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Abstract

The cardiac ryanodine receptor (RyR2), a Ca*" release channel on the membrane of the sarcoplasmic reticulum (SR),

plays a key role in determining the strength of the heartbeat by supplying Ca*" required for contractile activation.

Abnormal RyR2 function is recognized as an important part of the pathophysiology of heart failure (HF). While in

the normal heart, the balance between the cytosolic and intra-SR Ca®*" regulation of RyR2 function maintains the

contraction—relaxation cycle, in HF, this behaviour is compromised by excessive post-translational modifications

of the RyR2. Such modification of the Ca®" release channel impairs the ability of the RyR2 to properly deactivate

leading to a spectrum of Ca>*-dependent pathologies that include cardiac systolic and diastolic dysfunction, arrhyth-

mias, and structural remodelling. In this article, we present an overview of recent advances in our understanding of

the underlying causes and pathological consequences of abnormal RyR2 function in the failing heart. We also discuss

the implications of these findings for HF therapy.

This article is part of the Spotlight Issue on: T-tubules and ryanodine receptor microdomain signalling in cardiac

hypertrophy and failure.

1. Introduction

The cardiac ryanodine receptor (RyR2) plays an important role in the
physiology of the heart by regulating Ca>* release from the sarcoplas-
mic reticulum (SR). Such Ca" release is required for the activation of
systolic contraction. Over the past decade, evidence has accumulated
which suggests that altered RyR2 function contributes to the patho-
logical manifestation of heart failure (HF). A consistent finding
observed both in human as well as in various animal models of HF
is that RyR2s become abnormally active, or ‘leaky’, thereby unable
to remain closed during diastole. This dysregulated Ca** handling
has the potential to decrease systolic contraction while introducing
unwanted irregular contractile and electrical activity, and predisposing
the myocardium to cellular death and other Ca*"-dependent detri-
mental processes as part of aetiology of HF. A considerable effort
has been directed at identifying the causes as well as the conse-
quences of RyR2 dysfunction in the failing heart. Moreover, ongoing
research focuses on strategies to mitigate the phenomenon of the
‘leaky’ RyR2 channels as a potential therapeutic strategy for the man-
agement of HF symptoms. Despite substantial progress, however,
many uncertainties and controversies remain. In this review, we will

summarize the current state of this important and dynamic area of
cardiovascular research, focusing on existing controversies and high-
lighting emerging consensuses. In particular, we will consider, based
on available evidence, the mechanisms underlying altered RyR2s activ-
ity in the failing heart. We will also present an overview of the func-
tional consequences of altered RyR2 behaviour ultimately leading to a
spectrum of pathological outcomes encompassing contractile dysfunc-
tion, arrhythmogenesis, and pathological structural remodelling.
Finally, we will discuss the prospects and present the state of HF ther-
apies that are based on our current understanding of Ca** handling.

2. Control and modulation of RyR2s
in normal heart

2.1 RyR2 activation and deactivation during
excitation—contraction coupling

The chain of events leading to myocyte contraction in the normal
beating heart proceeds as follows: opening of the L-type Ca>* channels
during the systolic action potential initiates Ca®" influx into the cell that
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in turn activates RyR2s on the SR membrane, thereby triggering Ca>*-
induced Ca”>" release (CICR) from the SR."* Importantly, the afore-
mentioned Ca®" release is controlled locally, such that the activity of
RyR2s arranged in clusters is determined by Ca*" influx through adja-
cent L-type Ca®" channels, as well as by rapid accumulation and dissipa-
tion of Ca*™ in a sub-membrane domain (reviewed in Cheng and
Lederer®). The RyR2 channel opens when several Ca** ions bind to ac-
tivation sites on the RyR2 homotetramer.* The ensuing elevation of
Ca”" in the cytoplasm (Ca®" transient) facilitates Ca>* binding to con-
tractile proteins and activates myocyte systolic contraction. After its
rapid activation, SR Ca®" release abruptly terminates and stays refrac-
tory through most of the diastolic period.>® A significant body of evi-
dence indicates that this refractory process involves changes in
luminal Ca®" causing deactivation of RyR2.”~” The precise molecular
steps and players responsible for luminal regulation of RyR2 remain
to be elucidated. However, the SR Ca>*-binding protein calsequestrin
(CASQ?2) may play arole as a luminal sensor by inhibiting RyR2 function
at low luminal Ca*" following SR Ca** release.”® During the diastolic
relaxation phase, cytosolic Ca>" is re-sequestered back into the SR
by SR Ca’" ATPase (SERCA2a) to be liberated again during next
cardiac cycle. In HF, this orderly Ca®" cycling is severely altered and is
discussed in the subsequent sections.

