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General Introduction and Thesis Outline

Renée G.C. Maas



Chapter 1

GENERAL INTRODUCTION

This chapter describes the scientific content that incited the hypotheses and ideas
investigated in this thesis. Firstly, it introduced the clinical significance of a genetic
variation in cardiomyopathies, especially the dilated cardiomyopathy and arrhythmogenic
cardiomyopathy, caused by a deleterious mutation of the arginine 14 codon in the
phospholamban (PLN) gene (p.Arg14del). Secondly, it describes the knowledge derived from
cardiogenesis and reproducible methods for the efficient generation of cardiomyocytes (CMs)
derived from human induced pluripotent stem cells (hiPSCs). Lastly, it discusses the use of
hiPSC-CMs for disease modeling and contemporary challenges encountered in drug research
and postulates methodological alternatives.

1.1 Clinical relevance

In the past 30 years, the importance of cardiomyopathies as causes of morbidity and mortality,
particularly in sudden cardiac death and heart failure, has been highlighted by the recognition
of disease-causing genetic variants.! Genetic cardiomyopathies affect families following a
Mendelian inheritance pattern with variable phenotype expression. They typically affect
young patients and are important causes of sudden cardiac death in individuals who might
otherwise be asymptomatic. The individual genetic makeup and environmental circumstances
are responsible for a highly variable disease onset and progression. Despite major efforts
to improve their condition with lifestyle alterations and medication, the natural course of
cardiomyopathies cannot be halted, and gradual progress towards severely impaired cardiac
function and death is generally inevitable. Progress has also been made in the management of
several types of cardiomyopathies. However, advances in understanding these diseases show
that cardiomyopathies represent complex genotypic and phenotypic entities.? Therefore,
in the past decade, major progress has been made in detecting and, understanding the
molecular and genetic basis of disease, pathophysiology, and clinical and radiological
assessment of genetic cardiomyopathies.?* These insights can potentially fuel enormous
improvements for the early detection and novel therapeutic strategies of the future to prevent
the detrimental effects of genetic cardiomyopathies.

1.2 PLN-R14del cardiomyopathy

The major inherited cardiomyopathies, dilated cardiomyopathy (DCM), arrhythmogenic
cardiomyopathy (ACM), and hypertrophic cardiomyopathy (HCM), are characterized by
arrhythmias and/or cardiac dysfunction often leading to progressive heart failure and
sudden cardiac death.’In 40-60% of the patients with DCM and HCM, underlying pathogenic
variants can be found, mainly located in genes encoding sarcomeric proteins®’. In contrast,
ACM is mainly caused in 60% of the patients by pathogenic variants in desmosomal
genes.tInterestingly, one of the pathogenic mutations in both 10% of the DCM and 15% of
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General Introduction and Thesis Outline

the ACM patients in the Netherlands was caused by a deleterious mutation of the arginine 14
codon in the phospholamban (PLN) gene (p.Argi4del).°Since the discovery of this mutation in
a Greek family in 2006, thousands of patients have been identified in not only the Netherlands
but also the USA, Canada, China, Germany, and Spain.'*"

PLN is a 52-amino acid protein located in the sarcoplasmic reticulum (SR) membrane that
acts as a crucial reversible regulator of Ca? uptake in the CM."® In contrast to wildtype
PLN, a deletion of arginine 14 codon (R14del) in the PLN gene (PLN-R14del) disrupts the
conformational changes upon phosphorylation, resulting in inhibition of PLN pentamer
formation and thus constitutive inhibition of sarcoplasmic/endoplasmic reticulum
Ca?* ATPase2a (SERCA2A/ATP2A2).>"7 Therefore, PLN-R14del has been associated with
irreversible super-inhibition of SERCA2A activity, preventing the influx of calcium into
the sarcoplasmic reticulum. This process, in theory, delays the Ca* reuptake and induces
prolonged muscle contraction. The pathophysiological mechanism causes several
clinical features, including a dilated and/or arrhythmogenic heart muscle and the presence
of cardiac fibrofatty replacement’® and protein aggregates.” Compared to other mutation
carriers, patients with a PLN mutation have a higher frequency of left ventricle structural
and functional abnormalities, and they show the most pronounced diminished left
ventricle function detected by echocardiography and cardiac magnetic resonance imaging
(MRI).2Moreover, PLN-R14del hearts were compared with hearts with desmosomal, lamin A/C,
sarcomeric, and desmin mutations and presented the highest amount of myocardial fibrosis,
which is found in a distinct pattern in the posterolateral left ventricular wall.?' Ultimately, it
has been determined that PLN-R14del mutation carriers have a higher incidence of malignant
ventricular arrhythmias with left ventricular ejection fraction <45%, premature sudden cardiac
death, and end-stage heart failure when compared to DCM patients that do not carry this
pathogenic variant.?

This mutation presents a highly variable phenotype, ranging from asymptomatic to
cardiomyopathic. Its awareness is rather low, therefore, thousands of people can be carriers
unknowingly.?® This caveat is highly relevant because a substantial proportion of individuals
who carry disease-causing genetic variants and are at risk of disease complications have
incomplete and/or late-onset disease expression. To raise awareness of the mutation
phenotype and more efficiently identify carriers and possibly develop new therapies, it is key
to better understand the pathological mechanisms underlying this disease. It remains unclear
how exactly the PLN-R14del mutation leads to such severe cardiomyopathy and malignant
arrhythmias. Unfortunately, despite almost two decades worth of research about PLN-R14del
cardiomyopathy, targeted treatment for these patients is lacking. Currently, efforts to identify
a tailored therapy are ongoing, using state-of-the-art technology and through synergistic
collaborations. With the development in finding therapeutics for this specific cardiovascular
disease, bridges will be built toward the utility of these strategies for a plethora of other
diseases.
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Chapter 1

1.3 Lessons learned from cardiogenesis

The important inventions of the microscope, sterile culturing, and defined mediums led to
the creation of the first human immortal cell line in 1951.2 These so-famously called Hela cells
were created by a tissue sample taken from a young woman with cervical cancer and quickly
became invaluable to medical research. However, until today, due to the limited regenerative
capacity of the heart, no successful passaging of adult human primary CMs nor cardiac
stem cell isolation has been possible. This made the culturing of adult human CM models a
challenge. For many years, signaling pathways that specify cardiac mesoderm and regulate
cardiac proliferation have been extensively studied. Hereafter, wingless-related integration
site (Wnt) signaling has proven to be essential in heart development **and the balance of Wnt
regulation appears to play a critical role in cardiogenesis and, later on, shaping the cardiac
fields.?>?In adult organisms, Wnt proteins regulate diverse cellular processes such as gene
transcription and cell proliferation, migration, polarity, or division.?* Since the discovery of
embryonic stem cells by James Thomson and later, in 2006, the hiPSCs by Shinya Yamanaka
have been heralded as major breakthroughs in stem cell research.?”2 The knowledge
derived from the developmental studies has been translated into reproducible methods for
the efficient generation of cardiomyocytes (CMs) derived from human induced pluripotent
stem cells (hiPSCs). The first attempts to differentiate hiPSCs into CMs about a decade ago
resulted in very low numbers of hiPSC-CMs (5-10%), and the re-plating of these cells was a
challenge.?’ Hereafter, the combination of monolayer cell culture with defined serum-free
media, supplemented with growth factors involved in normal human embryological heart
development, like Wnt agonists and antagonists, resulted in much higher efficiency (80-
99%).3°3" Altogether, the improvements over the last 70 years have tremendously improved
the generation of stem cell-derived cardiomyocytes as a human cell source for in vitro disease
modeling.

1.4 Cardiomyocyte generation and expansion

The discovery of hiPSCs offers unprecedented opportunities to study early human physiology
and pathology at a cellular level.3 Multiple embryonic pathways have been implicated in
cardiac differentiation of pluripotent stem cells.?®* Understanding the particular role of the
Wnt signaling pathway in heart formation has helped to develop pluripotent stem cell
differentiation protocols that produce relatively pure cardiomyocyte populations®** Currently,
various hiPSC- CM differentiation protocols incorporate Wnt signaling activation via glycogen
synthase kinase 3 beta (GSK-3p) inhibition (usually with a small molecule) from days 0 to 3.
This is followed by Wnt inhibition via porcupine inhibition at days 3-5 to induce highly pure
and dense hiPSC-CM cultures (Figure 1).%

14
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Induced pluripotent Mesoderm Cardiac Early
stem cells cells progenitor cells  cardiomyocytes
S —— - By S
- = @ ® @

[ WNT/B activation WNT/B inhibition

Figure 1. Generation of hIPSC-CMs by modulating the Wnt signaling pathway. Created with BioRender.com

A major limitation, however, remains the batch-to-batch variability of hiPSC-CM efficiency
and the inability to robustly expand generally dense-cultured functional hiPSC-CMs for
more than 5 fold.*-3Recently, we described that concomitant Wnt pathway regulation and
removal of cell-cell contact inhibition via low cell density serial passaging resulted in a massive
proliferative response of hiPSC-CMs (Figure 2).“*4' The developmental clues and the role of the
Whnt signaling pathway resulted not only in the efficient generation of hiPSC-CMs but also in
a highly efficient detailed method for the expansion and passaging of functional hiPSC-CMs.
However, the lack of maturity of the hiPSC-CMs generated by the described differentiation
protocols is an important limitation to overcome for optimal human in vitro modeling.

Early Removal of cell-cell contact Massive expansion of
cardiomyocytes by sparsely seeding early cardiomyocytes
. @ @ » & ) . :
@ - -
( WNT/B activation J

Figure 2. Expansion of hiPSC-CMs by modulating the Wnt signaling pathway. Created with BioRender.com

1.5 Cardiomyocyte maturation

HiPSC-CMs have emerged as a promising experimental tool for translational heart research.
In theory, with the cardiac expansion method, hiPSC-CMs can provide an unlimited source
of human cardiomyocytes that entail the use of human cardiac tissue or cells with minimal
ethical and practical concerns. However, their usability as a human adult CM model is limited
by their immature phenotype, represented in general by structural underdevelopment,
metabolism based on glucose or lactate instead of fatty acids, slow Ca* signals, and
negative force-frequency relationship that impact the features of electrophysiological
parameters.*>* Applying hiPSC-CMs for adult cardiomyopathy disease modeling or drug
research purposes, the immature status may influence to some extent the observed effects
by impacting the excitation-contraction coupling. Therefore, to overcome this limitation,
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many strategies have been invented to induce a mature phenotype of hiPSC-CMs. These
strategies include 1) biochemical strategies such as; prolonged culture time; alterations
in energy sources (Figure 3); hormones; cell-cell interactions/co-culturing; genetic
manipulation and 2) biophysical strategies including extracellular matrices/substrate stiffness;
biophysical stimulation; in vivo maturation; mechanical stretch and 3D cell culture have been
described.***’ These different maturation methods can improve the modeling of complex
adult cardiac physiology and disease.

Maturation medium Induced cardiac
Low glucose, high fatty acid maturation state

®
=m s A —
) ; -
Metabolic Maturation

Figure 3. Maturation of hiPSC-CMs by modulating the physiologically appropriate levels of glucose and albumin-
bound fatty acids. Created with BioRender.com

1.6 hiPSC-CM models

Next to cardiomyocyte generation, expansion, and maturation developments, the human-
induced pluripotent stem cell (hiPSC) technology has yielded patient-derived cardiomyocytes
that exhibit some of the hallmarks of cardiovascular disease and are therefore being
used to model disease states. Some of the technical challenges were solved, such as the
scaled production of pure cardiomyocytes in a quality-controlled way and the long-term
cryopreserved hiPSC-CM biobanks. The generated ‘more mature’ cardiomyocytes have been
used to study physiological and disease states, screen for novel therapeutic targets, and
generate heart tissue for pharmaceutical testing. However, with the unlimited production
of hiPSC-CMs, challenges arise for the scalability, sensitivity, and costs of hiPSC-CM disease
modeling and robotic functional screening platforms. Each technique has its strengths, such
as scalability or sensitivity, and needs to be considered carefully or combined to develop
a full phenotypic screening (Table 1). By combining the different hiPSC-CM models, a full
phenotypic screening would make it possible to study physiological disease states or to screen
pharmaceutical or novel therapeutic compounds.
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Table 1: Advantages and disadvantages in human iPSC-derived cardiomyocytes in vitro disease modeling
platforms

Model Advantage Disadvantages Format Costs Sensitivity Scalability
EHTs Sensitivity to Hypoxic conditions in 24 wells High High Low
cardiotoxins, center, risk of breaking.

physiological force,
and slow action

potential

Allows ECM Limited imaging 48 wells Middle Middle Low
Heart-on-a-  manipulation, possibilities, Nonlinear
chip mimics 3D cardiac cell alignment

environment

Recapitulating Lack of ECM, Nonlinear 384 wells |Low Middle High
Cardiac cell-cell interactions, cell alignment.
Spheroids reproducible, small

3D model
Individual Heterogeneity Far from physiological 384 wells |Low Low Middle
CMs analyses, Strong conditions, loss of cell-

proliferation capacity cell interactions

Action potential Low on maturity, 384 wells |Low Low High
2D and calcium wave unable to recapitulate
Monolayers  propagation some disease

measurements, IF phenotypes

1.7 High-throughput integrative disease modeling and drug screenings

New therapies for genetic heart diseases have a high attrition rate, with only 1% reaching
the stadium of a clinical trial.* This low number can partly be explained in part by a reliance
on animal models, transformed cell lines, and heterologous recombinant systems for drug
discovery. Because of their ease of culture, cell-based assays used in drug screening have
historically depended on animal cells. However, these cells are generally short-term cultured and
are limited in how well they reflect human biology. Moreover, the use of more physiologically
relevant primary cells is restricted by availability and inherent variability. As previously described,
the advent of hiPSC technology has opened up the possibility of technology platforms to
perform compound screens of hiPSC-derived cardiomyocytes with relatively high throughput.
It is essential to realize their potential for drug discovery. To date, hiPSCs have been used to
model a growing list of heart diseases, providing proof of concept that their differentiated
derivatives can recapitulate disease-associated pathologies. Moreover, in some cases, it has
been shown that pathologies expressed by these cell-based disease models can be ameliorated
by drugs known to be therapeutic for patients.>**Based on an evaluation of multiple parameters
including gene/mRNA/protein omics, mRNA/protein expression and electro-pathophysiology
such as contractility and calcium handling, researchers will now be able to identify compounds
that target molecules or pathways known to modulate cardiomyocytes, as well as those not
previously associated with cardiomyocyte function

17
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(Figure 4). This data will define a subset of chemical probes for interrogating cardiomyocyte
phenotyping and provide validation of a platform for high-throughput screening of hiPSC-
derived cardiomyocytes.

Figure 4. Graphical abstract of patient-derived human cardiomyocyte models for therapeutic screenings and
disease modeling in vitro.

THESIS OUTLINE

The aim of this thesis is to shed light on the utilization of functional patient-derived human-
induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CM:s) for disease modeling and
high throughput screening of novel therapeutic strategies for genetic cardiomyopathies. This
goal is achieved in two ways: firstly, by investigating the developmental clues of cardiogenesis
for the generation of hiPSC-CMs, and secondly, by showing that the patient hiPSC-CMs can
be conducted with scientifically sound methods using pragmatic in vitro disease models and
innovative disease pathway analysis.
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PART I: CLUES FROM HEART DEVELOPMENT TOWARDS OPTIMIZED HIPSC-
CMS MODELS

In the first part of this thesis, we describe the steps of cardiogenesis and the pathways
involved (Chapter 2). This leads to the identification of particular mechanisms involved in
cardiomyocyte proliferation and the strategies for cardiomyocyte production, which are
also presented here. By this rationale, differentiation strategies that have proven to generate
hiPSC-CMs effectively may be repurposed for the massive expansion of hiPSC-CMs. We
describe that concomitant GSK-3f inhibition and removal of cell-cell contact inhibition via
low cell density serial passaging resulted in a massive proliferative response of hiPSC-CMs
(Chapter 3). With this knowledge, we invented a highly efficient method for the expansion
and passaging of functional hiPSC-CMs that can routinely be cryopreserved and subsequently
used as a stable cell source for downstream applications (Chapter 4). This method is put
in a new perspective in Chapter 5, in which live imaging in a hiPSC-CM culture system is
used to follow the sequence of sarcomere breakdown during the mitotic phases of CM cell
division. Again, going one step deeper in understanding and utilizing the mechanism of
action, we will describe the magnitude of Wnt activation in hiPSC-CMs, which results in
increased efficiency of non-viral vector incorporation. These findings give an insight into
the regulation of sarcomere homeostasis during mitotic cell phases and provide a tool for
further molecular and engineering studies (Chapter 5). However, the expanded hiPSC-CMs
physiological immaturity severely limits their utility as a model system and their adoption
for drug discovery. Therefore, we avail ourselves of a maturation media designed to provide
oxidative substrates adapted to the metabolic needs of hiPSC-CMs. Part | concludes with a
model of cardiac ischemic damage in metabolically matured hiPSC-CMs and exemplarily
evaluates the cardioprotective effect of the RIP1 kinase inhibitor necrostatin-1 (Chapter 6).

PART II: MODELING THE PHOSHOLAMBAN R14DEL MUTATION USING
PATIENT-SPECIFIC HIPSC-CMS

In the second part of this thesis, we aim to provide the most complete approach to investigating
the molecular mechanism behind the genetic cardiomyopathy caused by the deletion of
arginine 14 in the phospholamban gene (PLN-R14del). First, we will use a systematic review
describing studies conducted to investigate the PLN-R14del disease (Chapter 7). We describe
the currently available observational evidence that suggests a possible molecular mechanism
and the therapeutic strategies used to improve the disease phenotype. Hereafter, we combined
the approach of transcriptional regulation analysis in human primary tissue and validation
in a unique long-term (160 days) matured hiPSC-CM model. We demonstrate a dysregulated
PPARA-mediated mitochondrial fatty acid oxidation (FAO) signaling in PLN-R14del hearts and
hiPSC-CMs. By activating PPARA in PLN-R14del hiPSC-CMs using bezafibrate, we observed
an improved mitochondrial structure and calcium handling function, further indicating the
importance of FAO in the molecular mechanism behind the PLN-R14del disease (Chapter 8). In




Chapter 1

Chapter 9, we started by using transcriptomics of hiPSC-CMs and compared the differentially
expressed pathways in PLN-R14del vs isogenic control. Here, we found the unfolded protein
response as a compensatory mechanism of the PLN-R14del disease. We will show how this
mechanism, directly and indirectly, suggests a mechanistic link between protein toxicity
and PLN aggregate formation in the PLN-R14del-induced pathophysiology. Furthermore, we
explored the therapeutic potential of activating the UPR with a small molecule activator, BiP
(Chapter 9). In Chapters 8 and 9, we made use of only one severely affected PLN-R14del
patient. To study the molecular mechanism of the PLN-R14del of various patients, we
generated hiPSC lines derived from six patients carrying the pathogenic PLN-R14del variant
and two non-carrier family members. (Chapter 10) In order to investigate these hiPSC-CMs
of many PLN-R14del patients, we present a scalable, high-throughput screening-compatible
workflow for the generation, maintenance, and optical analysis of cardiac spheroids in a 96-
well-format (Chapter 11). Additionally, these small cardiac spheroids can be cryopreserved,
allowing researchers to create next-generation living biobanks. Lastly, we use the spheroid
model to study the PLN-R14del disease, screening hiPSC-CMs generated from 6 hiPSC lines.
Here, we found the calcium handling parameters such as decay time, rise time, calcium
transient duration, and peak value (@amplitude) to be reduced in PLN-R14del spheroids
derived from three individual patients (Chapter 12). Lastly, translating these findings back
to clinical care, we will investigate the potential improvement of an AAV-mediated I-1c gene
augmentation therapy on the PLN-R14del disease. Findings from the trial should be able to
serve as pivotal evidence for therapy potentials and guidelines.

GENERAL DISCUSSION AND SUMMARY

As concluding considerations, we will put all the aforementioned findings into contemporary
and future perspective, provide recommendations for future research, and provide an outlook
for the future of hiPSC-CMs in disease modeling and therapeutic screening (Chapter 13). The
thesis ends with a summary of the previous chapters (Chapter 14).

Table 2. Overview of the general introduction and related thesis chapters on the specific introduction sections.

Introduction section Related thesis chapter
number

1.1 Clinical relevance Chapter 7

1.2 PLN-R14del cardiomyopathy Chapters 7-10 & 12

1.3 Lessons learned from cardiogenesis Chapter 2

1.4 Cardiomyocyte generation and expansion Chapters 3-5

1.5 Cardiomyocyte maturation Chapters 6,8,9,12

1.6 hiPSC-CM models Chapters 3-6 & 8-12

1.7 High-throughput integrative disease modeling and drug screenings  Chapters 11,12
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Chapter 2

ABSTRACT

Developmental research has attempted to untangle the exact signals that control heart
growth and size, with knockout studies in mice identifying pivotal roles for Wnt and Hippo
signaling during embryonic and fetal heart growth. Despite this improved understanding,
no clinically relevant therapies are yet available to compensate for the loss of functional
adult myocardium and the absence of mature cardiomyocyte renewal that underlies
cardiomyopathies of multiple origins. It remains of great interest to understand which
mechanisms are responsible for the decline in proliferation in adult hearts and to elucidate
new strategies for the stimulation of cardiac regeneration. Multiple signaling pathways have
been identified that regulate the proliferation of cardiomyocytes in the embryonic heart
and appear to be upregulated in postnatal injured hearts. In this Review, we highlight the
interaction of signaling pathways in heart development and discuss how this knowledge has
been translated into current technologies for cardiomyocyte production.
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INTRODUCTION

Heart failure often results from the irreversible loss of functional myocardium or
malfunctioning of the individual cardiomyocytes that comprise this tissue (De Boer et al.,
2003; Fox et al., 2001; Gerber et al., 2000). This loss of functional cardiomyocytes can be
acute or gradual and results in adverse remodeling of the remaining healthy myocardium
(Olivetti et al., 1997; Saraste et al., 1997). In turn, myocardial dysfunction results in mechanical
stress and upregulation of factors including angiotensin and norepinephrine, which all act
to further promote detrimental myocardial remodeling (Colucci, 1997; Adhyapak, 2022).
These alterations to extracellular matrix composition, cytoskeletal architecture and cell-cell
connections occur in parallel with changes to the cardiac gene profile, such as reinduction
of a fetal gene program (Parker et al., 1990; Bray et al., 2008).

Although clinical therapies for heart failure have significantly improved with multiple lines
of heart failure drugs and mechanical circulatory support devices (Cook et al., 2015; Mancini
and Burkhoff, 2005; Shen et al., 2022; Ponikowski et al., 2016), these treatments do not repair
or replace malfunctioning myocardium. A central hurdle is that the adult heart is a largely
postmitotic organ, where annual turnover is between 1-2% in young adults, and less than 0.5%
in older adults (Bergmann et al., 2009; 2015). Thus, it is unsurprising that the adult heart lacks
regenerative capacity post injury. In contrast, before birth, expansion of fetal cardiomyocytes
is crucial for proper cardiogenesis and is tightly regulated by Wnt and Hippo signaling, with
varying cardiomyocyte proliferation rates depending on location and developmental stage
(Drenckhahn et al., 2008; Sturzu et al., 2015; Buikema et al., 2013; Rochais et al., 2009; von Gise
etal, 2012; Qyang et al., 2007).

Remarkably, the early postnatal mammalian heart possesses regenerative potential (Haubner
etal., 2016), but this regenerative response is lost 1 week after birth and scar tissue is formed
in response to injury instead (Porrello et al., 2011; Ye et al., 2018; Zhu et al., 2018b). Translational
cardiology aims to repair or replace a broken heart with autologous material (Laflamme and
Murry, 2011; Ptaszek et al., 2012). The advent of patient-specific pluripotent stem cell sources
represented a major advance for the field (Burridge et al., 2012), but the generation of large
numbers of functional cardiomyocytes remains challenging due to their low proliferative
rates (Tani et al., 2022). Here, we review how lessons from in vivo cardiomyocyte proliferation
during mammalian cardiac development have been translated into technology to generate
cardiomyocytes from human pluripotent stem cell sources.

LESSONS FROM CARDIAC DEVELOPMENT

Mesoderm formation

During development, most heart structures arise from the mesodermal germ layer. Mesoderm
formation takes place at Carnegie stages (CS) 6-7 in humans and embryonic day (E) 6.5 in
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mice, at the onset of gastrulation (Zhai et al., 2022). During gastrulation, cells from the
blastocyst migrate to give rise to the endoderm and mesoderm. At the end of gastrulation,
the three germ layers (endoderm, mesoderm and ectoderm) are specified. At the onset of
mesoderm formation, the intraembryonic mesoderm subdivides into four distinct groups: the
chordamesoderm, paraxial mesoderm, intermediate mesoderm and lateral plate mesoderm
(Ivanovitch et al., 2021; Chan et al., 2013). Cardiopotent cells, also called cardiac progenitor
cells, are derived from the lateral plate mesoderm during early gastrulation (Yamada
and Takakuwa, 2012; Moretti et al., 2006; Garry and Olson, 2006). Cardiac progenitors are
prepatterned within the primitive streak, with the atrial and ventricular cells arising at different
anterior-posterior positions (Chan et al., 2013). Foxa2+ cardiac progenitors give rise primarily
to the cardiovascular cells of the ventricles and are the first cardiogenic cells that migrate
to the anterior side of the embryo (Bardot et al., 2017). These cells comprise approximately
half of the cardiomyocyte population (Bardot et al., 2017). The right ventricle and outflow
tract progenitors are found in anterior/distal primitive streak, where cells are exposed to a
higher ratio of activin A to bone morphogenetic protein 4 (BMP4) signaling, whereas atrial
progenitors are specified in the proximal primitive streak, where the activin A to BMP4 ratio
is low (Ilvanovitch et al., 2021).

Brachyury (T) gene expression is also required for the formation of posterior mesoderm in
mice and zebrafish (Schulte-Merker and Smith, 1995; Herrmann et al., 1990). Basic fibroblast
growth factor (FGF) and Activin A can promote the expression of the T homolog, Xbra, in
the Xenopus presumptive ectoderm (Smith et al., 1991). T-box transcription factors and T are
intrinsic factors that are crucial for the initiation of mesoderm differentiation and patterning
of the primitive streak and are regulated by the Wnt signaling pathway from the adjacent
embryonic midline and posterior regions of the embryo, indicating the importance of Wnt
signaling at this stage of development (Yamaguchi et al., 1999).

Cardiac specification

Several transcription factors for cardiac development have been identified (Olson, 2006).
These include MESP1, which specifies the cardiac mesodermal population and is expressed in
the primitive streak around CS6-7 or E6.5. In MESP1-null embryos, severe cardiac abnormalities
are observed, leading to cardiac lethality by E10.5 (Saga et al., 1999). Furthermore, in a double
knockout of MESP1 and its homolog MESP2, mesoderm progenitors do not contribute to
heart development, indicating that MESP1/2 expression is essential for cardiac mesoderm
formation (Kitajima et al., 2000).

By CS8 or E7.5, specific regions of the mesoderm differentiate to form cardiovascular
progenitor cells, which can be divided into cells that form the first heart field (FHF) and
cells that form the second heart field (SHF) (Paige et al., 2015). When Wnt inhibitors such as
dickkopf 1 (DKK1) or crescent are administered to posterior lateral plate mesoderm, heart
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muscle development is induced and erythropoiesis is suppressed (Marvin et al., 2001, Naito et
al., 2006). Meanwhile, ectopic expression of WNT8 or WNT3a in precardiac mesoderm inhibits
heart muscle formation and promotes erythropoiesis (Marvin et al., 2001). In mouse embryonic
stem cells, Wnt/B-catenin signaling acts biphasically; early treatment with Wnt3a stimulates
mesoderm induction and cardiac differentiation, whereas late activation of 3-catenin signaling
impairs cardiac differentiation (Ueno et al., 2007). In combination with BMP and FGF, Wnt
inhibition results in the activation of key upstream cardiac transcriptional regulatory genes
NKX2-5, GATA4 and TBX5, which are required for the initiation of cardiac-like gene expression
(Kelly et al., 2014).

The formation of the linear heart tube is mostly initiated by the contribution of the FHF,
which eventually gives rise to the inflow tract and the majority of the left ventricle (Brade
et al., 2013). FHF progenitors at this stage specifically express TBX5 and HCN4 (Spater et al.,
2013; Bruneau et al., 1999). The SHF develops slightly later and is less differentiated, providing
cardiac progenitors that proliferate to promote the expansion of the heart tube (Kelly, 2012).
The right ventricle and outflow tract are exclusively generated by the SHF (Buckingham et
al., 2005). These SHF cardiomyocytes are marked with TBX1, ISL1 and HAND2 (Moretti et al.,
2006; Stanley et al., 2002).

Together, these studies demonstrate that Wnt signals in different parts of the mesoderm are
repressed as required for cardiac specification of these regions. Most in vitro protocols for
directed cardiac differentiation of pluripotent stem cells incorporate this inhibition of Wnt
signaling through the application of porcupine small-molecule inhibitors including IWP-2,
IWR1 and Wnt-C59 (Lian et al., 2012; Burridge et al., 2014).

Developmental heart growth

Organ size regulation is an important aspect of cardiac development. The heart must grow
large enough to generate sufficient cardiac output, and regional under- or overgrowth may
result in septal wall defects, hypoplastic ventricle(s) or obstruction of the outflow tract(s)
(Heallen et al., 2011). Heart growth during development is regulated by a combination of
cardiomyocyte differentiation, proliferation and hypertrophy.

The human heart undergoes a dramatic proliferation period from CS9-CS16, resulting in a 600-
fold increase in heart volume in just 3 weeks (de Bakker et al., 2016). First, the cardiac crescent
fuses at the midline and gives rise to the FHF-derived linear heart tube, which subsequently
commences beating and undergoes looping. Hereafter, the linear heart tube expands by
drastic proliferation and recruitment of SHF cardiac progenitor cells that migrate from the
pericardial cavity to the dorsal and caudal heart tube regions while undergoing differentiation
(Kelly et al., 2014). Their rapid proliferation is regulated by canonical Wnt signaling (Glinthel
etal., 2018; Kwon et al., 2007). Upon the presence of the receptor-bound ligands WNT5A and
WNT11, active B-catenin enters the nucleus, where it acts as a transcriptional co-activator of
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the T-cell factor (TCF) and leukemia enhancer factor (LEF) transcription factors to activate
Wnt target genes involved in cell proliferation such as axin 2 (AXIN2), cyclin D1 (CCND1)
and lymphoid enhancer binding factor 1 (LEF1) (Cadigan and Waterman, 2012; Stamos and
Weis, 2013) (Figure 1). Conversely, in the absence of Wnt ligands, a complex containing
adenomatous polyposis coli (APC), casein kinase 1 (Ck1) and glycogen synthase kinase-3f3
(GSK-3pB) mediates phosphorylation, ubiquitylation and, ultimately, degradation of 3-catenin
(Cadigan and Waterman, 2012; Stamos and Weis, 2013) (Figure 1). Conditional knockout
studies for 3-catenin in the SHF produce outflow tract abnormalities and impaired right
ventricular development (Qyang et al., 2007; Lin et al., 2007).

After specification and terminal differentiation of cardiac progenitors into cardiomyocytes,
the developing heart predominantly increases its size and mass via the proliferation of
differentiated cardiomyocytes (Giinthel et al., 2018) (Table 1). In mice, between E8.0 and
E11.0, cardiomyocyte numbers increase 100-fold from K700 to X70,000 (De Boer et al., 2012)
(Figure 2A,C). During this massive growth phase, the size of the individual cardiomyocytes
remains relatively constant. After E11.0, proliferation continues but at a slower rate, with
cardiomyocyte numbers approaching 1,000,000 by E18.5 (de Boer et al., 2012). The ballooning
ventricles exhibit the highest proliferation rates during this period (Moorman and Christoffels,
2003; Moorman et al., 2010). By contrast, the atrioventricular canal, outflow tract and inner
curvature regions have lower proliferation rates and thereby preserve the slow contraction
characteristics of the heart tube (De Jong et al., 1992).

Proliferation rates may also vary within the same region depending on the developmental
stage. Within the ventricles, proliferation rates are low during the formation of the trabecular
network (Sedmera and Thompson, 2011). The trabeculae contribute to cardiac contractility,
channel expression and energy metabolism, and start to develop at the luminal side of the
myocardium by E9.5 or CS12 (Meyer et al., 2020; Glinthel et al., 2018). Later in development,
from CS12 until CS16, proliferation rates increase and the compacted ventricular chamber
myocardium shows high expression of proliferative markers such as Ki67 and pHH3 (Buikema
etal., 2013; Ye et al., 2015; Lin et al., 2015). These changes to ventricular proliferation rates are
due to Wnt signaling. Canonical Wnt signaling is downregulated in the trabecular myocardium,
which is consistent with the lower proliferation rates observed here (Buikema et al., 2013; Ye
et al.,, 2015). By contrast, conditional knockout studies in mice have shown that epidermal
growth factor receptor (EGFR) and Notch signaling are essential for trabecular development
(Gassmann et al., 1995; Grego-Bessa et al., 2007). When proliferation rates in the ventricle
increase, Wnt/B-catenin is essential for the exponential growth of the compacted ventricular
myocardium; the increase in cardiomyocyte proliferation rates as you move from the inner
trabeculae to outer compact myocardium corresponds with the graded activity of canonical
Wnt signaling (Buikema et al., 2013; Ye et al., 2015). Consistent with this, -catenin is mainly
active in the compact myocardium, where it is expressed by the majority of proliferating
cardiomyocytes (Buikema et al., 2013).
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Figure 1. There is interplay between Wnt, Hippo and insulin signaling during cardiomyocyte proliferation.
Activation of the Hippo, canonical Wnt or IGF1/PI3K/AKT signaling pathways causes YAP/TAZ and B-catenin to
enter the nucleus and cluster with their DNA-binding partners TEAD and TCF/LEF, which activates transcription
of target genes and induces cell cycle activation. Conversely, when Dsh is inactivated due to lack of Wnt proteins,
activated GSK-3f can phosphorylate B-catenin or YAP/TAZ, ultimately resulting in their degradation by the
proteasome. Hippo signaling induced by, for example, N-cadherin junction-mediated cell-cell contact leads to
the degradation of the YAP/TAZ complex through the MST1/2-SAV1-LATS1/2-MOB1-YAP/TAZ cascade. IGF1/PI3K/
AKT signaling can facilitate the entry of B-catenin into the nucleus via AKT kinase, which phosphorylates GSK-33
to inhibit its activation. AKT, RACa serine/threonine-protein kinase; APC, adenomatous polyposis coli protein;
CK1a, casein kinase 1a; Dsh, disheveled; GSK-3(3, glycogen synthase kinase-3; IGF1, insulin-like growth factor 1;
IGF1R, IGF1 receptor; LATS1/2, large tumor suppressor homologue 1/2; LRP5/6, low-densitylipoprotein-related
protein 5/6; MOB1, MOB kinase activator 1; MST1/2, mammalian STE20-like protein kinase 1/2; PI3 K,
phosphoinositide 3-kinase; SAV1, protein Salvador homologue 1; TAZ, transcriptional coactivator with PDZ-binding
motif; TCF/LEF, T-cell factor/lymphoid enhancer-binding factor; TEAD, TEA domain transcription factor family
members; YAP, yes-associated protein; +p, phosphorylation; +u, ubiquitination.

After CS16 and E12.5, cardiomyocyte proliferation rates decline further to maintain normal
heart and embryo size ratios until birth. Postnatal heart growth is regulated via cellular
hypertrophy (Gilinthel, Barnett, and Christoffels, 2018) (Figure 2 B,C). The insulin-like growth
factor (IGF)/Akt pathway appears to promote physiological (and pathogenic) hypertrophy
by activation of the ERK/MAPK and the phosphoinositide 3-kinase (PI3K)/Akt pathways in
postnatal cardiomyocytes (DeBosch et al., 2006; Liu et al., 1996; Li et al., 2011).
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Table 1: Signaling pathways and regulators in heart development.

Early Intermediate Late Early Adolescence Adulthood
embryonic  embryonic  embryonic postnatal
development development development stages
Event(s) Cardiac Cardiac Septation, Maturation, Bi-nucleation of  Hypotrophy
looping, EMT, expansion,  valvulation,  mitochondrial cardiomyocytes
proliferation chamber conduction  fatty acid
formation system oxidation
formation
Pathways Hippo, Hippo, Wnt, TNFa, NF-kB, T3,cTnl,VHL/  PPARA, Esrra, T3, insulin,
involved Notch, BMP, Notch, BMP, L6, Notch/ HIF1, FAO, Mef2, Myod, HOPX, VEGFB,
during heart ~ SMAD,TGF,  FGF, IGF,RA HEY2 PGCla SIRT1, E2f/Rb IGF1, AMPK
development  FGF, Wnt,
EGFR1
Mouse development
Developmental E9.5 E12.5 E18.5 P2 P13 P60
Stage
Heart size (mm) 0.2 0.8 1.1 1.8 5 8
Number of CMs <10.000 ~70,000 ~1,000,000 ~1,700,000 ~2,500,000 ~2,500,000

(Alkass, 2015) (Alkass, 2015) (Alkass, 2015)

(Alkass, 2015)

(Alkass, 2015)

(Alkass, 2015)

Proliferation N/A 45 N/A 28-37 5 0.01-1
(% ki67+) (Lin, 2007) (Alkass, 2015,  (Alkass, 2015) (Castellan,
Huang, 2018) 2020, Huang,
2018)
Proliferation N/A 2 N/A 10 2 N/A
(% PH3+) (Lin, 2007) (Gan, 2015) (Gan, 2015)
Human development
Developmental CS3-4 CS4 CS6-7 1 month 20 years >40 years
stage
Heart size 0.003 2 10 ~40 ~110 ~120
(mm) (Gunthel, (Gunthel, (Dhanantwari, (Faber,2021)  (Mohammadi, (Mohammadi
2018) 2018) 2009) 2016) 2016)
Number of CMs N/A N/A N/A 90,000,000 3,200,000,000- 3,200,000,000
(Mollova, 2013) 3,700,000,000 (Bergmann,
(Bergmann, 2015, 2015)
Mollova, 2013)
Proliferation N/A N/A N/A 0.5 0.04 0.001
(% ki67+) (Ye, 2016) (Mollova, 2013)  (Mollova, 2013)
Proliferation N/A N/A N/A 0.01 0.005 0

(% PH3+)

(Mollova, 2013)

(Mollova, 2013)

(Mollova, 2013)

MPK, AMP-activated protein kinase; BMP, bone morphogenetic protein; CS, Carnegie stage; cTnl, cardiac troponin
I; E,embryonic day; EMT, epithelial-to-mesenchymal transition; EGFR1, epidermal growth factor receptor 1; Esrra,
estrogen-related receptor alpha; FAO, fatty acid oxidation; FGF, fibroblast growth factor; HEY2, Hes related family
BHLH transcription factor with YRPW motif 2; HOPX, homeodomain-only protein homeobox; IGF, insulin-like
growth factor; IL6, interleukin 6; Mef2, MADS box transcription enhancer factor 2; Myod, myoblast determination
protein 1; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; P, postnatal day; PGC1a, PPARy
coactivator 1 a; pHH3, phosphohistone H3; PPARA, peroxisome proliferator-activated receptor; RA, retinoic
acid; Rb, retinoblastoma; SIRT1, sirtuin 1; SMAD, mothers against decapentaplegic; T3, thyroid hormone; TGF,
transforming growth factor; TNFa, tumor necrosis factor a; VEGFB, vascular endothelial growth factor; VHL/HIF1,
von Hippel-Lindau tumor suppressor protein/hypoxia-inducible factor-1.
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Brightfield Brightfield

Hippo signaling

Figure 2. Heart size at selected stages of normal cardiac development. (A) Brightfield images capturing
murine hyperplasia over embryonic day (E)9.5 (whole embryo; dashed white lines indicate the location of the
heart), E12.5, E18.5 and postnatal day (P)2. (B) Brightfield images capturing murine hypertrophy from P13 to P60.
(C) Immunofluorescent images showing pHH3+ cells in E12.5 and Ki67+ in LV cells of P2 and P13 hearts. pHH3
and Ki67 are proliferation markers and TnT is a cardiomyocyte marker. Ao, aorta; H, heart; LA, left atrium; LV, left
ventricle; RA, right atrium; RV, right ventricle; TnT, troponin T; pHH3, phosphohistone H3. Figure is adapted from
Buikema et al. (2013, 2020) and is available to view on Figshare alongside detailed Materials and Methods: 10.6084/
m9.figshare.23607306. Scale bars: ~1 mm (A,C); 5 mm (B).

Interplay between Wnt, Hippo and IGF signaling during cardiomyocyte expansion

The major regulator of cardiac size is the Hippo pathway. This pathway regulates growth
and progenitor genes such as SOX2, SNAI2, CCND1, CDC20 and MYCL in cardiomyocytes
via the MST1/2-SAV1-LATS1/2-MOB1-YAP/TAZ cascade (Heallen et al., 2011) (Figure 1). YAP,
a central protein within the Hippo signaling pathway, is activated at CS10 (Singh et al.,
2016). Genetic inhibition of Hippo signaling in the embryonic heart leads to a lack of organ
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size control and lethal cardiomegaly shortly after birth (von Gise et al., 2012). For example,
mouse models harboring various embryonic deletions of the Hippo pathway members SAV1,
MST1/2 and LATS2 display overgrown hearts and thickened ventricles owing to an excess of
cardiomyocytes (Del Re, 2014). Downstream analysis in Hippo mutant hearts revealed that a
lack of downregulation of canonical Wnt target genes and cell cycle regulators could explain
the observed hyperplasia and cardiomegaly (Heallen et al., 2011). By contrast, upregulation
of Hippo signaling leads to a downregulation of YAP and Wnt/B-catenin signaling to restrain
heart size (Kim et al., 2017). Cardiac-specific deletion of YAP also impedes neonatal heart
regeneration, resulting in a fibrotic response that generates scar tissue (Xin et al., 2013).

Cytoplasmic YAP/TAZ can also increase cytosolic retention of B-catenin, and thereby
negatively regulate the Wnt/B-catenin signaling pathway (Imajo et al., 2012). Chromatin
immunoprecipitation sequencing (ChlP-seq) indicated that YAP/TAZ and B-catenin form
a common regulatory complex at the SOX2 and SNAI2 gene loci (Heallen et al., 2011).
Activating YAP also leads to upregulation of the IGF/Akt pathway, resulting in the inhibition
of GSK-3B, stabilization of B-catenin and transcription of Wnt target genes to enhance
cardiomyocyte proliferation (Xin et al., 2011) (Figure 1). During development, IGF signaling
directs cardiomyocyte proliferation between E9.5 and E12.5, and IGF knockout mice exhibit
decreased ventricular proliferation (Li et al., 2011). Interestingly, knockout of IGF is non-lethal
and by E14.5 the ventricular wall size is comparable with that of wild-type mice (Li et al., 2017;
Diaz Del Moral et al., 2021).

The Wnt/B-catenin, IGF/Akt and Hippo/YAP pathways form a complex signaling network that
regulates the balance between proliferation, differentiation and maturation of cardiomyocytes
(Figure 1). It has generally been concluded that high Wnt, high IGF and low Hippo signaling
results in proliferative growth of embryonic cardiomyocytes, whereas high Hippo signaling
overrules Wnt and IGF to restrain cardiomyocyte proliferation and prevent cardiomegaly.

Cardiomyocyte cell biology in vitro

Developmental shortcuts for human pluripotent stem cell-derived cardiomyocyte differentiation

Cardiomyocytes derived from pluripotent stem cells represent a promising source of cells for
disease modeling, drug screens and/or cardiac regenerative medicine (Madonna et al., 2019). The
untangling of cues that drive cardiac development has identified growth factors, transcriptional
regulators and signaling cascades that can promote the differentiation of cardiac cells from
human embryonic stem cells (hESCs). Initial protocols for embryonic stem cell differentiation
required formation of embryoid bodies to generate various cell types (Rungarunlert et al.,
2009), and downstream applications for cardiac cell biology were limited due to extremely
low percentages of cardiomyocyte yield (Osafune et al., 2008). Previously, co-culture of hESCs
with visceral endoderm-like cells induced cardiomyocyte differentiation, producing beating
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areas in ~35% of the culture surface (Mummery et al., 2003). Due to the addition of insulin and
serum, however, only 2-3% of the cells were cardiomyocytes. The number of beating colonies
increased 10-fold with the administration of serum- and insulin-free media, whereafter each
beating colony contained ~25% cardiomyocytes. Moreover, in situ hybridization demonstrated
that the streak ectoderm displays the highest level of mRNA for both Wnt3a and Wnt8c
(Marvin et al., 2001). In retrospect, the expression of Wnt inhibitors in the ectoderm may be the
underlying mechanism for the increased cardiomyocyte differentiation efficiency (Piccolo et
al., 1999). Overall, it appears that the timing and relative expression of different growth factor
combinations induce then pattern the cardiogenic mesoderm.

Subsequent studies identified important roles for the activin A, insulin, Wnt and BMP pathways
in the establishment of cardiovascular cells (Klaus et al., 2007; Schneider and Mercola, 2001; Liu
etal, 1999). Activin A and transforming growth factor 31 (TGFP1) stimulation promotes cardiac
mesoderm formation in mouse embryonic stem cells (Moretti et al., 2006; Kattman et al., 2 006)
and addition of activin A and BMP4 induces endogenous Wnt signaling and mesoderm-like
cells from human embryonic stem cell sources (Paige et al., 2010). Remarkably small changes in
BMP4 and activin A concentrations can drive the specification of the FHF, the anterior SHF and
the posterior SHF (Yang et al., 2022) from distinct stem cell-derived mesoderm populations
(Kattman et al., 2011), ultimately affecting the relative numbers of atrial versus ventricular
cardiomyocytes (Lee et al., 2017). Although cardiomyocytes produced in this way may be
high quality, scaling up these protocols is challenging due to the stability and cost of growth
factors involved, which must be precisely applied to achieve this delicate balance.

The ability to reprogram patient somatic cells into induced pluripotent stem cells (hiPSCs)
represented a key turning point for the field (Takahashi et al., 2007). The potential
to differentiate these patient-specific cells into many cell types, including functional
cardiomyocytes (hiPSC-CMs) fueled a search for signaling molecules to replace the growth
factors. In vitro, molecular inhibition of GSK-3 using small molecules such as CHIR99021
leads to nuclear accumulation of 3-catenin and thus the transcription of Wnt target genes
(Lian et al., 2012). Activation of Wnt signaling in monolayer-based hESC and hiPSC cultures
results in efficient mesoderm-like cell formation, and subsequent inhibition of the Wnt
signaling pathway promotes the terminal differentiation of these mesoderm-like cells into
cardiomyocytes (Paige et al.,, 2010; Lian et al., 2012). The current standard in monolayer-based
directed differentiation protocols uses this two-step Wnt pathway modulation to generate
>80% hiPSC-CMs within 7 days of culture (Paige et al., 2010; Lian et al., 2012) (Figure 3).
Altogether, the development of small molecule-based directed differentiation protocols
has facilitated reliable and cost-effective production of both atrial and ventricular hiPSC-
CMs. However, cell type heterogeneity presents a challenge, as homogeneous populations
of subtype-specific cardiomyocytes are essential for drug discovery, cardiovascular disease
modeling and cardiotoxicity screens (Zhang et al., 2009).
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Developmental shortcuts for human pluripotent stem cell-derived cardiomyocyte expansion

Robust generation of large quantities of hiPSC-CMs from patient donors remains a significant
hurdle. Conventional approaches to tackle this problem use large numbers of hiPSCs, which
is very costly, and the differentiation efficiency is highly variable due to lack of control of
important culture parameters (Laco et al., 2018). Moreover, the subsequent expansion of
hiPSC-CM cultures is generally modest (<10-fold) (Table 2).

In vitro studies have identified multiple pathways controlling the proliferation of hiPSC-CM:s.
Computational approaches and chemical screens for cardiomyocyte proliferation regulators
found 67 miRNAs targeting different components of the Hippo pathway (Diez-Cufiado et al.,
2018) (Table 2). Hippo signaling appears to be upregulated in hiPSC-CMs cultured on plastic,
but altering substrate stiffness has no effect on the fraction of proliferative cardiomyocytes,
and none of the small molecule Hippo pathway inhibitors has been reported to enhance
cardiomyocyte proliferation in vitro (Buikema et al., 2020).

The TGFB pathway regulates the cell cycle in hiPSC-CMs, where it directly boosts the
production of p27 in a Smad-dependent manner, allowing p27 to inhibit the activity of G1
cyclins (Toyoshima and Hunter, 1994; Kodo et al., 2016). The combined upregulation of CDK1,
CCNB, CDK4 and CCND successfully upregulates cardiomyocyte proliferation markers in hiPSC-
CMs (Mohamed et al., 2018), and inhibiting Wee1 and TGF3 promotes CDK1 phosphorylation,
thus promoting G2/M phase entry (Mohamed et al., 2018) (Table 2).

Multiple hormones are implicated in the regulation of fetal growth, and many of these take
on considerably different roles during early postnatal life. In utero, the human heart relies
predominantly on high concentrations of carbohydrates, whereas the postnatal myocardium
also uses fatty acid-rich substrates (Kolwicz et al., 2013). Insulin, prolactin, IGF1, IGF2 and
thyroid-associated hormones are involved in anabolism during heart development (Diaz Del
Moral et al., 2021). The growth factor IGF1 was shown to enhance the proliferation of hESC-
derived cardiomyocytes via activation of the PI3K/Akt signaling pathway (McDevitt et al.,
2005). Thyroid hormone or 3,5,3'-triiodothyronine (T3) inhibits proliferation and drives the
maturation of cardiomyocytes before birth (Chattergoon et al., 2019). In parallel to IGF1, insulin
increases proliferation of hiPSC-CMs and cardiac organoids (Mills et al., 2017) (Table 2).

Aurora B, aurora kinase B; bFGF, basic fibroblast growth factor; BrdU, 5-bromo-2’-deoxyuridine;
CCNB, cyclin B1; CCND, cyclin D2; CDK1, cyclin-dependent kinase 1; CDK4, cyclin-dependent
kinase 4; DOX, doxycycline; EAU, 5-ethynyl-2"-deoxyuridine; ERK, extracellular signal-regulated
kinase; FGF1, fibroblast growth factor 1; FOXO, forkhead box transcription factors; G2/M, inter/
mitosis and cytokinesis phase; GLI1, GLI family zinc finger 1; hESC-CM, human embryonic
stem cell-derived cardiomyocyte; hiPSC-CM, human induced pluripotent stem cell-derived
cardiomyocyte; hiPSC-CPC, human induced pluripotent stem cellderived cardiac progenitor
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Figure 3. Summary of recent directed cardiac differentiation and expansion protocols for human
pluripotent stem cell-derived cardiomyocytes. Schematics of pluripotent stem cell monolayer-based
cardiomyocyte differentiation protocols. The days of each protocol are indicated by the vertical lines.
Corresponding articles are shown on the left. Initial stem cell conditions, before the start of the differentiation,
are shown to the left of day 0 on each timeline. Differentiation efficiency is indicated on the right side, where
D indicates the day on which the differentiation efficiency was measured. The media used for differentiation
are indicated by different colors below the time axis, with any additional components listed above the time
axis. The red and grey boxes depicted above the time axis indicate activation or inhibition of the Wnt pathway,
respectively. Key components responsible for modulating Wnt activity are indicated in bold for Wnt activation
oritalics for Wnt inhibition. Abbreviations: AA, L-ascorbic acid 2-phosphate; bFGF/FGF2, basic fibroblast growth
factor; BMP4, bone morphogenetic protein 4; BSA, bovine serum albumin; CHIR, CHIR99021; DMEM, Dulbecco’s
Modified Eagle Medium; FBS, fetal bovine serum; hESCs, human embryonic stem cells; hiPSC, human induced
pluripotent stem cells; IWP, inhibitor of Wnt production; KO-DMEM, knockout DMEM; LPA, lysophosphatidic acid;
MEFs, mouse embryonic fibroblasts; RPMI, Roswell Park Memorial Institute medium; S1P, sphingosine-1-phosphate;
VNT, vitronectin. E8, FDTA and mTeSR1 are stem cell media. C59 and IWR1 are inhibitors of the Wnt pathway. B27
is a commercially available cell culture supplement. Created with BioRender.com.
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Table 2: Molecular targets for expansion of human pluripotent stem cell-derived cardiomyocytes

Pathways Compound  Cell type + Age culture Proliferation Expansion ref
(day) format markers (-fold)
Hippo 67 miRNAs hiPSC-CMs 38 2D, plastic 1.1% pHH3* N/A Diez-
Cunado,
2018

Cyclins CDK1,CCNB, hiPSC-CMs 60 2D, plastic 25% EdU*, N/A Mohamed,
CDK4, CCND 20% pHH3* 2018

TGFB/ Tgf-B, Weel, hiPSC-CMs 60 2D, plastic 12% EdU*, N/A Mohamed,

SMAD CDK4, CCND 15% pHH3* 2018

PI3K IGF-1 hESC-CMs 13- 2D, plastic 0.4% BrdU*  N/A McDevitt,

50 2005
Wnt/FGF CHIR99021 hiPSC-CMs 30 2D, plastic 30% Ki67+, N/A Fan, 2020
FGF1 20% BrdU*,
4% pHH3",
4% Auora B*
Cell cycle (si)RNA: hiPSC-CMs 35 2D, plastic 30.8 EdU*, N/A Alam, 2019
inhibitors Rb1, Meis2 25,8% Ki67+,
5,3% Auora
B+

Hippo, Wnt,  CHIR99021 hiPSC-CMs 0-2 2D, plastic 40% Ki67+, 1.5 Sharma,

ERK STP/LPA 4% pHH3* 2018

Mevalonate  Compound 3 hiPSC-derived 18 3D, ultra-low 7.5%Ki67*, 1.5 Mills, 2019

cardiac organoids attachment 1% pHH3+
plates
Wnt CHIR99021 hiPSC-CMs 18 2D, high density 25% Ki67* 1.5+ 0.4 Titmarsh,
microbioreactor 2016
Wnt/MAPK BIO+SU+p38i hiPSC-CMs 18 2D, plastic 3% EdU*, 1.5+ 0.5 Uosaki,
1.5% BrdU* 2013

Mevalonate  Compound  hiPSC-derived 14- 3D 5% Ki67+, 2 Mills, 2017
65 cardiac organoids 16 0.6% pHH3*

Wnt Wnt3a hESC-derived Isl1 6 2D, plastic 6,8% pHH3* 6 Qyang,
conditioned  cardiovascular 2007
medium progenitors

Activin/nodal, A83-01, bFGF, hiPSC-CMCs 12- 2D, plastic 727+15% 11 Vahdat,

FGF/Wnt CHIR 15 Ki67+ 2022

Wnt CHIR99021 hiPSC-CM 12 3D, stirred 50% G2/M 14-16 Laco, 2020

spinner -phase*
cultures

I1L6/bFGF IL6RIL6 hiPSC-CM 14 2D, N/A, Multiple 25 Amit, 2011
chimera, suspension passaging
bFGF culture system

FOXO AS1842856 hiPSC-CM 10 2D, plastic N/A, Multiple ~40 Schade,

inhibition passaging 2022

Hedgehog DOX, SB, IGF- hiPSC-CPCs 5 2D, plastic 8% GLI1 75 Birket,

1, SAG mRNA, 6% 2015
PTCHT mRNA

Wnt/Insulin -~ CHIR99021,  hiPSC-CMs 1 2D, plastic 6% pHH3*, 250 Buikema,

/Akt Cell-cell 20% 2020;
contact Ki67*, 35% Maas, 2021
inhibition CCND*,

Multiple
passaging
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cell; IGF1, insulin-like growth factor; Isl1, ISL LIM homeobox 1; MAPK, mitogen-activated
protein kinase; Meis2, meis homeobox 2; p38i, p38 inhibitor; pHH3, phosphohistone H3;
PI3K, phosphoinositide 3 kinases; Rb1, retinoblastoma; STP/LPA, sphingosine-1-phosphate/
lysophosphatidic acid; SAG, smoothened agonist; SB, SB431542; (si)RNA, small interfering RNA;
SMAD, mothers against decapentaplegic; TGF(, transforming growth factor .

However, insulin does not rescue cell cycle arrest, likely due to altered substrate use and fatty
acid metabolism in the treated cardiomyocytes, so this effect is short-lived (Mills et al., 2017).

During development and hiPSC differentiation, the GSK-33/ Wnt/B-catenin signaling cascade
exerts multiphasic effects on cardiac differentiation and proliferation. The Wnt/3-catenin
pathway is essential for cardiac repair and has been implicated in cardiac diseases (Titmarsh
et al,, 2016). Multiple studies in 2D and 3D in vitro cell models have described a significant
proliferative effect of small molecules that inhibit GSK-33 and activate Wnt/B-catenin
signaling, such as CHIR99021 (Buikema et al., 2013; Titmarsh et al., 2016; Sharma et al., 2018b;
Uosaki et al., 2013) (Table 2).

Attempts have also been made to increase cardiomyocyte yield by first expanding the
production of hiPSCs and then inducing cardiac differentiation (Le and Hasegawa, 2019).
Conventional methods for this approach include the culture of hiPSCs in a 2D monolayer at
larger surface areas (using T175 flasks, CompacT SelecT, roller bottles or CellCube) (Tohyama
etal., 2017; Soares et al., 2014). Although these 2D culture monolayers can increase hiPSC cell
number efficiently, hiPSC medium is very costly, and the differentiation efficiency is highly
variable due to lack of control of important culture parameters such as the confluency of
the hiPSCs and the timing of compound addition (Tohyama et al., 2017). More recently,
advanced 3D culture strategies such as microcarriers, 3D aggregation and bioreactors have
attracted interest and have proven suitable for large-scale culturing of hiPSCs (Borys et al.,
2020; Abecasis et al., 2017). This 3D culture approach improves the efficiency of hiPSC-CM
production and reduces variability in differentiation outcomes (Hofer and Lutolf, 2021).
However, the cost of the medium and the need for dissociation during harvesting represent
hurdles for subsequent differentiation applications (Le and Hasegawa, 2019).

Recently, we discovered that cell-cell contact promotes terminal differentiation and
maturation, rather than proliferation, in densely cultured hiPSC-CMs (Buikema et al., 2020).
Concomitant activation of Wnt signaling by CHIR99021 and cell-cell contact inhibition by low
cell density serial passaging resulted in a massive proliferative response in the hiPSC-CMs
(Buikema et al., 2020; Maas et al., 2021) (Figure 4).

These hiPSC-CMs exhibited immature functional properties, such as reduced contractility and
underdeveloped sarcomeres; however, upon withdrawal of CHIR99021, cells quickly exited
the cell cycle and terminally differentiated (Buikema et al., 2020). It appears that insulin is
required for long-term hiPSC-CM culture recapitulating cardiac development (Lian et al., 2013;
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Figure 4. Overview of Wnt modulation during hiPSC-CM differentiation and expansion. (A) Schematic
overview of human induced pluripotent stem cellderived cardiomyocyte (hiPSC-CM) differentiation. Created
with BioRender.com. (B) Brightfield images of hiPSC-CMs over multiple passages including expansion illustrating
the process of cell-cell contact removal via sparse passaging (~2.5x104 cells/cm2 ) with concomitant CHIR99021
administration in B27+insulin/RPMI media to facilitate massive expansion. (C) Brightfield images of hiPSC-CMs
in expansion from days 15-20. (D) Immunofluorescence images of hiPSC-CMs stained for a-actinin (green),
proliferation marker Ki67 (red) and nuclei (blue) as indicated. (E) Quantification of Ki67+ cells indicates that a 37%
increase in hiPSC-CM proliferation can be promoted by administering 2 uM CHIR99021. (F) Quantification of hiPSC-
CM number from P1 to P5 by sequentially expanding the hiPSC-CMs using CHIR99021 (CHIR). D, differentiation
day; P, passage; RPMI, Roswell Park Memorial Institute medium. Figure is adapted from Maas et al. (2021) and is
available to view on Figshare alongside detailed Materials and Methods: 10.6084/m9.figshare.23607282. Scale
bars: 200 uM (B,C); 100 uM (D).

Govindsamy et al., 2018), so we also chose to optimize our protocol for proliferation induction
with B-27 medium containing insulin. In summary, Wnt activation together with removal
of cell-cell contacts transiently increases the window for massive expansion of immature
hiPSC-CM:s.

Massively expanded hiPSC-CMs are fully functional and could form a powerful source
for tissue engineering applications and/or myocardial biopatches (Miyagawa et al., 2022;
Gao et al.,, 2018). These protocols are still limited to producing a 100- to 250-fold increase
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in cell number (Buikema et al., 2020; Maas et al., 2021) (Table 2), but they are pushing the
production process towards clinically relevant cardiomyocyte numbers. For example, one
batch of massively expanded hiPSC-CMs can be used to generate large numbers of 3D
engineered heart tissues (EHTs) or to conduct large 2D screens (Hansen et al., 2010; Calpe
and Kovacs, 2020). Moreover, hiPSC-CM-derived tissues or cell injections can form large grafts
after transplantation into injured animal hearts (Shiba et al., 2016). Upon injection, previous
studies have shown electrical coupling of hiPSCCMs to host myocardium, but also arrhythmic
events (Hirt et al., 2012; Shiba et al., 2012). Recent work has shown that these arrhythmic
events can be overcome via maturation-guided editing of hiPSC-CM ion channels, thereby
improving electrophysiological function (Marchiano et al. 2023; Ottaviani et al., 2023). These
approaches require 10-750 million cells for restoration of contractile function after ischemic
injury in macaque monkeys (Anderson et al., 2014; Zhu et al., 2018a). Unfortunately, despite
the recent methods to improve cardiomyocyte maturity, the overall maturation status of
hiPSC-CMs with or without expansion remains low. Therefore, hiPSC-CM grafts retain different
electrical properties compared with the host tissue, which could lead to increased arrhythmia
risk (Fassina et al., 2022).

DISCUSSION

The further untangling of the cues that drive cardiomyocyte differentiation, proliferation
and maturation will lead to increased understanding and improved drug screening options
and treatments for cardiac diseases. This Review compares the pathways regulating heart
growth in vivo with the molecular targets that promote in vitro cardiomyocyte production.
The massive expansion of hiPSC-CMs that can be achieved via Wnt/3-catenin signaling
modulation (Table 2, Figure 3 and Figure 4) provides a framework for advanced basic and
translational cell biology applications in cardiovascular medicine, and several preclinical trials
are making use of these hiPSC-CMs (Sharma et al., 2018a; Hnatiuk et al., 2021).

The current knowledge from cardiac development has resulted in relatively easy methods
for hiPSC-CM generation. Further understanding of exact cues for long-term proliferation
and terminal differentiation, however, are required to produce unlimited numbers of mature
cardiomyocytes. The recent discovery of partly-immortalized atrial cardiomyocytes represents
a powerful approach for atrial disease modeling in vitro (Harlaar et al., 2022). However, their
in vivo use may provoke safety concerns. Nevertheless, these approaches for expansion of
cardiomyocytes illustrate that functional and beating cardiomyocytes can self-replicate before
terminally differentiating upon growth stimuli withdrawal.

Interestingly, direct activation of Wnt/ 3-catenin with CHIR99021 produces cardioprotective
effects upon myocardial infarction in both small and large mammals (Fan et al., 2020).
However, there is little evidence for induction of terminally differentiated cardiomyocyte
proliferation after administration of CHIR99021 upon ischemic injury (Fan et al., 2020). This
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lack of proliferative capacity in terminally differentiated cardiomyocytes is somewhat in line
with developmental studies illustrating that Hippo signaling controls cell-cycle arrest in
adult cardiomyocytes (Xin et al., 2011; Wang et al., 2014). Genetic modification of the Hippo/
YAP signaling pathway results in dedifferentiation of adult myocardium with a subsequent
regenerative response to ischemic injury (Leach et al., 2017; Monroe et al., 2019). Combined
with novel DNA, RNA or nanoparticle local delivery technologies, signaling pathways hold
promise as druggable targets in cardiovascular medicine (Braga et al., 2021). Future hiPSC-CM
studies should focus on further simplification of the exact cues required for cardiomyocyte
production, and should incorporate other myocyte subtypes required for regional repair of
the heart, as well as more specific cardiac tissue generation.
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Previously expanded hiPSC-CMs in Engineered Heart Tissue construct stained for sarcomeric Actinin and troponin T.
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Chapter 3

ABSTRACT

Modulating signaling pathways including Wnt and Hippo can induce cardiomyocyte
proliferation in vivo. Applying these signaling modulators to human induced pluripotent
stem cell-derived cardiomyocytes (hiPSC-CMs) in vitro can expand CMs modestly (<5-fold).
Here, we demonstrate massive expansion of hiPSC-CMs in vitro (i.e., 100- to 250-fold) by
glycogen synthase kinase-3( (GSK-3p) inhibition using CHIR99021 and concurrent removal
of cell-cell contact. We show that GSK-3f inhibition suppresses CM maturation, while contact
removal prevents CMs from cell cycle exit. Remarkably, contact removal enabled 10 to 25
times greater expansion beyond GSK-3f inhibition alone. Mechanistically, persistent CM
proliferation required both LEF/TCF activity and AKT phosphorylation but was independent
from yes-associated protein (YAP) signaling. Engineered heart tissues from expanded hiPSC-
CMs showed comparable contractility to those from unexpanded hiPSC-CMs, demonstrating
uncompromised cellular functionality after expansion. In summary, we uncovered a molecular
interplay that enables massive hiPSC-CM expansion for large-scale drug screening and tissue
engineering applications.

GRAPHICAL ABSTRACT

MASSIVE CARDIOMYOCYTE EXPANSION
=57 hiPSC-CMs

GSK-3B Inhibitor Withdrawal

= Wnt activity ¥
= maturation gene A
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INTRODUCTION

Adult mammalian heart has limited capacity for regeneration. Cardiac injuries such as
myocardial infarction lead to significant cardiomyocyte (CM) loss and subsequent heart
failure with significant morbidity and mortality. Cell-based therapeutic approaches such as
injection of stem cell-derived cells or transplantation of engineered cardiac tissue patches
have shown promise to re-muscularize the damaged myocardium and enhance cardiac
functions (Chong et al., 2014; Grego-Bessa et al., 2007; Liu et al., 2018; Ogle et al., 2016; Senyo
etal., 2014; Shiba et al., 2016) . Since the myocardium is densely packed with CMs, cell-based
therapy requires introductions of billions of human CMs (Chong et al., 2014; Liu et al., 2018)
. In principle, pluripotent stem cells provide an unlimited supply of human CMs, however,
in practice the generation of therapeutically relevant number of human CMs still remains
an extremely labor-and time-intensive process, despite robust and highly efficient directed
differentiation protocols.

To overcome this hurdle, several studies have focused on identifying molecules for promoting
proliferation of differentiated CMs from pluripotent stem cells (PSCs) (Mills et al., 2019; Sharma
et al., 2018; Titmarsh et al., 2016; Uosaki et al., 2013). However, when these molecules were
applied to induce expansion of human PSC-derived CMs in vitro, the extent of proliferation has
generally been modest (3-4-fold), which limits the use of these cells for cell-based therapeutic
applications.

This modest extent of proliferation in vitro may result from contact inhibition of proliferation,
which is a natural regulatory process of normal tissue morphogenesis, homeostasis, and
regeneration. Contact inhibition of proliferation has been well-described in many cell types
other than cardiomyocytes including epithelial cells and endothelial cells (Grazia Lampugnani
etal.,, 2003; Kim and Asthagiri, 2011; Puliafito et al., 2012) , where cell proliferation is cell-density
dependent. When human induced PSCs (hiPSCs) undergo directed cardiac specification and
differentiation in vitro, the differentiated CMs become fully confluent in a dish. It is in this
densely-packed cardiomyocytes condition that screening of mitogen candidates have been
performed (Mills et al., 2017, 2019; Sharma et al., 2015; Titmarsh et al., 2016). Hence, we asked
whether the removal of contact inhibition would further promote hiPSC-CM proliferation
beyond that achieved in the presence of mitogen. In fact, a few previous studies including
our earlier work on compensation of CM loss in the fetal heart by residual unablated CMs and
another study on targeted disruption of cell-cell contacts in the mouse heart show evidence
of cell cycle re-entry and enhanced CM proliferation in vivo (Li et al., 2015; Sturzu et al., 2015)
. Therefore, we hypothesize that combined inhibition of cell-cell contacts and treatment with
CM mitogen would enable continuous CM proliferation and expansion.

Here, we demonstrate for the first time the ability to massively expand functional hiPSC-CMs
by continuous treatment of GSK-3 inhibitor CHIR-99021and concomitant removal of cell-
cell contact. We chose CHIR-99021 (CHIR) as the hiPSC-CM mitogen because several studies
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have previously demonstrated that it was the most potent CM mitogen in vitro (Mills et al.,
2017,2019; Sharma et al., 2018; Titmarsh et al., 2016) . We show that hiPSC-CMs exhibit contact-
mediated inhibition of proliferation, indicating that the removal of cell-cell contacts is essential
to enable the maintenance of their proliferative capacity through continuous passaging. We
show that the withdrawal of CHIR or treatment with C59, a small molecule Wnt antagonist,
result in rapid cell-cycle exit and restoration of mature contractile, electrophysiological, and
cellular characteristics. Further mechanistic studies identified the role of canonical Wnt signal
via LEF/TCF to delay hiPSC-CM maturation, and the stimulatory role of AKT T308 and HSP27
phosphorylation in enhancing hiPSC-CM proliferation by increasing cell cycle activity. Lastly,
we demonstrate that the expanded hiPSC-CMs exhibit fully differentiated and contractile
phenotype as the unexpanded hiPSC-CM and are therefore an excellent cell source for the
mass production of engineered heart tissues. Together, these studies reveal a novel and
robust method, the mechanistic explanation, and a proof-of-principle demonstration of a
translational approach to achieve massive hiPSC-CM expansion (&gt;1 billion) needed for
future cardiac regenerative strategies in patients with cardiomyopathy or congenital heart
defects.

