
Deciphering PLN-R14del Cardiomyopathy
               From Pathological Mechanisms 

               to Therapeutic Modulation

D
ecip

h
erin

g P
L

N
-R

14
d

el C
a

rd
iom

y
op

a
th

y         L
iu

 Su
n   20

26

Liu Sun



Stellingen behorende bij het proefschrift: 

 

Deciphering PLN-R14del Cardiomyopathy: 

From Pathological Mechanisms to Therapeutic Modulation 

Liu Sun 

 

1. Distinct pathogenic phospholamban variants may drive cardiomyopathy through 

mechanisms that extend beyond impaired SERCA regulation, including maladaptive 

protein interactions and structural remodeling of the sarco/endoplasmic reticulum – this 

thesis 

2. In a mouse model of PLN-R14del cardiomyopathy, common cardiac remodeling 

pathways are not sufficient to accelerate disease onset. – this thesis 

3. In PLN-R14del cardiomyopathy, disruption of sarco/endoplasmic reticulum organization 

and proteome homeostasis occurs early and precedes major functional deterioration – this 

thesis 

4. The therapeutic benefit of PLN-ASO in PLN-R14del cardiomyopathy appears to be 

driven primarily by restoration of SR structure rather than by correction of calcium 

cycling. – this thesis 

5. PLN silencing is a promising targeted therapeutic strategy because interventions aimed at 

the primary molecular defect are more likely to succeed than those aimed only at 

downstream consequences – this thesis 

6. Computational modeling of PLN complexes can complement experimental biology and 

improve our mechanistic understanding of variant-specific cardiomyopathy – this thesis 

7. Difficult circumstances may slow a person down, but they do not determine the final 

destination. 

8. Per aspera ad astra. – Latin proverb 

 



 
 

 
 
 
 
 
 
 
 
 
 

 

Deciphering PLN-R14del Cardiomyopathy: 

From Pathological Mechanisms to 

Therapeutic Modulation  

 

 

 

 

 

 

Liu  Sun 

孙  柳 
  



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Liu Sun 
Deciphering PLN-R14del Cardiomyopathy: From Pathological Mechanisms to 
Therapeutic Modulation 
  
PhD dissertation University of Groningen, the Netherlands 
The publication of this thesis was financially supported by University of Groningen, 
University Medical Center Groningen, and Graduate School of Medical Sciences. 
 
Cover design: Liu Sun 
Lay-out: Liu Sun 
Printed by: ProefschriftMaken.nl 
Copyright © 2026 by Liu Sun 
 
All rights reserved. No part of this publication may be reproduced, stored in a 
retrieval system, or transmitted in any form or by any means, electronic, mechanical, 
photocopying, recording or otherwise, without prior permission. 
 
 



 
 

 
 

 
 
 

 
 
 
 
 

Deciphering PLN-R14del Cardiomyopathy: 

From Pathological Mechanisms to 

Therapeutic Modulation  
 
 
 
 
 

PhD thesis 
 
 
 
 

to obtain the degree of PhD at the 
University of Groningen 
on the authority of the 

Rector Magnificus Prof. E. Sterken 
and in accordance with 

the decision by the College of Deans. 
  

This thesis will be defended in public on 
  

Wednesday 27 May 2026 at 16:15 hours 
 

by 
 
 

Liu Sun 
Born on 11 August 1993 

  



 
 

Supervisor 
Prof. H. H. W. Silljé 
 
Co-supervisor 
Dr. V. Oliveira Nunes Teixeira 
 
Assessment committee 
Prof. R.A. de Boer 
Prof. A. J. A. van de Sluis 
Prof. J. P. van Tintelen 
  



 
 

Paranymphs 
Rani Puspitarani 
Xuanxuan Guo 
  



 
 

 
 
  



 
 

 

TABLE OF CONTENTS 
 
 
 
Chapter 1 Introduction and aims 2 
   
Chapter 2 Beyond SERCA: Emerging mechanisms of pathogenic 

PLN variants in cardiomyopathy 
16 

   
Chapter 3 Cardiac remodeling pathways do not accelerate disease 

onset and severity in a mouse model of PLN-R14del 
cardiomyopathy 

42 

   
Chapter 4 An inducible mouse model of PLN-R14del 

cardiomyopathy reveals early proteomic changes in the 
sarco/endoplasmic reticulum 

80 

   
Chapter 5 In PLN-R14del mice, SR structure restoration, rather than 

calcium cycling, is the dominant effector of PLN-ASO 
treatment 

108 

   
Chapter 6 Simulating the impact of phospholamban (PLN) silencing 

on PLN complexes in PLN-R14del cardiomyopathy 
142 

   
Chapter 7 General discussion and future perspectives 160 
   
Appendices  174 
 Netherlandse samenvatting    Dutch summary  
 Dankwoord    Acknowledgements  
 Curriculum vitae    About the author  

 
  



 
 

  



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Introduction and aims 
 

Chapter 1 



 
 

General introduction 
Introduction to Cardiomyopathy 
Cardiomyopathy comprises a heterogeneous group of disorders affecting the 
myocardium, and is characterized by structural and/or functional abnormalities of the 
heart muscle. These changes may cause enlargement of the heart, thickening of heart 
walls, or increased stiffness, ultimately reducing cardiac performance and reducing the 
ability to pump blood efficiently. The etiology of cardiomyopathy is diverse and 
includes genetic mutations, viral infections, metabolic or autoimmune disorders, as well 
as prolonged exposure to cardiotoxic agents such as alcohol and certain medications. 
 
Genetically determined cardiomyopathies, also referred to as inherited 
cardiomyopathies, constitute a subset of heart muscle diseases caused by pathogenic 
variants transmitted within families. These conditions typically arise from mutations in 
genes involved in sarcomere structure, desmosome integrity, or ion channel function. 
As a result, they can lead to progressive myocardial dysfunction and an increased risk 
of heart failure, arrhythmias, and sudden cardiac death.1,2 
 
Cardiomyopathies can broadly be classified into several types of which the major forms 
are summarized here. I) Hypertrophic cardiomyopathy (HCM) is primarily 
characterized by abnormal thickening of the heart muscle, which can lead to left 
ventricular outflow obstruction, diastolic dysfunction, and arrhythmias. It is most 
commonly associated with mutations in sarcomeric genes such as MYH7 (β-myosin 
heavy chain) and MYBPC3 (myosin-binding protein C).3 II) Dilated cardiomyopathy 
(DCM), is marked by ventricular dilation and systolic dysfunction, often resulting from 
mutations in a diverse set of genes, including amongst others, TTN (titin), LMNA 
(lamin A/C), and PLN (phospholamban).4-6 III) Arrhythmogenic cardiomyopathy 
(ACM) primarily affects the right ventricle and is characterized by the replacement of 
myocardial tissue with fibrofatty deposits. It is commonly associated with mutations in 
desmosomal genes such as PKP2, DSG2, DSC2, JUP and DSP.7 IV) Restrictive 
cardiomyopathy (RCM) is a rarer form, distinguished by abnormal diastolic function 
that leads to severe heart stiffness and restricted ventricular filling. This condition is 
often linked to mutations in troponin genes (TNNC1, TNNT2, and TNNI3), which 
impair myocardial relaxation.8 Although the different cardiomyopathy subtypes were 
originally defined by phenotypic characteristics, specific genetic variants do not always 
confirm to a single classification. In some cases, the same pathogenic variant may give 
rise to distinct cardiomyopathy phenotypes depending on the individual carrier. 
Furthermore, different variants of the same gene may also cause different types of 
cardiomyopathies. Thus, there can be considerable complexity and overlap between 
cardiomyopathies.  
 
Introduction to PLN-Related Genetic Cardiomyopathy 
Despite its small size, the phospholamban (PLN or PLB) gene harbors numerous 
mutations that have been implicated in inherited cardiomyopathies. Over the past 
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decades, a number of human PLN variants have been identified as disease causing, 
including E2stop,9 R9C,10 R9H,11 R9L,11 R14del,12 R25C,13 and L39stop,14 Although 
the exact pathological mechanisms of the PLN variants are still incompletely 
understood, we do have comprehensive knowledge on the physiological function of 
PLN. This tiny 52-amino acid protein is located in the sarcoplasmic reticulum (SR) 
membrane of ventricular myocytes (Figure 1). It plays a crucial role in regulating 
calcium (Ca²⁺) homeostasis in ventricular cardiomyocytes by modulating the activity 
of the sarcoplasmic reticulum calcium ATPase 2a (SERCA2a). PLN can assemble into 
pentamers or exist as monomers, with the monomeric form being the primary functional 
inhibitor of SERCA2a. In its dephosphorylated state under resting conditions, 
monomeric PLN binds to SERCA2a and lowers its apparent affinity for Ca²⁺, thereby 
limiting Ca²⁺ reuptake into the sarcoplasmic reticulum (SR) during diastole. 
 
The inhibitory action of PLN on SERCA2a is dynamically regulated by the β-
adrenergic pathway. Upon β-adrenergic stimulation, PLN is phosphorylated by the 
cAMP-dependent protein kinase (PKA) at serine 16 and undergoes a conformational 
change that relieves its inhibitory effect on SERCA2a, thereby enhancing calcium 
reuptake into the SR.15 This phosphorylation-dependent regulation of SERCA2a by 
PLN is important for maintaining proper calcium cycling, ensuring efficient cardiac 
muscle relaxation and contraction (Figure 1). 
 

 
Figure 1. Schematic representation of the function of Ca2+ flow in healthy cardiac myocytes. 
Upon an action potential in late diastole, (1) extracellular Ca2+ enters cardiomyocytes and (2) triggers the 
release of large amounts of Ca2+ via the Ryonodine Receptor 2 (RyR2) from the sarcoplasmic reticulum 
(SR). This causes the (3) contraction of sarcomeres. (4) SERCA2a mediated SR Ca2+ uptake, results in 
reduced cytoplasmic Ca2+ concentration and hence (5) relaxation of sarcomeres. The Ca²⁺ reuptake by 
SERCA2a (4) is regulated by PLN, which on its turn is controlled by reversible phosphorylation (P). 
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PLN-R14del cardiomyopathy 
Among the different pathological PLN variants, the most prevalent one is the deletion 
of amino acid residue arginine 14 (p.Arg14del) also termed PLN-R14del. This variant 
was first described in 2006 to be present in a Greek family.12 A screening study by van 
der Zwaag et al. on Dutch patients with DCM and ACM found that approximately 12% 
of ACM patients and 15% of DCM patients carry the PLN-R14del mutation in the 
Netherlands, with over 1,500 carriers identified.16 The relative high presence of the 
PLN-R14del variant in the northern Netherlands, turned out be due to a novel founder 
mutation, which is believed to have originated around 1400 A.D..16,17 All known 
carriers in the Netherlands therefore share the same haplotype.16,18,19 This variant has 
also been reported worldwide, including in other European countries such as Norway,20 
Germany,21 Belgium,20 and the UK,20 as well as in the United States,22 Canada,23 and 
China.24 Its presence across multiple populations suggests a broader global distribution 
beyond its originally identified founder region. 
 
To date, no homozygous individuals have been unequivocally identified. Clinical 
manifestations among heterozygous PLN-R14del carriers exhibit significant variability. 
While some individuals develop inherited DCM, experience impaired cardiac 
contractility, abnormal electrocardiography, frequent ventricular arrhythmias, and heart 
failure leading to early mortality, others remain asymptomatic with normal 
echocardiographic findings, particularly at a young age.25,26 Others may experience an 
ACM phenotype, with potential risk of sudden cardiac death. This variability indicates 
that additional factors may play a role in modulating disease penetrance. 
 
Histopathological analyses of PLN-R14del patients revealed extensive ventricular 
fibrosis, a common characteristic often observed in DCM and ACM. Moreover, 
fibrofatty replacement, often present in ACM, has also been observed in PLN-R14del 
cardiomyopathy.27,28 Electrocardiographic abnormalities commonly observed in 
carriers include low QRS voltages, inverted T waves, and decreased R-wave amplitudes, 
regardless of echocardiographic findings.12,16 Notably, PLN protein aggregation has 
been identified in the myocardial tissue of PLN-R14del-associated DCM patients but 
not in other forms of DCM, suggesting a distinct pathophysiological mechanism 
(Figure 2).29 These pathological and electrical abnormalities are absent in unaffected 
family members, reinforcing the direct association of this variant with disease 
development. 
 
Potential mechanisms and novel therapy of PLN-R14del cardiomyopathy 
The absence of the amino acid arginine at position 14 in the PLN protein prevents its 
phosphorylation by PKA. As a result, PLN-R14del was believed to remain in a 
persistently dephosphorylated state, leading to sustained inhibition of SERCA 
activity.12 This constitutive inhibition was hypothesized to cause SERCA super-
inhibition, significantly impairing calcium reuptake into the sarcoplasmic reticulum 
(SR). Consequently, intracellular calcium handling would be impaired increasing the 
susceptibility to arrhythmias and heart failure.12 
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However, studies on the topology and conformational dynamics of PLN-R14del in 
isolated in vitro systems revealed that while WT-PLN inhibited SERCA activity, the 
inhibitory effect of PLN-R14del was significantly weaker.30,31 Calcium measurements 
in isolated mouse cardiomyocytes further demonstrated accelerated relaxation and 
enhanced Ca²⁺ uptake into the sarcoplasmic reticulum (SR) in PLN-R14del mice 
compared to WT cardiomyocytes.32-34 Also in human iPSC (induced pluripotent stem 
cell) derived PLN-R14del cardiomyocytes no enhanced inhibition of calcium uptake 
was observed.33 Taking together, this suggests that PLN-R14del could be a (partial) 
loss-of-function variant rather than a SERCA2a super-inhibitor. 
 
Immunohistochemistry revealed an abnormal cytoplasmic distribution and perinuclear 
accumulation of PLN protein in myocardial sections from PLN-R14del carriers’ 
biopsies. Notably, this aberrant PLN localization was not observed in myocardial 
sections from patients with other forms of DCM.29,35 A mouse model exhibiting similar 
characteristics was utilized to investigate this hallmark of PLN-R14del 
cardiomyopathy.36 In this model, PLN-R14del protein initially forms small speckles, 
which progressively develop into larger clusters as the disease advances. 
Immunofluorescence microscopy revealed these abnormal protein distributions 
suggests that they likely represent abnormal sarcoplasmic/endoplasmic reticulum 
(S/ER) clusters rather than PLN-specific protein aggregates.32 PLN-R14del can also 
induce endoplasmic reticulum (ER) stress and activation of the unfolded protein 
response (UPR).37,38 In PLN-R14del cardiomyopathy, UPR activation may act 
protectively by reducing ER stress, which in turn helps maintain cellular function and 
may attenuate disease progression. These findings highlight the critical role of 
pathological S/ER alterations as a key underlying mechanism in PLN-R14del 
cardiomyopathy. 
 
In PLN-R14de iPSCs, proteomic analysis revealed a reduction in endoplasmic 
reticulum (ER), ribosomal, and mitochondrial proteins. Electron microscopy further 
demonstrated ER dilation and the presence of large lipid droplets closely associated 
with mitochondria.39 The reduced mitochondrial content and altered metabolic profile 
in PLN-R14del cardiomyopathy were accompanied by impaired mitochondrial 
respiration, significantly elevated steady-state levels of reactive oxygen and nitrogen 
species (ROS/RNS), and compromised adenosine triphosphate (ATP) synthesis. The 
latter changes are commonly observed in heart failure and may also be related to 
secondary effects.39 
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Figure 2. Six pathological features of PLN R14del cardiomyopathy that have been identified on a cellular 
and sub-cellular level.  
 
 
Current and novel treatments 
Due to the limited understanding of the pathogenic mechanisms underlying PLN-
R14del cardiomyopathy, there are currently no targeted therapies available. Clinical 
management is primarily supportive and aligned with guideline-directed therapy for 
heart failure and arrhythmia control. Treatment typically includes pharmacological 
agents such as beta-blockers, angiotensin-converting enzyme (ACE) inhibitors, and 
anti-arrhythmic drugs. Implantable cardioverter-defibrillators (ICDs) are frequently 
utilized to mitigate the risk of sudden cardiac death. In cases of end-stage heart failure, 
heart transplantation remains the definitive therapeutic option.19 
 
Ongoing research continues to explore novel therapeutic strategies, including gene 
editing, pharmacological therapeutics targeting improve cardiac contractility, and 
molecular chaperone therapies, hold promise for directly targeting the underlying 
genetic causes of inherited cardiomyopathy, paving the way for improved long-term 
outcomes.40,41 Among these strategies, PLN silencing has already been tested in 
preclinical PLN-R14del cardiomyopathy models, where partial PLN knockdown 
produced robust improvements in cardiac function and reduced the size of pathological 
PLN clusters, thereby underscoring the translational potential of this approach.38,42,43 
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Aims and outline of this thesis  
The overall aim of this thesis is to elucidate the molecular and pathophysiological 
mechanisms underlying PLN-R14del cardiomyopathy and to explore potential 
therapeutic strategies. Specifically, this work aimed to: 

• Provide an overview of shared and mutation-specific disease mechanisms 
across different PLN variants. 

• Examine cardiac stress as a potential modifier influencing disease onset and 
progression.  

• Identify early molecular alterations that drive disease progression. 
• Assess the dose-dependent therapeutic effects of PLN-ASO and investigate the 

underlying mechanisms of PLN-R14del cardiomyopathy.  
 
In Chapter 2, we provide a comprehensive overview of all PLN-related mutations 
discovered worldwide that lead to cardiomyopathy. Alterations in this small protein, 
consisting of only 52 amino acids, can significantly impact cardiac function. In this 
chapter, we describe the clinical manifestations and key findings of animal and cellular 
models of various pathogenic PLN variants and discuss their potential pathogenic 
mechanisms. By comparing these mutations, we aim to provide new insights and 
perspectives for developing targeted approaches to PLN cardiomyopathy. 
 
In Chapter 3, we address the pronounced heterogeneity in disease onset and severity 
among PLN-R14del carriers. We investigate whether cardiac stress may contribute to 
the variable disease penetrance observed in humans by using a PLN-R14del mouse 
model. We employed transverse aortic constriction (TAC), a well-established method 
for imposing cardiac afterload, to determine whether pressure overload accelerates 
disease onset and development in PLN-R14del cardiomyopathy. 
 
In Chapter 4, we develop a novel inducible PLN-R14del mouse model based on the 
MerCreMer system with tamoxifen injections. This “inducible system” allows for 
synchronized transition from the wild-type PLN to the pathogenic PLN-R14del variant. 
This approach allows for a more precise identification of disease development and 
temporal pathological changes, providing a solid foundation for further investigation 
into the pathophysiological mechanisms of PLN-R14del cardiomyopathy. 
 
In Chapter 5, we use a homozygous PLN-R14del mouse model to investigate the 
effects of antisense oligonucleotide (ASO)-mediated silencing in PLN-R14del 
cardiomyopathy, focusing on both outcome and underlying mechanisms. Previous 
studies established that silencing the pathogenic PLN gene using ASO therapy can have 
beneficial effects. However, neither the optimal dose, nor the underlying mechanisms 
of PLN silencing improved cardiac function were explored. In this chapter, we explore 
the potential molecular and cellular mechanisms underlying this therapeutic effect. 
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In Chapter 6, we simulate the effect of PLN depletion on the different forms of PLN-
WT and PLN-R14del, namely monomer, pentamer and complexed to SERCA2a. This 
computer modelling reveals that different PLN forms show distinct sensitivity to PLN 
silencing. This may be important for future therapeutic developments. 
 
In Chapter 7, we summarize the main findings and implications of this thesis, along 
with future perspectives for PLN cardiomyopathy. 
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Abstract 
The heart is a vital circulatory pump, and its dysfunction remains one of the leading 
causes of death worldwide. The fundamental mechanism of calcium-controlled and 
sarcomere-mediated cardiac contraction and relaxation is well established. However, 
our understanding of the pathological processes that disrupt this essential 
contraction/relaxation cycle remains limited. In this review we focus on 
phospholamban (PLN) protein, encoded by the PLN gene. PLN is predominantly 
expressed in the heart, where it modulates the activity of sarco/endoplasmic reticulum 
Ca2+-ATPase 2a (SERCA2a) and thereby regulates calcium uptake into the 
sarcoplasmic reticulum (SR), a key determinant of sarcomere relaxation. Importantly, 
numerous pathogenic PLN variants have been identified that cause inherited 
cardiomyopathies, including arrhythmogenic cardiomyopathy (ACM), dilated 
cardiomyopathy (DCM), and subsequent heart failure. Despite intensive investigations, 
the precise molecular consequences of these pathogenic variants remain incompletely 
understood. Pathogenic PLN variants can lead to either gain- or loss-of-function effects, 
altered phosphorylation, or even acquisition of novel deleterious properties that impair 
cardiac function. Here, we summarize the basic principles of PLN function, and 
highlight that different PLN variants disrupt distinct molecular mechanisms, suggesting 
that tailored therapeutic strategies may be required to address the spectrum of PLN-
associated cardiomyopathies.  
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Introduction 
Cardiac contraction (systole) and relaxation (diastole) rely on tightly regulated 
intracellular calcium cycling between sarcoplasmic reticulum (SR) and cytosol in 
cardiomyocytes. Relaxation of the myocardium requires efficient reuptake of cytosolic 
calcium into the SR, primarily mediated by the sarco/endoplasmic reticulum Ca²⁺-
ATPase 2a (SERCA2a).1 Phospholamban (PLN) is a small, single-pass transmembrane 
protein of the SR that modulates SERCA2a activity and thereby plays a central role in 
cardiac calcium homeostasis.2  
 
PLN was first identified as a key substrate of protein kinase A (PKA) in cardiac SR 
fractions. It was subsequently established that this small 52 amino acid protein can 
consist in a monomeric and pentameric configuration and control SERCA2a mediated 
SR calcium uptake and hence serve as a canonical regulator of beat-to-beat Ca²⁺ 
handling (Figure 1).3-5 
 

 
Figure 1. Schematic representation of PLN-dependent regulation of SERCA2a. 
Panels show SERCA2a in the sarcoplasmic reticulum (SR) membrane together with unphosphorylated 

(left) or phosphorylated (right) phospholamban (PLN). In the unphosphorylated state, PLN reduces 

SERCA2a calcium affinity, limiting Ca²⁺ reuptake into the SR lumen. Upon phosphorylation of PLN by 

protein kinase A (PKA), this inhibitory action is relieved, leading to enhanced SERCA2a-mediated Ca²⁺ 

uptake and increased SR Ca²⁺ load. 

 
Structurally, PLN comprises a cytoplasmic regulatory hydrophilic region domain I 
(residues 1-30) and a transmembrane hydrophobic domain II (residues 31-52).2,6 PLN 
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adopts an L-shaped conformation formed by two α-helices connected by a β-turn (Thr17, 
Ile18, Glu19, and Met20).7 Domain I can be further subdivided into domain Ia (residues 
1-16) containing the Ser16 PKA phosphorylation site, a loop structure (residues 17-22) 
containing the Thr17 Ca2+/calmodulin-dependent protein kinase II (CaMKII) 
phosphorylation site, and domain Ib (residues 23-30) which is positioned at the lipid 
head group/water interface.2,7,8 This modular architecture couples signal reception in 
the cytosol with assembly interfaces in the membrane, enabling conformational and 
topological changes of PLN and its regulatory influence on SERCA2a (Figure 2). 
 

 

Figure 2. Schematic representation of human phospholamban (PLN) sequence, structural domains, 

functional sites, and clinical variants. 
Diagram of human PLN showing residues 1-52 grouped into the cytosolic domains Ia, loop, Ib and 

membrane domain II. The left part represents the cytoplasmic portion of PLN, whereas the shaded region 

on the right corresponds to the transmembrane segment. Circles denote individual amino acids, with 

magenta-outlined residues indicating reported pathogenic variants. Two phosphorylation sites, Ser16 

(PKA) and Thr17 (Ca2+-calmodulin-dependent protein kinase II, CaMKII), are highlighted in yellow. 

Blue-shaded residues mark the canonical leucine/isoleucine zipper motif that stabilizes the pentameric 

structure of PLN. The green-hatched region indicates the hinge region of PLN, which is highly conserved 

across mammals, with the exception that lysine (K) in human PLN is replaced by asparagine (N) in most 

other mammals, including mice. Reported human pathogenic variants are mapped to their corresponding 

positions along the sequence and annotated with the original references. Colored circles indicate mutation 

type (red for deletion, yellow for missense, blue for nonsense), whereas the color of the variant labels 

denotes the proposed functional consequence (red for gain of function, green for loss of function, black 

for unclear). 
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Unphosphorylated PLN interacts with SERCA2a through intramembrane contacts, 
thereby reducing the affinity of SERCA2a for calcium. This inhibitory effect can be 
alleviated either by an increase in intracellular Ca²⁺ concentration or by phosphorylation 
of PLN.4,9-11 The regulatory role of PLN in SERCA2a activity has therefore long been 
considered the major mechanism linking PLN to cardiac physiology and disease. Based 
on this framework, mechanistic studies of PLN cardiomyopathy historically focus on 
dysregulated calcium handling and impaired myocardial relaxation as the primary 
drivers of pathology. However, this perspective has increasingly been challenged. 
Emerging evidence suggests that abnormalities in PLN structure, altered 
oligomerization dynamics, and S/ER clustering may also exert pathogenic effects, 
potentially independently of PLN inhibitory interaction with SERCA2a.12 

 
In this review, we discuss how pathogenic PLN variants affect PLN structure and 
topology, thereby altering its monomer-pentamer equilibrium and interactions with 
SERCA2a and other proteins, and potentially leading to acquisition of novel deleterious 
properties that impair cardiac function. 
 
PLN pentamer-monomer structure and regulatory balance 
Structurally, PLN exists in a dynamic equilibrium between a monomeric and a 
pentameric state. The monomer is generally regarded as the functionally active 
inhibitory form, directly binding to SERCA2a and reducing its Ca²⁺ affinity, whereas 
the pentameric form is often regarded as an inactive or storage state that serves as a 
molecular reservoir predominating under resting conditions.13 Each PLN monomer 
comprises a cytoplasmic regulatory domain and a transmembrane α-helix that mediates 
oligomerization through hydrophobic interactions, most notably involving residues 
within the leucine/isoleucine zipper motif (Leu37, Ile40, Leu44, Ile47, Leu51) (Figure 
2). The predominant structural conformation of pentameric phospholamban mainly 
adopts a “pinwheel” topology, in which the cytoplasmic domains extend along and 
interact intimately with the SR membrane surface.14 PLN pentamerization modulates 
the sensitivity and dynamic range of the SERCA-PLN regulatory system during 
physiological stress.13 The pentamer-monomer balance is highly sensitive to multiple 
regulatory factors, including phosphorylation,15 calcium concentration, lipid 
composition,16 oxidative modifications, temperature and PLN variants.17-19 Genetic or 
biochemical perturbations that promote pentamer formation alter the kinetics and the 
extent to which SERCA2a inhibition is relieved during β-adrenergic stimulation, 
thereby influencing cardiac relaxation (lusitropy) under load.13 Thus, the delicate 
equilibrium between PLN pentamers and monomers constitutes a key regulatory node 
for fine-tuning cardiac Ca²⁺ cycling, and its disruption, such as through pathogenic 
mutations, that may contribute to the development of cardiomyopathy. 
 
In contrast to domain II, which exhibits a similar structure in different structural studies, 
domain I displays markedly greater conformational flexibility. Phospholamban can 
adopt three distinct conformational states, two inhibitory conformations, T state and R 
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state, and a non-inhibitory conformation B state. The T state is characterized by a helical, 
membrane-associated domain Ia, whereas the excited R state corresponds to an 
unfolded, membrane-detached configuration.7,20 Although both R and T state are 
inhibitory, the R state has weaker inhibitory action and adopts a conformation more 
similar to structural effects observed for Ser16-phosphorylated PLN, including the 
more dynamic and disordered conformation.6,21 By shifting the equilibrium between T 
and R states, the extent of SERCA2a inhibition by PLN can be tuned.22 When PLN is 
bound to SERCA2a and becomes phosphorylated on Ser16, PLN shifts the populations 
toward the “B state”, which is non-inhibitory, further illustrating the complexity of its 
regulatory cycle. The reversible inhibition of SERCA2a activity by PLN can be divided 
into two steps. One is the association/dissociation of pentamer of PLN. And second is 
the association/dissociation of monomeric PLN and SERCA2a (Figure 3).10 PLN 
mutations alter either one or more steps of the regulation process, which may lead to 
the gain or loss of SERCA2a activity inhibition. 
 
 

 
Figure 3. Conformational changes and transitions of PLN and SERCA2a inhibitory effects. 

Schematic depiction illustrating the dynamic interconversion of PLN (yellow) between pentameric and 

monomeric states and its functional interaction with SERCA2a (blue). The left panel shows PLN in a 

pentameric “storage” form, which exists in equilibrium between R and T conformations within the SR 

membrane. Dissociation of the pentamer yields monomeric PLN, which in its R and T states acts as an 

inhibitory species. Transition to the B state (right), in which PLN is phosphorylated by PKA and 

displaced from its inhibitory site on SERCA2a, relieves inhibition and restores full SERCA2a function. 

Arrows indicate the reversible equilibria between these conformational and oligomeric states. 

 
 
While PLN monomers directly inhibit SERCA2a through physical interaction, 
pentamers function as phosphorylation buffers owing to their higher affinity for PKA, 
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thereby delaying monomer phosphorylation and ensuring a more gradual and controlled 
regulation of SERCA2a activity.23-25 Mutational studies have highlighted the 
importance of residues 37-52 (which constitute leucine/isoleucine zipper motif) for this 
balance. Substitutions such as L37A and I40A destabilize pentamer formation, increase 
the proportion of monomeric PLN, and result in a “super-inhibitory” effect on 
SERCA2a activity. In contrast, the C41F mutation also favors a monomeric state but 
paradoxically exhibits weaker inhibitory capacity than wild-type PLN, suggesting that 
monomerization alone is not sufficient to account for functional regulation of 
SERCA2a activity.26 Collectively, these findings indicate that PLN’s regulatory role 
cannot be explained solely by the presence of monomers, but rather by the dynamic 
interplay between monomeric and pentameric states, the structural integrity of the 
coiled-coil domain, and their responsiveness to phosphorylation. Notably, most 
monomer mutational studies to date have been performed in a PLN-null background, 
which provides a clear mechanistic readout but may not fully capture the complexity of 
PLN regulation under physiological conditions. Introducing these variants into a wild- 
type background could therefore yield deeper insights into how monomer-pentamer 
equilibrium and cooperative interactions fine-tune SERCA2a function in vivo. 
 
Molecular network and protein-protein interactions of PLN 
Because of the relationship of PLN/SERCA2a, myocardial contractility and relaxation 
are highly dependent on PLN phosphorylation. PKA phosphorylation on Ser16 was 
shown to be sufficient for mediating the maximal cardiac responses to beta-adrenergic 
stimulation.27 The role of CaMKII-mediated Thr17 phosphorylation is less well 
established and most likely involves adaptation to altered cytoplasmic calcium 
concentraties.28 Recent evidence further suggests a regulatory “locking” mechanism in 
which Ser16 and Thr17 phosphorylation together generate a binding site for 14-3-3 
proteins, thereby limiting dephosphorylation by protein phosphatase 1c. Thr17 
phosphorylation appears to provide a more energetically favorable 14-3-3 interaction, 
implying that CaMKII-mediated PLN modification may produce a longer-lasting, 
“memory-like” effect.29 Functionally, phosphorylation of PLN relieves its inhibitory 
effect on SERCA2a, but the precise structural basis of this regulation has long been 
debated. Structural studies suggest that phosphorylation does not cause PLN to 
dissociate from SERCA2a but instead induces local conformational changes, 
particularly within the cytoplasmic regulatory domain, thereby weakening the affinity 
of PLN monomers for SERCA2a.30-32 Importantly, several pathogenic PLN variants, 
including R9C, R9H, and R14del, appear to be unresponsive to phosphorylation, such 
that PKA or CaMKII mediated signaling fails to modify SERCA2a inhibition.33-35 
Mechanistically, these mutations may alter the accessibility of phosphorylation sites or 
impair the conformational transition that normally follows phosphorylation, thereby 
locking PLN in an specific state. Additionally, S-palmitoylation at Cys36, through the 
attachment of a 16-carbon palmitate, increases PLN hydrophobicity and has been 
suggested to enhance phosphorylation and favor pentamer formation.36 Together, these 
findings underscore that the inability of PLN to respond to phosphorylation represents 
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an important disease mechanism, while restoration or mimicking of phosphorylation 
can provide therapeutic benefit. 
 
Recent studies reveal that PLN mutations perturb protein-protein interaction networks 
that extend beyond SERCA2a. HAX-1, an anti-apoptotic protein present in the outer 
mitochondrial membrane, has been reported to enhance the inhibitory effect of PLN on 
SERCA2a. The interaction with HAX-I may also serve an important role in mediating 
SR/mitochondrial communication and influencing mitochondrial calcium 
concentartions.37 AKAP18δ (A-kinase anchoring protein 18δ) also functionally 
regulates CaMKII at both the PLN-SERCA and ryanodine receptor (RyR) complexes.38 
Furthermore, protein phosphatase 1 (PP1) and its regulatory subunit interact with PLN 
complexes thereby mediating PLN dephosphorylation and thereby suppressing 
SERCA2a activity.39 Additionally, PLN together with sarcolipin (SLN) and DWORF 
points to a broader micropeptide network that shapes SERCA2a regulation.40 These 
findings indicate that the regulation and function of PLN are more complex than 
originally appreciated, as alterations in PLN oligomerization, membrane organization, 
and interactions with protein beyond SERCA2a can reshape pathophysiological 
behavior of PLN. 
 

Clinical pathogenic PLN variants 

Since the first variant PLN R9C was found in 2003, numerous other PLN variants have 
been identified with proven relation to cardiac function, in addition a variant of 
uncertain significance.33,41 Pathogenic variation comprises deletions, missense, and 
nonsense, with phenotypes ranging from asymptomatic presentation to dilated 
cardiomyopathy, hypertrophic cardiomyopathy, and ventricular tachycardia.41 The 
clinical observations highlight the diverse pathogenic mechanisms of PLN variants 
beyond altered SERCA2a inhibition alone. Given that PLN is highly conserved across 
vertebrate species, mechanistic insights from model organisms have been instrumental 
in elucidating how distinct PLN variants disrupt Ca²⁺ handling and contribute to 
cardiomyopathy.42 Notably, human and mouse PLN differ at only one residue (position 
27, Lys in human versus Asn in mouse), supporting the translational relevance of 
experimental findings across species.43 

 
Pathogenic missense variants 
PLN R9C, R9L and R9H  
Several human missense variants affect PLN codon 9, including c.25C>T (p.Arg9Cys, 
R9C), c.26G>T (p.Arg9Leu, R9L), and c.26G>A (p.Arg9His, R9H), indicating that 
Arg9 is a mutational hotspot in phospholamban.33,34 Located in the cytosolic regulatory 

2 

23 



 
 

2 

segment (domain Ia). This residue enhances the efficiency of Ser16 phosphorylation 
and is essential for proper protein kinase A recognition, particularly in the context of 
the PLN pentamer.45 
 
The PLN p.Arg9Cys (R9C) variant was initially identified in patients with dilated 
cardiomyopathy and heart failure. Consistent with these clinical observations, 
transgenic mice carrying the PLN-R9C mutation develop DCM at 4 months of age 
resulting in heart failure death at 5 months of age on average.33,46 Additionally, Schmitt 
et al. demonstrated the association between the dose-dependent inhibition effect of 
PLN-R9C using transgenic mice carrying 2 (PLN+/++TgPLNR9C), 1 (PLN+/-+TgPLNR9C) 
or 0 (PLN-/-+TgPLNR9C) endogenous PLN alleles.47 Mice carrying both endogenous 
wild-type PLN and transgenic PLN-R9C exhibit DCM with the shortest lifespan, 
suggesting a dominant-negative or gain-of-toxic-function effect of the R9C mutation in 
the presence of wild-type PLN. In contrast, PLN-/-+TgPLNR9C mice survive 
significantly longer, indicating that the pathogenicity of R9C is amplified by the 
presence of wild-type PLN. In the presence of PLNwt, a reduced SR Ca2+ uptake rate 
was observed in TgPLNR9C mouse cardiomyocytes, indicative for enhanced SERCA2a 
inhibition. However, in the absence of PLNwt, the SR Ca2+ reuptake rate of TgPLNR9C 
mouse cardiomyocytes is even higher than control WT cardiomyocytes, suggesting that 
PLNR9C reduces SERCA2a activity on its own.47 Thus PLN-R9C alone reduces 
SERCA2a activity, but in the presence of WT PLN it enhances SERCA2a inhibition. 
One potential explanation for the loss of inhibition is that cysteine disulfide bridges in 
the cytoplasmic domains of PLN-R9C stabilize the pentamer, making it unable to 
deoligomerize and regulate SERCA2a.18 An engineered monomeric (AFA) variant of 
PLN-R9C does show stronger SERCA2a inhibition as compared to WT PLN, 
indicating that stable pentamer formation is indeed the likely cause of reduced PLN-
R9C SERCA2a inhibition in the absence of WT PLN.48 Since PLN-/-+TgPLNR9C mice 
do develop disease, whereas PLN KO mice are disease free in the absence of SERCA2a 
regulation, this suggests that stable pentamers could have detrimental actions in these 
mice. An explanation of the inhibitory action in the presence of WT PLN may come 
from the observation that PLNR9C can trap PKA and inhibit WT PLN phosphorylation 
of PKA thereby generating a constitutive SERCA2a inhibitory WT PLN pool.33 Thus, 
multiple mechanisms may contribute to disease development in PLN-R9C carriers. 
 
Similar to R9C, both R9L and R9H variants were linked to idiopathic dilated 
cardiomyopathy (DCM) and reduced ejection fraction, ultimately resulting in 
premature death.44 The R9H variant is considered a low-penetrant allele in humans, as 
not all carriers within the same family exhibit clinical manifestations of cardiac 
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disease.44 This same PLN-R9H mutation is also identified in a family of Welsh Springer 
Spaniels. In contrast to humans, R9H in dogs is highly penetrant and frequently 
associated with biventricular dilation, systolic dysfunction, ventricular arrhythmias, 
and sudden death.49 This difference in severity, may reflect species-dependent 
differences in PLN structure and protein-protein interaction networks. PLN-R9L 
substitutes a hydrophobic residue for the positively charged Arg9, a physicochemical 
change that may underlie comparable cardiac dysfunction.50 Consistent with this, R9L 
is reported to largely abolish PLN’s regulatory inhibition of SERCA2a.45 Previous 
study suggests the pathological effect of R9C may due to increased hydrophobicity at 
position 9 of domain Ia,50 which causes the cytoplasmic amphipathic helix of PLN-R9C 
to adopt a more extended and disordered conformation.51,52 However, if the PLN-R9C 
structure preferentially assumes the “R state”, it would be difficult to reconcile this with 
its reported gain-of-function phenotype. Opposing with this, several studies have 
proposed that PLN-R9C, rather than stabilizing the R state, favors a transition toward 
the membrane-associate state, enriching the T state.53 Furthermore, the hydrophobic 
imbalance hypothesis seems not appliable on R9H, since the amino acid of R9H is less 
hydrophobic.50 The functional consequences of the rare R9L and R9H variants remain 
largely unknown. These substitutions were detected in cardiomyopathy patients, but 
their effects on PLN oligomerization and the pentamer-monomer equilibrium were not 
experimentally characterized. Finally, a suggested hypothesis is that the absence of 
Arg9 in disease-causing mutants of PLN (such as R9C, R9H, and R9L) could alter the 
conformational selection by PKA, thereby creating a kinetic trap for PKA and affecting 
the phosphorylation of other cellular targets.45 Therefore, these variants may contribute 
to disease via alternative mechanisms, beyond SERCA2a regulation. 
 
