regulatory domain [8]. Thr 287
autophosphorylation reduces the likelihood of Ca/CaM unbinding by increasing the affinity
by a factor of 10° [9], but also confers residual Ca/CaM-independent activity after Ca/CaM
dissociation [10]. Ca/CaM-autonomous activity also emerges under conditions favoring
oxidation of a pair of Met residues (281/282) [11] which are present on the CaMKI|
isoforms most relevant to myocardial biology (CaMKII18 and y [12]). CaMKI|I activation by
oxidation requires initial Ca/CaM binding and does not promote the increase in Ca/CaM
affinity (so-called CaM trapping) seen with autophosphorylation, presumably because CaM
trapping is prevented by oxidation of a Met residue embedded in the CaM binding region
(Met 308). Increased oxidation can shift the Ca dependence for CaMKII activation to low
levels that may favor CaMKI| activation even under ambient intracellular Ca activity [13].
CaMKII Met oxidation is reversed by methionine sulfoxide reductase A (MsrA) [11] a
finding that provides potential insight into deleterious consequences of MsrA gene deletion
[11,14] and the benefits of MsrA overexpression [15]. It appears that Thr
autophosphorylation and Met oxidation are interactive processes, because Thr
autophosphorylation is increased under circumstances of enhanced intracellular reactive
oxygen species (ROS) [11]. ROS inactivates many phosphatases, so ROS could favor Thr
autophosphorylation by reducing the capacity to dephosphorylate Thr 286/287. Increased
Met oxidation may also lead to improved accessibility of Thr 286/287 for
autophosphorylation, even in the absence of elevated Ca/CaM.

3. Ca/CaM-autonomous CaMKIl activity is implicated in heart disease

The ability of CaMKI| to transition between Ca/CaM-dependence and independence has
important implications for physiology and disease. On one hand, CaMKI|I activity appears to
be important for Ca regulated/mediated physiological activities such as excitation-
contraction coupling (ECC), excitation-transcription coupling (ETC) and “fight or flight’
heart rate increases. On the other hand, Ca/CaM-autonomous CaMKI|I activity appears to be
increased in myocardial disease where it may contribute to apoptosis, arrhythmias [16],
defective ECC and ETC favoring pathological hypertrophy.

4. CaMKII effects on cardiac ion channels and Ca handling proteins

CaMKII can phosphorylate numerous ion channels and Ca transport proteins and the
consequent alterations in cellular electrophysiology and ECC can contribute to

arrhythmogenesis and contractile dysfunction seen in HF (Fig. 2) [17]. The effects of
CaMKII signaling to ion channels and the integrated impact of these effects on action
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potential properties (such as configuration, duration, restitution, afterdepolarizations) are
complex [18,19]. For example, CaMKII tends to increase inward Ca and late Na currents
which tends to prolong action potential duration, but also increases certain K currents that
tend to shorten action potential duration (see more details below). While this is an over
simplification, it is easy to appreciate that these CaMKII-dependent changes can impact
regional action potential characteristics and contribute to arrhythmogenesis. Let us consider
how certain individual currents are modified by CaMKI|I.

5. Voltage-gated Ca channels

With regard to L-type Ca channels, Ca/CaM participates in Ca-dependent inactivation [20],
which is important in limiting Ca entry into cardiac myocytes. Ca current (Ic, ) is also
activated by CaMKII (I, facilitation), seen functionally as a positive staircase of Iy,
where amplitude increases and inactivation slows over a series of several pulses [21-23].
Evidence has been presented that CaMKII-dependent phosphorylation at both the carboxy
terminal of the o subunit and Thr498 in the B4 subunit of the channel mediate this effect
[24,25]. CaMKIl-induced changes in Ic, | may contribute to triggered arrhythmias,
especially those attributed to early afterdepolarizations (EADs), which are thought to be
mediated by inappropriate reactivation of Ic, | during long action potentials (Fig. 2) [16].

T-type Ca current (IcaT), while not present in adult ventricular myocytes (except during
hypertrophy or HF) can also be enhanced by CaMKII-dependent phosphorylation [26-28].
The functional effect of CaMKI|I signaling on cardiac Ic,T has not yet been fully elucidated.

