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Abstract

Background: Small-conductance Ca?*-activated K* (SK)-channel inhibitors have antiarrhythmic
effects in animal models of atrial fibrillation (AF), presenting a potential novel antiarrhythmic
option. However, the regulation of SK-channels in human atrial cardiomyocytes and its
modification in AF-patients are poorly understood and were the object of this study.

Methods and Results: Apamin-sensitive SK-channel current (Isk) and action potentials (APS)
were recorded in human right-atrial cardiomyocytes from control sinus-rhythm (Ctl) or long-term
persistent (chronic) AF (CAF) patients. Isk was significantly higher and apamin caused larger
AP-prolongation in cAF- vs. Ctl-cardiomyocytes. Sensitivity analyses in an /n silico human atrial
cardiomyocyte model identified Ik and Ik as major regulators of repolarization. Increased Igk in
cAF was not associated with increases in mRNA/protein levels of SK-channel subunits in either
right- or left-atrial tissue homogenates or right-atrial cardiomyocytes, but the abundance of SK2
at the sarcolemma was larger in cAF vs. Ctl in both tissue-slices and cardiomyocytes. Latrunculin-
A and primaquine (anterograde and retrograde protein-trafficking inhibitors) eliminated the
differences in SK2 membrane levels and Isk between Ctl- and cAF-cardiomyocytes. In addition,
the phosphatase-inhibitor okadaic acid reduced Ik amplitude and abolished the difference
between Ctl- and cAF-cardiomyocytes, indicating that reduced calmodulin-Thr80 phosphorylation
due to increased protein phosphatase-2A levels in the SK-channel complex likely contribute to the
greater Ik in cAF-cardiomyocytes. Finally, rapid electrical activation (5-Hz, 10-minutes) of Ctl-
cardiomyocytes promoted SK2 membrane-localization, increased Isk and reduced AP-duration,
effects greatly attenuated by apamin. Latrunculin-A or primaquine prevented the 5-Hz-induced
Isk-upregulation.

Conclusions: Igk is upregulated in cAF-patients due to enhanced channel function, mediated
by phosphatase-2A-dependent calmodulin-Thr80 dephosphorylation and tachycardia-dependent
enhanced trafficking and targeting of SK-channel subunits to the sarcolemma. The observed
AF-associated increases in sk, which promote reentry-stabilizing APD-shortening, suggest an
important role for SK-channels in AF auto-promotion, and provide a rationale for pursuing the
antiarrhythmic effects of SK-channel inhibition in humans.

Graphical Abstract

Circ Res. Author manuscript; available in PMC 2024 April 28.
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Introduction

Atrial fibrillation (AF) is a major healthcare problem, contributing to increased morbidity
and mortality worldwide.! Accumulating evidence indicates that rhythm-control therapy
may improve outcomes in AF-patients, particularly when the treatment is initiated early.23
Despite the widespread use of AF-ablation, antiarrhythmic drug (AAD) therapy continues
to be important for rhythm-control strategies, both as initial therapy and when ablation
fails or is not advisable. However, current AADs have limited efficacy and non-negligible
risks, particularly drug-induced proarrhythmia.* Atrial-selective AADs have been proposed
as safer, more effective alternatives,® but conceptual, practical and regulatory challenges
have hindered the development of new AADs for AF.4

Small-conductance Ca2*-activated K* (SK or Kc,2.X)-channels, encoded by KCNNI-3,
have been suggested as promising targets for pharmacological rhythm-control therapy.®
SK-channel expression and current (Igk) are upregulated in several animal models of AF,
including dogs with 7-days of electrically-maintained AF’ and rabbits with 3-h intermittent

Circ Res. Author manuscript; available in PMC 2024 April 28.
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atrial-burst pacing.® SK-channel inhibitors prolong atrial repolarization, promote AF-
termination in rats,® dogs,” goats!? horses,1! and pigs,12:13 and reduce the likelihood of
subsequent AF-reinduction.2® Moreover, SK-channel inhibition in pigs can successfully
terminate more persistent forms of AF that are resistant to cardioversion by vernakalant,13
an AAD clinically approved in Europe and several other jurisdictions, suggesting a robust
antiarrhythmic efficacy in large animals with remodeled atria.

In humans, common genetic variants in KCNNZ2and KCNN3 have been associated with

AF in genome-wide association studies!* and first-in-human studies with SK-channel
inhibitors have recently been initiated,1> making SK-channels one of the few novel AAD
targets in active clinical development.# However, the direction of molecular remodeling

of SK-channels in AF-patients remains controversial. The AF-associated genetic variant
rs13376333 in KCNN3 has been linked to increased KCNN3 mRNA-expression in human
atria,16 whereas several studies have reported a downregulation of SK-channel subunit
mRNA expression in AF-patients (Table S1).17-20 Moreover, results depend on the anatomic
region of interest” and presence of specific systemic modulators.1®

In the brain Igk is regulated by modulation of Ca2*-dependent gating through dynamic
phosphorylation of SK-channel-associated calmodulin at Thr80.21 The open probability

of single SK-channels is increased in dogs with atrial tachycardia remodeling,” pointing

to upregulated Ca2*-dependent gating of individual SK-channels. Calmodulin is not only
essential for gating, but is also required for channel assembly, trafficking and targeting.22
SK2-channel trafficking is Ca2*-dependent in HEK293 cells, suggesting that a rise in Ca2,
e.g., during atrial tachyarrhythmias may increase the membrane targeting of SK2 channels.23
In agreement, the magnitude of Isk can be modulated rapidly by atrial tachypacing via
increased SK-channel trafficking in rabbits.® Thus, mMRNA levels are only poor indicators of
functional SK-channel remodeling and Ik appears to be very sensitive to rapid rhythms like
AF, with Ca2* regulating both upstream channel trafficking including membrane targeting
and individual channel gating.

The complex SK-channel regulation by numerous signaling pathways and stressors make
functional characterization of SK-channel remodeling in human atrial cardiomyocytes
essential, but data on Igk in patients with or without AF are scarce. Ik or repolarization-
prolongation by SK-channel inhibition are increased in atrial cardiomyocytes from AF-
patients compared to sinus rhythm control (Ctl) patients in most studies,2%:24.25 put
decreased!’:26 in some (Table S2). Whether calmodulin-dependent regulation of Ca2*-
dependent SK-channel gating, dynamic SK-channel trafficking and tachycardia-dependent
Isk upregulation are operative in human atrial cardiomyocytes, and whether and how they
are affected by human AF, are unknown and were the object of this study.

We performed a comprehensive assessment of the molecular and functional remodeling of
SK-channels in right-atrial (RA) and left-atrial (LA) samples from Ctl and long-standing
persistent (chronic) AF (CAF) patients to test the hypothesis that increased function of
individual SK-channels and augmented subunit trafficking and targeting to the plasmalemma
contribute to an increased Ik in cAF-patients. Our results reveal complex regulation of

Isk in AF-patients, attributable to changes in phosphorylation and trafficking/targeting, that

Circ Res. Author manuscript; available in PMC 2024 April 28.
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sheds insight into the molecular control of Igk in AF and its potential as an antiarrhythmic
target.

Data Availability.

The original data that support the findings of this study are available from the corresponding
author upon reasonable request..