PLN-T17N 
Heterozygous PLN variant, c.50C>A (p.Thr17Asn; T17N), was identified in an 
idiopathic dilated cardiomyopathy case and argues that substituting Thr17 may abolish 
the Thr17 phosphorylation site and potentially perturb PLN function (including effects 
in/near the HAX1-interacting region), with in-silico predictions supporting likely 
pathogenicity. However, since this variant was identified in only a single case, the 
evidence is insufficient to draw any definitive conclusions about causality or clinical 
significance.54 
 
PLN-R25C 
Another heterozygous substitution c.73C>T (p.Arg25Cys, R25C) was identified in 
patients with DCM with non-sustained ventricular tachycardia (NSVT), and requiring 
heart transplantation.55 PLN-R25C is associated with “super-inhibition” of SERCA2a. 
Overexpressing PLN-R25C in rat myocytes exhibit significant inhibition of SR Ca2+-
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transport, depressed contraction, prominent arrhythmias. This inhibitory effect can be 
completely relieved by isoproterenol-mediated PKA phosphorylation of this PLN 
variant.55 

 

Different from PLN-R9C, PLN-R25C mutant shifts the conformational equilibrium 
toward the R state confirmation.53 This means R25C mutant preferentially binds to 
SERCA2a and might interfere with the recognition mechanism of PLN. These 
structural differences further suggest that altered interactions between PLN and the 
membrane bilayer play an essential role in the dysregulation of Ca²⁺ cycling in 
cardiomyocytes. 
 
PLN R14del 
The PLN deletion c.40_42delAGA, (p.Arg14del, R14del) was initially identified in a 
Greek family with DCM and cardiac arrythmias.56 PLN-R14del is the most prevalent 
mutation in Netherlands, around 12% in patients with ACM and 15% in DCM patients, 
and over 1500 carriers have been identified.57 Additionally, this variant was also 
reported in other European countries,58,59 as well as in the United States,60 China,61 and 
Canada.62,63 Heterozygous carriers exhibit marked phenotypic heterogeneity, ranging 
from asymptomatic individuals with normal echocardiograms at advanced age to those 
who develop severe dilated cardiomyopathy with impaired systolic function, frequent 
ventricular arrhythmias, heart failure, and premature death at early adulthood.64 Most 
carriers do, however, develop symptoms at middle age. Homozygous carriers have up 
to now not been identified. Most probands carrying PLN-R14del exhibited similar 
electrocardiographic features with low QRS voltages, inverted T waves, and attenuated 
R wave amplitudes.56-58 Notably, abnormal PLN protein aggregation or clusters are a 
hallmark of PLN-R14del cardiomyopathy, and are not present in DCM hearts of other 
etiologies.65-67 
 
Mechanistically, PLN-R14del was initially believed to be a SERCA2a super-inhibitor, 
compromising sarcoplasmic reticulum Ca²⁺ reuptake and consequently promote 
diastolic dysfunction, Ca²⁺ overload, and increased arrhythmogenic susceptibility.35 
Badone et al, however, contradicted this super-inhibition theory using human PLN-
R14del iPSC derived cardiomyocytes and reported reduced inhibitory activity.68 In 
parallel, studies using mice with a genomic PLN-R14del locus also show reduced 
SERCA2a inhibition in both heterozygous and homozygous cardiomyocytes.69-71 
Instead of SERCA2a calcium handling, altered S/ER structure may therefore be the 
primary driver of PLN-R14del cardiomyopathy.12,69 This conceptual shift has recently 
been reviewed.12 

 
Recent studies demonstrated that silencing PLN-R14del with antisense 
oligonucleotides (ASOs) could significantly improve survival in homozygous PLN-
R14del mice.72,73 In cardiomyocytes isolated from PLN-R14del mice, Ca²⁺ uptake was 
enhanced and ASO treatment did not have additional effects on calcium handling in 
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PLN-R14del cardiomyocytes.74 Nevertheless, the mice exhibited remarkable 
therapeutic benefit with prolonged life spam and better cardiac function. Importantly, 
ASO treatment did resolve the abnormal PLN clustering, a hallmark of this 
cardiomyopathy, strongly pointing towards this as the pathological problem. Together, 
these findings further support that PLN-R14del is an abnormal PLN clustering disease 
and importantly, highlight ASO therapy as a promising treatment strategy for this 
disease. 
 
In comparison to WT PLN, computational simulations suggest that the PLN-R14del 
variant may exhibit a higher affinity for itself, potentially shifting the 
pentamer/monomer equilibrium toward a more pentameric form.17 However, this 
prediction requires direct experimental validation in relevant in vitro and in vivo 
systems. If confirmed, these pentamers may lead to the observed increased ER stress, 
and activate the unfolded protein response (UPR), which potentially initially exert a 
protective, adaptive role by enhancing protein quality control.75 Markers of autophagy, 
including P62 and LC3 are also repeatedly reported in different study models and in 
human cardiac tissue, indicating that autophagy is activated and/or hampered. An, in 
vitro study suggested impaired autophagosome-lysosome fusion upon ectopic PLN-
R14del overexpression studies in cell lines, which may compromise the clearance of 
PLN clusters.76  
 
Taken together, these observations support a disease mechanism that is not driven by 
the loss of PLN function, but by mutation-induced alterations in PLN structure and 
potentially imbalance in the monomer-pentamer equilibrium. These changes promote 
abnormal S/ER membrane clustering and enhanced Ca²⁺ handling into SR, 
progressively injuring cardiomyocytes and ultimately driving pathological remodeling 
towards dilated and/or arrhythmogenic cardiomyopathy. 
 
Pathogenic nonsense variants 
PLN L39Stop 
The PLN nonsense mutation c.116T>G (p.Leu39*, L39Stop), also referred as L39X or 
Leu39Ter, is a T116G transversion that converts the codon for leucine at position 39 
(TTA) into a premature stop codon (TGA).77 The truncation of PLN and the resulting 
loss of its transmembrane domain II contribute to the pathogenesis of DCM, HCM, 
ACM, progressive heart failure, and premature death.78,79 Heterozygous individuals 
display a broad spectrum of phenotypes, ranging from asymptomatic carriers to those 
presenting with HCM characterized by preserved left ventricular systolic function and 
a delay transition to DCM, while others develop sustained ventricular 
tachycardia.77,80,81 In contrast, homozygous individuals develop severe DCM at a very 
young age and required cardiac transplantation. These findings indicate that the PLN-
L39Stop mutation exhibits a dosage-dependent effect and follows an autosomal 
dominant inheritance pattern, while also implying that additional genetic or 
environmental factors may contribute to its pathogenic mechanism. Although PLN 
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mRNA is readily detectable in the myocardium of these homozygous carriers, no 
corresponding PLN protein could be observed.77 Using human stem-cell-derived 
cardiomyocytes it was demonstrated that the L39Stop transcript is stable and actively 
translated, but that the resulting truncated protein undergoes rapid proteasomal 
degradation, indicating that enhanced protein turnover rather than mRNA instability 
accounts for the reduced detectability of PLN protein. This continuous production and 
clearance of a misfolded PLN species have been suggested to contribute to disease in 
L39Stop carriers.82 
 
E2Stop 
Another nonsense variant, p.Glu2Ter (c.4G>T, E2Stop), was identified in a 
homozygous patient who undergoes nonsense-mediated mRNA decay, resulting in 
absent PLN protein expression. This individual developed dilated cardiomyopathy and 
severe heart failure. In contrast, heterozygous family members, who express 
approximately 50% of normal PLN levels, appear asymptomatic and display normal 
ECG.83 Unlike L39Stop, the E2Stop mutation can be regarded as a true null allele that 
does not generate any PLN protein, supporting the notion that PLN haploinsufficiency 
is likely tolerated in humans. Notably, only one homozygous E2Stop patient has been 
reported to date. Given the consanguineous background, additional genetic or non-
genetic contributors cannot be excluded. Therefore, while complete loss of PLN 
expression remains a plausible disease driver in homozygosity, the pathogenic 
mechanism of E2Stop still remains to be clarified. 
 
Unlike in humans, complete absence of PLN in mice does not result in cardiac disease, 
but enhances Ca²⁺ transient amplitude, myocardial contractility and exercise 
endurance.84-86 PLN ablation can even attenuate cardiac dysfunction and partially 
normalize disease-associated molecular and transcriptional changes in several 
transgenic mouse models, including calsequestrin-related heart failure, hypertrophic 
cardiomyopathy, and PLN-R14del cardiomyopathy.87-90 In humans, by contrast, the 
consequences of complete PLN deficiency, E2Stop, may be detrimental, but this 
remains poorly defined due to only one reported homozygous patient . One potential 
explanation for the apparent interspecies differences is higher baseline heart rate and 
the relative contribution of the SERCA/PLN axis to Ca²⁺ handling, suggesting that PLN 
requirements for Ca²⁺ homeostasis could diverge between mice and humans. 
 
These findings indicate that PLN silencing is beneficial in the murine heart, even when 
PLN is completely ablated, but also highlight a dose dependence in humans.  Thus, 
therapeutic strategies targeting PLN should aim for finely tuned, partial inhibition 
rather than complete loss of function to maximize benefit while minimizing the risk of 
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maladaptive Ca²⁺ overload and arrhythmogenesis. 
 

Discussion 

Despite its small size, the PLN gene harbors a disproportionately large number of 
pathogenic variants that give rise to inherited cardiomyopathies. However, it has 
become increasingly clear that these variants do not converge on a single pathogenic 
mechanism. Instead, they perturb PLN structure, Ca²⁺ handling and intracellular 
signaling through several partially overlapping processes, including altered SR Ca²⁺ 
cycling, disturbed interactions with other proteins, induction of abnormal S/ER 
clustering, and potential secondary effects on mitochondrial function. 
 
With regard to Ca²⁺ cycling, different variants can either accelerate or slow SR Ca²⁺ 
uptake. Reduced SR Ca²⁺ uptake is well-known from animal models to have detrimental 
consequences and is thought to contribute to heart-failure progression in general.91 
Conversely, enhanced Ca²⁺ uptake improves contractile performance, constitutively 
elevated uptake may also be harmful, as high SR Ca²⁺ content can promote Ca²⁺ sparks 
and trigger arrhythmias.92 Loss of dynamic regulation is a further layer of complexity: 
all pathogenic variants appear to impair the finely tuned beat-to-beat modulation of 
PLN-SERCA2a to some extent. This may have limited consequences in mice, which 
operate within a relative narrow physiological heart-rate range, but can be much more 
relevant in humans. Indeed, while PLN knockout mice do not develop overt 
cardiomyopathy, complete loss of PLN in humans (E2Ter) is associated with severe 
cardiac dysfunction, underscoring a s species- and dose-dependence of PLN biology.  
 
Many pathogenic variants act primarily through mutation-induced changes in PLN 
structure affecting monomer-pentamer formation and interaction with SERCA2a,17 
which in turn influence Ca²⁺ handling and/or protein interactions. The R9C variant 
stabilizes the pentamer via disulfide bridges,18 limiting access to SERCA2a and 
reducing phosphorylation accessibility, and has also been proposed to sequester PKA. 
Other protein partners, such as HAX-1, may further modulate the impact of individual 
variants.93 In addition, increased PLN clustering-particularly in the context of R14del 
has been linked to abnormal S/ER membrane organization and impaired 
autophagosome-lysosome fusion, thereby engaging maladaptive proteostasis pathways 
and contributing to pathological remodeling.76 Mutations beyond the classical deletion, 
missense and nonsense variants, including insertions and promoter variants, have also 
been reported in association with PLN-related disease, although current evidence 
remains insufficient to establish a direct causal relationship.41 Disturbed Ca²⁺ handling 
and S/ER architecture are likely to propagate towards mitochondria, via mitochondria-
associated membranes, where altered Ca²⁺ transfer and stress signaling may further 
exacerbate energetic failure and cell death.94  
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These mechanistic insights have important therapeutic implications and help explain 
why interventions cannot be uniformly applied across all PLN variants. For example, 
the selective SERCA2a activator PST3093 enhances calcium reuptake and cardiac 
performance, possibly by attenuating the PLN-SERCA2a interaction.95 This approach 
may therefore be most relevant for superinhibitory PLN variants, but not other variants. 
Additional therapeutic opportunities arise from modulation of the PP1 regulatory axis. 
Inhibiting PP1 activity or enhancing its endogenous inhibitor I-1 may enhance PLN 
phosphorylation and improve calcium handling, while AAV-mediated delivery of a 
constitutively active I-1 (I-1c) has shown favorable effects on cardiac remodeling and 
function in both preclinical and early clinical studies.96 One potential solution might be 
the development of a gene-editing approach that replaces the entire PLN coding 
sequence, which is feasible given its relatively small size (156 bp). Yet, current TALEN 
and CRISPR/Cas9 studies have not replaced the full coding sequence and instead 
require variant-specific targeting, which limits broad clinical scalability.65,97 PLN 
silencing has been shown to exert protective effects in PLN-R14del cardiomyopathy in 
a mouse model by resolving pathogenic S/ER protein clusters.74 Such a strategy may 
also be beneficial in other forms of heart failure, including PLN-R25C cardiomyopathy, 
through improved calcium cycling. Similarly, in PLN-R9C, which functions as a 
dominant-negative variant, PLN silencing is potentially to be effective. However, a key 
unresolved issue is the tolerable extent of PLN suppression in humans, as excessive 
silencing could potentially generate detrimental effects. 
 

Conclusion 

It has become clear that the pathogenicity of PLN variants should not be regarded only 
as a problem of altered Ca²⁺ homeostasis. Instead, accumulating evidence highlights a 
broader and more complex framework that includes toxic effects of truncated or 
mislocalized proteins, disruption of protein-protein interaction networks and 
proteostasis pathways, aberrant oligomerization and clustering within the SR 
membrane, and variant-specific modulation of post-translational modifications and 
stress signaling. Consequently, therapeutic strategies for PLN cardiomyopathies are 
unlikely to follow a universal “one-size-fits-all” approach, even though such a solution 
would be preferable and more cost-effective. From a translational standpoint, these 
insights underscore the need for therapeutic strategies that go beyond restoration of 
SERCA2a activity. While SERCA2a activators and antisense oligonucleotides targeting 
mutant alleles remain promising, complementary approaches directed at reducing 
protein aggregation, alleviating ER stress, or enhancing autophagic clearance may 
prove equally important.  
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Abstract: 

PLN-R14del is a pathogenic Phospholamban (PLN) gene variant, characterized by 
ventricular arrhythmias and dilated cardiomyopathy in heterozygous carriers. Disease 
development is highly heterogeneous, indicating involvement of additional disease 
triggers, influencing both the onset and severity of the disease. A heterozygous PLN-
R14del mouse model (R14Δ/+) was used to investigate whether cardiac pressure, 
induced by transverse aortic constriction (TAC), could accelerate disease onset. Wild-
type littermates and sham operated animals were used as controls. At 6-week, both TAC 
groups exhibited increased left ventricular wall thickness, ventricular and atrial weights, 
and reduced ejection fraction, with comparable hypertrophic and fibrotic responses. 
Furthermore, differential gene expression showed activation of cardiac remodeling and 
stress pathways, and changes in metabolic genes expression in TAC groups. Importantly, 
TAC did not induce sarco-endoplasmic reticulum malformation in R14Δ/+ mice, 
suggesting that general cardiac stress and remodeling pathways are insufficient to 
trigger PLN-R14del cardiomyopathy. 
 
In conclusion, TAC induced pressure overload provoked robust cardiac remodeling 
with activation of common stress pathways in young adult WT and R14Δ/+ mice. It did 
not trigger PLN-R14del-specific sarco-endoplasmic malformation or accelerate disease 
progression. These findings imply that activation of common cardiac stress pathways 
alone may be insufficient to accelerate the onset of PLN-R14del cardiomyopathy early 
adulthood. 
 
Keywords: Phospholamban arginine 14 deletion cardiomyopathy; cardiac pressure 
overload; cardiomyocytes hypertrophy; cardiac remodeling 
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Introduction 

Phospholamban (PLN) is a small protein that regulates the major Sarco/Endoplasmic 
Reticulum Calcium ATPase (SERCA2a), thereby controlling the rate of Ca2+ uptake 
into the sarcoplasmic reticulum (SR).1 PLN therefore acts as a modulator of the 
cardiomyocyte contraction-relaxation cycle. Numerous PLN pathogenic variants have 
been identified and PLN-R14del, which lacks the codon for arginine residue 14, is the 
most prevalent known pathogenic variant and has been extensively studied.2 

Heterozygous carriers of PLN-R14del can develop arrhythmogenic cardiomyopathy 
(ACM) and/or dilated cardiomyopathy (DCM), which can lead to severe heart failure 
(HF).3,4 Although it was originally hypothesized that this pathogenic variant would 
cause super-inhibition of SERCA, resulting in cytosolic calcium overload, more recent 
results suggest that this may not be the case.5 Mouse PLN-R14del studies, revealed that 
abnormal S/ER malformation with strong perinuclear localization of PLN positive 
S/ER clusters was associated with cardiomyocyte cell death and consequent heart 
failure.6 This strong perinuclear PLN localization has been shown to be a hallmark of 
this disease both in patients and PLN-R14del mice and has not been observed in other 
forms of ACM/DCM.7 

 
PLN-R14del cardiomyopathy shows a high variability in disease onset and disease 
severity. Although, on average, disease develops around middle age, some carriers 
already develop severe disease at early adulthood, whereas others only develop mild 
symptoms at advanced age. This heterogeneity is even present between family members 
and is poorly understood.8,9 Exercise, which can be a risk factor in other inherited 
cardiomyopathies, was not associated with PLN-R14del cardiomyopathy.10 Similarly 
psychological stress or personality traits do not appear to be associated with PLN-
R14del disease. Investigation of polymorphisms as secondary disease drivers has so far 
also not been promising, but this could also be a consequence of the relatively small 
cohorts.11,12 
 
We previously generated a heterozygous mouse model (R14Δ/+) that shows key features 
of human PLN-R14del cardiomyopathy, which allows to investigate potential 
secondary disease drivers.13 This mouse model develops characteristic cardiomyocyte 
perinuclear PLN clustering at one year of age with subsequent decrease in cardiac 
function, cardiomyocyte hypertrophy, fibrotic tissue replacement, and cardiac 
dilatation.13 This disease onset corresponds with the disease onset in middle aged 
humans and together with the relative slow disease progression makes it an ideal model 
to investigate potential modifying factors that could enhance disease onset and severity. 
In a recent study, using a transgenic PLN mouse model unable to form naturally 
occurring PLN pentamers, it was shown that cardiac pressure overload induced by 
transverse aortic constriction (TAC), decreased survival in these mice. This was 
attributed to the narrower range of SERCA2a activity modulation in these transgenic 
mice causing more pronounced cardiac dysfunction after TAC.14 Recent data indicate 
that also in PLN-R14del cardiomyopathy altered balances between PLN complexes 
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may exist, resulting in a less dynamic behavior.15 It is therefore tempting to believe that 
the TAC induced stress pathways may also trigger PLN-R14del cardiomyopathy. 
Pressure overload induced cardiac stress has also been shown to accelerate disease 
development in several other genetic mouse models probably by activating pathways 
involving Ca2+ homeostasis, myofibrillar protein,16 oxidative stress17 and mitochondrial 
autophagy,18 amongst others. Cardiomyocyte hypertrophy and fibrotic remodeling are 
features observed both in TAC and PLN-R14del cardiomyopathy and activation by 
TAC may lower the threshold for subsequent PLN-R14del cardiomyopathy 
development.6 With the hypothesis that elevated cardiac stress could accelerate the 
course of PLN-R14del cardiomyopathy, we conducted TAC in R14Δ/+ mice and 
investigated cardiac remodeling and function as well as abnormal PLN-R14del 
clustering. 
 

Method 

Study design and animal model 
At the age of 10 weeks, baseline echocardiography was performed and mice were 
randomly divided for sham or TAC operation. This resulted in four groups with 7 mice 
in the sham-WT group, 6 in the sham-R14del group, 10 in the TAC-WT group, and 13 
in the TAC-R14del group. To enhance the consistency of the procedure and minimize 
variability introduced by operators, we used a refined TAC procedure by implementing 
rubber O-rings with a fixed inner diameter.19 General appearance and body weight was 
monitored weekly. Mice were sacrificed 6 weeks post-surgery, after which organs, 
tissue and plasma were collected for subsequent histological and molecular analyses. 
All in vivo procedures were conducted under sustained anesthesia with 2-2.5% 
isoflurane in oxygen. This study was approved by the Dutch Central Committee for 
animal experiments (CCD; license number AVD1050020199105) and the animal 
ethical committee of the University of Groningen (permit numbers IVD199105-02-004) 
and followed the guidelines set out in the Directive 2010/63/EU of the European 
Parliament for using animals in research. It also followed the Animal Research: 
Reporting of In Vivo Experiments (ARRIVE) guidelines for reporting on experiments 
done with animals.20 All methods were performed in accordance with the relevant 
guidelines and regulations. The minimum number of animals required for each 
experiment was calculated based on G*power (3.1.9.7) analyses, setting the 
significance level at 5% and the power at 80%. PLN-R14del cardiomyopathy is a 
monogenic disease caused by a pathogenic variant located on an autosomal 
chromosome and it affects males and females similarly.5 Previous studies have 
demonstrated comparable clinical phenotypes in both male and female patients and also 
cardiac imaging revealed similar pathological changes, but males with low-voltage 
ECGs showed somewhat worse prognostic value.21,22 Also, in PLN-R14del mice, male 
and female characteristics have been investigated and revealed comparable 
pathological phenotypes.6,13,23 Since the effect of TAC is dependent on the aortic 
diameter, which is related to rodent age and weight, it is essential to use a similar group 
of mice.24 Combining male and female mice, that have different weights, would 
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complicate this study by generating more variability necessitating much larger group 
numbers.19 Since this is ethically not desired and the pathology of this monogenic 
disorder is similar in males and females we decided to use male mice only.  
 
Echocardiography 
M-mode and 2-dimensional echocardiography were performed before surgery and 6 
weeks after TAC/Sham procedure, using a Vevo 3100 preclinical imaging system with 
a 40-MHz MXX550D linear array transducer (FUJIFILM VisualSonics, Canada) to 
monitor LV morphology and function as described previously.6 Follow-up 
hemodynamic assessment was evaluated by Vevo LAB software version 5.5.0 
(FUJIFILM VisualSonics). The data acquisition and analysis followed the guidelines 
provided by the European Society of Cardiology Working Group on Myocardial 
Function25 and were performed in a blinded manner. 
 
To verify the effectiveness and consistency of TAC, pressure gradient doppler 
echocardiography was performed 1-week after surgery. Using the suprasternal view, 
pulsed-wave doppler recordings were obtained at the site of the aortic arch to measure 
the peak velocity of blood flow across the constriction. The pressure gradient was 
calculated using the modified Bernoulli equation. 
 
Histological staining 
Transverse bi-ventricular slices were fixated in 4% formaldehyde solution (4% formalin; 
Klinipath, the Netherlands) for a minimum of 24 hours. Subsequently, the fixed hearts 
were dehydrated in an automated system (Leica TP1020; Leica Microsystems, 
Germany) embedded in paraffin (Klinipath) and sliced into 4-µm sections for 
histological staining. The slides underwent deparaffinization prior to advancing to the 
subsequent staining procedure. 
 
Masson trichrome staining was performed to identify collagen deposition, adhering to 
the standard protocol. Subsequently, the entire stained sections were scanned using a 
Nanozoomer 2.0-HT digital slide scanner (Hamamatsu Photonics, Japan). 
Quantification of fibrosis in each section was accomplished by analyzing the percentage 
of the total section area occupied by fibrotic tissue using the positive Pixel Count v9 
algorithm of Aperio’s ImageScope software (version 12.4.0; Leica Microsystem).  
To assess the size of cardiomyocytes, ventricular tissue was stained with fluorescein 
isothiocyanate (FITC)-conjugated wheat germ agglutinin (WGA, Sigma-Aldrich, MO, 
USA) and DAPI (4’,6-diamidino-2 phenylindole, DAPI, blue) to visualized the 
extracellular matrix, and nuclei. 30-50 transversally cut cardiomyocytes of each animal 
were measured for size quantification. The whole stained sections were imaged using 
an Olympus VS200 ASW digital fluorescent slide scanner (Olympus- Life Science, 
Japen) at 40x magnification. QuPath Open Software for Bioimage Analysis (version 
0.4.3) was used to measure the surface area. Cardiomyocytes area is displayed as a µm2. 
To reveal the localization of PLN in mouse cardiac tissue samples, the 2D12 anti-PLN 
antibody (Invitrogen, CA, USA) were used. Subsequently incubated with secondary 
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antibody donkey anti-rabbit Alexa FluorTM 555 (A31572, Invitrogen). In addition, 
DAPI (4′,6-diamidino-2-phenylindole; Invitrogen, CA, USA), and WGA (Sigma-
Aldrich, MO, USA) were co-stained to visualize the cell nuclei and boundary. 
 
Quantitative Polymerase Chain Reaction (q-PCR) 
Total RNA was extracted from snap frozen left ventricular tissue using TRI Reagent 
(Sigma-Aldrich, MO, USA) according to the manufacturer’s protocol. cDNA synthesis 
was conducted utilizing the QuantiTect reverse transcription kit (Qiagen, Germany). q-
PCR was performed using iQ SYBR green supermix (Bio-Rad, CA, USA) and C1000 
Thermal cycler CFX 384 Real-Time PCR Detection System (Bio-Rad). 
Gene expression levels were determined by qPCR analysis using iQ SYBR green 
supermix (BioRad) and, C1000 Thermal cycler CFX 384 Real-Time PCR Detection 
system (Bio-Rad) with the manufacturer’s instructions and recommended protocol. 
Gene expression data was normalized to the reference gene values from one of the 
components of the large 60S ribosomal subunit (Rplp0, encoding 36B4) using CFX 
Manager software (version 3.0; Bio-Rad). The resulting values were then expressed 
relative to the wild-type (WT) sham group. Primer sequences are listed in Table S1. 
 
Protein isolation and immunoblotting 
Total proteins were extracted from snap frozen left ventricles (LVs) using 
Radioimmunoprecipitation assay lysis buffer as described previously.13 Protein 
concentration was measured using a Pierce bicinchoninic acid (BCA) protein assay kit 
(Thermo Scientific, MA, USA). The protein was then adjusted to a consistent 
concentration for subsequent Western blot analysis. Samples were heated to 95°C for 5 
minutes, followed by loading onto a sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) system. Load 5ug of protein per well for PLN gel and 20 
ug of protein for SERCA gel. Proteins separated by SDS-PAGE were then transferred 
to an Immun-Blot polyvinylidene fluoride (PVDF) membrane using a semi-dry transfer 
system (Amersham Biosciences, UK). Revert 700 total protein stain (LI-COR # 926-
11021) was applied for total protein detection and subsequent western blot 
normalization. Following staining, the membranes were blocked with blocking buffer, 
then incubated overnight at 4°C with a primary antibody, followed by a one-hour 
incubation at room temperature with a secondary antibody. Detection was accomplished 
through enhanced chemiluminescence using Western Lightning Ultra 
Chemiluminescent Substrate (204-22101) and Cytiva Amersham ImageQuant 800. To 
prepare 1X working solution, equal volumes Reagent A and Reagent B were combined. 
Targeting protein quantification is performed using Image Studio Lite Software Ver.5.2. 
The primary and secondary antibodies that were used are presented in Table S2. 
 
RNA Sequencing 
RNA isolation was performed as mentioned above. RNA Library preparation and 
sequencing of 5 RNA samples from each group of animals was perfomed by Lexogen 
NGS services (Vienna, Austria). The QuantSeq reads (fastq files) were mapped to the 
Ensembl Mus Musculus genome (GRCh38).  Data filtering, normalization, principal 
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component (PC) analysis and differential expression analysis were performed using 
the DESeq package in R. Differentially expressed genes (DEGs) were defined by a 
Benjamini-Hochberg adjusted P value of <0.1 and an absolute fold change of >0.5. 
Pathway analysis of DEGs was performed using g:Profiler 
(https://biit.cs.ut.ee/gprofiler/gost). 
 
Statistical Analyses 
Data are presented as means ± standard error of the mean (SEM). Because of the low 
variability observed in the sham groups, a smaller number of mice were included in the 
sham group. Due to the small group sizes, nonparametric comparisons were conducted 
between groups. The Kruskal-Wallis test followed by Dunn’s multiple comparisons test 
was employed for multigroup comparisons. Statistical analysis of DEGs was done in R 
version 4.3.1. All statistical analyses were performed using the GraphPad Prism 
(version 10.1.2). Statistical significance was considered at a level of P<0.05. 
 

Results 

1.1 TAC induced cardiac hypertrophy and cardiac dysfunction in both WT and 
R14Δ/+ mice 

Echocardiographic assessment of trans-TAC pressure gradients demonstrated a clear 
increased higher value in TAC-operated groups compared to the sham group and no 
difference between the TAC groups (Fig.S1). At six weeks post-TAC surgery, revealed 
a significant decrease in the ejection fraction (%LVEF) and increase in the thickness of 
diastolic left ventricular anterior wall (LVAWd), and diastolic left ventricular posterior 
wall (LVPWd) after TAC in both the R14Δ/+ and WT groups (Fig.1A-C). However, 
more variation was apparent in %LVEF and not all mice showed a similar decline 
in %LVEF, indicating that at this stage mice had either compensated or decompensated 
heart failure (Fig.1A). The increase in echo determined ventricular wall thickness was 
corroborated by a significant higher LV mass in all TAC mice (Fig.1E). Moreover, atria 
weights were also strongly increased (Fig.1F) indicative for a hypertrophic stress 
response in both LV and atria, which is common to pressure overload. There was, 
however, no difference between the wildtype and the R14Δ/+ group in these responses. 
Together, R14Δ/+ mice did show similar cardiac hypertrophy and cardiac dysfunction as 
compared to WT mice, indicating that pressure overload does not accelerate or 
aggravate cardiac dysfunction in PLN-R14del cardiomyopathy. 
 
1.2 TAC induced cardiac remodeling to a similar extend in WT and R14Δ/+ mice 
In response to cardiac pressure overload, the heart undergoes both structural and 
functional remodeling. WGA staining of LV histological slices revealed significant 
cardiomyocyte hypertrophy in the TAC groups as compared to their sham groups 
(Fig.2A-B). This aligns with the increased LV wall thickness and cardiac weights 
(Fig.1). In addition, Masson trichrome staining of midventricular sections demonstrated 
an excessive extracellular matrix deposition within the ventricles in both WT and 
R14Δ/+ mice TAC groups as compared with the sham groups (Fig.2C-D). These cardiac 
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remodeling features were also reflected by changes in gene expression. 
 
 

 
Figure 1. TAC induced cardiac hypertrophy and cardiac dysfunction to a similar extend in WT 
and R14del mice  
(A) Ejection fraction (EF%) of individual mice in each group, (B) diastolic left ventricular anterior wall 
thickness (LVAWd), and (C) diastolic left ventricular posterior wall thickness (LVPWd). (D) 
Representative cardiac echo graphic images of mice in sham and TAC groups. (E) The ratio of 
ventricle/tibia and (F) atria/tibia. The data significance was analyzed using Kruskal-Wallis tests, 
followed by Dunn’s multiple comparisons test. **p<0.01, ***p<0.001. 
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The relative mRNA expression of NPPA, encoding Atrial Natriuretic Peptide (ANP), a 
common cardiac wall stress and hypertrophy marker was elevated by more than 20-fold 
in both TAC groups. Similarly, increased expression of fibrotic genes, including Tissue 
Inhibitor of Metalloproteinases 1 (Timp1) and collagen type I alpha 1 (Col1a1), 
corresponded with the histological staining data (Fig.2E-G). Again, there was no 
difference in the response to TAC in both groups and cardiac pressure overload 
therefore induced a similar extent of cardiac remodeling in both genotypes. 

 
 

 
Figure 2. Cardiomyocytes hypertrophy and cardiac fibrosis are induced to a similar extend in both 
WT and PLN-R14del mice post TAC 
(A) Representative images of extracellular Matrix (wheat germ agglutinin, WGA, green) and nuclei 
(4’,6-diamidino-2 phenylindole, DAPI, blue) staining on left ventricular (LV) sections and (B) 
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cardiomyocytes size measurement on transversally cut cardiomyocytes (scale bar 20 µm). (C) 
Representative (average based) Masson trichrome-staining on LV sections (scale bar 20 µm), and (D) 
quantification of fibrosis area. Relative mRNA level of (E) cardiac stress (NPPA) and (F, G) fibrosis-
related genes (col1a1 and Timp). The data significance was analyzed using Kruskal-Wallis tests, followed 
by Dunn’s multiple comparisons test. *p<0.05, ***p<0.001, ****p<0.0001. 
 
 
1.3 TAC did not imbalance the PLN and SERCA mRNA and protein level 
The SERCA2a/PLN ratio has been suggested to be important for cardiac function and 
to be altered in heart failure.26 We therefore also analyzed the level of SERCA2a, PLN 
and their ratio in WT and R14Δ/+ mice (Fig.3A-E). There is a mild, but statistically non-
significant, decrease in the expression levels of SERCA2a in TAC surgery group 
compared to the sham mice (Fig.3A, C), while the expression levels of PLN protein 
remained unchanged (Fig.3B, D). Moreover, no marked differences were found in the 
SERCA2a/PLN ratios could be observed (Fig.3E). This indicates that TAC did not 
disturb the ratio between PLN and SERCA2a levels and that this remains similar 
between WT and R14Δ/+ mice. 
 
 

 
Figure 3. PLN and SERCA level remain similar in both WT and PLN-R14del mice 
(A, B) Representative Western blot images of total protein, SERCA protein, and PLN protein levels in 
LVs. (C, D) SERCA and PLN protein quantification corrected by total protein. (E) SERCA/PLN protein 
ratio. The data significance was analyzed using Kruskal-Wallis tests, followed by Dunn’s multiple 
comparisons test. PVDF (polyvinylidene fluoride) membranes were sectioned according to the molecular 
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weights of the target proteins and incubated with the corresponding antibodies. Full-length, uncropped 
Western blot images are included in the supplemental material for reference. 
 
1.4 TAC did not induce abnormal PLN-R14del SER clustering 
Malformation of the cardiac SER, with characteristic perinuclear PLN localization, is a 
hallmark of PLN-R14del cardiomyopathy. This has been observed in human patient 
biopsies, and in cardiac tissue of R14Δ/+ mice and homozygous R14Δ/Δ mice.13 We were 
wondering if cardiac stress induced by TAC would be able to induce and accelerate this 
abnormal SER clustering in R14Δ/+. Histological staining with anti-PLN antibody 
together with WGA and DAPI staining did not reveal any abnormal SER clusters in 14-
week-old R14Δ/+mice, which is in accordance with our earlier observation that these 
appear only after 12 month in these mice. Importantly, cardiac stress induced by TAC 
did also not induce abnormal SER cluster formation in any R14Δ/+ mice at this age 
(Fig.4A). PLN staining in these R14del mice was indistinguishable from that observed 
in WT mice. As a control we also performed immunofluorescence staining in LV tissue 
of 21 months PLN-R14Δ/+ mice, confirming earlier observations of abnormal SER 
clusters in cardiomyocytes in these old mice (Fig.S2). Previously, we showed that P62 
is elevated together with SER cluster formation and this has recently been attributed to 
impaired autophagy.23,27 Although P62 Western blotting revealed a significant increase 
in p62 in WT group after TAC, this was not additionally elevated in R14Δ/+ (Fig. S3) 
confirming that TAC was not able to further induce this process and trigger R14Δ/+ 
specific disease processes, including abnormal SER formation. 
 

 
Figure 4. TAC did not induce PLN-R14del S/ER clustering 
Representative images immunofluorescence staining of PLN (red), together with extracellular matrix 
(green) and nuclei (blue) of the LV sections of WT Sham, WT TAC, R14Δ/+ Sham and R14Δ/+ TAC (scale 
bar 20 µm). 
1.5 Whole genome gene expression profiling reveals similar pathway changes 

between R14Δ/+ and WT after TAC 
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To further investigate potential cardiac differences between WT and R14Δ/+ mice and 
the effect of TAC induced cardiac stress on signaling pathways in these mice total RNA-
sequencing on LV tissues was performed on 5 mice of each group. Principal component 
analysis revealed a strong clustering of the sham groups on one side and the TAC groups 
on the other side (Fig.5A). However, no separation between WT TAC vs R14Δ/+ TAC 
and WT sham vs R14Δ/+ sham were observed (Fig.S4). We subsequently conducted 
functional enrichment analysis to discern gene programs exhibiting differential 
regulation between disease states and their respective controls. Examining the most 
significantly enriched gene ontology (GO) terms for biological processes revealed 
common terms for both the WT and R14Δ/+ TAC groups. The shared biological 
processes between WT TAC vs WT Sham and R14Δ/+ TAC vs R14Δ/+ Sham were 
investigated. Common positive enriched biological processes included developmental, 
extracellular matrix, morphogenesis and response to stimulus terms and reflect the 
cardiac remodeling process observed after TAC (Fig.5B). Not surprisingly, the genes 
enriched in these biological pathways are predominantly associated with hypertrophy 
(e.g., NPPA, NPPB, and MYH7) and fibrosis (e.g., COL4A3, COL8A1, TIMP1, 
MMP2). In addition, immune response-related genes are enriched (IL4RA, and Ccl21a) 
(Table S3). Negative enriched biological processes are dominated by metabolism and 
ion-transport related genes, including genes for mitochondrial processes (ATP5pf, 
PINK1, MT-ND5, SLC25A4), amino acid metabolism (MTR and GPT), fatty acid and 
lipid metabolism (ACADVL, HADHA, and ACSS1) (Table S4). Again, the gene 
expression profiles after TAC were equally altered in WT and PLN-R14Δ/+ mice, yet 
these did not influence the progression of PLN-R14del cardiomyopathy. 
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Figure 5. RNA sequencing identified common biological processes activated in WT and R14del 
mice in response to TAC 
(A) Principal component (PC) analysis plot of RNA sequencing results on mice LV tissue (n=5 per group). 
Genes contributing to the variance in PC1, represent 66.09% of the total variance, and genes contributing 
to the PC2 is 7.87% of the total variance. (B) Top 20 most positive enriched gene biological processes in 
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WT mice and R14Δ/+ TAC mice. Top 15 most negative enriched gene biological processes in WT and 
R14Δ/+ TAC mice.  
 

Discussion 

The onset and severity of disease manifestation in human PLN-R14del carriers exhibit 
considerable variability, but underlying mechanisms explaining this variation have not 
been identified. In this study, we investigated whether cardiac stress could accelerate 
disease onset and exacerbate disease progression in a R14Δ/+ mouse model, which 
displays similar disease characteristics to those observed in human patients. Although, 
transverse aortic constriction induced cardiac wall stress and activated numerous 
cardiac remodeling pathways, it did not accelerate PLN-R14del disease progression in 
heterozygous R14Δ/+ mice. Importantly, it also did not provoke abnormal sarcoplasmic 
reticulum (SER) formation in R14Δ/+ mice, a key characteristic of PLN-R14del 
cardiomyopathy in both humans and mice. These results suggest that cardiac wall stress 
and concomitant activation of common cardiac stress and remodeling pathways are 
unlikely to act as common triggers for PLN-R14del cardiomyopathy. 
 
