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Abstract

Aims:

Small-conductance Ca?**-activated potassium channels (SK) are increasingly investigated as
therapeutic targets for atrial fibrillation. Emerging evidence, however, indicates their functional
relevance in ventricular pathologies. This study investigates the expression, localization, and
functional role of SK2 and SK3 channel subtypes in ventricular myocardium from patients with

and without valvular disease-associated remodeling.
Methods and results:

Human ventricular tissue was obtained from 125 patients undergoing cardiac surgery. mRNA
levels of KCNN2 and KCNN3 were quantified with RT-qPCR. Protein levels and localization of
SK2 and SK3 were analyzed via immunohistochemistry. Functional responses were evaluated by

optical mapping of living ventricular myocardial slices.

Gene expression was not significantly altered in remodeled myocardium. SK2 and SK3 were
located in striated patterns, colocalizing with L-type Ca?* channels in all patients. SK3 was also
present at intercalated discs, although this pattern was significantly reduced in remodeled
myocardium. Functionally, SK channels were inactive in non-remodeled myocardium, with
neither apamin nor SKA-31 altering action potential duration (APD). In contrast, in remodeled
myocardium, apamin prolonged and SKA-31 shortened APD. This response to SKA-31 was more
pronounced in patients with reduced ejection fraction. Mechanistically, SKA-31 effects were
abolished by L-type Ca?" channel blockade or CaMKII inhibition, but not by PKA inhibition,
suggesting that SK activation is Ca*" and CaMKII-dependent.

Conclusions:

SK channels become functionally upregulated in the early stages of ventricular remodeling
despite the absence of gene expression changes. SK activation might rely on post-translational
modifications and calcium handling alterations. These findings highlight the need for caution in

targeting SK channels therapeutically.

Keywords
Optical mapping

Cardiac slices
SK channels
Ventricular remodeling

Repolarization



1. Introduction

Small-conductance Ca*"-activated potassium (SK) channels, encoded by the KCNN gene family,
comprise three isoforms (SK1-3). These channels are voltage-independent and are gated
exclusively by intracellular Ca*" through constitutive binding to calmodulin (CaM). Upon Ca?*
binding, CaM undergoes a conformational change that opens the channel pore, allowing K" efflux
and contributing to membrane repolarization. SK channels thus form a direct mechanistic link

between intracellular Ca?" dynamics and the cardiac action potential (AP) !,

SK channels are selectively blocked by apamin, which has been traditionally used for the study
of these channels 3. Of the three isoforms, SK2 and SK3 are expressed in the human heart,
predominantly in atrial tissue '*. SK channel inhibition prolongs AP duration (APD) in atrial
cardiomyocytes while having minimal effects in ventricular cardiomyocytes °. Based on this atria
selectivity, SK channels have been proposed as promising targets for atrial-specific
antiarthythmic therapy °®. A phase II clinical trial of the SK channel inhibitor AP30663

demonstrated encouraging results in terminating recent-onset atrial fibrillation (AF) episodes °.

Nonetheless, increasing evidence suggests that SK channels are also expressed and functionally
relevant in the ventricular myocardium, particularly under pathological conditions such as
hypertrophy and heart failure '°'. While SK channels are not thought to contribute significantly
to ventricular repolarization in the healthy ventricle, their upregulation in disease states may
modulate ventricular electrophysiology. Whether this is proarrhythmic or antiarrhythmic remains
unclear '"'7, Some studies suggest a protective SK role in preserving repolarization reserve, while

others implicate SK channels in promoting repolarization heterogeneity and arrhythmogenesis.

SK channels are subject to complex regulation at transcriptional and post-translational levels,
affecting their trafficking, membrane localization, and Ca®" sensitivity. They assemble as
tetramers and can form heteromers, notably between SK2 and SK3 subunits *. SK channels are
part of supramolecular complexes. CaM‘s Ca?* sensitivity is modulated via phosphorylation by
casein kinase 2 (CK2) and dephosphorylation by protein phosphatase 2A (PP2A). SK channels
also associate with L-type calcium channels (LTCCs) through o-actinin2 and are spatially
organized near ryanodine receptors (RyRs) in the junctional sarcoplasmic reticulum 7> 82,
Ca*’/CaM-dependent protein kinase II (CaMKII) enhances SK channel Ca®* sensitivity via
phosphorylation, especially under pathological conditions with altered Ca?>" handling 2>**. In
contrast, phosphorylation by protein kinase A (PKA) reduces SK channel membrane expression
and mitigates voltage-dependent deactivation at high Ca®" concentrations 2°. These signaling
pathways work in concert to finely tune SK channel activity in response to acute and chronic

alterations in intracellular Ca** and cyclic adenosine monophosphate levels.



To date, most studies on ventricular SK channels in humans have been limited to patients with
end-stage heart failure undergoing heart transplantation or left ventricular assist device
implantation. These models often reflect advanced disease states and offer limited insight into
earlier stages of ventricular remodeling. Additionally, most studies use isolated cardiomyocytes,
which may disrupt native subcellular architecture and cell-cell interactions critical for proper SK
channel localization and function. Our group recently developed a minimally invasive approach
to assess ventricular electrophysiology in living human tissue using thin cardiac slices obtained
from small biopsies *°. This method allows for the concurrent evaluation of gene and protein
expression, subcellular localization, and electrophysiological properties in tissues from patients

with varying degrees of cardiac remodeling.

In this study, we characterized the expression, distribution, and function of SK2 and SK3 channels
in ventricular myocardium from patients with and without valvular disease-associated
remodeling. KCNN2 and KCNN3 mRNA levels did not differ significantly between groups.
Immunohistochemistry revealed consistent expression of SK2 and SK3 in all samples, with SK2
and SK3 displaying a striated distribution pattern indicative of T-tubule localization. In some
samples, SK3 was additionally localized to intercalated discs. Optical mapping demonstrated that
SK channel activation and inhibition occurred only in remodeled tissue. Furthermore, we
identified key roles for CaMKII and PKA signaling in modulating SK channel activity in the

context of ventricular remodeling.

