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Abstract

Rationale: Increased myocardial activity of Ca/calmodulin-dependent kinase Il (CaMKI|I) leads
to heart failure (HF) and arrhythmias. In Drosophila neurons, interaction of CaMKII with Ca/
CaM-dependent serine protein kinase (CASK) has been shown to inhibit CaMKI|I activity, but the
consequences of this regulation for HF and ventricular arrhythmias are unknown.

Objective: We hypothesize that CASK associates with CaMKII in human and mouse hearts
thereby limiting CaMKI1 activity, and that altering CASK expression in mice changes CaMKI|I
activity accordingly, with functional consequences for contractile function and arrhythmias.

Methods and Results: Immunoprecipitation revealed that CASK associates with CaMKII in
human hearts. CASK expression is unaltered in HF but increased in patients with aortic stenosis.
In mice, cardiomyocyte-specific knockout of CASK (CASK-KO) increased CaMKII auto-
phosphorylation at the stimulatory T287 site, but reduced phosphorylation at the inhibitory
T305/306 site. CASK-KO mice showed increased CaMKII-dependent sarcoplasmic reticulum
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(SR) Ca leak, reduced SR Ca-content, increased susceptibility to ventricular arrhythmias, greater
loss of ejection fraction, and increased mortality after transverse aortic constriction.

Intriguingly, stimulation of the cardiac glucagon-like peptide 1-receptor with exenatide increased
CASK expression resulting in increased inhibitory CaMKII T305 phosphorylation, reduced
CaMKI|I activity, and reduced SR Ca leak in WT but not CASK KO.

Conclusions: CASK associates with CaMKI1 in the human heart. CASK-KO in mice increases
CaMKI|I activity, leading to contractile dysfunction and arrhythmias. Increasing CASK expression
reduces CaMKI|I activity, improves Ca handling and contractile function.
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INTRODUCTION

Despite therapeutic advancements, heart failure (HF) mortality and morbidity remain high.
Ca/calmodulin-dependent kinase 1l (CaMKII) expression and activity is increased in HF,
contributing to contractile dysfunction and arrhythmias.1-3
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Increased CaMKII-activity results in action potential (AP) prolongation, disturbed Na- and
Ca-handling,24 and increased diastolic Ca leak from the sarcoplasmic reticulum (SR)
contributing to arrhythmias® and reduced contractility in HF.

Despite the growing body of evidence about involvement of CaMKII in HF, information is
scarce on how CaMKII-activation is regulated. CaMKIlI-activation requires first the binding
of Ca/calmodulin (Ca/CaM) to the regulatory domain,’ resulting in conformational changes
that enable access to catalytic and regulatory domain. Consequent intersubunit
autophosphorylation at T286 further stimulates CaMKII-activity and renders CaMKII Ca/
CaM-autonomous.’ Alternatively, oxidation (at M281/282), O-glycnacylation (at S280) and
S-nitrosylation (at C290) can also confer autonomous activity.8-10 Prevention of Ca/CaM-
binding to CaMKIlI, has not only been shown to inhibit CaMKI|I activity but also prevents
these stimulatory posttranslational CaMKI1 modifications.# Importantly, the Ca/CaM-
CaMKI|I interaction itself is subject to regulation. It has been shown that phosphorylation at
threonine 305/306 (T305/306) in the CaM-binding domain prevents Ca/CaM-binding,1!
thereby inhibiting CaMKII-activity. Intriguingly, in neurons, CaMKII T305/306-
phosphorylation was shown to be specifically regulated by the membrane associated
guanylate kinase (MAGUK) Ca/CaM-dependent serine protein kinase (CASK).12 Unlike
other MAGUK-proteins that have primarily scaffolding functions, CASK possesses a
CaMKII-homolog domain in the N-terminal region.13 This domain has an unusual catalytic
activity, and can only phosphorylate substrates that are recruited by the scaffolding activity.
13 \n Drosophilaneurons, lack of CASK was shown to shift the balance towards increased
CaMKII T286-phosphorylation and less inhibitory T305/306-phosphorylation, resulting in
enhanced CaMKII-activity.12 Despite previous data reporting the expression of CASK in
myocardium,14.15 neither its role for CaMKII-activity, nor its consequences for HF and
ventricular arrhythmias have previously been investigated.

We show here that myocardial CASK associates with CaMKII in human myocardium.
Moreover, lack of CASK results in increased CaMKII-activity, arrhythmias and contractile
dysfunction in mice. In contrast, stimulation of CASK expression by exenatide increased
inhibitory CaMKII T305 phosphorylation, reduced CaMKI|I activity, and reduced SR Ca
leak suggesting that CASK and its interaction with CaMKII may be a potential drug target.

METHODS

Data availability.

Data can be made available by the authors upon request.

Study approval.

All experiments were approved by local committees and are in accordance with the Helsinki
Declaration. Written consent by patients had been given prior to tissue donation.

All animal procedures were performed in accordance with the Guide for the Care and Use of
Laboratory Animals and approved by institutional committees.

Circ Res. Author manuscript; available in PMC 2022 April 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mustroph et al.

Page 4

Human cardiac tissue.—Left ventricular (LV) myocardium was acquired from explanted
hearts of heart transplant recipients with end-stage heart failure after informed consent. LV
samples of donor hearts that were not eligible for transplantation due to technical limitations
served as controls. Additionally, left ventricular samples were acquired from patients with
severe aortic stenosis and preserved ejection fraction who underwent cardiac surgery and
valve replacement. All samples were from patients with a caucasian background. After
explantation, hearts were stored in a cardioprotective solution containing (in mmol/L): 152
Na*, 3.6 K*, 135 CI~, 25 HCO3™, 0.6 Mg2*, 1.3 H,PO4~, 0.6 SO427, 2.5 Ca?*, 11.2 glucose,
10 2,3-butanedione monoxime (BDM), oxygenated with 95% O, and 5% CO, at 4°C.

CASK knock-out mice.

The knock-out of cardiac CASK was achieved in transgenic mice using the previously
described Cre-Lox-recombination method 16:17 and the a-myosin heavy chain promotor (a-
MHC).18 We used mutant mice, in which the first coding exon of the CASK gene is flanked
by loxP sites (CASK!M1sud) These mice were kindly provided by the Siidhof lab.1® The
cardiomyocyte-specific knockout of CASK (CASK-KO) was accomplished by crossing
these CASK-FLOX mice with mutant mice expressing Cre-recombinase (heterozygous)
under control of the a-MCH promotor8 (The Jackson Laboratory). Atasoy et al. suggested
that changes in the CASK gene introduced by insertion of loxP sites and/or the neomycin
resistance gene cassette may impair neuronal CASK expression. They found a reduction in
CASK expression to 33% in brain homogenates from newborn CASK-Flox mice.1® On the
other hand, off-target effects of Cre recombinase 2921 are also an important consideration.
Therefore, mice with heterozygous Cre-expression but wild-type CASK were used as
control (CASK-CTRL), but for key experiments we also tested mice with homozygously
floxed CASK, but without expression of Cre-recombinase (CASK-Flox). To obtain a
homogenous background, mice homozygous for the floxed CASK gene were bred with mice
heterozygous for Cre recombinase (controlled by the a-MCH promotor), and litters were
back-crossed with CASK flox mice for four generations before being used for experiments.
The following mating scheme was implemented to optimize the number of littermates used
for experiments: Breeding pairs consisted of a mate with heterozygous expression of floxed
CASK and heterozygous expression of Cre recombinase and a mate with heterozygous
expression of floxed CASK and WT (null) expression of Cre recombinase. However, since
such a breeding pair generates only a limited the number of the required littermates CASK-
KO (homozygous for floxed CASK, heterozygous for Cre), CASK-CTRL (WT for CASK,
heterozygous for Cre), and CASK-Flox (homozygous for floxed CASK and null for Cre),
we have also used the litter from multiple pairs of mice bred in parallel. Genotyping was
done by PCR. Animals were on standard chow and bedding. Since female CASK-KO mice
have been shown not to thrive well,1% only male mice were used for experiments. Moreover,
the use of both sexes may have caused huge variation in jugular vein diameters
compromising the /in vivo catheter studies. Baseline survival was monitored for all mice.
Some mice were randomly sacrificed for cell isolation or protein analysis studies. As such,
those mice cannot be included attributed to having died spontaneously but do explain the
decreasing census at older ages (figure 2B). All animal procedures were performed in
accordance with the Guide for the Care and Use of Laboratory Animals and approved by the
Institutional Animal Care and Use Committee.
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Animal model of heart failure.