2.2 Physiological modulation of RyR2s

Apart from its dependence on cytosolic and luminal Ca**, RyR2 is
subject to modulation by multiple cytosolic factors, including Mg,
ATP, and a number of auxiliary proteins, such as calmodulin (CaM),
FKBP12.6, sorcin, triadin, junctin, and CASQ?2, that are tethered
to the RyR2 from both the cytosolic and luminal sides (reviewed
elsewherew"n). Additionally, RyR2 undergoes post-translational
modifications through phosphorylation of at least three distinct
sites: by multiple protein kinases including protein kinase A (PKA)
and Ca*"/calmodulin-dependent protein kinase |l (CaMKIl) at
Ser-2808,">~" by CaMKIl at Ser-2814," and by PKA at Ser-2030,"*
respectively. The RyR2 is accordingly equipped with the necessary
molecular machinery including kinases (PKA, CaMKIl) and phospha-
tases (PP1 and PP2A) as part of the Ca®*-release complex.'>">"® Fur-
thermore, the RyR2 contains more than 90 free thiols available for
redox modifications via oxidation, nitrosylation, and glutathionylation
(reviewed elsewhere'""718),

The physiological role of this complex system of signalling and the
manner by which it operates in cardiac myocytes is not yet fully
understood at the present time. Indeed as emphasized by Eisner
et al,” modulatory influences on RyR2 alone are only expected to
affect several heartbeats due to compensatory readjustments of the
SR Ca’*" content. For example, enhancing RyR2 functional activity
while increasing Ca®* release initially will fail to increase release long-
term because the extrusion of the additional Ca*" from the cell via
NCX will decrease the SR Ca*" content. Thus modulatory changes
in RyR2 alone appear to be of little consequence to cardiac contract-
ile function (unless the changes are profound such as with high caf-

feine concentrations which deplete the SR of Ca** 2

). It is perhaps
for this reason alterations in RyR2 typically occur as part of an integral
physiological response that also includes changes in Ca*t resequestra-
tion into the SR by SERCA2a and in the L-type Ca*" current ampli-
tude. For example, the positive inotropic effects of [-adrenergic
stimulation involve co-ordinated increases in L-type Ca*" current,
SR Ca®* uptake, and RyR2 functional activity that results in more syn-

chronous, faster and abbreviated Ca’t release as required for

maintaining faster heart rates. However, as discussed below, this inte-
grated Ca”" signalling becomes compromised in the failing heart.

3. Functional outcomes and
underlying causes of increased RyR2
activity in HF

3.1 RyR2s in HF: an overview

Reduction in the amplitude and prolongation of Ca®" transient dur-
ation are classic hallmark features of HF (reviewed in 2'~%). These
aberrations in Ca®* handling are believed to contribute to compro-
mised systolic and diastolic cardiac functions in the failing heart by de-
creasing systolic contractility and impairing diastolic relaxation. HF is
also characterized by an increased propensity of the cardiomyocytes
towards spontaneous Ca®*" release and arrhythmogenic membrane
potential oscillations, delayed after-depolarizations (DADs).**> This
is consistent with the increased arrhythmia vulnerability in patients
with cardiomyopathy. Increased functional activity of RyR2 has been
linked to the abnormal Ca®* handling in various forms of HF.2¢~%°
More recently, abnormal Ca®* release via RyR2s has also been asso-
ciated with cardiomyocyte death and pathological hypertrophy in
HF 30-33

About a decade ago Marks et al." first brought RyR2 as an import-
ant player in HF to the attention of the scientific community. They
reported that the functional activity of RyR2s from failing human
hearts becomes abnormally high, i.e. ‘leaky’, and attributed this abnor-
mality to hyperphosphorylation of RyR2s (at Ser-2808) which in turn
lead to dissociation of the auxiliary protein FKBP12.6 from the RyR2.
They further postulated that diastolic Ca** leak via hyperactive RyR2s
causes depletion of the SR Ca®" store that leads to reduced systolic
Ca®" transient and contraction. Subsequent studies by multiple
groups provided more evidence for RyR2 hyperactivity in HF and
its role in the pathophysiology of HF.2%273%73¢ However, the specific
mechanism for increased RyR2 leak proposed by Marks et al., involv-
ing PKA phopshorylation and FKBP12.6 has been disputed in a
number of studies and is not supported by most available evi-
dence."** It is important to note here that intensive investigation
into the causes and consequences of RyR2 dysfunction in HF is
ongoing and highlights of this work are summarized below.

