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lll. ABSTRACT

Phospholamban (PLN) is a 52 amino acid tail-anchored transmembrane protein and an essential
regulator in the cardiac excitation-contraction coupling (ECC) involved in the regulation of the
Sarcoendoplasmatic Reticulum Ca?*-ATPase 2a (SERCA2a) pump (Asahi, Nakayama, Tada, & Otsu,
2003). SERCA2a is a transmembrane pump primarily responsible for Ca?* reuptake from the cytosol
into the Sarcoendoplasmatic Reticulum (SER) lumen of skeletal and cardiac muscle cells during ECC
(Calderdn et al., 2014). PLN regulates SERCAZ2a in a phosphorylation-dependent manner: when PLN
is unphosphorylated, it binds to SERCA2a regulating its activity and PLN phosphorylation releases this
binding. The exact mechanism of the PLN regulation to SERCAZ2a is not fully understood but it is known
that PLN phosphorylation is a crucial regulatory mechanism that modulates SERCAZ2a function in Ca?*
handling (Stege, de Boer, Makarewich, van der Meer, & Silljé, 2024). PLN can be phosphorylated at
serine 16 (S16) by protein kinase A (PKA) in response to B-adrenergic stimulation and at threonine 17
(T17) by Ca?*/calmodulin-dependent protein kinase Il (CaMKIl) in response to CaZ*overload (Lipskaia,
Chemaly, Hadri, Lompre, & Haijjar, 2010) (Menzel et al., 2020).

Several disease-associated mutations in the PLN gene have been identified in human patients,
including R9C, L39X and R14 A (Haghighi et al., 2006). The deletion of arginine 14 (R14 A) of PLN is
most prevalent in the Netherlands and Northwestern Europe. PLN R14 A is the focus of our study and
is associated with dilated and/or arrhythmogenic cardiomyopathy. PLN R14 A cardiomyopathy is
typically characterized in human carriers by “ECG abnormalities, including low QRS-potentials and
inverted T-waves in precordial leads, myocardial fibrosis and fibrofatty replacement, and ultimately,
severe biventricular dysfunction and heart failure” (Eijgenraam et al. 2020). On the cellular level, PLN
R14 A is associated with a diverse set of phenotypes, including: altered metabolism, formation of
PLN-containing aggregates, altered Ca*2-dynamics and increased arrhythmia risk (Stege et al., 2024).
On the molecular level, the PLN R14A mutation results in loss of a PKA binding motif, resulting in loss
of phosphorylation at S16. In mouse models, it has been described that PLN R14 A leads to
cardiomyopathy, developing irreversible structural and functional cardiac changes (Eijgenraam et al.
2020).

Due to the PKA binding motif loss of PLN R14 A and (presumably) phosphorylation at S16 loss, PLN
phosphorylation at T17 by CaMKIl may play a significant role in determining the PLN R14A phenotype.
In addition to the regulation of PLN, CaMKIl has been shown to be involved in a large number of critical
cardiac signaling pathways. However, chronic CaMKII upregulation leads to pathological cardiac
remodeling, hypertrophic gene expression, arrhythmia, promotes apoptosis, pro-inflammatory signaling
or transcriptional activation of genes related to cardiac hypertrophy (Zhang., 2017) (Reyes Gaido et al.,
2023). Likewise, other proteins besides PLN, phosphorylated by CaMKII activity are Calcineurin and
the Histone deacetylase 4 (HDAC4).

In this study, we employed both a transgenic mouse model and a HEK293 cell culture model.

First, we combined the previously described PLN R14 A/+ knock-in mouse line (Eijgenraam et al. 2020)
with an inducible CaMKII knockout mouse line (Kreusser et al., 2016) into a new mouse line. The PLN
R14 A/+ knock-in line has been shown to closely mimics the human phenotype and a cardiomyopathy
onset in mice as described above (Eijgenraam et al. 2020). The Tamoxifen-inducible CaMKIl d/y
knockout (CaMKIl DKO) has been shown to attenuate maladaptive cardiac remodeling and reverse
signs of heart failure (Kreusser et al., 2016). The purpose of this combination was to differentiate
between possibly protective versus causative cardiomyopathy pathomechanisms of CaMKIl DKO.
Cardiac structure and function were evaluated by 6-lead electrocardiogram and echocardiography at
15 weeks of age and isolated cardiomyocyte samples were collected for in vitro studies at 16 weeks of
age, before the expected onset of significant cardiomyopathy at 18 months (Eijgenraam et al. 2020).
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Electrocardiogram measurements showed CaMKIl DKO effects only in the simultaneous presence of
the PLN R14 A/+ mutation: a decrease in PR interval, an increase in QRS interval and a decrease in
R amplitude. Interestingly, echocardiography revealed PLN R14 A early signs of hypertrophy without
cardiac dilation but with increased Posterior Wall Thickness in systole (PWThs) compared with WT and
our experimental combined mouse line (R14del-CaMKII-DKO), which is inconsistent with the
established DCM phenotype. In addition, PLN R14 A showed increased Ejection Fraction compared
with the R14del-CaMKII-DKO group. We hypothesized that the results point towards a possible trend
of heart hypertrophy on the R14 A, an early onset of DCM of R14 A. Interestingly, these changes in
several parameters were attenuated in the R14del-CaMKII-DKO system, indicating that CaMKII activity
may contribute to R14 A pathological changes. We also analyzed the cardiomyocytes area of a subset
of mice per group and we found in the left ventricle there was an increase for R14 A male mice compared
to the CaMKII DKO group.

We also did a parallel study comparing WT and R14 A/+ mice (without Tamoxifen induction) to
biochemically investigate their expression and phosphorylation levels of our proteins of interest. Our
biochemical results showed a reduction of CaMKIl expression and PLN pT17 pentamers on R14 A/+ vs
WT. In addition, we investigated the expression and phosphorylation of Calcineurin and HDAC4. We
found similar levels for Calcineurin and HDAC4 expression. However, we found an increase in the
phosphorylation of HDAC4 at S467 on R14 A/+ vs WT, which also points towards a hypertrophic effect
related with the cytoplasmic localization of HDAC4 when it is phosphorylated and stops its role as a
gene repressor. Surprisingly, our biochemical analysis showed no change in pS16 levels comparing WT
and R14 A/+ mice, contrary to the expected result of PLN pS16 levels reduction due to the R14 Aloss
of PKA binding motif. This PKA binding motif loss has been demonstrated both in silico and in vitro using
HEK293 cells exogenously overexpressing PLN R14 A (Vafiadaki et al., 2022). However, in a
heterozygous overexpression system, it is possible that PLN WT and R14 A monomers will form
heteropentamers. In this scenario, although R14 A has lost its PKA binding motif, we hypothesize it
would still be capable of being phosphorylated if PKA binds to PLN WT and phosphorylates
PLN R14 A by proximity in a heteropentamer of WT PLN and R14 A. We refer to this hypothesis as
“In trans” phosphorylation.

Finally, to explore the “In trans” phosphorylation hypothesis, we used a HEK293 cellular model to
express via transient transfection several PLN constructs with epitopes of different molecular weights
with the intention of studying the possible formation of hetero-oligomers resulting from the co-expression
of both epitopes. We validated our constructs with PLN and the V5 and V5-APEX2 epitopes. We
demonstrated that the constructs express PLN and can be phosphorylated by PKA due to Isoprenaline
(ISO) stimulation of the cells. In addition, we attempted to obtain evidence of the new hetero-oligomers
hypothesized but the different expression of our constructs did not allow us to show sufficient evidence.
However, we show preliminary evidence of the hypothesized “in trans” phosphorylation using
immunoblotting with Phos-tag™ gels.
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V. INTRODUCTION

4.1 Heart failure and cardiomyopathies

“Heart failure (HF) is condition that develops when the heart does not pump enough blood for the body
needs” (Bozkurt et al., 2021). This multi-faceted clinical syndrome caused by “a structural and/or
functional cardiac abnormality, results in a reduced cardiac output and/or elevated intracardiac
pressures at rest or during stress” (Bozkurt et al., 2021) (Ponikowski et al., 2016). HF is a progressive
disease where one or more damaging factors accumulate and which can appear in an acute or chronic
form (Schwinger, 2021). HF is characterized by significant morbidity and mortality, affects about 1% to
2% of the population worldwide, it has been estimated that its mortality rate is about 10% (Schwinger,
2021). The HF etiology shows considerable geographical variation and various specific underlying
causes can contribute to the development of this clinical syndrome (Savarese et al., 2023). The most
common ones are ischemic heart disease, hypertension, valvular and rheumatic heart disease,
congenital heart disease and various types of cardiomyopathies with different origins such as genetic,
infectious or even chemical-physical (Savarese et al., 2023).

“Cardiomyopathies are a heterogeneous group of pathologies characterized by structural and functional
alterations of the heart” (Ciarambino et al., 2021). “Dilated cardiomyopathy (DCM) which include genetic
and nongenetic forms, is the most common form of cardiomyopathy” (Chen, Mestroni, & Taylor, 2021).
“Dilated cardiomyopathy (DCM) has a prevalence of 1:2500 and is a leading indication for heart
transplantation typically characterized by dilatation and impaired function of one or both ventricles”
(Wilsbacher, 2020). “Patients may develop heart failure, most often, the presenting symptoms may be
arrhythmias, atrial or ventricular, and sudden cardiac death” (Ciarambino et al., 2021).

One of the causes of HF syndrome are cardiomyopathies and this group of pathologies include a broad
spectrum of genetic, systemic, infectious, and inflammatory disorders
(Ciarambino et al., 2021). Cardiomyopathies, whether due to electrical conduction malfunction or
physical deformation, alter the coordination between the contraction and relaxation of the different parts
of the heart (Schartner, Laporte, & Bohm, 2019). This coordination is essential for its normal function
and it is achieved thanks to the mechanism between cardiac excitation-contraction coupling (ECC).

4.2 Excitation-contraction coupling (ECC) and calcium
handling

The ECC mechanism on cardiomyocytes refers to the link between the excitation in the sarcolemma
membrane of cardiomyocytes and “activation of the contractile machinery that is ultimately responsible
for the pump function of the heart” (Blatter, Kanaporis, Martinez-Hernandez, Oropeza-Almazan, &
Banach, 2021). The process start with a depolarization in the sarcolemma membrane, the action
potential is propagated through the sarcolemma specialized invaginations called transversal and axial
tubules that interface with sarcoplasmic reticulum (SR) by L-type voltage-gated calcium (Ca®*) channels
(LTCC) (Bolafios & Calderdn, 2022) (Dries et al., 2023). This action potential first activates sodium
channels inducing a further depolarization that activates the LTCC, the resulting Ca?* influx into the
cytosol stimulates the opening of ryanodine receptor type 2 (RyR2) located on the SR through a
mechanism called Ca?* induced Ca?* release (Gilbert et al., 2020). The opening of RyR2 allow the
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release of Ca?* from the sarcoplasmic reticulum (SR) to the cytosol of cardiomyocytes further increasing
the Ca?* concentration (Dries et al., 2023). The Ca?* binds to troponin C and this interaction release the
inhibition of troponin and tropomyosin on the actin-myosin interaction, leading to the contraction of
cardiomyocytes (Barrick & Greenberg, 2021). Then, the relaxation is induced by cellular repolarization
and the final Ca?* reuptake to the SR mediated by the SER Ca?*-ATPase 2a (SERCAZ2a) pump
(Calderon et al., 2014). The fundamental role of Ca?* in the heart is shown by the prevalence of altered
Ca?* homeostasis in cardiovascular diseases and the contribution of the altered Ca?* handling to heart
failure and calcium triggered arrhythmias (Gilbert et al., 2020).

To ensure proper Ca?* handling, a delicate balance between calcium influx and efflux is maintained
within the cardiomyocytes. Other proteins intervene in this balance to regulate the SERCAZ2a interaction
mechanism. The first we are going to describe is Phospholamban (PLN).

4.3 Structure and function of PLN

PLN is transmembrane protein of 52 amino acids highly expressed in cardiac muscle having one part
anchored on the SR membrane and other part of the protein on the cytosol of the cardiomyocytes
(Weber et al., 2021). PLN is composed of a helical cytoplasmic domain (domain IA) from amino acids
1-16, a semi-flexible loop (domain IB) from amino acids 17-21 and a helical hydrophobic
transmembrane domain (domain Il) from amino acids 22-52 (Smeazzetto, Saponaro, Young, Moncelli,
& Thiel, 2013). Moreover, PLN presents a monomeric and a pentameric form in an equilibrium and
recent studies suggest that both forms intervene in the PLN function, but the exact role of each form is
not fully understood (Funk et al., 2023). Several structural studies have demonstrated that PLN
monomers oligomerize into pentameric assemblies. For example, Cornea et al., (1997) investigated
how mutations and phosphorylation affect the oligomeric state of PLN using nuclear magnetic
resonance (NMR) in lipid bilayers, revealing alterations in PLN’s pentameric structure under different
biochemical conditions. This work provided important insights into how PLN structure and function are
modulated in a membrane environment (Cornea et al., 1997). Similarly, Oxenoid et al. (2006) employed
NMR techniques to characterize the pentameric structure of PLN reconstituted in
dodecylphosphocholine micelles, providing detailed structural information about the arrangement of
PLN monomers within the pentamer (Oxenoid et al., 2006). Also, Zhanjia et al. (2008) used Forster
resonance energy transfer (FRET) in HEK293 cells to study PLN pentamerization and its interaction
with the sarco/endoplasmic reticulum Ca?*-ATPase (SERCAZ2a). Their work highlighted the functional
relevance of PLN pentamer formation in living cells and its role in modulating SERCA2a activity (Zhanjia
et al., 2008).

PLN interacts with SERCAZ2a isoform in cardiomyocytes and PLN function has been classically
described as an inhibitor of SERCA2a (Asahi et al., 2003). When PLN is dephosphorylated, it binds to
SERCAZ2a and reduces its activity, limiting the Ca?* reuptake to the SR (Kranias & Haijjar, 2012).
However, when PLN is phosphorylated its inhibitory effect on SERCA2a is relieved. PLN can be
phosphorylated at serine 16 (S16) and threonine 17 (T17) by protein kinase A (PKA) in response to 3
adrenergic stimulation and Ca?*/calmodulin-dependent protein kinase Il (CaMKIl), respectively.
(Lipskaia et al., 2010) (Menzel et al., 2020). Thus, the PLN phosphorylation is a crucial regulatory
mechanism that modulates SERCA2a function in Ca?" handling. Studies have shown that PLN
phosphorylation at S16 (PLN pS16) levels are tightly regulated (MacLennan & Kranias, 2003)
(Menzel et al., 2020). Similarly, phosphorylation of PLN at T17 (PLN pT17) also contributes to the
regulation of Ca®" handling in cardiomyocytes (Mattiazzi & Kranias, 2014). (Menzel et al., 2020).
Regarding dephosphorylated PLN, the impact of other auxiliary proteins that dephosphorylate PLN such
as protein phosphatase 1 (PP1) has been established, whose activity when increased has been
suggested to contribute to cardiac dysfunction (Vafiadaki et al., 2013).
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As we have established in cardiomyocytes it is necessary to maintain a balance in Ca?* handling in
which PLN and SERCAZ2a intervene, in the following section we will describe the function and structure
of SERCA2a.

4.4 SERCAZ2a structure and function

SERCA is a transmembrane pump implicated in the Ca?* handling of skeletal and cardiac muscle cells
(Xu & Van Remmen, 2021). The SERCA role is to transport Ca?* from the cytosol into the SR lumen
(Calderdn et al., 2014). In humans, nine splice variants of SERCA (SERCA1a-b, SERCA2a-d, and
SERCA3a-c) have been identified. In the cardiac muscle the SERCA2a variant in the one mainly
expressed (Fransen, Chen, Vangheluwe, & Guns, 2020).

The SERCA pump is activated in the presence of ATP and the ATP-SERCA binding rearrange the protein
facilitating the coupling of ATP hydrolysis and Ca?* transport (Aguayo-Ortiz & EspinozaFonseca, 2020).
In a second step SERCA transitions to a low affinity state for Ca2* releasing it into the SER lumen and
finally SERCA returns again to the initial state (Aguayo-Ortiz & Espinoza-Fonseca, 2020).

The effect of a SERCA2a knockout has been investigated in a mouse model of the C57BL/6J strain,
showing a remarkable degree of “major adaptations to sarcolemmal Ca?* entry and efflux overcome the
Ca?* deficit in SR reuptake to permit relatively normal contractile function” and resistance to arrhythmia.
(Edwards et al., 2021).

Once the structures and functions of PLN and SERCAZ2a, our main proteins of interest, have been
established, we will discuss the interaction between both.

4.4.1 PLN and SERCAZ2a interaction

Recent studies on the interaction of PLN and SERCA2a have shown that PLN phosphorylation on the
cytoplasmic domain produce a rearrangement, disrupting “several inhibitory contacts at the
transmembrane binding interface of SERCA-PLN complex that are propagated to the SERCAZ2a active
site”. (Weber et al., 2021).

There are several proteins implicated on the interaction mechanism between PLN and SERCA2a
including kinases as PKA or CaMKIl that phosphorylate PLN or phosphatases that dephosphorylate
PLN as PP1 (Menzel et al., 2020) (Vafiadaki et al., 2013). A deficiency of the PP1-regulatory sub-unit
(PPP1R3A) has been shown to reduce the binding capacity of the PP1 catalytic subunit and increase
the phosphorylation of both RyR2 and PLN at S16 and T17, promote abnormal SR-Ca?* release, and
increase susceptibility to atrial fibrillation in a mouse model with C57BL/6J background

(Alsina et al., 2019). In addition, there are other proteins that modulates the PLN function as 14-3-3
(Menzel et al., 2020) or DWORF (Stege et al., 2023) whose function is interesting for research on
diseases related to a PLN mutation.

Dysregulation of PLN and SERCAZ2a interaction, as occurs with the PLN deletion of arginine 14
(R14 A, our study interest) can disrupt this delicate balance, resulting in impaired Ca?* cycling, altered
contractility, and potential cardiac pathologies such as cardiomyopathy or arrhythmias.
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4.5 Phospholamban R14 A mutation and R14 A
cardiomyopathy

Changes in this delicate balance of Ca?* handling in cardiomyocytes can lead to disease and there is
substantial evidence indicating that hereditary mutations in PLN and dysregulation of SERCAZ2a lead to
cardiomyopathies and heart failure (Asahi et al., 2003).

Several disease-associated mutations in the PLN gene have been identified in human patients,
including R9C, L39X and R14 A (Haghighi et al., 2006). Even recently, new missense PLN variants
continue to be found in patients with DCM like A15T or P21T (Armanious, Lemieux, Espinoza-Fonseca,
& Young, 2024).

The deletion of arginine 14 of phospholamban or PLN R14 A mutation will be the focus of this thesis.
Human carriers of PLN R14 A exhibit highly variable phenotypes, ranging from asymptomatic to
development of severe cardiomyopathy with clinical features of both ACM and DCM and, potentially,
heart failure resistant to conventional treatments (Hof et al., 2019) (Vafiadaki et al., 2023). An
epidemiological study of 403 PLN R14 A carriers, with ages between 15 until 109 years old, indicated
that 58% were asymptomatic an for the symptomatic the 13% had an previous unexplained syncope
and 16% presented severe clinical symptoms of heart failure (van Rijsingen et al., 2014).

Regarding the current insights into PLN R14 A disease mechanism at tissue and organ levels, it has
been shown that the R14 A mutation leads to cardiomyocyte Ca*? handling dysregulation, protein
aggregation, replacement fibrosis, cell death, ACM and DCM (Stege et al., 2024).

In order to have a better understanding of the pathogenetic mechanisms of PLN R14 A cardiomyopathy,
several models have been used aiming at the biochemical, molecular, cellular and animal levels.
Several mouse models has been developed and also a zebrafish model (Vafiadaki et al., 2023). As well
as cellular models such as HEK293 cells exogenously overexpressing (Vafiadaki et al., 2022), human
induced pluripotent stem cells (Karakikes, Ameen, Termglinchan, & Wu, 2015) or 3-dimensional
engineered heart tissue (Knaust, 2017).

The PLN R14 A mouse model reproduces many of the tissue/organ level phenotypes observed in
human patients, including: “ECG abnormalities, including low QRS-potentials and inverted T-waves in
precordial leads, myocardial fibrosis and fibrofatty replacement, and ultimately, severe biventricular
dysfunction and HF” (Eijgenraam et al. 2020).

Interestingly, there are significant differences in illness trajectory between PLN R14 A mice homozygous
and heterozygous, described in this thesis from now on as PLN R14 A/A and
PLN R14 A/+ respectively. These differences can include survival rates, cardiac function, and cardiac
remodeling. PLN R14 A/A mice typically demonstrate significantly decreased survival compared to WT
mice, decreasing from 100% to 0% survival between the 7 and 8 weeks of age (Eijgenraam et al. 2020).
PLN R14 A/A mice with 6 weeks of age also showed increased left ventricular end-diastolic and
endsystolic volumes, decreased stroke volume, and ejection fraction, indicating ventricular dilatation
and contractile dysfunction found by transthoracic echocardiography. (Eijgenraam et al. 2020). In
contrast, PLN R14 A/+ mice exhibit normal survival rates comparable to WT mice and at the 6 weeks of
age, they do not usually show cardiac structural abnormalities by transthoracic echocardiography, the
onset of the disease is later compared with the homozygous mice with the exception of the reduced
conduction velocity (Eijgenraam et al. 2020).



CHAPTER |V. INTRODUCTION

Previous studies of the molecular defects on PLN R14 A showed inconclusive evidence of PLN R14 A
about SERCA activity being inhibited or rather enhanced compared to WT (Stege et al., 2024):

On one hand, it has been shown PLN R14 Ais a poor substrate for PKA in silico by comparing the
kinetics of phosphorylation and thermodynamics of binding of synthetic PLN cytosolic domain
WT vs R14 A with PKA using steady-state kinetic measurements, isothermal titration calorimetry, NMR
spectroscopy, and molecular dynamic simulations (J. Kim et al., 2015). Vafiadaki et al. showed that
PLN R14 A recombinant protein tagged with GST expressed in HEK 293 cells to perform pull-down
assays enhances the binding to SERCA2a confirmed by immunoprecipitation assays in the humanized
PLN R14 A mouse model heart (Vafiadaki et al., 2022). Furthermore, they showed that this
GST-PLN R14 A recombinant protein could not be phosphorylated in vitro using PKA nor transfecting it
into HEK293 cells and treating the cells with Isoprenaline (ISO), attributing this to a binding motif loss
of PKA on R14 A by the study of the PKA consensus recognition sequence (Vafiadaki et al., 2022).
A previous publication (Menzel et al., 2020) also demonstrated the PLN pS16 interaction with
recombinant 14-3-3 protein in solubilized cardiac membranes from mouse ventricular tissue. The
proximity of PLN and 14-3-3 using PLN-V5-APEX2 constructs expressed in neonatal rat cardiomyocytes
and the binding of 14-3-3 to PLN using a recombinant PLN-GST protein has more affinity for the T17
site than for S16 in both PLN WT and PLN R14 A (Menzel et al., 2020). PLN R14 A “superinhibition” of
SERCAZ2a was studied on a transgenic mouse model overexpressing R14 A showing a reduced calcium
reuptake into the SER (Haghighi et al., 2006). On a humanized PLN R14 A mouse model SERCA2a
“superinhibition” was only observed for right ventricular cardiomyocytes but not for left ventricular ones
(Haghighi et al., 2021). In addition, as we previously mentioned, Vafiadaki et al. (2022) showed a binding
motif loss of PKA on R14 A by the study of the PKA consensus recognition sequence and confirmed the
PLN S16 inability to phosphorylate using HEK293 PLN R14 A overexpression system (Vafiadaki et al.,
2022). The mouse models to date are the closer to the human disease and use the humanized R14 A
protein on them can have advantages like the study of gene expression (Stege et al., 2024).
However, it is important to note that PLN R14 A can be homozygous or heterozygous (R14 A/A and
R14 A/+, respectively) and in mouse model the iliness trajectory is more similar to human patients on
R14 A/+ mice (Eijgenraam et al. 2020). This difference shows some limitations on the HEK293 system
due to the lack of study of the interaction between PLN WT and R14 A. Similarly, the interaction between
human and mice PLN is also limiting the results as human PLN has been shown to cause stronger
SERCAZ2a inhibition in mice (Zhao et al., 2006).

On the other hand, using PLN R14 A monomeric purified fusion protein in reconstituted lipid vesicles,
Veglia et al. showed that this fusion proteins “structure-dynamics-function relationship correlate with
previously identified loss-of-function PLN mutants that relieve SERCA inhibition” using solution and
solid-state NMR methods (Vostrikov, Soller, Ha, Gopinath, & Veglia, 2015). In addition, Qin et al. (2022)
showed that PLN R14 A have a weaker binding affinity than the WT isoform to PKA in a complex, using
Surface Plasmon Resonance discarding a previous hypothesis of R14 A aberrant interaction with PKA
may sequester PKA and prevent phosphorylation of WT PLN (Qin et al., 2022). At the cellular level, PLN
R14 Ais associated with Ca*? handling dysregulation reducing the dynamic range and responsiveness
required to accomplish a cardiac reserve for conditions of both, exercise and rest, resulting in the higher
possibilities of cardiac complications (Stege et al., 2024). This has been attributed to PLN
hypophosphorylation due to binding motif loss of PKA; however, recent studies have called the
“superinhibition” model (MacLennan & Kranias, 2003) into question.

The R14 A knock-in mouse model with the mutation in the murine locus showed that there was no
inhibition of SERCA2a for R14 A/+ neither R14 A/A and the overexpression of DWORF, a SERCA2a
activator, increased the calcium reuptake (Stege et al., 2023). Besides, a recent publication showed
R14 A would made PLN to lose its ability to inhibit SERCA2a by hyperdynamic Ca?* handling
(Maniezzi et al., 2024).
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In addition to altered Ca*? dynamics, PLN R14 A is associated with a diverse set of phenotypes,
including: altered metabolism, formation of PLN-containing aggregates and increased arrhythmia risk
(Deiman, Bomer, van der Meer, & Grote Beverborg, 2022). The mechanisms underlying the majority of
these defects are still poorly defined. However, we are going to focus on the functional importance of
the phosphorylation state of PLN in WT and R14 A.

4.6 The importance of PKA and CaMKIl in the
phosphorylation of PLN WT and R14 A

Two other important players in the mechanism of interaction between PLN and SERCAZ2a are the
kinases that phosphorylate PLN, PKA and CaMKII.

“PKAis a 3',5'-cyclic adenosine monophosphate (cCAMP) dependent protein kinase, which is composed
of two regulatory and two catalytic subunits” (Yuening Liu, Chen, Fontes, Bautista, & Cheng, 2022).
The canonical PKA signaling pathway is essential for cardiac function, specifically the transduction of
B-adrenergic stimulation when a release of catecholamines bind 3-adrenergic receptors and increases
contractility by activation of the cAMP/PKA signaling pathway, but also PKA is a key regulator for the
cardiac structure and remodeling. (Yuening Liu et al., 2022)

PKA is the kinase responsible for the PLN phosphorylation at S16 but given the PKA binding motif loss
avoiding PLN phosphorylation at S16 in PLN R14 A, we hypothesize that CaMKII activity may play a
greater role in PLN R14 A regulation.

CaMKIl is a serine/threonine specific protein kinase consisting of catalytic, regulatory
(autoinhibitory/calmodulin binding) and association domains (K. Kim, Saneyoshi, Hosokawa, Okamoto,
& Hayashi, 2016). CaMKIl is activated by various mechanisms including direct activation by
Ca?*/calmodulin (CaM) in response to increased cytosolic Ca*?, the autophosphorylation of its residue
T287, an activated CaMKIl activating an inactive CaMKII, the oxidation of the residues M281/282
(in the cardiac CaMKII isoforms) by reactive oxygen species generation (Nishio et al., 2012). Besides,
there is an autonomous activation by a high glucose concentration during direct activation
(Backs, 2020). In addition, CaMKIl can also be activated or inhibited by nitrosylation of Cys-290 and
Cys-273, respectively (Erickson et al., 2015). A recent study also shows that “prior S-nitrosylation of
CaMKIll delta (d) at cysteine-273 can limit subsequent B-adrenergic receptor-induced arrhythmias, but
that S-nitrosylation at cysteine-290 might worsen or sustain B-adrenergic receptor-induced arrhythmias”
(Power et al., 2023). CaMKII plays a central role in cardiac physiology, where it regulates calcium
signaling, excitation-contraction coupling mechanism and the heart’s response to stress. Among its
isoforms, CaMKIl & is the most abundant in cardiomyocytes, while CaMKIl y has also been shown to
contribute to redundant functions under conditions of isoform compensation (Ling et al., 2009).
Persistent activation of CaMKII, particularly under pathological conditions, has been linked to
arrhythmogenesis, maladaptive remodeling, progression toward heart failure (Backs et al., 2009;
Westenbrink et al., 2013), as well as hypertrophic gene expression, arrhythmia, apoptosis promotion,
pro-inflammatory signaling or transcriptional activation of genes related to cardiac hypertrophy (Zhang,
2017) (Reyes Gaido et al., 2023). This is one of the reasons CaMKIlI modulation has received recent
interest as a therapeutic strategy for cardiac remodeling and myocardial hypertrophy, in example, using
a mice model knockout of the two CaMKII cardiac isoforms, delta (§) and gamma (y) (Kreusser et al
2016).
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The development of an inducible, cardiomyocyte-specific knockout of CaMKIl & and CaMKIl y mouse
line by Kreusser et al. (2016) represents a valuable tool for dissecting the precise roles of CaMKII
signaling in the heart. This model provides temporal control over gene deletion, allowing to avoid
developmental compensation and ensures spatial specificity to cardiomyocytes, minimizing
confounding systemic effects (Kreusser et al., 2016). Such precision is especially important in diseases
like PLN R14del cardiomyopathy, where the pathogenesis unfolds progressively and may involve both
compensatory and maladaptive phases. In models of induced heart failure by pressure overload
CaMKII &/y double knockout has been shown to reduce cardiac hypertrophy, fibrosis, and mortality,
highlighting its pathological role in stress-induced remodeling (Backs et al., 2009; Kreusser et al., 2016).
Mechanistically, CaMKII regulates not only cytoplasmic calcium-handling proteins, including PLN and
Ryanodine Receptor 2 (RyR2), but also transcriptional pathways by phosphorylating nuclear Histone
Deacetylases (HDACs), thereby modulating gene expression involved in hypertrophic signaling
(Beckendorf and Backs, 2018). This multifaceted influence shows the importance of dissecting the
contributions of different isoforms and cellular compartments.

Applying this inducible knockout model to PLN R14del mice is of strategic value. While this exact
combination may not yet be published in the literature, we can infer potential outcomes based on what
is known about CaMKIl signaling and PLN function. PLN R14 A leads to abnormal SERCA2a
disregulation, depressed energy metabolism, Ca?* mishandling, PLN agregation and fibrosis, triggering
arrhythmogenic and/or dilated cardiomyopathies (Maniezzi et al., 2024) while sustained CaMKII
activation is maladaptive promoting diastolic Ca?* leak, RyR2 hyperphosphorylation, apoptosis, and
fibrosis (Westenbrink et al., 2013). However it remains unclear whether early-stage CaMKI| activation
serves as a compensatory mechanism through PLN T17 phosphorylation or contributes to maladaptive
remodeling over time. This model also offers a critical platform for evaluating potential therapies.
Selective pharmacological inhibitors and gene editing approaches, such as CRISPR-based base editors
targeting CaMKIl  autophosphorylation, have shown promise in previous studies
(Reyes Gaido et al., 2023) (Lebek et al., 2023). By selectively deactivating CaMKIl at defined time
points, it becomes possible to identify therapeutic windows where inhibition offers maximal benefit with
minimal interference in physiological signaling.

For these reasons, the inducible cardiomyocyte-specific CaMKIl &/y knockout model is a strategically
important tool for exploring both the physiological and pathological functions of CaMKII in the heart
enabling the study of isoform and cardiomyocyte-specific effects in models of inherited cardiomyopathy,
such as PLN R14 A. We planned to study in that mouse model the phosphorylation levels of PLN
affected by PKA and CaMKII and measure indirectly the activity of CaMKII by measuring its expression
and the phosphorylation of two of its substrates, Calcineurin and HDACA4.

4.7 The CaMKII substrates, Calcineurin and HDAC4

Multiple publication have focused on the study of the function of CaMKIl and on the effect that CaMKII
activity has on its substrates. Two of the substrates studied are Calcineurin and the Histone deacetylase
4 (HDACA4). Calcineurin is a calcium/calmodulin-dependent serine/threonine phosphatase that belongs
to the PPP family (Protein Phosphatase 2B) (Bandyopadhyay et al., 2002). It is a heterodimeric enzyme
composed of a catalytic subunit, Calcineurin A, and a regulatory subunit, Calcineurin B. Calcineurin is
widely expressed in various tissues and plays a vital role in cellular signaling pathways (Creamer, 2020).

When calcium levels rise within cells, calcium ions bind to the regulatory subunit, which induces a
conformational change and increase the accessibility of calmodulin (CaM) to the regulatory subunit
(Shen et al., 2008). This association exposes the catalytic site of Calcineurin, activates it and allows it
to dephosphorylate target proteins (Shen et al., 2008).
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Phosphorylation of Calcineurin occurs at multiple sites, including serine 411 (S411) and serine 412
(S412) in the catalytic subunit, and could also be done by CaMKIl (Hashimoto & Soderling, 1989). The
phosphorylation of Calcineurin can have significant implications for its activity and regulation.
Phosphorylation of Calcineurin at S411 and S412 has been shown to inhibit its phosphatase activity
and reduce its abilty to dephosphorylate target proteins (Roy & Cyert, 2020).
This phosphorylatio nmediated inhibition of Calcineurin is one of the important regulatory mechanism
in various cellular processes as blocking the autoimmune response of T cells, endothelial dysfunction
or increase blood pressure but producing less nitric oxide and consequently less vasodilatation (Luft,
2024). In cardiomyocytes, high levels of Calcineurin suggest a high level of phosphatase activity (Parra
& Rothermel, 2017).

On the other hand, HDAC4 is a member of the histone deacetylase family, specifically belonging to
class lla. HDAC4 functions as a transcriptional co-repressor and shuttles between the nucleus and
cytoplasm in cardiomyocytes (Abend, Shkedi, Fertouk, Caspi, & Kehat, 2017). In the nucleus, HDAC4
plays a crucial role in the regulation of gene expression by removing acetyl groups from histones,
leading to chromatin compaction and transcriptional repression and is translocated to the nucleus by
PKA activation by isoproterenol, on the contrary CaMKII phosphorylation shuttle back HDAC4 to the
cytoplasm (Helmstadter et al., 2021). In addition to its role in chromatin remodeling, HDAC4 also
interacts with various transcription factors and co-regulators to modulate gene expression in a
contextdependent manner. (Seto & Yoshida, 2014)

Phosphorylation of HDAC4 is a well-studied mechanism that regulates its activity and subcellular
localization (Z. Wang, Qin, & Zhao, 2014). HDAC4 contains multiple phosphorylation sites, including
serine and threonine residues, which can be phosphorylated by various kinases, including CaMKIl, in
response to different cellular signals (Z. Wang et al., 2014). When HDAC4 is phosphorylated, it
undergoes conformational changes that expose a nuclear export signal (A. H. Wang & Yang, 2001).
However, HDAC4 have both intrinsic nuclear import and export signals (A. H. Wang & Yang, 2001). The
nuclear export signal results in the translocation of phosphorylated HDAC4 from the nucleus to the
cytoplasm. In the cytoplasm, phosphorylated HDAC4 can interact with different binding partners or
undergo additional post-translational modifications, leading to diverse functional outcomes (Z. Wang et
al., 2014).