Heart failure was induced in 12+2 week-old mice by transverse aortic constriction. Mice
were anesthetized using intraperitoneal injections of medetomidine (0.5 mg/kg), midazolam
(5 mg/kg) and fentanyl 0.05 mg/kg body weight). A horizontal incision (1-1.5 cm) at the
suprasternal notch was used to display the transversal aorta. A 27 gauge needle was tied
against the aorta using a 6-0 non-absorbable suture. After removal of the 27 gauge needle,
the skin was closed and the mice were kept on a heating plate (37° C) until recovery from
anesthesia. Sham animals underwent the same procedure except for banding of the
transversal aorta. Allocation to experimental groups (TAC vs. Sham) was done on a random
basis; littermates of equal age and sex were used to avoid selection bias; investigator was not
aware of the genotypes. At the end of the surgery, anesthesia was antagonized using
intraperitoneal injections of atipamezol (2.5 mg/kg), flumazenil (0.5 mg/kg) and
buprenorphine (0.1 mg/kg body weight). For analgesia, metamizole (1.33 mg/ml) was added
to the drinking water 2 days before surgery and supplied for 7 days after operation. In
addition, buprenorphine (60 pg/kg body weight) was administered s.c. 1 hour before surgery.
Animals that died during surgery or within 48 h were excluded from the study (not reported;
on average 15% of all operated mice for TAC and below 5% for Sham procedure). In case of
disturbed wound-healing, animals were killed at the discretion of the veterinarian and
excluded from the study. At the end of the experiments, mice were sacrificed under
isoflurane anesthesia (5%) by cervical dislocation.

For the /in vivo experiments with GLP1-receptor agonist treatment, all experiments were
approved by the government of Nordrhein-Westfalen (Germany). Male C57BI/6J mice, 5
weeks of age were obtained from Charles River Laboratory and placed in a 12 h day-night
cycle with unlimited supply of food and water in the animal facility of the University
Hospital of the RWTH Aachen University. After a one-week adaptation to our facility, mice
received 5x1012 particles of AAV-CMV-GLP-1 (7-37) or AAV-CMV-LacZ as control. AAV
were generated as previously reported?2. Two weeks after vector injection mice underwent
transverse aortic constriction (TAC) surgery to induce cardiac hypertrophy. Mice were
anesthetized with Ketamin/Xylazin and temgesic was used for analgesia. After intubation
mice were ventilated and chest was opened at second intercostal space at the left upper
sternal border through a small incision and aortic constriction was performed by tying a
ligature against a 27G needle. Control mice underwent a sham operation in which the thread
was placed, but not tied. Mice were sacrificed 5 weeks after TAC surgery.

Mouse echocardiography.

Transthoracic echocardiography was performed by blinded investigators using a \Vevo2100
or 3100 (VisualSonics, Toronto, Canada) system with a 30 MHz center frequency transducer
as described previously.23 The animals were anesthetized with isoflurane (induction with
3%, maintenance with 1.5%), while temperature, respiration, and ECG were continuously
monitored. Two-dimensional cine loops with frame rates of >200 frames/s of a long axis
view and a short axis view at mid-level of the papillary muscles as well as M-mode loops of
the short axis view were recorded. Thicknesses of the septum, the anterior and posterior
myocardial wall, the inner diameter of the left ventricle (LVEDD) and the area of the left
ventricular cavity were measured in systole (sys) and diastole (dia) from the short axis view
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according to standard procedures. Maximal left ventricular length was measured from the
long axis view. Systolic and diastolic left ventricular volumes were calculated using the
area-length method 2 and the ejection fraction was derived.

Electrophysiological studies (EP) in mice.

Mice were anesthetized using intraperitoneal injections of medetomidine (0.5 mg/kg),
midazolam (5 mg/kg) and fentanyl 0.05 mg/kg body weight) by blinded investigators.
During EP studies, body temperature was monitored by a rectal probe and controlled using a
mousepad circuit board equipped with a heating element (Mousepad, THM 100, Indus
Instruments, USA). All studies were performed at 37+£0.5°C. We used a Millar 1.1F
octapolar EP catheter (EPR-800; Millar Instruments) inserted via the right jugular vein, as
previously described 24. A computer-based data acquisition system (Powerlab 16/35; ADI
Instruments) was used to record body surface ECG (lead I1) and 4 intra-cardiac bipolar
electrograms (Labchart Pro software, version 7; AD Instruments). QT interval was corrected
for heart rate (QTc) using Mitchell’s formula.25 Right ventricular pacing was performed
using 2 ms current pulses delivered by an external stimulator (STG-3008FA; Multi Channel
Systems). Ventricular capture was confirmed by ventricular pacing prior to the arrhythmia
protocol. Mice without ventricular capture were excluded from the study. For some
experiments, mice were treated with the novel CaMKII-inhibitor RA608.28 For oral
administration of RA608, a stock solution of 15 mg/ml was generated once every day and
kept at 4°C until used. 15 mg of the compound was solubilized in 800 ul of an acidic
cyclodextrin (captisol) and HCI mixture (10% in HCI 0.1 N). Thereafter, the pH was
adjusted to 4 with NaOH and the final volume of 1 ml was adjusted by addition of neutral
cyclodextrin (10% in H20). The gavage mass for /n vivo experiments was 30 mg/kg body
weight and the inhibitor was applied once <4h prior to the experiment.

Inducibility of ventricular arrhythmias was tested by decremental burst pacing. Burst pacing
started at a 40 ms cycle length, decreasing by 2 ms every 2 s to a cycle length of 20 ms.
Burst pacing was repeated one min after the previous burst concluded or the termination of
arrhythmias. Pacing was performed five times in each mouse. Ventricular arrhythmias were
defined as rapid ventricular potentials that occurred independently from atrial potentials and
displayed altered QRS morphology. Ventricular arrhythmias were considered significant if
their duration was longer than one sec. A second train of burst pacing was started 3 min after
intraperitoneal injection of isoproterenol (2 mg/kg body weight). At the end of the
experiments, mice were Killed by cervical dislocation under anesthesia.

Murine ventricular cardiomyocyte isolation.