METHODS

Cell culture. Four previously established hiPSC lines (SCVI-111, Sendai virus reprogrammed,
peripheral blood mononuclear cells (PBMCs), male; SCVI-113, Sendai virus reprogrammed,
PBMCs, male; SCVI-202 Sendai virus reprogrammed, PBMCs, female; SCVI-273, Sendai
virus reprogrammed, PBMCs, female (Matsa et al., 2016)) were maintained in DMEM/
F12 (ThermoFisher) supplemented with the essential eight (E8) (Thermo Fisher) growth
factors in a Matrigel (Corning) coated (1:400 for 24h) polystyrene 2D culture system. Upon
80-90% confluency, cells were dissociated in PBS with 0.5mM EDTA for 5-10 minutes at
37 °C. Dissociation was performed with gentle trituration to obtain small aggregates of
undifferentiated hiPSCs. Passaging was performed in 1:15-20 splitting ratios or 10,000 cells
per cm2 to achieve low density and reach full confluency within 4-5 days. For the first 24h
after replating, 10BM of ROCK inhibitor Y-27632 was included in the hiPSC maintenance
media. hiPSC-CM differentiation was performed using the previously described canonical
Whnt stimulation and inhibition protocol (Lian et al., 2013) in RPMI 1640-based differentiation
media supplemented with B27 minus insulin (Invitrogen). Between day 0-2, a gradient of
CHIR99021 (Seleckchem) concentrations (3.0, 4.0, 5.0, 6.0, 7.0, 8.0 uM) was used. Between day
3-5, Wnt-C59 (2.0 uM) (Selleckchem) was added to the differentiation media. At day 7, B27
with insulin was added to the differentiation media. At day 11, wells that contain more than
80% beating cells were treated with TrypLE Select Enzyme 10X (Invitrogen) at 37 °C for 10-40
minutes. Gentle rocking was performed every 10 minutes. Preparations of single dissociated
cells were generated with very gentle trituration and transferred to a 15 mL conical tube
containing a wash buffer (PBS with 20% FBS). Cells were gently centrifuged at 1000 RPM for 3
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minutes and immediately replated in 1:10 to 1:15 split ratios in RPMI 1640 + B27 1x with 10%
Knock Out Serum Replacement (Gibco) and Thiazovivin 1.0 uM (Selleckchem). At day 12, hiPSC-
CMs were further expanded for downstream assays in RPMI 1640 + B27 1x differentiation
media supplemented with 2.0 to 4.0 uM CHIR99021 (Selleckchem). For the first 24h after
passaging, 10% Knock Out Replacement Serum and Thiozovivin 1.0 uM were added to the
differentiation media.

Generation of eGFP-anillin* expressing hiPSCs. The previously described eGFP-anillin
expression cassette (Hesse et al., 2012) was inserted into the AAV-CAGGS vector (Addgene
#22212). hiPSCs (iLB-C1-30m-r12), kindly provided by Dr. O. Briistle (Univ. of Bonn), were co-
transfected (NEONTransfection, Invitrogen) with the AAV-CAGGS-eGFP-anillin vector, the
hAAVS1 1L TALEN vector (Addgene #35431) and the hAAVS1 1R TALEN vector (Addgene,
#35432) for targeted integration into the AAVS1 locus and several independent eGFP-anillin
expressing hiPSC lines were generated. Targeted integration into the AAVST locus was proven
by a PCR strategy, copy numbers were determined by qPCR. The eGFP-anillin+ expressing
hiPSC line used was shown to have one specific AAVS1 integration and one random integration

site without known functional consequence.

Contact inhibition study. For high cell-cell contact condition (i.e. dense), hiPSC-CMs were
either left unpassaged or passaged without splitting, while for low cell-cell contact condition
(i.e. sparse), the cells were passaged at 1:10 - 1:15 splitting ratio, depending on cell confluency
of the original well. To examine paracrine effect, the conditioned media was collected from
densely plated hiPSC-CMs, concentrated using Pierce™ protein concentrator (3K MWCO;
Thermoscientific 88512). The concentrated factors were diluted with fresh expansion media
(B27 + CHIR) at different ratios (1x, 0.1x, 0.01x), then given to sparsely plated hiPSC-CMs. To
examine direct cell-cell contact effect, 100,000 hiPSC-CMs were plated in small surface area
(i.e. 48-well-plate) to induce dense culture, while the same number of cells were plated in
large surface (i.e. 6-well-plate) for sparse condition. Forimmunostaining, cells were fixed at 4%
paraformaldehyde for 15 min at room temperature, washed three times with washing buffer
(0.1% Tween-20/PBS), permeabilized and blocked with blocking buffer (3% bovine serum
albumin/2% goat serum/0.01% saponin/PBS for 30 min at room temperature. Corresponding
primary antibodies were diluted at desired ratio in blocking buffer (TnT: 1:250, Ki67: 1:200,
phH3: 1:400) and were incubated with cells overnight at 4 °C on shaker. Next day, the cells
were washed three times with washing buffer, each time for 5 min at room temperature on
shaker. Then, the appropriate secondary antibodies were diluted in blocking buffer at 1:300
dilution ratio and were incubated with cells for 1 hr at room temperature on shaker. After
the incubation, the samples were washed three times to remove any unbound secondary
antibodies. Nuclei were counterstained using Dapi.
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Cardiac tissue generation. Engineered Heart Tissues were with small modifications
generated as described previously (Hansen et al., 2010). Briefly, induced pluripotent stem
cell-derived cardiomyocytes were detached and resuspended in culture medium containing
bovine fibrinogen (5 mg/ml), aprotinin (2.5 pg/ml) and 10% Matrigel. EHTs of 1x106
cardiomyocytes each were casted by mixing the reconstitution mix (97 pl/EHT) with thrombin
(3 pIZEHT, 100 U/ml) and pipetting it into the casting molds. Fibrin polymerization (37 °C, 7%
C02,98% RH, 2 h) led to the formation of a muscle strip. The EHTs were transferred to culture
medium (Dulbecco’s modified Eagle’s medium) containing 10% horse serum, 1% penicillin/
streptomycin, 10 pg/ml insulin and 33 pg/ml aprotinin and maintained at 21% oxygen, 7%
CO2 and 37 °Cin a humidified cell culture incubator for 25 days. Contractility measurements
were performed in culture medium as described previously (Hansen et al., 2010).

Small molecules / growth factors. PNU74654, MK2206, CHIR99021, C59 and Palbociclib
were obtained commercially. CHIR99021 and C59 were used depending on the assay at 2.0 or
4.0 uM final concentration and PNU74654, MK2206 and Palbociclib were used at 32, 1.0 and
1.0 uM, respectively. For in vitro studies, recombinant scFv-DKK1c and RSPO were expressed
and purified as previously described (Janda et al., 2017) and used in final concentrations of
200 and 25 nM, respectively. Recombinant Wnt3A protein was purchased commercially and
added in 100 ng/mL final concentration.

Protein expression analysis. Inmunocytochemistry was performed with overnight
incubation of primary antibodies (listed below) followed by 2-hour incubation with Alexa-
conjugated fluorescent secondary antibodies. Immunostaining images were captured using
confocal (Zeiss LSM 710) or epifluorescence (Leica DM IL) microscopy. Kinase phosphorylation
screening assays were performed using the Proteome Profiler Human Phospho-Kinase Array
Kit containing 43 human kinases. Western blotting was performed to validate the kinase screen
results. Total protein expression was measured with a gel imager and quantified based on pixel
intensity (BioRad). Only lanes from the same gel were used for displaying and quantification.
Luciferase assays Day 12 hiPSC-CMs were transfected for 48 hours with a TCF reporter plasmid
or the mutant reporter plasmid using Lipofectamine. 72 h after transfection cells were treated
with various small molecules for an additional 24 h and then lysed and mixed with luciferase
substrate. The expression of firefly luciferase was finally measured using a 96-well micro plate
reader. Real-time PCR expression analysis For quantitative analysis of gene expression, RNA
was extracted with a lysis buffer from hiPSC-CMs and stored at —80 °C. Total RNA from each
sample was purified from cell lysate using a RNA purification kit. cDNA was made using a
cDNA synthesis kit. Quantitative PCR was performed using a 96-well thermocycler system
(Biorad) with SYBR Green substrate for 40 cycles. All primers sequences were obtained from
the PrimerBank (Massachusetts General Hospital / Harvard Medical School) online database.
Oligos were synthesized at Stanford University.
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Single cell gene expression analysis. For single cell gene expression analysis, day 12 hiPSC-
CMs were treated with DMSO, CHIR99021 or C59 for 24 hours. At the end of treatment hiPSC-
CM aggregates were dispersed with TrypLE Select Enzyme as described above and dissociated
with gentle trituration. Single cells were washed and re-suspended in ice cold RPMI 1640 with
B27 supplement and then captured using the 10x Genomics platform. RNA amplification and
generation of cDNA expression libraries were performed prior to sequencing using HiSeqg-
4000 (Illumina). The three data files (CTR, CHIR and C59) (GEO accession number: GSE148586)
were merged and subsequent analysis was performed using Seurat software. Cells with poor
quality and doublets/multiplets were filtered out based on aberrant gene numbers, total
transcript counts, percentage of reads to mitochondrial genes, and housekeeping gene counts
(GAPDH, SOD1, BLVRB, PSMB3). To remove batch effect, Seurat integration tool was employed
(Stuart et al., 2019).

Flow cytometry. Freshly isolated hiPSC-CMs were fixed in PFA 4% for 5 min and incubated
with primary antibody against TnT for 1 hr. After multiple washings, an Alexa488-conjugated
mouse secondary antibody was added for 30 min of incubation followed by washings to
remove unbound antibodies. Samples were then analyzed using the FACSCalibur® flow
cytometer (BD Biosciences) and data processed using the FlowJo® software (TreeStar).

Electrophysiological studies. hiPSC-CM treated with DMSO, CHIR, or CHIR>C59 were
passaged 3 times in RPMI 1640 + B27 Supplement for an equivalent number of days and
seeded sparsely on Matrigel© coated 8 mm coverslips. Cells on coverslips were immersed
in extracellular solution containing 140 mM NacCl, 2.8 mM KCl, 2 mM CacCl2, 2 mM MgCl2, 10
mM HEPES, and 10 mM glucose, at pH 7.4. Patch electrodes were filled with an intracellular
solution containing 140 mM potassium gluconate, 10 mM NaCl, 2 mM MgCl2, 10 mM HEPES, 1
mM EGTA, 4 mM Mg-ATP, and 0.3 mM Na-GTP, at pH 7.3, hence, giving resistances of ~2-5 M'Q.
Spontaneous CM action potentials were recorded at room temperature using a sharp current
clamp mode. For calcium transient recording, iPSC-CMs were loaded with 5 uM Fluo-4 AM for
5-10 mins at 37 °C and were washed 3 times afterward. Spontaneous calcium transients were
observed at 37 °C with a Carl Zeiss LSM 510 confocal microscopy (Géttingen, Germany) and
a 63x objective (Plan-Apochromat 63x/1.40 Oil DIC M27). Calcium signalings were recorded
using line-scanning mode, and the Imaging data were analyzed with a custom-made Mat lab
algorithm. Transient amplitude was expressed as AF/FO.

Single cell patterning and contractility. For single cell contractile assays, hiPSC-CMs were
plated on polyacrylamide hydrogels of 10 kPa stiffness with micro-patterned Matrigel© to
achieve a final hiPSC-CM aspect ratio of 7:1 (Lee et al., 2020). After 3-6 days of culture in the
presence of DMSO, CHIR, or CHIR>C59, contractility of hiPSC-CMs were measured by recording
contractile motion of at least 10 individual cells per group using high speed microscope
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camera (frame rate: 75 fps, shutter speed: 1/150 sec) and motion velocity analysis was
performed using Sony Cell Motion Imaging System (SI8000) (Hayakawa et al., 2014). Briefly,
motion velocity analysis calculates contraction/relaxation velocity and deformation distance
by computationally measuring movement of pixels in the consecutive video images. Since
cells are patterned into known surface area (1800 um2) and attached to hydrogel substrate
of known stiffness (10 kPa), maximum contractile force was calculated using Young’s modulus
equation.

maz. contractile force =
max. contractile de formation distance Sur face Area

X
initial cell length determined by patterning (112 um) = Young’s modulus

After recordings, cells were fixed immuno-stained with antibodies to cTnT and a-actinin,
counterstained with DAPI, and imaged using Zeiss LSM710 confocal microscope. Quantification
of sarcomere alignment was performed using FlJI software with an additional analysis package
(Orientation J) to determine the angle of z-disc-registered sarcomeric a-actinin. For example,
90 ° angle of z-disc-registered sarcomeric a-actinin represents myofibril alignment along
cellular long axis.

Biophysical effect examination using hydrogel substrate. To modulate substrate stiffness,
polyacrylamide hydrogels were prepared as previously described (Lee et al., 2019, 2020).
Briefly, 40% of acrylamide and 2% bisacrylamide stock solution was diluted with deionized
water to make polyacrylamide hydrogel precursor solution with the final concentration of
acrylamide at 8% and the final concentration of bisacrylamide at 0.06%, 0.15%, and 0.6%, to
achieve hydrogel stiffness of 1, 10, and 60 kPa, respectively. The hydrogel precursor solution
was sandwiched between two coverslips and photo-crosslinked under light (365 nm, 4 mW/
cm?2) for 5 min. After photocrosslinking the hydrogel, one coverslip was peeled off to reveal
a hydrogel substrate. Day 24 hiPSC-CMs were plated on the hydrogel substrate and cultured
for 5 days in expansion media (B27+CHIR 2uM) for 5 days before fixation. Immunostaining
was done as described above. Rabbit-derived Yap antibody was diluted at 1:50.

YAP inhibition study. To pharmacologically inhibit YAP activity, a well-known inhibitor,
verteporfin (SML0534, Sigma) was administered to day 22 hiPSC-CMs at different
concentrations (0.1, 1, 10, 50, 100 uM) for 24 hours. 50, 100 uM verteporfin treatment led to
cell death. Next day, the cells were fixed and stained for YAP, TnT, and Ki67 as described above.
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In vivo studies in mice. Pregnant mice at gestational day 16.5 and 4-day-old CD1 mice
(Jackson Laboratory, Bar Harbor, ME) were given 4-6 consecutive daily intraperitoneally
injections of CHIR at a dose of 50mg/kg. After 4 days (embryonic studies) or 6 days (neonatal
studies) post-injection, euthanasia was performed by first sedating the mice via isoflurane
(inhalant, 2% in 100% oxygen, neonate placed on a warm pad), followed by a secondary
cervical dislocation. Death was verified after euthanasia and prior to disposal. All animal
experiments were approved by the animal care and use committee (APLAC) at Stanford
University. All experiments were performed in accordance with relevant guidelines and
regulations of Stanford University. Body and heart weights were measured by a blinded
observer. Freshly isolated adult hearts were dissected from mouse chest cavity and washed
in PBS to remove excess blood. The postnatal hearts were incubated in 30% sucrose in
phosphate buffered solution (PBS) overnight followed by stepwise incubation with a graded
concentration of OCT in PBS for cryo-sectioning. Following cryopreservation, hearts were cut
into 10 um sections and lightly fixed in 4% paraformaldehyde in PBS prior to immunostaining.
All quantitative analyses of the histological sections were performed on numerically coded
animals in an observer-blinded fashion to prevent subjective bias in data analysis.

Statistical analysis. Cell counts were performed with Luna-FL fluorescence cell counter,
BD flow cytometry system, Image J software or manually. Numerical data are presented
individually or as mean * standard deviation (SD), standard error (SE) or standard error of the
mean (SEM). Statistical significance was performed using Excel or Prism software. Values of
p<0.05 were considered statistically significant.
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Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Cardiac Troponin T Fisher MS-295
Kl67 Abcam Ab15580
Phospho-Histone 3 Cell Signaling 9701
alpha sarcomeric actinin Sigma-Aldrich A7811
MLC2V Abcam ab48003
phospo AKT T308 Cell Signaling #9275
Cyclin D2 Santa Cruz SC-452
YAP Santa Cruz SC15407
Proteome Profiler Human Phospho-Kinase Array Kit R&D systems ARY003B
Biological Samples

TCF reporter plasmid Addgene M50
Mutant TCF reporter plasmid Addgene M51
Chemicals, Peptides, and Recombinant Proteins

CHIR99021 Selleckchem 52924 /51263
59 Selleckchem S737
Verteporfin Sigma SML0534
PNU74654 Selleckchem 58429
MK2206 Selleckchem 51078
Palbociclib Selleckchem S1116
Wnt3A R&D systems 5036-WN-010
Lipofectamine Invitrogen L3000001
luciferase substrate Promega E1910
Critical Commercial Assays

Bovine fibrinogen Sigma F8630
Aprotin Sigma A1153
Matrigel Corning 35234
Thrombin Sigma T7513
Insulin Sigma 19278
ROCK inhibitor Y-27632 Selleckchem $1049
RNeasy Plus Mini Kit Qiagen 74134
HotStart-IT Sybr Invitrogen 75762
Superscript cDNA kit Invitrogen 11904018
RPMI 1640 Invitrogen 12633012
B27 supplement Invitrogen 17504044
Deposited Data

Single cell RNA sequencing 10x GSE148586
Experimental Models: Cell Lines

hiPSC line Stanford Biobank Scvin
hiPSC line Stanford Biobank Scvi3
hiPSCline Stanford Biobank SCVI202
hiPSCline Stanford Biobank SCVI273
Experimental Models: Organisms/Strains

C57BL/6J Mice Jackson Laboratory 000664

Software and Algorithms

Prism 8 Graphpad
Excel 2016 Microsoft
Seurat Satijalab.org
FlowJo® TreeStar
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RESULTS

Glycogen synthase kinase-3p (GSK-3) inhibition promotes hiPSC-CM
proliferation in a cell-density dependent manner through direct cell-cell contact

Previous studies have shown CHIR-mediated GSK-3f inhibition leads to cardiomyocyte
proliferation in mouse fetal heart, embryonic stem cell-derived cardiomyocytes (Buikema
etal., 2013a, 2013b) and hiPSC-CM (Mills et al., 2017; Sharma et al., 2018). Despite the known
role of GSK-3f inhibitor as a mitogen, the extent of cardiomyocyte proliferation has been
reported to be modest (< 3- to 5-fold increase in total cell number) (Mills et al., 2017; Sharma
etal., 2018) and were all performed in densely-plated cell cultures. We investigated whether
disruption of cell-cell contact by low-density passaging would further promote hiPSC-CM
proliferation. iPSC lines from healthy individuals were differentiated into cardiomyocytes
using small molecule-based Wnt-modulated protocol (Figure 1A) (Lian et al., 2012, 2013).
The differentiating cells displayed stage-specific gene expression for pluripotent stem cells
(NANOG), mesoderm (MESP1) and cardiac progenitor cells (Isl1) before committing to the
cardiomyogenic lineage (Figure S1A-B). When hiPSC-CMs were passaged at low-density,
the total cell number increased by 8-, 8-, and 4-folds at each passage, resulting overall in a
241-fold increase in hiPSC-CM number (Figure 1B). In contrast, the fold-change in cell number
in densely passaged group and w/o passaging group remained comparable, and at the end
of three passages or 3 weeks, the number increase was ~10-fold (Figure 1B). The CM number
increase with low-density passage was supported by their increase in cell cycle activity (Figure
1C-F) compared with densely passaged or un-passaged CMs assessed by cell cycle marker
Ki67 (Figure 1C-D). Moreover, fraction of mitotic CMs was at 1% without passaging and
remained at 1% upon passaging at high cell density, but it was only when CMs were passaged
at low-density that led to significant increase in mitotic CM fraction up to 10% (Figure 1E-F).
This indicates that the maintenance of low cell density is necessary to sustain active cell cycle
activity in CMs. Taken together, we demonstrate that massive expansion of hiPSC-CMs can be
achieved through sparse passaging in the presence of CHIR. We then asked whether hiPSC-
CMs at high cell density inhibit CM proliferation and induce cell cycle exit by their secretion
of anti-proliferative paracrine factors (Figure 1G). We did not find any significant changes in
the proportion of Ki67-expressing hiPSC-CMs between different conditioned media treatment
groups (Figure TH-I). Next, we examined whether the presence of cell-cell contact induces
cell cycle exit in hiPSC-CMs (Figure 1J). Interestingly, densely plated hiPSC-CM:s significantly
down-regulated Ki67 and pHH3, suggesting that cell-cell contact inhibits cell cycle activity
in hiPSC-CMs (Figure 1K-N). Taken together, we demonstrate here that cell-cell contactis a
major barrier to hiPSC-CM proliferation and that prevention of cell-cell contact is critical to
maintain CHIR-induced CM proliferation.
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Figure 1: GSK-3f inhibition promotes hiPSC-CM proliferation in a cell-density dependent manner. (A)
Schematic of Wnt-modulated directed cardiac differentiation and subsequent expansion. Day 12, hiPSC-CMs
were plated densely (~100,000 cells/cm?2), sparsely (~10,000 cells/cm2) for serial passaging or cultured without
passaging (~500,000-1M cells/cm2) in the presence of CHIR99021 (CHIR) (2.08M) (B) Graph displaying growth
of hiPSC-CMs represented as fold increase over day 12 for each passage (P) number. Data are means + SEM. (C)
Immunohistochemistry for proliferation marker Ki67 (green), cardiac troponin T (TnT) (cyan) and nuclei (red)
in hiPSC-CMs for the indicated culture conditions. (D) Quantification of the Ki67+ hiPSC-CMs mentioned in C.
Immunofluorescence (E) and quantification (F) of the mitotic phospho-histone H3 (pHH3) (green), TnT (cyan) and
nuclei (red) in hiPSC-CMs cultured in varying cell densities. Data (B-F) are in means + SEM. *p<0.05, ****p<0.001,
n.s. p>0.05 by One-way ANOVA with Tukey’s post hoc multiple comparisons test. (G) lllustration of conditioned-
media of densely cultured cells, subsequent factor concentration and application to sparsely cultured hiPSC-
CMs. (H) Immunofluorescence images for the indicated antibodies in sparsely passaged hiPSC-CMs cultured
with varying concentrations of conditioned medium from densely cultured hiPSC-CMs. (I) Quantification of the
percentages of Ki67+/TnT+ cells in H. Data are means + SEM. n.s. p>0.05 by One-way ANOVA Dunnett’s post hoc
multiple comparisons to control “no C/M” group (blue open circle). (J) Schematic of culturing fixed hiPSC-CMs
cell numbers with (dense) or without (sparse) cell-cell contact. Immunofluorescence (K) and quantification (L) of
the percent proliferative (Ki67+/TnT+) cells with (dense) and without sparsely cell-cell contact. Same for mitotic
(pHH3+/TnT+) cells (M) and (N). Data are means + SEM. *p<0.05, **p<0.01 by unpaired t-test. Supplementary Table
1 specifies the replicates per experiment.
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Glycogen synthase kinase-3p inhibition and low-density passaging result in
massive expansion of beating hiPSC-CMs

To determine the maximum extent of hiPSC-CMs expansion through combined GSK-3f3
inhibition and low-density passaging, we treated hiPSC-CMs continuously with or without
2.0 UM CHIR (CHIR vs. CTR), and serially passaged at low-density (Figure 2A). Remarkably, in
the presence of CHIR, the beating hiPSC-CMs continue to divide without notable cell death
(Figure S1C) and can be passaged up to 4-5 times over 60+ days (Figure 2B-D). Control
dimethyl-sulfoxide (DMSO)-treated hiPSC-CMs cease to proliferate after the first or second
passage (Figure 2B-D). Interestingly, despite the capacity for continuous cell division in the
presence of CHIR, these hiPSC-CMs remain capable of spontaneous beating (Supplementary
Movie 1). Typically, ~2 million hiPSC-CMs (e.g. 1 well in a 6-well plate) at day 12 of differentiation
generate 300-900 million hiPSC-CMs (Figure 2E). In addition, the expansion capacity was
reproducible in CMs from 4 different iPSC lines (CVI-111, CVI 113, CVI 202 and CVI 273) (Figure
2F). Moreover, no significant difference in expansion capacity was observed among the same
batch of day 12 CVI-111 hiPSC-CMs that were either cryopreserved or used directly (Figure
S1D). In total, continuous treatment of day 12 hiPSC-CMs with CHIR for >30 days resulted in
100 to 250-fold increase in total CM number when compared to CTR hiPSC-CMs at similar
time points (Figure 2G-H). Furthermore, CHIR-treatment appeared to maintain, if not slightly
enrich, CM purity as opposed to control DMSO-treated hiPSC-CMs which decreased CM purity
with each passage (Figure 2I-J), most likely due to over-growth of non-myocytes. To examine
the progression of cell cycle activity of CHIR-treated hiPSC-CMs over multiple passaging, the
percentage of troponin T (TnT) positive hiPSC-CMs that express the cell cycle marker Ki67 was
assessed at each passage after treatment with CHIR or DMSO (CTR) (Figure S1E). Interestingly,
while CTR hiPSC-CMs showed a rapid decline in their expression of Ki67 with each passage
where only a small number of proliferative cells can be observed after passage 2 (P2), CHIR-
treatment with low-density passaging resulted in significant (P = 4.42E-05) extension (up
to 5 passages) of the presence of proliferating cells. Moreover, we found that CHIR-treated
hiPSC-CMs indeed proceed through each stage of the cell cycle, undergo cytokinesis and
remain more mono-nucleated (Figure 2K-M and S1F-I). Furthermore, our immunostaining
data suggests that hiPSC-CMs disassemble their aligned sarcomeres during active mitosis,
suggesting the diminution or absence of active hiPSC-CM beating during the mitotic phase
of cell division (Figure 2K-M). Collectively, these data support the ability of GSK-3X inhibition
and contact removal via serial passaging to maintain hiPSC-CM proliferation.
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Figure 2: GSK-3@ inhibition and long-term low-density passaging results in massive expansion of beating
hiPSC-CMs. (A) Schematic timeline of hiPSC-CM expansion and passaging. (B) Representative images of hiPSC-
CM flasks from initial 10 cm2 confluent dish at passage 0 (P0) to multiple T-175 cm2 cell culture flasks at end of
passage 4. (C) Total surface area (cm2) coverage by hiPSC-CMs at each passage. (D) Representative bright-field
images of hiPSC-CMs treated with CHIR (2.08M) or DMSO (CTR) prior to being passaged. Note that CHIR-treated
cells reach confluence again prior to next passaging while DMSO-treated cells become progressive more sparse.
Same dilution factor was applied to both treatment conditions. (E) Quantification of total cell numbers from PO
to P5. (F) Graph displaying the expansion for multiple passages (P) of low-density cultured and CHIR treated CMs
derived from the 4 indicated hiPSClines. (G) Immunofluorescence analysis for TnT expression at P3 for hiPSC-CMs
treated with DMSO (CTR) or CHIR. (H) Fold increase in TnT+ cells at each passage in CHIR-treated over DMSO treated
cells for 4 indicated hiPSC lines. (I) Representative flow cytometry plots of TnT expression (green) and unstained
controls (grey) in DMSO (CTR) and CHIR-treated cells for the indicated passage number. (J) Average percentages
of TnT+ cells from flow cytometric analysis in (I). (K) Representative confocal microscopy images of P3 (> day 28)
CHIR-treated hiPSC-CMs at different phases of mitoses. (L) Quantification of proliferating hiPSC-CMs at distinct
mitotic phases from (K). (M) Immunofluorescence image of Aurora B kinase expression in TnT+ cells undergoing

cytokinesis. Scale bars represent 100um, Bar charts represent mean=SD. *p<0.05 and **p<0.005 by unpaired
t-test. Supplementary Table 1 specifies the replicates per experiment.

Cytokinesis

Mitois Index

Single-cell phenotypic assessment of hiPSC-CMs following CHIR treatment.

CM maturation is accompanied by formation of highly structured sarcomere, bi- or multi-
nucleation, and cell cycle exit (Bassat et al., 2017; Bersell et al., 2009; Senyo et al., 2014; Uygur
and Lee, 2016). The observed massive expansion of beating hiPSC-CMs following GSK-3f3
inhibition and low-density plating (Figure 2) raises the possibility that besides cell-cell contact
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inhibition (Figure 1), prevention of maturation may also in part explain their retained capacity to
proliferate. Patterned CHIR-treated single CM that is undergoing mitotic cell division marked by
pHH3, exhibited complete sarcomere disassembly (Figure 3A). Moreover, control (CTR) hiPSC-
CMs demonstrated highly organized and aligned sarcomeres, while CHIR-treated hiPSC-CMs
on micropatterns exhibited markedly reduced alignment and organization of sarcomeres
(Figure 3A-B). Quantification of z-disc-registered sarcomeric a-actinin confirmed the observed
sarcomere disorganization in CHIR-treated hiPSC-CMs (Figure 3C-D). Interestingly, when
the Wnt inhibitor C59 was added to cells that had previously expanded with CHIR treatment
(CHIR>C59), these cells improved their sarcomeric organization (Figure 3B-D). This supports
the reversibility of GSK-3f inhibition signaling effects on hiPSC-CMs. Imaging-based assessment
of contractile properties of CTR and CHIR-treated hiPSC-CMs demonstrated a decrease in force
generation with CHIR treatment (Figure 3E) that recovered upon replacing CHIR with C59 or
after the withdrawal of CHIR (data not shown). Additional single-cell calcium studies of age-
matched CTR- and CHIR-treated and CHIR withdrawn hiPSC-CMs showed no difference in their
spontaneous action potentials, calcium transients, beating frequency nor amplitude (Figure
3F-H). Real-time quantitative PCR analysis revealed CHIR-treated hiPSC-CMs downregulate
markers associated with cardiomyocyte maturation (MYL2, TNNI3, MYOM2), excitation (GJAT),
contractility (RYR2) and metabolism (COX6A2, CKMT) compared to those treated with DMSO or
C59, supporting maturation arrest phenotype at transcriptional level (Figure 31-K).

To further characterize global transcriptional changes in individual hiPSC-CMs in response
to GSK-3p inhibition, we performed single-cell RNA sequencing in day 12 hiPSC-CMs treated
for 24 hours with either DMSO (CTR), CHIR (4.0 uM), or C59 (4.0 uM) (Figure 3L). We captured
a total of 8,381 cells and performed 93,552 mean reads per cell resulting in a median of 1,297
genes analyzed per cell. Unsupervised analysis revealed 5 cell populations characterized as
non-proliferative and proliferative ventricular CMs, non-proliferative and proliferative atrial
CMs and fibroblast, present in all 3 treatment samples (Figure S2A-D). We found that Wnt
target genes such as AXIN2 and LEF1 were upregulated in almost all cells treated with CHIR
(Figure 3M). Furthermore, mature cardiac genes were dramatically downregulated in CHIR-
treated hiPSC-CMs and conversely correlated with the up-regulation of Wnt signaling target
genes (Figure 3N). Interestingly, CHIR treatment resulted in a larger subset of proliferative and
immature atrial and ventricular-like hiPSC-CMs (Figure 30-P and Figure S2E). Importantly,
GSK-3p inhibition did not result in increased expression of the cardiac progenitor markers
such as CKIT, ISL1 or MESP1/2 (Figure S2F), suggesting that expansion of functional hiPSC-CM
with CHIR does not lead to expansion of a rare population of residual cardiac mesoderm or
second-heart-field progenitor cells (Wu et al., 2008). Furthermore, expression of key cardiac
transcription factors such as GATA4, TBX5, MEF2C and NKX2.5 (leda et al., 2010), did not alter
significantly in hiPSC-CMs treated with CHIR versus CTR and C59 (Figure S2G). Overall, these
data strongly support the inhibition of hiPSC-CM maturation by CHIR/GSK-3f inhibition, a
phenomenon that has also been observed in second heart field-derived cardiac progenitor
cells and other cell types (Sato et al., 2004; Yin et al., 2014).
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Figure 3: Phenotypic assessment of hiPSC-CMs following GSK-3 inhibition and removal of cell-cell contact
inhibition (A-B) Confocal microscopy images of P3 (D35) hiPSC-CMs treated previous with either DMSO (1:5000)
(CTR) or CHIR (2.0 uM) since PO and (for CHIR-treated cells) subsequently treated for 6 days with either continuation
of CHIR (2.0 uM) or replacement of CHIR with C59 (2.0 pM) (CHIR>C59) and immunostained on micropatterned
surfaces for the expression of troponin T (TnT) and alpha-s actinin (a-SA) or phospho Histone H3 (pHH3). Treated
hiPSC-CMs were micropatterned as single cells to adopt rectangular morphology with 7:1 aspect ratio. (C-D)
Representative images of distribution of sarcomere fiber alignment. Color codes represent angle of a-SA with
respect to cellular long axis (e.g. Z-disc-registered a-SA angle = 900) (n=10) (E) Contractility measurements in cells
treated in (B). (F) Ca?* transients (Fluo-4AM) fluorescence expressed relative to baseline [F/F0] in hiPSC-CMs at day
(D) 42 in hiPSC-CMs treated with DMSO (CTR), CHIR (CHIR) or CHIR followed by C59 (CHIR>C59). Plots displaying
the Ca* transient (G) Frequency, (H) Amplitude and Decau Tau for each group. Fold increases in the expression
of sarcomere (1), electrophysiological (J), and metabolic genes (K) at the indicated days in hiPSC-CMs treated
with CHIR from D12 to D28 followed by either continued treatment with CHIR, CHIR withdraw (CHIR>CTR) or
replacement of CHIR with C59 (CHIR>C59). (L) UMAP plots of day 12 hiPSC-CMs treated with DMSO (1:2500) (grey),
CHIR (4.0 pM) (yellow), or C59 (4.0 uM) (black) for 24 hrs. (M) UMAP plots for indicated treatments and genes of
single-cell sequencing data. (N) Average normalized (over CTR) expression of the selected mature cardiac genes
for indicated treatments. (O) UMAP plots for cell cycle analysis, S-phase (S)(blue), G2/M-phase (G2M)(green) and
G1-phase (red) for the indicated treatments. (P) Bar graph displaying the percentage of cells from (L) in S, G2M,
or G1 phase for indicated treatments. Scale bars represent 100um. Dot plots represent biological replicates and
average. Bar charts represent mean. Graphs represent average+SD. *p<0.05 and **p<0.005 by unpaired t-test.
NS=not significant. Supplementary Table 1 specifies the replicates per experiment.

YAP activity is uncoupled from cell density-dependent CHIR-induced hiPSC-CM
proliferation.

The Hippo signaling pathway has been shown to regulate heart growth and Wnt signaling-
mediated cardiomyocyte proliferation (Heallen et al., 2011). Hippo pathway consists of a core
kinase cascade that modulates activity of transcriptional co-activator, yes-associated protein
(YAP), which is one of the major nuclear effectors of Hippo pathway. Previous studies have
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shown that overexpression of active YAP is sufficient to induce cardiomyocyte proliferation
(Bassat et al., 2017; von Gise et al., 2012; Lin et al., 2015). We examined whether YAP is
responsible for density-dependent proliferation of CHIR-treated hiPSC-CMs. Immunostaining
of YAP revealed that ratio of nuclear to cytoplasmic YAP increases when hiPSC-CMs are sparsely
plated (Figure 4A-B). Given the positive correlation between nuclear YAP translocation and
cardiomyocyte proliferation (Figure 1K-N, ,4A4A-B), we next asked whether this increase
in YAP nuclear translocation results from mechanosensing of stiffness. Since densely-packed
hiPSC-CMs would sense their microenvironment to be softer than sparsely-plated hiPSC-CMs
that are cultured directly over tissue culture plastic, we addressed whether substrate stiffness
could alter the proliferation of hiPSC-CMs via YAP activity (Figure 4C). Interestingly, we found
no difference in the fraction of Ki67+ CMs with changing substrate stiffness (Figure 4D-E),
despite a significant increase in nuclear translocation of YAP when hiPSC-CMs were cultured
on stiff hydrogel (60 kPa) or rigid plastic (Figure 4F-G). In line with this finding, reduced YAP
nuclear translocation via treatment of verteporfin (Figure 4H-I), an inhibitor of YAP nuclear
translocation, did not lead to a reduction in hiPSC-CM proliferation (Figure 4J-K). In summary,
these data demonstrate an uncoupling of CHIR and cell-cell contact regulated hiPSC-CM
proliferation from nuclear YAP activity.

Mechanistic analysis of GSK-3f inhibition and low-density culture on hiPSC-CM
proliferation reveals an interplay between canonical Wnt and AKT signaling

To further elucidate the underlying molecular mechanisms, we first examined whether CHIR
acts downstream of Wnt ligand binding to its receptor Frizzled and co-receptor low-density
lipoprotein receptor 5/6 (LRP 5/6) (Nusse and Clevers, 2017). We found that a panel of Wnt
ligands (i.e. canonical Wnt agonist Wnt3A and a previously described Wnt surrogate ligand
scFv-DKK1c (Janda et al., 2017; Yan et al., 2017) in combination with R-Spondin (RSPO)) robustly
mediated immature hiPSC-CM expansion comparable to CHIR-treatment, suggesting CHIR
acts downstream of Wnt ligand activity (Figure S3A-G).

Since GSK-3f is known to be involved in multiple cellular processes beyond canonical Wnt
signaling modulation (Beurel et al., 2015) and we show here that cell contact is a potent
inhibitor of hiPSC-CM proliferation, we sought to examine whether a 3-catenin-independent
mechanism is involved in hiPSC-CM proliferation. Interestingly, we found that while CHIR-
induced activation of the TCF/LEF luciferase reporter was completely abolished in the presence
of PNU74654, a specific TCF/LEF 3-catenin signaling blocker (Trosset et al., 2006) (Figure 5A),
the CHIR-mediated hiPSC-CM proliferation decreased only by ~50% (Figure 5B). This suggests
that a B-catenin-independent mechanism contributes to roughly half of the proliferative
activity observed with CHIR treatment. We confirmed, by real time quantitative PCR, the
induction of Wnt signaling target gene expression (e.g. Axin2, LEF, and CCND2) following
CHIR treatment in hiPSC-CMs and the ability of PNU74654 treatment to abolish this increase
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(Figure 5C). We also show that the expression of markers of hiPSC-CM maturation (MYL2,
MYH7, MYOM1) were down-regulated by CHIR treatment and recovered fully upon the co-
treatment with PNU746554 (Figure 5C). These results demonstrate that -catenin-mediated
canonical Wnt signaling prevents hiPSC-CM maturation and is responsible for roughly 50%
of the observed CHIR-induced expansion of hiPSC-CMs.

Figure 4: Density-dependent CHIR-induced hiPSC-CM proliferation is uncoupled from YAP activity. (A)
Representative immunofluorescence images for yes-associated protein (YAP)(green), cardiac troponin T (TnT)
(cyan) and nuclei (red) in dense or sparse culture conditions. (B) Graph displaying nuclear/cytoplasmic YAP
ratios for the indicated culture condition. Data are means + SEM. ****p<0.0001 by unpaired t test. (C) Schematic
displaying potential biophysical effects of sparse and dense cell culture on cell-sensing of the substrate stiffness. (D)
Immunofluorescence for Ki67 (green), TnT (cyan) and nuclei (red) in hiPSC-CMs cultured on substrates with varying
stiffness (kPa) or on tissue culture plastic (TCP)(infinite stiffness). (E) Quantification of the percent Ki67+/TnT+ cells for
the indicated substrate stiffness in D. (F) Representative immunofluorescence images as in A of hiPSC-CMs cultured
sparsely on the substrates as in D. (G) Nuclear/cytoplasmic ratios of YAP in hiPSC-CMs in F. YAP expression (1) and (H)
in hiPSC-CMs cultured in sparse or dense culture conditions with or without YAP inhibitor Verteporfin (1.0 or 10 uM).
Immunofluorescence (J) and quantification (K) for ki67+ (red), TnT+ (green) cells (blue) for the same conditions as in
H. Data are means + SEM. *p<0.05. ****p<0.0001 by One-way ANOVA Dunnett’s post hoc multiple comparisons to
control “Sparse-DMSO” group. Supplementary Table 1 specifies the replicates per experiment.
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To identify the B-catenin-independent process that accounts for the low density plus CHIR-
mediated hiPSC-CM proliferation, we screened a library of 43 kinases with known functions
(Figure 5D and S4A) and found a significant upregulation of AKT1/2/3 phosphorylation at
residue T308 (Figure 5D), a residue that is required for AKT activation and cell division (Liu
et al,, 2014). In addition, we found an increased phosphorylation of HSP27, an AKT binding
protein, as well as p70S6K, a downstream AKT target (Figure 5D) (Conejo et al., 2002; Song
et al., 2005). Using an antibody directed against the T308 residues of phosphorylated AKT
(pAKT), we confirmed by western blotting that the active (i.e. phosphorylated) form of AKT is
rapidly increased following CHIR treatment at low cell density (Figure 5E-F). Immunostaining
of day 12 hiPSC-CMs revealed that T308 pAKT was abundantly expressed in the cytoplasm of
mitotic hiPSC-CMs in the CHIR-treated group (Figure 5G and S4B).

Next, we assessed the contribution of T308 pAKT in hiPSC-CM proliferation by using a previously
described highly selective AKT phosphorylation inhibitor MK2206 (Lindsley et al., 2007). When
co-treated with MK2206, CHIR and low density-induced hiPSC-CM proliferation decreased
by ~50% compared with CHIR treatment alone and pAKT expression reduced (Figure 5G-I).
Furthermore, we found while MK2206 treatment inhibits AKT T308 phosphorylation (Figure
51), it does not affect downstream B-catenin signaling, as assessed by the LEF/TCF luciferase
reporter (Figure 5J), nor does it alter the expression of genes associated with CM maturation or
Whnt signaling (Figure 5K). These data reveal the presence of B-catenin-independent signaling
that target downstream effects of GSK-3f inhibition and low cell density via activation of AKT
signaling to induce hiPSC-CM proliferation (Figure 5L). (PI3K)-AKT pathway is a well-known
regulator of Cyclin D2 protein stabilization and cell-cycle progression (Mirzaa et al., 2014).
Interestingly, the addition of MK2206 (AKT inhibitor) or PNU74654 (LEF/TCF inhibitor) reduced
amounts of Cyclin D2 positive hiPSC-CMs (Figure 5MN), indicating that Cyclin D2 activity
integrates the contribution by B-catenin signaling and AKT phosphorylation to overall hiPSC-
CM proliferation. Previously, Type D cyclins were reported to assemble with Cyclin-dependent-
kinases 4/6 (CDK4/6) and form enzymatically active holoenzyme complexes to propel cell cycle
progression (Sherr et al., 2016). To address whether CDK4/6 also play an integrative role in
CHIR and low cell density-mediate proliferation, CHIR-treated, sparse hiPSC-CMs were treated
with palbociclib, a potent small molecular inhibitor of CDK4/6, and shown mitosis was nearly
completely abrogated (Figure 50-P). Taken together, these data demonstrate that GSK-3f3
inhibition and concomitant cell contact removal induce a molecular interplay to enhance LEF/
TCF activity via canonical B-catenin signaling and activate AKT phosphorylation at T308 to
enhance Cyclin D2 activity and promote hiPSC-CM proliferation.
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Figure 5: CHIR and low-density plating activate B-catenin and AKT signaling to enhance hiPSC-CM
proliferation via Cyclin D2-dependent kinases and prevent maturation via repression of sarcomere gene
expression. (A) TOPFlash (TCF/LEF) luciferase analysis of hiPSC-CMs treated with CTR or CHIR in the presence/
absence of PNU74654 for 24 hrs. (B) Fold increase in TnT+ cell number after DMSO (CTR) or CHIR (2.0 uM) treatment
in the presence/absence of PNU74654 (32 uM). (C) Normalized gene expression of Wnt target genes and maturation
markers after treatment with CTR or the indicated compounds. Note the complete recovery of maturation gene
expression when canonical Wnt signaling is abolished by PNU74654 treatment. (D) A mini-screen of 43 kinase
targets after CHIR treatment demonstrated an increase in phosphorylation (p) levels at AKT, HSP27, and others.
(E) Confirmation of AKT T308 phosphorylation by Western Blotting analysis. (F) Quantification of pAKT protein
expression level after CHIR treatment. (G) Immunofluorescence analysis for pAKT T308 expression in TnT+ (green)
day 20 hiPSC-CMs cultured for 6 days with the indicated treatment. Quantification of the number of TnT+ (H) and
PAKT T308+ (1) cells for each treatment with the indicated compounds. (J) TOPFlash luciferase analysis of hiPSC-
CMs after treatment of CHIR for 24 hrs in the presence/absence of MK2206 (1.0 uM). (K) Expression of Wnt target
genes and maturation markers after treatment with CTR or the indicated compounds. Note that AKT signaling is
not changing the Wnt dependent maturation related gene expression. (L) A schematic diagram of the inhibitory
relationship between GSK3 and downstream canonical Wnt signaling and their de-repression with CHIR. The role
of PNU74654 to inhibit 3-catenin-TCF/LEF activity is highlighted. Dashed lines indicate a correlation between
AKT-CCND2. (M) Immunofluorescence analysis for Cyclin D2 (CCND2) (pink) expression in TnT+ (green) day 20
hiPSC-CMs cultured for 6 days with the indicated compounds. Quantification of the number of CCND2+/TnT+
cells per treatment group (N). (O) Immunofluorescence analysis for phospho Histone H3 (pHH3) (pink) and TnT
(green) expression at day 20 hiPSC-CMs cultured for 6 days with the indicated compounds. Quantification of the
number of pHH3+/TnT+ cells per treatment group (P). Scale bars represent 100um, dot plots represent biological
replicates and average. Bar charts represent mean+SD. *p<0.05 and **p<0.005 by unpaired t-test. Supplementary
Table 1 specifies the replicates per experiment.
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Long-term GSK-3p inhibition does not preclude terminal differentiation and
maturation of expanded hiPSC-CMs and their capacity to form functional cardiac
tissue

Given the diverse role for GSK-3f signaling to regulate cell lineage commitment and
differentiation, a prolonged exposure to CHIR raises concerns regarding possibilities of
hiPSCCM phenotype conversion or oncogenic transformation that prevent them from
appropriate maturation following expansion, a finding that would significantly hamper
their use for tissue engineering applications or regenerative approaches. To address this,
we expanded hiPSC-CMs for 4 serial passages in continuous presence of CHIR followed by
its withdrawal from the culture media for several weeks. When compared to age-matched
controls, previously long-term expanded cells had phenotypically recovered to normal as
assessed by immunohistochemistry for a-sarcomeric actinin and real-time PCR for several
mature sarcomeric and ion channel genes (Figure 6A-B). Next, as a functional proof-of-
principle, we created engineered heart tissues from P4 CHIR expanded hiPSC-CMs and age-
matched non-expanded CMs (Figure 6C). Mass-produced (Figure 6D) engineered heart
tissues from expanded hiPSC-CMs exhibited normal sarcomere alignment and fully functional
integration when applied in engineered heart tissues (Figure 6E). Moreover, mass produced
engineered heart tissues from multiple hiPSC lines (CVI-111 and CVI-273) have comparable
or slightly enhanced functional properties when compared to those generated from age-
matched unexpanded control cells (Figure 6F and Supplementary Movie 5 and 6). The
proliferative response of hiPSC-CMs to GSK-3( inhibition raises the possibility that CHIR
may act to stimulation cell division in proliferation-competent CMs when applied the late
embryonic or postnatal heart in vivo. To investigate this, pregnant mice at E16.5 was treated
with a once daily injection of CHIR or DMSO carrier (CTR) for 4 consecutive days, followed
by harvesting. Interestingly, at E20.5 CHIR-treated embryos contained 1.8-fold increase in
mitotic CMs when compared to the embryos treated with DMSO control (Figure S5A-C).
Analysis of individual cell size revealed no difference in the size of single CMs in hearts from
CHIR-administered mice compared to those treated with DMSO (Figure S5D-E). These data
suggest the potential for residual hyperplasia of CMs during late gestation with GSK-3(3
inhibition, despite substantially attenuated proliferative effect compared to in vitro CHIR-
treated hiPSC-CMs. Furthermore, GSK-3f3 inhibition with daily CHIR injections for 6 consecutive
days in postnatal mice (P10) did not result in increased myocardial growth when compared to
controls (Figure S5F-G). These data support the progressive decline in proliferative capacity
of embryonic CMs in vivo and the likely inhibitory effects of cell-cell contact that prevents
significant CM expansion upon in vivo GSK-3{ inhibition.
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Figure 6: Long-term GSK3 inhibition with low-density plating does not preclude hiPSC-CMs terminal
differentiation and maturation in functional cardiac tissue. (A) Inmunofluorescence image of alpha-actinin (a-
Act) and (B) gPCR analysis of sarcomeric gene expression in passage 4 (P4) expanded vs non-expanded hiPSC-CMs
atday 42 (~D42) of differentiation. (C) Brightfield images of engineered heart tissues produced from non-expanded
or P4 expanded hiPSC-CMs at ~D42 and further cultured for 25-days. (D) Brightfield image of engineered heart
tissues in a 24-well plate format. (E) Immunofluorescence microscopy images of alpha-actinin (a-Act) and Troponin
T (TnT) in cardiac tissue generated from previously expanded hiPSC-CMs. (F) Graphs displaying development of
contraction force (mN), beating rate and time to peak (T1) in heart tissues generated from previously expanded
(P4 CHIR>CTR) (yellow) or non-expanded (grey) hiPSC-CMs measured at different time points after cardiac tissue
formation. (G) Plots for contraction analysis in engineered heart tissue 14 days after formation for the indicated
treatment and hiPSC lines. Scale bars represent 100pum. Bar charts represent mean+SD. Dot plots represents
biological replicates and mean+SEM. *p<0.05 by unpaired t-test. Supplementary Table 1 specifies the replicates
per experiment.
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DISCUSSION

A major goal of cardiac regenerative medicine is the restoration of functional cardiac tissue
in damaged or defected hearts. Identification of a strategy to stimulate proliferation of
preexisting CMs would allow for repairing failing hearts induced by CM loss and generating
patient-specific, engineered heart tissue for regenerative therapy or drug screening
applications. Here, we achieved massive expansion of functional hiPSC-CMs in vitro through
concomitant GSK-3f inhibition and removal of cell-cell contact. While we and others have
previously demonstrated the ability of canonical Wnt signaling activation or direct GSK-3f3
inhibition to transiently expand mouse and human PSC-CMs in vitro, the extent remained
modest (<10-fold) (Buikema et al., 2013b; Mills et al., 2019; Sharma et al., 2018; Titmarsh et al.,
2016; Uosaki et al., 2013). In this study, we show that direct cell-cell contact is a major inhibitor
for continuous CM proliferation, and the modest expansion of hiPSC-CMs by GSK-3f3 inhibition
alone can be overcome by removal of cell-cell contact following multiple passages, which can
cumulatively result in a 250-fold expansion (Figure 1 and 2). Mechanistically, we demonstrate
that GSK-3p inhibition suppresses CM maturation via LEF/TCF activity, while concomitant
removal of cell-cell contact stimulates the cell cycle activation by AKT T308 phosphorylation
(Figure 3 and 5). The combined CHIR treatment with low density hiPSC-CM culture allowed
for continuous cell cycle activation and CM proliferation, independent from upregulation
of YAP activity (Figure 1 and 4) These findings support the role of Wnt/ -catenin signaling
in suppressing hiPSC-CM maturation and uncover a role of cell-cell contact in inhibiting CM
proliferation. As a proof-of-concept, we show the feasibility of using hiPSC-CMs expanded by
the presented method for mass production of engineered heart tissues (Figure 6). We believe
the ability to generate hiPSC-CMs at this scale will greatly facilitate in vitro disease modeling,
high throughput drug screening and in vivo tissue engineering applications. In summary,
we demonstrate massive expansion of human cardiomyocytes in vitro by simultaneously

“removing brakes and pushing accelerators” (He and Zhou, 2017).

Our finding here complements the recent studies demonstrating the generation of a large
number of cardiac cells for regenerative applications with noted differences. First, this study
reveals an important finding that mitotic cardiomyocytes quickly lose proliferation capacity
via juxtacrine signaling (Figure 1), highlighting the importance of removal of cell-cell
contact. Contact inhibition of cell proliferation is an essential regulatory process to control
tissue growth during embryonic development and tissue homeostasis, and is known to be
dysregulated in uncontrolled tumor growth (Kim et al., 2011). Historically for continuous cell
growth upon reaching high cell confluence, reducing cell density and removing contact
inhibition have been standard in vitro cell culture procedure, also known as passaging.
However, passaging of hiPSC-CMs has not been possible because passaging alone leads to
expanding only nonmyocytes (Figure 2F and 2H). We show a remarkable role of CHIR in
delaying hiPSC-CM maturation and widening their mitotic window to enable continuous
CM passaging and expansion (Figure 2 and 3). In addition, this study represents a unique
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strategy to generate a massive amount of CMs from differentiated CMs. Earlier studies have
shown to produce cardiovascular progenitor cells using growth factor combinations during
hiPSC differentiation or small molecules plus overexpression of reprogramming factor for
direct lineage conversion into cardiovascular progenitors (Birket et al., 2015; Zhang et al.,
2016). Given the mix population of the differentiated progeny of multipotent cardiovascular
progenitors, this strategy to generate a massive amount of pure hiPSC-CMs provides a unique
opportunity. For example, ~10 billion hiPSC-CMs (the total estimated number of CMs in an
adult heart) with >95% purity can be prepared from two 6-wells plate of day 12 hiPSC-CM:s.
Mechanistically, none of previous studies that demonstrated the ability of GSK-33 inhibition
and Wnt signaling to induce CM division (Buikema et al., 2013b; Heallen et al., 2011; Kerkela
et al., 2008; Titmarsh et al., 2016; Tseng et al., 2006; Uosaki et al., 2013), has reported that
canonical Wnt signaling activation via GSK-3f3 inhibition prevents CM maturation and extends
the proliferative window of immature CMs (Figure 2 and 5). Furthermore, we report CHIR/low
density-induced hiPSC-CM proliferation is independent from YAP activity (Figure 4), which
was previously shown to be sufficient for promoting cardiomyocyte proliferation mediated
by B-catenin (Heallen et al., 2011; Mills et al., 2017). Since B-catenin was a required mediator
of Hippo signaling to induce cardiomyocyte proliferation and cardiomegaly (Heallen et al.,
2011), CHIR treatment may have overwritten the effect of YAP modulation, thereby revealing
a YAP-independent effect of contact inhibition. Further study is being actively conducted to
further elucidate the underlying molecular mechanisms.

One concern associated with massively expanding CMs is the possibility of their oncogenic
transformation. We demonstrate that after the withdrawal of CHIR, hiPSC-CMs can mature
normally and display a similar degree of sarcomere organization, electrophysiological response,
and force generation as control hiPSC-CMs that were withheld from GSK-3f inhibition (Figure
3 and Figure 6). Gene expression analysis showed an increase in most sarcomere and ion-
channel gene expression upon withdrawal of GSK-3f inhibition (Figure 3). Furthermore, we
observed that proliferating hiPSC-CMs are mostly mononucleated (Figure 2 and 3) and that after
withdrawal of CHIR, the number of binucleated CMs increased while the fraction of cell-cycle-
entered hiPSC-CMs decreased (Figure STH-I). Our single-cell RNA sequencing data also supports
the maintenance of the immature state of hiPSC-CMs by Wnt signaling pathway activation as
a mean to extend their proliferative window, leading to a moderate level of increase in the
expression of cell cycle proteins compared with untreated hiPSC-CMs (Figure 3 and 5 and S2).
Taken together, this confirms that GSK-3 inhibition in immature hiPSC-CMs serves to increase
proliferation by arresting these cells from their normal maturation process and not by driving
these beating CMs into an alternative fate that is more proliferative, as with overexpression of
cell cycle genes, which should minimize the potential for oncogenic transformation.

Finally, one of the most promising therapeutic strategies to treat ischemic heart failure is to
generate new CMs in an injured myocardium. Our in vivo studies indicate CHIR treatment
during late gestation results in significantly more mitotic CMs, while this effect was not found
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10 days after birth (Figure S5). This indicates that GSK-3B inhibition alone is not sufficient for
cardiac regeneration in the postnatal and adult phases. Nevertheless, these findings point
to the potential for residual hyperplasia of CMs during late gestation with Wnt stimulation
as a therapy for certain forms of congenital heart disease such as hypoplastic left heart
syndrome since a recent in-depth study indicates dysregulation of Wnt signaling as one of
the contributors to impaired growth (Liu et al., 2017).

SUMMARY

We demonstrated a strategy for the massive expansion of beating hiPSC-CMs with
simultaneous GSK-3f inhibition and low cell density culture that ultimately generated a
250-fold increase in the number of hiPSC-CMs, which is suitable for multiple translational/
regenerative applications. Furthermore, the in vivo control of late gestational CM proliferation
may lead to promising regenerative strategies for treating patients with congenital heart
defects.

Study Limitations

Some limitations should be considered when interpreting the results of this study. First,
while we observed a strong expansion capacity of day 12 hiPSC-CMs, this capacity is not
unlimited. This suggests that additional factors contribute to the proliferative decline of
hiPSCCM with maturation. In line with this finding we found that late gestational but not
postnatal administration of CHIR is able to increase in vivo cardiomyocyte proliferation.
Second, our mechanics studies focused on the inhibition of GSK-3( signaling to stimulate
hiPSC-CM proliferation. While we identified the powerful negative effect of cell-cell contact
on hiPSC-CM proliferation, the precise molecular mechanism of this effect remains unknown.
Whether the engagement of cell surface molecules between two adjacent cells leads to a
change in downstream signaling event that suppresses hiPSC-CM proliferation will require
further investigation.
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The supplementary figures 1-5 and supplementary table 1 can be downloaded from:
https://www.cell.com/cms/10.1016/j.stem.2020.06.001/attachment/ce0d8e61-0e51-41c9-
8d8e-f9ba8fb7160a/mmci

Or:

84



Massive Expansion of Functional Human iPSC-derived Cardiomyocytes

85



Proliferation stain of expanding stem cell-derived cardiomyocytes.
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Chapter 4

ABSTRACT

Since the discovery of human induced pluripotent stem cells (hiPSCs), numerous strategies
have been established to efficiently derive cardiomyocytes from hiPSCs (hiPSC-CMs). Here, we
describe a cost-effective strategy for the subsequent massive expansion (>250-fold) of high-
purity hiPSC-CMs relying on two aspects: removal of cell-cell contacts and small-molecule
inhibition with CHIR99021. The protocol maintains CM functionality, allows cryopreservation,
and the cells can be used in downstream assays such as disease modeling, drug and toxicity
screening, and cell therapy. For complete details on the use and execution of this protocol,
please refer to Buikema (2020).
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METHODS

Before You Begin

Timing: 30 min

In a sterile hood, dilute Matrigel to a concentration of 1.2 mg/ml in 4°C RPMI-1640 in a 50
ml tube on ice. Prepare aliquots of 1 ml in 15 ml tubes on ice and store at -20°C. Remove
one Matrigel aliquot (1 ml) from the freezer, and add 11 ml of cold RPMI-1640 to a final
concentration of 0.1mg/mL (empirically up to 5x lower concentrations of Matrigel are working).
Gently mix the Matrigel solution to thaw and dissolve the Matrigel. Immediately add 1 ml/
well Matrigel in RPMI-1640 for 6-well plates, 1,5 ml/flask for T25s, 2,5 ml/flask for T75, or 5 ml/
flask for T175 flasks. Allow the Matrigel to set for 30 minutes at 37°C before use. The Matrigel-
coated plates and flasks can be stored at 4 °C for up to 3 weeks.

Note: Keep Matrigel on ice to avoid solidification during the coating procedure. Boxes with
pipet tips can be pre-chilled at -20°C.

MATERIALS AND EQUIPMENT
+  hiPSCE8 complete medium: In a sterile environment, mix E8 basal medium, E8 supplement

(2% (vol/vol) and penicillin/streptomycin (1% (vol/vol)).

Note: We recommend to aliquot the E8 supplement (-20°C) and medium (4°C) and prepare
weekly aliquots of the complete medium by pre-warming the required amount. The basal
medium can be stored at —20°C for up to 1 year. After preparation, hiPSC E8 complete
medium can be stored at 4°C for up to 1 month.

« 10 mM stock Y27632 (Y): In a sterile environment, add 31.2246 mL DMSO to 100 mg Y27632.
Note: Prepare aliquots of 2-10 pL and store at —80°C for up to 6 months. After thawing the
aliquot can be stored at 4°C for 2 weeks.

« E8+5uMY-27632:In a sterile environment, add 0.05% Y-27632 (1:2000 dilution of the 10mM
stock) to the hiPSC E8 complete medium.

Note: After preparation, this medium can be stored at 4°C for up to 1 week.

+ 40 mM stock CHIR99021 (CHIR): In a sterile environment, add 1.2455 mL DMSO to 25 mg
CHIR.

Note: Prepare aliquots of 2-10 uL and store at —80°C for up to 1 year. Avoid re-freezing of
the aliquots.

« CMdifferentiation medium (B27): In a sterile environment, mix RPMI 1640, 2% B-27 minus
insulin (1:50) and 1% penicillin/streptomycin (1:100).

« CM differentiation medium + 7 uM CHIR: In a sterile environment, add 0.0267% CHIR (1:3750
dilution of the 40mM stock) into CM differentiation medium.

Note: After preparation, do not store this medium to avoid repeated freeze-thaw cycles of
CHIR.
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20

CM differentiation medium + 8 uM CHIR: In a sterile environment, add 0.02% CHIR (1:5000
dilution of the 40 mM CHIR stock) into CM differentiation medium.

Note: After preparation, do not store this medium to avoid repeated freeze-thaw cycles of
CHIR.

Wnt-C59 (20 mM): In a sterile environment, add 1302.2 uL DMSO to 10 mg Wnt-C59.
Note: Prepare aliquots of 50 pL format and store at —80°C for up to 2 years. Avoid re-
freezing of the aliquots.

CM differentiation medium + 2 uM Wnt-C59: In a sterile environment, add 0,01% Wnt-C59
(1:10.000 dilution of the 20 mM Wnt-C59 stock) into CM differentiation medium.

Note: After preparation, do not store this medium to avoid repeated freeze-thaw cycles of
Wnt-C59.

+CM culture medium (CM): In a sterile environment mix RPMI 1640, 2% B-27 supplement
(1:50) and 1% penicillin/streptomycin (1:100).

CM purification medium (PM): In a sterile environment mix RPMI 1640 no glucose, 2% B-27
supplement (1:50) and 1% penicillin/streptomycin (1:100).

CM replating medium (RM): In a sterile environment, add 0.1% Y-27632 (1:1000 dilution of
the 10mM stock) and 10% KO serum replacement (1:10) into CM culture medium.

Note: After preparation, all cardiac culture mediums can be stored at 4°C for up to 1T month.
CM expansion medium (EM) (with 2 uM CHIR): In a sterile environment, add 0.005% CHIR
(1:20.000 dilution of the 40 mM CHIR stock) into CM culture medium.

Note: After preparation, we do not recommend storing this medium.

CM splitting medium (SM) (with 2 uM CHIR): In a sterile environment, add 0.005% CHIR
(1:20.000 dilution of the 40 mM CHIR stock), 0.1% Y-27632 (1:1000 dilution of the 10mM
stock), and 10% KO serum replacement (1:10) replacement into CM culture medium.
Note: After preparation, we do not recommend storing this medium.

CM thawing medium (TM): In a sterile environment, add 1% Revitacell (1:100) and 10% KO
serum replacement (1:10) into CM culture medium. Protect medium from light.

CRITICAL: Revitacell is light-sensitive. Protect Revitacell from light.

Note: After preparation, this medium can be stored at 4°C for up to 1 week.

Note: We recommend to prepare aliquots of 100-500 pL Revitcell and store at —20°C for
up to 1 year.

Permeabilization and blocking buffer: This buffer contains PBS, 5% BSA and 0,3%
Triton-X-100.

Flow cytometry buffer: This buffer contains 50 ml of PBS and 1% BSA and 0.3% Triton-X-100.
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«  Wash buffer: This buffer contains 50 ml of PBS and 1% BSA.
Note: After preparation, all buffers can be stored at 4°C for up to 1 month.

Alternatives:

«  6-Well cell culture plates: Greiner, cat. no. 657160.
« T25 cell culture flasks: Greiner, cat. no. 690170.

« T75 cell culture flasks: Greiner, cat. no. 658170.

«  T175 cell culture flasks: Greiner, cat. no. 660160.

« Centrifuge tubes: 15 ml, Greiner, cat. no. 188280.

+ Room temperature CoolCell cell freezing container (-1 °C /minute cell freezing).
+ Cryovials: VWR, cat. no. 479-6846.

« Counting slides: Countess, Cat. no C10228.

.« BSL2 biosafety cabinet: e.g., Telstar EF.

« Cell Counter: e.g, Countess Il FL Automated Cell Counter from Life Technologies.
+ Cell culture incubator (37°C, 5% CO2, 21% O2): e.g. Panasonic MCO 170.

« 37°Cwater bath: e.g., Julabo Pura.

Key Resources Tables

Table 1. key culture format cultivation table

STEPS Culture #Culture Startamount Totalamountof Volume of Timing

format formats of cells (10*/ cells after each medium/format

cm?) step (10%)

hiPSC culturing 6 wells plate 1 well ~2 ~300 2 mL per wells 4d
Cardiac 6 wells plate 1 well ~30 ~700 3 mL per wells 11d
differentiation
Passage 1 T75 flask 1x ~2.5 ~2100 7 mLperT75flask  ~4d
Passage 2 T175 flask 3x ~4 ~7000 21 ml perT175 flask ~5d
Passage 3 T175flask  8x ~5 ~20000 21 ml perT175 flask ~6 d
Passage 4 T175 flask 14x ~8 ~35000 21 ml perT175 flask ~7 d
Passage 5 T175flask ~ 20x ~10 ~50000 21 ml perT175 flask ~8d
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Table 2. key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Anti-a-actinin, primary mouse monoclonal antibody Merck, A7811
Anti-Ki67, primary rabbit polyclonal antibody Abcam AB833
Propidium lodide (PI) Cell Signaling 4087S
Goat Anti-mouse Alexa Fluor 488 Invitrogen A11029
Goat Anti-rabbit Alexa Fluor 568 Invitrogen A11011
Chemicals, peptides, and recombinant proteins

B-27 supplement minus insulin (B27-insulin) Thermo fisher A1895601
B-27 supplement plus insulin (B27+insulin) Thermo fisher 17504-044
Bovine Serum Albumin Fraction V Roche 10735086001
CHIR-99021 Selleckchem $2924
EDTA Thermo fisher 15575020
Essential 8 (E8) medium Thermo fisher A1517001
Paraformaldehyde solution 4% in 1x PBS, pH 7.0 - 7.6 Santa Cruz SC281692
PBS,pH 7.4 Thermo fisher 10010072
KnockOut™ (KO) Serum Replacement Thermo fisher 10828
Matrigel, growth Factor Reduced, Basement Membrane Matrix Corning 356230
Penicillin/streptomycin Thermo fisher 15140
Triton X-100 Merck X100-1L
TrypLE™ Select Enzyme (10X) Thermo fisher A12177
Trypan Blue Solution, 0.4% Thermo fisher 15250061
RevitaCell Thermo fisher A2644501
ROCK inhibitor Y-27632 Biorbyt orb60104
RPMI 1640 medium Thermo fisher 11875
RPMI 1640 medium no glucose Thermo fisher 11879020
STEMdiff™ Cardiomyocyte Freezing Medium Stemcell 05030
Wnt-C59 Tocris 5148

Experimental Models: Cell Lines

Human induced pluripotent stem cell lines

(Stanford Cardiovascular
Institute (S-CVI) Biobank)

CVI-111 (control 1)
CVI-114 (control 2)
CVI-273 (control 3)

STEP-BY-STEP METHOD DETAILS

hiPSC culturing
Timing: 30 min

1. When the hiPSCs are 80-90% confluent (usually about 3 to 4 days after passaging) aspirate

the old medium, then add 1 ml room temperature 0.5 mM EDTA to each well. At this point,

2.5 to 3 million cells should be present in each well of the 6-well culture plate.

2. Incubate the plate at room temperature and wait for 3-5 minutes.
3. Aspirate the EDTA and flush the hiPSC with a 1 ml tip filled with 1 ml E8 + 5 uM Y27632,
dispense the medium over the surface of the plate well until all the cells are detached and

gently mix 2-5 times using the 1 ml tip.
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. Add the required cell amount from the 1 ml cell suspension into each well of a Matrigel-

coated plate with room temperature warm 2ml E8 + 5 uM Y27632 (split ratio of 1:13 is
performed here).

. Place the plate in the incubator and make side-to-side movements to equally disperse the

cellsin every well.

. Each day aspirate the medium and add 2 ml of fresh room temperature hiPSC E8 complete

medium per well.

When the hiPSCs are 80-90% confluent they are ready to start the differentiation. At this
point, equal dispersed hiPSC colonies should be present in each well.

CRITICAL: The starting seeding cell density is very critical for efficient cardiac differentiation.
The initial plating density and/or the time of expansion prior to initiation of differentiation
may require optimization for different cell lines or expansion conditions. We recommend
plating at a 1:10-1:20 splitting ratio with a cell density of 80-90% within 3-4 days.

Note: Karyotyping of the hiPSC lines is advised. Thereafter, hiPSC can be safely passaged
for 20 times before another karyotyping is advised. Passaging over 40 times could lead in
spontaneous differentiation of the hiPSC lines, resulting in inefficient differentiations.
Pause point: The hiPSC can be maintained in hiPSC E8 complete medium and passaged
every 3-4 days before starting differentiation and hiPSC-CM expansion.

hiPSC-CM differentiation
Timing: 10 min per day

8.

10.

Day 0: Prepare 3 mL/well of the appropriate concentration of CHIR per hiPSC line in CM
differentiation medium. For every differentiation apply 2 concentrations of CHIR for an
optimal window concentration per differentiation per plate.

CRITICAL: Do not refreeze and thaw the CHIR aliquots since this molecule is unstable
after thawing and freezing.