A detailed description of all methods is provided in the online-only Data Supplement and the
Major Resources Table. Key aspects are summarized below

Human atrial samples—Patients (>18 years) undergoing open-heart surgery without

a history of AF (Ctl group) or with a clinical diagnosis of persistent (chronic) AF

(cAF group) were included and RA- and/or LA-appendages were obtained (Tables S3—
S10). In addition, dedicated patient cohorts were included with a history of heart

failure (HF) with reduced (<35%) left-ventricular ejection-fraction with or without cAF
(HFrEF-SR and HFrEF-cAF groups, respectively), as well as Ctl- and cAF-patients for
whom paired RA- and LA-samples were available (Tables S11-512). All samples were
collected just prior to atrial cannulation for extracorporeal circulatory bypass, and were
immediately used for cardiomyocyte isolation and subsequent patch-clamp recordings or
immunocytochemistry, or were flash-frozen in liquid nitrogen for biochemical experiments.
In total, samples from 301 patients were studied (182 Ctl, 119 cAF). Experimental protocols
were approved by ethical review boards of University Hospital Essen (#12-5268-BO),
Medical Faculty Mannheim, University of Heidelberg (2011-216N-MA) and Medical
Faculty, Ruhr-Universitat Bochum (No. AZ 21/2013), and were conducted in accordance
with the Declaration of Helsinki. Each patient provided written informed consent.

Cardiomyocyte isolation and patch-clamp recordings—Cardiomyocytes were
isolated from RA-samples using previously described enzymatic-digestion protocols.2’
Membrane-currents were recorded at room temperature in the whole-cell ruptured-patch
voltage-clamp configuration in the absence or presence of the SK-channel inhibitor
apamin (100-nmol/L). Ik was defined as the apamin-sensitive current and corrected for
membrane capacitance (expressed as pA/pF), whereas intermediate-conductance (SK4)
and big-conductance Ca2*-activated K+ (BKCa) currents were recorded as Tram-34
(100-nmol/L) and iberiotoxin (300-nmol/L)-sensitive currents, respectively, as previously
described.28:29 APs were elicited in current-clamp configuration using a 2-ms 1-nA stimulus
applied every 5000-ms in the presence of a —40-pA holding current. All patch-clamp
experiments were performed in the presence of 500-nmol/L free intracellular Ca2*, unless
indicated otherwise.

Quantitative polymerase chain reaction—Total RNA was isolated from RA whole-
tissue homogenates and RA cardiomyocytes from Ctl and cAF patients and reverse-
transcription or digital polymerase chain reactions were performed as described in the
online-only Data Supplement3C using primers based on published sequences (see Major
Resources Table).

Circ Res. Author manuscript; available in PMC 2024 April 28.
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Co-immunoprecipitation and immunoblot—~Proteins were isolated from atrial whole-
tissue homogenates or human atrial cardiomyocytes according to standard protocols.31:32
Co-immunoprecipitation and immunoblot were employed to determine protein levels as
previously described.31:33 Antibodies are listed in the Major Resources Table.

Immunocytochemistry—Isolated human RA-cardiomyocytes or cryosections from RA-
or LA-tissue samples were incubated overnight at 4°C with primary antibodies against
SK1, SK2, SK3 or a-actinin2. Wheat-germ agglutinin was used for membrane staining

in cryosections. Samples were subsequently incubated with AlexaFluor® 488/568/633
secondary antibodies and imaged using a confocal microscope or Keyence BZ-X800E.
Antibodies are listed in the Major Resources Table.

Computational modeling—We integrated a new SK-channel formulation in the Ctl

and cAF versions of our previous human atrial cardiomyocyte model.34-36 parameters of
the updated model were optimized to reproduce recent experimental data on APD and
Ca?*-transient properties under a wide range of experimental conditions (Computational
Modeling Section in the online-only Data Supplement). The model was employed to assess
the impact of SK-channel inhibition on APD and resting membrane potential. A population-
of-models approach3’ was used to simulate inter-individual heterogeneity in ionic currents
and determine the relative contribution of Igk to human atrial electrophysiology. The model
code is freely available on the authors’ website (see Major Resources Table).

Statistics—Results are presented as scatter-plots and meanzstandard deviation for
normally-distributed data or median and interquartile ranges for non-normally-distributed
data. Representative images and traces were chosen based on image quality and agreement
with the average difference between groups. A complete overview of all Western blots

is provided as supplemental material. Normality was tested using D’ Agostino&Pearson
omnibus testing in Prism-7 (GraphPad Software, San Diego, CA).

For biochemical experiments and clinical parameters, for which each patient contributed
a single data-point, unpaired two-tailed Student’s t-tests with Welch’s correction were
employed to compare means of normally-distributed continuous data, since heterogeneous
variances are common. Non-normally-distributed continuous data or data for which
normality could not be assessed were compared using Mann-Whitney tests. Categorical
data were analyzed using Chi-squared tests.

For patch-clamp recordings and immunocytochemistry, in which each patient may contribute
multiple data points, data were defined (1) by the individual patient ID and (2) the ID of the
cardiomyocyte within each patient. Sample-sizes are given as n/N, where n=cardiomyocytes
and N=patients. Multilevel mixed-effect models were employed to compare groups, as
previously described.38 The random effect within the model was the intercept to account

for non-independent measurements in multiple cells from individual patients. Multilevel
models were implemented in RStudio (Boston, MA) using Ime4 with P-values derived using
the Kenward-Roger approximation. Non-normally distributed data were log-transformed and
P-values for multiple comparisons within a single panel were Bonferroni-corrected.

Circ Res. Author manuscript; available in PMC 2024 April 28.
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Patient characteristics

Patient characteristics are provided in Tables S3-S12. Overall, cAF-patients were
significantly older and more often had valve disease as the primary indication for their
cardiac surgery (Table S3), in line with previous studies.1”39 As expected, cCAF-patients
also had significantly larger left-atrial diameters and more often used digitalis (Table S3).
Diuretics were more commonly prescribed to cAF- compared to Ctl-patients (Table S3).

Larger Ca2*-activated K*-currents in cAF-patients result in a significantly greater APD-
prolongation upon SK-channel inhibition

We recorded K*-currents in Ctl and cAF RA-cardiomyocytes and used the highly-selective
SK-channel inhibitor apamin to quantify the specific contribution of Igk.49 Apamin (100-
nmol/L) slightly decreased total membrane current in Ctl-cardiomyocytes (Figure 1A) and
had a significantly larger effect in cAF-cardiomyocytes (Figure 1B). The apamin-sensitive
current was largely voltage-independent (Figure 1C), not detectable in the absence of
intracellular Ca2* (Figure S1A-C), and showed the expected dependence on intracellular
[Ca?*] (Figure S1D), consistent with characteristics of Isk. Both inward and outward
components of Ik were significantly larger in cAF-cardiomyocytes compared to Ctl-
cardiomyocytes; Figure 1C,D). Although the primary subunits of SK4 and BKCa-channels
are widely expressed*! and could be detected at the protein level in human RA whole-tissue
homogenates, there were no significant differences in protein levels between Ctl- and cAF-
patients (Figure S2A). Moreover, the SK4-channel blocker Tram34 (100-nmol/L) and the
BKCa-channel blocker iberiotoxin (300-nmol/L) did not affect total membrane current in
human RA-cardiomyocytes (Figure S2B). We therefore focused on apamin-sensitive Igk.