Murine ventricular cardiomyocyte isolation was performed as described previously?’. In
brief, mice were anaesthetized with isoflurane. After death by cervical dislocation, hearts
were quickly excised, mounted on a Langendorff perfusion apparatus and retrogradely
perfused with nominally Ca-free solution containing (in mmol/l) NaCl 113, KCI 4.7,
KH,PO,4 0.6, NayHPO,4 x 2 H,0 0.6, MgSOy4 x 7 H,0 1.2, NaHCO3 12, KHCO3 10,
HEPES 10, taurine 30, BDM 10, glucose 5.5, phenol-red 0.032 for 4 min at 37°C (pH 7.4).
Then, 7.5 mg/ml liberase TM (Roche diagnostics, Mannheim, Germany), trypsin 0.6%, and
0.125 mmol/l CaCl, were added to the perfusion solution. Perfusion was continued for 3-4
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min until the heart became flaccid. Ventricular tissue was collected in perfusion buffer
supplemented with 5% bovine calf serum, cut into small pieces, and dispersed by repeatedly
pipetting until no solid cardiac tissue was left. Ca-reintroduction was performed by stepwise
increasing [Ca] from 0.1 to 1.0 mmol/l.

Measurement of Ca sparks via confocal microscopy.

Ca sparks were assessed via confocal microscopy. Isolated ventricular myocytes were loaded
with 10 pmol/L fluo-4 acetoxymethylester (Molecular Probes; for 12 min at room
temperature) and mounted on an inverted laser scanning confocal microscope (Zeiss Pascal
5). Regular myocyte contraction was elicited by electrical field stimulation (1 Hz). For
measurements of Ca sparks, line scans (512 pixel of 0.075 um size, 1309 lines per second,
10000 lines per scan, 488 nm excitation, 505 nm long pass emission filter) were acquired
immediately after stop of electrical field stimulation. Ca spark characteristics were analyzed
using Image J (Sparkmaster plugin).28 Ca spark frequency (CaSpF) was measured as
number of sparks per cell volume and time (100 pm~1s1). Ca spark width and duration were
taken from the full-width-half-maximum (FWHM) and full-duration-half-maximum
(FDHM), respectively. The diastolic Ca leak was calculated as follows: CaSpF x Ca spark
amplitude x FWHM x FDHM.28

Epifluorescence experiments.

Intracellular Ca ([Ca];) concentrations were measured as described previously.229 Briefly,
myocytes on laminin-coated recording chambers were loaded with 10 pmol/L Fluo-4-AM in
the presence of 0.02% (w/v) pluronic acid (Molecular Probes, Eugene, OR) for 12 min, , at
room temperature in the dark. The chambers were mounted on the stage of an inverted
microscope (Nikon Eclipse TE2000-U) and superfused with Tyrode solution (37°C)
containing (in mmol/L) 140 NaCl, 4 KCI, 1 MgCl,, 5 HEPES, 10 glucose, 1 CaCl,, pH 7.4.
After 10 min of washing out the external dye, myocytes were electrical field-stimulated
(voltage 25% above threshold) at various basic cycle lengths. Intracellular Fluo-4 was
excited at 480+15 nm, emitted fluorescence was detected at 535320 nm.30 All fluorescence
emission was recorded using lonWizard software (lonOptix Corporation, Boston, MA).
Background fluorescence was subtracted, the ratio F/Fy was calculated. A CCD camera was
also used to simultaneously record sarcomere length as a function of time. For each pacing
frequency, both Ca transients and cell contractions were averaged (typically 10 traces)
during steady-state and analyzed using lonWizard software. For some experiments, caffeine
(10 mmol/L) was applied. To investigate the effect of p-receptor stimulation, myocytes were
exposed to isoproterenol (1 umol/L) for 5 min. Cellular arrhythmias were categorized
according to a scoring system developed by Wu et al 31, which was modified by our group as
described previously?. In short, early non-stimulated Ca release events (ENSE), delayed
non-stimulated Ca release events (DNSE), doublets or triplets, runs or alternans, and
sustained premature contractions were counted and the cell was assigned a point value for
each of these arrhythmia categories (1 for no arrhythmia of this category, 2 for ENSE or
DNSE, 3 for doublets, triplets or runs or alternans, and 4 for sustained premature
contractions). The point value from each of these arrhythmia categories was then multiplied,
and the final score subtracted by 1 to remove non-arrhythmogenic cells (as these would have
a total point value of 1). The resulting score was then normalized to observation time.
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Co-Immunoprecipitation.—LV myocardium was mechanically homogenized (using a
stainless-steel pestle) in Tris buffer containing (in mmol/L): 50 Tris-HCI, 200 NaCl, 20 NaF,
1 NagVOy, 1 DTT [pH 7.4] and protease inhibitor cocktail. Protein concentration was
determined by BCA assay. The homogenate (1 mg protein) was suspended in dilution
medium containing (in mmol/L): 50 Tris-HCI, 154 NaCl, 1% CHAPS, 1 NaF, 1 NagVO,
[pH 7.4] and protease inhibitor cocktail. CASK, Nay/1.5 or CaMKII, respectively, were
immunoprecipitated with rabbit polyclonal anti-CASK (1.4 mg/ml, Abcam, discontinued,
AB11343), rabbit polyclonal anti-Nay1.5 (1 mg/ml, Alomone, ASC-013) or rabbit
polyclonal anti-CaMKII antibody (1 mg/ml32, Don Bers' lab) by preincubation at 4°C
overnight in protein G—sepharose Fast Flow (prewashed; 2 hours, 4°C; Amersham
Biosciences). As control, rabbit polyclonal anti-calsequestrin (1 mg/ml, Thermo Scientific)
was used. After centrifugation, pellets were washed with Tris buffer containing (in mmol/L):
50 Tris-HCI, 154 NaCl [pH 7.4], and immunoprecipitated proteins were eluted in 2X
Laemmli sample buffer containing 4% p-mercaptoethanol (30 minutes, 37°C) followed by
centrifugation. Supernatants were subjected to Western blotting.

Western blot analysis.—Cell lysates or whole-heart homogenates were used. After
denaturation (for analysis of CaMKII for 5 min at 95°C, all other proteins for 30 min at
37°C in 2% p-mercaptoethanol), proteins were separated on 5% (RyR2 [Sigma,
HPA020028], S2814 [Badrilla, A010-31AP]), 8% (CaMKII [Don Bers' lab], ox-CaMKI|
[Mark Anderson's lab], pT286 [Thermo Scientific, MA1-047) pT305 [Antibodies online,
discontinued], SERCA [Thermo Scientific, MA3-919], CASK [StressMarq, discontinued,
S56A-50] Na,1.5 [Alomone, ASC-013]), or 13% (phospholamban [Milipore, discontinued,
05205], pT17 [Badrilla, A010-13AP]) SDS-polyacrylamide gels, then transferred to a
nitrocellulose membrane (or PDVF membrane) and incubated with primary antibodies:
mouse monoclonal anti-CASK (1:2000), rabbit polyclonal anti-CaMKII (1:1200033), mouse
monoclonal anti-phospho-threonin-286-CaMKII (pT286, 1:1000), polyclonal rabbit anti-
phospho-threonin305-CaMKII (1:1000), rabbit polyclonal anti-phospho-threoninl7-PLN
(1:10000), mouse monoclonal anti-PLN (1:10000), rabbit polyclonal anti-RyR2 (1:10000),
rabbit polyclonal anti-phospho-serin2814-RyR (1:10000), mouse monoclonal anti-SERCA
(1:20000), and mouse monoclonal anti-GAPDH (1:50000, BIOTREND [discontinued,
BT46-9995-55]) at 4°C overnight. Secondary antibodies were HRP-conjugated donkey anti-
rabbit and sheep anti-mouse IgG (1:10000, GE Healthcare, NA934 and NA931) that were
incubated for 1 h at room temperature. For chemiluminescent detection, Immobilon™
Western Chemiluminescent HRP Substrate (Millipore) was used.

