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Abstract

Small conductance Ca2*-activated K* (SK, Kc,2) channels are unique in that they are gated solely
by changes in intracellular Ca2* and hence, function to integrate intracellular Ca2* and membrane
potentials on a beat-to-beat basis. Recent studies have provided evidence for the existence and
functional significance of SK channels in the heart. Indeed, our knowledge of cardiac SK channels
has been greatly expanded over the past decade. Interests in cardiac SK channels are further driven
by recent studies suggesting the critical roles of SK channels in human atrial fibrillation, SK
channel as a possible novel therapeutic target in atrial arrhythmias and up-regulation of SK
channels in heart failure (HF) in animal models and human HF. However, there remain critical
gaps in our knowledge. Specifically, blockade of SK channels in cardiac arrhythmias has been
shown to be both anti-arrhythmic and proarrhythmic. This contemporary review will provide an
overview of the literature on the role of cardiac SK channels in cardiac arrhythmias and to serve as
a discussion platform for the current clinical perspectives. At the translational level, development
of SK channel blockers as a new therapeutic target in the treatment of atrial fibrillation and the
possible pro-arrhythmic effects merit further considerations and investigations.

Introduction

Cardiac action potentials (APs) are shaped by the intricate interplay of inward Na*, Ca*
and outward K* currents. Ca2* influx through voltage-gated Ca2* channels is critical not
only for the initiation of cardiac excitation-contraction coupling, but also for the activation
of multiple downstream molecules to couple the function of the proteins with changes in
membrane potentials including Ca%*-activated ion channels.
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The initial study of Ca?*-activated K* channels in the heart dating back to 1983 did not
support the functional role of the channels in the heartl. However, Giles and Imaizumi
reported a few years later that Ca2*-activated K* currents could be observed and were larger
in atria than ventricles2. There were no additional reports on the functional roles of Ca2*-
activated K* channel in the heart until a decade ago when we reported the molecular identity
and functional significance of small conductance Ca%*-activated K* (SK) channels in human
and mouse hearts3. Since then, our knowledge of cardiac SK channels has been greatly
expanded over the past decade. Studies by our group and others have provided evidence to
substantiate the important roles of SK channels in the heart*15. Indeed, interests in cardiac
SK channels are further fueled by recent studies suggesting the critical roles of SK channels
in human atrial fibrillation (AF)16: 17, SK channel as a possible novel therapeutic target in
atrial arrhythmias18-20 and up-regulation of SK channels in heart failure (HF) in animal
models!®11 and human HF21 (see Figure 1). However, there remain major gaps in our
knowledge. Conflicting studies have been reported regarding the existence of SK channels
in the heart22. Moreover, blockade of SK channels in cardiac arrhythmias has been shown to
be both anti-arrhythmic18-20 and proarrhythmic23-25 in various models (see Figure 1). This
review attempts to provide an overview of the literature over the past decade on the role of
cardiac SK channels in electrophysiology, molecular interactions, and cardiogenesis and to
serve as a discussion platform for the current clinical perspectives.

Identification and functional expression of SK channels in the heart

SK channels are gated solely by intracellular Ca?* and hence, provide a critical link between
changes in intracellular Ca?* and membrane potentials. The discovery of SK channels
started more than 70 years ago when convulsions in mice were observed following injection
of bee venom?26: 27_ The active neurotoxin in bee venom is apamin, a remarkably specific
blocker of SK channels28: 29, Indeed, the highly selective blockade by apamin is the
signature of SK channels that enables the verification of the molecular identity of SK
channels in mammalian brain3. The family of SK channels consists of three members with
differential sensitivity to apamin: SK1 (or Kc,2.1 encoded by KCNNL1 gene) with the least
sensitivity (ECsq for hNSK1 ~10 nM), SK2 (or K¢42.2 encoded by KCNN2 gene) with the
highest sensitivity (ECgsg ~40 pM) and SK3 (or Kc42.3 encoded by KCNN3 gene) with
intermediate sensitivity (ECsq ~1 nM)27. They have a relatively small single channel
conductance (~10 pS in symmetrical K*) and are activated by submicromolar concentrations
of intracellular CaZ* ions (apparent K4 ~0.5 uM). They are highly conserved among
mammalian species and are identified in many organisms including Drosophila?’.
Functional SK channels assemble to form homomeric3° or heteromeric® 31 tetramers. An
intermediate-conductance Ca?*-activated K* channel (IK or SK4 encoded by KCNN4 gene)
that is structurally and functionally similar to SK channels is classified to the same gene
family27: 32,