3.2 Forms of diastolic CaZ" release:
persistent Ca>" leak, Ca®>* waves, and
runaway Ca’* oscillations

RyR2 hyperactivity in HF was first directly demonstrated in single RyR2
studies as an increase in open probability of RyR2s from failing hearts.'
Subsequently, increased RyR2 functional activity in HF was corrobo-
rated in cardiomyocyte experiments both as an increase in Ca*" spark-
mediated SR Ca?* leal<,36’38 as well as a RyR2-mediated loss of SR Ca?t
content measured over time either by application of caffeine or directly
by tracking intra-SR Ca*" 2% It has been also shown that, in addition
to persistent diastolic SR Ca*" leak, increased RyR2 activity can lead
to several different patterns of abnormal Ca*" handling. These

include self-propagating diastolic Ca*" waves®

and runaway rapid
Ca" oscillations decoupled from electrical excitation in paced failing
myocytes.”’ Besides the different degrees of RyR2 leakiness, these dif-
ferent patterns may vary depending on other factors such as adrenergic

stimulation and pacing frequency (Figure 1) (see below).
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Figure 1. Remodelling of intracellular Ca**cycling during heart
failure (HF) progression. (A) Representative Ca*" transients
recorded in control as well as in ventricular myocytes isolated
from hearts with early and advanced stages of HF. (B) Representative
action potential (AP) traces (top) along with corresponding line scan
images of Fluo-3 fluorescence (middle) and Ca*" transients ([Ca**]g
bottom) recorded during B-adrenergic receptor stimulation in the
three different types of cardiomyocytes. Arrows indicate delayed
after-depolarizations. Red arrow points to extrasystolic AP. (C)
Summary graphs illustrate that progression of HF is associated
with early and progressive increase in the rate of SR Ca*" leak
(red line). The amplitude of Ca**" transients recorded under baseline
conditions (black line) decreases with significant time-delay in
respect to elevation of leak during the onset of HF. Such relation-
ships are attributable to the capacity of myocyte Ca®* handling for
autoregulation until SR is depleted by a drastic increase in the SR
Ca®" leak (see text for detailed explanation). In contrast, the fre-
quency of diastolic Ca®t waves recorded in the presence of
-adrenergic agonist isoproterenol (ISO) (brown line) parallels
increases in the SR Ca®" leak. Ca®™ waves facilitate diastolic SR
Ca®" loss resulting in decrease in Ca®" transient amplitude
(+1SO; purple line). Note that in advanced stages of HF persistent
cytosolic Ca®* oscillations effectively uncouple electrical excitation
from mechanical response. Progressive alterations in Ca*" cycling
in HF are coupled to sequential modification of RyR2 by CaMKII-
dependent phosphorylation (blue line) and oxidation (green line).
Adapted from Belevych et al.*’

Several studies have examined the contribution of elevated SR
Ca®" leak to HF-related alterations in the cytosolic Ca®" transient.
Such studies are challenging due to the presence of competing
Ca®" fluxes, including those mediated by SERCA2a and NCX. HF is
commonly associated with reduced SERCA2a and increased NCX ex-