Note: Other differentiation protocols can be used to generate hiPSC-CMs before the
expansion. Here, we have used the B273, Heparin* and CDM3? medium, which were all
sufficient for the massive expansion of hiPSC-CMs.

Note: Though we identified 7 and 8 uM CHIR in the B27 protocol as the optimal
concentration for the three lines that we tested, other lines may respond to CHIR
treatment differently. We recommend testing concentrations of 2-8 uM of CHIR in
heparin* or CDM3? medium and 5-10 uM of CHIR in B27® medium differentiations.

Day 1: On top of the original medium, add carefully 2 ml/well of 37°C-preheated CM
differentiation medium. Put the plate back into the 37°C, 5% CO2, 21% O2 incubator.
Day 2: On top of the original medium, add carefully 1 ml/well of 37°C-preheated CM
differentiation medium. Put the plate back into the 37°C, 5% CO2, 21% 02 incubator.
Note: Here we use the addition of medium on day 1 and day 2 to the original medium of
step 8. This protocol is effective to gradual decrease the CHIR concentration, mimicking
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14.

the first steps of embryonic heart development. However, other differentiation protocols
such as 2 days of CHIR medium is also possible to generate hiPSC-CMs for the CM
expansion.

Day 3: Aspirate the old medium and add carefully 3 mL/well of 37°C-preheated CM
differentiation medium with 2 uM Wnt-C59 to each well of the 6-well plate. Put the plate
back into the 37°C, 5% CO2, 21% 02 incubator.

Note: During differentiation, the cell death rate is high. Remove dead cell debris as much
as possible by shaking and aspirating the medium completely.

. Day 5: Aspirate the medium and add 3 mL/well of 37°C-preheated CM differentiation

medium. Put the plate back into the 37°C, 5% C0O2, 21% O2 incubator.

. Day 7: Aspirate the medium and add 3 mL/well of 37°C-preheated CM culture medium. Put

the plate back into the 37°C, 5% C0O2, 21% O2 incubator. Robust spontaneous contraction
should occur by day 8-9.

Day 9: Aspirate the medium and add 2 mL ml/well of 37°C-preheated CM purification
medium. Put the plate back into the 37°C, 5% CO2, 21% O2 incubator.

15. Day 11: The cardiomyocytes are now ready for cardiac expansion.

Replating of differentiated hiPSC-CMs
Timing: 30 min

Between day 10 and day 14 the hiPSC-derived cardiomyocytes can be used for most successful

cardiac expansion. Here, we use monolayers with spontaneous contracting cells on day 11

(Movie 1). From a 6 well plate format, select the most optimal well(s) by microscopic observe

the amount of beating cardiomyocytes.

CRITICAL: For efficient hiPSC-CM expansion, use wells where a beating percentage between

50-90% can be observed under the bright field microscope (confluent contracting wells

roughly contain ~90% CMs).

16.
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Aspirate the medium and incubate hiPSC-CMs with pure TrypLE™ Select (10X) for 15-45
min at 37°C (0,75 mL of TrypLE per 9.6-cm2 growth surface).

Note: Use the pure TrypLE™ Select (10X) for efficient dissociation of the hiPSC-CMs. Other
reagents such as TrypLE™ Express or Trypsin will result in an inefficient dissociation and
low viability.

After incubation for ~15 minutes, gently shake to detach the hiPSC-CMs. If cells do not
detach yet, then repeat incubation for 1 or 2 times (up to 45 minutes). When cells come
off the culture plate, add 2 ml per 25-cm2 warm RPMI-1640 per flask and dispense over
the surface of the plate until all the cells are detached and gently mix 2-5 times using the
5 ml pipette.

Note: Premature dissociation by pipetting results in shear stress-induced cell death,
therefore shaking and longer incubations with TrypLE™ Select (10X) is advised.
Transfer the cell suspension to a 15-ml tube.

Centrifuge the cell suspension at 200xg for 3 min at room temperature.
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20. Aspirate the supernatant and resuspend the cell suspension in 1 ml/flask of 37°C-preheated

21.
22.

23.

24,

of the CM replating medium.

Count the cell suspension.

Re-plate passage 1 (P1) of hiPSC-CMs in the culture system of choice in a culture surface
split ratio of 1:10-20 and add 37°C-preheated CM replating medium in the volume
according to table 1.

Note: If Animal-free and chemical defined is not desired, the Knock-out serum can be
replaced with 10% FBS in the replating medium.

Remove the Matrigel coating from the flasks and immediately add the cell solution to
the prepared culture flasks/plates.

Put the flask into the incubator and distribute the cells by moving the flask in short side-
to-side and back-and-forth motions. Incubator conditions should be set to 37°C, 5% CO2,
21% 02, and 90% humidity. Proceed to step 25.

hiPSC-CM expansion
Timing: 30 min

25.

26.

27.

Day 1: After attachment and recovery of passage 1 (P1) hiPSC-CM for 24 hours start the
expansion process by replacing the replating medium with 37°C-preheated cardiac
expansion medium according to Table 1 every other day or once every three days. For
most cell lines 2 uM CHIR induces efficient expansion of hiPSC-CMs.

CRITICAL: Even though we found that 2 uM of CHIR is the optimal concentration for the
expansion of hiPSC-CMs from three different donors that we tested, it should be noted
that cell line-to-line and molecular batch-to-batch variabilities are possible. Therefore,
itis recommended to optimize CHIR concentrations between 1-3 uM.

Note: The protocol for the generation of hiPSC-CMs can be variable. Here, the
differentiation methods; B273, Heparin*, and CDM3? are used to produce CMs, which can
be efficiently expanded (Please see Figure 1).

After 3-5 days, the hiPSC-CMs will reach 70-80% confluency and should be passaged
to inhibit cell-cell contact. Aspirate the medium, wash with PBS. Add 1 ml of room
temperature warm TrypLE per 25-cm2 growth surface and incubate the hiPSC-CMs for
10-15 min at 37°C.

After incubation for ~15 minutes, detach the hiPSC-CMs with a 5 or 10 ml tip filled with
2 ml per 25-cm2 37°C-preheated RPMI-1640 and dispense over the surface of the plate
well until all the cells are detached and gently mix 2-5 times using the 5 ml pipette.
Note: The dissociation of expanding hiPSC-CMs will be more quickly and easier than
the dissociation of d11 differentiated hiPSC-CMs, which sometimes requires prolonged
incubation with TrypLE™ Select (10X).
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Figure 1: Massive expansion of hiPSC-CMs from various differentiation methods. (A) Schematic
representation of Wnt-based directed cardiac differentiation and subsequent expansion of hiPSC-CMs generated
by three different medium compositions ((B27; Lian et al., 2012; Heparin; Lin et al., 2017, and CDM3; Burridge
et al.,, 2014). Timeline indicating B27-medium with insulin and additional CHIR99021 (CHIR) usage required for
expansion. Abbreviations: CM; CM culture medium, PM; CM purification medium, RM; CM replating medium,
EM; CM expansion medium, SM; CM splitting medium, P; passage. (B) Graph displaying the hiPSC-CM expansion
capacity from hiPSC-CMs generated by the indicated differentiation method. One hiPSC line was used for these
experiments. n=7, n=2, n=2 respectively from PO day 11 to P5. Data are represented as mean + SD. (C) Bright-field
images at different time points of hiPSC-CM expansion with the input of the indicated differentiation methods.
Scale bar, 200 um.

28.
29.
30.

31.

32.
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Transfer the cell suspension to a new 15 ml tube.

Centrifuge the cell suspension at 200xg for 3 min at room temperature.

Aspirate the supernatant and resuspend the cell suspension in 1 ml/tube 37°C-preheated
of the CM splitting medium supplemented with optimal CHIR concentration.

Count the cell suspension.

Note: If cell numbers are high per tube, resuspend hiPSC-CMs in a larger amount of
medium before counting the cell suspension (1 ml per 10 million).

Add 37°C-preheated CM splitting medium to the hiPSC-CMs, in the density and volume
according to table 1.



33.

34.

35.

36.
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Remove the Matrigel solution from new flasks and immediately add the cell solution to
the prepared culture flasks/plates.

Put the flask into the incubator and distribute the cells in the well by moving the flask
in short side-to-side and back-and-forth motions. Incubator conditions should be set to
37°C, 5% CO2, 21% 02, and 90% humidity.

Refresh the expansion medium every other day in the volume according to table 1. After
5-8 days, the hiPSC-CMs will reach 70-80% confluency and should be passaged to inhibit
cell-cell contact. Repeat step 26-34 for passag e 2-5. By every passage, split the
hiPSC-CMs in a lower splitting ratio and flasks according to table 1.

Note: By higher passage numbers hiPSC-CMs proliferation gradually slows down and
further passaging then P4-5 usually does not result in increased cell numbers.

(Please see Figure 2 for representative morphologies during hiPSC-CM passaging)
CRITICAL: Replacement of medium is recommended for every other day in order to
provide fresh nutrients and stable concentrations of CHIR for expanding hiPSC-CMs. For
weekend free culturing it is possible to stretch the medium changing interval accordingly
while increasing the medium volume in table 1 with 1.5X.

After substantial expansion of the CM population, CHIR withdrawal from the medium
results in the decrease of hiPSC-CMs proliferation, and subsequent regular CM culture
medium change intervals can be extended for long term culturing or downstream assays.

PAUSE POINT: After passage 1 or passage 2, the expanded hiPSC-CMs can be efficiently

frozen for biobanking and thawing upon analysis (See freezing of hiPSC-CMs; Steps 35-40,
Figure 2).

Freezing of hiPSC-derived CMs
Timing: 30 min

Note: Volumes are given for one cryovial.

35.

36.

37.

38.

39.
40.

Count the CMs after the dissociation as described in the ‘Replating of differentiated hiPSC-
CMs’ section.

CRITICAL: Use hiPSC-CMs in passage 1-2 for the cryopreservation and biobanking to
generate viable and expandable cultures.

Transfer the desired cell suspension for freezing to a 15-ml tube.

Centrifuge the cell suspension at 200xg for 3 min at room temperature.

Remove the supernatant and resuspend the CM in STEMdiff™ Cardiomyocyte Freezing
Medium. Use 0.5 ml medium for 0.5-2 x 106 CMs and 1 ml of freezing medium for 2-8 x
106 CMs per vial.

Note: Keep the cell suspension on ice.

Freeze the vials at —80 °C overnight in a CoolCell or 2-propanol-filled freezing container.
Transfer the vials to liquid nitrogen or =150 °C for long-term storage.
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A Steps Timing (day) B

8-15. hiPSC-CM differentiaion(?0) T~ ° 1
16-24. Detach and seed 25.000 hiPSC-
CMs/emz2 in CM replating medium (P1).
25. Change medium to the CM

expansion medium and the replace — 12
every otherday.

—— 11

26-34. When nearly confluent, detach
and seed 40.000 hiPSC-CM/in CM — ~15
splitting medium (P2).

35. Replace the CM expansion
medium every otherday.

26-34. When nearly confluent, detach
and seed 50.000 hiPSC-CM/cm2in CM ===f== ~ 20
splitting medium (P3).

35. Replace the CM expansion
medium every otherday.

26-34. When nearly confluent, detach
and seed 80.000 hiPSC-CM/cm?2in CM ==jumm  ~ 26
splitting medium (P4).

35. Replace the CM expansion
medium every otherday.

26-34. When nearly confluent, detach
and seed 100.000hiPSC-CM/cm? in ~ =eefumm ~ 34
CM splitting medium (P5).

35. Replace the CM expansion
medium every otherday.

36. When 80% confluent replace m—— ~ 40
medium by CM culture medium and v

use hiPSC-CM for downstream ~ 42
experiments.

Figure 2: Visualized timeline of hiPSC-CM expansion. (A) Timeline diagram displaying the steps required
for expansion and passaging of hiPSC-CMs. (B) Time-lapse images of cell morphology at the indicated passage
numbers and/or culture days (D). Left: Images of cell confluency on day of passaging for P0O-5. Right: Daily
consecutive images of P1 hiPSC-CMs demonstrating cell seeding density and growth speed between P1 and P2.
Replating at day 151-15, start of CHIR9021 (CHIR) treatment at day 12-16 the next day, cell cluster formation at
day 14-19 is observed the days after and a nearly confluent monolayer before passaging at D18-206-21 the next
passage. Scale bar: 200um. Abbreviations: D; day, P; passage.

Thawing of hiPSC-derived CMs

Timing: 30 min

41. Prepare 9 ml of RPMI medium in a 15-ml tube on RT.

42. Prepare a Matrigel coated T75 per 3-6 x 106 and a T175 for 7-14 x 106 hiPSC-CMs.

43. Collect the vial with hiPSC-CMs from the liquid nitrogen and thaw the cells at 37 °C till
only a little clump is visible. Do not thaw more than three vials of CMs at one time.
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45.
46.

47.

48.

49.

50.
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Transfer the cell suspension to the 15-ml tube, drop by drop and swirl the tube while
adding the cell suspension. The dropwise addition of medium to the cell suspension is
critical to minimize osmotic shock.

Centrifuge the cell suspension at 200xg for 3 min at room temperature.

Remove the supernatant and resuspend the hiPSC-CMs in the desired volume of CM
thawing medium.
Count the cells within the cell suspension.
Aspirate the liquid from the Matrigel-coated flasks, and seed the CMs into the Matrigel-
coated flasks, according to the format amount in Table 1.

Put the flask into the incubator and distribute the cells in the well by moving the flask
in short side-to-side and back-and-forth motions. Incubator conditions should be set to
37°C, 5% CO2, 21% 02, and 90% humidity.

Replace the thawing medium with CM expansion medium the next day. The hiPSC-CMs
should be attached, beating, and can be used for expansion (step 19) or downstream
assays.
(Please see Figure 3 for representative viability, morphology, and proliferation rate after
thawing of hiPSC-CM)

Flow cytometry analyses of dissociated hiPSC-CMs
Timing: 1.5 h, plus 30 min for dissociation of CMs

51.

52.

53.
54.
55.
56.

57.

Dissociate the CMs as described in the ‘Replating of differentiated hiPSC-CMs’ section.
After counting the hiPSC-CMs, collect 100.000 CMs from the cell suspension in 1,5 ml
tubes.

Centrifuge the cell suspension at 200xg for 3 min at room temperature.

Discard the supernatant and add 50 ul 4% PFA.

Incubate 10 minutes at room temperature.

Centrifuge the cell suspension at 200xg for 3 min at room temperature.

Discard the supernatant and add 1 ml PBS.

Pause Point: The fixed hiPSC-CMs can be stored at 4°C for up to 4 weeks.
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Figure 3: Cryopreservation and subsequent expansion of beating hiPSC-CMs. (A) Schematic representation
of small molecule-based Wnt-modulated directed cardiac differentiation and subsequent cryopreservation and
expansion. hiPSC-CMs can be stored in liquid nitrogen after passage 1 and after thawing expanded for 5 passages
(P) before downstream assays. Abbreviations: TM; CM thawing medium, EM; CM expansion medium, SM; CM
splitting medium, P; passage. (B) Left panels are flow cytometer detection of dead cells with propidium iodide
(P1) after detaching or after thawing of cardiomyocytes, cryopreserved on day 15 of differentiation. Right is the
quantification of fresh vs thawed Pl % (n=>5 per condition, P<0.05, paired T-test.). (C) Representative images of
the thawed hiPSC-CMs before starting the expansion protocol and during passaging (scale bar: 100 pm). (D)
Quantification of cardiomyocyte expansion curve of fresh vs thawed hiPSC-CMs, n=7, n=5 respectively from
thawed P10 to P5.

58. Transfer the cell suspension to a FACS tube.

59. Centrifuge the cell suspension at 4 °C for 3 min at 200xg and discard the supernatant.

60. Resuspend 1 x 105 cells in 50 pl of permeabilization buffer containing 5% BSA and
0.3% Triton-X-100.

61. Incubate the cells for 30 min at 4 °C.

62. Resuspend in 50 pl of flow cytometry buffer containing the a-actinin antibody (1:300
dilution) and in another FACS tube resuspend 1 x 105 cells in 50 pl of flow cytometry
buffer with the respective isotype control (e.g., FITC mouse IgM, k isotype (1:200 dilution))
and 1 x 105 cells in 50 pl of flow cytometry buffer for negative control.

63. Incubate the cells for 30 min at 4°C.
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64. Wash the cells with 2.5 ml of flow cytometry buffer and centrifuge at 200xg for 5 min at
4°C; discard the supernatant and repeat the wash two more times.

65. Resuspend in 50 pl of flow cytometry buffer containing the secondary-antibody Goat-
anti-mouse (1:300 dilution).

66. Analyse the cells with a flow cytometer, adjusting the gates according to the standard

gating strategy as shown in Figure 4.

A
CELL LINE CTR.1 CTR.2 CTR. 3 AVERAGE
N=9 N=4 N=4 N =25
AACTININ-POSITIVE CELLS P1 (%) 84 +12 88+ 14 93+8 89+ 12
AACTININ-POSITIVE CELLS P5 (%) 88 + 10 922+1 91+5 91+5
FOLD INCREASE 2229 + 1070 1129 * 203 1303 £ 49 1343 £ 374
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Figure 4. Differentiation efficiency and expansion capacity in different control hiPSClines. (A) Quantitative
analysis of small molecule-based Wnt-modulated directed cardiac differentiation at the passage (P) number P1 and
P5. Replicate numbers refer to the number of performed expansion experiments from individual differentiation
batches. The percentages of increase in hiPSC-CMs are relative to the input of day 11 hiPSC-CMs. Mean values +s.d.
are given. (B) Representative gating strategy for a-actinin positive hiPSC-CMs in a pure population of hiPSC-CMs
versus negative control, isotype control, and an impure or un-purified hiPSC-CM culture. The number of a-actinin
positive analyzed cells is 25 x 10°. SSC - side scatter. (C) Representative immunofluorescence for proliferation
assessed by Ki67 expression after 48 hours of CHIR treatment. Immunofluorescence: Hoechst (blue), Ki67 (red), and
a-actinin (green). Scale bar: 200 um. (D) Quantitative graph indicates high proliferation (37%) of cardiomyocytes
stimulated with the optimal dose of 2 uM CHIR.
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Expected Outcomes

The efficient expansion of functional CMs (up to a 250-fold increase of CM number within 3-5
weeks) can be obtained from multiple hiPSC lines. For the method described here, hiPSC-CMs
from 3 different differentiation protocols were all suitable for expansion in cardiac expansion
medium, though the expansion capacity of the hiPSC-CMs differentiated using the B27
differentiation protocol appears to be the most robust (Figure 1). Before starting the expansion
steps, hiPSC-CMs microscopically should have high amounts of beating areas by d8-9 and should
be used between day 11 and day 14 of differentiation. After low cell-density replating of hiPSC-
CMs in culture flasks, addition CHIR to the cardiac culture medium efficiently induces hiPSC-CM
proliferation and subsequent passaging (Figure 2). After 3-5 days of expansion, the hiPSC-CMs
will reach a near confluent monolayer. The cryopreservation steps allow for biobanking of large
batches of hiPSC-CMs that can be stored before expansion or after passage 1 or 2. Thawing of
cryopreserved hiPSC-CMs is efficient (74% viable hiPSC-CMs, and during subsequent expansion
hiPSC-CMs exhibit a similar growth curve when compared to fresh unfrozen hiPSC-CMs (Figure
3). After passage 2, we do not recommend to biobank the expanding hiPSC-CMs due to lower
viability upon recovery. In a successful differentiation batch the expression of cardiac sarcomere
protein a-actinin is usually more than 80%, and expanding cells should remain a-actinin positive
during subsequent passaging. Upon CHIR optimization, up to 37% of the hiPSC-CMs will be
positive for proliferative cell marker Ki-67 (Figure 4).

Limitations

Despite high hiPSC-CM differentiation efficiency (85%-99%) in 2D monolayer cultures
(85%-99%), yet, batch-to-batch and cell line-to-line variability remains an issue for stable
CM production. In our protocol, we provide the possibility to robustly expand and/or further
purify hiPSC-CM cultures via serial passaging and cell contact inhibition. This ultimately allows
for a 250 fold expansion of day 11 hiPSC-CMs. However, we have noticed that also cell line-to-
line and batch-to-batch variabilities exist. Moreover, the expansion capacity decreases when
cells are passaged multiple times.

Another limitation of our method is that hiPSC-CMs differentiation should be at least 50%
(Flow cytometry positive for a-actinin) to induce an efficient proliferative response at day
11. One explanation for the absence of massive proliferation of unpure hiPSC-CM cultures
would be cell-cycle inhibiting paracrine signaling factors secreted by the other cell types.
Alternatively, in low efficiency cultures (<50%) the CM are phenotypically different from
efficiently differentiated hiPSC-CMs (>70%). Lastly, when it comes to cryopreservation of
hiPSC-CMs the cell viability after thawing reduces from P1 to P5 (70% to 28%), which was
similar to the non-expanded age-matched CMs. Therefore, cryopreservation hiPSC-CMs is
recommended up to passage 2. HiPSC-CMs exceeding passage 2 are suitable for the use in
direct downstream assays.
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Troubleshooting

Problem 1: There are many dead hiPSC after passaging, is this normal?

Potential Solution: The hiPSCs need to be monitored under a microscope and the dissociation
needs to be stopped at the right time. When light sheds through the colonies and the hiPSCs
can be easily flushed off the plate, the dissociation is successful. Use 0.5 mM EDTA solution
and 10 uM Y27632 in the E8 complete medium is necessary.

Problem 2: The hiPSC colonies are too dense in the middle, is this a problem?

Potential Solution: The hiPSCs need to be equally divided over the wells to enable full
monolayer differentiation with high efficiencies. Mechanically dissociate the detached hiPSC
5-10 times till the clumps are only 3-5 cells big. Move plate more times side-to-side in the
incubator and leave cells for 24 hours.

Problem 3: The hiPSCs look abnormal or the proliferation speed is slow.

Potential Solution: Wait for some passages before starting cardiac differentiation. Perform
mycoplasma test and karyotyping to rule out any hiPSC cell line abnormalities.

Problem 4: No spontaneous contraction on day 11.

Potential Solution: See solutions concerning problems during the cultivation of hiPSCs.
Optimize the CHIR concentrations from 5-10 uM per hiPSC line. Do not re-freeze CHIR aliquots.

Problem 5: Many dead hiPSC-CMs are present upon thawing, is this normal?

Potential Solution: We observe a cell viability between 60-90% upon thawing by using CMs
on passage 1-2. Pipette cells carefully with a 5 ml pipette. Place the thawed cells directly into
the replating medium. Add 1:100 Revitacell to promote cell survival and 10% KO serum can
be added to promote cell survival after thawing.

Problem 6: No hiPSC-CMs are attached to the culture flask after replating.

Potential Solution: Allow Matrigel to incubate at 37C for 1 hour. Check culture flask on
complete coating coverage. Pipette cells carefully with a 5 ml pipette. Add 1:100 Revitacell
to promote cell survival. Add 10% KO serum to promote cell survival. Seed cell number as
described in Table 1.

Problem 7: Many dead hiPSC-CMs after replating, is this normal?

Potential Solution: Pipette carefully with 5 ml pipette, add 10 uM Y27632 to promote cell
survival, add 10% KO serum to promote cell survival, decrease CHIR concentration, seed cell
number as described in Table 1.
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Problem 8: The hiPSC-CMs are low in their proliferation rate during passaging.

Potential Solution: Optimize the CHIR concentration and add the CHIR every other day. Do
not re-freeze CHIR aliquots. Use a lower splitting ratio in the first 3 passages (1:20-1:5) and
increase the splitting ratio upon passage 3 and passage 4 to 1:2. Do not split after passage 4.
Only use differentiated cell populations with >70% a-actinin-positive cells.
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Sarcomeric disassembly during proliferation stain actinin and proliferation marker ki67.
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ABSTRACT

Contractility of the adult heart relates to the architectural degree of sarcomeres in individual
cardiomyocytes (CMs) and appears to be inversely correlated with the ability to regenerate.
In this study we utilized multiple imaging techniques to follow the sequence of sarcomere
disassembly during mitosis resulting in cellular or nuclear division in a source of proliferating
human pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs). We observed that both
mono- and binuclear hiPSC-CMs give rise to mononuclear daughter cells or binuclear
progeny. Within this source of highly proliferative hiPSC-CMs, treated with the CHIR99021
small molecule, we found that Wnt and Hippo signaling was more present when compared to
metabolic matured non-proliferative hiPSC-CMs and adult human heart tissue. Furthermore,
we found that CHIR99021 increased the efficiency of non-viral vector incorporation in high-
proliferative hiPSC-CMs, in which fluorescent transgene expression became present after
the chromosomal segregation (M phase). This study provides a tool for gene manipulation
studies in hiPSC-CMs and engineered cardiac tissue. Moreover, our data illustrate that there
is a complex biology behind the cellular and nuclear division of mono- and binuclear CMs,
with a shared-phenomenon of sarcomere disassembly during mitosis.
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INTRODUCTION

The contractile tissue of the heart is composed of a mixture of different cells, including
approximately 35% cardiomyocytes (CMs)." Proper contraction of CMs is dictated by the
architecture of the sarcomeres and appears together with polyploidy inversely correlated with
self-renewal. Higher sarcomere architectural organization is related to maturity of the heart?,
while immature organization of sarcomeres correlates to the capacity of CMs to proliferate.?
Previous studies in rodent hearts have shown that during embryonic and early postnatal
hyperplastic growth phases the CMs gradually disassemble their sarcomeres during mitosis
to ensure cytokinesis.*®

Unlike in fish’, mammals display hyperplastic growth shortly after birth, which is
subsequentially silenced leading to heart growth predominantly originating from cellular
hypertrophy.2 The hypertrophic growth dynamic is accompanied by increased ploidy and
multinucleation of the adult heart.?'° The exact dynamics of human CM multinucleation and
self-duplication in relation to sarcomere architecture remain largely unknown. Moreover,
reliable determination of CM cytokinesis, multinucleation, self-duplication and nuclear ploidy
is challenging."'

The advances in human-induced pluripotent stem cells (hiPSCs) biology allow for efficient
directed differentiation into CMs (hiPSC-CMs), thereby relying on biphasic Wnt signal
modulation and resulting in up to 95% pure populations of hiPSC-CMs.'*'¢ Currently, hiPSC-
CMs are widely used in mechanistic studies, drug testing and tissue engineering.”'®. We and
others demonstrated that a third phase of Wnt signal modulation in immature CMs results
in a maturation block while prolongating the window for CM proliferation.>*2°22Using this
strategy, it now becomes feasible to maintain 30-50% of Ki67 positive cells and up to 10%
of mitotic CMs after day 12 of hiPSC-CM differentiation.>?' Here we utilized live imaging
in a hiPSC-CM culture system to follow the sequence of sarcomere breakdown during the
mitotic phases of CM cell division. We observed that cytokinesis in hiPSC-CMs originates from
mononuclear and binuclear CMs and for both routes of duplication the sarcomere breakdown
was present during the mitotic phases. Moreover, we observed that a mitotic cell figure,
suggestive for the sequence of sarcomere breakdown, was also present during the process
of binucleation.

Molecular genetic modification in hiPSC-CMs represents an essential tool for the mechanistic
validations and functions of genes and proteins, but is limited by technical challenges to
transfect low-proliferative hiPSC-CMs.?* Here, we show that Wnt activation in hiPSC-CMs
results in sarcomere breakdown during mitosis and that increased cell cycle activity facilitates
increased efficiency of non-viral vector incorporation. These findings give an insight in the
regulation of sarcomere homeostasis during mitotic cell phases and provide a tool for further

molecular and engineering studies.
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METHODS

Maintenance of hiPSC. hiPSC obtained from the Stanford Cardiovascular Institute Biobank
(SCVI-111 and SCVI-273) were non-enzymatically passaged using 0.5 mM EDTA (Thermo Fisher,
Waltham, MA, USA) every 4 days as previously described.?In brief, cells were incubated with
0.5 mM EDTA-PBS at room temperature for 5-8 min until cells began to separate uniformly
throughout the colonies. PBS-EDTA was removed and hiPSC colonies were washed off
swiftly using 1 mL E8 complete medium (Thermo Fisher, Waltham, MA, USA). hiPSC clumps
were passaged in a ratio of 1:10 routinely at 80% confluence. To improve cell survival, split
ratio reliability and to reduce selective pressure, 10 uM of ROCK inhibitor (Y-27632, Stemcell
Technologies, Vancouver, BC, Canada) was added to the E8 complete medium for the first 24
h after cell passaging. Matrigel (Corning, Somerville, MA, USA, 1:400) coated plates (Corning,
Somerville, MA, USA) were used for hiPSC culture and PSC Cryopreservtion Kit (Gibco,
Waltham, MA, USA) was used for the cryopreservation of hiPSC.

Differentiation of hiPSC into Cardiomyocytes. To obtain hiPSC-derived CMs, hiPSCs were
grown to ~90% confluence in a 6-well format. hiPSC cells were maintained in E8 complete
medium for at least three passages before starting cardiac lineage differentiations. The cells
were efficiently differentiated as previously described, using the RPMI/B27 minus insulin
medium (Gibco, Waltham, MA, USA) supplemented with 7-8 uM CHIR99021 (cell line specific)
(SelleckChem, Houston, TX, USA) for the first 2 days and 2 pM Wnt-C59 (SelleckChem, Houston,
TX, USA) for another 48 h. The proliferation of hiPSC-CMs can be conducted by the removal
of cell-cell contacts and small-molecule inhibition with CHIR99021.3 Subsequential multiple
low-density passaging and reintroduction of 2-3 uM CHIR99021 (cell line specific) to the RPMI/
B27 media results in an expansion of hiPSC-CMs.?

Metabolic Maturation of iPSC-CMs. In order to mature the CMs, we used a previously
described metabolic maturation medium.?* After re-plating and purification, the RPMI/B27
medium was replaced by the maturation medium for a minimum of 3 weeks. Metabolic
maturation medium was composed in RPMI 1640 (Thermo Fisher Scientific, Waltham, MA,
USA, 11875119) with B27 supplement (Thermo Fisher Scientific, Waltham, MA, USA, 17504-
044). Maturation media was composed in DMEM without glucose (Thermo Fisher Scientific,
Waltham, MA, USA, 11966025) supplemented with 3 mM glucose (Sigma Aldrich, Saint Louis,
MO, USA, G7021), 10 mM L-lactate (Sigma Aldrich, Saint Louis, MO, USA, 71718), 5 ug/mL Vitamin
B12 (Sigma Aldrich, Saint Luis, MO, USA, V6629), 0.82 uM Biotin (Sigma Aldrich, Saint Louis, MO,
USA, B4639), 5 mM Creatine monohydrate (Sigma Aldrich, Saint Louis, MO, USA, C3630), 2 mM
Taurine (Sigma Aldrich, Saint Louis, MO, USA, T0625), 2 mM L-carnitine (Sigma Aldrich, Saint
Louis, MO, USA, C0283), 0.5 mM Ascorbic acid (Sigma Aldrich, Saint Louis, MO, USA, A8960),
1 x NEAA (Thermo Fisher Scientific, Waltham, MA, USA, 11140), 0.5% (w/v) Albumax (Thermo
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Fisher Scientific, Waltham, MA, USA, 11020021), 1 x B27 and 1% KOSR (Thermo Fisher Scientific,
Waltham, MA, USA, 10828028). The medium was refreshed every 3-4 days.

Immunofluorescence. hiPSC-CMs after two days of expansion were seeded into a p-Plate
96 well (Ibidi) with a density of ~5 x 10 cells/well for continuously culturing with RPMI/B27
and RPMI/B27 supplemented with CHIR99021 (3 uM) for six days. Media was refreshed every
other day. At day 6, the cells were washed and fixed with 4% formaldehyde for 10 min at room
temperature, permeabilized with 0.25% PBS-Triton for 5 min and then blocked with 10% donkey
serum for 30 min. The cells were then incubated overnight at 4 °C with primary antibodies for
cTnT (TNNT2 [1C11], Ab8295, dilution 1:250, Abcam, Cambridge, UK) and Ki67 (D3B5, dilution
1:400, Cell Signaling Technology, Danvers, MA, USA). Next, the cells were incubated with the
corresponding secondary Alexa fluor-555 and —647 antibodies (1:400 dilution, Life Technologies,
Carlsbad, CA, USA) for 1 h at room temperature. Nuclear DNA was labeled with DAPI. Images
were acquired by an Eclipse Ti2 inverted microscope system (Nikon, Tokio, Japan). Z-stacks
function was performed with 0.2 um thickness containing 11 frames under the 40x/0.95 NA
objective in wide-field mode. All the images were processed afterwards for 3D deconvolution by
NIS elements analysis software. Analysis and quantifications were performed with a maximum

intensity projection by Image J.

Time-Lapse Imaging. Time-lapse sequence was implemented in order to keep track of hiPSC-
CMs single cell cycle phases. hiPSC-CMs were replated on a Matrigel-coated 8-well chamber
(Ibidi, Grafelfing, Germany) with a density of 1 x 10° cells/well. The cells were treated with 3
UM CHIR99021 for 2 days, then subjected to time-lapse imaging on an Eclipse Ti2 inverted
microscope system (Nikon, Tokio, Japan) for imaging under the objective of 10x/0.45 NA.
Cells were kept at an Okolab enclosure with temperature 37 °C, 5% CO, and 95% humidity.
Each frame was acquired every 5 min until 12-24 h. Nuclear morphology varied in mitotic
phases were captured from mononucleated or binucleated cells. To keep track of mCherry
expression in hiPSC-CMs, The time-lapse sequence was developed 12 h post-transfection of
hiPSC-CMs with the mCherry plasmid on an Eclipse Ti2 inverted microscope system (Nikon,
Tokio, Japan) using bright-field mode/or confocal mode with a 10x/0.45 NA objective. Images
were taken every 5 min for 12 h.

RNA Sequencing for CM Proliferation Genes. hiPSC-CMs collected at passage 1-3 and
during maturation (day 77, 84 and 97) were obtained from a healthy donor hiPSC-CMs.
RNA was isolated using ISOLATE Il RNA Mini Kit (Meridian Biosciences, Cincinnati, OH, USA)
according to the manufacturers’ instructions with minor adjustments. After the isolation
of mRNA, libraries were prepared using the NEXTflexTM Rapid RNA-seq Kit (Perkin Elmer,
Waltham, MA, USA). Libraries were sequenced on the Nextseq500 platform (lllumina, San
Diego, CA, USA), producing single-end reads of 75 bp. Reads were aligned to the human
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reference genome GRCh37 using STAR v2.4.2a. Picard's AddOrReplaceReadGroups v1. (http:/
broadinstitute.github.io/picard/ (accessed on 4 June 2020)) was used to add read groups to
the BAM files, which were sorted with Sambamba v0.4.5 and transcript abundances were
quantified with HTSeq-count v0.6.1p1 using the union mode. Subsequently, reads per kilobase
per million mapped reads (RPKMs) were calculated with edgeR’s RPKM function.

Transfection of hiPSC-CMs with mCherry. hiPSC-CMs were transfected (ViaFect (6:1),
Promega, Madison, WI, USA) with 100 ng/cm? PF256-H2B-mCherry and 20% FBS (Gibco). After
3 days, cells were harvested for FACS analysis, and fluorescent images were acquired with the
EVOS (Life Technologies, Carlsbad, CA, USA). For quantification, nuclear expression (mCherry)
was calculated as a percentage of positive nucleus to total nucleus (Hoechst 33342, Invitrogen,
Waltham, MA, USA). The time-lapse imaging was developed with a 12 h post-transfection of
hiPSC-CMs with mCherry plasmid on an LIPSI Ti2 inverted microscope system (Nikon, Tokio,
Japan) using wide-field mode or confocal mode with a 10x/0.45 NA air objective. Images
were taken every 5 min for 12 h.

FACS Analysis of Transfection Efficiency. After transfection, cells were dissociated
via digestion with TrypLE™ Select (10x, Gibco, Waltham, MA, USA) and fixed in 4%
paraformaldehyde (PFA). Next, immunostaining was performed on cells fixed with 4%
paraformaldehyde (PFA) in PBS. Cells were incubated with anti-a-Actinin (clone A7811, Sigma
Aldrich, Saint Louis, MO, USA) or anti-Ki67 (clone A833, Abcam, Cambridge, UK) labeled with
Alexa-488 using 1:300 Alexa Fluor 488 (Thermo Fischer Scientific, Waltham, MA, USA) and 0.1
pug/mL Hoechst (33342, Invitrogen, Waltham, MA, USA). The staining was performed in PBS
with 5% BSA (Roche) and 0.3% Triton-x-100 (Sigma Aldrich, Saint Louis, MO, USA). Stained cells
were analyzed and sorted on an Astrios FACS (BD Pharmingen, San Diego, CA, USA). Data were
collected from at least 10,000 events.

Statistical analysis. Statistical analysis was conducted by Graphpad Prism software version
9. Data significance was statistically determined using an unpaired Student’s t-test for the
comparison of two normally distributed datasets. One-way ANOVA or two-way ANOVA was
performed with a Tukey’s multiple comparisons test to evaluate statistical differences among
multiple datasets. Data plots are displayed as mean + standard error of mean (sem), unless
specified otherwise, and a p-value < 0.05 was set to determine statistical significance.
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RESULTS

Sarcomere Organization of hiPSC-CMs during Cell Cycle Phases

To visualize sarcomere organization during the cell cycle phases (GO, G1/S/G2 and M-phase),
we differentiated hiPSC lines (Stanford Cardiovascular Institute 273 (SCVI-273 or SCVI-111) into
CMs and performed imaging for sarcomere proteins and cell cycle marker expression (Ki67). Day
11 hiPSC-CMs were dissociated, replated and treated with glycogen synthase-3 beta (GSK3p)
inhibitor to activate canonical Wnt signaling to maintain the proliferative capacity of early hiPSC-
CMs.>?* (Figure 1A). To confirm purity after passage 1 (P1), hiPSC-CMs were stained for cardiac
troponin T (cTnT) and cell counting indicated the presence of >95% pure CMs (Figure 1B, 1C).
High resolution confocal imaging of hiPSC-CMs, stained for Ki67 and cTnT, demonstrated that
CMs in GO phase and G1/S/G2 phase had the highest degree of organized sarcomeres and were
spontaneously beating, while cells in M phase, especially during metaphase, anaphase and
telophase, disassembled their sarcomeres, had a rolled-up morphology and were not lively
contracting (Figure 1D, 1E and Supplementary Figure 1). Interestingly, we observed that both
mononuclear and binuclear hiPSC-CMs were found in GO phase. Automated quantification of
the amount of troponin T lines confirmed that quiescent CMs (G0) expressed more lines when
compared to Ki67 positive CMs (p < 0.05). These results indicate that sarcomere breakdown, by
reduced Troponin T lines, is present in hiPSC-CMs that undergo cytokinesis.

_ g 100
o
e - 2
2 8
g g
= w2
0 @
= 2
& =
g =
B oo
hiPSC-CMs
expanding
D E
35
_ 30
_ § 25
o 3
=4 @ 20
3 s
[ G1/S/G2 phase 7| Prophase Metaphase Anaphase E 15
c =
5 £ 10
it o
o 5
4
X 0
GO0 phase GO phase S
Telophase Cytokinesis (Mononuclear) (Binuclear) &

Figure 1. hiPSC-CMs sarcomere disassembly during mitosis. (A) Bright-field images of expanding hiPSC-CMs at
passage 1 (P1). (B) Immunofluorescence for cardiac troponin T (cTnT), Ki67 and DAPI in hiPSC-CMs expanded with
3 uM CHIR99021 for 2 days. (C) Quantification of cTnT positive cells represented as a percentage of total cells (n =
3). (D) Representative immunofluorescence wide-field images of cTnT, Ki67 and DAPI during the different cell cycle
phases of hiPSC-CMs. Note: during metaphase, anaphase and telophase the hiPSC-CM have a rolled-up morphology
while contraction is absent. Scale bar indicates 10 um. (E) Quantification of cTnT density analyzed by image J (n =
50). Bar plot represents mean cTnT intensity + SEM. Significance assessed by unpaired t-test and defined by ** p <
0.01, and *** p < 0.001.
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Figure 2. Time-lapse analysis of cytokinesis and binucleation in hiPSC-CMs. (A) Mononuclear (Mono >
Mono) or binuclear (Bi > Mono) hiPSC-CMs undergoing cytokinesis after chromosomal segregation (rolled-up
morphology). Time is indicated in hours (h). Scale bar indicates 20 pm. (B) Relative number of mitotic mononuclear
(Mono > Mono) or binuclear (Bi > Mono) hiPSC-CMs undergoing cytokinesis. Average consists of 4 replicates
including, in total, 105 mitotic cells of 771 counted cells for the SCVI-273 hiPSC line. Error bars indicate standard
error (C) Bright-field time-lapse images showing binucleation and chromosomal segregation of pre-existent
mononuclear (Mono > Bi) or binuclear (Bi > Bi) hiPSC-CMs. Time is indicated in hours (h). Scale bar indicates
20 pum. (D) Relative number of mitotic mononuclear (Mono > Bi) or binuclear (Bi > Bi) hiPSC-CMs undergoing
binucleation. Average consists of 4 replicates including, in total, 105 mitotic cells of 771 counted cells for the
SCVI-273 hiPSC line. Error bars indicate standard error. (E) Schematic diagram visualizing cell cycle in relation to
status of the sarcomeres.

Live Tracing of Mitotic Figures in hiPSC-CMs

To assess longitudinal characterization of CMs in M-phase (segregation of chromosomes) and
their progeny, we recorded time-lapse videos of proliferating SCVI-273 hiPSC-CMs and analyzed
the fraction of cells that went through the M-phase, indicated by a rolled-up morphology during
the anaphase.”® We identified that both mononuclear (~13% of total) and binuclear cells (~1.5%
of total) can enter the M-phase to segregate their chromosomes to give rise to two daughter
cells (Figure 2A, 2B). Interestingly, binuclear CMs also (re)entered the M phase instead of directly
providing one nucleus to each daughter cell (Figure 2A, arrows in lower panel).
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Moreover, we observed that both mononuclear (~0.5% of total) and binuclear (~0.1% of total)
hiPSC-CMs entered the M-phase to become or remain binuclear (Figure 2C, 2D). We repeated
these experiments in SCVI-111 hiPSC-CMs treated with CHIR99021 and found that all four
sequences were present with similar distributions, the binuclear-to-binuclear transition being
the rarest event (Supplementary Figure 2). Given our study (Figure 1) on sarcomere density
during M-phase it appears that for each form of nuclear or cytoplasmic division of hiPSC-CMs,
cells underwent chromosomal segregation accompanied by sarcomere breakdown (Figure 2E).

Gene Expression Analysis of Long-Term Proliferating, Matured Non-Proliferative
hiPSC-CMs and Adult Human Heart Tissue

To provide more background on the cell cycle status of immature hiPSC-CMs, which were long-
term cultured with GSK3 inhibitor CHIR99021 and sequential serially passaged (up to P4), we
performed gene expression profiling for each serial passage (P1 (day ~18), P2 (day ~24) and P3
(day ~35)) and compared this to long-term metabolic matured hiPSC-CMs of day 77, 84 and 97.
Confirmative immunohistochemistry for a-actinin and Ki67 demonstrated that proliferation
rates (Ki67 positivity) were decreased when reaching a higher passaging number in expanding
CMs. (Figure 3A). In contrast, in long-term metabolic matured hiPSC-CMs, we observed
almost complete absence of proliferative cells.? (Figure 3A). Moreover, higher organization of
sarcomeres was visible in mature versus immature hiPSC-CMs (Figure 3A, lower left panel).

Whole genome RNA sequencing revealed that the expression of sarcomere genes in mature
CMs and human heart tissue, such as TNNI3 and TNNT2, were inversely correlated to genes
associated with proliferation, such as TOP2A, MKI67 and CCND2 (Figure 3B). The opposite
phenomenon was observed in the gene expression of proliferative CMs from P1, P2 and P3.
Furthermore, genes associated with embryonic signaling pathways, including Wnt and Hippo,
were upregulated in proliferating hiPSC-CMs when compared to quiescent CMs (Figure 3B).
Analysis of M-phase, G2 phase, S phase and G1 phase-related genes showed an increase in
the long-term Wnt-treated hiPSC-CMs from P1 to P3 versus the metabolic maturated CMs
from day 77, 84 and 97 and adult human hearts (Figure 3C). Altogether, these data showed
that in hiPSC-CMs, the cell cycle gene expression is inversely correlated to sarcomere gene
expression and maturity of CMs.
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Figure 3. Selected gene expression profiles for developmental growth and cell cycle regulators in serially
passaged immature hiPSC-CMs and metabolic matured hiPSC-CMs. (A) Representative immunofluorescence
for Hoechst (blue), Ki67 (red), and a-actinin (green) in hiPSC-CMs treated with CHIR99021 at passage 1 (P1) and 4
(p > 3), versus metabolic matured hiPSC-CMs at day 77. Graph displays the percentage of Ki67 positive nuclei per
condition (P1, >P3 or day 77) (n = 3 differentiations with 17, 32 and 24 quantified images). (B) Heatmap showing
the expression patterns of 40 selected genes involved in the proliferation and/or development of hiPSC-CMs
between expanding hiPSC-CMs (passage 1-3), metabolic matured hiPSC-CMs (day 77, 84 and 97) and adult human
heart tissue. (C) Heatmap showing the expression patterns of cell cycle phase-related genes between expanding
hiPSC-CMs (passages 1-3), metabolic matured hiPSC-CMs (day 77, 84 and 97) and adult human heart tissue. Red
indicates high expression and blue indicates low expression of represented genes. Heatmaps are clustered and
show the RPKMs for the selected genes.

GSK3p Inhibition Increases Non-Viral Vector Incorporation Efficiency in hiPSC-CMs

The efficiency of non-viral vector incorporation in low-proliferative hiPSC-CMs is usually below
20%, which highly challenges its usefulness in, e.g., molecular knockdown experiments.? We
reasoned that GSK3 inhibition in hiPSC-CMs, promoting a high-proliferative status, would
also potentially enhance the incorporation and expression of introduced plasmid DNA. To
this end, we used day 30 high-proliferative hiPSC-CMs treated with CHIR99021 and low-
proliferative non-GSK3p inhibition treated age-matched controls and transfected these for
72 h with a PF256-H2B-mCherry plasmid (mCherry expression controlled by the histone cluster
1 promotor in the presence of Lipofectamine or ViaFect transfection reagent.?”” Non-viral
vector incorporation efficiency was measured by flowcytometry for mCherry and Hoechst
and fluorescence-based immunohistochemistry for a-actinin and expression of mCherry
72 h after the start of transfection (Supplementary Figure 3A-C). We observed that in
the presence of CHIR99021 30.5 + 4.9% of day 30, high-proliferative hiPSC-CMs expressed
mCherry versus 10.8 + 5.4% (p = 0.03) of low-proliferative hiPSC-CMs cultured without a GSK33
inhibitor (Figure 4A). To investigate the cell cycle-independent effects of the GSK3f inhibition
of non-viral vector incorporation efficacy, we also transfected day ~80 metabolic matured
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and non-proliferative hiPSC-CMs in the presence or absence of CHIR99021. We found that
in the presence of CHIR99021, non-proliferative CMs expressed mCherry in 12 + 0.6%, while
in the absence of CHIR99021, matured CMs were mCherry positive in 8.3 £ 0.8% (p = 0.89)
(Figure 4B). Additionally, we compared ViaFect with Lipofectamine 3000 transfection reagent
and found that CHIR99021 treatment increased the transfection efficiency in both reagents
by more than 50% (Figure S3D). To confirm general transfection efficiency and potential
non-cell cycle-dependent effects of CHIR99021, we utilized a common source of indefinitely
proliferating HEK293 cells and transfected these with and without GSK3 inhibition. In HEK293
cells we observed no significant increase in transfection efficiency when CHIR99021 was added
to the media versus the DMSO carrier control (33.8% vs. 35.8%, p = 0.93) (Figure 4C). Next,
we confirmed the expression of mCherry in the fraction of CMs, which were treated with
CHIR99021 via immunohistochemistry for a-actinin and endogenous mCherry fluorescence
(Figure 4D). These dataillustrate that CHIR99021 promotes non-viral vector uptake in hiPSC-
CMs predominantly via a cell cycle-dependent way.
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Figure 4. Transfection efficiency in immature hiPSC-CMs vs. mature hiPSC-CMs and HEK293 cells. (A)
Quantitative flow-cytometry graph indicating high transfection efficiency of up to 34% in immature and up
to 20% in mature hiPSC-CM treated with 2 pM of CHIR99021, 100 ng/mL mCherry plasmid and with ViaFect
transfection reagent. (B) Bar graph displaying mean mCherry transfection efficiency in immature (CM) and mature
(MM) hiPSC-CMs and HEK293 cells (HEK) treated with CHIR99021 or DMSO carrier control in the presence of ViaFect
or Lipofectamin transfection reagent. Mean flow-cytometry values of 3 biological replicates are represented and
error bars indicate standard deviation. (C) Representative immunofluorescence for Hoechst (blue), mCherry (red)
and a-actinin (green) after 72 h of transfection treatment (ViaFect) in hiPSC-CMs and HEK293 cells treated with
CHIR99021. (D) Quantitative bar graph representing mean transfection efficiency in a fraction of hiPSC-CMs or
HEK293 cells by mCherry expression of high transfection efficiency. Experiments performed 3 biological replicates.
Error bars indicated standard deviation. * indicates p < 0.05, ** indicates p < 0.01).

17




Chapter 5

Live Tracing of Non-Viral Vector-Based Fluorescence Expression in hiPSC-CMs

Based on our data, it appears that the cell cycle-related effects of CHIR99021 are the most
crucial for the transfection efficiency in hiPSC-CMs (Figure 4). To demonstrate that indeed
the active cycling hiPSC-CMs were to express the mCherry plasmid first, we recorded time-
lapse videos in bright-field and immunofluorescence mode for 12 h starting at 1-day post-
transfection of the cells. After 24 h and 36 h of transfection we observed a pattern of mainly
neighboring cells that started to express the mCherry fluorescent protein (Figure 5A).
Quantification of neighboring cells confirmed that 75.25% were paired mCherry positive cells,
while 14.35% of mCherry positive cells were unpaired and 10.4% were binucleated cells (Figure
5B). Next, we analyzed our time-lapse videos for cells that showed a rolled-up morphology
during mitosis and found that the fraction of cells undergoing cytokinesis started to express
mCherry protein mainly right after cytokinesis had occurred (Figure 5C). In cells that became
binucleate after mitosis we noticed an expression of mCherry in both nuclei upon completion
of the binucleation process (Figure 5D). These data indicate that incorporation of vectors
occurs before or during M-phase, while expression of the PF256-H2B-mCherry vector starts
immediately after the M-phase.
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Figure 5. Time-lapse analysis of non-viral vector mCherry incorporation in proliferating hiPSC-CMs.
(A) Representative time-lapse images of the mCherry positive hiPSC-CMs 12 h and 24 h post-transfection with
mCherry-H2B plasmid and ViaFect transfection reagent. (B) Quantification of the mCherry positive paired,
unpaired and binucleated cells represented in percentages (n = 100). Data are shown as mean + SEM. *** p < 0.001
as calculated by Student’s t-test. (C) Selected time-lapse images visualizing mCherry expression in a mononuclear
hiPSC-CM undergoing cytokinesis. (D) Selected time-lapse images demonstrating mCherry expression after
binucleation of a mononuclear hiPSC-CM. Time is indicated in hours (h). Scale bar indicates 50 um.
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DISCUSSION

The cardiomyocyte compartment of the human heart is largely non-mitotic and with an
annual cell turnover lower than 1%, this explains the lack of true regenerative capacity.?®In
the neonatal period, CMs still proliferate and the heart possesses a capacity to regenerate
upon injury, while in the adult myocardium the rate of CM self-renewal becomes too low
to compensate for potential cell loss by, e.g., myocardial infarction. In mammals, cardiac
growth by hyperplasia changes to hypertrophy early after birth, coinciding with increasing
DNA content of the CMs via multinucleation and nuclear polyploidization." Previous studies
have shown a correlation between the amount of diploid CMs and substantial regenerative
capacity, raising the hypothesis that multinucleation and/or polyploidy forms a block for
CM proliferation and heart regeneration.”'%%2°3°0On the contrary, there is evidence for self-
duplication of multinucleated CMs, suggesting a more complex situation of ploidy in relation
to cardiac repair.3"** For this study, we utilized time-lapse recordings to study the sequence
of sarcomere distribution during mitosis, followed by cytokinesis, multinucleation or self-
duplication in massively expanding hiPSC-CMs.

In Figure 1 we demonstrate that during mitosis of hiPSC-CMs, sarcomere breakdown is
predominantly activated during the metaphase, anaphase and telophase and cells transiently
stop contracting during cytokinesis. After cytokinesis and the following GO or G1/5/G2 phases,
the sarcomeres are restored and spontaneous beating is reinitiated. Moreover, we observe
that in hiPSC-CMs the sequence of mitosis is followed by cytokinesis and self-duplication
versus multinucleation (Figure 2). Remarkably, for all of these sequences, we noticed that
chromosomal segregation (M-phase), accompanied by sarcomere disassembly were both
present during mitosis (Figure 1 and Figure 2). Mechanistically, we show that Wnt and
Hippo genes are highly expressed in the high-proliferative juvenile hiPSC-CMs versus non-
proliferative metabolic matured CMs (Figure 3). In addition, we demonstrate in Figure 4 that
high-proliferative hiPSC-CMs in G1/5/G2 or M phase can incorporate non-viral vectors at a
much higher degree than low-proliferative or non-proliferative hiPSC-CMs. Our data also
indicates that the earliest expression of such vectors is present in CMs that just have gone
through M phase/chromosomal segregation (Figure 5). Collectively, our study provides
information on sarcomere density during mitosis and sequential cytokinesis, self-duplication
or multinucleation. Our live-tracing studies (Figure 2 and Supplementary Figure 2) indicated
that cell cycle activity of hiPSC-CMs was varying among different cell lines. We observed that
cytokinesis occurred in 13-40%, self-duplication in 1.5-2.5% and multinucleation in 0.6-1.7%
of events. Multinucleation as a result of a binuclear cells going through the M phase formed
a rare event (0.1-0.2%). The observation that binucleated cells can self-duplicate is in line
with previous studies in mice that have found that regenerative capacity also originates from
pre-existing and multinucleated CMs.*"*2The occurrence of binucleation, however, is 5-10
times lower than self-renewal in our hiPSC-CM system, in which we concurrently activate
Whnt signaling and remove cell-cell contacts (Figure 2B, 2D and Figure 5B). Therefore, this

119




Chapter 5

higher incidence of cytokinesis from mononucleated cells in our system also appears to
be in line with the concept that diploid cells are the most powerful for endogenous heart
regeneration.” The observation that hiPSC-CMs disassemble their sarcomeres followed by
temporary quiescence is potentially explanatory for the low number of cell division in the
adult human heart, which cannot allow itself “to skip a beat”. Besides the heart, the process
of multinucleation as a result of a cytokinetic cell division also occurs in skeletal muscle and
forms of cancer. Previous studies have demonstrated that this multinucleation process is
reflected in hiPSC-derived muscle progenitor and cancer cell line models.?*

Additionally, our non-viral vector gene transfection studies show that efficiency is highly
related to the proliferative status of hiPSC-CMs. Although multiple methods of genetic
modifications exist (i.e., lipofectamine-mediated transfection, and viral-based transduction),
their efficiency, cytotoxicity, safety, and cost remain unsatisfactory and often below 10-
20%.2° We used our live hiPSC-CM imaging setup to study the transfection in proliferating
(canonical Wnt activation) versus non-proliferating hiPSC-CMs. We found that hiPSC-CMs
after chromosomal segregation (mitotic figure) were the first cells expressing a non-viral
vector-based fluorescent protein. A smaller fraction of cells incorporates non-viral vector DNA
in a cell cycle-independent manner. This improved approach for gene transfection is directly
usable for research involving molecular studies and cardiac tissue engineering applications.

Several limitations should be considered when interpreting the results of our study. Although
we used expanding hiPSC-CMs reaching purity of up to 98%, for our time-lapse videos we
were not able to live trace sarcomere, and therefore, there is potentially a risk of other cell
types being recorded and analyzed. Secondly, CHIR99021, a potent GSK3f inhibitor present
in our expansion culture system, could potentially also have non-cell cycle-related effects
leading to increased transfection rates. Our data in Figure 5, however, indicates that activation
of the cell cycle and M phase is needed for early incorporation of non-viral vectors. Lastly, the
lack of environmental cues in our in vitro system put limitations on the interpretation of the
described event of self-duplication as a potential route for heart regeneration.

This study demonstrates that there is a complex landscape in hiPSC-CM proliferation,
multinucleation and self-duplication. Moreover, enhanced incorporation of non-viral vectors
is related to Wnt activation and cell cycle activity of hiPSC-CMs, which forms a strong tool for
molecular gene studies in hiPSC-CMs and cardiac tissue engineering.
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Chapter 6

ABSTRACT

Development of new cardioprotective approaches using in vivo models of ischemic heart
disease remains challenging as differences in cardiac physiology, phenotype and disease
progression between humans and animals influence model validity and prognostic value.
Furthermore, economical and ethical considerations have to be taken into account, especially
when using large animal models with relevance for conducting pre-clinical studies. The
development of human induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs)
has opened new opportunities for in vitro studies on cardioprotective compounds. However,
the immature cellular phenotype of iPSC-CMs remains a roadblock for disease modelling. Here,
we show that metabolic maturation renders the susceptibility of iPSC-CMs to hypoxia further
towards a clinically representative phenotype. iPSC-CMs cultured in conventional medium did
not show significant cell death after exposure to hypoxia. In contrast, metabolically matured
(MM) iPSC-CMs showed inhibited mitochondrial respiration after exposure to hypoxia and
increased cell death upon increased durations of hypoxia. Furthermore, we confirmed the
applicability of MM iPSC-CM:s for in vitro studies of hypoxic damage by validating the known
cardioprotective effect of necroptosis inhibitor necrostatin-1. Our results provide important
steps to improving and developing valid and predictive human in vitro models of ischemic
heart disease.

GRAPHICAL ABSTRACT
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Significance Statement

The immaturity of human iPSC-derived cardiomyocytes (iPSC-CMs) remains a roadblock for
disease modelling. This study shows that only after metabolic maturation in low glucose,
high oxidative substrate media, iPSC-CMs become susceptible to hypoxia-induced cellular
damage. Inhibition of necroptosis prevented hypoxia-induced decrease in mitochondrial
respiration and cell death in metabolically matured iPSC-CMs. Together, these findings suggest
that metabolically matured iPSC-CMs are susceptible to hypoxia damage, representing a key
step for establishing valid in vitro models of cardiac ischemia.

INTRODUCTION

Ischemic heart disease is a major cause of death worldwide.! The decrease in oxygen and
nutrient availability in the myocardium leads to cardiomyocyte (CM) death and therefore loss of
cardiac contractile force.? Current clinical therapies focus on early reperfusion of the ischemic
tissue, thereby decreasing the tissue damage which occurs after myocardial infarctions. To
develop improved therapeutic approaches to protect the heart from ischemic damage,
both animal models and in vitro disease modelling platforms have been used frequently.
However, although cardioprotective factors have shown promising therapeutic effects in
in vitro cell models and in animal experiments, they often failed in showing clear beneficial
effects in clinical trials.> The roles of comorbidities, ageing, and the use of medication, often
neglected in preclinical models, have been considered as reasons for translational failure.*
Moreover, existing models do not robustly reflect the human CM-specific pathophysiology
due to marked differences between CMs from humans compared to other species®, e.g., with
respect to calcium handling®, electrophysiology®, myofilament composition”?, maturation
expression profile®, and metabolism.”® The development of human induced pluripotent stem
cell (iPSC) technology" and their differentiation to cardiomyocytes (CMs)? opened doors for
more suitable human-based cardiac disease modelling by the generation of patient-specific
CMs' and pre-clinical screening of therapeutics.'*'> Despite the mentioned advantages linked
to their human origin, iPSC-CMs, typically derived from a 20-day differentiation protocol,
display a foetal rather than adult CM phenotype.’®"” Adult human CMs generate 90% of their
energy from mitochondrial oxidative phosphorylation while neonatal rat CMs and iPSC-CMs
use glycolysis as their main energy source', as reflected in a lower expression of TCA cycle
and fatty acid B-oxidation markers.">* Thus, human iPSC-CMs can have limited clinical validity
and predictive value as models of pathophysiological processes, especially when linked to
oxidative metabolic processes.’?' Several studies focussed on increasing the maturation
of iPSC-CMs by stimulating the post-natal shift from anaerobic glycolysis-dependent
metabolism to aerobic B-oxidation.’®?-2* Recently, a study showed increased cell death of
iPSC-CMs metabolically matured for 8 days in glucose deprived, fatty acid rich media, upon
submission to in vitro ischemia-reperfusion injury by applying two hours of complete oxygen
deprivation (0% O,) followed by four hours of reperfusion (20% O,).> In a similar attempt, we
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have shown that three weeks of culture in a medium with physiological levels of glucose and
Ca*, supplemented with a fine-tuned composition of additives, induced metabolic, structural,
electrophysiological and mechanical iPSC-CM maturation characterized by lower resting
membrane potential, rapid depolarization, increased sarcoplasmic reticulum calcium cycling,
increased contractile force and enhanced fatty acid oxidation, in line with cardiomyocyte
maturation during cardiac development.’® In this study, we sought to investigate the utilization
of metabolically matured iPSC-CMs to model cardiac ischemic damage and exemplarily
evaluate the cardioprotective effect of the RIP1 kinase inhibitor necrostatin-1.

METHODS

Cell culture. The female iPSC line SCVI-273 (Sendai virus reprogrammed) was kindly provided
by Joseph Wu, Stanford University.? The female iPSC line NP0141-31B was generated in the Sari¢
group from peripheral blood mononuclear cells, also using the Sendai virus reprogramming
method.?”?® This line is deposited as cell line UKKi032-C at the European Bank for induced
Pluripotent Stem Cells (EBiSC, www.ebisc.org) and is listed at the international online registry
hPSCreg (www.hpscreg.eu). iPSCs were cultured in Essential 8 medium (Gibco, A1517001)
in 0,1 mg/mL matrigel (Corning, CLS356252) coated-6 well plates. When reaching 80-90%
confluency, directed differentiation to CMs was initiated by changing medium to RPMI 1640
(ThermoFisher Scientific, 11875085) supplemented with 2% B27 minus insulin (ThermoFisher
Scientific, A1895601) (B27- medium) and 7 uM CHIR99021 (Selleck Chemicals, S2924). After 3
days, B27-medium was changed and supplemented with 2 uM Wnt-C59 (R&D systems, 5148)
to inhibit canonical Wnt signaling. On day 7, the medium was changed to RPMI 1640 and 2%
B27 plus insulin supplement (ThermoFisher Scientific, 17504001) (B27+ medium) and on day
9 to RPMI 1640 without glucose (ThermoFisher Scientific, 118979020) and 2% B27 plus insulin
for purification (depletion of non-CM cells). On day 11 cells were re-plated in RPMI/B27 plus
insulin supplemented with 10% KnockOut serum replacement (KOSR, ThermoFisher Scientific,
108280028) and 10 uM selective Rock-1 inhibitor Y-27632 (Selleck Chemicals, S1049). After
the second purification on day 14 for two days in RPMI 1640 without glucose, the medium
was changed to RPMI/B27 plus insulin. On day 20, the purification medium was changed
to maturation medium’® or cells were kept in RPMI/B27 plus insulin. Cells were matured in
maturation medium for three weeks before re-plating with medium changes every four days.

Damage induction. 4 days before applying hypoxic conditions at day 20, the medium was
changed to medium containing variable nutrient compositions (Supplementary table 1).
Ischemia was induced by incubation at 5% O, in a hypoxia incubator (In-VitroCell NU-5800,
NuAire) providing continuous oxygen monitoring or ~1% O, using the GasPak EZ Pouch system
(BD, 260683) with indicator strips to confirm O, concentrations below 1%.
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Preconditioning protective treatment. Before hypoxia, the medium was changed to media
of variant nutrient composition (Supplementary table 1). iPSC-CMs were preconditioned with
60 UM necroptosis inhibitor Necrostatin-1 (Nec-1, Abcam ab141053) for 24 hours.

Lactate dehydrogenase, glucose and lactate measurements. Media glucose and lactate
levels were determined using the Accutrend plus device (Roche, 05050472023) and verified
using the glucose (Sigma, MAK083-1KT) and lactate colorimetric kits (Sigma, MAK064-1KT).
Lactate dehydrogenase levels were determined using the LDH assay colorimetric kit (Abcam,
ab102526) according to manufacturer’s instructions.

Immunofluorescent staining. Live dead assay was performed using EthD1/calcein AM staining
with the LIVE/DEAD Kit, for mammalian cells (ThermoFisher Scientific, L3224) according to
manufacturer’s instructions and imaging was performed using the EVOS Floid microscope
(ThermoFisher Scientific, AMF5000). The ratio of EthD1 to Calcein AM was determined by
dividing the number of EthD1-positive cells by the number of Calcein AM-positive cells
per image. The averages of 5 images were used per condition. For immunofluorescence
stainings, after fixation in 4% paraformaldehyde for 30 minutes, cells were permeabilized
in 0,1% Triton-X100 (Sigma, 11332481001) before blocking in 10% normal goat serum/1%
BSA (Sigma, A9418). Primary antibodies used were: ACTN1 (Sigma-Aldrich, A7811, 1:200),
cardiac troponin T (Abcam, ab45932, 1:100), Ki-67 (Abcam, ab8330, 1:200), pH3 (Cell Signaling
Technology, #9701, 1:200), TOMM20 (Abcam, ab56783, 1:200) and Aurora B kinase (Abcam,
ab2254, 1:100). Detection was mediated by incubation with AlexaFluor antibody conjugates
(ThermoFisher Scientific) and nuclei were visualised using DAPI (ThermoFisher Scientific,
62248). Mounting was performed using Fluoromount-G mounting medium (ThermoFisher
Scientific, 00-4958-02). For apoptotic cell death analysis, TUNEL assays (Roche, 11684795910)
were performed according to the manufacturer’s instructions. Imaging was performed on a
confocal microscope (Leica Sp8x, LAS X imaging software) and image analysis using Image)J
(1.57a, Java 1.8.0.231).

Flow cytometry. Cells were gently dissociated (multi tissue dissociation kit, Miltenyi Biotec,
130-110-204) and incubated with LIVE/DEAD fixable green dead cell stain kit (ThermoFisher
Scientific, L23101). This kit contains a fixable fluorescent dye that binds to amines. In viable
cells, this amine-reactive dye binds amines on the outer cell surface, as opposed to dead cells
in which the dye can additionally bind internal amines due to membrane disruption. After
staining, cells were fixed (inside fix solution, Miltenyi Biotec, 130-090-477) and stained with
primary antibodies (diluted in inside perm solution, Miltenyi Biotec, 130-090-477). ACTN1-
VioBlue (Miltenyi Biotec, 130-127-354, 1:10) and cardiac Troponin-T VioBlue (Miltenyi Biotec,
130-120-402, 1:10) were used as conjugated antibodies. As a control, universal isotype control
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antibodies (REA, Miltenyi Biotec, 130-096-932) were used. Media and washes were collected
to obtain a complete representation, including detached cells. The samples were analysed
using a FACS Canto system (BD Bioscience, FACSDiva software 6.0) and FlowJo software (BD
Bioscience, v10).

Beating rate analysis. iPSC-CM beating rate was microscopically determined (Olympus
CKX53) and recorded (Hero 8 GoPro camera). Beats per minute were quantified by counting
the number of contractions of individual cells from 10 second videos.

Seahorse analysis. Mitochondrial respiration was measured using a XF24 Extracellular
Flux Analyzer (Seahorse Bioscience, Agilent) to assess the effect of hypoxia on the electron
transport chain complexes. XF24 plates (Agilent, 103518-100) were used and coated with
0.1 mg/mL Matrigel (Corning, CLS356252) before cells were seeded at a density of 1,0x10°
cells per well. 24 hours or 4 hours before Seahorse analysis, plates were placed in a GasPak
EZ Pouch system to induce hypoxia following manufacturer’s instructions. One hour
before measurement cells were washed three times with Seahorse XF DMEM Basal Medium
(Agilent, 103680-100), supplemented with 2% B27, 4 mM glutamine (Gibco, 25030081), 10 mM
glucose (ThermoFisher Scientific, 15023021), and 1% chemically defined lipid concentrate
(ThermoFisher Scientific, 11905031). Oxygen consumption rate (OCR) was determined using
XF Cell Mito Stress Assay (Agilent, 103015-100) with subsequent additions of: (1) ATP synthase
inhibitor: 2.5 mM oligomycin, (2) uncoupler: 2.5 mM carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP) and (3) Complex I/l inhibitors: 2.5 mM Rotenone/Antimycin A. At
the end of measurement, the oxygen consumption rate (OCR) values were normalized to
cell numbers per well as assessed by Hoechst 33342 (Thermofisher Scientific) staining at 20x
magnification imaging using the Evos microscope and ImageJ®. Baseline respiration was
calculated by subtracting the OCR, after addition of rotenone and antimycin A, from the
respiration as measured at the first time point. ATP production was calculated as the OCR at
the first time point minus the OCR after oligomycin infusion. The proton leak was determined
by subtracting the OCR after FCCP infusion from the value after oligomycin infusion. Maximal
OCR was calculated as the difference between the OCR after FCCP infusion and after rotenone
and antimycin A infusion. Respiratory capacity was calculated by subtracting the difference
between the OCR before the addition of inhibitors and after rotenone and antimycin A
infusion from the OCR after FCCP infusion. Lastly, non-mitochondrial respiration was defined
as the OCR after rotenone and antimycin A infusion. The experiment was done in 1-2 biological
replicates, with each replicate consisting of 5 technical repeats per condition.