To assess whether Igik-upregulation affected APs, we performed current-clamp recordings
in the absence or presence of apamin in Ctl and cAF RA-cardiomyocytes (Figure 1E).
Apamin (100-nmol/L) did not affect resting membrane potential or AP amplitude (Figure
S3A,B), but significantly prolonged APD at 50% and 90% repolarization (APDsg and
APDygy, respectively) in both Ctl- and cAF-cardiomyocytes (Figure S3C). The apamin-
induced APD prolongation was significantly larger in cAF (APDsq: 23.9£13.9%, APDgq:
39.2+26.6%; n=8/7) compared to Ctl (APDsg: 3.4+2.5%, APDgg: 11.0+£6.9%; n=8/5; Figure
1F), consistent with the greater Igk in CAF.

We then developed a novel /n silico human atrial cardiomyocyte model parameterization
(Figures S4-S9) to validate the contribution of Ik to atrial repolarization. The model
incorporated known AF-related electrical and Ca2*-handling remodeling elements and
accurately reproduced experimentally observed AP-properties, including the extent of APD
prolongation by Isk-inhibition (Figure S7). The model also predicted that during regular
1-Hz pacing with cAF-associated Ca?* transients, APD was shorter and Ik was larger in
CAF cells, with Igk-inhibition producing a much stronger relative prolongation of APDgg in
CAF compared to Ctl at all pacing rates from 0.1 to 4 Hz (Figure S10).

To assess the relative contribution of Isk to APD and RMP in Ctl and cAF, a population
of 1000 models with variations in maximal conductances of all major ion channels was

Circ Res. Author manuscript; available in PMC 2024 April 28.
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generated (Figure 2A). In addition, the affinity of Igk for intracellular [Ca%*] (Kp sk) was
varied since previous studies have reported an increased affinity in CAF- vs. Ctl-patients.20
Model-based sensitivity analyses identified a major contribution of gk conductance to
APDsq and APDgg, with a switch from basal inward-rectifier K* current (I, and
constitutively-active acetylcholine-activated inward-rectifier K* current, Ix ach ¢) t0 Isk
dominance for controlling APDgq in cAF (Figure 2B), pointing to a potential role for

Isk in determining the vulnerability to reentry. By contrast, Kp sk only had a modest
impact on APD, which was confirmed by simulations reproducing the larger, experimentally
observed, 100 nmol/L difference in [Ca?*] affinity between Ctl and cAF cardiomyocytes20
(Figure S11). Ik also had little effect on resting membrane potential, which was primarily
determined by lk1/lk ach,c (Figure 2B).

Reduced calmodulin phosphorylation and increased SK-channel membrane trafficking
underlie the increased Igk in cAF-patients

The mRNA-levels of KCNNI and KCNNZ (encoding SK1 and SK2, respectively) were
similar between RA whole-tissue homogenates of Ctl- and cAF-patients, whereas mRNA-
levels of KCNN3 (encoding SK3) were significantly increased in cAF (Figure S12). At

the protein level (see validation of the SK2 antibody in Figure S13A), there were no
significant differences between Ctl- and cAF-patients for any of the three subunits in either
RA (Figure S13B) or LA whole-tissue homogenates (Figure S13C). Since endothelial cells
and fibroblasts also express SK channels, we also assessed mMRNA and protein levels of
SK-channel subunits in human RA-cardiomyocytes. The SK2 mRNA levels were decreased
in CAF- vs. Ctl-patients (Figure S14-S15), consistent with previous studies (Table S1),

but protein levels of SK-subunits were not significantly different between Ctl- and cAF-
cardiomyocytes (Figure 2C). Since previous work identified Ca2*-dependent upregulation
of SK-channel gating and trafficking in expression systems and animal models,822:23 we
hypothesized that these mechanisms may underlie the larger Isk in cAF-cardiomyocytes in
the absence of differences in total protein levels.

We investigated the subcellular localization of SK-channel subunits in RA- and LA-tissue
slices, employing co-staining with wheat-germ agglutinin to delineate the sarcolemma
(Figures S16-S18). The relative membrane/cytosol fluorescence intensity of SK3 was not
significantly different between Ctl- and cAF-cardiomyocytes in either RA- or LA-samples,
whereas the SK2 membrane/cytosol ratio was larger in both RA- and LA-samples of

cAF- compared to Ctl-patients (Figure 3), suggesting a potential role for increased SK2-
membrane levels in the increased Ik in cAF-patients. Similar changes were seen in
isolated RA-cardiomyocytes; the membrane/cytosol ratio of SK2 (but not SK1 or SK3)
was significantly increased in cAF- compared to Ctl-cardiomyocytes (Figure 4A,C; Figure
S19). To assess potential underlying mechanisms, we evaluated trafficking changes with
the use of the actin-depolymerizing agent latrunculin-A (1-pmol/L for 2-hours) and the
early (recycling) endosome inhibitor primaquine (120-pumol/L for 4-hours), which modulate
anterograde and retrograde protein trafficking, respectively,42:43 hoth SK2- and SK3-levels
were significantly reduced in cAF cells, reaching levels comparable to Ctl-cardiomyocytes
(Figure 4B,C). Consistent with these data, there was no significant difference in Igk-
amplitude between Ctl- and cAF-cardiomyocytes in the presence of either latrunculin-A

Circ Res. Author manuscript; available in PMC 2024 April 28.
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or primaquine (Figure 5A,B). Thus, upregulated trafficking-mediated SK2-channel subunit
targeting to the plasma membrane may contribute to the larger Isk in cAF-patients.

SK channels are organized in macromolecular complexes including calmodulin, casein
kinase type-1l (CKII) and protein phosphatase type-2A (PP2A), along with trafficking-
and targeting-related proteins (Figure S20; Figure 6A).8:21 Phosphorylation of calmodulin
at Thr80 by CKII decreases Ca?*-sensitivity, reducing Isk, whereas PP2A-dependent
dephosphorylation of calmodulin-Thr80 increases Isk.2! Selective inhibition of PP2A with
okadaic acid (10-nmol/L for 1-hour) significantly reduced Igk in cAF-cardiomyocytes,
suggesting that increased PP2A contributes to enhanced Isk in cAF. (Figure 5C,D). We
then investigated whether altered PP2A and CKlla expression contributes to calmodulin
dephosphorylation and thus to the increased Igk in CAF.

To exclude confounding effects of non-cardiomyocyte compartments, we noted a significant
increase in total calmodulin expression in cAF-cardiomyocytes (Figure 6B,C), which in
itself may contribute to the greater Isk. Moreover, relative Thr80-phosphorylation of
calmodulin was significantly decreased (Figure 6B,C). The lower Thr80-phosphorylation

of calmodulin is likely due to increased protein levels of the PP2A catalytic subunit
(PP2Ac) in atrial cardiomyocytes of cAF-patients (Figure 6D), consistent with our

prior observations in whole-atrial tissue.3! There was also a non-significant increase

in total calmodulin protein levels and a decrease in calmodulin phosphorylation in

RA whole-tissue homogenates, resulting in a tendency (P=0.085) towards reduced

relative calmodulin Thr80-phosphorylation levels in cAF (Figure S21A,B). Total CKlla
protein levels were not significantly different between Ctl and cAF (Figure S21C).