6. Voltage-gated Na channels

Cardiac sodium current (In3,) gating can also be modulated by CaMKI|, [29,30] and CaMKI|I
coimmunoprecipitates with and phosphorylates Nay1.5 channels. Either acute or chronic
overexpression of CaMKII3¢ shifts Iy, availability to more negative membrane potentials,
enhances accumulation of Na channels in the intermediate inactivated state and slows
recovery from inactivation. These loss-of-function I, effects would tend to produce
Brugada Syndrome like effects, similar to that seen with certain monogenic Na channel
mutations in humans. CaMKI|I also enhances late non-inactivating In;,, which phenocopies
Ing alterations seen during ischemia and HF and with human mutations associated with long
QT syndrome 3 (LQT3). Intriguingly, the multiple CaMKIlI-induced changes in Iy, gating
are rate dependent [31] and almost identical to those seen in a human genetic mutation in
Nay1.5 (1795InsD) that is associated with arrhythmogenic LQT3 and Brugada syndrome in
the same patients. Since CaMKII is upregulated and more active in HF [32], CaMKII-
dependent Iy, regulation in HF may be an important form of acquired arrhythmia. CaMKI|I
is targeted to Nay/1.5 by By spectrin in cardiomyocytes and neurons, a localization
mechanism that is required for phosphorylation of a residue on the I-1l intracellular domain
(S571) which contributes to the gating effects on Iy, described above [33].

7. Voltage-gated K channels

Transient outward K current (lyo) which contributes to early cardiac action potential
repolarization, is also modulated by CaMKII [18,34-36]. CaMKII can slow Iy, inactivation
and accelerate recovery from inactivation. Both effects would shorten action potential
duration and refractory period, potentially causing proarrhythmic heterogeneity in action
potential duration. These acute Kinetic effects may apply to both Iy fast and lig siow, Which
are attributed to Ky4.2/Ky4.3 and Ky1.4 genes. Chronic CaMKII overexpression
recapitulates the downregulation of Iy, 5t (and Ky4.3 protein) and upregulation of lig sjow
(and Ky1.4 protein), as seen in HF [18]. CaMKI|I has also been reported to bind specifically
to Ky4.3 channel in myocytes, providing a recruitable reservoir of CaMKII which may
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participate in the modulation of other channels (e.g. Ca channels) [37]. This combination of
effects makes the net effects on action potential duration and arrhythmogenesis complicated
to anticipate, especially when combined with the CaMKII effects on other cardiac ion
channels. In this context computational modeling has emerged as an important tool to
understand the possible overall consequences of CaMKII on cardiac electrophysiology and
arrhythmogenesis [19,38].

The inwardly rectifying Ik is important in stabilizing the resting membrane potential, and
reductions in Ik (as in HF) can increase excitability. Short-term or chronic CaMKI|I
overexpression causes downregulation of Ik, (and Kir2.1 protein expression that underlies
Ik1) [18], whereas in chronic CaMKII inhibition Ik4 density is increased [39]. CaMKII may
also acutely regulate channel gating by increasing baseline I, amplitude (based on CaMKI|I
inhibitor effects) [18]. Overall, many sarcolemmal ion channels are subject to CaMKI|I-
dependent regulation (Fig. 2).

8. CaMKIl regulates SR Ca uptake and release

On one hand, the SR Ca-ATPase (SERCA?2) had been reported to be a CaMKI| target with
apparent activation [40], but follow-up studies have indicated that this may not be the case
[41]. On the other hand, CaMKII is well known to phosphorylate phospholamban (PLB), the
small SR transmembrane protein that binds to and inhibits SERCAZ2 in cardiac myocytes.
PLB phosphorylation relieves this inhibition and enhances SR Ca-ATPase activity. Thus
CaMKII-dependent PLN phosphorylation at Thr17 (like PKA-dependent phosphorylation of
Ser16) can contribute to the lusitropic (prorelaxant) effect and enhanced SR Ca uptake and
release seen with increased heart rate and sympathetic stimulation.