Statistical analysis. iPSC lines from two donors were used and the number (N) depicted
in individual figures represents the number of independent experiments performed. Each

130



Metabolic maturation increases susceptibility to hypoxia-induced damage in human iPSC-derived cardiomyocytes

experiment was performed with both cell lines. Statistical analysis was performed using Prism
8 (GraphPad) software. Normality was assessed using a Shapiro-Wilk test. To compare two
normally distributed groups, a Student'’s t-test was performed. For three or more groups and
the assessment of one parameter, one-way ANOVA statistical test was used. With multiple
parameters and three or more groups, a two-way ANOVA was used. For one-way ANOVA and
two-way ANOVA, Dunnett multiple comparisons was used as post-hoc analysis to determine
significance at a P<0,05. Results are shown as mean + SEM.

RESULTS

Immature iPSC-CMs are not sensitive to hypoxia

Human iPSCs were subjected to directed differentiation to cardiomyocytes (iPSC-CMs) using the
Whnt pathway inhibition differentiation protocol?”?, resulting in a homogeneous, autonomously
contractile cell population robustly expressing CM-defining markers troponin T and ACTN1
(Figure 1a-c) and only low ratios of cells expressing proliferation marker Ki67 (5,9% + 0,8%;
Figure 1d), similar to values reported for neonatal mice and young infant hearts.?**' To test the
sensitivity of these, presumably immature, iPSC-CMs to oxygen and nutrient deprivation, we
cultured the cells in four different media of variable nutrient compositions (Supplementary
table 1) before exposure to hypoxia: 1) DMEM-Glu/L (25 mM glucose, 10% KOSR), 2) RPMI-Glu/
B27 (11,1 mM glucose, 2% B27), 3) RPMI/B27 (0OmM glucose, 2% B27), and 4) RPMI-Lac/L (0 mM
glucose, lactate, 10% KOSR). DMEM-GIu/L is highest in glucose and lipids, followed by RPMI-
Glu/B27 with high glucose and low lipids, where both types are commonly used to maintain
iPSC-CMs after differentiation. RPMI/B27 and RPMI-Lac/L are both used during the purification
steps of iPSC differentiation into CMs and contain no glucose where RPMI/B27 is low in lipids.
RPMI-Lac/L contains additional lactate and higher lipid concentration to inhibit glycolysis and
stimulate the use of the respiratory chain®. Incubation in 1% O, for 24 hours did not lead to
increased cell death of iPSC-CMs in high-glucose media (DMEM-Glu/L, RPMI-Glu/B27) and no-
glucose and low-lipid media (RPMI/B27) compared to incubation in 21% O, (Figure 1e, f). Only
exposure to 1% O, for 24 hoursin no-glucose, high-lipid and high-lactate medium (RPMI-Lac/L)
induced minimal, yet significantly increased cell death (ethidium homodimer-1 [EthD1] / calcein
AM ratio: 0,02 + 0,005 [21% O,] vs. 0,11 £ 0,004 [1% O,]; P=0,04). To validate the assessment of
cell death, we included a Triton X-100 treatment as a positive control, that resulted in 100% cell
death for all media conditions (Figure 1e). To more accurately quantify results, we repeated
the respective experiments using RPMI-Lac/L medium and analysed via flow cytometry using
an amine-reactive dye to detect membrane disruption. Although in 12 of 30 experiments a
small reduction in cell viability was observed, differences were statistically non-significant in
flow cytometric analyses (viable cells: 85% * 1,9% [21% O,] vs. 78,3 + 3,0 [1% O,]; P=0,1; Figure
19, h). These findings show immature iPSC-CMs are insensitive to hypoxic damage irrespective
of media glucose content. The presence of lipids and lactate in combination with low glucose
media led to minimal, yet detectable hypoxic damage in immature iPSC-CMs.
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<« Figure 1. Hypoxia does not induce damage in iPSC-CMs

A. Schematic representation of experimental setup. B, C. ACTN1 and cTnT expression of iPSC-CMs assessed by
immunofluorescence microscopy (B) and flow cytometry (C) (n=8) D. Ki67 expression of iPSC-CMs assessed by
flow cytometry (n=9). E. Ethidium homodimer-1 (EthD1)/Calcein AM staining of iPSC-CMs cultured in four different
media (DMEM-Glu/L, RPMI-Glu/B27, RPMI-B27, RPMI-Lac/L) with indicated nutrient compositions, exposed to
indicated O, concentrations and durations. Arrowheads indicate a representative selection of EthD1-positive cells.
F. Quantification (n=8) and media compositions of E. G. Flow cytometry analysis of viability of iPSC-CMs cultured
for 24 hoursin 21% O, or 1% O, and quantification (H) (n=30). Data is collected from 2-3 technical replicates (exact
amounts specified in separate panels), 3 biological replicates (cardiac differentiations) of 2 cell lines. H: 3 technical
replicates from 10 biological replicates (cardiac differentiations). Data were analysed using one-way ANOVA and
Dunnett multiple comparison. *P<0,05. Scale bar: 200um. Data are shown as mean + SEM.

Metabolically matured iPSC-CMs are sensitive to hypoxia

To investigate whether maturation of iPSC-CMs would increase susceptibility to hypoxia, we
applied the recently published protocol for metabolic maturation (MM)'® (Figure 2a), resulting
in increased ratio of ACTN expressing cells (83,3% + 1,3% [RPMI/Lac/L (non-MM)] vs. 94,4%
+ 2,6% [MM]; P<0,01; Figure 2b, c) and decreased ratio of proliferating KI67 expressing cells
(5,9% + 0,77% [non-MM] vs. 1,4% =+ 0,32% [MM]; P<0,01; Figure 2d). MM iPSC-CMs displayed
a significant increase in cell death after 16 and 24 hours of hypoxia (fold increase EthD1/
calcein AM ratio compared to normoxic: 1,78 + 0,14 [1% O,, 16 hours]; 1,83 £ 0,15 [1% O,,
24 hours]; Figure 2e, f). Hypoxia induced damage of MM iPSC-CMs was confirmed by an
increase in media lactate dehydrogenase concentration (Figure 2g) (25,0 + 0,01 [U/I;21% O]
vs 39,4 + 5,8 [U/]; 1% O,, 24 hours], P<0,05) and a reduction in cell viability assessed via flow
cytometry (56,5% = 2,8% [21% O,] vs 14,0% =+ 1,2% [1% O,, 24 hours]; P<0,001; Figure 2h, i).
Additionally, analyses of iPSC-CM beating rates after 24 hours exposure to 1% O, showed
significant decrease only for MM (Supplementary figure 1).
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Figure 2. Hypoxia induces cell death of MM iPSC-CMs

A. Schematic representation of experimental setup.B, C. ACTN1 and cTnT expression of MM iPSC-CMs by
immunofluorescence microscopy (B) and flow cytometric analysis of ACTN1 expression (C) (n=8, 2 cell lines, 2
biological replicates, 2 technical replicates). D. KI67 expression of MM iPSC-CMs compared to non-MM iPSC-CMs
(n=20, 2 cell lines, 5 biological replicates, 2 technical replicates). E, F. EthD1/Calcein AM staining (LIVE/DEAD assay)
of MM iPSC-CMs exposed to 21% O, for 24 hours or 1% O, for 4, 8, 16, or 24 hours and quantification (F) (n=15, 2 cell
lines, 4 biological replicates, 1-2 technical replicates). G. Lactate dehydrogenase media levels of day 40 matured
iPSC-CMs exposed to 1% O, (n=5, 2 cell lines, 2 biological replicates, 1-2 technical replicates). H, I. Flow cytometry
analysis of MM iPSC-CMs viability after 24 hours exposure to 21% O, or 1% O, and quantification (I) (n=7, 2 cell lines,
3 biological replicates, 1-2 technical replicates). Data was analysed using one-way ANOVA and Dunnett multiple
comparison. *P<0,05; ** P<0,01; ***P<0,001. Scale bar: 200 um. Data are shown as mean + SEM.
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Although iPSC-CMs are continuously exposed to an atmospheric concentration of 21% O,
during cell culture conditions, in myocardial tissue, normoxic oxygen concentrations can
be substantially lower.” We therefore assessed whether a decrease from 21% O, to a more
physiological cardiac normoxia of 5% O, would already induce damage in MM iPSC-CMs
(Figure 3a). Although hypoxia did not change the fraction of ACTN1-positive MM iPSC-CMs
in the surviving population (ACTN1*: 92,7 + 3,35% [24 hours, 21% O2] vs. 93,8 £ 1,7%, P = 0,74
[24 hours, 1% O,]; Supplemental figure 2), both, incubation in 5% O, and 1% O,, decreased
myofibrillar organization, as shown by immunostaining for ACTN1 and cardiac troponin T
(cTnT) (Figure 3b, ).

An increased ratio of apoptotic (TUNEL?) iPSC-CMs was observed in MM after short periods
(4 hours) of exposure to 5% O, (25,5% * 1,2%), similar to 1% O, (23,7% * 1,6%), compared to
atmospheric 21% O, (15,4% * 0,83%; p<0,05; Figure 3d, e). Longer hypoxia periods (24 hours)
increased percentage of apoptotic iPSC-CMs to 41,5% + 4,5% (5% O,) and 37,6% =+ 3,5% (1% O,)
compared to 12,0% * 1,5% (21% O,; p<0,001; Figure 3d, e). We did not observe a significant
difference in the ratio of apoptotic iPSC-CMs between 5% and 1% O,, both after short- (4 hours)
or long-term (24 hours) incubation. We collected media after hypoxia for 4 and 24 hours to
assess glucose, lactate and lactate dehydrogenase concentrations and found significantly
increased glucose consumption after 24 hours at both 5% and 1% O,, reducing glucose levels
below the detection limit of 0,6 mM (Figure 3f).
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Figure 3. Mild hypoxia is sufficient to induce cell death in MM iPSC-CMs

Schematic representation of experimental set-up. B. Bright-field images of MM iPSC-CMs exposed to indicated
hypoxia conditions. C. Microscopic images of ACTN1 and cTnT immunostainings. Square indicates area of close-up. D.
Microscopic images of TUNEL staining of MM iPSC-CMs. E. Quantification of TUNEL staining. F-H. Glucose (F) and
lactate (G) concentrations in media after 4 to 24 hours incubation of MM iPSC-CMs at indicated hypoxia conditions.
E: 3 technical replicates from 6 biological replicates (cardiac differentiations) (n=28); F, G: 2 technical replicates from 3
biological replicates (cardiac differentiations) (n=5). Data were analysed using one-way ANOVA and Dunnett multiple
comparison. *P<0,05; **P<0,01; ***P<0,001. Scale bar: 200 um. Data are shown as mean + SEM.
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Metabolic profiling of non-MM and MM iPSC-CMs after hypoxia exposure

To investigate whether hypoxia affects mitochondrial function of iPSC-CMs, we compared
the oxygen consumption rates (OCR) of MM iPSC-CMs and non-MM iPSC-CMs 40 days after
differentiation in normoxia and hypoxia (1% O,) using Seahorse metabolic analysis. To
study the role of glucose in hypoxia-mediated mitochondrial damage in the non-MM iPSCs,
we used RPMI-Glu/B27 as high glucose medium and RPMI-Lac/L as low glucose medium
(Figure 1). In normoxia, MM iPSC-CMs showed the highest OCR, indicating increased used
of oxidative phosphorylation (Figure 4a-c). Under hypoxic conditions, non-MM iPSC-CMs
cultured in RPMI-Glu/L maintained responsiveness, while non-MM iPSC-CMs cultured in
RPMI-Lac/L lost responsiveness to the mitochondrial respiratory chain inhibitors (Figure 4a,
b). Glucose deprived (RPMI-Lac/L ) non-MM iPSC-CMs showed decreased OCR in normoxia
compared to non-MM iPSC-CMs in glucose-rich medium (RPMI-Glu/B27) illustrating metabolic
starvation caused by the absence of glucose (Figure 4a, b). While MM iPSC-CMs showed the
highest OCR in normoxic conditions and similar responses to the mitochondrial inhibitors
as the non-MM iPSC-CMs in glucose medium, 24 hours of hypoxia caused a massive drop
in OCR and complete loss of mitochondrial flexibility in MM iPSC-CMs as non-MM iPSC-CMs
maintained responsiveness to oligomycin, FCCP and antimycin A and rotenone. 24 hours
hypoxia significantly decreased basal respiration, ATP production and maximal respiration in
both non-MM and MM iPSC-CMs where the strongest decrease in OCR was observed in MM
iPSC-CMs. Spare respiratory capacity and non-mitochondrial respiration was only significantly
decreased in MM iPSC-CMs and not in non-MM iPSC-CMs. Additionally, comparative analysis of
non-MM and MM-iPSC-CMs cultured in the same plate showed an increased ratio of apoptotic
cells (TUNEL*) in MM iPSC-CMs (4 hours, 1% O,: 23,8% * 1,5%; 24 hours, 1% O,: 93,0% + 2,4%
vs. 21% O,: 7,92% * 1,09%; P<0,001), while no increase in apoptosis was observed for non-MM
iPSC-CMs (4 hours, 1% O,: 1,18% + 0,2%; 24 hours, 1% O,: 10,6% * 6,6% vs. 21% O,: 1,1% = 0,23%;
P>0,05; Figure 4d, e). This showed metabolic maturation in MM is responsible for increased
sensitivity to hypoxia. All together, these results provide further support for our findings that
MM iPSC-CMs depend on oxidative phosphorylation and consequently are more sensitive
to hypoxia than non-MM iPSC-CMs cultured in glucose-rich or low glucose/lactate media.
These results strongly suggest that iPSC-CMs, cultured conventionally and in the presence
of glucose, resemble the immature embryonic CM phenotype with respect to their energy
substrate utilization, active metabolic pathways, and survival upon low oxygen exposure.
In contrast, MM iPSC-CMs cultured with lipids as the primary energy source, more closely
resemble adult CMs, consistent with previous reports’®. We found that MM iPSC-CMs are more
sensitive to hypoxia, leading to minimized mitochondrial function, DNA fragmentation, and
ultimately apoptosis.
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Figure 4. Metabolic profiling of non-MM iPSC-CMs and MM iPSC-CMs exposed to hypoxia
A-C.Normalized real-time oxygen consumption rate (OCR) of non-MM iPSC-CMs in RPMI-Glu/B27 (A), RPMI-B27 (B)
and MM iPSC-CMs (C) in normoxia (21% O,, 24 hours), short-term hypoxia (1% O,, 4 hours) or long-term hypoxia (1%
0,, 24 hours) by Seahorse extracellular flux analyser. Cells were treated with oligomycin, FCCP, and antimycin A and
rotenone to measure mitochondrial respiration. D. Comparative images of TUNEL staining of cardiomyocytes used
in metabolic profiling. E. Quantification of TUNEL staining. A-C: 2 cell lines, 2 biological replicates, 1-2 technical
replicates (n=5). Scale bar: 200 pm. Data was analysed using one-way ANOVA and Dunnett multiple comparison.
*P<0,05; **P<0,01; ***P<0,001; ****P<0,0001. Data are shown as mean = SEM.

138



Metabolic maturation increases susceptibility to hypoxia-induced damage in human iPSC-derived cardiomyocytes

Preconditioning with Nec-1 protects metabolically matured iPSC-CMs from
hypoxic injury

To determine the utility of our damage model as a platform to screen for protective agents,
we preconditioned the cells with the necroptosis inhibitor necrostatin-1 (Nec-1) and assessed
whether the previously found protective effects*** could be reproduced (Figure 5a).
Supplementation of MM-iPSCs with Nec-1 24 hours prior to hypoxia, indeed resulted in a
significant decrease in cell death compared to control (fold change EthD1/calcein AM ratio:
0,47 £ 0,06 with Nec-1, P<0,01; Figure 5b, ¢). MM iPSC-CMs preconditioned with Nec-1 showed
a significant increase in OCR (Figure 5d, e), as opposed to non-MM iPSC-CMs (Supplemental
figure 3). Furthermore, Nec-1 preconditioning increased the expression of the mitochondrial
outer membrane protein TOMM20 compared to control, indicating increased cellular
mitochondrial content (Figure 5f, g).

DISCUSSION

In the present study, we confirmed that the conventional method for differentiation of iPSC-
CMs using RPMI/B27-based medium (RPMI-GIlu/B27) generates cells with low sensitivity to
hypoxia and consequential cell death. We furthermore demonstrated that applying metabolic
maturation of iPSC-CMs increased sensitivity to hypoxia, rendering these matured cells better
models for in vitro models of cardiac ischemia. The observed ability of conventionally cultured,
non-MM iPSC-CMs to increase the glycolytic flux in anaerobic conditions is in line with the
characteristics of foetal immature CMs having a higher threshold for oxygen insufficiency.?¢-%
During development, arterial blood oxygen saturation fluctuates around 3% O,, which would
be considered a hypoxic condition in the adult human heart, with respect to activation of
hypoxia-induced gene expression.’” However, foetal immature CMs are conditioned to low
oxygen pressures during development and thus rely on anaerobic energy pathways for
metabolism and cardiac growth. Mechanistically, it has been shown that transcription factor
hypoxia-inducible factor 1X (HIF1K) is stabilized in foetal CMs under low oxygen pressures and
plays a key role in maintaining and enhancing glycolytic metabolism via LDH-A regulation in
the compact myocardium and counteracting CM maturation.?3383°

Also in iPSC-CMs the inhibition of HIF1X has been shown to lead to CM maturation and a
metabolic shift from aerobic glycolysis towards oxidative phosphorylation.?* Frequently used
“high glucose” cell culture media containing glucose at concentrations of ~15 mmol/L do not
relate to human physiology, with local glucose concentrations of ~3 mmol/L, and have been
considered obstructive for iPSC-CM maturation.*® Furthermore, a four-fold postnatal increase
in concentration of circulating fatty acids enables and drives increased activation of fatty acid
[3-oxidation pathways in adult cardiomyocytes.*>#! Despite relying mainly on metabolization
of glucose, we did observe a decrease in mitochondrial respiration rate in non-MM iPSC-CMs
following hypoxia. This could be related to the short intermittent reoxygenation step required
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Figure 5. Preconditioning with Nec-1 protects MM iPSC-CMs from hypoxia

A. Schematic representation of experimental set-up. B. EthD1/Calcein AM staining of MM iPSC-CMs exposed to
21% O, or 1% O, for 24 hours in the absence or presence of necroptosis inhibitor Nec-1. C. Quantification of B.
D-E. Normalized real-time oxygen consumption rate (OCR) of iPSC-CMs MM iPSC-CMs in normoxia (21% 0, 24
hours), long-term ischemia (1% O,, 24 hours), or long-term hypoxia preconditioned with Nec-1 for 24 hours by
Seahorse extracellular flux analyser. Cells were treated with oligomycin, FCCP, and antimycin A and rotenone to
measure mitochondrial respiration. F. Immunofluorescent staining of sarcomeres (ACTN1, green) and mitochondria
(TOMM20, red) of cells used for metabolic profiling. G. Quantification of TOMM20 staining. D-F: 2 cell lines, 2
biological replicates, 1-2 technical replicates (n=5). Scale bars: 200 um. Data were analysed using two-way ANOVA.
*P<0,05; **P<0,01; ***P<0,001; ****P<0,0001. Data are shown as mean + SEM.
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for Seahorse metabolic profiling analysis. Cell damage from reperfusion is caused by the
release of reactive oxygen species upon the sudden increase in oxygen availability*>. Hypoxia
and reoxygenation have previously been shown to induce only limited damage and prolonged
hypoxia without reoxygenation did not affect beating frequency in immature iPSC-CMs?3¢.
This is in line with our results of maintained beating frequency in immature, non-MM iPSC-
CMs after prolonged hypoxia. A previously observed limited effect of hypoxia compared
to reperfusion injury on calcium overload related cellular damage in immature iPSC-CMs*,
potentially explains why our seahorse results do show a response of iPSC-CMs in RPMI-
media to hypoxia. During late human embryonal development, the glycolytic metabolism is
insufficient to generate adequate ATP levels for cardiac contractions leading to the metabolic
shift towards oxidative phosphorylation.?® The increased oxygen availability around birth
destabilizes the HIF1K transcription factor complex, resulting in the mitochondrial shift
towards more energy-efficient oxidative phosphorylation-based metabolism.*®#* With this
increased availability of ATP, CMs mature with a concomitant increase in ploidy, myofibrillar
organization, and number of mitochondria providing for increased energy demands of cardiac
contractility.? However, these necessary changes in functional and structural phenotype
seem to limit metabolic flexibility. We observed that MM iPSC-CMs, as opposed to non-MM
iPS-CMs were sensitive to hypoxia-induced cell death and showed decreased mitochondrial
respiration after 4 hours of hypoxia. Additionally, lactate production plays a vital role in
glycolysis and was not observed in normoxic conditions or in short-term hypoxia, but did
increase in long-term hypoxia, indicating that MM iPSC-CMs eventually shift towards oxidative
phosphorylation of fatty acids. This observation was in line with the drop in glucose levels
in these conditions without an increase in lactate production. Interestingly, we showed that
5% O,, considered physiological normoxia in most tissue®, induced a similar degree of cell
death as 1% O, for MM iPSC-CMs. This suggests, that in our model hypoxia-induced cell death
pathways are already induced at a decrease from atmospheric 21% O, to 5% O,, in contrast
to previous studies suggesting 0,5-2% O, as effective cellular hypoxia®. This difference in
physiological tissue normoxia and cell culture normoxia is an important factor to take into
account when further developing in vitro hypoxia models. Within this study, differentiation
of iPSC to iPSC-CMs is conducted at atmospheric O,, whereas during cardiac development
in vivo CMs differentiate and mature at lower physiological concentrations (5-8% O,).***” We
have shown, while glycolytic non-MM iPSC-CMs were insensitive to hypoxia, MM iPSC-CMs
showed increased sensitivity to hypoxia and even physiological O, concentrations. Using
a monolayer of a single cell-type in an in vitro setting alongside hyperoxia during cardiac
differentiation are likely to contribute further to sensitivity to O, concentration considered
physiological. Further investigation could determine thresholds of specific O, concentrations
resulting in activation of hypoxia signalling (e.g., HIF1a stabilization) in iPSC-CMs. This could
be followed up by hypoxia studies using viable cardiac tissue slices* or engineered heart
tissues*® to circumvent limitations of monolayer single cell-type models, although obviously
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more cost- and technology-intensive, thus probably less promising for high-throughput
applications and screens.

Finally, we confirmed the applicability of MM iPSC-CM to model hypoxic damage by validating
the protective effects of the necroptosis inhibitor Nec-1, in contrast to conventional, non-MM
iPSC-CM culture conditions. In summary, we have shown that MM iPSC-CMs display increased
sensitivity to hypoxic injury, which is more reminiscent of adult CMs and therefore represent

an improved model for human ischemic heart disease in vitro.
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Chapter 7

ABSTRACT

Phospholamban (PLN) encodes for a transmembrane sarcoplasmic reticulum (SR)
phosphoprotein and is crucial in the regulation of calcium cycling in cardiomyocytes by
interacting with the calcium pump sarco(endo)plasmic reticulum calcium ATPase 2a (SERCA2a).
The deletion of amino acid arginine 14 in the cardiac-enriched protein phospholamban (PLN-
R14del) potentially leads to a super-inhibitory effect towards SERCA2a, causing disturbed
calcium handling and decreased contractility in cardiomyocytes. However, the functional
consequences of this mutation and the mechanisms underlying PLN-R14del cardiomyopathy
remain poorly understood. The purpose of this systematic review is to summarize the
research studies conducted on understanding the molecular mechanisms causing PLN-
R14del cardiomyopathy. This review will emphasize the impact that the discovery of PLN-
R14del had on fueling insights into the basic biology of calcium handling, protein toxicity,
metabolism, and fibrosis, and reinforce the idea that PLN is a crucial dynamic regulator of
SERCA2a that contributes to the speed and force of calcium-driven muscle contraction. Finally,
the elucidation of the mechanisms involved in cardiomyopathy onset and progression from
this causative gene will lead to the development of novel therapeutic agents, which were
summarized here.
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INTRODUCTION

In 2006, the deletion of arginine 14 (p.Arg14del) within the phospholamban protein (PLN-
R14del) was discovered to cause severe cardiomyopathy in members of a Greek family.! Since
then, this mutation has been identified in thousands of cardiomyopathy patients across various
countries, including the USA, Canada, China, Japan, Vietnam, Italy, Germany, Spain, and the
Netherlands (Figure 1)."® Notably, in the Dutch population, the PLN-R14del founder mutation
has emerged as one of the most prevalent genetic mutations associated with cardiomyopathy.
More than 1600 carriers have been identified so far, and this number continues to grow.>®
In the Netherlands, PLN-R14del is responsible for approximately 10% to 15% of patients
with dilated cardiomyopathy (DCM) and 15% with arrhythmogenic cardiomyopathy (ACM)".
Remarkably, this mutation accounts for about 25% of the annual heart transplants performed
in the Netherlands, underlining its significant impact on cardiac health.”

(n=50)
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Figure 1. World map illustrating the global distribution of PLN-R14del carriers, which have been identified in 10
different countries around the world (dark blue color). N= number of patients described per study.

Phospholamban is a small protein consisting of 52 amino acids and is encoded by the PLN
gene. Its primary role is the regulation of the calcium pump known as Sarco(endo)plasmic
reticulum calcium ATPase 2a (SERCA2a) within cardiomyocytes. The normal function of PLN
has been extensively reviewed.'*"> Nevertheless, the precise mechanisms and implications of
the PLN-R14del mutation in causing heart disease remain unclear and subject to controversy,
warranting ongoing research efforts. In this review, we systematically summarize all studies
describing the PLN-R14del mutation and discuss the pathological phenotypes in addressing
the PLN-R14del cardiomyopathy.
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Clinical alterations in PLN-R14del patients

The onset of PLN-R14del disease differs among patients and seems to be age-dependent.
Typically, most patients begin experiencing symptoms at an average age ranging from 40 to
48 years."*'* However, there is evidence of patients under 30 years old exhibiting ventricular
tachycardia. Conversely, many PLN-R14del carriers remain asymptomatic”, highlighting
the significant variability in disease penetrance associated with this mutation. In a Spanish
family, a disease penetration of 75% was reported.® Several factors may contribute to an
individual’s disease onset and progression, including additional mutations, alterations in the
PLN interactome'®, external stressors like intense physical activity'*??, or combinations thereof.
Interestingly, no association has been found between participation in high dynamic sports and
malignant ventricular arrhythmias in PLN-R14del carriers.” Therefore, further understanding
of the interplay between genetic and environmental factors is crucial for both the diagnosis
and management of this condition. To date, no studies have described an explanation for this
disease penetrance variability.

The clinical spectrum of the disease phenotype associated with PLN-R14del mutation varies
from early stage ECG and ultrasound strain abnormalities to a moderate stage consisting of
reduced left ventricular function, and ultimately progression into congestive biventricular
failure, potentially accompanied by arrhythmias.*-2¢ At the structural level, the PLN-R14del
mutation results in a biventricular phenotype, characterized by the presence of fibrosis, dilation
of the heart, fibrofatty tissue replacement, and the formation of protein aggregates. These
structural changes within the heart may provide the substrates necessary for the occurrence
of ventricular arrhythmias.? Notably, certain ECG abnormalities, such as low-voltage ECG with
attenuated R amplitudes and inverted T-waves, are early indicators of the disease in individuals
with the PLN-R14del mutation and can be attributed to the presence of cardiac fibrosis.***'
Importantly, attenuated R amplitudes can serve as an early ECG marker, irrespective of any
echocardiographic abnormalities, indicating a mutation-related remodeling process that
precedes the onset of ventricular dysfunction.®

Since the discovery of PLN-R14del, several studies have investigated the underlying
mechanisms of PLN-R14del cardiomyopathy. However, despite all efforts, PLN-R14del patients
still wait desperately for customized therapy or even a curative treatment. In an attempt to
understand the pathological characteristics of the disease, we performed a systematic search
of studies providing the current knowledge on PLN-R14del cardiomyopathy, focusing on the
structural and cellular characteristics of the disease (Table 1). The literature search was based
on the following terminology in the title and/or abstract: “PLN R14del”; “Phospholamban
R14del”; “p.Argl4del”; “PLN Argl4del”; “Phospholamban Argl4del”; “R14del”. The selected
studies and data extraction were independently evaluated. The search found 82 studies, of
which 81 fulfilled the selection criteria (Supplementary Table 1). Forty studies described the

mutation effects in human patients, sixteen studies were performed in mice, seven in patient-
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derived induced pluripotent stem cell-derived models, one paper described the PLNR14del

pig model and one PLNR14del zebrafish model was reported.

Table 1: Systematic summary of clinical and research studies in PLN-R14del cardiomyopathy. Studies are sorted
based on the year of publication.

First author and Species Type of study Main findings

year of publication

Haghighi (2006)* Human, Clinical and The PLN-R14del mutation was identified in a Greek

Mouse pathological family. PLN-R14Del mice recapitulate human
examination, Genetic cardiomyopathy.  Possibly  super-inhibition  of
analysis, in vivo, in SERCA2a by mutant monomeric PLN.
vitro

DeWitt (2006)** Human Clinical examination, Screening of a cohort of 260 unrelated DCM patients
Genetic analysis for mutations in the PLN gene, identified 1 family with

PLN-R14del.
Posch Human Clinical examination, PLN-R14del causes abnormal ECG phenotype with
(2009)** Genetic analysis low R amplitudes irrespective of echocardiographic
abnormalities. Indication for fibrosis as a primary
process.

Haghighi (2012)* Mouse Pathological PLN-R14del is misrouted to the sarcolemma, in
examination, invivo, absence of endogenous PLN, alters NKA activity
ex vivo, in silico which subsequently leads to cardiac remodeling.

Ceholski (2012)%¢ n/a insilico PLN-R14del has a dominant-negative effect on

SERCA2a function. Hydrophobic imbalance in the
cytoplasmic domain of PLN might be a predictor of

DCM.
Van der Zwaag Human Clinical examination, PLN mutation carriers diagnosed with DCM show
(2012)*” Pathological arrhythmogenic phenotype and cardiomyopathy as
examination, Genetic well, including sudden cardiac death at a young age.
analysis
Van der Zwaag Human Epidemiological Geographic origin of PLN-R14del is likely East-
(2013)% analysis, Genetic Friesland (The Netherlands), where the R14del variant
analysis originated 575-825 years ago.
Van der Heijden n/a Review Reviewed PLN studies till 2013. In the near future,
(2013)* the goal should be to identify all carriers of the PLN-
R14del mutation to be able to prevent SCD.
Groeneweg (2013)*  Human Clinical examination, Due to the discovery of the ACM phenotype,
Pathological the number of PLN-R14del patients contributes
examination, Genetic substantially to the revised TFC of ACM
analysis cardiomyopathy.
Gho Human Pathological Using a novel histological quantification method,
(2014)% Examination myocardial fibrosis is mainly present in the LPW and

adipose tissue in the RV wall.

Van Rijsingen (2014)*> Human Clinical examination, PLN-R14del carriers are at high risk for VA and

Genetic analysis end-stage heart failure. No association between
participation in high dynamic sports and malignant
Vas.
Bhonsale (2015)* Human Genetic Analysis Pathogenic mutations were identified in 577 patients

(241 families) from USA and Dutch ARVD/C cohorts.
5.7% carried the PLN-R14del mutation.

Vostrikov (2015)* n/a in silico Deletion of R14 weakens membrane interaction in
the cytoplasmic domain, causing a loss of function.
Phosphorylation does not reverse the inhibitory
effect.
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First author and Species Type of study Main findings

year of publication

Young n/a Review Reviewed PLN mutants Arg9 and Arg14 and how the

(2015)* synergistic changes in SR calcium homeostasis led to
impaired cardiac contractility and DCM.

Karakikes (2015)% hiPSC-CMs in vitro, Pathological ~Gene correction using TALENs in hiPSC-CMs

examination, ameliorate PLN-R14del associated phenotype in vitro.
Genetic restoration Knock-down of mutant R14del or overexpression of
WT PLN also reversed disease phenotype.

Lépez-Ayala (2015)%  Human Clinical examination, A Spanish family was reported exhibiting a disease

Genetic analysis penetration of 75%. ECG abnormalities are often
found in carriers, with low-voltage/attenuated R
amplitudes.

Fish (2016)* Human Genetic analysis No PLN-R14del mutation was found in 315 African
patients with ACM (n = 111), DCM (n = 95), HCM (n =
40) or PC (n =69). One PLN ¢.25C > T (p.R9C) mutation
was detected (mutation prevalence = 0.2%).

Milano (2016)* Human Clinical examination, Rare genetic variants, including PLN-R14del,

Genetic analysis contribute to the risk of sudden cardiac death.

Te Rijdt (2016)*° Human Clinical examination, PLN-R14del cardiomyopathy is characterized by large
Pathological perinuclear PLN aggregates, which form aggresomes
examination and are degraded via autophagy.

Stillitano (2016)*! hiPSC-CMs in vitro, Pathological ~ Three-dimensional EHT shows impaired cardiac
examination, contractility due to PLN-R14del. Genomic editing
functional readout,  using TALENSs restores contractile function.

Genetic restoration

Opbergen (2017)%? n/a Review Review outlines the intracellular cardiac calcium
dynamics and relates pathophysiological signaling.

Sepehrkhouy (2017)** Human Pathological PLN-associated  cardiomyopathies  exhibit a
examination distinct fibrosis pattern from other hereditary

cardiomyopathies. Fibrosis is most prominently
present in the LPW.

Te Rijdt (2017)%* Human Pathological Using immunohistochemical staining of PLN protein
examination, Genetic aggregates, PLN-R14del cardiomyopathy can be
analysis diagnosed sensitively and specifically.

Nannenberg (2018)*> Human Clinical Examination  Study evaluated ascertainment bias on survival. In
PLN-R14del-positive patients, the median age of
survival increased from 63.5% (2010) to 65.2 years
(2012).

Wu Pig ex vivo, model Generation of PLNR14del pigs via CRISPR/

(2018)* characterization Cpfl-mediated gene editing and somatic cell nuclear
transfer. Heart H&E staining results of 3 months old
PLNR14del piglets showed no signifcant differences
in tissue morphology or cell shape and size.

Hof (2019)*7 n/a Review Reviewed studies till 2017. The most striking
characteristic is the low-voltage ECGs. Therefore,
cardiac and genetic screening is strongly
recommended.

Te Rijdt (2019)® Human Clinical examination, PLN-R14del  phenotype is  biventricular, s
Pathological characterized by fibrofatty replacement and fibrosis,
examination, Genetic and exhibits a distinct molecular signature compared
analysis to ACM.

Cheung (2019)* Human Clinical examination A Canadian cohort of PLN-R14del patients exhibited

Genetic analysis

similar disease phenotypes as Dutch patients,
including VA and ECG abnormalities.
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First author and Species  Type of study Main findings

year of publication

Doevendans (2019)*° n/a Cure Phospholamban- CURE-PlaN network funded by the Foundation
Induced Leducq was started in 2019 with the ultimate goal of
Cardiomyopathy developing innovative disease-specific therapeutic
(CURE-PlaN) modalities.

Stroik hiPSC-CMs  In vitro, functional Viral expression of a SERCA2a-activating PLN mutant

(2020)° readout improves calcium cycling and synchronicity in PLN-
R14del hiPSC-CMs.

Eijgenraam (2020)*> Mouse Clinical examination, Homozygous transgenic PLN-R14del mice exhibit
Pathological the same cardiac phenotype as human PLN-R14del
examination, Genetic cardiomyopathy patients, yet in an accelerated
analysis, In vivo, ex manner. Eplerenone or metoprolol did not improve
vivo, drug screening  cardiac function or survival in the mice.

Bleijendaal (2020)®  Human in silico Diagnosis of PLN-R14del cardiomyopathy can be
improved using machine learning and deep learning
model methods by screening for abnormal T-waves.

Jiang Human Clinical examination ~ PLN-R14del family found in Southwestern China,

(2020)% exhibiting similar symptoms as previously described.
CMR on the LPW is important for early disease
discovery.

Menzel (2020)%° Human, Molecular dynamics ~ Phosphorylation at either Ser16 or Thr17 converted

Mouse simulations, Protein  PLN into a target for the phospho-adaptor protein 14-
analysis, functional  3-3 with different affinities. Phosphorylation of Thr17
readout therefore may become crucial for 14-3-3 recruitment

to PLN-R14del.

Pei & Maas (Preprint, Human Genetic analysis, Authors report differentially acetylated TF and

2020)% Pathological expressed genes in FAO metabolisms and their
examination, Genetic downstream target in PLN-R14del hearts.
analysis, ex vivo

Taha Human Clinical examination  Echocardiographic characteristics of 281 PLN-R14del

(2021)7 carriers. Pre-symptomatic mutation carriers with
apical PSS in the apex are at higher risk of Vas.

Van de Leur (2021)%®  Human Clinical Examination DNN was developed on ECGs of 69 patients and
evaluated on 17 patients. DNN visualizes disease-
specific ECG features and reveals yet unidentified
features.

Lopes Human Clinical examination ECG-based identification was strongly improved

(2021)%° by using a transfer learning approach with sex
classification. The QRS complex was found to be the
most important region in the ECG for PLN-R14del
identification.

Nguyen Human Clinical examination, Screening of a Vietnamese cohort of 230 familial and

(2021)"° Genetic analysis sporadic DCM patients for 58 genes. The diagnostic
yield of PLNR41del was 2%.

Feyen (2021)" hiPSC-CMs in vitro, Pathological ~ Single-cell RNA sequencing of PLN-R14del-CMs
examination, Genetic revealed the induction of the UPR pathway. PLN-
analysis, functional ~ R14del hiPSC-CMs treated with a UPR activator
readout, rescue with  (BiP) showed a dose-dependent amelioration of the
drug contractility deficit.

Cuello (2021)" hiPSC-CMs in vitro, pathological RNA-seq and proteomic analyses on PLNR14del-

examination,
functional readout,
rescue with drug

CMs revealed dysfunction between the ER and
mitochondria. Transduction of PLN-R14del EHTs with
the Ca*-binding proteins GcaMP6f/parvalbumin
improved the disease phenotype.
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First author and Species  Type of study Main findings

year of publication

Raad Humanized Clinical and Humanized PLN-R14del mice exhibited adverse

(2021)7 Mouse pathological electrophysiological  remodeling, absence of

examination, significant structural or hemodynamic changes, and
functional readout, in increased arrhythmia susceptibility.
vivo, ex vivo
Verstraelen (2021)*  Human Clinical examination ~ This study developed a new mutation-specific
prediction model that improved risk stratification
for primary prevention of ICD implantation by
developing a new mutation-specific prediction
model for malignant VA in PLN-R14del carriers.
Te Rijdt (2021)” Human Clinical trial: The This study investigates if pre-emptive treatment of
PHOspholamban 42 presymptomatic PLN-R14del carriers using 50
Related mg eplerenone, can reduce disease progression and
Cardiomyopathy postpone the onset of overt disease.
Intervention Study
(iPHORECAST)

Haghighi (2021)7® Humanized Clinical examination, Humanized PLN-R14del mice exhibited impairment

Mouse Pathological of atrioventricular conduction, in association with VA,

examination, which appeared to originate from the right ventricle
functional readout, in vivo. KN93 reversed this proarrhythmic parameter.
in vivo, ex vivo, rescue
with drug

Koch n/a insilico, in vitro Mathematical modeling and preliminary analyses

(2021)7 suggest that the PLN-R14del could impair noise
filtering, offering a new perspective on how this
mutation causes cardiac arrhythmias.

Grote Beverborg Mouse Clinical examination, Mice harboring the PLN-R14del pathogenic variant

(2021)8 Pathological recapitulate the DCM phenotype; subcutaneous

examination, administration of PLN-ASO prevents PLN protein
functional readout,  aggregation, cardiac dysfunction, and leads to a
invivo, exvivo, gene  3-fold increase in survival rate.

silencing rescue

Taha Human Clinical examination LVMD has incremental prognostic value on top of

(2021)7 LVEF in PLN-R14del carriers, particularly in those with
preserved LVEF.

Eijgenraam (2021)%°  Mouse Clinical examination, Progression of PLN-R14A/A mice was investigated

Pathological by echocardiography, ECG, tissue analysis, and
examination, transcriptomics and proteomics in week 3, 4, and 5
functional readout, in of age.

vivo, ex vivo

Van der Klooster Human Clinical Examination  In 7.2% of cardiomyocytes from PLNR14del patients,

(2021)® homogeneously distributed p62 accumulation was
present.

De Brouwer (2021)% Human Clinical Examination  Analysis of 933 PLN-R14del patients showed that
low-voltage ECGs predict sustained VA and are more
common in females, yet the prognostic value is
greater in males.

Kamel (2021)% Zebrafish  Clinical examination, Zebrafish harboring the PLN-R14del pathogenic

Pathological
examination,
functional readout,
in vivo, ex vivo, rescue
with drug

variant recapitulate alterations of cardiac intracellular
Ca?* dynamics already at the embryonic stages. In
the adult heart, PLN-R14del-CMs show alterations in
APD, clear variations in cardiac output, and cardiac
remodeling. Istaroxime enhances cardiac output.
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First author and Species Type of study Main findings

year of publication

Tabata (2021)%* Human Clinical examination  Authors discovered 5 PLN-R14del patients in Japan.
All patients were diagnosed with DCM, developed
end-stage heart failure, and experienced VT.

Badone (2021)% hiPSC-CMs in vitro, functional PLN-R14del-CMs showed altered calcium handling.
readout, pathological PST3093 was not effective in the mutant-CMs but
examination affected Ca?* dynamics parameters in the isogenic

controls.

De Boer (2021)% n/a Review Described the PLN-R14del as an example
of a monogenic driver of DCM with specific
pathomechanisms.

Driessen (2021)%” Human Clinical examination  Buccal mucosa cells labeled with anti-plakoglobin
antibodies revealed that the scores of PLN p.Arg14del
patients were comparable to controls (p > 0.209),
suggesting differences in underlying etiology.

Van der Voorn Human Clinical examination, Collagen turnover ratio was significantly higher

(2022)%8 immuno-assay in patients with T wave inversion or premature
ventricular contractions during an exercise tolerance
test.

Mittal hiPSC in vitro, model Study generated hiPSC lines from five PLN-R14del

(2022)% characterisation carriers and three non-carrier family members. All
eight lines show the correct characterisation of
pluripotency.

Dave Humanized Pathological Humanized PLN-R14del mice are more susceptible to

(2022)* Mouse examination, invivo  developing VT; disruption of an hPLN-R14del allele
gene editing using by AAV9-CRISPR/Cas9 improves cardiac function and
CRISPR/Cas9 reduces VT susceptibility.

Monda (2022)* n/a Review Reviewed studies till 2021. Focuses mainly on
PLNR14del's ACM  pathophysiology,  clinical
manifestation, risk stratification for sudden cardiac
death, and management.

Eijgenraam (2022)*> Mouse Clinical examination, Progression of PLN-R14A/A mice were investigated.
Pathological Administration of a PLN-targeting antisense
examination, oligonucleotide halted further cardiac dysfunction,
functional readout, in resulting in an increased life span and almost
vivo, ex vivo eliminated PLN aggregates.

Deiman (2022)* n/a Review In this review, an overview of how precision medicine

can be approached as a treatment strategy for
PLNR14del is discussed.

Vera hiPSC in vitro, model Study generated hiPSC lines from two PLN-R14del

(2022)** characterisation carriers. All lines show the correct characterisation of
pluripotency.

Pei & Maas (Preprint, Human Genetic analysis, Authors report differentially acetylated TF and

2022)% Pathological

examination, Genetic

analysis, ex vivo

expressed genes in FAO metabolisms and their
downstream target in PLN-R14del hearts and hiPSC-
CMs of PLN-R14del patients.

Vafiadaki (2022)% Humanized Protein interactions,

Pulldown assays reveal that PLN-R14del exhibits
increased binding to SERCA2a and HAX-1, SERCA2a
activity is inhibited, causing a cascade of molecular
events contributing to impaired Ca?*-homeostasis
and arrhythmogenesis.

Mouse, ex vivo, in vitro, in silico
HEK293,
H9c2 cells

Rogalska (2023)” Mouse, RNA-Sequencing

hiPSC-CMs  splicing analysis

>200 significant alternative splicing events and
profiles were observed in the LV and RV. The most
affected biological process was “cardiac cell action
potential” and 2 genes (TRPM4/CAMK2D) which
encode proteins regulating calcium homeostasis.
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First author and Species  Type of study Main findings
year of publication
Aboumsallem Mouse multi-omics Cell-death and tissue-repair pathways were enriched
(2023)® characterization and energy derivation processes were downregulated
in hearts of 7 weeks old homozygous PLN-R14del
mouse model.
Kumar (2023)* Humanized Pathological Changes in Ca** handling and myofilament proteins
Mouse examination, resulted in decreased contractility. The depressive

functional readout,

in vivo, ex vivo, rescue

with drug

contractile effects were prevented by omecamtiv
mecarbil, while MYK-461 had no effects.

Van der Meer (2023)™

n/a

newspaper article

Authors estimate that approximately 25% of all
transplanted patients carry the PLN-R14del mutation.
Authors summarize the history, clinical onset,
pathophysiology potential therapies, and patient
participation.

Vafiadaki n/a Review Reviewed studies till 2022 provide an overview on

(2023)1 PLN-R14del disease pathophysiology and therapeutic

approaches.

Zanotti 2023® Human Clinical examination, Authors detected alteration in histology and the
Pathological formation of perinuclear aggresomes in skeletal
examination, protein  muscle tissue from an Italian patient carrying PLN-
analysis, ex vivo R14del.

Cleary (Preprint, HEK293 Protein interactions,  PLN-R14del proteins showed significantly increased

2023)" in vitro, in silico pentamer to monomer ratios and an increased

affinity for homo-oligomerization and decreased
binding affinity for SERCA compared to WT. Authors
suggest that the R14del mutation stabilizes PLN in
its pentameric form, decreasing its ability to regulate
SERCA.

De Brouwer Human Clinical trial: The multicentre  randomized trial ‘intervention in

(2023)%2 PHOspholamban PHOspholamban RElated CArdiomyopathy STudy’
Related (i-PHORECAST) showed no significant improvement
Cardiomyopathy after eplerenone treatment in asymptomatic PLN
Intervention Study p.Arg14del carriers.

(iPHORECAST)

Maniezzi (Preprint, Mouse ex vivo, Functional PLN-R14del mouse cardiomyocytes shows a reduced

2023)'0 readouts, Genetic/ ability to inhibit SERCA2a, arguing super-inhibition.
Protein analysis Metabolism was found decreased and ER stress

increased. The drug PST3093 showed no effect in
PLN-R14del cardiomyocytes!

Van Lint? Human Clinical Examination  The authors found no association between the
amount of exercise and the susceptibility to develop
ACM, DCM, VA, or HF in PLN p.(Arg14del) carriers.

Doevendans PA n/a Pro-Con Statement  The author speculates whether all carriers should be

(2023) 14 offered preventive treatment. Con: These therapeutic
steps are experimental and not ready to be offered to
patients.

de Boer (2023)'% n/a Pro-Con Statement ~ The author speculates whether all carriers should

be offered preventive treatment. Pro: PLN-R14del
carriers have a 50% lifetime risk of developing severe
disease, therefore we should not hesitate to offer pre-
emptive medication.

Taha (2023)'%° Human Clinical Examination Deep neural network was able to discriminate

PLN variant carriers (n=278) from control subjects
(n=621) in echocardiographic deformation curves.
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First author and Species  Type of study Main findings

year of publication

Balducci hiPSC in vitro, model Study generated hiPSC lines from five PLN-R14del

(2023)7 characterisation carriers who were asymptomatic at the time of

blood collection and one non-carrier family member.
All six lines show the correct characterisation of
pluripotency.

Stege (2023)'%® Mouse Clinical examination, Dwarf open reading frame (DWORF) overexpression
Pathological delayed cardiac fibrosis, heart failure and increased
examination, life span >2-fold by reducing abnormal ER clusters in
functional readout,  homozygous R14del mice.
ex vivo

Van der Voorn Human Genotyping array The p.(Ser96Ala) polymorphism was not associated

(2023)'%°

cohort study for

with life-threatening arrhythmias or heart failure-

HRC polymorphism  related events of 848 PLN-R14del carriers.

frequencies

Abbreviations: ACM = Arrhythmogenic Cardiomyopathy; ASO= antisense oligonucleotides; APD = Action
Potential Duration; ASO=AntiSense Oligonucleotides; Ca** = Calcium; CaMKIl = Calmodulin dependent kinase II;
CM = Cardiomyocyte; CMR = Cardiac Magnetic Resonance; DCM = Dilated Cardiomyopathy; DNN= Deep Neural
Network; ECG = Electrocardiogram; EHT = Engineered heart tissue; ER = Endoplasmic Reticulum; FAO = fatty
acid oxidation; HCM = Hypertropic Cardiomyopathy; HF = Heart Failure; HRC = histidine-rich Ca?* binding; ICD
= Implantable Cardioverter-Defibrillator; iPSC = induced Pluripotent Stem Cell; LV = left ventricle; LVEF = Left
Ventricular Ejection Fraction; LPW = left posterolateral wall; LVMD = Left Ventricular Mechanical Dispersion; NKA
= Na/K-ATPase; PC = peripartum cardiomyopathy; PLN = Phospholamban; PLN-R14del/p.Arg14del = Deletion
of arginine 14 in PLN gene; Preprint = manuscripts published on BioRxiv or ResearchSquare. PSS = Post-Systolic
Shortening; RV =Right Ventricle; SCD = Sudden Cardiac Death; SERCA2a = Sarco/endoplasmic reticulum Ca**-
ATPase 2a; TALENs= Transcription Activator Like Effector Nucleases; TF= Transcription Factor; TFC = Task Force
Criteria; UPR = Unfolded Protein Response; VA = Ventricular Arrhythmia; VT = Ventricular tachycardia.

Cellular and molecular alterations in PLN-R14del Cardiomyopathy

The major features of PLN-R14del disease that could be linked to the pathogenic mutation
include cellular and molecular dysfunctions such as protein aggregation/toxicity,
arrhythmogenesis, metabolic dysfunction, reduced cardiac function, fibrosis, resulting in a
structural cardiomyopathy phenotype. However, the contributing mechanisms underlying
these PLN-R14del pathophysiological features remain unclear. Here, we review the current
knowledge on how PLN-R14del mutation causes the panoply of DCM and ACM manifestations
and the potential molecular mechanisms contributing to the disease pathophysiology.

Calcium cycling and contractile force.

The PLN protein is a crucial regulator of cardiac contractility by modulating calcium (Ca*)
transport via SERCA2a and its functioning has been extensively reviewed."® In brief,
when dephosphorylated, PLN binds to SERCA2a through intramembrane protein-protein
interactions to lower its affinity for Ca®', thereby decreasing the Ca?* uptake into the
sarcoplasmic reticulum (SR), which results in the contraction of the cardiomyocyte.'?
Phosphorylation of PLN reverses this inhibition, stimulating calcium transport into the SR and
increasing the rate of relaxation. PLN phosphorylation is regulated by protein kinase A (PKA)
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at serine 16 and/or Ca**/calmodulin-dependent protein kinase Il (CaMKII) at the threonine 17
residue. As more Ca?* is accumulated in the SR, a greater Ca* store is available for release in
a subsequent beat, leading to enhanced contractile force."*

Production of pluripotent stem cells (hiPSC) from human adult somatic tissues provides the
opportunity to generate large numbers of PLN-R14del patient-specific stem cells.8%41 The
first direct evidence of PLN-R14del mutation affecting calcium cycling has been shown in
these (hiPSC)-derived cardiomyocytes (iPSC-CMs) from a DCM patient carrying the mutation.*®
This study revealed progressive dysregulation of Ca?* cycling in PLN-R14del hiPSC-CMs,
characterized by oscillations and extra peaks, a hallmark of an arrhythmic profile'*",
which is consistent with the increased arrhythmogenic vulnerability seen in patients with
this mutation. Similarly, irregular Ca** transients were observed in a PLN-R14del knock-in
hiPSC line generated by inserting the mutation in a control iPSC line via CRISPR/Cas9.®’
Subsequently, a study from Cuello et al. showed prolonged late Ca?* decay time and a Ca?*
concentration-dependent increase in irregular beating patterns in 2D PLN-R14del-CMs, but no
observations of abnormal Ca?* waveforms were reported. A deeper calcium transient analysis
was performed by Badone et al., in the same PLN-R14del hiPSC line used by Cuello et al.
where heterogeneous calcium transient profiles in the cell population of both wild-type and
mutant lines were observed.®* However, the majority of mutant cells showed a typical profile
characterized by fast rise and decay time as compared to wild-type, indicating increased
SERACA2a activity, possibly due to a loss of PLN inhibitory function as a consequence of the
mutation. These data are in contrast with the current described theory of a “super-inhibitory”
effect of PLN-R14del and indicate that PLN-R14del mutation might have other, yet unknown,
consequences. Interestingly, all studies using engineered heart tissues (EHTs) reported a
reduced contractile force in EHTs generated from multiple PLN-R14del patient lines or healthy
donor introduced R14del.*'”'72 EHTs contain more relevant physiological structures compared
to 2D culturing techniques and can promote cell phenotype, metabolic activity, maturation,
and functionality, leading to more reliable and more predictive models. The variation of PLN-
R14del calcium handling outcomes in 2D hiPSC-CMs might be explained by the inefficient
model format which it would be interesting to study the calcium handling in 3D hiPSC-CMs
models harboring the PLN-R14del disease.

The first mouse models, overexpressing PLN-R14Del, revealed histopathologic abnormalities,
super-inhibition of the Ca* affinity for SERCA2a, and premature death."* Calcium kinetic and
contractile parameters have been further investigated in isolated cardiomyocytes from a
novel knock-in humanized PLN-R14del mouse model.”® The study reported depressed calcium
cycling and contractile parameters, specifically in right ventricular (RV) myocytes from young
mutant mice (12-13 weeks). This suggests that the arrhythmogenic phenotype associated
with the PLN-R14del mutation may originate in the RV compartment during early stages. In
the same mouse model, at 12 months of age, contractile parameters and calcium transients
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were considerably reduced in the RV of PLN-R14del cardiomyocytes.”® Moreover, myofilament
calcium sensitivity increased in both ventricles of these mutant mice. These findings indicate
that myofilament calcium function in disturbed in both ventricles, but abnormal myocyte
calcium cycling and contractility are primarily limited to the RV over the long term.

In another recent study, RNA-Sequencing splicing analysis revealed more than 200 different
alternative splicing events and profiles in the LV and RV of PLN-R14del versus healthy mouse
hearts.”” Interestingly, in the RV, the most affected biological process was associated with
"cardiac cell action potential". Furthermore, the splicing of two key genes, TRPM4 and
CAMK2D, which encode proteins that regulate calcium homeostasis in the heart, was altered
in PLN-R14del mouse hearts and hiPSC-CMs. This suggests that abnormal splicing may
influence calcium homeostasis in the heart, potentially contributing to the increased risk of
arrhythmogenesis in PLN-R14del arrhythmogenic cardiomyopathy.

These findings collectively present, for the first time, distinct differences in calcium cycling
and contractility within specific heart compartments affected by PLN-R14del disease. The
reason why the PLN-R14del mutation affects the right ventricle, specifically in this mouse
model, is not fully understood. However, it is known that there are intrinsic differences in the
physiology and metabolism between the left and right ventricles. Additionally, compensatory
mechanisms in the LV may mask any effects of the PLN-R14del mutation in this compartment.
Further studies are needed to fully elucidate the mechanisms underlying the compartment-
specific effects of PLN-R14del mutation in the heart.

Ventricular tachycardia

One of the most concerning clinical features of PLN-R14del mutation is the risk of malignant
ventricular tachycardia (VT), which can be life-threatening. This risk appears to be age-
dependent, with the incidence of VT increasing over time."” Even if an individual does not
exhibit any symptoms, they may still be at risk for developing complications associated with
the mutation. Therefore, early identification of high-risk individuals who carry the PLN-R14del
mutation is crucial. This allows for close monitoring and timely intervention, which can help
prevent life-threatening ventricular arrhythmias and/or slow down the progression of heart
failure.

In a recent study using artificial intelligence, echocardiographic deformation imaging was
employed to predict the risk of VT in pre-symptomatic mutation carriers.'® This technique
allows for the assessment of both regional and global myocardial deformation patterns,
offering valuable insights into the heart’s mechanical function. The study identified significant
alterations in mechanical function, particularly in the apical region, among pre-symptomatic
PLN-R14del mutation carriers, indicating an increased risk of VT."®These findings suggest that

deformation imaging could be a valuable tool for identifying individuals at a heightened risk
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of developing VT. They may also pave the way for future research to explore the potential
therapeutic strategies for managing apical mechanical alterations in PLN-R14del carriers to
prevent the development of VT. However, it is essential to determine the optimal frequency
and timing of follow-up echocardiograms to monitor changes in mechanical behavior and
adjust preventive strategies will be crucial for effective clinical management.

Recent studies in mouse models of PLN-R14del disease revealed the ability to detect abnormal
cardiac function and increased arrhythmogenic vulnerability in pre-symptomatic hPLN-R14del
mice, which reflect similarities to pre-symptomatic PLN-R14del patients.®?737¢%° The study
by Dave et al. is particularly exciting, as it demonstrates the potential therapeutic benefits
of allele-specific disruption of the PLN-R14del mutation using in vivo AAV9/CRISPR-Cas9.
The ability to improve cardiac function and reduce VT susceptibility to wild-type levels is a
significant achievement and offers new hope for patients in the early stages of PLN-R14del
disease. These studies suggest that the combination of animal models of PLN-R14del disease
and emerging therapeutic strategies, such as allele-specific disruption of the PLN-R14del
mutation using genome editing approaches, has the potential to revolutionize the treatment
of this disease and possibly other inherited cardiomyopathies.

Super-inhibition of SERCA2a

Mechanistically, the arginine residues (Arg9, Arg13, and Arg14) of PLN interact transiently
with SERCA-Glu606, while for the phosphorylated PLN, the phosphate group at Ser16 forms
strong interactions with SERCA-Arg604 and SERCA-Lys605."” This dynamic interplay is
essential for the regulation of SERCA2a activity. However, the R14del mutation disrupts the
R-R-X-S motif crucial for the phosphorylation of Ser16 by PKA, thereby limiting the extent
to which SERCA2a inhibition can be reversed."® In addition, R14del appears to disrupt the
mutant protein’s coil domain, an essential structure that provides structural flexibility to PLN,
enabling conformational changes associated with PLN phosphorylation and its association
with SERCA2a.3¢%51"® Consequently, in the context of PLN-R14del-related disease, this mutation
is believed to exert a constitutive inhibitory effect on SERCA2a, even when phosphorylated
by PKA and activated CaMKII. This persistent inhibition leads to increased cytosolic Ca?,
which can have several consequences, including the phosphorylation of the 52814 site of the
ryanodine receptor 2 (RyR2), resulting in the release of more calcium from the sarcoplasmic
reticulum into the cytosol, which can contribute to disturbances in cardiac function and
potentially lead to arrhythmias or contractile dysfunction.’ The concept of “super-inhibition”
of SERCA2a by PLN-R14del has been substantiated by previous research findings. Haghighi
et al. demonstrated the super-inhibition of SERCA activity in both co-transfected HEK-293
cells and transgenic mice overexpressing the mutation. Importantly, they observed that
the dominant effect of the mutation could not be completely removed by phosphorylation
mediated by PKA."?' Furthermore, Vafiadaki et al. confirmed this increased inhibitory effect
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by reporting increased binding of PLN-R14del to SERCA2a and HAX-1, a protein, which
binds directly to PLN, modulating its activity either by enhancing its inhibitory action on
SERCA2a. This strengthened interaction intensifies the inhibitory effect of PLN-R14del on
SERCA2a.”? As a result, calcium reuptake is further impaired, leading to increased release of
Ca?* from the SR into the cytosol. These disruptions in calcium handling can trigger various
cardiac events, including after-contractions, transient inward currents, and arrhythmogenic
delayed afterdepolarizations (DADs).”>->* However, it's important to note that some studies
have reported contradictory findings regarding the influence of PLN-R14del on SERCA2a. For
instance, Badone et al. observed increased SERCA2a function in PLN-R14del-hiPSC-CMs due
to a loss of PLN's inhibitory function.'” Furthermore, a recent preprint study from the same
research group demonstrated hyperdynamic Ca?* handling and reduced SERCA2a inhibition by
PLN-R14del in ventricular cardiomyocytes from 8-12 weeks-old transgenic mice.'® In isolated
CMs from homozygous R14del mice, an enhanced calcium reuptake was observed'®, which is
in line with the publications above on altered calcium reuptake by mutant PLN-R14del. These
findings challenge the notion of super-inhibition of SERCA2a, which could have explained the
previously observed ACM phenotype. Nevertheless, the constitutively unrestrained function
of SERCA2a may, in the long term, negatively impact myocyte function as well. In summary,
the PLN-R14del mutation's effects on SERCA2a function remain a subject of debate and
ongoing research. These findings imply that factors beyond the super-inhibition of SERCA2a
may contribute to the development of PLN-R14del-induced DCM/ACM. Further investigation is
needed to fully elucidate the complex mechanisms underlying these conditions in individuals
with this genetic mutation.
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Figure 2: Regulation of calcium uptake and contractility in PLN wildtype versus PLN-R14del. In PLN
wildtype, PLN phosphorylation is regulated by protein kinase A (PKA) at serine 16 and/or Ca*/calmodulin-
dependent protein kinase Il (CaMKIl) at the threonine 17 residue. The type 1 protein phosphatase (PP1)
dephosphorylation of PLN, thereby inhibiting SERCA2a’s affinity for Ca*". The cytosolic Ca** binds to troponin,
causing conformational changes in the sarcomere, which leads to the interaction of thick and thin filaments of
the sarcomere and muscle contraction. In PLN-R14del, the R-R-X-S motif crucial for the phosphorylation of Ser16
by PKA is disrupted, thereby limiting the extent to which SERCA2a inhibition can be reversed. Hypothetically, the
enhanced cytosolic Ca? levels result in defective muscle contraction and/or relaxation, which is the cause of
various muscle diseases.

PLN Monomer vs Pentamers

PLN exists in a dynamic equilibrium between its monomeric and pentameric form, which is
influenced by its phosphorylation state. While PLN monomers seem to be important for the
reversible inhibition of SERCA, the function of PLN pentamer has not been fully elucidated and
has been proposed to function as 1) storage for active monomers'?, 2) an ion channel'?, and/
or 3) a SERCA binding partner required for the regulation of cardiac contractility'®. Indeed,
in both synthetic and cell membranes, PLN was found to form pentamers to regulate the
concentration of active monomers available to bind SERCA and keep its function within
a physiological window."® Other studies suggested that the pentamer structure displays
a channel-forming architecture that could allow the passage of small ions such as Ca*"'
or CI~ 2, However, both electrochemical measurements and free energy calculations
provide strong evidence that PLN, whether in bellflower or pinwheel configurations, does
not conduct Ca?* or CI~ ions.” A recent study showed that PLN pentamers are not entirely
passive but interact with SERCA in a 1:1 complex, influencing cardiomyocyte contractility and
PLN phosphorylation dynamics.® This interaction with SERCA2a appears to act as buffers,
fine-tuning SERCA turnover and regulation via monomeric PLN.*>3¢ As a consequence,
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depolymerization of the PLN pentamer would be necessary to activate the inhibitory function
of the PLN monomers.”*”'38 Interestingly, PLN pentamers are found next to SERCA2a, and PKA
preferentially phosphorylates PLN pentamers. This suggests a model in which PLN pentamers
not only delay the phosphorylation of PLN monomeric but also indirectly regulate SERCA by
prolonging SERCA-PLN interaction, thus revealing an additional role for PLN pentamers in
the regulatory process.”® Moreover, the deletion of amino acid 14 in PLN has been shown
to partially destabilize the PLN pentamer, potentially increasing the concentration of PLN
monomer.'*® However, a recent preprint study described the hyper-stabilization of PLN-
R14del pentamers which leads to a decrease in the population of PLN monomers available
to inhibit SERCA.® This enhanced pentamer stability and impaired PLN binding dynamics
could potentially lead to a decreased binding of R14del-PLN to SERCA, which contradicts the
previous observation.

Moreover, a mathematical model of the PLN-R14del regulatory network suggests that this
mutation could impair molecular noise filtering in the B-adrenergic signaling network. In
this study, simulations show that phosphorylation delay and bistability, due to cooperative
dephosphorylation of pentamers, act as complementary filters that reduce the effect of random
fluctuations in PKA activity, thereby ensuring consistent monomer phosphorylation and SERCA
activity despite noisy upstream signals. This suggests that molecular noise filtering in the
-adrenergic signaling network may be important in preventing cardiac arrhythmias."' Further
studies will be needed to confirm these findings and determine the precise mechanisms by
which molecular noise filtering in the 3-adrenergic signaling network is disrupted by the PLN-
R14del mutation. Nevertheless, the study highlights the potential importance of understanding
the regulatory networks underlying cardiac function and the potential impact of genetic
mutations on these networks.

PLN binding partners

In addition to its canonical interaction with SERCA2a, PLN forms a multimeric complex
interacting, directly and indirectly, with several partners including Protein Phosphatase |
(PP1), inhibitor-1 (I-1), the anti-apoptotic HS-1 associated protein X-1 (HAX-1), and the small
Heat shock protein 20 (Hsp20)'**'*, which regulate SR calcium-cycling and contractility. Thus,
the PLN-R14del mutation could affect PLN binding partners and lead to aberrant calcium
handling, arrhythmia, and cellular damage.'** Indeed, a recent study revealed alterations
in PLN-R14del interactions to multiple known binding partners (SERCA2a, HAX-1, PP1
Regulatory Subunit 3A and histidine-rich calcium-binding protein, HRC) causing inhibition
of SERCA2a activity, and leading to impaired SR Ca?* cycling and depressed cardiac function.'*
Interestingly, a new PLN-binding protein has been identified in mouse ventricular tissue.™¢
This study demonstrated that phosphorylation at either Ser'® or Thr'” converted PLN into
a target for the phospho-adaptor protein 14-3-3 with different affinities. 14-3-3 protein
protected PLN phosphorylation sites from dephosphorylation and the exogenous addition
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of 14-3-3 to B-adrenergic-stimulated cardiomyocytes led to prolonged SERCA activation.'”’
Since the phosphorylation of Ser16 is disrupted in the PLN-R14del, phosphorylation of Thr17
by CaMKII might become highly important for 14-3-3 recruitment to the PLN-R14del protein.
Understanding the inhibitory mechanism of PLN-R14del and its reversal upon phosphorylation

or Ca*" increase is essential for developing novel interventional strategies.

Protein Toxicity and Unfolded Protein Response

Due to the limited regenerative capacity of cardiomyocytes, the survival of the
existing cardiomyocytes by protein quality control is critical for optimal cardiomyocyte
function.*®* Pathological circumstances such as oxidative stress™®, disturbance of calcium
homeostasis'™', and protein misfolding'? cause ER stress.>>>* Consequent disturbed protein
homeostasis results in increased misfolded proteins, followed by the formation of protein
aggregates and aggresomes.'” PLN-R14del cardiomyopathy has been associated with large
cytoplasmic perinuclear PLN-containing aggregates in both human'®-'*¢ and mouse heart
tissues.”1%° Te Rijdt et al. have demonstrated that PLN aggregates have a typical appearance
of aggresomes, where PLN aggregates colocalize with p62 and microtubule-associated protein
light chain 3 (LC3)'”", indicating evidence for protein aggregates degradation.'®? A recent study
identified a homogeneous distribution of p62-positive aggregates in the myocardium of PLN-
R14del patients, independent of fibrosis distribution.””® These data suggest that the autophagy
system is not able to remove all the mutant PLN protein, resulting in the accumulation of
p62-positive proteotoxic perinuclear aggregates in the cardiomyocytes's3, which can interfere
with cellular function, and ultimately induce cell death.'**Interestingly, immunohistochemical
analysis in specimens harvested during left ventricular assist device (LVAD) implantation is
a highly sensitive and specific method for demonstrating PLN protein aggregates and for
diagnosing PLN-R14del cardiomyopathy.'®> Moreover, a recent study by Eijgenraam et al,’s®
showed that alterations in proteostasis and PLN protein aggregation were already present
before functional impairments were observed in homozygous PLN-R14 mice. Misfolded/
aggregated proteins can accumulate within the endoplasmic reticulum (ER), causing activation
of the unfolded protein response (UPR). Cuello et al,'” have recently shown impairment of the
ER compartment and activation of UPR in a patient-specific PLN-R14del iPSC line compared
to the isogenic control. Similarly, Feyen et al,'®® observed an increased ER stress and UPR in
PLN-R14del hiPSC-CMs. More importantly, they found that activation of the UPR preserves
cell function and, therefore, plays a protective role in alleviating ER stress and potentially
blunts disease pathogenesis. Pharmacological and molecular modulation of the UPR suggests
a compensatory role in PLN R14del cardiomyopathy. These findings have high value as they
could be harnessed therapeutically to delay the onset or slow down the progression of the
disease.
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Figure 3: Protein Toxicity and Unfolded Protein Response in PLN-R14del. In PLN-R14del, the misfolded
PLN-R14del protein, calcium disruption, and oxidative stress can lead to increased ER stress. Increased ER stress
can lead to higher protein folding toxicity and the activation of the UPR and autophagy proteins LC3 and P62.
If the autophagy system is not able to remove all the mutant PLN protein, this results in the accumulation of
p62-positive proteotoxic perinuclear aggregates in the cardiomyocytes, which cause cardiomyocyte stress and
ultimately induce cell death.

Mitochondrial disruption and reduced fatty acid oxidation.