The lack of statistically-significant differences was likely due to contamination by non-
cardiomyocyte cells. Importantly, we identified similar changes in calmodulin expression,
Thr80-phosphorylation and PP2Ac expression in LA homogenates from cAF- vs. Ctl-
patients (Figure S22), suggesting comparable remodeling of SK-channel regulation in both
atria. Finally, we assessed PP2Ac levels in the SK2-channel macromolecular complex using
immunoprecipitation of RA-tissue samples (Figure 6E): PP2Ac levels associated with the
SK2 complex were significantly increased in RA of cAF- vs. Ctl-patients (Figure 6F). Thus,
enhanced PP2A-mediated Thr80-dephosphorylation of SK-channel-associated calmodulin
likely contributes to the greater Ik in CAF-patients.

Previous work has shown that forward trafficking and recycling of SK2 from early
endosomes and SK2 membrane insertion/retention are also Ca* dependent and rely

on calmodulin and the SK2-interacting protein a-actinin2.23:44 Based on the increased
SK2 membrane levels in cAF-patients (Figures 3,4), we assessed whether a stronger
interaction between a-actinin2 and SK2 as an index of increased SK2 membrane insertion/
retention occurs in cAF. Although total a-actinin2 protein levels were not significantly
different between Ctl- and cAF-groups in RA and LA whole-tissue homogenates and
RA-cardiomyocytes (Figure S23), the SK2-associated a-actinin2 levels were larger in
immunoprecipitates from cAF vs. Ctl RA-tissue homogenates (Figure 6F). Furthermore,
RA-cardiomyocytes from cAF-patients incubated in membrane-permeable BAPTA-AM (25-
pumol/L for 5-hours) revealed strongly reduced SK2-membrane levels (Figure 6G), pointing
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to contribution of a Ca2*-dependent, a-actinin2-mediated trafficking mechanism to the
increased SK2-membrane levels in cAF.

AF-mimicking in vitro tachypacing increases Igk by enhancing membrane trafficking

Atrial tachycardia causes rapid cellular Ca2*-loading®® and increases SK-channel trafficking
in rabbit pulmonary vein cardiomyocytes within minutes.® Similarly, a high atrial rate during
AF would be expected to contribute to the Ca2*-dependent upregulation of SK-channel
activity in cAF-patients. To test this hypothesis, we compared Ik at baseline with Igk in RA
Ctl-cardiomyocytes subjected to 10-minutes of AP-like depolarizing voltage-clamp pulses at
5-Hz (Figure 7A).

The 10-minutes of 5-Hz activation significantly increased Isk in RA Ctl-cardiomyocytes
compared to baseline (Figure 7B), reaching levels similar to those of cAF-cardiomyocytes
after 5-Hz activation (Figure 7B). Since repeated measurements of apamin-sensitive Ik
are not possible due to the slow washout of apamin, the time course of total membrane
current (Ip) before and after 10-minute 5-Hz activation was evaluated as a proxy for Igk to
study reversibility of tachypacing-induced SK-channel remodeling. In RA-cardiomyocytes
from Ctl-patients, 10 minutes of 5-Hz activation increased Iy, at +80 mV by 9.50+1.41
pA/pF (n=5/5; Figure S24A). In comparison, in RA Ctl-cardiomyocytes the difference in
mean apamin-sensitive Igk at +80 mV between baseline and 10-minute 5-Hz activation was
6.33 pA/pF (Figure 7B), suggesting that the majority of the pacing-induced increase in Iy
is due to Igk. During a subsequent 5-min follow-up period Iy, decayed from 26.65+1.10

to 24.58+0.72 pA/pF (P=5.49x10~%; Figure S24A), resulting in a decay rate of 0.46
(0.32-0.48) pA/pF min~1 and a predicted linear time to baseline of 25 minutes (Figure
S24B). We then assessed the consequences of tachypacing-dependent Igk-upregulation for
atrial APD by comparing the apamin effect during current-clamp experiments at baseline
with those following 10-minutes of 5-Hz activation in RA Ctl-cardiomyocytes (Figure 7C
and Figure S25). Apamin produced a significantly larger APDgg-prolongation after 5-Hz
activation (56% [38%-106%], n=7/5) compared to cardiomyocytes without 5-Hz activation
(10% [4.6%-16%], n=8/5; P=0.034; Figure 7C), establishing the functional relevance of
tachypacing-induced Igk-upregulation.

Pre-incubation with BAPTA-AM or okadaic acid abolished Igk at +80 mV after 5-Hz
activation and the L-type Ca2*-channel inhibitor nifedipine significantly attenuated Ik
after 10-minutes of 5-Hz activation (Figure 7D), highlighting the importance of trans-
sarcolemmal Ca2* influx for Ik regulation. Conversely, inhibition of calmodulin Thr80-
phosphorylation with the CKlI-inhibitor TBBz did not produce a larger Isx compared to
5-Hz activation alone, suggesting maximal calmodulin Thr80-dephosphorylation (activation)
of the sarcolemmal SK-channels after 5-Hz activation (Figure 7D). Pre-incubation with
either latrunculin-A or primaquine also prevented the Igk-upregulation in response to 5-Hz
activation (Figure 7D, orange symbols), confirming the role of channel trafficking as an
upstream regulator of SK-channel function and highlighting its key role in tachycardia-
mediated Igk-upregulation. Similar results were obtained at +30 mV (Figure S26).

Functional experiments cannot readily distinguish between tachypacing-induced promotion
of SK-channel membrane targeting and altered channel gating. To confirm the effects of
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5-Hz stimulation on channel trafficking in the absence of changes in intracellular Ca?*
buffering and to identify the SK-channel subunit involved, we performed immunostaining
of SK-channel subunits in RA Ctl-cardiomyocytes subjected to 10 minutes of field
stimulation at 0.2 or 5-Hz (Figure 8). Immunostaining revealed that tachypacing increased
the membrane/cytosol ratio of SK2 (Figure 8A), but not SK1 (Figure S27) or SK3 (Figure
8B) and strongly enhanced the co-localization of SK2 with a-actinin2 at the plasmalemma
(Figure 8C), pointing to enhanced SK2 trafficking and a-actinin2-mediated membrane
targeting as key determinants of the tachypacing-mediated Igk-upregulation.

Discussion

SK-channel inhibitors have shown promising antiarrhythmic effects in various animal
models, but the function and regulation of SK-channels in AF-patients is incompletely
understood. Here, we demonstrate that Isk is upregulated in AF and is a significant
contributor to the reentry-promoting APD-abbreviation that is characteristic of the
arrhythmia. Isk upregulation is associated with decreased Thr80-phosphorylation of
calmodulin, which increases the Ca2*-affinity, and thereby the functional gating, of
SK-channels; calmodulin dephosphorylation appears to be due to PP2A upregulation.
Furthermore, plasma membrane levels of SK2 are higher in cAF because of altered
trafficking and membrane targeting, further contributing to Ik increases. Both mechanisms
are engaged by short-term tachypacing in Ctl-cardiomyocytes, indicating dynamic regulation
and a potential role in short-term AF self-promotion. Our results provide novel mechanistic
insights relevant to the use and development of SK-channel inhibiting strategies for rhythm-
control in humans.