The SR Ca release channel (ryanodine receptor, RyR) associates with and is directly
phosphorylated by CaMKII. Not all results agree, but the prevailing view is that CaMKI|I
phosphorylates RyR at Ser 2814 (at least), which activates RyR gating during both diastole
and ECC [17,42-46]. In HF, where CaMKII expression and activation are increased, RyR
phosphorylation and diastolic SR Ca leak are increased [32]; this diastolic SR Ca leak can
initiate delayed afterdepolarizations (DADs) where the depolarizing current is inward Na/Ca
exchange current. The CaMKII-induced RyR diastolic leak appears to mimic and indeed is
synergistic with the human RyR mutations responsible for catecholaminergic polymorphic
ventricular tachycardia (CPVT) [47]. As with Iy, above, these studies in genetically
modified animal models provide proof of concept that this sort of CaMKII-modified RyR
behavior may be a major arrhythmogenic mediator in HF and atrial fibrillation [48,49].

9. CaMKIl activation near the nuclear envelope is important for
transcription

The 1,4,5-trisphosphate receptor (IP3R) is another, more ubiquitous intracellular Ca release
channel that is typically activated by G-protein coupled receptor and phospholipase C
induced local increases in IP3. Adult myocytes express mainly type 2 IP3R, which are
relatively enriched at the nuclear envelope in ventricle, but are also in the SR in atria [50].
IP3Rs may be involved in hypertrophic signaling (see below). IP3R can also initiate
arrhythmogenic SR Ca release events and DADs by recruiting diastolic RyR-dependent
release during neurohumoral activation [51]. CaMKII phosphorylates the 1P3R2, inhibiting
channel opening, and thus providing a negative feedback mechanism for IP3R channel
gating [52]. This particular aspect of CaMKII might be antiarrhythmic and antihypertrophic.
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10. Neurohumoral agonist pathways are ‘upstream’ activators of CaMKII

CaMKI|I is activated in response to signals generated through G-protein coupled receptors
(GPCRs, Fig. 2). Norepinephrine (NE) and phenylephrine (PE), ligands for the al-
adrenergic receptor, and endothelin (ET-1), which acts on the endothelin receptor, induce
GPCR coupling to the Gq protein and thus increase phospholipase C activity and InsP3
formation. In cardiomyocytes these agonists activate CaMKII and increase its
autophosphorylation at Thr 286/287 [53-56] Mechanistically this appears to occur through
Ca release from nuclear stores sensitive to InsP3 [54]. Isoproterenol (ISO) stimulates f3-
adrenergic receptors (B-AR) which couple to Gs and cyclic AMP formation. This activates
protein kinase A (PKA), which increases intracellular Ca, in part through phosphorylation of
the L-type Ca channel. ISO also activates and increases the autophosphorylation of CaMKI|
in cardiomyocytes [57-59]. How this occurs is not clear because there is evidence both for
and against the expected PKA and Ca channel dependent pathway [60]. Another proposed
mechanism involves the guanine nucleotide exchange factor Epac (Exchange protein
directly activated by cAMP) [58,61] which has been shown to associate with CaMKII and f3-
arrestin at the B;AR [59]. Angiotensin (Angll), another GPCR agonist, also activates
CaMKI|I, but here the proposed mechanism involves ROS generation and CaMKII oxidation
as well as phosphorylation [11,13].

11. CaMKIl connects neurohumoral agonist stimulation to hypertrophic
gene programs

The Gqg/PLC/InsP3 signaling pathway activated by NE, PE or ET-1 has been extensively
linked to hypertrophic growth and gene expression. Neonatal rat ventricular myocytes
(NRVMs) provided the initial model used to elucidate basic cellular mechanisms underlying
hypertrophic changes in cell size, myofilament organization, protein synthesis and fetal gene
expression. When NRVMs are cultured with PE, NE or ET-1 the expression of atrial
natriuretic peptide (ANF), brain natriuretic peptide (BNP), myosin light chain-2 (MLC-2),
and the a- and B-myosin heavy chain is affected. Pharmacological inhibition of CaMKI|I
prevents these responses and forced expression of CaMKII in NRVMs elicits this same
program of fetal gene expression [53,62,63]. Of note, CaMKIlIdg, the splice variant that
includes a nuclear localization sequence, is most effective at inducing hypertrophy and ANF
expression in NRVMs [62]. ISO treatment has also been shown to induce fetal gene
expression in NRVMs through a pathway that is not dependent on protein kinase A but
rather on CaMKII [64]. Leukemia inhibitory factor (LIF), which acts through a gp130 linked
receptor, is another agonist that induces hypertrophy in NRVMs through CaMKII mediated
signaling [65]. The findings suggesting involvement of CaMKII in cardiac hypertrophy have
been further substantiated using in vivo models. In response to transverse aortic constriction
(TAC), an intervention that induces in vivo hypertrophy through GPCR activation, there are
rapid and sustained increases in CaMKII phosphorylation and expression [3,66]. In addition
cardiac specific transgenic expression of CaMKII leads to cardiomyocyte hypertrophy,
associated with increases in cardiomyocyte size and induction of the fetal gene program [1-
3] (Table 1).