Given the unrelenting contraction, cardiomyocytes rely on mitochondria for continuous ATP
production. Fuel utilization and energy production are crucial and contribute to the balance
between glucose and fatty acid oxidation (FAO). Impaired mitochondrial function in the failing
heart can occur due to several reasons, including increased reactive oxygen species (ROS),
dysregulation of Ca?* homeostasis, impairment of mitochondrial dynamics, and alterations in
transcriptional regulation of mitochondrial proteins, which lead to a reduced mitochondrial
oxidative metabolism and ATP production.’®® A recent non-peer-reviewed study analyzed the
transcriptional regulation profiling in end-stage hearts from PLN-R14del patients and healthy
donors, using multi-omics approaches. They identified differentially acetylated promoters and
enhancers (H3K27ac ChlPseq), annotated enriched transcription factor (TF) binding motifs
located in those regions, and differentially expressed genes (RNA-seq)."”® By integrating
the information at the DNA and RNA levels, they detected the downregulation of key TF
regulators in FAO metabolism and their downstream target in PLN-R14del hearts as compared
to controls. In addition, histological analysis, immunofluorescence staining, and transmission
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electron microscopy showed accumulation of lipid droplets and a disrupted morphology of
mitochondria in mutant samples compared to controls, indicating insufficient FAO, which
might contribute to lipotoxicity, and eventually cardiomyocyte death.””! Successively, a study
performed in both PLN-R14del hiPSC-CMs and derived engineered heart tissues (EHTs) showed
alower abundance of mitochondria, perinuclear lipid accumulation, altered post-translational
modifications of key metabolic enzymes such as PDH (Pyruvate dehydrogenase) and AMPK
(AMP-activated protein kinase), and oxidative stress, as a consequence of ER/mitochondria
contact site disruption in mutant samples compared to isogenic controls.”>'” Taken together,
these data indicate PLN-R14del-mediated dysfunction of the ER/mitochondria compartment
as a novel molecular disease mechanism and a target for future treatments.

Figure 4: Metabolic function in PLN wildtype versus PLN-R14del. In healthy cells, cardiomyocytes balance
between glucose and fatty acid B-oxidation for energy production. In PLN-R14del, impaired mitochondrial
function and stress can occur due to increased reactive oxygen species (ROS), Calcium disruption, mitochondrial
impairments, and alterations in the transcriptional regulation of mitochondrial proteins. During mitochondrial
stress, energy substrate utilization switches to glycolysis, thereby impairing the FAO and resulting in the
accumulation of perinuclear lipids.

Fibrosis; localization and the effect of fatty infiltration

Cardiac fibrosis is a frequent finding during the histological examination of heart tissues
from PLN-R14del patients with end-stage disease."”*'”> Significant replacement fibrosis and
myofibrillar disarrangement have been first identified in the PLN-R14del patients belonging
to the large Greek family with clinical manifestation of DCM and ACM.”¢ Similar findings have
been shown in a transgenic and homozygous PLN-R14del mouse model.®®'7¢ Generally, the
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deposition of excess fibrous connective tissue is the result of a disturbed balance between the
synthesis and degradation of extracellular matrix proteins due to myofibroblast activation.””
Interestingly, PLN-R14del hearts were compared with hearts with desmosomal, lamin A/C,
sarcomeric, and desmin mutations and presented the highest amount of myocardial fibrosis
which is found in a distinct pattern in the posterolateral left ventricular wall."”® Further studies
in Dutch patient populations have demonstrated a more detailed analysis using digital
quantification and identified a distinct pattern of interstitial fibrosis, most prominently located
in the subepicardial layer of the posterolateral wall of the left ventricle in PLN-R14del patients
compared to controls and other hereditary cardiomyopathies.””?-'82 Fibrosis is associated with
low R amplitudes and inverted T waves found on ECGs of PLN-R14del patients.'®3'® Using a
novel method of high-resolution systematic digital histological quantification of fibrosis and
fatty infiltration in transversal cardiac slides, Gho et al. determined the exact patterns of fatty
changesin PLN-R14del hearts.'"® They found that fatty changes in the myocardial tissue were
observed in the entire right ventricular (RV) wall and partially in the epicardial layer of the left
ventricle (LV) posterolateral wall. Overall, the amount of adipose tissue infiltration was more
pronounced in the RV than in the LV. The observations share this conclusion in several other
studies, where fibrofatty replacement was mainly observed in the epicardial layer of the RV
wall and limited fibrofatty alterations were seen in the LV wall.’®-'® Fibrofatty replacement
could be induced by increased sensitivity to wall stress and metabolic demand in the RV."°
Additionally, a recent preprint has revealed increased lipid droplet accumulation in both
the hearts and stem cell-derived cardiomyocytes of PLN-R14del patients. Here, the authors
identified key transcription factors involved in the affected (lipid) metabolism, even before
the onset of RV wall stress.®® Another recent study has linked lipid droplet accumulation
in PLN-R14del to the impairment of the ER/mitochondria compartment.”? Nonetheless,
the exact pathophysiological mechanism and metabolic changes behind the source of
adipose structures in PLN-R14del cardiomyopathy remain to be investigated. Still, the exact
pathophysiological mechanism responsible for the segregated and distinct pattern of fibrosis
in PLN-R14del hearts remains to be elucidated.

Onset of pathological myofibroblast activation and fibrosis

Despite fibrosis being a crucial process in the repair of damaged tissue, progressive fibrosis
can lead to myocardial stiffness, dysfunction, and arrhythmias.”"'*2 Sepehrkhouy et al.””®
speculated that the pattern of predominantly posterolateral epicardial fibrosis is induced
by increased sensitivity to wall stress on the heart. This wall stress could be induced when
cardiomyocytes are more vulnerable to mechanical forces. For example, the aggregation of
remnant PLN protein found in cardiomyocytes®' or disturbed calcium handling can result in
the maladaptive remodeling of the macromolecular protein complexes, leading to enhanced
mechanical force within the cardiomyocyte.>? Interestingly, te Rijdt et al. have observed a
specific predominance of fibrosis in the inferolateral wall of the left ventricle in PLN-R14del
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carriers with preserved LV systolic function, suggesting that fibrosis is an early feature of
PLN-R14del cardiomyopathy.”®* They hypothesized that the inferolateral wall could be more
vulnerable due to regional molecular changes caused by the mutation or that the regional
susceptibility could result from exposure to higher mechanical stress.'* This finding could
suggest that cardiac fibrosis is an early feature of PLN-R14del cardiomyopathy before LV
function decreases. In fact, recent data show that total collagen turnover correlates weakly
to moderately with clinical parameters in PLN-R14del patients.®® The occurrence of fibrosis
is then speculated to be a primary process triggered by the PLN-R14del mutation, which
eventually leads to ventricular arrhythmias and heart failure. Additionally, an independent
association between the presence of fibrosis and the occurrence of ventricular arrhythmias
has been demonstrated.”® Hence, the heterogeneity of fibrosis depends on both the spatial
size and the degree of heterogeneity: a larger size and larger degree of heterogeneity make
the formation of arrhythmias more probable.”*® Recent data show that total collagen turnover
correlates weakly to moderately with clinical parameters in PLN-R14del patients.””” These
findings may help to understand the disease onset and to improve the identification and
diagnosis of PLN-R14del patients.

Inflammation

Inflammation is a hallmark of heart failure and plays a crucial role in the progression of
cardiac dysfunction in both DCM and ACM."*®'*° However, very little is known about the role
of inflammation in DCM/ACM associated with PLN-R14del mutation. Recently, an unbiased
approach of combined transcriptomics and proteomics revealed a progressive increase of
myocardial inflammation in the hearts of homozygous PLN-R14del mice.? Interestingly, a
strong infiltration of immune cells was observed in the sub-epicardial region of the heart
in a knock-in PLN-R14del zebrafish model.?®' Together the results of these studies suggest
that inflammation might impact PLN-R14del disease progression and emphasize the clinical
relevance of inflammation in the severity of PLN-R14del-induced cardiomyopathy. Further
investigation is needed to understand the specific mechanisms by which inflammation
contributes to disease progression in PLN-R14del-associated cardiomyopathy. This could
involve studying the interactions between immune cells, cytokines, and other signalling
molecules in the heart. In addition, it would be important to investigate whether the extent
of inflammation correlates with disease severity in PLN-R14del-associated cardiomyopathy
patients. This could involve analyzing patient samples and medical records to identify
potential biomarkers of inflammation and disease progression. A recent study used a label-free
whole myocardium multi-omics analysis in homozygous PLN-R14del (PLN-R14A/A) mice and
identified four biomarkers associated with all-cause mortality; proline and arginine-rich end
leucine-rich repeat protein (PRELP), cytoskeleton-associated protein 4 (CKAP4), S100 calcium-
binding protein A11 (5100A11) and annexin A1 (ANXAT1).2 These biomarkers play roles in disease
progression (cell death and tissue repair pathways) and the regulation of the inflammatory
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response. These common pathways and biomarkers could have a clinical potential and
prognostic associations merit further investigation to develop optimal management
and therapeutic strategies for PLNOR14del patients. Moreover, given the potential role
of inflammation in disease progression, it would be important to explore therapeutic
interventions that target the immune system in PLN-R14del-associated cardiomyopathy.
This could involve testing anti-inflammatory drugs or other immune-modulating therapies
in animal models or clinical trials.

Current treatments for PLNR14del patients

The current optimal medical treatment in patients carrying the PLNR14del mutation follows
the guidelines for heart failure and arrhythmias for the prevention of sudden cardiac death
(SCD).20%203 The pharmaceutical therapeutic agents that are used include B-blockers and
angiotensin-converting enzyme (ACE) inhibitors.?** Due to a lack of specificity, these medical
treatments only slow down the progression of the disease at best and possibly alleviate the
symptoms to some degree. In most cases of disease progression, additional interventions have
to be implemented,?*>2% such as implantable cardioverter-defibrillators (ICD), a left ventricular
assist device (LVAD)?” or a heart transplant for patients with end-stage PLN-R14del disease.
In the Netherlands, about 25% of the heart transplants performed yearly are PLN-R14del
related.?® However, heart transplants are limited by donor shortage, surgical complications,
and long-term effects of immunosuppressive therapy.?®* Therefore, a better understanding
of the molecular mechanisms could result in a tailored PLN-R14del-specific therapy. Since
the discovery of PLN-R14del cardiomyopathy, many studies focusing on this disease have
been performed. Here, we summarize the potential pharmacological agents available which
could be more promising in treating PLNR14del compared to the current strategies (Table 2).
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Table 2: Systematic table including all treatment strategies performed and outcomes. Studies are sorted based

on the mechanism of action.

Therapy Strategy Target Executed study Positive outcome Disadvantages ref
Current treatments
ICD Arrhythmias  Executed in 46% of Reduces the risk of up to 120 months.?'° 22
DCM-PLN-R14del  deadly arrhythmias.
patients.
LVAD Lv Executed in 30% of Bridge to Therapy is still associated with 22
PLN patients. transplantation or substantial morbidity.
as an alternative for
destination therapy.
HTx Whole heart  Executedin 18%  Most optimal treatment Not many hearts are available. '

of the DCM-PLN-
R14del patients.

strategy up till now.

Calcium regulation strategies

Istraoxime SERCA2a Tested in PLN- Ameliorates the in vivo  Plasma half-life of less than 1~ 2'¢
activator R14del zebrafish Ca?* dysregulation hour, intravenous injections
embryos and and improves cardiac required. Acceleration of Ca?*
isolated adult CMs. relaxation. uptake has been shown to
promote arrhythmias.?'®
PST3093 “Selective” PLN-R14del mouse PST3093 affects Ca* WT only responded and 10217
SERCA2a and hiPSC-CMs dynamics parameters in tended to convert the
activator PLN-R14del corrected  corrected pattern into the
CMs. R14del phenotype.
KN93 CaMKIl PLN-R14del Mouse KN93 reversed Interacts but to inhibit CaMKIl  2'°
inhibitor quiescentLVand  the proarrhythmic specifically, the more affinized
RV myocytes. phenotype. compound is necessary.?'®
Compensatory
expression of key genes
associated with Ca**-
cycling.
Parvalbumin- Ca?*-binding PLN-R14del hiPSC- UPR expression No force restoration. Alarge 2
encoding virus protein CMs and EHTs. was reduced and fraction of the expressed

led to dynamic
alterations within
the ER-mitochondrial
compartment.

parvalbumin resided in the
nucleus.

GCaMP6f
-encoding virus

Ca?*-buffering
protein

PLN-R14del hiPSC-
CMs and EHTs.

Improved contractile

force and mitochondria

number. Reduction
of UPR expression,
dynamic alterations
within the ER-
mitochondrial
compartment.

No difference in Ca?* transient 2
amplitude was detected.

Metoprolol B-blocker

PLN-R14del Mouse

Metoprolol significantly

(p<0.05) decreased
heart rate.

No increase in the survival rate. 222

DWORF SERCA

activator

PLN-R14del Mouse

Overexpression delayed

cardiac fibrosis, heart

failure and increased life

DWORF did not improve 108
calcium handling, possibly due
to enhanced calcium reuptake

span >2-fold. in R14del mice.
Contractility modulation
Omecamtiv selective Humanized PLN-  Study found that the Induces continuous activation #°
mecarbil cardiac R14del mice depressive contractile  of resting myosin ATPase and
myosin effects were prevented  increases myocardial oxygen
activator without affecting Ca?*  consumption.

homeostasis.
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Therapy Strategy Target Executed study Positive outcome Disadvantages ref
Mavacamten selective Humanized PLN-  Can decrease the No improvement in the %
(MYK-461) cardiac R14del mice contractility without decreased contractile function
myosin affecting Ca?* transients was found in this study.
inhibitor
Anti-fibrotic strategies
Eplerenone Antifibrotic ~ PLN-R14del Mouse Reduced ventricular No improvement in contractile 22
agent dilatation. dysfunction or survival rate.
Eplerenone Antifibrotic  Clinical trial Study pre-emptive No significant improvement in 102224
agent iPHORECAST with  established antifibrotic ~asymptomatic PLN p.Arg14del
42 presymptomatic effects, and reduce carriers.
PLN-R14del disease progression.
carriers.

ER stress modulation

Induces BiP
expression

BiX

PLN-R14del hiPSC-
CMs and EHTs.

Enhanced contractility
to and nearly complete

force restoration.

Biphasic, as a high
concentration of BiX, leads to
decreased contractility.

225

Metabolism modulation

PPARA
agonist

Bezafibrate

PLN-R14del hiPSC-
CMs and cardiac
spheroids.

re-activates

mitochondrial FAO and
improves Ca?* transients.

Hyperhomocysteinemia risk,
No major long-term outcome
trials with clear results are
available.

95

PLN gene/protein regulation

TALENs PLN-R14del  PLN-R14del hiPSC- TALEN-correction Early stage of development 226227
CMs ameliorates the PLN- and with ethical concerns,
R14del phenotype in this technique is still far from
hiPSC-CMs and EHTs. clinical application.
rAAV2 PLN-R14del  CRISPR-engineered rAAV2-driven The CUPID 2 trial (AAV1/ 228
PLN-R14del hiPSC- expression of PLN SERCA2a) did not reduce
CMs rescues arrhythmic terminal events in the overall
Ca* transients and study population.
alleviates decreased Ca?*
transport.
AAV6 PLN Patient-specific AAV-PLN overexpression Safety concerns due to the use 2
PLN-R14del hiPSC- reduced irregular of delivery vectors.
CMs calcium transients and
hypertrophic factors.
ASOs (KD) PLN Homozygous PLN- KD of the PLN gene Targeting both mutatedand %'
R14del mice expression leads to non-mutated PLN mRNA
decreased protein might induce lethal dilated
aggregation, fibrosis, cardiomyopathy.?°
and improved survival in
PLN-R14del mice.
CRISPR/ PLN-R14del  Humanized PLN-  Specific disruption of Safety concerns due to 232
Cas9 R14del mice mutant PLN allele leads possible off-target effects and

to reduced susceptibility the use of delivery vectors.

to developing

ventricular tachycardia.

Abbreviations: AMPK = adenosine monophosphate-activated protein kinase; ASOs = antisense oligonucleotides;
EF = Ejection fraction; EHT = Engineered heart tissue; FAO = Fatty acid oxidation; hESC-CMs = human embryonic
stem cell-derived cardiomyocytes; HF= Heart failure; hiPSC-CMs = Human Induced Pluripotent Stem Cell-Derived
Cardiomyocytes; HTx=heart transplantation; ICD= Implantable Cardioverter Defibrillator; KD = Knock-down, LV
= Left Ventricle; LVAD= Left Ventricular Assist Device; modRNA = modified RNA; siRNA = small interfering RNA;
shRNA = short hairpin RNA; TALENs = transcription activator-like effector nucleases; TF = Transcription Factor.
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DISCUSSION

PLN-R14del-associated cardiomyopathy is a complex disease that encompasses a spectrum of
phenotypes, including both autosomal-dominant DCM and the association with ventricular
arrhythmias. The disease is causing global concern with now 10 countries describing many
patients carrying the p.Argl4del variant (Figure 1). Notably, understanding the role of the
PLN mutation in this disease provides critical insights into the broader context of heart failure
pathophysiology, contributing to a comprehensive understanding of heart diseases.?** Here,
we have systematically gathered the studies describing PLN cardiomyopathy and the potential
molecular mechanisms underlying the disease pathophysiology (Table 1, Supplementary
Table 1).

Importantly, clinicians have observed variability in disease penetrance, which includes
the diversity in disease onset, differing from young symptomatic patients and elderly
asymptomatic mutation carriers.?** With this variability, a mosaic pattern of cardiomyocytes
with and without PLN aggregates was observed.?*>” Multiple mechanisms such as allelic
imbalance or environmental factors could play a role?®, where (epi)genomic analysis may
unravel key modifiers and risk factors affecting the disease development.?*® A recent study by
van der Voorn revealed that the p.(Ser96Ala) Polymorphism in Histidine-Rich Calcium Binding
Protei, previously described as a secondary hit in cardiomyopathies, was not associated with
life-threatening arrhythmias or heart failure-related events of 848 PLN-R14del carriers.’®® Allelic
imbalance is a process where two alleles of a gene are transcribed differentially and thereby
expressed at different levels in a cell. Allelic imbalance has been identified in 88% of genes

in human tissues?®°, which can be either tissue-specific or genome-wide.?4*2#

Additionally, more research is required focusing on the development and progression of
PLN-R14del disease before heart failure occurs. For this, a human heart biobank was recently
established, in which heart tissues and medical data from deceased donors are stored and
can be used for scientific research.?* The collection of heart tissue from pre-symptomatic
individual carriers will allow to study of early-stage disease mechanisms. Moreover, animal
models represent potential approaches to studying disease onset and progression. Indeed,
the recent development of PLN-R14del mouse models, together with the PLN-R14del
zebrafish model, has helped identify early-stage molecular mechanisms of PLN-R14del
disease. In addition, a pig model of PLN-R14del disease has been generated®’, which could
offer advantages over mouse and zebrafish models, especially in terms of cardiovascular
physiology and disease manifestation, as they have a cardiac system that is anatomically and
functionally more similar to humans. Pig models will better facilitate the efforts to delineate
the molecular and cellular mechanisms underlying the pathogenesis of the PLN-R14del clinical
phenotype and evaluate potential therapeutic interventions.

However, animal models could give different outcomes compared to humans, as seen with
the Istaroxime study in zebrafish**? versus the Istaroxime (PST3093) analogue compound in
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hiPSC-CMs.** Even within animal models, such as the PLN-R14del mouse and humanized
mouse model, variations in the phenotypes occur (Table 1). Patient-specific iPSC-derived
cardiomyocytes generated from both symptomatic and asymptomatic individual carriers
could represent valuable human-based models to study PLN-R14del pathophysiology.
However, the maturation status of the cells and the expression level of phospholamban
should be carefully considered and controlled, as these factors could influence the cellular
response to PLN-R14del mutation. Additionally, other factors such as genetic background
and environmental factors could influence disease development and progression, so it is
important to carefully consider these variables when using these human-based models to
study disease mechanisms.

The primary objective in understanding the pathogenesis of PLN-R14del cardiomyopathy is
to pave the way for innovative, disease-specific treatments. These goals have been pursued
through the significant efforts of organizations such as the PLN Foundation and collaborative
research initiatives like the Leducq Transatlantic Network of Excellence consortium, known
as CURE-PLaN.%° In both of these contexts, the final aim is to develop effective therapeutic
approaches, which encompass two primary approaches: corrective gene therapy and the
identification of pharmacological agents that can deplete or neutralize the pathological PLN
protein.

Furthermore, there are ongoing grants and research initiatives aimed at advancing
our understanding and developing innovative therapies for PLN-R14del disease. These
encompass heart vector-mediated gene therapy??, prime editing gene therapy?, as well
as the exploration of oligonucleotide chemistries, gene editing, and gene modulation®*.
Currently, whether all PLN-R14del carriers should be offered preventive treatment due to
the 50% lifetime risk of developing severe disease and if these therapeutic steps are ready is
under debate within the scientific community.'%41%

Here, we have systematically summarized the therapies that have been explored for their
effectiveness in addressing PLN-R14del cardiomyopathy (Table 2). The discovery of an existing
pharmacological agent would represent the most rapid and straightforward approach to
treating patients.

For example, a lower UPR activity or induced stress in life might explain the accelerated
manifestation of symptoms observed in some patients and could potentially lead to the
more severely affected PLN-R14del patients due to an elevated vulnerability to proteotoxicity.
Modulating the UPR activity might subsequently normalize the disease phenotype.*®
Moreover, as described above, the PLN-R14del mutation might not only directly regulate
SERCA2a and Ca*" re-entry, but also regulate other binding partners?®, and could cause
impairment of inter-organelle communication between ER and mitochondria. Ca?*-binding

proteins GCaMP6f and parvalbumin mainly reduced the UPR expression and led to dynamic
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alterations within the ER-mitochondrial compartment and only GCaPM6f was associated
with significantly improved force development in PLN-R14del EHTs.”2 Recently, a SR localized
micropeptide called dwarf open reading frame (DWORF) was discovered to have the opposite
function of PLN. DWORF overexpression in homozygous R14del mice did prevent abnormal S/
ER cluster formation but did not result in an additional increase in calcium reuptake due to an
already enhanced calcium reuptake.’® Both findings argue that aberrant S/ER formation is the
key mechanism, rather than targeting the super-inhibition of SERCA2a, in the development
of PLN-R14del cardiomyopathy. Together, altered PLN protein conformation could affect
the localization and interaction of proteins crucial for ER/mitochondria integrity. By the
reduction of protein toxicity, cardiomyocyte cell loss, fibrosis, and cardiac dysfunction could
be prevented.

As the main function of PLN is the regulation of calcium by the modulation of SERCA, multiple
therapeutic strategies have been tested to modulate calcium handling. The CaMKll inhibitor
KN93 reversed the proarrhythmic phenotype in myocytes of PLN-R14del mice, consequently
suggesting its anti-arrhythmic application and especially potentially preventing SCD.!0.108100
On the contrary, Metoprolol (B-blocker) significantly decreased the heart rate and showed
no increase in the survival rate of PLN-R14del mice.5? Given the molecular effects of 3-blocker
are not based on a modulation of CaMKI|, it seems the community is open and motivated for
new pharmacologic drugs for CaMKIl inhibition Still, Ca?* scavenging®° could be beneficial
to improve impaired Ca?*-homeostasis and prevent arrhythmogenesis. If the PLN-R14del
results in enhanced calcium reuptake, rather than the previously described super-inhibition,
increasing calcium S/ER reuptake could be ineffective in PLN-R14del cardiomyopathy and
need to be further evaluated before more therapeutic testing.

Conversely, the option of gene correction therapy, with the potential to directly correct the
mutation in the PLN gene, offers a potentially superior strategy. Nonetheless, significant
obstacles, including ethical considerations and the development of effective methods
for delivering gene therapy into the target cells, must be overcome. In both scenarios,
implementing additional model systems, such as the porcine model, could prove highly
beneficial. This is due to the high similarity between porcine and human cardiac anatomy,
electrophysiology and coronary circulation.?*' Consequently, potential agents could be tested
using these model systems, providing greater knowledge of their mechanism of action and
possible side effects. Nevertheless, the pursuit of both gene therapy and pharmacological
treatment options is ongoing, to advance our understanding and improving therapeutic
options for PLN-R14del cardiomyopathy.
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CONCLUSION

PLN-R14del mutation has been shown to affect various aspects of cardiomyocyte function,
including calcium handling, contractility, metabolism, and protein homeostasis. The exact
mechanisms underlying the development and progression of PLN-R14del cardiomyopathy are
still not fully understood, and there is a need for further research to identify the key pathways
involved and potential therapeutic targets. It is also important to investigate the relationship
between the different abnormalities observed in PLN cardiomyopathy, as they may have
complex interrelationships and contribute to the overall disease phenotype. Ultimately, a
better understanding of the molecular mechanisms underlying PLN-R14del cardiomyopathy
could lead to the development of more effective treatments for this devastating disease.
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PLN patient-derived hiPSC-CMs stained for sarcomeric troponin and lipid droplets.
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Chapter 8

ABSTRACT

Carriers of the R14del pathogenic variant in the phospholamban (PLN) gene develop severe
cardiomyopathy with extracellular adipocyte infiltration and intracellular cardiomyocyte
mitochondrial disturbances. However, the basis of this metabolic dysregulation tailoring
potential treatment targets is unknown. Here, we present a combined approach of
transcriptional regulation analysis in human primary tissue and validation in a unique long-
term (160 days) matured human induced pluripotent stem cell-derived cardiomyocyte
(hiPSC-CM) model. We demonstrate a dysregulated PPARA-mediated mitochondrial fatty
acid oxidation (FAO) signalling in PLN-R14del hearts and hiPSC-CMs. PLN-R14del hiPSC-CMs
also displayed a higher preference for glycolysis over FAO and presented limited flexibility in
energy substrate switching leading to enhanced lipid droplet storage. By activating PPARA in
PLN-R14del hiPSC-CMs using bezafibrate, we observed an improved mitochondrial structure
and calcium handling function, further indicating the importance of FAO in the disease and
the potential of PPARA agonists as a novel therapeutic strategy in cardiomyopathies.
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INTRODUCTION

The R14del (c.40_42delAGA, p.Argl4del) pathogenic variant in the phospholamban (PLN)
gene is associated with biventricular cardiomyopathy with a high risk of life-threatening
ventricular arrhythmias, often presenting as dilated cardiomyopathy (DCM) or arrhythmogenic
cardiomyopathy (ACM)."2 It explains a large proportion of Dutch DCM and ACM patients and
has also been identified in many other countries.®* PLN is a small phosphoprotein located
in the cardiomyocyte sarcoplasmic reticulum and the nuclear membrane and is the major
regulator of SERCA2a/ATP2A2 activity and calcium (Ca*) cycling.! We and others have shown
that mechanisms within the nuclear, endoplasmic/sarcoplasmic reticulum and mitochondrial
network are impaired in PLN-R14del cardiomyopathy.>” Despite these efforts, no effective
treatment is available for PLN-R14del variant carriers to prevent disease development.
Macroscopically, PLN-R14del hearts show biventricular subepicardial fibrofatty tissue
replacement of the myocardium, which is characterised by extensive interstitial fibrosis,
adipocyte infiltration, and islands of isolated cardiomyocytes between adipocytes.®'° This
adipocyte infiltration and fibrosis create an anatomical barrier resulting in the reentry of
the electrical impulse and thereby an increased risk of fatal arrhythmias."'> A novel adult
zebrafish plna R14del model also displays this adipocyte accumulation and mitochondrial
damage in the diseased myocardium,” while the available murine models show mitochondrial
impairment in the absence of adipocyte accumulation.'™ Mitochondrial dysfunction
decreases ATP production, thereby opening the sensitive K* channels on the sarcolemma
channels, which reduces cardiomyocyte excitability and impairs electrical conduction in
the heart.’ Besides altered electrical conduction, metabolic changes also affect cardiac
ion channel gating, intracellular calcium handling, and fibrosis formation; all well-known
aspects of PLN-R14del pathophysiology.'® However, the majority of studies have focused
on calcium regulation by PLN,'*" little effort has been put into elucidating the basis for the
metabolic aberrations in human PLN-R14del cardiomyopathy. The presence of myocardial
fibrofatty infiltration is accompanied by intracellular cardiomyocyte lipid abnormalities in
cardiomyopathies in adults, such as those due to variants in PKP2 and PNPLA2.'®*' Several
forms of childhood cardiomyopathies caused by mutations in the mitochondrial fatty acid
oxidation (FAO) pathway genes, such as HADHA, HADHB, CPT2, and ACADVL, also show
intracellular cardiomyocyte lipid droplet storage and adipocyte infiltration in the myocardium
and other organs.?® A recent study has linked lipid droplet accumulation in PLN-R14del to the
endoplasmic reticulum stress. However, little is known about the transcriptional regulation
of this process and what (metabolic) factors influence lipid droplet accumulation. A limited
number of lipid droplets, which store unutilized fatty acids (FAs) by mitochondria for energy
production, are present in healthy cardiomyocytes. However, an increased lipid droplet
deposition is associated with impaired FAO.?' While FAs are the primary energy source in
healthy adult cardiomyocytes, diseased cardiomyocytes switch from FAO to glycolysis for
energy production, resembling the energy balance of the fetal heart.? Yet, this switch to
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fetus-like energy management is insufficient to meet adult energy consumption needs and
it will disturb the capacity of FAO-based ATP synthesis, leading to further starvation of the
heart and disease progression.?* The impaired lipid metabolism could hereby contribute to the
disease progression in PLN-R14del cardiomyocytes and warrant further investigation. Here,
we explored the role of transcriptional regulation on disturbed (lipid) metabolism in PLN-
R14del cardiomyopathy. We showed that even after the removal of the dominant fibrofatty
replacement in the subepicardial layer, the fingerprint of (lipid) metabolic dysregulation was
still present in the remaining human myocardium. We further confirmed the disturbed (lipid)
metabolism in human-induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs)
from PLN-R14del carriers. We also identified key transcription factors involved in the affected
(lipid) metabolism, which can serve as promising targets for future therapeutic strategies.
Furthermore, we examined the preference of energy sources and the metabolic flexibility in
switching energy sources between PLN-R14del and wildtype hiPSC-CMs, including the effect of
major energy substrate depletion. Finally, we employed two rescue methods, namely CRISPR/
Cas9-based gene correction and an FAO-modulating compound bezafibrate), to investigate
the association of the PLN-R14del pathogenic variant with intracellular lipid accumulation,
mitochondrial lipid metabolism and the Ca* handling properties. Collectively, our data on
the negative effects of energy substrate dysregulation in PLN-R14del cardiomyopathy provide
novel insights into the new therapeutic strategies and clinical practice (i.e. drug repurposing).

METHODS

Study design and samples. This study was approved by the Biobank Research Ethics
Committee, University Medical Centre Utrecht, Utrecht, The Netherlands, under protocol
number 12-387 (cardiac tissues), and 14-513 (skin biopsies). Written informed consent was
obtained or in certain cases waived by the ethics committee when obtaining informed
consent was not possible due to the death of the individual.

Cardiac tissues: Heart samples collected at autopsy or transplantation were obtained from
a homogeneous cohort of PLN-R14del variant positive patients (n=6). Four control hearts
obtained from rejected organ donors (n=3) or autopsy (n=1) were used as a reference.
To further elaborate on PLN-R14del-specific changes, hearts from patients with ischemic
cardiomyopathy (n=4) and non-ischemic cardiomyopathy based on pathogenic variants in
genes encoding sarcomeric proteins (n=6) were also included. An overview of cardiac tissues
is presented in Table S1A. Cardiac tissues used for ChIP-seq and RNA-seq were obtained from
regions halfway between the atrioventricular valves and the apex and were stored at -80°C.
The epicardial region, where fibrofatty replacement profoundly occurred, was excluded in
PLN-R14del hearts and the cardiomyocyte-rich myocardial region was included in this study.
From each individual, an adjacent block of tissue from the same biopsy was used for ChIP-seq
and was paraffin-embedded and stained with Masson’s trichrome (Fig.S8A). High-resolution
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systematic digital histological quantification of fibrosis and fatty tissue in trichrome stained
slides was used to create schematic overviews showing mean fibrosis or adipose tissue in
the PLN-R14del and control groups (Fig.S8B). If applicable, macroscopically visible regions
of subepicardial fat or myocardial fibrofatty replacement were removed from frozen tissue
blocks and 12-30 tissue slices of 10 pm thick were cut to achieve a comparable amount of
myocardial tissue in the sequenced material. For all the other samples ten 10 um thick frozen
slices were collected.

Chromatin H3K27ac immunoprecipitation and sequencing of human cardiac tissues.
Chromatin was isolated from frozen cardiac tissues using the MAGnify™ Chromatin
Immunoprecipitation System kit (Life Technologies) according to the manufacturer’s
instructions. In brief, the obtained cardiac tissue was crosslinked with 1% formaldehyde and
the crosslinking was stopped by adding 1.25 M glycine. Cells were lysed using the kit-provided
lysis buffer and nuclei were sonicated using Covaris microTUBE (duty cycle 5%, intensity 2,
200 cycles per burst, 60s cycle time, 10 cycles). Sheared chromatin was diluted based on the
expected number of isolated cells and was incubated with an anti-H3K27ac antibody (ab4729,
Abcam) pre-coupled to magnetic beads for 2 hours at 4°C. Beads were extensively washed
and crosslinking was reversed by the kit-provided reverse crosslinking buffer with 20 mg/mL
Proteinase K. DNA was purified using ChIP DNA Clean & Concentrator kit (Zymo Research).
Isolated DNA was additionally sheared, end repaired, sequencing adaptors were ligated and
the library was amplified by PCR using primers with sample-specific barcodes according to
our modification to the manufacturer’s recommendations.? After PCR, the library was purified
and checked for the proper size range and for the absence of adaptor dimers on a 2% agarose
gel and sequenced on SOLID Wildfire sequencer.

Histone acetylation data processing. ChIP-seq peak identification: Sequencing reads were
mapped against the reference genome (hg19 assembly, GRCh37) using the BWA package (-c, -I
25,-k 2,-n 10).2 Multiple reads mapping to the same location and strand have been collapsed
to single reads and only uniquely placed reads were used for peak/region calling. Regions were
called using Cisgenome 2.0 ( —e 150 -maxgap 200 -minlen 200).* Next, to obtain a common
reference, region coordinates from all PLN-R14del and control samples were stretched to
at least 2000 base pairs and collapsed into a single common list. Overlapping regions were
merged based on their outmost coordinates. Only the autosomal regions supported by at
least 2 independent datasets were further analysed. Sequencing reads from each ChIP-seq
library were overlapped with the common region list, to set the H3K27ac occupancy for every
region-sample pair. Obtained regions were further analysed using 4 analyses.

Detection of differentially acetylated regions: Regions with differential H3K27ac occupancy
between PLN-R14del and control hearts were identified using DESeq2 standard settings
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(p<0.05 as calculated by Wald test)® and are referred to as ‘differentially acetylated regions’
(Table S2A). Supervised hierarchical clustering was performed with quantile normalised
(limma::normalizeQiantiles() function in R), log? transformed and median centred read counts
per common region. To avoid the log? transformation of zero values, one read was added to
each region.

Gene annotated to differentially acetylated regions and pathway analysis: Region to gene
annotation was performed in silico using a conservative window of +/-5kb from the
transcription start site, Table S2B and 2C. ToppFun and STRING were used for gene list
enrichment analysis and candidate gene prioritisation based on functional annotations and
protein interaction networks.®” For ToppFun, the list of hyper- and hypoacetylated genes was
tested using probability density function p-value calculation method, FDR B&H correction,
p-value cut-off of 0.05, and gene limit of 1-2,000 genes per term (Table S2D). Since the pre-
build gene/protein networks integrated into ToppFun were not created using the same criteria
and the 126 annotated number of genes varies significantly, we also reported genes belonging
to known disease pathways even below the p-value threshold (where indicated). For protein
network interaction visualisation STRING v10.0 was used with a minimum required interaction
score at the highest confidence setting for all differentially acetylated peaks.

Enrichment of TFBMs in differentially acetylated regions: A total of 3,396 cardiac DNAse
hypersensitivity sites (DHS) were obtained from the ENCODE database (Heart_OC, Primary
frozen heart tissue from NICHD donor ID:1104, Male, Caucasian, 35 years old)® overlapping
with all differentially acetylated regions in the PLN-R14del vs. control group (both hypo-and
hyperacetylated) were used for this analysis. The genomic sequence of DHS was repeat masked
and the enrichment of TFBM was calculated against the shuffled sequences using the Analysis
Motif of Enrichment (AME tool) of the MEME Suite with the following settings: motif database:
human (HOCOMOCO v9), background model sequence set to 0.29182,0.20818,0.20818,0.29
182, pseudo count added to a motif column: 0.25, Wilcoxon rank-sum test (quick), p<0.05,
Table S3A), number of multiple tests for Bonferroni correction: #Motifsx #PartitionsTested
=426x1 = 426°. The functional annotation of the enriched TFs was performed as described
above (Table 141 S3B). Protein network interaction was performed as explained above using
the high confidence interaction score.

PLN-specificity analysis of differentially acetylated regions: Sequencing reads from each ChIP-
seq sample (PLN-R14del (n=6), control (n=4), ischemic (n=4), and sarcomeric (n=6) groups)
were compared to the common differentially acetylated region list to set the H3K27ac
occupancy for every region-sample pair. Raw read counts were quantile normalised
(limma:normalizeQiantiles() function in R), log2 transformed and median centred (to avoid
log? transformation of zero values, one read was added to each region). The median value
from each sample group was used to construct an n x k table where n = 4 (one value per
150 each sample type) and k represent the number of differentially acetylated regions. The
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k-means (nstart = 200) function in R was used to partition the regions into 12 different clusters.
To enable the reproducibility of identified clusters, the set.seed(10) R command was called
before the clustering. Annotation of clusters with PLN-specific patterns was performed as
described above (Table S4).

RNA sequencing of human cardiac tissues and transcriptome analysis. RNA was isolated
using ISOLATE Il RNA Mini Kit (Bioline) according to the manufacturer's instructions with minor
adjustments. After the selection of mRNA, libraries were prepared using the NEXTflexTM Rapid
RNA-seq Kit (Bioo Scientific). Libraries were sequenced on the Nextseq500 platform (lllumina),
producing single-end reads of 75bp. Reads were aligned to the human reference genome
GRCh37 using STAR v2.4.2a."° Picard’s AddOrReplaceReadGroups v1.98 (http://broadinstitute.
github.io/picard/ ) was used to add read groups to the BAM files, which were sorted with
Sambamba v0.4.5 and transcript abundances were quantified with HTSeqg-count v0.6.1p1
using the union mode."'? Subsequently, reads per kilobase per million mapped reads (RPKMs)
were calculated with edgeR’s RPKM function.”® DESeq2 was used to identify differentially
expressed genes using the cutoff of p<0.05 in the Galaxy environment using the default
settings (Table S5A)."* Gene enrichment analysis was performed using ToppFun and STRING
as explained above (Table S5B and 5C).57

Characterization of cardiac tissues by immunofluorescence and electron microscopy.
Immunofluorescence staining of Oil Red O was also performed to detect lipid droplets in
frozen cardiac tissues from 4 control and 6 PLN-R14del hearts, which were included in two
sequencing experiments. Electron microscopy was also performed to further investigate
lipid droplets present in these cardiac tissues. Images were acquired using a Leica SP8X
confocal microscope and processed using Imagel. Processed images were compared using
the Student's t-test (#p<0.1, *p < 0.05; **p < 0.01; ***p < 0.001, 0.001 and ****P <.0001).
Besides, DAPI, ATP2A2, TNNI3, and metabolic-related proteins (HADHA and PPARA), were
examined in these cardiac tissues using immunofluorescence staining. Nuclear PPARA
signal was quantified by a customised pipeline using CellProfiler 4.0.6. Briefly, the images
were uploaded as hyperstack images including the channels stained for DAPI, PPARA, and
TNNI3. The first module is the ColortoGray module which splits the images into 3 grayscale
images from each channel. Next, the nuclei were identified using the entifyPrimaryObjects
module. All objects between 10 and 240 pixels in the blue channel were identified based
on specific shape and intensity parameters. The boundaries of the cardiomyocytes were
determined using the IdentifyPrimaryObjects module which identified all pixels that were
stained with TNNI3. Cardiomyocyte nuclei were determined using the MaskObject module,
in which previously identified nuclei overlapped with the identified cardiomyocytes. And
those that were not overlapping were recognized as non-myocyte nuclei. Quality control
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was performed using the EditObjectsManually module to accurately bin cardiomyocyte and
non-myocyte nuclei. To identify the nuclear PPARA signal of the cardiomyocyte nuclei, a
mask was first made on the PPARA channel using the Masklmage module resulting in an
image showing only the PPARA signal within the cardiomyocyte nuclei. The signal was then
identified using the IdentifyPrimaryObjects module. The MaskObjects module was then used
to assign each PPARA signal to a single parent nucleus. Intensity measurements were made
for both the cardiomyocyte nuclei and the PPARA signal using the MeasureObjectintensity
module. Data for the PPARA signal per individual nuclei was then exported to a CSV file using
the ExporttoSpreadsheet module. Full details of the pipeline can be seen in the attached
CellProfiler file. All data was represented as Mean + SD and two-way ANOVA was used for
statistical analysis (*p < 0.05; **p < 0.01; ***p < 0.001, 0.001 and ****P <.0001). The list of
antibodies is shown in Table S8.

Differentiation of hiPSC into cardiomyocytes. Reprogrammed Sendai (kit) accordingly
as described before.” Briefly, hiPSCs (>p20 <p50) were grown to ~90% confluence in 6 wells
format and maintained in E8 medium for at least three passages before starting cardiac lineage
differentiation. Upon differentiation, the medium was changed to medium without insulin (INS-
medium), as insulin inhibits cardiac mesoderm formation. On day zero (day 0), 3 ml/well INS-
medium was supplemented with 6-8 pM CHIR99021 (Selleck Chemicals). After one night of
incubation, an additional 2 ml of the INS- medium was carefully added (day 1), and an additional
1 ml of the INS- medium was added on day 2. On day 3, the medium was replaced by a 3
ml/well INS- medium supplemented with 2 uM Wnt-C59 (Tocris Bioscience). Afterwards, the
culturing medium was changed every other day and contracting cells were generally seen
between day 7 and day 9. After day 9, the INS- medium was changed to 3 ml/well INS+ medium.
To metabolically select and purify hiPSC-CMs, INS+ was replaced with a purification medium
(without D-glucose) for 2 days. Purified hiPSC-CMs were continuously cultured in INS+ for 2 days
to recover. On day 15 hiPSC-CMs were detached by 10 mins incubation of 10X TrypLE select 10X
(Thermo Fisher) at 37°C. Detached cells in TrypLE solution were flushed using INS+ medium and
cell pellets were obtained by centrifuging at 300g for 3 minutes. After aspiration, hiPSC-CMs
were resuspended in INS+ medium supplemented with 5 uM ROCK inhibitor and 10% KO-serum
(Thermo Fisher) and filtered through a 100 um pore filter (Corning). Approximately three million
hiPSC-CMs were re-plated into Matrigel-coated wells in a 6-well plate and further cultured for
2 days in INS+ medium for recovery. To ensure the purity of hiPSC-CMs, they were cultured in
a purification medium for 2 days before all cell-based experiments in this study (e.g. RNA-seq
and Seahorse assays).

Media used for the cultivation of iPSC-CMs. To mature hiPSC-CMs, we used the maturation

medium developed in the Mercola lab."® After the 2nd purification as indicated above,
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INS+ medium was replaced by the maturation medium for a minimum of 3 weeks, which
metabolically matured hiPSC-CMs. Next, to study the metabolic capacity of hiPSC-CMs, they
were continuously cultured in a glucose-rich medium or lipid-rich medium for another 3
weeks before the Seahorse assays and the immunofluorescence analyses. An overview of
culture media is shown in Table S6.

RNA isolation and transcriptome analysis of hiPSC-CMs using RNA-seq. Total RNA was
isolated from cells using TriZol (Ambion) according to the manufacturer’s instructions. DNase
treatment was carried out using the RNase-Free DNase Set (Qiagen). The quality of total RNA
was first examined using Bioanalyzer 6000 Pico Kit (Agilent), and mRNA was selected. Libraries
were prepared and sequenced as indicated before. Raw counts per gene per sample were
imported to the Galaxy server and differentially expressed genes (Table S7) between PLN-
R14del and control hiPSC-CMs were identified using DESeq?2 as indicated above."*

Metabolic measurements of iPSC-CMs using Seahorse assay. Metabolic activity of purified
hiPSC-CMs was determined by mitochondrial fatty acid B-oxidation (FAO) and cytosolic
glycolysis using the Seahorse XFe24 Extracellular Flux Analyzer (Seahorse Bioscience). Briefly,
long-term cultured hiPSC-CMs (77-159 days old) were first seeded to Matrigel-coated Seahorse
XFe24 assay plates at a density of 50,000 cells/well and cultured in the standard culture
medium for 2 days. Afterwards, the standard culture medium was replaced by a glucose-rich
or lipid-rich medium and refreshed every other day. To measure the oxygen consumption
rate (OCR, pmol/min/ug protein) and extracellular acidification rate (ECAR, mpH/min/ug of
protein), hiPSC-CMs were first washed three times with 0.5 ml fresh Seahorse medium (Agilent
Technologies/Seahorse Bioscience) supplemented with 2% B27, 1% Chemically Defined Lipid
Concentrate (Gibco), 4mM L-glutamine (Gibco), and 10mM glucose (Agilent, 103577-100)
and then kept in the same medium for 1 hour in a non-CO, incubator at 37 °C. Afterwards,
100 uM etomoxir (ETO, a specific irreversible inhibitor of carnitine palmitoyltransferase 1,
Agilent) was added to determine FAO dependency by measuring the oxygen consumption
rate (OCR, pmol/min/ug protein), followed by the addition of 50 mM 2-Deoxy-D-glucose (2DG
competitive glycolytic inhibitor, Sigma Aldrich) to determine cytosolic glycolysis by measuring
extracellular acidification rate (ECAR, mpH/min/ug of protein).” Three measurements were
taken before and after each injection and mixing cycle. Both OCR and ECAR were compared
between PLN-R14del and wild-type hiPSC-CMs. Besides, immunofluorescent staining with
alpha-actinin antibody, DAPI, and Nile-red was performed to demonstrate the purity and the
accumulated lipids of both PLN-R14del and wild-type hiPSC-CMs included in the Seahorse
assay (Fig.S9).

Seahorse mitochondrial FAO assay by measuring OCR: Each parameter for % OCR from baseline
we assessed and calculated as described below: (1) Baseline: the last measurement of basal
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respiration before ETO injection (time point 3) was normalised to 100%, and the base
measurement was defined by combining three measurements normalised to time point 3. (2)
FAO: the three measurements after ETO injection normalised to time point 3. (3) Glycolysis: the
three measurements after 2-DG injection normalised to time point 3. (4) FAO dependency: the
percentage of fatty acids dependence was calculated by quantifying the change in basal OCR
after ETO-inhibited FAO compared to the total mitochondrial function from other substrate
oxidation. (5) Metabolic flexibility: the maximal respiration due to the utilisation of other
substrates was determined by the OCR after 2-DG-inhibited glycolysis.

Seahorse glycolysis assay by measuring ECAR: Each parameter for % ECAR from baseline was
measured and processed as follows: (1) Baseline: the last measurement of baseline before
ETO injection (time point 3) was normalised to 100%, and the base measurement was defined
by combining three measurements normalised to time point 3. (2) Glycolysis: the three
measurements after ETO injection normalised to time point 3. Glycolysis was quantified as
the maximum percentage increase of ECAR over baseline. (3) Glycolysis inhibition: the three
measurements after 2-DG injection normalised to time point 3. (4) Glycolysis dependency: the
degree of glycolysis dependency was determined by the reduction of glycolysis after 2-DG
injection. (5) Glycolytic reserve was determined by the average ECAR level after ETO injection
subtracted from the average ECAR level after 2-DG injection.

Statistical analysis of OCR and ECAR measurements: The Seahorse experiments were performed
using 3 biological replicates, with each replicate consisting of 5-12 technical repeats per
condition. OCR and ECAR rates were normalised to the non-glycolytic acidification rate
per well and all values were further normalised to the in situ nuclear staining cell counts
(Mean = SD, n=3 counts/well). To compare OCR and ECAR between PLN-R14del and wild-
type hiPSC-CMs, an unpaired t-test or one-way ANOVA (biological replicates n=3, n=5-12
wells per replicate) was used. All data was represented as Mean + SD and significance was
displayed by *p < 0.05; **p < 0.01; ***p < 0.001, 0.001 and ****P <.,0001. All ANOVA tests were
subsequently analysed using Tukey’s post hoc test. Statistical analysis was performed using
the GraphPad Prism 8.3 software.

Bezafibrate application. Bezafibrate, a PPAR-agonist, was applied to control and PLN-
R14del hiPSC-CMs. Briefly, all hiPSC-CMs were cultured in the maturation medium for 120
days. Bezafibrate was dissolved in dimethyl sulfoxide (DMSO) and added to hiPSC-CMs at
100 uM. After 24hr incubation, all hiPSC-CMs with and without treatment were fixed for
immunofluorescence staining purposes as described below.

Optical Ca** transient analysis. Ca?* transient analysis was performed to evaluate Ca*
handling property between control and PLN-R14del hiPSC-CMs with and without bezafibrate
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treatment. Briefly, cells were loaded 30 min in FluoroBrite DMEM Media (Thermo Fisher)
supplemented with 1.25 puM Cal-520 (Abcam) and 0.02% Pluronic F-127 solution (Sigma
Aldrich). Spontaneous calcium transients were recorded between two and three weeks
after plating. Video streams of Cal-520 (the green channel) lasting 10 seconds at 33 fps
were automatically scanned by a Leica Thunder microscope. Image analysis was conducted
using Cyteseer (Vala Sciences, California, USA) as previously described.’® The physiological
parameters; peak value (normalized area under the peak trace), rise time and decay time were
automatically calculated for each time series. Data tables were analyzed with Microsoft Excel
and drug responses and bar plots were generated with GraphPad Prism 9 software.

Characterization of hiPSC-CMs by immunofluorescence staining. HiPSC-CMs were
cultured on Matrigel-coated coverslips, fixed in paraformaldehyde (4%), and permeabilized
in blocking/permeabilization buffer (5% BSA/0,3% Triton-X-100 in PBS) for 30 minutes. Primary
antibodies were added and incubated in 1:5 diluted blocking/permeabilization buffer DPBS
overnight at 4°C. Cells were washed four times with PBS (5 mins each time) and incubated
with Alexa-conjugated secondary antibodies diluted in 1:5 blocking/permeabilization buffer
in the dark at room temperature for 1 hr. Cells were washed as previously described and
nuclei were stained using 1 pg/ml Hoechst (Life Technologies) for 15 mins. Coverslips were
mounted using Fluoromount-G (Southern Biotech) and images were acquired using a Leica
SP8X confocal microscope. Immunofluorescence stainings of Nile-red were quantified by the
lipid mask macro of Image J, displaying the number of lipids/nuclei and were quantified using
one-way ANOVA (n=3/3 coverslips/images per well, n=3 biological replicates, n=>10 wells per
condition). Details of antibodies were shown in Table S8.

RESULTS

Identification of histone acetylation changes in PLN-R14del cardiac tissue

H3K27ac histone acetylation regulates gene transcription and contributes to phenotypic
responses in heart diseases.?” Therefore, we performed H3K27ac ChIP-seq to study histone
acetylation changes in 6 PLN-R14del versus 4 control hearts (Fig.1A and Table S1A). We
identified 28,149+9,538, and 182 25,721+8,460 H3K27ac enriched regions within PLN-R14del
and control hearts, respectively. We subsequently combined regions that were identified in at
least two independent samples into a set of 23,356 regions to assess differentially acetylated
regions between control and PLN-R14del groups. In total, 2,107 autosomal regions showed
differential H3K27ac levels between PLN-R14del and control hearts (Fig.1B and Table S2A).
Compared to controls, regions with higher H3K27ac levels in PLN-R14del hearts are referred
to as hyperacetylated regions (n=1,149) and regions with lower H3K27ac levels in PLN-R14del
hearts are referred to as hypoacetylated regions (n=958, Fig.1C and Fig.S1).
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Figure 1: Identification of differentially acetylated DNA regulation regions in PLN-R14del cardiomyopathy
compared to the controls and other cardiomyopathies. A) An overview illustrating 487 the study design of
comparing histone acetylation between PLN-R14del cardiomyopathy and the healthy controls using H3K27ac
ChlIP-seq. B) A workflow indicating the production of three main datasets obtained from identified histone
acetylated regions: dataset 1) 2,107 differentially acetylated regions between PLN-R14del and controls; dataset
2) 863 genes annotated to differentially acetylated regions in the +/-5kb window from the gene’s transcription
start site; dataset 3) 202 transcription factor binding motifs (TFBMs) enriched within the sequences of differentially
acetylated regions. C) Heatmap showing top 100 differentially acetylated regions in cardiac tissue from PLN-R14del
versus control hearts (dataset 1). D) Functional gene enrichment analysis using annotated genes in the vicinity of
hypoacetylated regions pointed towards altered metabolism-related biological functions (dataset 2). E) PPARA
and its interacting TFs involved in lipid metabolism obtained from TFBMs enriched in differentially acetylated
regions (dataset 3). F) Imnmunofluorescence staining and quantification of nuclear PPARA signals (magenta) in
PLN-R14del and control hearts. The nucleus was stained in blue and a-actinin in green. Confocal images were
taken at 63x magnification. CMs: identified cardiomyocytes in the tissues; non-CMs: non-cardiomyocytes in the
tissues. G) An overview showing additional biopsies from patients with ischemic cardiomyopathy and sarcomeric
non-ischemic cardiomyopathy (non-PLN-related cardiomyopathies), besides PLN-R14del and control hearts as
indicated in A). H) K-mean clustering analysis showing four PLN-R14del-specific clusters based on acetylation
signals (AcS). I) Examples of genes involved in mitochondrial metabolism annotated to regions from PLN-R14del-
lowest clusters (cluster 3 and 4) shown in H).
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Genes annotated to differentially acetylated regions in PLN-R14del cardiac
tissues are enriched in metabolic pathways

To identify genes potentially regulated by the differentially acetylated regions, we focused on
regions in close vicinity to promoters and annotated genes 5,000 bases up- and downstream
from the transcription start site of a gene as used previously (Fig.1B).%>?¢ Out of 968
hyperacetylated regions, 295 genes were identified in close vicinity to 251 hyperacetylated
regions, and out of 1,149 hypoacetylated regions, 568 genes were identified in the close vicinity
to 462 hypoacetylated regions (Fig.1C, Table S2B and 2C). To examine which biological
processes and pathways are affected, we performed gene set enrichment analysis using genes
annotated to differentially acetylated regions. We observed that hyperacetylation-related
genes were mostly involved in fibrosis, (cardiovascular) development, and chromatin assembly
(Table S2D and Fig.S2), while hypoacetylation-related genes were related to metabolism
(Fig.1D and Table S2E).

The transcription factor binding motifs (TFBMs) overrepresented in
hypoacetylated regions are enriched in metabolic pathways

To identify possible upstream acting transcription factors (TFs), which regulate genes
involved in the pathogenesis of the disease, we studied the overrepresentation of TFBMs in
differentially acetylated regions. By using the DNA sequences of all differentially acetylated
regions in PLN-R14del versus control hearts (Fig.1B), we detected enrichment in 202 TFBMs
and annotated them to 200 TF-encoding genes (Table S3A). Consistently, several of the
most enriched biological processes annotated to TFs pointed towards altered metabolism,
such as adipogenesis and mitochondrial structure (Table S3B and Fig.S3). Notably, PPARA,
a major regulator of cardiomyocyte lipid metabolism, particularly FAO, was also annotated
from enriched motifs together with other interacting TFs (Fig.1E). Therefore, we further
investigated the localization of PPARA in cardiac tissues by immunofluorescence staining and
observed a significant decrease in the nuclear PPARA signal of PLN-R14del cardiomyocytes
versus the controls, whereas the PPARA signal in non-myocyte cells remained comparable
between PLN-R14del and control hearts (Fig.1F).

Hypoacetylated regions associated with metabolic pathways specific for PLN-
R14del cardiomyopathy as compared to other cardiomyopathies

Besides non-failing control hearts, we also compared PLN-R14del hearts with other
cardiomyopathies, including ischemic cardiomyopathy (n=4) and non-ischemic dilated
cardiomyopathy (sarcomeric group, n=6, Fig.1G). K-mean clustering analysis revealed four
PLN-R14del-specific clusters when compared to other cardiomyopathy groups and the
controls (Fig.1H, Fig.S4, and Table S4A). Genes located in the vicinity of these PLN-R14del-
specific clusters were again highly enriched in metabolic signalling (Table S4B and 4C, and
Fig.S5). Examples of metabolic genes, including HADHA/HADHB, SLC25A20, PDK2, and CPT1B,

21




Q

HADHA HADHB ATP2AZ/SERCA2A

18

g 4000 - § 5000- . e %zum o
Control (n=4) 3 so00 : o0 1 3 15000 .
PLN (n=6) E - : E oo [T _-. § - .
- — = 2000 ) = '3 oyt
vy MRNA g 1806 ° g s E 5000. - rl—l
RNA-seq 2 . 2 ¥ 5 .
Gontrol PLN Control PLN Contiol PLN
D: papl T HADHA ATP2A2/SERCA2A TNNI3 Merged

E:
[}
8
. L3
2 - X iﬂ
= ]
- 3 °
223 .
2Ty
JET . ¢}
5 s o
£ e e
w Tk T . ude
GO term: Biological Process KEGG REACTOME
F: X8t 21
o] Term Name Adjusted P-value QARFR2 (&) BHHEA
1 Oxidative phosphorylation 6.36 x 104 2BTB1E
2 Energy derivation by oxidation of organic compound ~ 9.91 x 10¥
3 ATP synthesis coupled electron transport 597 x 10%7 £ \ "“‘_\
4 Generation of precursor metabolites and energy 147 x 10% o il
g ATP metabolic process 3.20x 10 D siaa
] Oxdative phasphorylaiton 1.25x 10 Tl
i Metabolic pathways 250x10% —
8 TCA cycle and respiratory electron transport 1.80x 104 SF2
9 Metabolism 1,09 x 10% -
10 Mitochondrial tranlation inititation 363x10% Ll = HMGAT
IBTB7R /
oo
e ém 8 NFATEA
m Negative regulation of cellular metabolic process e | 5% ELK1
= Cellular response to lipid i O @ S) <]
e HEF1 THRA

Figure 2: Identification of differentially expressed genes between PLN-R14del and control hearts using RNA-
seq. A) An overview illustrating the study design of comparing transcriptome between PLN-R14del and control
hearts using RNA-seq after poly(A) selection. B) Heatmap showing top 100 differentially expressed genes in
cardiac tissue from PLN-R14del versus control hearts. C) Examples of 3 differentially expressed genes between
PLN-R14del and control hearts. D) PLN-R14del heart showed lower ATP2A2/SERCA2A signal (purple) and HADHA
signal (red) compared to the control heart using immunofluorescence staining, confirming its levels in the RNA-
seq data. Nuclei were stained by DAPI (blue) and sarcomeres were stained by TNNI3 (green). Confocal images
were taken at 63x magnification. E) Enrichment analysis using downregulated genes indicated the top enriched
biological processes and pathways were related to metabolism. F) Protein-protein-interaction network using
39 TFs from the integrative analysis pointed toward (negatively) affected metabolism. Protein-coding genes
involved in “Negative regulation of cellular metabolic process” are shown in red, protein-coding genes involved
in “Cellular response to lipid” are shown in purple, and protein-coding genes that are not involved in these two
processes are shown in light grey.
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which were annotated in PLN-R14del-specific hypoacetylated clusters were shown in
Fig.1l. Combined, we detected differentially acetylated regions that distinguish PLN-R14del
from other types of cardiomyopathies and they annotated metabolic-related genes were
profoundly affected.

Enriched metabolic pathways by differentially expressed genes in PLN-R14del hearts
Besides differentially acetylated regions, we obtained 1,668 up- and 1,873 downregulated
genes in PLN-R14del versus control hearts using RNA-seq (Fig.2A and Fig.2B, Table S5A).
In line with the well-established suppression of SERCA2A/ATP2A2 at the protein level,® we
showed its suppression at the mRNA level for the first time. Additionally, metabolic genes,
such as HADHA and HAHDB, which were annotated from PLN-R14del-specific hypoacetylated
clusters, also showed significantly lower mRNA levels in PLN-R14del versus control hearts
(Fig.2C). We further demonstrated decreased HADHA and SERCA2A/ATP2A2 protein levels
in PLN-R14del versus the control heart by immunofluorescence staining (Fig.2D). Consistent
with enriched biological processes and pathways by annotated genes from differentially
acetylated regions, fibrosis, (cardiovascular) development, and chromatin assembly were
enriched by upregulated genes (Table S5B) and metabolism (oxidative phosphorylation, ATP
metabolic process, metabolic pathways, etc.) were enriched by downregulated genes (Fig.2E
and Table S5C). Notably, among 200 TFs annotated from differentially acetylated regions, 39
TFs showed significantly altered mRNA levels in PLN-R14del versus control hearts, including 26
up- and 13 down-regulated TF-coding genes. Enriched protein-protein-interaction network
by 39 TF-coding genes again suggests (negatively) affected metabolism (Fig.2F). Thus, we
identified a panel of upstream TFs and downstream targets in metabolic processes, which
were disrupted in PLN-R14del cardiomyopathy.

Differentially expressed genes in PLN-R14del hiPSC-CMs suggest altered lipid
metabolic pathways

Monolayers of hiPSC-CMs have been used to study the molecular mechanisms underlying
several major cardiomyopathies, including ion-related, structural, and metabolic
cardiomyopathies. However, the physiological immaturity of hiPSC-CMs severely limits their
utility as a prediction model for adolescent genetic myopathies. To improve the cardiac
immaturity limitation, we cultured hiPSC-CMs for 160 days in a maturation media designed
to provide oxidative substrates adapted to the metabolic needs” (Table S$6). These long-term
cultured hiPSC-CMs showed well-developed structural and mitochondrial organization as
stained by the sarcomeric and mitochondrial marker (Fig.S7A). Hereafter, we studied the
transcriptome profiles in PLN-R14del and healthy control hiPSC-CMs (Fig.3A and Table S1B).
First, we examined markers of cytoskeletal components (ACTN1, TNNT2, MYH7, and MYL2), ion
channels (KCNA5 and KCNJ4), and mitochondrial components (ATP5F1A and HSP60), and lipid
metabolism (PPARA, ACAT1, FABP3, and Nile red staining). In general, we observed an increase
in mRNA levels of most markers from short- and long-term (25 and 160 days, respectively)
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Figure 3: Characterization of long-term cultured human induced pluripotent stem cell-derived cardiomyocytes
(hiPSC-CMs) and identification of differentially expressed genes between PLN-R14del and control hiPSC-CMs. A)
An overview illustrating the study design of comparing transcriptome between long-term cultured PLN-R14del
and control hiPSC-CMs in three different media. B) Metabolic marker (PPARA), sarcomeric markers (alpha-actinin
and troponin-T), mitochondrial markers (ATP5A and HSP60), and lipid droplets (Nile red) were examined in short-
term (20 days) and long-term (160 days) cultured PLN-R14del and control hiPSC-CMs using immunofluorescence
staining. Nuclei were stained by DAPI (blue). Confocal images were taken at 63x magnification. C) Heatmap
showing the mRNA expression levels of selected markers in sarcomeres, ion channels, and metabolism in both
PLN-R14del and control hiPSC-CMs were shown from the proliferation stage to the maturation stage. D) Heatmap
showing the mRNA expression levels of genes involved in oxidative phosphorylation (GO: 0006119 ) in control
and PLN-R14del hiPSC-CMs cultured in three different media.
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cultured PLN-R14del and healthy control hiPSC-CMs and confirmed these observations at the
protein level by immunofluorescence staining (Fig.3B and Fig.3C). Therefore, we extended
the culture time of hiPSC-CMs in the following experiments, which showed an overall improved
maturation status but a more distinguishable metabolism-phenotype between PLN-R14del
and control hiPSC-CMs. Since our data obtained from PLN-R14del hearts indicated a disrupted
lipid metabolism, we cultured control and PLN-R14del hiPSC-CMs to further elucidate the
metabolic activities in three culture media containing different amounts of glucose and
lipids, which are the two main metabolic substrates for cardiomyocytes (Fig.3A). In total, we
identified 952, 1,321, and 2,104 differentially expressed genes in PLN-R14del versus control
hiPSC-CMs cultured in the maturation, the glucose-rich,

and the lipid-rich medium, respectively (Table S7A-C). Notably, regardless of culture
media, pathway enrichment analyses using downregulated genes in PLN-R14del versus
control hiPSC-CMs consistently pointed towards metabolic activities, such as oxidative
phosphorylation/G0O:0006119 (Fig.3D, Fig.S8A-C, and Table S7D-F). However, it is important
to note that the metabolic genes involved in the enriched biological processes (i.e., oxidative
phosphorylation), which were shared among three conditions, were not the same (Fig.S8D-
F). Similarly, regardless of culture media, pathway enrichment analyses using upregulated
genes in PLN-R14del versus control hiPSC-CMs consistently pointed towards fibrosis and
(cardiovascular) development, which were in line with the results obtained from the ex vivo
human cardiac tissues (Table S7D-F).

Disturbed fatty acid oxidation (FAO) and metabolic flexibility in PLN-R14del hiPSC-
CMs Besides the downregulated transcriptional regulation of lipid metabolism in PLN-R14del
cardiomyopathy, a significantly lower cellular metabolic activity/viability was also observed
in PLN-R14del versus control hiPSC-CMs (Fig.4A). This suppression remained when excessive
glucose or FAs were given to the cells (Fig.S7B-C). To further elucidate whether the obtained
transcriptomic data could predict affected metabolism in PLN-R14del cardiomyopathy, we
compared the FAO metabolism, a key metabolic program in cardiomyocytes (Fig.4B), by
evaluating mitochondrial respiration via ETO-inhibited FAO and 2-DG-inhibited glycolysis
using the Seahorse analysis (Fig.4C). In the maturation medium, which contains both glucose
and FAs, we observed a comparable oxygen consumption rate (OCR) between PLN-R14del
and control hiPSC-CMs at the baseline level and after ETO-inhibited FAO (Fig.4E), suggesting
a similar FAO-dependence of both groups. However, after blocking glycolysis by 2-DG, we
observed an increased OCR in control hiPSC-CMs, whereas the OCR of PLN-R14del hiPSC-
CMs continued to decline significantly, suggesting control hiPSC-CMs are less dependent
on glycolysis and have more metabolic adaptive characteristics than PLN-R14del hiPSC-CMs.
Similarly, in the glucose-rich medium, OCR was comparable between PLN-R14del and control
hiPSC-CMs at the baseline level (Fig.4F). After blocking glycolysis, a significantly higher OCR
was observed in control versus PLN-R14del hiPSC-CMs, once again suggesting better metabolic
flexibility and substrate utilisation in control hiPSC-CMs. Notably, in the lipid-rich medium, the
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basal OCR was significantly lower in PLN-R14del versus control hiPSC-CMs (Fig.4G), implying
an impaired FAO in the PLN-R14del hiPSC-CMs at the beginning. Although OCRs of both PLN-
R14del and control hiPSC-CMs decreased after FAO- and glycolysis-blockages, OCRs remained
significantly lower in PLN-R14del hiPSC-CMs than in the controls. These findings suggest
that despite the presence of excess lipids in the medium, PLN-R14del hiPSC-CMs are less
capable of utilizing their FAO metabolism to produce the required energy, therefore being
more glycolysis-dependent.

Higher glucose dependency in PLN-R14del hiPSC-CMs

Glucose metabolism, another major metabolic program in cardiomyocytes (Fig.4B), was also
studied. We measured the extracellular acidification rate (ECAR) to study the activity of the
glycolytic pathway in PLN-R14del and wild-type hiPSC-CMs by manipulating the FAO and
glucose metabolism using ETO and 2-DG, respectively (Fig.4D). In the maturation medium,
basal ECAR levels were comparable between both groups, but it became significantly lower in
PLN-R14del versus control hiPSC-CMs after FAO- and glycolysis-blockages (Fig.4H), indicating
a higher glycolysis dependency of PLN-R14del hiPSC-CMs. A significantly higher glycolytic
reserve was also observed in PLN-R14del hiPSC-CMs than in the controls. In the glucose-
rich medium, ECAR levels remained comparable between both groups at the basal level,
after blocking FAO, and after blocking glycolysis (Fig.4l). However, the decline of ECAR after
glycolysis-blockage was more profound in PLN-R14del versus control hiPSC-CMs, suggesting
a higher glycolysis-dependence and a higher glycolytic reserve of PLN-R14del hiPSC-CMs. In
the lipid-rich medium, basal ECAR levels were comparable between both groups (Fig.4J).
Interestingly, a higher ECAR was shown in PLN-R14del versus control hiPSC-CMs after FAO-
blockage, which decreased profoundly after glycolysis-blockage, again, confirming the
higher glycolysis-dependency in PLN-R14del hiPSC-CMs. These results imply our in vitro
maturation-induced PLN-R14del hiPSC-CM mimics the heart failure-related metabolic
alterations consisting of the energy production reduction by mitochondria through oxidative
phosphorylation and an increase in (anaerobic) glycolysis.