2. Methods

2.1 Human ventricular tissue extraction and processing
125 human transmural core biopsies and papillary muscles were obtained by experienced

cardiothoracic surgeons at Miguel Servet University Hospital, Zaragoza, Spain. Biopsies were
collected during valve replacement or coronary artery bypass grafting surgeries after cardioplegic
arrest with Celsior, as previously described ?°. All patients gave written informed consent before
surgery and prior to their inclusion in the study. The study conforms to the principles outlined in
the Declaration of Helsinki and was approved by the local Ethics Committee (CEICA, reference
number P117/0023).

Upon collection, papillary muscles and transmural biopsies were rapidly submerged in cold
Tyrode’s solution (composition in mM: NaCl 140, KCl1 6, CaCI2 1.8, MgCI2 (-6H20) 1, glucose
10, HEPES 10) supplemented with 30 mM 2, 3-butanedione monoxime (BDM), pH adjusted to
7.4, all chemicals from Sigma Aldrich (Mo, USA). Samples were transported to the laboratory

within 30 minutes.

Transmural biopsies were taken from the epicardial surface of the left ventricular wall or the

transmural septum and their length varied between 0.5 and 1 cm. The alignment of the fibers was



identified, and biopsies were embedded in 4% low-melting agarose (Ecogen, Spain), ensuring
that the fiber alignment was parallel to the slicing plane, and glued (LOCTITE, Henkel Iberica,
Spain) to the vibratome cutting stage. In the transmural biopsies obtained from the epicardial
surface of the ventricular wall, only the first millimeter from the epicardial surface was considered
as epicardial tissue. Papillary muscles were directly glued onto the vibratome cutting stage with
the chordae tendinae aligned with the slicing plane or, when necessary to assure the correct

longitudinal alignment of muscle fibers, embedded in 4% low-melting agarose.

350-um-thick slices were produced with a high precision vibratome (Leica VT1200S, Leica
Microsystems, Germany) with stainless steel blade (Astra Superior Platinum double edge razor
blades, Gillette, USA) advancing at a speed of 0.03-0.04 mm/s and oscillating at an amplitude of
2 mm and a vibrating frequency of 80 Hz, submerged in cold Tyrode’s supplemented with 30 mM
BDM. Thicker sections (0.5-2 mm) were cut and immediately snap frozen for gene expression
evaluation or fixed and embedded in paraffin for histological analysis. To enable evaluation of
equivalent transmural layers between remodeled and non-remodeled patients, stored samples

were also used for histological evaluation.

2.2 Quantitative real-time PCR

A total number of 43 heart tissue samples were snap frozen in liquid nitrogen and stored at -80 °C
until RNA extraction. The clinical characteristics of patients can be consulted in Table SI.
Samples were placed in pre-cooled tubes containing TRIzol reagent (Sigma, USA) and rapidly
subjected to manual homogenization using a pestle. Total RNA extraction was carried out using
standard procedure according to the manufacturer’s instructions (QIAGEN, Denmark). All the
RNA samples were then treated with RNase-Free DNase (Life Technologies, USA) to remove
genomic DNA. RNA was reverse-transcribed using PrimeScript Reverse Transcriptase (Takara
Bio, Japan). Real-time PCR was performed using the StepOnePlus system (Applied Biosystems,
USA). 2 ul of the cDNA product was amplified using gene-specific primers in a total volume of
15 pl per reaction with SYBR Select Master Mix (Applied Biosystems, USA), using a protocol
as follows: 95°C for 10 min, 40 cycles of 15 sec at 95°C and 1 min at 60°C, and 15 sec at 95°C.
mRNA expression of GAPDH, CACNAIC, KCND3, KCNJ2, KCNH2, KCNQI1, KCNN2 and
KCNN3 were analyzed, primer sequence can be consulted in Table S2, KCNN2 primers were
kindly provided by Natalia Hernandez Bellido and Laura Ordovas. Relative gene expression was

normalized to GAPDH expression using the 2-44% method.

2.3 Immunohistochemistry
Tissue sections from 83 patients were fixed in 4% paraformaldehyde for 1 hour at 4°C and

subsequently stored in PBS with 0.01% Na-Azide at 4°C until paraffin embedding. 3-pm-thick

sections were stained following standard immunohistochemical procedures. The clinical



characteristics of patients can be consulted in Table S3. Briefly, sections were deparaffinated and
rehydrated. Antigen retrieval was performed with TRIS/EDTA buffer (pH = 9) with 0.05%
TWEEN-20 at 97°C for 20 minutes. After cooling sections were blocked with PBS containing 5%
bovine serum albumin (BSA) for 1 hour. Primary antibodies were incubated overnight at 4°C and
secondary antibodies together with wheat germ agglutinin (WGA) were incubated at room
temperature (RT) for 1 hour. Two treatments were performed to reduce autofluorescence: glycine
IM for 30 minutes at RT and a final staining with Sudan Black 1% in 70% ethanol for 20 minutes.

Samples were mounted with Fluoromount G (Invitrogen, USA).

Primary antibodies were goat polyclonal anti-KCNN2 (SK2, dilution 1:125) (PA5-19205,
Invitrogen, USA), rabbit polyclonal anti-KCNN3 (SK3, dilution 1:125) (PA5-41014, Invitrogen,
USA) and mouse monoclonal recombinant anti-Cav1.2 Ca2+ channel (L-Type Ca®" channels,
dilution 1:125) (184183-rAb, Addgene, USA). Secondary antibodies were Alexa Fluor 488
donkey anti-goat IgG (dilution 1:200) (A11055, Molecular Probes, USA), CFTM-633 donkey
anti-rabbit (dilution 1:200) (SAB4600132, Sigma-Aldrich, USA) and Alexa Fluor 568 donkey
anti-mouse IgG (dilution 1:200) (A10037, Thermofischer, Spain). Extracellular matrix was
stained with WGA conjugated with Alexa-fluor 488 or 633 (dilution 1:1000) (W32464,
Thermofischer, Spain and 29024-1, Biotium, USA, respectively).