Phosphorylated HDAC4 can engage in interactions with cytoplasmic proteins, such as 14-3-3 implicated
in the PLN and SERCAZ2a interaction as a modulator, which can sequester it in the cytoplasm and
prevent its re-entry into the nucleus (Yewei Liu & Schneider, 2013). This sequestration in the cytoplasm
inhibits the ability of HDAC4 to deacetylate histones and modulate gene expression. (Yewei Liu &
Schneider, 2013)

The specific phosphorylation sites on HDAC4 and the functional consequences of phosphorylation can
vary depending on the cellular context and signaling pathways involved (Z. Wang et al., 2014). The
cellular stimuli that trigger HDAC4 phosphorylation include calcium signaling, cellular stress, growth
factors, and specific kinase pathways. (Z. Wang et al., 2014). Phosphorylated HDAC4 is implicated in
various biological processes, including cardiac development, muscle differentiation, neuronal plasticity,
and response to cellular stress (Kronlage et al., 2019). Its regulation and functional impact are areas of
ongoing research, investigating the precise mechanisms and physiological significance of HDAC4
phosphorylation (Kronlage et al., 2019).

In our study, we are interested on the Calcineurin and HDAC4 phosphorylation relationship with CaMKII
activity and the insight we can obtain about PLN phosphorylation.
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4.8 Mouse model to study calcium role on PLN R14 A
cardiomyopathy

This thesis aims to investigate the CaMKII role on the PLN R14 A cardiomyopathy. Since PLN R14 A
cardiomyopathy affects early on in adolescents and young adults, we need a model system with
differentiated, mature cardiomyocytes with a membrane that allows the calcium flux. This requisite is
quite difficult to obtain using several cell lines, even the iPSC-derived PLN R14 A cardiomyocytes, being
the model system in other studies (Karakikes, Stillitano, et al., 2015), most cell lines do not develop
endomembrane networks comparable to SR even after months of maturation. This limitation makes
the use of primary adult cardiomyocytes and tissue essential for the experimental projects studying
R14 A cardiomyopathy (Wagner et al., 2012)

The mouse lines that would be most suitable for our research needs were considered. First, we intend
to investigate PLN R14 A cardiomyopathy for early signs of the disease, in vivo and in vitro. We obtained
the PLN R14 A/+ knock-in mouse line in the C57BL/6N background from (Eijgenraam et al. 2020). This
mouse line was described previously but the animals did not present changes at six weeks of age on
end-diastolic and end-systolic volumes, ejection fraction and in the ECG measurement of the RS height
(difference of potential between the R and S peaks) measured in millivolts (mV) (Eijgenraam et al.
2020). Eijgenraam et al found a change on the conduction velocity at six weeks of age and only after
72 weeks of age it was shown a reduction in fractional shortening and an increase of cardiac fibrosis
ending the study at 80 weeks without a change in the survival percentage (Eijgenraam et al. 2020).
We planned to evaluate mice of 15 weeks of age for in vivo measurements and 16 weeks of age for
microscopic and biochemical characterization. Thus, our observations correspond to early-stage R14 A
symptoms. We aim to obtain results of early signs that can be used to better understand the disease
development.

The characterization of this new mouse line includes heterozygous expression of PLN R14 A/+ and
inducible double knockout specific for cardiomyocytes of CaMKIl delta (§) and gamma (y) isoforms.

We obtained the cardiomyocyte specific and inducible CaMKII 8/y knockout mouse line from (Kreusser
et al 2016). It has been previously mentioned (Section 4.6) that a chronic upregulation of CaMKII leads
to pathological cardiac remodeling, hypertrophic gene expression and arrhythmia (Zhang, 2017), and
CaMKII modulation has received recent interest as a therapeutic strategy for heart failure(Reyes Gaido
et al., 2023). For this reason, it is interesting to combine the effects that an inducible CaMKII knockout
would have on the adult R14 A/+ mouse heart. Therefore, we had to create a multi-transgenic mouse
line that combines both. However, application of this approach to R14 A cardiomyopathy presents
unique complications. On one hand, chronic CaMKII upregulation is associated with worsening
cardiomyopathy as described above. On the other hand, CaMKIl may at least partially compensate for
PLN phosphorylation on PLN R14 A/+, with a non-total loss of PKAmediated S16 phosphorylation as
the WT and R14 A isoforms coexist. Therefore, we will use different methods to differentiate between
protective versus causative cardiomyopathy pathomechanisms.

In this way our intention is to compare several control groups of mice with the experimental group of our
new mouse line (resulting for the combination of the two previously described mouse lines: PLN R14 A
CaMKIll d/y knockout) by carrying out measurements and experiments in vivo and in vitro. To achieve
this, several generations of crosses between mouse lines were necessary to obtain the desired
transgenic modifications for each of the control and experimental groups.

Finally, a HEK293 overexpression PLN R14 A model was used. Because of its rapid growth and its
demonstrated use in previous studies in PLN WT and R14 A (Vafiadaki et al., 2022), we chose HEK
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293 cells to prepare PLN constructs with tags of different sizes that will be described in the Study design
(Section 9.2).

4.9 Transgenic modification present in the mouse lines
used

In our study, we employed a tamoxifen-inducible Cre-LoxP system, commonly referred to as alphaMHC-
MerCreMer, which allows precise temporal control of gene recombination.

This approach builds upon the fundamental mechanism of the Cre-LoxP system, wherein the Cre
recombinase enzyme recognizes two identically oriented LoxP sequences and excises the intervening
DNA segment, thereby disrupting the target gene flanked by these sites (Kim et al., 2018). The loxP
site is a DNA sequence of 34 base pairs composed of two 13-base pair inverted palindromic repeats
flanking an 8-base pair central spacer region that allows the Cre recombinase enzyme to recognize and
mediate recombination at these specific sites (Sauer, 1998). To ensure tissue-specific targeting and
improve recombination precision, a tissue-specific promoter is typically employed to drive Cre
expression. In our experiments, the a-myosin heavy chain (Myh6/aMHC) promoter was utilized to
restrict Cre activity to mature cardiomyocytes, as Myh6 expression is largely confined to differentiated
cardiomyocytes (Agah et al., 1997). The Myh6 promoter, which drives expression of a-myosin heavy
chain primarily in atrial and ventricular cardiomyocytes, provides a high level of specificity and efficiency
in targeting the myocardium (Agah et al., 1997). This promoter is inactive in non-cardiac tissues, making
it a widely used tool for cardiac-specific genetic manipulation in mice (Sheldon et al., 2023).
The regulatory function of the MHC gene centers on modulating the contractile properties, functional
specialization, and adaptive responses of cardiac muscle fibers. This is achieved through the differential
expression of two primary isoforms: a-MHC (Myh6) and B-MHC (Myh7). The a-MHC isoform, which is
the focus of this study’s promoter construct, predominates in the adult heart and is characterized by
faster contractile kinetics and elevated ATPase activity (Gupta 2007). In contrast, B-MHC is mainly
expressed during fetal development and in pathophysiological conditions such as cardiac stress,
producing slower but more energy-efficient contractions (Gupta 2007). Mutations within MHC genes
can impair normal cardiac function, leading to cardiomyopathies that manifest as altered contractility,
ventricular hypertrophy, or dilation, highlighting the critical role of MHC isoform regulation in cardiac
health (McNally et al., 2013). It has been shown that constitutive expression of Cre recombinase in
cardiac myocytes can result in adverse outcomes, such as cytotoxic effects and impaired cardiac
function (Pugach et al., 2015).

To avoid cytotoxicity, we used a well-characterized inducible Cre-LoxP system incorporating a modified
Cre recombinase fused to mutated estrogen receptor ligand-binding domains at both termini known as
MerCreMer (MCM) (Rouhi et al., 2022). In the absence of tamoxifen, the MCM protein remains
cytoplasmic and inactive but upon administration of tamoxifen, the fusion protein undergoes nuclear
translocation, thereby initiating site-specific recombination at LoxP-flanked sequences (Rouhi et al.,
2022). Tamoxifen administration reliably induced recombination events within differentiated
cardiomyocytes, consistent with prior reports (Sohal et al., 2001).

The first transgenic modification was the Alpha-MHC Mer-Cre-Mer line in C57BL/6J background (Agah
et al., 1997), allowing the posterior use of Tamoxifen to induce a knockout with a Cre-LoxP system.

The second and third transgenic modifications are those corresponding to the knockout of CaMKII &
and CaMKIll y using the Cre-LoxP system specific for cardiomyocytes. Kreussel et al. (2016) previously
published the CaMKII &/y double knockout (CaMKII DKO) mouse line. After ten days of Tamoxifen
treatment, adult transgenic mice showed a greater than 90% knockout reduction of CaMKIl in the mouse
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heart. The protein amount of CaMKIl is decisive for the PLN R14 A phosphorylation at T17 and shows
a decrease of 90% in the left ventricle. (Kreusser et al. 2016). Administration of Tamoxifen is a standard
procedure that leads to the nuclear translocation of the Mer-Cre-Mer protein allowing the enzymatic
activity of Cre to act on LoxP to produce the knockout. To induce Cre-dependent recombination, an
intraperitoneal injection of optimally dissolved Tamoxifen should be given at a dose of 80 mg/kg on ten
consecutive days (Kreusser et al. 2016). Cre-negative animals serve as negative controls. The
injections are carried out by professional handling of the mice and without anesthesia. After tamoxifen
application, the animals are observed daily. We have obtained the CaMKIlI DKO mice as a gift from Prof.
Johannes Backs at the University of Medicine of Heidelberg.

Tamoxifen induction for tissue-specific expression has been frequently used in previous publications but
there has been discussed the adverse effects of Tamoxifen and Cre-recombinase on heart functions,
with conflicting results. This ranges from no problems with heart function (Sohal et al., 2001) up to
cardiomyopathy, as recently reviewed (Sukumaran & Sadayappan, 2022). The consensus is that
appropriate controls need to be included in any analysis, especially including MCM-positive floxnegative
animals with Tamoxifen treatment, to assess the effects of Cre-expression (Sukumaran & Sadayappan,
2022) (Koitabashi et al., 2009). This implies that also WT controls treated with Tamoxifen are highly
advisable. For this reason, we treat all control and experimental mice with Tamoxifen in the same way,
as long as the health of the mice is maintained following strict safety criteria.

In parallel conditions for efficient recombination need to be fine-tuned for each mouse strain. In this
study the reference work for CaMKIl DKO (Kreusser et al. 2016) suggested a Tamoxifen protocol
described in the method section 3.2 with a dose of 80 mg/kg of Tamoxifen.

The fourth transgenic modification is the addition of an additional PIn exon-3 containing the R14 A
pathogenic variant, followed by Cre-loxP-mediated recombination to replace the wild-type (WT) PIn
exon-3 with the mutant Pln exon-3, resulting in offspring carrying one PLN-R14 A allele. The R14 A
mouse line origin is C57BL/6N and has been previously described by (Eijgenraam et al. 2020).
We obtained the R14 A mice as a gift from Herman H. W. Silljé¢ and Rudolf A. de Boer (University Medical
Center Groningen, NL).

4.10 HEK293 cell model to explore a PLN R14 A/+ “in
trans” phosphorylation hypothesis

In parallel to use of the mice model to investigate the CaMKIl role on the PLN R14 A cardiomyopathy,
this thesis aims to further investigate biochemical changes on PLN oligomerization and phosphorylation
done in a heterologous expression system using HEK293 cell culture.

The B-adrenergic response transduction in cardiomyocytes and HEK293 cells shares fundamental
mechanisms but diverges significantly in cellular context, compartmentalization, and physiological
impact (Richter et al., 2008). In both cell types, activation of B-adrenergic receptors (BARSs), specifically
B1AR and B2AR, triggers the canonical G protein—coupled receptor (GPCR) signaling cascade (De
Pascali et al., 2024) (Engelhardt., 2007). Ligand binding to BARs promotes the activation of the Gs
protein, which stimulates transmembrane adenylyl cyclase to convert ATP into cyclic AMP (cAMP)
(Ishikawa & Homcy., 1997). This second messenger then activates effectors such as: “PKA, the
guanine-nucleotide-exchange factor (GEF) EPAC, and cyclic nucleotide—gated channels” (Sassone-
Corsi., 2012).

However, despite this shared cascade, several layers of signaling organization differ between

cardiomyocytes and HEK293 cells. HEK293 cells are undifferentiated and lack the specialized
membrane microdomains found in cardiomyocytes. In contrast, cardiac myocytes exhibit distinct
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membrane architectures, such as lipid rafts and caveolae, which organize BAR subtypes and
downstream effectors into localized signaling domains (Steifenberg., 2004). This spatial
compartmentalization contributes to receptor subtype-specific responses: B1AR signaling in
cardiomyocytes is broadly distributed across both the sarcolemma and transverse tubules (t-tubules),
enabling global cAMP and PKA activation, whereas B2AR signaling is more spatially restricted,
predominantly within t-tubules and caveolae, generating localized signaling microdomains (Xiang.,
2011).

Unlike cardiomyocytes, HEK293 cells lack organized sarcomeres, t-tubules, contractile activity, and do
not undergo structural remodeling such as hypertrophy upon chronic B-adrenergic stimulation.
However, isoproterenol (ISO) treatment in HEK293 cells still activates (3,-adrenergic receptors and their
downstream cAMP-PKA signaling pathway (Vafiadkis et al., 2022).

HEK293 cells express adrenergic receptors endogenously, including B-subtypes (Schmitt & Stork
2000). Previous functional studies have shown that stimulation of these cells with B-adrenergic agonists,
such as ISO, activates downstream signaling pathways typically associated with Gs protein coupled
receptor activation and cAMP concentration rising (Schmitt & Stork 2000). This rise in cAMP
subsequently leads to the activation of protein kinase A (PKA), which is a key effector in the canonical
BAR signaling cascade. Importantly, B2ARs in HEK293 cells undergo phosphorylation in response to
agonist stimulation, a modification that is closely associated with the regulation of receptor activity and
desensitization and is indicative of functional signaling competence (Kohout & Lefkowitz 2003).

Activation of HEK293 cells by isoprenaline initiates signaling pathways similar to those found in
cardiomyocytes binding to B-adrenergic receptors (Bristow, 2000). This signaling cascade modulates
cardiac contractility in response to physiological stress and disruptions in adrenergic signaling pathways
are linked to various cardiac pathologies, such as arrhythmias, myocardial hypertrophy, cell death, and
heart failure (Bristow, 2000).

Interestingly, HEK293 cells also show differences in PKA compartmentalization between the cytosolic
and nuclear compartments, suggesting that subcellular localization of PKA and scaffold proteins
contributes to different functional outcomes (Sample et al., 2012). In cardiomyocytes, subtype-specific
responses to BAR activation are also functionally divergent. B1AR stimulation leads to robust increases
in contractility and heart rate by promoting sustained cAMP production and PKA-mediated
phosphorylation of key substrates such as PLN and troponin | (Tnl) while 2AR activation generates
transient, spatially confined cAMP signals, limiting its access to contractile machinery and leading to
minimal effects on contractility under basal conditions (Xiang., 2011).

For these reasons, despite these structural and dynamic differences, both HEK293 cells and
cardiomyocytes exhibit comparable outcomes when evaluating the phosphorylation of specific
downstream targets such as PLN following ISO stimulation. HEK293 cells, though structurally simpler,
avoid feedback loops or interactions that could obscure the biochemical comparison between WT and
mutant PLN phosphorylation, making them a useful model for dissecting the core molecular events of
BAR signaling, particularly when evaluating specific phosphorylation events involving PLN.

Our study explored the possibility that PLN WT and PLN PLN R14 A/+ proteins actually hetero-
oligomerize, as a preliminary step for a possible change in the phosphorylation status.
Possibly PLN R14 A proteins might be cross phosphorylated by PKA bound to adjacent WT proteins,
while the R14 A mutation disrupts the PKA binding motif. As already described previously (Section 4.5),
it has been shown that PLN R14 A/A cannot be phosphorylated at S16 of PLN due to PKA binding motif
loss (Vafiadaki et al., 2022), even after Isoprenaline (ISO) stimulation.
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However, in a heterozygous context, WT PLN should maintain its ability to bind to PKA and PLN R14 A
in the prevalent pentameric complex has not lost the active site for phosphorylation. From now on, we
will refer to this concept as "in trans" phosphorylation.

4.11 Intend of the study

PKA is the kinase responsible for the PLN phosphorylation at S16 but given the loss of PKA-binding in
PLN R14 A, we first hypothesize that CaMKII activity, the kinase responsible for PLN phosphorylation
at T17, may play a greater role in PLN regulation.

To investigate whether CaMKII can influence the R14 A phenotype, we generate the tetratransgenic
mouse line. The physiological characterization of this new mouse line is based on the previous
comparison between PLN WT and R14 A/+ among young mice, where the mutation has not yet
produced phenotypic changes that increase mortality. However, early changes between the groups may
have already begun to occur. This has been investigated by physiological measurements such as
6-lead electrocardiogram and echocardiography, morphological comparisons based on microscopy and
biochemical analysis of expression and phosphorylation levels of our proteins of interest.

Interestingly our results lead us to reconsider the importance of PKA phosphorylation of PLN R14 A and

investigate the hypothesis of a "in trans" phosphorylation of PLN by PKA in a heterozygous PLN
environment.
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V. THESIS AIM

The aim of this thesis is to analyze the impact of a CaMKIl &/y KO on PLN R14 A/+ on cardiac function
and target protein phosphorylation.

To answer these research questions, we crossed the established R14 A and the CaMKIl DKO mouse
lines (described above) to create a novel mouse line (PLN R14 A/+ CaMKII &/y KO). Functional and
structural characterization will be performed by 6-lead electrocardiogram (ECG) and echocardiography.
Protein expression profiles will be characterized by immunoblotting (WB). Mouse cardiomyocytes
morphology will be studied by immunostaining by confocal and Stimulated Emission Depletion (STED)
microscopy. In parallel we studied phosphorylation differences between PLN WT vs PLN R14 A in the
PLN R14 A/+ mouse model system by WB and by transfection of HEK293 cells with DNA plasmids
using lipid based transient overexpression techniques.
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VI. MATERIAL AND METHODS

6.1 Mouse lines

In this thesis, the following mouse lines were used:

129S Tg-a-MHC-Cre-Mer-Cre-Mer, Loxp-CaMKIlld,g-Loxp on C57BL/6 mouse strain. Specifically, two
substrains were mixed: C57BL/6J and C57BL/6N. As background on the importance of this mouse line,
both C57BL/6J and C57BL/6N are widely used in biomedical research (Simon et al., 2013).
However, due to known genetic and phenotypic differences between these substrains, careful
consideration must be given to breeding strategies, as improper pairing may result in inaccurate or
contradictory findings (Bourdi & Pohl et al., 2011). This substrain has previously been distinguished from
other substrains such as C57BL/6N “using a panel of 1,427 single-nucleotide polymorphism (SNP) loci
identified only 12 SNPs (0.8%) between the two strains” (Simon et al., 2013; Mekada et al., 2009), which
can be used to demonstrate the similar genetic background of our mice.

As described in Kreusser et al. (2016), (generously provided by Prof. J. Backs from the University of
Medicine of Heidelberg). This mouse line combines the Alpha-MHC Mer-Cre-Mer knock-in from
B6.FVB-Tg(Myh6-cre) 2182Mds/J, (Agah et al., 1997), and the double-flox CaMKIld,g knock-in. It
corresponds to the first, second and third transgenic modifications described in the introduction (Section
4.9); including the Alpha-MHC Mer-Cre-Mer line in C57BL/6J background (Agah et al., 1997) and the
inducible by Tamoxifen double knockout of CaMKIl & and CaMKII y, the two relevant cardiac isoforms
of CaMKIl, using the Cre-LoxP system specific for cardiomyocytes in C57BL/6J background. This
mouse line will be named in this thesis from now on as CaMKIl DKO.

PLN R14 A/+ Knock-in with PLN WT littermates, on C57BL/6N-J.

As described in Eijgenraam et al 2020, the formal terminology is C57BL/6N PLNtm1.1 Crcg. (generously
provided by Dr. Herman H.W. Sillje from the University Medical Center Groningen). It corresponds to
the fourth transgenic modification described in the introduction (Section 4.9); the addition of an
additional PIn exon-3 containing the R14 A pathogenic variant, followed by Cre-loxP-mediated
recombination to replace the Wild-type (WT) Pln exon-3 with the mutant Pln exon-3, resulting in offspring
carrying one PLN R14 A allele (Eijgenraam et al. 2020). This mouse line was back-crossed from
C57BL/6N to C57BL/6J into a mixed C57BL/6J-N background. This mouse line will be named in this
thesis from now on as PLN R14 A/+.

The goal and design of the study is to compare phenotypes of multiply transgenic mice in order to
conclude on the distinct functional contributions of knock-in mutations and CaMKIl &/y knockout in the
context of PLN R14 A cardiomyopathy.

In parallel, the study design included two further experimental groups of mice. PLN WT and
PLN R14 A/+ knock-in as described in Eijgenraam et al 2020, both with the C57BL/6N background and
without further treatment. Here we performed biochemical analysis of interactions and the
phosphorylation status of phosphorylated proteins involved in Ca?* handling.
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6.1.1 Mouse breeding

The two mouse lines presented above were bred in 3 to 4 rounds of selection to result in 4 groups of
mice with a mixed C57BL/6J-N background (3 to 4 rounds of back-crossing on C57BL/6N).

All mice were born, housed and bred at the Max Planck Institute (MPI) for Experimental Medicine
Gottingen. The mice were kept in cages integrated into a ventilated system (IVC racks) featuring
appropriate bedding with access to sufficient water and food.

The mice were genotyped using ear punch tissue collected at P21, and the PYRAT software was
employed for organizing breeding at MPI. The mice selected for the experiments were transferred to
the central animal facility (ZTE) of the University Medical Center Goéttingen, maintaining the bedding
and nutrition conditions.

For animal testing the protocol was approved by the veterinary state authority, Lower Saxony State
Office for Consumer Protection and Food Safety, LAVES (Oldenburg, Germany), ensuring compliance
with ethical standards for the humane care and use of laboratory animals (“Aktenzeichen”: TVA
21/3698). The Institutional Animal Care and Use Committee at the University Medical Center Goéttingen
in parallel had reviewed the animal procedures.

6.2 Tamoxifen induction

According to the approved animal protocol, 40 ug of Tamoxifen was dissolved in 0.2 ml of pure ethanol.
The mixture was stirred at 53°C for 10 minutes or until the powder was completely dissolved. The final
step to prepare the Tamoxifen solution is to add 1,8 ml analytical standard sunflower oil and stir again
to have a homogeneous solution. Finally, this solution can be stored for up to three days or used
immediately for intraperitoneal injection into the mouse, with the injection volume adjusted to the
mouse’s weight, not exceeding 200 pl, to achieve a dose of 80 mg/kg. Injecting the mice once a day for
ten consecutive days following the procedure described in the animal protocol 21/3698, as approved by
LAVES.

6.3 6-lead surface electrocardiogram (ECG)

Early age (15 weeks) mice were anesthetized with 2% isoflurane (vol/vol) isoflurane in oxygen (1 L/min)
via nasal mask. The extremity ECGs are derived using four subcutaneously placed ECG electrodes
(EMKA Tech) for mice, which are temporarily fixed with skin adhesive tape to minimize movement
artifacts in order to avoid changes in the electrode position and movement artifacts. Measurements
were obtained in supine position for 10 minutes using EMKA 10X2 software. Analysis was performed
using the measurements of leads | and Il for the first minute to minimize anesthetic side effects, using
EMKA ECG Studio V 3.3.5.10 software.

ECG lead traces were analyzed with EMKA software ECGstudio and 10X2, to obtain data-points from
the first minute of recordings. The analysis included to manually mark the P,Q,R,S and T points in order
to train the software or directly extract corresponding data. We evaluated the results statistically by
Nested One-Way ANOVA for relevant functional parameters such as Heart Rate (HR), RR interval, QRS
interval, QT interval, RS height and R Amplitude.
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6.4 Transthoracic Echocardiography (Echo)

Echocardiography was performed at an early age (15 weeks) in transgenic mice, before the onset of
previously described disease symptoms, under anesthesia with 1-2% (vol/vol) isoflurane in oxygen (1
I/min) via a nasal mask. The animal’s chests were depilated under anesthesia using depilatory cream
on the frontal thorax, to be able to ensure the transthoracic echo-sound window air-free with ultrasound
gel with a duration of 10 minutes. Echocardiographic examination was performed by the CRC1002
service unit of the ZTE (UMG; Marcell Zoremba: Echo; Beate Knocke analysis). We evaluated the
results statistically by One-Way ANOVA for relevant cardiac functional parameters such as heart rate
(HR), fractional shortening (FS), ejection fraction (EF), anterior and posterior wall thickness in systole
and diastole (AWThs, PWThs, AWThd and PWThd) and left ventricular internal diameter (LVID) in
systole and diastole, respectively.

6.5 Left plus septum vs Right ventricle cardiomyocytes
isolation

At 16 weeks of age, mice were euthanized, the heart was extracted, perfused by the Langendorff
technique (Bell, Mocanu, & Yellon, 2011) and dissected into left ventricle plus septum versus right
ventricle tissue prior to ventricular cardiomyocyte isolation. We employed a previously established
workflow to preserve subcellular structural integrity, customized and published by our lab (Wagner et
al., 2012) (Wagner, Brandenburg, Kohl, & Lehnart, 2014).

First, mice were anesthetized using 3% isoflurane, euthanized by cervical dislocation, the heart was
excised, and the proximal aorta was inserted into a 21-gauge cannula before cannulation and mounting
to a modified Langendorff setup. The heart was then washed with perfusion buffer (pH 7.4), (Wagner,
Brandenburg, Kohl, & Lehnart, 2014) with added phosphatase inhibitor (PhosStop™, Roche) for 8
minutes with a 4 ml/min flow at 37°C (Table 1). After this wash, the perfusion buffer was exchanged to
a digestion buffer. The digestion buffer consisted of perfusion buffer supplemented with 2 mg/ml
collagenase Type Il (290 U/mg) and 40 ul of CaCl-.

The cannulated heart was removed from the set up and the atria were carefully excised. The right
ventricle was excised from the left ventricle plus septum, and they were separately dissected into
1 mm? pieces in digestion buffer. To stop the digestion process, the digestion buffer was replaced by
stopping buffer and washed two times. The Stopping buffer is composed of 10% bovine calf serum and
12.5 uM CaClz (Wagner, Brandenburg, Kohl, & Lehnart, 2014).

The isolated cardiomyocytes were allowed to sediment for 8 minutes between each wash. Finally, after
the second wash and the sedimentation process, the isolated cardiomyocytes were resuspended in
perfusion buffer. To check the quality of the isolated cardiomyocytes, they were inspected under a light
microscope. A portion of these cardiomyocytes was used immediately for immunofluorescence (IF) and
the rest was centrifuged (12000 g for 10 minutes), the pellet was snap frozen with liquid N2 and stored
at -80°C as part of the sample biobank.
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Perfussion buffer components MW (g/mol) Final concentration (mM)

NaCl 58,44 120,4

KCI 74,56 14,7
KH2PO4 136,09 0,6
NazHPO. " 2 H20 177,99 0,6
MgSOa4 " 7 H20 246,48 1.2
HEPES 238,31 10,
NaHCO3 84,01 4,6
Taurin 125,2 30
2,3-Butanedione monoxime 101,1 10
Glucose 180,16 55

Table 1: Perfusion buffer recipe (Buffer composition and concentrations were prepared exactly as described in
(Wagner, Brandenburg, Kohl, & Lehnart, 2014).

6.6 Immunofluorescence (IF) combined with microscopy

Following previously established protocol in our lab (Wagner, Brandenburg, Kohl, & Lehnart, 2014) the
portion of isolated cardiomyocytes in 300 pl of the perfusion buffer with the cells resuspended were
seeded on laminin-coated coverslips (CS) for 30 minutes. Then, the cells were fixed for 10 minutes
using 100% ice-cold methanol. After fixation the methanol was discarded and the CS washed twice with
blocking buffer (10% bovine calf serum and 0,2% Triton in PBS). The CS was incubated in blocking
buffer for 1 hour. In the meantime, primary antibodies for labelling the cells were diluted in blocking
buffer. The blocking buffer in CS was replaced with the diluted primary antibodies and incubated
overnight at 4°C. The different antibody dilution is listed in (Table 2).

After primary antibody incubation the CS were washed twice with blocking buffer for 1 minute and one
more time for 10 minutes. Then the CS were incubated with the corresponding secondary antibodies
overnight at 4°C. Both anti-mouse (aM-Abb Star 635p Abberior) and anti-rabbit (aR-Abb Star 580
Abberior) secondary antibodies were used on a 1:200 dilution. After this incubation, the CS were
washed twice with blocking buffer for 1 minute and again for 10 minutes. Finally, samples were
embedded in mounting medium (ProLong™ Gold antifade reagent without DAPI, Thermo Fisher
Scientific).

Primary Raised Supplier Cat. No. Dilutio Secondary Dilution
antibodies in n Antibody
PLN Mouse Thermo MA3922 1:250 aM-Abb Star 635p 1:200
Fisher
SERCAZ2a Rabbit Badrilla A01020 1:500 aR-Abb Star 580 1:200
RyR2 Rabbit | Sigma Aldrich | HPA020028 1:500 aR-Abb Star 580 1:200
CaMKll Mouse BD- BD-611292 1:250 aM-Abb Star 635p 1:200
transduction

CaMKIll & Mouse Badrilla A010-56AP 1:250 aM-Abb Star 635p 1:200
PPPR1R3a Mouse Santa Cruz sc-398425 1:250 aM-Abb Star 635p 1:200

Table 2: List of antibodies used for IF.
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6.6.1 Confocal microscopy

Following previously established protocol in our lab (Wagner, Brandenburg, Kohl, & Lehnart, 2014)
(Kownatzki-Danger, 2020) Confocal images were acquired with a Leica TCS SP8 system with an HC
PL APO C2S 100x/1.40 oil objective and a pixel size of 100x100 nm. Abb STAR 580 and Abb STAR
635P were excited by 580 nm and 635 nm, and fluorophore emission was detected between 590-626
nm and 645-697 nm, respectively. Confocal laser power was adjusted for maximum dynamic range,
with laser intensity adjusted to avoid bleaching, following established guidelines (Kownatzki-Danger,
2020). Raw images were processed with Fiji software (https://imagej.net/Fiji) using background
subtraction (rolling ball radius: 50), local contrast enhancement, and smoothing (Gaussian filter, width
100 nm) (Kownatzki-Danger, 2020).

6.6.2 Stimulated Emission Depletion (STED) nanoscopy

Following previously established protocol in our lab (Wagner, Brandenburg, Kohl, & Lehnart, 2014)
(Kownatzki-Danger, 2020) STED nanoscopy images were acquired with the same Leica TCS SP8
system with an HC PLN APO C2s 100x/1.40 oil objective and a pixel size of 20x20 nm. Abb STAR 580
and Abb STAR 635p were excited by 580 nm and 635 nm, and fluorophore emission was detected
between 590-626 nm and 645-697 nm, respectively. STED depletion of Abb STAR 580 and Abb STAR
635p was accomplished by a 775 nm laser set 50% for Abb STAR 580 and 50% for Abb STAR 635p,
the STED laser power was adjusted to each antibody accordingly, to maximize resolution. Raw images
were processed with Fiji software (https://imagej.net/Fiji) using background subtraction (rolling ball
radius: 50), local contrast enhancement, and smoothing (Gaussian filtering width 20 nm) (Kownatzki-
Danger, 2020).

6.6.3 Cardiomyocytes area measurement

Following previously established protocol in our lab (Wagner, Brandenburg, Kohl, & Lehnart, 2014)
(Kownatzki-Danger, 2020) cardiomyocytes area measurement was performed with the raw images of
confocal bright field microscopy with Fiji software (https://imagej.net/Fiji), marking a series of points on
the image of the cell to be measured, tracing the cell outline to generate a superimposed contour. The
contour created was then analyzed using the Fiji Software area measurement tool, which adjusted the
measurement to the pixel size and obtained a measured area in square nanometers.

6.7 HEK293 cell culture

In parallel with the use of mouse models, the study also included biochemical analyses of PLN
oligomerization and phosphorylation done in a heterologous expression system using HEK293 cell
culture. The HEK293 cell culture protocol was established in our lab previously (Menzel et al., 2020)
(Kownatzki-Danger, 2020). The cells were cultured in low glucose DMEM medium containing 10% fetal
bovine serum (FBS), 2 mM L-glutamine, 100 U/ml penicillin at 37°C and 5% COa. Cells were split every
4 days in a ratio of 1:4. The medium was removed, and the cells were washed with PBS once. Cells
were treated with 1X trypsin for 5 minutes at 37°C to detach the cells from the flask surface. Trypsin
activity was halted by resuspending the cell suspension in medium and transferring it into a 15 ml
centrifuge tube, followed by centrifugation for 5 minutes at 500 g. The cell pellet was resuspended in
DMEM medium, and the appropriate cell amount was seeded into a Petri dish for seeding.
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6.8 Plasmid DNA transfection of HEK293 cells

Following previously established protocol in our lab (Menzel et al., 2020) (Kownatzki-Danger, 2020),
HEK?293 cells were seeded in 6 cm (diameter) Petri dishes at a density of 2 x 108 cells per dish. The
cells were allowed to grow overnight, and the next day were observed until they reach a density of
70-80%, then, the cells were transfected using Lipofectamine 3000 (Thermo Fisher), a cationic
lipid-mediated transfection reagent, diluted in pre-warmed Opti-MEM (Thermo Fisher), a reduced-serum
medium. The dilution was vortexed for 10 seconds and incubated for 10 minutes. In the meantime, each
DNA plasmid was incubated in OptiMEM with P3000 (2 ul/ug of DNA) and gently resuspended for 2-3
seconds (Table 3). This second dilution including the DNA plasmid was incubated for 30 minutes at
room temperature. Then, the second dilution with the plasmid was added to the first Lipofectamine
dilution and mix gently by pipetting. The mix was added to the HEK293 cells drop by drop around the
center of the Petri dish and let incubate for at least 24h until cell density reached 90-100%. Finally,
HEK?293 cells were harvested and lysed for biochemical experiments.

DNA vectors

pcDNA3-V5-PLN WT
pcDNAS3-V5-PLN R14del
pcDNAS3-V5-APEX2-PLN WT
pcDNAS3-V5-APEX2-PLN R14del
pcDNA3-GFP

Table 3: List of DNA vectors.

6.9 Biochemical methods

6.9.1 Lysis of isolated cardiomyocytes

Transfected HEK293 cells were harvested on ice and lysed in 200 pl of ice-cold CHAPS buffer for the
lysis, a zwitterionic non-denaturing detergent prepared at pH 7.4 and supplemented with one Complete
Mini™ protease inhibitor tablet (Roche) and one tablet of phosphatase inhibitor (PhosStop™, Roche).
The samples were sonicated at 10x power for ten cycles of 10 seconds each, with at least 30 seconds
on ice between cycles. Then, the samples were incubated for 20-40 minutes at 4°C in rotation and
centrifuged (12000 g for 10 minutes). After centrifugation, the supernatant was collected using an aliquot
for protein concentration determination and snap-frozen with liquid N2 to preserve it in the biobank.

RIPA buffer Concentration
Tris HCL, pH 7.4 50mM
NaCl 150 mM
NP40 1 1% (w/v)
Na-deoxycholate 0,5% (w/v)
SDS 0,2% (w/v)
In 15 ml ddH20

Table 4: RIPA buffer recipe.
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6.9.2 Lysis of HEK293 cells

Transfected HEK293 were harvested on ice and diluted on 200 pl of ice-cold CHAPS buffer for the lysis,
a zwitterionic non-denaturing detergent prepared at pH 7.4, including a tablet of protease inhibitor
Complete mini™ (Roche) and one tablet of phosphatase inhibitor (PhosStop™, Roche). The samples
were sonicated with 10X power, for 10 times of 10 seconds each one and having a pause on ice in
between of at least 30 seconds. Then, the samples were incubated for 20-40 minutes at 4°C in rotation
and centrifuged (12000 g for 10 minutes). After centrifugation, the supernatant was collected using an
aliquot for protein concentration determination and snap frozen with liquid N2 to preserve it in the
biobank and use in further WB experiments.

CHAPS buffer Concentration
Tris HCL, pH 7.4 50mM
NaCl 150 mM
CHAPS 1% (w/v)
EDTA 1 mM
In 50 ml ddH20

Table 5: CHAPS buffer recipe.

6.9.3 Protein concentration determination assay

The protein concentration of cell lysate samples to perform WB, using the bicinchoninic acid (BCA)
assay, following the manufacturer’s instructions (Pierce, Thermo Fisher). The samples were diluted in
purified water in a ratio of 1:20 ul and a calibration curve was created. The calibration curve was
prepared using standard protein known concentration from an albumin stock (2 mg/ml) diluted following
the description (Table 5).