Intracellular lipid droplet accumulation is a key feature of PLN-R14del
cardiomyopathy

Data acquired from the cardiac tissues and/or hiPSC-CMs at DNA, RNA, protein, and functional
levels consistently pointed towards altered metabolism in PLN-R14del versus control groups,
particularly FAO. Since lipid accumulation is known as the hallmark of impaired FAO, we
examined the lipid accumulation in cardiac tissues and hiPSC-CMs. First, we performed a
digital quantification in heart slices assessing the percentage of adipose tissue, which showed
an increased adipocyte deposition in PLN-R14del versus control hearts (Fig.S8). Next, we used
Nile red to localise intracellular lipid droplets in snap-frozen and paraffin-embedded tissues
and observed a more frequent perinuclear accumulation of lipid droplets in PLN-R14del
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Figure 4: Examination of metabolic activity between PLN-R14del and control hiPSC-CMs. A) Tetrazolium assay
showed a significantly lower general metabolic activity in PLN-R14del hiPSC-CMs when compared to the controls. B)
A simple diagram illustrating utilization pathways of fatty acids and glucose in cardiomyocytes and two commonly
used compounds, etomoxir (ETO) and 2-deoxyglucose (2-DG), to study the capacity of these pathways by blocking
their utilization, respectively. C) An overview illustrating Seahorse XF24 Extracellular Flux assay, which measures the
oxygen consumption rate (OCR) to study the activity of the fatty acid oxidation (FAO) in PLN and wild-type hiPSC-CMs
by manipulating the FAO and glucose metabolism using etomoxir (ETO) and 2-deoxyglucose (2-DG). D) An overview
illustrating Seahorse XF24 Extracellular Flux assay, which measures extracellular acidification rate (ECAR) to study
the activity of the glycolytic pathway in PLN-R14del and wild-type hiPSC-CMs by manipulating the FAO and glucose
metabolism using ETO and 2-DG. E-G) OCR of hiPSC-CMs cultured in the maturation medium, the glucose-rich
medium, and the lipid-rich medium, respectively (grey arrow indicates a switch in energy substrates). Quantification
of OCR values at the basal level, after ETO injection, and after 2-DG injection, were normalised to nuclei count. The
degree of FAO dependency is determined by the reduction of mitochondrial function after ETO injection, and the
degree of metabolic flexibility is determined by the OCR after 2-DG injection. H-J) ECAR of hiPSC-CMs cultured in
the maturation medium, the glucose-rich medium, and the lipid-rich medium, respectively (grey arrow indicates a
switch in energy substrates). Quantification of ECAR values at the baseline level, after ETO injection, and after 2-DG
injection, were normalised to nuclei count. The degree of glycolysis dependency is determined by the total glycolysis
minus the non-glycolytic acidification (after 2-DG injection). The glycolytic reserve ability is determined by ECAR
after ETO injection minus ECAR after 2-DG injection. Data are expressed as mean +SD, biological replicates are 3
individual differentiations with each N=5-12 wells. One-way ANOVA with Tukey's post-hoc comparison or Student's
t-tests were used, P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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cardiac tissue than in the control (Fig.5A). Transmission electron microscopy revealed a
significantly lower mitochondrial length (aspect ratio) and a significantly higher accumulation
of intracellular lipid droplets in PLN-R14del versus control hearts (Fig.5B and Fig.5C),
suggesting impaired mitochondrial FAO. In line with the hearts, highly accumulated
intracellular lipid droplets were observed in PLN-R14del versus control hiPSC-CMs, regardless
of different culturing media (Fig.5D). Combined, these findings suggested intracellular lipid
droplet accumulation is a key feature in PLN-R14del cardiomyopathy.

CRISPR/Cas9-based correction of PLN-R14del attenuated intracellular lipid
accumulation

We used CRISPR/Cas9-based gene editing to correct PLN-R14del mutation®and observed a
significant reduction of intracellular lipid droplets in R14del-corrected hiPSC-CMs (isogenic
control, Fig.6A). Interestingly, hiPSC-CMs derived from an asymptomatic PLN-R14del carrier
and the homozygous hiPSC-CMs showed a comparable amount of the lipid droplets as
in PLN-R14del hiPSC-CMs. These findings suggested a tight relationship between PLN-
R14del mutation and impaired lipid metabolism, thereby leading to intracellular lipid
droplet accumulation. PPARA-targeted drug increased Ca? handling and mitochondrial
trifunctional protein levels in PLN-R14del hiPSC-CMs. We also applied a PPARA agonist
(bezafibrate) to further investigate PPARA-mediated FAO in PLN-R14del cardiomyocytes.
First, we measured the Ca** transient in control and PLN-R14del hiPSC-CMs with and without
bezafibrate treatment. We observed significantly increased rise and decay time in treated
versus untreated PLN-R14del hiPSC-CMs (Fig.6B), whereas the treatment did not affect Ca**
handling in control hiPSC-CMs. Next, we examined HADHA and HADHB levels, encoding the
mitochondrial trifunctional protein involved in the FAO pathway, which showed suppressed
histone acetylation and transcriptional levels in PLN-R14del versus control hearts (Fig.1l
and Fig.2C). We confirmed the suppression of HADHA and HADHB in long-term cultured
untreated PLN-R14del cardiomyocytes and further showed elevated HADHA and HADHB levels
in bezafibrate-treated PLN-R14del cardiomyocytes (Fig.6C). Whereas, the treatment did not
alter HADHA and HADHB levels in control hiPSC-CMs. Combined, these findings suggested
disturbed HADHA/HADHB-involved FAO in PLN-R14del hiPSC-CMs, the potential association
between PPARA-mediated FAO and Ca** handling, and the role of PPARA as a promising
therapeutic target in PLN-R14del cardiomyopathy.
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Figure 5: Lipid accumulation and impaired mitochondria in PLN-R14del cardiac tissues and hiPSC-CMs. A) Left:
Examples of Nile red staining (red, indicated by black arrows) in control and PLN-R14del paraffin-embedded cardiac
tissues using immunohistochemical staining (IHC). Images were taken at 40x magnification. Right: Examples of
Nile red staining (red) in control and PLN-R14del snap-frozen cardiac tissues using immunofluorescence staining
(IF). Confocal images were taken at 63x magnification. Nuclei were stained by DAPI (blue) and sarcomeres were
stained by TNNI3 (green). B) Bar graphs showing impaired detected mitochondria in PLN-R14del versus control
hearts using transmission electron microscopy (TEM). Each dot represents an individual mitochondrial from
control and PLN hearts. Representative TEM image of the control heart (bottom left) showing regular myofilaments
arranged in sarcomeres (brackets), variable-sized mitochondria (M) arranged in rows in between myofibrils, lipid
droplets (yellow arrows) and profiles of the intercalated disc with a large mixed-type junction (area composita, AC)
in between cardiomyocytes. Whereas, representative TEM image of the PLN-R14del heart (bottom right) shows
irregular myofilaments arranged in sarcomeres (brackets), variable-sized mitochondria (M) located around the
myofibrils, lipid droplets (yellow arrows) and profiles of the intercalated disc with a large mixed-type junction (AC)
in between cardiomyocytes. Multiple shape descriptors were determined for manually traced lipid droplets and
mitochondria. C) Bar graphs showing higher coverage by lipid droplets and bigger lipid droplets in PLN-R14del
versus control hearts using TEM. Representative TEM images (below) showing manually traced lipid droplets
(indicated by yellow arrows) in the control and PLN-R14del hearts. Each dot represents an individual lipid droplet
from control and PLN hearts. TEM images were collected from 3 healthy controls (67 traced lipid droplets and 128
traced mitochondria) and 1-2 PLN-R14del hearts (177 traced lipid droplets and 129 traced mitochondria). Data
are expressed as mean £SD. Unpaired T-test was used, *P<0.05, ****P<0.0001. Scale bar: 2 uM. D) Examples of
Nile red staining to demonstrate the lipid accumulation in long-term cultured (160 days) PLN-R14del and control
hiPSC-CMs in three different media. Bar graph showing a higher lipid accumulation (red) in PLN-R14del versus
control hiPSC-CMs in three different media.
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Figure 6: Genetic engineering and agonist therapy as novel treatment strategies targeting dysregulated lipid
metabolism in PLN-R14del cardiomyopathy. A) Immunofluorescence images of Nile red staining showing the
lipid accumulation in all hiPSC-CMs groups. Nuclei were stained by DAPI (blue). Bar graph showing a significantly
higher intracellular lipid formation in PLN-R14del hiPSC-CMs when compared to the healthy controls as well as
the isogenic controls in which PLN-R14del was corrected (n = 4 per group), whereas the lipid accumulation in
hiPSC-CMs from PLN-R14del patient, an asymptomatic PLN-R14del carrier, and a homozygous PLN-R14del group
reamined comparable. Data were normalised to nuclei and shown as mean +SEM. One-way ANOVA was used,
**P<0.01, ***P<0.001. B) Ca?* transient parameters for examining the Ca?* 590 handling property in hiPSC-CMs,
including rise time (RT), decay time (DT), calcium full-width half maximum (FWHM), duration at 25% decline from
maximum amplitude (CTD25), and duration at 75% decline from maximum amplitude (CTD75). Representative
calcium transient in control and PLN-R14del hiPSC-CMs with and without bezafibrate treatment (dashed and
solid line, respectively). Each trace is an average DF/F 0 versus time plot (33 Hz) in each well and three wells per
condition per group were included in this analysis. C) Immunofluorescence staining of HADHA (red) and HADHB
(green) in control and PLN-R14del hiPSC-CMs with and without bezafibrate treatment. Nuclei were stained by
DAPI (blue). All images were taken at 63x magnification. Bar graphs showing significantly elevated HADHA and
HADHB levels after bezafibrate treatment in PLN-R14del, but not in the control hiPSC-CMs. Data was normalised
to the number of nuclei. Each dot represents the normalized data per obtained images and shown as mean +SD.
Two-way ANOVA was used in the bezafibrate treatment experiment, ns= not significant, **P<0.01, ***P<0.001,
**¥%¥P<0.0001. D) Schematic overview of PPARA-mediated FAO dysregulation and impaired lipid metabolism in
PLN-R14del versus control cardiomyocytes
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DISCUSSION

In this study, we provide new information on changes in chromatin activity and global
transcriptional regulation in human myocardium obtained from patients with PLN-R14del
cardiomyopathy compared to other types of cardiomyopathy and healthy controls. Multi-
omics integration points to the inhibited mitochondrial function and (lipid) metabolism
in PLN-R14del hearts based on the changed histone acetylation levels of annotated gene
promoters, predicted TFBMs and altered gene expression. These datasets will serve as the
basis for upcoming biomarker and novel therapeutic strategies. We particularly focused on
the inhibited PPARA-mediated FAO in PLN-R14del hearts. PPARA is a key TF that regulates
cardiac lipid metabolism to enhance FAO.? It is predominantly located within the nucleus,*®
however, external signals and pathways regulate the transport of PPARA from the nucleus
to other subcellular compartments and mediate the biological functions of PPARA.?' We
obtained the enriched TFBM of PPARA in differentially acetylated promoters between PLN-
R14del and controls. Although the histone acetylation of PPARA promoter and mRNA level of
PPARA remained comparable between PLN-R14del and control hearts, we showed a significant
decline of PPARA signal inside cardiomyocyte nuclei in PLN-R14del hearts. Taken together, the
loss of nuclear PPARA in PLN-R14del cardiomyocytes suggested suppressed PPARA-mediated
biological processes that take place inside nuclei, including substrate inflexibility promoting
FFA uptake and lipid accumulation, and ensuing cardiovascular complications. The promoters
of PPARA-regulated downstream targets in lipid metabolism, such as HADHA, HADHB, MLYCD,
and PNPLA2,323334 showed suppressed acetylation levels in PLN-R14del hearts. Furthermore, by
comparing PLN-R14del hearts with non-PLN-R14del-related cardiomyopathies, we identified
PLN-R14del-specific regions and many annotated genes in these regions also involved in
lipid metabolism (e.g. AGPAT2, HADHA, HADHB, MLYCD, PLPP1, and PTGDS). Additionally,
several of these metabolic genes also showed decreased mRNA levels in PLN-R14del versus
control hearts, including HADHA and HADHB. In line with these omics-based data, we also
observed accumulated lipid droplets and abnormal mitochondrial morphology in PLN-
R14del hearts. Combined, the impaired PPARA-regulated FAO could play a critical role in
PLN-R14del cardiomyopathy. A recent study also showed that 18-33 days old PLN-R14del
engineered heart tissues had impaired energy metabolism reflected at the protein level,
including suppressed FAs metabolism and accumulation of lipid droplets.® Here, we further
explored and identified affected genes in the metabolic regulation in long-term cultured PLN-
R14del and control hiPSC-CMs (>110 days). We demonstrated for the first time that PLN-R14del
hiPSC-CMs displayed a lower FAO profile than the controls at both mRNA and functional
levels, and this suppression pattern remained consistent even though PLN-R14del hiPCS-
CMs were given excessive amounts of FAs or glucose, indicating the profoundly impaired
lipid metabolism. FAO changes serve as an indicator of an early adapted or maladapted
metabolic response.?* Normally, the majority of the energy demand of the heart comes from
mitochondrial FAO, especially free circulating FAs.3®In contrast, diseased cardiomyocytes suffer
from a decreased FAO and an increased intracellular lipid accumulation resulting in lipotoxicity
and cell death.*”*® We also showed lipid accumulation and a decreased cell viability of PLN-
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R14del hiPSC-CMs, further suggesting the importance of impaired FAO as a key pathological
mechanism underling PLN-R14del cardiomyopathy. Notably, we observed enhanced Ca?
handling properties and elevated mitochondrial trifunctional protein levels (HADHA and
HADHB) in PLN-R14del hiPSC-CMs after bezafibrate treatment, a PPARA-targeting agonist.
Several FDA/EMA-approved PPARA agonists, including bezafibrate, have shown protective
effects on cardiomyopathies by restoring the FA metabolism.>**° However, to the best of
our knowledge, we showed for the first time, the potential of bezafibrate in re-activating
mitochondrial FAO and improving Ca?* transients, which provides a novel strategic path for
developing precision medicine for PLN-R14del patients, such as targeting FAO upstream
regulators (i.e. PPARA). Besides FAO suppression, the activation of glycolysis-related genes was
shown in murine cardiomyocytes carrying another PLN pathogenic variant (p.Arg9Cys).' We
also showed PLN-R14del hiPSC-CMs exhibited a preference for glucose utilisation. Increased
glucose utilisation, which further inhibits FAO by malonyl coenzyme A-mediated inhibition,
has been shown in cardiomyocytes from hypertrophic cardiomyopathies and failing
hearts.>>*2 The switch from FAs to glucose utilisation can be due to its faster uptake in the
cells and the lower oxygen consumption.® Like lipotoxicity, increased glucose levels can have
deleterious effects on cardiomyocytes by introducing oxidative stress-related cell death and
decreasing contractile force.*** Thus, the glucose-dependent energy metabolism is associated
with the progression of cardiac dysfunction and could be an early pathological process in
PLN-R14del hearts.*? Last but not least, we also observed reduced metabolic flexibility in
PLN-R14del hiPSC-CMs. Healthy cardiomyocytes have the flexibility of switching substrates
for energy production under different conditions.*’ This metabolic flexibility is a critical
factor for maintaining normal cardiac function and preventing the progression of diseased
hearts.*s Impaired metabolic flexibility has also been observed in mouse cardiomyocytes
with the depletion of Ryr2, which show reduced mRNA levels of key regulators in the FA
metabolism (e.g. Ppargcla, Ppara, Ppary, and KIf15) as well as the glucose metabolism (e.g.
Glut4 and Pck1).#” Therefore, restoring balanced metabolic activity is beneficial for 435 PLN-
R14del cardiomyopathy. It is important to note that histone acetylation and transcriptome
changes in PLN-R14del versus control hearts are derived from both cardiomyocytes and non-
myocyte cell types, such as endothelial cells and fibroblasts that are abundant in the heart.*®
Non-myocyte cell types in the heart also contribute to the disease progression.* Therefore,
the responsible cell type(s) or mechanisms for the adipocyte infiltration by either the
activation of the already existing pool of adipocytes or transdifferentiation of (cardiac) cells
into adipocytes remain unclear. However, we have previously shown that the majority of the
bulk data came from cardiomyocytes when compared to 11 non-myocyte cell types in both
inherited and acquired heart disease.?>? The impaired mitochondrial FAO indicated by the
bulk data was 444 validated in PLN-R14del hiPSC-CMs at transcriptional and functional levels,
highlighting the possibility of FAO abnormalities as early pathological signs in PLN-R14del
cardiomyocytes. Nevertheless, future studies should also focus on investigating interactions
between cardiomyocytes and non-myocyte cells during the cardiac energy rearrangement
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as well as the impact of lipid disturbances in PLN-R14del cardiomyopathy. In conclusion, we
revealed valuable information on the histone acetylation activities and the transcriptome
regulation in PLN-R14del hearts and PLN-R14del hiPSC-CMs when compared with controls.
Integrating this data, we demonstrated a disturbed energy metabolism in PLN-R14del and
identified upstream TFs regulating impaired FAO. CRISPR-Cas9-based therapy to correct PLN-
R14del and bezafibrate treatment to re-active mitochondrial FAO further illustrated the tight
relationships between the mutation, impaired FAO, lipid accumulation, and Ca** handling and
shed light to future therapeutic strategies for PLN-R14del patients.
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Supplementary table 1 can be downloaded from: https://assets.researchsquare.com/files/rs-
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Table S1: A) An overview of cardiac tissues, B) An overview of hiPSC-CM lines.

Supplementary table 2 can be downloaded from: https://assets.researchsquare.com/files/rs-
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Table S2: (A) Differentially acetylated regions between PLN-R14del and control hearts (dataset
1), B) genes annotated to hyperacetylated regions in PLN-R14del hearts (dataset 2), C) Genes
annotated to hypoacetylated regions in PLN-R14del hearts (dataset 2), D) Gene enrichment
analysis of annotated genes from hyperacetylated regions in PLN-R14del versus control hearts,
E) Gene enrichment analysis of annotated genes from hypoacetylated regions in PLN-R14del
versus control hearts.

Supplementary table 3 can be downloaded from: https://assets.researchsquare.com/files/rs-
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Table S3: A) Enriched transcription factor binding motifs in differentially acetylated regions and
TFs coding genes (dataset 3), B) Gene enrichment analysis of transcription factor coding genes.
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Supplementary table 4 can be downloaded from: https://assets.researchsquare.com/files/rs-
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Table S4: A) Altered regulatory regions that were specific in PLN-R14del hearts when compared
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ment analysis of downregulated genes in PLN-R14del versus control hearts.

Supplementary table 6 can be downloaded from: https://assets.researchsquare.com/files/rs-
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Table S6: Media used for culturing hiPSC-CMs and their detailed compositions.
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Supplementary table 7 can be downloaded from: https://assets.researchsquare.com/files/rs-
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Table S7: A) Differentially expression genes between PLN-R14del and wild-type hiPSC-CMs
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and wild-type hiPSC-CMs cultured in the glucose-rich medium, C) Differentially expression
genes between PLN-R14del and wild-type hiPSC-CMs cultured in the lipid-rich medium, D)
Gene enrichment analysis of differentially expressed genes between PLNR14del and wild-type
hiPSC-CMs cultured in the maturation medium, E) Gene enrichment analysis of differentially
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medium, F) Gene enrichment analysis of differentially expressed genes between PLN-R14del
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Table S8: Sheet1 contains an overview of antibodies and stainings.

231




Chapter 8

SUPPLEMENTARY FIGURES

Supplementary Figure 1 can be downloaded from: https://assets.researchsquare.com/files/
rs-1902254/v1/e49a3acc04361a0cb84717f0.png

Supplementary Figure 1: A) Heatmap representing differentially acetylated regions between
PLN-R14del and control group. B) Flowchart representing the detection and annotation of dif-
ferentially acetylated regions in PLNR14del patients versus controls. C) Manhattan plot showing
the differentially acetylated regions in PLN-R14del versus control hearts. Green: hyperacetylat-
ed regions; Red: hypoacetylated regions; Black: non-significant regions.

Supplementary Figure 2 can be downloaded from: https://assets.researchsquare.com/files/
rs-1902254/v1/a3db1858b3158e47981958f1.png

Supplementary Figure 2: A) Four differentially acetylated regions depicted using the UCSC
Genome Browser. In each example, the region overlaps with the putative promoter (upstream
region, 5’'UTR, first exons in region tracks) and shows a significant difference between PLN-
R14del patients and controls (dot plots). Arrow beginning indicates gene transcription start
site. AcS = acetylation 437 signal. ENCODE = publicly available ENCODE consortium data de-
fault display. H3K27ac = layered H3K27ac ChIPseq data in 6 cell types (GM12878 - red, H1-hESC
- orange, HSMM - green, HUVEC - light blue, K562 — dark blue, NHEK — purple, NHLF — pink).
DHS - DNasel hypersensitivity clusters in 125 cells, TFs = ChlPseq for 161 TFs. B) Selected exam-
ples of enriched protein-protein interaction networks using protein-coding genes annotated to
differentially annotated regions.
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Supplementary Figure 3 can be downloaded from: https://assets.researchsquare.com/files/
rs-1902254/v1/977dcee472f47c215db074e3.png

Supplementary Figure 3: A) Selected examples of protein-protein-interaction networks using
annotated transcription factors (TFs) that were predicted to binding to motifs enriched in dif-
ferentially acetylated regions. B) Selected examples of TFs with both differentially acetylated
promoter as well as their corresponding motifs enriched in differentially acetylated regions. Dot
plots represent the acetylation signal (AcS) measured for each sample.

Supplementary Figure 4 can be downloaded from: https://assets.researchsquare.com/files/
rs-1902254/v1/7e4d95a33e96fef1d7530156.png

Supplementary Figure 4: PLN-specificity analysis of differentially acetylated regions (ChlIP-
seq): K-mean clustering of PLN R14del cardiomyopathy (red), healthy controls (green), ischemic
cardiomyopathy (dark blue) and sarcomeric non-ischemic cardiomyopathy (light blue) based
on H3K27ac signal was used to partition the regions into 12 different clusters. A) K-mean clus-
ters showing PLN-specific hyper- and hypoacetylation regions when compared with controls
and hearts with ischemic or non-ischemic dilated cardiomyopathy in general; B) Examples of 8
PLN-specific regions and genes in the vicinity of these regions (LINCO1140, WIPF1, OSR1, IFFO2,
LTBP1,GCGR, or CNNM4). No genes have been annotated in the vicinity of region 1689.
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Supplementary Figure 5 can be downloaded from: https://assets.researchsquare.com/files/
rs-1902254/v1/fcc80eaal9bc453ce53de50a.png

Supplementary Figure 5: Genes annotated to PLN-specific differentially acetylated regions
(ChIP-seq): As an effort to identify differentially acetylated regions in the vicinity of genes in-
volved in lipid metabolism possibly linked to fibrofatty tissue replacement in PLN group, this
figure shows selected examples of STRING protein database used to detect interacting proteins
annotated to differentially annotated regions as part of the GO term ‘lipid metabolic process’
(GO:0006629). Only the highest confidence interactions are displayed. Disconnected nodes
were removed from the network image. Dot plots represent the acetylation signal (AcS) mea-

sured for each sample.

Supplementary Figure 6 can be downloaded from: https://assets.researchsquare.com/files/
rs-1902254/v1/c396eec02044df4930781f58.png

Supplementary Figure 6: Differentially expressed genes between patients and controls (RNA-
seq): A) Top 5 enriched Pathway and GO: Biological process terms by upregulated genes in PLN
versus control hearts. Notably, the most upregulated genes are part of fibrosis pathways and
extracellular matrix organization. B) Top 5 enriched Pathway and GO: Biological process terms
by downregulated genes in PLN versus control hearts. Note the enrichment of metabolic path-
ways. C) Transcription factor (TF) coding genes, which were predicted to bind to enriched mo-
tifs in H3K27ac ChiPseq differentially acetylated regions, with altered mRNA expression levels
between PLN and control hearts.
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Supplementary Figure 7 can be downloaded from: https://assets.researchsquare.com/files/
rs-1902254/v1/35bc8505201af85fabfob6d4.png

Supplementary Figure 7: A) Representative immunofluorescence images showing the well
developed mitochondrial organization (stained by Tomm20 in red) and sarcomere (stained by
a-actinin in green) in long-termed cultured control and PLN-R14del hiPSC-Cms. Nuclei were
stained by DAPI (blue). B) Seahorse XF Cell Mito Stress Test demonstrated a lower oxygen con-
sumption rate (OCR) in PLN-R14del hiPSC-CMs than the controls, suggesting an impaired mito-
chondrial function in PLN-R14del hiPSC-CMs.

Supplementary Figure 8 can be downloaded from: https://assets.researchsquare.com/files/
rs-1902254/v1/d16d47c689fca3a5d93dd40b.png

Supplementary Figure 8: A) Enrichment analysis using downregulated genes in PLN-R14del
versus control hiPSC-CMs cultured in the maturation medium pointed towards altered meta-
bolic-related biological functions. B) Enrichment analysis using downregulated genes in PLN-
R14del versus control hiPSC-CMs cultured in the glucose-rich medium pointed towards altered
metabolic-related biological functions. C) Enrichment analysis using downregulated genes in
PLN-R14del versus control hiPSC-CMs cultured in the lipid-rich medium pointed towards altered
metabolic-related biological functions. D) STRING protein-protein-interaction network highlight-
ing oxidative phosphorylation-related protein-coding genes (red) that were downregulated in
PLNR14del hiPSC-CMs cultured in the maturation medium. E) STRING protein-protein-interaction
network highlighting oxidative phosphorylation-related protein-coding genes (red) that were
downregulated in PLN-R14del hiPSC-CMs cultured in the glucose-rich medium. F) STRING pro-
tein-protein-interaction network highlighting oxidative phosphorylation-related protein-coding
genes (red) that were downregulated in PLN-R14del hiPSC-CMs cultured in the lipid-rich medium.
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Supplementary Figure 9 can be downloaded from: https://assets.researchsquare.com/files/
rs-1902254/v1/b8527354b1fbacbf752abf31.png

Supplementary Figure 9: A) Histological slides derived from the same tissue region as used for
H3K27ac ChIPseq and RNA-seq stained with Masson’s trichrome (red - cardiomyocytes, blue -
fibrosis, white — fatty tissue). LV = left ventricle; Sept = septum. Black line indicates the removal
of fibro-fatty tissue replacement prior to ChlPseq. B) Schematic overview showing the mean
fatty tissues in control and PLN-R14del hearts using a colour scale. Epicardial fat was excluded
from the analysis. LV = left ventricle, RV = right ventricle, Post. = posterior, Ant.= anterior.

Supplementary Figure 10 can be downloaded from: https://assets.researchsquare.com/files/
rs-1902254/v1/c2cfa5894c8fe1561f521945.jpg

Supplementary Figure 10: Representative immunofluorescence images showing the pu-
rity and the accumulated lipids in wild-type control and PLN-R14del hiPSC-CMs used in the
Seahorse assay.
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The heart of a PLN patient stained for binding immunoglobulin protein (BIP).
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ABSTRACT

Phospholamban (PLN) is a critical regulator of calcium cycling and contractility in the heart.
The loss of arginine at position 14 in PLN (R14del) is associated with dilated cardiomyopathy
with a high prevalence of ventricular arrhythmias. How the R14 deletion causes dilated
cardiomyopathy is poorly understood, and there are no disease-specific therapies. We used
single-cell RNA sequencing to uncover PLN R14del disease mechanisms in human induced
pluripotent stem cells (hiPSC-CMs). We used both 2-dimensional and 3-dimensional functional
contractility assays to evaluate the impact of modulating disease-relevant pathways in PLN
R14del hiPSC-CMs. Modeling of the PLN R14del cardiomyopathy with isogenic pairs of hiPSC-
CMs recapitulated the contractile deficit associated with the disease in vitro. Single-cell RNA
sequencing revealed the induction of the unfolded protein response (UPR) pathway in PLN
R14del compared with isogenic control hiPSC-CMs. The activation of UPR was also evident in
the hearts from PLN R14del patients. Silencing of each of the 3 main UPR signaling branches
(IRET, ATF6, or PERK) by siRNA exacerbated the contractile dysfunction of PLN R14del hiPSC-
CMs. We explored the therapeutic potential of activating the UPR with a small molecule
activator, BiP (binding immunoglobulin protein) inducer X. PLN R14del hiPSC-CMs treated
with BiP protein inducer X showed a dose-dependent amelioration of the contractility deficit
in both 2-dimensional cultures and 3-dimensional engineered heart tissues without affecting
calcium homeostasis. Together, these findings suggest that the UPR exerts a protective
effect in the setting of PLN R14del cardiomyopathy and that modulation of the UPR might
be exploited therapeutically.
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INTRODUCTION

Phospholamban (PLN) encodes a critical regulatory protein of Ca?* cycling and is a primary
mediator of the 3-adrenergic effects, resulting in enhanced cardiac output.' The levels of
PLN and its degree of phosphorylation profoundly influence the activation state of the
sarcoplasmic reticulum calcium ATPase (SERCA2a). In the dephosphorylated state, PLN
interacts with SERCA2a and shifts its Ca?* activation toward lower apparent Ca?* affinity.
On protein kinase A-mediated phosphorylation, the inhibitory interaction between PLN
and SERCA2a is abolished, and the apparent Ca? affinity is raised. Thus, PLN is the rate-
determining factor for Ca?* reuptake by SERCA2a and a key regulator of contractility in the
heart. Dilated cardiomyopathy (DCM) is the leading cause of heart failure, and familial DCM is
responsible for up to a third of the reported cases.? Various pathogenic genetic variants have
been linked to DCM, including mutations in the coding region of the PLN gene. DCM caused
by the deletion of the arginine 14 codon in the PLN gene (R14del) is associated with prevalent
ventricular arrhythmias, heart failure, and sudden cardiac death.>* The limited mechanistic
understanding of how the R14del contributes to the overall clinical presentation translates to
the lack of disease-specific therapeutic strategies. In this study, we investigated the molecular
underpinnings of PLN R14del-induced cardiomyopathy by leveraging the power of human
induced pluripotent stem cells (hiPSCs), CRISPR/Cas9 genome editing, and single-cell RNA
sequencing (scRNA-seq) technologies. PLN R14del hiPSC-derived cardiomyocytes (hiPSC-
CMs) faithfully recapitulated the contractile dysfunction observed in PLN R14del-induced
cardiomyopathy. At the molecular level, we observed an elevated endoplasmic reticulum
(ER) stress and unfolded protein response (UPR) in the PLN R14del hiPSC-CMs compared with
isogenic controls. Molecular and pharmacological modulation of the UPR pathway revealed
a protective role of the UPR activation in PLN R14del hiPSC-CMs. Our findings suggest a
mechanistic link between proteostasis and PLN R14del-induced pathophysiology that could
be exploited to develop therapeutic strategies for PLN R14del cardiomyopathy.

METHODS

Human iPSC reprogramming and culture. Peripheral blood mononuclear cells (PBMCs) were
reprogrammed to hiPSCs using the CytoTune™-iPS 2.0 Sendai Reprogramming Kit (Thermo
Fisher Scientific) according to the manufacturer’s instructions with modifications. PBMCs
were expanded in StemPro-34 SFM media (Life Technologies) supplemented with cytokines:
SCF (100 ng/mL), FLT-3 (100 ng/mL), IL-3 (20 ng/mL), IL-6 (20 ng/mL) and EPO (2 U/mL). After
six days, 2 x105 PBMCs were transduced with the three CytoTune® 2.0 reprogramming
vectors in one well of a 24-well plate in 0.5 mL in complete StemPro-34 SFM. Twenty-four
hours post-transduction the PBMCs were pelleted by centrifugation, resuspended in fresh
complete StemPro-34 SFM and plated in one Matrigel-coated well of a 24-well plate. Three
days later the media was replaced with StemPro-34 SFM without cytokines and cultured
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for an additional 3 days. The cells were gradually transitioned into E8 stem cell medium in
a step-wise manner over 5-6 days by replacing 20% of the media each day. Stem cell-like
colonies were manually picked about two weeks post transduction and expanded in E8
stem cell media (Life Technologies) on plates coated with human ESC-qualified Matrigel (BD
Biosciences) under hypoxic conditions (5% O,, 5% CO,) at 37°C. Cells were dissociated with
Gentle Cell Dissociation Reagent (StemCell Technologies) with E8 medium supplemented
with 2.5 uM Y-27632 (SelleckChem).

Immunofluorescence analysis of pluripotency markers. The hiPSCs were seeded in
Matrigel-coated well in a 96-plate (Greiner Bio-One) and cultured for 4-5 days. The cells were
washed with PBS, fixed with 4% paraformaldehyde. After permeabilizing with 0.3% Triton-X
diluted in PBS supplemented with 2% BSA, 2% FBS, the cells were incubated with primary
antibodies (Human Pluripotent Stem Cell Immunocytochemistry Kit, R&D System; Tra-1,
Millipore) overnight at 4 °C. After washing, cells were incubated with secondary antibodies
Alex Fluor 488/555 / Hoechst 33342 (Invitrogen). Images were taken on an IC200 Kinetic
Imaging Cytometer (Vala Sciences; 20x 0.75 N.A.) and further processed using ImagelJ software
(National Institutes of Health).

Karyotyping. The hiPSCs were snap-frozen in liquid nitrogen and genomic DNA (gDNA) was
extracted using the Blood and Tissue DNA extraction kit (Qiagen). SNP karyotyping analysis
of >713,014 SNPs was performed using Genome-Wide HumanOmniExpress-24 BeadChips v1.1
on a HiScan sequencing platform per the manufacturer’s directions (lllumina) and analyzed
using the KaryoStudio v1.4 software (lllumina).

Cardiomyocyte differentiation. Differentiation towards cardiomyocytes was carried out
following a small molecule Wnt-activation/inhibition protocol previously described?”.
Briefly, hiPSCs were first treated with CHIR99021 (4-6 uM; Tocris) in RPMI/B27 without insulin
(Life Technologies) for 72 hours, and then with IWR (3 uM; Selleck Chemicals) for another
48 hours. The media was then replaced with RPMI/B27 with insulin (Life Technologies) and
refreshed every 2 days. Spontaneously beating cells was typically observed 8-10 days post-
differentiation. On day 13 post-differentiation, hiPSC-CMs were metabolically selected in
RPMI-B27 without D-glucose (Life Technologies) supplemented with 0.2% Sodium DL-lactate
(Sigma) for 96 hours. Differentiated hiPSC-CMs were maintained with RPMI/B27 medium. All
experiments were conducted by using hiPSC-CMs between 35 and 50 days after culture in
maturation media39 (2D baseline contractility assessment, siRNA UPR experiment, XBP-1
splicing reporter) or RPMI/B27 (scRNA-seq, BiX experiments).
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CRISPR-Cas9 genome editing. Genome editing was performed in hiPSCs to either correct
or introduce the PLN R14del mutation in hiPSCs by CRISPR-Cas9-mediated homology-
directed repair (HDR) as described?®®. Briefly, the gRNA with the highest specificity score
(gRNA: TTGAGGCATTTCAATGGTTG) was cloned into pSpCas9(BB)-2A-GFP (PX458; a gift
from Feng Zhang; Addgene plasmid #48138). The PX458 vector (0.5 pg) and single-stranded
oligodeoxynucleotide donor template (ssODN, 4.0 ug) were co-transfected in hiPSCs
using 10 pL Lipofectamine Stemfect (Thermo Fisher Scientific). Twenty-four hours after
transfection, the cells were dissociated with 1X TrypLE Express (Thermo Fisher Scientific)
and GFP+ cells were sorted by FACS. Single-cell colonies were screened by PCR (PLN_Fw:
AGGAGAGAAAGAGAGACAGACA; PLN_Rv: TCACTGTCACATATTAACCACCA) and Sanger
sequencing to verify the insertion or correction of the PLN R14del mutation. The top eight
ranking off-target sites predicted by the COSMID tool40 were also assessed (Tables II-V in the
Supplement). The following sequence was used as HDR donor templates:

>PLN R14del ssODN
CTCGACCACTTAAAACTTCAGACTTCCTGTCCTGCTGGTATCATGGAGAAAGTCCAATACCTCACTC-
GCTCAGCTATAAGAGCATCAACCATTGAAATGCCTCAACAAGCACGTCAAAAGCTAC

>PLN WT ssODN
CTCGACCACTTAAAACTTCAGACTTCCTGTCCTGCTGGTATCATGGAGAAAGTCCAATACCTCACTC
GCTCAGCTATAAGAAGAGCATCAACCATTGAAATGCCTCAACAAGCACGTCAAAAGC

The primers and ssODNs were synthesized by Integrated DNA Technologies (IDT).

Single-Cell RNA-seq library construction and sequencing. At 45 days after differentiation,
cells were dissociated by incubation with 10x TrypLE solution for 10 min at 37 °C. Cells
were filtered through a 40 um cell strainer (BD Falcon), centrifuged at 100g for 3 min, and
resuspended in PBS supplemented with 0.1% BSA. Single-cell encapsulation, cDNA generation,
and preamplification as well as library preparation were performed using the Chromium Single
Cell 3’ v2 reagent kit according to the instruction manual. Briefly, about 5,000 cells per sample
were encapsulated into microdroplets and the barcoded complementary DNAs (cDNAs) were
combined and amplified for library preparation according to the manufacturer’s protocol (10x
genomics). Libraries were sequenced on the NextSeq 500 sequencing system with a target
of 40000 to 50000 reads per cell (Illumina).

Processing and analysis of scRNA-seq data. The raw FASTQ files were processed with the
Cellranger software v1.3.0 (10x Genomics) for demultiplexing, mapping to the hg19, and
quality control. The absolute unique molecular identifier (UMI) counts were quantified per
gene per cell to generate a gene-barcode matrix for each sample. These sparse matrices were
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aggregated and pre-processed using SAVER41 to impute missing data prior to downstream
analysis. The Seurat package 2.0 implemented in R was used to perform normalization,
unbiased clustering, t-distributed stochastic neighbor embedding (t-SNE) visualization,
and differential gene expression analysis as described in the tutorials (http://satijalab.org/
seurat/)*. Briefly, the aggregated cell count matrix was first normalized by dividing the
number of UMI for each transcript by the total UMI for the cell, multiplying by 10,000, and
log-transformed. Highly variable genes were selected using the FindVariableGenes function in
Seurat and used as input for principal component analysis (PCA). Based on the first 20 principal
components, cell clusters were identified based on their PCA score. To visualize cells in a
high-dimensional space, two-dimensional projections created by t-SNE. To assign identities
to these subpopulations, we cross-referenced their marker genes with known cardiac subtype
markers from the literature. To detect differentially expressed genes between wild-type and
PLN R14del iPSC-CM sub-populations, we performed pairwise comparisons using the non-
parametric Wilcoxon rank-sum test through the FindMarkers function. An adjusted P-value
(Bonferroni correction) cut-off < 2x107° was used to identify differentially expressed genes.

Three-dimensional Engineered Heart Tissues (3D-EHTs). The 3D-EHTs were generated
in agarose casting molds using solid silicone racks (EHT Technologies) as described with
modifications43. Briefly, about 1x106 iPSC-CMs were suspended in a fibrin hydrogel (100 pL
total) composed of 10 uL Matrigel (Corning), 5 mg/mL bovine fibrinogen (2.53 pL of 200 mg/
mL fibrinogen reconstituted in 0.9% NaCl) and supplemented with 0.1 mg/mL aprotinin (Sigma
Aldrich) and 3 U/mL thrombin (Sigma Aldrich). Once polymerized, the silicone racks with the
newly formed fibrin gels were transferred to a new 24-well plate and cultured for 3-4 weeks in
culture medium consisting of DMEM:RPMI media (1:1) supplemented with 0.25% dialyzed fetal
bovine serum (JR Scientific), 0.5x B27 supplement (Gibco), 5% knock-out serum replacement
(Gibco), 1% penicillin/streptomycin (Gibco), and 33 pg/mL aprotinin. The culture medium
was refreshed every 3-4 days. Videos of the deflecting posts were recorded at 75 frames/s
using the SI8000 Cell Motion Imaging System (Sony), at baseline and 72 hours following
BiX treatment. The video recordings were processed by MuscleMotion44 to quantify the
contraction amplitudes. Absolute force values were derived from calibrated measurements
of post displacement considering an elastic modulus of 1.7 MPa, a post radius of 0.5 mm and
a distance between posts (length) of 10 mm.*

High-throughput contractility analysis. The hiPSC-CMs were plated on Matrigel-coated
surfaces at a density of 20,000 cells per well in a 384-well plate (Greiner Bio-One) in 100
uL of replating media (RPMI-B27, 10% knock out serum replacement). The replating media
was gradually transitioned to RPMI/B27 by replacing 50% of the media every 2 days for 6-8
days prior to analysis. For siRNA-mediated knockdown, hiPSC-CMs were transfected with
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siRNAs (Silencer Select, Ambion) with 0.2 pL Lipofectamine RNAiMax (Invitrogen) 20 nM final
concentration. Prior to analysis, the iPSC-CMs cells were loaded with Tetramethylrhodamine
methyl ester dye (TMRM, 400 nM) and fluorescent time-lapse images were acquired
automatically using the IC200 KIC instrument (Vala Sciences) at an acquisition frequency of
100 Hz for a duration of 10s using a 20x objective (0.75 NA). The contractility image analysis
was performed using custom particle image velocity software as previously described®.

XBP1-splicing reporter / AAV production. The F-XBP1 and F-XBPTADBD7 were a kind gift
from Dr. Miura (University of Tokyo). The two XBP1 splicing reporters were cloned into the
PAAV-CMV vector (Takara). HEK293T cells were co-transfected (Lipofectamine 2000, Thermo)
with pAAV-F-XBP1 (or pAAV-F-XBP1ADBD), pRC2, and pHelper (Takara). ). After 3 days the
cells were collected and the AAV particles extracted from the cell pellets using the AAVpro
extraction solutions (Takara). The AAV2 particles were incubated at 37 °C for 30 minutes with
Cryonase Cold-active Nuclease (2 U/ul) and purified with a resin-based approach according
to manufacturer’s instructions (AAVpro purification kit, Takara). The purity was evaluated by
the SDS-PAGE and the amount of viral genome was quantified using a real-time gPCR assay
using the ITR sequence of AAV2 as a target according to the manufacturer’s protocol (Takara).
The hiPSC-CMs were seeded in a 384-well at 20,000 cells per well and infected with 5x10° viral
genomes per cell. Fluorescent images were acquired with the 1C200 KIC (Vala Sciences, San
Diego, CA). For quantification, nuclear expression (F-XBP1) was calculated as a percentage
of positive nuclei to total nuclei (Hoechst 33342, Invitrogen), and cytoplasmic expression
(F-XBP1ADBD) was calculated as integrated fluorescent density Patient RNA sequencing for
UPR genes.

Human cardiac tissue collection. This study was approved by the Biobank Research Ethics
Committee, University Medical Center Utrecht, Utrecht, the Netherlands (protocol number
WARB 12/387). Written informed consent was obtained or in certain cases waived by the
ethics committee when obtaining informed consent was not possible due to the death of
the individual. Heart samples collected at autopsy or transplantation were obtained from a
homogeneous cohort of patients who all carried the same pathogenic PLN R14del mutation
(n = 6). Four control hearts obtained from rejected organ donors (n = 3) or from autopsy (n
=1) were used as a reference.

Human heart tissue immunohistochemistry. Human heart tissue was obtained from the
local tissue biobanks of the Departments of Pathology from the University Medical Center
Utrecht and the University Medical Center Groningen, The Netherlands. Three explanted
hearts from heart failure patients carrying the heterozygous pathogenic PLN R14del variant
and autopsy heart tissue from three sudden death patients with the PLN R14del variant
expected to harbor PLN aggregates in cardiomyocytes were included. Immunohistochemistry
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was also performed on explanted hearts from patients with arrhythmogenic cardiomyopathy
(ARVC) negative for the pathogenic PLN R14del variant, ischemic cardiomyopathy (ICM), and
control autopsy hearts (genetic variants are shown in Table | in the Supplement). Tissue
sections (3 um) of formalin-fixed and paraffin-embedded (FFPE) myocardium were stained for
PLN and different UPR sensors using immunohistochemistry. Sections were manually stained
for PLN (PLN ser-10 Bradilla, AO10-10AP, 1:200), BiP (GRP78/BiP, Proteintech, 66574-1-lg, 1:200),
PDI (PDI, Proteintech, 66422-1-lg, 1:200) using antigen retrieval solution pH9 (PLN, BiP) and
pH6 (Hsp70, PDI) and incubation overnight at 4 °C. For each heart three hotspot areas were
selected: outer-and inner compact myocardium and trabecular myocardium. In each hotspot
250 cells were counted using 400X magnification. Positive cardiomyocytes were averaged as
a mean score per patient. The PLN aggregates were examined by their characteristic features
as described previously.” Specifically, the size, shape, and localization were used to identify
and characterize the aggresomes. BiP and PDI positive cells were scored according to dark red
staining that was localized perinuclear or more diffuse in the cytosol. All cases were examined
by two independent observers and guided by a certified pathologist.

Protein expression analysis. The hiPSC-CMs were washed with cold PBS and lysed in RIPA
buffer (Thermo Fisher) supplemented with 1X Protease and Phosphatase Inhibitor Cocktail
(Sigma) for 30 minutes on ice. For BiX experiments, hiPSC-CMs were treated with 0.1 uM BiX
or vehicle control (DMSO) for 72 hours prior to cell lysis. Protein quantification was performed
using the BCA method according to manufacturer’s protocol (Pierce), and an equal amount
of protein (10-20 pg) was loaded on a precast 4-20% polyacrylamide gel (Bio-Rad), followed
by blotting onto a PVDF membrane using the Trans-blot Turbo system (Bio-Rad). Membranes
were blocked in 5% BSA in TBS for 1 hour at room temperature. After blocking, the membranes
were incubated with primary antibodies overnight while shaking at 4 °C. After incubation with
anti-mouse or anti-rabbit horseradish-coupled secondary antibody, the bands were visualized
with FluroChem E (Protein Simple) imager. The antibodies used for the Western Blot analyses
are shown in Table VI in the Supplement.

Intracellular Calcium analysis. For ratiometric calcium imaging, dissociated hiPSC-CMs
were seeded on Matrigel-coated 35 mm dishes with a 20 mm coverglass bottom (Matek).
After 7 days, the cells were treated with BiX (0.1 uM) or DMSO. Seventy-two hours later, the
cells were loaded with 5 uM Fura-2AM (Thermo Fisher Scientific) with 0.02% Pluronic F-127
(Thermo Fisher Scientific) in Tyrode’s solution for 10 min at room temperature. Following
two washes in Tyrode’s solution, Ca? traces were acquired using the MultiCell HTS system
(lonoptix). The cells were electrically paced at 1.0 Hz at 37 °C. Calcium transient analysis was
performed using the lonWizard software (lonoptix).
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Patient RNA sequencing for UPR genes. Human cardiac tissue collection was approved
by the Biobank Research Ethics Committee, University Medical Center Utrecht, Utrecht, the
Netherlands (protocol number WARB 12/387). Written informed consent was obtained or
in certain cases waived by the ethics committee when obtaining informed consent was
not possible due to the death of the individual. Heart samples collected at autopsy or
transplantation were obtained from a homogeneous cohort of patients who all carried the
same pathogenic PLN R14del mutation (n = 6). Four control hearts obtained from rejected
organ donors (n = 3) or from autopsy (n =1) were used as a reference. RNA was isolated using
ISOLATE Il RNA Mini Kit (Bioline) according to the manufacturers’ instructions with minor
adjustments. After the selection of mRNA, libraries were prepared using the NEXTflexTM Rapid
RNA-seq Kit (Bio Scientific). Libraries were sequenced on the Nextseq500 platform (Illumina),
producing single-end reads of 75bp. Reads were aligned to the human reference genome
GRCh37 using STAR v2.4.2a%. Picard’s AddOrReplaceReadGroups v1.98 (http://broadinstitute.
github.io/picard/) was used to add read groups to the BAM files, which were sorted with
Sambamba v0.4.5% and transcript abundances were quantified with HTSeq-count v0.6.1p14®
using the union mode. Subsequently, reads per kilobase per million mapped reads (RPKMs)
were calculated with edgeR’s RPKM function®.

hiPSC-CM RNAseq. Total RNA was isolated from PLN R14del hiPSC-CMs at 72h post-treatment
with BiX (0.1 uM) or DMSO control. Sequencing libraries were generated using the NEBNext
Ultra Directional RNA Library Prep Kit for lllumina. Clustering of the index-coded samples
was performed on a cBot Cluster Generation System using TruSeq PE Cluster Kit v3-cBot-HS
(Ilumina). Sequencing was carried out on an lllumina HiSeq platform. For each sample 30
to 40 million 150-base paired-end reads were acquired, and data were analyzed using the
ENCODE-DCC RNA-seq pipeline (https://github.com/ENCODE-DCC/rna-seq-pipeline). Briefly,
reads were aligned to the human genome (GRCh38) using STAR, version 2.5.1b, and gene and
transcript quantifications were performed by RSEM (1.2.31). Differential expression analysis
was performed in R version 3.4 using the DESeq2 package®®. Heat maps of gene expression
were generated using the online tool Morpheus.
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RESULTS

Modeling DCM Contractility Defect With hiPSC-CMs

To model PLN R14del DCM, we recruited 2 unrelated families carrying the mutation (Figure
lin the Data Supplement) to generate hiPSCs from carriers. Isogenic control lines in which
the genetic background is identical are important for unequivocal assignment of phenotype
to the underlying gene variant. Therefore, we corrected the R14del mutation in both patient
hiPSC lines through CRISPR/Cas9-mediated genome editing and similarly introduced the
R14del mutation into an hiPSC line derived from an individual with no history of heart
disease (healthy donor [HD]; Figure 1A and 1B). We generated 3 pairs of isogenic models
that differ only in the PLN R14del mutation (Figure 1C, Figure Il, and Tables I-1V in the
Data Supplement). Impaired contractility is a pathological hallmark of DCM; therefore, we
assessed the contractile function of the hiPSC-CMs. Consistent with previous studies,” hiPSC-
CMs carrying the PLN R14del mutation (patient and HD R14del introduced) showed decreased
contractility in 3-dimensional engineered heart tissues (EHTs; Figure 1D and 1E) and
2-dimensional monolayer cultures (Figure 1F and 1G). Therefore, the isogenic paired hiPSCs
lines recapitulated the contractile deficit, providing a quantifiable model for determining the
molecular mechanisms that underlie the development of DCM.

scRNA-seq Analysis Reveals UPR Activation

Single-cell transcriptomic analysis makes it possible to deconvolute the complex
transcriptional responses that occur naturally across populations of cells into clusters of
similarly responding cells. We used a high-throughput droplet-based scRNA-seq method
(10X Genomics) to examine the transcriptional effects caused by introducing the PLN R14del
mutation into an HD hiPSC line. Unbiased t-distributed stochastic neighbor embedding
clustering parsed 9244 single-cell transcriptomes from PLN wild-type (WT) hiPSC-CMs (5279
cells) and PLN R14del hiPSC-CMs (3965 cells) into 10 distinct subpopulations (Figure 2A). The
heterogeneity of the cardiomyocyte cultures was similar to previous scRNA-seq studies.®
Despite this heterogeneity, t-distributed stochastic neighbor embedding analysis revealed
close clustering of the PLN mutant line with its isogenic counterpart, indicating that the
transcriptomes and cell type composition are preserved across isogenic populations (Figure
2B). To assign cellular identity, subpopulations were classified on the basis of known marker
genes. Most of the cell clusters appeared to be cardiomyocytes based on their specific
patterns of gene expression (clusters 1-4 and 6-7 expressed marker genes TNNT2, MYL2,
and MYH?7). Two clusters, clusters 5 and 8, were identified as fibroblasts (expressing marker
genes COL3A1, COL1A1, and FN1), and 1 cluster with very few cells, cluster 9, was identified as
smooth muscle cells (with marker genes ACTA2 and TAGLN; Figure 2C and 2D).
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Figure 1. Phospholamban (PLN) loss of arginine at position 14 (R14del) human induced pluripotent stem
cell (hiPSC) disease modeling and functional assessment of contractility. A, Schematic overview of the
strategy to precisely modify the PLN sequence using CRISPR/Cas9 and single-stranded donor oligonucleotides
complementary to the guide RNA (QRNA). B, Sanger sequencing analysis showing the correction and introduction
of the R14del variant sequence in hiPSCs generated from dilated cardiomyopathy and healthy individual hiPSCs,
respectively. C, Schematic representation of hiPSC lines used in the study. D and E, Assessment of force generation
of hiPSC-derived cardiomyocytes (CMs) carrying the PLN R14del mutation and their corresponding isogenic
controls in 3-dimensional engineered heart tissues (EHTs; 2 batches, n=5-12 EHTs each). F and G, Two-dimensional
monolayer contractility measurements of hiPSC-CMs carrying the PLN R14del mutation and their corresponding
isogenic controls (12 batches, n=5-10 wells each). Colors represent experimental batches. Data are presented as
mean+SEM. HDR indicates homology-directed repair. *P<0.0005.
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Next, we explored the transcriptional changes associated with the R14del mutation. An
advantage of single-cell over bulk RNA sequencing is that it affords greater statistical power to
resolve differential expression because it focuses within cell-identity clusters rather than across
the broader heterogeneous population in which cell type—specific information remains obscure.
On the basis of the t-distributed stochastic neighbour embedding clustering and canonical
marker expression, we restricted the analysis to the cardiomyocyte subclusters 1 to4and 6 to 7.
Seventy-seven genes (Wilcoxon ranksum test) were differentially expressed in PLN R14del hiPSC-
CMs compared with the isogenic control hiPSC-CMs (Figure 2E). Gene enrichment analysis
revealed genes associated with pathways related to ER stress and UPR signaling pathway (Figure
2F). Further bioinformatics analysis showed that several hallmark genes related to UPR pathway
were activated in PLN R14del hiPSC-CMs, including gene members of the protein disulfide
isomerase (PDIA3 and PDIA4), heat shock protein 90 (HSP90A1 and HSP90B1), and HSPA5 (also
known as BiP [binding immunoglobulin protein]) compared with isogenic PLN WT controls.
Comparison of the gene expression profiles of the cell cluster identified as fibroblasts showed
no significant differences in the expression of the UPR hallmark genes between the PLN R14del
and PLN WT cells (Figure 2G). We further corroborated the activation of UPR markers in the
hiPSC-CMs at the protein level using Western blot analysis (Figure 2H). Finally, we monitored
the activity of the UPR pathway in living hiPSC-CMs using an XBP1-splicing reporter construct’
(Figure 21) and observed a significant increase in UPR activity in patient PLN R14del cells.
Because adrenergic drive activates UPR response in cardiomyocytes,®® we also measured the
UPR reporter activity on isoproterenol stimulation. Under adrenergic stress conditions (72 hours
of treatment with 1 umol/L), we noticed an increase in UPR signaling in PLN WT cells but an
exaggerated (4-fold higher) response in hiPSC-CMs containing the mutation. Taken together,
these data suggest that the PLN R14del mutation activates the UPR transcriptional program and
sensitizes R14del hiPSC-CMs to adrenergic stress.

Histopathologic Characterization of the UPR in PLN-R14del Patient Myocardium

The accumulation of protein aggregates is often associated with dysfunctional UPR
responses, for instance, in neurodegenerative diseases.”® Protein aggregation has been noted
as a histopathologic characteristic of end-stage PLN R14del DCM hearts but not in hearts
representative of other forms of DCM."-" Therefore, we examined human myocardial samples
of PLN R14del hearts for evidence of UPR involvement. We also analyzed myocardial tissue from
desmosomal arrhythmogenic right ventricular cardiomyopathy and ischemic cardiomyopathy
hearts (Figure lll and Table V in the Data Supplement). Consistent with previous studies,® PLN
immunolabeling revealed perinuclear aggregations in PLN R14del tissues (7+2%), but these
aggregations were absent in arrhythmogenic right ventricular cardiomyopathy, ischemic
cardiomyopathy, and control hearts (Figure 3A-3D and 3M). BiP is an essential regulator of
the UPR that monitors ER stress, and its expression is markedly increased in the presence of
unfolded proteins in the ER."" Accordingly, we observed the highest BiP levels in PLN R14del
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Figure 2. Single-cell RNA sequencing of isogenic human induced pluripotent stem cell-derived
cardiomyocytes (hiPSC-CMs) carrying the phospholamban (PLN) loss of arginine at position 14 (R14del)
mutation. A and B, Unbiased identification of cell clusters using t-distributed stochastic neighbor embedding
(tSNE)-based clustering of single-cell transcriptomes showing a 2-dimensional visualization with distinctly isolated
cell subpopulations (n=5279 cells, healthy donor [phospholamban wild-type (PLN WT)]; n=3965 cells, healthy
donor PLN R14del introduced [PLN R14del]). Cand D, Subpopulations were classified according to canonical marker
gene expression. E, Heat map display of 77 differentially expressed genes in the cardiomyocyte subpopulations.
F, Gene set enrichment analysis pathway enrichment analysis. G, Comparison of unfolded protein response (UPR)
hallmark differential gene expression between cardiomyocyte and noncardiomyocyte subpopulations in a healthy
donor (HD) and R14del introduced hiPSC-CMs. H, Western blot expression analysis of UPR proteins from paired
isogenic hiPSC-CM lines (n=3 batches). |, Assessment of the UPR activity in living hiPSC-CMs (PLN R14del and PLN
WT) transduced with AAV-F-XBP1ADBD (3 batches, n=4-6 wells each). Statistical significance represented as
differences between PLN WT and PLN R14del in either control or isoproterenol (iso) conditions. Data are presented
as meanxSEM. *P<0.0005.
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(23+5%), but we also detected comparable BiP expression in desmosomal arrhythmogenic
right ventricular cardiomyopathy (16+5%) and ischemic cardiomyopathy (17+2%) relative
to control hearts (2+1%; Figure 3E-3H and 3M), consistent with UPR activation in failing
hearts.'*"® Protein disulfide isomerase, a protein folding facilitator, is another chaperone
that is induced by protein misfolding.” A striking protein disulfide isomerase presence
was detected in the myocardium of patients with PLN R14del (46£29%) relative to subjects
with desmosomal arrhythmogenic right ventricular cardiomyopathy (7+6%), those with
ischemic cardiomyopathy (6+4%), and control subjects (3+3%; Figure 31-3M). In addition,
RNA sequencing showed that UPR genes are upregulated in the myocardium of R14del
patient cardiac tissue relative to that of healthy individuals (Figure 3N). Taken together, the
histological manifestations of PLN R14del share hallmarks of neurodegenerative disease
wherein the accumulation of protein aggregates is associated with abnormal levels of ER
stress response.?0?!
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Figure 3. Determination of the unfolded protein response (UPR) status in phospholamban (PLN) loss
of arginine at position 14 (R14del) disease and other forms of cardiomyopathies. Histological analysis of
human myocardium from patients with PLN R14del, desmosomal arrhythmogenic cardiomyopathy (ARVC), and
ischemic cardiomyopathy (ICM) vs control (CON; healthy) hearts. A through D, Abnormal accumulation of PLN
in perinuclear aggregates (arrows) in severely affected cardiomyocytes (CMs) in PLN R14del and absent in ARVC,
ICM, and control. E through H, Diffuse moderate immunolabeling (arrows) for BiP (binding immunoglobulin
protein) in PLN 14del and present to a lesser extent in ARVC and ICM. | through L, High immunolabeling for dotted
cytoplasmic protein disulfide isomerase (PDI; arrows) in PLN 14del and low PDI presence in ARVC and ICM (scale
bar=25 um). M, Quantification of immunostaining in PLN R14del (n=6 patients), ARVC (n=3 patients), ICM (n=3
patients), and control (n=3 patients). N, RNA sequence analysis of UPR gene expression from healthy and PLN
R14del myocardium from patient samples. Data are presented as mean+SEM. ¥*P<0.00005.
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UPR Activity Protects Contractile Function in hiPSC-CMs Harboring PLN-R14del

In principle, UPR could have a pathological or beneficial effect on the PLN R14del
cardiomyocytes. To establish the role of the UPR, we carried out a loss-of-function experiment
in which we attenuated the main transducers of the UPR (IRE1, ATF6, and PERK; Figure 4A).
These interconnected signaling branches of the UPR provide the cells with an adaptive
response to ER stress to restore proteostasis.??> Under baseline conditions, targeting each
of the 3 branches by siRNA did not significantly affect the contractility in either PLN WT (HD
and patient R14del corrected) or PLN R14del (patient and HD R14del introduced) hiPSC-CMs,
although a trend toward decreased function (=10%) was observed with siRNA against IRE1
and PERK in PLN R14del (Figure 4B and 4C) hiPSC-CMs. Given that long-term adrenergic
stimulation dramatically increased UPR fluxes in hiPSC-CMs harboring PLN R14del (Figure
2l), we next evaluated the impact of the loss of function in the presence of isoproterenol.
Under adrenergic stress, the contractility of PLN WT hiPSC-CMs remained unchanged after
the siRNA-mediated knockdown of IRE1 and ATF6, but we observed significantly decreased
contractile function after PERK knockdown (14.3+3.7%; Figure 4D). In contrast, we observed
a significant contractility deficit in PLN R14del hiPSC-CMs upon knockdown of each of the 3
UPR arms compared with control siRNA treated (siRNA against IRE1, —15.5+4.2%; siRNA against
ATF6, —16.7+4.1%; siRNA against PERK, —36.6+5%), indicating that the mutant hiPSC-CMs
were sensitized to a loss of UPR signaling in a genotype-specific manner (Figure 4E). Taken
together, these data suggest that activation of the UPR in PLN R14del hiPSC-CMs preserves
cell function and therefore plays a protective role in alleviating ER stress and potentially
blunts disease pathogenesis.

Pharmacological Targeting the UPR in PLNR14del Ameliorates Contractility

Next, we evaluated whether pharmacologically stimulating the UPR pathway in PLN R14del
hiPSC-CMs beyond basal levels would have a positive effect on cardiomyocyte function. BiP
protein inducer X (BiX) is a small molecule proteostasis regulator that increases expression
of the BiP protein to consequently induce UPR and protect neurons from ER stress.?*?* In
both PLN R14del (patient and HD R14del introduced) and PLN WT (HD and patient R14del
corrected) hiPSC-CMs, treatment with BiX induced a dose-dependent increase in a reporter
for XBP1-splicing (indicative of activated UPR). The maximal effect was higher in PLN R14del
than in corresponding isogenic control hiPSC-CMs (Emax=33.1£7% versus 56.8+7% XBP-1
splice positive cells in normal versus R14del hiPSC-CMs, respectively; Figure IVb and IVc in
the Data Supplement). BiX (0.1 umol/L) significantly enhanced contractility in PLN R14del
and PLN WT hiPSC-CMs as detected in 2-dimensional cell sheets (Figure 4G and 4H). In the
EHTs, this translated to an increase in force from about 20 pN in untreated EHTs to 40 puN in
treated EHTs, corresponding to a level statistically indistinguishable from isogenic control EHTs
(Figure 4l and 4J). Remarkably, the increase in peak contractility was more pronounced in the
PLN R14del hiPSC-CMs, and BiX treatment (0.1 umol/L) led to a nearly complete restoration of
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Figure 4. Defining the role of the unfolded protein response (UPR) pathway in human induced pluripotent
stem cell-derived cardiomyocytes (hiPSC-CMs) with loss of arginine at position 14 (R14del). A, Schematics of
UPR signaling including stress sensors IRE1, ATF6, and PERK at the endoplasmic reticulum (ER) membrane and the 3
corresponding downstream transcriptional effectors. B through E, Functional analysis of UPR pathway perturbation
in isogenic hiPSC-CMs. Cells were transfected with the indicated siRNAs, and 2-dimensional (2D) monolayer
contractility was measured after 4 days either under baseline conditions (B and C) or with 0.1 umol/L isoproterenol
(D and E). Contractility represented as percent change from control siRNA (6 batches, n = 2-3 wells each). K, ¥, X,
and M represent experimental batches; dark symbols represent hiPSC-CMs from healthy donor background; light
symbols represent hiPSC-CMs from the patient background. All data are presented as mean+SEM. **P<0.005;
***¥P<0.00005 vs DMSO vehicle controls (G and H). | and J, Force generation of 3-dimensional engineered heart
tissues (EHTs) derived from isogenic hiPSC-CMs at baseline and after treatment with BiX for 72 hours. Force
generation is represented as percent change from baseline (1) or as total generated force (J; 4 batches, n=2-8 EHTs
each). WT indicates wild-type. **P<0.005; ***P<0.0005; ****P<0.00005 by paired Student t test.

the contractile deficit without increasing the expression levels of myofilament proteins
(Figure V and Table VI in the Data Supplement). At high concentrations, BiX decreased
contractility in both the PLN R14del and isogenic controls (Emax=—25% at 10 umol/L for both
R14del and isogenic controls; Figure IVa in the Data Supplement). We considered whether
the beneficial effect of BiX is mediated through the modulation of the calcium handling
properties of PLN R14del hiPSC-CMs. Compared with a dimethyl sulfoxide control, there was
no significant difference in the intracellular calcium handling kinetics in PLN R14del hiPSC-CMs
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treated with BiX (Figure VI in the Data Supplement). In agreement, the expression levels
of PLN and other key calcium handling proteins, including SERCA2a, NCX1 (sodium-calcium
exchanger), RYR2 (ryanodine receptor 2), and CASQ2 (calsequestrin 2), were similar between
BiX and dimethyl sulfoxide—treated PLN R14del hiPSC-CMs (Figure VIl and Table VI in the
Data Supplement). Collectively, these data suggest that stimulating the UPR pathway in
PLN R14del hiPSC-CMs restored contractility to levels of isogenic controls without affecting
calcium homeostasis.

DISCUSSION

Human iPSCs provide an opportunity for modeling DCM in vitro to understand the
molecular consequences of pathogenic mutation such as PLN R14del. However, the inherited
heterogeneity caused by a mixture of cell types in hiPSC-CM differentiation cultures and the
genetic background of the donor present confounding factors for defining disease-specific
phenotypes. To overcome these challenges, we generated multiple isogenic hiPSC lines
carrying the R14del mutation and performed scRNA-seq on these genotype-defined hiPSC
lines. This experimental approach can be widely used to define the specific contributions
of pathogenic mutation in DCM and cardiomyopathies more broadly. Using this approach,
we revealed that the PLN R14del mutation activates the UPR, an integrative intracellular
signaling pathway that plays a critical role in the maintenance of proteostasis in the ER.?
Proteostasis, the balance among protein synthesis, folding, refolding, and degradation, is
essential for the long-term preservation of cell and tissue function. With age, the ability of
many cells and organs to maintain proteostasis is gradually compromised.?® Accumulating
evidence suggests that UPR is activated in response to a loss of proteostasis in the ER and
the corresponding accumulation of protein aggregates, which characterizes age-related
diseases and protein folding disorders such as Alzheimer disease, Parkinson disease, and
amyotrophic lateral sclerosis.'® Reminiscent of these diseases, aggregation of PLN protein is
a hallmark of PLN R14del DCM,*? suggesting that the disruption of proteostasis plays a role in
disease presentation. It is tempting to speculate that the altered stability and folding kinetics
of the PLN R14del mutant directly activate the UPR in mutant hiPSC-CMs and human heart
tissues. It will be of interest to explore this hypothesis further in the future. Our isogenic
models allowed us to perform high-throughput genetic and pharmacological assays both to
understand the underlying pathological mechanisms and to identify therapeutic targets to
prevent or treat such diseases. We found that activation of UPR in PLN R14del hiPSC-CMs is
protective because molecular inhibition of each of the 3 UPR sensors, IRE1, PERK, and ATF6,
exacerbated the contractile dysfunction. Conversely, pharmacological enhancement of UPR
by the small molecule agonist BiX ameliorated the contractility defect in PLN R14del hiPSC-
CMs. BiX activates the chaperone BiP, thereby increasing the activity of the UPR pathway.
These observations are consistent with previous studies showing that activation of UPR
suppressed disease onset and progression in cellular and animal models of neurodegenerative
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diseases?’' and prevented damage in the heart caused by ischemia/reperfusion.’>**These
findings suggest that enhancing the expression or activity of individual proteostasis network
components could be therapeutically beneficial in PLN R14del DCM. Here, we showed that
the small molecule BiX improved contractile performance without affecting Ca?* transients
in PLN R14del hiPSC-CMs. BiX preferentially activates ER stress response elements upstream
of the BiP gene, a molecular chaperone, thereby increasing the activity of the UPR pathway.?
BiX showed a detrimental effect at high doses in hiPSC-CMs, suggesting a narrow therapeutic
window between the effective doses and those at which it causes adverse toxic effects.
The underlying mechanism for the biphasic response is unclear. It is possible that BiX is
a ubiquitous ER stressor, limiting its application as a therapeutic strategy because it may
activate several pathways of the UPR, including the ER stress-induced apoptotic pathways.
Although the inotropic mechanisms of BiX are unprecedented, our findings suggest that
selective modulation of UPR components could improve cardiac function in PLN R14del DCM
and potentially avoid the deleterious effects that can occur with drugs that target calcium
signaling or other upstream regulators of contraction. In conclusion, by combining scRNA-
seq, human cardiac tissue samples, and disease modeling in vitro using isogenic hiPSC-CMs,
our findings implicate the UPR pathway in PLN R14del DCM pathogenesis. Furthermore,
stimulating the UPR with the small molecule BiX led to functional rescue of the contractility
deficit in PLN R14del hiPSC-CMs in vitro in a genotype-specific manner, suggesting UPR as a
potential new therapeutic target. Finally, because disease penetrance in PLN R14del DCM is
age related,® we theorize that the decline in the proteostasis network capacity associated with
aging*® may enhance the propensity of R14del PLN proteins to form aggregates, increasing
disease susceptibility. Our study provides important proof of concept that activation of
proteostasis mechanisms has a protective effect on PLN R14del-associated DCM in vitro and
could be harnessed therapeutically to delay the onset or slow the progression of disease.
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ABSTRACT

The phospholamban (PLN) p.Arg14del mutation was identified in patients diagnosed with
dilated cardiomyopathy (DCM) and/or arrhythmogenic cardiomyopathy (ACM), with the
molecular disease mechanisms incompletely understood. Human-induced pluripotent stem
cells (hiPSCs) clones were generated from three symptomatic and three non-symptomatic
individuals carrying the Phospholamban (PLN) p.Arg14.del variant and two healthy probands
from families carrying the mutation by reprogramming peripheral blood mononuclear cells
(PBMCs) using integration-free Sendai viral vectors. The established hiPSCs clones had
normal ES-like morphology, expression of pluripotency markers, karyotyping, and potential
for mesoderm-cardiac lineage differentiation. The reported hiPSC lines would be a useful
model for in vitro modeling of the PLN-R14del cardiomyopathy.