Tissue sections were imaged using confocal microscopy Carl Zeiss LSM 880 (Carl Zeiss,
Germany). Z-series of images were collected for the whole thickness of the slice. Using Image],
2-3 line scans were extracted per image for each channel (SK2/ L-Type Ca** channels and SK3/
L-Type Ca’" channels). A custom MATLAB script was developed to identify the maximum
intensity peaks in the L-type channel, which correspond with the location of striations. For each
peak, the maximum intensity of SK2 or SK3 was measured within a 3-pixel window (0.63 pum).
Subsequently, the intensity values from all peaks across all line scans were averaged for each
patient to obtain a representative value (15 to 40 peaks were averaged from each patient). In the
case of L-Type Ca?" channels and SK3 co-staining, an additional qualitative scoring of SK3
location at intercalated discs was performed by two independent observers. Each observer gave a
scoring of 0 (not present), 1 (limited) or 2 (clearly present) for the expression of SK3 in the
intercalated discs. The inter observer agreement was tested with Cohen’s kappa coefficient test,
and the scorings of the two observers were summed for further evaluation. For each staining, only

samples with a striated pattern in the L-Type Ca®" channels were considered for evaluation.

2.4 Optical mapping of transmembrane potential and data analysis

For the optical mapping recordings, 350-um-thick slices were incubated in Tyrode’s solution at
RT with the excitation-contraction uncoupler 10 uM blebbistatin (Tocris Bioscience, USA) for 30
minutes and with the voltage-sensitive dye 7.5 uM RH237 (Invitrogen, USA) for 15 minutes.



Slices were washed in Tyrodes’s solution at RT for at least 30 minutes before the recording of
transmembrane potential, the functional evaluation was performed within 1 to 8 hours of the slice

production.

Myocardial tissue slices from 79 patients (Table S4) were optically mapped with a MiCAM O5-
Ultima CMOS camera (SciMedia, USA) with a spatial resolution of 100 x 100 pixels with 3.1 um
per pixel and a temporal resolution of 2 ms. Measurements were conducted in a heated chamber
(RC-27NE in a PM-6 heated platform, Warner Instruments, USA) at 37° C equipped with two
platinum field-stimulation electrodes in Tyrode’s solution. 20-second recordings were acquired at
0.5, 1, and 2 Hz at baseline conditions and after the addition of the different compounds (100 nM
isoprenaline, 1 pM apamin, 100 pM SKA-31, 10 uM nifedipine, 2 pM KN-93, 10 uM AIP, and
2 uM H-89), slices were allowed to stabilize for 3 minutes at a pacing frequency of 0.5 Hz before

each set of recordings.

The evaluation of the optical mapping signals was performed with OMap, a custom-write
software based on MATLAB %’. Briefly, this software filtered the optically mapped signals to
remove the baseline drift by high pass filtering as well as noise and artifacts with spatio-temporal
Gaussian filtering. For each pixel, the signal-to-noise ratio (SNR) was computed as the ratio
between the peak AP amplitude and the root-mean-square of the diastolic signal, and only the
pixels exceeding a predefined SNR threshold were included in the analysis. In addition, a
morphology-based criteria was included to ensure the physiological consistency of the signals.
Specifically, for each pixel, APs were temporally aligned and averaged, and their morphology
was evaluated ensuring adequate return to baseline. Upstroke and downstroke characteristics were
also evaluated. Upstroke quality was assessed based on the consistency and timing of the
maximum first derivative, ensuring a well-defined depolarization phase, while downstroke
morphology was evaluated by analyzing the repolarization segment to confirm a stable return to
baseline. Only pixels fulfilling all these criteria were included in the final maps. A map with the

values of APD at 80% repolarization (APDso) for all included pixels was obtained.

2.5 Statistical analysis
Statistical comparisons were performed using nonparametric tests, as the limited sample size and

the distribution of the data did not generally satisfy the assumptions of normality when tested with
the Shapiro-Wilk test. Comparison of the continuous variables between two groups was
performed using Mann-Whitney test for unpaired samples or Wilcoxon signed-rank test for paired
samples both tests were two sided. A p value < 0.05 was considered for statistically significance.
Significant differences were represented as * (p < 0.05), ** (p < 0.01), *** (p <0.001) or ****

(p <0.0001). Graphs were produced with GraphPad Prism 8 Software unless stated otherwise.



For the optical mapping evaluation, the notation n/N was used to denote n tissue slices from N
patients. From transmembrane voltage recordings, APD was calculated at 80% repolarization
(APDso). In the APD graphics, each point represents the average value of APDso, or normalized
APDsgy, for each patient and treatment. 2 to 5 slices were evaluated per patient and condition. In

the text, data from all patients are presented as median [25"™ and 75" percentiles].

3. Results

Control samples (non-remodeled myocardium) were collected from ischemia-free regions in
patients undergoing coronary artery bypass grafting who exhibited preserved left ventricular
ejection fraction (LVEF, > 50 %), no valvular dysfunction, no ventricular hypertrophy (ventricular
mass index < 160 g/m? or clinical diagnosis), and no clinical signs of dilated cardiomyopathy.
Remodeled samples were collected from patients undergoing surgery for clinically diagnosed
valvular heart disease (aortic and/or mitral stenosis or insufficiency). This group included patients

with preserved or reduced LVEF, as well as with or without ventricular hypertrophy.

3.1 Gene expression
mRNA expression levels of genes from the main channels involved in cardiac AP (CACNAIC,

KCND3, KCNJ2, KCNH2, KCNQI) as well as KCNN2 and KCNN3 genes were determined by
real-time PCR. Midmyocardial tissue samples of 9 patients without ventricular remodeling and
24 papillary muscles and 10 septal samples from patients with ventricular remodeling were
studied. The clinical characteristics of patients can be consulted in Table S1. All samples showed
mRNA levels within range of cycle threshold (Ct) values of 18 and 30. Only CACNAIC showed
significantly different expression levels between transmural biopsies from patients without
ventricular remodeling and papillary muscles from patients with ventricular remodeling (Figure
1A). No differences were found in CACNAIC expression levels between non-remodeled
myocardium and remodeled interventricular septum. Expression levels of KCND3, KCNJ2,
KCNH2, KCNQ1, KCNN2 and KCNN3 levels did not significantly vary between non-remodeled
myocardium (mid-myocardium) and remodeled myocardium (septal biopsies and papillary

muscles) (Figure 1B to 1G).