For detection of oxidized CaMKII, an immune serum directed against oxizided M281/M282
(ox-CaMKII) was used (polyclonal rabbit, 1:1500034, Mark Anderson's lab). To avoid
unspecific reduction of oxidized CaMKII, p-mercaptoethanol was omitted during the
denaturation process (5 min at 95°C). For some experiments, cardiomyocytes were exposed
to isoproterenol at 1 pmol/L for 10 min.

All data were analyzed by blinded investigators. Data are expressed as mean or mean +
s.e.m. Normality of data was tested by hierarchical application of D'Agostino-Pearson,
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Shapiro-Wilk, or Kolmogorov-Smirnov test, respectively, depending on the number of
experiments. For statistical analysis of the arrhythmia score in figure 4A, a Box-Cox
transformation was applied prior to normality and statistical testing. A power analysis was
performed for the TAC experiments with the primary outcome left ventricular ejection
fraction. For this, the significance level a was taken to p<0.05 (two-tailed) with a power of
0.8. We assumed an EF of 45+12 (SD) in the CASK-CTRL and 3048 in the CASK-KO
group two weeks after TAC (Cohen's d 1.78). This yielded a group size of 9 animals per

group.

For longitudinal data, 2-way repeated-measures ANOVA or mixed-effects analysis was run;
where appropriate, one-way ANOVA with multiple comparison test was used. For
categorical data, Fisher's exact test was used. Otherwise, Student’s unpaired t-test was
applied. Two-sided P<0.05 was considered significant. The respective post-tests are
mentioned in the figure legends to improve legibility. Statistics were performed using Graph
Pad Prism 9.

CASK is expressed in human heart and associates with CaMKII.

To test if CASK is expressed in human ventricular myocardium, we collected samples of left
ventricular myocardium from explanted human hearts of patients with end-stage HF or non-
failing (NF) donors not eligible for transplantation, as well as patients with aortic stenosis
(AS) undergoing valve replacement. Clinical data can be found in table 1 (no data is
available for the NF donors).

Figure 1A shows that CASK is strongly expressed in human ventricle with no difference
between NF and HF (fig. 1A). In contrast, a significant increase in CASK expression was
found in hypertrophied LV-myocardium of patients with AS and preserved ejection fraction
(EF, fig. 1A, table 1). To further investigate the interaction of CASK with CaMKII in human
ventricle, we immunoprecipitated CaMKII and measured CASK-expression (and vice
versa). Co-immunoprecipitation analysis revealed a strong interaction of CaMKII with
CASK in both NF and HF (fig. 1B). Since the magnitude of sepharose bead binding by a
specific antibody cannot be exactly controlled, these results should only be interpreted in a
qualitative manner. We also found an association of CASK with the cardiac isoform of
voltage-gated Na-channels (Nay1.5, fig. 1B), which we have shown to be regulated by
CaMKII.2

CASK-KO mice display an unaltered ejection fraction at rest.

To identify the specific role of CASK for CaMKII regulation in the heart, we employed a
cardiomyocyte-specific CASK-knockout mouse model (CASK-KO). As control, we used
mice with wild-type CASK-alleles and cardiomyocyte-specific expression of Cre-
recombinase (CASK-CTRL), and for key experiments also homozygous floxed mice without
expression of Cre-recombinase (CASK-Flox). CASK-expression was similar in ventricular
cardiomyocytes of CASK-Flox and CASK-CTRL mice but abolished in CASK-KO (Online
Fig. I A). We have no evidence that the floxed allele affects the heart per se, since the
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slightly smaller heart weight found in these mice (HW, Online Fig. | B) was proportionate
and HW/BW-ratios were not different (Online Fig. | D).

Echocardiography was performed in 12-week old mice to investigate contractile function at
rest (fig. 2A, Table 1). Compared to CASK-CTRL and CASK-Flox, there was no difference
in left ventricular ejection fraction (EF) or left ventricular end diastolic internal diameter
(LVEDD) in CASK-KO mice (fig. 2A). Behavior and motor activity of CASK-KO mice
were not discernable from their littermate controls and long-term survival of CASK-KO
mice was also not different (fig. 2B).

To test, if lack of CASK-expression affects CaMKII-activity, stimulatory CaMKII-
autophosphorylation at threonine 286 (pT286-CaMKII) was assessed. CASK-KO mice
showed an increase in myocardial T286-phosphorylation compared to CASK-CTRL and
CASK-Flox (Fig. 2C) while CaMKIlI-expression was not different (Online Fig. | E).

We assessed phospholamban (PLN)-phosphorylation at threonine 17 (pT17), which is an
established marker of CaMKI-activity3®. In accordance with T286-phosphorylation,
CaMKII-dependent PLN-phosphorylation was significantly increased in CASK-KO
compared to both CASK-CTRL and CASK-Flox (Fig. 2C).

To test if counterregulatory pathways limiting CaMKIlI-activity are already activated at
baseline, we measured inhibitory T305-autophosphorylation (pT305-CaMKII), which has
been shown to be mediated by CASK in Drosophilaneurons 12, thereby limiting CaMKII1-
activity. However, as CaMKII-dependent dysregulation of Ca-handling is most relevant
under pathophysiological conditions like increased afterload® and increased p-adrenergic
stimulation,37:38 we were not surprised to find no significant difference in inhibitory T305
CaMKII-phosphorylation (Fig. 2C), suggesting that CaMKII-inhibitory pathways may not
play a significant role at rest, i.e. under normal physiological conditions without
catecholaminergic or afterload stress. We thus proceeded with experiments investigating
cellular response to B-adrenergic stimulation with isoproterenol (ISO).

CASK-KO mice show disturbed Ca handling upon pB-adrenergic stimulation.

Acute exposure of isolated ventricular myocytes to 1ISO increased CaMKI|
autophosphorylation at T286 and reduced inhibitory CaMKIlI-autophosphorylation at T305.
Importantly, ISO-dependent stimulation of CaMKII-activity was significantly greater in
CASK KO compared to CASK-CTRL (Fig. 3A). CaMKII-expression, again, was unaltered
by 1SO (Online Fig. | F). Frequency of Ca sparks are known to be increased by CaMKI1139,
and in line with the increased CaMKIlI-activity, CaMKII-dependent RyR2-phosphorylation
was strongly increased in CASK-KO (Fig. 3B). Consistently, compared to CASK-CTRL (or
CASK-Flox), diastolic SR Ca spark frequency was significantly more increased in CASK-
KO myocytes upon I1SO (Fig. 3C). As increased Ca sparks can limit SR Ca content?, we
measured SR Ca content in isolated cardiomyocytes using caffeine-induced Ca transients. At
baseline, SR Ca content was already significantly decreased in CASK-KO vs. CASK-CTRL
(or Flox, Fig. 3C, right panel). Exposure to ISO, clearly augmented SR Ca content in
CASK-KO, but it was still significantly lower than that for CASK-CTRL with I1SO.
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Consequently, systolic Ca-transient amplitudes, which are critical for systolic contraction,
were smaller in CASK-KO myocytes and this reduction was maintained upon 1SO (Fig. 3D).