pression/activity,”"*® which would tend to slow SR Ca*" uptake and

drive Ca®" out of the cell thus contributing to the reduced amplitude
and slowed decay of Ca®™ transients in HF myocytes. It is important
to note, however, that a number of reports have indicated no substan-
tial decrease in SERCA2a abundance/function in animal models and
human HF2%?%*94" Shannon et al,** using a rabbit model of HF,
found a significantly elevated SR Ca*" leak and increased NCX activity
without a substantial decrease in SERCA2a function. Using computa-
tional analysis, these authors estimated that the significance of leak is
secondary to enhanced NCX-mediated Ca®" extrusion in this model.
Direct measurements of SR Ca>" leak and competing Ca>" fluxes via
NCX and SERCA2a led Belevych et al.*° to conclude that increased
RyR2-mediated Ca®" leak is a major determinant of the reduced SR
Ca’>" content and of the decreased amplitude and slowed time
course of cytosolic Ca®™ transients in cardiac myocytes from canine
hearts in advanced stages of HF. Of note, early stages of HF are char-
acterized by an unchanged and even increased Ca*" transient ampli-
tude despite evidence of altered RyR2 function.””** For example, a
longitudinal study®’ using a model of rapid-pacing induced HF
showed that the decrease in Ca*™ transient amplitude lags measurably
behind elevation of leak during the onset of HF (see Figure 1). This
delay is consistent with a capacity of Ca®>" handling for autoregula-
tion' and can be attributed to increased fractional release, which
compensates the effects of decreased SR Ca®" content until the SR
Ca®>" content falls below a critical level at more advanced stages of
HF.*" Thus persistent SR Ca®" leak in some models as well as at
certain stages of HF can indeed decrease the amplitude of Ca** tran-
sients and weaken contractility by decreasing the SR Ca*" content.
The precise contributions of various Ca*™ fluxes including SR Ca**
leak, Ca®" resequestration into SR, or Ca>" extrusion via NCX to
pathology of HF are likely to vary and remain to be clarified in differ-
ent models of HF as well as in human cardiomyopathy.

HF is characterized by increased levels of circulating catechola-
mines.”* To account for the enhanced adrenergic tonus in HF,
several studies examined HF-related alterations in myocyte Ca>*
handling under the conditions of B-adrenergic receptor (3-AR) stimu-
lation. When exposed to 3-AR agonists, myocytes from failing hearts
display an increased predisposition for diastolic Ca*™ waves as well as
elevated persistent Ca>" leak.?”?%**~% |n addition to exacerbating
leak-induced SR Ca®>" depletion and weakened contractility,””*” dia-
stolic Ca®* waves are considered arrhythmogenic for their potential
to induce DADs, which in turn can lead to triggered activity and
arrhythmias.”**> Notably, diastolic Ca®" waves in myocytes from
the hearts at advanced stages of HF have been shown to lead to
runaway Ca®" oscillations that occur independently of electrical
pacing.”’” This aberrant Ca>™ cycling rather than being arrhythmogenic
is expected to severely compromise contractility by uncoupling
myocyte Ca®" cycling from electrical excitation (Figure 1B). Thus
the forms and role of increased diastolic SR Ca®" release leak
appear to vary among different models and stages of HF. In general,
moderate alterations in RyR2 function at the onset of HF combined
with increased adrenergic tonus are associated with Ca*"-dependent
arrhythmogenesis; more severe RyR2 dysfunction at later stages of
HF in addition to the pro-arrhythmogenic effects could compromise
contractile performance by either decreasing the SR Ca** content
or decoupling Ca®" release from electrical activity. In addition to
arrhythmias and compromised inotropy, diastolic release has been
shown to contribute to the progression of HF by activating Ca**-
dependent hypertrophic pathways,>™** as well as by causing cell
death®®* and impairing myocyte energetics.”> The specific
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relationships between parameters of leak (persistent vs. oscillating)
and its effect on various signalling pathways that potentially may
modulate progression of HF (e.g. calcineurin/NFAT* and CaMKIl/
HDAC*) warrants further investigation.

3.3 Role of altered RyR2 regulation
by luminal Ca**

Increased diastolic Ca®" release observed in the form of both Ca**
sparks and Ca*" waves is commonly associated with elevation in
the SR Ca** content.” Moreover, Ca®" waves arise only when the
SR Ca*" load rises above a certain critical, ‘threshold’ level>**"
However, myocytes from failing hearts are characterized by
lowered rather than elevated SR Ca*" content.?' 2**"°2 These
seemingly contradictory findings raise a question of how increased
diastolic SR Ca®" release can emerge in failing myocytes whose SR
Ca®* content is decreased? To address this paradox, Kubalova
et al. investigated the mechanism of enhanced SR Ca®* leak and
its dependence upon luminal Ca*" ([Ca*']sg) in myocytes from
normal and failing hearts using a canine model of chronic HF.
This study found that [Ca®™]sr (measured with the low affinity
Ca®" indicator Fluo5N) was markedly reduced in HF myocytes and
the increased leak (measured as Ca** sparks) was associated with