20 pl of each standard and sample (tested in triplicate) were pipetted onto a 96-well plate. Then, the
two components from BCA kit were added, Component A (200ul per sample) and Component B (4pl
per sample). The plate was incubated at 37°C for 30 minutes and absorbance was measured at
562 nm using a TECAN Spark 10M plate reader. The protein concentration of the samples was then
calculated according to the 1/20 ratio.

Standard Volume water to Volume BSA stock | Final concentration
dilute (ng/pl)

A 0 300 2000
B 125 375 1500
C 325 325 1000
D 175 175 750
E 325 325 500
F 325 325 250
G 325 325 125
H 400 100 25

I 400 0 0

Table 6: Protein standards for BCA assay.
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6.9.4 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE)

Proteins were separated by electrophoresis in gel according to their molecular weight. The gels
employed in this thesis were pre-casted 4-20% Tris-glycine polyacrylamide (Invitrogen). Phos-tag™
gels were manually prepared as described in the following chapter. The samples were thawed on ice,
mixed with 5X (LSB) loading buffer pH 8,3 described (Table 7) and generally heated to either 30°C or
60°C for 10 minutes, depending on the experimental conditions. Then the gels were loaded usually with
20-40ug of protein per sample and a pre-stained molecular weight marker (PageRuler™ plus). The gels
were placed in WB chambers filled with 1X SDS running buffer, pH 8,3 (Table 8). Then the gels typically
run at 160V for 90 minutes (until the frontline reaches the bottom of the gel). Any difference will be
indicated in the figure legends.

5X SDS loading buffer Concentration
Tris HCL, Ph 7,4 191,6 mM
Glycine 1,92 mM
Sodium dodecylsulfate 34,69 mM
B-mercapto ethanol 5% (v/v)
Diluted in 50 ml of ddH20

Table 7: Loading buffer recipe.

5X SDS Running buffer MW (g/mol) Final concentration
Tris-Base 121,14 125 mM
Glycine 75,07 96 mM
SDS 32,04 17,5 mM

Table 8: 5X SDS running buffer composition.

6.9.5 Phos-tag™ preparation

Phos-tag™ gels were cast following the manufacturer's recommendations (Wako Fujifilm) and the
Phos-tag™ toolkit from Alpha laboratories (Kinoshita, Kinoshita-Kikuta, Takiyama, & Koike, 2006) as
described (Table 9). We prepared several configuration of gels with different acrylamide percentage
but for the final experiment we decided to use a Tris, 12% (w/v) Acrylamide, 50 umol/L Phos-tag™ AAL,
with 10 mmol/L MnCl: in the resolving gel solution and a Tris, 4,5% (w/v) Acrylamide, without
Phos-tag™ AAL solution for the stacking gel (Kinoshita, Kinoshita-Kikuta, Takiyama, & Koike, 2006).
The gels were prepared by pouring the components (Table 9) between two special glass plates with a
hollow to contain the gel. First, the plates were clamped to a casting apparatus. Secondly the mixture
for the resolving gel is prepared (only adding 10% APS solution right at the end), mixed by inversion in
a tube and quickly poured between the glass plates and finished by topping the gel with a layer of
butanol-saturated water. The gel was allowed to polymerize for 1 h at room temperature. Then, the
stacking gel was prepared. The top of the resolving gel was rinsed with distilled water and removed the
residual liquid. The stacking gel was poured on top of the resolving gel, and a comb was inserted.
Finally, the stacking gel solution was allowed to polymerize for 1 hour at room temperature. WB analysis
was performed with samples at R.T. using 40pg of HEK 293 cell lysate per lane. The electrophoresis
took 9 hours at 3 mA.
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Phos-tag™ resolving gel Volume for 2 gels
30%(w/v) Acrylamide Solution 4,8 mi
1,5 mol/L Tris/SDS solution pH 8,8 3 mi
5.0 mmol/L Phos-tag™ AAL Solution 40 pl
10 mmol/L MnCl2 solution 20 ul
TEMED (tetramethylethylenediamine) 18 pl
10 % APS (Ammonium Persulphate Solution) 4,2 ml
ddH20 48 pl
Stacking gel Volume for 2 gels
30%(w/v) Acrylamide Solution 1ml
1,5 mol/L Tris/SDS solution pH 8,8 1,88 mi
TEMED (tetramethylethylenediamine) 15 pl
10 % APS (Ammonium Persulphate Solution) 37,5 pl
ddH:20 4,62

Table 9: Phos-tag™ gels recipe.

6.9.6 WB analysis

Following the wet Western Blot transfer method (Ha et al., 2011) the SDS-PAGE gels were transferred
on a polyvinylidene fluoride membrane (PVDF membrane). The transfer was prepared using a cassette
to assemble a sandwich consisting of a sponge, two filter papers and another sponge in this order from
cathode core to anode core, which was clamped tightly, avoiding air bubbles within it. To use the PVDF
membrane it needs to be previously activated, soaking it in methanol for 30 seconds. For the
Phos-tag™ gels, it was necessary an extra step to extract the Mnzions by washing the gel three times
for 10 minutes with EDTA before including the gel into the sandwich. The cassette was placed then into
a transfer chamber, filled with transfer buffer, as described (Table 10) and finally the electroblotting
transfer was performed at 100V for 1 hour and 20 minutes.

5X Transfer Buffer MW (g/mol) Final concentration
Tris-Base 121,14 125 mM
Glycine 75,07 96 mM

Table 10: Transfer buffer recipe.

Once the transfer was finished, the PVDF membrane was removed, soaked and agitated on a platform
rocker in blocking buffer. The blocking buffer consists of 1X TBST, pH 7.5, as described (Table 11), with
5% non-fat milk powder dissolved, for one hour at room temperature, or alternatively overnight at 4°C,
avoiding with this blocking step unspecific binding when the primary antibodies were added. To dilute
the primary antibodies before adding them to the PVDF membrane the indications of the manufacturer
were followed. The antibodies were diluted on blocking buffer with the exception of the antibody for
CaMKIll, we perform our tests diluting this antibody only in 1X TBST with 0,1 % Tween 20 to obtain
better results. The rest of antibodies were diluted following the configuration described in Table 12.

10X TBST MW (g/mol) Final concentration
Tris 121,14 25 mM
NaCl 58,44 150 mM
Tween 20 (100%) - 0,05%

Table 11: TBST recipe.
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After primary antibody incubation of 3 hours at room temperature, or overnight at 4°C the membranes
were washed three times for 10 minutes in agitation with 1X TBST. Then, the PVDF membrane was
incubated in agitation with a secondary antibody, anti-mouse or anti-rabbit depending on the primary
antibody used, in a 1:10000 dilution in 1X TBST with 1/10 1X Rotiblock (Roth) for 3 hours at room
temperature. After this second incubation time, the PVDF membrane was washed again three times for
10 minutes with 1X TBST. Finally, fluorescence signals were detected by Odyssey CLx imaging system

(LI-COR) and band intensities were analyzed using Image Studio Lite V 5.2 (LI-COR) software.

Primary Raised in Supplier Cat. No. Dilution
antibody
PLN Rabbit Lehnart lab - 1:1000
PLN Mouse Termo Fisher MA3-922 1:1000
PLN pS16 Rabbit Badrilla A010-16 1:1000
PLN pT17 Rabbit Badrilla A010-17 1:1000
CaMKiIl Mouse BD-Transductions BD-611292 1:1000
CaMKII & Mouse Badrilla A010-56AP 1:1000
V5 Mouse Invitrogen R960-25 1:1000
Calcineurin Rabbit Backs lab - 1:1000
pCalcineurin Rabbit Bakcs lab - 1:1000
HDAC4 Rabbit Backs lab - 1:1000
pHDAC4 Rabbit Backs lab - 1:1000
GAPDH Mouse Biotrend 5G4 Mab6C5 1:80000

Table 12: Primaries antibodies for WB.
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VIl. RESULTS I: Investigating the functional impact of
CaMKIl DKO on R14 A pathogenesis

7.1 Investigation of the PLN R14 A/+ mutations and an inducible
cardiomyocyte-specific knockout of CaMKII &/y in a novel mouse model

In human carriers of the PLN R14 A mutation, only the heterozygous genotype has been identified
(Ceholski, Trieber, Holmes, & Young, 2012). Consequently, a mouse model has been established for
research (Eijgenraam et al. 2020) with the PLN R14 A mutation as a heterozygous and homozygous
knock-in (R14 A/+ and R14 A/A respectively). In parallel a mouse model with a Tamoxifen-inducible
double knockout of CaMKIl specific for cardiomyocytes has also been established
(Kreusser et al., 2016). Based on this previous models we have planned to generate a mouse line
heterozygous for the R14 A/+ knock-in in combination with the inducible CaMKIl &/y double knockout
(CaMKII DKO).

The design of the study is to compare the cardiac and biochemical phenotypes of distinct mouse
genotypes. This was designed in order to analyze the effect of a CaMKIl DKO on PLN R14 A
cardiomyopathy development, evaluating in this way the specific contribution of PKA and CaMKII
kinases. While the R14 A truncation mutation disrupts the protein kinase A recognition motif and thus
S16 phosphorylation, it does not affect the T17 phosphorylation site of CaMKII (Menzel et al., 2020).

To achieve our objective, we investigated cardiac function and examined cardiac protein biochemistry
along with the subcellular distribution of proteins of interest related to the mechanism of PLN R14 A
cardiomyopathy (M., A, A., Peter, & H.W., 2024). In brief, we established the experimental transgenic
mouse model system, including a validation of the Tamoxifen induction of the double knockout as it was
previously described (Kreusser et al., 2016).

7.1.1 Study design and experimental groups of transgenic animals

The study design aims at comparing an experimental group of transgenic PLN R14 A/+ CaMKII DKO
(inducible by Tamoxifen and cardiomyocyte-specific) mice against suitable control groups.

We aimed to clarify a possible cardio-protective versus the commonly assumed detrimental role of the
CaMKII overactivation in cardiac disease in the PLN R14 A/+ mouse. For this purpose, an inducible
heart specific CaMKIl DKO (using a Tamoxifen-inducible Cre-lox system) (Kreusser et al., 2016) was
imported and combined with the heterozygote PLN R14 A/+ knock-in mouse (Introduction section 4.9
and Material and Methods section 6.1) (Table 13 and 14). MCM +/- refers to the presence (+) of absence
(-) of the genetic modification in each chromosome by the Cre-lox system having the alpha-MHC
promoter and being Mer-Cre-Mer the fusion enzyme the responsible of the recombination to produce
the CaMKII DKO. This alpha-MHC Mer-Cre-Mer (MCM) is referenced (Table 14) where it is shown the
4 different groups used and the genetic modifications/genotypes, the control groups 1 and 3 named as
WT and R14del lacks the alpha-MHC Mer-Cre-Mer (MCM -/-) genetic modification, so even they receive
the tamoxifen injections they will conserve CaMKII expression. However, the control group 2 and the
experimental group, named respectively CaMKIl DKO and CaMKII DKO R14del having the alpha-MHC
Mer-Cre-Mer (MCM +/-) and the induction by tamoxifen activates the CaMKIl DKO as their name
indicates.
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The precise mechanisms involved in the PLN R14 A cardiomyopathy are still unclear, while in part
contradictory evidence has been reported: on the one hand suggesting an increase of SERCAZ2a
“superinhibition” in a HEK293 model (Vafiadaki et al., 2022), on the other hand describing loss of
SERCAZ2a inhibition resulting in hyperdynamic Ca?* handling in a mouse model (Maniezzi et al., 2024).
In addition, fine tuning of PLN localization by the regulatory protein 14-3-3 (Menzel et al., 2020)
(Bovo et al., 2024) and control of PLN inhibition on SERCAZ2a by the degree of pentamerization of PLN
(Funk et al., 2023) have been suggested.

In this context, the study aims to detect:
- PLN phosphorylation status at S16 and T17 positions in the presence or absence of CaMKII & /y
activity.
- Investigating sub-cellular structures and protein distributions by STED microscopy (Vicidomini,
Bianchini, & Diaspro, 2018) (Kohl, Westphal, Hell, & Lehnart, 2013).

We performed measurements in young PLN R14 A/+ mice (15 weeks of age), an age at which
symptoms of the disease have not yet been recorded at any level. Therefore, we have performed
echocardiography and 6-lead electrocardiogram in vivo, in order to reveal differences in cardiac
morphology and function. Thereafter hearts were extracted from euthanized mice (16 weeks of age),
perfused by a modified Lagendorff protocol (Wagner, Brandenburg, Kohl, & Lehnart, 2014) and
dissected into left ventricle plus septum versus right ventricle tissue before isolating cardiomyocytes.
Isolated cardiomyocytes samples were directly used for biochemical and microscopy experiments or
snap frozen and biobanked for further analysis.

Our workflow differentiates cardiomyocytes isolated from LV to the ones isolated from RV. This
differentiation between the left and right ventricle is due to the fact that differences at a biochemical
level regarding PLN were previously described (Te Rijdt et al., 2019). We stablished a biobank of
samples, summarized in Table 15, and some of them were used for IF microscopy on proteins of
interest, described in Table 16. In addition, we performed an exploratory measurement of the cell size
on a subset of samples, summarized in Table 17.

In parallel, we performed two additional experiments independent from CaMKII knockout that will be
described in separate chapters (Chapter VIl and Chapter 1X). We performed biochemical analysis of
interactions and phosphorylation status of proteins involved in Ca?* handling in PLN WT and
PLN R14 A/+ knock-in mice without further treatment. This will be described in Chapter VIII. In addition
we did a biochemical study on PLN oligomerization and phosphorylation in a heterologous expression
system that will be described in Chapter IX.
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Relevant transgenic modifications combined in this study are summarized next:

Knock-in Knock-in Mutation Tetratransgenic Genotype
Alpha-MHC CaMKIll inducible PLN R14 A genotype
Mer-Cre-Mer DKO (double
knockout)
MCM R14 A/+

CaMKIl &/y knockout

Tg(Myh6-cre) CaMKII dtm1(loxP) ; Plntm1.1Crcg MCM x
CaMKIl ytm1(loxP) CaMKII &/y knockout x
R14 A/+

CaMKIl & flox / flox ;
CaMKIl Y flox / flox

Table 13: Transgenic modification of the mice included into this research.

Mouse lines and sources are summarized in Materials and Mehtods (Section 6.1 and 6.1.1).
The PLN R14 A/+ knock-in corresponds to a mouse line previously published (Eijgenraam et al. 2020). The
CaMKIll inducible double knockout (CaMKII-DKO) with floxed CaMKIl & and CaMKIl y genes and inducible
cre recombinase was also previously described (Kreusser et al., 2016).

From there CaMKII-DKO / MCM +/- mice and CaMKII-DKO / PLN R14 A/+ mice were bread successfully
in multiple rounds of crossing. Crossing these genotypes resulted in four distinct genotypes. While the
experimental group includes all four transgenic modifications, the control groups do not contain all.

Group Reference name Genetic modifications / genotypes
Experimental group. “CaMKII DKO R14del“* PLN-R14 A/+; CaMKII-DKO; MCM+/-
Control group 1. “WT” PLN-R14 +/+; CaMKII-DKO; MCM-/-
Control group 2. “CaMKIl DKO” PLN-R14 +/+; CaMKII-DKO; MCM+/-
Control group 3. “R14del” PLN-R14 A/+; CaMKII-DKO; MCM-/

Table 14: Mice treated with Tamoxifen divided into groups with the different transgenic modifications.

All groups were treated with Tamoxifen, in order to include appropriate controls for judgements on
possible Tamoxifen side effects (Sukumaran & Sadayappan, 2022). Mice were induced with a protocol
adapted from Kreusser et al 2016, and successive interventions are shown in the time table
(Figure 1 a and 1 b). We performed Tamoxifen treatment between 10 to 12 week of age. 10 days later
animals received transthoracic echocardiography (Echo) and 6-lead electrocardiogram (ECG), at 15
weeks of age. Thereafter mice were euthanized and their hearts extracted to isolate cardiomyocytes
for biochemistry and microscopy analysis on week 16.

For simplicity, mouse groups within this experiment will be referred to by the reference name in Table

14. While other mice, non treated with Tamoxifen that we will study in later sections (Chapter VIII)
onwards will be called PLN WT or R14 A /+ (for the heterozygous deletion of arginine 14 of PLN)
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40 ug 0,2 ml 1.8 mi
Stirr untilis . . Intraperitoneal injection
itatdCor
Di_ssolve anouen completely dissolve Kee::lt 8 Fa:l e at a dose of 80 mg/kg
into pure EtOH and add sunflower oil it on ten consecutive days
Mice age
(on weeks) EPEDEFDEDEDEDED
| |
Mice Start End Echo  Sample
reach of of and  collection
adulthood injections injections ECG for

biochemistry
and
microscopy

Figure 1: Workflow and timetable for Tamoxifen induction of Cre expression.
a) Preparation of Tamoxifen
b) Time course of interventions

7.1.2 Samples of the biobank

All mice used for this project are summarized in Table 2 according to the respective experimental
groups. In parallel acquired data and samples obtained from them are listed. A total of 29 mice are
divided in four groups:

»  Control Group 1 “WT” 6 mice
»  Control Group 2 “CaMKIl DKO” 9 mice
*  Control Group 3 ‘R14del’ 6 mice

* Experimental Group “‘R14del-CaMKII-DKO “ 8 mice

Our initial biometric plan was to include 6 mice per experimental group / experiment and per gender.
Finally, due to breeding difficulties we limited the minimal groups size to 6 mice regardless of gender,
as a consequence of:

1. Alimited availability of mice due to breeding complications (reduced birth rates and pup survivals).

2. Unspecific health complications and loss of mice.

3. Temporal restrictions, resulting from starting mouse work in project year 2.

4. Protocol complexity and increasingly complex animal protection regulations, further limiting
throughput.

30



CHAPTER VII. RESULTS |

Crossbreeding to generate the desired combination of R14del CaMKII-DKO let to side effects regarding
fertility and mortality among pups, while this seems not rationally unrelated to the genotypes as such.
On the other hand, the treatment with Tamoxifen diluted in sunflower oil might have produced additional
side effects.

A subset of mice showed white dots on their diaphragm, yet no signs of infections or other health issues.
In addition, health complications among one mouse (also showing white spots on their diaphragm) led
us to re-condition the protocol for dissolving Tamoxifen. Adding an incubation last step of 95°C for one
minute should have helped to avoid possible microbial impurities or recrystallization of Tamoxifen and
correlated with consequent absence of the white spots.
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Reference | Comple Ear Date Sample Date of
Group group telD code | Gender of Strain Genotype collection Data adquisition Age euthanize
name birth
Control WT 1103- 127 m 18.02.| C57BL CaMKIIG fl/ fl Isolated mice | 6-lead ECG; 16 09.06.2022
Group 1 00127 2022 | /6N-J CaMKily fi/ fi | cardiomyocytes | Echocardiography;| weeks
aMHC Cre -/- biobanked IF microscopy;
PLN R14 Biochemistry
+/+
6 mice WT 1103- 130 f 18.02.| C57BL CaMKIIo fl/ fl Isolated mice 6-lead ECG; 16 09.06.2022
00130 2022 /6N-J CaMKlly fi/ fl | cardiomyocytes| Echocardiography;| weeks
aMHC Cre -/- biobanked IF microscopy;
PLN R14 Biochemistry
+/+
n=6 WT 1103- 138 m 06.06. C57BL CaMKIId fl/ fl Isolated mice 6-lead ECG; 16 20.09.2022
00138 2022 /6N-J CaMKlly fi/ fl | cardiomyocytes| Echocardiography;| weeks
oMHC Cre -/- biobanked IF microscopy;
PLN R14 Biochemistry
+/+
WT 1103- 143 f 06.06. C57BL CaMKIId fl/ fl Isolated mice 6-lead ECG; 16 20.09.2022
00143 2022 /6N-J CaMKlly fi/ fl | cardiomyocytes| Echocardiography;| weeks
oMHC Cre -/- biobanked IF microscopy;
PLN R14 Biochemistry
+/+
WT 1244- 143 f 01.11.| C57BL CaMKIIS fl/ fl Isolated mice 6-lead ECG; 16 20.02.2024
00143 2023 /6N-J CaMKlly fi/ fl | cardiomyocytes| Echocardiography;| weeks
aMHC Cre -/- biobanked IF microscopy;
PLN R14 Biochemistry
+/+
WT 1244- 158 m 21.12.| C57BL CaMKIIo fl/ fl Isolated mice 6-lead ECG; 16 15.04.2024
00158 2023 /6N-J CaMKilly fi/ fl | cardiomyocytes| Echocardiography;| weeks
aMHC Cre -/- biobanked IF microscopy;
PLN R14 Biochemistry
+/+
Control CaMKIl 1103- 128 m 18.02.| C57BL CaMKIIS fl/ fl Isolated mice 6-lead ECG; 16 09.06.2022
Group 2 DKO 00128 2022 | /6N-J CaMKIlly fl/ fl | cardiomyocytes| Echocardiography;| weeks
aMHC biobanked IF microscopy;
Cre +/- Biochemistry
PLN R14
+/+
9 mice CaMKIl 1103- 129 f 18.02.| C57BL CaMKIIo fl/ fl Isolated mice 6-lead ECG; 16 09.06.2022
DKO 00129 2022 | /6N-J CaMKIly fl/ fl | cardiomyocytes| Echocardiography;| weeks
aMHC biobanked IF microscopy;
Cre +/- Biochemistry
PLN R14
+/+
n=8 CaMKIl 1103- 140 m 06.06. C57BL CaMKIIo fl/ fl Isolated mice 6-lead ECG; 16 20.09.2022
DKO 00140 2022 /6N-J CaMKlly fi/ fl | cardiomyocytes| Echocardiography;| weeks
oaMHC biobanked IF microscopy;
Cre +/- Biochemistry
PLN R14
+/+
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CaMKII 1103- 142 06.06. | C57BL | CaMKIId fl/ fl Isolated mice | 6-lead ECG; 16 20.09.2022
DKO 00142 2022 /6N-J CaMKlly fl/ fl | cardiomyocytes| Echocardiography;| weeks
aMHC Cre +/- biobanked IF microscopy;
PLN R14 +/+ Biochemistry
CaMKII 1244- 59 28.10. | C57BL | CaMKII5 fl/ fl Isolated mice | 6-lead ECG; 16 17.02.2023
DKO 0059 2022 /6N-J CaMKilly fl/ fl | cardiomyocytes| Echocardiography;| weeks
aMHC Cre +/- biobanked IF microscopy;
PLN R14 +/+ Biochemistry
CaMKIl 1244- 157 21.12. | C57BL | CaMKII5 fl/ fl Isolated mice | 6-lead ECG; 16 15.04.2024
DKO 00157 2023 /6N-J CaMKilly fl/ fl | cardiomyocytes| Echocardiography;| weeks
aMHC Cre +/- biobanked IF microscopy;
PLN R14 +/+ Biochemistry
CaMKIl 1244- 160 21.12. | C57BL | CaMKII5 fl/fl | Euthanized / 14 27.03.2024
DKO 00160 2023 | /BN-J | caMKIlyfi/ fl | Discarded from . weeks
aMHC Cre +/- experiment
PLN R14 +/+
CaMKIl 1244- 162 21.12. | C57BL | CaMKII5 fl/ fl Isolated mice | 6-lead ECG; 16 15.04.2024
DKO 00162 2023 /6N-J CaMKlly fl/ fl | cardiomyocytes| Echocardiography;| weeks
aMHC Cre +/- biobanked IF microscopy;
PLN R14 +/+ Biochemistry
CaMKIl 1244- 163 21.12. | C57BL | CaMKII5 fl/ fl Isolated mice | 6-lead ECG; 16 15.04.2024
DKO 00163 2023 | /6N-J | caMKIlyfl/ fl | cardiomyocytes| Echocardiography;| weeks
oaMHC Cre +/- biobanked IF microscopy;
PLN R14 +/+ Biochemistry
Control R14del 1244- 106 17.02. | C57BL | CaMKII5 fl/ fl Isolated mice | 6-lead ECG; 16 07.06.2023
Group 3 00106 2023 | /6N-J | caMKIly fl/ fl | cardiomyocytes| Echocardiography;| weeks
oaMHC Cre -/- biobanked IF microscopy;
PLN R14 A/+ Biochemistry
6 mice R14del 1244- 109 17.02. | C57BL | CaMKII5 fl/ fl Isolated mice | 6-lead ECG; 16 07.06.2023
00109 2023 /6N-J CaMKlly fl/ fl | cardiomyocytes| Echocardiography;| weeks
aMHC Cre -/- biobanked IF microscopy;
PLN R14 A/+ Biochemistry
n=6 R14del 1244- 113 17.02. | C57BL | CaMKII3 fl/ fl Isolated mice | 6-lead ECG; 16 07.06.2023
00113 2023 | /6N-J [ caMKIlyfl/ fl | cardiomyocytes| Echocardiography;| weeks
aMHC Cre -/- biobanked IF microscopy;
PLN R14 A /+ Biochemistry
R14del 1244- 138 01.11. | C57BL | CaMKIId fl/ fl Isolated mice | 6-lead ECG; 16 20.02.2024
00138 2023 | /6N-J CaMKlly fl/ fl | cardiomyocytes| Echocardiography;| weeks
aMHC Cre -/- biobanked IF microscopy;
PLN R14 A/+ Biochemistry
R14del 1244- 148 12.12. | C57BL | CaMKII3 fl/ fl Isolated mice | 6-lead ECG; 16 08.04.2024
00148 2023 | /6N-J | caMKiIly fl/ fl | cardiomyocytes| Echocardiography;| weeks
aMHC Cre -/- biobanked IF microscopy;
PLN R14 A/+ Biochemistry
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R14del 1244- 159 21.12. | C57BL | CaMKIId fl/ wt| Isolated mice | 6-lead ECG; 16 15.04.2024
00159 2023 /6N-J CaMKIly fl/ wt| cardiomyocytes| Echocardiography;| weeks
oMHC Cre -/- biobanked IF microscopy;
PLN R14 A/+ Biochemistry
Experi R14del- 1244- 45 16.10. | C57BL | CaMKIId fl/ fl Isolated mice 6-lead ECG; 16 02.02.2023
mental | CaMKIIDKO| 0045 2022 | /6N-J | CaMKiIly fi/ fl | cardiomyocytes| Echocardiography;| weeks
Group oaMHC Cre +/- biobanked IF microscopy;
PLN R14 Biochemistry
A+
9 mice R14del- 1244- 46 16.10. | C57BL | CaMKIIS fl/ fl | Euthanized / 15 27.01.2023
CaMKIIDKO| 0046 2022 | /6N-J CaMKIlly fi/ fl | Discarded from _ weeks
aMHC Cre +/- experiment
PLN R14
A+
n=7 R14del- 1244- 51 16.10. | C57BL CaMKIIG fl/ fl Isolated mice 6-lead ECG; 16 17.02.2023
CaMKIIDKO| 0051 2022 | /6N-J CaMKlly fi/ fl | cardiomyocytes| Echocardiography;| weeks
oaMHC Cre +/- biobanked IF microscopy;
PLN R14 Biochemistry
N+
R14del- 1244- 58 28.10. | C57BL | CaMKIId fl/ fl Isolated mice 6-lead ECG; 16 17.02.2023
CaMKIIDKO| 0058 2022 | /6N-J CaMKlly fl/ fl | cardiomyocytes| Echocardiography;| weeks
oaMHC Cre +/- biobanked IF microscopy;
PLN R14 Biochemistry
N+
R14del- 1244- 112 17.02. | C57BL | CaMKIIS fl/ fl Isolated mice 6-lead ECG; 16 07.06.2023
CaMKIIDKO| 00112 2023 /6N-J CaMKlly fl/ fl | cardiomyocytes| Echocardiography;| weeks
aMHC Cre +/- biobanked IF microscopy;
PLN R14 Biochemistry
A+
R14del- 1244- 114 18.02. | C57BL | CaMKIId fl/ fl Isolated mice 6-lead ECG; 16 07.06.2023
CaMKIIDKO| 00114 2023 | /6N-J CaMKIlly fl/ fl | cardiomyocytes| Echocardiography;| weeks
aMHC Cre +/- biobanked IF microscopy;
PLN R14 Biochemistry
A+
R14del- 1244- 151 12.12. | C57BL | CaMKIIS fl/ fl Isolated mice 6-lead ECG; 16 08.04.2024
CaMKIIDKO| 00151 2023 /6N-J CaMKlly fl/ fl | cardiomyocytes| Echocardiography;| weeks
aMHC Cre +/- biobanked IF microscopy;
PLN R14 Biochemistry
A+
R14del- 1244- 161 21.12. | C57BL | CaMKII5 fl/ fl | Euthanized / 14 24.03.2024
CaMKIIDKO| 00161 2023 | /6N-J CaMKilly fl/ fl | Discarded from _ Weeks
aMHC Cre +/- experiment
PLN R14
A+

Table 15: A biobank of samples has been established using the mice listed in this table. These mice have been

divided into different study groups and information on their gender, birth, strain, genotype, samples obtained and data
acquisition is shown (Eijgenraam et al. 2020); (Kreusser et al., 2016).
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7.2 Results of experimental procedures for functional evaluation

To evaluate possible differences in heart function among the indicated groups of mice we have
organized both 6-lead electrocardiogram (ECG) and transthoracic echocardiography (Echo) of the
animals, the latter executed by the service unit of the CRC1002.

7.2.1 Functional evaluation via 6-lead electrocardiogram (ECG)

6-lead electrocardiogram measurements were performed for mice indicated in Table 15 at 15 weeks of
age. Mice were anesthetized and 6-lead ECG measurements were taken as described in section 6.3
ECGs were recorded with EMKA ECGstudio software, and traces from Leads | (Figure 4) and lll were
analysed with EMKA software, as described, ECGstudio. To avoid effects from possible reductions of
heart rate due to anaesthesia with isofluorane, we run the final analysis with the data obtained during
the first minute of measurement to avoid as much as possible the anesthetic effect of isofluorane.

We studied parameters known to be related to various altered functions and heart diseases such as
heart rate, the PR, the QRS or the QT intervals (Pizzo et al., 2022)(Calvet & Seebeck, 2023). Based on
previous ECG findings (Eijgenraam et al. 2020), amplitude flattening between RS points in R14 A/A but
not R14 A/+ mice has been suggested. Accordingly, we have included that parameter in the comparison
with a previous publication (Oestereicher et al., 2023). In this publication (Eijgenraam et al. 2020), they
describe flattening of the RS height for PLN R14del A/A mice vs WT based and the reduction of
conduction velocity on PLN R14del A/+ on a pseudo ECG. However, they report a lower S point for
PLN R14del A/+ vs WT, that makes the RS height apparently bigger in PLN R14del A/+ vs WT mice.

This is the reason why we also employed another parameter, R Amplitude (R Amp). R Amp is the
amplitude in mV between the peak of the R point and the isoelectric line. This measurement allows
calculating the differences between amplitudes independent from apparent changes in S point
amplitude, focusing only on the R point, while depending on robust detection of the Isoelectric line by
the EMKA software.

We found several significant differences in our analysis using a Nested One-Way-ANOVA test. We
performed this statistical analysis because of its convenience and accuracy in studying all measurement
values for a given parameter for each mouse as a sub-group within the corresponding experimental
group of mice (Dowding & Haufe, 2018).

We observed an increase of ~22% in the Heart Rate (and therefore a reduction in the RR interval of
~21%) between the DKO group and the R14del-CaMKII-DKO group (Figure 2 a).

Besides we observed a reduction of the PR interval between all the control groups vs the
R14delCaMKII-DKO group, ~18,5% for WT, ~19,5% for CaMKIl DKO and ~18% for R14del
(Figure 2 b). Notably the PR interval allows discrimination of atrioventricular conduction time
(Douedi S, 2024)

In parallel an increase of the QRS interval was observed between the WT vs R14del-CaMKII-DKO
group, and between the R14del vs R14del-CaMKII-DKO group, ~41% and ~54% respectively. The QRS
interval reflects the depolarization of the ventricles. (Figure 2 b) (Douedi S, 2024). However, we found
similar results between all the groups for the QT interval (reflecting the repolarization phase)
(Douedi S, 2024). Yet we obtained highly variable results for this parameter (Figure 2 b).
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Finally, similar values for the RS height were observed between all groups. (Figure 2 c). However, we
observed an increase for R Amp ~69% between the R14del-CaMKII-DKO vs R14del group
(Figure 2 c). This could reflect differences in depolarization on the main mass of the ventricles rather
than just at base of the heart.

As we have already shown in Table 2, our groups are not homogeneous with respect to gender and this
could have influenced our results, with a balance between males and females in the WT and DKO
groups, but a majority of males in the R14del and R14del-CaMKII-DKO groups. Since we had at least
n=3 male mice for each group, we decided to repeat the statistical analysis for males only.
Consequently, we only obtained significant differences between the R14del-CaMKII-DKO vs R14del
groups for the PR and QRS interval and R Amp (Figure 2 c) that we will further discuss (Section 10.1.2).
In order to discuss whether this outcome is due to gender differences, we plotted ECG parameters for
individual mice (Suppl. Figure 1). However, these data plots do not show obvious correlation to gender
we found some differences studying only males (Figure 3) but following the same trends than before
(Figure 2). Finally, we can observe an example of the traces of one mice per group (Figure 4).
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Figure 2: 6-lead Electrocardiogram analysis of heart function. Traces from 15t minute of recordings analyzed to

minimize anesthesia effects.

Electrocardiogram analysis revealed differences in the heartbeat rate, the atrioventricular (PR) and ventricular
(QRS) conduction time and the depolarization of ventricles (R Iso):

a) Heart rate and associated RR interval were analyzed. An increase of ~22% on R14del-CaMKII-DKO group
compared to DKO group was found for the heart rate, as well as a reduction RR interval of ~21% between the
same groups. b) Analyzed intervals of electrical patterns across the heart are PR, QRS and QT. R14del-
CaMKIIDKO mice showed decreased ~17% PR intervals compared with all of the control groups. In addition,
R14delCaMKII-DKO mice showed an increase of ~41% on the QRS interval vs the WT and ~54% R14del groups.
The QT interval measurements were similar between groups. ¢) Amplitudes between the RS points and R to the
isoelectric point were measured. The measurements of the RS amplitudes were similar between groups. The
measurement of the R Iso was increased ~69% on the R14del vs the R14del-CaMKII-DKO group. Statistical testing
was performed by Nested One-Way-ANOVA (* p<0.05, ** p<0.005). Group sizes: WT n=6, DKO n=8, R14del n=6

and R14del-CaMKII-DKO n=5

37



CHAPTER VII. RESULTS |

) Heart Rate in 1 minute only Males RR interval 1 minute only Males
4a
600- 2004
o i 1501
2 400 8 i
E c
: ;
g e 100+
o =
E £
& 200
50
0 T 0 T
wT CaMKIl DKO  R14del R14del CaMKIIDKO  R14del R1ddel
CaMKII-DKO CaMKII-DKO

PR interval in 1 minute only Males

QRS interval in 1 minute only Males

* QT interval 1 minute only Males

b) 40, E 50 80
® 40
301
0 ] (2]
T 2 a0 £
5 S g
8 2 8
& 2 £ 5
E E 2 E
107 10
0+ 0
wr CaMKIl DKO  Riddel R1ddel WT CaMKIIDKO  R14del Riddel wT CaMKII DKO  Riddel Riddel
CaMKII-DKO CaMKII-DKO CaMKII-DKO
RS height 1 minute only Males R amp 1 minute only Males
C) 0.8 0.8 x
o
0.6 o O °
>
E E
[}
3 °
- Q.
E § g
<
@

CaMKIIDKO  R14del R14del
CaMKII-DKO

CaMKiI DKO  R14del R14del
CaMKII-DKO

Figure 3: 6-lead Electrocardiogram analysis of heart function only on mouse males. Measurements taken on 1
minute to avoid anesthetic effects. Electrocardiogram analysis revealed differences in the atrioventricular and
ventricular conduction time and the depolarization of ventricles:

a) Heart rate and associated RR interval were analyzed. We found similar results between all groups. b) Intervals
between each heartbeat wave including PR, QRS and QT. R14del-CaMKII-DKO mice showed decreased ~19%
PR interval vs R14del group. The QRS and QT interval measurements were similar between groups. c) Amplitudes
between the RS points and R to the isoelectric points. The measurements of the RS amplitudes were similar
between groups. The measurement of the R Iso was increased ~95% on the R14del vs the R14del-CaMKII-DKO
group. Statistical testing was performed by Nested One-Way-ANOVA (* p<0.05, ** p<0.005). Group sizes: WT n=3,
DKO n=3, R14del n=5 and R14del-CaMKII-DKO n=5
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Figure 4: Examples of 6-lead Electrocardiogram traces of Lead | of one mouse per group, measurements taken
on 1 second (1000 miliseconds). Plotted amplitude in millivolts (mV) vs time in miliseconds (ms).

a) Traces of the mouse 127, male from the WT group.

b) Traces of the mouse 129, female from the CaMKIlI DKO group.

c) Traces of the mouse 106, male from the R14del group.

d) Traces of the mouse 114, male from the R14del-CaMKII-DKO group.
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7.2.2 Echocardiography (Echo)

In order to characterize left-ventricular pump function and dynamic left-ventricular dimensions, a
transthoracic echocardiographic examination was carried out by the CRC1002 service Unit at the ZTE
(UMG; Marcell Zoremba: Echo; Beate Knocke analysis) as described (Material and methods section
6.4) when the mice reach 15 weeks of age. We evaluated the results statistically by one-way ANOVA
for relevant functional parameters such as heart rate (HR), fractional shortening (FS), ejection fraction
(EF), anterior and posterior wall thickness in systole and diastole (AWThs, PWThs, AWThd and
PWThd), and left ventricular internal diameter in systole and diastole, respectively. Functional
parameters are summarized in (Figure 5 a and b).