12. CaMKIl in cardiac transcriptional regulation

What are the mechanisms by which CaMKI| alters cardiomyocyte growth and hypertrophic
gene expression? The best characterized pathway is through CaMKIIl mediated
phosphorylation of class Il HDACs, in particular HDAC4 and HDACS [2,54,67,68].
relieving and derepressing MEF-2 mediated gene expression [2,69,70]. The involvement of
HDACSs and MEF2 signaling in development of cardiac hypertrophy is evidenced by
enhanced responsiveness to TAC induced hypertrophy in mice in which class Il HDACs are
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mutated or genetically deleted [69]. Recent studies also suggest a role for CaMKII in
phosphorylation-induced transcriptional regulation of calcineurin (CaN), a regulator of the
NFAT transcription factor involved in cardiac hypertrophy [71,72]. The sodium/calcium
exchanger, NCX, is upregulated during hypertrophy, and induction of NCX expression by
ISO was demonstrated to require CaMKII mediated effects on the transcription factor AP- 1
[73]. As mentioned above, CaMKII may also mediate transcriptional alterations in K*
channel protein expression.

13. The role of CaMKIl in cardiomyopathy and cardiomyocyte survival

Prolonged TAC, myocardial infarction (MI) or high dose ISO administration induce dilated
cardiomyopathy, HF, and ischemic damage. Recently mice in which the CaMKII16 isoform
was genetically deleted were generated. Loss of CaMKI15 was shown to significantly
attenuate the adverse cardiac remodeling, including ventricular dilation and dysfunction,
induced by long term TAC [6,7]. In vivo administration of Angll and/or 1SO also induces
hypertrophy and resultant pathological remodeling, which is prevented in mice that express
a CaMKI|I inhibitory peptide [9] (Table 1).

Cardiac pathophysiological responses are associated with apoptotic cell death and
inflammation. BAR receptor induced apoptosis has been shown to require CaMKI|I in studies
using pharmacological inhibitors and transgenic expression of the CaMKII inhibitory AC3-I
or AIP [9,11,57,74,75]. Cardiomyocyte apoptosis appears to be largely mediated through the
CaMKIId¢ splice variant via a mitochondrial death pathway [57,75]. This could result from
the profound effect of CaMKIId¢ on RyR mediated SR Ca leak and mitochondrial Ca [76]
or through its effect on expression of p53 and the pro-apoptotic BAX protein. [77]. A
collection of mouse models with genetic alteration in CaMKI| ativity is shown in Table 1.
Remarkably, CaMKI15g appears to suppress cardiomyocyte apoptosis. This has been
suggested to occur through phosphorylation of the transcription factor HSF1 and subsequent
induction of HSP70 [78] or through effects on GATA-4 mediated co-activation and
induction of the antiapoptotic protein Bcl-2 [79]. There is also compelling evidence for
effects of CaMKII on transcriptional regulation of proinflammatory gene expression, in
particular that of complement factor B, through modulation of NF«B signaling pathways
[80].

14. The Ying and Yang of CaMKII in cardiomyopathy and cardiomyocyte

survival

CaMKII activation following TAC, oxidative stress or neurohumoral input can potentially
induce (or down regulate) myriad genes and the proteins they encode. At present it appears
that many of the genes regulated by CaMKII are maladaptive and would thus be targets for
therapeutic CaMKII inhibition. It is likely, however, that CaMKII serves physiological as
well as more pathophysiological roles, even at the level of regulated gene expression.
Whether there are truly differential effects of CaMKII5g and -6¢ on cardiac gene
transcription and cardiomyocyte survival remains to be elucidated, but further understanding
could provide caveats and insights into the use of CaMKII inhibitors in heart disease.