SK channels were first identified in brain30: 32, and were later described in a variety of
tissues including smooth muscle, endothelia, epithelia and blood cells32. SK4 expression is
restricted to non-neuronal tissues such as muscle, epithelia and blood cells32: 33, Qur
laboratory demonstrated that all three isoforms of SK channels are expressed in mouse and
human cardiomyocytes® 4. Since then, expression of SK1 and SK3 in human heart tissues34
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and SK2 and SK3 in rabbit pulmonary veins has also been reported’. The existence of SK
currents in the heart was further supported by the findings of apamin-sensitive currents in
rabbit pulmonary vein’: 2 and ventricular myocytes® 11 human atrial myocytes'2 13, and
rat ventricular myocytes!4. Recently, presence of SK currents has also been demonstrated in
canine pulmonary vein and left atrial myocytes using a SK-specific current blocker,
NS859315. Moreover, SK channels have been identified in pacemaking cells including
mouse atrioventricular nodal cells3® and rabbit sinoatrial nodal cells®. The SK currents show
inward rectification profile which may result from the pore block by intracellular divalent
cations at positive membrane potential or may be mediated by the intrinsic charged residues
in the sixth transmembrane domain?’- 42, Apamin-sensitive SK currents in atrial myocytes
show the inward-rectified feature reminiscent of the hetero-expressed SK currents3: 30. 36,

Cardiac SK channel interactome

lon channels do not exist and function in isolation, instead they form part of multi-protein
complexes interacting with extracellular matrix and cytosolic proteins3/-39, The
composition of the ion channel complex significantly affects the localization, trafficking,
activation and regulation of the channel function. Gating of SK channels depends on the
interplay between the pore-forming o subunits and Ca2*-binding protein calmodulin
(CaM)?27: 36 through which the channels sense the intracellular Ca?* leading to altered
conformation. CaM binds to a highly conserved CaM-binding domain (CaMBD) residing
within the C-terminus of the SK channels located immediately distal to the sixth
transmembrane segment. Binding of Ca2* to the EF hands of CaM results in changes in the
conformation of the channels leading to channel activation. CaM is not only essential for
Ca?* sensitivity, but also critical to the trafficking of SK channels*0. Specifically, previous
studies have demonstrated that Ca2*-independent association between CaM and SK
channels are necessary for cell surface expression. However, it is not known whether CaM
help to anchor the SK channel or acts as a chaperone for channel trafficking.

A proteomics approach has identified protein kinase CK2 (casein kinase 11) and protein
phosphatase 2A (PP2A) as SK2 channel binding proteins*l. CK2 and PP2A regulate SK
channel’s sensitivity to intracellular Ca* by phosphorylating or dephosphorylating CaM?’.
However, CK2/PP2A modulation of SK channels has been demonstrated mainly in neurons
and possible roles of CK2/PP2A in cardiac myocytes await further studies.