Molecular mechanisms underlying SK-channel remodeling

Previous work identified Ca2*-dependent upregulation of SK-channel gating and trafficking
in expression systems and animal models, but SK-channel regulation in the human atrium
and its remodeling in AF are poorly understood. SK-channel gating is Ca2*-dependent, with
SK-channels located in close proximity to L-type Ca?* channels and cardiac ryanodine
receptor channels.#® Since cardiomyocyte Ca2*-handling is substantially remodeled in
AF-patients,3947 we employed experimental conditions with fixed intracellular Ca%* to
characterize Ik in the absence of confounding Ca2*-handling differences. Subsequently, in
sificomodeling revealed a major contribution of Igk to atrial repolarization in cAF when
CAF-related Ca2*-handling remodeling is simulated (Figure 2). /n vivo, the contribution of
Isk may be further augmented by conditions increasing intracellular Ca?*, including atrial
tachycardia and sympathetic stimulation.

The Ca?*-affinity of SK-channels is controlled by channel-associated calmodulin, with
Thr80-phosphorylation of calmodulin decreasing Ca2*-affinity and subsequently lgk. We
have previously identified increased PP2Ac expression in RA whole-tissue homogenates
from cAF-patients.3! Here, we show that PP2Ac expression is also increased in LA
whole-tissue homogenates, RA-cardiomyocytes, and SK2-immunoprecipitates in RA-tissue
from cAF-patients and is associated with reduced Thr80-phosphorylation of calmodulin.
Moreover, the PP2A-inhibitor okadaic acid reduced Isk in cAF-cardiomyocytes to the
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levels observed in Ctl-cardiomyocytes (Figure 5), suggesting a key role for PP2A-mediated
Thr80-dephosphorylation of SK-channel-associated calmodulin in the increased SK-channel
function in cAF-patients. Previous work has identified increased single SK-channel activity
in dogs with atrial tachycardia-related remodeling’; our data suggest that this might be due
to PP2A-mediated Thr80-dephosphorylation of calmodulin. Future work should test this
hypothesis.

The number of SK-channels targeted to the plasma membrane is an important determinant
of the amplitude of Isk. SK-channel trafficking and targeting are highly dynamic and
depend on interactions with key cytoskeletal proteins.2343 SK2-channels recycle quickly
between the plasma membrane and early (recycling) endosomes via Ca2*-dependent
mechanisms involving a-actinin-2, which directly interacts with the C-terminus of the
SK2-channel subunit, and filamin-A, an F-actin-binding phosphoprotein that cross-links
actin filaments.23:43 Although intracellular Ca2*, a-actinin-2, filamin-A, and myosin

light chain type-2 appear to play a role in SK2-channel trafficking and targeting in
heterologous expression systems and animal models, their role in regulating human atrial
SK-channels is poorly understood, particularly under disease conditions. Our data show
increased SK-channel membrane abundance in cAF-cardiomyocytes (Figures 3 and 4),
which was sensitive to inhibition of anterograde and retrograde trafficking, as was the
corresponding current. Since total protein expression of SK-channels was unaltered, these
data suggest an important role for SK-channel trafficking and membrane targeting in the
upregulation of Ik in cAF-patients. Animal studies have shown that SK-channel trafficking
is promoted in response to short-term burst pacing.8 Here, we reveal that 10-minutes of rapid
electrical stimulation is sufficient to increase Ik (Figure 7) by enhancing the number of
plasmalemmal SK2 channels (Figure 8), indicating that SK2-channel trafficking is highly
dynamic in human atrial cardiomyocytes and can contribute to the rapid AF-promoting
repolarization abbreviation seen in patients.*8 This rapid turnover of SK-channels in the
plasma membrane is in agreement with recent results demonstrating rapid trafficking
dynamics of other ion channels.#® The lack of tachycardia-dependent Isk upregulation in the
presence of latrunculin-A or primaquine suggests that tachycardia-dependent augmentation
of channel function of the remaining SK channels is unable to overcome the reduction in
channel targeting to the membrane due to trafficking inhibition.

Controversies regarding the role of SK channels in AF

The role of Isk in atrial electrophysiology and AF has been studied in a variety of

models with sometimes contradictory outcomes. For instance, inhibition of Igk with
NS8593 reduces the duration of burst pacing-induced AF in perfused rat, guinea pig,
rabbit and horse atria.1150:51 Similarly, overexpression of SK3 and knockout of the
melanin synthesis enzyme dopachrome tautomerase (which increases expression of SK
channels) in mice promote inducible AF, likely because of APD shortening.52:23 Short-term
atrial burst-pacing in rabbits enhances SK2-levels at the plasma membrane, upregulating
Isk and causing proarrhythmic APD shortening in rabbit pulmonary veins.® Moreover,
administration of NS8593 to rats with hypertension-induced atrial remodeling®® and dogs
with atrial tachycardia-induced atrial remodeling” decreases the duration of induced AF,
validating the proarrhythmic role of enhanced Ik for the remodeled atrium. Despite
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these results supporting the proarrhythmic potential of increased Ik, SK2-knockout mice
have prolonged atrial APs and are vulnerable to afterdepolarizations and AF induction,>*
and Isk blockade (with apamin or UCL 1684) causes delayed repolarization, facilitates
alternans and wave-breaks, promoting reentrant arrhythmia in isolated canine left atrium.>®
These results are consistent with the known complex relationship between repolarization
and arrhythmogenesis, with either excessively rapid or excessively delayed repolarization
promoting arrhythmogenesis under specific conditions.

Recent studies regarding the role of Igk in AF patients have also provided differing

results about the direction of change (Tables S1-S2). Both upregulation242> and
downregulation1’-20 of Ik have been reported. Yu et al. found that apamin-sensitive lgk,
as well as protein and mRNA levels of SK1 and SK2, were significantly smaller in LA-
and RA-cardiomyocytes from cAF- vs. Ctl-patients.28 The mRNA levels of SK2 and SK3
were also lower in cAF- than in Ctl-patients and Isk inhibition (with NS8593 and ICAGEN)
prolonged APD in atrial cardiomyocytes from Ctl but not from cAF-patients,1” suggesting
a limited contribution of Igk to AP-shortening in cAF. We identified non-significantly
lower values of SK1 and SK2 mRNA levels in cAF vs. Ctl RA whole-tissue homogenates
and significantly reduced SK2 mRNA levels in RA-cardiomyocytes, which avoid potential
confounding effects from SK-subunit expression in other cell types. Thus, our data are
generally consistent with previous studies at the mRNA level. In contrast, our data
demonstrate an upregulation of Ik in CAF vs. Ctl patients, in line with the majority of
functional studies (Table $2)20:24.25.56_Qur sensitivity analyses based on a population of jn
sificomodels also suggest that Ik is an important determinant of human atrial APDgg, to

a level potentially greater than the slow, rapid or ultra-rapid delayed-rectifier K* currents
(Figure 3).