Ca export pathways (SERCA and NCX) may partly compensate for the higher SR Ca leak,
which is consistent with our finding of unaltered SERCA expression levels (Online Fig. Il
B), but enhanced T17 phosphorylation of PLN (Fig. 2C). Nevertheless, since SR Ca content
was significantly reduced, this compensation is incomplete.

Disturbed Ca-handling may also lead to arrhythmias /n vitro and in vivo. Thus, we assessed
the propensity for non-stimulated Ca transients, which was normalized to observation time.
At baseline, the severity and frequency of non-stimulated cellular arrhythmias was not
different between CASK-KO and CASK-CTRL (or CASK-Flox; Figure 4A), but the
incidence of arrhythmic events was generally low. Exposure to ISO increased the propensity
for arrhythmias in CASK-CTRL (and CASK-Flox) significantly compared to baseline, but
even more in CASK-KO myocytes (Figure 4A, upper right panel). Upon ISO, the
proportions of CASK-KO myocytes that showed delayed non-stimulated events, alternans or
runs, and severe overall arrhythmias (defined as either doublets, triplets, alternans, runs or
sustained premature ventricular contractions) were significantly increased (Figure 4A, lower
panels).

Figure 4B shows an original ECG of a ventricular tachycardia induced by right ventricular
burst stimulation in CASK-KO /n vivo. Compared to CASK-CTRL (and also CASK-Flox),
the propensity for these life-threatening ventricular arrhythmias was strongly increased in
CASK-KO mice (Figure 4C), consistent with arrhythmogenic SR Ca release (fig 3 and 4A).
Intriguingly, CASK KO mice also showed an increased propensity for spontaneous
unprovoked arrhythmias (premature ventricular contractions or runs) at baseline (Online Fig.
111 B). CASK-KO mice also displayed prolonged heart rate-corrected QT intervals compared
to CASK-CTRL and CASK-Flox (Online Fig. Il A+C, Online table II) consistent with work
showing CaMKI1-dependent APD prolongation.? Interestingly, oral gavage of CASK-KO
mice with the novel orally applicable CaMKII-inhibitor RA608 (30 mg/kg body weight)
completely abolished inducibility of ventricular arrhythmias in these mice, further
underscoring the dysregulation of CaMKII in CASK-KO (Figure 4C). RA608 also
significantly reduced QTc in CASK-KO upon ISO to values comparable with CASK-CTRL
upon ISO (Online Fig. 111 A+C).

CASK-KO accelerates afterload-induced heart failure development.

To test if CASK-dependent CaMKII-regulation is important for HF development, we
subjected mice to pressure-overload by transverse aortic constriction (TAC, Fig. 5, Online
table I11). Two weeks after TAC, control mice (CASK-CTRL/CASK-Flox) developed left
ventricular hypertrophy, but showed unaltered EF (Fig. 5A and B, Online table I11). In
contrast, left ventricular function was significantly reduced in mice lacking CASK two
weeks after TAC (fig. 5A and B, Online table I11). Importantly, this HF-development was
clearly enhanced in CASK-KO mice.
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Also, CASK-KO mice showed an signficantly impaired survival after TAC (Fig. 5C). This
suggests that CASK may be revelant in limiting CaMKII-activity during early pressure
overload.

Accordingly, we found a two-fold increase in CASK-expression 2 weeks after TAC (Fig.
5D) in CASK-CTRL compared to Sham-operated CASK-CTRL. The strong TAC-dependent
increase in CASK-expression strikingly resembles the increased CASK-expression found in
patients with aortic stenosis and preserved EF (Fig. 1B). In accordance with the regulatory
role of CASK for CaMKII-autophosphorylation, stimulatory CaMKII T286-phosphorylation
was significantly increased (Fig. 5E), and inhibitory CaMKII T305-phosphorylation was
significantly reduced in left ventricular myocardium of CASK-KO mice 2 weeks after TAC
(vs. CASK-CTRL, fig. 5F). Consistent with that, CaMKII-oxidation was also increased in
CASK-KO 2 weeks after TAC (Fig. 5G).

GLP1-receptor agonists induce a protective overexpression of CASK in cardiomyocytes.

In the pancreas, CASK has been shown to be upregulated by exposure to the GLP1-receptor
agonist exenatide.40 Thus, we exposed isolated murine ventricular cardiomyocytes from
CASK-CTRL mice to 100 nmol/L40 exenatide (GLP1-RA\) or vehicle control for 24h before
harvesting for cellular experiments or Western blotting (cell culture performed as described
previously#142). Interestingly, exenatide exposure significantly increased CASK expression
(Fig 6A). In accordance, inhibitory T305 phosphorylation was significantly increased (Fig.
6B) upon GLP1-RA exposure in CASK-CTRL. While GLP1-RA increases CASK
expression and T305 phosphorylation, CASK expression also correlates significantly with
T305 phosphorylation(Fig. 6B). Further, stimulatory T286 phosphorylation upon GLP1-RA
was reduced, but only in CASK CTRL (Fig. 6C).

To test, if this GLP1-RA-dependent regulation of CaMKII autophosphorylation would
translate into reduced SR Ca leak, we measured SR Ca sparks as a measure of Ca leak in
CASK-CTRL or CASK-KO cardiomyocytes exposed to GLP1-RA for 24h. As mentioned
above, Ca leak at baseline is low in both CASK-CTRL and CASK-KO, as such we exposed
cardiomyocytes to 10~/ mol/l isoproterenol to stimulate CaMKII. Interestingly, in CASK-
CTRL, Ca spark frequency was significantly blunted by the exposure to GLP1-RA, while no
effect could be observed in CASK-KO (Fig. 6D). In parallel, SR Ca content was
significantly increased in CASK-CTRL cardiomyocytes exposed to isoproterenol after 24h
GLP1-RA pretreatment, while no such effect was observed in CASK-KO (Fig. 6E).

To test, if the protective effect GLP1-RA can also be observed in failing ventricular
myocytes, we subjected WT mice to TAC. Ventricular cardiomyocytes were isolated 5
weeks after TAC and exposed to GLP1-RA or vehicle control for 24h. Interestingly,
exposure to GLP1-RA significantly reduced CaSpF, while SR Ca content was significantly
increased, leading to increased Ca transient amplitude (Fig. 7A). In accordance, /in vivo
treatment of TAC mice with GLP-1RA resulted in a significant reduction of CaMKII T286
autophosphorylation 5 weeks after TAC (figure 7B).
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DISCUSSION

Here we show that the MAGUK protein CASK associates with CaMKII in human
ventricular myocardium and that modulation of CASK expression affects CaMKI|I activity.
Lack of CASK in mice enhances CaMKIlI-activity by increased T286- and reduced T305-
phosphorylation, leads to contractile dysfunction and increased mortality upon pressure
overload thus increasing the propensity for ventricular arrhythmias. In contrast, stimulation
of CASK expression by GLP1 receptor agonism inhibits CaMKI|I activity and improves Ca
handling. This suggests that CASK is a crucial regulator of cardiac excitation-contraction
coupling by modulation of CaMKIlI-activity.

CASK associates with CaMKIl.