The appearance of sporadic abnormal SER clusters and subsequent disease 
development in heterozygous PLN-R14del mouse model does not start before one year 
of age and cardiomyopathy features become visible by 18 months of age.13 Also clinical 
studies indicate a potential link with aging, as symptoms typically manifest in the fifth 
decade of life.21 However, disease development is rather heterogeneous and it is unclear 
which factors are involved. Accumulating cellular stress is a common factor during 
ageing and cardiomyocytes, are also affected by age related factors, like hypertension, 
oxidative stress, genomic stress, metabolic stress and reduction of protein quality 
controls systems. Applying cardiac wall stress to the heart can stimulate stress pathways 
and often trigger or accelerate disease. This has been shown in numerous genetic animal 
models that by themselves do not directly show disease phenotypes, but only after stress 
induced by cardiac pressure overload.16-18 This was also shown in a transgenic mouse 
strain in which a mutant PLN protein was expressed that had lost the ability to form 
pentamers (TgAFA-PLN) and in PLN-KO mice.14 These mice showed decreased 
survival rate after TAC (within 4 weeks) and increased myocardial fibrosis. It was 
suggested that the diminished range of SERCA2a mediated calcium handling in 
TgAFA-PLN and in PLN-KO mice was responsible for enhanced disease development 
under pressure overload. We did not observe accelerated disease development in PLN-
R14del mice, suggesting that altered calcium handling may not be the driving force in 
this disease. This is in agreement with recent finding indicating that in PLN-R14del 
abnormal SER formation is most likely the main disease driver for this 
cardiomyopathy.6 Our observation that pressure overload was not able to induce 
abnormal SER formation in PLN-R14del mice, is in line with the absence of disease 
acceleration in mice after TAC. This further supports the notion that PLN-R14del 
cardiomyopathy is not just a calcium related disease, but involves other pathological 
processes, like abnormal SER formation. 
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Cardiac remodeling pathways were similarly activated by cardiac pressure overload in 
WT and PLN-R14del mice. This includes hypertrophic response and alteration in 
metabolic gene expression profiles, indicative for the well know switch to fetal gene 
expression and a shift from fatty acid to glucose metabolism.28 PLN-R14del 
cardiomyopathy has been linked to metabolic alterations,2 but our observation reveals 
that a change into a fetal-like metabolic state does not trigger PLN-R14del disease. 
Furthermore, the activation of cardiac remodeling pathways after TAC did not provoke 
specific features of PLN-R14del cardiomyopathy in these mice. Therefore, cardiac 
remodeling, which also occurs upon ageing,29 does not appear to be a trigger factor for 
this disease.  
 
A few mouse studies did report about induction of ER stress pathways after TAC,30,31 
but we were not able to confirm this and did not observe potent activation of these 
pathways. Since ER stress was not clearly triggered in the experiment, the study doesn't 
provide enough evidence to understand its involvement in this specific heart condition 
(Fig.S5). This will require further investigation in other disease models, since activation 
of the ER stress unfolded protein response (UPR) is a common feature of PLN-R14del 
cardiomyopathy in human and mice.32 So far, we do not know if UPR activation is 
contributing to disease or is a protective response to PLN-R14del induced ER 
malformation. At least in vitro, using human iPSC derived cardiomyocytes, was shown 
that drug induced ER chaperone BiP expression was able to improve PLN-R14del 
cardiomyocyte function, suggestive for a protective action. 32 Since ER malformation 
is a hallmark of PLN-R14del cardiomyopathy, this clearly needs further attention and 
will require in vivo studies with specific ER stress activators. 
 
While this study demonstrates that TAC induced pressure overload in young adult PLN-
R14del mice does not accelerate disease onset, it is important to acknowledge that the 
manifestation of PLN-R14del cardiomyopathy is likely influenced by multiple 
converging factors beyond mechanical stress alone. The lack of phenotype induction 
under TAC may reflect the need for additional or alternative disease triggers that more 
closely mimic the clinical complexity observed in human mutation carriers. Such as 
applying TAC at an older age, when age-associated stressors are more pronounced, 
could offer a more sensitive condition for phenotype induction. Moreover, other 
physiological or pharmacological stressors may serve as relevant accelerants. These 
include chronic β-adrenergic stimulation via isoproterenol-loaded osmotic mini-pumps, 
intense physical exertion through forced swimming or treadmill model, or nutrient 
deprivation models to induce autophagy. This would not only improve our 
understanding of PLN-R14del cardiomyopathy but may also guide the development of 
targeted intervention strategies tailored to specific disease modifiers. 
 
This study also has some limitations. First, only males were included in this study and 
potential sex-specific effects cannot be excluded. Although no obvious sex differences 
have been observed in this PLN-R14del mouse model, so far,23 male sex has been 
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suggested to influence heart failure outcomes in human phospholamban mutation 
carriers.33 Therefore, the use of male mice was considered justified for this study, but 
future research should aim to address potential sex-related differences more specifically. 
We cannot completely exclude potential sex-dependent differences in response to 
pressure overload. Future studies including both sexes are warranted to explore this 
further. Secondly, we cannot exclude that activation of pressure overload stress 
pathways at a later age may provoke PLN-R14del cardiomyopathy features and 
accelerate disease. If so, it would mean that additional age-related priming factors are 
required. So far, we have no evidence for this. Finally, we did only investigate DCM 
related processes and cannot exclude that ACM related features may be affected in these 
mice upon pressure overload. This would, however, require ex vivo investigations after 
TAC, since, so far arrythmia could not be detected in vivo in these mice.  
 
In conclusion, cardiac stress induced cardiac remodeling pathways do not trigger PLN-
R14del cardiomyopathy features in a mouse model with this pathogenic variant. It 
therefore remains elusive which factors may promote this cardiomyopathy and this may 
require investigation of other ageing and stress related pathways, like oxidative stress 
or ER stress. 
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Supplemental material 
Supplementary figures 

 
Fig S1. TAC results in similar cardiac pressure overload in WT and R14Δ/+ mice 
Peak trans-TAC pressure gradients calculated from doppler velocity using the Bernoulli equation 1-week 
post-surgery. The data significance was analyzed using Kruskal-Wallis tests, followed by Dunn’s 
multiple comparisons test. *p<0.05, ***p<0.001. 
 

 
 
Fig S2. R14Δ/+ mice exhibit S/ER cluster in LV tissue of 21 months of age 
Representative images immunofluorescence staining of PLN (red), together with extracellular matrix 
(green) and nuclei (blue) of the LV sections of WT, and R14Δ/+ mice 21 months of age (scale bar 20 µm). 
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Figure S3. P62 protein level elevated after TAC surgery 
(A) Representative Western blot images of total protein and P62 protein level in LVs. (B) P62 protein 
quantification corrected by total protein. The data significance was analyzed using Kruskal-Wallis tests, 
followed by Dunn’s multiple comparisons test. **p<0.01. PVDF (polyvinylidene fluoride) membranes 
were sectioned according to the molecular weights of the target proteins and incubated with the 
corresponding antibodies. Full-length, uncropped Western blot images are included in the supplemental 
material for reference. 
 
 

 
Fig S4. Gene expressed differently between TAC and Sham groups 
Distinct patterns of gene expression between WT TAC versus WT sham and R14Δ/+ TAC versus R14Δ/+ 
sham. No separation between WT TAC versus. R14Δ/+ TAC, and WT sham versus. R14Δ/+ sham were 
observed.  
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Figure 5 TAC did not induce ER stress in WT and PLN-R14Δ/+ mice  
The relative ER related mRNA expressed in LV tissue. The significance of data was analyzed using 
Kruskal-Wallis test followed by Dunn’s multiple comparisons test. *p<0.05, **p<0.01.  
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Supplementary tables 
Table S1. Primer sequences used for RT-PCR 

Gene Protein  Sequence 

PLN phospholamban Forward 
Reverse 

GACGATCACCGAAGCCAAG 
CGAGCGAGTGAGGTATTGC 

SERCA2a Sarcoplasmic/endoplasmic 
reticulum Ca2+-ATPase 

Forward 
Reverse 

TCAGTATGACGGGCTTGTAG 
CGGTAGCTTCTCCAACTTTC 

NPPA Atrial Natriuretic Peptide Forward 
Reverse 

GCTTCCAGGCCATATTGGAG 
GGTGGTCTAGCAGGTTCTTG 

Timp1 Tissue Inhibitor of 
Metalloproteinases-1 

Forward 
Reverse 

CAACGAGACCACCTTATACC 
CATATCCACAGAGGCTTTCC 

Col1a1 Collagen type 1 alpha 1 
chain 

Forward 
Reverse 

AGAGCATGACCGATGGATTC 
CGCTGTTCTTGCAGTGATAG 

Rplp0 
(36B4) 

Ribosomal protein, large 
P0 

Forward 
Reverse 

AACGGGTACAAACGAGTC 
AGATGGATCAGCCAAGAAG 

Hspa5 Binding-immunoglobulin 
protein 

Forward 
Reverse 

TGCAGCAGGACATCAAGTTC 
GTTTGCCCACCTCCAATATC 

CHOP 
(Ddit3) 

CCAAT/enhancer-binding 
homologous protein 

Forward 
Reverse 

GGGCACCTATATCTCATCCC 
GGGCCATAGAACTCTGACTG 

Xbp1 s X-box binding protein 1 
spliced 

Forward 
Reverse 

CTGAGTCCGAATCAGGTGCAG 
GTCCATGGGAAGATGTTCTGG 

Xbp1 u X-box binding protein 1 
unspliced 

Forward 
Reverse 

CCGCAGCACTCAGACTATG 
GGTAGACCTCTGGGAGTTC 

DERL3 Derlin-3 Forward 
Reverse 

CCTCGTGGACCTGCTGG 
GGTCTGCAGGAGCCTCTTG 

DNAJC3 DnaJ heat shock protein 
family (Hsp40) member 

C3 

Forward 
Reverse 

CGACGCCTTATCACAGTTTC 
CGGCAGTAAAGTCCATCTTC 

DDIT4 regulated in development 
and DNA damage 

responses 1 

Forward 
Reverse 

GGATGGGGTGTCGTTGCCCG 
GGCAGCTCTTGCCCTGCTCC 
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Table S2. Antibodies used for Western blot 
List of primary antibodies used in this study 

Primary 
antibody 

Host Cat. No. Supplier Dilution Blocking 
buffer 

Molecular 
weight 
(kDa) 

Anti-PLN Rabbit 14562S Cell Signalling 1:1,000 BSA 12 and 24 

Anti-
SERCA 

Mouse  Ab2861 Abcam 1:1,000 Milk 110 

Anti-P62 Mouse Ab56416 Abcam 1:1,000 Milk 62 

 
List of secondary antibodies used in this study 

Secondary antibody Antigen Label Cat. No Supplier Dilution 

Rabbit anti-mouse Mouse HRP P0260 Dako 1:2,000 

Goat anti-rabbit Rabbit HRP P044801 Dako/Agilent 1:2,000 

 
Table S3. Common Genes expressed in positive enriched biological process  
 Term name Gene in WT TAC vs WT sham Gene in R14Δ/+ TAC vs R14Δ/+ sham 
1 monoatomic 

ion transport 
Adcyap1r1,Anxa5,Aplnr,Bak1,Bmp4,Ccl2
1a,Ccr5,Cd63,Clic1,Cx3cl1,Ednrb,F2r,Fhl
1,Fxyd5,Hes1,Lgals3,Pkd1,Pkd2,Plcg2,Pr
np,Ptk2b,S100a6,Scn1b,Serpine2,Slc1a3,S
lc38a2,Slc39a6,Tfrc,Ace,Anxa2,Atp6v0a4
,Atp8b1,Bcl2,Calhm5,Ccn2,Clic5,Edn3,F
xyd6,Gnao1,Igf1,Kif5b,Mmgt2,Nppa,Pan
x1,Piezo2,Rrad,Sfxn1,Tgfb2,Tspo 

Adora2a,Adra1a,Akt2,Camk2a,Clcn1,
Cox7a1,Crhr2,Hcn4,Kcnj2,Kcnj3,Kcnj
5,Klhl3,Maob,P2ry1,Scn4b,Slc22a3,An
o10,Atp1a2,Atp2a2,Atp5pf,Cngb3,Dhr
s7c,Gstm7,Kcne1,Kcnip2,Kcnv2,mt-
Nd5,Slc20a2,Slc25a4,Slc25a12,Slc25a
22,Slc41a1,Strit1 

2 monoatomic 
cation 
transport 

Adcyap1r1,Anxa5,Aplnr,Bak1,Bmp4,Ccl2
1a,Ccr5,Cd63,Cx3cl1,Ednrb,F2r,Fhl1,Hes
1,Lgals3,Pkd2,Plcg2,Prnp,Ptk2b,Serpine2,
Slc1a3,Slc38a2,Slc39a6,Tfrc,Ace,Anxa2,
Atp6v0a4,Bcl2,Calhm5,Ccn2,Edn3,Gnao1
,Igf1,Kif5b,Mmgt2,Nppa,Panx1,Piezo2,Pk
d1,Rrad,Scn1b,Sfxn1,Tgfb2,Tspo 

Adora2a,Adra1a,Akt2,Camk2a,Cox7a1
,Crhr2,Hcn4,Kcne1,Kcnj2,Kcnj3,Kcnj5
,Klhl3,mt-
Nd5,Scn4b,Slc20a2,Slc25a22,Ano10,A
tp1a2,Atp2a2,Atp5pf,Cngb3,Dhrs7c,Gs
tm7,Kcnip2,Kcnv2,Slc25a4,Slc25a12,S
lc41a1,Strit1 

3 metal ion 
transport 

Adcyap1r1,Anxa5,Aplnr,Bak1,Bmp4,Ccl2
1a,Ccr5,Cd63,Cx3cl1,Ednrb,F2r,Fhl1,Hes
1,Lgals3,Pkd2,Plcg2,Prnp,Ptk2b,Serpine2,
Slc1a3,Slc38a2,Slc39a6,Tfrc,Ace,Anxa2,
Bcl2,Ccn2,Edn3,Gnao1,Igf1,Kif5b,Mmgt
2,Nppa,Panx1,Pkd1,Rrad,Scn1b,Sfxn1,Tg
fb2,Tspo 

Adora2a,Adra1a,Akt2,Camk2a,Crhr2,
Hcn4,Kcne1,Kcnj2,Kcnj3,Kcnj5,Scn4b
,Atp1a2,Atp2a2,Dhrs7c,Gstm7,Kcnip2,
Kcnv2,Klhl3,Slc20a2,Slc25a12,Slc41a
1,Strit1 

4 regulation of 
blood 
circulation 

Cx3cl1,Ednrb,Egfr,F2r,Hif1a,Hsp90aa1,It
ga9,Scn1b,Shox2,Ace,App,Ccn2,Edn3,Gn
ao1,Hbegf,Mmp2,Myh7,Nppa,Svep1,Tgfb
2 

Adra1a,Adra1b,Alox5,Crhr2,Hcn4,Kcn
e1,Kcnj2,Kcnj5,Rgs2,Rnf207,Scn4b,T
bx5,Apln,Atp1a2,Atp2a2,Atp5pf,Hopx,
Kcnip2,Strit1,Tnni3 
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5 regulation of 
monoatomic 
ion transport 

Adcyap1r1,Aplnr,Bak1,Bmp4,Cd63,Cx3cl
1,F2r,Fhl1,Fxyd5,Hes1,Lgals3,Pkd2,Prnp,
Ptk2b,Scn1b,Serpine2,Ace,Atp8b1,Bcl2,E
dn3,Fxyd6,Gnao1,Igf1,Kif5b,Nppa,Rrad,
Tgfb2,Tspo 

Adora2a,Akt2,Camk2a,Crhr2,Kcnj2,K
cnj5,Maob,P2ry1,Scn4b,Atp1a2,Dhrs7
c,Gstm7,Kcne1,Kcnip2,Kcnj3,Strit1 

6 muscle system 
process 

Bmp4,Ccn4,Col14a1,Cttn,Dbn1,Ednrb,F2
r,Mybpc2,Myl1,Myl6,Ptger4,Scn1b,Tnfrsf
1a,Tnfrsf1b,Acta1,Atp8a2,Ccn2,Comp,Ed
n3,Hsp90aa1,Igf1,Igfbp5,Myh7,Nppa,Npp
b,Pi16,Sulf1,Tpm3,Tpm4 

Adra1a,Adra1b,Clcn1,Hcn4,Kcnj2,Kcn
j5,Meis1,P2ry1,Rnf207,Scn4b,Tnni2,A
tp1a2,Atp2a2,Kcne1,Kcnip2,Rgs2,Slc2
5a4,Strit1,Tnni3 

7 circulatory 
system process 

Amot,Cx3cl1,Ednrb,Egfr,F2r,Gpx1,Hif1a,
Hsp90aa1,Id2,Itga9,Myl1,Nppb,Plod3,Scn
1b,Shox2,Sod3,Ace,App,Ccn2,Col1a2,Co
mp,Ddah1,Edn3,Emilin1,Gnao1,Hbegf,M
mp2,Myh7,Nox4,Nppa,Postn,Scpep1,Sve
p1,Tgfb2 

Adora2a,Adra1a,Adra1b,Alox5,Crhr2,
Hcn4,Kcnj2,Kcnj5,P2ry1,Rnf207,Scn4
b,Slc27a1,Tbx5,Tnni2,Apln,Atp1a2,At
p2a2,Atp5pf,Emilin2,Hopx,Kcne1,Kcn
ip2,Rgs2,Strit1,Tnni3 

8 phosphorus 
metabolic 
process 

Adarb1,Adcy7,Adcyap1r1,Aplnr,Bak1,B
mp4,Cda,Ckb,Crlf1,Cx3cl1,Cx3cr1,Dclk1
,Ednrb,Eef1a1,Egfr,Enpp1,Fgfr1,Gba1,Gr
k5,Hes1,Hif1a,Inhba,Itga6,Ldlr,Lrp8,Lrrk
1,Mapk4,Nudt16,Pkd1,Pla2g4a,Plcg2,Prk
ag2,Prkcd,Ptger4,Ptk2b,Ptprf,Ptprn,Rap2b
,S1pr2,Sox9,Syk,Tfrc,Tgfbr1,Thbs1,Tlr4,
Tnfrsf1a,Upp1,Acot9,Anxa2,App,Bcl2,Cc
n2,Ccnd2,Cd44,Cdkl2,Cfh,Clec4n,Dhdds,
Dynll1,Ehd4,Fbln1,Fn1,Fndc1,Hbegf,Hsp
90aa1,Igf1,Irak4,Lox,Mical1,Myh7,Nmrk
2,Nox4,Nppa,Nppb,Nuak1,Nudt18,Nupr1,
Pfkp,Ppm1e,Prnp,Sfrp1,Sfrp2,Srpx2,Thbs
4,Tmem119,Tspan9,Tspo,Uck2,Ugp2 

Acot1,Akt2,Camk2a,Dusp18,Enpp2,En
tpd5,Il15,Isyna1,Mylk4,Ndufb11,P2ry1
,Pdk2,Pdp2,Pim1,Pla2g5,Rgs2,Sema4d
,Slc25a42,Slc27a1,Sord,Wnk2,Acaa2,
Acot2,Acss1,Apln,Atp1a2,Atp5pf,Ces1
d,Dgat2,Eno3,Epha4,Fbp2,Fitm1,Hadh
a,Impa2,mt-
Nd5,Ndufa5,Nme6,Pink1,Ppm1k,Ppm1
l,Sbk2,Slc25a12 

9 blood 
circulation 

Amot,Cx3cl1,Ednrb,Egfr,F2r,Gpx1,Hif1a,
Hsp90aa1,Id2,Itga9,Myl1,Nppb,Plod3,Scn
1b,Shox2,Sod3,Ace,App,Ccn2,Col1a2,Co
mp,Ddah1,Edn3,Emilin1,Gnao1,Hbegf,M
mp2,Myh7,Nppa,Postn,Scpep1,Svep1,Tgf
b2 

Adora2a,Adra1a,Adra1b,Alox5,Crhr2,
Hcn4,Kcnj2,Kcnj5,P2ry1,Rgs2,Rnf207
,Scn4b,Tbx5,Tnni2,Apln,Atp1a2,Atp2a
2,Atp5pf,Emilin2,Hopx,Kcne1,Kcnip2,
Strit1,Tnni3 

10 phosphate-
containing 
compound 
metabolic 
process 

Adarb1,Adcy7,Adcyap1r1,Aplnr,Bak1,B
mp4,Cda,Ckb,Crlf1,Cx3cl1,Cx3cr1,Dclk1
,Ednrb,Eef1a1,Egfr,Enpp1,Fgfr1,Gba1,Gr
k5,Hes1,Hif1a,Inhba,Itga6,Ldlr,Lrp8,Lrrk
1,Mapk4,Nudt16,Pkd1,Pla2g4a,Plcg2,Prk
ag2,Prkcd,Ptger4,Ptk2b,Ptprf,Ptprn,Rap2b
,S1pr2,Sox9,Syk,Tfrc,Tgfbr1,Thbs1,Tlr4,
Tnfrsf1a,Upp1,Acot9,Anxa2,App,Bcl2,Cc

Acot1,Akt2,Camk2a,Dusp18,Enpp2,En
tpd5,Il15,Isyna1,Mylk4,Ndufb11,P2ry1
,Pdk2,Pdp2,Pim1,Pla2g5,Rgs2,Sema4d
,Slc25a42,Slc27a1,Sord,Wnk2,Acaa2,
Acot2,Acss1,Apln,Atp1a2,Atp5pf,Ces1
d,Dgat2,Eno3,Epha4,Fbp2,Fitm1,Hadh
a,Impa2,mt-
Nd5,Ndufa5,Nme6,Pink1,Ppm1k,Ppm1
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n2,Ccnd2,Cd44,Cdkl2,Cfh,Clec4n,Dhdds,
Dynll1,Ehd4,Fbln1,Fn1,Fndc1,Hbegf,Hsp
90aa1,Igf1,Irak4,Lox,Mical1,Myh7,Nmrk
2,Nox4,Nppa,Nppb,Nuak1,Nudt18,Nupr1,
Pfkp,Ppm1e,Prnp,Sfrp1,Sfrp2,Srpx2,Thbs
4,Tmem119,Tspan9,Tspo,Uck2,Ugp2 

l,Sbk2,Slc25a12 

11 regulation of 
system process 

Ccn4,Cttn,Cx3cl1,Ednrb,Egfr,F2r,Fgfr1,G
ba1,Hif1a,Inhba,Nppb,Ptger4,Ptk2b,S1pr2
,Scn1b,Shox2,Tnfrsf1a,Tnfrsf1b,Ace,App,
Ccn2,Dbn1,Ecrg4,Edn3,Gnao1,Hbegf,Hsp
90aa1,Igf1,Igfbp5,Itga9,Mmp2,Myh7,Npp
a,Pi16,Svep1,Tgfb2,Tspo 

 

12 establishment 
of localization 

Ildr2,Adcyap1r1,Anxa5,Aplnr,Arfgap3,Ar
hgap17,Arl4c,Aspscr1,Bak1,Bmp4,Ccl21a
,Ccr5,Cd9,Cd63,Cnn2,Cttn,Cttnbp2nl,Cx3
cl1,Dbn1,Ecrg4,Ednrb,Egfr,Enpp1,F2r,Fbl
n5,Fgfr1,Fhl1,Fxyd5,Gas1,Gpm6b,Hes1,
Hif1a,Il4ra,Inhba,Lbp,Ldlr,Lgals3,Lima1,
Lrp8,Ltbp4,Map1a,Map1b,Mrc2,Niban2,
Nkd2,Ophn1,Pkd1,Pkd2,Pla2g4a,Plcg2,Pl
s3,Pou2f2,Prkar1a,Prkcd,Pros1,Ptger4,Ptk
2b,Rab34,Rcn3,S100a6,S100a10,Scn1b,S
erpine2,Slc1a3,Slc25a30,Slc38a2,Slc39a6,
Star,Syk,Tfrc,Thbs1,Tlr4,Tnfrsf1a,Tnfrsf1
b,Tnfrsf11a,Abra,Ace,Actn4,Ankrd1,Anxa
1,Anxa2,Ap1s2,Apod,App,Aqp8,Atp6v0a
4,Atp8a2,Atp8b1,Bcl2,Calhm5,Ccn2,Clic
1,Clic5,Col1a1,Comp,Comt,Creb3l2,Cygb
,Dipk2a,Dpysl2,Dync1li1,Dynll1,Edn3,Eh
d4,Fndc1,Fxyd6,Gnao1,Grip1,Hsp90aa1,I
ft122,Igf1,Kdelr3,Kif5b,Lman1l,Lpar1,Lr
p1,Mical1,Mmgt2,Msn,Nppa,Nucb2,Panx
1,Pcdh17,Phldb2,Piezo2,Prnp,Ptprn,Rab7
b,Rab27b,Rab31,Rbp1,Rhoj,Rrad,Rtn4,Se
rpine1,Sfrp1,Sfxn1,Spcs3,Ssc5d,Tgfb2,Tg
fb3,Tgm2,Tspan9,Tspan17,Tspo,Txnip,Uc
hl1,Zdhhc2 

Adora2a,Adra1a,Akt2,Alox5,Aqp7,Bcl
2l11,Car14,Cenpf,Clcn1,Cox7a1,Crhr2
,Dusp18,Emc4,Enpp2,Hcn4,Il15,Kcnj2
,Kcnj3,Kcnj5,Maob,Nectin2,P2ry1,Pim
1,Pola2,Rgs2,Ruvbl2,Scn4b,Selenbp1,
Slc7a1,Slc22a3,Slc25a42,Slc27a1,Spc2
4,Ston2,Syvn1,Tmed1,Wrap53,Acaa2,
Ano10,Apln,Atp1a2,Atp2a2,Atp5pf,Ca
mk2a,Ces1d,Cngb3,Dhrs7c,Gstm7,Had
h,Ift81,Kcne1,Kcnip2,Kcnv2,Klhl3,Lrp
prc,mt-
Nd5,Pex6,Pink1,Pla2g5,Ppm1k,Preb,Rt
n2,Slc20a2,Slc25a4,Slc25a12,Slc25a22
,Slc41a1,Stard10,Strit1,Syt7,Ttll1,Whr
n 
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13 transport Kif5b,Pls3,Scn1b,Mical1,Ccn2,Igf1,Rtn4,
Prkar1a,Ace,Cygb,Hif1a,Fbln5,Tgfb3,Hsp
90aa1,Atp8a2,Ptprn,Map1a,Ehd4,Edn3,A
nxa5,Apod,App,Fhl1,Clic5,Rab27b,Anxa1
,Ankrd1,Cd63,Lrp8,Uchl1,Ift122,Comt,S1
00a6,Col1a1,Slc1a3,Aqp8,Msn,Ap1s2,Sfr
p1,Star,Gnao1,Comp,Rrad,Panx1,Anxa2,
Dync1li1,Pkd1,Bcl2,Bak1,F2r,Mmgt2,Ma
p1b,Actn4,Lman1l,Rab31,Piezo2,Nppa,Ts
po,Abra,Aplnr,Dipk2a,Rbp1,Rhoj,Fxyd6,
Fndc1,Pkd2,Grip1,Ssc5d,Pcdh17,Enpp1,S
erpine1,Tgm2,Txnip,Atp6v0a4,Lpar1,Tlr4
,Tgfb2,Lrp1,Ltbp4,Prnp,Clic1,Pou2f2,Dy
nll1,Fxyd5,Kdelr3,Lbp,Rcn3,Egfr,Mrc2,S
yk,Sfxn1,Nkd2,Bmp4,Prkcd,Slc25a30,Dp
ysl2,Ednrb,Slc38a2,Ecrg4,Serpine2,Tnfrsf
11a,Niban2,Hes1,Tfrc,Pros1,Lima1,Slc39
a6,Aspscr1,Tnfrsf1b,Adcyap1r1,Tnfrsf1a,
Cd9,Tspan9,Rab34,Cnn2,Nucb2,Il4ra,Arh
gap17,Cttn,Ophn1,Gpm6b,Fgfr1,Cx3cl1,L
dlr,Ptk2b,Cttnbp2nl,Arl4c,Calhm5,Lgals3,
Rab7b,Gas1,Arfgap3,Pla2g4a,Inhba,S100
a10,Plcg2,Dbn1,Creb3l2,Zdhhc2,Atp8b1,
Ptger4,Thbs1,Ildr2,Ccl21a,Ccr5 

Adora2a,Adra1a,Akt2,Alox5,Aqp7,Bcl
2l11,Camk2a,Car14,Cenpf,Clcn1,Cox7
a1,Crhr2,Enpp2,Hcn4,Il15,Kcnj2,Kcnj
3,Kcnj5,Maob,P2ry1,Pim1,Pola2,Preb,
Rgs2,Scn4b,Selenbp1,Slc7a1,Slc22a3,
Slc25a42,Slc27a1,Ston2,Syvn1,Tmed1, 
Acaa2,Ano10,Apln,Atp1a2,Atp2a2,Atp
5pf,Ces1d,Cngb3,Dhrs7c,Gstm7,Hadh,
Ift81,Kcne1,Kcnip2,Kcnv2,Klhl3,Lrpp
rc,mt-
Nd5,Pex6,Pink1,Pla2g5,Ppm1k,Rtn2,Sl
c20a2,Slc25a4,Slc25a12,Slc25a22,Slc4
1a1, Stard10,Strit1,Syt7,Ttll1 

14 localization Kif5b,Etv5,Scn1b,Ccn2,Igf1,Rtn4,Prkar1a
,Ace,Cygb,Fbln5,Tgfb3,Hsp90aa1,Tspan1
7,Ptprn,Cfh,Fbn1,Map1a,Ehd4,Edn3,Anxa
5,Dclk1,Apod,App,Fhl1,Clic5,Myl12a,Ra
b27b,Anxa1,Ankrd1,Cd63,Lrp8,Uchl1,Ptn
,Ift122,Comt,S100a6,Col1a1,Slc1a3,Aqp8
,Msn,Ap1s2,Sfrp1,Star,Gnao1,Comp,Anx
a2,Dync1li1,Bcl2,F2r,Tmsb4x,Map1b,Spc
s3,Actn4,Lman1l,Rab31,Piezo2,Nppa,Tsp
o,Abra,Dipk2a,Rbp1,Rhoj,Fxyd6,Fndc1,P
kd2,Grip1,Ssc5d,Pcdh17,Enpp1,Serpine1,
Tgm2,Atp6v0a4,Lpar1,Tlr4,Tgfb2,Lrp1,L
tbp4,Nbl1,Prnp,Tmsb10,Dynll1,Fxyd5,Kd
elr3,Pls3,Mical1,Mrc2,Hif1a,Syk,Sfxn1,N
kd2,Atp8a2,Dpysl2,Serpine2,Hes1,Lima1,
Tspan5,Tspan9,Plod3,Nucb2,Gpm6b,Rrad
,Panx1,Ldlr,Pkd1,Bak1,Ptk2b,Mmgt2,Cal
hm5,Lgals3,Gas1,Pla2g4a,Amot,S100a10,
Aplnr,Phldb2,Plcg2,Txnip,Creb3l2,Atp8b
1,Ccl21a,Clic1,Pou2f2,Lbp,Rcn3,Egfr,Nin

Adora2a,Adra1a,Akt2,Alox5,Aqp7,Bcl
2l11,Camk2a,Car14,Cenpf,Clcn1,Cox7
a1,Crhr2,Dusp18,Emc4,Enpp2,Hcn4,Il
15,Kcnj2,Kcnj5,Lama5,Maob,Nectin2,
P2ry1,Pim1,Pola2,Rgs2,Ruvbl2,Scn4b,
Selenbp1,Slc7a1,Slc22a3,Slc25a42,Slc
27a1,Spc24,Ston2,Syvn1,Tmed1,Wdr4
5,Wrap53,Acaa2,Ano10,Apln,Atp1a2,
Atp2a2,Atp5pf,Ces1d,Cngb3,Dgat2,Dh
rs7c,Fitm1,Gstm7,Hadh,Ift81,Kcne1,K
cnip2,Kcnj3,Kcnv2,Klhl3,Lrpprc,mt-
Nd5,Pex6,Pink1,Pla2g5,Ppm1k,Preb,Rt
n2,Slc20a2,Slc25a4,Slc25a12,Slc25a22
,Slc41a1,Stard10,Strit1,Syt7,Ttll1,Whr
n 
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,Bmp4,Prkcd,Slc25a30,Ednrb,Slc38a2,Ecr
g4,Tnfrsf11a,Niban2,Tfrc,Pros1,Slc39a6,
Aspscr1,Gba,Tnfrsf1b,Adcyap1r1,Tnfrsf1
a,Cd9,Sox9,Mmp14,Rab34,Cnn2,Il4ra,Ar
hgap17,Ldaf1,Cttn,Ophn1,Fgfr1,Cx3cl1,C
ttnbp2nl,Arl4c,Rab7b,Arfgap3,Inhba,Dbn
1,Iqce,Dchs1,Cntln,Zdhhc2,Ptger4,Thbs1,
Ildr2,Ccr5 

15 organonitrogen 
compound 
metabolic 
process 

Fbln1,Dio2,Crlf1,Sulf1,Gpx3,Ccn2,Nuak1
,Igf1,Tnip1,Rtn4,Ace,Trim47,Pfkp,Aopep,
Thbs4,Samd4,Pdlim2,Itih5,Tspan17,Casp
12,Igfbp5,Fn1,Ptprn,Pam,Cfh,Uck2,Vim,P
amr1,Ehd4,Sfrp2,Apod,App,Hbegf,Lox,D
dah1,Lrp8,Nppb,Uchl1,Cdkl2,Pcolce,Gxyl
t2,Ccnd2,Comt,Loxl3,Timp1,Grk5,Nmrk2
,Cd44,Nox4,Nupr1,Cpxm2,Msn,Sfrp1,Ad
cy7,Mmp2,Comp,Anxa2,Dnaja4,Bcl2,Rpl
3,Gpx1,F2r,Nlrc3,Cx3cr1,Myh7,Tmem11
9,Nppa,Tspo,Otulin,Fndc1,Qsox1,Loxl2,A
damts2,Hspb6,Enpp1,Tgm2,Tlr4,Tgfb2,Lr
p1,Prnp,Ddah2,Tgfbr1,Dhdds,Mical1,Egfr
,Adarb1,Upp1,Aebp1,Galc,Hif1a,Hsp90aa
1,Traf3,Syk,Nkd2,Prkcd,Tars,Ecrg4,Mgat
4a,Serpine2,Map1a,Dclk1,Hes1,Masp1,Cl
ec4n,Adamts10,Ppic,Mapk4,Acot9,Rnf11
5,Ctsk,Tspan5,Hacd4,Tnfrsf1b,Prkag2,M
mp23,Tnfrsf1a,Tspan9,Scpep1,Sox9,Usp3
2,Mmp14,Ckb,Il17ra,Plod3,Slc1a3,Nucb2
,Ophn1,Sh3bgrl,Psmb10,Ldlr,Pkd1,Chpf,
Bak1,Ptk2b,Irak4,Gas1,Spcs3,C1ra,Pla2g
4a,Hectd2,Inhba,S100a10,Serpinb6b,Naal
ad2,Ctla2a,Aplnr,Nudt18,Ppm1e,Spsb4,Pl
cg2,Ttll7,Rap2b,Serpine1,Eef1a1,Dsel,Da
p,Zdhhc2,Thbs1,Ccl21a,Col4a3,Lrrk1,Rcn
3,Phlda1,Bmp4,Ednrb,Tfrc,Aspscr1,Gba,
Cda,Tgfb1i1,Fgfr1,Cx3cl1,Nudt16,Numbl
,S1pr2,Dact1,Ptprf,P3h2,Rbms3,Ptger4 

P3h4,Atp1a2,Unc45b,Dglucy,Acot2,En
tpd5,Aldh6a1,Mtr,Ttll1,Adhfe1,Epha4,
Rgs2,Slc25a12,Acss1,P2ry1,Ppm1l,Op
lah,Atp5pf,Ndufa5,Lrpprc,Pfdn6,Camk
2a,Cpt2,Pink1,Gstk1,Rtn2,Dbt,Rpl3l,C
rhr2,Gstm7,Akt2,Etfb,Dgat2,Ndufb11,
Mmp15,Slc27a1,Bckdhb,Ces1d,Eno3,
mt-
Nd5,Lgals4,Pla2g5,Acot1,Acaa2,Ppm1
k,Wnk2,Hjv,Pdk2,Mrps35,Kyat3,Gcat,
Klhl3,Mtif2,Mif4gd,Sema4d,Tppp,Enp
p2,Spta1,Aldh9a1,Eif3m,Mme,Gpt,Sha
rpin,Ppil1,Pim1,Anks1,Carnmt1,Syvn1
,Rps6,Sbk2,Slc25a42,Fah,Gpt2,Il15,Ad
amts7,Nme6,Hhatl,Pdp2,Ggcx,Gzmm,
Mylk4,Dusp18,Qsox2,Kyat1,Neurl2,M
aob 

16 regulation of 
transport 

Adcyap1r1,Anxa5,Aplnr,Aspscr1,Bak1,B
mp4,Ccl21a,Cd63,Cnn2,Cttnbp2nl,Cx3cl1
,Dpysl2,Egfr,Enpp1,F2r,Fgfr1,Fhl1,Fxyd5
,Gpm6b,Hes1,Hif1a,Il4ra,Inhba,Lbp,Lgals
3,Map1b,Pkd2,Pla2g4a,Plcg2,Pls3,Prkcd,
Pros1,Ptger4,Ptk2b,S100a10,Serpine2,Syk
,Thbs1,Tlr4,Tnfrsf1a,Tnfrsf1b,Tnfrsf11a,

Adora2a,Akt2,Alox5,Camk2a,Crhr2,Il
15,Kcne1,Kcnj2,Kcnj3,Kcnj5,Maob,P2
ry1,Pim1,Rgs2,Rtn2,Scn4b,Ston2,Acaa
2,Apln,Atp1a2,Atp2a2,Atp5pf,Ces1d,D
hrs7c,Gstm7,Hadh,Kcnip2,Pink1,Slc25
a4,Slc25a22,Strit1,Syt7 
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Ace,Actn4,Ankrd1,Anxa1,Anxa2,Apod,A
pp,Atp8a2,Atp8b1,Bcl2,Dbn1,Dync1li1,D
ynll1,Ecrg4,Edn3,Ehd4,Fndc1,Fxyd6,Gas
1,Gnao1,Hsp90aa1,Igf1,Kif5b,Lpar1,Lrp1
,Mical1,Msn,Nppa,Nucb2,Ophn1,Prkar1a,
Prnp,Rab27b,Rrad,Rtn4,Scn1b,Serpine1,S
frp1,Slc38a2,Tgfb2,Tgfb3,Tgm2,Tspo,Zd
hhc2 