Using yeast two-hybrid screen against human heart library, we have identified several
cytoskeletal proteins including a-actinin24243, filamin A%, and myosin light chain 2
(MLC2)* that directly interact with SK2 channels (Figure 2). Specifically, a-actinin2 and
MLC?2 interact via the C-termini and filamin A via the N-termini of the SK2 channel,
respectively. Moreover, cardiac SK2 channels coupled with L-type calcium channels,
Cayl1.3 and Ca,1.2, through a physical bridge, a-actinin2. SK2 channels do not physically
interact with Ca2* channels, instead the two channels co-localize via their interaction with
a-actinin2 along the Z-line in atrial myocytes (Figure 2). The co-localization of SK and
Ca?* channels suggests the possibility that local subsarcolemmal Ca2* resulting from
opening of Ca2* channels is sufficient to activate SK channels as was demonstrated for
hippocampal neurons*6. However, two recent studies suggested that sarcoplasmic reticulum
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(SR) Ca?* release is required for the activation of cardiac SK channels*”:48. One of these
studies utilized over-expressed SK channels and the regulation of the over-expressed SK
channels maybe distinct compared to native cardiomyocytes. Nonetheless, it is possible that
in cardiomyocytes, both Ca2* entry and Ca?* release from SR are required to activate SK
channels.

In addition, trafficking of SK2 channels is critically dependent on the direct protein-protein
interactions of the channels with a-actinin2, MLC2, and filamin A%3-45 (see Figure 2).
Knockdown of a-actinin2 or filamin A results in a decrease in SK2 channel expression on
the membrane and localization of SK2 channels in endosome suggesting a reduction in
recycling of SK2 channels from endosome*4-45, Finally, SK2 channel trafficking is Ca%*-
dependent in the presence of a-actinin2. A decrease in intracellular Ca2* results in a
significant reduction of SK2 channel membrane localization*. An increase in intracellular
Ca?*, as evident during rapid AF or atrial tachycardia, is predicted to increase SK2 channel
expression leading to shortening of the atrial APs and maintenance of arrhythmias. One
previous study using rapid pacing in isolated rabbit atria demonstrated a significant increase
in SK2 immunostaining from a perinuclear pattern to the plasma membrane at the
pulmonary vein after burst pacing suggesting an increase in forward trafficking of SK2
channels’.

Overall, SK channel complexes in cardiomyocytes consist at least of homomeric or
heteromeric SK channel a subunits, CaM, a-actinin2, filamin A and MLC2. The interaction
amongst the multi-proteins in the SK channel complexes is essential for the gating,
regulation, and membrane trafficking of the channels in cardiomyocytes. With the aid of the
advanced proteomics techniques, more interacting proteins may be identified as new
candidates that participate in the SK channel complexes.

Roles of SK channels in cardiac repolarization

Repolarization of cardiac action potential (AP) relies on the orchestrated activity of multiple
K* channels and transporters. One critical question following the identification of cardiac
SK channels is whether the channels contribute to cardiac repolarization. The initial study
reported that inhibition of SK currents by apamin prolonged AP duration (APD) in mouse
and human atrial myocytes, however, the effects were less prominent in ventricular
myocytes suggesting the unique role of the channels in atrial repolarization3. Consistently,
subsequent experiments using global SK2 knockout mice demonstrated that ablation of SK2
channel resulted in a significant prolongation of APD prominently in the late phase of the
repolarization in atrial myocytes®. Importantly, the null mutant mice showed an increased
susceptibility to atrial fibrillation (AF). On the other hand, there was no significant alteration
in the APD in ventricular myocytes and no ventricular arrhythmias were induced in the null
mutant animals®. In contrast, a mouse model of SK3 channel overexpression showed a
significant shortening of APD in atrial myocytes8. These gene-targeted mouse models were
not restricted to only cardiac tissues. Indeed, SK channels are abundantly expressed in a
number of non-cardiomyocyte cells in the heart. Nonetheless, single isolated
cardiomyocytes were used in these studies in addition to in vivo studies to circumvent
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possible contributions from the effects of SK2 knockout or SK3 overexprssion in other cell
types including neuronal cells.

Consistent with these studies, a recent report using optical mapping in isolated canine left
atria demonstrated that inhibition of SK channels by either apamin or UCL16844° prolonged
APD?3, In addition, SK channel inhibitors, NS8593 and ICAGEN®0, prolonged APD in
isolated human atrial myocytes!3. The above studies supported the critical role of SK
channels in the repolarization not only in mouse and canine but also human atrial
myocytes®l.