We and others have shown that CaMKI|1 is crucially involved in arrhythmias and contractile
dysfunction in HF5:32:43.44 \where CaMKII-expression and CaMKII-dependent
phosphorylation of Ca regulatory proteins are enhanced.*>-47

While various pathways of CaMKIl-activation have been described,2:8-10.48 the mechanism
of CaMKII inactivation has been less well studied. In neurons, the MAGUK-protein CASK
interacts with CaMKII, which leads to increased CaMKII-autophosphorylation at
T305/306.11 The phosphorylation of these residues at the calmodulin-binding site leads to
inhibition of calmodulin-binding, thereby limiting CaMKIl-activity,1249 which alters
memory function.1250 CASK contains a CaMKII-homologue domain in the N-terminal
region. This domain was initially considered as catalytically inactive, 1351 however, it was
shown that the domain can phosphorylate substrates if they had been recruited by the CASK
scaffolding-activity.23 This may explain, why direct CASK-CaMKI| interaction has been
shown to promote CaMKIl-autophosphorylation at T305/306 and inhibit CaMKII-activity in
neurons.12

Despite previous data reporting CASK-expression in the myocardium,4.15 its role for
CaMKIl-activity in the heart has not been investigated.

CASK regulates CaMKII-activity and excitation-contraction coupling.—To
investigate the role of CASK for CaMKII activity, we made use of a novel cardiomyocyte-
specific CASK-KO mouse model. We showed that CASK KO mice display increased
CaMKII T286-phosphorylation but reduced T305-phosphorylation upon stimulation with
ISO. This suggests that CASK indeed regulates CaMKIl-activity in the myocardium which
is in accordance with data from neuronal synapses in Drosophila.1?

Despite these CASK effects on CaMKII-function, CASK-KO mice show normal cardiac-
morphology and -function /n vivo at rest without altered mortality. The basal increase in
CaMKIl-activity in CASK-KO is thus not sufficient to induce HF alone, but may be a
sentinel for a preclinical stage, as implied by the fact that ISO-induced arrhythmogenic
effects are already apparent in the CASK-KO even at baseline. Indeed, different levels of
CaMKII overexpression in mice have different rates of heart failure and mortality.3 The
lack of a basal cardiac phenotype may seem surprising given the multiple functional roles
that have been ascribed to CASK, but is in accordance with previously published data.14
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CASK may be dispensable for heart development and cardiac function at rest, similar to
CaMKI1.35

Using CaMKII knockout mouse models, we and others have shown that CaMKI| is also not
essential for cardiac function at rest in vivo.2%3552 |n sharp contrast, exposure of mice to
stressors like increased afterload not only activates CaMKII, but also leads to CaMKII-
dependent disturbance of Ca handling, ion channels, contractile dysfunction and
arrhythmias.23:36:53 Similarly, increased B-adrenergic stimulation is known to result in
profound CaMKIlI-activation, and CaMKII-dependent changes in excitation-contraction
coupling.37 Consistent with this fact, we show here that isoproterenol enhances CaMKI-
dependent RyR2-phosphorylation in CASK-KO and diastolic SR Ca sparks (as a measure of
Ca leak). This increase in SR Ca leak in CASK KO is not compensated by isoproterenol-
dependent stimulation of SERCA activity, since SR Ca content and Ca transients are also
diminished.

Increased SR Ca leak is not only important for SR Ca content but also a major trigger of
arrhythmias.>6:54 Right ventricular burst stimulation together with intraperitoneal
isoproterenol injection resulted in life-threatening ventricular tachyarrhythmias in CASK-
KO mice /n vivo, but not in CASK-CTRL. This is in accordance with animal models of
enhanced CaMKI| activity showing increased propensity for ventricular arrhythmias.2® The
role of elevated CaMKII activity in CASK-KO is underscored by the fact that oral gavage of
CASK-KO mice with a novel CaMKI|I inhibitor completely prevented the induction of
ventricular arrhythmias.

Lack of CASK accelerates HF upon pressure overload.—In order to test, if CASK-
dependent regulation of CaMKI|I activity is important for HF development, we induced
pressure overload by TAC in mice. Interestingly, echocardiographic analysis revealed that
CASK-KO mice displayed a reduction in left ventricular EF already two weeks after TAC,
while CASK-CTRL mice were still at the stage of compensated hypertrophy. This suggests
that CASK may be most important at the early stages of cardiac remodeling. In WT mice
CASK-expression was increased more than 2-fold at 2 weeks (compared to Sham).
Similarly, our human data showing more than 2-fold-increased CASK-expression in hearts
of patients with aortic stenosis and preserved EF but no significant increase in CASK-
expression in the hearts of patients with end-stage HF. This suggests that increased afterload
may be involved in the regulation of CASK-expression. In contrast to CASK-CTRL, lack of
CASK (in CASK KO) and especially lack of increased CASK expression after two weeks of
TAC resulted in an impairment of EF and increased mortality. This suggests that CASK may
be important for the heart to adapt to increased afterload possibly by limiting excessive
CaMKII activation.

Increased CASK expression by GLP1-receptor stimulation protects the heart.

In contrast, stimulation of CASK expression appeared to confer cardioprotection. It was
shown that the GLP1-receptor agonist exenatide increased CASK expression in the pancreas.
40 Similarly, 24h exposure of cardiomyocytes to exenatide resulted in increased
cardiomyocyte CASK-expression. Moreover, this led to both decreased stimulatory T286-
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CaMKII phosphorylation and increased inhibitory T305-CaMKII phosphorylation, neither
of which occurred in the CASK-KO. This suggests that the modulation of CaMKII activity
by exenatide requires CASK expression. Functionally, the exenatide-effect on CaMKI|I
activity translated into decreased isoproterenol-induced SR Ca sparks and increased SR Ca
content in CASK-CTRL, which could not be seen in CASK-KO. Moreover, exposure to
GLP-1-RA inhibited CaMKII activity, decreased SR Ca leak and improved systolic Ca
handling upon TAC. This CASK-dependent regulation of CaMKI|I activity may, thus, partly
explain the protective effect that has been observed in large clinical trials using GLP-1
receptor agonists.>2:56

In conclusion, we propose here a novel regulation of CaMKII-activity in the heart by CASK.
CASK increases inhibitory CaMKII T305-phosphorylation, which limits pathological
CaMKll-activation. This regulation appears to be important under conditions that are known
to stimulate CaMKII-activity like B-adrenergic stimulation or increased afterload and may
lead to the development of novel treatment options for HF.
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Nonstandard Abbreviations and Acronyms:

AP action potential

AS aortic stenosis

BW body weight

CaMKIllI Ca/calmodulin-dependent kinase 11

CASK Ca/CaM-dependent serine protein kinase
CaSpF Calcium spark frequency

ECG electrocardiogram

ENSE early non-stimulated Ca release event(s)
DNSE delayed non-stimulated Ca release event(s)
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GPL1-RA GLP1-receptor agonist
HF heart failure
HW heart weight
ISO isoproterenol
KO knock out
Lv left ventricular / left ventricle
LVEDD left ventricular end-diastolic diameter
MAGUK membrane associated guanylate kinase
Nay,1.5 voltage-gated sodium channel 1.5
NCX sodium calcium exchanger
NF non-failing
PCR polymerase chain reaction
pT17 phosphorylated threonine 17 (on phospholamban)
PLN phospholamban
QTc heart rate corrected QT interval
RyR2 ryanodine receptor type 2
pS2814 phosphorylated serine 2814 (on RyR2)
SDS sodium dodecyl sulfate
SERCA sarcoplasmic reticulum calcium ATPase
SR sarcoplasmic reticulum
TAC transverse aortic constriction
WT wild type
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NOVELTY AND SIGNIFICANCE
What Is Known?