17 cellular 
process 

Crip1,Kif5b,Plekho1,Ppfibp1,Sparc,Dcn,C
cn2,Rtn4,Pfkp,Aspn,Vcan,Thbs4,Col14a1,
Col5a2,Col3a1,Igfbp5,Pam,Cfh,Uck2,Vim
,Xirp2,Fbn1,Ccn5,Postn,Sfrp2,Ccdc80,Fst
l1,Enah,Clic5,Pi16,Myl12a,Dpysl3,Lox,A
nkrd1,Col15a1,Angptl7,Mxra8,Uchl1,Col
1a2,Pcolce,Mfap5,Emp1,Ccnd2,Loxl3,Ser
pinf1,S100a6,Timp1,Col1a1,Ugp2,Ltbp2,
Nmrk2,Col4a1,Col4a2,Mmp2,Crispld2,Co
mp,Acta1,Itgbl1,Bcl2,Rpl3,Nrap,Myh7,N
ppa,Cilp,Ecm2,Fxyd6,Col8a1,Fibin,Igfbp
7,Hspb6,Tgm2,Itga9,Prune2,Tgfb2,Synpo
2l,Lrrc17,Fgl2,Lrp1,Ltbp4,Prnp,Fbln1,Dio
2,Crlf1,Nav1,Actn1,Cd34,Nuak1,Unc5b,C
ol6a2,Fstl3,Tnip1,Prkar1a,Ace,Cygb,Tgfb
3,Samd4,Casp12,Fn1,Ptprn,Des,Col5a1,Fr
zb,Ehd4,Edn3,S100a11,Apod,App,Rcan1,
Igfbp6,Fhl1,Hbegf,Ltbp3,Ddah1,Svep1,C
nksr1,Nppb,Arpc1b,Medag,Gxylt2,Mgp,If
t122,Comt,Meox1,Rhoc,Nox4,Nupr1,Msn
,Tnmd,Srpx2,Sfrp1,Adcy7,Gnao1,Gpx1,F
bln2,F2r,Tmsb4x,Nlrc3,Sprr1a,Map1b,Tm
em119,Col8a2,Piezo2,Tspo,Mfap4,Cox19,
Otulin,Rbp1,Lgals1,Flnc,Fndc1,Qsox1,Lo
xl2,Adamtsl2,Adamts2,Pmepa1,Gdf15,At
p6v0a4,Tlr4,Col16a1,Nbl1,Dhdds,Etv5,Pc
olce2,Sulf1,Mafk,Pmp22,Gpx3,Scn1b,Igf
1,Fbln5,Hsp90aa1,Pdlim2,Shisa5,Tspan17
,Nabp1,Cd55,Apbb1ip,Itga6,Map1a,Anxa
5,Dclk1,Tbx15,Itgb5,Tnfrsf12a,Bambi,An
xa1,Cd63,Lrp8,Mmp23,Cdkl2,Ptn,Col6a1,
Grk5,Gab2,Cd44,Slc1a3,Nid1,Aqp8,Ap1s
2,Star,Tpm4,Anxa2,Dnaja4,Col12a1,Dync
1li1,Rasl11b,Cx3cr1,Junb,Spcs3,Actn4,L
man1l,Rab31,Maff,Abra,Tuba1c,Naalad2,
Tubb2b,Nudt18,Dipk2a,Ppm1e,Rhoj,Tecp

P3h4,Atp1a2,Rbfox1,Tbx5,Acadvl,Unc
45b,Acot2,Entpd5,Aldh6a1,Mtr,Fbp2,F
itm1,Ttll1,Hadha,Adhfe1,Epha4,Rgs2,
Cenpf,Kcnj3,Slc25a12,Sord,Acss1,P2r
y1,Ppm1l,Hadh,Oplah,Atp5pf,Ndufa5,
Lrpprc,Eci1,Pfdn6,Syt7,Kcnip2,Decr1,
Cpt2,Pink1,Atp2a2,Ift81,Gstk1,Rtn2,T
cea3,Rpl3l,Efnb3,Akt2,Etfb,Pex11a,Sta
rd10,Dgat2,Ndufb11,Slc25a4,Mmp15,
Bckdhb,Dhrs7c,Ces1d,Hopx,Eno3,Ret
nla,mt-
Nd5,Mlf1,Adra1b,Ech1,Lgals4,Pla2g5,
Lgr6,Gal3st3,Cox7a1,Fam174b,Tnni3,
Acaa2,Apbb1,Slc20a2,Ppm1k,Ano10,
Wnk2,Hjv,Car14,Pdk2,Mrps35,Cmtm8
,Strit1,Osgep,Gcat,Slc41a1,Klhl3,Pdcd
2,Lama5,Cenpv,Ybx2,Slc25a22,Isyna1,
Mtif2,Mif4gd,Coro6,Dglucy,Rgs7bp,O
pn4,Ogdhl,Spta1,Lamb3,Aldh9a1,Eif3
m,Bcl2l11,Slc22a3,Pim1,Emilin2,Anks
1,Impa2,Camk2a,Syvn1,Pola2,Cyp4b1,
Ablim2,Clcn1,Sbk2,Dbt,Crhr2,Ruvbl2,
Gstm7,Col5a3,Fah,Tnni2,Stard8,Slc27
a1,Kcnj5,Tmed1,Hcn4,Hhatl,Bcl11b,P
dp2,Foxo6,Ggcx,Gzmm,Mgmt,Slc7a1,
Kcnj2,Mapk1ip1,Gpr22,Mylk4,Penk,N
qo2,Lrrc4b,Helt,Dusp18,Zfp358,Kcnv2
,Hes6,Selenbp1,Acot1,Pde11a,Gramd4,
Phpt1,Syde2,Apln,Ctnnal1,Whrn,Prdm
16,Kcne1,Kyat3,Hsbp1l1,Snhg14,Meis
1,Adora2a,Ccl11,Ston2,Sema4d,Tppp,
Enpp2,Alox5,Esrrg,Emc4,Mme,Gpt,Sh
arpin,Ppil1,Carnmt1,Cryz,Aqp7,Rps6,S
pa17,Slc25a42,Pex6,Ercc1,Gpt2,Il15,A
damts7,Nme6,Acbd4,Rnf207,Nectin2, 
Sox6,Dnaaf3,Cngb3,Wrap53,Preb,Adra
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r1,Scx,Pkd2,Grip1,Ssc5d,Haus8,Pcdh17,I
gsf10,Lum,Cavin3,Enpp1,Serpine1,Prkab
2,Lpar1,Mybpc2,Myl6,Eid1,Tmsb10,2410
006H16Rik,Ddah2,Carhsp1,Dynll1,Fxyd5
,Kdelr3,Bicc1,Pls3,Ptgis,Ro60,Mical1,Mr
c2,Rflnb,Hif1a,Sfxn1,Atp8a2,Dpysl2,Sorb
s3,Serpine2,Tpm3,Hes1,Masp1,Runx1,Ad
amts10,Rab27b,Ppic,Acot9,Gpatch4,Rnf1
15,Ctsk,Pdpn,Emilin1,Foxp2,Fscn1,Tspan
9,Ckb,Sh3bgrl,Gpm6b,Rrad,Psmb10,Panx
1,Mcam,Itga11,Lmo2,Pkd1,Bak1,Ptk2b,Ir
ak4,Mmgt2,Myof,Calhm5,Cpne8,Gas1,Ml
lt11,Cnn3,C1ra,Pla2g4a,Fmod,Prelp,Amot
,Phlda3,S100a10,Serpinb6b,Aplnr,Spsb4,
Col6a3,Dok1,Cebpd,Sod3,Phldb2,Zfp267,
Rtkn,Rrp12,Tacc3,Mical2,Tsr1,Rras,Txnip
,Atp8b1,Ifi27l2a,Xirp1,Clic1,Tgfbr1,Fcrl2
,P4ha1,Ntn4,Egfr,Csrp2,Adarb1,Aebp1,Id
2,Galc,Nin,Traf3,Syk,Nkd2,Prkcd,Tars,Slc
38a2,Sdc3,Il1r1,Tnfrsf11a,Shox2,Lima1,T
span5,Hacd4,Tnfrsf1b,Prkag2,Srsf9,Adcy
ap1r1,Zyx,Bhlhe40,Tnfrsf1a,Cd9,Mmp14,
Il17ra,Plod3,Ccn4,Nucb2,Il4ra,Rgs10,Cttn
,Pdlim3,Mt2,Ldlr,Chpf,Septin11,Tubb2a,
Arl4c,Lgals3,Rab7b,Creb5,Gemin6,Inhba,
Ctla2a,Zbtb7c,Col27a1,Trim16,Ino80c,Co
l4a4,Sp110,Dnm3os,Plcg2,Dbn1,Sema3f,
Rap2b,Eef1a1,Cntln,Creb3l2,Dsel,Dap,Isg
20,Zdhhc2,Vasn,Thbs1,Emp3,Ildr2,Ccl21a
,Ccr5,Col4a3,Snord13,Pou2f2,Lrrk1,Lbp,
Rcn3,Nav3,Phlda1,Upp1,Tshz3,Cd180,Gp
x8,Bmp4,Slc25a30,Ednrb,Matn2,Ecrg4,M
gat4a,Ifi211,Niban2,Lhx6,Tubgcp4,Skil,Pt
gfrn,Tfrc,Pros1,Fmnl3,Clec4n,Slc39a6,M
yot,Mapk4,Aspscr1,Gba,Glipr2,Cda,Eln,
Wnt5b,Sox9,Sez6,Usp32,Rab34,Relb,Chn
2,Cnn2,Zfp626,Arhgap17,Tgfb1i1,Ldaf1,
Mki67,Ophn1,Fgfr1,Cx3cl1,Cotl1,Nudt16
,Arap1,Atxn7l3,Cttnbp2nl,Numbl,Fzd2,Ar
fgap3,Pcdh9,Mcm3,S1pr2,Dact1,Shb,Zfp3
16,Slitrk4,Ankrd23,Ptprf,Vat1,Abi3bp,Sbn
o2,Iqce,Dchs1,Tnfrsf23,P3h2,Rbms3,Ptge
r4,Sema3d,Ms4a6c,Chaserr 

1a,Scn4b,Spc24,Qsox2,Wdr45,Kyat1, 
Neurl2,Maob 
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18 regulation of 
biological 
quality 

Kif5b,Dio2,Plekho1,Sparc,Dcn,Rtn4,Prkar
1a,Ace,Samd4,Ptprn,Cfh,Vim,Edn3,Postn,
App,Fhl1,Serping1,Myl12a,Ddah1,Svep1,
Col1a2,Comt,Msn,Srpx2,Sfrp1,Mmp2,Gn
ao1,Comp,Bcl2,F2r,Tmsb4x,Map1b,Myh7
,Nppa,Tspo,Rbp1,Atp6v0a4,Itga9,Ltbp4,P
rnp,Fbln1,Carhsp1,Dynll1,Etv5,Scn1b,Igf
1,Hif1a,Hsp90aa1,Syk,Atp8a2,Fn1,Serpin
e2,Cd55,Map1a,Anxa5,Tnfrsf12a,Bambi,
Anxa1,Ctsk,Pdpn,Lrp8,Nppb,Emilin1,Ptn,
Tspan9,Scpep1,Plod3,Star,Anxa2,Pkd1,Ba
k1,Septin11,Ptk2b,Gpx1,Cx3cr1,Mllt11,Pl
a2g4a,Piezo2,Amot,Aplnr,Rhoj,Sod3,Pkd
2,Grip1,Serpine1,Lpar1,Tlr4,Atp8b1,Ccl2
1a,Tmsb10,Clic1,Lbp,Egfr,Id2,Bmp4,Prkc
d,Ednrb,Ecrg4,Niban2,Shox2,Pros1,Fmnl
3,Lima1,Gba,Tnfrsf1b,Eln,Adcyap1r1,Cd
9,Sez6,Nucb2,Cttn,Ophn1,Fgfr1,Cx3cl1,C
otl1,Arap1,Numbl,Fzd2,Inhba,S1pr2,Dact
1,Slitrk4,Ptprf,Plcg2,Dbn1,Sema3f,Abi3b
p,Rap2b,Zdhhc2,Ptger4,Thbs1,Sema3d,Ild
r2,Ccr5 

Atp1a2,Tbx5,Slc25a22,Adora2a,Ccl11,
Sema4d,Rgs7bp,Alox5,Epha4,Rgs2,Sp
ta1,Kcnj3,Bcl2l11,P2ry1,Mme,Hadh,A
tp5pf,Slc22a3,Pim1,Emilin2,Camk2a,S
yt7,Syvn1,Kcnip2,Aqp7,Pink1,Atp2a2,
Clcn1,Pex6,Crhr2,Efnb3,Akt2,Pex11a,
Dgat2,Slc25a4,Kcnj5,Hcn4,Ces1d,Adr
a1b,Kcnj2,Adra1a,Scn4b,Lrrc4b,Tnni3,
Acaa2,Apln,Ppm1k,Kcne1 

19 positive 
regulation of 
multicellular 
organismal 
process 

Abi3bp,Amot,Aplnr,Bmp4,Ccl21a,Ccn4,C
cr5,Cd55,Cttn,Cx3cl1,Cx3cr1,Ednrb,Egfr,
Etv5,F2r,Fgfr1,Gba1,Glipr2,Gpm6b,Hes1,
Hif1a,Id2,Il1r1,Il4ra,Il17ra,Inhba,Lbp,Lrp
8,Map1b,Mmp14,Nin,Numbl,Pdpn,Pla2g4
a,Plcg2,Pou2f2,Prkab2,Ptger4,Ptgis,Ptk2b,
Ptprf,Rras,Runx1,Scx,Serpine2,Shb,Shox2
,Skil,Slitrk4,Sox9,Star,Syk,Tfrc,Tgfb1i1,T
gfbr1,Thbs1,Tlr4,Tnfrsf1a,Tnfrsf1b,Tnfrsf
11a,Tnfrsf12a,Traf3,Ace,Anxa1,Anxa2,A
pp,Atp8a2,Bambi,Bcl2,Ccn2,Ccnd2,Cd34,
Clec4n,Col1a1,Dbn1,Ddah1,Ecrg4,Edn3,
Emilin1,Fn1,Grip1,Hsp90aa1,Hspb6,Igf1,
Lgals1,Loxl2,Ltbp3,Lum,Nppa,Nppb,Pan
x1,Postn,Ptn,Rab7b,Rtn4,Serpine1,Serpinf
1,Sfrp2,Srpx2,Sulf1,Svep1,Tgfb2,Tgfb3,T
gm2,Tmem119,Trim16,Tspo,Vim 

Tbx5,Adora2a,Ccl11,Sema4d,Tppp,En
pp2,Alox5,Epha4,Rgs2,Spta1,Esrrg,Slc
25a12,P2ry1,Mme,Hadh,Atp5pf,Pim1,
Emilin2,Decr1,Cpt2,Crhr2,Efnb3,Slc25
a4,Il15,Slc27a1,Nectin2,Sox6,Slc7a1,P
enk,Adra1a,Lrrc4b,Apln,Slc20a2,Prdm
16 
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20 regulation of 

multicellular 
organismal 
process 

Ccnd2,Cd34,Col14a1,Cygb,Fgl2,Gnao1,Ig
fbp5,Itga9,Lox,Loxl3,Mmp2,Prnp,Rbp1,S
erpinf1,Sfrp1,Sparc,Srpx2,Tgfb2,Tgm2,Ti
mp1,Vim,Angptl7,Aspn,Bcl2,Ccn2,Col1a
1,Col4a2,Comp,Dcn,Fbn1,Hspb6,Lrrc17,
Myh7,Nppa,Pi16,Postn,Rtn4,Serping1,Sfr
p2,Thbs4,Adcy7,Anxa2,Bambi,Cd63,Cx3
cr1,F2r,Fbln1,Frzb,Gdf15,Lrp8,Ltbp3,Lu
m,Maff,Nppb,Prkab2,Ptn,Sulf1,Tgfb3,Tlr
4,Tnfrsf12a,Ace,Apod,App,Ddah1,Dnaja4
,Edn3,Fn1,Fstl3,Hbegf,Lgals1,Loxl2,Map
1b,Mgp,Nlrc3,Nupr1,Prkar1a,Svep1,Tme
m119,Tnmd,Tspo,Anxa5,Aplnr,Ccl21a,Cc
n4,Col4a3,Ctsk,Fbln5,Gpm6b,Hes1,Hif1a,
Lmo2,Ntn4,Pdpn,Pla2g4a,Plcg2,Ptgis,Ptk
2b,Rras,Runx1,S100a10,Serpine2,Syk,Am
ot,Anxa1,Atp8a2,Cd55,Emilin1,Etv5,Grip
1,Hsp90aa1,Igf1,Panx1,Phldb2,Rflnb,Rho
j,Scn1b,Scx,Serpine1,Ssc5d,Star,Tgfbr1,P
ou2f2,Lbp,Egfr,Nav3,Id2,Nin,Traf3,Bmp4
,Prkcd,Ednrb,Ecrg4,Il1r1,Tnfrsf11a,Skil,S
hox2,Tfrc,Pros1,Clec4n,Gba,Glipr2,Tnfrsf
1b,Bhlhe40,Tnfrsf1a,Cd9,Sox9,Mmp14,Il
17ra,Relb,Il4ra,Tgfb1i1,Cttn,Fgfr1,Cx3cl1
,Ldlr,Numbl,Lgals3,Rab7b,Inhba,S1pr2,Ct
la2a,Shb,Slitrk4,Trim16,Ino80c,Ptprf,Dbn
1,Sema3f,Abi3bp,Vasn,Ptger4,Thbs1,Sem
a3d,Ildr2,Ccr5 

Adamts7,Adora2a,Adra1a,Alox5,Bcl2l
11,Ccl11,Enpp2,Esrrg,Hcn4,Il15,Kcnj2
,Kcnj5,Lama5,Meis1,Mme,Nectin2,P2r
y1,Penk,Pim1,Ruvbl2,Scn4b,Sema4d,S
lc27a1,Sox6,Spta1,Tbx5,Tppp, 
Adra1b,Apln,Atp1a2,Atp2a2,Atp5pf,C
pt2,Crhr2,Decr1,Efnb3,Emilin2,Epha4,
Hadh,Helt,Hes6,Hopx,Kcne1,Kcnip2,L
rrc4b,Prdm16,Rgs2,Rnf207,Slc7a1,Slc
20a2,Slc25a4,Slc25a12,Strit1,Syt7,Tnn
i3 

 
  

74 



 
 

Table S4. Common Genes expressed in negative enriched biological process 
 Term name Gene in WT TAC vs WT sham Gene in R14Δ/+ TAC vs R14Δ/+ sham 
1 monocarboxyl

ic acid 
metabolic 
process 

Abcd1,Acot1,Adh1,Akt2,Aldob,Appl2,Cbf
a2t3,Cpt2,Etfdh,Flcn,Gcdh,Kyat1,Lipe,Ma
pk14,Npc1,Nudt7,Pfkfb1,Ppara,Ppargc1a,
Prkab1,Scd4,Slc27a1,Sord,Acaa2,Acacb,A
cad11,Acadm,Acadvl,Acot2,Acss1,Aldh5a
1,Angptl3,Ces1d,Crat,Decr1,Dgat2,Ech1,E
chs1,Eci1,Eno3,Etfb,Gstm7,Hadh,Hadha,L
dhb,Plin5 

Acaa2,Acadvl,Acbd4,Acot1,Akt2,Alox
5,Cpt2,Fah,Gstm7,Kyat1,Pdk2,Slc27a1
,Sord,Acot2,Acss1,Ces1d,Decr1,Dgat2,
Ech1,Eci1,Eno3,Etfb,Hadh,Hadha,Slc2
5a12 

2 monocarboxyl
ic acid 
catabolic 
process 

Abcd1,Acaa2,Acad11,Akt2,Cpt2,Crat,Etfd
h,Gcdh,Lipe,Nudt7,Sord,Acacb,Acadm,Ac
advl,Acot2,Ces1d,Decr1,Ech1,Echs1,Eci1,
Etfb,Hadh,Hadha,Plin5 

Etfb,Acaa2,Acadvl,Akt2,Cpt2,Decr1,F
ah,Hadh,Sord,Acot2,Ces1d,Ech1,Eci1,
Hadha 

3 cardiac muscle 
contraction 

Adra1a,Adra1b,Cacnb2,Ctnna3,Dsg2,Fgf1
3,Hcn4,Kcne1,Kcnh2,Kcnj2,Kcnj5,Kcnq1,
Rgs2,Rnf207,Abcc9,Atp2a2,Myh6,Ryr2,S
cn4b,Smtn,Strit1,Tnni3,Tnni3k 

Adra1a,Adra1b,Hcn4,Kcnj2,Kcnj5,Scn
4b,Tnni2,Atp1a2,Atp2a2,Kcne1,Rgs2,
Rnf207,Strit1,Tnni3 

4 fatty acid 
catabolic 
process 

Abcd1,Akt2,Appl2,Cpt2,Etfdh,Gcdh,Mapk
14,Ppara,Ppargc1a,Acaa2,Acacb,Acad11,
Acadm,Acadvl,Crat,Decr1,Dgat2,Ech1,Ec
hs1,Eci1,Etfb,Hadh,Hadha,Plin5 

Etfb,Acaa2,Acadvl,Akt2,Cpt2,Decr1,H
adh,Acot2,Ces1d,Ech1,Eci1,Hadha 

5 regulation of 
blood 
circulation 

Adra1a,Adra1b,Agtr1a,Cacnb2,Crhr2,Ctnn
a3,Dsg2,Fgf13,Hcn4,Kcnd2,Kcne1,Kcnh2,
Kcnj2,Kcnj5,Kcnq1,Rgs2,Tbx5,Abcc9,Apl
n,Atp2a2,Hopx,Hrc,Kcnip2,Myh6,Pik3r1,
Rnf207,Ryr2,Scn4b,Slc4a3,Smtn,Strit1,Tn
ni3,Tnni3k 

Adra1a,Adra1b,Alox5,Crhr2,Hcn4,Kcn
e1,Kcnj2,Kcnj5,Rgs2,Rnf207,Scn4b,T
bx5,Apln,Atp1a2,Atp2a2,Atp5pf,Hopx
,Kcnip2,Strit1,Tnni3 

6 heart process Adra1a,Adra1b,Cacnb2,Crhr2,Ctnna3,Dsg
2,Fgf13,Hcn4,Kcnd2,Kcne1,Kcnh2,Kcnj2,
Kcnj5,Kcnq1,Rgs2,Tbx5,Abcc9,Apln,Atp
2a2,Hopx,Hrc,Kcnip2,Myh6,Pik3r1,Rnf20
7,Ryr2,Scn4b,Slc4a3,Smtn,Strit1,Tnni3,Tn
ni3k 

Adra1a,Adra1b,Crhr2,Hcn4,Kcnj2,Kcn
j5,Rgs2,Rnf207,Scn4b,Tbx5,Tnni2,Apl
n,Atp1a2,Atp2a2,Atp5pf,Hopx,Kcne1,
Kcnip2,Strit1,Tnni3 

7 heart 
contraction 

Adra1a,Adra1b,Cacnb2,Crhr2,Ctnna3,Dsg
2,Fgf13,Hcn4,Kcnd2,Kcne1,Kcnh2,Kcnj2,
Kcnj5,Kcnq1,Rgs2,Tbx5,Abcc9,Apln,Atp
2a2,Hopx,Hrc,Kcnip2,Myh6,Pik3r1,Rnf20
7,Ryr2,Scn4b,Slc4a3,Smtn,Strit1,Tnni3,Tn
ni3k 

Adra1a,Adra1b,Crhr2,Hcn4,Kcnj2,Kcn
j5,Rgs2,Rnf207,Scn4b,Tbx5,Tnni2,Apl
n,Atp1a2,Atp2a2,Atp5pf,Hopx,Kcne1,
Kcnip2,Strit1,Tnni3 
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8 small 
molecule 
catabolic 
process 

Abcd1,Adh1,Akt2,Aldh2,Aldh6a1,Aldob,
Bckdha,Bckdhb,Cpt2,Crat,Dbt,Etfdh,Gcat,
Gcdh,Gpt,Kyat1,Lipe,Mccc2,Nqo2,Nudt7,
Sord,Acaa2,Acacb,Acad11,Acadm,Acadvl,
Acot2,Adhfe1,Aldh5a1,Ces1d,Decr1,Ech1
,Echs1,Eci1,Eno3,Etfb,Got1,Hadh,Hadha,
Kyat3,Plin5 

Acaa2,Acadvl,Akt2,Cpt2,Dbt,Dhdh,Fa
h,Gcat,Gpt,Gpt2,Kyat1,Nqo2,Sord,Aco
t2,Adhfe1,Aldh6a1,Bckdhb,Ces1d,Dec
r1,Ech1,Eci1,Eno3,Etfb,Hadh,Hadha,K
yat3,Slc25a12 

9 regulation of 
heart 
contraction 

Adra1a,Adra1b,Cacnb2,Crhr2,Ctnna3,Dsg
2,Fgf13,Hcn4,Kcnd2,Kcne1,Kcnh2,Kcnj2,
Kcnj5,Kcnq1,Rgs2,Tbx5,Abcc9,Apln,Atp
2a2,Hopx,Hrc,Kcnip2,Myh6,Pik3r1,Rnf20
7,Ryr2,Scn4b,Slc4a3,Smtn,Strit1,Tnni3,Tn
ni3k 

Adra1a,Adra1b,Crhr2,Hcn4,Kcne1,Kc
nj2,Kcnj5,Rgs2,Rnf207,Scn4b,Tbx5,A
pln,Atp1a2,Atp2a2,Atp5pf,Hopx,Kcnip
2,Strit1,Tnni3 

10 carboxylic 
acid catabolic 
process 

Abcd1,Akt2,Aldh6a1,Bckdha,Bckdhb,Cpt
2,Crat,Dbt,Etfdh,Gcat,Gcdh,Gpt,Kyat1,Lip
e,Mccc2,Nudt7,Sord,Acaa2,Acacb,Acad11
,Acadm,Acadvl,Acot2,Adhfe1,Aldh5a1,Ce
s1d,Decr1,Ech1,Echs1,Eci1,Etfb,Got1,Had
h,Hadha,Kyat3,Plin5 

Acaa2,Acadvl,Akt2,Aldh6a1,Cpt2,Dbt,
Fah,Gcat,Gpt,Gpt2,Kyat1,Kyat3,Sord,
Acot2,Adhfe1,Bckdhb,Ces1d,Decr1,Ec
h1,Eci1,Etfb,Hadh,Hadha 

11 organic acid 
catabolic 
process 

Abcd1,Akt2,Aldh6a1,Bckdha,Bckdhb,Cpt
2,Crat,Dbt,Etfdh,Gcat,Gcdh,Gpt,Kyat1,Lip
e,Mccc2,Nudt7,Sord,Acaa2,Acacb,Acad11
,Acadm,Acadvl,Acot2,Adhfe1,Aldh5a1,Ce
s1d,Decr1,Ech1,Echs1,Eci1,Etfb,Got1,Had
h,Hadha,Kyat3,Plin5 

Acaa2,Acadvl,Akt2,Aldh6a1,Cpt2,Dbt,
Fah,Gcat,Gpt,Gpt2,Kyat1,Kyat3,Sord,
Acot2,Adhfe1,Bckdhb,Ces1d,Decr1,Ec
h1,Eci1,Etfb,Hadh,Hadha 

12 organic acid 
metabolic 
process 

Abcd1,Acot1,Adh1,Akt2,Aldh6a1,Aldob,
Appl2,Bckdha,Carnmt1,Cbfa2t3,Cpt2,D2h
gdh,Dbt,Etfdh,Flcn,Gcat,Gcdh,Gnmt,Gpt,
Gstm7,Kyat1,Lipe,Mapk14,Mccc2,Npc1,
Nudt7,Ogdhl,Pfkfb1,Pla2g5,Ppara,Ppargc1
a,Prkab1,Scd4,Slc27a1,Acaa2,Acacb,Acad
11,Acadm,Acadvl,Acot2,Acss1,Adhfe1,Al
dh5a1,Angptl3,Bckdhb,Carns1,Ces1d,Crat
,Decr1,Dgat2,Dglucy,Ech1,Echs1,Eci1,En
o3,Etfb,Got1,Hadh,Hadha,Kyat3,Ldhb,Pli
n5,Sord,Thap4 

Acaa2,Acbd4,Acot1,Akt2,Alox5,Carn
mt1,Cpt2,Dbt,Fah,Gcat,Gpt,Gpt2,Gstm
7,Kyat1,Mtr,Ogdhl,Pdk2,Pla2g5,Slc27
a1,Sord,Acadvl,Acot2,Acss1,Adhfe1,A
ldh6a1,Bckdhb,Ces1d,Decr1,Dgat2,Dg
lucy,Ech1,Eci1,Eno3,Etfb,Hadh,Hadha,
Kyat3,Slc25a12 

13 oxoacid 
metabolic 
process 

Abcd1,Acot1,Adh1,Akt2,Aldh6a1,Aldob,
Appl2,Bckdha,Carnmt1,Cbfa2t3,Cpt2,D2h
gdh,Dbt,Etfdh,Flcn,Gcat,Gcdh,Gnmt,Gpt,
Gstm7,Kyat1,Lipe,Mapk14,Mccc2,Npc1,
Nudt7,Ogdhl,Pfkfb1,Pla2g5,Ppara,Ppargc1
a,Prkab1,Scd4,Slc27a1,Acaa2,Acacb,Acad
11,Acadm,Acadvl,Acot2,Acss1,Adhfe1,Al
dh5a1,Angptl3,Bckdhb,Carns1,Ces1d,Crat

Acaa2,Acbd4,Acot1,Akt2,Alox5,Carn
mt1,Cpt2,Dbt,Fah,Gcat,Gpt,Gpt2,Gstm
7,Kyat1,Mtr,Ogdhl,Pdk2,Pla2g5,Slc27
a1,Sord,Acadvl,Acot2,Acss1,Adhfe1,A
ldh6a1,Bckdhb,Ces1d,Decr1,Dgat2,Dg
lucy,Ech1,Eci1,Eno3,Etfb,Hadh,Hadha,
Kyat3,Slc25a12 
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,Decr1,Dgat2,Dglucy,Ech1,Echs1,Eci1,En
o3,Etfb,Got1,Hadh,Hadha,Kyat3,Ldhb,Pli
n5,Sord,Thap4 

14 carboxylic 
acid metabolic 
process 

Abcd1,Acot1,Adh1,Akt2,Aldh6a1,Aldob,
Appl2,Bckdha,Carnmt1,Cbfa2t3,Cpt2,D2h
gdh,Dbt,Etfdh,Flcn,Gcat,Gcdh,Gnmt,Gpt,
Gstm7,Kyat1,Lipe,Mapk14,Mccc2,Npc1,
Nudt7,Ogdhl,Pfkfb1,Pla2g5,Ppara,Ppargc1
a,Prkab1,Scd4,Slc27a1,Acaa2,Acacb,Acad
11,Acadm,Acadvl,Acot2,Acss1,Adhfe1,Al
dh5a1,Angptl3,Bckdhb,Carns1,Ces1d,Crat
,Decr1,Dgat2,Dglucy,Ech1,Echs1,Eci1,En
o3,Etfb,Got1,Hadh,Hadha,Kyat3,Ldhb,Pli
n5,Sord,Thap4 

Acaa2,Acbd4,Acot1,Akt2,Alox5,Carn
mt1,Cpt2,Dbt,Fah,Gcat,Gpt,Gpt2,Gstm
7,Kyat1,Mtr,Ogdhl,Pdk2,Pla2g5,Slc27
a1,Sord,Acadvl,Acot2,Acss1,Adhfe1,A
ldh6a1,Bckdhb,Ces1d,Decr1,Dgat2,Dg
lucy,Ech1,Eci1,Eno3,Etfb,Hadh,Hadha,
Kyat3,Slc25a12 

15 small 
molecule 
metabolic 
process 

Abcd1,Acot1,Adh1,Akt2,Aldh2,Aldh6a1,
Aldob,Appl2,Bckdha,Car14,Carnmt1,Cbfa
2t3,Cpt2,D2hgdh,Dbt,Dut,Etfdh,Fbp2,Flcn
,Gcat,Gcdh,Gnmt,Gpt,Hectd4,Hmgcs2,Hs
d11b1,Kcnq1,Kyat1,Lipe,Mapk14,Mccc2,
Mme,Nadk2,Naprt,Npc1,Nqo2,Ogdhl,P2ry
1,Pde4a,Pdss2,Pfkfb1,Ppara,Ppargc1a,Prka
b1,Scd4,Slc25a42,Slc27a1,Acaa2,Acacb,A
cad11,Acadm,Acadvl,Acot2,Acss1,Adhfe1
,Aldh5a1,Angptl3,Bckdhb,Carns1,Ces1d,C
rat,Decr1,Dgat2,Dglucy,Ech1,Echs1,Eci1,
Eno3,Entpd5,Etfb,Fitm2,Got1,Gstm7,Had
h,Hadha,Impa2,Isyna1,Kyat3,Ldhb,Myh6,
Nudt7,Oard1,Pank1,Pik3r1,Pla2g5,Plin5,P
pip5k2,Retsat,Sord,Stard3,Thap4 

Acbd4,Acot1,Akt2,Alox5,Car14,Carn
mt1,Cpt2,Dbt,Dhdh,Entpd5,Fah,Gcat,
Gpt,Gpt2,Isyna1,Kyat1,Mme,mt-
Nd5,Mtr,Ndufb11,Nqo2, 
Ogdhl,P2ry1,Pdk2,Pla2g5,Slc25a42,Sl
c27a1,Sord,Acaa2,Acadvl,Acot2,Acss1
,Adhfe1,Aldh6a1,Atp1a2,Atp5pf,Bckd
hb,Ces1d,Decr1,Dgat2,Dglucy,Ech1,Ec
i1,Eno3,Etfb,Fbp2,Ggcx,Gstm7,Hadh,
Hadha,Impa2,Kyat3,Ndufa5,Nme6,Slc
25a12 
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Abstract: 
The inherited pathogenic variant PLN-R14del of the sarco/endoplasmic reticulum 
(S/ER) protein phospholamban can cause arrhythmogenic cardiomyopathy (ACM) and 
dilated cardiomyopathy (DCM), often leading to severe heart failure. While advanced 
disease features, such as fibrosis and abnormal cardiomyocyte S/ER cluster formation, 
are well-documented, the early molecular triggers of PLN-R14del driven 
cardiomyopathy remain elusive. In this study, we used a novel inducible mouse model 
to investigate the initial events underlying PLN-R14del associated cardiac pathology. 
A conditional knockin (cKI) mouse strain with a floxed wildtype PLN exon and a 
downstream PLN-R14del exon (PLN-R14delfl/fl) and with cardiomyocyte specific 
MerCreMer expression was generated. Two weeks after tamoxifen injection in adult 
mice, >97% of wildtype PLN mRNA was replaced by PLN-R14del mRNA. At four 
weeks post-induction, small S/ER clusters became visible in the cardiomyocytes of 
these mice, but cardiac function and tissue morphology remained normal. Over time, 
these clusters increased in size and abundance, coinciding with the onset of cardiac 
dysfunction. Control mice expressing the MerCreMer construct without the floxed PLN 
locus showed none of these alterations, confirming that the observed phenotype is PLN-
R14del specific.  
 
To identify early molecular changes of this cardiomyopathy, cardiomyocytes were 
isolated from 4-week-induced PLN-R14del mice and matched controls. Transcriptomic 
and proteomic analyses revealed predominantly early proteome alterations, primarily 
affecting S/ER-specific processes. These findings provide, for the first time, insight in 
the early pathogenic alterations triggered by PLN-R14del. 
 
In conclusion, our study identifies early PLN-R14del-specific proteome changes in 
distinct S/ER pathways, offering novel insights and potential therapeutic targets for this 
cardiomyopathy. 
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1. Introduction 
Phospholamban (PLN) is a regulator of calcium cycling by inhibiting the 
sarco/endoplasmic reticulum calcium ATPase (SERCA). Through this inhibition, PLN 
regulates Ca2+ reuptake into the sarco/endoplasmic reticulum (S/ER), ensuring proper 
myocardial relaxation and contraction cycles.1,2 The p.Arg14del (R14del) variant, has 
a deletion of the arginine codon at position 14 in the PLN protein, and is the most 
prevalent PLN pathogenic mutation. Carriers of the PLN-R14del mutation are at risk 
of developing arrhythmogenic cardiomyopathy (ACM) and/or dilated cardiomyopathy 
(DCM), potentially progressing to severe heart failure (HF).3,4 In patients and in a PLN-
R14del mouse model, aberrant S/ER morphology, characterized by prominent 
accumulation of PLN-positive S/ER clusters, is closely associated with cardiomyocyte 
death and heart failure development.5,6 This distinctive PLN localization has emerged 
as a pathological hallmark of PLN-R14del cardiomyopathy, consistently observed in 
both patients and mouse models, but absent in other forms of ACM or DCM.7,8 
Therefore, elucidating the mechanisms underlying S/ER malformation represents a key 
research focus in understanding the pathogenesis of this disease. 
 
A PLN-R14del mouse model that presents similar disease characteristics as humans 
was designed to investigate the mechanism of PLN-R14del cardiomyopathy.9 The rate 
of Ca²⁺ uptake was found to be enhanced in homozygous PLN-R14del (R14∆/∆) and in 
heterozygous (R14+/∆) cardiomyocytes compared to wild-type (WT) mice.5,10 Inhibition 
of SERCA-PLN interaction or PLN silencing by antisense oligonucleotide (ASO) 
therapy did not, or only partially, elevated S/ER Ca²⁺ uptake in R14del 
cardiomyocytes.10,11 Since PLN silencing did prevent cardiac dysfunction and improved 
survival of R14∆/∆ mice, mechanisms beyond SERCA regulation must be involved. The 
formation of aberrant S/ER clusters was halted and reversed by ASO treatment, 
suggesting that it may be a key pathological mechanism driving PLN-R14del 
cardiomyopathy. 
 
In homozygous R14∆/∆ mice, pathological alterations already become visible a few 
weeks after birth and mice die within 8 weeks. Conversely, heterozygous R14+/∆ mice 
closely mimic the human carrier state, but their slow and less synchronous disease 
progression makes it difficult to study the earliest pathogenic changes.9 To overcome 
these limitations, an inducible PLN-R14del model was generated, allowing temporal 
control of PLN-R14del expression and enabling detailed investigation of the initiation 
and progression of S/ER malformation.  
 
A transgenic mouse model was designed using the LoxP/ α-myosin heavy chain (α-
MHC)-MerCreMer system to enable conditional allele conversion.12 In this new model, 
mice have a floxed PLN-WT exon followed by the same exon containing the R14del 
mutation. This allows tamoxifen induced MerCreMer recombination of the LoxP site, 
resulting in the excision of the WT PLN allele and consequent replacement by the PLN-
R14del allele. This tamoxifen-inducible PLN-R14delfl/fl system provides time 
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dependent and synchronous expression of the PLN-R14del allele, allowing the 
identification of early underlying pathogenic processes.  
 
This study aimed to investigate the development of S/ER clustering in a novel inducible 
PLN-R14del mouse model and to explore the underlying S/ER-associated mechanisms. 
We demonstrate that upon onset of gene conversion, abnormal S/ER clusters originate 
as small speckles and progressively enlarge over time. Importantly, at this early stage 
we observed S/ER proteome alterations, without corresponding transcriptional changes, 
and these can be linked to post-transcriptional Endoplasmic Reticulum-Associated 
Degradation (ERAD).  
 

2. Method 
2.1 Study design and animal model 
Male and female inducible MerCreMer PLN-R14del mice were housed under a 12-hour 
light/dark cycle with ad libitum access to food and water, as previously described.9 
Baseline echocardiography was performed at 10 weeks of age, before initiation of 
tamoxifen injections. All mice were randomized based on sex, body weight, and 
echocardiographic parameters into five experimental groups. Mice received tamoxifen 
(45 mg/kg/day) via intraperitoneal injection for five consecutive days and were 
sacrificed at 3, 4, 5, or 6 weeks after the first injection. The efficiency of gene 
conversion was measured 2 weeks after the first injection. MerCreMer PLN-R14del 
homozygous (R14fl/fl) mice treated with vehicle and MerCreMer PLN-WT mice treated 
with tamoxifen were sacrificed at 6 weeks after first injection and served as age-
matched controls. An additional group of untreated MerCreMer PLN-R14del 
homozygous (R14fl/fl) mice was sacrificed at 10 weeks of age and served as the baseline 
control. Endpoint echocardiography was performed before sacrifices. 
Echocardiography and termination were performed under anesthesia with 2-2.5% 
isoflurane mixed with oxygen. This study was approved by the Dutch Central 
Committee for animal experiments (CCD; license number AVD1050020199105) and 
the animal ethical committee of the University of Groningen (permit numbers 
IVD199105-01-016, IVD199105-01-019, IVD199105-01-023, IVD199105-01-025) 
and followed the guidelines set out in the Directive 2010/63/EU of the European 
Parliament for using animals in research. It also followed the Animal Research: 
Reporting of In Vivo Experiments (ARRIVE) guidelines for reporting on experiments 
done with animals.13 
 
2.2 Tissue collection at termination 
The morphology and function of the left ventricle (LV) were assessed using a Vevo 
3100 preclinical imaging system equipped with a 40-MHz MXX550D linear array 
transducer (FUJIFILM VisualSonics, Canada), as detailed in previous studies.5 
Subsequent hemodynamic evaluations were carried out using Vevo LAB software 
version 5.7.1 (FUJIFILM VisualSonics). Data collection and analysis followed the 
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recommendations outlined by the European Society of Cardiology Working Group on 
Myocardial Function and were conducted in a blinded fashion.14 
 
2.3 Euthanasia 
Euthanasia was performed under anesthesia using a mixture of oxygen and 2.5% 
isoflurane. After confirming the depth of anesthesia, the abdominal and thoracic 
cavities were opened. Blood was draw from the abdominal aorta, then saline was 
perfused through the heart to flush the circulatory system. The heart was removed, and 
rinsed with ice-cold 1 M potassium chloride (KCl) solution (Merck Millipore, 
Germany). A transverse mid-slide was preserved for histological analysis, several small 
pieces (1 mm3) from the left ventricle (LV) myocardium were collected for electron 
microscopy processing, and the remaining tissue was immediately snap-frozen in liquid 
nitrogen for further molecular studies. Electron microscopy was performed for mice 
sacrificed at 4 and 6 weeks after tamoxifen injection. 
 