abnormally high RyR2 open probability at low luminal Ca*™ measured
in planar lipid bilayer experiments. Subsequent studies using a rabbit
model of HF showed that, in HF myocytes, Ca®" waves indeed
occur at reduced (or unchanged) rather than increased SR Ca®*
content when compared with control cells.’®*® These studies led
to the conclusion that a decrease in threshold SR Ca®" content
accounts for increased propensity for spontaneous Ca>" release in
HF myocytes. It was also concluded that adrenergic stimulation
exacerbates this condition by further lowering the threshold
(via RyR2 phosphorylation) and/or enhancing SR Ca** load, bringing
the content closer to the threshold (via stimulation of SERCA2a).
While gaining insights into the mechanisms of increased diastolic
release during steady-state conditions these studies left unanswered
the question of how diastolic Ca®" release, and Ca*™ waves, in
particular, arise during dynamic changes in luminal Ca*" that occur
in beating cardiomyocytes. To address this question, Belevych
et al.*”™* performed simultaneous measurements of cytosolic and
luminal Ca®" in myocytes isolated from normal and diseased dog
hearts (both chronic non-ischaemic HF and post-infarction cardiac
disease) paced in the presence of B-AR agonist isoproterenol.
These studies revealed that although spontaneous Ca’" release was
influenced by the levels of intra-SR Ca®™, it did not arise immediately
when a final [Ca*T]sg level was reached, but rather occurred with a

Figure 2. Shortened Ca*" signalling refractoriness in heart disease. (A) Schematic illustration of time-dependent processes occurring between sys-
tolic SR Ca®* depletion and onset of diastolic spontaneous Ca>" wave (DCW). This latency is composed of a refractory period, reflecting recovery
from store-dependent deactivation, and an idle period required for the transition of stochastic release events through functionally recovered RyR2s to
regenerating Ca2+ waves. A shorter time delay between systolic Ca*" release and DCW in diseased myocytes is attributed to reduced refractoriness
of the SR Ca* release determined by recording the restitution of the Ca*" transient amplitude measured with a two-pulse protocol. (B) Shortened
refractoriness in post-myocardial infarction (MI) myocytes is associated with altered regulation of Ca>* release by SR luminal Ca** resulting in a dimin-
ished capability of reduced SR Ca*" to inhibit RyR2 activity during diastole. Fast restitution of Ca*" transient (C) and abnormally high activity of RyR2
(D) observed in diseased hearts can be normalized by treatment with reducing agents monopropyonylglycine (MPG; C) and dithiothreitol (DTT; D and

E), respectively. Adapted from Belevych et al?”** and Terentyev et al.®>



244

AE. Belevych et al.

distinct time delay, or latency (see Figure 2). This latency was signifi-
cantly shorter in cells from diseased hearts compared with control
myocytes, thus accounting for the increased arrhythmogenic potential
in HF myocytes. Notably, the refractory period was significantly shor-
tened in post-infarction myocytes, thereby accounting for the shor-
tened latency to spontaneous release in these cells.>* The reduced
refractoriness in myocytes from diseased hearts was attributable to
the modification of RyR2s by CaMKII-phosphorylation and oxidation
(see below). These results demonstrated that the attainment of a
certain threshold intra-SR [Ca®*] is insufficient for the generation
of spontaneous Ca®" release. Furthermore, this study also demon-
strated that shortened Ca**-signalling refractoriness due to abnormal
post-translational modifications of RyR2 contributes to the increased
rate of diastolic Ca®" waves in HF myocytes.

3.4 Molecular mechanisms of altered
RyR2 function in HF

As mentioned above, early work in the failing myocardium suggested
a role for PKA phosphorylation of RyR2 at Ser-2808 and FKBP12.6
dissociation in the pathogenesis of HF.">"> However, this particular
mechanism has been challenged and is not supported by most avail-
able evidence."**”> Unlike that of PKA, the role of CaMKIl in modu-
lation of RyR2 in health and disease is less controversial and at this
time well established.* Initial studies using transgenic mouse lines
of cardiac up-regulation of CaMKIl evidenced increased RyR2 phos-
phorylation, altered Ca** cycling, dilated cardiomyopathy, and
catecholamine-induced arrhythmias.*®~*® These studies were then
followed by investigations conducted in various models of
HF.273%°%¢0 Eor instance, Ai et al.*® using a rabbit model of HF,
demonstrated that inhibition of CaMKIl resulted in a reduction in dia-
stolic Ca®* leak from the SR, which in turn was unaffected by block-
ade of PKA. These observations in an animal model of hypertrophic
cardiomyopathy were later confirmed by Sossalla et al.*® in diseased
human hearts. As stated earlier, RyR2 phosphorylation by CaMKI
has also been implicated in arrhythmogenesis in HF. Pharmacological
inhibition of CaMKIl resulted in a reduction in diastolic spontaneous
Ca®" release events and DADs in both murine and large animal
models of HF?"?>%° Besides Ser-2808 and Ser-2814, the RyR2 is
phosphorylated at Ser-2030"® and potentially at several other sites.
14€1 The role of these sites and of possible interactions between
the various sites in both normal physiology and HF remains to be
investigated.