In atrioventricular nodal cells, SK2 channel overexpression results in shortening of
spontaneous APs and an increase in the firing frequency, while ablation of SK2 channels
results in the opposite effects3. Recently, Chen et al studied the apamin modulation of
pulmonary vein and SAN cells from rabbit heart®. They found that SAN cells have larger
SK currents than pulmonary vein cardiomyocytes. Apamin treatment decreases the firing
rate and prolongs APDsgg and APD75 in SAN cells and pulmonary vein cardiomyocytes.

SK channels and atrial fibrillation (AF)

Significance of cardiac SK channels lies in the fact that the channels are preferentially
expressed in atria compared to the ventricles3. The differential expression of SK channels in
the heart may offer a unique therapeutic strategy to target atria without interfering with
ventricular function. Moreover, the possible role of SK channels in human AF was recently
reported using genome-wide association analysis (GWAS) revealing an association between
an intronic single-nucleotide polymorphism (SNP) in KCNN3 gene with lone AF16: 17, |n
addition, Olesen et al reported one known exonic synonymous SNP in KCNNS3 that was also
associated with lone AF52, To further test the role of SK3 channels in atrial repolarization
and AF, Zhang et al took advantage of a SK3 transgenic mouse model to demonstrate that
overexpression of SK3 results in significant shortening of APD in atrial myocytes, an
abbreviation of atrial effective refractory period (AERP) and an increased susceptibility to
AF8. A separate study using the same mouse model showed that overexpression of SK3
channels can increase the risk of sudden cardiac death associated with bradyarrhythmias,
heart block and an increased susceptibility to atrial arrhythmias®3.

SK channel remodeling in AF

Evidence is accumulating to support SK channel remodeling in AF. The first evidence
showing the AF-induced remodeling of SK channel came from a study to test the effect of a
rare stimulation on the susceptibility of atrial arrhythmias®*. Apamin prevented the
progressive shortening of APD near burst pacing electrode in coronary sinus and pulmonary
vein (PV) regions suggesting the involvement of SK channels. Ozgen et al further studied
the mechanism underlying the phenomenon’. They found that the burst pacing-induced APD
shortening in pulmonary vein-atria interface in a rabbit model resulted from SK2 channel
trafficking to the cell membrane, leading to increased apamin-sensitive outward currents’.
Similarly, Qi et al reported that atrial-tachypacing in a canine model enhanced SK currents
in PV and left atrial myocytesl®. Moreover, inhibition of SK channels by a known SK
channel blocker (NS8593)%° significantly reduced AF inducibility. Of interest is the fact that
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SK2 expression was found to be more abundant in pulmonary vein than left atrial myocytes.
Mechanistically, our recent study has provided evidence to suggest that an increase in
intracellular CaZ* as seen during rapid atrial tachycardia results in an enhanced trafficking of
SK channels to the membrane®4.

Contrary to the above studies, a recent report found that SK1 and SK2 channel expression as
well as apamin-sensitive currents were significantly reduced in right atrial appendages
recovered from chronic AF patients!2. Similarly, a recent study showed that SK3 expression
was down-regulated in patients with permanent AF, which was attributed to the up-
regulation of microRNA-499%6. Taken together, it is possible that AF may result in the up-
regulation of SK channels as the initial response. With progression of the disease, there may
be a down-regulation of the channels.

Anti-arrhythmic and proarrhythmic effects of SK channel inhibition

Recently, Diness et al utilized three different SK channel inhibitors including UCL1684, N-
(pyridin-2-yl)-4-(pyridin-2-yl)thiazol-2-amine (ICA)0 and NS8593 in ex vivo and in vivo
models of AF in rat, guinea pig, and rabbit!8. Inhibition of SK channels resulted in
prolongation of AERP and termination of AF. Similar anti-arrhythmic effects of NS8593
and UCL 1684 were observed for paroxysmal AF in a hypertensive rat modell®. In an acute
pacing-induced AF model in rats, it was found that intravenous application of NS8593
reduced AF duration in a dose-dependent manner and the antiarrhythmic effect is associated
with increased AERPZ0, Similar results were also obtained using UCL1684 and apamin in
the same study. The results from these studies suggest that SK channels may represent a
potential therapeutic target for the treatment of atrial arrhythmias.