2.4 Histological staining 
Transverse sections of ventricles were fixed in 4% formaldehyde (10% neutral buffered 
formalin; Klinipath, The Netherlands) for a minimum of 24 hours. Following fixation, 
tissues were dehydrated using an automated tissue processor (Leica TP1020; Leica 
Microsystems, Germany), embedded in paraffin, and cut into 4-µm-thick sections. Prior 
to staining, the tissue sections were deparaffinized according to standard protocols. 
 
To assess PLN clustering, ventricular tissue sections were immunostained with a rabbit 
anti-PLN primary antibody (Cell Signaling Technology, MA, USA), followed by an 
Alexa Fluor 555-conjugated secondary antibody. Cardiomyocyte boundaries were 
visualized using fluorescein isothiocyanate (FITC)-conjugated wheat germ agglutinin 
(WGA), and nuclei were counterstained with 4’,6-diamidino-2-phenylindole (DAPI). 
Whole-slide imaging was performed using a NanoZoomer 2.0-HT digital slide scanner 
(Hamamatsu Photonics, Japan). PLN clusters were quantified in 25 cardiomyocytes per 
mouse (Ctrl, n = 6; Tamoxifen-treated, n = 8 per group). Cluster size was expressed in 
square micrometers (µm²), and cluster positivity was reported as the percentage (%) of 
cardiomyocytes. Only clusters with an area above 5 μm² were included in the analysis, 
as smaller clusters were difficult to distinguish on the stained images. 
 
For co-localization analysis of PLN with other sarcoplasmic reticulum (SR) proteins 
in mouse cardiac tissue, immunofluorescence staining was performed using antibodies 
against P62, MFGE8, PDIA, EMC2, and SEL1L, along with anti-PLN. Fluorescently 
labeled secondary antibodies were used for signal detection. Details of the primary 
and secondary antibodies are provided in Supplementary table 1. Images were 
acquired using a Leica TCS SP8X confocal microscope (Leica Microsystems) with a 
63X oil immersion objective (numerical aperture 1.4; pinhole size 95.5 µm).  
 
2.5 Quantitative Polymerase Chain Reaction (q-PCR) 
Total RNA was isolated from snap-frozen left ventricular tissue using TRI Reagent 
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(Sigma-Aldrich, MO, USA) following the manufacturer’s instructions. Complementary 
DNA (cDNA) was synthesized using the QuantiTect Reverse Transcription Kit (Qiagen, 
Germany). Quantitative real-time PCR (qPCR) was performed using iQ SYBR Green 
Supermix (Bio-Rad, CA, USA) on a C1000 Touch Thermal Cycler with a CFX384 
Real-Time PCR Detection System (Bio-Rad). Gene expression data were analyzed 
using Bio-Rad CFX Manager 3.0 software. All target gene expression levels were 
normalized to the reference gene Rplp0 (36B4) and presented as fold changes relative 
to the untreated control group. Primer sequences are listed in Supplementary table 2.  
 
Specific Taqman probes for mouse PLN wildtype and R14del was generated via the 
online tool of the Thermoscientific-Taqman probe website, allowing us to distinguish 
the gene expression between WT and R14del of PLN-R14fl/fl mice (Assay ID: 
ANRWUHK). 
(https://www.thermofisher.com/order/custom-genomic-products/tools/genotyping/). 
 
2.6 Cardiomyocytes isolation 
Cardiomyocytes were isolated using a Langendorf perfusion free system.15 Both 
vehicle-treated and tamoxifen-treated mice (n = 5 per group) were included as age-
matched controls and experimental groups, respectively. To investigate proteomic and 
transcriptomic changes during the early stage of disease progression, all mice were 
sacrificed 4 weeks after the first day of injection. 
 
2.7 Protein isolation and immunoblotting 
Total protein was extracted from snap-frozen left ventricular (LV) tissue using 
radioimmunoprecipitation assay (RIPA) lysis buffer as previously described.9 Protein 
concentrations were determined using the Pierce BCA Protein Assay Kit (Thermo 
Scientific, MA, USA). Protein samples were normalized to equal concentrations for 
subsequent Western blot analysis. After heating, samples were loaded onto sodium 
dodecyl sulfate-polyacrylamide gels (SDS-PAGE) for electrophoretic separation, 
followed by transfer to Immun-Blot polyvinylidene fluoride (PVDF) membranes using 
a semi-dry transfer system (Amersham Biosciences, UK). 
 
Total protein normalization was performed using Revert 700 Total Protein Stain (LI-
COR #926-11021), according to the manufacturer’s protocol. Membranes were then 
blocked in blocking buffer (5% milk or 5% BSA in TBST, prepared according to the 
manufacturer’s instructions) and incubated overnight at 4°C with primary antibodies, 
followed by incubation with species-specific secondary antibodies for 1 hour at room 
temperature. Protein bands were visualized using enhanced chemiluminescence (ECL) 
with Western Lightning Ultra Chemiluminescent Substrate (Cytiva, #204-22101), and 
images were captured using the Amersham ImageQuant 800 system. Densitometric 
quantification of target proteins was performed using Image Studio Lite Software 
(Version 5.2; LI-COR). Protein expression values were reported as fold changes (FC) 
relative to the 0-week control group. Primary and secondary antibodies that were used 
are presented in Supplementary table 3. 
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2.8 Electron microscopy 
Electron microscopy with PLN quantum dot immunolabeling was performed as 
reported previously.5  
 
2.9 Proteomics and transcriptome analysis of isolated cardiomyocytes 
Proteins were isolated from cardiomyocytes, followed by denaturation, reduction, 
alkylation, and tryptic digestion. Afterwards, proteins were fractionated by high-pH 
reversed-phase liquid chromatography, and analyzed by liquid chromatography-mass 
spectrometry using an UltiMate 3000 chromatography system and an Orbitrap Fusion 
Lumos Tribrid mass spectrometer (Thermo Scientific). To identify differentially 
expressed proteins between the experimental groups, label-free quantification (LFQ) 
intensity values obtained from mass spectrometry were first log2-transformed to 
approximate a normal distribution and reduce heteroscedasticity. Differential 
expression analysis was performed using an unpaired two-tailed Student’s t-test (R 
4.4.2), comparing tamoxifen-treated mice with vehicle-treated controls (n = 5 per 
group). To account for multiple hypothesis testing, false discovery rate (FDR) 
adjustment was applied using the Benjamini-Hochberg procedure. Proteins with an 
absolute log2FC > 1 and adjusted p-value (FDR) < 0.05 were considered significantly 
differentially expressed. 
 
RNA Library preparation and sequencing were performed by Lexogen NGS services 
(Vienna, Austria). Data filtering and differential expression analysis were performed 
using the ggplot2 package in R (version 4.4.3). Differentially expressed genes (DEGs) 
were defined by a P value of <0.05 and an absolute log2FC >1.  
 
GO term enrichment analysis for cellular components was performed using g:Profiler 
(https://biit.cs.ut.ee/gprofiler/gost). Differentially expressed genes (DEGs) with an 
absolute log2FC > 1 and P < 0.05 were selected for analysis and visualization. 
 
Statistical analyses 
Data are presented as mean ± standard error of the mean (SEM). Statistical analyses 
were performed using GraphPad Prism version 10.5.0. For comparisons among 
multiple groups, the Kruskal-Wallis test followed by Dunn’s post hoc multiple 
comparisons test was used. Non-treated mice served as the control group. P-values < 
0.05 were considered statistically significant. All data acquisition and analysis were 
performed in a blinded manner. 
 

3. Result 
3.1 Tamoxifen converts mice to homozygosity in 2 weeks and leads to cardiac 
dysfunction from 5 weeks post-injection. 
A mouse model with cardiomyocyte specific MerCreMer expression (α-MHC promoter) 
and floxed wildtype PLN coding exons followed by a PLN-R14del pathogenic coding 
exon was established (R14fl/fl). In this model tamoxifen administration can activate Cre-
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loxP recombination, resulting in the replacement of the mouse PLN-WT alleles to the 
homozygous PLN-R14del alleles (Figure 1A). To test this, ten-week-old mice were 
injected with tamoxifen or vehicle for one week. Two weeks after the first injection, 
WT PLN and PLN-R14del cardiac gene expression was analyzed using allele specific 
TaqMan probes. Tamoxifen injection resulted in an almost complete (97%) change from 
WT to PLN-R14del gene transcript (Figure 1B). Since no allele specific antibodies 
exist, we do not know how fast WT PLN is replaced by R14del PLN protein, but a study 
using myoblasts suggests turnover rates of less than 24 hours.16 Based on this, we 
conducted an experiment in which we randomly assigned mice to either a non-treatment 
group or a tamoxifen-treated group and terminated the latter at 3, 4, 5 and 6 weeks after 
the first tamoxifen injection (Figure 1C).  
 
Prior to genotype conversion, baseline cardiac function of all experimental groups was 
within the normal range, with an average ejection fraction (EF) > 55%. Additionally, 
MerCreMer PLN-WT mice (no floxed allele) treated with tamoxifen and PLN-R14fl/fl 
mice treated with vehicle were included and terminated at 6 weeks after first injection 
as controls. Cardiac function remained normal in these two control groups in 
comparison with the baseline (0 weeks induction) PLN-R14fl/fl mice (Supplemental 
figure 1A-B). In tamoxifen-treated MerCreMer PLN-R14fl/fl mice, echocardiographic 
assessments were performed prior to sacrifice at 3, 4, 5 or 6 weeks after injections. EF 
mean of the group remained within the normal range up to 4 weeks post-injection. A 
marked decline was first detected at week 5, and by week 6, the average EF had dropped 
below 20%. This deterioration in systolic function was accompanied by progressive 
increases in both left ventricular (LV) diastolic and systolic diameters from week 5 
onward, indicative of ventricular dilation and contractile dysfunction (Figure 1D-F).  
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Figure 1. Tamoxifen induces PLN-R14del homozygosity and progressive cardiac dysfunction. 
(A) Schematic representation of the tamoxifen-inducible MerCreMer system used to activate PLN-
R14del expression. (B) Gene conversion efficiency following tamoxifen induction. (C) Schematic 
overview of the in vivo study design (TAM=tamoxifen). (D) Ejection fraction, (E) LV inner diastolic 
diameter, and (F) LV inner systolic diameter at the indicated weeks(w) of inducible PLN-R14fl/fl mice 
either non-treated (0w) or tamoxifen-treated (3w, 4w, 5w, 6w) (non-treated, n=6; Tamoxifen-treated, n ≥ 
8 per group). *p<0.05, ***p<0.001, ****p<0.0001 compared to untreated mice. Kruskal-Wallis with Dunn's 
multiple comparisons test. 
 
 
3.2 SR cluster emerges three weeks after conversion 
A key hallmark of PLN-R14del cardiomyopathy in both humans and mice is the 
formation of pathological sarco/endoplasmic reticulum (S/ER) PLN clusters.5,7-9 In the 
heterozygous situation these clusters are formed in a very heterogenous manner with 
some cells forming clusters while others still have normal PLN distribution. In 
homozygous mice this is more synchronous, but already starts very early in life (3 
weeks of age). Using the current model, we could now investigate how PLN S/ER 
clusters would develop in a synchronous manner upon tamoxifen mediated induction.  
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At 3 weeks after injection, immunofluorescent PLN/WGA/DAPI staining revealed very 
small scattered PLN speckles in nearly all cardiomyocytes, with most speckles 
measuring less than 5 µm². For cluster quantification, 25 longitudinal cardiomyocytes 
were randomly selected from the scanned ventricular staining image of each animal. 
With disease progression, the size of PLN clusters (only PLN clusters >5 µm² counted) 
progressively increased (Figure 2A-B), along with a gradual rise in the percentage of 
cluster-positive cells (Figure 2C). 
 
 

 
Figure 2. Progressive accumulation of PLN-positive clusters during disease progression.  
(A) Representative immunofluorescence (IF) staining of PLN, together with wheat germ agglutinin 
(WGA) staining of extracellular matrix and 4',6-diamidino-2-phenylindole (DAPI) staining of nuclei in 
ventricular tissue sections of non-treated (0w) and tamoxifen-treated (3w, 4w, 5w, 6w) inducible PLN-
R14fl/fl mice terminated at different timepoints (non-treated, n=6; Tamoxifen, n = 8 per group) (scale bars, 
20 μm). (B) Quantification of the size of PLN clusters in cardiomyocytes (only PLN clusters >5 µm² 
counted) and (C) the percentage of PLN-cluster positive cells in 25 longitudinal cardiomyocytes from 
each animal stained tissue sections at different weeks(w) after induction (non-treated, n=6; Tamoxifen, 
n ≥ 8 per group). Statistical comparison between non-treated versus tamoxifen-treated inducible PLN-
R14fl/fl mice. **p<0.01, ***p<0.001 Kruskal-Wallis with Dunn's multiple comparisons test. 
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3.3 Progressive accumulation of S/ER clusters following Tamoxifen-induced 
conversion in PLN-R14fl/fl mice. 
To further obtain structural insights into SR formation and organization electron 
microscopy was performed on ventricular tissue. Based on the findings from 
fluorescent staining, we anticipated that structural alterations would be difficult to 
detect using electron microscopy at the 3-week time point. Moreover, by the 4-week 
time point, cardiac function remained normal, making it a suitable stage for further 
analysis. Therefore, we investigated the 4-week time point to enhance the likelihood of 
capturing ultrastructural changes. Quantum dot labeling with an anti-PLN antibody 
enabled detailed visualization of these clusters in electron microscopy samples. At 4 
weeks post-TAM injection, electron microscopy revealed the presence of PLN dot-
positive sarcoplasmic reticulum (SR) cluster structures in the mitochondrial region 
(Figure 3A), along with a small number of similar PLN labeled membranous structures 
located between adjacent sarcomeres (Figure 3B). By 6 weeks, these SR membranes 
had largely disappeared from the inter-sarcomeric space (Figure 3D) and accumulated 
extensively in the mitochondrial area (Figure 3C). This redistribution suggests a 
progressive mislocalization or reorganization of SR structures during disease 
progression, which may contribute to impaired excitation-contraction coupling in PLN-
R14fl/fl cardiomyopathy. 
 

 
Figure 3. Progressive mislocalization and accumulation of S/ER clusters in PLN-R14fl/fl mice. 
Representative electron micrographs of cardiac ventricular tissue from tamoxifen-treated R14fl/fl mice 
at 4 weeks (A, B) and 6 weeks (C, D) post-injection (scale bars, 500 nm). At 4 weeks, small PLN-
positive membranous clusters (solid line circled) were observed dispersed within the mitochondrial 
region (A) and between adjacent sarcomeres (S) (B). By 6 weeks, mislocalized clustered S/ER 
structures (C), indicated by circles, were predominantly found surrounding mitochondria (M), 
accompanied by a marked reduction of SR area between adjacent sarcomeres (D).  
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3.4 Cardiac remodeling in converted PLN-R14del mice starts at 4 weeks. 
Molecular changes associated with cardiac remodeling were examined. In line with the 
observed deterioration in cardiac function, expression of atrial natriuretic peptide 
(Nppa), a well-established marker of cardiac wall stress and hypertrophy, was 
significantly upregulated after 5 and 6 weeks of tamoxifen-treatment as compared to 
non-treated baseline controls in R14fl/fl mice (Figure4 A). Similarly, ventricular mRNA 
levels of fibrosis-related genes, including Tissue Inhibitor of Metalloproteinases 1 
(Timp1) and Collagen Type I Alpha 1 Chain (Col1a1), were also elevated in tamoxifen-
treated mice (Figure4 B-C). Notably, all of these molecular changes became significant 
after 5 weeks post-injection. Together, these results indicate that the conversion from 
wild-type to homozygous PLN-R14del genotype leads to progressive cardiac 
remodeling, characterized by impaired cardiac function, molecular activation of 
hypertrophy and fibrosis pathways, thereby corroborating the in vivo functional decline. 
 
 

 
Figure 4. Cardiac remodeling in converted PLN-R14del mice starts at 4 weeks. 
Ventricular gene expression of markers of cardiac remodeling. (A) atrial natriuretic peptide (Nppa), (B) 
Tissue Inhibitor of Metalloproteinases 1 (Timp1) and (C) collagen type I alpha 1 chain (Col1a1) of non-
treated (0w) mice and tamoxifen-treated (3w, 4w, 5w, 6w) inducible PLN-R14fl/fl mice at different 
weeks(w) after induction (non-treated, n=6; Tamoxifen-treated, n ≥ 8 per group), normalized to 36B4 
(Rplp0) housekeeping gene levels and shown relative fold change to non-treated mice. ***p<0.001, 
****p<0.0001, Kruskal-Wallis with Dunn's multiple comparisons test. 
 
 
3.5 PLN R14del cardiomyopathy is closely associated with post-transcriptional 
dysregulation of S/ER-related proteins  
Since PLN is specifically expressed in cardiomyocytes, the onset of PLN-R14del 
cardiomyopathy must originate from dysfunctional processes within these cells. 
Nevertheless, previous transcriptomic and proteomic studies have been performed on 
whole tissue and primarily revealed broad features of cardiac remodeling, such as 
fibrosis and immune activation. These are, however, likely secondary processes and do 
not address the initial problem that arises from the affected cardiomyocytes.17 To 
address this gap, we performed proteomics and transcriptomic analyses at 4 weeks after 
induction, a time point when PLN clusters were already evident but before the 
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appearance of other disease markers (Figure 5A). Moreover, by specifically isolating 
cardiomyocytes, we were able to minimize indirect effects arising from non-
cardiomyocyte cell types. Vehicle-treated R14fl/fl mice were included as controls and 
terminated at the same time point. Proteomic and transcriptomic analyses were 
performed on protein lysates and purified RNA, respectively, from these isolated 
cardiomyocytes.  
 
Proteomic analysis identified 63 significantly upregulated (>2-fold change) and 19 
downregulated proteins in R14fl/fl tamoxifen-treated mice compared to vehicle-treated 
controls (Figure 5B). Two proteins showed a particularly strong and significantly 
upregulation, namely p62 (SQSTM1) and Mfge8. P62 is a known upregulated protein 
in both human and PLNR14del cardiomyopathy and co-localizes with PLN-R14del 
clusters. This confirms the validity of this inducible model and importantly shows that 
p62 protein increase is an early effect in this disease. Western blotting of whole lysates 
revealed a very strong increase at a later time point, corresponding with co-localization 
at large PLN-positive clusters (Supplemental figure 2A-D). As described in the next 
paragraph, Mfge8 and other identified proteins were also followed up (Supplementary 
figure S3). Importantly, Gene Ontology (GO, cellar component) analyses revealed that 
ER related proteins were predominantly enriched, including some specific ER protein 
complexes, the oligosaccharyltransferase complex and EMC for targeting proteins to 
the ER (Figure 5C). Together with the histological findings this suggest that 
dysregulation of ER related processes occur first in PLN-R14del cardiomyopathy. In 
contrast only a limited number of proteins were downregulated and these were related 
to mitochondrial and cytosolic functions (Figure 5C).  
 
Transcriptomic analysis revealed much less significant changes in the  gene 
expression profile comparison did only reveal small differences (Figure 5D),  and 
confirmed the absence of cardiac remodeling gene expression markers at this stage 
(Figure 4A-C).17 The genes that did show significant upregulated expression were not 
related to any specific process and included mostly cytosolic and nuclear protein 
encoding genes and  downregulated genes encoded mostly mitochondrial and 
cytosolic proteins (Figure 5E). The complete list of differentially expressed genes is 
provided in the Supplemental material. Interestingly, many proteins that showed 
significant upregulation by proteome analyses, including p62 and MFGE8, did not 
show a significant transcriptional upregulation at this stage. 
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Figure 5. ER-associated protein upregulation identified by cardiomyocyte proteomics is not 
reflected at the transcriptomic level.  
 (A) Schematic overview of the cardiomyocytes isolation performed at 4 weeks after treatment. (B) 
Volcano plot based on proteomic analysis showing significantly upregulated and downregulated proteins 
between tamoxifen-treated and non-treated R14fl/fl mice. (C) Gene Ontology (GO) enrichment analysis 
of cellular component significantly altered between groups based on proteomic analysis. (D) Volcano 
plot based on RNA sequencing showing significantly upregulated and downregulated transcripts between 
tamoxifen-treated and non-treated mice. (E) GO enrichment analysis of cellular component based on 
transcriptomic data. In volcano plots, red dots indicate significantly upregulated proteins/transcripts, and 
blue dots indicate significantly downregulated ones. For proteomics, differential protein expression was 
assessed by two-tailed unpaired Student’s t-tests. Resulting p-values were adjusted using the Benjamini-
Hochberg method to control the false discovery rate. For RNA sequencing, differential gene expression 
was analyzed using DESeq2 with the Wald test and Benjamini-Hochberg correction for multiple testing. 
(n = 5 per group). 
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3.5 Validation of ERAD substrates in the SEL1L-HRD1 pathway 
The upregulation of S/ER proteins in the absence of corresponding transcriptional 
changes was indicative for altered S/ER protein homeostasis. The endoplasmic 
reticulum-associated degradation (ERAD) pathway, plays an important role for 
maintaining protein homeostasis within the S/ER.  Although several ERAD pathways 
exist we focused on the Suppressor/Enhancer of Lin-12-Like Protein 1-Like (SEL1L) 
and (HMG-CoA reductase degradation protein 1 (HRD1) complex pathway, which has 
been extensively studied. SEL1L is a single-pass ER membrane protein that has a 
critical role in substrate recruitment to HRD1, a multi-span transmembrane E3 ligase, 
which facilitates substrate retrotranslocation and ubiquitination, which marks proteins 
for proteasome mediated degradation.18 An extensive list of SEL1L-HRD1 substrates 
has been published19 and we therefore compared this list to the proteome dataset 
generated here. Notably, of the 28 matched SEL1L-HRD1-associated proteins, many 
exhibited robust upregulation at the protein level, without corresponding changes at the 
transcript level, indicative for post-transcriptional regulation by ERAD (Figure 6A and 
Supplemental table 4).  
 
To further validate the proteomic findings of ERAD-associated protein upregulation, 
we performed Western blot analysis and immunofluorescence staining. Western blot 
was conducted on whole heart tissue lysates collected from tamoxifen treated PLN-
R14fl/fl mice at multiple time points and untreated controls, providing a temporal profile 
of ERAD protein expression during disease progression. Consistent with the finding 
above, we observed a progressive increase in the expression levels of bonafide SEL1L-
HRD substrates Mfge8 and Ddost following genetic conversion (Figure 6B-D). In 
parallel, immunofluorescence double staining on isolated cardiomyocytes from 
tamoxifen-treated and vehicle-treated mice at 4 weeks post-injection, further confirmed 
the co-localization of some key ERAD components (SEL1L, EMC2, PDIA, and Mfge8) 
with PLN-positive S/ER clusters (Figure 6E). Consistent with the proteomics and 
western blot result, histological staining also confirmed progressive accumulation of 
Mfge8, which co-localized with PLN clusters (Supplemental figure 3A). Since Mfge8 
is also a secreted protein, we investigated blood plasma levels, but did not observe a 
significant increase in late-stage homozygous PLN-R14fl/fl mice compared to WT 
controls (Supplemental figure 3B). These results suggest that the upregulation of 
ERAD-related proteins is a dynamic and progressive process during disease 
development in PLN-R14fl/fl hearts. The demonstrated spatial association of these 
ERAD components with PLN-positive SR clusters may indicate that altered ERAD 
pathway activity may contribute to PLN-R14del cardiomyopathy. 
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Figure 6. Dynamic upregulation of ERAD substrates and co-localization with PLN-positive clusters. 
(A) Heatmap comparing protein Z-scores log₂ fold changes (FC) for the 28 matched ERAD substrate 
candidates in cardiomyocytes isolated 4 weeks post-injection from vehicle-treated and tamoxifen-treated 
PLN-R14fl/fl mice. (B) Representative averaged Western blot images of Mfge8 (top) and Ddost (bottom), 
along with corresponding total protein staining, in ventricular tissue collected from tamoxifen-treated 
PLN-R14fl/fl at different weeks after conversion. Quantification of protein levels is presented as fold 
change (FC) for and Mfge8 (C) and Ddost (D) (n = 6 per group). (E) Representative immunofluorescent 
double staining for PLN (green) together with Suppressor/Enhancer of Lin-12-like protein 1 (SEL1L), 
ER membrane protein complex subunit 2 (EMC2), Protein disulfide-isomerase A4 (PDIA), or Milk fat 
globule-EGF factor 8 protein (Mfge8) (red) in cardiomyocytes of tamoxifen-treated PLN-R14fl/fl mice at 
4 weeks post-conversion. Nuclei are stained blue with 4’,6-diamidino-2-phenylindole (DAPI). Merged 
images (overlay) demonstrate the spatial co-localization of ERAD-related proteins with PLN-positive 
structures. White arrows indicate clusters of the target protein (scale bars, 20 μm). *p<0.05, **p<0.01, 
***p<0.001 (Kruskal-Wallis with Dunn's multiple comparisons test). 
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4. Discussion 
In this study, we characterized the pathological features of PLN-R14del 
cardiomyopathy using an MerCreMer inducible PLN-R14del mouse model. The 
inducible model ensured synchronized disease onset in adult animals, allowing for a 
more accurate temporal analysis of the emerging pathological features, including early 
disease onset. Notably, early hallmarks of PLN-R14del cardiomyopathy,7 small 
sarcoplasmic reticulum (SR) clusters, are already detectable as early as 3-4 weeks after 
induction, albeit in limited and subtle forms. These initial SR clusters progressively 
enlarge and accumulate, reflecting disease progression over time. Furthermore, 
transcriptomic and proteomic analyses of isolated cardiomyocytes from converted mice 
four weeks after injections revealed a significant upregulation of ERAD components at 
the protein level, without corresponding changes at the mRNA level, suggesting that 
altered S/ER proteostasis is an important early disease mechanism. Together, these 
findings highlight S/ER clustering as an early pathological hallmark, and point toward 
dysregulated protein homeostasis, rather than transcriptional reprogramming, as a key 
driver of disease initiation. 
 
Induced PLN-R14delfl/fl mice developed cardiac remodeling and dysfunction by 5 
weeks post-induction, and progressed to severe heart failure by 6 weeks, with similar 
characteristics as constitutive homozygous PLN-R14del mice.17 Immunofluorescence 
staining revealed that PLN clusters progressively enlarged as the disease advanced. To 
more clearly visualize these structures, electron microscopy combined with PLN 
labeling was employed. This revealed that by 4 weeks, PLN-labeled membrane 
structures were reduced in the sarcomere region and began to accumulate in the vicinity 
of mitochondria. By 6 weeks, large areas of PLN-labeled membranes were 
predominantly found in the mitochondrial zone, while such structures were rarely 
detected near sarcomeres. These findings suggest that, as the disease progresses, 
intracellular membrane remodeling occurs in cardiomyocytes, ultimately leading to the 
formation of larger clusters that may compromise overall cardiomyocyte function. 
 
To investigate the pathological processes that cardiomyocytes undergo prior to the onset 
of cardiac remodeling and heart failure, we isolated cardiomyocytes from PLN-R14fl/fl 
mice at 4 weeks post-induction and performed both proteome and transcriptome 
analyses. In a previous study, proteomic profiling of whole heart tissue revealed many 
alterations, including inflammatory responses, fibrotic remodeling, mitochondrial 
dysfunction, and amino acid metabolism.17 However, these changes were likely 
influenced by non-cardiomyocyte populations such as fibroblasts and endothelial cells, 
potentially obscuring cardiomyocyte-specific pathological signatures. In this study, by 
analyzing purified cardiomyocytes, we uncovered for the first time a distinct 
upregulation of proteins that localize to the sarcoplasmic/endoplasmic reticulum (S/ER) 
in PLN-R14del cardiomyopathy. These included molecular chaperones and quality 
control proteins such as CANX, ERP44, GANAB, and MLEC, which are critical for 
glycoprotein folding and ER quality control.20-22 Subunits of the endoplasmic reticulum 
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membrane protein complex (EMC1, EMC7, TMEM)23 and the 
oligosaccharyltransferase (OST) complex (STT3A, STT3B, DAD1, DDOST, RPN1, 
RPN2)24 were also upregulated, consistent with increased demand for membrane 
protein biogenesis and N-linked glycosylation. Additional enrichment of TMED2, 
ERGIC1, and PIGK suggested alterations in ER-Golgi trafficking,25-27 while metabolic 
regulators such as APMAP, LPL, and MFGE8 indicated broader changes in lipid and 
glycoprotein homeostasis.28-30 Together, the enrichment of these processes indicates 
increased burden on ER folding capacity, enhanced demand for glycosylation, and 
structural remodeling of intracellular membranes during the early stages of disease. 
 
Among the ER-related alterations identified in purified cardiomyocytes, a notable 
upregulation of substrates of the endoplasmic reticulum-associated degradation (ERAD) 
machinery, SEL1L-HRD1, were observed.31-33 The accumulation of proteins from this 
ERAD axis, without corresponding mRNA elevation, suggests that cardiomyocytes 
bearing the PLN-R14del mutation experience significant ER stress, or alternatively, are 
hampered in these control pathways to maintain ER homeostasis. Since these two 
options are interrelated, we currently cannot distinguish between them. 
 
Our findings that p62 is markedly upregulated and co-localizes with PLN clusters in 
cardiomyocytes are consistent with previous reports linking PLN-R14del to impaired 
proteins homeostasis and potential impaired autophagic clearance of protein 
aggregates.17,34 Interestingly, the HRD1 ubiquitin-ligase has also been shown to be able 
to stimulate p62-dependent selective autophagy.35 Whether the accumulation of p62 
reflects a blockade in this selective autophagy rather than enhanced recruitment by the 
HRD1 ubiquitin-ligase requires further investigations. Altogether, this spatial 
association suggests that the malfunction of the ERAD system induced by PLN-R14del 
leads to enhanced recruitment of p62-mediated autophagic pathways to mitigate 
proteotoxic stress. Such compensatory mechanisms may be essential in maintaining 
cardiomyocyte proteostasis during early disease stages. 
 
Previous studies have identified MFGE8 as an endogenous negative regulator of 
pathological cardiac hypertrophy, and it has been proposed as both a potential 
biomarker and a therapeutic target for cardiac remodeling.36 The increased Mfge8 levels 
observed PLN-R14del cardiomyocytes may represent a protective response, similar to 
elevation of natriuretic peptides, or alternatively reflect an impaired secretory pathway. 
Given that Mfge8 is an ER luminal protein whereas PLN is localized to the cytosolic 
face of the sarcoplasmic reticulum, a direct molecular interaction between them is 
highly unlikely. Therefore, the observed colocalization more likely reflects close spatial 
proximity within S/ER microdomains or indirect association through other membrane 
or luminal factors. 
 
While activation of the ERAD pathway has been extensively documented in 
neurodegenerative and metabolic diseases, this study, to our knowledge, is the first to 
demonstrate its involvement in a genetic cardiomyopathy model driven by the PLN-
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R14del mutation. These findings uncover a previously unrecognized aspect of PLN-
R14del pathogenesis, highlighting the contribution of ER protein quality control 
mechanisms to cardiomyocyte dysfunction. Moreover, they suggest that therapeutic 
strategies aimed at modulating the ERAD machinery, either by enhancing its efficiency 
or preventing its exhaustion, may represent a novel avenue for treating this otherwise 
intractable condition. 
 
This study has several limitations. First, the inducible MerCreMer system carries a 
potential risk of Cre-related toxicity, which could confound certain aspects of disease 
progression. However, tamoxifen addition to MerCreMer mice without the floxed PLN 
locus did not show cardiac impairment in our study, the observed alterations must be 
predominantly PLN-R14del specific. Second, homozygous R14fl/fl mice were used, 
whereas patients carry the PLN R14del mutation in a heterozygous state. Moreover, the 
model is restricted to cardiomyocytes, while in humans the mutation affects all cell 
types. Despite these limitations, the use of an inducible, cardiomyocyte-specific model 
provides important advantages, enabling mechanistic investigations that cannot be 
performed in human subjects. Finally, due to antibody availability and specificity, our 
validation was restricted to a limited number of ERAD-related proteins in this study. 
 
In summary, this study demonstrates that the pathogenesis of PLN-R14del 
cardiomyopathy is characterized by early alterations in the S/ER proteome, occurring 
independently of changes in gene expression. Many of the affected S/ER proteins are 
substrates of the HRD1-ERAD pathway and accumulate upon the onset of abnormal 
S/ER cluster formation.  
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Supplementary Figures 

 

 
Supplementary Figure S1. Cardiac function remained comparable between control groups. 
(A) Schematic overview of the in vivo study design of control mice. (B) Ejection fraction of non-treated 
PLN-R14fl/fl mice terminated at 0 week after injection (10 weeks of age), PLN-WT mice treated with 
tamoxifen and PLN-R14fl/fl mice treated with vehicle were terminated at 6 weeks after first injection (n 

≥ 6 per group) (Kruskal-Wallis with Dunn's multiple comparisons test).  
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Supplementary Figure S2. Progressive upregulation of P62 and its colocalization with PLN clusters 
in cardiomyocytes. 
(A) Representative immunofluorescent staining of PLN (green) together with P62 (SQSTM1) (red) in 
ventricular tissue of tamoxifen treated PLN-R14delfl/fl mice collected at different weeks after conversion 
(scale bars, 25 μm). (B) Immunofluorescent double staining of PLN (green) and P62 (SQSTM1) (red) in 
cardiomyocytes isolated from tamoxifen-treated PLN-R14fl/fl mice at 4 weeks post-conversion. Nuclei 
are stained blue with 4’,6-diamidino-2-phenylindole (DAPI). (scale bars, 20 μm). (C) Representative 
averaged Western blot images of P62 (top) and corresponding total protein staining (bottom) in 
ventricular tissue collected at different weeks after conversion. Quantification of protein levels is 
presented as fold change (FC) of P62 (D) (n = 6 per group). **p<0.01 (Kruskal-Wallis with Dunn's 
multiple comparisons test).  
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Supplementary Figure S3. Mfge8 upregulation and colocalization with PLN clusters during disease 
progression. 
(A) Representative immunofluorescent staining of PLN (green) together with Mfge8 (red) in ventricular 
tissue of PLN-R14delfl/fl mice collected at different weeks after conversion (scale bars, 25 μm). (B) 
Plasma Mfge8 concentration measured by ELISA in WT and 6-weeks old homozygous PLN-R14fl/fl mice 
(this is not inducible). Data are presented as mean ± SEM (WT, n = 3; PLN-R14fl/fl n=4). Statistical 
analysis was performed using the Mann-Whitney test.  
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Supplementary Tables 
Supplementary Table S1. Antibodies used for histological staining. 

Primary antibody Host Cat. No. Supplier Dilution 

Anti-PLN Rabbit ab219626 Abcam 1:1,000 

Anti-PLN Mouse MA3-922 Thermo Fisher Scientific 1:200 

Anti-SEL1L Rabbit ab78298 Abcam 1:100 

Anti-EMC2 Rabbit 25443-1-AP Proteintech 1:100 

Anti-PDIA Rabbit #3501S Cell signaling 1:100 

Anti-Mfge8 Goat AF2805 R&D Systems 1:100 

Anti-P62 Rabbit ab109012 Abcam 1:100 

 
Secondary antibody Antigen Label Cat. No. Supplier Dilution 

Donkey anti-rabbit Rabbit Alexa488 A21206 Thermo Fisher Scientific 1:100 

Donkey anti-mouse Mouse Alexa555 A31570 Thermo Fisher Scientific 1:100 

Donkey anti-mouse Mouse Alexa488 A21202 Thermo Fisher Scientific 1:100 

Donkey anti-rabbit Rabbit Alexa555 A31572 Thermo Fisher Scientific 1:100 

Donkey anti-goat Goat Alexa555 A21432 Thermo Fisher Scientific 1:100 

 
Supplementary Table S2. Primer sequences used for qPCR. 

Gene Protein  Sequence (5’-3’) 

Nppa Atrial Natriuretic Peptide Forward 
Reverse 

GCTTCCAGGCCATATTGGAG 
GGTGGTCTAGCAGGTTCTTG 

Timp1 Tissue Inhibitor of 
Metalloproteinases-1 

Forward 
Reverse 

CAACGAGACCACCTTATACC 
CATATCCACAGAGGCTTTCC 

Col1a1 Collagen type 1 alpha 1 chain Forward 
Reverse 

AGAGCATGACCGATGGATTC 
CGCTGTTCTTGCAGTGATAG 

Rplp0 Ribosomal protein, large P0 (36B4) Forward 
Reverse 

AACGGGTACAAACGAGTC 
AGATGGATCAGCCAAGAAG 

 
Supplementary Table S3. Antibodies used for Western blot. 