An increase of systolic PWThs occurred between the R14del group versus WT ~24,6% and
R14delCaMKII-DKO ~18,5% groups, respectively. R14del hearts showed increased systolic wall
thickness 1,119 mm compared to WT hearts, yet this increase was reduced to normal levels upon
induction of CaMKII-DKO (Figure 5 a). Similarly, EF was increased by ~21,8% in R14del mice compared
to the R14delCaMKII-DKO (Figure 5 b). However, we observed no differences compared to WT mice
group. We will discuss possible interpretations of these results in the discussion (Section 10.1.3),
including putative alterations in contraction behavior. Interestingly this finding was not evident in
previous publications (Eijgenraam et al. 2020). Moreover, we did not find differences in left ventricular
internal diameter (LVID) on systole and diastole, indicating absence of LV dilations (Figure 5 b). In
addition, we compared standard parameters like body weight (BW), heart weight (HW),
heart weight/body weight ratio (Figure 5 c), that help to indicate and compare health and developmental
status.

In summary, these parameters remained unchanged, indicating regular health conditions in all groups

and no signs of cardiac hypertrophy, only PWThs show an early sign of cardiac hypertrophy localized
and without dilation.
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Figure 5: Echocardiographic analysis of heart function.

Echocardiographic analysis revealed parameters indicating dynamic heart function and revealed minor, yet distinct
changes:

a) Dynamic structural parameters regarding wall thickness and ventricular diameters were analyzed. The only
changes observed relate to the posterior wall thickness in systole, with an ~15% increase of PWThs in R14del
mice as compared to WT and R14del-CaMKII-DKO mice. b) Parameters indicating heart pump function and
performance included heart rate, ejection fraction and fractional shortening. R14del mice showed increased
ejection fractions compared to R14del-CaMKII-DKO by ~21,8%. Ejection fraction of all other groups ranged on
levels typical for wild-type mice in general. c) Standard parameters to indicate health and development status.
Statistical testing was performed by One-Way-ANOVA (* p<0.05, ** p<0.005). Group sizes: WT n=6, DKO n=7,
R14del n=6 and R14del-CaMKII-DKO n=6
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7.3 Analysis of subcellular structure and protein distribution by
microscopy
We performed an exploratory analysis of the subcellular structure and protein distribution of isolated left

ventricular-septum and right ventricular cardiomyocytes from all four groups of mice. We combined IF
labeling with different antibodies leading to generate a biobank of IF slides (Section 6.6)

From there cell-size measurements were executed following the method on Section 6.6.3.

Then, confocal microscopy (Section 6.6.1) and STED nanoscopy were performed on a sub-set of slides
for quality control and a preliminary analysis (Section 6.6.2).

7.3.1 Generation of an I[F Sample Biobank

Following the standard procedure used in our laboratory, as described at Material and methods (Section
6.5), LV-Septum and RV cardiomyocytes were isolated from each mouse listed in Table 15

Samples were labeled with antibodies directed against proteins of interest: PLN, SERCA2a, RyR2,
CaMKIl, CaMKIl & and PPP1R3 as shown in Table 16.

A subset of these samples was subjected to STED microscopy for subcellular analysis, summarized in
Table 17.

Mouse Group labelled proteins Combination
number
127 Control group 1 PLN, SERCAZ2a, RyR2, PLN 635 + SERCA2a 580
“NT” CaMKII and blank PLN 635 + RyR2 580

CaMKIl 635 + SERCA2a 580
CaMKII 635 + RyR2 580 Blank

130 Control group 1 PLN, SERCA2a, RyR2, PLN 635 + SERCAZ2a 580
T CaMKIl and blank PLN 635 + RyR2 580
CaMKII 635 + SERCA2a 580
CaMKII 635 + RyR2 580 Blank

138 Control group 1 PLN, SERCA2a, RyR2, PLN 635 + SERCAZ2a 580
Included for “ONT” CaMKIl and blank PLN 635 + RyR2 580
conf./STED CaMKII 635 + SERCA2a 580

analysis CaMKIl 635 + RyR2 580 Blank

143 Control group 1 PLN, SERCA2a, RyR2, PLN 635 + SERCA2a 580
Included for “ONT” CaMKIl and blank PLN 635 + RyR2 580
conf./STED CaMKII 635 + SERCA2a 580

analysis CaMKIl 635 + RyR2 580 Blank

143 Control group 1 PLN, SERCA2a, RyR2, PLN 635 + SERCA2a 580
Included for “ONT” PPP1R3 and blank PLN 635 + RYR2 580
conf./STED PPP1R3 635 + SERCA2a 580

analysis PPP1R3 635 + RyR2 580 Blank
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158
Included for
conf./STED

analysis

Control group 1
WT"

PLN, SERCA2a, RyR2,
PPP1R3 and blank

PLN 635 + SERCA2a 580
PLN 635 + RYR2 580
PPP1R3 635 + SERCA2a 580
PPP1R3 635 + RyR2 580 Blank

128

Control group 2
“CaMKIl DKO”

PLN, SERCAZ2a, RyR2,
CaMKIl and blank

PLN 635 + SERCA2a 580
PLN 635 + RyR2 580
CaMKIl 635 + SERCA2a 580
CaMKII 635 + RyR2 580 Blank

129

Control group 2
“CaMKIl DKO”

PLN, SERCA2a, RyR2,
CaMKIl and blank

PLN 635 + SERCA2a 580
PLN 635 + RyR2 580
CaMKII 635 + SERCA2a 580
CaMKII 635 + RyR2 580 Blank

140
Included for
conf./STED

analysis

Control group 2
“CaMKIl DKO”

PLN, SERCA2a, RyR2,
CaMKIl and blank

PLN 635 + SERCA2a 580
PLN 635 + RyR2 580
CaMKII 635 + SERCA2a 580
CaMKIl 635 + RyR2 580 Blank

142
Included for
conf./STED

analysis

Control group 2
“CaMKIl DKO”

PLN, SERCAZ2a, RyR2,
CaMKIl and blank

PLN 635 + SERCA2a 580
PLN 635 + RyR2 580
CaMKII 635 + SERCA2a 580
CaMKII 635 + RyR2 580 Blank

59
Included for
conf./STED

analysis

Control group 2
“CaMKIl DKO”

PLN, SERCA2a, RyR2,
PPP1R3 and blank

PLN 635 + SERCA2a 580
PLN 635 + RYR2 580
PPP1R3 635 + SERCA2a 580
PPP1R3 635 + RyR2 580 Blank

157

Control group 2
“CaMKIl DKO”

PLN, SERCA2a, RyR2,
PPP1R3 and blank

PLN 635 + SERCA2a 580
PLN 635 + RYR2 580
PPP1R3 635 + SERCA2a 580
PPP1R3 635 + RyR2 580 Blank

162
Included for
conf./STED

analysis

Control group 2
“CaMKIlI DKO”

PLN, SERCA2a, RyR2,
PPP1RS3 and blank

PLN 635 + SERCA2a 580
PLN 635 + RYR2 580
PPP1R3 635 + SERCA2a 580
PPP1R3 635 + RyR2 580 Blank

163

Control group 2
“CaMKIl DKO”

PLN, SERCA2a, RyR2,
PPP1R3 and blank

PLN 635 + SERCA2a 580
PLN 635 + RYR2 580
PPP1R3 635 + SERCA2a 580
PPP1R3 635 + RyR2 580 Blank

106

Control group 3
“R14del”

PLN, SERCA2a, RyR2,
CaMKII & and blank

PLN 635 + SERCA2a 580
PLN 635 + RYR2 580
CaMKII 5 635 + SERCA2a 580
CaMKII 6 635 + RyR2 580 Blank

109
Included for
conf./STED

analysis

Control group 3
“R14del”

PLN, SERCA2a, RyR2,
CaMKII & and blank

PLN 635 + SERCA2a 580
PLN 635 + RYR2 580

CaMKII 6 635 + SERCA2a 580
CaMKII 6 635 + RyR2 580 Blank
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13 Control group 3 PLN, SERCA2a, RyR2, PLN 635 + SERCA2a 580
Included for “R14del” CaMKIl & and blank PLN 635 + RYR2 580
conf./STED CaMKIl & 635 + SERCA2a 580

analysis CaMKIl & 635 + RyR2 580 Blank

138 Control group 3 PLN, SERCA2a, RyR2, PLN 635 + SERCA2a 580
Included for “R14del” PPP1R3 and blank PLN 635 + RYR2 580
conf./STED PPP1R3 635 + SERCA2a 580

analysis PPP1R3 635 + RyR2 580 Blank

148 Control group 3 PLN, SERCA2a, RyR2, PLN 635 + SERCAZ2a 580

“R14del” PPP1R3 and blank PLN 635 + RYR2 580
PPP1R3 635 + SERCA2a 580
PPP1R3 635 + RyR2 580 Blank
159 Control group 3 PLN, SERCAZ2a, RyR2, PLN 635 + SERCA2a 580
“R14del” PPP1R3 and blank PLN 635 + RYR2 580
PPP1R3 635 + SERCA2a 580
PPP1R3 635 + RyR2 580 Blank

45 Experimental group PLN, SERCAZ2a, RyR2, PLN 635 + SERCA2a 580
Included for | “R14del CaMKIl DKO” PPP1R3 and blank PLN 635 + RyR2 580
conf./STED CaMKII 635 + SERCA2a 580

analysis CaMKIl 635 + RyR2 580 Blank

51 Experimental group PLN, SERCAZ2a, RyR2, PLN 635 + SERCA2a 580
Included for | “R14del CaMKIl DKO” PPP1R3 and blank PLN 635 + RyR2 580
conf./STED CaMKII 635 + SERCA2a 580

analysis CaMKIl 635 + RyR2 580 Blank

58 Experimental group PLN, SERCAZ2a, RyR2, PLN 635 + SERCA2a 580
Included for | “R14del CaMKIl DKO” PPP1R3 and blank PLN 635 + RyR2 580
conf./STED CaMKIl 635 + SERCA2a 580

analysis CaMKIl 635 + RyR2 580 Blank

114 Experimental group PLN, SERCA2a, RyR2, PLN 635 + SERCA2a 580
Included for | “R14del CaMKIl DKO” CaMKIl & and blank PLN 635 + RYR2 580
conf./STED CaMKIl & 635 + SERCA2a 580

analysis CaMKIl & 635 + RyR2 580 Blank

Table 16: Samples for the study using IF microscopy, the primary and secondary antibodies and names of the final
samples. The antibodies used were used to label the following protein pairs PLN and SERCA, PLN and RyR2,
PPP1R3 and SERCA, PPP1R3 and RyR2. Finally, a sample without primary antibody labeling was also added,
only adding the secondary antibodies, to check the background that could be obtained and would not alter the
result of the other samples.

44



CHAPTER VII. RESULTS |

7.3.2 Cardiomyocyte area measurements

Next, we analyzed the dimensions of isolated cardiomyocytes; in order detect changes in ventricular
cardiomyocyte size as a consequence of our experimental interventions. The goal was to check whether
cardiomyocyte area has increased (Williams et al., 2020), which would indicate hypertrophic remodeling
(Senyo et al., 2013). Cardiomyocytes areas were measured as described in Section 6.6.3 on isolated
ventricular cardiomyocytes from our biobanked IF sample slides. Table 4 summarizes the samples used
for cardiomyocyte area analysis. The analysis was restricted to 4 mice per group since the IF protocol
had not succeeded in mice 112, 113, 151 and 161, but we needed to include equal mice numbers in
the analysis. This analysis was performed in collaboration with the Lab rotation student Baran Hanifeh.

Mouse ID Phenotype Gender LV CM (n) RV CM (n)
143 WT M 16 12
158 WT M 15 12
138 WT F 12 12
143 WT F 6 6
162 DKO M 5 6
59 DKO F 16 16
140 DKO F 16 15
142 DKO F 14 14
109 R14del M 12 15
113 R14del M 10 7
138 R14del M 13 10
148 R14del F 13 12
45 R14del-CaMKiII- M 5 0
DKO

58 R14del-CaMKiII- M 16 16
DKO

114 R14del-CaMKII- M 18 15
DKO

51 R14del-CaMKII- M 14 14
DKO

Table 17. Summary of mice and cardiomyocytes included in the area measurement analysis. For each mouse, the
table lists the Mouse ID, experimental group, sex, heart ventricle (left ventricle [LV] or right ventricle [RV]), and the
number of isolated cardiomyocytes measured (n).

We performed a Nested-One-Way-ANOVA statistical analysis of our measurements because this
analysis take into account the subgroups of cardiomyocyte measurements in each mouse per group.
We found similar results between the groups despite variability into cardiomycyte size between mice
even in from the same group (Figure 6). In addition, this analysis is based on variable gender
proportions that could affect the experimental outcome.

For this reason, we also analyzed comparing only the males (Supplementary Figure 2), the LV and RV
separately. In this last analysis we had to pool our results and perform the One-Way-ANOVA analysis
as the number of male mice for WT group was n=2 and for CaMKIl DKO group was n=1. For the
comparison between LV of the males, we found an increase by ~21,7% of R14del group versus CaMKII
DKO group. In addition, we found similar values in the comparison between RV of males.
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Total cell size measurement
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Figure 6: Cardiomyocytes area measurements of isolated cardiomyocytes for all control groups and the
experimental group.
Violin plot of cardiomyocytes area (um2) of each mouse with indicated genders: male (M) or female (F). We found
similar results between all groups.
Statistical analysis was performed by Nested-One-way-ANOVA (* p < 0.05, ** p < 0.005) of cumulative data-set,
not differentiated by mice. Group sizes: WT n=4, CaMKII DKO n=4, R14del n=4, R14del-CaMKII-DKO n=4.
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7.3.3 Nanoscopy of cellular sub-structures and protein distribution

Next we performed confocal and STED imaging on a sub-set of our slides. This imaging analysis focused
on documenting SERCA2a and PLN intracellular distributions and compare the experimental groups in this
study. This imaging was performed on four mice per WT, CaMKIl DKO and R14delCaMKII-DKO groups
(Figure 7, 8 and 10) and three mice for R14del group (Figure 9) as a pre-liminary qualitative analysis.

All groups showed main characteristics of PLN and SERCAZ2a distribution. In the next figures, we followed
the same configuration: the top left panel corresponds to a confocal image of a left ventricle cardiomyocyte
from one mouse; the bottom left shows the STED image of the yellow square on the top left. The top right
panel presents a confocal image of a cardiomyocyte from the same mouse but from the right ventricle, and
the bottom right is the STED image of the highlighted region from the top. Figure 7 shows cardiomyocytes
from a mouse from the WT group, Figure 8 shows cardiomyocytes of mice from the CaMKII DKO group,
Figure 9 shows cardiomyocytes of mice from the R14del group and Figure 10 shows cardiomyocytes of
mice from the PLN R14del CaMKII-DKO group.
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PLN showed signal distribution in accordance with high z-line location and less m-band location. In parallel,
PLN displayed longitudinal, likely corresponding to ER structure. Additionally, PLN also occurred as a
perinuclear signal. Similarly, we found for SERCAZ2a strong and weak signals matching z-line and m-band
localization, respectively. SERCA2a showed little longitudinal signals. Strong SERCAZ2a signals and strong
PLN signals localized at z-line locations, indicated by white colored spots (Figure 7, Figure 8, Figure 9 and
Figure 10) showing the PLN-SERCAZ2a colocalization.

Despite using an established protocol, signal intensities varied within and between groups, and between
the edges of the cells and the more inside locations. Notably, in one sample from Mouse ID 1244-0045
(Figure 10d), only a cardiomyocyte from the left ventricle is shown, as no viable cardiomyocytes could be
identified from the corresponding right ventricle preparation. In this left ventricle sample, SERCA2a
displayed clustered signals with an unusual distribution. This pattern was not observed in other
cardiomyocytes from mice in the same group. Given the reduced number of viable cardiomyocytes in this
particular preparation, the atypical signal is likely attributable to suboptimal sample quality rather than
reflecting a true biological difference.
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a) b)

1103-00138 LV 1103-00138 RV 1103-00143 LV 1103-00143 RV

c) d)

1244-00143 LV 1244-00143 RV 1244-00158 LV 1244-00158 RV

Figure 7: Confocal microscopy and by STED examples, results for isolated cardiomyocytes of left and right
ventricle (LV and RV) from mice of the Control group 1 “WT*. The results show the subcellular localization of PLN
(magenta) and SERCAZ2a (green). Colocalization of PLN and SERCA is indicated by white colour resulting from
magenta and green channel overlay:

a) Images from the mice with the ID from Biobank 1103-00138, on the left, it is shown a cardiomyocyte from LV, on top
the image from confocal microscopy and marked with a yellow square the zone of the STED image on the bottom. On
the right, we used the same configuration for a RV cardiomyocyte.

b) Images from the mice with the ID from Biobank 1103-00143 following previous configuration.

c) Images from the mice with the ID from Biobank 1244-00143 following previous configuration.

d) Images from the mice with the ID from Biobank 1244-00158 following previous configuration.
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a) b)

1244-0039 LV 1244-0059 RV 1103-00142 LV 1103-00142 RV

Y

C) 1103-00140 LV 1103-00140 RV d) 1244-00162 LV 1244-00162 RV

-
1000 nm

Figure 8: Confocal microscopy and nanoscopy by STED examples results for isolated cardiomyocytes of left and right
ventricle (LV and RV) from mice of the Control group 2 “CaMKII DKO®. The results show the subcellular localization of
PLN (magenta) and SERCAZ2a (green). Colocalization of PLN and SERCA is indicated by white colour resulting from
magenta and green channel overlay:
a) images from the mice with the ID from Biobank 1244-0059, on the left it is shown a cardiomyocyte from LV, on top the
image from confocal microscopy and marked with a yellow square the zone of the STED image on the
bottom. On the right, we used the same configuration fora RV cardiomyocyte.
b) Images from the mice with the ID from Biobank 1103-00142 following previous configuration.
¢) Images from the mice with the ID from Biobank 1103-00140 following previous configuration.
d) Images from the mice with the ID from Biobank 1244-00162 following previous configuration.
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a) b)

1244-001 09 LV 1244-00109 RV 1244-00113 LV 1244-00113 RV

1244-00138 LV 1244-00138 RV

Figure 9: Confocal microscopy and nanoscopy by STED examples results for isolated cardiomyocytes of left and right ventricle

(LV and RV) from mice of the Control group 3 “R14del“. T The results show the subcellular localization of PLN (magenta) and

SERCAZ2a (green). Colocalization of PLN and SERCA is indicated by white colour resulting from magenta and green channel overlay:

a) And c) but on b) some variability is shown, with less structure being found and the observation of SERCA2a points predominating:

a) images from the mice with the ID from Biobank 1244-00109, on the left it is shown a cardiomyocyte from LV, on top the image
from confocal microscopy and marked with a yellow square the zone of the STED image on the bottom. On the right, we employed
the same configuration for a RV

b) Images from the mice with the ID from Biobank 1244-00113 following previous configuration.

c) Images from the mice with the ID from Biobank 1244-00138 following previous configuration.
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Figure 10: Confocal microscopy and nanoscopy by STED examples result for isolated cardiomyocytes of LV and RV from
mice of the Experimental group “R14del-CaMKII-DKO". The results show the subcellular localization of PLN (magenta)
and SERCAZ2a (green). Colocalization of PLN and SERCA is indicated by white color resulting from magenta and green
channel overlay on a) and b), but on ¢) and d) some variability is shown, with less structure and the observation of
SERCAZ2a points predominating: a) images from the mice with the ID from Biobank 1244-0051, on the left it is shown a
cardiomyocyte from LV, on top the image from confocal microscopy and marked with a yellow square the zone of the
STED image on the bottom. On the right, same configuration for a RV. b) Images from the mice with the ID from Biobank
1244-0058 following previous configuration. c) Images from the mice with the ID from Biobank 1244-00114 following
previous configuration. d) Images from the mice with the ID from Biobank 1244-0045 following previous configuration.
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7.4 Validation of the inducible CaMKII DKO

As described in the description of the mouse model, based on the previous study by Kreusser et al.
(2016), our samples obtained from isolated mouse cardiomyocytes from control group 2 CaMKII DKO
are expected to contain less CaMKIlI following induction of knockout.

Once we obtained the first cohorts of mice from control group 2, the inducible CaMKIl DKO, we
proceeded to verify the results previously shown by Kreusser et al. (2016) in our colony. In untreated
mice, our WB results on isolated ventricular cardiomyocytes did show two bands corresponding with
the molecular weight of the two cardiac isoforms of CaMKIl & and y above and below ~55 kDa for
CaMKIl WT mice, respectively. However, we did not detect these bands in the samples from Tamoxifen
treated CaMKII DKO mice as expected from the previous publication (Kreusser et al. 2016). This even
was the case when the amount of protein loaded on the gel was higher for the samples from CaMKI|
DKO (30ug WT vs 60ug CaMKIl DKO), than for the samples obtained from CaMKII WT mice. This
difference of the protein load can be seen by the increase in GAPDH, used as a protein load control,
corresponding bands of ~35 kDa (Figure 11 a).

In addition, we were also able to observe a notable decrease in the phosphorylation of PLN at T17 in
the CaMKII DKO samples. We found bands corresponding with the molecular weight of PLN monomers
~8 kDa and are observed with an antibody for phosphorylated on T17 PLN in CaMKIl WT mice samples
but not (or very faintly) in CaMKII &/y knockout mice samples (Figure 11 b).

In this way, we demonstrated directly and indirectly, by measuring CaMKII expression and PLN T17
phosphorylation that the inducible double knockout worked in our hands.
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Figure 11: WB analysis of CaMKIl and PLN pT17 using isolated cardiomyocytes samples from CaMKIl WT vs
CaMKII DKO mice with GAPDH as loading control. Validation of CaMKIl DKO by WB measurement of CaMKII
and indirect validation by WB measurement of phosphorylated PLN.

a) WB result of 4 WT vs 4 CaMKII DKO protein samples of cardiomyocytes isolated from different mice each one,
labeled with CaMKIl and GAPDH antibodies.

b) WB result of WT vs CaMKII DKO protein samples of cardiomyocytes isolated from 2 mice, respectively, labeled
with PLN pT17 antibodies.
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As a summary of this Results | chapter, in our comparative study of four mice groups, WT, CaMKIl DKO,
R14del and CaMKII-R14del:

We created a biobank of samples for 29 mice in total divided between the four mice groups.

We found several changes between the groups by ECG measurements: an increase on
Heart Rate of ~22% on R14del-CaMKII-DKO vs CaMKII DKO group; a decrease between all
the control groups vs the R14del-CaMKII-DKO group, ~18,5% for WT, ~19,5% for CaMKIl DKO
and ~18% for R14del on PR interval; an increase between the WT vs R14del-CaMKII-DKO
group, and between the R14del vs R14del-CaMKII-DKO group, ~41% and ~54% respectively
on QRS and an increase for R Amp ~69% between the R14del-CaMKII-DKO vs R14del group.

We found an increase between WT ~24,6% and R14del-CaMKII-DKO ~18,5% groups vs the
R14del group on Posterior Wall Thickness in systole (PWThs) and an increase in R14del mice
~21,8% compared to the R14del-CaMKI-DKO group on Ejection Fraction by
Echocardiography.

We have found no changes between the groups by Cell size analysis using Nested One-
WayAnova statistical analysis, which it is more adequate for this specific analysis than the
OneWay-Anova analysis.

We have not found changes between the groups by STED nanoscopy on cellular sub-structures
and protein distribution for PLN and SERCAZ2a.

We have validated the inducible CaMKIl DKO.
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VIIl. RESULTS IlI: Evaluating PKA and CaMKI|
activity in R14 A/+ mice

8.1 Study design

In parallel to evaluate the impact of CaMKIl DKO on the PLN R14 A heart (Chapter VIl Results 1), we
explored the impact of R14 A/+ expression on PKA and CaMKIl activity as such. The underlying
hypothesis is that PKA might be a compensatory mechanism for PLN phosphorylation in R14 A/+ mice.

This work was done in WT and R14 A/+ knock-in mice (generously provided by by Dr. Herman H.W.
Sillje from the University Medical Center Groningen), as specified (in Material and Methods Section 6.1)
without the Tamoxifen injections treatment that was performed on the previous mice described at
Table 15 (Section 7.1.2).

First, we evaluated PKA activity by measuring PLN S16 phosphorylation levels from isolated
cardiomyocytes. In addition, we evaluated CaMKII activity by measuring the expression of CaMKIl and
PLN T17 phosphorylation levels from isolated cardiomyocytes. The WT and R14 A/+ mice used were
between 13 and 17 weeks of age. The cardiomyocytes were isolated from the mice listed in Table 18
following the procedures described previously on Material and methods (Section 6.5).

Finally, through a collaboration with Prof. Dr. Backs and Dr. Dewenter from University of Medicine of
Heidelberg, we studied several CaMKIl substrates such as Calcineurin or Histone Deacetylase 4
(HDAC4). Samples of left ventricle plus septum tissue from WT and R14 A/+ mice of 28 weeks of age
were shipped and analyzed in this way are noted (Table 19).
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Mouse Number Gender Genotype Age
420 m WT 13 weeks
417 m WT 13 weeks
406 m WT 15 weeks
405 m WT 15 weeks
403 m WT 15 weeks
393 m WT 17 weeks
392 m WT 17 weeks
418 m R14 A/+ 13 weeks
416 m R14 A/+ 13 weeks
413 m R14 A/+ 14 weeks
404 m R14 A/+ 15 weeks
394 m R14 A/+ 17 weeks
388 m R14 A/+ 17 weeks

Table 18: Mice list of 7 WT vs 6 R14 A/+ mice (non treated with Tamoxifen).
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Mouse Number Gender Genotype Age
412 m WT 28 weeks
438 m WT 28 weeks
457 m WT 28 weeks
462 m WT 28 weeks
475 m WT 28 weeks
476 m WT 28 weeks
378 m R14 A/+ 28 weeks
456 m R14 A/+ 28 weeks
458 m R14 A/+ 28 weeks
461 m R14 A/+ 28 weeks
463 m R14 A/+ 28 weeks
464 m R14 A/+ 28 weeks

Table 19: Mice list of 6 WT vs 6 R14 A/+ (without Tamoxifen treatment). Samples from left ventricle plus septum
tissue, for the collaborative study with Prof. Dr. Backs and Dr. Matthias Dewenter (University of Medicine of
Heidelberg).
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8.2 Phosphorylation differences between PLN WT vs R14
A/+ mice using WB

Previous work has shown that PKA is unable to bind R14 A/A when exogenously overexpressed in
HEK293 cells (Vafiadaki et al., 2022).

Despite this work to date the phosphorylation status of PLN in R14 A/+ mice is unclear, though crucial
for the regulation of SERCA2a activity. Here, the loss of the PKA binding in PLN R14 A proteins is
expected to decrease the amount of PLN pS16 in cardiomyocytes (Vafiadaki et al., 2022) by
approximately 50%, which may be compensated by increased phosphorylation of the neighbor T17
(Vafiadaki et al., 2023).

Therefore, PLN expression and phosphorylation was evaluated in 7 WT vs 6 R14 A/+ mice, summarized
in Table 18, by WB with pan-PLN and phospho-specific antibodies, respectively. We detected bands
corresponding with PLN monomers ~8kDa and pentamers around ~25kDa. As can be seen (from the
right side of Figure 12a), overall PLN expression levels were unchanged between WT and R14 A/+
mice. We also detected PLN pS16 positive monomers at ~8 kDa and pentamers at ~25 kDa (left side
of Figure 12 a).

We performed a quantification of PLN pS16 signals on pentamers included normalizing with the levels
of the whole (phosphorylated and unphosphorylated) PLN protein (Figure 12 b). Intriguingly, PLN pS16
was also unchanged (despite loss of PKA binding in R14 A/+ and thus half of the protein). However,
some of the detected signals for PLN pS16 monomers were saturated, and were indicated in the WB
with an asterisk (*) symbol. The results obtained from the saturated signals were discarded from the
quantifications; leaving 5 WT vs 5 R14 A/+ (Figure 12 b). We found similar results between the two
mouse groups for the fractions of pS16 positive monomers and pentamers and similar ratios between
pS16 positive monomers / pentamers of ~54,1 for WT mice and ~22,6 for R14 A/+ mice (Figure 12 b).

For PLN pT17, we also detected PLN monomers at ~8 kDa and pentamers at ~25 kDa (Figure 12 c).
We also normalized PLN pT17 with whole PLN protein (Figure 12 c) and found similar results between
both mouse groups for the monomers. However, the fraction of pT17 on pentamers decreased by
~26,4% in R14 A/+ vs WT (Figure 12 d). PLNpT17 signal ratios of monomoers to pentamers were
similar.

These results suggest a compensatory mechanism for PLN S16 phosphorylation, since we observed
similar levels between PLN WT and R14 A/+ proteins in our mouse cardiomyocyte samples. If a
compensatory mechanism exists, PKA and not CaMKII upregulation should be compensating for the
expected pS16 deficiency of R14 A/+. Despite the loss of PKA binding in the PLN R14 A/+ protein pool,
PLN phosphorylation should be compensated by increased PKA-mediated phosphorylation of the pool
of WT-protein, while CaMKII activity rather seems to have decreased. This will be followed up in the
discussion and addressed further in section 8.3. This analysis was performed in collaboration with the
Lab rotation student Maxim Durashov.
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Figure 12: WB analysis for PLN pS16 and pT17 phosphorylation levels from PLN WT vs R14 A/+ mice cardiac LV
tissue samples.

a) Bands corresponding to PLN pS16 (left) and PLN whole protein (right) signals were detected at 8 kDa (as PLN
monomers) and 25 kDa (PLN pentamers); Blots show saturation of signals for the monomer form (*).

b) PLN pS16 signals normalized by PLN whole protein signals. PLN pS16 monomers were quantified discarding
the samples marked with (*). PLN pS16 pentamers were quantified. The Monomer/Pentamer was quantified.

a) Bands corresponding to PLN pT17 (left) and PLN whole protein (right) signals were detected at 8 kDa (as PLN
monomers) and 25 kDa (PLN pentamers); Blots show saturation of signals for the monomer form.

b) PLN pT17 signals normalized by PLN whole protein signals. PLN pS16 monomers were quantified discarding
the samples marked with (*). PLN pS16 pentamers were quantified. The Monomer/Pentamer was quantified.
Statistical analysis was performed by t-test with Mann-Whitney test (* p < 0.05, ** p < 0.005). Group sizes: WT n=7,
R14 A/+ n=6. Except for PLN pS16 monomers, Group sizes WT n=5, R14 A/+ n=5
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8.3 CaMKIl pathway differences between PLN WT vs R14
A/+ mice using WB

The observed phosphorylation reduction in PLN T17 in R14 A/+ may indicate a paradoxical reduction
in CaMKII activity. It has been previously described that in mouse cardiomyocyte samples a greater
expression of CaMKIl is associated with greater activity, since the activity of this kinase tends to increase
under stress conditions and can increase through various mechanisms (Beckendorf, van den
Hoogenhof, & Backs, 2018). Thus, CaMKII protein expression in WT and R14 A/+ mice was used as a
preliminary marker for overall CaMKII activity.

In these same isolated cardiomyocyte samples obtained from untreated mice of Table 18 we also
analyzed the CaMKII expression levels in WT vs R14 A/+ by WB. CaMKII was identified at its predicted
size ~55 kDa (Figure 13 a) (Kreusser et al. 2016) the CaMKIl signal was normalized using GAPDH
bands found ~35 kDa and quantified (Figure 13 b). Thereby a ~16.2% reduction in CaMKIl expression
normalized by GAPDH was observed in the R14 A/+ mice vs WT mice group.
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Figure 13: WB analysis for CaMKII protein expression levels from PLN WT vs R14 A/+ mice cardiac tissue samples.

The quantification was performed with the signal levels of CaMKII normalized by GAPDH.

a) Bands corresponding with CaMKIl were detected at 55 kDa and GAPDH bands were detected at 35 kDa (n=6).

b) Quantification analysis on CaMKIl normalized with GAPDH was plotted. CaMKI| expression in LV was found to
be reduced on R14 A/+ samples.

Statistical analysis was performed by t-test with Mann-Whitney test (* p < 0.05, ** p < 0.005). Group sizes: WT n=7,

R14 A/+ n=6.
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To corroborate and expand the results described above (PLN pT17 and CaMKIl decrease in R14 A/+)
we analzyed CaMKIl targets in LV tissue from 6 WT vs 6 R14 A/+ mice in collaboration with Prof. Dr.
Backs from University of Medicine of Heidelberg). We investigated the expression levels of established
CaMKIl targets, Calcineurin and HDAC4 plus the phosphorylation levels of Calcineurin and HDAC4 at
two different residues, S632 and S467.

First, we sent the samples summarized in Table 19 to Dr. Matthias Dewenter from the Prof. Backs group
and he performed WB detection with specific antibodies (Figure 14 a). Thereby we observed similar
results on CaMKIIl expression on PLN WT vs R14 A/+, p= 0,0931 (Figure 14 b). However, when we
pooled this data with our previous results (compare Figure 13) we still obtained a significant CaMKII
reduction in R14 A/+ samples by ~19,5% (Figure 14 c).
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Figure 14: WB analysis for CaMKIl bands for PLN WT vs R14 A/+ mice cardiac tissue samples. The quantification

was performed with normalized values of CaMKIl with GAPDH, represented as percentage of the signal.

a) Bands corresponding with CaMKII were detected ~55 kDa and with GAPDH at 35 kDa (n=6).

b) Quantification results of CaMKII normalized by GAPDH in percentage showing the similar results (n=6).

¢) Quantification results of CaMKII normalized by GAPDH in percentage pooling the results obtained on Prof. Backs
lab and our previous results (n=13 WT vs n=12 R14 A/+) showing a significant reduction on the CaMKII of PLN
R14 A/+.

Statistical analysis was performed by t-test with Mann-Whitney test (* p < 0.05, ** p < 0.005).
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Second, we performed WB analysis of the expression and phosphorylation of the CaMKII substrate
Calcineurin (Figure 15). WB shows two bands for Calcineurin, one correspondent with the expected
molecular weight for Calcineurin ~60 kDa as it will be explained in the Discussion section (Section
10.2.2) and a unspecific band marked as * (Figure 15 a). We found similar signal for the calcineuring
bands comparing PLN WT vs R14 A/+ (Figure 15 b). Regarding phosphorylated Calcineurin we also
found a specific band corresponding with p-Calcineurin expected molecular weight and an unspecific
band marked as * (Figure 15 c). Comparing WT vs R14 A/+ samples we found no differences
(Figure 15 d).
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Figure 15: WB analysis for Calcineurin and phospho-Calcineurin bands of PLN WT vs R14 A/+ mice cardiac tissue

samples. The quantification was performed with Calcineurin and p-calcineurin signals normalized by GAPDH

signals, represented as percentage of the signal.

a) Bands corresponding with Calcineurin were detected ~60 kDa, unspecific band indicated by (*).

b) Quantification results of Calcineurin normalized with GAPDH band (not shown) showing similar results of
Calcineurin expression on PLN WT vs R14 A/+.

c) Bands corresponding with p-Calcineurin were detected ~60 kDa, unspecific band indicated by (*).

d) Quantification results of Calcineurin normalized with GAPDH band (not shown) showing similar results of
Calcineurin phosphorylation on PLN WT vs R14 A/+.