3.2 Protein expression
Co-staining of LTCCs and SK2 or SK3 were performed in a subset of 73 patients. The clinical

characteristics of patients can be consulted in Table S2. Both SK2 (Figure 2A) and SK3 (Figure
3A) proteins were detected in a striated pattern in cardiomyocytes, consistent with localization
along the T-tubules, and showed colocalization with LTCCs. No evidence of non-specific signal
was detected in the SK2 or SK3 channels in negative control samples containing only secondary

antibodies (Figures S1 and S2). SK2 expression in the non-remodeled epicardium was



significantly higher than in the remodeled epicardium and papillary muscles (Figure 2B). No
statistically significant differences in SK2 fluorescence intensity were observed among the
different regions of remodeled myocardium (epicardium, papillary muscles, and interventricular
septum). Within remodeled patients, only significant differences in expression levels were found
in patients with mitral valvulopathy (8070 [6396, 9831], N =31), which presented reduced protein
expression with respect to patients without mitral valvulopathy (9841 [8826, 12118], N = 39).
Remodeled patients with additional right side valvular dysfunction also presented significantly (p
= 0.0194) lower levels of SK2 protein expression (7808 [6345, 8603], N = 10) than patients
without right side valvular dysfunction (9415 [8107, 11617], N = 60). In addition to its striated
distribution, SK2 channels were also detected in the intercalated disks in a small number of
patients (Figure 2C). The inter-observer agreement for the scoring of SK2 location in the
intercalated discs was 0.746 and there were no statistically significant differences between the

different groups.

SK3 expression in striations was higher in the remodeled epicardium than in non-remodeled
epicardium. However, the difference did not reach statistical significance. In contrast, SK3 protein
expression levels in the striations were significantly higher in the remodeled epicardium than in
the papillary muscles and interventricular septum (Figure 3B). Within each remodeled group, we
further studied whether the expression levels of SK3 could be explained by factors such as: sex,
left ventricular ejection fraction (LVEF), hypertrophy, aortic valvulopathy, mitral valvulopathy,
right side valvular disfunction (RSVD), high blood pressure (HBP), dyslipidemia (DLD),
treatment with B-blockers, treatment with angiotensin converting enzyme or angiotensin receptor
blockers (ACEI or ARBs), diabetes (DBT) or age. Within each group, none of these factors

influenced the expression levels of SK3.

In addition to its striated distribution, SK3 channels were also detected in the intercalated disks
in more patients than SK2. The inter-observer agreement for the scoring of SK3 location in the
intercalated discs was 0.723. SK3 channel presence in the intercalated discs was significantly
higher in non-remodeled myocardium than in remodeled epicardium (p = 0.0099), remodeled
papillary muscles (p = 0.0008) and remodeled septum (p = 0.0108) (Figure 3C). Interestingly,
patients with diabetes within the non-remodeled group presented a significantly (p = 0.0048)
lower score of SK3 present in the intercalated discs (median 3 [1,4], N=7 vs 4[4, 4], N=9).

3.3 Functional expression

Transmembrane potential was recorded and APDgo was measured at different pacing frequencies
at baseline conditions and after the addition of several known modulators of SK channels to

determine their contribution to ventricular repolarization in 83 patients with and without valvular



disease-associated remodeling. The clinical characteristics of patients can be consulted in Table

S3.

3.3.1 Inhibition of SK channels

Transmembrane potential was recorded and APDgy was measured at a pacing frequency of 1 Hz,
in the presence of 100 nM isoprenaline (iso) and after the addition of 1 uM of the selective SK
channel blocker apamin, in 17 patients with and without ventricular remodeling. Recordings were
performed in the presence of 100 nM isoprenaline to promote the activation of SK currents and
enable the assessment of their contribution to ventricular repolarization. In non-remodeled
myocardium, apamin, did not significantly alter APDgy (+1.0% [-2.6, +8.1], p = 0.4375). In
contrast, in remodeled myocardium apamin produced a significant prolongation of APDgo (+5.7%

[+2.6, + 11.4], p=0.0093) (Figure 4).

3.3.2 Activation of SK channels

APDgo was measured in baseline conditions and after the addition of 100 pm of the SK channel
activator SKA-31 in tissue samples from 41 patients with and without ventricular remodeling

stimulated at different pacing frequencies (Figure 5).

SKA-31 100 pM did not significantly alter APDgo in non-remodeled myocardium at any pacing
frequency (Figure 5A). In remodeled myocardium, however, SKA-31 significantly shortened
APDg in both biopsies from the papillary muscles (Figure 5B) and interventricular septum
(Figure 5C) at all frequencies tested. The response to SKA-31 measured at 1 Hz pacing was
statistically different in non-remodeled myocardium that in remodeled myocardium (p = 0.0045
when compared to the response of all remodeled samples). (Figure 5E). Figure S3 shows
representative APDgo maps obtained from tru-cut biopsies in remodeled and non-remodeled
myocardium at baseline conditions and after the addition of 100 pM SKA-31. This differential
response between non-remodeled and remodeled tissues was maintained at 0.5 and 2 Hz (Figures
5D to 5F and Table S5). Interestingly, at a pacing frequency of 1 Hz, the response to SKA-31 was
similar between the papillary muscles and the interventricular septum (-12.6% [-17.5, -10.3] vs -
12.3% [-16.5, -7.7], p = 0.5474) despite the differences in baseline APDso (254 ms [239, 298] vs.
335 ms [268, 363], p=0.0302). For this reason, no distinction between types of remodeled tissues

was made in the subsequent optical mapping analysis.