In general, the varying results between studies suggest heterogeneous SK-channel
remodeling in AF-patients. The basis for this discrepancy is unclear, but is likely related to
such factors as genetic variability, discrepancies in clinical characteristics and concomitant
medication (Tables S3-S12), and differences between different types of SK-channel
blockers (pore blockers like apamin versus Ca2*-dependent gating modulators like NS8593).
For instance, in the study by Yu et al.26 there was no significant difference in LA diameter
between Ctl and cAF patients. By contrast, in our study (Table S3) and others reporting
larger Igk in RA of cAF versus Ctl, 2056 |_A diameter was significantly larger in CAF versus
Ctl patients. Our two-way ANOVA analyses also suggest that LA diameter might influence
protein levels of different SK-channel subunits, but rather point toward lower SK-channel
protein levels with larger LA diameter (Table S13; Figures S28-S30). The patients studied
by Yu et al.26 were also about 20 year younger than our population, pointing to potential
contribution of age-dependent processes. However, other previous studies with similarly
aged patient populations showed a comparably increased Igk in cAF.2%:56 |n agreement,

we did not find a significant age-dependent modulation of SK-channel mRNA or protein
levels, or Igk in our two-way ANOVA analyses (Table S13). To define Igk Skibsbye et al.1”
applied the non-selective SK-channel blockers NS9385 and ICAGEN instead of apamin. In
their patch-clamp recordings they also used a ramp-pulse instead of a voltage-step protocol
and a non-physiologically high extracellular K* solution (20 mmol/L). Finally, 15 out of 22
CAF patients (68%) had a diagnosis of pulmonary hypertension, which is known to cause

Circ Res. Author manuscript; available in PMC 2024 April 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Heijman et al.

Page 14

right-sided HF. Our new Western blot analyses of samples from HFrEF patients suggest

that ventricular dysfunction may be one contributing factor to discrepancies in the literature.
Although there were no significant differences in protein levels of SK1, SK2, or SK3
between patients with and without HFrEF, nor between HFrEF patients with and without
cAF (Figure S31), molecular indices of enhanced SK-channel gating (e.g. calmodulin-Thr80
dephosphorylation) were not different between cAF and Ctl patients in the presence of
HFrEF (Figure S32). Similarly, our two-way ANOVA analyses suggest that presence of
mitral valve insufficiency or diuretics is associated with altered protein levels of SK-channel
subunits (Table S13). These differences may contribute to the divergent findings reported in
the literature about SK-channel regulation.

Overall, based on the detailed between-study comparison provided in Tables S1 and S2,
we believe that our current study is in agreement with the majority of available studies
and, importantly, provides a mechanistic explanation for some of the discrepant results in
the literature, like the apparently paradoxical increase in Isk despite reduced or unchanged
SK-channel subunit mRNA levels reported in the literature. Further detailed work in well-
characterized patient populations is needed to confirm our current findings, with careful
follow-up studies in related animal models to confirm key mechanistic inferences.

Potential limitations

Atrial tissue was only available from patients undergoing open-heart surgery, which may not
be entirely representative of the general population of AF-patients. Patients were assigned to
the Ctl and cAF groups based on their clinical diagnosis. Although Ctl patients were in sinus
rhythm immediately before surgery and no prior history of AF was recorded, we cannot
exclude that these patients may have had undetected asymptomatic AF at some time prior

to surgery. Differences in SK1-expression between Ctl- and AF/HF-patients are distinct for
RA and LA,>" and SK-channel expression is more pronounced around the pulmonary veins
in dogs,’ suggesting regional differences in SK-channel expression and remodeling. We
only measured gk in RA-cardiomyocytes, but our Western blot and immunostaining data
suggest similar SK-channel remodeling in RA- and LA-appendages. The more pronounced
role of SK-channels near the pulmonary veins in dogs suggests that the role of SK-channels
in atrial repolarization identified in the present study for RA-cardiomyocytes may be an
underestimate.

There are several differences in clinical characteristics between Ctl- and cAF-patients
included in the present study, which might influence SK-channel subunit protein levels
(Table S13), but our experiments were not designed to quantify the impact of each clinical
parameter on SK-channel function. Thus, we cannot exclude the possibility that these

or other clinical factors contribute to Isk-upregulation in AF-patients. However, the fact
that SK-channel upregulation observed in RA cAF-cardiomyocytes can be reproduced by
short-term tachypacing in RA Ctl-cardiomyocytes suggests that the molecular mechanisms
of increased Igk in cAF-patients are available and operative in Ctl-patients. Nevertheless,
longer episodes of rapid atrial activity than the 10 minutes studied here may produce
additional components of remodeling, which might contribute to, or attenuate, Igk
upregulation. Although 10 minutes of tachypacing were sufficient to increase Isk to levels
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seen in cAF-cardiomyocytes, atrial remodeling in cAF-patients is created by the combined
effects of risk factors, co-morbidities and the high atrial rate itself. Since prolonged atrial
tachycardia may downregulate some components of atrial remodeling,%>28 it is possible
that longer-term tachypacing could attenuate the contribution of SK-channel trafficking to
the increased Igk in cAF-patients, while activating additional control mechanisms, which,
together with Thr80-dephosphorylation of calmodulin, maintain an upregulated Igk in CAF-
patients. Clearly extensive future work is required to explore and define additional control
mechanisms of Igk function, particularly in AF-paradigms. While our study is restricted to
CAF-patients, these mechanisms may also apply to paroxysmal AF-patients, although this
should be tested in future studies. Patients with paroxysmal AF could be instrumental for the
assessment of novel control mechanisms of Ik function.

It was not possible to study the functional consequences of reduced calmodulin-Thr80
phosphorylation directly in human atrial cardiomyocytes, since no single-channel current
could be recorded after the formation of inside-out patches. Similarly, reversibility of

the effects of latrunculin-A and primaquine could not be studied due to the required
incubation times of several hours, in combination with the limited viability of isolated
human atrial cardiomyocytes. Finally, our work provides insight into the mechanisms
regulating established determinants of atrial arrhythmogenesis (i.e., Isx-mediated shortening
of repolarization) in human atrial cardiomyocytes, suggesting a roughly comparable role

to upregulated I1. However, the relative contribution of individual ion channels may be
different under conditions more closely resembling AF /n vivo and their true proarrhythmic
potential or the antiarrhythmic efficacy of their inhibition requires appropriately designed
controlled clinical trials in humans.

Potential significance of our observations

Several SK-channel inhibitors have demonstrated pronounced antiarrhythmic potential in
large animal models, both for acute cardioversion and for prevention of AF re-induction,
suggesting a potential for SK-channel inhibition in rhythm control of AF-patients.”%-13
Ventricular effective refractory period is largely unchanged by SK-channel inhibition in
most large animal models, therefore atrial selectivity is likely a beneficial characteristic of
Isk blockers 11-13.16

AF is associated with pronounced electrical, structural and Ca%*-handling remodeling
(reviewed in®%-61). Patients with cAF have shorter effective refractory periods (ERPs)

due to upregulation of repolarizing potassium currents and downregulation of depolarizing
L-type CaZ* channels, thereby promoting AF-maintaining reentrant activity. Our study is
the first of which we are aware to examine in detail the molecular control mechanisms
governing Isk under AF conditions in human hearts. Our findings establish the role of a
number of these mechanisms, including calmodulin Thr80-phosphorylation, PP2A activity
and membrane trafficking and targeting. Our data indicate that SK-channel remodeling is an
important contributor to ERP shortening in cAF patients, comparable to upregulation of 14,
potentially contributing to AF stability. By contrast, patients with a history of paroxysmal
AF from whom RA-cardiomyocytes were obtained during normal sinus rhythm, do not show
ERP shortening.#”60 However, our results indicate that AF, and even relatively short-term

Circ Res. Author manuscript; available in PMC 2024 April 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Heijman et al. Page 16

atrial tachycardia, upregulate the current through several pathways, suggesting that Ik
upregulation is an important part of the AF-promoting response of atrial cardiomyocytes
to sustained rapid activation, providing a plausible mechanistic basis for SK-channels as
antiarrhythmic targets.52

Conclusions

We have performed a detailed systematic analysis of the regulation of SK-channels in
cAF-patients. Our findings identify rapid post-translational modification of SK-channel
function, trafficking and targeting in the presence of atrial tachycardia, which shorten atrial
repolarization duration and position SK-channels as potentially important contributors to
self-promotion of AF in humans. These data provide novel insights into the molecular
control of atrial Isk in humans and a potential mechanistic framework for the development
of SK-channel inhibitors for rhythm control of AF.
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Non-standard Abbreviations and Acronyms

AAD Antiarrhythmic drug

AF Atrial fibrillation

AP Action potential

APD Action potential duration

CcAF Long-standing persistent (chronic) atrial fibrillation
CKIll Casein kinase type-ll

Ctl Sinus rhythm control

ERP Effective refractory period
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Novelty and Significance
What is known?