Statistical analysis was performed by t-test with Mann-Whitney test (* p < 0.05, ** p < 0.005). Group sizes: WT n=6,

R14 A/+ n=6.
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Third, regarding HDAC4 expression (Figure 16) and phosphorylation (Figure 17) we also found two
bands on the WB, one correspondent with the expected molecular weight for HDAC4 ~130 kDa as it
will be explained in the Discussion section (Section 10.2.2) and a unspecific band marked as *
(Figure 16 a). The signal for HDAC4 bands obtained from both groups were similar (Figure 16 b).
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Figure 16: WB analysis for HDAC4 bands of PLN WT vs R14 A/+ mice cardiac tissue samples. The
quantification was performed with normalized values of HDAC4 with GAPDH, represented as percentage of the
signal.

a) Bands corresponding with HDAC4 were detected ~130 kDa, unspecific band indicated by ().

b) Quantification results of HDAC4 normalized with GAPDH band (not shown) showing similar results of
HDAC4 expression on PLN WT vs R14 A/+.

Statistical analysis was performed by t-test with Mann-Whitney test (* p < 0.05, ** p < 0.005). Group sizes: WT n=6,
R14 A/+ n=6.

Finally, HDAC4 phosphorylation was analyzed for two phosphorylation sites S632 and S467. We found
a specific band corresponding with HDCA4 pS632 expected molecular weight and an unspecific band
marked as * (Figure 17 a). The bands corresponding with HDAC4 pS632 showed similar signals for
PLN WT vs PLN R14 A/+ mice (Figure 17 b). We found a specific band corresponding with HDCA4
pS467 expected molecular weight and an unspecific band marked as * (Figure 17 c). In contrary to
HDAC4 p632, on HDAC4 pS467 bands the signal was increased by ~31% in the R14 A/+ vs WT LV
mouse tissue samples (Figure 17 d).
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Figure 17: WB analysis for HDAC4 pS632 and HDAC4 pS467. Protein samples was obtained from PLN WT vs

R14 A/+ mice cardiac tissue. The quantification was performed with normalized values HDAC4 pS632 and HDAC4

pS467 with GAPDH, represented as percentage of the signal.

a) Bands corresponding with HDAC4 p632 were detected ~130 kDa, unspecific band indicated by (*).

b) Quantification results of HDAC4 pS632 normalized with GAPDH band (not shown) showing similar results.

c) Bands corresponding with HDAC4 p467 were detected ~130 kDa, unspecific band indicated by (*).

d) b) Quantification results of HDAC4 pS467 normalized with GAPDH band (not shown) where it is found an
increase on the R14 A/+ vs WT.

Statistical analysis was performed by t-test with Mann-Whitney test (* p < 0.05, ** p < 0.005). Group sizes: WT n=6,

R14 A/+ n=6.
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We analyzed expression and phosphorylation of PLN at S16 and T17 phosphorylation sites associated
with PKA and CaMKII activity, respectively. In contrast, CaMKIl analysis was performed exclusively at
the level of expression. Notably, CaMKII expression was assessed independently by two research
groups, including our laboratory and Prof. Backs collaborating group. While both datasets examined
CaMKII expression in PLN WT vs R14 A/+ mutant mice, the results diverged: our analysis suggested a
reduction in CaMKII phosphorylation in PLN R14 A/+ mice, whereas the collaborating group reported
no statistically significant differences. A likely explanation for this discrepancy lies in the different
biological age of the mice used in each study: younger animals in our group (16 weeks) versus older
animals in the other group (approximately 24 weeks). Age-related shifts in baseline kinase activity,
myocardial remodeling, and intracellular calcium dynamics may influence CaMKII activation differently
across these developmental stages. Additionally, other confounding factors may have contributed to
internal WB variability in the CaMKII signal, including subtle variations in sample handling, Western blot
protocol execution, protein quantification errors, and phosphatase activity despite inhibitor use.

Our decision to pool data from both studies into a combined analysis was a strategy to examine broader
trends. This revealed an apparent trend toward reduced CaMKII phosphorylation in R14 A/+ samples
but without reaching consistent statistical significance across both datasets, underlining the complexity
and sensitivity of these assays. However, a consistent finding across all our analyses is that there is no
detectable increase in CaMKIIl-mediated phosphorylation of PLN in R14 A/+ samples compared to WT.
Specifically, no evidence was observed for a compensatory hyperphosphorylation mechanism by
CaMKIll at Thr17 of PLN, as demonstrated by both PLN pT17 and CaMKIl Western blot analyses. That
suggests that the R14 A mutation does not induce a direct enhancement of CaMKIl activity on PLN
itself, thereby excluding a potential mechanism of compensation for the loss of PKA-mediated
phosphorylation at Ser16. Importantly, this absence of enhanced CaMKII phosphorylation on PLN does
not extend to other CaMKIl substrates. In particular, we observed a marked increase in
CaMKII-dependent phosphorylation of HDAC4 at S467 in R14 A/+ samples compared to WT. This
finding indicates that the R14 A mutation is associated with a substrate-specific redistribution of CaMKI|I
activity, whereby PLN does not become a target of increased phosphorylation, but alternative substrates
such as HDAC4 do. Such differential substrate targeting may contribute to altered downstream signaling
and maladaptive remodeling, consistent with reports linking aberrant CaMKII-HDAC4 signaling to
hypertrophic cardiac phenotypes (Lehmann et al., 2018).

A key limitation was the lack of internal controls to validate phosphorylation-specific signals, particularly
for PLN. Although total PLN levels were assessed to normalize for expression, the phospho-specific
signals would have benefitted from the inclusion of positive controls, such as in vitro phosphorylation of
cardiomyocyte lysates using PKA or CaMKII, and negative controls, such as A-phosphatase-treated
lysates to verify the specificity of the antibodies used. Additionally, non-phosphorylatable mutant
controls (e.g., PLN S16Aor T17Ain heterologous systems like HEK293 cells) would have offered further
validation.

While the lack of phosphorylation-specific controls is a limitation, the decision to compare PLN WT vs
R14 A/+ groups directly was grounded in the study’s exploratory and comparative design. The primary
goal of these experiments was to identify relative differences in phosphorylation levels between
genetically distinct mouse models under the same experimental conditions. By processing all samples
in parallel using standardized protocols, we aimed to minimize technical variability across groups,
thereby allowing meaningful relative comparisons. Although this approach does not substitute for
phosphorylation validation, it remains a widely accepted strategy in early-phase hypothesis generation,
especially when assessing pathway-specific perturbations in disease models. Future studies
incorporating calibrated positive and negative controls will be critical to confirm the phosphorylation
specificity and biological significance of the differences observed here. Implementing a comprehensive
phosphorylation validation strategy, including both positive and negative controls, age-matched
experimental cohorts, and parallel blots for both PLN and CaMKIl to interpret changes in signaling more
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accurately. Such refinements will be essential for drawing more robust conclusions about cardiac
dysfunction associated with the R14 A mutation.

Nonetheless, the initial data generated through this comparative design provides a valuable first step in
highlighting potentially dysregulated signaling pathways that warrant deeper mechanistic investigation.

As a summary of this Results Il chapter, we have found comparing WT and R14 A/+ mice samples:
*  The expression of PLN shows no changes in R14 A/+ vs WT samples.

*  The expression of CaMKIl shows a significant reduction in R14 A/+ vs WT samples (at least in
our data and in the pooled data).

*  The phosphorylation of pentameric PLN pT17 by CaMKII shows a significant reduction ~26,5%
in R14 A/+ vs WT samples.

» The phosphorylation of HDAC4 S467 shows a significant increase by ~31% in R14 A/+ vs WT
samples.
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IX. RESULTS Ill: exploring potential for “in trans”
phosphorylation of PLN R14 A in HEK293 cells

9.1 Motivation and hypothesis

In the previous chapter of this thesis (Section 7.2), we found that PLN S16 phosphorylation levels were
unchanged in R14 A/+ mice vs WT. This observation contradicts with the established understanding of
the R14 A mutation. Previous work has shown that PLN R14 A protein cannot be phosphorylated at S15
(corresponding to S16 in WT) of PLN due to its inability to be recognized by PKA (Menzel et al., 2020)
(Vafiadaki et al., 2022). Loss of PKA phosphorylation in the PLN R14 A population (which presumably
represents approximately half of the total PLN population) has been postulated to result in PLN
hypophosphorylation at position S16 and, presumably, SERCA2a superinhibition (Vafiadaki et al.,
2023).

We identified two possible hypotheses for this discrepancy:

Hypothesis 1: We postulated that PLN R14 A proteins might be phosphorylated at S15 (corresponding
to S16 in WT) by PKA in pentamers composed from WT and R14 A proteins. We propose that in PLN
R14 A/+ PKA binding to PLN WT protein in adjacency to S15 residues in R14 A proteins might still
support S15 phosphorylation by proximity, an event we refer to as “in trans” phosphorylation. In this
case, PKA might phosphorylate S15 in PLN R14A if successfully recruited. This model is illustrated in
Figure 18 a) and would be in accordance to our previous results in mice (maintenance of PLN S16
phosphorylation levels in PLN R14 A/+ vs WT mice, Section 8.2, Figure 12) without the need for a
compensatory increase in PKA activity in PLN R14 A/+.

Possibly PLN R14 A proteins might be cross-phosphorylated by PKA bound to adjacent WT proteins,
while the R14 A mutation disrupts the PKA recognition motif. However, in a heterozygous context,
PLN WT may maintain its ability to bind to PKA and PLN R14 A in the prevalent pentameric complex
has not lost the active site for phosphorylation. From now on, we will refer to this concept as "in trans"
phosphorylation.

PLN WT and R14 A proteins form a hetero-pentamer, in which WT PLN would recruit PKA to the vicinity
of R14 A proteins (Figure 18 a). Consequently, PKA phosphorylates the R14A protein in a process of
“in trans”-phosphorylation.

Hypothesis 2: Alternatively, we hypothesize that this result could be due to a compensatory increase
in Ser16 phosphorylation of PLN WT proteins. This compensatory increase might manifest as elevated
levels of PKA protein expression and/or activity in R14 A/+ mice. This hypothesis was not explored in
this thesis; nonetheless, should be interesting for future research to explore expression and activity of
PKA by examining PKA expression or phosphorylation of known substrates.

We ultimately decided to explore the “in trans” hypothesis, due in part to the novelty of the proposed
mechanism, as well as the ability to leverage existing and available resources and methodology.
In addition, one of the previous publications used as reference showed in R14 A mice no change in the
expression of B-adrenergic related genes at either the transcriptomic or the proteomic level, arguing
against systematic upregulation of PKA signaling (Eijgenraam et al. 2020). Here we wanted to confirm,
whether PLN WT and PLN R14 A/+ proteins actually hetero-oligomerize, as a preliminary step for a
possible change in the phosphorylation status.
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9.2 Study design and research aims

To pursue the “in trans” hypothesis, we employed a HEK293 overexpression system where various PLN
constructs could be expressed via transient transfection, as described in Material and methods
(Section 6.7 and 6.8). The use of HEK systems to study PLN function and trafficking has been previously
established (Koch et al., 2021) (Vafiadaki et al., 2022) (Cleary et al., 2023).

To date there is no antibody available to discriminate specifically PLN WT from R14 A, neither for pPLN,
due to the difference of only one amino acid between these two forms. To facilitate visualization of PLN
WT / R14 A heteropentamers using standard SDS-PAGE Western blotting techniques, as previously
described (Section 6.9.2 and 6.9.4), we employed PLN constructs containing two different tags
engineered at the N-terminus (Figure 18 b): a V5 tag (14 amino acids) or a V5-APEX tag (264 amino
acids). Both of these constructs were available in our research group and described previously
(Section 6.8).

Due to the different lengths, V5 and V5-APEX PLN constructs have different predicted molecular
masses (Table 20): monomeric / pentameric PLN-V5 has an expected molecular mass of 10 and
25 kDa, respectively, whereas monomeric / pentameric PLN-V5-APEX would have an expected MW of
30 and 150 kDa, respecitively (Figure 18 b).

Our aim is to investigate the possible formation of hetero-oligomers resulting from the co-transfection of
PLN-V5 plus PLN-V5-APEX2. In this co-transfected constructs, we expect to find both the monomeric
and pentameric forms previously described for PLN-V5 and PLN-V5-APEX2 as well as the formation of
hetero-oligomers that mix PLN-V5 with PLN-V5-APEX2 creating a ladder between 30 and 150 kDa
(Figure 18 c) (Table 20). “In trans” phosphorylation of PLN R14 A by proximity to PLN WT may be directly
observed by temperature-dependent dissociation of PLN pentamers into monomers (Figure 18 c) and
phosphorylation level quantification compared with single transfections.

If the hetero-oligomerization occurs in co-expression of both V5 plus V5-APEX2 fusion constructs of
PLN WT and R14 A proteins, we would be able to distinguish the state of phosphorylation compared
with single transfection of V5 / APEX2 tagged PLN WT or R14 A. In addition, if “in trans” phosphorylation
occurs along with hetero-oligomerization, pS15 phosphorylation of PLN R14 A constructs should be
detectable in co-transfections with PLN WT. We expect to discriminate by WB using specific anti PLN
and anti-phospho PLN antibody and alternatively, discriminated via differential gel mobility of
phosphorylated PLN with Phos-tag™ gels. Phos-tag™ gels produce a molecular shift of phosphorylated
versus non-phosphorylated proteins towards higher molecular weight. Thus, using the difference in
apparent MW, we will be able to visualize both the formation of heteropentamers, as well as the
presence of phosphorylated PLN within these heteropentamers
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Figure 18: Scheme of possible phosphorylation ”in trans” of R14 A/+ hetero-pentamer by PKA.

a) Representation of hypothesis: PLN WT pentamers (only shown two monomers of the five present on a pentamer)
phosphorylated by PKA, PLN R14 A/A non-phosphorylated that present the PKA binding loss and PLN R14 A/+
pentamers that could have a mix of PLN WT and R14 A monomers that could be phosphorylated by proximity
by the “in trans” phosphorylation.

b) PLN WT or R14 A/+ constructs with V5 and V5-APEX2 tags showing different molecular weight

Representation of the possible result of a WB showing PLN with the V5 and V5-APEX2 tags and possible
heterooligomers with both tags.

c) Expected WB results for PLN-V5, PLN-V5-APEX2 and co-expression of PLN-V5 / PLN V5-APEX2 showing in
detail bands corresponding for each construct monomeric, pentameric and/or hetero-oligomeric form and how a
temperature treatment should disrupt the pentameric and hetero-oligomeric forms into monomers.
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Plasmid | Backbone | Epitope PLN Monomer | Pentamer | Creator | Reference

Name tag proteoform MW MW
pcDNA3- | pcDNA3 V5 WT 6 kDa 25 kDa Julia (Menzel et
PLN-V5- | plasmid (apparent Menzel | al., 2020)

WT vector MW 10 (Lehnart
kDa) Lab)

pcDNA3- | pcDNAS3 V5- R14 A 6 kDa 25 kDa Gift from | (Menzel et
PLN-V5- | plasmid | APEX2 (apparent Peter al., 2020)

R14 A vector MW 10 Rehling

kDa)
pcDNA3- pcDNA3 V5 WT 30 kDa 150 kDa Julia (Menzel et
PLN-V5- plasmid Menzel al., 2020)
APEX2- vector (Lehnart
WT Lab)

pcDNA3- | pcDNA3 V5- R14 A 30 kDa 150 kDa Gift from | (Menzel et
PLN-V5- | plasmid | APEX2 Peter al., 2020)
APEX2- vector Rehling

R14 A

V5 WT and/or 6 kDa Ladder
+ R14 A (apparent | between 30
- - V5- MW 10 and 150 - -
APEX2 kDa) and kDa
30 kDa

Table 20: PLN constructs list in single transfections and co-transfection used.

To address the main aim, we have divided the following sections into the three sub-aims on which we

have worked:

* Sub-aim 1) Validation and optimization of PLN constructs expression. Including successful
expression of all constructs in HEK cells using transient transfection techniques, validation of
the ability of the constructs to be phosphorylated by PKA following Isoprenaline (ISO)
stimulation and temperature-dependent disruption of pentamers.

e Sub-aim 2) Determine whether PLN WT and R14 A can form heteropentamers and

heterooligomers V5/V5-APEX2 in co-transfection systems.

e Sub-aim 3) Determine whether R14 A can be phosphorylated in the presence of WT and

detected by phospho-specific antibodies and Phos-tag™ gel molecular shift assays.
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9.3 Validation of PLN-V5 and PLN-V5-APEX2 constructs

To validate our constructs we first validated the expression of the primers previously described
(Section 6.8 and Table 20).

Second, we validated that the PLN-V5 and PLN-V5-APEX2 constructs can be phosphorylated by PKA,
following 1SO stimulation independent of the presence of the APEX2 epitope by WB with specific
antibodies as described previously (Section 6.9.4). In addition, we expected to find greater
phosphorylation on PLN-V5 constructs on pentamers vs on monomers consistently with a previous
publication (Funk et al., 2023).

Third, we validated that both V5 and V5-APEX2 constructs pentamers can be disrupted by heating by

observing the monomer / pentamer ratio detecting more signal by WB on the monomer corresponding

band after heating.

9.3.1 Validation of expression

PLN-V5 and PLN-V5-APEX2 constructs have been created on our lab or received as gift (generously
gifted from Prof. Dr. Peter Rehling, Director of the Dept. of Cellular Biochemistry of the University
Medicine of Goettingen) and PLN-V5 have been previously expressed successfully in HEK293 cells
(Menzel et al., 2020). However PLN-V5-APEX2 constructs have only been used for viral transduction
of neonatal rat cardiomyocytes (Menzel et al., 2020) (Peper et al., 2021).

In order to reproduce prior success with V5 constructs expression and validate the expression of
PLN-V5-APEX2. First, we tested whether the PLN constructs (PLN-V5 and PLN-V5-APEX2) could be
successfully expressed in HEK293 cells, as described in method section 6.7, and whether it would be
possible to observe the expected monomeric and pentameric forms of the constructs in cell lysates by
WB (section 6.9.2, section 6.9.6.)

We expressed both WT and R14 A isoforms of PLN-V5. The expression of the protein constructs was
confirmed by immunoblotting. Two antibodies were used against PLN (Figure 19 a) and the V5 epitope
(Figure 19 b), in order to ensure specific detection.

We found bands corresponding to the expected molecular weight of PLN-V5 monomers at ~10 kDa and
pentamers at ~27 kDa for PLN WT and R14 Ain single transfection and PLN WT/R14 A co-transfection.
As we expected from a previous publication (Funk et al., 2023), we observed more signal for pentameric
PLN. Interestingly, we realized that the transfection efficiency on R14 A was lower, ~10 fold (15 fold for
monomers and 7 fold for pentamers) by the detected signal by WB using the same amount of total
protein charged in the gel. We did not perform further measurement of the expression efficiency.
In addition, we also co-transfected HEK293 cells with WT and R14del V5 and detected bands for the
monomeric and pentameric forms. We used untransfected HEK293 as negative control and we did not
find bands corresponding with the PLN-V5 monomer. Still we found an unspecific band ~30 kDa for
thee V5 antibody but not with the PLN antibody. Notably we found more PLN expression in the
co-transfection result.
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Figure 19: WB analysis for PLN-V5 validation. We followed the protocol described in methods but running for 70
min at 200 V and using 15ug of protein from HEK 293 cell lysate per lane and labeling with pan-PLN and V5
antibodies. We found unspecific bands on our negative control of untransfected HEK 293 cells.

a) Bands corresponding with PLN on the monomeric and pentameric form for WT, R14 A single transfection
constructs, and co-transfection of PLN-V5 WT and PLN-V5 R14 A.

b) Bands corresponding with V5 on the PLN monomeric and pentameric form for WT, R14 A single transfection
constructs, and co-transfection of the previous ones.

Then, we expressed in the same way a single transfection PLN with the V5-APEX2 tag for both WT and
R14 A, after this, we expressed in co-transfection PLN with the V5-APEX2 tag with WT/R14 A.
We detected bands with both V5 (Figure 20 a) and PLN antibody (Figure 20 b). We found bands
corresponding with the expected molecular weight of PLN V5-APEX2 monomers ~33 kDA and
pentamers <250 kDA but we also found lower expression on R14 A. Again, the V5 antibody produced
unspecific signals, as can be seen on the negative control.
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Figure 20: WB analysis for PLN-V5-APEX2 validation. We followed the previously described protocol but running
for 90 min at 160 V using 40ug of protein from HEK 293 cell lysate per lane and labeling with pan-PLN and V5
antibodies. WB with V5-APEX2-WT and R14 A samples showing bands corresponding with the monomeric and
pentameric forms of PLN on WT and R14 A, this last one with lower efficiency. We found unspecific bands on our
transfections as well as on our negative control of untransfected HEK 293 cells.

a) Bands corresponding with V5 on the monomeric and pentameric forms for WT, R14 A single transfection
constructs, and co-transfection of the previous ones.

b) Bands corresponding with PLN on the monomeric and pentameric forms for WT, R14 A single transfection
constructs, and co-transfection of the previous ones.

In conclusion, we achieved our first sub aim validating the expression of the plasmids and verifying the
expression of all constructs used for subsequent experiments.

9.3.2 Validation of the PLN constructs ability to be phosphorylated
following ISO stimulation.

Once we validated by WB the previous constructs, the next step was to determine the phosphorylation
state of our constructs with and without ISO stimulation by WB, specifically PLN S16 phosphorylation.
This is of particular concern for the APEX2 constructs, since the large N-terminal APEX2 fusion protein,
located on the cytosolic face of the protein (Figure 18 b) may stearically impede binding of PKA.

We performed the ISO stimulation of the HEK 293 cells expressing our validated constructs, following
a previously established protocol for PLN phosphorylation stimulation with ISO on HEK293 cells
(Vafiadaki et al., 2022) of 10-uM ISO stimulation for 30 minutes.

First, we established the baseline with non-stimulated samples and performed a WB analysis using pan-
PLN and PLN pS16 antibodies (Figure 21). We detected bands corresponding with PLN V5-APEX2 on
single transfection for WT and for R14 A, showing monomers ~27 kDa and pentamers >250 kDa
(Figure 21 a). Interestingly, we also detected bands corresponding with the PLN pS16 on
PLN-V5-APEX2 WT monomers ~27 kDa and pentamers >250 kDa but not for R14 A (Figure 21 b). This
result shows a baseline of unstimulated phosphorylated PLN only for WT constructs.
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Figure 21: WB analysis of PLN constructs baseline phosphorylation without ISO stimulation. We followed the
previously described protocol but running for 90 min at 160 V using 40ug of protein for single transfections from
HEK 293 cell lysate per lane and labeling with pan-PLN and PLN pS16 antibodies. The WB show bands
corresponding with the PLN-V5-APEX2 monomeric and pentameric forms for WT and R14 A single transfection. In
addition, this result shows bands corresponding with PLN pS16 on PLN-V5-APEX2 monomers and pentamers for
PLN WT but not for PLN R14 A and unespecific bands in both. Plus a negative control of untreated HEK293 cells
with unspecific bands.

a) Bands corresponding with the PLN on the PLN-V5-APEX2 constructs on single transfection.

b) Bands corresponding with the PLN pS16 on PLN-V5-APEX2 constructs on single transfection.
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After stablishing the PLN phosphorylation baseline, we analyzed by WB with PLN and PLN pS16
antibodies the PLN phosphorylation on ISO-stimulated samples (Figure 22). We expected to observe
PLN and phosphorylated PLN bands for monomer and pentamer in single and co-transfection of
PLN-V5 WT and PLN-V5 WT / V5-APEX2 WT.

We detected bands corresponding with PLN monomers and pentamers (~8 kDa, ~25 kDa respectively)
for single transfection of PLN-V5 WT as well as we detected bands corresponding PLN monomers and
pentamers (~27 kDa, >250 kDa respectively) for single transfection of PLN-V5-APEX2 WT. For the
co-transfection of PLN-V5 WT / V5-APEX2 WT, we also detected all the previously mentioned bands
for PLN monomers and pentamers (Figure 22 a).

In parallel, using the PLN pS16 antibody we detected bands corresponding with the previous same
molecular weight for pPLN-V5 WT monomers and pentamers. We found the pentameric bands showing
a greater signal than the monomeric ones. In the same way, for single transfected PLN-V5-APEX2 we
detected bands corresponding with PLN-V5-APEX2 pS16 monomers and pentamers. Finally, on the
co-transfection of PLN-V5 WT / V5-APEX2 WT we found bands corresponding with PLN pS16 for
V5APEX2 monomers (~27 kDa) and pentamers (>250 kDa) but not for the V5 monomeric and
pentameric forms (Figure 22 b).

This result confirms the sub-aim for the validation of the phosphorylation of the constructs by WB and
the expected greater phosphorylation of pentamers over monomers on the PLN-V5 constructs
(Funk et al., 2023). However, the lack of bands for the PLN pS16 on the co-transfection together with
the signal differences between the single transfections indicate that our constructs with APEX2 offer a
much greater signal than those with V5 alone.
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Figure 22: WB analysis for the validation of PLN constructs phosphorylation by ISO stimulation. We followed the
previously described protocol but running for 90 min at 160V and labelling with pan-PLN and PLN pS16 antibodies.
The WB shows bands corresponding with PLN monomeric and pentameric forms for PLN-V5 WT single
transfection, PLN-V5-APEX2 WT single transfection, and PLN-V5 WT / PLN-V5-APEX2 WT co-transfection.
In addition, the WB shows bands with greater signal for PLN pS16 on PLN-V5 pentamers vs monomers, for
PLN-V5APEX2 bands for the monomeric and pentameric forms are found. For the co-transfection, only PLN pS16
bands are found and for PLN-V5-APEX2 monomeric and pentameric forms but not for PLN-V5. All lanes shows
unspecific bands also found on a negative control of untreated HEK293 cell.

a) Bands corresponding with the PLN on the PLN-V5 WT, PLN-V5-APEX2 WT on single transfection and
PLN-V5 WT / PLN-V5-APEX2 WT co-transfection.

b) Bands corresponding with the PLN pS16 on the PLN-V5 WT, PLN-V5-APEX2 WT on single transfection and
PLN-V5 WT / PLN-V5-APEX2 WT co-transfection.
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9.3.3 Validation of the capability of both V5 and APEX pentamers
to be disrupted by heating

Previous work has shown that PLN WT pentamers can be completely disrupted by heating at 75°C for
20 minutes under oxidizing conditions using 100pM H20:2 or under reducing conditions using 10mM DTT
(Ha et al., 2011). PLN R14 A pentamers can be also disrupted heating at 65°C for 2 minutes in lysis
buffer with 8M urea (Cleary et al., 2023).

Our next sub-aim was to determine whether PLN-V5 and PLN-V5-APEX pentamers could be be
disrupted by heating in a similar manner because complete pentamer dissociation is required for our
planned experiment to investigate R14del PLN phosphorylation (Figure 18 c). This was critical to rule
out the possibility that the APEX2 fusion results in formation of aberrant or abnormal pentamers.

For this purpose, we used samples of constructs from single transfections of PLN-V5 WT,
PLN-V5-APEX2 WT and PLN-V5-APEX2 R14 A (Figure 23). Samples were denatured in 1X LSB and
heated for 10 minutes at 30°C or at 90°C. In general, heating to 90°C resulted in an apparent increase
in monomer / pentamer ratio (Figure 23 b). However, a significant amount of pentameric PLN of our
constructs still remained following heating, in contrast to previous work demonstrating near-complete
pentamer disruption of native PLN (Ha et al., 2011) (Cleary et al., 2023). We will discuss these results
on the Discussion (Section10.4.3).
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Figure 23: WB analysis for the validation of PLN constructs pentamer disruption by temperature. We followed the
previously described WB protocol but running for 90 min at 160 V and labelling with V5 and pan-PLN antibodies.
The WB show bands corresponding with V5 and PLN for the PLN-V5 and PLN-V5-APEX2 constructs. The samples
heated at 30°C show similar signal on their monomeric and pentameric bands. The samples heated at 90°C show
a clear difference having a greater signal on their monomeric vs pentameric bands.

a) Bands corresponding with the V5 on the PLN-V5 WT, PLN-V5-APEX2 WT and PLN-V5-APEX2 R14 A on single
transfections. Samples heated at 30°C (left) and samples heated at 90°C (right)

b) Bands corresponding with the PLN on the PLN-V5 WT, PLN-V5-APEX2 WT and PLN-V5-APEX2 R14 Aon single
transfections. Samples heated at 30°C (left) and samples heated at 90°C (right)
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9.4 Determine whether PLN R14 A can be phosphorylated
in the presence of PLN WT, phosphorylation “in trans”

To validate the “in trans” phosphorylation hypothesis we attempted to validate the formation of
hetero-oligomers and discriminate PLN WT from R14 A phosphorylated at S16 by WB.

We first used the same amount of plasmid for each epitope in co-transfection. We observe greater
signals on the PLN-V5-APEX2 bands by WB. Therefore, we also tried to change the plasmid
concentration. However, there was no significant difference in the bands obtained by WB.

We expected to discriminate by WB using specific anti PLN and anti-phospho PLN antibodies and
alternatively using Phos-tag™ gels molecular shift of phosphorylated versus non-phosphorylated
proteins.

9.4.1 Attempt to validate formation of hetero-oligomers

In order for “in trans”-phosphorylation to occur, formation of WT- R14 A heteropentamers is an essential
prerequisite. Interestingly, despite over a decade of work studying the localization and behavior of WT
and PLN R14 A, there is no direct observation, to our knowledge, of WT- R14 A heteropentamers.

In our first attempt, we performed a co-transfection of PLN-V5 WT with PLN-V5-APEX2 WT, using for
the transfections the same amount of each plasmid: 1ug of PLN-V5 and 1ug of PLN-V5-APEX2
(Figure 24 a). We compared by WB this co-transfection with single transfections of PLN-V5 WT,
PLN-V5-APEX2 WT, and PLN-V5-APEX2 R14 A (Figure 24 a). As shown in the previous section for
single transfection we obtained bands corresponding to both PLN and V5, for the corresponding size of
the constructs in their monomeric and pentameric forms (Section 9.3.3, Figure 23). On the
co-transfection, we found bands corresponding with V5 and PLN antibodies for all the previous
observed forms: PLN-V5 monomers ~8 kDa and pentamers ~25 kDa as well we found bands
corresponding with PLN-V5APEX2 monomers ~27 kDa and pentamers >250 kDa (Figure 24 a).
However, when using the same amount of plasmid for co-transfection we found less signal, only faint
bands, corresponding to PLN-V5 versus the clear bands with stronger signal for PLN-V5-APEX2.
Due to these shallow levels of PLN-V5 expression, we considered that it was not possible to find
hetero-oligomers among the bands obtained.

After verifying that we obtained bands with a higher level of signal for PLN-V5-APEX2 than the bands
we found for PLN-V5, we decided to change the proportion of plasmids used. In this second attempt
(Figure 24 b) we used for the co-transfection 1.5ug of PLN-V5 and 0.5ug of PLN-V5-APEX2, again for
both we used PLN WT. However, we obtained results similar to those of the previous ones. We found
that the bands obtained for PLN-V5 in monomers and pentamers had slightly more signal than in the
previous experiment but the difference with the signal of the corresponding bands with PLN-V5-APEX2
was still much greater.

Therefore, with these attempts, it was not possible to demonstrate the appearance of hetero-oligomers
due to the low signal level of the PLN-V5 construct compared to PLN-V5-APEX2. Thus, we could not
properly detect PLN-V5 in a hetero-oligomer containing both PLN-V5/V5-APEX2. Nonetheless, it is
possible that even a small amount of PLN-WT (PLN-V5 construct) will support observable
phosphorylation of PLN-V5-APEX2 R14 A.
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Figure 24: WB analysis attempting to validate the appearance of hetero-oligomers. We followed the previously
described WB protocol but running for 90 min at 160 V and labelling with V5 and pan-PLN antibodies. The WB
shows bands corresponding with V5 and PLN for the PLN-V5 and PLN-V5-APEX2 constructs. The samples of
co-transfection show greater signal for the PLN-V5-APEX2 monomers and pentamers bands than the bands
corresponding with the PLN-V5 monomers and pentamers in both, using a configuration of 1ug of PLN-V5 and
1ug of PLN-V5-APEX2 and with 1.5ug of PLN-V5 and 0.5ug of PLN-V5-APEX2 for co-transfections.

a) Bands corresponding with the V5 (left) and PLN (right) on the PLN-V5 monomers and pentamers and
PLN-V5-APEX2 monomers and pentamers for 1 pg of plasmid single transfections and 1pg of PLN-V5 and
1ug of PLN-V5-APEX2 co-transfection.

b) Bands corresponding with the V5 (left) and PLN (right) on the PLN-V5 monomers and pentamers and
PLN-V5-APEX2 monomers and pentamers for 1 ug of plasmid single transfections and 1,5ug of PLN-V5 and 0,5ug
of PLN-V5-APEX2 co-transfection.

9.4.2 Determine whether R14 A can be phosphorylated in the
presence of WT

Phos-tag™ is a molecule that captures phosphorylated Ser/Thr/Tyr and His/Asp/Lys and can be used
in the separation, detection, mass spectrometry analysis, and purification of phosphorylated proteins
(Kinoshita, 2016). Using Phos-tag™ gels for WB, it is possible to visualize a molecular shift in
phosphorylated proteins to a higher molecular weight due to the retention in the gel generated by the
molecules with Mn?* ions inside the Phos-tag™ gel (Kinoshita, 2016). With this change in molecular
weight, we expect to be able to observe separated bands for non-phosphorylated PLN from
phosphorylated PLN.
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We perform our WB Phos-tag™ gel evaluation following the protocol described in the Material and
method (Section 6.9.5). We performed the analysis with this WB Phos-tag™ configuration with samples
non-stimulated with 1ISO and others stimulated with ISO (Figure 25). Consistent with our expected
results (Figure 25 a) we found bands corresponding with PLN-V5-APEX2 monomers (~27 kDa) and
pentamers (>72kDa) of PLN-V5-APEX2 WT and R14 A single transfections (Figure 25 b). Due to the
limitations of this gel as it was prepared and its long resolution duration, which we will discuss in the
Discussion (Section 10.5.2), the molecular weight markers visible in the gel only reach 72 kDa. All bands
up to this line up to >250 kDa where the pentamers of our constructs we consider merged when we find
a band.

We found bands for co-transfections of PLN-V5 WT / V5-APEX2 WT and PLN-V5 WT / V5-APEX2
R14 A. We used two ISO non-stimulated samples (first two samples on the left in Figure 25 b-c), having
bands corresponding with PLN on the PLN-V5-APEX2 monomers ~27 kDa and pentamers >250 kDa
(>72 kDa in this gel) (Figure 25 b) but did not show bands corresponding with the PLN pS16
(Figure 25 c).

We used ISO stimulated samples from a single transfection PLN-V5-APEX2-WT and a co-transfection
PLN-V5-WT / V5-APEX2-WT (the two samples in the middle). We found bands corresponding with PLN
monomers and pentamers and more interestingly bands corresponding with the molecular shift of PLN
pS16 (~40 kDa) on PLN-V5-APEX2 monomers (Figure 25 b). This bands ~40 kDa also correspond with
those found using the PLN pS16 antibody (Figure 25 c). However, it was not possible to observe the
molecular shift of phospho-PLN of PLN-V5-APEX2 pentamers due to the low resolution at high
molecular weight.