Primary antibody Host Cat. No. Supplier Dilution Molecular weight (kDa) 

Anti-Mfge8 Goat AF2805 R&D Systems 1:800 60-70 

Anti-OST48(DDOST) Mouse  sc-74408 Santa cruz 1:100 48 

 
Secondary antibody Antigen Label Cat. No Supplier Dilution 

Rabbit anti-mouse Mouse HRP P0260 Dako 1:2,000 

Goat anti-rabbit Rabbit HRP P0448 Dako 1:2,000 

Donkey anti-goat goat HRP A21432 Invitrogen 1:2,000 
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Supplementary Table S4. Substrate matched with ERAD pathway. 
  RNA-sequencing Proteomics 

name Descriptions log2FC P-value -log10(Pvalue) log2FC P-value -log10(Pvalue) 

Mfge8 Lactadherin 0.193 0.388 0.411 4.653 5.60E-09 8.251 

Sts Steryl-sulfatase Na Na Na 2.428 3.53E-05 4.452 

Ergic1 Endoplasmic reticulum-Golgi intermediate 

compartment protein 1 

-0.183 0.564 0.249 1.936 3.65E-07 6.438 

Dpm1 Dolichol-phosphate mannosyltransferase subunit 1 -1.011 0.109 0.961 1.619 4.24E-07 6.372 

Stt3a Dolichyl-diphosphooligosaccharide--protein 

glycosyltransferase subunit STT3A 

0.460 0.320 0.495 1.206 3.03E-07 6.519 

Ddost Dolichyl-diphosphooligosaccharide--protein 

glycosyltransferase 48 kDa subunit 

0.363 0.348 0.458 1.205 6.71E-08 7.173 

Dad1 Dolichyl-diphosphooligosaccharide--protein 

glycosyltransferase subunit DAD1 

0.218 0.354 0.451 1.117 4.76E-06 5.322 

Clptm1 Putative lipid scramblase CLPTM1 0.413 0.176 0.754 1.084 7.04E-05 4.153 

Pigk GPI-anchor transamidase 0.778 0.114 0.941 1.076 0.000608 3.216 

Ssr4 Translocon-associated protein subunit delta 0.571 0.027 1.566 0.986 9.8E-05 4.009 

St3gal6 Type 2 lactosamine alpha-2,3-sialyltransferase 0.253 0.492 0.308 0.959 0.001532 2.815 

Tmed2 Transmembrane emp24 domain-containing protein 2 0.316 0.218 0.661 0.939 0.007886 2.103 

Rpn2 Dolichyl-diphosphooligosaccharide--protein 

glycosyltransferase subunit 2 

0.957 0.012 1.929 0.924 1.34E-06 5.874 

Mlec Malectin 0.643 0.045 1.344 0.913 1.67E-05 4.776 

Lpl Lipoprotein lipase -0.329 0.049 1.308 0.907 1.84E-07 6.735 

Stt3b Dolichyl-diphosphooligosaccharide--protein 

glycosyltransferase subunit STT3B 

0.224 0.594 0.226 0.898 1.40E-05 4.853 

Erp44 Endoplasmic reticulum resident protein 44 -0.081 0.829 0.082 0.821 8.23E-05 4.085 

Rpn1 Dolichyl-diphosphooligosaccharide--protein 

glycosyltransferase subunit 1 

0.500 0.156 0.807 0.813 1.10E-05 4.959 

Tmem33 Transmembrane protein 33 -0.458 0.210 0.677 0.784 0.000549 3.261 

Erap1 Endoplasmic reticulum aminopeptidase 1 Na Na Na 0.779 1.63E-07 6.789 

Emc1 ER membrane protein complex subunit 1 0.468 0.349 0.457 0.754 4.76E-05 4.322 

Canx Calnexin 0.204 0.250 0.602 0.731 2.06E-08 7.685 

Ganab Neutral alpha-glucosidase AB 0.566 0.267 0.573 0.706 8.15E-07 6.089 

Slc25a35 Solute carrier family 25 member 35 Na Na Na 0.700 0.001369 2.864 

Pon3 Serum paraoxonase/lactonase 3 -0.708 0.170 0.770 0.696 0.009711 2.013 

Emc7 ER membrane protein complex subunit 7 -0.130 0.664 0.178 0.687 0.000173 3.762 

Apmap Adipocyte plasma membrane-associated protein -0.627 0.252 0.598 0.676 4.45E-05 4.352 

Vapb Vesicle-associated membrane protein-associated 

protein B 

-0.213 0.332 0.478 -1.283 0.014096 1.851 
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Abstract 
Aims 
Phospholamban (PLN) acts as an inhibitory regulator of calcium uptake in the sarco-
/endoplasmic reticulum (SR) of cardiomyocytes. The pathogenic variant, PLN-R14del, 
leads to dilated and/or arrhythmogenic cardiomyopathy. Previous studies demonstrated 
that PLN-targeting antisense oligonucleotides (ASOs) can mitigate disease progression 
in mice. However, it remains unclear whether the protective effects of PLN-ASO 
therapy are due to improved calcium homeostasis or via reduction of abnormal PLN-
SR clusters, a hallmark of this disease. 
 
Methods and results 
Homozygous PLN-R14del (R14∆/∆) mice were randomized to injections with various 
doses of PLN-ASO (3, 7, 15 or 25 mg/kg) or a scrambled control. Consistent with 
previous findings, R14∆/∆ mice exhibited severe cardiac dysfunction, myocardial 
fibrosis, and aberrant SR clusters by 7 weeks of age. ASO-treated R14∆/∆ mice 
displayed a dose-dependent preservation of cardiac function with diminished 
remodeling and extended lifespan. Correspondingly, abnormal PLN-SR clustering was 
diminished by ASO therapy in a dose-dependent manner, and SR structure returned to 
a normal state. Calcium dynamics were investigated separately on isolated 
cardiomyocytes from treated mice. In wild-type (WT) mice, ASO (25 mg/kg) mediated 
PLN depletion significantly enhanced calcium and contractile dynamics, confirming 
effective target engagement. In R14Δ/Δ cardiomyocytes, however, ASO treatment 
showed limited effects on calcium dynamics. Calcium transient decay and sarcomeric 
shortening were already enhanced in R14Δ/Δ cardiomyocytes compared to WT, 
suggesting a partial loss of the PLN-R14del calcium inhibitory function. This 
preexisting acceleration of calcium dynamics likely accounts for the limited impact of 
ASO therapy on calcium regulation in R14Δ/Δ mice. 
 
Conclusions 
PLN-ASO treatment demonstrated a dose-dependent restoration of SR organization and 
a concomitant increase in lifespan in PLN-R14del mice. The enhanced SR calcium 
uptake in PLN-R14del mice suggests a partial loss of inhibitory function, limiting ASO 
therapy's effects on calcium dynamics. This implies that PLN-ASO therapy acts 
predominantly via restoration of SR structure in PLN-R14del cardiomyopathy. 
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Translational Perspective 

Human carriers of a p.Arg14del (R14del) variant of the phospholamban (PLN) gene 
face high risk of developing dilated and/or arrhythmogenic cardiomyopathy, 
progressing to severe heart failure. As patients are mostly non-responsive to standard 
care and no specific treatment for exists, heart transplantation is often a last option. 
PLN antisense therapy shows promise as the first precision medicine, targeting the root 
cause of the disease. Our data indicate that, at optimal dosing, PLN antisense therapy 
halts disease progression and extends lifespan in mice. While PLN-ASO enhances 
calcium cycling, its primary therapeutic effect in PLN-R14del cardiomyopathy is by 
reducing harmful PLN-SR clusters. 
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1. Introduction 

Phospholamban (PLN) is a small protein that resides in the membrane of the 
sarcoplasmic reticulum (SR) and is predominantly expressed in ventricular 
cardiomyocytes. Its primary role is to inhibit the uptake of calcium ions (Ca2+) from the 
cytosol into the SR by interacting with the sarco/endoplasmic reticulum Ca2+-ATPase 
2a (SERCA2a) pump.1,2 Several pathogenic mutations in the gene encoding PLN have 
been linked to cardiomyopathies.2 Among these, the p.Arg14del (R14del) variant is the 
most well-known and frequently occurring mutation, which can lead to dilated and/or 
arrhythmogenic cardiomyopathy, often culminating in severe heart failure (HF).3 
Currently, there is no specific treatment for this form of cardiomyopathy, and heart 
transplantation is often required as a last option.4-6 
 
Using a PLN-R14del mouse model that has similar disease characteristics as in humans, 
we recently showed that silencing therapy with an antisense oligonucleotide (ASO), 
targeting Pln mRNA for degradation, could halt disease development and prolong 
lifespan of PLN-R14del mice.7 This was true for a prophylactic treatment, starting 
before disease development, but also for a therapeutic treatment, starting at the time of 
early or advanced disease.7,8 Therapeutic treatment at the early disease stage could halt 
further decline in cardiac function, attenuated cardiac fibrosis and hence extended 
survival of PLN-R14del mice. Moreover, PLN immunohistochemistry showed that 
dense PLN staining of abnormal SR clusters, a hallmark of this disease,9 was observed 
at the start of treatment but was strongly reduced after ASO treatment.8 This might 
indicate that normal SR structure is restored by ASO treatment, but this needs 
confirmation beyond PLN (mis)localization. Also, until now, calcium cycling has not 
been investigated in the context of ASO treatment, while this is particularly interesting 
for PLN-related cardiomyopathies. Originally, it was thought that PLN-R14del would 
be a super-inhibitor of SERCA2a.10 Badone et al,11 however, contradicted this 
superinhibition theory using human PLN-R14del iPSC derived cardiomyocytes and 
reported reduced inhibitory activity. Subsequently, also studies in mice carrying a 
genomic PLN-R14del locus reported reduced inhibitory activity on SERCA2a in 
cardiomyocytes and this was true for both heterozygous and homozygous PLN-R14del 
mice.9,12 Studies utilizing PLN-targeting antisense therapy could further unravel the 
impact of PLN silencing on cardiomyocyte calcium handling and SR clustering in PLN-
R14del cardiomyopathy, potentially offering deeper insights into the disease 
mechanism.13 
 
Previous studies showed therapeutic effects in PLN-R14del mice using PLN-ASO.4,7,8 
In this study, we aim to demonstrate the dose-dependent therapeutic effects of a novel 
PLN-ASO in PLN-R14del mice, with the potential for these findings to translate into 
meaningful benefits for human PLN-R14del cardiomyopathy. Subsequently, we show 
for the first time that abnormal SR clustering is resolved and SR organization is rescued 
in these mice in a dose-dependent manner, which directly correlates with disease 
progression. Finally, this study shows that PLN-ASO treatment does enhance SR 
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calcium uptake in wild-type (WT) mice, but to a far lesser extent in PLN-R14del mice. 
Together, these data indicate that the therapeutic effect of PLN silencing in PLN-R14del 
cardiomyopathy is primarily mediated by improvements in SR structure rather than by 
enhanced calcium cycling. 
 

2. Methods 
2.1 Study design and animal model 
The generation and phenotypic characterization of the PLN-R14del mouse model, and 
housing of mice have been described before.5 Male and female WT and homozygous 
PLN-R14del (R14∆/∆) mice were enrolled in this study. Before treatment initiation at 5 
weeks of age, baseline echocardiography was performed. Based on sex, weight and 
baseline cardiac function, R14∆/∆ mice were subsequently randomized to six different 
groups receiving PLN-ASO (5’-GCATATCAATTTCCTG-3’) injections, at a dose of 0 
(vehicle only; Dulbecco's PBS), 3, 7, 15 or 25 mg/kg/injection or a scrambled-ASO (5’-
GGCCAATACGCCGTCA-3’) of 25 mg/kg/injection (n=8 per group). Doses were 
selected based on dose response-modelling from previous in vivo studies7,8 and were 
chosen to cover PLN inhibition between 20% to 70%. The time to initiate treatment 
with ASO was informed by previous studies to give optimal opportunity to show a 
treatment effect. ASOs were designed and produced by Ionis Pharmaceuticals (CA, 
USA). Six WT mice were included as healthy controls, receiving vehicle injections. 
Injections started at 5 weeks of age, with four injections in the first week, followed by 
a weekly maintenance injection of the same dose in the subsequent weeks. R14∆/∆ mice 
were monitored until they reached the humane endpoint (ejection fraction (EF) 
<10%, >20% weight loss or lethargy and dyspnea), which generally occurs at 7-8 weeks 
of age.5 In addition, when the average EF of an ASO dosing group was <20% or 
when >30% of the mice of an ASO dosing group reached the humane endpoint, the 
entire experimental group was terminated. Surviving R14∆/∆ groups, together with the 
WT mice, were kept until 21 weeks of age, with follow-up echocardiograms at 7, 15 
and 21 weeks of age. At sacrifice, hearts were collected for histological and molecular 
analyses. Echocardiography and termination were conducted under anesthesia with 2.5% 
isoflurane mixed with oxygen. In a separate experiment for calcium handling and 
sarcomere measurements in isolated cardiomyocytes, an additional 10 WT and 10 
R14Δ/Δ mice were treated with vehicle or 25 mg/kg PLN-ASO between 3 and 5 weeks 
of age, following the abovementioned regimen. This study was approved by the Dutch 
Central Authority for Scientific Procedures on Animals (license numbers 
AVD1050020199105 and AVD10500202115446) and the Animal Welfare Body of the 
University of Groningen (permit numbers IVD199105-01-011 and IVD2115446-02-
003), followed the guidelines set out in the Directive 2010/63/EU of the European 
Parliament for using animals in research and were reported in line with the Animal 
Research: Reporting of In Vivo Experiments (ARRIVE) guidelines.14 
 
  

5 

112 



 
 

2.2 Echocardiography 
Left ventricular (LV) morphology and function were monitored using a Vevo 3100 
preclinical imaging system equipped with a 40-MHz MX550D linear array transducer 
(FUJIFILM VisualSonics, Canada), as previously described.9 Recordings were 
analyzed using Vevo LAB software version 5.7.1 (FUJIFILM VisualSonics). Data 
acquisition and analysis adhered to the guidelines provided by the European Society of 
Cardiology Working Group on Myocardial Function.15 
 
2.3 Euthanasia 
Euthanasia was performed under anesthesia using a mixture of oxygen and 2.5% 
isoflurane. After ensuring deep anesthesia, the abdominal and thoracic cavities were 
opened, blood was collected via the abdominal aorta, and saline was used to flush the 
circulatory system via the heart. The heart was carefully excised, rinsed in an ice-cold 
1 M potassium chloride (KCl) solution (Merck Millipore, Germany). A transverse mid-
section of the heart was preserved for histological examination, and the remaining tissue 
samples were promptly snap-frozen in liquid nitrogen for further molecular analyses. 
 
2.4 Histological staining 
Transverse cardiac slices of both ventricles were preserved in a 4% formaldehyde 
solution (10% formalin; Klinipath, The Netherlands) for at least 24 h. After fixation, 
heart tissues were dehydrated using an automated system (Leica TP1020; Leica 
Microsystems, Germany), embedded in paraffin, and sectioned into 4-µm thick slices 
for histological analysis. Tissue sections were deparaffinized before proceeding with 
staining procedures. 
 
Masson’s trichrome staining was performed to identify collagen deposition, adhering 
to standard protocols. Subsequently, the entire stained sections were scanned using a 
Nanozoomer 2.0-HT digital slide scanner (Hamamatsu Photonics, Japan). 
Quantification of fibrosis in each section was accomplished by analyzing the percentage 
of the total section area occupied by fibrotic tissue using the positive Pixel Count v9 
algorithm of Aperio’s ImageScope software version 12.4.0 (Leica Microsystems). 
 
To evaluate PLN clustering, ventricular tissue sections were stained with a rabbit anti- 
PLN primary antibody (Cell Signaling Technologies, MA, USA), followed by labeling 
with an Alexa 555-conjugated secondary antibody. Cell boundaries were visualized 
using fluorescein isothiocyanate (FITC)-conjugated wheat germ agglutinin (WGA), 
and nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI). PLN clusters 
were quantified in 30-50 cardiomyocytes per mouse (n=6 per group). The cluster-
positive cells were presented as per 0.1 mm2, as indicated by the scale bar. 
 
To show the co-localization of PLN and other SR proteins in mouse cardiac tissue 
samples, SERCA2a or HRC (histidine-rich calcium-binding protein) were co-stained 
with PLN using fluorescently-labeled secondary antibodies. Specific antibodies used in 
immunohistochemistry are listed in Supplementary Table S1. 
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Fluorescent staining images were acquired using a Leica TCS SP8X confocal 
microscope (Leica Microsystems). PLN/WGA/DAPI localization and colocalization of 
SERCA2a or HRC with PLN were captured using a 63x objective (numerical aperture 
1.4, pinhole size 95.5 µm). 
 
2.5 Quantitative Polymerase Chain Reaction (qPCR) 
Total RNA was extracted from snap-frozen ventricular tissue using TRI Reagent 
(Sigma-Aldrich, MO, USA) according to the manufacturer's protocol. Complementary 
DNA (cDNA) synthesis was performed using the QuantiTect reverse transcription kit 
(Qiagen, Germany). Quantitative polymerase chain reaction (qPCR) was conducted 
with iQ SYBR Green Supermix (Bio-Rad, CA, USA) on a C1000 Thermal Cycler CFX 
384 Real-Time PCR Detection System (Bio-Rad). Gene expression levels were 
analyzed using Bio-Rad CFX Manager 3.0 software. All gene expression levels were 
normalized to the reference gene Rplp0 (36B4) and reported as fold changes relative to 
the WT control group. The primer sequences used for qPCR are listed in Supplementary 
Table S2. The qPCR primers used for PLN mRNA quantification were designed 
downstream of the R14del mutation site. Primer binding and amplification efficiency 
are therefore similar for the WT and PLN-R14del transcript. 
 
2.6 Western blot 
Total protein from snap-frozen ventricular tissue was extracted using 
Radioimmunoprecipitation Assay (RIPA) buffer as described previously.5 Protein 
concentrations were measured using a Pierce bicinchoninic acid (BCA) protein assay 
kit (Thermo Scientific, MA, USA). Samples were heated to 95°C for 5 min for PLN or 
50°C for 15 min for SERCA2a, followed by loading onto a sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) system. Equal amounts of protein 
were loaded, with 5 µg per well for PLN and 10 µg per well for SERCA2a. Proteins 
separated by SDS-PAGE were then transferred to an Immuno-Blot polyvinylidene 
fluoride (PVDF) membrane (Bio-Rad) using a semi-dry transfer system (Amersham 
Biosciences, UK). The total protein level in each sample was determined using the 
Revert 700 Total Protein Stain Kit (LI-COR Biosciences, NE, USA), which was 
subsequently used for protein normalization. Membranes were blocked with blocking 
buffer and incubated overnight at 4°C with a primary antibody, followed by a one-hour 
incubation at room temperature with a secondary antibody. Detection was carried out 
using enhanced chemiluminescence with the Western Lightning Ultra 
Chemiluminescent Substrate (PerkinElmer, MA, USA) and visualized with the 
Amersham ImageQuant 800 Western blot imaging system (Cytiva, MA, USA). 
Quantification of target proteins was performed using Image Studio Lite Software 
version 5.2 (LI-COR Biosciences). Protein expression values were reported as fold 
changes relative to the WT control group. Primary and secondary antibodies that were 
used are presented in Supplementary Table S3. 
 
  

5 

114 



 
 

Total protein from snap-frozen isolated cardiomyocytes was extracted using RIPA 
buffer. To quantify PLN protein levels, a 12-230 kDa Separation Module 
(ProteinSimple, CA, USA) was used on an automated Western blot system (Jess Simple 
Western; ProteinSimple) following the manufacturer’s instructions. Protein lysates 
were used at 1 mg/ml together with an anti-PLN antibody (1:50, Cell Signaling 
Technologies) and an Anti-Rabbit Detection Module (ProteinSimple). Protein 
expression was normalized by protein normalization module (ProteinSimple) following 
the manufacturer’s protocol. 
 
2.7 Electron microscopy 
Electron microscopy (EM) was performed as reported previously.9,16 Briefly, LV 
myocardial tissue was cut into 1 mm3 pieces and fixed in EM fixative (2% 
paraformaldehyde and 2% glutaraldehyde in 0.1M sodium cacodylate (PH 7.4)) 
overnight at 4°C. The fixative was subsequently replaced with fresh buffer (0.5% 
paraformaldehyde and 2% glutaraldehyde in 0.1 M sodium cacodylate, pH 7.4) to allow 
for prolonged storage and improved preservation of cellular ultrastructure. Post-fixation 
was carried out using 1% osmium tetroxide and 1.5% potassium ferrocyanide. The 
samples were then sectioned, mounted on single-slot cupper grids, and contrasted with 
4% neodymium acetate. Sections were imaged using scanning transmission electron 
microscopy (STEM) (Zeiss Supra55, Germany). 
 
2.8 Contraction and calcium measurements in isolated cardiomyocytes 
Cardiomyocytes were isolated using a Langendorff-free method.17 Cardiomyocytes 
were loaded with the calcium fluorophore Fura-2, AM and single cell calcium transients 
and sarcomere shortening were recorded using a MultiCell High Throughput system 
(IonOptix, MA, USA) under pacing conditions (1.5 Hz, 20 V) at 37 °C. At least 40 cells 
were included per mouse (n=5 per group). Measurements were done at baseline and 
following beta-adrenergic stimulation using 100 nM isoproterenol. Calcium and 
contractility data were analyzed using CytoSolver with default settings, while 
excluding cells with <5 transients and outliers outside mean ± 1.5 * interquartile range 
(IQR). 
 
2.9 Statistical analyses 
Data are presented as means ± standard error of the mean (SEM). Sarcomere length and 
ratiometric calcium transients are shown as line graphs. Quantification of SR-EM 
parameters and contractile and calcium parameters are displayed in SuperPlots 
presenting both individual cell values (transparent dots) and mean values per mouse 
(solid dots) with the matching colors.18 Data of isolated cardiomyocytes were log-
transformed and a hierarchical test with Bonferroni correction was applied in R version 
4.4.0.18 All other statistical analyses were performed using GraphPad Prism version 
9.1.0. For statistical analysis of survival curves, a log-rank test was performed. For all 
other comparisons, nonparametric tests were performed due to small group sizes (n=5-
8). Echocardiographic parameters at each timepoint were compared separately to the 
WT group of the same age using a Kruskal-Wallis test with post-hoc Dunn’s multiple 
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comparisons test. At the 7-week time point, comparisons were made among all PLN-
R14Δ/Δ groups. For other assays, a Mann-Whitney test was used to compare vehicle-
treated R14∆/∆ mice to WT mice (to evaluate differences between genotypes), followed 
by a Kruskal-Wallis test with post-hoc Dunn’s multiple comparisons test for 
comparisons among the vehicle-treated and ASO-treated R14∆/∆. P-values <0.05 were 
considered statistically significant. All data acquisition and analyses were performed in 
a blinded manner. 
 

3. Results 
3.1 PLN-ASO treatment rescues R14∆/∆ mice from HF and premature death in a 
dose-dependent manner 
PLN-ASO or vehicle treatment started at 5 weeks of age, in accordance to a previous 
study,8 with four injections during the first week of treatment, followed by weekly 
injections of the indicated doses (Figure 1A). As expected, vehicle-treated R14∆/∆ mice 
reached the humane endpoint at 7 weeks of age, which is in agreement with previous 
studies.5 PLN-ASO treatment showed a dose dependent increase in survival of R14∆/∆ 
mice, with the 3 mg/kg group surviving until 9 weeks of age, while those receiving 7 
mg/kg reached the humane endpoint and were terminated at 11 weeks of age (Figure 
1B). Importantly, the higher ASO dose groups of 15 and 25 mg/kg did not reach the 
humane endpoint and remained viable until the end of the experiment, except for one 
mouse in the 15 mg/kg group. All WT mice remained viable until the end of the 
experiment (Figure 1B). 
 
Investigation of cardiac function, using echocardiography, also revealed a clear dose-
response effect in the R14∆/∆ mice (Figure 1C-F). From 5 weeks (start of treatment) to 
7 weeks of age, a rapid decline in LVEF was observed in the vehicle-treated R14∆/∆ 
group (R14∆/∆ Ctrl), whereas the EF of WT mice remained >60% (Figure 1C). ASO 
treatment prevented heart function decline and with increasing doses, a more preserved 
EF was observed. Since it takes some time to reach sufficient depletion of PLN by ASO-
mediated silencing, an immediate stabilizing effect on cardiac function was not 
expected. No additional echocardiograms were made of the R14∆/∆ mice receiving 
vehicle and 3 mg/kg of ASO, because these animals reached the humane endpoint 
within 2 weeks after the first follow-up measurement. As R14∆/∆ mice receiving 7 
mg/kg of ASO became lethargic around 11 weeks of age, we performed an additional 
echo and this revealed a further decline in cardiac function compared to the previous 
analysis at 7 weeks of age (Figure 1C). Subsequently, these mice were terminated at 
this time point, because this group reached the predefined humane endpoint (group 
average EF <20%). Importantly, the EF of the 15 and 25 mg/kg groups did not decline 
further after the first follow-up echocardiogram (7 weeks of age), indicating 
stabilization of cardiac function (Figure 1C). This was even more profound in the 
highest dose group, suggesting that at this dose even some improvement may occur. LV 
end-systolic and end-diastolic internal diameters were significantly increased in 
vehicle-treated R14∆/∆ mice as compared to WT mice, indicating ventricular dilatation, 
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which was dose-dependently rescued by PLN-ASO administration (Figure 1D, E). All 
observed effects were specific to PLN-ASO administration, as R14∆/∆ mice injected 
with a scrambled ASO at the highest dose (25 mg/kg) showed the same rapid decline in 
cardiac function as untreated mice with an average EF of 13.0±1.1%, and reached the 
humane endpoint by 7 weeks of age (Supplementary, Figure S1). Together, these data 
demonstrate that PLN-ASO therapy exerts a dose-dependent effect on cardiac function 
and lifespan in PLN-R14∆/∆ mice. 
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Figure 1. PLN-ASO therapy extends the lifespan and improves cardiac function of PLN-R14∆/∆ 
mice. 
(A)Schematic overview of the in vivo study design. (B) Survival curve of WT mice receiving vehicle 
injections (Ctrl; n=6) and PLN-R14∆/∆ mice receiving vehicle injections (Ctrl) or 3, 7, 15 or 25 mg/kg of 
PLN-ASO (n=8 per group). The interrupted lines of the vehicle and low dose groups indicate that the 
predefined humane end-point was reached in these groups. *p=0.0001 compared to WT Ctrl; #p=0.0001 
compared to R14∆/∆ Ctrl (Log-rank test). (C) Ejection fraction, (D) end-systolic internal diameter, and 
(E) end-diastolic internal diameter of WT mice receiving vehicle injections (Ctrl; n=6) and PLN-R14∆/∆ 
mice receiving vehicle injections (Ctrl) or 3, 7, 15 or 25 mg/kg of PLN-ASO (n=8 per group) at 5, 7, 11, 
15 and 21 weeks of age. *p<0.05 compared to WT mice of corresponding age. Kruskal-Wallis with 
Dunn's multiple comparisons test). (F) Representative echocardiographic images of WT Ctrl, PLN-
R14∆/∆ Ctrl and PLN-R14∆/∆ ASO25 mice at 5 (baseline), 7 and 21 weeks of age.   

 
 
3.2 PLN depletion effectively mitigates cardiac remodeling in a dose-dependent 
manner 
Next, to confirm effective depletion of PLN following PLN-ASO treatment, PLN 
expression was determined at both mRNA and protein level. Since R14∆/∆ mice 
receiving vehicle or 3 or 7 mg/kg PLN-ASO did not survive until the 21-week time 
point, it is important to note that these cardiac samples are from time points 
corresponding to their maximal lifespan (Figure 1B). As shown, both gene 
(Supplementary, Figure S2A) and protein (Figure 2A) expression levels were dose-
dependently decreased in hearts of ASO-treated R14∆/∆ mice. We like to note that at 7 
weeks of age, PLN levels are also lower in the R14∆/∆ vehicle group as compared to the 
WT group (Figure 2A and Supplementary, Figure S2A). This has been observed 
before and is at least partially related to downregulation of PLN in this animal model, 
as present in this group at 7 weeks.19 At the protein level this difference may also partly 
be explained by differences in antibody binding to wildtype PLN and PLN-R14del and 
therefore we have to be cautious with direct protein comparisons between WT and 
R14∆/∆ groups. Moreover, cardiomyocyte density was approximately 25% lower in the 
R14∆/∆ vehicle group compared to WT, consistent with previously reported cell death, 
which may contribute to the observed reduction in PLN levels (Supplementary Figure 
S3). However, a direct comparison of immunohistochemical staining for PLN and 
cardiac troponin revealed a pronounced decrease in PLN expression within 
cardiomyocytes (Supplementary Figure S3). While some bias in this quantification 
cannot be excluded, due to certain PLN clusters being out of focus, Western blot 
analyses corrected for cardiac troponin I and α-actinin levels also confirmed reduced 
PLN protein levels in the R14∆/∆ vehicle group (Supplementary Figure S4). These 
findings corroborate earlier reports of cellular PLN downregulation in the context of 
heart failure.8 The dose-dependent efficacy of ASO-mediated PLN protein depletion, 
calculated as percent reduction compared to vehicle-treated R14∆/∆ mice, is shown in 
Supplementary Table S4. Besides PLN, also SERCA2a protein and gene (Atp2a2) 
expression levels were investigated (Figure 2B, Supplementary Figure S2B). 
SERCA2a was reduced in the R14∆/∆ vehicle group and in the low dose ASO3 and 
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ASO7 treatment groups, but was restored by the high dose ASO treatment. The 
observed reduction in SERCA2a is consistent with findings in both mice and human, 
where decreased SERCA2a expression is associated with heart failure.20,21 The 
restoration of SERCA2a expression in the high dose groups therefore aligns with 
improved cardiac function. Since a low SERCA2a/PLN ratio may contribute to heart 
failure,20 we also measured the ratio in this study. Although no significant decrease was 
observed in vehicle-treated R14∆/∆ mice, at high ASO doses SERCA2a/PLN ratios were 
increased (Figure 2C). Similar changes were also observed for SERCA2a gene 
expression and the ratio between gene expression levels of SERCA2a and PLN 
(Supplementary Figure S2C). Overall, these results confirm the expected dose-
dependent reduction of cardiac PLN-R14del levels following PLN-ASO administration. 
 
 

 
Figure 2. PLN-ASO administration effectively reduces the expression of PLN and increases the 
SERCA2a/PLN ratio in a dose-dependent manner. 
Protein quantification of (A) PLN and (B) SERCA2a and (C) their ratio (SERCA2a/PLN) in ventricular 
tissue of vehicle-treated WT (Ctrl) and vehicle-treated PLN-R14∆/∆ (Ctrl) mice and PLN-ASO-treated (3, 
7, 15 or 25 mg/kg) PLN-R14∆/∆ mice (n=5 per group). Ventricular tissue was collected at 21 weeks of 
age, except for those groups that reached the humane endpoint earlier (R14∆/∆: Ctrl at 7 weeks, ASO3 at 
9 weeks and ASO7 at 11 weeks). Protein expression normalized to total protein levels, is shown as fold 
change (FC) compared to WT Ctrl. Representative (average based) Western immunoblot images of (D) 
PLN (top), (E) SERCA2a (top) and their total protein staining (bottom). Cardiac tissue from mice was 
collected at various ages for protein isolation, as outlined in the study design. **p<0.01 (Mann-Whitney 
test), #p<0.05, ##p<0.01 (Kruskal-Wallis with Dunn's multiple comparisons test). 
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Molecular changes related to cardiac remodeling were also investigated. Gene 
expression of the cardiac wall stress and hypertrophy biomarker atrial natriuretic 
peptide (encoded by the Nppa gene) was significantly elevated in R14∆/∆ vehicle group 
compared to WT (Figure 3A). Consistent with improved cardiac function in the 25 
mg/kg PLN-ASO-treated R14∆/∆ groups, Nppa was significantly reduced as compared 
to the vehicle-treated R14∆/∆ group (Figure 3A). A similar dose-response effect was 
observed for fibrotic gene expression (Timp1 and Col1a1), indicative of diminished 
fibrosis formation (Figure 3B, C). To corroborate this finding, histochemistry was 
performed, using Masson’s trichrome staining to visualize myocardial fibrosis in 
ventricular sections (Figure 3D). As shown before,5 in vehicle-treated R14∆/∆ mice, 
cardiac fibrosis was significantly elevated as compared to WT mice (Figure 3D, E). 
Hearts from R14∆/∆ mice treated with 3 and 7 mg/kg of ASO showed more collagen 
deposition as compared to the vehicle-treated R14∆/∆ group. We believe that the 
increased lifespan of these low dose groups, as compared to the vehicle group, provides 
an increased time window for fibrosis development, ultimately resulting in higher levels 
of extracellular matrix. Most importantly, however, is that in fibrosis was not further 
elevated in the high dose groups. Thus, PLN-ASO therapy dose-dependently reduces 
natriuretic peptide expression and halts fibrosis formation in hearts of R14∆/∆ mice, 
corroborating our in vivo findings. 
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Figure 3. PLN depletion dose-dependently mitigates cardiac remodeling in hearts of PLN-R14∆/∆ 
mice. 
Ventricular gene expression of markers of cardiac remodeling. (A) atrial natriuretic peptide (Nppa), (B) 
Tissue Inhibitor of Metalloproteinases 1 (Timp1) and (C) collagen type I alpha 1 chain (Col1a1) of 
vehicle-treated WT (n=6) and ASO-treated (3, 7, 15 or 25 mg/kg) PLN-R14∆/∆ mice (n=8 per group), 
normalized to 36B4 (Rplp0) housekeeping gene levels and shown relative fold change to WT Ctrl. (D) 
Representative (average based) Masson’s trichrome-stained cardiac tissue sections of vehicle-treated WT 
and ASO-treated (3, 7, 15 or 25 mg/kg) PLN-R14∆/∆ mice (scale bars, 70 μm). (E) Quantification of 
cardiac fibrosis in Masson’s trichrome-stained cardiac tissue sections of vehicle-treated WT (n=6) and 
ASO-treated (3, 7, 15 or 25 mg/kg) PLN-R14∆/∆ mice (n=8 per group), displayed as percentage of total 
stained area. Ventricular tissue was collected at 21 weeks of age, except for those groups that reached the 
humane endpoint earlier (R14∆/∆: Ctrl at 7weeks, ASO3 at 9 weeks and ASO7 at 11 weeks). ***p<0.001 
(Mann-Whitney test), #p<0.05, ##p<0.01, ####p<0.0001 (Kruskal-Wallis with Dunn's multiple 
comparisons test). 
 
 
3.3 PLN silencing dose-dependently resolves detrimental SR clusters in PLN-
R14Δ/Δ mice 
A key hallmark of PLN-R14del cardiomyopathy in humans and mice is the occurrence 
of detrimental cardiac SR clusters, as evidenced by strong perinuclear PLN staining in 
R14Δ/Δ cardiomyocytes.5,9 In vehicle-treated R14Δ/Δ mice, PLN clusters were highly 
prevalent with 17.7±1.3 cluster-positive cells per 0.1mm2, whereas such clusters were 
not observed in WT mice (Figure 4A, B). Importantly, these SR clusters were dose-
dependently reduced after ASO treatment and were nearly absent at the highest doses. 
Absence of PLN-positive clusters suggests that the organization of the SR is restored. 
We previously demonstrated that HRC and SERCA2a colocalize with PLN in aberrant 
SR clusters.9 To confirm restructuring of reticulum membranes, we performed 
immunohistochemical double staining for SERCA2a/PLN and HRC/PLN in 
cardiomyocytes from both WT and R14Δ/Δ  mice treated with either vehicle or 25 mg/kg 
ASO, assessing protein colocalization. (Figure 5A, B). Confocal imaging validated 
colocalization of these proteins and showed enrichment in the SR clusters of R14Δ/Δ 
mice. Importantly, ASO treatment normalized SERCA2a and HRC localization in the 
majority of R14Δ/Δ cardiomyocytes, confirming that ASO treatment restored SR 
organization. As PLN is not completely silenced upon ASO administration, low 
amounts of PLN and small SR clusters were observed in some cardiomyocytes of ASO-
treated R14Δ/Δ mice. Together, these findings demonstrate that PLN-ASO therapy 
resulted in dose-dependent restoration of SR structure in hearts of PLN-R14Δ/Δ mice. 
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Figure 4. Silencing of PLN results in dose-dependent removal of abnormal intracardiomyocyte SR 
clusters in PLN-R14Δ/Δ mice.  
(A) Representative (average based) immunofluorescence (IF) staining of PLN (red), together with wheat 
germ agglutinin (WGA) staining of extracellular matrix (green) and 4',6-diamidino-2-phenylindole 
(DAPI) staining of nuclei (blue) in ventricular tissue sections of vehicle-treated WT and ASO-treated (3, 
7, 15 or 25 mg/kg) R14∆/∆ mice (scale bars, 25 μm). (B) PLN-cluster-positive cardiomyocytes per 0.1 
mm2 of stained tissue sections (n=6 per group). Statistical comparison between WT and R14∆/∆ mice 
receiving vehicle treatment was not performed as no SR clusters were found in WT hearts. ##p<0.01, 
###p<0.001 (Kruskal-Wallis with Dunn's multiple comparisons test). 
 
 
 
 
 
 

5 

122 



 
 

 
 
Figure 5. Treatment with PLN-ASO recovers SR organization in hearts of PLN-R14Δ/Δ mice.  
Representative immunofluorescent double staining for PLN (green) together with (A) SERCA2a 
(sarcoplasmic reticulum Ca2+ ATPase 2) or (B) HRC (histidine-rich calcium binding protein) (red) in 
ventricular tissue sections of WT Ctrl, R14∆/∆ Ctrl and PLN-ASO (25 mg/kg) PLN-R14∆/∆ mice (scale 
bars, 10 μm). Nuclei are stained blue using 4’,6-diamidino-2-phenylindole (DAPI). 
 
 
3.4 PLN-ASO treatment normalized SR structure in PLN-R14∆/∆ mice 
To visualize the sarcoplasmic reticulum (SR) structure in greater detail, electron 
microscopy (EM) was performed. Ventricular tissue from vehicle-treated wild-type 
(WT) mice and from both vehicle- and ASO25-treated R14Δ/Δ mice (all terminated at 7 
weeks of age) was analyzed to assess SR restoration following ASO treatment (Figure 
6A–C). In vehicle-treated R14Δ/Δ mice, cardiomyocytes exhibited a markedly aberrant 
and SR distribution, in contrast to the well-organized SR network seen in WT mice. 
Notably, SR density between sarcomeres was significantly reduced (Figure 6B), while 
SR accumulation around mitochondria was increased and appeared disorganized 
(Figure 6C). Strikingly, irregular membrane-like structures were frequently observed 
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near mitochondria, reflecting severe SR disarray. PLN-ASO25 treatment largely 
restored the normal SR architecture. Minimal distances between the SR and 
mitochondria, as well as the relative SR–T-tubule distances, were unchanged across 
groups (Supplementary Figure 5). Collectively, these findings indicate a pronounced 
remodeling of the longitudinal SR in R14Δ/Δ mice, which is substantially reversed by 
ASO treatment. 
 
 

 
Figure 6. PLN-ASO treatment normalized SR structure in PLN-R14∆/∆ mice. 
(A) Representative electron microscopic images from cardiac ventricle of WT Ctrl, R14∆/∆ Ctrl and PLN-
ASO (25 mg/kg) PLN-R14∆/∆ mice (scale bars, 500 nm) showing a reduced SR area (yellow arrow) 
between adjacent sarcomeres and clustered SR (green line circled) mislocalized around mitochondria 
(M). Quantification of SR area as the average SR area between adjacent sarcomeres (B) and a percentage 
within the mitochondrial zone (C). (n=5 per group). *p<0.05, ***p<0.001, ****p<0.0001 (One-way 
ANOVA test with Turkey’s multiple comparisons test). In panels B, C the colors of the individual cell 
values (transparent dots) match the colors of the average values (solid dots) of the same mouse. 
 