Next, the influence of clinical characteristics on the magnitude of the response to SK activation
with SKA-31 was investigated. No significant differences in the response to SKA-31 depending
on gender, cardiac hypertrophy, presence of left valvular pathology, aortic valvulopathy, mitral
valvulopathy, arterial hypertension, dyslipidemia, B-blockers intake, ACEI or ARBs intake or
diabetes. The only factor influencing the response to SKA-31 was LVEF. Patients with reduced
LVEF (< 50) had significantly (p = 0.0244) greater response to SKA-31 (-19.5% [-19.6, -13.7],n



= 5) than patients with preserved LVEF (-12.1 [-7.4, -16.3], n = 30) (Figures 6A to 6K). Age had
a weak correlation with the response, with elder patients showing a reduced response to SKA-31
with respect to younger patients (Figure 6L). Baseline APDgy did not show correlation with the

response to SKA-31 (Figure 6M).
3.3.3 Regulation of SK channels in remodeled tissue

Due to the differences observed at the functional level between remodeled and non-remodeled
tissue, which were not explained by differences in mRNA or protein expression, the mechanisms
that could be implicated in this differential functional regulation of SK channels were further
investigated. Specifically, in papillary muscles and septum of patients with ventricular
remodeling, the effect of 100 pM SKA-31 was analyzed after the addition of several inhibitors of
proteins known to regulate the activity of SK channels (Figure 7 and Table S6).

First, we evaluated whether blocking Ca** entry through LTCCs with 10 uM nifedipine was
sufficient to avoid the subsequent activation with SKA-31. In cardiac slices from 10 patients with
ventricular remodeling, we observed that nifedipine significantly shortened APDs by -22.0% [-
33.67, -12.4], -21.1% [-30.8, -11.5] and -20.0% [-27.0, -12.1] at 0.5, 1 and 2 Hz pacing
frequencies, respectively. The subsequent addition of SKA-31 did not significantly alter APDg at
0.5 and 1 Hz and slightly prolonged APDsg at 2 Hz pacing frequency (Figure 7A).

We next evaluated other post-transcriptional regulations known to affect SK channel activity. We
studied the effect of blocking the activity of CaMKII with 2 pM KN-93 and with 10 puM
autocamtide-2-related inhibitory peptide (AIP) as well as the effect of blocking PKA with 2 uM
H-89 by incubating the slices for 30 minutes with each compound, respectively. Blocking the
activity of CaMKII with 2 uM KN-93 or 10 pM AIP prevented the subsequent activation of SK
channels with SKA-31 (Figure 7B and C, respectively). Blocking the activity of PKA with 2 pM
H-89 did not prevent the activation with SKA-31 at all frequencies (Figure 7D). The response to
SKA-31 was slightly reduced (p = 0.0204) when comparing the response to SKA-31 at 1 Hz
pacing frequency between slices incubated with H-89 (-7.0% [-12.0, -6.3], n/N = 27/10, Figure
7D) with those without in all patients tested (-12.3% [ -16.8, -8.7], n/N = 120/35, Figure 5E).
However, in a subset of 5 patients (n/N = 11-13/5), SKA 31 was added in slices with and without
prior incubation with H-89 and no significant difference was found (p > 0.9999) in the activation

of SK channels at 1 Hz pacing frequency (Figure 7E).

4 .Discussion

4.1 Experimental approach and patient tissue selection
We assessed the expression, localization, and functional role of ventricular SK channels in

myocardial biopsies obtained from living patients, both with and without evidence of ventricular

remodeling. The classification of samples with and without ventricular remodeling was based



exclusively on clinical criteria rather than on tissue-level characterization including alterations in
gene expression, fibrosis, or cardiomyocyte hypertrophy, which allows a more direct clinical

translation of our findings.

In contrast to most studies utilizing animal models or end-stage heart failure tissues (e.g.,
explanted hearts), our approach enables the investigation of intermediate disease stages in human
hearts. Despite their small size, both small biopsies and ultrathin living myocardial slices show
good viability and frequently support multiple levels of analysis, including transcriptomic,
immunohistochemical, and electrophysiological studies, thereby offering a physiologically

relevant view of early or moderate ventricular remodeling 5%,

4.2 Gene expression of SK and major cardiac ion channels
We quantified the mRNA levels of KCNN2 (SK2) and KCNN3 (SK3), along with genes encoding

key cardiac ion channels involved in the cardiac AP: CACNAIC (Icap), KCND3 (1), KCNJ2 (Ik1),
KCNH2 (Ixr), and KCNQ!I (Ixs) (Figure 1). No significant differences were observed in the
expression of channel genes between groups, except for CACNAIC, which was significantly
upregulated in the papillary muscles of patients with ventricular remodeling compared to non-
remodeled ventricular tissue. Interestingly, the levels of CACNAIC, which encodes the alC
subunit of the LTCCs, were similar between remodeled septal tissue and non-remodeled

midmyocardium.

This differential expression pattern for CACNAIC contrasts with the stability observed in
potassium channel gene expression. While some studies report downregulation of potassium
currents, especially I, (KCND3) and Ixi (KCNJ2), in heart failure models ?°, others show no
significant changes *°. Our findings suggest that such downregulation may not be present at early

stages of remodeling.

Similarly, KCNN2 and KCNN3 expression levels remain unchanged in remodeled tissue (Figure
IF and 1G, respectively). This observation contrasts with previous reports of SK channel

upregulation in advanced heart failure '0-24303!

, possibly as a compensatory mechanism for
reduced repolarizing currents. However, SK channel expression in non-cardiomyocyte
populations (e.g., endothelium, fibroblasts) present in the tissue homogenates may obscure
cardiomyocyte-specific alterations. Indeed, some SK channel alterations in endothelium have
been described in pathological conditions, where they drive the endothelium-derived
hyperpolarizing factor response, contributing to reduced dilatory responses 3334 Moreover,
transcript levels may not correlate with protein function due to post-transcriptional regulation and

channel localization. Thus, further analyses were conducted at the protein and functional levels.



4.3 Immunolocalization of SK2 and SK3 channels in human ventricles
The spatial distribution of SK2 and SK3 channels in human ventricular myocardium remains

poorly characterized. Previous studies using isolated cardiomyocytes have reported striated
localization of SK2 and SK3 under physiological conditions, consistent with T-tubular location
and colocalization with LTCCs and RyRs **2%%57%’ Our immunohistochemical analysis confirmed
the presence of SK2 and SK3 across all patient samples, with a striated pattern indicative of T-
tubular location and colocalization with LTCCs (Figures 2 and 3). Importantly, no T-tubule
disorganization was observed in our samples, likely reflecting the early disease stage of our

patient cohort.