. The Calcium/Calmodulin-dependent kinase 11 (CaMKII) regulates excitation
and contraction in the heart.

. Increased expression and activity of CaMKII contributes to heart failure (HF)
development and arrhythmias

What New Information Does This Article Contribute?

. We describe the role of Ca/CaM-dependent serine protein kinase (CASK) in
the heart, a scaffolding protein that can regulate CaMKI|I activity.

. Knock-out of CASK (KO) results in increased CaMKI| activity leading to
development of arrhythmias and enhancement of HF progression.

. Increasing CASK expression, on the other hand, reduces CaMKI|I activity and
improves contractile function.

Increased CaMKII expression and activity contributes to contractile dysfunction and
arrhythmias. However, clinical application of pharmacological CaMKII inhibition may be
limited by organ-selectivity and off-target toxicity. While many studies have focused on
stimulatory pathways of CaMKI|, few is known about proteins limiting CaMKI|I activity.
We describe here cardiac CASK, which can limit CaMKI|I activation by promoting
inhibitory CaMKII T305 phosphorylation. In cardiomyocytes, loss of CASK (KO)
resulted in increased CaMKI|I activity with cellular arrhythmias and disturbed Ca
handling. /n vivo, CASK KO led to enhanced CaMKII-dependent HF progression and
ventricular arrhythmias. In contrast, pharmacological stimulation of CASK expression
enhanced inhibitory CaMKII T305-phosphorylation and limited pathological CaMKII-
activation thereby improving Ca handling and contractile performance. Thus, the CASK
regulation of CaMKII may be a promising novel treatment option for patients with HF.
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Figure 1: CASK expression is regulated in hypertrophy and HF
A) Western blots (left panels) and mean analysis (right panel) of CASK expression in human

left ventricular (LV) myocardium from patients with end-stage heart failure (HF) or patients
with aortic stenosis (AS) in comparison to LV samples from healthy organ donor hearts
(NF). CASK expression is increased in AS compared to HF and NF. Data are normally
distributed (Shapiro-Wilk-test). *One way ANOVA p=0.0017, Holm-Sidak post-test (p in
figure, n=mice). B) Original blots analyzing CASK (upper panel) and CaMKII (lower panel)
expression in immunoprecipitated proteins CASK (anti-CASK), NaV1.5 (anti-NaV1.5) and
CaMKII (anti-CaMKII) from homogenates of HF vs. NF.
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Figure 2: CASK-KO mice have no cardiac structural or functional abnormalities

A) Original M-mode acquisitions (left panel, parasternal long axis view) from anesthetized
CASK-CTRL (CTRL), CASK-Flox (Flox) and CASK-KO (KO) mice. Upper right panel
shows mean data of left ventricular ejection fraction and left ventricular end diastolic
diameter. Data follows normal distribution (Shapiro-Wilk-test). No significant differences
could be detected (One way ANOVA with Tukey’s post-test). EF: ANOVA p=0.8668.
LVEDD: ANOVA p=0.9447. B) Kaplan-Meier survival analysis for CASK-CTRL, CASK-
Flox, and CASK-KO mice shows no increased mortality. Log-rank (Mantel-Cox) p=0.6462.
n=mice at risk. C) Western blots and mean data of CaMKII T286-phosphorylation
(normalized to CaMKII-expression; data are normally distributed [Kolmogorov-Smirnov-
test], one way ANOVA *p=0.0293), phospholamban T17-phosphorylation (normal
distribution [D’ Agostino-Pearson test], one way ANOVA *p=0.0052), and CaMKII T305-
phosphorylation (normal distribution [Shapiro-Wilk-test], one way ANOVA p=0.2758) in
ventricular homogenates. For multiple comparisons within each data set, Holm-Sidak post-
tests were applied (p in figures). For pT286/CaMKI| ratio, one extreme statistical outlier was
removed from the CASK-Flox group after statistical outlier analysis.
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Figure 3: CASK-KO mice show increased Ca leak
A) Western blots and mean data of CaMKII T286 (pT286) phosphorylation (normalized to

CaMKII-expression), and CaMKII T305-phosphorylation in ventricular homogenates from
mice that were harvested 30 min after intraperitoneal injection of 1ISO (2 mg/kg body
weight). Left-panel: data are not normally distributed (D’ Agostino-Pearson test) and Mann-
Whitney-Test was applied; right panel: data are normally distributed (Shapiro-Wilk-test) and
Student’s unpaired t-test was applied. n=mice. B) Western blots and mean data of RyR2
serine 2814 (pS2814) phosphorylation (normalized to RyR2-expression) in ventricular
homogenates from mice that were harvested 30 min after intraperitoneal injection of 1ISO (2
mg/kg body weight). Data are normally distributed (Shapiro-Wilk test) and unpaired t-test
applied, n=mice. C) Left panel: original line scans analyzing elementary SR Ca release
events (Ca sparks) in resting Fluo-4-loaded ventricular myocytes. Center panel: violin plot
of SR Ca spark frequency. n=cells. Data are not normally distributed (D’ Agostino-Pearson
test), and Kruskal-Wallis-test (p<0.0001) with Dunn’s post-test (p in graph) was applied.
Right panel: mean data for Caffeine transient amplitude. Data are normally distributed
(Shapiro-Wilk-test) and two-way ANOVA was applied (p for substance p<0.0001 and for
genotype p<0.0243). Multiple comparisons were done by Newman-Keuls post-test (p in
graph). n=cells. D) Ca transient amplitude at 1 Hz before and after exposure to 1SO (10-7
mol/l) in Fluo-4 —loaded isolated ventricular myocytes. Data are not normally distributed
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(D’ Agostino-Pearson test) and *Kruskal-Wallis-test (p<0.0001) was applied. Multiple
comparison by Dunn’s post-test (p in graph). n=cells.
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Figure 4: CASK-KO mice show disturbed Ca handling and ventricular arrhythmias in vivo
A) Original trace of Fluo-4 fluorescence in an isolated ventricular myocyte of a CASK KO

mouse. Arrows indicate electrical field-stimulation. The left panel displays a burst of Ca
release events followed by a single delayed non-stimulated event (DNSE). In the right panel,
data for scored arrhythmias normalized to observation time are shown. Data were normally
distributed (D’ Agostino-Pearson) and analyzed after Box-Cox transformation. Two-way
repeated measured mixed-effects analysis with two-stage linear step-up post-test procedure
of Benjamini, Krieger and Yekutieli was performed (n=cells). In the lower left panel, the
proportions of cells showing DNSE upon isoproterenol are shown. Lower mid panel shows
the proportions of cells with Ca alternans or runs upon isoproterenol. Lower right panel
shows the proportions of cells with severe arrhythmias upon isoproterenol (defined as either
doublets, triplets, runs, alternans or sustained premature contractions, Fisher’s exact tests,
n=cells). B) Original surface ECG acquisitions (lead 1) in mice subjected to burst
stimulation at the right ventricular apex /in vivo. C) Mean data of the proportion of mice
showing arrhythmias (Fisher’s exact test, n=mice). Label information: CTRL=CASK-
CTRL, Flox=CASK-Flox, KO=CASK-KO
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Figure 5: CASK-KO accelerates heart failure progression and increases mortality upon TAC
A) Original traces of echocardiographic M-mode acquisitions (parasternal long axis view) in