For the two last samples, we used ISO stimulated single transfection of PLN-V5-APEX2 R14 A and
co-transfection of PLN-V5 WT/ V5-APEX2 R14 A. On the single transfection, we only found a band
corresponding with the monomer and a very faint band of possible phosphomonomer (Figure 25 b),
which could be due to the baseline phosphorylation bands found on the V5-APEX2 results (Figure 21).
However, for the last Co-transfection mixing WT and R14 A we found bands corresponding with the
monomers, the phosphomonomers, and more importantly, the pentamers of PLN-V5-APEX2
(Figure 25 b). Furthermore, we also found bands corresponding with the PLN pS16 phosphomonomers
and phosphopentamers (Figure 25 c). However, it was also not possible to observe the molecular shift
of phospho-PLN of PLN-V5-APEX2 pentamers due to the low resolution at high molecular weight.
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Figure 25: WB analysis to validate “in trans” phosphorylation via differential gel mobility of pPLN with Phos-tag™
gels. We used a 12% tris-glycine Phos-tag™ gel running at fixed 3 mA for 9 hours using 40ug of HEK 293 cell
lysate per lane and labeling with PLN and PLN pS16 antibodies. PLN-V5-APEX2 transfections and co-transfections
of PLN-V5 / PLN-V5-APEX2 were used with both PLN WT and R14 A. We found PLN phosphomonomers band
separated due to the band molecular weight shift and we found on the last co-transfection possible evidence of
phosphorylation “in trans” as we found phosphorylated pentamers of V5-WT and V5-APEX2-R14 A indicating at
least the mixed pentamer of WT and R14 A PLN can be phosphorylated.

a) Expected WB results using SDS PAGE and Phos-tag™ WB for PLN constructs of single and co-transfection of
WT and R14 A. Notably, PLN-V5 WT / V5-APEX2 R14 A should not show phospho-pentamers of
V5-APEX2 R14 A unless there is “in trans” phosphorylation.

b) Bands corresponding with the PLN on PLN-V5 and PLN-V5-APEX2 constructs on single and co-transfection.

¢) Bands corresponding with the PLN pS16 on PLN-V5 and PLN-V5-APEX2 on single and co-transfection.
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We can observe in several instances, Western blot analysis revealed absent or markedly reduced of
expression of the V5-tagged PLN monomer bands, and in some cases, also the corresponding
pentameric bands, particularly in lanes expected to co-express the PLN-V5-APEX2 constructs. As an
attempt to solve this issue we tried different configurations of plasmid ammount for expression even a
“titration experiment” (Not shown) looking for the most adequate relationship of expression between V5
and V5-APEX2 epitopes to find the better ratio to find bands corresponding to both constructs as we
have observed a greater signal from V5-APEX2 vs V5. This variability in band intensity and occasional
lack of detection can be attributed to potential issues in plasmid integrity and expression efficiency. One
potential explanation considered in this study was partial degradation of the plasmid DNA, particularly
relevant for constructs derived from an old plasmid stock. Specifically, some of the last the experiments
were conducted using a diluted and aged batch of plasmid DNA. Over time, plasmid DNA can degrade
due to repeated freeze-thaw cycles or suboptimal storage conditions, which compromises its integrity
and transcriptional efficiency during transfection.

Another common issue involves suboptimal transfection efficiency. Factors such as the health and
confluency of the cells at the time of transfection, the DNA-to-transfection reagent ratio, or the quality
of the transfection reagent can significantly affect the uptake of plasmid DNA. For example, HEK293
cells transfected under conditions not optimized for lipid-based reagents may fail to internalize sufficient
plasmid copies, resulting in low or undetectable levels of protein expression. Moreover, the activity of
the promoter driving expression can vary depending on the cellular context and may be downregulated
or silenced in stressed or confluent cells. Moreover, heterologous expression of membrane proteins
such as PLN may result in misfolded or unstable protein products that are rapidly targeted for
degradation via the proteasome.

It is also important to consider experimental procedures related to sample preparation and analysis.
Small hydrophobic proteins like PLN require specialized lysis conditions to ensure efficient
solubilization; thus, if conventional RIPA buffer is used without optimizing detergent composition, part
of the expressed protein may remain insoluble or be lost during sample handling. Lastly, it should be
acknowledged that low protein expression itself may lead to signals below the detection threshold. In
such cases, insufficient exposure times or use of less sensitive systems may further complicate
interpretation. Together, these considerations highlight the importance of including positive and negative
controls in all transfection and Western blot experiments, optimizing transfection and lysis conditions
for each construct, and validating plasmid integrity prior to use. In future experiments, additional
strategies should be implemented to confirm plasmid quality via agarose gel electrophoresis or
spectrophotometric analysis, and transfection efficiency using a parallel marker such as GFP or by
quantifying V5 expression through independent methods.

As a summary of this, Results Ill chapter:
« We have validated and optimized our PLN constructs expression and ability to be
phosphorylated after ISO stimulation. In addition, the constructs have a temperature-dependent

disruption of pentamers even not complete.

» We have attempted to determine the formation of hetero-oligomers V5/V5-APEX2 in
co-transfection systems. However, we could not found enough evidence.

*  We have attempted to determine “in trans” PLN R14 A phosphorylation and obtained promising
results, even if these alone, could not be stablished as evidence for the “in trans”
phosphorylation hypothesis.
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X. DISCUSSION

10.1 Investigating the functional impact of CaMKII KO on
R14 A pathogenesis

We will start this Discussion section with the functional impact of the inducible, cardiomyocyte-restricted
CaMKIl DKO on PLN R14 A/+ knock-in mouse hearts from the Results | (Section VII).

As we commented on Material and Methods (6.1) we were careful with the breeding strategy mixing the
C57BL/6J and C57BL/6N backgrounds. However, the genetic differences and phenotypic could still play
a role (Bourdi & Pohl et al., 2011) when we compare our data with the Eigjenraam and Oestereicher
results. Eijgenraam et al. (2021) reported that PLN R14 A/+ knock-in mice closely mimics the human
phenotype of a delayed onset of cardiomyopathy at 18 months of age, while they did not present
changes at 6 weeks of age on end-diastolic and end-systolic volumes, ejection fraction, and R Amp (the
voltage difference in mV between the R and S peaks) in ECG measurements (Eijgenraam et al. 2020).
PLN R14 A/+ knock-in mice showed a reduction in conduction velocity at six weeks of age and only
after 72 weeks of age a reduction in fractional shortening and an increase of cardiac fibrosis occurred,
while the study ended at 80 weeks without a change in survival rates (Eijgenraam et al. 2020).
In contrast, we evaluated mice of 15 weeks of age for in vivo measurements and 16 weeks of age for
microscopic and biochemical characterization. Thereby we aim to identify and compare possible early
signs of disease progression in PLN R14 A/+ knock-in mice with or without a combined CaMKII DKO.

As described previously (Section 7.1.1) we applied the cardiomyocyte specific inducible CaMKIl DKO
mouse line from (Kreusser et al., 2016). CaMKIl deletion attenuates maladaptive cardiac remodeling
and reverses signs of heart failure and dysfunction after transverse aortic constriction (TAC)
(Kreusser et al., 2016). However, it is still unclear how this CaMKII DKO functionally interacts with the
PLN R14 A/+ knock-in. It results important to mention the mixed C57BL/6J-N background of the mice
uses due to time constraints led to decide for mixed background for this proof-of-principle study.

During the establishment of the required mouse lines, unanticipated delays in breeding extended the
expected project timeline. These delays were due to lower fertility rates, genotype and gender ratios
specially for the PLN R14del-CaMKII DKO group, resulting in slower progression toward generating the
desired homozygous or compound transgenic lines.

This setback had several consequences. First, it reduced the time available for downstream
experimental procedures, thereby limiting the number of replicates and potentially affecting the
statistical power of the analyses. Second, the delay pushed certain experiments into later project
phases, overlapping with the HEK293 cell model experiments. Finally, even though these breeding
delays did not compromise the validity of the results obtained, in future studies it would be beneficial to
maintain parallel breeding colonies, cryopreserved stocks, or collaborations with external facilities could
help mitigate the impact of such delays on research timelines.

10.1.1 Tamoxifen treatment

It is important to note that Tamoxifen treatment was used for all mouse groups in Results | (Chapter VII)
as described previously (Section 7.1.1).

Initially, Tamoxifen-induced CaMKIl DKO was confirmed in mice belonging to control group 2 (Figure
11). As what it was published by Kreusser et al. we could reproduce CaMKII knockout along with loss
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of PLN pT17 signals analyzed by WB. This result evidence that the CaMKII knockout of CaMKII DKO
was considered functional. CaMKIl DKO needs final confirmation for all remaining biobanked samples.
The mice groups present one to four transgenic modifications previously summarized (Table 14), only
MerCreMer positive (MCM +/-) individuals would have an effect with Tamoxifen induction of
cre-recombinase but all mice received Tamoxifen application. The CaMKIl DKO and CaMKIl DKO
R14del groups have activated the cre-recombinase expression by the tamoxifen induction and this has
been previously described to induce potential side effects even including embryonic, fetal or neonatal
lethality. (Sukumaran & Sadayappan, 2022). Also Rouhi et al (2022) show effects on cardiac structure
and function on 4 weeks of age mice such as myocardial fibrosis, apoptosis and DNA damage that we
have not detected. Finally, another study shows that “Tamoxifen induced nuclear translocation of
MerCreMer resulting in transient but severe cardiomyopathy related with a significant decrease on
proteins involved in cardiac bioenergetics machinery and Ca?* handling” (Koitabashi et al., 2009).
Furthermore, they showed the Tamoxifen induced increase of proinflammatory cytokines and markers
of cardiac cytokines.

Therefore, the consensus is that appropriate controls need to be included in any analysis, especially
including MerCreMer-positive flox-negative animals with Tamoxifen treatment, to assess the effects of
Cre-expression (Sukumaran & Sadayappan, 2022) (Koitabashi et al., 2009). This recommendation
implies that also WT controls treated with Tamoxifen are highly advisable. Consequently, all groups in
this study were treated with Tamoxifen. However, an analysis of Tamoxifen versus untreated conditions
was beyond the scope of this project. In addition, inclusion of a flox-negative but cre-positive and
R14 A/+ control was also beyond the scope of the project.

10.1.2 Functional evaluation via 6 lead electrocardiogram

Our measurements were performed on mice anesthetized with isoflurane as described in Material and
Methods (Section 6.3). To minimize the cardio-depressive effects of anesthesia the final ECG analysis
was done only with data obtained during the first minute of ECG recording.

As shown in the results section 7.2.1 we observed a decrease of PR intervals in the R14del-CaMKII
DKO compared to all other groups by ~18,5% compared to WT, ~19,5% for CaMKIl DKO and ~18% for
R14del (Figure 2 b).

In addition, an increase of the QRS interval for the R14del-CaMKII-DKO group vs the R14del group and
the WT group occurred, by ~54% and ~41% respectively. (Figure 2 b).

Only part of these differences were found for male mice, for the PR Interval and R Amp of
R14del-CaMKII-DKO and R14del mice groups (Figure 3 b and c), respectively.

From here, we will compare our measurements obtained from ECGs of C57BL/6J-N background mice
with the R14del C57BL/6N strain used by Eigjenraam et al 2020 and a further reference for wild type
animals with a mixed C57BL/6N genetic background including C57BL/6J-N (Oestereicher et al., 2023).
Since our animals could have diverse phenotypes due to their genetic alterations and Tamoxifen
treatment, possibly inducing side effects, we compared our ECG parameters with published parameters
of untreated WT mice. In Table 21, we compared cardiac parameters from our WT group with results
obtained for mixed C57BL/6N background mice between 8 and 16 weeks of age by Oestereicher et al.
publication, to confirm proper cardiac function in our system. We found similar results for HR, the RR
and QT intervals. However, PR interval values for our WT group were much smaller than for WT mice,
while our QRS intervals were doubled. However, another study explains that age and strain differences
between mice can lead to variations in the PR interval and the QRS interval (Calvet & Seebeck, 2023),
which would fit concerning the use of a mixed C57BL/6J-N background in this study. Likewise, these
differences might result in part from Tamoxifen treatment.
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We cannot make a conclusion on this question in this study, since these controls were not planned in
the initial animal protocol and therefore could not be added on a short time scale. Therefore, the most
important comparison is the intrinsic control groups against the experimental group (WT, CaMKIl DKO
and R14del vs R14del-CaMKII-DKO).

Early age mice WT mice WT group | CaMKIl DKO R14del R14del-
anaesthetized (from 8 to 16 group group CaMKIl-
measurements weeks of age) DKO
(Oestereicher group
et al., 2023)
Median [95% Median of | Median of 15| Median of Median of
range] 15 week of | week ofage | 15 week of | 15 week of
age age age
Heart rate (HR) | 422 [298; 534.9] 428.05 441.78 455.85 495.56
(bpm)
RR (ms) 142 142.18 136.78 132.08 121.46
[112.2;201.6]
PR (ms) 43.2[32.5; 63.6] 33.68 36.83 36.14 29.50
QRS (ms) 10 [7; 19.7] 23.50 27.72 21.56 33.20
QT (ms) 52.8 [37.9; 89.2] 47.79 48.67 47.45 47.28

Table 21: ECG values comparison of previous publications as a reference vs our control and experimental mice.

Previously, (Eijgenraam et al. 2020) reported an electrophysiological characterization based on
1-minute ECG measurements of 6-week-old PLN R14 +/+ vs PLN R14 A/+ vs PLN R14 A/A mice. They
show regular averaged pseudo-ECGs and a quantification of the RS amplitude (mv). In this way, no
differences between PLN R14 A/+ knock-in and WT mice were observed, in accordance with our
analysis.

In our study, we found that PR values for mice in the R14del CaMKII-DKO group were reduced while
QRS values increased compared to the WT and R14del groups. Interestingly that the DKO has opposing
effects on PR and QRS, yet these effects are pronounced from our data. “The PR interval represents
the time between atrial depolarization and ventricular depolarization“ and the QRS interval represents
the depolarization of ventricular chambers (Douedi S, 2024). Thus, our results indicate an increase in
the conduction velocity between the atrial depolarization and ventricular depolarization, and a decrease
in ventricular conduction velocity for a CaMKII-DKO independent from R14del.

Interestingly it has been proposed recently, that in the murine ECG, the QRS interval is inversely related
to RS height (Berger et al., 2023). We could not confirm a decrease in the RS height but we found a
decrease for the related R Amplitude. Thus, our data points to a similar direction, at least for R14del
mice group, where QRS intervals increased while R Amp decreased upon CaMKII DKO. In parallel
Eigjenraam found a decrease in longitudinal conduction velocity with the absence of PR changes for
PLN R14 A/+ knockin (Eijgenraam et al. 2020).

Our data indicates that there seems to be at least a functional link between conduction velocity and
CaMKIl activity particularly in R14del animals. From this end, it seems not possible to make a hypothesis

on the involved mechanism, and whether they are directly related to Ca?* handling.

On the Pseudo-ECG from (Eijgenraam et al. 2020) a flattening between RS points in PLN R14 A/A, but
not in PLN R14 A/+ mice, has been suggested. They reported a lower S point for PLN R14 A/+ mice
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than in R14 +/+, which makes the RS amplitude apparently bigger in PLN R14 A/+ vs R14 +/+ mice.
However, we observed an increase of the R Amp by ~69% between the R14del-CaMKII-DKO vs R14del
group only (Figure 4 c). That means that CaMKIl DKO seems to affect R Amp and possibly RS-height
only in the R14del mice. However, RS-height and R Amp variability has been shown to be very high
among independent wild type mouse ECG data (Oestereicher 2023), making our RS height and R Amp
measurements hard to interpret.

Complementing Eijgenraam et al. (2020) findings of reduced ECG potentials and electrophysiological
instability in PLN R14 A animals Foo et al. (2024) in a study of presymptomatic R14 A/+ hearts
demonstrated intercalated-disk architectural changes and tissue-level conduction deficits associated
with mitochondrial swelling, abnormal gap junction morphology, and mislocalization of junctional
proteins (Foo et al., 2024). These structural changes occurred before overt systolic dysfunction,
indicating that electrical conduction impairment is an early feature of the mutation’s pathophysiology.
Taken together, published work in PLN R14 A models supports the hypothesis that the QRS alterations
observed in the present cohort reflect slowed intraventricular conduction and impaired sodium-channel
targeting rather than a purely myocardial mass effect. In our dataset, the additional CaMKII-DKO may
modulate phosphorylation pathways that further influence ion-channel targeting and gap-junctional
conductance, exacerbating these conduction delays in the R14del background. Verification of this
mechanism in our material will require direct measures of conduction velocity and targeted protein
localization studies.

As a technical side comment, RS amplitudes in the Eigjenraam study showed values between

0.9-2 mV, while our results (Figure 4 c) showed values between 0.2-0.6 mV. This probably results from
different ECG strategies, with two-lead subdermal needle electrodes, connected to a PowerLab 8/30
data acquisition device connected to a Bio Amp biological potential amplifier (model ML136;
ADInstruments) (Eijgenraam et al. 2020), while we used a 6-lead mouse subcutaneous needle ECG
based on an EMKAtech device and software as described in Material and methods (Section 6.3).
Differences in mouse age are less likely to account for these differences.

In summary we observed CaMKII-DKO effects on cardiac electrophysiology (PR, QRS, R Amp) only in
the simultaneous presence of the PLN R14 A/+ mutation, and evidence from both Eijgenraam et al.

(2020) and Foo et al. (2024) suggests that these may arise from a convergence of altered calcium
handling with structural remodeling of conduction pathways at the intercalated disc. We now report:

- Decrease in PR
= Increase in QRS

- Decrease in RAmp.

Thus, a functional interaction of CaMKIl DKO and the R14 A mutation seems to be established, while
underlying mechanisms are not obvious from this data.
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10.1.3 Echocardiography

In the analysis of the heart performed by transthoracic Echocardiography, we analyzed parameters
indicating heart pump function and performance. The meassurements were performed by CRC1002
service Unit at the ZTE (UMG; Marcell Zoremba: Echo; Beate Knocke analysis) as described in Material
and methods (Section 6.4) when the mice reach 15 weeks of age. The only changes observed in the
results (Section 7.2.2) were on posterior wall thickness in systole (PWThs) and ejection fraction (EF).

We observed an increase in PWThs in PLN R14del group compared to the WT group by ~24,6% and
R14del-CaMKII-DKO group by ~18,5% (Figure 5 a). This data points to an enhanced LV contractility in
R14del mice maybe with or without cellular hypertrophy, as was previously described (Zi et al., 2019),
for mice with the same genetic background, to show incremented heart weight versus body weight ratio,
normal fractional shortening, decreased wall thickness and increased ventricular end diastolic
dimension. The effect appears to be counteracted by CaMKII-DKO, suggesting that CaMKII signaling
contributes to the early contractile changes in the PLN R14del background. The effect seems reversed
or prevented by CaMKIl DKO. A common trend in our data is that CaMKII DKO appears to have a
recovery effect as compared to PLN R14 A/+ animals. It seems likely that this data in young
15-week-old animals indicates the onset of heart hypertrophy as a first step towards the dilated R14 A
cardiomyopathy reported for older animals of ~18 months (Eijgenraam et al. 2020). However, we should
emphasize that the interpretation of the EF increase needs to consider the simultaneous measurements
of ventricular end-diastolic and end-systolic volumes or a cellular hypertrophy read-out (e.g.,
cardiomyocyte cross-sectional area), an elevated EF cannot be interpreted as improved systolic
function by itself. An elevated EF in combination with increased frequency may therefore indicate an
early hypercontractile or compensatory phase, typically seen prior to the development of dilated
cardiomyopathy in ageing PLN R14 A models (Stege et al., 2024). For this reason, it remains unclear
whether the increased EF reflects an adaptation to increased workload or an early maladaptive
phenotype. It is important to note that the WT and CaMKII control groups have a higher female-to-male
ratio than the R14del and R14del-CaMKII-DKO groups (compare Table 15). This ratio difference limits
the strength of the WT vs R14del groups but does not affect the comparison for the R14del vs
R14del-CaMKII DKO groups. Unfortunately, Eigjenraam et al., (2020) did not report PWTh values to
compare. Though this comparison cannot lead to a definitive conclusion, it does suggest a similar trend
toward increased LV contractility

Our approach deviates from the original reference publication by Eijgenraam et al. in terms of the
analysed time points and genotypes; nevertheless, we seek to compare the data. While their mice were
analysed at 6 weeks (EF) and at 12—18 months (Fractional Shortening), we analysed 15-week-old mice.
In young mice (6 weeks), Eijgenraam et al. (2020) found no difference in EF between WT and R14 A/+
mice (Eijgenraam et al. 2020). However, we found in our 15-week-old R14del mice an increase on EF
by ~21,8% versus R14del-CaMKIlI DKO group (Figure 5b) but we found no differences with the WT or
CaMKII DKO groups. We also did not observe changes in fractional shortening in our mice groups,
while a decrease had been reported for R14 A/+ vs WT mice at 18 months (Eijgenraam et al. 2020).

Interestingly, recent longitudinal data (Stege et al., 2024) showed that R14 A/+ mice maintain normal
EF up to ~12 months and only then develop a progressive EF decline, supporting the interpretation that
the increased EF seen at 15 weeks represents an early compensatory hyperdynamic phase rather than
functional improvement. In this context, it is noteworthy that we observe an increase in EF at 15 weeks,
and Stege et al. Found no significant difference at 24 weeks (6 months of age), and a reduced EF at 18
months in previously published PLN R14del cohorts (Stege et al., 2024). This time-dependent profile
supports the interpretation that the early increase in EF reflects a transient hyperdynamic or
compensatory state that precedes contractile decline. Taken together, this suggests that the PLN
R14del phenotype evolves from an initial adaptive phase into a maladaptive/dilated phase, and that
CaMKII-DKO may influence the transition between these two stages.
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Our second most evident and striking finding, the EF increase of R14del group vs

R14del-CaMKIl DKO seems a specific effect to the combination of both genotypes, while CaMKII DKO
itself did not affect EF and PWTHs. From this data, we cannot conclude where CaMKIl DKO exerts its
effect. In principle, CaMKII DKO could translate into a loss of PLN T17 phosphorylation, resulting in an
increase of PLN-mediated SERCAZ2a superinhibition as already suggested for PLN R14 A (MacLennan
& Kranias, 2003), resulting in less SERCAZ2a activity. On the contrary, following the recent publications
showing PLN R14 A rather enhancing SERCA2a activity compared to WT (Stege et al., 2024) our
combination with CaMKIl DKO could partially compensate this. This would be in accordance with the
EF increase observed for R14del mice group and the similar levels between WT, CaMKIl DKO and
R14del-CaMKII-DKO groups.

Alternatively, this DKO is likely to affect expression levels of ion channels and Ca?* handling proteins
more generally, which are regulated via CaMKIl by cytosolic Ca?* levels. As an example: CaMKIl and
PKA are involved in regulating cardiac gene expression and transcriptional regulation (Helmstadter et
al., 2021), where CaMKII activity counteracts transcription factor HDAC4 location and activity to the
nucleus. Importantly, at this stage our data lacked direct information of hypertrophy markers and our
measurements of LVID were similar between groups, therefore we cannot establish that the EF increase
is accompanied by structural enlargement of the myocardium. To further explore this possibility, we
performed an analysis of cardiomyocyte cross-sectional area (Section 7.3.2 Figure 6 and
Supplementary Figure 2). However, these results were not conclusive, and we will discuss them in the
next section 10.1.4.

As a technical side note, in general EF values reported by us appear lower than in the data by
Eigjenraam et al. (2020), around 20% of difference. Yet, differences in total EF values can be linked to
consistent differences in technical equipment and analysis procedures. In parallel differences in the
background mouse strain should be considered. While Eigjenraam et al. used mice with C57BL/6N
background; we used a mixed background of C57BL/6J and C57BL/6N. It is important to note that EF
and FS (in percentage) similar to our values had been reported for 3-month-old B/6J background mice
(Williams et al., 2020). This comparison at least indicates that our Tamoxifen treatments did not
decrease EF levels in our data. However, this discussion shows that comparisons of total amplitudes
from different studies do not appear helpful.

In summary we observed CaMKII-DKO effects on heart pump function and performance appears to
have a recovery effect on mice with PLN R14 A/+. Our data points to a possible R14del group early
hypertrophic scenario without cardiac dilation:

- PWThs increase of R14del versus WT and R14del-CaMKII-DKO groups.
= EF increase of R14del versus R14del-CaMKII-DKO group.

Taking together, our functional data indicates changes in cardiac electrical signals in young R14 A mice,
leading to a decrease in PR, an increase in QRS, and a reduction in R Amp. This points to alterations
in ion channel activities (either as changes in expression levels or activity regulation). These changes
are likely multifactorial and not solely attributable only to altered PLN-SERCA2a-Ca?* signals. The
increased EF observed in the R14del group should be interpreted with caution. In parallel, the sensitivity
of left ventricular contractile behavior for CaMKIlI DKO, especially in a PLN R14 A background, might
confirm (mal-) adaptive changes in PLN-dependent SERCA2a regulation in PLN R14 A mice. These
insights are rather on a descriptive, phenomenological scope, an intrinsic limitation of our experimental
design, and because PLN R14 A is associated with a diverse set of cellular and subcellular phenotypes
as we described in the Introduction (Section 4.5). Future studies should include serial echocardiography
with volumetric and strain analysis, cardiomyocyte size measurements of the posterior wall of the
ventricle, and transcriptomic profiling of Ca%*-handling and ion-channel genes. Such integrative
approaches may help identify early disease modifiers and new therapeutic targets capable of
intercepting disease progression.

88



CHAPTER X. DISCUSSION

10.1.4 Cardiomyocytes area size measurement

We analyzed the cardiomyocytes area size of several mice for each of our groups (WT, CaMKIl DKO,
R14del and R14del-CaMKII-DKO) to further investigate the possible R14del hypertrophic results
obtained by Echocardiography. In our results (Section 7.3.2) (Figure 6) we found an increase in LV cell
size in the R14del CaMKII DKO vs the WT and CaMKII DKO groups, by ~20% and ~16,5%. This result
was analyzed statistically with One-Way-ANOVA but and analysis with Nested One-Way-ANOVA, more
accurate for this comparison as it take into account the subgroups of cardiomyocyte measurements in
each group of mice, showed no significant differences between the groups.

We also performed the statistical analysis only with male mice (Supplementary Figure 2), since our
cohorts were not sex-matched and cell numbers were low for some animals. We found that in the left
ventricle, there was an increase of ~21,7% for the R14del group compared to the CaMKII DKO group
using the Nested-One-Way-ANOVA analysis and similar result were found between WT, CaMKIlI DKO
and R14del-CaMKII-DKO groups.

A previous publication showed the cardiomyocyte area sizes for a hypoxia-induced hypertrophy model
in 12 week old C57BL/6J mice (Johnson et al., 2023). They found that cardiomyocyte sizes for the male
WT and CaMKII DKO group (LV) correspond to the normal range ~2500 um? mean. In contrast, area
sizes found for hypoxia hypertrophy of ~3000 ym? appeared similar to our male mice from the R14del
group (in supplementary Figure 2). This might indicate hypertrophy in the R14del group, yet our data is
insufficient to proof this statistically.

Unfortunately, our results are inconsistent and allow only for very limited conclusions. Since we did not
observe a cell size increase for R14del group as compared to WT, our data does not indicate cellular
hypertrophy caused by PLN R14 A/+. The remaining results appear inconclusive and possible
interpretations are very speculative given the limited number of cells per mouse analyzed as an extra
factor. This resulted from partial problems with cell quality in IF cell preparations as opposed by a limited
number of mice available. However, for a future research would be interesting to compare the
measurements of cardiomyocytes area size of our mice groups, specially on the LV posterior wall. As
we have shown previously, there is an increase in the PWThs on the R14del mice group by
echocardiography (Figure 5 a) and an increase on the LV of R14del male mice group on cardiomyocyte
area size (Supplementary Figure 2).

10.1.5 Nanoscopy of PLN and SERCA protein distribution

From the biobank (Table 15), several mice were selected and the samples were summarized on Table
16. From the images taken from these samples, only PLN and SERCAZ2a co-stains were inspected for
obvious changes, while other stains not evaluated to date. As it was explained in the Result section
7.3.3, expected PLN and SERCAZ2a distribution pattern were found in all groups (Foo et al., 2024).

We showed in our results, for our mice groups WT (Figure 7), CaMKIl DKO (Figure 8), R14del
(Figure 9) and R14del-CaMKII-DKO (Figure 10), no obvious re-distributions occurred, like shifts in
Z line versus m-band distributions or more diffuse signal patterns. Supporting the importance of
Z-line—associated microdomains, Lavorato et al. (2015) reported a dramatic reduction in dyadic
structures at the Z-line following genetic disruption of calmodulin regulation (Lavorato et al. 2015). This
reinforces the idea that structural integrity at this level is essential for calcium signaling fidelity.
Frequently darker and cloudy signals in the center of the cells space for PLN staining, were likely
because of insufficient diffusion of the antibodies to epitopes, a frequent problem in PLN IF labeling
(Foo et al., 2024). This affects the interpretation of affected samples.
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We found that PLN shows consistent nuclear signal patterns, corresponding with the nuclear envelop,
in part with folds. This preservation and optical resolution of envelop folds confirm the sample quality.

In conclusion, our preliminary analysis does not indicate major PLN or SERCA re-arrangements due to
R14 A and/or CaMKII-DKO.

10.2 Evaluating PKA and CaMKII activity in PLN R14 A
mice

The next part of the Results block, Results 1l (Section VIII) focuses on the biochemical comparisons of
expression and phosphorylation of our proteins of interest, PLN, CaMKIl, Calcineurin, and HDAC4 in
PLN WT and PLN R14 A/+ mice that were not treated any further.

10.2.1 Phosphorylation differences between PLN WT vs R14 A/+
mice using WB

Previous work has shown that PLN R14 A/+ disrupts the PLN PKA binding motif, resulting in loss of
PKA binding to PLN R14 A/+ when exogenously overexpressed in HEK293 cells (Vafiadaki et al., 2022).

To date, the phosphorylation status of PLN in PLN R14 A/+ mice is unclear, though crucial for regulating
of SERCA2a activity. Here, the loss of the PKA binding in PLN R14 A proteins is expected to decrease
the amount of PLN pS16 in cardiomyocytes (Vafiadaki et al., 2022) by approximately 50%, which may
be compensated by increased phosphorylation of the neighboring T17 by CaMKIl (Vafiadaki et al.,
2023).

In our results (Section 8.2), we evaluated PLN expression and phosphorylation by WB (Figure 12).
We detected most of both PLN whole protein and pS16 signals, in the monomeric band, while PLN
expression levels were unchanged between WT and R14 A/+ mouse hearts. PLN pS16 over PLN whole
protein ratios were overall unchanged for monomers and pentamers between WT and R14 A/+
(Figure 12 b). Our study shows the expected two distinguishable fractions or states of PLN: the
pentamer and monomer forms. The different levels of expression of monomers and pentamers highlight
the potential compartmentalization and distinct regulatory mechanisms of PLN phosphorylation in
different regions of the heart (Funk et al., 2023).

These results contradict the expected loss of PLN pS16 signals in the PLN R14 A/+ scenario. In parallel
we found that pT17 was reduced on pentamers (Figure 12 d), also opposing the proposed
compensatory T17 phosphorylation. Furthermore, these results suggest that the loss of PKA binding in
the PLN R14 A/+ pool is compensated for by increased PKA-mediated phosphorylation of the
WThaplotype, rather than increased CaMKII activity. Several publications have shown inconclusive
evidence about SERCA activity being inhibited or rather enhanced by PLN R14 A/+ vs WT
(Maniezzi et al., 2024) (Stege et al., 2024). Considering a SERCA2a inhibition via decreased PLN
phosphorylation as opposed to enhanced SERCA activity via PLN pentamer stabilization, our results
would point toward this second option. Both forms of SERCA dysregulation can be expected to lead to
Ca?* handling dysfunction (Stege et al., 2024).

Previous studies of the molecular defects on PLN R14 A showed inconclusive evidence of PLN R14 A
about SERCA activity being inhibited or rather enhanced compared to WT (Stege et al., 2024) as we
described at (Section 4.5). Recent findings seem to point into different directions and the whole picture
is still unclear, with some studies suggesting that PLN R14del inhibits SERCAZ2a, while others indicate
a potential overactivation. Our own results also reveal discrepancies: although PLN R14 A has been
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shown unable to be phosphorylated in HEK293 cells, the PLN R14 A/+ mouse model at 16 weeks old
shows comparable levels of phosphorylation at PLN S16 vs WT samples. Being that our motivation to
explore the PKA “in trans” phosphorylation hypothesis.

Given these conflicting results, it became important to also assess how PLN phosphorylation has been
measured in the field and how other methodologies could explain part of the apparent discrepancies.
We sought recent CURE-PLaN consortium-linked mass spectrometry (MS) evidence for PLN.
This query was motivated by the central role of PLN phosphorylation in regulating SERCA2a-mediated
Ca?* reuptake and its proposed dysregulation in PLN R14 A cardiomyopathy. However, we found that
recent publications primarily quantified PLN phosphorylation through phospho-specific immunoblotting
rather than site-resolved MS approaches.

A recent CURE-PLaN—affiliated study performed unbiased complexome profiling and global proteomics
in the PLN R14 A/+ mouse model, revealing mitochondrial dysfunction and intercalated-disk remodeling
as early hallmarks of disease (Foo et al., 2024). Aggregated PLN may be less accessible to
kinases/phosphatases or to proteolytic digestion in bottom-up MS workflows, and aggregated forms can
sequester interacting partners (e.g., SERCA) altering local kinase/phosphatase access. Remodeling of
junctional scaffolds (gap junctions, desmosomes) and changes in the localization of channels (e.g.,
Nav1.5) can alter action-potential propagation and excitation patterns across the myocardium.
Altered excitation (conduction slowing, arrhythmia susceptibility) changes calcium cycling dynamics at
tissue and subcellular levels, which in turn influence local activation of Ca?"-dependent kinases
(CaMKIl) and of cAMP/PKA microdomains. In other words, intercalated-disk changes detected by MS
are mechanistically upstream of changed local Ca?*/cAMP signalling that controls PLN phosphorylation
(Foo et al., 2024). Thus, MS evidence for disturbed mitochondrial proteostasis predicts a cellular milieu
in which kinase/phosphatase activities (and therefore PLN phosphorylation stoichiometry) are likely
altered even if PLN phosphopeptides are not directly observed in the MS dataset (Foo et al., 2024;
Stege et al., 2024).

However, this workflow did not report site-specific PLN phosphorylation by MS, as no phospho-
enrichment strategy was applied. This lack of PLN phosphosite quantification is not unexpected. The
PLN hydrophobic nature, low abundance in cardiomyocytes, and the typical sub-stoichiometric
occupancy of its phosphorylation sites make it poorly represented in standard shotgun or DIA-MS
workflows. PLN-derived phosphopeptides are indeed rarely detected without dedicated workflows, such
as membrane-protein—compatible solubilization strategies and targeted proteomic enrichment. A recent
top-down MS pre-printed study overcame these limitations by using a photocleavable surfactant to
extract PLN from human cardiac tissue, followed by “LC-MS/MS method on a quadrupole time-of-flight
(Q-TOF) MS and a direct infusion method via an ultrahigh-resolution Fourier transform ion cyclotron
resonance (FTICR) MS” (Rogers et al., 2023). This approach enabled site-specific localization of
endogenous PLN phosphorylation at Ser16 and Thr17 (Rogers et al., 2023), this method would be
useful for future work to study PLN pS16/pT17 with PLN R14 A samples.

Contrary to expectations, it does not appear to be a compensatory mechanism that increases PLN
phosphorylation by CaMKIl in PLN pT17. Rather, the reduced pT17 phosphorylation may indicate a
paradoxical reduction in CaMKII activity. In addition, we found no change in PLN pS16 levels on both
monomers and pentamers. This may be due to compensatory upregulation of PLN pS16 in the WT
isoform, or phosphorylation “in trans”, previously described in the introduction (Section 4.10).
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10.2.2 CaMKIl pathway differences between PLN WT vs R14 A/+
mice using WB

In agreement with a reduced PLN p17 signal discussed in the previous section (Section 10.2.1), we
found a ~16.2% reduction of CaMKII protein levels in mouse heart tissue samples for R14 A/+ vs WT
mouse group (Figure 13 b).