1. Resource utility

The clinical spectrum of disease phenotype caused by PLN-R14del varies from healthy carriers
to early stage ECG and ultrasound strain abnormalities to moderate stage consisting of
decreased left ventricular function, and ultimately progression into congestive biventricular
failure with/or arrhythmias. To unravel this variability in onset and disease penetrance, hiPSC
clones were generated from the peripheral blood mononuclear cells (PBMCs) of symptomatic
and non-symptomatic carriers from the PLNR14del mutation or from healthy family probands.
The recent development of PLN-R14del mouse and zebrafish models, have helped identifying
early-stage molecular mechanisms of PLN-R14del disease. Together with the clinical data and
animals. However, animal models could give different outcomes than those found in clinical
data and in vitro studies using hiPSC-derived cardiomyocytes. The generated hiPSC lines
represent additional tools to compare symptomatic R14del carriers and the non-symptomatic
carriers, for elucidating the molecular mechanism of the deletion of arginine 14 in dilated and
arrhythmogenic cardiomyopathies.
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2. Resource Table 1

Unique stem cell lines UMCUi001-A, UMCUi002-A, UMCUi003-A, UMCUi003-B, UMCUi003-C,

identifier UMCUIi004-A, UMCUi005-A, UMCUi006-A, UMCUi006-B, UMCUi006-C,
UMCUIi007-A, UMCUi007-B, UMCUi008-A, UMCUi008-B.

Alternative name(s) PLN-R14del-2AC3 (UMCUIi001-A)

of stem cell lines PLN-R14del-3AC7 (UMCUIi002-A)
PLN-R14del-6BC2 (UMCUi003-A)
PLN-R14del-6BC7 (UMCUi003-B)
PLN-R14del-6BC13 (UMCUIi003-C)
PLN-R14del-7AC13 (UMCUi004-A)
PLN-R14del-10AC21 (UMCUi005-A
PLN-R14del-10BC12 (UMCUi006-A
PLN-R14del-10BC13 (UMCUi006-B
PLN-R14del-10BC15 (UMCUi006-C
PLN-1CC2 (UMCUIi007-A)
PLN-1CC6 (UMCUIi007-B)
PLN-5ACT (UMCUI008-A)
PLN-5AC2 (UMCUIi008-B)

Institution Utrecht Regenerative Medicine Center, Circulatory Health Laboratory, University
Utrecht, Department of Cardiology, Experimental Cardiology Laboratory, University
Medical Center Utrecht, 3508 GA Utrecht, the Netherlands

Contact information  Joost Sluijter, j.sluijter@umcutrecht.nl

of distributor

Type of cell lines iPSC

Origin Human

Additional origin info PLNR14del carriers: UMCUi001-A, Age: 25, Sex: M, UMCUi002-A, Age: 31, Sex: F,
UMCUIi003-A/UMCUi003-B/UMCUi003-C, Age: 65, Sex: M, UMCUi004-A, Age: 63, Sex:
F, UMCUIi005-A, Age: 66, Sex: F, UMCUi006-A/UMCUi006-B/UMCUIi006-C, Age: 64, Sex:
F. Healthy proband donors: UMCUi007-A/UMCUi007-B, Age: 67, Sex: M, UMCUi008-A/
UMCUIi008-B, Age: 44, Sex: M.

Cell Source Total PBMCs
Clonality Clonal
Method of Sendai virus reprogramming (OCT4, SOX2, KLF4, and c-MYC)

reprogramming

Genetic Modification Yes

Type of Genetic Hereditary
Modification
Evidence of the Tagman (Kit)

reprogramming
transgene loss

Associated disease  Dilated and arrhythmogenic cardiomyopathies

Gene/locus PLN/6¢22.31 c.40_42delAGA (p.ArgT14del)

Date archived/stock 11/03/2021

date

Ethical approval Medical Ethical Committee (TCBio) of University Medical Center (UMC) Utrecht;

approval number: 12-387
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3. Materials & Methods

Ethics statement. The generation and characterisation of these hiPSC lines were approved by
the Medical Ethical Committee (TCBio) of University Medical Center (UMC) Utrecht; approval
number 12-387. The study was performed according to the approved ethics protocol,
including the receipt of informed consent.

PBMC collection and reprogramming. 9 ml of whole blood was collected from each donor
into Lithium heparin Vacutainer blood collection tubes. PBMCs were isolated using Ficoll
density gradient and cultured in StemPro-34 SFM with 100 ng/mL SCF, 100 ng/mL FLT-3, 20 ng/
mL TPO and 20 ng/mL IL-6 (Thermofisher Scientific). Reprogramming was performed using the
Cytotune 2.0 Sendai Virus Kit (Thermofisher Scientific at the appropriate MOI (i.e., KOS MOI=5,
hc-Myc MOI=5, and hKIf4 MOI=3). Colonies exhibiting hiPSC-like morphology were manually
selected 2-3 weeks post-transduction and maintained on 0.1 mg/mL growth factor reduced
Matrigel (Corning) and Essential 8 (Thermofisher Scientific) with a 7-day passage cycle in the
first 1-5 passages, after that the splitting ratio was increased to 1:10-1:15. hiPSCs were cultured
by a medium change every day and a 4-day passage cycle. To improve cell survival, split ratio
reliability, and to reduce selective pressure, for the first 10 passages a concentration of 10 uM
ROCK inhibitor (Calbiochem) was used. Thereafter the concentration of rock was decreased
in steps till 20 uM was achieved.

Maintenance of hiPSC. The hiPSCs were non-enzymatically passaged using 0.5 mM EDTA
(Invitrogen, 15575-038) every 4 days. In brief, 1 ml 0.5 mM EDTA-PBS was added per 9.6 cm2
surface area. Cells were incubated at room temperature for 3-5 minutes until cells began to
separate uniformly throughout the colonies. PBS-EDTA was removed and hiPSC colonies were
washed off swiftly using 1 ml E8 medium. WhiPSC clumps were passaged in a splitting ratio
of 1:10-1:15 routinely at 80% confluence. Additionally, 20 pM ROCK inhibitor (Calbiochem)
was used in the first 24 hrs. To maximize the flexibility in experimental workflow, hiPSCs
were cryopreserved and recovered as clumps or single cells using the PSC Cryopreservation
Kit (Thermofisher Scientific).

Immunocytochemistry. hiPSC were cultured on a Matrigel-coated 384 wells plate, fixed in
paraformaldehyde (4%) for 15 minutes, and permeabilized in blocking/permeabilization buffer
(5% BSA/0.3% Triton-X-100 in PBS) for 30 minutes. Primary antibodies were added as shown in
Table 2 and incubated in 1:5 diluted blocking/permeabilization buffer DPBS overnight at 4°C.
Cells were washed four times with PBS for 5 minutes and incubated with Alexa-conjugated
secondary antibodies (life technologies) diluted in 1:5 diluted blocking/permeabilization
buffer (Table 2) in the dark at room temperature for 1 hour. Cells were washed four times
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with PBS for 5 minutes and nuclei were stained using 1 pug/ml Hoechst (Life Technologies) for
15 minutes. Coverslips were mounted using Fluoromount-G (Southern Biotech) and images
were acquired using Leica DMi8 confocal microscope.

RNA isolation and cDNA synthesis. Total RNA was isolated from cells using TriZol (Ambion)
according to the manufacturer’s instructions. DNase treatment was carried out using RNase-
Free DNase Set (Qiagen). Two units of DNase were used to treat 1 ug of RNA for 15 minutes
at 42°C and DNase was inactivated for 5 minutes at 65°C. One ug of DNase-treated RNA
was converted to cDNA using the iScript™ cDNA Synthesis Kit (Quatetect). After reverse
transcription (15 min 42°C) and RT inactivation (3 min 95°C), the cDNA was diluted 20X with
MilliQ before qRT-PCR.

gRT-PCR. Relative gene expression was determined by qRT-PCR using the (5'-3’) primers
listed in Table 2. The following cycling parameters were used for qPCR: Incubation at 95°C
for 3 minutes, followed by 40 three-step cycles, each consisting of 95°C for 10 seconds
(denaturation), 58°C for 10 s (annealing), and 72°C for 30 s (elongation), followed by melting
curve analysis. qPCR was performed using SYBR Green Master Mix (Biorad) in a CFX96 Touch™
Real-Time PCR Detection System (Bio-Rad). All experiments were performed in duplicate
and values were normalized to the housekeeping gene RPL32. The AACt was determined
by comparing it to control gene expression and the relative fold increase in expression was
calculated by 2A-AACt.
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Table 2. Reagent Details

Classification Result Data
Morphology Brightfield imaging Fig. 1A
Phenotype Immunocytochemistry  Positive for pluripotency markers Fig. 1D
NANOG and OCT4.
RT-gPCR
Expression of pluripotency genes was
assessed by gPCR Fig. 1E
Genotype Karyotype (ddPCR) Banding quality Supplementary
Fig. 1
Identity Microsatellite PCR Not performed N/A
STR analysis 16 loci analyzed, ruled out cross- Not yet
contamination performed
Mutation analysis TagMan Genotype Assay Not performed N/A
Microbiology and Mycoplasma MycoAlertTM Mycoplasma Detection ~ Data not shown
virology Kit:
All negative
Differentiation potential Directed differentiation  All hiPSC lines showed full Fig. 1B, 1C
differentiation capacity towards
mesodermal(cardiac) germ layer and
CM expansion potential.
List of recommended Trilineage differentiation Not performed N/A
germ layer markers qPCR array
Donor screening HIV 1 + 2 Hepatitis B, Not performed N/A
(OPTIONAL) Hepatitis C

4. Resource details

PLN is a major regulator of calcium homeostasis in the SR and acts through the inhibition
of the sarcoplasmic reticulum Ca*" ATPase (SERCA).! During B-adrenergic signalling, PLN is
phosphorylated at Ser16 by PKA, or at Thr17 by calcium/calmodulin-dependent protein kinase
Il (CaMKII) or protein kinase B (Akt), which reverses the inhibitory effect on SERCA.? Although
the specific cardiac pathology and onset of disease vary, most patients present in the clinics
with cardiac dilatation, hypertrophy, decreased ejection fraction, and ventricular arrhythmias.
In this regard, the pathogenic c.40_42delAGA (p.Arg14del) mutation is associated with severe
heart failure and a poor prognosis from late adolescence.? Therefore, it is crucial to generate
hiPSCs of patients with the PLN-R14del genetic mutation to elucidate the disease mechanism
of this cardiomyopathy. This study establishes novel hiPSC, lines, of which six carry the genetic
variant PLN-R14del c.40_42delAGA, where 3 carriers experienced cardiomyopathy-related
symptoms.
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In this study, whole blood was collected from individuals carrying the PLN-R14del mutation,
and healthy family probands. The PLN-R14del carriers can be either non-symptomatic up
to now (2A, 3A, and 10A), or display already severe clinical symptoms (6B, 7A, and 10B). The
peripheral blood mononuclear cells (PBMCs) were reprogrammed by the CytoTune-iPS 2.1
Sendai Reprogramming Kit using the manufacturer's protocol in feeder-dependent culture
conditions. The hiPSC clones displayed a normal human-induced pluripotent stem cell (hiPSC)
morphology by light microscopy (Fig. 1A), and positive immunostaining for NANOG and OCT4
in all hiPSC colonies (Fig. 1B). To further confirm the expression of pluripotency genes was
confirmed via RT-qPCR analysis for SOX2, MYC, NANOG, OCT4, and ZFP42 (Fig. 1C). Karyotyping
of the hiPSC lines was carried out by a ddPCR iCS-Digital™ PSC 24 probes test (Stemgenomics),
which will ensure to catch 90% of most frequent genomic defects at high resolution such as
the sub-karyotypic 20q.11.21 amplification, which accounts for 20% of all hiPSC abnormalities
detected worldwide.* All the lines showed no abnormal copy number variants (CNVs) and
the normal expression of chromosome X for either male (0-1) or female (1-2) copy number
expression (Supplementary Fig. 1). Microbiological contaminations were investigated on a
regular basis by the MycoAlertTM Mycoplasma Detection Kit and were all negative (data not
shown). A directed cardiac differentiation assay revealed that mesodermal cell types were
detectable in all the lines (Fig. 1D). Hereafter, the generated hiPSC-CMs showed the capacity
for cardiac expansion (Fig. 1E) before cryopreservation.® All investigations were performed
around passages p16—p20. In summary, we describe the generation described the generation
hiPSC lines generated of three symptomatic PLN-R14del individuals, three non-symptomatic
PLN-R14del individuals, and two non-carrier family members. All eight of the generated hiPSC
lines have passed almost all the tests or the test are undergoing (Table 2). After all the tests are
performed, the hiPSC lines are a useful model to study PLN-R14del cardiomyopathy in vitro.
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Figure 1. Generation and characterization of hiPSCs. (A) Typical round-shape colony morphology with
small, tightly packed cells. (B) Expression of pluripotency-associated markers (OCT4, NANOG, and DAPI) by
immunofluorescence. (C) The gRT-PCR analysis confirmed the expression of SOX2, MYC, NANOG, OCT4, and ZFP42.
Total RNA from hiPSC-derived fibroblasts was used as negative control and reference. (D) Cardiac differentiation
potential of hiPSC clones on day 11 (d11) post differentiation. (E) hiPSC-CMs show the capacity to expand up to
passage 2 (P2). Scale bars represent 200 uM.
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Table 3. Characterization and validation.

Antibodies used for immunocytochemistry

Antibody Dilution Company Cat #
Pluripotency Rabbit anti-NANOG 1:100 Cell Signaling, Cat# D73G4
Markers
Mouse anti-OCT3/4 1:200 Santa Cruz, Cat# sc-5279
Secondary Goat anti-Rabbit 1:500 Thermo Fisher, Cat# A-21428
antibody 1gG, Alexa Fluor 555
Primers
Target Forward primer (5'-3") Reverse primer (5'-3')
Pluripotency SOX2 TGGACAGTTACGCGCACAT CGAGTAGGACATGCTGTAGGT
markers (QRT-PCR) MYC GCGAACCCAAGACCCAGGCCTGCTCC CAGGGGGTCTGCTCGCACCGTGATG
NANOG TGCAAGAACTCTCCAACATCCT ATTGCTATTCTTCGGCCAGTT
OoCT4 AGGTGTTCAGCCAAACGACC TGATCGTTTGCCCTTCTGGC
Housekeeping ZFP42 TAGAATGCGTCATAAGGGGTGA TCTTGCCTGTCATGTACTCAGAA
RPL32 AGGCATTGACAACAGGGTTC GACGTTGTGGACCAGGAACT

marker
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SUPPLEMENTARY FIGURES

Supplementary Figure 1 - ddPCR results for karyotyping
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Supplmenetary Figure 2 - Example of hiPSC Datasheet

UMC Utrecht
Data Sheet: hiPSC line generated by the RMCU (PLN foundation)

Product Information

[_hiPSC line [ Gender | Genotype [ Phenotype | Age at PBMC withdraw (2018) |
|_Sendai RMCU_PF6B_C13 | M | PLN R14del mutation | Yes 61 |
Description

The patient-derived human induced pluripotent stem cells (hiPSC) lines are generated from peripheral blood mononuclear cells (PBMCs).
Reprogramming was performed using the Cytotune 2.0 Sendai Virus Kit (Thermofisher Scientific at the appropriate MOI (i.e., KOS MOI=5, hc-Myc
MOI=5, hKIf4 MOI=3). The resulting hiPSC were selected using morphological criteria. One cell vial contains enough cells to start culturing in 12-
well format (& 0.5-1.0 x 10°iPSC). For thawing and culturing instructions please see supplementary protocol 1 and 2.

hiPSC line Quality information

Pluripotency testing

Expression of pluripotency markers are quantified using PCR and immunofluorescent stainings. The PF6B_C13 hiPSC line displays a healthy iPSC
morphology (Figure 1A) and is positive for the pluripotency markers Alkaline phosphathase (AP), TRA-160, NANOG, OCT3/4 and SOX2 by

(IF) and (IHC) stainings (Table 1, Figure 1B, scale bar; 200 uM). The PF6B_C13 hiPSC line i positive
for the pluripotency markers NANOG, MYC, SOX2, ZFP42, OCT4 by RT-qPCR (Table 1, Figure 1C).

Figure 1 — hiPSC characterization

Table 1: Pluripotency expression confirmation

B
Assay Genes Positive #P AP Tra-160 NANOG OCT3/4
gPCR NANOG Yes
gPCR OCT4 Yes .
gPCR ZFP42 Yes
gPCR MYC Yes =
gPCR SOX2 Yes
gPCR EIFIAY Yes, Male Pluripotency (RT-GPCR) Hoechst
IF Tra-160 Yes
IF AP Yes
IHC NANOG Yes 21
IHC OCT3/4 Yes 21

Myocplasma testing: PF6B_C13 hiPSC line is regularly tested for sterility for mycoplasma every 1-2 months

Karyotyping: ddPCR analysis on the gDNA by the iCS-digital™ PSC test kit (Stem genomics) allows analysis of the most common genomic defects
occurring in hiPSC lines. In the PF6B_C13 hiPSC line (Passage 21) no CMVs were detected (Page 2).

hiPSC-CM differentiation:

We obtained hiPSC derived cardiomyocytes (hiPSC-CMs) using the original RPMI/B27 monolayer directed differentiation protocol in this hiPSC
line.*2 6-8 uM CHIR09921 was used for cardiac differentiation. The most optimal CHIR concentration for the PF6B_C13 hiPSC line is displayed in
table 2, -; no beating observed, +/-; some beating observed, +; over 50% beating observed, ++; over 70% beating observed, +++; over 90% beating

observed.
CHIR (M) Differentiation #1 Differentiation #2 Differentiation #3
6 r T e
7 e - -
8 +++ 4+ +++
*Lian X. Robust

difterentiation from human pluripotent stem cells via temporal modulation of canonical wnt signaling. Proc. Nal. Acad. Sci. U S A. 2012109:1648-1857.
2 Maas, R.G.C et al. Massive expansion and cryopreservation of functional human induced pluripotent stem cell-derived cardiomyocytes. Cell STAR protocols 2021 Feb 9;2(1):100334. doi:
10,1016/, xpro 2021, 100334,

Shipping, storage, and handling
The shipping will take place on dry ice. After shipment either thaw for immediate use or store in liquid nitrogen. Cells stored for more than 1 day at
-80°C quickly lose viability. This product is stable for at least 6 months from the date of receiving when stored as directed.

Biosafety Level 2 Users should treat all human and animal cells as potential pathogens. Wear protective clothing and eyewear. Practice appropriate
disposal techniques f jally pathogenic or materials.

Supplementary Protocols

Supplementary protocol 1: hiPSC thawing protocol
Supplementary protocol 2: hiPSC culturing protocol
Supplementary protocol 3: hiPSC-CM differentiation protocol

Terms and Conditions
This product is property of the PLN foundation and for research/ pharma use only; not intended for human or animal diagnostic or therapeutic uses.

Contact: Renee Maas (r.g.c.maas-4@umcutrecht.nl) ; PLN foundation (Annet@plnheart.org)
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é:‘l;g UMC Utrecht

Page 2

Data Sheet: hiPSC line generated by the RMCU (PLN foundation)

iCS digital PSC test report (Stem Genomics) — Passage 21

stemgenomics
cell integrity

iCS-digital™ PSC test report

‘CONTACT PERSON
Name: Renee Mass | Phone: -31618810035 | i cacmass-4gumonreshunt
INSTITUTION / COMPANY

Hame: UMC Experimental cardiology
Address: Uppsalalaan 8

| PURCHASE ORDER (DATE) | REMAINING TEST |
[ 1 2 I 016 |
| TEST DATE | CONTROL VALIDATION |
| April 26, 2022 | Normal DNA conteol for the 24 probes: Passed |

SUMMARY OF THE DETECTED COPY NUMBER VARIATIONS

sample A {ng/iul)
PLN_PRGBC13 P21
f T —
L J—
Copy number values:
. 0 a1 008 1 oz oo o
ov I ] I
Lons Trendtaless Noomal Trendi o pin Gain

SUMMARY OF THE DETECTED COPY NUMBER VARIATIONS |

20| 3| 40| sa| 6| 70| 7a| &a| 9a|11p|120]13a[ 140150 ) 160|170 | 170 | 169 | 190 | 200 | 220 | X0

COPY NUMBER VARIATION

a
L RTTINR Y SO LT R LT ST I T T L L I T T
Ez-l..oot.l.-...I.-llo.l:.

Bl @ % & % & T T 8 % T By g th e p 1 1 W i 2 K

Flens Hauser
Platform Manager

Stem Genomics e IRMB - Hpital Saint Eloi e 80 avenue Augustin Fliche - 34295 Montpellier Cedex 5 ¢ France « +33 (0)9 8503 61 60

Contact: Renee Maas (r.g.c.maas-4@umcutrecht.nl) ; PLN foundation (Annet@plnheart.org
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hiPSC-derived cardiac spheroid stained for sarcomeric Actinin and Troponin T.
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SUMMARY

Presented is a set of protocols for the generation and cryopreservation of cardiac spheroids
(CSs) from human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) cultured
in a high throughput multidimensional format. This three-dimensional (3D) model functions
as a robust platform for disease modeling, high throughput screenings, and the screening of
functional CSs after cryopreservation.

ABSTRACT

Human-induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) are of paramount
importance for human cardiac disease modeling and therapeutics. We recently published a
cost-effective strategy for the massive expansion of hiPSC-CMs in two dimensions (2D). Two
major limitations are the cell immaturity and lack of three-dimensional (3D) arrangement
and scalability in high-throughput-screening platforms. To overcome these limitations,
the expanded cardiomyocytes form an ideal cell source for the generation of 3D cardiac
cell culture and tissue engineering techniques. The latter holds great potential in the
cardiovascular field, providing the next generation of more physiologically relevant high-
throughput screens (HTS). Here, we present a scalable, HTS-compatible workflow for the
generation, maintenance, and optical analysis of cardiac spheroids (CSs) in a 96-well-format.
These small cardiac spheroids are essential to fill the gap present in current in vitro disease
models and/or generation for 3D tissue engineering platforms. The resulting CSs possess a
highly homogeneous morphology, size, and cellular composition. Furthermore, hiPSC-CMs
cultured as CSs, display increased maturation. CSs present several functional features of the
human heart such as spontaneous calcium handling and contractile activity. By automating
the entire workflow from CSs generation to functional analysis, we enhance intra- and
inter-batch reproducibility as demonstrated via high-throughput (HT) imaging and calcium
handling analysis. The described protocol allows modeling of cardiac diseases and assessing
drug/therapeutic effects at the single-cell level within a complex 3D cell environment in a
fully automated HTS workflow. In addition, the study describes a straightforward procedure
for whole-spheroids biobanking, thereby, providing researchers the opportunity to create
next-generation living biobanks. HTS combined with long-term storage will substantially
contribute to translational research in a wide range of areas, including drug discovery and
testing, regenerative medicine, and the development of personalized therapies.
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INTRODUCTION

The discovery of human-induced pluripotent stem cells (hiPSCs) offered unprecedented
opportunities to study human development and disease at the cellular level. Over the past
decade, using developmental lessons, various protocols were established to ensure the
efficient differentiation of hiPSCs into cardiomyocytes (CMs)!'-4., hiPSC-derived cardiomyocytes
(hiPSC-CMs) can serve as a resource for modeling genetically inheritable cardiovascular
diseases (CVDs), testing cardiac safety for new drugs, and cardiac regenerative strategies®-8.
Despite directed cardiac differentiation of hiPSCs, indefinite cardiomyocyte numbers remain
a challenge in the cardiac field since matured hiPSC-CMs generally are non-proliferative,
and primary human cells are not available in high quantities. Recently, we described that
concomitant Wnt signaling activation with low cell-density culture resulted in a massive
proliferative response (up to 250 fold) of hiPSC-CMs®'%. This cost-effective strategy for
the massive expansion of hiPSC-CMs via serial passaging in culture flask format facilitates
standardization and quality control in large batches of functional hiPSC-CMs. Additionally, to
keep up with the demand for large batches of hiPSC-CMs from various donors, the biobanking
of hiPSC-CMs has been described"®. However, cardiomyocyte monolayers seeded in these
standard culture dishes are not representative of the complex 3D structure present in the
heart. Moreover, the immaturity of hiPSC-CMs has remained an obstacle, thus falling short
in mimicking the biological and physiological phenotype of the in vivo cardiovascular
environment. Novel 3D in vitro models have been developed where hiPSC-CMs show closer
physiological behavior such as self-organization processes!""'?, ECM remodeling™, enhanced
maturation™-'%, and synchronized contraction’-"%., Hereto, 3D models have been utilized for
drug discovery, drug cardiotoxicity testing, disease modeling, regenerative therapies, and
even the first clinical trials®?°2%, One of the most used models is the fibrin-based engineered
heart tissue (EHT), which exhibits a tissue-like arrangement and cardiac contractility3172],
Previously, we showed that EHTs generated from expanded hiPSC-CMs displayed comparable
contractility to those from unexpanded hiPSC-CMs, demonstrating uncompromised cellular
functionality after expansion®. Nevertheless, even though the generation of EHTs from
hiPSC-CMs has been well established, further developments are anticipated regarding the
establishment of an HT assessment platform. Here, the rapid generation of large numbers
of self-aggregating CS in 96-wells format allows an improvement in 3D conditions for HTS
purposes. Overall, the advantage of a CSs as 3D cell culture is the option of using semi-
automatic methods to produce spheroids such as pipetting robots for filling multi-well plates,
exchanging medium, drug treatments, and finally analyzing the samples in high-content
readers®?, Here, we describe optimized protocols to generate high-purity and high-quality 3D
CSs, which can be efficiently cryopreserved and screened for cardiac function by performing
Ca?* transient measurements using an optical calcium acquisition and analysis system. This
model provides a simple, yet powerful, tool to perform high throughput screens on hundreds-
thousands of spheroids.!'”'8
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PROTOCOL

hiPSC-CMs used in this study were generated according to previously described hiPSC
culturing and CM differentiation protocols'?*?7., Optionally, the hiPSC-CMs can be expanded
and cryopreserved as recently published before starting the CSs protocol"®.

1. Preparation of Media

1. Prepare basal RPMI medium

Equilibrate pen/strep and the basal medium (RPMI 1640) to room temperature (RT). Ensure
that the supplement has thawed completely. Mix 500 mL of the basal medium and 5 mL of
Pen/strep. Store at 4 °C.

2. Prepare RPMI + B27.

1. Equilibrate the B27 supplement and the basal medium (RPMI 1640) to RT. Ensure that
the supplement has thawed completely. Mix 485 mL of the basal medium, 5 mL of Pen/
strep, and 10 mL of the 50x supplement. Store at 4 °C for up to 2 weeks, equilibrate to 37
°C before use.

3. Prepare CM re-plating media (RM)

1. Add Rho-associated, coiled-coil containing protein kinase (ROCK) inhibitor (2 uM final
concentration) and Knockout Serum Replacement (Knockout SR, 10% final concentration)
to RPMI + B27 media. Store at 4 °C for up to 1 week, equilibrate to 37 °C before use.

4. Preparez CM thawing media

1. Add Revitacell (100X) and Knockout SR (20% final concentration) to RPMI + B27 media and
equilibrate to 37 °C before use.

5. Prepare maturation media

1. Equilibrate the B27 supplement, Knockout SR, pen/strep, maturation medium'?®, and
the basal DMEM no-glucose medium to RT. Ensure that the supplement has thawed
completely. Mix 435 mL of the basal medium and 10 mL of the 50X B27 supplement, 5 mL
of pen/strep, 5 mL Knockout SR, and 45 mL of maturation medium aliquot as previously
described?® and filter using a 0.22 um vacuum-driven filter. Store at 4 °C for up to 2 weeks,
equilibrate to 37 °C before use.

6. Prepare fluor bright medium

1. Equilibrate, pen/strep, and the basal DMEM Fluorobrite medium to RT. Ensure that the
supplement has thawed completely. Mix 500 mL of the basal medium and 5 mL of pen/
strep. Store at 4 °C, equilibrate to 37 °C before use.
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7. Prepare Pluronic solution

1. Mix pluronic powder F-127 (20% final concentration) and PBS. Filter using a 0.22 um
vacuum-driven filter and store at 4 °C. Equilibrate to RT before use.

8. Prepare calcium dye medium

1. Mix the Pluronic F-127 solution (final concentration of 0.04%) and the Cal-520 AM (1:1000)
in fluor bright medium: In a 50 mL conical tube, add 10 uL of Cal520, 20 pL of Pluronic
solution. Mix until fully dissolved. Keep the solution in the dark.

2. Preparation of Buffers

Prepare Permeabilization and blocking buffer: This buffer contains PBS, 5% BSA, and 0,3%
Triton-X-100.

Prepare the Flow cytometry buffer: This buffer contains 50 ml of PBS and 1% BSA and
0.3% Triton-X-100.

Prepare the Flow cytometry washing buffer: This buffer contains 50 ml of PBS and 1% BSA.
Prepare Spheroid washing buffer: This buffer contains 1 mL Triton-X-100, 2 mL of 10% (w/v)
SDS, and 2g BSA in 1L PBS. NOTE: OWB can be stored at 4 °C for up to 2 weeks.

Prepare the FUnGl solution: This solution contains 50% (v/v) glycerol, 9.4% (v/v) dH20, 10.6
mM tris base, 1.1 mM EDTA, 2.5M fructose, and 2.5 M urea. Note: FUnGl can be stored at 4
°Cin the dark. FUnGl should not be heated as fructose caramelizes at higher temperatures.
Preparation time = 1 day.

Prepare PBT buffer. This buffer contains PBS/Tween-20 (0.1% v/v)): For 1L of PBS add TmL
Tween-20.

3. Preparation of Small Molecules

NOTE: Reconstitute all small molecules in DMSO unless otherwise stated.

1. Reconstitute 10 mM aliquots of 50 L each of Thiazovivin (ROCK inhibitor) and store
at-20 °C.

2. Prepare 2.5 mM aliquots of 10 L each of Cal-520 AM and store them at -20 °C.
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4, Cardiac spheroid generation

1.

Three weeks before performing the Ca?* transient measurements or any functional
analysis, add 1 mL of sterile TrypLE Select Enzyme to each well. Incubate the plate at 37
°Cfor 15 min.

Using a 5 mL pipette, mechanically dissociate the cells by flushing with 2 mL warm basal
RPMI medium so that single cells can be seen when observed under a microscope.

3. Transfer the cells to a sterile 15 mL conical tube. Centrifuge for 3 min at 300xg.

Aspirate the supernatant and resuspend the cells in CM replating media (RM).

Using a 1,000 mL pipette tip, mechanically dissociate the cell pellet until the solution
appears homogeneous.

Transfer 10,000 cells in 100 uL RM to each ultra-low attachment round bottom 96-wells
well. Place the plate of CSs on an orbital shaker at 70 rpm in a 37°C incubator for 24 h.
NOTE: For more CSs/well; seed 1 million CMs in a 6wells-format ultra-low attachment
plate with 2 mL RM.

Aspirate 50 uL of medium from each well and add 100 puL RPMI + B27 medium per well
for the first 48 h.

NOTE: Always keep 50 pL of the medium in the 96-well to avoid accidental aspiration and
spheroid rupture.

Aspirate 100 pL of medium from each well and add 100 pyL maturation medium per
well. Maintain cells in maturation media, changing media every 2-3 days until ready for
functional analysis.

5. Cryopreservation of cardiac spheroids

Cardiac spheroids can be cryopreserved for long-term storage. Cryopreservation can be

performed from day 3 after the generation of CSs. CSs can be cryopreserved directly in the

wells of a 96 wells plate or as a CSs suspension in cryovials.

1.

Pre-chill the plate to 4°C by placing the plate on ice for 10 min.

Centrifuge spheroid plate for 3 min at 70xg.

Remove the supernatant till 50 uL remains and resuspend each well in STEMdiff hiPSC
Freezing Medium. Use 200 puL medium per well.

NOTE: Keep the cell suspension on ice.

NOTE: In case of a 6 wells plate with spheroids; freeze one well in 500 pL freezing medium
cryovial.

Freeze the plate at —80°C for a minimum of 4 h in a CoolCell.

5. Transfer the plate to liquid nitrogen or —150°C for long-term storage.
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6. Thawing of cardiac spheroids

Prepare 20 mL of 37°C-preheated RPMI medium in a 50-mL tube.

Collect the cell plate with CSs from the liquid nitrogen and place it in the incubator for 15 min.
NOTE: Do not thaw more than one plate at a time to ensure a quick thawing process.
Remove the supernatant till 50 L remains and resuspend each well in RPMI medium. Use
200 pL medium per well.

Centrifuge for 3 min at 70xg.

Repeat steps 3 and 4.

Remove the supernatant till 50 yL remains and resuspend each well in CM thawing
medium. Use 200 uL medium per well.

Place the plate of spheroids on an orbital shaker at 70 rpm in a 37°C incubator for 24 h. The
incubator conditions should be set to 37°C, 5% CO2, 21% 02, and 90% humidity.
Aspirate 50 pL of medium from each well and add 100 pL RPMI + B27 medium per well
for the first 48 h.

Aspirate 100 uL of medium from each well and add 100 puL maturation medium per
well. Maintain cells in maturation media, changing media every 2-3 days until ready for
functional analysis.

7. Assessment of Intracellular Ca?* Transients

1.

After 1 week of culture, the thawed CSs are optimal for calcium handling optical imaging.

NOTE: As indicated previously, the spheroids are in culture for the optimal timing of 3

weeks, two weeks before freezing, and one week after thawing. The ‘fresh’ controls are

age-matched.

Treat them with 100 pL per well of calcium dye medium and incubate at 37 °C for 60 min.

NOTE: Cal520AM is light-sensitive. Perform all loading procedures and experiments in the

dark.

Prepare the calcium acquisition and analysis system.

1. Power the Leica Thunder microscope system ensuring the environmental control
option is on.

2. Adjust the camera and framing aperture dimensions to minimize background area.

NOTE: Here, the Leica Thunder DMi8 microscope was used, but other microscope systems

might be applicable as well, considering that it allows a frame rate of over 30 frames/

second.

Begin recording of a video collecting a consistent stream of 2—10 peaks within 10 seconds

and scan across the 96wells plate, initially moving to the left, then downwards in a zig-zag

fashion to cover the whole plate.

Once the Ca* transients are acquired, analyze the data with the fluorescence traces analysis

software according to the manufacturer's instructions.
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. Flow cytometry analyses of dissociated cardiac spheroids

Collect the spheroids in a 15 mL tube, and centrifuge for 3 min at 70xg.

Aspirate the supernatant and add 1 ml PBS.

Centrifuge for 3 min at 200xg for 5 min.

Aspirate the supernatant and dissociate the CSs by adding 1 mL of TrypLE Select Enzyme
solution.

Incubate the tube at 37 °C for 15 min.

Using a 5 mL pipette, mechanically dissociate the cells by flushing with 2 mL RPMI-1640
so that single cells can be seen when observed under a microscope.

Centrifuge for 3 min at 200xg for 5 min.

Aspirate the supernatant and add fix the CMs with 200 pl 4% PFA.

Incubate for 10 minutes at room temperature.

10. Centrifuge for 3 min at 200xg for 5 min.

11. Aspirate the supernatant and add 1 ml PBS.

NOTE: Pause Point: The fixed hiPSC-CMs can be stored at 4°C for up to 4 weeks.

12. Transfer the cell suspension to a FACS tube.

13. Centrifuge for 3 min at 200xg for 5 min.

14. Aspirate the supernatant and resuspend 1 x 10° cells in 50 pl of permeabilization buffer.
15. Incubate the cells for 30 min at 4 °C.

16. For immunofluorescence flow cytometry analysis:

16.1 Resuspend in 50 pl of flow cytometry buffer containing the a-actinin antibody (1:300
dilution) and in another FACS tube resuspend 1 x 10° cells in 50 pl of flow cytometry
buffer with the respective isotype control (e.g., FITC mouse IgM, k isotype (1:200
dilution)) and 1 x 10° cells in 50 pl of flow cytometry buffer for negative control.

16.2 Incubate the cells for 30 min at 4°C.

16.3 Wash the cells with 2.5 ml of flow cytometry buffer and centrifuge at 200xg for 5 min
at 4°C; discard the supernatant and repeat the wash two more times.

16.4 Resuspend in 50 pl of flow cytometry buffer containing the secondary-antibody
Goat-anti-mouse (1:300 dilution).

NOTE: Place the tube in the dark since the secondary-antibody solution is light-

sensitive.

17. For viability check with propidium iodide (PI), add 1:1000 Pl and incubate for 15 min.

NOTE: Place the tube in the dark since the Pl solution is light-sensitive.

18. Analyze the cells with a flow cytometer, adjusting the gates according to the standard

gating strategy as shown in supplementary figure 1.
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9. Immunofluorescence staining of whole 3D spheroids

NOTE: during the procedure, all pipet tips and tubes can be coated with 1% BSA-PBS to prevent

the spheroids from sticking to plastics.

1.

11.

12.

. Allow the spheroids to settle at the bottom of the plate by leaving the plate at 45° for 5

14.

15.
16.

Collect the spheroids (approx. 20-50 spheroids per antibody combination) into a 15 mL
coated tube by using a 5 mL pipet.

NOTE: Be careful not to damage the spheroids.

Centrifuge for 3 min at 70xg and aspirate the supernatant.

Carefully resuspend the organoids in 1 mL of ice-cold PFA using a coated 1 mL tip.

Fix at 4 °C for 45 min. Gently resuspend the spheroids halfway through the fixation time
using a coated 1 mL tip to ensure even fixation among all spheroids.

Add 10 mL of ice-cold PBT to the tube, gently mix by inverting the tube, incubate for 10
min and spin down at 70 x g, both at 4 °C.

NOTE: From this step onwards coating of tips is generally not needed as most organoid
types do not stick to the tip after fixation. However, some organoids may require coated
plastics even after fixation.

Block the spheroids by resuspending the pellet in ice-cold OWB (at least 200 pL of OWB
per well) and transfer the spheroids to a 24-well suspension plate.

NOTE: Organoids from one large pellet can be split over multiple wells to perform different
stainings. Use approx. 20-50 spheroids per antibody combination.

Incubate at 4 °C for at least 15 min.

Pipette 200 pL of OWB in an empty well to serve as a reference well

NOTE: The immunolabeling can also be performed in 48- or 96-well plates to reduce
antibody usage. However, the user should be aware that both staining and washing
performance could be reduced due to the smaller volume.

Allow the spheroids to settle at the bottom of the plate, by leaving the plate at 45° for 5
minutes.

. Remove OWB leaving the organoids in 200 pL of OWB (use the reference well to estimate

200 pb).

Add 200 pL of OWB with primary antibodies 2x concentrated (e.g., Alpha-actinin [1:200]
and Troponin T [1:200] for results in Figures 1C and 4D and incubate overnight at 4 °C while
mildly rocking/shaking (40 rpm on horizontal shaker).

The next day, add 1 mL of OWB.

minutes.

Remove OWB leaving 200 pL in the plate. Add 1T mL of OWB and wash for 2 h with mild
rocking/shaking.

Repeat steps 13 and 14 for two more times.

Allow the organoids to settle at the bottom of the plate by leaving the plate at 45° for 5

minutes.
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17. Remove OWB leaving 200 pL in the well.

18. Add 200 pL of OWB with secondary antibodies, conjugated antibodies, and dyes 2x
concentrated (e.g., DAPI [Tug/mL], mouse-AF488 [1:500], rabbit-AF568 [1:500], for results
in Figure 1C and 4D and incubate overnight at 4 °C while mildly rocking/shaking.

19. The next day, repeat steps 13 and 14 for two more times.

20. Carefully transfer the spheroids to a 1.5 mL tube and spin down at 70xg for 3 min.

21. Remove as much as possible the OWB by pipetting without disrupting the spheroids.

22. Add FUnGlI (at least 50 pL, RT) using a 200 pL tip with the end cut off and resuspend gently
to prevent bubble formation. Incubate at RT for 20 min.

23. In the meantime, create a square container on a glass slide with either nail polish or
silicone sealant.

24. Cut off the end of a 200 L tip and transfer the spheroids in FUnGl to the middle of the
square container.

25. Place a square coverslip on top. To minimize trapped air bubbles, place the left side of the
coverslip first, then slowly lower the coverslip from left to right until there is no trapped
air and then release the coverslip.

26. Gently apply pressure on all edges of the coverslip to firmly attach it to the silicone sealant.

27. Leave the slide overnight on RT. The next day, the slide is ready for imaging.

NOTE: Optical clearing by FUnGI may cause minor tissue shrinkage. This will not affect
the general morphology of monolayered and multilayered spheroids. The protocol can
be paused here and samples can be stored at 4 °C (for at least 1 week) or at -20 °C (for at
least 6 months).

Representative Results

The protocol shown in Figure 1A describes the generation of CSs from previously expanded
hiPSC-CMs. The CSs acquire a 3D structure by day 1 post-seeding in ultra-low attachment
round-bottom plates and can be cultured for up to 6 weeks (Figure 1B). As assessed by
immunofluorescence staining, the majority of the cells in 3-week-old CSs expressed
sarcomeric proteins such as alpha-actinin and troponin T, and displayed regular sarcomere
organization (Figure 1C). For quantification of a-actinin-positive cells, flow cytometry analysis
was performed. In accordance with the immunofluorescence results, the flow cytometry data
demonstrated comparable high levels of a-actinin in both day 0(76.9+16.6%) and 3 week-
old CSs (71.1£22.7%) (Figure 1D), indicating a constant and highly pure cellular composition
during culturing.

Subsequently, the functional properties of CSs including beating rate and Ca** handling were
assessed at different time points (Figure 2). Calcium transient parameters such as rise time,
peak time, decay time, and calcium transient duration (CTD90) were evaluated as indicated
in Figure 2A-B. The percentage of beating CSs is similar in the first 3 weeks post-generation
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but significantly dropped in Wk6-CSs (Figure 2C). The beating rate was significantly reduced
at Wk3 compared to Wk1 and, similar to the percentage of beating CSs, dramatically dropped
at Wk 6 (Figure 2D). At Wk6, CSs deterioration was observed, which could explain the drop in
both beating rate and number of beating CSs. Measurement of calcium transient parameters
indicated a significantly higher peak value at Wk2 (Figure 2E), while the rise time, decay
time, and CTD90 were significantly increased at Wk3 compared to Wk1 (Figure 2F-H). Taken
together, these results show that hiPSC-CM-derived spheroids are functional optimal round
weeks 2 and 3 post-generation.
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Figure 1: Generation of cardiac spheroids. (A) Schematic representation of Wnt-based directed cardiac
differentiation, the subsequent expansion of hiPSC-CMs, and the generation of CSs. Created with biorender.
com. (B) Bright-field images at different time points of CSs culturing. Scale bar, 200 pm. (C) Representative
immunofluorescence images for cardiac sarcomeric proteins a-actinin and troponin-T in 3-week-old CSs.
Immunofluorescence: Hoechst (blue), a-actinin (green), and troponin T (red). The merged picture on the right
displays the sarcomere organization. Scale bar, 50 um. (D) Flow cytometry quantification of a-actinin positive cells
before (day 0) and 3 weeks after the formation of CSs. (n= 14-23 per condition. Data are represented as mean + SD).

Figure 3 shows the effect of spheroid size on the beating rate and calcium handling. CSs
were generated by seeding 2.5, 5, 10, and 20x10*hiPSC-CMs in a well of a 96-well plate, for
a total of 24 CSs/wells per condition (Figure 3A). As expected, the spheroid size increased
as the number of cells used increased, ranging from 178436 to 351+65 uM (Figure 3A, right
panel). Ca?* transients were measured in 3-week-old CSs at the four different seeding densities
(Figure 3B). Measurements of beating CSs indicated that only about 50% of the smaller size-
CSs (2.5K- and 5K-CSs) were beating, while the percentage of bigger size-beating CSs (10K-

287




Chapter 11

and 20K-CSs) was significantly higher (about 85%) (Figure 3C). 5K-, 10K- and 20K-CSs showed
similar beating rate (about 28 bpm) which was significantly higher compared to 2.5K-CSs
(Figure 3D). The peak values of calcium images were similar in all tested conditions (Figure
3E), however, rise time (Figure 3F), decay time (Figure 3G), and CTD90 (Figure 3H) were
significantly increased in bigger size-CSs (10K-, and 20K-CSs) compared to the smaller ones
(2.5K- and 5K-CSs). Taken together, these results show that hiPSC-CM-derived spheroids are
optimal for calcium handling screening when a seeding density between 10K- and 20K hiPSC-
CMs/well is used.
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Figure 2: Beating rate and Calcium handling in CSs at different weeks post generation. (A) Examples of calcium
transient parameters calculated by the Vala sciences analysis algorithm in Cyteseer Software. (B) Representative
calcium transient traces and time-lapse images of the CSs at different time points (weeks) post-generation. Scale bar,
200 pm. (C) Time course quantification of spontaneous beating activity is expressed as the percentage of beating
CSs. (D) Beating rate of CSs during culturing time. (E-H) Quantification of the calcium transients showing peak value,
rise time, decay time, and CTD90. Data shown are mean + SD. Biological replicates = 3 technical replicates = 38,50,66
and 7, respectively. «p < 0.05, =x=xp < 0.001; one-way ANOVA followed by Tukey’s post hoc multiple-comparisons
test. Abbreviations; CTD= Calcium transient duration, wk= week, CSs= human cardiac spheroids.

Next, we evaluated the impact of cryopreservation on CS’s viability and function. Before
analysis, thawed CSs were maintained in culture for 1 week (Figure 4A). As shown by both flow
cytometry (Figure 4B) and Calcein-AM (Figure 4C) cell viability tests, cryopreservation did not
affect cell viability within the CSs. Additionally, thawed CSs showed similar expression levels
of sarcomeric proteins as compared to the fresh age-matched CSs (Figure 4D). These data
indicate that CSs can be efficiently cryopreserved for subsequent cardiac function analysis
and high throughput screening.
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Finally, the beating activity and Ca** handling were measured in both fresh and cryopreserved CSs
(Figure 5). The percentage of beating CSs was measured at different time points after thawing,
respectively at 2, 5 and 7 days. While most of the fresh CSs showed beating activity over time,
clearly the cryopreserved CSs needed up to a week of culturing in order to recover their beating
activity (Figure 5B). There was no significant change in the beating rate of thawed CSs versus fresh,
however no spontaneous beating activity was observed in some frozen CSs (Figure 5C). Although
peak values were significantly reduced in frozen/thawed CSs compared to fresh (Figure 5D), no
significant changes were observed in rise time, decay time and the CTD90 of frozen/thawed CSs
compared to fresh (Figure 5E-G). These data indicate that, after thawing, it is important to let the
CSs recover in the incubator for at least 1 week before measuring beating activity and Ca** transient.
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Figure 3: Beating rate and calcium handling in CSs generated using different cell seeding densities. (A)
Bright-field imaging (left) and size measurements (right) of CSs generated using different numbers iPSC-CM. Scale
bar, 200 um. (B) Representative calcium transients traces and time-lapse images of the 2.5K-20K-CSs. (C-D) Beating
percentage and beating rate of 2.5K-20K-CSs. (E-H) Peak value, rise time, decay time, and CTD90 in 2.5K-20K-CSs.
Data are mean + SD. Biological replicates = 3, technical replicates = 28-39. «p < 0.05, *#xxp < 0.001; one-way ANOVA
followed by Tukey's post hoc multiple-comparisons test. Abbreviations: CTD = Calcium transient duration, wk =
week, k =x1000 cells, CSs = Cardiac spheroids.

Taken together, these results show that cryopreservation of hiPSC-CM-derived spheroids,
using PSC Cryopreservation Kit, preserves cardiomyocyte viability, the sarcomeric structure
and their functional characteristics such as the spontaneous beating activity and calcium
handling. Thus, hiPSC-CM-derived spheroids represent a suitable model to accurately
recapitulate cardiac electrophysiology in vitro.
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Figure 4. Effect of cryopreservation on cardiac spheroids viability and structure. (A) Schematic
representation of CSs generation, subsequent biobanking, and thawing. (B) Flow cytometry cell viability test
in both fresh and cryopreserved CSs. As a positive control, a treatment with 10% Triton-X solution for 5 min
was used. (n = 4 per condition). Data are represented as mean + SD.xx+xp < 0.001; one-way ANOVA followed
by Tukey’s post hoc multiple-comparisons test. (C) Calcein-AM cell viability test in fresh vs. thawed CSs after 7
days of culturing (n = 15-17 per condition, =+xxp < 0.001, by paired t-test, scale bar, 200 pm). (D) Representative
bright-field (left) and immunofluorescence staining for a-actinin and troponin T expression in fresh and thawed
CSs. Immunofluorescence: Hoechst (blue), a-actinin (green), and troponin T (red). The merge pictures on the right
display sarcomere striations in the CSs. Scale bar, 50 pm. Abbreviations: X = Thawing day of choice, Pl = Propidium
iodide, Cal-AM = calcein-AM, EthD-I = Ethidium Homodimer I.
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Figure 5: Calcium transients in fresh vs thawed CSs. (A) Representative calcium transient traces and time-lapse
images of the CSs before cryopreservation and one week after thawing. (B-C) Beating percentage and beating rate
of fresh and frozen/thawed cardiac spheroids. (D-G) Quantification of calcium transient parameters: peak value,
rise time, decay time, and CTD90. Data are mean =+ SD. #p<0.05, #xxxp<0.001; one-way ANOVA followed by Tukey’s
post hoc multiple-comparisons test. Abbreviations; CTD = Calcium transient duration, CSs = cardiac spheroids.
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DISCUSSION

Cardiac drug discovery is hampered by the reliance on non-human animal and cellular models
with inadequate throughput, and physiological fidelity, to accurately perform readouts. The
hiPSC-cardiomyocyte biology coupled with HT instrumentation and physiological probes
has the potential to re-introduce human models into the earliest stages of cardiac disease
modeling and drug discovery. We developed a 3D cardiac tissue generation method that
produces high-quality and functional CSs for an optimal cardiac disease modeling and drug
screening platform. Our method relies on several crucial factors and is a variant of existing
protocols®'®28 These methods include; 1) generation of 3D tissue constructs, 2) the optimal
cell number and timing before the screening, 3) improving sensitivity and high throughput
capacity of instruments, and 4) being able to freeze the spheroids before any functional
analysis. Unlike the previously described protocols, the proposed protocol describes the
generation of up to 1500 spheroids per day and the suitability for HTS. Conventional analysis
of a hundred compounds over 6 x /2 log doses for 10 replicates using existing 96-well calcium
imaging systems or 24-well multiplexed engineered heart tissues would require approximately
500 million to 3 billion hiPSC-CMs®", The proposed application makes cardiac screenings less
costly and time effective compared to the conventional systems since the 96 wells plates
required only 10% of the seeding density compared to the described method. This small
3D model mimics the biological and physiological phenotype of the in vivo cardiovascular
environment. As previously demonstrated, calcium transients dramatically increase in 3D

cardiac tissue constructs as compared to 2D monolayer cell culturest?,

Next, we found that the seeding density and proper culturing time are also critical factors for
a successful CS screening. The densities of 10K-20K hiPSC-CMs per spheroid and the screening
between week 2-3 after generation seemed optimal, whereas too small or too old spheroids
show disturbed calcium handling (Figure 2 and Figure 3). Therefore, it is of importance to
maintain seeding densities as consistently as possible, since size influences the functional
parameters. Also, although this optical method provides good results for live 3D cultures as
a whole tissue, obtaining data within larger spheroids at (sub-)cellular level is challenging
without relying on time-consuming histology methods. Recently, several approaches have
been published that used “optically clearing”, which enables the acquisition of whole 3D
organoids with the opportunity for single-cell quantification of markers. Here, we adapted a
three-day protocol from hCS harvesting to image analysis, which is optimized for 3D imaging
using confocal microscopy®(Figure 1C and Figure 4D).

Lastly, with the increase in 3D cardiac tissue applications and commercial applications, the
demand for long-term storage and patient-specific biobanking from various donors is rising.
Cryopreservation is an effective strategy to generate HTS-plates from multiple batches over
time. The freezing of hiPSC-CMs has been described previously and is not different compared
to other cultured cell types!'®3334, Recently, approaches for freezing plates with 2D cells have
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been described®. Here, we found the PSC Cryopreservation Kit is the most optimal condition
as compared to 3 others (data not shown) and used this medium for the efficient freezing
of spheroids. After cryopreservation, viability remains high (Figures 4B and Figure 4C), but
CSs’ electrophysiological properties are affected and a period of incubation after thawing is
required. Indeed, one week after thawing, CSs displayed spontaneous beating activity and
calcium handling. However, it has been described that fresh and recovered hiPSC-CMs do
not always show identical molecular and physiological properties®®. This limitation needs to
be considered when cryopreserved hiPSC-CMs are used for assessing drug-induced cardiac
read-outs. Overall, we propose a step-by-step protocol to efficiently generate CSs which are
suitable for downstream applications such as disease modeling and HT drug screening.
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Chapter 12

ABSTRACT

A deleterious mutation of the arginine 14 codon in the phospholamban (PLN) gene (PLN-
R14del)) in dilated cardiomyopathy patients is associated with severe ventricular arrhythmias,
contractile dysfunction, heart failure, and sudden cardiac death. Using induced pluripotent
stem cells (hiPSCs) generated from three symptomatic patients with the PLN-R14del mutation,
we established a 3D cardiac spheroid (hCS) in vitro model that displayed an increase in
spheroid size, nuclei number, and decreased CM number upon culturing, as compared
to isogenic and healthy control lines. Single-cell RNA sequencing revealed patient-like
pathological phenotypes, among others, mitochondrial dysfunction, increased fibrosis,
affected unfolded protein response, and reduced calcium (Ca?) handling and contraction in
PLN-R14del patient-derived cardiac spheroids. For the first time, we further revealed fibroblast
activation, decreased expression of cardiac-specific genes, and decreased Ca?" handling in
PLN-R14del 3D spheroids, thereby confirming various human PLN-R14del cardiomyopathy
features. Adeno-associated virus (AAV)-mediated overexpression of constitutively active
inhibitor-1 (I-1c) partially rescued the disease phenotype of the PLN-R14del hCSs, by restoring
spheroid size, cardiac gene expression levels, preventing fibroblast activation and improving
contractility and Ca*" handling functionality. This study provides evidence for (1) the feasibility
of generating 3D hCS for high-throughput screenings to model the PLN-R14del phenotype
in vitro and (2) efficient gene augmentation in hCSs as a potential therapeutic strategy for
genetic cardiomyopathies.
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INTRODUCTION

The pathogenic Phospholamban (PLN) p.Argi4del (PLN-R14del) founder mutation accounts
for approximately 10% of all cases of dilated cardiomyopathy (DCM) and 15% of all cases of
arrhythmogenic cardiomyopathy (ACM) in the Netherlands.! PLN is a sarcoplasmic reticulum
(SR) protein that reversibly binds to SERCA2a pumps, reducing its affinity for calcium (Ca*),
and thereby decreasing Ca* re-uptake into the SR. PLN is phosphorylated by protein kinase A
(PKA) or Ca**-calmodulin-dependent protein kinases (CaMKIl) during K-adrenergic signaling.?
Phosphorylation abolishes PLN's inhibitory effects, resulting in increased Ca?* flux into the SR,
which transports approximately 70% of all Ca** ions in the human heart.* Dysregulation of SERCA
and PLN and concomitant Ca?* dysfunction have been correlated with dysfunctional contractility
and heart diseases.? The clinical spectrum of disease phenotypes caused by PLN-R14del ranges
from early-stage ECG and ultrasound strain abnormalities to a moderate disease stage consisting
of decreased left ventricular function and, ultimately, progression into congestive biventricular
failure.>”” Moreover, a more severe biventricular phenotype is characterized by dilation of the
heart and/or myocardial fibrofatty tissue replacement, which provides the risk for ventricular
arrhythmias.® The previously described disturbed Ca?" regulation®, identification of protein
aggregates', and increase in fibrosis" in PLN-R14del patient hearts have been observed in young
homozygous PLN-R14del mice, which also demonstrated inducibility of ventricular arrhythmias
(VAs), suggestive of aberrant Ca?* handling.”

Recent in vitro studies by us and others have shown reduced contractility in human induced
pluripotent stem cells (hiPSC)-derived cardiomyocytes (hiPSC-CM) from individuals carrying
the R14del heterozygous mutation, which was mediated by an elevated Unfolded Protein
Response (UPR)/Endoplasmic Reticulum (ER) stress response’™™ and impairment of cardiac
metabolism."*"® Moreover, frequent episodes of irregular Ca?* waves have been observed in
hiPSC-CMs harboring the PLN-R14del mutation.'* The mechanistic understanding of how the
PLN-R14del mutation contributes to disease progression and whether this can be mitigated via
disease-specific therapeutic strategies remains unknown. Three-dimensional (3D) cardiac cell
culture and tissue engineering techniques reflect better human cardiac physiology compared
to regular 2D culturing. Human cardiac spheroids (hCSs) are small and have been proven
to recapitulate developmental stages, tissue organization, and function, as seen in whole
organs.””" Moreover, the development of an hCS screening platform could be essential not
only to better recapitulate pathophysiological phenotypes and study molecular mechanisms
but also to allow testing therapeutic strategies in an unbiased, high-throughput manner.

In this study, we established a human cardiac spheroid model of PLN-R14del patient-derived
hiPSC and observed the presence of various pathophysiological phenotypes of the PLN-
R14del cardiomyopathy, including fibrosis, metabolic dysfunction, UPR/ER stress, and Ca?*
handling/contractile dysfunction. We explored the therapeutic potential of a constitutively
active inhibitor-1 (I-1c) delivered by AAV2/8 to improve PLN phosphorylation and restore
cardiomyocyte function.
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METHODS

hiPSC reprogramming and cell lines. Dermal fibroblasts were obtained from a skin
biopsy of a 52-year-old PLN-R14del (D4iR14del) patient following informed consent (Stanford
Institutional Review Board and Stem Cell Research Oversight Committee). Genome editing was
performed in hiPSCs to correct the PLN-R14del mutation in hiPSCs by CRISPR-Cas9-mediated
homology-directed repair (HDR), as described to generate the C31iCTR line.”* One previously
established® healthy individual hiPSC line was used for this study (SCVI-273 = 273iCTR, Sendai
virus reprogrammed, PBMCs, 42-year-old female). Following informed consent (UNRAVEL,
UMCU METC 12/387), peripheral blood mononuclear cells (PBMCs) were collected from one
healthy proband relative of the D4iCTR (1CiCTR, 62-year old male), and 2 PLN-R14del patients
(6BiR14del, 61-year old male, and 10BiR14del, 60-year old female). The blood was collected in
heparin-coated tubes and diluted 1:1 with phosphate-buffered saline (PBS). Per 15 mL Ficoll
(Thermo Scientific) 20 mL of blood-PBS was added and centrifuged for 30 minutes at 400xg.
PBMCs were isolated by transferring the PBMC layer to a new tube, washed, and resuspended
in StemPro-34 SFM media (Life Technologies) supplemented with cytokines stem cell factor
(SCF, 100 ng/mL), Fms Related Receptor Tyrosine Kinase 3 (FLT-3, 100 ng/mL), and interleukin-6
(IL-6, 20 ng/mL). Cells were maintained for 3 days at 5% CO2, at 37°C, before use. PBMCs were
reprogrammed to hiPSCs using the CytoTune-iPS 2.0 Sendai Reprogramming Kit (Thermo
Fisher Scientific) according to the manufacturer’s instructions with small modifications. Briefly,
2 x105 PBMCs were transduced with the three CytoTune 2.0 reprogramming vectors per well
(24-well plate) in 0.5 mL in complete StemPro-34 SFM. Twenty-four hours post-transduction
the PBMCs were pelleted by centrifugation, resuspended in fresh complete StemPro-34 SFM,
and plated in one Matrigel-coated well of a 24-wells plate. Three days later, the medium was
replaced with StemPro-34 SFM without cytokines and cultured for an additional 3 days. Next,
cells were exposed to and maintained in the E8 stem cell medium. Approximately two weeks
post-transduction, stem cell-like colonies were manually picked and expanded in E8 stem cell
media (Life Technologies) on Matrigel (0.1 mg/mL, BD Biosciences)-coated plates under standard
culture conditions (5% CO2, 37°C). Cells were dissociated with 0.5 mM EDTA-PBS (Invitrogen) with
E8 medium supplemented with 2.5 pM Y-27632 (SelleckChem). All hiPSC lines were routinely
checked for mycoplasma and characterized as shown in Supplementary Figure 1.

Differentiation of hiPSC to CMs. Cardiomyocyte (CM) differentiation was carried out
following a small molecule Wnt-activation/inhibition protocol, as previously described.?'
Briefly, hiPSCs were first treated with CHIR99021 (8 uM; Tocris) in RPMI+ 2% B27 without
insulin (Life Technologies) for 72 hours, and then with Wnt C-59 (2 uM; Selleck Chemicals) for
another 48 hours. Media was replaced with RPMI + 2% B27 with insulin (Life Technologies)
and refreshed every 2 days. Spontaneously beating cells were typically observed 8-10 days
post-differentiation induction. On day 9 of differentiation, hiPSC-CMs were metabolically
selected in RPMI-B27 without D-glucose (Life Technologies) supplemented with 2% B27 for 48
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hours. Differentiated hiPSC-CMs were maintained with RPMI + 2% B27 medium. All subsequent
experiments were conducted by using hiPSC-CMs differentiated for 20 to 30 days.

Differentiation of hiPSC to CFs. Cardiac fibroblast (CF) differentiation was carried out
following a small molecule Wnt-activation protocol as previously described.?? Briefly,
hiPSCs were first treated with CHIR99021 (12 uM; Tocris) in RPMI+ 2% B27 without insulin
(Life Technologies) for 24 hours, and then in RPMI+ 2% B27 without insulin for another 24
hours. Media was replaced every other day with CFBM medium consisting of DMEM, high
glucose (Gibco) supplemented with 500 pg/mL HAS (Sciencell), 0.6 uM Linoleic Acid (Sigma-
Aldrich), 0.6 pg/mL Lecithin(Sigma-Aldrich), 50 ug/mL Ascorbic Acid (Sigma-Aldrich), 7.5 mM
GlutaMAX (Thermo Scientific), 1.0 ug/mL Hydrocortisone Hemisuccinate (Millipore Sigma), 5
pg/mL recombinant human Insulin (Sigma-Aldrich) and the fresh addition of 75 ng/ml bFGF
(Sigma-Aldrich). All subsequent experiments were conducted by using hiPSC-CFs that were
differentiated for at least 20 days and passaged 3-6 times.

Cardiac spheroid generation. Human cardiac spheroid (hCS) generation was achieved
following a protocol that was previously described.? Briefly, hiPSC-CMs were digested by
TrypLE Select Enzyme (10X, Thermo Fisher Scientific) for 15 min at 37°C. Next, 10.000 hiPSC-
CM were collected and added to a 96- or 384-well ultra-low attachment multiple-well plate
(Corning) in RPMI-B27 supplemented with 10% knockout serum replacement (KOSR) and 10
UM Y-27632 (Tocris). The hCSs culture plates were kept on a rotation plate, 70 rpm at 37°C, and
5% CO2. Medium change was performed after 24 hours with a basal medium without KOSR
and Y-27632. After 21 days, the hCSs were used for downstream analysis.

Spheroid maturation. Spheroid maturation was achieved by a previously described
maturation medium used for hiPSC-CMs.?* The maturation medium consists of DMEM without
glucose (Thermo Fisher Scientific, 11966025) supplemented with 3mM glucose (Sigma Aldrich,
G7021), 10mM L-lactate (Sigma Aldrich, 71718), 5pg/ml Vitamin B12 (Sigma Aldrich, V6629),
0.82uM Biotin (Sigma Aldrich, B4639), 5mM Creatine monohydrate (Sigma Aldrich, C3630),
2mM Taurine (Sigma Aldrich, T0625), 2mM L-carnitine (Sigma Aldrich, C0283), 0.5mM Ascorbic
acid (Sigma Aldrich, A8960), 1x NEAA (Thermo Fisher Scientific, 11140), 0.5% (w/v) Albumax
(Thermo Fisher Scientific, 11020021), 1x B27 and 1% KOSR (Thermo Fisher Scientific, 10828028).
After 48 hours, the medium was replaced by the maturation medium for 1, 2, 3, or 6 weeks,
which metabolically matured hCSs.

Parse single-cell RNA sequencing. The samples for single-cell RNA sequencing were
prepared by dissociating day 75 cardiac spheroids with TrypLE Select Enzyme for 45 minutes
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and processed with a fixation kit (Parse Biosciences). Fixed samples were combined, barcoded,
and sequenced according to the Parse barcoding protocol. Sequencing data was analyzed
with the split-pipe software from Parse to obtain cell/gene expression matrices for each
sample.

Single-cell RNA sequencing analysis. Single-cell RNAseq (scRNAseq) data was analyzed
using the Seurat package (version 4.0.5) in R (version 4.1.0). The scRNAseq data of all hCSs
samples was combined and analyzed, and cells with at least 750 features were selected from
three control and three PLN-R14del mutated samples. A reference data set from Grancharova
et al.» comprising hiPSC-CM cultures that were matured for 12, 24, or 90 days was used for
mapping combined with the MapQuery function in Seurat (Supplementary Figure 4A-B).
ScTransformed expression data was used to obtain variably expressed genes. RNA count data
was regularly normalized and scaled with regression of mitochondrial gene expression levels
and the number of expressed genes (nFeature). The normalized data was used to generate
a PCA plot from the variable genes. PCA values were used to integrate cells of different
samples via the harmony method (function: runHarmony?>%626). Harmony scores were used
for dimensionality reduction of the cells using UMAP, and to cluster cells. Cell type categories
were assigned to each cell cluster after examination of expressed marker genes. Differential
gene expression was modelled and assessed using the glmQLFit functions in edgeR? with
added per-cell gene detection rate information as recommended by Soneson et al.?® Hereby,
expression was modelled using a linear model that included cell type and PLN genotype
information next to the gene detection rate.

AAV Treatment. I-1c cDNA, under the control of the CMV promoter, was packaged in an
AAV2i8.2° AAV.I-1c was prepared to a final titer of 4.73 x 10714 viral genomes (VG)/mL. To
determine the optimal multiplicity of infection (MOI), transduction with an MOI of 1000,
10.000, 100.000, and 500.000 was used in one-week-old PLN-R14del hCSs, whereafter
the spheroids were cultured for two more weeks before harvested. The endogenous I-1C
expression was determined by RT-qPCR while the Ca** handling function was determined
by optical Ca?* transient analysis of peak value, decay time, and beating rate parameters of
the hCSs (Supplementary Figure 6). For the final experiments, hCSs were incubated with a
MOI of 10.0000 in 100 uL media for 24 h. After 24 hours, 200 pL of the spheroid medium was
added to each well. Every 2-3 days, half of the medium was replaced with maturation medium
for 14 days post AAV transduction.

Optical Ca?* transient analysis. Ca?* transient analysis was performed to evaluate Ca*
handling properties in both control and PLN-R14del hiPSC-CMs with and without AAV
treatments. Briefly, cells were loaded for 30 min in FluoroBrite DMEM Media (Thermo Fisher),
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supplemented with 1.25 puM Cal-520 (Abcam) and 0.02% Pluronic F-127 solution (Sigma
Aldrich). Spontaneous Ca?* transients were recorded three weeks after plating. Video streams
of Cal-520 (green channel) lasting 10 seconds at 33 fps were automatically scanned by a
Leica Thunder microscope. Image analysis was conducted using Cyteseer (Vala Sciences,
California, USA), as previously described.*3' The physiological parameters; decay time, peak
value (normalized area under the peak trace), rise time, and Ca?* Transient Duration (CTD) on
10% (CTD10) and 90% (CTD90) of the peak width and beats per minute were automatically
calculated for each time series.

Spheroid immunolabeling and confocal imaging. For immunofluorescent stainings,
whole 3D microtissues were used to image at a single-cell resolution, adapted from a recently
published protocol.?? In short, 1 mil. hiPSC-CMs were seeded in 6 wells (ultra-low attachment,
corning). After 3 weeks of culturing, half of the medium was carefully aspirated and 1 mL
of cold phosphate-buffered saline (PBS) was added. The hCSs were carefully collected by
BSA-coated tips (Roche) into BSA-coated tubes. The hCSs were washed with 10 mL ice-cold
PBS and spun down for 3 min at 70xg and 4° C. Next, the hCSs were resuspended in 1 mL 4%
paraformaldehyde (PFA, Santa Cruz) solution and fixed for 45 min at 4°C. After the fixation,
the hCSs were spun down for 3 min at 70xg and 4° C, and washed with 10 mL ice-cold PBS 3
times. HCSs were then blocked for 15 min at 4°C in spheroid washing buffer (SWB), consisting
of 0,1% Triton X-100 (Sigma), 0,2% of 10% (w/v) SDS (Sigma), and 0,2% bovine serum albumin
(BSA, Sigma) in PBS (stored at 4°C up to 2 weeks). After fixation and blocking, the hCSs were
transferred to a 24-well suspension plate where immunolabeling was performed. hCSs were
incubated with various primary antibodies (Supplementary Table 1). DNA Hoechst staining
was used for nuclei labelling (Thermo Fisher Scientific) and was added together with the
secondary antibodies (0.5 ug/mL Goat Anti-mouse 488, and 0.5 pg/mL goat anti-rabbit-568,
Thermo Fisher Scientific). For the direct Nile Red labelling, 10 ug/ml Nile Red (Sigma) was
added to the secondary antibody mix. Specimens were mounted on microscope glasses using
FUNGI consisting of 50% (v/v) glycerol (Sigma), 9.4% (v/v) dH20, 10.6 mM tris base (Roche),
1.1 mM EDTA (Sigma), 2.5 M fructose (Sigma) and 2.5 M urea (Sigma). Fluorescent imaging
was done using an SP8 Confocal Microscope (Leica). Optical sectioning along the Z-axis
was performed and the images collapsed into a single focal plane using the manufacturer’s
software.