In contrast to these studies, genetic ablation of SK2 channels in a mouse model prolonged
atrial APD, increased occurrences of early after depolarization (EAD) and inducible AFS. In
addition, a recent report found that apamin and UCL 1684 promoted arrhythmia in isolated
canine left atrium?3, The prolongation of APD by SK channel inhibition was accompanied
by increased APD heterogeneity, occurrences of electrical alternans, and wave breaks. In
addition to the previously suggested increased occurrence of EAD by ablation of SK2
channels, inhibition of SK channels may lead to more heterogeneous APD and altered
dispersion of repolarization, which can promote development of reentrant arrhythmia24.
Moreover, SK2 channels expression in left atrial appendages was higher at the base
compared to the apex. Taken together, key questions remain regarding the role of SK
channels in AF, i.e., whether inhibition of the channels is proarrhythmic or antiarrhythmic.

Thus, both reduced and enhanced activity of SK channels may predispose atria to AF, likely
from different mechanisms depending on the heterogeneous expression, heart rate and AF-
induced electrical remodeling. The discrepancy between the above studies may be related to
the different AF models, varied species, different experimental techniques and conditions.
Indeed, the mechanisms of AF in patients are likely to be far more complex. Further studies
are necessary to address the functional roles of SK channels in AF.
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Remodeling of SK channels in heart failure (HF)

Contrary to the atria, apamin does not significant affect the APD of dog, rat, rabbit, and
human ventricles under normal physiological condition1?: 22, However, in a rabbit model
with HF and spontaneous ventricular fibrillation, apamin prolonged the APD and eliminated
the recurrent spontaneous ventricular fibrillationl0. Failing ventricular myocytes showed a
significant increase in SK currents compared to the normal ventricular myocytes possibly as
a result of the increased sensitivity of SK channels to intracellular Ca2* in failing heart.
More importantly, there is a transmural gradient of SK currents with higher density in
epicardial than in midmyocardial and endocardial layers in the failing heart. Similar up-
regulation of SK currents was demonstrated in a post myocardial infarction rabbit modelll
and failing human ventricles?!. It was further demonstrated that a commonly used
antiarrhythmic agent, amiodarone, inhibited SK2 channels and prevented post-shock APD
shortening in rabbit failing heart suggesting the significance of SK channel inhibition in
HF>7. A more recent study demonstrated that apamin prolonged ventricular repolarization
and EAD in dog and human with end-stage HF>8. In a volume-overload HF model in rat, it
was found that there was a significant increase of SK1 and SK3 expression and increased
apamin-sensitive currents in the HF ventricle compared to sham control. Treatment with a 3
blocker, bisoprolol, reduced the SK1 and SK3 expression, apamin-sensitive currents and
their sensitivity to intracellular Ca2* 14, Similarly, in an in vivo acute myocardial infarction
model in rat, pretreatment with apamin or UCL1684 significantly increased APDs in the
infarcted area of the left ventricle and inhibited spontaneous ventricular tachycardia and
ventricular fibrillation®.

The potential mechanisms underlying SK channel remodeling in HF remain unclear.
Abnormal Ca2*-handling in HF has been well described and may represent a significant
contributor. In addition, remodeling in failing heart involves complex changes in gene
expression, phosphorylation of targeted proteins and modulation of Ca2* signaling
pathways. One previous study has documented an increase in SK2 protein expression in
failing human ventricles using total homogenates from ventricular tissues?!. Therefore,
alteration of SK channel expression, Ca2* sensitivity in HF or possibly increased trafficking
may be critical factors in SK channel remodeling in HF and contribute towards recurrent
ventricular fibrillation and electrical storm. Additional studies are necessary to gain further
mechanistic insight into the regulation of SK channels in HF. Finally, these findings provide
a cautionary view for the use of SK channel blockers in the treatment of AF. AF is
commonly seen associated with HF and up-regulation of SK channels in heart failure may
represent an adaptive response to prevent excessive AP prolongation in the ventricles®®.
Indeed, the use of SK channel blockers has been shown in an animal model to result in
occurrence of torsades de pointes ventricular arrhythmias89. The therapeutic potential for AF
needs further assessment in patients with HF.