In addition to phosphorylation, redox and nitroso modifications are
known to affect RyR2 function'""”""® and have been shown to con-
tribute to the altered Ca*" signalling in HF. Work by Terentyev
et al,, in non-ischaemic cardiomyopathy, revealed that the number
of oxidized thiols on RyR2s increased in HF when compared with
control.#* Oxidation of RyR2 resulted in cardiac dysfunction marked
by reduced Ca®" transient amplitude as well as an increased incidence
of diastolic spontaneous Ca*" waves. Conversely, treatment of
normal myocytes with oxidizing agents produced alterations in SR
Ca*" leak and intra-SR Ca** concentration similar to those observed
in HF®? In addition to increased oxidation, reductions in
S-nitrosylation of RyR2s has also been observed in the failing cardio-
myocytes.> Physiological S-nitrosylation, whose baseline level is
high,64 may play a protective role by preventing oxidation of reactive
thiols on RyR2. This protective mechanism seems to be compromised
in HF, thus leaving the exposed thiols vulnerable to hyperoxidation.

Taken together, these studies highlight that nitroso-redox imbalance
can directly lead to RyR2 oxidation, hyponitrosylation, and elevated
SR Ca®* leak in myocytes from failing hearts. Of note, increased oxi-
dative burden in the failing myocytes in addition to oxidizing RyR2s
could alter RyR2 activity through methionine oxidation-dependent
activation of CaMKII®® with subsequent phosphorylation of RyR2.
Thus CaMKIl provides yet another site for cross-talk between Ca**
and redox signalling in HF.

With advancement of HF, RyR2 function increasingly deteriorates
as modifications of RyR2 structure due to phosphorylation and oxida-
tion progressively accumulate. Interestingly, in the course of HF devel-
opment, CaMKlIl-mediated phosphorylation occurs first and s
followed at a later stage by an increase in thiol oxidation”’ (see
Figure 1). It appears that in terms of functional effects on RyR2
gating, both CaMKIl phosphorylation and oxidation act in a similar
manner. Both types of modifications appear to increase RyR2 activity
by shifting RyR2 responsiveness to luminal Ca>™ to lower intra-SR
Ca®>" concentrations,>®®? thereby shortening RyR2 refractoriness
(Figure 2). Indeed, antioxidant treatment restored Ca*" sensitivity of
RyR2 from failing hearts,®” while both antioxidant treatment and
CaMKIl inhibition prolonged Ca>" release refractoriness in diseased
myocytes towards normal values (Figure 2).>* As discussed above,
RyR2 deactivation occurs in response to the drop of intra-SR Ca*"
in the wake of systolic Ca>* release® and excessive covalent modifica-
tions of the channel protein through phosphorylation and oxidation
impairs the ability of RyR2 to appropriately deactivate and become re-
fractory during the diastolic period.>*

3.5 Is altered RyR2 function a cause
or a consequence of HF?

Although dysregulated RyR2 activity and diastolic SR Ca*" release are
key features of advanced HF, whether and under what conditions ab-
normal RyR2-mediated Ca* signalling plays a causal role in HF devel-
opment remains unclear. One way to address this question is to
determine whether abnormal RyR2 function precedes or follows
the development of HF. In a longitudinal study using a chronic
model of HF Belevych et al.*’ found that enhanced diastolic SR
Ca’" leak and increased CaMKIl phosphorylation of RyR2 emerged
and progressed in parallel with deterioration of in vivo contractile func-
tion during HF development. In this study, both the increased leak and
cardiac contractile impairment preceded the reduction in the ampli-
tude of the Ca®" transient that occurred only at later stages of HF de-
velopment (Figure 7). These results are consistent with (although do
not prove) the notion that altered RyR2 function plays a causal role
in HF. They also suggest that increased RyR2 leak may contribute
to HF through mechanisms other than reducing Ca®* transient amp-
litude at least at early stages of disease (for further discussion, see
below).