SK2 protein levels were here found to be slightly but significantly higher in non-remodeled
epicardial tissues than in remodeled epicardial tissues (Figure 2B), diverging from previous
human and animal studies reporting SK2 upregulation in heart failure or AF 3. Within remodeled
tissues, SK2 channel expression was similar across all regions, and was not affected by sex, age,
and other evaluated clinical factors. In contrast, SK3 expression displayed greater regional and
remodeling-dependent variability (Figure 3B). Within remodeled hearts, SK3 fluorescence
intensity was higher in the epicardium, with lower levels in the papillary muscles and
interventricular septum. A trend toward higher SK3 expression was observed in remodeled versus
non-remodeled epicardial tissue, although with notable inter-patient variability. While
immunohistochemistry is a semi-quantitative technique, it enabled us to detect remodeling-

associated differences in SK expression channels.

Anovel and significant finding was the frequent localization of SK3 at intercalated discs, a pattern
not previously described. While SK2 was found at intercalated discs *** in only a minority of
patients (Figure 2C), SK3 presence was substantially more frequent (Figure 3C). Although co-
staining with other proteins located in the intercalated disks was not performed, the characteristic
pattern and distributions clearly supported this localization. Moreover, no evidence of
autofluorescence signal was observed in our negative controls (Figures S1 and S2), further
confirming the specificity of the staining. In remodeled myocardium, SK3 expression at
intercalated discs was markedly reduced, suggesting disease-associated channel redistribution.
Additionally, diabetic patients without ventricular remodeling exhibited lower SK3 expression in
this region, supporting a role for metabolic comorbidities in early electrical remodeling, including
alterations in intercellular coupling . Given the importance of intercalated discs in electrical and
mechanical coupling, such changes may have arrhythmogenic implications. These remodeling
events may be mediated by alterations in intracellular signaling, cytoskeletal anchoring, or

trafficking pathways, mechanisms previously implicated in AF and cardiac hypertrophy 8232539,

Moreover, SK2 and SK3 can form heteromeric channels in cardiac tissue #374°, When dual-stained

for SK2 and SK3, the striated pattern of SK2 appeared less defined, potentially due to spatial



proximity or interaction between isoforms, impairing the antibody access and reinforcing the
hypothesis of heteromeric conformation of SK isoforms. The specific subunit composition of SK
channels may influence calcium sensitivity, gating kinetics, and subcellular localization.
Collectively, our findings highlight a complex and isoform-specific regulation of SK channels in

early ventricular remodeling.

4.4 Functional characterization of SK channels in human ventricular slices
To investigate SK channel functionality, we utilized ultrathin cardiac slices from patient biopsies

26, a model that preserves native tissue architecture and multicellularity 2. This contrasts with
isolated cardiomyocytes, in which enzymatic processes during the isolation may disrupt native

channel localization and function.

Here, we assessed the response to 1 uM apamin, a selective channel blocker, in the presence of
100 nM isoprenaline to enhance Isk by increasing intracellular Ca** and reducing voltage-
dependent rectification *>*. Apamin significantly prolonged APDs, in remodeled myocardium,
whereas no effect was observed in non-remodeled slices (Figure 4). These results align with prior
work ' showing increased sensitivity to SK inhibition in failing ventricular myocytes and suggest
functional recruitment of SK channels in early remodeling, as in our cohort of patients with
valvular disease and in the cohort of patients with aortic stenosis and preserved LVEF of previous
studies ''. However, in other studies using other inhibitors of SK channel activity, no effects on
ventricular repolarization have been observed in interventricular septal tissues of patients with
valvular pathologies 3°, highlighting the potential differences related to disease stage or the

pharmacological profile of the inhibitors used.

Our findings further caution against indiscriminate SK channel inhibition in patients with
structural ventricular disease. Notably, a recent phase 2 clinical trial of the SK channel inhibitor
AP30663 reported high cardioversion rates in AF without significant adverse effects °. However,
patients with valvular disease or recent bypass surgery, conditions present in our cohort, were

excluded, emphasizing the need for careful patient selection in future trials.

Application of the SK channel activator SKA-31 (100 uM) significantly shortened APDg in
remodeled, but not in non-remodeled, slices (Figure 5). The effect was more pronounced in
patients with reduced LVEF (Figure 6B), suggesting progressive recruitment of SK channels
during remodeling. No differences in response were observed with respect to sex, age, or biopsy
type. Despite regional variability in APDso, the response to SKA-31 was consistent between
remodeled papillary muscles and septal slices. This suggests that remodeled left ventricular
transmural biopsies might respond similarly to SKA-31 activation. It has to be taken into account
that we used a relatively high concentration of the SK channel activator SKA-31 exceeds its

reported EC50 (in the low micromolar range ***?), and is higher than the concentrations typically



used in isolated cell or tissue studies ****

, and may result in off-target effects. Although no
significant effects were observed in non-remodeled tissue, suggesting specificity, non-specific

effects cannot be ruled-out.

In addition, it should be considered that SKA-31 may also affect mitochondrial SK channels,
which are not inhibited by apamin and have been implicated in the regulation of mitochondrial
membrane potential, reactive oxygen species production, and intracellular Ca** handling. Recent
evidence indicates that mito-SK channels may contribute to cardioprotection by modulating
mitochondrial redox balance and intracellular Ca** homeostasis rather than directly influencing

sarcolemmal electrophysiological properties *°.

Therefore, while some contribution of mitochondrial SK channels to the observed effects cannot
be excluded, their role is likely indirect. In contrast, the changes in APDsgg observed in our study
are more consistent with activation of sarcolemmal SK channels, which directly couple
intracellular Ca?" dynamics to membrane repolarization. This interpretation is further supported
by the absence of SKA-31 effects in non-remodeled myocardium and by the predominant T-
tubular localization observed in our immunohistochemical analysis. Importantly, these differential
functional responses were not paralleled by consistent mRNA or protein upregulation, suggesting
that post-translational mechanisms drive SK channel recruitment during early disease stages.
KNNN2 and KCNN3 transcript levels remained unchanged in remodeled myocardium, despite
clear functional evidence. Our immunolohistological analysis further revealed differential
expression patterns of SK2 and SK3 channels between remodeled and non-remodeled tissue.
While SK3 protein expression did not show a statistically significant increase and SK2 expression
was reduced, these findings, together with the absence of an apamin-sensitive effect in non-
remodeled myocardium, despite SK channel expression, indicate that SK channel activity is not
only determined by gene or protein expression levels but rather post-translational regulation,

intracellular signaling pathways and intracellular Ca** handling.