. Small-conductance Ca2*-activated K* (SK)-channels show a predominant
atrial expression in humans, making them interesting candidates for
pharmacological rhythm control of atrial fibrillation (AF).

. SK-channel inhibitors have significant antiarrhythmic effects in AF animal
models, but there are conflicting data on the AF-associated changes in SK-
current (Igk) in humans.

. SK-channels can undergo various forms of post-translational regulation,
affecting channel gating and membrane localization, but the molecular
mechanisms operative in human atrial cardiomyocytes of AF-patients are
poorly defined.

What new information does this article contribute?

. SK current (Igk) is increased in patients with long-standing persistent
(chronic) AF (cAF) with no changes in SK-channel subunit expression.

. The AF-related upregulation of Igk is associated with PP2A-mediated
calmodulin-Thr80 dephosphorylation, promoting enhanced channel gating,
and increased membrane trafficking and targeting of SK-channels in both left-
and right-atria.

. Short-term (10-minutes) rapid electrical activation at 5-Hz upregulates Igk by
increasing plasmalemmal SK2-targeting in cardiomyocytes from Ctl-patients
to levels observed in cAF-patients.

There remains a significant unmet clinical need for novel safer, more effective
antiarrhythmic drugs. SK-channel inhibitors have significant antiarrhythmic effects in AF
animal models, but regulation of SK-channels in AF-patients is poorly understood. Here,
we identified a significant upregulation of Igk in atrial cardiomyocytes from cAF-patients
and detailed the underlying molecular mechanisms. We provide the first demonstration
of AF-associated PP2A upregulation, calmodulin Thr80-dephosphorylation, and PP2A-
mediated Igk regulation in human atrial cardiomyocytes. Furthermore, we establish
trafficking-dependent upregulation of SK-channel membrane targeting in AF patients

as a second factor promoting increased Igk. We present an improved human atrial
cardiomyocyte computational model and together with experimental action-potential
recordings demonstrate the importance of Ik upregulation for shortening of the atrial
effective refractory period. Finally, we revealed a rapid upregulation of plasmalemmal
SK2-membrane targeting and Ik after 10 minutes of atrial tachycardia, which is also
sensitive to inhibition of PP2A and trafficking pathways. Together, our findings position
SK-channels as potentially important contributors to self-promotion of AF in humans,
provide novel insight into the molecular control of Isk and provide a mechanistic
rationale for the development of SK-channel inhibitors for rhythm control of AF.
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Figure 1. Small-conductance Ca2+-activated K+-current (ISK) in right-atrial (RA) Ctl- and
cAF-cardiomyocytes.

A-B, Membrane current during 300-ms voltage-clamp pulses from —120 mV to +80 mV
with 500-nmol/L intracellular Ca2* in the absence or presence of 100-nmol/L apamin in

Ctl- or cAF-cardiomyocytes. Insets show representative examples at —110 mV and +80

mV. C, Voltage-dependence of apamin-sensitive Ik in Ctl (white symbols) or cAF (red
symbols). D, Comparison of apamin-sensitive sk between Ctl and cAF at +30 mV and
-110 mV. N-numbers indicate numbers of cardiomyocytes/patients. E, Representative action
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potentials in the absence or presence of 100-nmol/L apamin in a Ctl- or cAF-cardiomyocyte
in the presence of 500-nmol/L intracellular Ca2*. F, Relative apamin-induced prolongation
of action potential duration at 50% or 90% of repolarization (APDsg and APDgg) in Ctl

and cAF. P-values are based on two-way ANOVA with repeated measures for V) (C) or
multilevel mixed models with log-transformed data (D) or regular data (F) to account for
non-independent measurements in multiple cells from individual patients.

Circ Res. Author manuscript; available in PMC 2024 April 28.
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Figure 2. Relative contribution of small-conductance Ca2+-activated K+ (SK)-current and other
K+-currents to action potential (AP) duration and resting membrane potential (RMP) in the in
silico human atrial cardiomyocyte model and protein levels of SK channel subunits in right-atrial

(RA)-cardiomyocytes from Ctl- and cAF-patients.

A, Steady-state APs during 1-Hz pacing in the populations of Ctl (left) and cAF (right)
models. B, Relative contribution of the maximal conductance of the transient-outward
K*-current (Gto); rapid, slow or ultra-rapid delayed-rectifier K*-currents (GKr, GKs and
GKur, respectively); basal inward-rectifier K*-current (composed of GK1, empty bars; and
constitutively-active acetylcholine-activated inward-rectifier K* current GK,ACh,c, hatched
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bars, 10% in Ctl and 20% in cAF); and SK-current (GSK), as well as affinity of SK-current
for intracellular Ca2* (Kd,SK) to AP duration at 50%- or 90%-repolarization (APDsp;
APDgg) or RMP in Ctl (white bars) or cAF (red bars) model populations. Each bar
represents a regression coefficient linking a certain model parameter to a certain AP feature.
The coefficient can be used to predict the value of each AP feature after applying a known
perturbation in the baseline value of the model parameter, as detailed in the online-only Data
Supplement. C, Representative Western blots (left) and quantification of SK1, SK2 and SK3
proteins in RA-cardiomyocytes from Ctl- and cAF-patients. N-numbers indicate number of
patients. P-values are based on Mann-Whitney tests comparing Ctl vs. cAF.
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Figure 3. Immunostaining of small-conductance Ca2+-activated K+ (SK)-channel isoforms in
human atrial cardiomyocytes of right- and left-atrial (RA and LA) tissue slices.

A, Representative wheat germ agglutinin (WGA) and SK2 staining in RA (left) and LA
(right) tissue slices of Ctl (top) and cAF patients (bottom). Scale bars indicate 10-um. B,
Similar to panel A for WGA and SK3. C, Quantification of average fluorescence intensity
(F.1.) of SK2 (left) or SK3 (right) at the membrane compared to the cytosol in the RA and
LA for Ctl- and cAF-patients. Membrane regions were delineated based on WGA staining
as shown in Figures S16-S18. Data are normalized to corresponding Ctl-cardiomyocytes.
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N-numbers indicate numbers of cardiomyocytes/patients. P-values are based on multilevel
mixed models with log-transformed data (RA) or regular data (LA) to account for non-
independent measurements in multiple cells from individual patients.
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Figure 4. Membrane localization and trafficking of small-conductance Ca2+-activated K+ (SK)-
channel isoforms.