Another approach to addressing the causal role of altered RyR2
function is to test whether experimental manipulations that increase
RyR2-mediated leak will lead to HF. Notably, although more than
100 mutations in RyR2 and 12 in CASQ2 (http:/www.fsm.it/
cardmoc) are implicated in Ca2+-dependent arrhythmias (CPVT),
none of these mutations have been reliably linked to the chronic con-
tractile weakening or anatomical remodelling associated with HF. It is
possible that RyR2 dysfunction caused by these naturally occurring
mutations is too mild or that other factors besides RyR2 dysfunction
are needed to induce HF. Interestingly, combining dysregulated RyR2
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function with up-regulated SR Ca®>" uptake by cross-breeding mice
with SERCA1a overexpression and CASQ?2 knock-out mice led to
dilated cardiomyopathy and early mortality.’® The pathophysiology
of HF in this model appears to involve sustained diastolic Ca®"
release leading to mitochondria-dependent cell death.

Thus based on available evidence, excessive diastolic SR Ca*"
release through RyR2s can indeed causally contribute to HF.
However, the manner in which SR Ca®" leak relates to manifestations
of HF seems to differ with disease progression. At early stages, ele-
vated diastolic release rather than weakening myocyte contractility
directly (by depleting SR Ca’*") seems to impair cardiac function
through more complex mechanisms that involve pathological remod-
elling, myocyte death, and abnormal energy utilization.*>°73* Leak-
dependent SR Ca®>" depletion becomes a dominant factor in limiting
myocyte contractility only at later stages of HF when alterations in
RyR2 function grow more severe.”” Additionally, abnormal RyR2
function does not seem to be the sole cause of HF. Thus, facilita-
tion/augmentation of SR Ca>* uptake in addition to RyR2 leakiness
seems essential for the maintenance of an adequate level of diastolic
release that is sufficient to result in HF.>° This is understandable, con-
sidering that RyR2-mediated leak is a self-limiting process that is con-
tinuously countered by a reciprocal decrease in the SR Ca®"
content.®® As referred to earlier, RyR2-mediated leak is an early alter-
ation in myocyte Ca>* handling. Similarly, increased B-AR stimulation
of the myocardium expected to facilitate the SR Ca*" uptake (via
phosphorylation of phospholamban) occurs early, during the compen-
satory phase of HF development.”* Thus, altered RyR2 function
would be expected to causally contribute to HF when coinciding
with adrenergically mediated increase in the SR Ca®" uptake. More-
over, as part of the natural course HF, this feed-forward cyclic cross-
talk between Ca®" signalling and neurohormonal modulation that are
coupled to contractile performance could contribute to progressive
deterioration of both RyR2 function and cardiac contractility (see

Figure 3). In this context, abnormal RyR2 function can be viewed as
both a cause and a consequence of HF. Therefore, braking this
vicious cycle by therapeutically targeting RyR2s is a logical strategy
for the management of HF.

4. Potential therapeutic
interventions in HF targeting RyR2

Despite the advances in medical management, HF remains a critical
healthcare problem.®” Abnormalities in Ca®>" handling that prevail in
failing myocardium have prompted an interest in the development
of therapies for HF. For instance, the ‘leaky’ RyR2 has been targeted
by RyR2 stabilizing therapy with JTV519. Such RyR2 stabilization
resulted in ventricular arrhythmia suppression as well as improvement
of the contractile performance in human HF.?® Interestingly, one of
the commonly used B-blockers in management of HF, carvedilol,
also proved to reduce RyR2 open probability in addition to its
B-blocking properties.®”’® Another possible therapeutic target for
mitigation of ‘leaky’ RyR2 is modulation of RyR2 hyperphosphoryla-
tion by CaMKIl. Either pharmacological or genetic inhibition of
CaMKIl in a murine model of cardiomyopathy secondary to chronic
B-AR stimulation resulted in a prevention of cardiomyopathy.”’
Also the protective action of these agents with a broad range of
action may include targets other than RyR2. Taken together these
studies support the concept that mitigating the RyR2 leak may have
a therapeutic potential.