4.5 Mechanisms of SK channel recruitment in ventricular remodeling
To elucidate the molecular mechanisms underlying SK channel activation in remodeled

myocardium, we examined the effects of SKA-31 after pharmacological inhibition of proteins

known to modulate SK channel activation.

Pre-treatment with nifedipine, an LTCC blocker, completely abrogated the response to SKA-31,
confirming that Ca?" influx through LTCCs is necessary for SK channel activation (Figure 7A).
This is consistent with evidence of SK channel colocalization and functional coupling to LTCCs

9 1921

via a-actinin . Although we did not assess RyR contributions, prior studies in isolated rat

ventricular cardiomyocytes suggest that Ca*" contribution from RyRs supports SK channel
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activation ?°. This suggests that SK channels might depend on multiple sources of Ca** for

activation, particularly under pathological conditions involving altered Ca®* handling.

CaMKII is a key Ca*"-sensitive protein known to modulate multiple ion channels and Ca?"
handling processes, and has been reported to phosphorylate SK channels and enhance their Ca?*
sensitivity '°. In our study, its inhibition with KN-93 or with a more selective inhibitor like AIP *
similarly prevented APDg, shortening in response to SKA-31 (Figures 7B and 7C respectively),
supporting the hypothesis that CaMKII might be involved in the modulation of SK channels.
However, given the broad role of CaMKII, this effect may not be specific to direct SK channel
modulation, but could also be mediated through alterations in intracellular Ca*" handling or other
downstream targets. These findings align with studies demonstrating increased CaMKII activity
in hypertrophied and failing hearts, where it contributes to Ca?* dysregulation and

arrhythmogenesis 232447,

Conversely, inhibition of PKA with H-89 had no effect on SKA-31-induced responses, suggesting
that PKA does not acutely modulate SK channel function under our conditions (Figure 7D and
7E). While PKA has been shown to enhance Is by reducing Ca**/voltage-dependent inhibition 2
and modulating SK channel trafficking and membrane expression *34°, a role for PKA in long-

term channel trafficking and transcriptional regulation cannot be excluded.

4.6 Study limitations

First, gene expression and functional assessments were conducted in anatomically non-equivalent
regions. Consequently, the results should be interpreted with caution, particularly given prior
reports of heterogeneous SK channel upregulation in disease !!. This limitation primarily stems
from differences in surgical accessibility: during coronary artery bypass grafting, only transmural
biopsies can be obtained, whereas valve replacement procedures allow access to papillary muscles
and septal biopsies. Nevertheless, in the immunohistochemical analysis, comparable anatomical
regions were examined between remodeled and non-remodeled tissues. Interestingly, SK2
expression levels were higher in non-remodeled myocardium, whereas SK3 expression was more
similar between non-remodeled epicardium and remodeled papillary muscles / interventricular
septum than between non-remodeled and remodeled epicardium. These findings make the
observed functional differences particularly noteworthy and underscore the importance of

functional assessment to elucidate potential regulatory mechanisms.

A further limitation concerns the use of electromechanical uncouplers (BDM and blebbistatin),

during optical mapping experiments to prevent tissue movement. These agents are known to

50,51

modulate several ionic currents, including potassium currents , which may have indirectly

influenced SK channel function.



Additionally, patient-related heterogeneity represents an inherent limitation. The ventricular
remodeling group encompasses individuals with varying types and degrees of valvular heart
disease, while the non-remodeled group cannot be considered entirely healthy controls. Although
only patients with preserved LVEF and no hypertrophy were included, all underwent coronary
artery bypass grafting, and subclinical remote remodeling secondary to ischemia cannot be
excluded. Other factors, including age, sex and comorbidities, may also affect channel expression
and function. While efforts were made to assess the influence of these variables, the sample size,
though relatively large compared to other studies using human ventricular tissue, was insufficient

to evaluate all potential sources of variability comprehensively.

4.7 Conclusion

Our findings indicate that upregulation of SK channel in remodeled ventricular tissue is not driven
by transcriptional changes but rather by regional remodeling and complex post-translational
mechanisms. Although mRNA levels of KCNN2 or KCNN3 remain unchanged, SK2 protein
expression is slightly decreased and SK3 displays heterogeneous distribution, marked by
increased expression in the remodeled epicardium and decreased localization at intercalated discs
across all remodeled regions. Functional analyses show that SK channels are inactive in non-
remodeled ventricles but become functionally active in early stages of remodeling. This activation
is dependent on calcium influx via LTCCs and is abolished by CaMKII inhibition, while PKA
inhibition has no effect, suggesting a minimal role for PKA in acute SK channel regulation.
Collectively, these results support the concept that SK channels are quiescent under physiological
conditions but are functionally recruited during pathological remodeling, likely due to altered

intracellular calcium signaling.
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Figure 1: mRNA expression of A) CACNAI, B) KCND3, C) KCNJ2,D) KCNH2, E) KCNQ1, F)
KCNN2, and G) KCNN3 of NR mid: non-remodeled mid-myocardium (N = 9), R pap: remodeled
papillary muscles (N = 24), R sep: remodeled septum (N = 10), R all: remodeled papillary muscles
and septum samples. Relative gene expression was normalized to GAPDH (= 100%). P values are