3.5 The PLN-R14del pathogenic variant results in a partial loss of SERCA2a 
inhibitory function 
Since PLN regulates SERCA2a activity and the effect of PLN-R14del on SERCA2a 
has been debated, we investigated calcium cycling and sarcomere contraction in 
isolated cardiomyocytes of vehicle- and ASO-treated WT and R14Δ/Δ mice. Due to the 
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challenges of isolating cardiomyocytes in advanced disease, including the presence of 
extensive cardiac fibrosis and the frailty of diseased cardiomyocytes, cardiomyocyte 
isolation was performed at 5 weeks of age (an early disease stage). To reach sufficient 
PLN depletion, ASO treatment (with the same frequency as in the abovementioned 
experiment) was initiated at 3 weeks of age with the highest ASO dose (25 mg/kg) 
(Figure 7A). This two-week treatment period resulted in strong reduction of PLN 
protein expression in cardiomyocytes isolated from WT and R14Δ/Δ mice, as compared 
to the vehicle-treated mice of the same genotype (Supplementary Figure S6). For 
calcium measurements, cardiomyocytes were loaded with the ratiometric calcium 
fluorophore Fura-2, after which calcium transients and sarcomere shortening were 
measured simultaneously in single cells. As expected, silencing of PLN and subsequent 
relief of SERCA2a inhibition resulted in faster SR calcium uptake in ASO-treated WT 
cardiomyocytes as evidenced by significantly smaller tau (time constant of calcium 
transient decay) values and significantly greater calcium peak amplitudes (Figure 7B-
D). In R14Δ/Δ cardiomyocytes, tau was significantly lower and calcium transients were 
significantly higher than in WT cardiomyocytes, indicating a loss of SERCA2a 
inhibitory function in mice carrying the PLN-R14del pathogenic variant. Consistently, 
ASO-mediated depletion of PLN had a much smaller effect on calcium transient decay 
and did not alter calcium transient amplitudes in R14Δ/Δ mice. The ASO effects on 
calcium cycling were also reflected in cardiomyocyte relaxation, resulting in 
significantly accelerated sarcomere relaxation (tau) and significantly increased 
shortening amplitude in WT cardiomyocytes (Figure 7E-G). R14Δ/Δ cardiomyocytes 
demonstrated significantly smaller tau for sarcomere relaxation and sarcomeric 
shortening amplitude was significantly stronger as compared to WT cardiomyocytes. 
Consequently, the PLN silencing effects on contraction and relaxation were significant, 
though less pronounced in R14Δ/Δ compared to WT cardiomyocytes. We also performed 
beta-adrenergic stimulation using isoproterenol, which had a profound effect on all 
indicated parameters in vehicle treated WT cardiomyocytes (Supplementary Figure 
S7). The effect of isoproterenol is partially dependent on protein kinase A (PKA)-
mediated phosphorylation of PLN, resulting in reduced SERCA2a inhibition and 
enhanced calcium cycling, contraction and relaxation.22 Not surprisingly, isoproterenol 
had only limited additive effect on these parameters in ASO-treated WT 
cardiomyocytes (Supplementary Figure S7). Similarly, isoproterenol had limited 
additive effects in R14Δ/Δ cardiomyocytes with or without ASO treatment 
(Supplementary Figure S7), indicating that the R14del pathogenic variant of PLN is 
a partial loss-of-function mutation. Nevertheless, isoproterenol stimulation of ASO-
treated WT and R14Δ/Δ cardiomyocytes further increase calcium transient amplitude, 
showing that PLN depletion did not deplete cardiac reserve. Altogether, the current 
study shows that PLN-ASO therapy has limited effects on calcium handling in PLN-
R14del cardiomyopathy. 
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Figure 7. Isolated cardiomyocytes of PLN-R14Δ/Δ mice demonstrate accelerated calcium decay and 
sarcomeric relaxation with limited effect of PLN depletion.  
(A) Schematic overview of the isolated cardiomyocyte study design. (B) Normalized ratiometric calcium 
transients under pacing conditions in cardiomyocytes isolated from WT and R14Δ/Δ mice treated with 
vehicle or ASO (25 mg/kg; averaged transients of 5 mice per group). (C) Calcium decay time constant 
(tau) and (D) calcium amplitude (n=5 per group). (E) Normalized sarcomere lengths under pacing 
conditions in cardiomyocytes isolated from WT and R14Δ/Δ mice treated with vehicle or ASO (25 mg/kg; 
averaged transients of 5 mice per group). (F) Sarcomere decay time constant (tau) and (G) sarcomere 
shortening amplitude (n=5 per group). *p<0.05, ***p<0.001, ****p<0.0001 (hierarchical statistical test 
with Bonferroni correction).17 In panels C, D, F and G, the colors of the individual cell values (transparent 
dots) match the colors of the average values (solid dots) of the same mouse. 
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4. Discussion 
In this study, we showed a dose dependent treatment effect with PLN-ASO on cardiac 
remodeling and survival in a murine PLN-R14del cardiomyopathy model. Our results 
revealed that PLN-R14∆/∆ mice benefit already from ASO treatment at low doses (3 and 
7 mg/kg) with a delay in cardiac functional decline and death. At higher doses (15 and 
25 mg/kg), cardiac function was stabilized and lifespan was prolonged from 7 weeks to 
21 weeks (the predefined endpoint of the experiment). Detrimental SR cluster 
formation, a hallmark of PLN-R14del cardiomyopathy,9,23 showed a corresponding 
dose-dependent reduction. Investigation of other SR marker proteins showed that PLN 
depletion restored SR structure in R14∆/∆ mice. Finally, we demonstrated that sarcomere 
relaxation and SR Ca2+ uptake was accelerated in isolated cardiomyocytes from WT 
mice after ASO treatment. In R14∆/∆ mice, however, these parameters were already 
enhanced and ASO treatment had limited additional effect. This indicates that the PLN-
R14del mutation is a partial loss-of-function variant. Therefore, the beneficial ASO 
effects do not primarily relate to enhanced SERCA2a-mediated calcium transport. 
Instead, the PLN-R14del mutation appears to gain a pathogenic function, disrupting 
normal SR structure, which ASO treatment helps to restore. 
 
Previously, we have demonstrated that a high dose of ASO (≥50 mg/kg) significantly 
improved survival in R14∆/∆ mice.7,8 While this demonstrated proof of concept, we had 
not yet explored the dose-response effects or the underlying mechanisms. One proposed 
mechanism is the relief of PLN-R14del-mediated super-inhibition of SERCA2a 
following PLN depletion. Normally, phosphorylation of PLN by PKA alleviates 
SERCA2a inhibition, but PLN-R14del lacks the PKA consensus site and cannot be 
phosphorylated upon beta-adrenergic stimulation.24 This led to the suggestion that 
PLN-R14del might constitutively inhibit SERCA2a.10 However, while some studies 
support this idea, recent evidence suggests that PLN-R14del is a (partial) loss-of-
function mutation with reduced or no inhibitory activity on SERCA2a.12,25 If the PLN-
R14del variant results in loss of inhibitory function, further alleviation of SERCA2a 
inhibition by ASO-mediated depletion of PLN would have limited therapeutic benefit. 
To investigate this further, we examined calcium cycling and contraction in isolated 
cardiomyocytes from WT and R14∆/∆ mice, with and without ASO treatment, and in the 
presence and absence of beta-adrenergic stimulation. Consistent with recent studies,9,12 
we found that R14∆/∆ cardiomyocytes exhibit enhanced SR calcium uptake compared 
to WT cardiomyocytes, indicating that PLN-R14del has reduced SERCA2a inhibitory 
activity. The effect of ASO treatment on calcium transient decay in R14∆/∆ 
cardiomyocytes was therefore less pronounced, supporting the notion that PLN-R14del 
is a partial loss-of-function mutation. Additional studies with beta-adrenergic 
stimulation (isoproterenol) showed positive inotropic effects in WT cardiomyocytes 
consistent with, amongst others, PKA-mediated PLN phosphorylation relieving 
SERCA2a inhibition.9 However, the response to isoproterenol stimulation was reduced 
in R14∆/∆ cardiomyocytes, because these cells showed enhanced SR calcium uptake at 
baseline, similar to findings in PLN knockout (KO) mouse cardiomyocytes.26,27 
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Enhanced calcium dynamics were reflected by improved sarcomere relaxation 
parameters in R14∆/∆ cardiomyocytes. Overall, our results provide evidence that PLN-
R14del is a partial loss-of-function mutation. 
 
As mentioned above, cardiomyocytes from PLN-KO mice exhibit accelerated SR 
calcium uptake,26,27 similar to what we observed in PLN-R14del cardiomyocytes. 
Additionally, the inotropic response to beta-adrenergic stimulation is either absent or 
nearly absent in both PLN-KO and PLN-R14del cardiomyocytes.26,27 However, while 
PLN-KO mice are viable and age normally up to 24 months,28 PLN-R14∆/∆ mice 
develop severe HF within 8 weeks after birth. This indicates that loss of SERCA2a 
inhibitory function of PLN-R14del cannot account for the rapid cardiac decline and 
shortened lifespan observed in these mice. In agreement with others,9,11,12 this suggests 
that PLN-R14del has acquired a novel pathogenic function. Abnormal perinuclear 
localization of PLN has been identified as a hallmark of PLN-R14del cardiomyopathy, 
and we have recently demonstrated that this abnormality is associated with structurally 
altered SR.9 Cardiomyocytes with these abnormal SR structures eventually undergo 
necrosis, leading to replacement fibrosis.9 Treatment with ASO resulted in a dose-
dependent reduction of perinuclear PLN staining, with other SR markers also returning 
to normal localization post-treatment. Therefore, the induction of abnormal PLN-SR 
clustering represents a novel pathological gain-of-function of the PLN-R14del protein, 
which explains why reducing this protein through ASO therapy effectively halts disease 
progression. 
 
In this study, we established, for the first time, a clear dose-response relationship 
between ASO treatment and PLN clustering and survival in PLN-R14∆/∆ mice. Even 
with a limited reduction of PLN, there was a delay in the decline of cardiac function 
and a modest extension of survival in the R14∆/∆ mouse model. Importantly, humans 
with the heterozygous PLN-E2stop (p.Glu2Ter) variant, showing a 50% reduction in 
PLN levels are healthy.29 A single homozygous individual from consanguineous parents 
did, however, developed DCM. However, the generalizability of this finding in unclear, 
as animal studies have shown normal cardiac function in the absence of PLN under 
both rest and stress conditions.27,30 Collectively, this highlights that partial PLN 
reduction through silencing can have therapeutic potential in humans. Our results 
demonstrate that reducing PLN-R14del is beneficial without full elimination, even in 
this aggressive R14∆/∆ model, underscoring the viability of partial PLN reduction as a 
treatment strategy.  
 
We acknowledge several limitations of this study. First, the use of mice as a model 
organism to study PLN pathophysiology has inherent challenges. While PLN function 
is well conserved between humans and mice, there may be differences in the exact 
contribution of PLN in calcium homeostasis in each species. Additionally, we used 
homozygous PLN-R14del mice, whereas human patients are heterozygous for this 
variant. The decision to use homozygous PLN-R14del mice was driven by their 
accelerated disease progression and the demonstrated efficacy of ASO treatment in 
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prior studies. Importantly, these homozygous mice also recapitulate most of the key 
pathological features observed in the human disease.5 Although, initially it was 
suggested that PLN-R14del would localize to the plasma membrane in the absence of 
wildtype PLN,31 more recent studies have not confirmed this.9, 32 This has recently been 
discussed and provides further support for the use of a homozygous mouse model for 
accelerated and synchronous disease development.6 Human PLN-R14del induced 
pluripotent stem cell (iPSC)-derived cardiomyocytes have been studied, including  
viral miRNA-mediated PLN silencing (~50% reduction).33 However in these in vitro 
models it is challenging to recapitulate the key phenotypes observed in patients, 
including abnormal SR clustering; thus, therapeutic validation in such in vitro models 
still has limitations.6 

 

In conclusion, this study demonstrates a dose-dependent protective effect of ASO 
treatment in PLN-R14del cardiomyopathy mice. This protective effect does primarily 
not result from improved calcium cycling, but is likely due to a reduction in abnormal 
SR structures caused by the altered pathogenic function of the PLN-R14del protein. 
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Supplemental material 
1. Supplementary figures 

 
Supplementary Figure S1. Scrambled ASO administration does not alter cardiac function of PLN-
R14∆/∆ mice. 
Ejection fraction of WT Ctrl (n=6) and R14∆/∆ Ctrl or scrambled ASO (sASO) (n=8 per group) at 5 and 
7 weeks of age. *p<0.05 vs. WT mice of the same age (Kruskal-Wallis with Dunn's multiple comparisons 
test). 
 
 
 

 
Supplementary Figure S2. PLN-ASO administration effectively reduces the RNA level of PLN and 
increases the SERCA2a/PLN ratio in a dose-dependent manner. 
Relative ventricular mRNA levels of (A) PLN (Pln) and (B) SERCA2a (Atp2a2), normalized to 
housekeeping gene Rplp0 (36B4), and (C) SERCA2a/PLN ratio of vehicle-treated WT (n=6), PLN-
R14∆/∆ mice (n=8) and PLN-ASO-treated (3, 7, 15 or 25 mg/kg) R14∆/∆ mice (n=8), depicted as fold 
changes (FC) compared to WT Ctrl. Ventricular tissue was harvested at the predetermined termination 
time points, either upon reaching the humane endpoint or at 21 weeks of age. ***p<0.001 (Mann-
Whitney test), #p<0.05, ###p<0.001, ####p<0.0001 (Kruskal-Wallis with Dunn’s multiple comparison test). 
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Supplementary Figure S3. Cardiomyocyte cell density and PLN expression decreased in R14∆/∆ 
vehicle group 
Cardiomyocyte cell density and PLN expression in WT and R14∆/∆ vehicle groups determined by 
immunofluorescence microscopy (A). Cardiomyocyte density was determined by counting the number 
of cardiac Troponin I stained cells in a transverse cut section and corrected by the area. n=6 per group. 
(B) The amount of PLN fluorescence and cardiac Troponin I fluorescence were determined in 
cardiomyocytes in a longitudinal cut section. The ratio between PLN and cardiac Troponin I are shown 
for the WT and R14∆/∆ groups (n=6). *p<0.05, **p<0.01 (Mann-Whitney test). 

 
Supplementary Figure S4. Cardiac expression of troponin I and α-actinin is not affected by heart 
failure. 
Protein quantification of (A) cardiac troponin I and (B) α-actinin in ventricular tissue of vehicle-treated 
WT (Ctrl) and R14∆/∆ (Ctrl) mice and PLN-ASO-treated (3, 7, 15 or 25 mg/kg) R14∆/∆ mice (n=4 per 
group). Protein expression was normalized to total protein levels and shown as fold change (FC) 
compared to WT Ctrl. (C) Representative (average based) Western immunoblot images of α-actinin (left 
top), troponin I (left bottom) and total protein staining (right). The PVDF membrane was cut into sections 
based on the expected molecular weights of the target proteins, and each section was incubated with 
specific antibody accordingly. 
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Supplementary Figure S5. PLN- R14∆/∆ mice exhibit preserved spatial association between the SR, 
T-tubules, and mitochondria. 
(A) Representative electron micrographs showing the measured distances between the SR and T-tubules 
(top, green bar) and between the SR and mitochondria (bottom, yellow bar) (scale bar 200nm). (B-C) 
Quantification of the relative distance between SR–T-tubules (B) and SR–mitochondria (C). (n = 5 per 
group). In panels B, C the colors of the individual cell values (transparent dots) match the colors of the 
average values (solid dots) of the same mouse. 
 
 

 
Supplementary Figure S6. Efficient knockdown of PLN protein in isolated cardiomyocytes 
following PLN-ASO administration. 
Jess Western immunoblot images of (A) PLN (top), and its total protein (bottom) (B) PLN protein levels 
in cardiomyocytes isolated from WT and R14Δ/Δ mice treated with vehicle or 25 mg/kg PLN-ASO, 
normalized to total protein levels and shown as fold change (FC) compared to vehicle-treated WT 
cardiomyocytes (n=5 per group, except n=4 for vehicle-treated R14Δ/Δ cardiomyocytes). **p<0.01, 
#p<0.05 (Mann-Whitney test). 
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Supplementary Figure S7. Isolated cardiomyocytes from PLN-R14Δ/Δ mice exhibit enhanced 
contractile and calcium dynamics, with limited response to isoproterenol stimulation. 
(A) Normalized ratiometric calcium transients under pacing conditions in cardiomyocytes isolated from 
WT and R14Δ/Δ mice treated with vehicle or PLN-ASO (25 mg/kg; n=5 per group), before (solid lines) 
and after addition (dashed lines) of isoproterenol (ISO). (B) Calcium decay time constant (tau) and (C) 
calcium amplitude (n=5 per group). (D) Normalized sarcomere lengths under pacing conditions in 
cardiomyocytes isolated from WT and R14Δ/Δ mice treated with vehicle or PLN-ASO (25 mg/kg; n=5 per 
group), before (solid lines) and after addition (dashed lines) of isoproterenol (ISO). (E) Sarcomere decay 
time constant (tau) and (F) sarcomere shortening amplitude (n=5 per group). *p<0.05, **p<0.01, 
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***p<0.001, ****p<0.0001 (hierarchical statistical test with Bonferroni correction).17 In panels B, C, E 
and F, the colors of the individual cell values (transparent dots) match the colors of the average values 
(solid dots) of the same mouse. 
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Supplementary Tables 
Supplementary Table S1. Antibodies used for histological staining.  

Primary antibody Host Cat. No. Supplier Dilution 

Anti-PLN Rabbit ab219626 Abcam 1:1,000 

Anti-PLN Mouse MA3-922 Thermo Fisher Scientific 1:200 

Anti-SERCA2 Mouse MA3-919 Thermo Fisher Scientific 1:100 

Anti-HRC Rabbit HPA004833 Sigma 1:100 

 
Secondary antibody Antigen Label Cat. No. Supplier Dilution 

Donkey anti-rabbit Rabbit Alexa488 A21206 Thermo Fisher Scientific 1:100 

Donkey anti-mouse Mouse Alexa555 A31570 Thermo Fisher Scientific 1:100 

Donkey anti-mouse Mouse Alexa488 A21202 Thermo Fisher Scientific 1:100 

Donkey anti-rabbit Rabbit Alexa555 A31572 Thermo Fisher Scientific 1:100 

 
Supplementary Table S2. Primer sequences used for qPCR. 

Gene Protein  Sequence (5’-3’) 

Pln Phospholamban Forward 
Reverse 

GACGATCACCGAAGCCAAG 
CGAGCGAGTGAGGTATTGC 

Atp2a2 Sarcoplasmic/endoplasmic 
reticulum Ca2+-ATPase 2 

Forward 
Reverse 

TCAGTATGACGGGCTTGTAG 
CGGTAGCTTCTCCAACTTTC 

Nppa Atrial Natriuretic Peptide Forward 
Reverse 

GCTTCCAGGCCATATTGGAG 
GGTGGTCTAGCAGGTTCTTG 

Timp1 Tissue Inhibitor of 
Metalloproteinases-1 

Forward 
Reverse 

CAACGAGACCACCTTATACC 
CATATCCACAGAGGCTTTCC 

Col1a1 Collagen type 1 alpha 1 chain Forward 
Reverse 

AGAGCATGACCGATGGATTC 
CGCTGTTCTTGCAGTGATAG 

Rplp0 Ribosomal protein, large P0 
(36B4) 

Forward 
Reverse 

AACGGGTACAAACGAGTC 
AGATGGATCAGCCAAGAAG 

Supplementary Table S3. Antibodies used for Western blot. 
Primary antibody Host Cat. No. Supplier Dilution Molecular weight (kDa) 

Anti-PLN Rabbit 14562S Bioke 1:1,000 12 

Anti-SERCA2 Mouse  MA3-919 Thermo Fisher 
Scientific 

1:1,000 110 

Anti-α-actinin Mouse A7811 Sigma 1:1,000 100 

Anti-Troponin Rabbit Ab47003 Abcam 1:2,000 26 

 
Secondary antibody Antigen Label Cat. No Supplier Dilution 

Rabbit anti-mouse Mouse HRP P0260 Dako 1:2,000 

Goat anti-rabbit Rabbit HRP P0448 Dako 1:2,000 
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Supplementary Table S4. ASO-mediated PLN protein depletion.  

 Mean of PLN protein depletion 
compared to PLN-R14∆/∆ Ctrl ± SEM 

p value 

PLN-R14∆/∆ Ctrl 0.00 ± 5.37  

PLN-R14∆/∆ ASO3 17.59 ± 4.45 ns 

PLN-R14∆/∆ ASO7 37.09 ± 4.32 ns 

PLN-R14∆/∆ ASO15 60.79 ± 5.19 0.0127 

PLN-R14∆/∆ ASO25 79.88 ± 2.85 0.0005 
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Abstract 
Introduction 
Phospholamban (PLN) is predominantly expressed in cardiomyocytes, and several 
pathogenic variants contribute to heart disease. The best-studied variant, PLN-R14del, 
is associated with dilated and/or arrhythmogenic cardiomyopathy. Previous work has 
shown that PLN-targeting antisense oligonucleotides (ASOs) can mitigate disease 
progression in a PLN-R14del mouse model. Because PLN exists in equilibrium 
between pentameric and monomeric states and forms complexes with the 
Sarco/(Endo)plasmic Reticulum Calcium ATPase 2a (SERCA), we simulated the 
effects of PLN silencing on these complexes to identify differential sensitivities to PLN 
depletion. 
 
Methods 
PLN wildtype (PLN-WT) and PLN-R14del form pentamers and bind as monomers to 
SERCA. Previously determined equilibrium constants from fluorescence resonance 
energy transfer (FRET) microscopy were used to model steady-state equilibria of these 
interactions across a range of total PLN levels. 
 
Results 
Simulated linear reductions in PLN-WT and PLN-R14del levels revealed marked 
differences in the behavior of free and complexed species. Pentameric complexes 
declined almost linearly with decreasing total PLN. In contrast, free PLN and PLN–
SERCA complexes were more resilient to PLN depletion, remaining relatively stable 
across a wide range before decreasing more sharply at high depletion levels. This likely 
reflects the second-order kinetics of pentamer formation compared with the first-order 
PLN-SERCA interaction. PLN-WT and PLN-R14del behaved similarly overall, 
although PLN-R14del showed a modestly higher propensity for pentamer formation 
and reduced SERCA binding. 
 
Conclusion 
Our simulations indicate that pentameric PLN is more sensitive to PLN silencing than 
free or SERCA-bound PLN. These differential effects should be considered when 
designing PLN-targeted therapies, and it will be essential to determine which PLN pool 
drives PLN-R14del cardiomyopathy. 
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Abbreviations: 
PLN = Phospholamban 
PLN-R14del = Pathogenic PLN-R14del variant 
SERCA = Sarco/(Endo)plasmic Reticulum Calcium ATPase 2a 
WT = wildtype PLN 
R14 = PLN-R14del variant 
PLNfree = free wildtype PLN 
PLNtotal = total wildtype PLN pool 
PLNpent = wildtype PLN pentamer pool 
PLN-SERCA = wildtype PLN - SERCA pool 
R14free = free PLN-R14del pool 
R14total = total PLN-R14del pool  
R14pent = PLN-R14del pentamer pool 
R14-SERCA = PLN-R14del - SERCA pool 
PLNx-R14ypent = PLN and PLN-R14del were modeled as mixed pentamers, with x and 
y representing the number of molecules of each species incorporated into the pentamer 
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Introduction 
Phospholamban (PLN) is highly expressed in cardiomyocytes within the heart and 
numerous pathogenic variants have been described that can cause heart disease. The 
PLN-R14del variant, lacks one codon, resulting in a PLN protein in which Arginine 14 
(R14) is missing. This is the most well studied autosomal dominant inherited variant 
and at least two different founder mutations have been identified.1,2 PLN-R14del 
carriers are prone to develop arrhythmogenic and/or dilated cardiomyopathy often 
resulting in severe heart failure development.1,3 Currently, no specific therapy exists for 
these patients and the only cure is heart transplantation.  
 
Phospholamban can interact with the Sarco/Endoplasmic reticulum Calcium ATPase 2a 
(SERCA2a) and acts as an inhibitory regulator of calcium uptake in the 
sarco/endoplasmic reticulum (S/ER) of cardiomyocytes. It was originally proposed that 
PLN-R14del would act as a superinhibitor of SERCA2a.1 However, more recent data 
indicate that PLN-R14del has (partially) lost its SERCA2a inhibitory action.4-7 The 
exact effect of this pathogenic variant on SERCA2a remains therefore elusive, and it is 
not yet known whether its pathogenicity is actually mediated via unbalancing 
SERCA2a activity. 

 
PLN does not only interact with SERCA2a, but also with itself resulting in the 
formation of pentameric structures within the SR membrane. Also, PLN-R14del can 
form these pentamers, and it is currently unknown whether pentameric structures with 
PLN-R14del may contribute to disease development. Importantly, in hearts of PLN-
R14del patients so called “PLN aggregates” are detected in cardiomyocytes and are 
considered a hallmark of this disease.8,9 More recent studies have revealed that these 
aggregates consist of abnormal S/ER containing PLN clusters.5 Studies with a PLN-
R14del mouse model suggest that cardiomyocytes with these clusters are prone to 
necrotic cell death, which can explain the severe replacement fibrosis in hearts of PLN-
R14del patients.10 Although, the mechanisms underlying PLN cluster formation remain 
unclear, it is plausible that this process contributes to disease development.  
 
A PLN-R14del mouse model with similar disease characteristics as observed in patients, 
including PLN-clustering, cell death, replacement fibrosis and heart failure 
development has been used to study therapeutic approaches.4,5 PLN silencing using 
antisense oligonucleotides (ASOs) has proven highly effective, halting disease 
progression even in a severe homozygous model with accelerated pathology.4,11,12 Since 
SR calcium uptake is already elevated in this disease model, PLN silencing did not 
further affect this process. Interestingly, however, silencing did result in a strong 
reduction of cardiomyocytes with abnormal SR clusters, suggesting that these clusters 
may represent the primary pathogenic driver. 
 
Reduction of PLN levels, via PLN silencing, will have different effects on the different 
complexes, but this is difficult to investigate in cells due to the transient nature of these 
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interactions. Using excellent FRET-based cellular studies, the research group of Robia 
defined the different molecular binding constants for PLN and PLN-R14del with 
SERCA, and between the PLN molecules.13 We therefore decided to model the effects 
of PLN silencing on the different complexes and relate this to our knowledge on disease 
development. As shown, in this simulation study the WT PLN and R14del PLN 
pentameric complexes are much more sensitive to PLN silencing, as compared to the 
WT PLN/SERCA and R14del PLN/SERCA complexes and the free PLN molecules. 
 

Methods 
Equilibria of different complexes 
We used standard association/dissociation equilibrium kinetics based on molecule A 
and B interaction, as follow: 
 
[A] + [B]         [AB] 
 
and with dissociation constant KD for AB: 
 

𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 =
[𝐴𝐴] ∗ [𝐵𝐵]

[𝐴𝐴𝐴𝐴]  

 
With three different molecules, PLN, PLN-R14del and SERCA2a, that compete for 
interaction, and the tendency of PLN and PLN-R14del to assemble into pentameric 
complexes additional complexity is added, resulting in additional equations. The 
following equilibrium expressions, where A represents PLN wild-type (WT), B 
represents PLN-R14del (R14) and C represents SERCA2a (SERCA) were used:  
 

 
 
Equilibrium constants 
The dissociation constant (KD) for most of these equilibria have been determined 
experimentally by the Robia group,13 using cellular FRET based assays and are 
depicted in Table 1. Since the KD for mixed PLN WT-R14 pentamers is an average 
value, it does not distinguish between the different possible PLN WT and R14 mixed 
complexes. We therefore estimated these with the following formula: 
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The final estimated KDs for mixed pentamers were corrected by the measured FRET 
based value divided by the the mean value of these mixed KDs (0.97 correction factor) 
and are included in Table 2. 
 
Calculations of steady state concentrations: 
The equations shown below, represent the total concentration of each molecule as the 
sum of its free forms and its bound forms in various complexes. The equations account 
for a wide range of complexes (e.g. PLN-SERCA interactions and different PLN 
pentamer stoichiometries), capturing the complexity of multi-protein interactions with 
different stoichiometries. The equations are nonlinear due to the high-order terms of 
complex formation that are related to the free unbound concentrations. The model does 
not include cooperative or allosteric interactions, and dynamic posttranslational 
modifications that might require more complex models and more knowledge on this 
system.   

 
To explore the system behavior and solve the equations numerically these formulas 
were incorporated into a computational model and solved using Python and SciPy by 
incorporating the KD values shown in Table 2. While the exact concentrations of PLN 
and SERCA molecules in the two-dimensional cellular S/ER membrane bilayer are 
unknown, it is widely accepted that the PLN:SERCA ratio is between 4:1 and 1:1. We 
therefore included a 2:1 ratio in our calculations. PLN depletion was always modeled 
as a linear decline and with SERCA remaining constant. All outcomes were reinserted 
into the formulas for validation, ensuring that the total percentage of all molecules 
across different complexes always summed to 100%. 
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Results 
Simulation parameters and effect of PLN concentrations on PLN pentameric 
structures. 
We used binding constants from previously published studies,13 as depicted in Table 1 
and calculated corresponding KD’s for mixed PLN complexes as shown in Table 2, and 
included these into our equilibrium equations. Based on experimental evidence, 
indicating that the PLN:SERCA2a ratio is between 4:1 to 1:1 under baseline conditions 
(without PLN silencing) we used an average standard 2:1 ratio for all calculations.14 
Experimental findings have shown that approximately 40% of SERCA is functionally 
regulated by PLN in native mouse SR membranes.15 Therefore concentrations needed 
to be identified in the model at which about 40% of SERCA was bound to PLN. This 
was performed by modelling a broad concentration range of PLN and SERCA 
concentrations (a.u) with different fixed 2:1 PLN:SERCA ratios. With increasing 
SERCA and PLN concentrations, the percentages PLN pentamers increased rapidly 
followed by an increase in the PLN-SERCA complex concentrations (Figure 1). At this 
2:1 PLN:SERCA ratio, 40% SERCA binding was obtained at a PLN concentration of 
45 (a.u.) and a corresponding SERCA concentration of 22.5 (a.u). 
 
Table 1. Equilibrium constants (Kd) derived from FRET-based assays13 

Interaction Experimental equilibrium constant (Kd) in AU* 
PLN-SERCA 2,13 

R14del-SERCA 3,12 

PLN-PLN 0,87 

R14del-PLN 0,54 

R14del-R14del 0,34 

*AU = Arbitrary Units 
 
Table 2. Dissociation constants used in the equilibrium equations for mixed PLN-R14del pentamers  

Equilibrium constant Equilibrium constant (Kd) used for calculations in AU* 
PLN4-R14del1 0,70 
PLN3-R14del2 0,58 
PLN2-R14del3 0,48 
PLN1-R14del4 0,40 

*AU = Arbitrary Units 
These values were calculated based on the Kd values shown in Table 1, as described in the Materials 
and Methods section. 
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Figure 1. Modeling of PLN–SERCA equilibria reveals ~40% SERCA binding at a 2:1 PLN:SERCA 
ratio 
(A) PLN and SERCA concentrations (arbitrary units, a.u.) were screened at a fixed 2:1 PLN:SERCA 
ratio to evaluate the distribution of PLN monomers, pentamers, as well as the percentage of SERCA 
bound to PLN or remaining free. Increasing protein concentrations resulted in a rapid rise of PLN 
pentamers, followed by an increase in PLN-SERCA complexes, accompanied by a decline in PLN 
monomers. At a PLN concentration of 45 a.u., ~40% of SERCA was bound to PLN, as indicated by the 
broken vertical line. Solid lines (left vertical axis) and dashed lines (right vertical axis). (B) Distribution 
of PLN between free PLN, PLN pentamers, and PLN-SERCA complexes under baseline conditions 
based on the dotted vertical line of figure 1A.  
 
 

Effect of PLN silencing on PLN and SERCA complexes in a wildtype situation 
Using the determined baseline condition, we next, investigated the effect of PLN 
silencing. First a condition in which all PLN consisted of wildtype PLN (WT) was 
investigated.  In this setting, stable SERCA2a protein levels were assumed, also in the 
presence of PLN silencing, meaning that upon 50% reduction of PLN the 
PLN:SERCA2a ratio would increase 2 folds. The total baseline PLN levels were set to 
100% and the response of the different PLN pools to a linear decrease of total PLN 
were calculated. As shown in Figure 1A, at baseline (no PLN depletion) about 76.7% 
of all PLN was present in pentamers, whereas the percent of PLN bound to SERCA was 
20.1% and the percent of free PLN was 3.2% (Figure 1B).  
 
The amount of PLN present in pentamers showed a very direct response to PLN 
depletion and decreased almost linearly over a broad range. At about 90% of total PLN 
depletion the pentameric pools were nearly absent (0.2% PLN in pentamers). In contrast, 
the PLN-SERCA and free PLN pools were much less responsive to PLN depletion, 
showing only a gradual decrease with decreasing total PLN levels (Figure 2A). A 
pronounced, steep decline was observed only when total PLN was reduced by more 
than 80%. These data suggest that PLN pentamers serve as a reservoir that buffers 
changes in SERCA-bound PLN. 
 
The percentage of free SERCA and SERCA bound to PLN was about 60% and 40% at 
baseline (no PLN depletion), respectively, in accordance with the predefined 
characteristics of the model (Figure 2B). Upon PLN depletion the percentage of 
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SERCA bound to PLN only gradually declined with a concomitant increase of free 
SERCA. Again, a pronounced, steep decline in SERCA bound to PLN was observed 
only when total PLN was reduced by more than 80% and this resulted in a similar steep 
increase in free SERCA (Figure 2B).  
 
 

 
Figure 2. Effect of PLN depletion on PLN oligomeric pools and SERCA binding in a wildtype 
situation 
(A) Effect of PLN silencing on free, pentameric PLN and SERCA-PLN complexes in the Wildtype state. 
Solid line (left vertical axis) and dashed lines (right vertical axis). (B) Relative proportion of free SERCA 
and SERCA-PLN complexes in response to PLN depletion. 
 

Effect of PLN silencing on R14del PLN and SERCA complexes in a homozygous 
R14del situation 
Although no homozygous human patients have been identified till now, mouse 
experiments have revealed strongly accelerated disease development in PLN-R14del 
homozygous mice as compared to heterozygous mice. We therefore simulated the 
effects of this more extreme and simpler R14del homozygous situations, before looking 
into a more complex heterozygous situation. Similar to the WT situation, PLNR14del 
(R14) was predominantly present in pentamers, and even more than in the WT situation 
(83,4% vs 76.7% for homozygous R14del and WT situation, respectively) (Figure 2A, 
3A). The percent R14 bound to SERCA was only 13.9% and the percent free R14 was 
2.7%. In particular the amount of R14 bound to SERCA was much lower as compared 
to the WT bound to SERCA (13.9% vs 20.1%, respectively) (Figure 3B). The amount 
of SERCA bound to R14 was therefore also lower (27.9%) as compared to the similar 
WT baseline situation (40% SERCA bound to PLN). This may, to some extent, explain 
the reduced SERCA inhibitory activity of R14 as compared to WT PLN.4,5 Like in the 
WT situation the percent of free (unbound) R14 was low at baseline (2.7%). Upon PLN 
depletion, similar effects as in the wildtype situation were observed with a fast, almost 
linear decrease of R14 present in pentamers and a much more gradual decrease R14 
bound to SERCA, with a steeper decrease after about 80% PLN reduction. The same 
was observed for free R14. Also, the effects on SERCA bound to R14 and free SERCA 
showed a similar behavior under this condition, upon PLN depletion.  
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Figure 3. Effect of PLN depletion on PLN oligomeric pools and SERCA binding in a homozygous 
PLN-R14del situation 
(A) Effect of PLN silencing on free, pentameric R14del PLN and SERCA-R14del PLN complexes in the 
homozygous R14del state. Solid line (left vertical axis) and dashed lines (right vertical axis). (B) Relative 
proportion of free SERCA and SERCA-R14del PLN complexes in response to PLN depletion in the 
homozygous R14del state. Effect of total PLN reduction on pentamers in a heterozygous situation in 
which both WT and R14del PLN are present. 
 
 
PLN-R14del cardiomyopathy is an autosomal dominant disease, making it essential to 
investigate the effects of total PLN reduction in the heterozygous state. This is a more 
complex situation, as equal amounts of PLN WT and PLN-R14del are assumed to be 
present, and both are expected to decrease linearly upon silencing. When PLN WT and 
R14 are considered as a single pool and plotted together, the outcome closely resembles 
that of the WT and homozygous models: most WT and R14 molecules are incorporated 
into pentamers, and approximately 21% are bound to SERCA (Figure 4A). 
 
However, when PLN WT and R14 are analyzed separately and pentamer composition 
is taken into account, a different picture emerges (Figure 4B). The majority of PLN 
WT and R14 molecules are incorporated into mixed pentamers, while pure WT and 
pure R14 pentamers contain only 9.9% and 15.1% of their respective molecules. 
Consequently, the concentration of pure R14del pentamers is 5.5-fold lower in the 
heterozygous compared to the homozygous condition. The mixed pentamers exhibit 
similar behavior, as shown in Supplemental figure 1. Thus, although the overall PLN 
pentamer pool declines almost linearly with total PLN depletion, similar to the WT and 
homozygous state, the decline of the specific pentameric forms is much more gradual 
in the heterozygous condition. 
 
Approximately 21% of the total PLN pool is bound to SERCA, which corresponds to 
13% WT and 8% R14, respectively (Figure 4C). The total percentage of free PLN is 
about 4%, with both WT and R14 contributing almost equally (~2% each). PLN 
depletion affects these pools in a similar manner as observed under the other conditions. 
When examining SERCA binding, about 41% of SERCA is bound to PLN, of which 
25.9% is bound to WT and 16.0% to R14 (Figure 4D). Compared to the PLN-R14del 
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homozygous state, 42% less SERCA is bound to R14 in the heterozygous condition, a 
smaller reduction than the expected 50%.  
 
 

 
Figure 4. Effect of total PLN reduction on pentamer formation and SERCA binding in the 
heterozygous PLN WT/R14 state. 
(A) Total PLN reduction in the heterozygous condition (equal amounts of WT PLN and R14del PLN) 
modeled as a single combined pool. Solid line (left vertical axis) and dashed lines (right vertical axis). 
(B) The PLN pentamer population comprises mixed pentamers (containing both WT and R14del PLN), 
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pure WT PLN pentamers, or pure R14del PLN pentamers, with their sum representing the total PLN 
pentamer population. Solid line (left vertical axis) and dashed lines (right vertical axis). (C) WT and/or 
R14del PLN bind to SERCA in the heterozygous state. (D) SERCA bound to WT and/or R14del PLN in 
the heterozygous state.  

Discussion 
Despite extensive investigations using patient material as well as cell and animal 
models, the underlying mechanism of PLN-R14del cardiomyopathy remains poorly 
understood. This may be due to the complex and dynamic interactions of this small 
protein with SERCA and with itself within the sarcoplasmic reticulum membrane, and 
possibly with other molecules. Such interactions are difficult to capture in experimental 
systems. Therefore, we turned to in silico simulation, to study how different PLN 
complexes are altered in relation to PLN silencing, which has shown therapeutic 
potential in animal studies.4,11,12 Our simulations revealed that PLN pentamers are more 
sensitive to silencing compared with SERCA-PLN complexes and free PLN. These 
pentamers appear to act as a buffer, helping to maintain relatively stable levels of the 
other PLN pools. It will therefore be critical to identify which PLN pool drives disease 
in PLN-R14del cardiomyopathy. For other forms of heart failure, PLN silencing has 
also been suggested as a therapeutic strategy, but this may involve different PLN pools 
and requires further exploration. 
 
It is remarkable that the PLN pentameric pool decreases almost linearly with the 
reduction in total PLN levels, whereas free PLN and SERCA-PLN complex remain 
relatively stable across a wide concentration range. This likely reflects the secondary 
nature of pentamer formation, which requires multiple PLN molecules to assemble, 
making it more sensitive to PLN abundance than the one-to-one interaction between 
PLN and the relatively constant amount of SERCA. Our simulations therefore support 
earlier suggestions that most PLN resides in pentamers, and that this pool functions as 
a buffer to stabilize PLN-SERCA levels.16 
 
This has important implications for PLN silencing as a therapeutic strategy in PLN-
R14del cardiomyopathy and other forms of heart failure. If the SERCA-R14del 
complex is the primary disease driver, higher levels of silencing may be required than 
if pentameric PLN is the main pathogenic species. For PLN-R14del cardiomyopathy, 
however, the disease-causing pool remains uncertain. Initially, the SERCA-R14del 
complex was considered the key target, but recent evidence indicates a reduced 
inhibitory action of PLN-R14del on SERCA and makes this explanation therefore less 
convincing.4,5 It is therefore tempting to speculate that the R14del pentamer may 
contribute to disease development. Supporting this idea, heterozygous R14del mice 
develop cardiomyopathy only at an advanced age (>15 months), whereas homozygous 
mice present with severe heart failure as early as 8 weeks.17 Our simulations show that 
SERCA-R14del complexes are only 1.7-fold lower in the heterozygous state compared 
with homozygous condition, whereas pure PLN-R14del pentamers decrease by nearly 
5.5-fold. These findings may suggest that pentamers, rather than SERCA complexes, 
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may play a more prominent role in disease development, and that wildtype PLN could 
exert a dampening effect by interfering with pure PLN-R14del pentamer formation. 
PLN silencing is also considered an attractive strategy for common forms of heart 
failure, as several studies have reported reduced SERCA protein levels and diminished 
activity. Lowering PLN in such conditions could, in principle, enhance SERCA 
activity.18,19 However, a recent study suggested that SERCA levels may actually remain 
stable during heart failure, an observation that requires further investigation.20 Since 
our primary focus was to examine PLN-R14del cardiomyopathy, we did not simulate 
other types of heart failure in which SERCA might be reduced. 
 