To corroborate and expand our results we performed further analysis of CaMKII and targets in samples
from untreated 6 WT vs 6 R14 A/+ left ventricle plus septum mouse tissues prepared in our lab in
collaboration with Prof. Dr. Backs from the University of Medicine of Heidelberg, this evaluation showed
similar results between the two groups (Figure 14 b). However, when we pooled the results obtained by
Dr. Matthias Dewenter with our previous results we observed a significant reduction of CaMKIl of
~19,5% on R14 A/+vs WT samples (Figure 14 c). Consequently, we performed WB analysis of both
expression levels and phosphorylation levels of known CaMKII substrates, Calcineurin and HDAC4.

In the WB analysis for the expression and phosphorylation of Calcineurin and HDAC4 performed by Dr.
Matthias Dewenter, we found bands at two distinct molecular weights using different specific antibodies
for Calcineurin, HDAC4, phospho-Calcineurin and phosphor-HDAC4. However, only one of the two
bands corresponds we the previously published (Bruns et al., 2023) expected molecular weight of
Calcineurin and phospho-Calcineurin at 60 kDa, corresponding with our upper band (Figure 15).
As well, only one band for HDAC4, phospho-HDAC4 at S467 and phospho-HDAC4 S632 corresponds
with the expected molecular weight at 130 kDa (Kreusser et al., 2016), our upper band (Figure 16-17).
For this reason, we are only going to discuss their results obtained for these specific bands and others
were marked as unspecific bands.

In our results (Section 8.3) we found the corresponding band for the Calcineurin molecular weight do
not show changes for PLN R14 A/+ versus WT on expression or phosphorylation levels (Figure 15 b).
We also found no changes in the expression of HDAC4 (Figure 16) and the phosphorylation levels of
HDAC4 in S632 (Figure 17 b). In parallel, we interestingly found an increase of ~31% on PLN R14 A/+
vs WT of the 130 kDa band HDAC4 pS467 signal (Figure 17 b) corresponding with previously published
HDAC4 molecular weight (Kreusser et al., 2016).

These results do not indicate a consistent and big change of CaMKIl phosphorylation on Calcineurin
and HDAC4. Nevertheless, this change in HDAC4 phosphorylation on S467 can be physiologically
meaningful.

On one hand, our results showed no significant changes on Calcineurin expression or phosphorylation.
Although it is feasible that Calcineurin could play a role in the development of cardiac hypertrophy there
is no clear evidence in favor and contrary to this statement (Ritchie, Ng, & Kemi, 2022). Existing
literature is controvert on the effect of Calcineurin on hypertrophy. In example, Calcineurin activity was
increased using a rat model in physiological left ventricular hypertrophy by exercise and aortic
constriction (Eto et al., 2000). However, another publication using a transgenic mice model found no
significant Calcineurin increase upon exercise plus aortic constriction and myocardial infarction by artery
ligation (Wilkins et al., 2004).

On the other hand, as previously indicated in the Introduction (Section 4.7), HDAC4 functions as a
transcriptional co-repressor and shuttles between the nucleus and cytoplasm in cardiomyocytes
(Abend, Shkedi, Fertouk, Caspi, & Kehat, 2017). HDAC4 is translocated to the nucleus by PKA
activation by ISO, on the contrary CaMKII phosphorylation shuttle back HDAC4 to the cytoplasm so
PKA and CaMKIl effects compete concerning the subcellular HDAC4 localization
(Helmstadter et al., 2021).
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The HDACs family Class lla, to which HDAC4 belongs, “generally act to repress gene expression that
drive to pathological cardiac remodeling” but its phosphorylation and “other post-translational
modifications can lead to their cytoplasmic accumulation” and the subsequent de-repression
(Lehmann et al., 2018). The phosphorylation of HDAC4 at S246, S467, and S632 by CaMKIl has been
shown to enhance its nuclear export and generate binding sites for 14-3-3 protein, which can sequester
HDAC4 into the cytoplasm and prevent its re-entry into the nucleus (Yewei Liu & Schneider, 2013). In
addition, it has been shown that “a CaMKII signal-resistant HDAC4 mutant blocks agonist-induced
cardiomyocyte hypertrophy” (Backs, Song, Bezprozvannaya, Chang, & Olson, 2006).

In a previous publication (Lehmann et al.,, 2018), a mechanism has been proposed by which “the
N-terminal fragment of HDAC4 (HDAC4-NT), of 201 amino acid residues long, inhibits the activity of the
transcription factor myocyte enhancer factor 2 (MEF2)” blocking heart remodeling to hypertrophy.
Likewise, it has been shown that “cardiac HDAC4-NT levels are downregulated after the induction of
pathological cardiac stress in mice” (Lehmann et al., 2018). In a more recent publication (Werhahn et
al., 2021), continuous stimulation with 1ISO, at a dosage of 30 mg/kg body weight/day, was performed
on several groups of mice, using 8 to 12 weeks-old male C57BL/6N mice for different times, and
samples were collected just after the stimulation ended or after several days later. It was shown that
removing 3 adrenergic over-stimulation reduced the expression of HDAC-NT, the expression of the
MEF2 target gene Myomaxin was increased indicating the switch to pathological gene expression
(Werhahn et al., 2021).

As a summary in the R14 A/+ scenario we have observed:

- Similar levels of PLN phosphorylation WT vs R14 A/+ making us deduce of similar levels of
PKA activity.

- Areduction of CaMKII expression and a reduction on the PLN pT17 phosphorylation by CaMKII
- Anincrease on the specific activity of CaMKII phosphorylating HDAC4 at S467.

Speculatively this could indicate that overall CaMKII activity although reduced; it could be increased
within the nucleus phosphorylating HDAC4 while cytoplasmic PLN phosphorylation is reduced. Thus in
PLN R14 A/+ scenario we would find more phosphorylated HDAC4, which reduces the repression of
pro-hypertrophic genes. In the same way, the 14-3-3 protein cytosolic regulation of PLN in shielding it
from dephosphorylation (Menzel et al., 2020) could also be retaining even more HDAC4 in the
cytoplasm. This would be consistent with our results, indicating that R14 A/+ stimulates cardiac
hypertrophy. Likewise, our results (Section 7.2.2) with R14del-CaMKII-DKO mice group showed a
reduction of PWThs compared with the R14del group. It would be interesting for future studies to
measure the HDAC4 phosphorylation levels on the R14del-CaMKII-DKO samples and on samples from
the posterior wall of the LV to ensure that the CaMKIl DKO reduce the HDAC4 S467 phosphorylation
levels. Finally, PKA activity level could be increased in PLN R14 A/+ scenario as a compensatory
mechanism to result into a similar PLN pS16 phosphorylation level as we hypothesized previously
(Section 8.1) or there could be an “in trans”-phosphorylation of PLN as we will discuss in the next section
(Section 10.3).
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10.3 Exploring potential for trans-phosphorylation of PLN
R14 Ain HEK293 cells

The final part of the Results block, Results Ill (Chapter IX) focused to demonstrate as proof of concept
the previously not investigated question of “in trans” phosphorylation by PKA, meaning the
proximitybased phosphorylation of PLN or R14 A in the vicinity of WT in a heteropentamer of PLN WT
and R14 A (Figure 18). We used tags with different molecular weights, which are distinctively fused to
the N-terminus of PLN WT or R14 A. Our preliminary results of PLN constructs expressed in HEK293
cells suggested possible new forms of PKA “in trans” phosphorylation as previously described in the
introduction (Section 4.10).

In short, The R14 A mutation abolishes PKA binding, but not the phosphorylation site (S16) so the PKA
binding to WT could phosphorylate neighboring R14 A. Thus, in theory, PKA may still be able to
phosphorylate PLN R14 A if it can be recruited. Finally, the formation of heteropentamers containing
WT and R14 A may provide a mechanism by which PKA may be recruited to R14 A/+. The possibility of
phosphorylation “in trans® is explored further in an exogenous overexpression HEK system in our results
(Results 11l Section IX) of this thesis.

10.4 Validation of V5-PLN and V5-APEX constructs

10.4.1 Validation of expression

We expressed PLN constructs with different epitopes in HEK 293 cells, and then we validated their
expression by WB. First, we obtained single transfections of PLN-V5 with either WT or R14 A.
We validated the expression by WB finding bands corresponding to the expected molecular weight of
PLN-V5-PLN monomers ~10 kDA and pentamers ~27 kDA with both V5 and PLN antibodies
(Figure 19 a and b respectively) (Section 9.3.1). We also obtained single transfections of PLN-V5-
APEX2 with either WT or R14 A. We validate the expression by WB finding bands corresponding to the
expected molecular weight of PLN-V5-PLN monomers ~27 kDA and pentamers >250 kDA with both V5
and PLN antibodies (Figure 20 a and b respectively) (Section 9.3.1).

Interestingly, we found that the expression of R14 A was significantly lower than WT in both V5-PLN
and PLN-V5-APEX constructs. Reduced signal even with V5 antibodies rules out the possibility that the
reduced signal is due to the mutation-altering antibody binding affinity. Due to the exogenous expression
(PCDNA 3.1 with CMV promoter), this cannot be due to transcriptional differences (Cao, Zhou, Huang,
Dong, & Ma, 2017).

It is possible that PLN R14A is synthesized to a lesser extent in HEK 293 than WT or that accelerated
degradation occurs. Cells have multiple protein quality control pathways, which recognize and degrade
misfolded proteins. If the R14 A mutation destabilizes PLN folding, resulting in a misfolded peptide, it
would be rapidly degraded by protein quality control pathways. The observation that PLN R14 A may
form aggregates (Eijgenraam et al. 2020) is consistent with this hypothesis.

However, this preliminary data must be interpreted with caution for several reasons:

First, overexpression in HEK293 cells does not reproduce the stoichiometry, membrane environment,
or proteostasis machinery of cardiomyocytes, limiting the physiological relevance of the findings.
Second, Western blot validation, while showing expected molecular-weight bands, was only
semi-quantitative and subject to variability in loading and antibody affinity. Third, the lower expression
of R14 A constructs could reflect technical artifacts such as transfection efficiency or folding efficiency
in HEK293, not only intrinsic instability. Finally, aggregation or degradation could affect detection
sensitivity, leading to underestimation of expression.
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A stronger conclusion would require multiple independent replicates, quantitative assays (e.g.,
densitometry with normalization to internal controls), or complementary validation by mass
spectrometry. In addition, co-expression studies confirming the stoichiometry of WT and R14 A in
heteropentamers would be necessary to substantiate the proposed ‘“in-trans” phosphorylation
mechanism.

10.4.2 Validation of PKA binding to our constructs and their ability
to be phosphorylated

After validating the expression of our constructs (Section 9.3.1), we validated their ability to be
phosphorylated by PKA after ISO stimulation of the HEK 293 cells (Section 9.3.2). We also established
a baseline with non-stimulated samples and we performed a WB using pan-PLN and PLN pS16
antibodies (Figure 21 a and b respectively). We also detected bands corresponding with
PLN-V5-APEX2 from stimulated cells on single transfection for WT and for R14 A, showing monomers
~27 kDa and pentamers >250 kDa with pan-PLN but only for WT with PLN pS16 antibody. Finally, we
attempted the validation of both constructs on a co-transfection with PLN V5-WT / V5-APEX2 WT but
we could only detect the bands corresponding with the PLN V5-APEX2 WT (Figure 22).

As negative control, we used non transfected nor ISO stimulated HEK293 cells. It would be more optimal
to add to our WB analysis a transfected but not ISO stimulated negative control. Even when our previous
result for the baseline phosphorylation showed a low baseline phosphorylation specially for V5-APEX2
constructs; nonetheless the increase of band signal obtained it is apparent for ISO stimulated samples
even at plain sight and for our last WB analysis using Phos-tag™ gels (Section 9.4.2) we include these
controls showing the obvious difference of signal correspondent for pPLN.

This results confirms the sub-aim for the validation of the phosphorylation of the constructs by WB and
the expected greater phosphorylation of pentamers over monomers on the PLN-V5 constructs (Funk et
al., 2023). However, the lack of bands for the PLN pS16 on the co-transfection together with the signal
differences between the single transfections indicate that our constructs with APEX offer a much greater
signal than those with V5 alone.

Nonetheless, several limitations must be considered. The stronger phosphorylation signal observed in
V5-APEX2 tagged constructs compared to V5 suggests that the APEX2 tag may artificially enhance
detectability, introducing potential bias. Furthermore, the lack of PLN pS16 signal in co-transfections
raises the possibility of construct interference or reduced antibody sensitivity. Interpretation of band
intensity was based mainly on image analysis rather than densitometry normalized to loading controls,
reducing robustness, while variability in transfection efficiency between constructs was not
systematically controlled. Future studies should therefore include additional negative controls and
methods to standardize transfection efficiency to strengthen the conclusions.
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10.4.3 Validation of the capability of both V5 and APEX pentamers to
be disrupted by heating

The third step consisted of validating that both V5 and APEX pentamers could be disrupted by heating
(Section 9.3.3). We used samples of constructs from single transfections of PLN-V5 WT, PLN-V5APEX2
WT, and PLN-V5-APEX2 R14 A. We prepared samples into two groups to be heated on loading buffer
at 30°C and 90°C respectively for 10 minutes (Figure 23).

We found bands corresponding with V5 on PLN-V5 monomers ~8 kDa and pentamers ~25 kDa for
single transfection of PLN-V5 WT at both temperatures, 30°C and 90°C. As well we found bands
corresponding V5 on PLN-V5-APEX2 monomers ~27 kDa and pentamers >250 kDa for single
transfection of PLN-V5-APEX2 WT and PLN-V5-APEX2 R14 A. In both using V5 antibodies and
panPLN (Figure 23 a and b respectively).

When comparing the signals of PLN and V5 bands of monomers and pentamers, with a simply visual
analysis we observed they look similar in the samples heated to 30 degrees, both for the single
transfection PLN-V5 and for the single transfections of PLN-V5-APEX2. However, the group of samples
heated to 90 degrees shows a higher proportion of signal for the monomers than for the pentamers in
all cases but not a complete disruption, in contrast with previous work demonstrating near-complete
pentamer disruption of native PLN at lower temperature (Ha et al., 2011) (Cleary et al., 2023). This
failure to disrupt completely PLN pentamers by heating is apparent in both V5 and V5-APEX2
constructs, suggesting that this unusual behavior is not due to the large APEX2 fusion protein (Figure
23 b). Thus, we can still assume that the APEX2 tag does not significantly influence PLN function or
behavior but we will require a revised strategy to directly observe PLN R14 A pS16 phosphorylation.

However, some limitations are evident. The incomplete pentamer disruption at 90°C contradicts
published work showing near-complete dissociation at lower temperatures, which may reflect
methodological differences (e.g., heating duration, buffer conditions, gel type) or structural effects of the
tags. Since disruption was incomplete for both V5 and V5-APEX2, the conclusion that APEX2 does not
affect PLN behavior remains tentative. Additional approaches, such as native PAGE or chemical cross-
linking, are needed to confirm pentamer dynamics. Future studies should refine the heating protocol
and incorporate quantitative analysis to resolve the discrepancy with prior reports and to more directly
assess PLN R14 A phosphorylation.
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10.5 Determine whether PLN R14 A can be phosphorylated
in the presence of PLN WT, “in trans” phosphorylation.

10.5.1 Attempt to validate formation of hetero-oligomers

We attempted to validate the formation of hetero-oligomers by WB (Section 9.4.1) using co-transfections
of PLN-V5 WT / PLN-V5-APEX2 WT with the same amount of each plasmid (1ug of PLN-V5 and 1ug
of PLN-V5-APEX2) and pan-PLN and V5 antibodies (Figure 24 a). We found bands for PLN-V5
monomers ~8 kDa and pentamers ~25 kDa and we also found bands corresponding with
PLN-V5-APEX2 monomers ~27 kDa and pentamers >250 kDa. However, when using the same amount
of plasmid for co-transfection we found less signal for the bands corresponding to PLN-V5 than for
PLN-V5-APEX2. Due to these shallow levels of PLN-V5 expression, we considered that it was not
possible to find hetero-oligomers among the bands obtained. In addition, we attempted again changing
the amount of plasmid in the co-transfection to 1.5ug of PLN-V5 and 0.5ug of PLN-V5-APEX2 but the
difference with the signal of the corresponding bands with PLN-V5-APEX2 was still much greater (Figure
24 b).

These results highlight a key limitation: the much stronger signal from V5-APEX2 tagged constructs
compared to V5 alone as we previously commented (Section 10.4.3) makes it difficult to reliably detect
hetero-oligomers. The imbalance likely reflects both differences in tag sensitivity and possible
differences in protein stability or expression efficiency. Because of this, the WB strategy alone may not
be sufficient to validate hetero-oligomer formation. Future approaches such as co-immunoprecipitation,
FRET-based assays, or quantitative mass spectrometry could provide more direct evidence of
hetero-oligomerization.

10.5.2 Dephosphorylated vs Phosphorylated PLN detection by
Phos-tag™ WB

In section 9.4.2 we performed a WB evaluation with a Phos-tag™ gel (WAKO Fuijifilm) following the
protocol described on Material and Methods (Section 6.9.5). We showed the WB analysis of samples
non-stimulated with ISO and others stimulated with ISO (Figure 25). Consistently with the expected WB
results (Figure 25 a), we found bands corresponding with PLN monomers ~27 kDa and pentamers
>72 kDa of PLN in single transfections of PLN-V5-APEX2 WT and R14 A, as well as, co-transfections
of PLN-V5 WT / V5-APEX2 WT and PLN-V5 WT /V5-APEX2 R14 A. Observing our non ISO-stimulated
samples, we found bands corresponding with PLN in our constructs but not with PLN pS16
(Figure 25 b) as expected. In our samples ISO stimulated , following a previously described method
(Vafiadaki et al., 2022), we found bands corresponding with PLN monomers and pentamers
phosphomonomers (Figure 25 b). These bands also correspond with the ones found using the PLN
pS16 antibody (Figure 25 c). Finally, the last two samples found at the right part of the gel corresponded
with a single transfection of PLN-V5-APEX2 R14 A and a co-transfection of PLN-V5 WT/ V5-APEX2
R14 A. On the single transfection, we only found (Figure 25 b) a band corresponding with the monomer
and a very faint band of possible phosphomonomer, which we speculate could be due to the baseline
phosphorylation bands found on the V5-APEX2 results. However, for the last co-transfection mixing WT
and R14 A we found bands corresponding with monomers, phosphomonomers, and more importantly,
the pentamers of PLN-V5-APEX2 (Figure 25 b). Furthermore, we also found bands corresponding with
the PLN pS16 phosphomonomers and phosphopentamers (Figure 25 c¢). However, it was also not
possible to observe the molecular shift of phospho-PLN of PLN-V5-APEX2 pentamers due to the low
resolution at high molecular weight.
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In summary, the result obtained with Phos- tag™ gels showed that the phosphorylated PLN fraction on
PLN-V5-APEX2 monomers could be distinguished from the total substrate. Because of the molecular
weight limitations of the Phos-tag™ gel and the long time needed to run the gel, we obtained a result
between 8 and over 72 kDa without being able to differentiate above that mark clearly.

Therefore, it was not possible to distinguish the possible hetero-oligomers vs pentamers of
V5-APEX2PLN. Nonetheless, the result of the phosphorylated band corresponding with
PLN-V5-APEX2 pentamer on the last sample (co-transfection PLN-V5-WT / PLN-V5-APEX2 R14 A) we
considered as a first evidence of the concept of the phosphorylation “in trans”. The small proportion of
V5-WT may still be enough to facilitate the phosphorylation “in trans” even it is possible that the signal
obtained comes from the PLN-WT and not from the PLN R14 A within the hetero-oligomers. However,
the low expression we have previously found of the PLN-V5-WT on the co-transfections may indicate
that most of the phosphorylation signal is from the PLN R14 A. In addition, the PLN pS16 at high
molecular weight must be predominantly R14 A due to the PLN-V5-APEX2 higher molecular weight
difference on pentamers with the PLN-V5 and the mentioned low expression of the PLN-V5-WT.

These results provide intriguing but preliminary evidence of “in-trans” phosphorylation. However,
several limitations reduce the strength of this interpretation. The low resolution of Phos-tag™ gels at
high molecular weights prevented clear distinction between hetero-oligomers and pentamers, meaning
that the assignment of phosphorylation to specific complexes remains speculative. The low expression
of PLN-V5 WT in co-transfections further complicates the analysis, as the phosphorylation signal could
derive either from WT or from R14 A. Additionally, the strong bias toward V5-APEX2 tagged constructs
suggests that detection sensitivity is uneven across constructs. To strengthen these findings, future
work should employ complementary approaches such as higher-resolution gels or immunoprecipitation
of distinct tagged species prior to Phos-tag™ analysis. Alternative readouts like mass spectrometry-
based phosphoproteomics could also confirm whether phosphorylation occurs specifically on R14 A
within hetero-oligomers.
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Suplementary Figure 1. 6-lead Electrocardiogram analysis of heart function. Measurements taken form the
1 minute of recordings to avoid anesthesic effects. Electrocardiogram analysis of mice show variability between
individuals of the same groups without clear correlation to gender. However, the bigger variability was found on

males:

Heart rate and associated RR interval were analysed. Several mice show a greater range compared with the other
mice in their group. 158M, 148M, 159M and 51M showed the bigger range on their measuremtents. b) Analzed
intervals within each heart beat wave included PR, QRS and QT. Several mice show an obviously greater range of
values, esp. 158M, 157M, 162 F, 138M, and 159M c) Amplitudes between the RS points and R to the isoelectric
points are shown. Several mice show higher variability compared to other mice in their group, esp. 158M, 157M,

163 F, 138M, 148M, 159M and 114 M.

Group sizes: WT n=6, DKO n=8, R14del n=6 and R14del-CaMKII-DKO n=5
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Supplement Figure 2: Cardiomyocyte size measurements of pooled only male mice from each group
discriminating by LV vs RV. We found when comparing only the males of each group separately in the LV, an
increase in the R14del group vs the CaMKII DKO but for the RV we obtained similar results between all groups.
Statistical analysis was performed by One-Way ANOVA (* p < 0.05, ** p < 0.005) of cumulative data set, not
differentiated by mice. Group sizes: WT n=2, CaMKIl DKO n=1, R14del n=3, R14del-CaMKII-DKO n=4.

100



CHAPTER Xll. REFERENCES

Xll. REFERENCES

Abend, A., Shkedi, O., Fertouk, M., Caspi, L. H., & Kehat, I. (2017). Salt-inducible kinase induces
cytoplasmic histone deacetylase 4 to promote vascular calcification. EMBO Reports, 18(7), 1166—
1185. https://doi.org/10.15252/embr.201643686

AE., Knaust. (2017). Disease modelling of a phospholamban p. Arg14del mutation in hiPSC-derived
cardiomyocytes. [Doctoral Dissertation Staats-und Universitatsbibliothek Hamburg Carl von
Ossietzky]. https://ediss.sub.uni-hamburg.de/handle/ediss/7664

Agah, R., Frenkel, P. A., French, B. A., Michael, L. H., Overbeek, P. A., & Schneider, M. D. (1997). Gene
recombination in postmitotic cells. Targeted expression of Cre recombinase provokes cardiac-
restricted, site-specific rearrangement in adult ventricular muscle in vivo. The Journal of Clinical
Investigation, 100(1), 169-179. https://doi.org/10.1172/JCI1119509

Aguayo-Ortiz, R., & Espinoza-Fonseca, L. M. (2020). Linking Biochemical and Structural States of
SERCA: Achievements, Challenges, and New Opportunities. International Journal of Molecular
Sciences, 21(11). https://doi.org/10.3390/ijms21114146

Alsina, K. M., Hulsurkar, M., Brandenburg, S., Kownatzki-Danger, D., Lenz, C., Urlaub, H., ... Wehrens,
X. H. T. (2019). Loss of Protein Phosphatase 1 Regulatory Subunit PPP1R3A Promotes Atrial
Fibrillation. Circulation, 140(8), 681-693.
https://doi.org/10.1161/CIRCULATIONAHA.119.039642

Armanious, G. P., Lemieux, M. J., Espinoza-Fonseca, L. M., & Young, H. S. (2024). Missense variants
in phospholamban and cardiac myosin binding protein identified in patients with a family history
and clinical diagnosis of dilated cardiomyopathy. Biochimica et Biophysica Acta (BBA) - Molecular
Cell Research, 1871(4), 119699. https://doi.org/https://doi.org/10.1016/j.bbamcr.2024.119699

Asahi, M., Nakayama, H., Tada, M., & Otsu, K. (2003). Regulation of sarco(endo)plasmic reticulum
Ca2+ adenosine triphosphatase by phospholamban and sarcolipin: implication for cardiac
hypertrophy and failure. Trends in Cardiovascular Medicine, 13(4), 152—-157.
https://doi.org/10.1016/s1050-1738(03)00037-9

Backs, J. (2020). CaMKII Transforms Glucose Into Reactive Oxygen Species. Circulation Research,
126(10), 1327-1329. https://doi.org/10.1161/CIRCRESAHA.120.316982

Backs, J., Backs, T., Neef, S., Kreusser, M. M., Lehmann, L. H., Patrick, D. M., ... & Olson, E. N. (2009).
The y isoform of CaMKIl is a novel substrate for the class lla histone deacetylases: CaMKIlly
controls histone deacetylase 4 localization and cardiac hypertrophy in vivo. Proceedings of the
National Academy of Sciences, 106(26), 2342—-2347.

Backs, J., Song, K., Bezprozvannaya, S., Chang, S., & Olson, E. N. (2006). CaM kinase Il selectively
signals to histone deacetylase 4 during cardiomyocyte hypertrophy. The Journal of Clinical
Investigation, 116(7), 1853—1864. https://doi.org/10.1172/JCI127438

Bandyopadhyay, J., Lee, J., Lee, J., Lee, J. ll, Yu, J.-R., Jee, C., ... Ahnn, J. (2002). Calcineurin, a
calcium/calmodulin-dependent protein phosphatase, is involved in movement, fertility, egg laying,
and growth in Caenorhabditis elegans. Molecular Biology of the Cell, 13(9), 3281-3293.
https://doi.org/10.1091/mbc.e02-01-0005



CHAPTER Xll. REFERENCES

Barrick, S. K., & Greenberg, M. J. (2021). Cardiac myosin contraction and mechanotransduction in
health and disease. The Journal of Biological Chemistry, 297(5), 101297.
https://doi.org/10.1016/j.jbc.2021.101297

Beckendorf, J., van den Hoogenhof, M. M. G., & Backs, J. (2018). Physiological and unappreciated
roles of CaMKIl in the heart. Basic Research in Cardiology, 113(4), 29.
https://doi.org/10.1007/s00395-018-0688-8

Bell, R. M., Mocanu, M. M., & Yellon, D. M. (2011). Retrograde heart perfusion: the Langendorff
technique of isolated heart perfusion. Journal of Molecular and Cellular Cardiology, 50(6), 940—
950. https://doi.org/10.1016/j.yjmcc.2011.02.018

Berger, V., Gabriel, L., Lilliu, E., Hackl, B., Marksteiner, J., Hilber, K., ... Todt, H. (2023). Modulation of
cardiac ventricular conduction: Impact on QRS duration, amplitude and dispersion. European
Journal of Pharmacology, 941, 175495. https://doi.org/10.1016/j.ejphar.2023.175495

Blatter, L. A., Kanaporis, G., Martinez-Hernandez, E., Oropeza-Almazan, Y., & Banach, K. (2021).
Excitation-contraction coupling and calcium release in atrial muscle. Pflugers Archiv : European
Journal of Physiology, 473(3), 317—329. https://doi.org/10.1007/s00424-020-02506-x

Bolafios, P., & Calderon, J. C. (2022). Excitation-contraction coupling in mammalian skeletal muscle:
Blending old and last-decade research. Frontiers in Physiology, 13, 989796.
https://doi.org/10.3389/fphys.2022.989796

Bourdi, M., Davies, J. S., & Pohl, L. R. (2011). Mispairing C57BL/6 substrains of genetically
engineered mice and wild-type controls can lead to confounding results as it did in studies of
JNK2 in acetaminophen and concanavalin A liver injury. Chemical research in
toxicology, 24(6), 794—796. https://doi.org/10.1021/tx200143x

Bovo, E., Jamrozik, T., Kahn, D., Karkut, P., Robia, S. L., & Zima, A. V. (2024). Phosphorylation of
phospholamban promotes SERCA2a activation by dwarf open reading frame (DWORF). Cell
Calcium, 121, 102910. https://doi.org/10.1016/j.ceca.2024.102910

Bozkurt, B., Coats, A. J. S., Tsutsui, H., Abdelhamid, C. M., Adamopoulos, S., Albert, N., ... Zieroth, S.
(2021). Universal definition and classification of heart failure: a report of the Heart Failure Society
of America, Heart Failure Association of the European Society of Cardiology, Japanese Heart
Failure Society and Writing Committee of the Universal Definition of Heart Failure.

European Journal of Heart Failure, 23(3), 352—-380.
https://doi.org/https://doi.org/10.1002/ejhf.2115

Bristow M. R. (2000). beta-adrenergic receptor blockade in chronic heart failure. Circulation, 101(5),
558-569. https://doi.org/10.1161/01.cir.101.5.558

Bruns, B., Antoniou, M., Baier, 1., Joos, M., Sevinchan, M., Moog, M.-C., ... Backs, J. (2023). Calcineurin
signaling promotes takotsubo syndrome. Nature Cardiovascular Research, 2(7), 645-655.
https://doi.org/10.1038/s44161-023-00296-w

Calderén, J. C., Bolanos, P., & Caputo, C. (2014). The excitation-contraction coupling mechanism in
skeletal muscle. Biophysical Reviews, 6(1), 133—160. https://doi.org/10.1007/s12551-013-0135x

Calvet, C., & Seebeck, P. (2023). What to consider for ECG in mice—with special emphasis on
telemetry. Mammalian Genome, 34(2), 166—179. https://doi.org/10.1007/s00335-023-09977-0

102


https://doi.org/10.1007/s00335-023-09977-0

CHAPTER Xll. REFERENCES

Cao, L., Zhou, Y., Huang, L., Dong, S., & Ma, Y. (2017). Development of a dual-expression vector
facilitated with selection-free PCR recombination cloning strategy. AMB Express, 7(1), 98.
https://doi.org/10.1186/s13568-017-0386-1

Ceholski, D. K., Trieber, C. A., Holmes, C. F. B., & Young, H. S. (2012). Lethal, Hereditary Mutants of
Phospholamban Elude Phosphorylation by Protein Kinase A*. Journal of Biological Chemistry,
287(32), 26596-26605. https://doi.org/https://doi.org/10.1074/jbc.M112.382713

Chen, S. N., Mestroni, L., & Taylor, M. R. G. (2021). Genetics of dilated cardiomyopathy. Current Opinion
in Cardiology, 36(3), 288—294. https://doi.org/10.1097/HC0O.0000000000000845

Ciarambino, T., Menna, G., Sansone, G., & Giordano, M. (2021). Cardiomyopathies: An Overview.
International Journal of Molecular Sciences, 22(14). https://doi.org/10.3390/ijms22147722

Cornea, R. L., Thomas, D. D., Autry, J. M., & Jones, L. R. (1997). Structural and functional effects of
mutations in phospholamban that alter its oligomeric state and phosphorylation. Biochemistry,
36(19), 5715-5723. https://pubmed.ncbi.nim.nih.gov/9062126/

Cleary, S. R., Teng, A. C. T., Kongmeneck, A. D., Fang, X., Phillips, T. A., Cho, E. E., ... Robia, S. L.
(2023, May). Dilated cardiomyopathy variant R14del increases phospholamban pentamer stability,
blunting dynamic regulation of cardiac calcium handling. BioRxiv: The Preprint Server for Biology.
United States. https://doi.org/10.1101/2023.05.26.542463

Creamer, T. P. (2020). Calcineurin. Cell Communication and Signaling, 18, 137.
https://doi.org/10.1186/s12964-020-00636-4

De Pascali, F., Inoue, A., & Benovic, J. L. (2024). Diverse pathways in GPCR-mediated activation of
Ca2+ mobilization in HEK293 cells. The Journal of biological chemistry, 300(11), 107882.
https://doi.org/10.1016/j.jbc.2024.107882

Deiman, F. E., Bomer, N., van der Meer, P., & Grote Beverborg, N. (2022). Review: Precision Medicine
Approaches for Genetic Cardiomyopathy: Targeting Phospholamban R14del. Current
Heart Failure Reports, 19(4), 170-179. https://doi.org/10.1007/s11897-022-00558-x

Douedi S, D. H. P. wave. (2024). P wave. In: StatPearls. StatPearls Publishing. Available from:
https://www.ncbi.nIm.nih.gov/books/NBK551635/

Dowding, I., & Haufe, S. (2018). Powerful Statistical Inference for Nested Data Using Sufficient
Summary Statistics. Frontiers in Human Neuroscience, 12, 103.
https://doi.org/10.3389/fnhum.2018.00103

Dries, E., Gilbert, G., Roderick, H. L., & Sipido, K. R. (2023). The ryanodine receptor microdomain in
cardiomyocytes. Cell Calcium, 114, 102769.
https://doi.org/https://doi.org/10.1016/j.ceca.2023.102769

Edwards, A. G., Mgark, H., Stokke, M. K., Lipsett, D. B., Sjaastad, I., Richard, S, ... Louch, W. E. (2021).
Sarcoplasmic Reticulum Calcium Release Is Required for Arrhythmogenesis in the Mouse.
Frontiers in Physiology, 12. Retrieved from
https://www.frontiersin.org/journals/physiology/articles/10.3389/fphys.2021.744730


https://doi.org/10.1186/s13568-017-0386-1
https://doi.org/10.1007/s11897-022-00558-x

CHAPTER Xll. REFERENCES

Eijgenraam, T. R., Boogerd, C. J., Stege, N. M., Oliveira Nunes Teixeira, V., Dokter, M. M., Schmidt, L.
E., ... de Boer, R. A. (2021). Protein Aggregation Is an Early Manifestation of Phospholamban

p.(Arg14del)-Related Cardiomyopathy: Development of PLN-R14del-Related Cardiomyopathy.
Circulation. Heart Failure, 14(11), e008532—e008532.

https://doi.org/10.1161/CIRCHEARTFAILURE.121.008532

Engelhardt S. (2007). Alternative signaling: cardiomyocyte beta1-adrenergic receptors signal through
EGFRs. The Journal of clinical investigation, 117(9), 2396—2398. https://doi.org/10.1172/JCI33135

Erickson, J. R., Nichols, C. B., Uchinoumi, H., Stein, M. L., Bossuyt, J., & Bers, D. M. (2015).
SNitrosylation Induces Both Autonomous Activation and Inhibition of

Calcium/Calmodulindependent Protein Kinase Il . The Journal of Biological Chemistry, 290(42),
25646-25656. https://doi.org/10.1074/jbc.M115.650234

Eto, Y., Yonekura, K., Sonoda, M., Arai, N., Sata, M., Sugiura, S., ... Aoyagi, T. (2000). Calcineurin Is
Activated in Rat Hearts With Physiological Left Ventricular Hypertrophy Induced by Voluntary
Exercise Training. Circulation, 101(18), 2134—-2137. https://doi.org/10.1161/01.CIR.101.18.2134

Foo, B., Amedei, H., Kaur, S., Jaawan, S., Boshnakovska, A., Gall, T,, ... Lehnart, S. E. (2024). Unbiased
complexome profiling and global proteomics analysis reveals mitochondrial impairment and

potential changes at the intercalated disk in presymptomatic R14&lt;sup&gt; A/+&lt;/sup&gt; mice
hearts. BioRxiv, 2024.03.21.586093. https://doi.org/10.1101/2024.03.21.586093

Fransen, P., Chen, J., Vangheluwe, P., & Guns, P.-J. (2020). Contractile Behavior of Mouse Aorta
Depends on SERCAZ2 Isoform Distribution: Effects of Replacing SERCA2a by SERCAZ2b.
Frontiers in Physiology, 11, 282. https://doi.org/10.3389/fphys.2020.00282

Funk, F., Kronenbitter, A., Hackert, K., Oebbeke, M., Klebe, G., Barth, M., ... Schmitt, J. P. (2023).
Phospholamban pentamerization increases sensitivity and dynamic range of cardiac relaxation.
Cardiovascular Research, 119(7), 1568-1582. https://doi.org/10.1093/cvr/cvad037

Gupta M. P. (2007). Factors controlling cardiac myosin-isoform shift during hypertrophy and heart
failure. Journal of molecular and cellular cardiology, 43(4), 388—403.
https://doi.org/10.1016/j.yjmcc.2007.07.045

Gilbert, G., Demydenko, K., Dries, E., Puertas, R. D., Jin, X,, Sipido, K., & Roderick, H. L. (2020).