A, Representative immunocytochemistry of SK2 in right-atrial (RA)-cardiomyocytes from
Ctl- and cAF-patients at baseline or after inhibition of anterograde or retrograde protein
trafficking with latrunculin-A (1-pmol/L for 2-hours) or primaquine (120-umol/L for 4-
hours), respectively. Lower panels show transversal line profiles of fluorescence intensity
(F.1.) for all cardiomyocytes (thin colored lines), as well as the average across all cells
(thick black lines). Scale bars indicate 15-um (5-pum in the insets). B, Similar to panel A
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for SK3. Data for SK1 are provided in Figure S19. C, Average F.I. of SK2 (left) or SK3
(right) at the membrane (first and last 10% of cell width) compared to the cytosol (middle
80%) for Ctl and cAF with or without latrunculin-A (diagonal-patterned bars) or primaquine
(hashed bars). Data are normalized to Ctl-cardiomyocytes at baseline. N-numbers indicate
numbers of cardiomyocytes/patients. A-values are based on multilevel mixed models with
log-transformed data to account for non-independent measurements in multiple cells from
individual patients and are Bonferroni-corrected to account for multiple comparisons.
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Figure 5. Trafficking- and phosphorylation-dependent regulation of small-conductance Ca2+-
activated K+-current (ISK) in right-atrial (RA)-cardiomyocytes from Ctl- and cAF-patients.

A, Representative examples (top) of membrane current during depolarizing pulses to +80
mV in the absence or presence of 100-nmol/L apamin and group data of apamin-sensitive
Isk (bottom) at +30 mV in Ctl- and cAF-cardiomyocytes in the presence of the actin-
depolymerizing agent latrunculin-A (1-umol/L for 2-hours), which modulates anterograde
protein trafficking. B, Similar to panel A in the presence of the early (recycling) endosomes
inhibitor primaquine (120-umol/L for 4-hours), which inhibits retrograde protein trafficking.
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C, Membrane current during depolarizing pulses to +80 mV in the absence (solid lines)

or presence (dashed lines) of 100-nmol/L apamin for Ctl- and cAF-cardiomyocytes at
baseline (left) or in the presence of PP2A-inhibition with 10-nmol/L okadaic acid (right).
D, Quantification of apamin-sensitive Igk at +30 mV in atrial cardiomyocytes from Ctl- and
CAF-patients at baseline (open bars) or in the presence of okadaic acid (diagonal-patterned
bars). N-numbers indicate numbers of cardiomyocytes/patients. P-values are based on
multilevel mixed models with log-transformed data (A,D) or regular data (B) to account

for non-independent measurements in multiple cells from individual patients. ~-values in
(D) were Bonferroni-corrected to account for multiple comparisons.
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Figure 6. Ca2+/calmodulin (CaM)-dependent regulation of small-conductance Ca2+-activated
K+ (SK)-channels in human right atria (RA).

A, Schematic representation of the SK-channel macromolecular complex, including
phosphorylation-dependent regulation of CaM. B, Western blots of the catalytic subunit
of protein phosphatase-2a (PP2Ac), total CaM and Thr80-phosphorylated CaM in RA-
cardiomyocytes from Ctl- and cAF-patients. Troponin-C (TnC) was used as loading
control. C, Quantification of total and Thr80-phosphorylated calmodulin, as well as
relative phosphorylation ratio in RA-cardiomyocytes from Ctl- and cAF-patients. D,
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Quantification of PP2Ac protein levels in RA-cardiomyocytes from Ctl- and cAF-patients.
E, Representative co-immunoprecipitation experiments showing Western blots of SK2 and
PP2Ac or SK2 and a-actinin-2 (a-Act2) in lysates (lys) or SK2-immunoprecipitates from
RA whole-tissue homogenates of Ctl- or cAF-patients, together with negative control for
non-specific binding (NSB). Vertical white lines delineate separate regions on the same
gel. F, Quantification of SK2-associated PP2Ac (left) or a-Act2 in RA whole-tissue
homogenates of Ctl- and cAF-patients. G, Representative immunostaining and associated
line scans (bottom) of SK2 in RA-cardiomyocytes from cAF patients incubated with (right)
or without BAPTA-AM (25 pmol/L for 5-hours, left). N-numbers indicate numbers of
patients. P-values are based on unpaired Student’s #test (C,D) or Mann-Whitney tests (F).
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Figure 7. Tachycardia-dependent upregulation of small-conductance Ca2+-activated K+ (SK)-
channels.

A, Voltage- or current-clamp protocols (V-Clamp and C-clamp, respectively) comparing
baseline conditions with conditions after 10-minutes of depolarizing VV-Clamp pulses
mimicking action potentials (APs) delivered at 5-Hz. B, Apamin (100-nmol/L)-sensitive gk
at +80 mV in right-atrial (RA)-cardiomyocytes from Ctl-patients at baseline (open symbols)
and from RA-cardiomyocytes from Ctl- or cAF-patients after 10-minutes of 5-Hz activation
(diagonal-patterned bars). C, Representative APs in RA-cardiomyocytes from Ctl-patients at
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baseline or after 10-minutes stimulation at 5-Hz in the absence or presence of apamin (left),
as well as apamin-induced prolongation of APD at 50% or 90% of repolarization (APDsg
and APDqgy, respectively). D, Apamin-sensitive Ik at +80 mV in RA-cardiomyocytes from
Ctl-patients after 10-minutes of 5-Hz activation after pre-incubation with the Ca2*-chelator
BAPTA (30-umol/L for 1-hour), L-type Ca%*-channel blocker nifedipine (1-umol/L for 3
mins), PP2A-inhibitor okadaic acid (10-nmol/L for 1-hour) or casein kinase type-1l inhibitor
TBBz (10-umol/L for 1-hour) (green bars; all affecting SK-channel gating), or latrunculin-
A (1-umol/L for 2-hours) and primaquine (120-umol/L for 4-hours) (orange bars; both
affecting SK-channel trafficking). N-numbers indicate numbers of cardiomyocytes/patients.
P-values are based on multilevel mixed models with log-transformed data to account

for non-independent measurements in multiple cells from individual patients and are
Bonferroni-corrected to account for multiple comparisons.
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Figure 8. Increased membrane localization of small-conductance Ca2+-activated K+ (SK)-
channels after field stimulation.

A, Representative immunocytochemistry of SK2 in right-atrial (RA)-cardiomyocytes from
Ctl-patients after 10 minutes of field stimulation at 0.2 Hz or 5 Hz. Lower panels show
transversal line profiles of fluorescence intensity (F.1.). Scale bars indicate 10-um. Bottom
panel shows average F.I. of SK2 at the membrane (first and last 10% of cell width)
compared to the cytosol (middle 80%) after 10 minutes of field stimulation at 0.2 Hz or

5 Hz. Data are normalized to 0.2 Hz. B, Similar to panel A for SK3. C, Representative
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co-staining of SK2 (red) and a-actinin2 (green) in RA-cardiomyocytes from Ctl-patients
after 10 minutes of field stimulation at 0.2 Hz (left) or 5 Hz (right). Scale bars indicate
20-um. D, Pearson’s R correlation coefficient for SK2 and a-actinin2 after 0.2 Hz and 5
Hz pacing. N-numbers indicate numbers of cardiomyocytes/patients. ~-values are based on
multilevel mixed models with log-transformed data (A) or regular data (B,D) to account
for non-independent measurements in multiple cells from individual patients and take into
account that cardiomyocytes from the same patients were used for 0.2 Hz and 5 Hz.
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