SK channels in stem cell cardiogenesis

Recent studies have demonstrated that SK channels play an important role in directed stem
cell differentiation. Functional SK1, 2, 3, and 4 channels have been shown to be present in
pluripotent stem cells (PSCs)81 62 Activation of SK channels by small molecule 1-ethyl-2-
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benzimidazolinone (EBIO) improves the differentiation of pacemaking cardiomyocytes
from mouse PSCs at two independent differentiation stages, by increasing the induction of
the mesoderm lineage and the pacemaking cardiomyocytes subtype specification6?.
Transcriptional data demonstrated that SK4 is the dominant isoform in murine PSCs and
responsible for the facilitated differentiation. The most immediate consequence of SK4
activation was membrane potential hyperpolarization. Similar to murine PSCs, SK channel
activation facilitated induction of pacemaking cardiomyocytes from human PSCs, as
assessed by expression of hyperpolarization-activated cyclic nucleotide-modulated (HCN)4
channel®2. However, electrophysiological studies were not performed. Therefore, it remains
to be determined if activated SK channel-induction of pacemaking cardiomyocytes is as
robust in human PSCs as that in murine cells. Moreover, contrary to their murine
counterpart, human PSCs have virtually no SK4 expression but SK2 as the dominant
isoform with low SK1 and minimal SK3 transcripts.

Unresolved issues and future perspectives

A decade of study on cardiac SK channels has opened new and exciting fields in cardiac
electrophysiology and arrhythmias. The cumulative findings so far have greatly enhanced
the current understanding of the critical crosstalk between Ca2* signaling and K* channels
in the regulation of cardiac excitability. However, challenges and important knowledge gaps
remain.

First, controversies exist regarding the roles of SK channels in cardiac repolarization. Nagy
et al recorded APs from rat, dog and human atrial and ventricular tissue preparations and
found that no effects of apamin on APDs?2. Diness et al also found that apamin does not
cause significant APD prolongation in atrial myocytes from guinea pigsi8. Interspecies
differences and different experimental conditions may contribute to the observed
discrepancies. Moreover, the heterogeneous expression of SK channels in the heart is not
well defined even though a number of studies suggest that there is a transmural gradient in
the expression of SK channels in failing ventriclesl0, and the expression of SK channels
appears to be variable in the different regions of the atria2. Detailed information on the
region-specific expression of SK channels in the heart awaits further studies. Functional
roles of SK channels in pacemaking cells and PSCs are only beginning to be recognized and
need to be further explored. Finally, the role of SK channels in AF and VF is not completely
defined. On the translational level, the use of SK channel blockers in the treatment of AF
and the possible pro-arrhythmic effects of SK channel blockers in patients with HF require
further considerations and investigations.
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Figure 1. Functional roles of SK channels in normal and diseased hearts
Distinct roles of SK channels in atria and ventricles are dipicted together with remodeling in

AF, HF and post MI. EAD, early afterdepolarization; PV, pulmonary veins, AF, atrial
fibrillation; VT/VF, ventricular tachycardia and fibrillation.
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0 SK Channels

Figure 2. Localization, trafficking and molecular parters of cardiac SK channels
SK channels interactome includes a-actinin2 (Actin2), filaminA (FLNA), and myosin light

chain 2 (MLC2). Cardiac SK channels have been shown to couple to L-type calcium
channels through a physical bridge, a-actinin2. SK2 channels do not physically interact with
the Ca2* channels, instead the two channels co-localize via their interaction with a-actinin2
along the Z-line in atrial myocytes. An increase in intracellular Ca2*, as evident during rapid
AF or atrial tachycardia, is predicted to increase SK2 channel expression leading to
shortening of the atrial APs and maintenance of arrhythmias.
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