Calcium Signaling in Cardiomyocyte Function. Cold Spring Harbor Perspectives in Biology, 12(3).
https://doi.org/10.1101/cshperspect.a035428

Ha, K. N., Masterson, L. R., Hou, Z., Verardi, R., Walsh, N., Veglia, G., & Robia, S. L. (2011). Lethal
Arg9Cys phospholamban mutation hinders Ca2+-ATPase regulation and phosphorylation by
protein kinase A. Proceedings of the National Academy of Sciences of the United States of
America, 108(7), 2735-2740. https://doi.org/10.1073/pnas.1013987108

Haghighi, K., Gardner, G., Vafiadaki, E., Kumar, M., Green, L. C., Ma, J., ... Kranias, E. G. (2021).

Impaired Right Ventricular Calcium Cycling Is an Early Risk Factor in R14del-Phospholamban
Arrhythmias. Journal of Personalized Medicine, 11(6). https://doi.org/10.3390/jpm11060502

Haghighi, K., Kolokathis, F., Gramolini, A. O., Waggoner, J. R., Pater, L., Lynch, R. A,, ... Kranias, E.
G. (2006). A mutation in the human phospholamban gene, deleting arginine 14, results in lethal,

hereditary cardiomyopathy. Proceedings of the National Academy of Sciences of the United States
of America, 103(5), 1388-1393. https://doi.org/10.1073/pnas.0510519103

104


https://doi.org/10.1161/01.CIR.101.18.2134

CHAPTER Xll. REFERENCES

Hashimoto, Y., & Soderling, T. R. (1989). Regulation of calcineurin by phosphorylation: Identification of
the regulatory site phosphorylated by Ca2+/calmodulin-dependent protein kinase Il and protein
kinase C*. Journal of Biological Chemistry, 264(28), 16524-16529.
https://doi.org/https://doi.org/10.1016/S0021-9258(19)84738-5

Helmstadter, K. G., Ljubojevic-Holzer, S., Wood, B. M., Taheri, K. D., Sedej, S., Erickson, J.R., ... Bers,
D. M. (2021). CaMKIl and PKA-dependent phosphorylation co-regulate nuclear localization of
HDAC4 in adult cardiomyocytes. Basic Research in Cardiology, 116(1), 11.
https://doi.org/10.1007/s00395-021-00850-2

Hof, I. E., van der Heijden, J. F., Kranias, E. G., Sanoudou, D., de Boer, R. A., van Tintelen, J. P, ...
Doevendans, P. A. (2019). Prevalence and cardiac phenotype of patients with a phospholamban
mutation. Netherlands Heart Journal : Monthly Journal of the Netherlands Society of Cardiology
and the Netherlands Heart Foundation, 27(2), 64—69. https://doi.org/10.1007/s12471-018-12114

Ishikawa, Y., & Homcy, C. J. (1997). The adenylyl cyclases as integrators of transmembrane signal
transduction. Circulation research, 80(3), 297-304. https://doi.org/10.1161/01.res.80.3.297

Johnson, J., Yang, Y., Bian, Z., Schena, G., Li, Y., Zhang, X., ... Houser, S. R. (2023). Systemic
Hypoxemia Induces Cardiomyocyte Hypertrophy and Right Ventricular Specific Induction of
Proliferation. Circulation Research, 132(6), 723—740.
https://doi.org/10.1161/CIRCRESAHA.122.321604

Karakikes, I., Ameen, M., Termglinchan, V., & Wu, J. C. (2015). Human induced pluripotent stem
cellderived cardiomyocytes: insights into  molecular, cellular, and functional phenotypes.
Circulation Research, 117(1), 80-88. https://doi.org/10.1161/CIRCRESAHA.117.305365

Karakikes, ., Stillitano, F., Nonnenmacher, M., Tzimas, C., Sanoudou, D., Termglinchan, V., ... Hajjar,
R. J. (2015). Correction of human phospholamban R14del mutation associated with
cardiomyopathy using targeted nucleases and combination therapy. Nature Communications, 6,
6955. https://doi.org/10.1038/ncomms7955

Kim, H., Kim, M., Im, S. K., & Fang, S. (2018). Mouse Cre-LoxP system: general principles to determine
tissue-specific roles of target genes. Laboratory animal research, 34(4), 147-159.
https://doi.org/10.5625/1ar.2018.34.4.147

Kim, J., Masterson, L. R., Cembran, A., Verardi, R., Shi, L., Gao, J., ... Veglia, G. (2015). Dysfunctional
conformational dynamics of protein kinase A induced by a lethal mutant of phospholamban hinder
phosphorylation. Proceedings of the National Academy of Sciences of the United States of
America, 112(12), 3716-3721. https://doi.org/10.1073/pnas.1502299112

Kim, K., Saneyoshi, T., Hosokawa, T., Okamoto, K., & Hayashi, Y. (2016). Interplay of enzymatic and
structural functions of CaMKII in long-term potentiation. Journal of Neurochemistry, 139(6), 959—
972. https://doi.org/https://doi.org/10.1111/jnc.13672

Kinoshita, E. (2016). Phos-tag SDS-PAGE Guidebook available from Wako Pure Chemical Industries.
https://doi.org/10.13140/RG.2.2.11535.18084

Kinoshita, E., Kinoshita-Kikuta, E., Takiyama, K., & Koike, T. (2006). Phosphate-binding tag, a new tool
to visualize phosphorylated proteins. Molecular & Cellular Proteomics : MCP, 5(4), 749-757.
https://doi.org/10.1074/mcp.T500024-MCP200

Koch, D., Alexandrovich, A., Funk, F., Kho, A. L., Schmitt, J. P., & Gautel, M. (2021). Molecular noise
filtering in the B-adrenergic signaling network by phospholamban pentamers. Cell Reports,
36(4), 109448. https://doi.org/10.1016/j.celrep.2021.109448



CHAPTER Xll. REFERENCES

Kohl, T., Westphal, V., Hell, S. W., & Lehnart, S. E. (2013). Superresolution microscopy in heart —
Cardiac nanoscopy. Journal of Molecular and Cellular Cardiology, 58, 13-21.
https://doi.org/https://doi.org/10.1016/j.yjmcc.2012.11.016

Kohout, T. A., & Lefkowitz, R. J. (2003). Regulation of G protein-coupled receptor kinases and arrestins
during receptor desensitization. Molecular pharmacology, 63(1), 9-18.
https://doi.org/10.1124/mol.63.1.9

Koitabashi, N., Bedja, D., Zaiman, A. L., Pinto, Y. M., Zhang, M., Gabrielson, K. L., ... Kass, D. A. (2009).
Avoidance of transient cardiomyopathy in cardiomyocyte-targeted tamoxifen-induced MerCreMer
gene deletion models. Circulation Research, 105(1), 12-15.
https://doi.org/10.1161/CIRCRESAHA.109.198416

Kownatzki-Danger, D. (2020). Phospholamban - identification of novel interaction partners [Doctoral
dissertation, University of Gottingen]. Gottingen e-Dissertation.
http://dx.doi.org/10.53846/goediss-8114.
https://ediss.uni-goettingen.de/handle/21.11130/00-1735-0000-0005-1431-D

Kranias, E. G., & Hajjar, R. J. (2012). Modulation of cardiac contractility by the
phospholamban/SERCA2a regulatome. Circulation Research, 110(12), 1646—1660.
https://doi.org/10.1161/CIRCRESAHA.111.259754

Kreusser, M. M., Lehmann, L. H., Wolf, N., Keranov, S., Jungmann, A., Gréne, H.-J., ... Backs, J. (2016).
Inducible cardiomyocyte-specific deletion of CaM kinase Il protects from pressure overload-
induced heart failure. Basic Research in Cardiology, 111(6), 65.
https://doi.org/10.1007/s00395-016-0581-2

Kronlage, M., Dewenter, M., Grosso, J., Fleming, T., Oehl, U., Lehmann, L. H., ... Backs, J. (2019). O-
GlcNAcylation of Histone Deacetylase 4 Protects the Diabetic Heart From Failure.
Circulation, 140(7), 580-594. https://doi.org/10.1161/CIRCULATIONAHA.117.031942

Lavorato, M., Huang, T. Q., lyer, V. R, Perni, S., Meissner, G., & Franzini-Armstrong, C. (2015). Dyad
content is reduced in cardiac myocytes of mice with impaired calmodulin regulation of RyR2.
Journal of Muscle Research and Cell Motility, 36(2), 205-214. https://doi.org/10.1007/s10974-
015-9405-5

Lebek, S., Caravia, X. M., Chemello, F., Tan, W., McAnally, J. R., Chen, K., Xu, L., Liu, N., Bassel-Duby,
R., & Olson, E. N. (2023). Elimination of CaMKII® Autophosphorylation by CRISPR-Cas9 Base
Editing Improves Survival and Cardiac Function in Heart Failure in Mice. Circulation, 148(19),
1490-1504. https://doi.org/10.1161/CIRCULATIONAHA.123.065117

Lehmann, L. H., Jebessa, Z. H., Kreusser, M. M., Horsch, A, He, T., Kronlage, M., ... Backs, J. (2018).
A proteolytic fragment of histone deacetylase 4 protects the heart from failure by regulating the
hexosamine biosynthetic pathway. Nature Medicine, 24(1), 62—72.
https://doi.org/10.1038/nm.4452

Ling, H., Zhang, T., Pereira, L., Means, C. K., Cheng, H., Gu, Y., Dalton, N. D., Peterson, K. L., Chen,
J., Bers, D., & Brown, J. H. (2009). Requirement for Ca2+/calmodulin-dependent kinase Il in
the transition from pressure overload-induced cardiac hypertrophy to heart failure in
mice. The Journal of clinical investigation, 119(5), 1230—1240.
https://doi.org/10.1172/JCI138022 https://doi.org/10.1517/14712590903321462

106


https://doi.org/10.1517/14712590903321462

CHAPTER Xll. REFERENCES

Lipskaia, L., Chemaly, E. R., Hadri, L., Lompre, A.-M., & Hajjar, R. J. (2010). Sarcoplasmic reticulum
Ca(2+) ATPase as a therapeutic target for heart failure. Expert Opinion on Biological Therapy,
10(1), 29-41. https://doi.org/10.1517/14712590903321462

Liu, Yewei, & Schneider, M. F. (2013). Opposing HDAC4 nuclear fluxes due to phosphorylation by
Badrenergic activated protein kinase A or by activity or Epac activated CaMKIl in skeletal muscle
fibres. The Journal of Physiology, 591(14), 3605-3623.
https://doi.org/10.1113/jphysiol.2013.256263

Liu, Yuening, Chen, J., Fontes, S. K., Bautista, E. N., & Cheng, Z. (2022). Physiological and pathological
roles of protein kinase A in the heart. Cardiovascular Research, 118(2), 386—398.
https://doi.org/10.1093/cvr/cvab008

Luft, F. C. (2024). Calcineurin inhibition, cardiovascular consequences, vascular resistance, and
potential responses. Acta Physiologica, 240(3), e14084.
https://doi.org/https://doi.org/10.1111/apha.14084

MacLennan, D. H., & Kranias, E. G. (2003). Phospholamban: a crucial regulator of cardiac contractility.
Nature Reviews Molecular Cell Biology, 4(7), 566-577.
https://doi.org/10.1038/nrm1151

Maniezzi, C., Eskandr, M., Florindi, C., Ferrandi, M., Barassi, P., Sacco, E., ... Zaza, A. (2024). Early
consequences of the phospholamban mutation PLN-R14del(+/-) in a transgenic mouse model.
Acta Physiologica (Oxford, England), 240(3), e14082. https://doi.org/10.1111/apha.14082

Mattiazzi, A., & Kranias, E. G. (2014). The role of CaMKII regulation of phospholamban activity in heart
disease. Frontiers in Pharmacology, 5, 5. https://doi.org/10.3389/fphar.2014.00005

McNally, E. M., Golbus, J. R., & Puckelwartz, M. J. (2013). Genetic mutations and mechanisms in
dilated cardiomyopathy. The Journal of clinical investigation, 123(1), 19-26.
https://doi.org/10.1172/JC162862

Mekada, K., Hirose, M., Murakami, A., Yoshiki, A., & Moriwaki, K. (2009). Genetic differences among
C57BL/6 substrains. Experimental Animals, 58(2), 141-149.
https://pubmed.ncbi.nim.nih.gov/19448337/

Menzel, J., Kownatzki-Danger, D., Tokar, S., Ballone, A., Unthan-Fechner, K., Kilisch, M., ...
Schwappach, B. (2020). 14-3-3 binding creates a memory of kinase action by stabilizing the
modified state of  phospholamban. Science  Signaling, 13(647), eaaz1436.
https://doi.org/10.1126/scisignal.aaz14 36

Nishio, S., Teshima, Y., Takahashi, N., Thuc, L. C., Saito, S., Fukui, A., ... Saikawa, T. (2012). Activation
of CaMKIl as a key regulator of reactive oxygen species production in diabetic rat heart. Journal
of Molecular and Cellular Cardiology, 52(5), 1103-1111.
https://doi.org/10.1016/j.yjmcc.2012.02.006

Oxenoid, K., Chou, J. J., Lyons, J. A., & Bax, A. (2006). High-resolution NMR structure of the pentameric
transmembrane domain of phospholamban. Proceedings of the National Academy of Sciences of
the United States of America, 103(3), 1771-1776.
https://www.pnas.org/doi/10.1073/pnas.0504920102



CHAPTER Xll. REFERENCES

Parra, V., & Rothermel, B. A. (2017). Calcineurin signaling in the heart: The importance of time and
place. Journal ~ of  Molecular and  Cellular  Cardiology, 103, 121-136.
https://doi.org/10.1016/j.yjmcc.2016.12.006

Peper, J., Kownatzki-Danger, D., Weninger, G., Seibertz, F., Pronto, J. R. D., Sutanto, H., ... Lehnart,
S. E. (2021). Caveolin3 Stabilizes McT1-Mediated Lactate/Proton Transport in Cardiomyocytes.
Circulation Research, 128(6), e102—e120. https://doi.org/10.1161/CIRCRESAHA.119.316547

Pizzo, E., Berrettoni, S., Kaul, R., Cervantes, D. O., Di Stefano, V., Jain, S., ... Rota, M. (2022). Heart
Rate Variability Reveals Altered Autonomic Regulation in Response to Myocardial Infarction in
Experimental Animals. Frontiers in Cardiovascular Medicine, 9, 843144.
https://doi.org/10.3389/fcvm.2022.843144

Ponikowski, P., Voors, A. A., Anker, S. D., Bueno, H., Cleland, J. G. F.,, Coats, A. J. S, ... van der Meer,
P. (2016). 2016 ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure:
The Task Force for the diagnosis and treatment of acute and chronic heart failure of the European
Society of Cardiology (ESC)Developed with the special contribution of the Heart Failure
Association (HFA) of the ESC. European Heart Journal, 37(27), 2129-2200.
https://doi.org/10.1093/eurheartj/ehw128

Power, A. S., Asamudo, E. U., Worthington, L. P. ., Alim, C. C., Parackal, R. E., Wallace, R. S., ...
Erickson, J. R. (2023). Nitric Oxide Modulates Ca(2+) Leak and Arrhythmias via S-Nitrosylation of
CaMKIl. Circulation Research, 133(12), 1040-1055.
https://doi.org/10.1161/CIRCRESAHA.123.323571

Pugach, E. K., Richmond, P. A., Azofeifa, J. G., Dowell, R. D., & Leinwand, L. A. (2015). Prolonged Cre
expression driven by the a-myosin heavy chain promoter can be cardiotoxic. Journal of molecular
and cellular cardiology, 86, 54—61. https://doi.org/10.1016/j.yjmcc.2015.06.019

Qin, J., Zhang, J., Lin, L., Haji-Ghassemi, O., Lin, Z., Woycechowsky, K. J., ... Yuchi, Z. (2022).
Structures of PKA-phospholamban complexes reveal a mechanism of familial dilated
cardiomyopathy. ELife, 11. https://doi.org/10.7554/eL ife.75346

Reyes Gaido, O. E., Nkashama, L. J., Schole, K. L., Wang, Q., Umapathi, P., Mesubi, O. O., ...
Anderson, M. E. (2023). CaMKIl as a Therapeutic Target in Cardiovascular Disease. Annual
Review of Pharmacology and Toxicology, 63, 249-272. https://doi.org/10.1146/annurevpharmtox-
051421-111814

Richter, W., Day, P., Agrawal, R., Bruss, M. D., Granier, S., Wang, Y. L., Rasmussen, S. G., Horner, K.,
Wang, P, Lei, T., Patterson, A. J., Kobilka, B., & Conti, M. (2008). Signaling from beta1- and beta2-
adrenergic receptors is defined by differential interactions with PDE4. The EMBO journal, 27(2),
384-393. https://doi.org/10.1038/sj.emboj.7601968

Ritchie, J. A., Ng, J. Q., & Kemi, O. J. (2022). When one says yes and the other says no; does calcineurin
participate in physiologic cardiac hypertrophy? Advances in Physiology Education, 46(1), 84—95.
https://doi.org/10.1152/advan.00104.2021

Rogers, H. T., Roberts, D. S., Larson, E. J., Melby, J. A., Rossler, K. J., Carr, A. V., Brown, K. A, & Ge,
Y. (2023). Comprehensive Characterization of Endogenous Phospholamban Proteoforms Enabled
by Photocleavable Surfactant and Top-down Proteomics. bioRxiv : the preprint server for biology,
2023.04.12.536120. https://doi.org/10.1101/2023.04.12.536120

Rouhi, L., Fan, S., Cheedipudi, S. M., Olcum, M., Jeong, H.-H., Zhao, Z., ... Marian, A. J. (2022). Effects

of tamoxifen inducible MerCreMer on gene expression in cardiac myocytes in mice. The Journal
of Cardiovascular Aging, 2. https://doi.org/10.20517/jca.2021.30

108


https://doi.org/10.1016/j.yjmcc.2015.06.019

CHAPTER Xll. REFERENCES

Roy, J., & Cyert, M. S. (2020). Identifying New Substrates and Functions for an Old Enzyme:

Calcineurin. Cold Spring Harbor Perspectives in Biology, 12(3).
https://doi.org/10.1101/cshperspect.a0354 36

Sample, V., DiPilato, L. M., Yang, J. H., Ni, Q., Saucerman, J. J., & Zhang, J. (2012). Regulation of
nuclear PKA revealed by spatiotemporal manipulation of cyclic AMP. Nature chemical biology, 8(4),
375-382. https://doi.org/10.1038/nchembio.799

Sassone-Corsi P. (2012). The cyclic AMP pathway. Cold Spring Harbor perspectives in biology, 4(12),
a011148. https://doi.org/10.1101/cshperspect.a011148

Sauer B. (1998). Inducible gene targeting in mice using the Cre/lox system. Methods (San Diego, Calif.),
14(4), 381-392. https://doi.org/10.1006/meth.1998.0593

Savarese, G., Becher, P. M., Lund, L. H., Seferovic, P., Rosano, G. M. C., & Coats, A. J. S. (2023).
Global burden of heart failure: a comprehensive and updated review of epidemiology.
Cardiovascular Research, 118(17), 3272—-3287. https://doi.org/10.1093/cvr/cvac013

Schmitt, J. M., & Stork, P. J. (2000). beta 2-adrenergic receptor activates extracellular signal-regulated
kinases (ERKs) via the small G protein rap1 and the serine/threonine kinase B-Raf. The Journal
of biological chemistry, 275(33), 25342-25350. https://doi.org/10.1074/jbc.M003213200

Schartner, V., Laporte, J., & B6hm, J. (2019). Abnormal Excitation-Contraction Coupling and Calcium
Homeostasis in Myopathies and Cardiomyopathies. Journal of Neuromuscular Diseases, 6, 1—
17. https://doi.org/10.3233/JND-180314

Schwinger, R. H. G. (2021). Pathophysiology of heart failure. Cardiovascular Diagnosis and Therapy,
11(1), 263-276. https://doi.org/10.21037/cdt-20-302

Senyo, S. E., Steinhauser, M. L., Pizzimenti, C. L., Yang, V. K., Cai, L., Wang, M., ... Lee, R. T. (2013).
Mammalian heart renewal by pre-existing cardiomyocytes. Nature, 493(7432), 433-436.
https://doi.org/10.1038/nature11682

Seto, E., & Yoshida, M. (2014). Erasers of histone acetylation: the histone deacetylase enzymes. Cold
Spring Harbor Perspectives in Biology, 6(4), a018713.
https://doi.org/10.1101/cshperspect.a018713

Shen, X,, Li, H., Ou, Y., Tao, W., Dong, A., Kong, J., ... Yu, S. (2008). The Secondary Structure of
Calcineurin Regulatory Region and Conformational Change Induced by Calcium/Calmodulin
Binding*. Journal of Biological Chemistry, 283(17), 11407-11413.
https://doi.org/https://doi.org/10.1074/jbc.M708513200

Simon, M. M., Greenaway, S., White, J. K., Fuchs, H., Gailus-Durner, V., Sorg, T., Wong, K., Bedu, E.,
Cartwright, E. J., Champy, M. F., Combe, R., De Angelis, M. H., Gates, H., Hérault, Y., Irmler, M.,
Kalaga, S., Logan, J., Maier, H., Mallon, A. M., ... Steel, K. P. (2013). A comparative phenotypic
and genomic analysis of C57BL/6J and C57BL/6N mouse strains. Genome Biology, 14(7), R82.
https://doi.org/10.1186/gb-2013-14-7-r82

Smeazzetto, S., Saponaro, A., Young, H. S., Moncelli, M. R., & Thiel, G. (2013). Structure-function
relation of phospholamban: modulation of channel activity as a potential regulator of SERCA
activity. PloS One, 8(1), e52744. https://doi.org/10.1371/journal.pone.0052744


https://doi.org/10.1006/meth.1998.0593

CHAPTER Xll. REFERENCES

Sohal, D. S., Nghiem, M., Crackower, M. A, Witt, S. A., Kimball, T. R., Tymitz, K. M., ... Molkentin, J. D.
(2001). Temporally regulated and tissue-specific gene manipulations in the adult and embryonic
heart using a tamoxifen-inducible Cre protein. Circulation Research, 89(1), 20-25.
https://doi.org/10.1161/hh1301.092687

Stege, N. M., de Boer, R. A., Makarewich, C. A., van der Meer, P., & Silljé, H. H. W. (2024). Reassessing
the Mechanisms of PLN-R14del Cardiomyopathy: From Calcium Dysregulation to S/ER
Malformation. JACC: Basic to Translational Science.
https://doi.org/https://doi.org/10.1016/j.jacbts.2024.02.017

Stege, N. M., Eijgenraam, T. R., Oliveira Nunes Teixeira, V., Feringa, A. M., Schouten, E. M., Kuster,
D. W.D,, ... Silljé, H. H. W. (2023). DWORF Extends Life Span in a PLN-R14del
Cardiomyopathy Mouse Model by Reducing Abnormal Sarcoplasmic Reticulum Clusters.
Circulation Research, 133(12), 1006—1021. https://doi.org/10.1161/CIRCRESAHA.123.323304

Steinberg S. F. (2004). beta (2)-Adrenergic receptor signaling complexes in cardiomyocyte
caveolae/lipid rafts. Journal of molecular and cellular cardiology, 37(2), 407—-415.
https://doi.org/10.1016/j.yjmcc.2004.04.018

Sukumaran, A., & Sadayappan, S. (2022). Optimization of tamoxifen-induced gene regulation in
cardiovascular research. The Journal of Cardiovascular Aging, 2(2).
https://doi.org/10.20517/jca.2022.12

Te Rijdt, W. P., Asimaki, A., Jongbloed, J. D. H., Hoorntje, E. T., Lazzarini, E., van der Zwaag, P. A, ...
Suurmeijer, A. J. H. (2019). Distinct molecular signature of phospholamban p.Arg14del
arrhythmogenic cardiomyopathy. Cardiovascular Pathology : The Official Journal of the Society
for Cardiovascular Pathology, 40, 2—6. https://doi.org/10.1016/j.carpath.2018.12.006

Vafiadaki, E., Arvanitis, D. A., Sanoudou, D., & Kranias, E. G. (2013). Identification of a protein
phosphatase-1/phospholamban complex that is regulated by cAMP-dependent phosphorylation.
PloS One, 8(11), e80867. https://doi.org/10.1371/journal.pone.0080867

Vafiadaki, E., Glijnis, P. C., Doevendans, P. A., Kranias, E. G., & Sanoudou, D. (2023). Phospholamban
R14del disease: The past, the present and the future. Frontiers in
Cardiovascular Medicine, 10, 1162205. https://doi.org/10.3389/fcvm.2023.1162205

Vafiadaki, E., Haghighi, K., Arvanitis, D. A., Kranias, E. G., & Sanoudou, D. (2022). Aberrant PLNR14del
Protein Interactions Intensify SERCAZ2a Inhibition, Driving Impaired Ca(2+) Handling and
Arrhythmogenesis. International Journal of Molecular Sciences, 23(13).
https://doi.org/10.3390/ijms23136947

van Rijsingen, I. A. W., van der Zwaag, P. A., Groeneweg, J. A., Nannenberg, E. A., Jongbloed, J. D. H.,
Zwinderman, A. H., ... Wilde, A. A. M. (2014). Outcome in Phospholamban R14del Carriers.
Circulation: Cardiovascular Genetics, 7(4), 455-465.
https://doi.org/10.1161/CIRCGENETICS.113.000374

Vicidomini, G., Bianchini, P., & Diaspro, A. (2018). STED super-resolved microscopy. Nature Methods,
15(3), 173—182. https://doi.org/10.1038/nmeth.4593

Vostrikov, V. V, Soller, K. J., Ha, K. N., Gopinath, T., & Veglia, G. (2015). Effects of naturally occurring
arginine 14 deletion on phospholamban conformational dynamics and membrane interactions.
Biochimica et Biophysica Acta, 1848(1 Pt B), 315-322.
https://doi.org/10.1016/j.bbamem.2014.09.007

110



CHAPTER Xll. REFERENCES

Wagner, E., Brandenburg, S., Kohl, T., & Lehnart, S. E. (2014). Analysis of tubular membrane networks
in cardiac myocytes from atria and ventricles. Journal of Visualized Experiments : JOVE, (92),
e€51823. https://doi.org/10.3791/51823

Wagner, E., Lauterbach, M. A, Kohl, T., Westphal, V., Williams, G. S. B., Steinbrecher, J. H., ... Lehnart,
S. E. (2012). Stimulated emission depletion live-cell super-resolution imaging shows proliferative
remodeling of T-tubule membrane structures after myocardial infarction. Circulation Research,
111(4), 402—414. hitps://doi.org/10.1161/CIRCRESAHA.112.274530

Wang, A. H., & Yang, X. J. (2001). Histone deacetylase 4 possesses intrinsic nuclear import and export
signals. Molecular and Cellular Biology, 21(17), 5992—6005.
https://doi.org/10.1128/MCB.21.17.5992-6005.2001

Wang, Z., Qin, G., & Zhao, T. C. (2014). HDAC4: mechanism of regulation and biological functions.
Epigenomics, 6(1), 139-150. https://doi.org/10.2217/epi.13.73

Weber, D. K., Reddy, U. V., Wang, S., Larsen, E. K., Gopinath, T., Gustavsson, M. B., ... Veglia, G.
(2021). Structural basis for allosteric control of the SERCA-Phospholamban membrane complex
by Ca2+ and phosphorylation. ELife, 10, €66226. https://doi.org/10.7554/eL ife.66226

Westenbrink, B. D., Edwards, A. G., McCulloch, A. D., & Brown, J. H. (2013). The promise of CaMKI|
inhibition for heart disease: preventing heart failure and arrhythmia. Expert opinion on therapeutic
targets, 17(8), 889-903. https://doi.org/10.1517/14728222.2013.809064

Werhahn, S. M., Kreusser, J. S., Hagenmiiller, M., Beckendorf, J., Diemert, N., Hoffmann, S., ...
Dewenter, M. (2021). Adaptive versus maladaptive cardiac remodelling in response to sustained
B-adrenergic stimulation in a new ‘ISO on/off model'. PloS One, 16(6), e0248933.
https://doi.org/10.1371/journal.pone.0248933

Wilkins, B. J., Dai, Y.-S., Bueno, O. F., Parsons, S. A, Xu, J., Plank, D. M., ... Molkentin, J. D. (2004).
Calcineurin/NFAT Coupling Participates in Pathological, but not Physiological, Cardiac
Hypertrophy. Circulation Research, 94(1), 110-118.
https://doi.org/10.1161/01.RES.0000109415.17511.18

Williams, J. L., Paudyal, A., Awad, S., Nicholson, J., Grzesik, D., Botta, J., ... Metherell, L. A. (2020).
Mylk3 null C57BL/6N mice develop cardiomyopathy, whereas Nnt null C57BL/6J mice do not. Life
Science Alliance, 3(4). https://doi.org/10.26508/Isa.201900593

Wilsbacher, L. D. (2020). Clinical Implications of the Genetic Architecture of Dilated Cardiomyopathy.
Current Cardiology Reports, 22(12), 170. https://doi.org/10.1007/s11886-020-01423-w

Xiang Y. K. (2011). Compartmentalization of beta-adrenergic signals in cardiomyocytes. Circulation
research, 109(2), 231-244. https://doi.org/10.1161/CIRCRESAHA.110.231340

Xu, H., & Van Remmen, H. (2021). The SarcoEndoplasmic Reticulum Calcium ATPase (SERCA) pump:
a potential target for intervention in aging and skeletal muscle pathologies. Skeletal Muscle, 11(1),
25. https://doi.org/10.1186/s13395-021-00280-7

Zhang, P. (2017). CaMKII: The molecular villain that aggravates cardiovascular disease. Experimental
and Therapeutic Medicine, 13(3), 815-820. https://doi.org/10.3892/etm.2017.4034

Zhanjia, Y., Beard, N. A, Lytton, J., & Bossuyt, J. (2008). Pentamerization and SERCA binding of
phospholamban studied in live HEK293 cells by FRET microscopy. Journal of Molecular and
Cellular Cardiology, 44(1), 175-182. https://pubmed.ncbi.nim.nih.gov/18708665/


https://doi.org/10.3892/etm.2017.4034

CHAPTER Xll. REFERENCES

Zhao, W., Yuan, Q., Qian, J., Waggoner, J. R., Pathak, A., Chu, G., ... Kranias, E. G. (2006). The
presence of Lys27 instead of Asn27 in human phospholamban promotes sarcoplasmic reticulum
Ca2+-ATPase superinhibition and cardiac remodeling. Circulation, 113(7), 995-1004.
https://doi.org/10.1161/CIRCULATIONAHA.105.583351

Zi, M., Stafford, N., Prehar, S., Baudoin, F., Oceandy, D., Wang, X, ... Cartwright, E. J. (2019). Cardiac
hypertrophy or failure? - A systematic evaluation of the transverse aortic constriction model in
C57BL/6NTac and C57BL/6J substrains. Current Research in Physiology, 1, 1-10.
https://doi.org/10.1016/j.crphys.2019.10.001

112



	ACKNOWLEDGMENTS
	I. LIST OF FIGURES
	II. LIST OF TABLES
	III. ABSTRACT
	IV. INTRODUCTION
	4.1 Heart failure and cardiomyopathies
	4.2 Excitation-contraction coupling (ECC) and calcium handling
	4.3  Structure and function of PLN
	4.4 SERCA2a structure and function
	4.4.1 PLN and SERCA2a interaction

	4.5 Phospholamban R14 Δ mutation and R14 Δ cardiomyopathy
	4.6 The importance of PKA and CaMKII in the phosphorylation of PLN WT and R14 Δ
	4.7 The CaMKII substrates, Calcineurin and HDAC4
	4.8 Mouse model to study calcium role on PLN R14 Δ cardiomyopathy
	4.9 Transgenic modification present in the mouse lines used
	4.10 HEK293 cell model to explore a PLN R14 Δ/+ “in trans” phosphorylation hypothesis
	4.11 Intend of the study

	V. THESIS AIM
	VI. MATERIAL AND METHODS
	6.1 Mouse lines
	6.1.1 Mouse breeding

	6.2 Tamoxifen induction
	6.3 6-lead surface electrocardiogram (ECG)
	6.4 Transthoracic Echocardiography (Echo)
	6.5 Left plus septum vs Right ventricle cardiomyocytes isolation
	6.6 Immunofluorescence (IF) combined with microscopy
	6.6.1 Confocal microscopy
	6.6.2 Stimulated Emission Depletion (STED) nanoscopy
	6.6.3 Cardiomyocytes area measurement

	6.7 HEK293 cell culture
	6.8 Plasmid DNA transfection of HEK293 cells
	6.9 Biochemical methods
	6.9.1 Lysis of isolated cardiomyocytes
	6.9.2 Lysis of HEK293 cells
	6.9.3 Protein concentration determination assay
	6.9.4 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
	6.9.5 Phos-tagTM preparation
	6.9.6 WB analysis


	VII. RESULTS I: Investigating the functional impact of CaMKII DKO on R14 Δ pathogenesis
	7.1 Investigation of the PLN R14 Δ/+ mutations and an inducible cardiomyocyte-specific knockout of CaMKII δ/γ in a novel mouse model
	7.1.1 Study design and experimental groups of transgenic animals
	7.1.2 Samples of the biobank

	7.2 Results of experimental procedures for functional evaluation
	7.2.1 Functional evaluation via 6-lead electrocardiogram (ECG)
	7.2.2 Echocardiography (Echo)

	7.3 Analysis of subcellular structure and protein distribution by microscopy
	7.3.1 Generation of an IF Sample Biobank
	7.3.2 Cardiomyocyte area measurements
	7.3.3 Nanoscopy of cellular sub-structures and protein distribution

	7.4 Validation of the inducible CaMKII DKO

	VIII. RESULTS II: Evaluating PKA and CaMKII activity in R14 Δ/+ mice
	8.1 Study design
	8.2 Phosphorylation differences between PLN WT vs R14 Δ/+ mice using WB
	8.3 CaMKII pathway differences between PLN WT vs R14 Δ/+ mice using WB

	IX. RESULTS III: exploring potential for “in trans” phosphorylation of PLN R14 Δ in HEK293 cells
	9.1 Motivation and hypothesis
	9.2 Study design and research aims
	9.3 Validation of PLN-V5 and PLN-V5-APEX2 constructs
	9.3.1 Validation of expression
	9.3.2 Validation of the PLN constructs ability to be phosphorylated following ISO stimulation.
	9.3.3 Validation of the capability of both V5 and APEX pentamers to be disrupted by heating

	9.4 Determine whether PLN R14 Δ can be phosphorylated in the presence of PLN WT, phosphorylation “in trans”
	9.4.1 Attempt to validate formation of hetero-oligomers
	9.4.2 Determine whether R14 Δ can be phosphorylated in the presence of WT


	X. DISCUSSION
	10.1 Investigating the functional impact of CaMKII KO on R14 Δ pathogenesis
	10.1.1 Tamoxifen treatment
	10.1.2 Functional evaluation via 6 lead electrocardiogram
	10.1.3 Echocardiography
	10.1.4 Cardiomyocytes area size measurement
	10.1.5 Nanoscopy of PLN and SERCA protein distribution

	10.2 Evaluating PKA and CaMKII activity in PLN R14 Δ mice
	10.2.1 Phosphorylation differences between PLN WT vs R14 Δ/+ mice using WB
	10.2.2 CaMKII pathway differences between PLN WT vs R14 Δ/+ mice using WB

	10.3 Exploring potential for trans-phosphorylation of  PLN R14 Δ in HEK293 cells
	10.4 Validation of V5-PLN and V5-APEX constructs
	10.4.1 Validation of expression
	10.4.2 Validation of PKA binding to our constructs and their ability to be phosphorylated
	10.4.3 Validation of the capability of both V5 and APEX pentamers to be disrupted by heating

	10.5 Determine whether PLN R14 Δ can be phosphorylated in the presence of PLN WT, “in trans” phosphorylation.
	10.5.1 Attempt to validate formation of hetero-oligomers
	10.5.2 Dephosphorylated vs Phosphorylated PLN detection by Phos-tagTM WB


	XI. SUPLEMENTARY FIGURES
	XII. REFERENCES