It is important to note that simulation studies have clear limitations and can only provide 
an indirect and simplified view of the real-life in vivo situation. Our model is based on 
equilibrium constants determined using fluorescently tagged PLN and SERCA proteins 
overexpressed in non-cardiomyocytes. These tags may interfere with normal PLN 
behavior, and in cardiomyocytes additional regulatory mechanisms are likely involved. 
Furthermore, our simulation only considers interactions between PLN and SERCA, 
while it is well known that these proteins interact with numerous other molecules, such 
as DWORF.21 We modeled steady-state levels of PLN-SERCA and PLN-PLN 
complexes, but in reality, these complexes are dynamically influenced by 
posttranslational modifications, diastolic calcium concentrations, and beating 
frequency.22 Notably, Robia and colleagues, using the same parameters applied here, 
demonstrated that in the PLN-R14del context the dynamic range of complex formation 
in response to beating frequency is reduced.13 This may also contribute to disease 
development, including arrhythmogenesis. Finally, we do not know how pentamer 
formation occurs and whether this is a linear or non-linear process.  Simulations of 
PLN-SERCA and PLN-PLN interactions in relation to PLN silencing should therefore 
be interpreted with caution and not used to define therapeutic windows for PLN-R14del 
cardiomyopathy. Instead, these investigations are meant to help us to understand the 
underlying processes and provide guidance for further research. 
 
Altogether, the key conclusion we wish to emphasize is that PLN silencing affects 
different PLN pools in distinct ways, and it will be essential to determine which pool is 
the actual driver of PLN-R14del cardiomyopathy. 
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Supplemental figure 

 
Supplemental figure 1. Differential decline of PLN pentamer subtypes during total PLN reduction 
in heterozygous states 
Simulated decline of different PLN pentamer subtypes during total PLN reduction in heterozygous 
conditions. 
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Chapter 7 

General discussion and future perspectives 
 



 
 

Summary and discussion 
In this thesis, we aimed to I) summarize the identified PLN variants in clinical studies 
and discuss their potential pathogenic mechanisms; II) explore if cardiac stress could 
accelerate the onset of PLN-R14del cardiomyopathy in a heterozygous mouse model. 
III) Identify early disease mechanisms using an inducible PLN-R14del mouse model 
to. IV) Investigate PLN antisense oligonucleotide (ASO) dose effects and the disease 
modulatory mechanism in a PLN-R14del homozygous mouse model. V) Utilize in 
silico simulation to explore how balances in different PLN complex are affected by 
PLN gene silencing. 
 
I) Clinical PLN variant and potential mechanisms 
Phospholamban (PLN) is a small regulatory protein that modulates the activity of the 
sarco/endoplasmic reticulum Ca²⁺-ATPase (SERCA2a), thereby controlling Ca²⁺ re-
uptake into the sarcoplasmic reticulum (SR) and regulating the contraction–relaxation 
cycle of cardiomyocytes.1 PLN acts as a reversible inhibitor of SERCA2a under 
physiological conditions, showing inhibitory activity in its dephosphorylated state, 
while phosphorylation at Ser16 relieves inhibition to facilitate rapid Ca²⁺ sequestration 
during diastole. This regulatory mechanism contributes to maintain proper calcium 
homeostasis and cardiac performance. 
 
In Chapter 2, we summarized the currently reported clinical PLN variants and 
discussed their phenotypic spectrum and potential pathogenic mechanisms. Various 
types of PLN mutations, including truncation, missense, and deletion variants such as 
R14del, L39stop, R9C, R9H, and R9L, have been identified in patients with dilated, 
hypertrophic, and arrhythmogenic cardiomyopathies. Although these variants were 
initially believed to share a common molecular target, SERCA2a, they display 
remarkable heterogeneity in clinical manifestation, penetrance, and disease progression. 
Such diversity likely reflects distinct effects of each variant on PLN’s structural 
conformation, oligomerization, membrane insertion, post-translational modification 
and protein interactions. For example, while some variants disrupt PLN’s ability to form 
pentamers, others likely alter its phosphorylation dynamics or stability within the lipid 
bilayer, thereby leading to variant-specific structural alterations, including changes in 
PLN conformation and tilt angle within the membrane, as well as shifts in the 
equilibrium between monomeric and oligomeric states. Regarding protein interactions, 
R9C has been proposed to sequester PKA, thereby reducing the phosphorylation and 
effectively dampening PLN’s regulatory responsiveness. R14del induces a profound 
structural defect characterized by misfolded sarco(endo)plasmic reticulum membrane 
and formation of aberrant PLN clusters. These structural perturbations ultimately 
compromise essential cardiomyocyte functions, leading to cellular stress, progressive 
cardiomyocyte injury and death, and consequently driving adverse cardiac remodeling 
and the development of heart failure. The L39Stop transcript is stable and actively 
translated, but the resulting truncated protein undergoes rapid proteasomal degradation, 
indicating that accelerated protein turnover, rather than mRNA instability, accounts for 
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the reduced detectability of this PLN variant. This suggests that continuous synthesis 
and degradation of the mutant peptide may itself represent a pathogenic mechanism 
unique to this variant.  
  
Emerging evidence indicates that the pathogenicity of PLN variants can extend beyond 
the classical SERCA2a inhibition hypothesis and involves disturbances in PLN 
pentamer-monomer equilibrium, aberrant conformational transition states, and 
abnormal clustering within the sarcoplasmic/endoplasmic reticulum membranes. These 
structural perturbations may impair membrane integrity, protein trafficking, and 
proteostasis, ultimately triggering maladaptive stress pathways such as ER stress, 
mitochondrial dysfunction, and autophagy dysregulation. The complexity of these 
processes highlights that PLN-related cardiomyopathies represent a multifaceted 
proteopathic disorder rather than a simple defect in calcium handling. Given this 
mechanistic diversity, it becomes evident that PLN variants exert their pathogenic 
effects through multiple, variant-specific mechanisms, underscoring the need for 
mutation-tailored therapeutic strategies that precisely target the underlying molecular 
defect rather than relying on generalized heart failure treatment approaches.  
 
II) Pressure overload as a trigger and accelerator of PLN-R14del cardiomyopathy 
Among all known PLN mutations, the p.Arg14del (R14del) variant is the most 
prevalent and best-characterized pathogenic allele.2 Initially, the PLN-R14del mutation 
was believed to cause super-inhibition of SERCA2a and abnormal Ca²⁺ uptake. 
However, accumulating evidence has challenged this classical view.3,4 A striking feature 
of PLN-R14del cardiomyopathy is its remarkable heterogeneity in disease onset and 
severity. Heterozygous PLN-R14del carriers commonly present with arrhythmogenic 
and/or dilated cardiomyopathy, leading to progressive ventricular dilation, systolic 
dysfunction, and ultimately heart failure.5,6 While most carriers develop disease during 
mid-adulthood, some experience early and severe manifestations, whereas others 
remain mildly affected until late life.7,8 Heterozygous PLN-R14del mouse model 
(R14Δ/+) faithfully recapitulates the human disease phenotype. These mice exhibit 
abnormal PLN clustering, progressive contractile dysfunction, cardiomyocyte 
hypertrophy, fibrosis, and cardiac dilation starting around one year of age, mirroring 
the disease onset observed in middle-aged human carriers.9 The relatively slow disease 
progression in this model allows investigation of secondary triggers that might 
exacerbate disease development. 
 
Recent studies have shown that perturbation of PLN pentamer formation can sensitize 
the heart to hemodynamic stress.10 In a transgenic mouse model unable to form PLN 
pentamers, transverse aortic constriction (TAC) led to markedly reduced survival and 
aggravated cardiac dysfunction, attributed to a restricted dynamic range of SERCA2a 
modulation.11 
 
Indeed, pressure overload has been reported to aggravate cardiac dysfunction in 
multiple genetic cardiomyopathy models by activating stress pathways involving 
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calcium homeostasis, myofibrillar remodeling, oxidative stress, and mitochondrial 
autophagy.12-14 Given that altered balances PLN oligomeric complexes have also been 
observed in PLN-R14del cardiomyopathy, pressure overload might similarly act as an 
external accelerator of disease progression. Additionally, cardiomyocyte hypertrophy 
and interstitial fibrosis are common features of both TAC-induced cardiac stress and 
PLN-R14del cardiomyopathy, it is plausible that mechanical overload could lower the 
threshold for disease manifestation. Based on this hypothesis, we subjected R14Δ/+ mice 
to TAC surgery to investigate whether cardiac pressure overload accelerates onset of 
PLN-R14del cardiomyopathy. 
 
In Chapter 3, our results demonstrated that transverse aortic constriction (TAC) 
triggered compensatory cardiomyocyte hypertrophy and interstitial fibrosis, which 
collectively contributed to progressive cardiac remodeling and eventually heart failure. 
In TAC-operated mice, the hallmark PLN-positive clusters were absent in both WT and 
R14Δ/+ mice. Since these clusters normally emerge in heterozygous R14Δ/+ mice at 
around 18 months of age, their absence under TAC conditions indicates that mechanical 
stress alone is insufficient to trigger the formation of such pathological structures and 
therefore does not initiate or exacerbate the disease process. In the TAC-operated 
groups, both WT and R14Δ/+ mice exhibited a comparable reduction in ejection fraction 
(EF) and developed similar degrees of cardiac remodeling. This indicates that cardiac 
pressure overload triggers a largely TAC-specific compensatory response, without any 
additional mutation-dependent effect attributable to R14del. 
 
Previous studies have reported that TAC can induce endoplasmic reticulum (ER) stress 
and activate unfolded protein response (UPR) signaling in various cardiac models,15,16 
contributing to maladaptive remodeling and heart failure. However, in Chapter 3, ER 
stress-related markers were not significantly activated in either PLN-R14del or WT 
mice following TAC. Therefore, based on the current findings, it cannot be excluded 
whether ER stress serves as an accelerator of disease progression in PLN-R14del 
cardiomyopathy. Activation of the UPR is a well-recognized feature of PLN-R14del 
cardiomyopathy in both humans and mice.17,18 Notably, in vitro experiments using 
human iPSC-derived cardiomyocytes have shown that pharmacological induction of 
the ER chaperone Binding immunoglobulin protein (BiP) can improve cellular function 
in PLN-R14del models, suggesting a potential protective role of enhanced ER 
proteostasis.17 Moreover, although TAC induced cellular stress and cardiac remodeling, 
as reflected by elevated ANP levels and altered fibrotic gene expression, these changes 
did not translate into an accelerated or mutation-specific pathological response in PLN-
R14del mice. Taken together, these findings suggest that the activation threshold for 
overt disease in PLN-R14del cardiomyopathy may require additional or chronic 
stressors beyond the acute biomechanical load imposed by TAC. Future investigations 
incorporating diverse stress models will therefore be essential, as factors such as ageing, 
oxidative stress, inflammation, and altered lipid metabolism may exert a more decisive 
influence in priming PLN-R14del cardiomyocytes toward dysfunction and disease 
progression.  
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III) Early Pathogenic Mechanisms Revealed by the Inducible PLN-R14del Mouse 
Model 
To better delineate the temporal sequence of pathological events and characterize 
disease manifestations at different stages of onset in PLN-R14del cardiomyopathy, in 
Chapter 4 we developed an inducible mouse model that enables temporal control of 
mutant expression through a tamoxifen-inducible MerCreMer Loxp system.19 In this 
model, cardiomyocytes initially express wild-type PLN, which can be synchronously 
replaced by the R14del allele following tamoxifen administration. This approach 
enabled us to study disease initiation under controlled conditions, independent of 
developmental or secondary influences. 
 
Using this model, we demonstrated that the earliest detectable abnormality after gene 
conversion is the appearance of small PLN-positive clusters within the S/ER, which 
gradually expand into characteristic perinuclear clusters. Under electron microscopy, 
we further observed that as the disease progressed, the distribution of the S/ER shifted 
from a uniform alignment between sarcomeres to a progressively aggregated pattern 
around mitochondria and the perinuclear region. Importantly, these structural 
alterations arise before detectable changes in mRNA expression or functional 
impairment, indicating that S/ER malformation constitutes the primary pathogenic 
event in PLN-R14del cardiomyopathy. Different from Chapter 3, in Chapter 4 we 
isolated primary cardiomyocytes from PLN-R14del mice and performed 
comprehensive proteomic and transcriptomic analyses. By excluding the influence of 
non-cardiomyocyte populations and interstitial tissue, this approach enabled us to 
capture cardiomyocyte-specific molecular alterations. Proteomic profiling of the 
isolated cells revealed a selective upregulation of ER chaperones, glycoprotein-
processing enzymes, and substrates of the SEL1L-HRD1 endoplasmic reticulum–
associated degradation (ERAD) pathway, indicating disrupted proteostasis and 
compensatory activation of ER quality-control mechanisms. However, at the mRNA 
level, we did not observe activation of any known cardiac-specific of ER-related 
pathways. The mismatch between mRNA and protein expression further suggests post-
transcriptional regulation and/or impaired degradation capacity.  
 
SQSTM1 (p62) is consistently upregulated in both human and murine PLN-R14del 
cardiomyopathy and co-localizes with PLN-positive aggregates, suggesting that 
defective autophagic clearance contributes to the accumulation of misfolded PLN 
proteins.20 Additionally, accumulation of p62 and its colocalization with PLN clusters 
point to defective autophagic clearance, which may link impaired ERAD function to 
secondary autophagy dysfunction. The concurrent activation of ERAD substrates and 
accumulation of p62 imply that PLN-R14del cardiomyocytes experience an imbalance 
between protein folding and degradation, resulting in chronic proteotoxic stress. Such 
maladaptive responses likely represent a cell-autonomous attempt to maintain 
homeostasis but ultimately contribute to disease progression when clearance 
mechanisms become saturated.  
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From a mechanistic perspective, the inducible model therefore provides a unique 
opportunity to capture the earliest molecular disturbances driving disease onset. Future 
work should aim to elucidate the role of the ERAD pathway and p62-dependent 
autophagy in PLN-R14del pathology, particularly given the accumulation of ERAD-
related substrates observed in our model. Additional studies will be needed to determine 
whether modulating these protein-quality-control pathways can influence remodeling 
processes or disease progression.  
 
IV)Therapeutic Implications of PLN-R14del Cardiomyopathy 
To date, there are no disease-specific therapies available for PLN-R14del 
cardiomyopathy, and clinical management largely follows the general guidelines for 
dilated or arrhythmogenic cardiomyopathies.9,21 The primary therapeutic goal remains 
the stabilization of cardiac function and prevention of malignant arrhythmias. Standard 
heart failure (HF) therapies, including β-blockers, ACE inhibitors, angiotensin 
receptor–neprilysin inhibitors, and mineralocorticoid receptor antagonists, are routinely 
prescribed to reduce hemodynamic stress, fibrosis, and ventricular remodeling. 
However, these conventional interventions primarily target the secondary consequences 
of contractile dysfunction rather than the underlying molecular pathology of the disease. 
Their efficacy in delaying disease onset or preventing progression in asymptomatic 
PLN-R14del mutation carriers remains uncertain. Implantable cardioverter-
defibrillators (ICDs) are widely used for sudden cardiac death prevention, particularly 
in patients with severe arrhythmias or reduced left ventricular ejection fraction. In 
advanced disease stages, heart transplantation remains the only curative option. More 
recently, clinical trials and observational studies have explored eplerenone and other 
antifibrotic agents, but these approaches have not demonstrated significant benefit in 
modifying disease trajectory in PLN-R14del carriers.22  
 
Given the pathogenic mechanism of PLN-R14del cardiomyopathy, characterized by 
aberrant protein clustering, and disorganization of the E/SR structure, current 
therapeutic efforts are increasingly shifting toward mechanism-based and genetic 
strategies. Among these, antisense oligonucleotide (ASO) therapy targeting PLN 
mRNA has shown strong preclinical efficacy by silencing mutant PLN expression, 
reducing pathological aggregates, and improving cardiac function.18,23 In Chapter 5, 
ASO administration on homozygous mouse effectively suppressed PLN levels in 
cardiomyocytes, resulting in a significant attenuation of disease pathology in a dose 
dependent manner. Mice receiving the highest dose of ASO (25/mg/kg) in this chapter, 
exhibited reduced fibrosis, preserved contractile function, and prolonged survival, even 
when therapy was initiated at advanced disease stages. Importantly, the beneficial 
effects were accompanied by a marked decrease in the number of cardiomyocytes 
containing PLN-positive aggregates, while calcium reuptake kinetics remained largely 
unchanged in PLN-R14del cardiomyocytes. The latter reflects the previously observed 
accelerated calcium uptake in PLN-R14del cardiomyocytes, which in contrast to WT 
cells, cannot be significantly further enhanced in these cardiomyocytes by PLN-ASO 
treatment. This further confirms that SERCA inhibition is (partially) lost by PLN-
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R14del. These observations suggest that the primary therapeutic effect of ASO 
treatment is the restoration of SR structural integrity rather than direct correction of 
calcium-handling defects in this cardiomyopathy.24 In other words, disease progression 
appears to be primarily driven by structural disorganization and proteotoxic stress rather 
than by reducing SERCA2a activity. By lowering total PLN abundance, ASO therapy 
alleviates aggregate burden and stabilized SR membranes thereafter improving cell 
survival. As discussed below our complementary in silico simulation Chapter 6 further 
supports this concept. Simulations incorporating experimentally derived binding 
constants revealed that PLN pentameric assemblies are particularly sensitive to PLN 
reduction, whereas SERCA–PLN complexes and monomeric PLN are less affected. 
This preferential destabilization of pentamers may explain the selective clearance of 
aggregates observed in vivo following ASO treatment. These findings reinforce the 
notion that PLN-R14del cardiomyopathy is primarily a structural proteinopathy, driven 
by abnormal oligomerization and clustering, with calcium dysregulation emerging as a 
secondary consequence rather than the initiating trigger. 
 
V) In Silico Insights 
The pathogenesis of PLN-R14del cardiomyopathy arises from complex and dynamic 
interactions of mutant PLN molecules with each other, with SERCA2a, and potentially 
with additional protein partners within the S/ER membrane. Our in silico simulation 
Chapter 6, integrated with experimental evidence, how different PLN and SERCA 
pools redistribute in response to PLN silencing, thereby clarifying the dynamic balance 
among these molecular states rather than providing direct insight into disease 
mechanisms. Under physiological conditions, PLN exists in an equilibrium between 
pentamers, SERCA-bound monomers, and a small fraction of free PLN. In Chapter 2, 
we discussed the various PLN variants and proposed that alterations in the balance 
between PLN oligomeric and pentameric states, as well as changes in PLN-SERCA 
binding affinity, may critically influence PLN function. Our simulation confirms that 
the pentameric PLN pool acts as a dynamic reservoir that stabilizes the balance of 
SERCA-bound PLN and buffers fluctuations in PLN abundance. Upon PLN silencing 
or depletion, pentamers decrease almost linearly, while SERCA-bound PLN remains 
relatively stable until PLN levels are reduced by more than 80%, indicating that 
pentamers are more sensitive to quantitative changes and serve as a buffering pool. 
 
In the PLN-R14del context, several key differences emerge. The mutant protein forms 
pentamers even more efficiently than wild-type PLN, resulting in a higher fraction of 
PLN-R14del incorporated into oligomeric assemblies and a lower proportion available 
to interact with SERCA. This correlates with experimental findings that PLN-R14del 
exhibits reduced inhibitory potency toward SERCA, suggesting that altered PLN-
SERCA coupling alone cannot fully explain disease development. Instead, excessive 
and aberrantly stable pentamer formation, particularly within the S/ER membrane, may 
disrupt local proteostasis and membrane organization, ultimately triggering 
maladaptive stress signaling. In the heterozygous state, where both PLN-WT and PLN-
R14del coexist, mixed pentamers predominate, and the fraction of pure PLN-R14del 
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pentamers is markedly reduced compared to the homozygous condition. Despite this, 
SERCA binding to PLN-R14del remains only moderately decreased (≈38%), while 
disease progression in vivo is substantially delayed.  
 
Together, these data support the hypothesis that the imbalance between PLN production, 
pentamer formation, and/or ER-stress may lead to accumulation of PLN clustering and 
misfolded S/ER membrane. This, in turn, compromises cardiomyocyte function and 
viability over time. Understanding how PLN structural states and turnover dynamics 
contribute to cellular stress will be essential for identifying which PLN pool-SERCA-
bound, free, or pentameric, is the key driver of pathology. This simulation provides a 
conceptual framework that can guide future research, and further refinement of the 
model, such as incorporating dynamic calcium fluctuations and post-translational 
modifications, will be valuable for advancing our understanding of this complex 
regulatory system. 
 

Future Perspectives 
The remaining mechanistic and therapeutic challenges 
The mechanistic insights presented in this thesis redefine PLN-R14del cardiomyopathy 
as a structural and proteostasis disorder rather than a pure calcium-handling defect. The 
identification of early S/ER disorganization and proteotoxic stress highlights the need 
for therapeutic strategies that directly target these upstream molecular abnormalities. 
Interventions that address the primary cause, such as PLN silencing, gene correction, 
or stabilization of ER proteostasis, are likely to offer the greatest therapeutic benefit. 
However, translating these approaches to the clinic remains challenging. Gene therapy 
and gene-editing technologies, while conceptually powerful, still face limitations 
related to cardiac tissue specificity, delivery efficiency, and potential off-target effects. 
Until these strategies reach clinical maturity, alternative or complementary treatments 
targeting mechanistic intermediates, such as aberrant PLN clustering or disrupted ER 
quality control, may serve as practical interim solutions. 
 
Bridging towards translational application 
Among emerging targeted strategies, antisense oligonucleotides (ASOs) directed 
against PLN mRNA have shown the most advanced preclinical efficacy, robustly 
attenuating or even reversing cardiomyopathy in PLN-R14del mouse models by 
lowering PLN expression, reducing aggregate burden, and restoring SR architecture. 
However, these data also highlight that timing, dosing, and the extent of PLN 
knockdown must be carefully titrated to preserve physiological SERCA2a regulation 
and avoid long-term consequences of excessive PLN depletion. Additionally, sustained 
supraphysiological SERCA activation may predispose the heart to maladaptive 
remodeling or arrhythmias, thereby limiting the suitability of such interventions for 
long-term therapeutic use. Our in silico investigations do, however, suggest that PLN-
SERCA pool is less sensitive to silencing as compared to the pentameric PLN pool, 
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indicating that this may be a less strong concern for a therapeutic silencing strategy in 
PLN-R14del cardiomyopathy. 
 
The challenge of treatment timing and personalized intervention 
Another key challenge is determining the optimal timing of intervention. Evidence from 
the PLN-ASO studies indicates that early initiation, before overt cardiac dysfunction, 
achieves the best preservation of contractile function and minimizes tissue damage. 
However, preventive treatment in asymptomatic carriers poses ethical and clinical 
dilemmas due to potential side effects and uncertain disease penetrance. Therefore, 
treatment should ideally commence shortly before disease onset, guided by reliable 
early biomarkers. Developing a biomarker panel combining advanced cardiac imaging, 
circulating protein markers of ER stress, and genetic risk profiling may enable 
personalized treatment initiation for PLN-R14del carriers. In our inducible PLN-
R14del mouse model, we observed intracellular accumulation of Mfge8 within 
cardiomyocytes, whereas no significant changes were detected in plasma mfge8 levels 
compare to WT mice, suggesting that this protein may not serve as a reliable circulating 
biomarker. Nevertheless, its intracellular redistribution highlights the possibility that 
other ER-associated or secretory proteins could reflect early pathogenic remodeling, 
warranting further exploration of alternative biomarkers for early disease detection and 
risk stratification in PLN-R14del cardiomyopathy. 
 
As genetic screening and family-based cascade testing expand, identifying 
presymptomatic carriers of pathogenic PLN variants has become more feasible. 
Integrating regular biomarker monitoring into clinical follow-up will facilitate 
precision-medicine strategies, allowing early and individualized therapeutic 
intervention to prevent irreversible myocardial damage. Continued collaboration 
between basic science, translational research, and clinical genetics will be crucial to 
translate these mechanistic discoveries into tangible clinical benefit for patients with 
PLN-associated cardiomyopathies. 
 

Conclusion 
In this thesis, we demonstrate that the PLN-R14del mutation, as a primary genetic cause, 
induces a mechanistic defect characterized by aberrant clustering of PLN and S/ER 
structure misfolding, leading to progressive disruption of cardiomyocyte proteostasis 
and function. This structural disorganization triggers a cascade of molecular alterations, 
including activation of endoplasmic reticulum stress responses, dysregulated autophagy, 
and maladaptive remodeling. Histological analyses revealed cardiomyocyte loss, 
interstitial fibrosis, and compensatory hypertrophy, ultimately manifesting as a clinical 
phenotype that spans the spectrum of arrhythmogenic and dilated cardiomyopathies. 
Together, these findings indicate that PLN-R14del cardiomyopathy is not merely a 
Ca²⁺-handling disorder but a complex S/ER structural disease. 
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Although the PLN-R14del mutation represents a primary genetic driver of disease, its 
phenotypic manifestation exhibits considerable heterogeneity among heterozygous 
patients. Heterozygous PLN-R14del mice subjected to TAC surgery developed 
myocardial fibrosis and systolic dysfunction, but showed no acceleration of the 
characteristic PLN-R14del cardiomyopathy phenotype. This suggests that pressure 
overload alone is insufficient to trigger the mutation-specific pathogenic cascade. In the 
inducible PLN-R14del mouse model, isolated cardiomyocytes displayed clear 
upregulation of ER-stress-related proteins, suggesting that intrinsic cellular stress 
responses are a key component of the mutation’s pathogenic mechanism. Notably, TAC 
failed to induce ER stress signaling in heterozygous PLN-R14del mice, providing a 
mechanistic explanation for why pressure overload did not exacerbate disease 
progression in this model. 
 
Current therapeutic strategies for PLN-related cardiomyopathy rely largely on standard 
heart failure management. Encouragingly, our work and others’ preclinical studies 
demonstrate that PLN silencing can be effective in PLN cardiomyopathy models, 
supporting the view that gene-based interventions are moving from concept to 
actionable therapeutic avenues. Although not all PLN variants share the same 
pathogenic mechanism-highlighting the importance of variant-specific PLN silencing 
may ultimately prove beneficial for a broader spectrum of PLN-associated 
cardiomyopathy and could even inform treatment strategies for heart failure beyond 
PLN cardiomyopathy. 
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Nederlandse samenvatting 

Cardiomyopathieën vormen een heterogene groep aandoeningen van de hartspier die 
worden gekenmerkt door structurele en/of functionele afwijkingen van het hart. Deze 
afwijkingen kunnen leiden tot progressieve contractiestoornissen, hartritmestoornissen, 
hartfalen en plotselinge hartdood. Een belangrijk deel van deze aandoeningen heeft een 
genetische oorzaak. Binnen deze groep neemt phospholamban (PLN)-gerelateerde 
cardiomyopathie een voorname plaats in. In het bijzonder is de pathogene variant PLN-
R14del van groot klinisch belang, omdat deze in Nederland relatief frequent voorkomt 
en gepaard gaat met een verhoogd risico op zowel aritmogene als gedilateerde 
cardiomyopathie. De klinische expressie is echter sterk variabel: sommige dragers 
ontwikkelen al op jonge leeftijd ernstige ziekte, terwijl anderen pas laat of slechts in 
milde vorm symptomen krijgen. Deze heterogeniteit wijst erop dat de pathogenese van 
PLN-R14del-cardiomyopathie complex is en niet volledig kan worden verklaard vanuit 
één enkel mechanisme. 
 
PLN is een klein regulatoir membraaneiwit dat in hartspiercellen de activiteit van de 
calcium pomp SERCA2a in het sarco(endo)plasmatisch reticulum (SR/ER) moduleert 
en daarmee de calcium opname vanuit het cytoplasma naar het SR/ER beïnvloedt. 
Lange tijd werd aangenomen dat de ziekte vooral het gevolg was van een verstoorde 
calciumhuishouding door afwijkende remming van SERCA2a door PLN. Recente 
resultaten, waaronder die in dit proefschrift, laten echter zien dat deze klassieke 
verklaring onvoldoende is. In plaats daarvan wijzen de experimentele en conceptuele 
bevindingen op een breder ziektebeeld, waarin verstoring van SR/ER-structuur, 
afwijkende eiwitorganisatie, ontregeling van proteostase en mutatie-specifieke 
cellulaire stressresponsen centraal staan. Daarmee verschuift het perspectief van een 
louter calcium-georiënteerd model naar een model waarin structurele en proteotoxische 
processen een doorslaggevende rol spelen in het ontstaan van ziekte. 
In dit proefschrift stond daarom de vraag centraal welke moleculaire en 
pathofysiologische mechanismen ten grondslag liggen aan PLN-R14del-
cardiomyopathie, en in hoeverre deze mechanismen aanknopingspunten bieden voor 
gerichte therapie. Hiertoe zijn vijf samenhangende onderzoekslijnen uitgewerkt: 1) een 
overzicht van klinisch beschreven PLN-varianten en hun vermoedelijke 
werkingsmechanismen; 2) een analyse van cardiale stress als mogelijke ziektemodifier; 
3) de ontwikkeling van een induceerbaar muismodel om vroege ziekteprocessen te 
bestuderen; 4) een evaluatie van dosisafhankelijke effecten van PLN-gerichte antisense 
oligonucleotiden (ASO’s); 5) een in silico-analyse van de gevolgen van PLN-silencing 
voor verschillende PLN-complexen. 
 
Het overzicht van bekende pathogene PLN-varianten in hoofdstuk 2, laat zien dat PLN-
gerelateerde cardiomyopathie niet kan worden beschouwd als één uniforme aandoening. 
Verschillende varianten, waaronder truncaties, missense-mutaties en deleties zoals 
R14del, R9C, R9H, R9L en L39stop, leiden tot uiteenlopende fenotypes en 
waarschijnlijk ook tot verschillende onderliggende moleculaire defecten. De 
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verschillen betreffen onder meer oligomerisatie, fosforylering, membraaninsertie, 
stabiliteit en eiwit-eiwitinteracties. Deze bevindingen onderstrepen dat niet alle PLN-
varianten via hetzelfde mechanisme pathogeen zijn, en dat een uniforme therapeutische 
benadering waarschijnlijk niet voor alle dragers optimaal zal zijn. Dit heeft belangrijke 
implicaties voor toekomstige precisiegeneeskunde binnen het veld van erfelijke 
cardiomyopathieën. 
 
Vervolgens is in hoofdstuk 3 onderzocht of verhoogde cardiale belasting het ontstaan 
van PLN-R14del-cardiomyopathie kan versnellen. Omdat dragers een sterke variatie 
vertonen in leeftijd van ziekte-onset en ernst, werd verondersteld dat bijkomende 
stressoren de drempel voor ziekteactivatie mogelijk kunnen verlagen. In een 
heterozygoot PLN-R14del-muismodel werd hiervoor drukbelasting geïnduceerd met 
transverse aorta constrictie (TAC). Hoewel TAC, zoals verwacht, leidde tot hypertrofie, 
fibrose en afname van de cardiale functie, veroorzaakte het geen versnelde vorming van 
de kenmerkende PLN-positieve SR/ER-clusters en ook geen extra mutatie-specifieke 
verslechtering bovenop de algemene respons op drukbelasting. Deze resultaten laten 
zien dat acute biomechanische belasting op zichzelf onvoldoende is om het specifieke 
ziekteproces van PLN-R14del te initiëren of te versnellen. Daarmee lijkt algemene 
cardiale stress niet een simpele verklaring voor de klinische heterogeniteit bij dragers 
te zijn. 
 
Om de vroegste gebeurtenissen in het ziekteproces beter te kunnen bestuderen, werd in 
dit proefschrift een nieuw induceerbaar PLN-R14del-muismodel ontwikkeld, zoals 
beschreven in hoofdstuk 4. In dit model kon de expressie van wildtype PLN in 
volwassen cardiomyocyten synchroon worden omgezet naar expressie van PLN-
R14del door middel van een tamoxifen-afhankelijke MerCreMer/LoxP-strategie. 
Hierdoor werd het mogelijk om ziekte-initiatie in de tijd gecontroleerd te volgen, 
zonder verstoring door ontwikkelingsprocessen of asynchrone expressie. Met dit model 
werd aangetoond dat de eerste detecteerbare afwijking bestaat uit het ontstaan van 
kleine PLN-positieve clusters in het SR/ER, die in de loop van de tijd uitgroeien tot de 
karakteristieke perinucleaire structuren die kenmerkend zijn voor deze 
cardiomyopathie. Belangrijk is dat deze structurele veranderingen al zichtbaar waren 
voordat duidelijke functionele achteruitgang of uitgesproken weefselafwijkingen 
optraden. Dit wijst erop dat SR/ER-misvorming een vroege en waarschijnlijk primaire 
gebeurtenis is in de pathogenese van PLN-R14del-cardiomyopathie. 
 
Aanvullende transcriptoom en proteoom analyses van geïsoleerde cardiomyocyten uit 
dit induceerbare model lieten zien dat de vroege moleculaire veranderingen zich vooral 
op eiwitniveau manifesteren. Terwijl op mRNA-niveau relatief weinig veranderingen 
werden waargenomen, toonde het proteoom duidelijke verstoringen in SR/ER-
gerelateerde processen. Daarbij werden onder meer veranderingen gevonden die passen 
bij activering of overbelasting van kwaliteitscontrolemechanismen in het 
endoplasmatisch reticulum, inclusief accumulatie van eiwitten die verband houden met 
ER-geassocieerde afbraak (ERAD). Ook werd een discrepantie zichtbaar tussen 
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transcriptie en eiwitexpressie, wat wijst op een belangrijke rol voor post-translationele 
en/of afbraak-gerelateerde regulatie. Samen ondersteunen deze bevindingen het 
concept dat PLN-R14del-cardiomyopathie vroeg wordt gekenmerkt door verstoorde 
proteostase en een ontregeld intracellulair kwaliteitscontrolesysteem, gevolgd door 
latere transcriptoom veranderingen. 
 
Een volgende centrale vraag was hoe verlaging van PLN-expressie therapeutisch 
ingrijpt op dit ziekteproces. In een homozygoot PLN-R14del-muismodel werd daarom 
het effect van verschillende doseringen van PLN-gerichte antisense oligonucleotiden 
onderzocht, zoals beschreven in hoofdstuk 5. Deze experimenten toonden een 
duidelijke dosisafhankelijke bescherming: ASO-behandeling leidde tot verbetering van 
de cardiale functie, afname van remodellering, verlenging van de overleving en reductie 
van de pathologische PLN-positieve SR-clusters. Opvallend was echter dat de invloed 
op calciumdynamiek in mutante hartspiercellen beperkt bleef. In wildtype-cellen leidde 
PLN-depletie wel tot de verwachte versnelling van calcium- en contractiedynamiek, 
maar in PLN-R14del-hartspiercellen waren deze parameters reeds versneld en 
nauwelijks verder te verbeteren. Dit ondersteunt de conclusie dat het therapeutisch 
effect van PLN-ASO bij deze mutatie niet primair berust op herstel van 
calciumregulatie, maar vooral op herstel van SR-structuur. 
 
Om beter te begrijpen waarom PLN-silencing vooral de structurele pathologie lijkt te 
beïnvloeden, is in hoofdstuk 6 aanvullend een in silico-model ontwikkeld waarin 
verschillende moleculaire vormen van PLN werden gesimuleerd: vrije monomeren, 
pentameren en SERCA-gebonden complexen. Deze simulaties lieten zien dat 
pentamere PLN-complexen gevoeliger zijn voor afname van totale PLN-concentratie 
dan vrije of SERCA-gebonden PLN-vormen. Dat is relevant, omdat juist de pentameer 
of geclusterde PLN-pool vermoedelijk sterk bijdraagt aan de abnormale intracellulaire 
accumulatie die bij PLN-R14del wordt gezien. De modelresultaten bieden daarmee een 
mechanistische verklaring voor de experimentele observatie dat PLN-silencing gepaard 
gaat met afname van abnormale clustering en herstel van SR-architectuur, terwijl de 
functionele SERCA-gerelateerde pool relatief langer behouden blijft. Deze 
bevindingen ondersteunen het idee dat niet alle PLN-pools even gevoelig zijn voor 
afname van totale PLN-concentratie en dat de pentameer vorm, die het gevoeligst 
reageert, wellicht de meest pathologische component van het systeem is. 
 
Gezamenlijk geven de resultaten in dit proefschrift aanleiding tot een herijking van het 
ziekteconcept van PLN-R14del-cardiomyopathie. In plaats van een aandoening die 
hoofdzakelijk wordt gedreven door afwijkende calciumremming van SERCA2a, komt 
er een beeld naar voren van een structurele proteinopathie van het 
sarco(endo)plasmatisch reticulum. Een centrale vroege gebeurtenis is de vorming van 
afwijkende PLN-positieve SR/ER-clusters, gevolgd door ontregeling van proteostase, 
activatie van intracellulaire stressroutes en uiteindelijk progressieve cardiale 
remodellering en functieverlies. Deze interpretatie verbindt de histologische, 
moleculaire, functionele en therapeutische bevindingen binnen dit proefschrift tot één 
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samenhangend geheel. 
 
De resultaten hebben daarnaast duidelijke translationele implicaties. Ten eerste 
ondersteunen zij verdere ontwikkeling van PLN-gerichte silencingstrategieën als 
veelbelovende therapeutische route, waarbij optimaliseren van de juiste dosering in de 
mens een belangrijk aandachtspunt zal zijn. Ten tweede benadrukken onze resultaten 
het belang van vroege detectie, omdat interventie vóór het ontstaan van irreversibele 
structurele schade waarschijnlijk het meest effectief zal zijn. Ten derde suggereren zij 
dat toekomstige biomarkerontwikkeling zich niet uitsluitend moet richten op globale 
hartfunctiemetingen, maar ook op vroege indicatoren van SR/ER-stress,. Tot slot 
hebben we beschreven dat er PLN-variant-specifieke verschillen in onderliggend 
pathologische mechanismen kunnen zijn. Hiermee dient rekening te worden gehouden 
bij de ontwikkeling van nieuwe therapieën. 
 
Samenvattend toont dit proefschrift aan dat de pathogene variant PLN-R14del leidt tot 
een vroeg optredende ontregeling van de intracellulaire SR/ER-organisatie, met 
daaropvolgende verstoring van proteostase en progressieve achteruitgang van 
hartspiercel functie. De bevindingen verschuiven het pathogenetische paradigma van 
een overwegend calcium-georiënteerde verklaring naar een model waarin structurele 
ontregeling en abnormale eiwitorganisatie centraal staan. Daarmee levert dit 
proefschrift niet alleen nieuwe inzichten in de biologie van PLN-R14del-
cardiomyopathie, maar ook een basis voor de verdere ontwikkeling van mechanisme-
gedreven en mutatie-specifieke behandelstrategieën. 
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