15. Conclusion

Taken together, abundant evidence indicates that CaMKII may be directly involved in the
increased apoptosis, ineffective ECC and pathological hypertrophy that are major underlying
causes for HF and sudden death in common forms of structural heart disease. CaMKII also
appears to promote proinflammatory signaling [80] that characterizes ischemia, infarction
and HF. Understanding the roles of this extensively regulated and pluripotent signaling
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molecule is an important goal for cardiovascular science and potentially for developing new
and improved therapies for patients with myocardial hypertrophy and HF who are at high
risk for arrhythmias and sudden death. Although CaMKI15 knockout mice appear to survive
normally, it will be important to learn if CaMKII inhibitory drugs, likely lacking isoform
selectivity, will cause untoward side effects due to off target actions or undesirable effects of
CaMKIlI inhibition in extra-cardiac tissue. While many biological questions remain, the next
step to evaluate the therapeutic potential of CaMKII inhibitors, for arrhythmia and heart
failure, awaits development of suitable drugs for clinical studies.
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Fig. 1.

CaMKI|I structural domains and regulation. CaMKII monomers consist of an N terminal
catalytic domain and a C terminal association domain that bound a regulatory domain (top).
The association domains (maroon circles) are required for assembly of the CaMKI|I
monomers into the holoenzyme (middle panels). Under resting conditions the catalytic
domain is constrained by the regulatory domain (left middle and bottom panels). After
intracellular Ca2* rises and complexes with calmodulin (CaM) the Ca2*/CaM binds to the C
terminal portion of the CaMKII regulatory domain (mid portion of the top, middle and
bottom panels) to prevent autoinhibition of the regulatory domain on the catalytic domain,
activating CaMKII. With sustained Ca2*/CaM or increased oxidation, CaMKII transitions
into a Ca*/CaM-autonomous active enzyme after autophosphorylation (at Thr 287) or
oxidation (at Met281/282) of amino acids in the regulatory domain.
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Fig. 2.

The relationship of CaMKI|I to upstream activators and target proteins in cardiomyocytes.
CaMKIlI is present in cardiomyocytes where it is activated by Ca/CaM, ROS and Epac.
Activation of B-adrenergic receptors (B-AR) can activate CaMKII by way of adenylyl
cyclase (AC) that leads to increased Epac and increased protein kinase A (PKA). Other G-
protein coupled receptor (GPCR) agonists (angiotensin Il, Angll; norepinephrine, NE and
endothelin-1, ET1) can increase cytoplasmic ROS by activating NAPDH oxidase, and
increase Ca release from inositol triphosphate receptors (IP3R) in the nuclear envelope that
activate nuclear CaMKI|I to increase prehypertrophic signaling by type 11 histone deacetylase
(HDAC) derepression of myocyte enhancer factor 2 (MEF2). Activated CaMKII§ (the
predominant myocardial isoform) induces stimulatory actions by phosphorylating major Ca
homeostatic proteins to increase L-type Ca current (Ic;), phospholamban (PLB) to increase
cytosolic Ca uptake by the sarcoplasmic reticulum (SR), and ryanodine receptor (RyR) to
increase SR Ca release, which activates inward Na current due to the Na/Ca exchanger
(NCX). CaMKII catalyzes phosphorylation of voltage-gated ion channels responsible for Na
current (Ing), transient outward K current (ly,) and inward rectifier K current (Ixk1).
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Table 1

Genotype/description

Phenotype

AC3-1/AC3-C a—MHC promoter transgenic [11]
CaMKIIN oa~MHC promoter transgenic (8%
CaMKI13g a—MHC promoter transgenic [12]
CaMKII8¢ a—MHC promoter transgenic [2-4
CaMKIV a—MHC promoter transgenic [16]
CaMKI15~~ Global knockout [6:71

CaMKIIy™~ Global knockout [12]

Cardiomyopathy resistance to MI, isoproterenol infusion and angiotensin II.
Reduced myocardial NF-«B signaling

Hypertrophy and secondary cardiomyopathy

Spontaneous cardiomyopathy, arrhythmias, and sudden death

Elevated myocardial CaMKIl|I, hypertrophy and proarrhythmia

Resistance to aortic banding induced cardiomyopathy

Reduced macrophage and endothelial cell apoptosis in response to ER stress
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