given for Mann-Whitney test comparing mRNA expression levels between different groups.
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Figure 2: SK2 protein expression and location in relation to L-type Ca*™ channels. A)
confocal image at 100X magnification of representative non-remodeled myocardium (above) and
remodeled myocardium (below) stained with L-Type Ca*" channels (magenta), SK2 (green), and
Wheat Germ Agglutinin (WGA, red) with plots of fluorescence profiles (line scans)
corresponding with the yellow lines in each image. B) fluorescence intensity levels at the detected
peaks (striations). P values are given for Mann-Whitney test comparing expression levels between
different groups. C) scores for SK2 location at intercalated discs of the different groups of
patients. NR epi: non-remodeled epicardium (N = 17), R epi: remodeled epicardium (N = 6), R
pap: remodeled papillary muscles (N =21), R sep: remodeled septum (N = 26).
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Figure 3: SK3 protein expression and location in relation to L-type Ca*> channels. A)
confocal image at 100X magnification of representative non-remodeled myocardium (above) and
remodeled myocardium (below) stained with L-Type Ca** channels (magenta), SK3 (blue), and
Wheat Germ Agglutinin (WGA, red) with plots of fluorescence profiles (line scans)
corresponding with the yellow lines in each image. B) fluorescence intensity levels at the detected
peaks (striations). P values are given for Mann-Whitney test comparing expression levels between
different groups. C) scores for SK3 location at intercalated discs of the different groups of
patients. NR epi: non-remodeled epicardium (N = 16), R epi: remodeled epicardium (N = 8), R
pap: remodeled papillary muscles (N = 21), R sep: remodeled septum (N = 25).
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Figure 4: Response to 1 pnM apamin after incubation with 100 nM isoprenaline at 1 Hz pacing
frequency in human biopsies of non-remodeled (n/N = 16/5) and remodeled (n/N = 38/12)
myocardium. NR: non-remodeled, R: remodeled. The p values in the bottom of the graphic
correspond to the Wilcoxon signed-rank test comparing the effects of apamin on APDgy with
respect to the isoprenaline state separately for non-remodeled and remodeled ventricular tissues.
The p value in the top corresponds to the Mann-Whitney comparing remodeled and non-

remodeled tissues.
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Figure 5: Response to 100 pM SKA-31 at different pacing frequencies in human biopsies of A)
non-remodeled myocardium (n/N = 20/6), B) papillary muscles (n/N = 37/10), and C)
interventricular septum (n/N = 83/25) of patients with ventricular remodeling. Comparison of the
response to 100 uM SKA-31 at D) 0.5, E) 1 and F) 2 Hz pacing frequency in the different groups
of patients: NR mid: non-remodeled mid-myocardium (n/N = 20/6), R pap: remodeled papillary
muscles (n/N = 37/10), R sep: remodeled septum (n/N = 83/25). P values are given for Wilcoxon
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signed-rank test for paired samples in A to C, and for Mann-Whitney test for D to F.



A Sex B conservedLVEF C  Hypertrophy D Aortic valvulopathy [ Mitral valvulopathy
ns ns ns
1.1 11 * 11 11 ns 1.1
3 — 7 I | 7 — 7 — T —
g . £ . 2 . 2 . 2 .
£ 1.0 £ 10 510 510 2 10
£ ] £ = A T B
= - = = L] = . = - u
09 09 09 509 A L] "
@ D H 9 . 9 ey 2 & - & -gi.
2 038 : " S 08 H S 08 T =08 .es H 3038 ) "
E * E E L] a - =] .
< < < £ £
0.7 r r 0.7 T T 0.7
Female Male Yes No
F Right side G H | J
pathology HTA Dyslipidemia ACEIl or ARBs
yslip!
14 ns 14 ns 14 - 14 11 —
7 = — = & T
g 0 - &1 £ 10 . £ 10 £ 10
o o o o
< S Y . & T g 5
509 .ﬁ: 5 08 . 5 09 H . S o8 5 09
g1 *+ = Sos{ w w'w Sos{ + Hum 2 08 S s
a - E . E . Q Q
Y < < z Z
- 07 07 07
Yes No
Diabetes
K. . L M
7 I i 11 _ 1.1 Rho=0.002382
B - Rho= 0.4045 = 06892
B g p=0.0159 . H p=R-%
= 4.0 =3 =
o . g0 510
< e o a’ & .e ® . .
= - < - . < - .
5 0.9 = 0.9 ° .=. 3 0.9 . * %
° L) “Q -
£ ¥ : T L ! g v s, .
= 3 . o ae g 3 *he
2 0.8 2 0.8 . o Z 08 . o .
g L] g . g .
0.7 0.7 T T T T 1 T T T T T 1
0 40 50 60 70 80 200 250 300 350 400 450
Age Baseline APDgg

Figure 6. Response to 100 pM SKA-31 in remodeled myocardium (n/N = 120/35) according to
the following factors: A) sex (p = 0.2267), B) preserved LVEF (*p = 0.0103), C) hypertrophy (p
=(0.7728), D) aortic valvulopathy (p = 0.5691), E) mitral valvulopathy (p = 0.7138), F) right side
valvular disfunction (p = 0.4470), G) arterial hypertension (HBP, p = 0.2823), H) dyslipidemia
(p =0.8766), I) treatment with -blockers (p = 0.2009), J) treatment with angiotensin converting
enzyme or angiotensin receptor blockers (ACEI or ARBs, p = 0.3257) and K) diabetes (p =
0.5638). Correlation of the response to SKA-31 versus L) age, and M) baseline APDgo. Dots
indicate individual patients. Correlation values and p values (Spearman) are shown. P values from

A to K are for Mann-Whitney tests.
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Figure 7. Functional regulation of SK channels. Response of remodeled myocardium
(papillary muscles and septal biopsies) to 100 uM SKA-31 at 0.5, 1, and 2 Hz pacing frequencies
after incubation with A) 10 uM nifedipine (nife, n/N = 30/10), B) 2 uM KN-93 (n/N = 23/7), C)
10 uM AIP (n/N = 12/4), D) 2 uM H-89 (n/N = 27/10). E) response to 100 uM SKA-31 from the
same patients after baseline conditions or after incubation with 2 pM H-89 (n/N = 11-13/5). P
values are given for Wilcoxon signed-rank test for paired samples comparing APDg, before and
after the addition of SKA-31, except for D which is Mann-Whitney comparing the response to
SKA-31 between the two groups.
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SK channels are functionally upregulated in early ventricular remodeling due to post-translational

regulation and altered calcium signaling, despite unchanged gene expression.
Implications for SK-targeted therapies in ventricular disease.
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SK2 and SK3 channels are expressed in human ventricular myocardium
Human ventricular remodeling induces functional upregulation of SK channels
Ventricular SK activation occurs despite preserved KCNN2/3 expression levels
SK channel modulation depends on Ca?* handling and CAMKII signaling

Atria-selective SK targeting may affect remodeled ventricles in AF patients