Redox modification in the failing myocardium is yet another pos-
sible target in management and/or prevention of HF. Recent advances
in the clinical realm revealed that inhibition with allopurinol of xan-
thine oxidase, one possible source of reactive oxygen species in car-
diomyopathy, resulted in an improvement of myocardial function.”> A
subsequent large clinical study in patients with advanced HF did not

Figure 3. Flow diagram summarizing the events involved in time and Ca*"-dependent progression to heart failure (HF). Initial myocardial injury/
stress via post-translational modifications of RyR2 and stimulation of SERCA?2a activity leads to abnormal regulation of RyR2 by cytosolic and luminal
Ca®". Dysregulated intracellular Ca®* handling results in myocardial contractile dysfunction, increased arrhythmogenesis, and altered intracellular

metabolic and cell survival pathways.
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confirm these findings.”> However, a post hoc analysis revealed a re-
duction in morbidity and mortality in a subset of patients with ele-
vated levels of uric acid, a product of xanthine oxidase.”® It is
important to note that late stages of HF development are marked
by redox modification that contributes to abnormal function of
RyR2. At this stage, antioxidant therapy is less effective than at the
early one, which is marked by hyperphosphorylation of RyR2 by
CaMKII?” This in part may serve as an explanation for a lack of
overall efficacy of an antioxidant therapy in advanced HF. Future
studies are needed in order to determine whether therapy with anti-
oxidants in earliest stages of HF will prevent the progression of the
disease.

As discussed above, diminished intra-SR Ca®* stores in the failing
heart are likely due to increased diastolic RyR2-mediated Ca*"
release’®® and possibly also due to a decreased SERCA2a func-
tion.?"*® Qutside of the aforementioned approaches of stabilizing of
RyR2 either directly or by reducing its hyperphosphorylation state,
another approach for mitigation of reduced ionotropy in HF might
be increasing Ca®" resequestration into the SR. The beneficial
effects of up-regulation of the SR Ca®" re-uptake through overex-
pression of SERCA2a or ablation of PLB have been demonstrated in
a number of animal studies and more recently in human patients
with HE.”*=77 Although decreased SR Ca>" content is an important
feature of HF and a viable target for HF therapy, facilitation of SR
Ca®" uptake does not always necessarily prevent or reverse HF devel-
opment.**”878 Moreover, up-regulation of SR Ca>™ uptake could ex-
acerbate disease by further increasing SR Ca®" leak especially in
settings of dysregulated RyR2 function. Indeed, overexpression of
SERCA molecules or ablation of PLB have been shown to increase
diastolic Ca®* release and lead to cardiac hypertrophy, contractile
dysfunction, and early mortality in mice overexpressing CaMKIIBC
33 or deficient in CASQ2.%° These mice are characterized by leaky
RyR2s via either RyR2 hyperphosphorylation **°” or lack of regulation
by CASQ2."° Taken together, these studies show a ‘proof of concept’
that up-regulation of resequestration of Ca®" into SR might prove a
promising option in the management of certain types of HF although
these therapies must be applied with caution in the context of abnor-
mal RyR2 function.

5. Conclusions

During the past decade RyR2 has emerged as an important player in
the pathophysiology of HF. Defective RyR2 behaviour marked by ex-
cessive activity has been linked to key pathological manifestations of
HF, which encompasses malignant arrhythmias, contractile dysfunc-
tion, and adverse structural remodelling. This set of conditions asso-
ciated with RyR2 dysfunction can be dubbed as ‘ryanopathy’. Such
aberrancy in RyR2 function hinges on an inability of RyR2s to appro-
priately deactivate and become/remain refractory during the diastolic
relaxation period. This process of RyR2 deactivation is normally
mediated by a decrease in the SR Ca*" concentration that in turn
is precipitated by the preceding Ca*" release. The abnormal RyR2 be-
haviour involves cumulative post-translational modifications of the
channel by CaMKIl phosphorylation and oxidation. Rather than a
sole cause of HF, RyR2 dysfunction, in combination with adrenergi-
cally mediated enhanced SR Ca re-uptake, is jointly responsible for
pathological diastolic SR Ca®* release. Progressive deterioration of
RyR2 function is a result of a vicious cycle of Ca** leak-induced
Ca®" leak that underlies a gradual deterioration of the cardiac

function and as such represents a target for therapeutic interventions
with the aim to halt or potentially even reverse the progression of HF.
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