CASK-CTRL or CASK-KO mice before TAC, and at two weeks after TAC operation. B)
Mean data of left ventricular ejection fraction (EF). Data follows normally distribution
(Shapiro-Wilk-test, *two-way repeated measured mixed-effects analysis p for TAC=0.0459
with Holm-Sidak post-test (p values in graph, n=mice). C) Kaplan-Meier survival analysis
for CASK-CTRL, CASK-Flox and CASK-KO mice upon TAC. Data were tested by Log-
rank (Mantel-Cox) with p in graph. n=mice at risk. D) Mean densitometric expression of
CASK (normalized to GAPDH, western blot) in left ventricular homogenates of mice after
TAC (vs. Sham-operated mice). Data are normally distributed (Shapiro-Wilk-test) and tested
by unpaired t-test (p in graph, n=mice. E) Original registrations (western blot) and mean
densitometric data for CaMKII expression and T286 autophosphorylation in ventricular
homogenates from CASK-CTRL and KO mice 2 weeks (2w) after TAC. Left panel: Data are
not normally distributed (Shapiro-Wilk) and tested by *Kruskall-Wallis p=0.0089. Multiple
comparison were done by two-stage linear step-up procedure of Benjamini, Krieger and
Yekutieli (p in graph, n=mice. Right panel: Data are normally distributed (Shapiro-Wilk-
test) and tested by *ANOVA p=0.0132 with Holm-Sidak post-test (p in graph, n=mice). F)
Mean densitometric data for T305-autophosphorylation shows that compared to CASK-
CTRL, T305 autophosphorylation was significantly reduced in CASK KO upon TAC. Data
are normally distributed (Shapiro-Wilk-test) and compared by unpaired t-test (p in graph,
n=mice). G) Mean densitometric analysis of CaMKII-oxidation relative to CaMKII
expression indicates enhanced CaMKII oxidation in CASK KO upon TAC. Data are
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normally distributed (Shapiro-Wilk-test) and compared by unpaired t-test (p in graph,
n=mice. Label information: CASK-CTRL = CTRL, CASK-Flox = Flox, CASK-KO = KO
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Figure 6: CASK expression is increased upon GLP1-receptor agonist treatment
A) Original Western blots and mean densitometric data of CASK-expression in isolated

ventricular cardiomyocytes from CASK-CTRL or CASK-KO mice that were harvested 24 h
after culture with either vehicle control (DMSO) or 100 nmol/L of the GLP1-receptor
agonist (GLP1-RA) exenatide. Data follows normal distribution (D’ Agostino-Pearson-test)
and was compared by paired t-test (p in graph, n=mice). B) Left panel: original Western
blots and mean densitometric data of T305-phosphorylation (original registration contrast-
enhanced equally across all lanes). Data are normally distributed (D’ Agostino-Pearson test)
and tested by two-way mixed-effects analysis (substance *p=0.0278, genotype *p=0.0115,
interaction *p=0.0295) with Sidak post-tests (p in graph). Right panel: CASK-expression
correlates strongly with T305-phosphorylation (linear regression p<0.05, R?=0.45).

C) Original Western blots and mean densitometric data of CaMKII T286-phosphorylation.
Data are normally distributed (D’ Agostino-Pearson test) and tested by two-way ANOVA
(genotype *p=0.0274, substance p=0.8033, interaction *p=0.0339). n=mice)

D) Mean data of SR Ca spark frequency (CaSpF) as a marker of SR Ca leak in isolated
ventricular cardiomyocytes from CASK-CTRL (left panel) or CASK-KO (right panel) mice
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that were harvested 24 h after culture with either vehicle control (DMSO) or 100 nmol/L of
GLP1-RA and exposed to 10~/ mol/l isoproterenol. Data are normally distributed

(D’ Agostino-Pearson test) and compated by paired t-test (p in graph, n=mice)

E) Mean data of Caffeine transient amplitude in Fluo-4 —loaded isolated ventricular
myocytes that were harvested 24 h after culture with either vehicle control (DMSO) or 100
nmol/L of GLP1-RA and exposed to 10-7 mol/l isoproterenol. Left panel: CASK-CTRL.
Data are normally distributed (Shapiro-Wilk-test) and compared by paired t-test (p in graph,
n=mice). Right panel: CASK-KO. Data are not normally distributed (Shapiro-Wilk-test) and
tested by Wilcoxon test (p in graph, n=mice).
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Figure 7: GLP-1 RA inhibits CaMKI|I activation upon TAC
A) Original confocal line scans (upper panel) and mean data of SR Ca?* spark frequency

(CaSpF) as a marker of SR Ca2*~leak (lower left panel), Caffeine transient amplitude (lower
mid panel), and Ca?* transient amplitude (lower right panel) in isolated ventricular
cardiomyocytes from mice exposed to 5 weeks of transverse aortic constriction (TAC) that
were harvested 24 h after culture with either vehicle control (DMSO) or 100 umol/I of the
GLP1-receptor agonist (GLP1-RA) exenatide. Lower left; Data are not normally distributed
(D’ Agostino-Pearson test) and tested by Mann-Whitney-test (p in graph, n=cells/mice).
Lower mid panel: Data are normally distributed (D’ Agostino-Pearson) and tested by
unpaired t-test (p in graph, n=cells/mice). Lower right panel: Data are normally distributed
(D’ Agostino-Pearson) and tested by two-way-ANOVA (p in graph, n=cells/mice).

B) Original Western blots and mean densitometric data of CaMKII T287-phosphorylation
and CaMKII expression in hearts at 5 weeks after TAC and /7 vivo treatment with either
vehicle or the GLP1-RA peptide 7-36. Data are normally distributed (Shapiro-Wilk-test) and
tested by unpaired t-test for both panels (p in graph, n=mice).
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Table 1:
Clinical data of patients:

LVVAD-=left ventricular assist device, ACE/AT1-RA/ARNI= Angiotensin-converting enzyme inhibitor/
angiotensin receptor antagonist/angiotensin receptor neprilysin inhibitor, MRA=mineralocorticoid receptor
antagonist, N/A=not available/not applicable

HF AS
(n=18) (n=5)

Male gender, n (%) 14 (78) 1(20)
Age (years), mean+SD 49.9+10.7 73.849.7
Body mass index (kg/m?), mean+SD 24.3+4.8 N/A
Left ventricular ejection fraction (%),mean+SD  18.6+5.8  57.046.7
Dilative cardiomyopathy, n (%) 17 (94) N/A
Ischemic cardiomyopathy, n (%) 1(6) N/A
LVAD, n (%) 5(28) 0(0)
Atrial fibrillation, n (%) 9(56)" N/A
Diabetes mellitus, n (%) 2(11) N/A
Creatinine (mg/dl), mean+SD 1.310.5)( N/A

Pharmacological Therapy:

ACE/AT1-RA/ARNI, n (%) 12 (67) 4 (80)
MRA, n (%) 12 (67) 0(0)
Loop diuretics, n (%) 17 (94) 3 (60)
Beta blocker, n (%) 14 (78) 4 (80)
Ca antagonist, n (%) 4(22) 0 (0)
Statin, n (%) 3(17) N/A

*
data from n=16 available,

Xdata from n=12 available
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