Flow cytometry analysis. The hCSs were digested by TrypLE Select Enzyme for 30 min at
37°C. The single CMs were fixed with 4% paraformaldehyde (Santa Cruz) for 10 minutes at
37°C. Cells were then permeabilized using 1% ice-cold BSA-PBS and 0.3% Triton-X-100 for
30 minutes on ice. The primary antibody against alpha-actinin (0.25 pg/mL dilution)(mouse,
A7811 MilliporeSigma) was incubated for 1 hour while the secondary antibody goat anti-
mouse Alexa Fluor-488 (0.25 pg/mL dilution) (Thermo Fisher Scientific) was incubated with
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cells for 30 minutes at room temperature. The total recorded events were 1000-25,000.
Acquired data were analyzed with FlowJo Version 7.6.2 (Treestar Software, Ashland, OR, USA).

RNA Extraction and qPCR. Day 21 cardiac organoids were subjected to RNA extraction by
the chloroform method as previously described.** cDNA synthesis was performed using 500
ng RNA per sample in the gScript cDNA Synthesis Kit (Quantabio). The cDNA produced was
then diluted 20 times with nuclease-free water and stored at -20°C for subsequent analysis.
qPCR was carried out on an Applied Biosystems CFX384 Fast Real-Time PCR system using the
SYBR Green method using 5 pL cDNA per duplicate. Data from the qPCR were normalized to
RPL32, which was chosen due to its consistency across the sample groups. Integrated DNA
Technologies Primers were designed and are displayed in Supplementary Table 1.

Engineered Heart Tissue (EHT) generation. Engineered Heart Tissues were generated
with small modifications, as previously described.>* Briefly, hiPSC-CMs were detached and
resuspended in RPMI supplemented with 2% B27, 10% KOSR and 10 uM Y-27632. EHTs of
1x106 cardiomyocytes were casted by mixing the reconstitution mix consisting of 79 pl cell
suspension, 15.5 uL 2x DMEM (Gibco), and 2,5 pL (0.5 mg) of fibrinogen (Sigma) with 3 ul
(100 U/ml) thrombin (Sigma) and pipetting it into the casting molds. Fibrin polymerization
(37°C, 7% C0O2, 98% RH, 2 h) led to the formation of a muscle strip. The EHTs were transferred
to a culture medium (Dulbecco’s modified Eagle’s medium) containing 10% horse serum,
1% penicillin/streptomycin, 10 ug/ml insulin, and 33 pg/ml aprotinin and maintained at 21%
oxygen, 7% CO2 and 37°C in a humidified cell culture incubator for 17 days. Contractility
measurements were performed in a culture medium, as described before.>*

Statistical Analysis. Statistical analysis was carried out on GraphPad Prism 9. Data were
subjected to one-way-, two-way- ANOVA (Tukey), and/or unpaired t-tests, as indicated in the
different figure legends. Significance was determined as a p-value of < 0.05.
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RESULTS

PLN-R14del hCSs show reduced Ca?* amplitude and impaired Ca?* handling

To evaluate the PLN-R14del phenotype, we used patient-specific hiPSC lines (D4iR14del,
6BiR14del, and 10BiR14del) and compared them to control hiPSC lines derived from 1) a healthy
proband of the D4iR14del line (1CiCTR), 2) an individual with no history of heart disease
(273iCTR), and 3) an isogenic control of the D4iR14del line corrected by CRISPR-Cas9 (C31iCTR)
(Supplementary Figure 1). As three-dimensional (3D) hCSs more closely recapitulate
intercellular biomechanics, we generated 3D spheroids after step-wise differentiation, in
which guided mesodermal induction of human induced pluripotent stem cells (hiPSC) was
followed by cardiomyocyte (CM) differentiation.?' After 11 days, the differentiated CMs were
re-plated to T75 culture flasks to induce controlled CM expansion, as previously described.?>3¢
After differentiation and subsequent expansion of the CMs, 10.000 CMs were placed in one
well to induce spheroid formation as previously described?® (Figure 1A).

PLN-R14del is generally associated with susceptibility to Ca* handling, and multiple
electrophysiological abnormalities, resulting in heart failure."'®*” Therefore, we assessed
Ca?* handling in hCSs at 1,2, 3, and 6 weeks after their generation in 96-well plates
(Supplementary Figure 2). The previously reported consistent difference in all Ca* handling
parameters between C31iCTR and D4iR14del PLN-R14del hCSs was present at weeks 2 and 3
(Supplementary Figure 2C). We extended these analyses on 2 control lines; 1CiCTR, 2731CTR,
and PLN-R14del; 6BiR14del and 10BiR14del, and recorded spontaneous Ca?* sparks and
observed reduced Ca* intensity (Figure 1B) and a very ‘spiky and narrow’ peak width in the
PLN-R14del hCSs (Figure 1C). Next, we performed automated high-throughput screening of
the spontaneous Ca* transients’ parameters (Figure 1D). We observed significantly decreased
decay and rise times, peak amplitude, and Ca?* transient durations of 10% (CTD10) and 90%
(CTD90) (Figure 1E-1), which hint towards a decreased Ca?* handling function. Hence, we
observed an increase in the beating rate in all hCSs from the PLN-R14del lines (Figure 1J).
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<Figure 1. Comparison of Ca** handling properties between hCSs from wild type (CTR lines) and PLN-R14del
patients (R14del lines). (A) Schematic representation of Wnt-based directed cardiac differentiation, the subsequent
expansion of hiPSC-CMs, and the generation pipeline for hCSs. Created with biorender.com (B) Time-lapse Ca*" imaging
of spontaneous Ca** release in hCSs. Scale bar: 200 um (C) Representative recordings of time-lapse Ca?* transients. (D)
Measurement of Ca? handling parameters from automated recorded data. Comparison of (E) Decay time (Tau), (F) Ca**
transient amplitude, (G) Rise time, (H) transient duration 10% (CTD10), (I) transient duration 90% (CTD90), and (J) beating
rate in 1CiCTR (biological replicates=3, n=120), 273iCTR (biological replicates=5, n=217), C31iCTR (biological replicates
=3, n=138), D4iR14del (biological replicates=5, n=287), 6BiR14del (biological replicates=3, n=89), and 10BiR14del
(biological replicates=3, n=60) hCSs. **** P < 0.0001 vs. control lines by One-Way ANOVA. Each dot represents one
individual spheroid and 3 biological (=b) per condition were included in this analysis.

Morphological characterization of PLN-R14del hCSs

Notably, when culturing the hCS, we observed an overall increase in the size of the hCSs,
both in the controls and PLN-R14del-derived lines. Remarkably, spheroid size in PLN-R14del
was massively increased when compared to controls (Figure 2A, Supplementary Figure
3A), already after 7 days of culturing. PLN-R14del hCSs showed a significantly larger diameter
compared to controls at days 7, 14, and 21 (Figure 2B), with a final average size of 1092.87
UM (% 597.28) vs 422.94 uM (£ 251.97) of 21 days old hCSs (Figure 2C). The number of nuclei
per spheroid was significantly increased compared to controls, with an average number of
460 (+ 306) vs 163 (+ 101) of 21-day-old hCSs (Figure 2D). To ensure comparable CM numbers
for initial spheroid generation, we enriched hiPSC-CMs to >80% purity through metabolic
selection before hCS generation for all lines. The purity of the hiPSC-CMs used for the
generation of hCSs was not significantly different between cell lines when hCSs spheroids were
generated (78.04 £ 10.31 % alpha-actin positive cells) (Figure 2E, Supplementary Figure 3B).
However, after 3 weeks of spheroid culturing, the PLN-R14del hCS showed a significant 50%
reduction in alpha-actinin positive cells (43.33 + 9.10) compared to healthy control spheroids
(70.71 £ 3.38) (Figure 2F, Supplementary Figure 3C). The increased spheroid size, nuclei
number, and reduced purity indicate an increase in PLN-R14del spheroid cell number. The
observed increase in cell number was confirmed by a significant increase in expression of the
proliferation marker ki67 from 0.21 (+0.47) to 37.46 (£76.3) fold (Figure 2G).

Effect of hiPSC-CF and hiPSC-CM ratios in PLN-R14del vs isogenic control hCSc size

Next, we controlled and gradually changed the ratio of hiPSC-derived cardiac fibroblasts to
hiPSC-CMs (100%-0%, 90%-10%, 70%-30%, and 50%-50%, per hCS respectively) derived from
the same donor. Interestingly, we observed again an increase in the PLN-R14del spheroid
size after 14-21 days in culture (Figure 3A). The size of the isogenic control hCSs was not
affected by the addition of different ratios with CFs (Figure 3B), whereas a significant increase
in spheroid size in the PLN-R14del hCSs was observed (Figure 3C). Interestingly, when
modulating the ratio into +50% hiPSC-CMs, the PLN-R14del hCSs size significantly increased
after 14 and 21 days of spheroid culturing (Supplementary Figure 4). This suggests that over
time cardiomyocyte-specific cell interaction mediates the increase in size rather than the
proliferation of existing hiPSC-derived fibroblasts in the hCSs, which is dramatically enhanced
in the PLN-R14del patient lines.
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Figure 2. Comparison of morphology and cell numbers between hCSs from wild type (CTR lines) and
PLN-R14del patients (R14del lines). (A) Cardiac spheroid morphology at days 2, 7, 14, and 21. Scale bar: 400
um. Each dot represents the average of 27-304 spheroids, while 3-7 biological differentiations per condition
were included in this analysis. (B) Quantification of spheroid size at day 21. **** P < 0.0001 by unpaired T-test.
CTR = size measurement per spheroid of the 3 control lines, R14del = size measurement per spheroid of the 3
PLN-R14del lines. (C) Quantification of spheroid nuclei number at day 21. **** P < 0.0001 by unpaired T-test. CTR
= nuclei number per spheroid of the 3 control lines, R14del = nuclei number per spheroid of the 3 PLN-R14del
lines. Each dot represents one individual spheroid, and 2-3 biological, while 3-8 technical replicates per condition
were included in this analysis. (D) Flow cytometry analysis of alpha-actinin positive cells before the generation
of spheroids and after 21 days post-generation. (E) Quantification of alpha-actinin after 21 days post spheroid
generation. **** P < 0.001 by Student’s unpaired T-test. Each dot represents the average of 5-25 flow cytometry
measurements of 25.000 cells. 2-3 biological differentiations per condition were included in this analysis. (F)
mRNA expression of proliferation marker ki67. Each dot represents one batch of hCSs (n=21 vs. n=18). 3 biological
replicates per condition were included in this analysis. * P< 0.05 as calculated by an unpaired t-test. Abbreviations;
hiPSC; human induced pluripotent stem cell-derived cardiomyocytes, CMs; Cardiomyocytes, CTR; Control hCSs
(1CiCTR, 273iCTR, C31iCTR), R14del; PLN-R14del hCSs (D4iR14del, 6BiR14del, 10BiCTR). All data are represented
as mean = SD.
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Figure 3. Contribution of Cardiac Fibroblast (CF) numbers to hCSs size. (A) Representative cardiac spheroid
morphology at D2, D7, D14, and D21 after the controlled generation of hCSs containing hiPSC-derived fibroblasts
(hiPSC-CFs) and hiPSC-CMS, both derived from the PLN-R14del (D4iR14del) line in the ratios 100% hiPSC-CFs
(top) to 100% hiPSC-CMs (bottom) and 5 different ratios in between. Scale bar: 400 um. (B) Bar graphs of the
size quantification from C31iCTR (CTR) spheroids on day 2 and day 21 post-hCS generation. (C) Bar graphs of the
size quantification from D4iR14del spheroids on day 2 and day 21 post-hCS generation. Biological replicates =1,
technical replicates 5-8 hCSs per group. * P< 0.05 - **** P < 0.0001 vs. hiPSC-CF only group by one-way ANOVA.

Single-cell sequencing reveals cellular diversity and PLN-R14del phenotype pathways

To investigate the cardiac spheroid composition and functional heterogeneity, we performed
split-pool ligation-based transcriptome sequencing (SPLiT-seq) of 760 single cells from
PLN-R14del spheroids (total 386 cells) and healthy or isogenic corrected spheroids (total
374 cells) (Figure 4A, Supplementary Figure 5). Based on previous clustered mapping®
(Supplementary Figure 5A-B), we partitioned these cells into three clusters, which were
annotated as cardiomyocytes group 1 (CM1), cardiomyocytes group 2 (CM2), and fibroblasts
(fibro) (Figure 4B, Supplementary Figure 5C). We found that the healthy CTR spheroids
were mainly composed of CM1 and CM2 grouped cells (Supplementary Figure 5D). The CM1
cluster is distinguished from the CM2 group by the abundance of genes; deleted in colorectal
cancer (DCQ), a large transmembrane receptor of netrin-1, critical for mediating netrin-1's
cardioprotective function and sodium leak channel non-selective channel protein (FAM155A)
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(DCC/FAM155AMs" CMs) (Supplementary Figure 5E). The CM2 cluster is highlighted by the
presence of classical cardiac genes such as sarcomeric protein TNNT2 and the Ca?* handling
protein Ryanodine receptor 2 (RYR2 ) (TNNT2/RYR2"9h CMs). While the expression levels of
cardiac markers troponin T (TNNT2) and myosin heavy chain 7 (MYH7) did not reveal an overall
significant difference between conditions (Supplementary Figure 5F), PLN-R14del spheroids
contained more cells in the CM2 and fibroblast-like single cells, cluster 3, were detected in
7.51% of PLN-R14del cells compared to the control (1.87%) confirming the increased fibroblast
number after culturing PLN-R14del cells (Supplementary Figure 5D). Cluster 3 is highlighted
by fibroblast matrix proteins Fibronectin 1 (FN1) and type | collagen (COL1A1) (Supplementary
Figure 5G-H). Gene set enrichment analysis of the top 100 pathways revealed differences in
specific pathways that were previously described to be affected by the PLN-R14del mutation
(Figure 4D). Multi-omics integration13 and mitochondrial functional assays12 have shown
an impaired mitochondrial function and decreased fatty acid oxidation metabolism in PLN-
R14del hiPSC-CMs. Here, we showcase 4 pathways involved in mitochondrial function (Figure
4D, yellow bars), such as fatty acid oxidation, biogenesis, oxidative phosphorylation, and
triglyceride catabolism, that were all significantly decreased in the PLN-R14del single cells.
Moreover, previous single-cell RNA sequencing revealed the induction of the unfolded protein
response (UPR) pathway (Figure 4D, red bars) in PLN R14del compared with isogenic control
hiPSC-CMs.” Similarly, we found autophagy, UPR activation, and aggrephagy pathways all
significantly increased in the PLN-R14del single cells, confirming our previous findings.”

A decreased force in engineered heart tissues has revealed impaired contractility in PLN-
R14del CMs™, which was confirmed by our pathway analysis of muscle contraction and
dilated and hypertrophic cardiomyopathies (DCM/HMC) related protein expressions in PLN-
R14del single cells (Figure 4D, blue bars). Furthermore, increased arrhythmic Ca*" cycling'®
and decreased decay time and amplitude® revealed a critical role of abnormal Ca?* handling
in the pathogenesis of PLN-R14del. We observed a significant decrease in the cardiac
conduction, Arrhythmogenic Right Ventricular Cardiomyopathy (ARVC), and myogenesis
pathways, whereas the lon homeostasis was decreased in PLN-R14del single cells although
not significantly (Figure 4D, purple bars). Most PLN-R14del hearts develop significant
cardiac fibrosis, mainly in the posterolateral left ventricle wall. Interestingly, to the best of
our knowledge, we show for the first time that pathways involved in fibrosis are affected in
in vitro cardiac spheroids by our single-cell sequencing approach (Figure 4D, orange bars).
Specifically, we found significantly different expressed pathways in the extracellular matrix
(laminin/ECM) and pathways involved in EIF and PI3K/AKT in PLN-R14del single cells, indicating
a profibrotic response in spheroids harboring the PLN-R14del mutation.
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Figure 4. Single-cell transcriptional profiling of cardiac spheroids from PLN-R14del spheroids and healthy
controls. (A) Bright-field images of the spheroids used for split-pool ligation-based transcriptome sequencing
(SPLiT-seq). (B) UMAP of single cell profile with each cell color-coded for cells from healthy controls (WT, blue) and
PLN-R14del spheroids (R14del, red). (C) Unsupervised Uniform Manifold Approximation and Projection (UMAP)
clustering of single cells after QC and data filtering using Harmony integration. Expression patterns of hiPSC-derived
cardiac spheroids from 374 healthy control and 384 PLN-R14del single cells were clustered using the Jaccard-Louvain
method (3 clusters indicated by colors) and visualized using Uniform Manifold Approximation and Projection (UMAP).
Cluster IDs were assigned after clustering based on cluster size, with Cluster 1 containing the most cells and Cluster 3
containing the least. (D) Gene Ontology (GO) enrichment analyses with the top hundred biological processes, cellular
components, and molecular functions of the differentially expressed genes between PLN-R14del and healthy cardiac
spheroid cells. GO-pathways are selected for 5 PLN-R14del phenotype classes; mitochondrial function (yellow),
Unfolded protein Response (Red), Contractility (blue), Ca?* handling (Purple), and Fibrosis (orange). A vertical black
dotted line indicates the cut-off level for significance (P < 0.05). P-values were adjusted by Benjamini-Hochberg
correction for multiple testing. (E) The differential expression levels of 5 PLN-R14del phenotype classes genes in
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the SPLIT-seq dataset and corresponding immunofluorescent stainings. * P< 0.05, ** P<0.01, **** P<0.0001 vs. CTR
group by Student’s unpaired T-test. Scale bars indicate 50 uM and the yellow box indicates the zoomed-in location
of the PLN-R14del spheroid (right picture). Abbreviations; CTR; Control hCSs (1CiCTR, 273iCTR, C31iCTR), R14del;
PLN-R14del hCSs (D4iR14del, 6BiR14del, 10BiCTR), FHL2; Four And A Half LIM Domains 2, MT-NDA4L; Mitochondrially
Encoded NADH Ubiquinone Oxidoreductase Core Subunit 4L, HSP90B1; Heat Shock Protein 90 Beta Family Member
1, BIP/HSPAS5; Immunoglobulin heavy-chain-binding protein, LC3; Microtubule-associated protein 1A/1B-light
chain 3, TNNI3K; Troponin I-interacting kinase 3, RBM20; RNA binding motif protein 20, JPH2; Junctophilin, PLN;
Phospholamban, ACTA2; Actin Alpha 2 and EIF3A; Eukaryotic Translation Initiation Factor 3 Subunit A.

Next, we investigated genes involved in the pathological mechanisms of the 5 pathways
described in the PLN-R14del disease; mitochondrial function, UPR, contractility, Ca?* handling,
and fibrosis. The top 20 of differentially expressed genes revealed the expression of genes
involved in all 5 pathways described in the PLN-R14del disease, such as Polyubiquitin-C (UPR)
but also Golgi and ER protein modification, which could also be involved in protein toxicity
(GOLGAT1, ICMT) (Supplementary Table 2). The top 20 differentially expressed genesets
revealed mainly the reduced contraction genes. PLN-R14del cells also expressed upregulated
Netrin-1 genesets, which are involved in embryonic development and are upregulated in
cancer-associated fibroblasts.*® Additionally, Gli protein expression was elevated in PLN-
R14del, which is known to be involved in cell fate determination, proliferation, and patterning
in many cell types and most organs during embryo development®* (Supplementary Table
3). We additionally selected 2 genes of the SPLiTSseq dataset in each PLN-R14del pathway
and performed immunofluorescent imaging to visualize pathological protein patterns
within the PLN-R14del spheroids. We observed mitochondrial genes Four And A Half LIM
Domains 2 (FHL2) and Mitochondrially Encoded NADH Ubiquinone Oxidoreductase Core
Subunit 4L (MT-NDA4L) to be significantly decreased and the Nile red staining revealed visually
increased lipid droplet size in PLN-R14del spheroid cells as compared to control (Figure
4E). The expression levels of the UPR genes; Heat Shock Protein 90 Beta Family Member
1 (HSP90B1) and Immunoglobulin heavy-chain-binding protein (BIP or HSPA5) were also
significantly upregulated, and autophagy was confirmed with an increased protein imaging
of LC3 (Figure 4C). The contractility genes; Troponin I-interacting kinase 3 (TNNI3K) and RNA
binding motif protein 20 (RBM20) and the immunofluorescent staining of cardiac sarcomere
protein alpha-actinin, which showed a significant reduction in the gene expression and a
visually reduced presence of sarcomere positive cells in the PLN-R14del spheroids (Figure
4E). Next, the Ca?* handling gene Junctophilin (JPH2) was significantly decreased, indicating
the decreased junctions in the PLN-R14del spheroid cells. However, the PLN expression levels
were not significantly decreased, although we could observe, for the first time, PLN protein
aggregates in the PLN-R14del spheroids (Figure 4D). Lastly, we analysed the fibroblast genes;
Actin Alpha 2 (ACTA2) and Eukaryotic Translation Initiation Factor 3 Subunit A (EIF3A) and the
ECM protein vimentin were increased in PLN-R14del spheroid cells as compared to control
(Figure 4E). The increased lipid droplets, fibrotic ECM accumulation, elevated autophagy, PLN
aggregates, and reduced sarcomere-positive cells prove the spheroid capability to mimic the
PLN-R14del pathological mechanisms in vitro.
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PLN-R14del hCSs express an increased fibroblast activation pattern.

Interestingly, the pathological mechanisms observed in PLN-R14del spheroids were observed
in various stages of severity in spheroid size and sarcomeric marker alpha-actinin (¥-ACT)
presence. In some PLN-R14del spheroids, one or multiple non-positive holes were observed,
whereas some spheroids did reveal only a few nuclei with sarcomere expression (Figure
5A). However, all PLN-R14del spheroids revealed nuclei with no sarcomere proteins present
(Figure 5A), and a significant reduction of K-ACT area/nucleus (Figure 5B). Many nuclei in
the PLN-R14del spheroids were found positive for the proliferation marker Ki67 and were
observed in different locations, either in the middle or on the outer layers (Figure 5B), whereas
the collagen production was mainly found in the outer layer of the spheroids (Figure 5E).
Quantification of proliferation showed an increase in Ki67-positive nuclei (Figure 5D) and a
significant increase in Pro-COL1A1 accumulation (Figure 5F). RT-gPCR analyses revealed that
PLN-R14del hCSs displayed a significant increase in activated fibroblast genes (aSMA (ACTA2),
COL1AT1, FN1), proliferation gene ki67, fetal genes (NPPA/MYH7) and a significantly reduced
expression of genes that regulate cardiomyocyte function e.g. CASQ2, ATP2A, PLN, PKP2, GJA1,
TNNI3 and ACTAT (Figure 5G). A heat map was generated using Euclidean distance showing
hierarchical clustering of control and PLN-R14del hCSs, based on log2 fold expression of the
genes described in Figure 3G (Figure 5H), confirming similar expression patterns between
control hCSs and the three PLN-R14del patient hCSs. The reduction of cardiac markers and
increase in proliferation and collagen expression is variable in each PLN-R14del spheroid but
could be the result of CM depletion and replacing fibrosis also observed in the myocardium
of PLN-R14del patients.
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Figure 5. Increased fibroblast activation expression and protein expression in PLN-R14del spheroids.
(A) Representative immunofluorescent imaging of alpha-actinin (green). (B) Representative immunofluorescent
imaging of alpha-actinin (green) co-stained with Ki67 (red). (C) Representative immunofluorescent imaging of
alpha-actinin (green) co-stained with Pro-Collagen 1 (red). Hoechst is used to stain the nuclei (Blue). Scale bar:
500 pm. Immunofluorescent quantification of hCSs a-Actinin expression (D), proliferation marker Ki67 (E), and
Pro-Collagen 1 (F) per nuclei. ** P< 0.01 vs. CTR group by Student’s unpaired T-test. Each dot represents one
individual spheroid and 2-3 biological and 3-10 technical replicates per condition were included in this analysis.
(G) qPCR analysis of various genes involved in fibroblast activation or cardiomyocyte function in PLN-R14del
hCSs vs. controls. Each dot represents the expression of one sample containing 20 hCSs, normalized for average
control spheroid expression. (H) Heat map and hierarchical clustering of gene expression data. Log 2-fold changes
of gene expression are represented and the color scale indicates the level of change (blue, low; red, high). The
hierarchical clustering was generated using the Euclidean distance correlation metric based on the square root
of the sum of the square differences (https://software.broadinstitute.org/morpheus).
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AAV-mediated overexpression of I-1c rescues spheroid morphology and cardiac
expression patterns and improves contractility in PLN-R14del spheroids

Next, we asked whether gene augmentation with I-1c might alleviate the disease phenotype
by restoring cardiac spheroid function. I-1c decreases protein phosphatase 1 (PP1) activity,
thereby upstream regulating the SERCA2a/phospholamban complex, and is also closely
linked to the 3-adrenoceptor system.*® Upon activation of I-1c, PP1 is suppressed, thereby
increasing SERCA2a activity and phospholamban phosphorylation which leads to improved
basal cardiac performance.*’ AAV.I-1c previously demonstrated clinically meaningful benefits
in ischaemic heart failure pigs by improving left ventricle ejection fraction (LVEF), contractility,
and decreased fibroblast activation*?, whereafter AAV2/8.1-1c is currently in clinical trials*.
In this gene augmentation approach, the constitutively active I-1c is used to restore Ca?* An
increased MOl rate demonstrated an exponential increase in expression of |-1c from 28 up to
34.000-fold in PLN-R14del transduced hiPSC-CMs over non-transduced cells (Supplementary
Figure 6A). The percentage of functional contracting spheroids was similar in all conditions,
suggesting that AAV.I-1c does not affect spheroid viability (Supplementary Figure 6B).
Interestingly, AAV.I-1v improved Ca* handling in PLN-R14del hCSs by all used MOls. An
MOI of 10,000 was selected for the rest of the experiments based on physiological levels of
I-1v and significant changes in Ca?* handling (Supplementary Figure 6C). Seven-day-old
healthy control and PLN-R14del spheroids were transduced with AAV.I-1c at an MOI of 10.000
(Figure 6A) and subsequently analyzed after 14 days for spheroid size. When PLN-R14del
hCSs were generated in 6 wells, we again observed large spheroids with reduced Ca?* flux
activity (Figure 6B). After a single dose of AAV.I-1c treatment, we observed increased Ca*
intensity and more regular peak widths in treated PLN-R14del hCSs (Figure 6C). AAV.l-1c
reduced spheroid size in all 3 PLN-R4del patients hCSs (462 + 55 pm versus 931 £ 200 um in
non-transduced PLNR14del hCS) (Figure 6D) while not affecting the size of healthy control
spheroids (306 = 50 um versus 294 + 62 um in non-transduced control hCS) (Figure 6E).
Moreover, to study the effect of AAV.I-1c on contractility, Engineered Heart Tissues (EHTs)
were generated of all hiPSC lines as previously reported.®* The administration of AAV.I-1c for
7 days improved contraction in both the CTR spheroids and significantly in the PLN-R14del
EHTs (Figure 6F). Secondly, gene expression after transduction of control and PLN-R14del
spheroids with AAV.I-1c was evaluated by RT-PCR analysis. Interestingly, treatment of AAV.I-
1c decreased the expression of fibroblast activation genes such as a-Smooth muscle actin
(aSMA), Fibronectin 1 (FN1), and Pro-collagen 1 (COL1A1), and the proliferation marker Ki67 in
PLN-R14del spheroids (Supplementary Figure 7A). The hypertrophy-responsive genes, such
as atrial natriuretic peptide (NPPA) and Myosin Heavy chain 7 (MYH7), did not significantly
reduce after AAV.I-1c treatment (Supplementary Figure 7B), whereas both plakophilin-2
(PKP2) and calsequestrin 2 (CASQ2) showed a non-significant trend towards higher levels
(Supplementary Figure 7C). The thin myofilament genes Troponin | (TNNI3) and K-actinin
(ACTA1) did not significantly increase (Supplementary Figure 7D), however, both PLN and
SERCA2A gene expression was
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Figure 6. hCS morphology after AAV.I-1c treatment. (A) Schematic overview of the expression cassette
containing the cytomegalovirus (CMV) promoter, the inhibitor-1 (I-1c), and Inverted terminal repeats (ITR) and the
AAV vector design, combining the Rep protein of AAV2 with the Capsid protein AAV8. hCSs transfected with AAV.
Ic-1 MOL1.10.000 for 14 days before the Ca?* analysis was performed. (B) Representative cardiac spheroid morphology
and 6 representative 10-second Ca?* transients of non-treated hCSs from the PLN-R14del (D4iR14del) line. Scale bar:
400 pm. (C) Representative cardiac spheroid morphology and 6 representative 10-second Ca?* transients of AAV.I-1c
treated hCSs from the PLN-R14del (D4iR14del) line. Scale bar: 400 um. (D) Representative size of all hiPSC lines of
untreated and AAV.I-1c treated hCSs. Scale bar: 400 um. (E) Bar graphs of the size quantification from untreated vs.
AAV.I-1c treated hCSs spheroids. Each dot represents one individual spheroid. (F) Bar graph of engineered heart
tissue (EHT) force analysis from non-treated vs. AAV.I-1c treated EHTs. Each dot represents one individual EHT. ***
P <0.001, **** P < 0.0001 untreated vs AAV.l-1c of each group by Student’s T-Test or one-way ANOVA. (G) Heat map
and hierarchical clustering of gene expression data. Log 2-fold changes of gene expression are represented, and
the colour scale indicates the level of change (blue, low; red, high). The hierarchical clustering was generated using
the Euclidean distance correlation metric based on the square root of the sum of the square differences (https:/
software.broadinstitute.org/morpheus). (H) Representative bright field of an EHT and a 4-second force transient
from all hiPSC lines of untreated and AAV.I-1c treated EHTs. Scale bar: T mm. (I) Bar graph of engineered heart tissue
(EHT) force analysis from non-treated vs. AAV.I-1c treated EHTs. Each dot represents one individual EHT. *** P < 0.001,
*#¥% P < 0.0001 untreated vs AAV.I-1c of each group by Student’s T-Test or one-way ANOVA.
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significantly increased after AAV.I-1c treatment in the PLN-R14del hCSs (Supplementary
Figure 7E). Interestingly, AAV.I-1c overexpression did not significantly affect gene expression
patterns in healthy control hCSs compared to the non-transduced controls (Supplementary
Figure 7A-E). Based on the log2 fold expression of these genes, a heat map was generated
using Euclidean distance to study the hierarchical clustering of control and PLN-R14del hCSs
with or without AAV.Ic1 treatment (Figure 6G). PLN-R14del hCSs treated with the AAV.I-1c
clustered towards the CTRL and CTRL+AAV.I-1¢, rather than with the PLN-R14del untreated
group, indicating a gene expression profile shift towards the healthy control group after
AAV.l-1c treatment.

AAV-mediated overexpression of I-1c restores Ca** handling in PLN-R14del
spheroids

The Ca* intensity and peak amplitude showed improvements after 14 days by a single dose
of the AAV. I-1c (MOI of 10.000) (Figure 7A-B), which was further quantified and reflected
in improved decay time in both control and PLN-R14del hCSs (Figure 7D), increased peak
amplitude (Figure 7E) while both rise time and CTD10 partially increased but not to healthy
control levels (Figure 7F-G). In contrast, Interestingly, CTD90 did significantly improve in
both transduced controls and PLN-R14del spheroids (Figure 7H). Lastly, the beating rate
was reduced upon AAV.I-1c transduction and declined from 38+22 beats per minute (BPM) to
30422 BPM, which is more similar to non-transduced (23+7 BPM) or transduced (22+7 BPM)
controls (Figure 71). To exclude beating-rate variability in Ca?*-handling, we normalized for
beating rates and observed that PLN-R14del spheroids had similar reduced trends in Ca%*
parameters while these were normalized by AAV.I-1c supplementation (Supplementary
Figure 8). Together, these results indicate that AAV.l-1c was able to restore Ca** handling in
PLN-R14del cardiac spheroids, which makes the AAV.l-1c gene therapy a potential therapeutic
option for PLN-R14del patients.
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Figure 7. Comparison of Ca?* handling properties between cardiac hCSs from (isogenic) controls and PLN-
R14del patients. (A) Frames in time of spontaneous Ca* release in hCSs. Scale bar: 200 um (B) Representative
recording of time-lapse Ca?* transients. (C) Measurement of Ca** handling parameters from automated recorded
data. Comparison of (D) decay time (Tau), (E) Ca** transient amplitude, (F) Rise time, (G) transient duration 10%
(CTD10), (H) transient duration 90% (CTD90), and (I) beating rate (BPM) among the combined groups of control
lines ( biological replicates=2-3, n=188), controls + AAV.Ic-1 (biological replicates=2-3, n=151), PLN-R14del lines
(biological replicates=2-3, n=243), and the PLN-R14del + AAV.Ic-1 (biological replicates=2-3, n=204) groups. *
P< 0.05 - **** P < 0.0001 vs. each group by two-way ANOVA. Each dot represents the raw data of one individual
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DISCUSSION

Various pathogenic genetic variants cause severe heart failure, including mutations in the
coding region of the PLN gene. Specifically, the deletion of the arginine 14 codon in the PLN
gene (PLN-R14del) is associated with prevalent ventricular arrhythmias, fibrosis, dilatation
of the heart, and sudden cardiac death.’ The pathogenic signature of how the PLN-R14del
contributes to the overall clinical presentation is limited, especially in in vitro models. This
unknown pathogenic signature translates back into the current lack of disease-specific
therapeutic screening strategies. Patient-derived hiPSC-CM models provide a platform
for modelling various genetic cardiomyopathies in vitro to understand the underlying
pathological mechanisms. However, the complexity of the human heart by the cellular
composition and conduction characteristics presents a limiting factor to defining the total
disease-specific phenotype in vitro. To overcome these challenges and explore further
PLN-R14del phenotypes, we generated 3D human cardiac spheroids (hCSs) from healthy
controls, an isogenic control, and three PLN-R14del patient lines. The hiPSC-CMs for hCSs
were successfully generated in a highly reproducible way from 6 individual patients, which
can be frozen for later usage without altering their functional properties.®> hCSs were formed
from just 10,000 cells by self-aggregation in 96/384 wells plates and cultured for an optimal
time of 21 days.

In contrast to other 3D systems, including engineered heart tissues (EHT)*, our hCS model
allows automated analysis of Ca®* transients in a high-throughput fashion. Here, we showed,
for the first time, that the optical 3D construct analysis in 384-well plates revealed decreased
Ca* handling and Ca?* peak amplitude in PLN-R14del hCSs (Figure 1). Interestingly, even
after 7 days of culturing, a reduced decay time and CTD10 were observed, hinting toward
the first functional pathological phenotype of this disease. However, the reduction in all Ca?
handling parameters after 21 days, including rise time, decay time, and the Ca*" transient
duration, indicates an overall reduced Ca?* flux in PLN-R14del hCSs, instead of a prolonged
decay time as previously described. Indeed, the reduced Ca?" handling parameters were all
decreased, despite the increased beating rate in the PLN-R14del spheroids (Supplemetary
Figure 2). Genetic analysis of the PLN-R14del hCSs revealed a decreased expression of Ca?*
channels JPH2, PLN, and CACNA1G and an increase in CPNE5. The gene CPNES5 is a poorly
characterized Ca*-dependent membrane protein®* and merits further attention. Taken
together, an aberrant Ca?* handling and amplitude due to the R14 deletion in PLN was
observed in the hCSs. Recently, a decreased decay time was observed in 2D hiPSC-CMs of an
unrelated PLN-R14del patient, which was described to be caused by an enhanced SERCA2a
activity.” Pharmacological SERCA2a activation by PST3093 did not alleviate the accelerated
systolic and diastolic Ca?* dynamics by the overserved enhanced SR function. Cardiac
DWORF overexpression in homozygous PLN-R14del mice delayed cardiac fibrosis and heart
failure. However, these mice displayed an already enhanced Ca*" reuptake, wherefore the
DWORF overexpression did not improve Ca*" S/ER reuptake.*® The authors state that the PLN

319



Chapter 12

aggregation could trigger cardiomyocyte dysfunction, leading to cardiomyocyte cell loss and
fibrosis, which finally culminates in severe cardiac dysfunction and death. Given the recently
described increased enhanced Ca?* reuptake in both PLN-R14del 2D hiPSC-CMs and mice,
the interpretation of Ca?* handling and potential interventions may need to be re-evaluated.

We used the single-cell SPLiT-seq technique, which represents a new approach to determining
gene expression variability at the single-cell level. Here, we used comprehensive transcriptome
analysis of 386 (PLN-R14del) and 374 (healthy control) single cells from cardiac spheroids to
classify them in an unbiased manner, independent of any prior knowledge of cell subtypes
(Figure 4). To study the late stage of the PLN-R14del cardiomyocytes, we removed very large
(fibrotic) spheroids and used smaller spheroids after 3 weeks of culturing from all 6 donors.
Our day 75 3D spheroid cells cluster similarly to a previously described expression pattern in
2D day 90 CMs*, indicating the enhanced maturity of the spheroid cells upon sequencing.
We classified the spheroid cells into three groups; CM1 (DCC/FAM155AM9" CMs), CM2 (TNNT2/
RYR2"sh CMs) and fibro (FN1/COL1A1M") The CM1 group contained cells positive for alpha-
actinin but was also distinguished from the CM2 group by the abundance of the genes DCC
and FAM155A, which are involved in organogenesis/cardiomyocyte survival*’ and sodium
leak channel. Interestingly, even though we removed very large spheroids, the fibro group
was more present in the PLN-R14del cells, indicating the increased fibroblast presence in the
PLN-R14del spheroids despite the initial smaller size. When comparing GO-term pathway
analysis, and the top 20 genes and genesets, we observed significant differences in pathways
that were previously described in the PLN-R14del pathophysiology and pathology. The
mitochondrial genes FHL2 and TMEM71 were downregulated, which were also previously
described to be downregulated in hypertrophic cardiomyocytes.**° In the top 20 genesets,
triglyceride metabolism and cholesterol biosynthesis were found to be significantly expressed
in PLN-R14del compared to the control. Both triglycerides and cholesterol have been found to
accumulate in lipid droplets.®' Lipid droplets have been observed in the PLN-R14del spheroids
(Figure 4E), showcasing the detrimental outcome of mitochondrial dysfunction in the PLN-
R14del disease. The impairment of the ER/mitochondria compartment and fatty acid oxidation
has been previously described™', which was confirmed in PLN-R14del cardiac spheroids. The
top differentially expressed gene we found is Ubiquitin C (UBC), a polyubiquitin precursor
activated by proteotoxic stress to degrade misfolded proteins. Other highly expressed genes
include HSP90B1 and HSPA5, both members of the UPR. The geneset ‘aggrephagy’ was also
significantly increased in the PLN-R14del CMs from the cardiac spheroids and was confirmed
by the presence of autophagy protein LC3. The activation of the UPR has also previously
been observed as the top significant pathway in day 42-old 2D hiPSC-CMs by single-cell
sequencing.” Our model revealed both lipid droplets and additonally PLN accumulation,
which has not been observed in vitro before. Hence, the mechanism connecting impaired
lipid droplet biogenesis to UPR activation remains unclear. Recent findings indicate that
the UPR can be directly activated by altering the lipid composition of the ER.>? In contrast,
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the highly upregulated UPR pathway in 21-day-old hCSs and aggregates could indicate that
the elevated UPR could trigger the accumulation of lipid droplets. For example, activating
the UPR branch ATF6 is known to down-regulate PPARa causing a reduction in 3-oxidation
and an accumulation of lipid droplets in mice.>® Similar to ATF6, sterol regulatory element-
binding proteins (SREBPs) are ER-resident proteins possessing transcription factor activity to
activate a large number of genes involved in the synthesis of FA derivatives and cholesterol.
The reactome of ‘gene expression by SREBP is significantly upregulated in the PLN-R14del
CMs geneset analysis. Additionally, autophagy leads to the release of lipids from protein
breakdown, of which a portion of autophagy-released lipids is immediately re-esterified to
form triacylglycerol. This process is under the control of the master growth regulator, mTOR
complex 1 (mTORC1)**, which is also significantly upregulated in the PLN-R14del CMs geneset.
Contractility-associated genes that were affected by the PLN-R14del included sarcomere
kinases and regulators TNNI3K, RBM20, and SPHKAP. TNNI3K has been described in atrial
tachyarrhythmia and dilated cardiomyopathy®*, the loss of RBM20 causes an abnormal
intracellular Ca?* handling, and arrhythmias®® and SPHKAP is a membrane-anchoring protein
in the Z-bodies associated with heart failure®. Three of the top twenty genesets involved
in cardiac contractility; myogenesis, muscle contraction, and HCM, were significantly
downregulated in PLN-R14del CMs. We and others have shown a significant decrease in
contractile force in EHTs.”®* We have not analyzed contraction in our cardiac spheroids,
although this model could improve high-throughput analysis of contractile parameters.

In addition to the reduced Ca?* handling and known PLN-R14del pathological metabolic and
UPR expression patterns, we observed a striking 2.4-fold increase in PLN-R14del hCS size after
21 days of 3D culturing (Figure 2). This observed size increase was not related to the initial
cell number, size, or purity of the CMs. Previously, a 3-fold size increase has been observed in
vascularized cardiac spheroid after the addition of doxorubicin, a known inducer of myocardial
fibrosis.*® We did observe increased expression of the proliferation marker ki67, collagen
production, and in multiple genes such as a-SMA (ACTA2), and EIF3A, in PLN-R14del CMs of
hCSs. EIF3A and ITGB3 are involved in fibrosis through via regulation of the TGF-b1/SMAD3
signaling pathway.*¢° Cardiac fibroblasts and the differentiation to myofibroblasts underlie the
development of pathological cardiac fibrosis, leading to arrhythmias and heart failure. Matured
myofibroblasts are characterised by increased a-smooth muscle actin (a-SMA) fiber expression,
secretion of collagens, and changes in proliferation.®"? Additionally, a controlled addition of
hiPSC-CFs and hiPSC-CMs, creating various cell ratios, did not induce the hCSs size increase
(Figure 3). Interestingly, the addition of >50% hiPSC-CM derived from a PLN-R14del background
initiated this massive increase in size, suggesting that this phenotype is linked to the CM PLN-
R14del mutation. Importantly, the significant upregulation of all fibroblast genes is accompanied
by the decrease of cardiomyocyte-specific genes. This confirms the reduced cells positive for
the sarcomeric protein alpha-actinin that we observed by the immunofluorescent imaging.
Currently, the underlying molecular mechanisms of cardiomyocytes causing fibroblast activation
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remain unknown. The PLN-R14del cardiomyopathy has been described to cause severe fibrosis
in post-mortem histology samples of both humans' and mice®. In PLN-R14del carriers, a distinct
fibrotic pattern in the subepicardial layer of the LV posterolateral wall was observed before a
decrease in LV systolic function was observed.®* This suggests that fibrosis is an early feature of
PLN-R14del cardiomyopathy. Moreover, recent data show that total collagen turnover correlates
weakly to moderately with clinical parameters in PLN-R14del patients.’ In homozygous R14del/
R14del mice, extensive myocardial fibrosis was observed throughout the left and right ventricles,
and fibrotic genes were elevated in 8-week-old mice, whereas 3-week-old mice did not show any
signs of fibrosis.®> At the same time, these mice presented PLN aggregation, similar to human
patients. Consistently, heterozygous WT/R14del mice did not reveal fibrosis or PLN aggregation
until 18 months of age, but both pathological phenotypes co-existed at the same time,
suggesting a link between the PLN aggregation and fibrotic response of the heart. Interestingly,
we showed for the first time, PLN aggregation in an in vitro system (Figure 4E). Both findings
in humans and mice harboring the PLN-R14del mutation could suggest that in fact, the fibrosis
is linked to increased mechanical and molecular stress, consistent with the presence of PLN
aggregates and an elevated UPR. However, in other mutations of the PLN gene (R9C, R9L, R9H,
Leu-39stop, and R25C) no PLN aggregation was described, instead only abnormal Ca* cycling
before the onset of overt cardiac remodeling, which leads to heart failure in human carriers.%>-

Next to the elevated UPR, the underlying molecular mechanisms of cardiomyocytes causing
fibroblast activation could be caused by the mechanical remodelling of the cells. In patients,
the inferolateral wall is more vulnerable due to regional molecular changes caused by the
mutation or the regional susceptibility which could result from exposure to higher mechanical
stress.'” The disruption in mechanical junctions like desmosomes and gap junctions have
been described to increase cardiac fibrosis and arrhythmias.®® RT-qPCR revealed a significant
decrease in the desmosomal gene PKP2 and gap-junction Cx43, and the geneset analysis
revealed a downregulation of the cell-cell adhesion pathway in the PLN-R14del CMs. This
suggests the possibility that loss of these interactions may play a contributory role in the
activation of fibroblasts and the onset of the PLN-R14del disease.

Given the multifactorial etiology of ‘PLN-myopathies’, it is unclear whether reduced Ca*
uptake by SERCA, secondary to the disturbed PKA-mediated phosphorylation of PLN may
represent a ‘final molecular stress pathway’ underlying the disease onset in PLN-R14del
patients. Since we found the first Ca?* abnormalities in PLN-R14del hCSs after 7 days, the
massive increase in spheroid size could indicate a possible secondary response of replacement
fibrosis due to Ca** handling dysfunction. Still, how PLN mutations affect cardiac contractility
and if the Ca* handling is linked to fibroblast activation has not been extensively studied in
human in vitro models. In pre-DCM hearts of PLN-R9 mutation mice, contractile performance
was normal, yet an increased proliferation of non-myocytes, early fibroblast activation, and
an altered metabolic gene expression in CMs were detected.®® The mechanism by which
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the latter is regulated by PLN is not certain, but it could be related to paracrine signaling to
nonmyocytes such as fibroblasts, possibly via cardiomyocyte-specific expression of cytokine
(as reviewed elsewhere).”” Moreover, profibrotic factors could modulate the endoplasmic
reticulum Ca** release and Ca* influx into fibroblasts, which could result in an increased
cytosolic Ca** concentration, thereby initiating fibrosis-promoting proliferation/differentiation
of fibroblasts.”" In a disease state, CFs undergo activation to a myofibroblast phenotype,
characterized by increased proliferation, ECM production, and decreased contractility.”
Interestingly, geneset enrichment analysis revealed the top 1 and 4 elevated genesets to
be Netrin-1 signalling. Netrin-1 is a laminin-like protein, which is involved in embryonic
development and is upregulated in cancer-associated fibroblasts.* Despite the role of Netrin-1
in the heart has not been fully elucidated, this protein is highly expressed in muscle tissue.”
A study in neonatal rat cardiomyocytes revealed that the downregulation of Netrin-1 was
found to significantly alleviate the degrees of myocardial hypertrophy, fibrosis, apoptosis,
and heart failure.”*’> Future studies are required to investigate the role of netrin-1 in the PLN-
R14del cardiomyopathy. Transient receptor potential (TRP) channels play an important role
in the differentiation of fibroblasts to myofibroblasts, ECM remodelling, and the fibrogenesis
cascade and have emerged as the most important ion channels that mediate Ca? signals in
cardiac fibroblasts.”*’® TRP mechanosensitive Ca*-permeable channels 3 and 4 (TRPM3/4)
were significantly upregulated in PLN-R14del hCSs, hinting towards a potential role of TRP in
the onset of fibroblast activation in PLN-R14del CMs.

Further unbiased and spatiotemporal RNA sequencing and proteomics attempts could identify
key regulators of cytosolic Ca?* overload-mediated cardiac dysfunction, fibroblast activation,
and fibrogenesis. It would be of great interest to further study all of the disease-specific traits
of the PLN-R14del disease in an earlier stage versus the disease state. Knowing when and why
these pathophysiological traits derail would be the key to unravelling the optimal time window
and most suitable therapeutic intervention. Our hCSs model largely mimics the cardiomyopathy
characteristics seen in the PLN-R14del disease: mitochondrial dysfunction, UPR activation, PLN
aggregation, reduced contractility, and impaired Ca* handling, which therefore could be used
as a high-throughput screening tool to identify novel therapeutic targets. Additionally, our hCSs
model showed the important role of activated CFs in PLN-R14del, indicating the importance of
fibrosis for the pathogenesis of ACM/DCM and potential therapeutic interventions. Importantly,
the identification of clinically relevant fibroblast activation may inform us of disease pathology
and hint at other potential therapeutic opportunities.

In the last years, three clinical trials using AAV-mediated gene replacement have been
designed targeting heart failure (reviewed elsewhere’). We note that to date, only a fairly
limited number of reports have employed organoids to study AAV gene therapy (summarized
here®). In this study, we show, for the first time, the feasibility of using a cardiac spheroids
platform to test AAV-delivered gene augmentation as a therapeutic strategy for genetic
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cardiomyopathies. Previous studies have demonstrated that the administration of a
constitutively active I-1c delivered by this cardiotropic AAV2i8 (BNP116) virus in ischaemic-
induced heart failure pigs improved LV cardiac function with an EF of 5.7%.20 Additionally,
investigators reported that the delivery of I-1c was safe in three non-ischemic cardiomyopathy
patients who exhibited LVEF improvements of 10.5%, 22%, and 6%, respectively, at 12 months
of follow-up.®' We observed that a single dose of AAV.I-1c was sufficient to rescue PLN-R14del
spheroids size, Ca** function, EHT contractility, and cardiac expression patterns (Figure 6). It
is important to note that contractile function is strongly decreased in PLN-R14del myocytes
and EHT constructs.> Additionally, we observed an overall increase in all Ca** handling
parameters after a single dose of AAV.I-1c treatment (Figure 7). However, we observed a
prolonged decay time and CTD90 compared to non-transduced spheroids, indicating a
decreased SR Ca?* uptake. The increase in decay time might be caused by the overall increased
total amount of Ca’* as indicated by the increase in peak value. Additionally, we observed a
3 to 5-fold increase in SERCA2A expression compared to non-transduced control and PLN-
R14del hCSs respectively. Increased I-1c levels suppress SR-associated PP1 activity, thereby
increasing SERCA2a activity, and PLN phosphorylation at both Ser16 and Thr17 and enhancing
contractility both basally and after 3-adrenergic stimulation.®? Indeed, the upregulation of
I-1c increases SERCA2A activation and Ca?* transient amplitude, possibly decreasing PP-1
activity and improving phospholamban phosphorylation. Lastly, I-1c gene augmentation has a
positive effect on mRNA levels of proteins associated with fibrosis and Ca* handling function
(Supplementary Figure 7). For instance, COL1A1 and FN1, which are known to be higher in
activated myofobroblasts®, were significantly reduced after 14 days of AAV.I-1c therapy. AAV.I-
1c increased mRNA levels of Ca?* handling proteins, confirming the observed improvement
in cardiac function. While the restoration of the hCSs size, gene expression, contractility,
and Ca?* handling was evident in our study, further studies are required to define the link
between the fibroblast activation, cardiomyocyte function, and the protective role of AAV.I-1c
we observed. Our work on AAV2i8-based gene augmentation with the constitutively active
I-1c complements animal studies with a human-specific system and evaluates the rescue of
PLN-R14del phenotype, which may constitute a therapeutic strategy in failing hearts. We are
aware that additional systematic testing of different AAV-mediated strategies such as WT
PLN overexpression might lead to a more direct improvement, as previously demonstrated
by AAV6-mediated overexpression of PLN, which induced downregulation of endogenous
PLN-R14del transcripts and sufficient to improve CM function.' Nevertheless, this is the first
proof of concept of AAV-mediated gene augmentation in cardiac spheroids.

Based on our results, we hypothesize the potential pathological mechanism underlying the
PLN-R14del cardiomyopathy to be the toxic cytosolic Ca?* overload due to the reduced Ca?*
handling and protein misfolding by PLN-R14del. Multiple pathological pathways emerge,
from UPR activation, metabolic dysfunction, and reduced contractility to the activation of
myofibroblasts (Figure 8).
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Figure 8. The schematic hypothesis of the PLN-R14del-mediated pathological mechanisms in the
PLN-R14del cardiomyopathy. Purple; reduced contractility by potential Ca** overload and the observed
downregulation of RNA-binding motif protein 20 (RBM20), cardiac troponin I-interacting kinase (TNNI3K), SPHK1
Interactor, AKAP Domain Containing (SPHKAP) and genesets muscle contraction and myogenesis. Red; Activation
of the unfolded protein response pathway by misfolded PLN-R14del proteins and activation of (HSP90B1),
(HSPAS5), (UBQ), (LC3), and the aggrephagy geneset. Upregulation of autophagy relates genes Sterol regulatory
element-binding proteins (SREPBs) and Mechanistic target of rapamycin complex 1 (mTORC1) could also influence
the lipid accumulation in PLN-R14del CMs. Yellow; Mitochondrial dysfunction by potential Ca?* overload and
downregulation of the mitochondrial genes Four And A Half LIM Domains 2 (FHL2) and Transmembrane Protein
71 (TMEM71). Geneset downregulation of triglyceride metabolism and upregulation of cholesterol biosynthesis
could also increase lipid droplet accumulation due to reduced fatty acid metabolism. Blue; Reduced Ca? handling
by PLN-R14del malfunction and reduced expression of Ca?* channel/binding proteins sarcoplasmic/endoplasmic
reticulum Ca-ATPase (SERCA), Connexin 43 (Cx43), Ca** Voltage-Gated Channel Subunit Alphal G (CACNA1G),
Junctophilin 2 (JPH2) and Copine 5 (CPNES5), potentially leading to a toxic cytosolic Ca** overload. The AAV.I-1c
therapy suppresses SR-associated PP1 activity, thereby increasing SERCA2a activity, and PLN phosphorylation,
thereby enhancing Ca?** handling and contractility. Orange; fibroblast activation by potential Ca** overload
or increased mechanical stress by the upregulation of transient receptor potential Ca?*-permeable channels
3 and 4 (TRPM3/4) and downregulation of desmosomal gene Plakophilin 2 (PKP2). Laminin-like protein Netrin
1 (NTN1) and transcription factor Eukaryotic Translation Initiation Factor 3 Subunit A (EIF3A) could also play a
role in the activation of fibroblasts. After fibroblast activation, fibroblast proliferation is increased as indicated
by proliferation marker ki67 and the mature myofibroblasts express excessive extracellular matrix (ECM), ECM
receptor Integrin Subunit Beta 3 (ITGB3), and a-smooth muscle actin (X-SMA) stress fibers. Abbreviations: Ca*;
Calcium, I-1¢; Inhibitor-1, ROS; Reactive Oxygen Species,. The illustration is created with Biorender.com.
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In conclusion, the generation of patient-derived spheroids is simple, scalable, and rapid,
and works robustly for a range of different pluripotent stem cell lines of both HF patients,
isogenic controls, and healthy individuals. Cardiac spheroids represent a new preclinical
model that mimics the sophisticated spatiotemporal processes of the PLN-R14del disease.
Here, our findings support that this experimental approach can be broadly used to identify
additional processes that contribute to pathogenic mutations in genetic cardiomyopathies
and demonstrate the feasibility of using AAV-delivered I-1c as a promising therapeutic option
that may represent a potential antiarrhythmic concept in cardiomyopathy patients. The
evaluation of the efficacy of therapeutic options in a 3D model, such as hCSs, represents an
intermediate step toward clinical application for these patients. Still, further studies with a
large animal model harboring the PLN-R14del cardiomyopathy are required to test AAV doses
and delivery before going to the first-in patient.

STUDY LIMITATIONS

HiPSC-CM presents a readily available human cardiomyocyte model that can be generated on
demand in large quantities, making it a promising model for investigating electrophysiological
abnormalities in patients with inherited cardiac arrhythmias. However, our data showed
that the hCSs decreased in their Ca?* handling and beating rate after 6 weeks of culturing
(Supplementary Figure 2). This observation is in line with another study describing an
apoptotic response in CM-only spheroids cultured for 8 weeks. Interestingly, spheroids
generated from all four cardiac-cell types, in the ratio of CMs, Ecs, SMCs, and CFs (4:2:1:1)
remained viable throughout the culture period, by presumably following the distribution
trends found in human myocardium.® Recently, several studies have investigated the role
of a controlled combination of hiPSC-CMs, cardiac fibroblasts, and cardiac endothelial
cells, which showed enhanced maturation and allowed the disease modeling of ACM and
strikingly recapitulated features of the disease, indicating a multicell-type cause of genetic
cardiomyopathies.’”° This finding suggests the importance of physiological ratios of all cell
types of the heart, to study the full cell-cell communication in vitro and could be also of value
in this model. Another explanation for the reduced Ca* handling and beating rate after 6
weeks of culturing is an edge effect, which we observed possibly due to the evaporation of
the cell culture medium, which plays a critical role in multi-well-based cellular assays because
it can deteriorate assay performance compared to 6-wells cultured hCSs (data not shown).
Another limitation of the model is that not every aspect of the disease mechanism can be
mimicked with the current spheroid model (e.g., using immature hiPSC-CMs, contractile force,
and the lack of inflammatory cells). Additionally, the mechanisms underlying the decreased
Ca?* handling are beyond the scope of the present study. Nevertheless, altered mRNA
expression of the underlying Ca* regulators SERCA2A and PLN renders intrinsic differences
of its expression levels between PLN-R14del and healthy control hCSs likely. Further analysis
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of the specific Ca** regulation and PLN function is required, which is thought to be mainly
due to the reduced PKA-dependent phosphorylation on Serine 16.

Although the single-cell sequencing technique used in this study was effective in determining
the pathological pathway patterns and gene expression profiles, the challenges that arose
were severalfold. First, the dissociation of the spheroids before fixation could be optimized,
thereby avoiding sequencing bias of non-CMs due to CM damage and loss during the
dissociation. Secondly, the cell type identification was challenging since the cardiac spheroids
were generated solely from hiPSC-CM differentiations. Further cell-type analyses of cardiac
spheroids would establish a better understanding of cellular complexity. Lastly, by using
specific primer labeling with this SPLiT-sequencing technique, allelic expression per cell could
be studied. This experiment could provide insights into each cardiomyocyte’s allelicimbalance
and genetic makeup harboring the PLN-R14del mutation. Additionally, RNA sequencing on
multiple spheroid ages could identify the spatiotemporal processes to identify mechanistic
insights in the ‘first to fail’ mechanism of the PLN-R14del cardiomyopathy.

The AAV therapy described in this study is hopeful, but further analysis of the transduction
efficiency of this AAV.I-1c in vitro and in vivo needs to be performed using immunofluorescent
label detection. Additionally, future studies focussing on the effect in comparison to the
modulation of PLN activity are required. For example, AAV-mediated Cas9-mediated exon
excision in Duchenne muscular dystrophy can correct up to 7% of the genome, which was
sufficient to avoid fibrosis of the left ventricle in a large animal model.®* Another study showed
that the MYBPC3 gene replacement strategy circumvents haploinsufficiency of cMyBP-C
(restoration of a correct amount of protein) and reduces CM hypertrophy.® In this study,
collagens (COL1AT and COL3A1), and fibronectin (FN1) were significantly reduced and Ca*
handling genes were upregulated after the MYBPC3 gene transfer, indicating that PLN gene
transfer might efficiently eliminate the PLN disease phenotype. However, in one of the largest
AAV clinical trials (CUPID2), the AAV-mediated upregulation of SERCA2A resulted in no safety
issues or adverse effects, but the low-dose delivery of SERCA2A by AAV1 did not improve
symptoms of heart failure in patients.?® In contrast, much higher levels of viral transgene
DNA (range 8000-42,000 ssDNA copy number/ug DNA) were used in preclinical small and
large animal models of HF where SERCA2A was tested. Therefore, the gene delivery, toxicity,
and clinical impact need to be identified and addressed and aid the design of future trials
in this field.
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SUPPLEMENTARY FILES

Supplementary Table 1: Antibodies and qPCR Primer sequences used in this study.

Genes Sequence (5’-3’) Annealing Temperature (°C)

CASQ2 Forward CAAACTGGAAGTCCAAGCCTT 55,7-63
Reverse GGCTCATCCATAAATGGCTCAT

ATP2A2 Forward ACCCACATTCGAGTTGGAAG 57.1-65
Reverse CAGTGGGTTGTCATGAGTGG

PLN Forward ACCTCACTCGCTCAGCTATAA 52.8-63.2
Reverse CATCACGATGATACAGATCAGCA

MYH7 Forward TCTTTCCCTGCTGCTCTC 52.8-63.2
Reverse GACTGCCATCTCCGAATC

ACTN1 Forward GACGAGAAGCTGGCTTGTATAG 60
Reverse CATAATACCTGAGCCTTGTCCC

FN1 Forward AGCAGACCCAGCTTAGAGTT 60
Reverse GCAGAAGTGTTTGGGTGACT

TNNI3 Forward CCAACTACCGCGCTTATGC 60
Reverse CTCGCTCCAGCTCTTGCTTT

NPPA Forward CAACGCAGACCTGATGGATTT 60
Reverse AGCCCCCGCTTCTTCATTC

Collal Forward CTGCTGGACGTCCTGGTGAA 60
Reverse ACGCTGTCCAGCAATACCTTGAG

GJA1 Forward TGGTAAGGTGAAAATGCGAGG 57.1-65
Reverse GCACTCAAGCTGAATCCATAGAT

CASQ2 Forward CAAACTGGAAGTCCAAGCCTT 55,7-63
Reverse GGCTCATCCATAAATGGCTCAT

PKP2 Forward GGTAGGAGAGGTTATGAAGAATGC 60
Reverse AAGCGATGAGAAGATGTGACG

RPL32 Forward AGGCATTGACAACAGGGTTC 60
Reverse GACGTTGTGGACCAGGAACT

aSMA Forward ACTGAGCGTGGCTATTCCTCCGTT 58
Reverse GCAGTGGCCATCTCATTTTCA

Ki67 Forward GAAAGAGTGGCAACCTGCCTTC 60
Reverse GCACCAAGTTTTACTACATCTGCC
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Supplementary Table 2: Differentially expressed genes in CMs from PLN-R14del and CTL spheroids.

Gene Abbreviation Function P FDR  Phenotype
Value Class
Polyubiquitin-C UBC Increases ubiquitin necessary to remove 1.02E- 1.06E- Unfolded
unfolded proteins 21 17 Protein
Response
Golgin subfamily A GOLGA1 Participates in glycosylation and 4.94E- 255E- N/A
member 1 transport of proteins/lipids 20 16
RNA, U4 Small Nuclear RNU4-2 Affiliated with the snRNA class 1.87E- 6.46E- N/A
2 17 14
Transmembrane TMEM71 Mitochondrial membrane protein 4.09E- 1.06E- Mitochondrial
Protein 71 involved in immune and inflammatory 14 10 function
response, cell proliferation and cell
migration
Long Intergenic Non-  LINC01099  Affiliated with the IncRNA class 7.64E- 1.58E- N/A
Protein Coding RNA 14 10
1099
AC092957.1 AC092957.1 N/A 2.99E- 5.16E- N/A
13 10
AFG3 Like Matrix AAA  AFG3L1P Mitochondrial protein processing 2.14E- 3.16E- Mitochondrial
Peptidase Subunit 1, 12 09 function
Pseudogene
Heat Shock Protein 90 HSP90B1 Chaperone functions in folding 6.96E- 8.99E- Unfolded
Beta Family Member 1 stabilization 12 09 Protein
Response
Sphingosine Kinase SPHKAP Protein kinase A binding activity in Z 7.74E- 8.88E- Contractility
Type 1-Interacting disc 11 08
Protein
Copine 5 CPNE5 Calcium-dependent membrane-binding 6.93E- 7.17E- Calcium
protein 10 07 Handling
Integrin Subunit Beta 3 ITGB3 Cell adhesion as well as cell-surface 7.72E- 7.25E- Fibrosis
mediated signalling 10 07
Transmembrane TMEM132D  Methylation during stress 8.87E- 7.64E- Unfolded
Protein 132D 10 07 Protein
Response
Isoprenylcysteine ICMT Modifies isoprenylated C-terminal 9.97E- 7.93E- N/A
Carboxyl cysteine residues of proteins in ER 10 07
Methyltransferase
Thioredoxin TXNIP Major regulator of cellular redox 1.18E- 8.68E- Unfolded
Interacting Protein signaling which protects cells from 09 07 Protein
oxidative stress Response
Mitochondrially MT-CO3 Enable electron transfer activity 1.77E-  1.22E- Mitochondrial
Encoded Cytochrome and oxidoreduction-driven active 09 06 function
C Oxidase Il transmembrane transporter activity in
mitochondria
SWI/SNF Related, SMARCD3 Member of the SWI/SNF family of 2.29E- 1.48E- N/A
Matrix Associated, proteins, display helicase and ATPase 09 06
Actin Dependent activities and regulates transcription of
Regulator Of certain genes by altering the chromatin
Chromatin, Subfamily structure around those genes.
D, Member 3
Arginine And ARGLU1 Enables cadherin binding activity 4.79E- 291E- N/A
Glutamate Rich 1 09 06
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Gene Abbreviation Function P FDR  Phenotype
Value Class
Homeobox A3 HOXA3 Encodes for a DNA-binding 5.6E-09 3.21E- N/A
transcription factor, regulating gene 06

expression, morphogenesis, and
differentiation

Plexin A4 PLXNA4 Regulates cell migration, mediator of ~ 7.15E- 3.89E- Unfolded
amyloid-B/tau pathology. 09 06 Protein
Response
Calcium Voltage-Gated CACNA1G Encodes a T-type, low-voltage activated 9.09E- 4.7E-06 Calcium
Channel Subunit calcium channel 09 Handling

Alphal G
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Supplementary Table 3: Differential expressed gene modules in CMs from PLN-R14del and CTL spheroids.

Module name Up Description of module P-value FDR Phenotype

Class
/down

REACTOME_NETRIN_1_SIGNALING Up Netrin-1 signaling 0.0002 0.17976 N/A

REACTOME_GLI_PROTEINS_BIND_ Up GLI proteins bind promoters  0.0002 0.17976 N/A

PROMOTERS_OF_HH_RESPONSIVE_GENES_ of Hh responsive genes to

TO_PROMOTE_TRANSCRIPTION promote transcription

HALLMARK_MYOGENESIS Down Development of skeletal 0.0008 0.34865 Contractility

muscle (myogenesis)

REACTOME_NETRIN_MEDIATED Up Netrin mediated repulsion ~ 0.0010 0.34865 N/A

REPULSION_SIGNALS signals

REACTOME_LAMININ_INTERACTIONS Down Laminin interactions 0.0011 0.34865 Fibrosis

KEGG_ANTIGEN_PROCESSING_AND_ Up Antigen processing and 0.0012 0.34865 N/A

PRESENTATION presentation

REACTOME_STRIATED_MUSCLE_ Down  Striated Muscle Contraction 0.0015 0.38054 Contractility

CONTRACTION

REACTOME_SCAVENGING_BY_CLASS_F_ Up Scavenging by Class F 0.0020 0.38876 N/A

RECEPTORS Receptors

REACTOME_IMMUNOREGULATORY _ Up Immunoregulatory 0.0020 0.38876 N/A

INTERACTIONS_BETWEEN_A_LYMPHOID_ interactions between

AND_A_NON_LYMPHOID_CELL Lymphoid - non-Lymphoid

REACTOME_IRAKT_RECRUITS_IKK_COMPLEX Up DIRAKT recruits IKK complex 0.0026 0.45041 N/A

REACTOME_LIGAND_RECEPTOR_ Up Ligand-receptor interactions 0.0034 0.50318 N/A

INTERACTIONS

KEGG_HYPERTROPHIC_CARDIOMYOPATHY_ Down Hypertrophic 0.0036 0.50318 Contractility

HCM cardiomyopathy (HCM)

REACTOME_DSCAM_INTERACTIONS Up DSCAM interactions 0.0042 050318 N/A

REACTOME_RRNA_PROCESSING Up rRNA processing 0.0042 050318 N/A

REACTOME_REGULATION_OF _ Up Regulation of commissural ~ 0.0044 0.50318 N/A

COMMISSURAL_AXON_PATHFINDING_BY_ axon pathfinding by SLIT

SLIT_AND_ROBO and ROBO

REACTOME_TRIGLYCERIDE_CATABOLISM Down Triglyceride catabolism 0.0051 0.50318 Mitochondrial
function

REACTOME_NONSENSE_MEDIATED_DECAY_ Up Nonsense-Mediated Decay  0.0060 0.50318 N/A

NMD (NMD)

REACTOME_RAB_GEFS_EXCHANGE_GTP_ ~ Down RAB GEFs exchange GTP for 0.0060 0.50318 N/A

FOR_GDP_ON_RABS GDP on RABs

REACTOME_CHOLESTEROL_BIOSYNTHESIS ~ Up Cholesterol biosynthesis 0.0063 0.50318 Mitochondrial
function

REACTOME_AGGREPHAGY Up Aggrephagy 0.0064 0.50318 Unfolded
Protein
Response
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Supplementary Figure 1
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Supplementary Figure 1. Generation and characterization of hiPSCs. (A) Bright-field imaging revealed
demarcated colony morphology of the newly generated lines 1CiCTR, 6BiR14del, and 10BiR14del. (B) Trilineage
differentiation potential was shown with positive immunostainings of endodermal (SOX17), mesodermal
(Brachyury T), and ectodermal (OTX2) markers in the newly generated lines 1CiCTR, 6BiR14del, and 10BiR14del.
Scalebar = 400um.(C) The qRT-PCR expression levels of NANOG and OCT4. Total RNA from human fetal cardiac
fibroblasts (hfCF) was used as negative control and reference. (D) Expression of pluripotency-associated markers
(OCT4, NANOG, and Hoechst) by immunofluorescence. (E) ddPCR summary of the detected copy number variations
in the iPSC genome for karyotyping.
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Supplementary Figure 2
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Supplementary Figure 2. Optimization of high throughput optical recordings of the Cal520 dye during
the culturing of hCSs. (A) Representative Ca? transients and images of the optical recording over time in control
hCSs (273iCTR line). (B) Representative Ca* transients and images of the optical recording over time in PLN-R14del
hiPSC-derived CM spheroids (D4iR14del line). (C) Ca** transient parameters, including decay time, beating rate,
duration at 10% decline from maximum amplitude (CTD10), and duration at 90% decline from maximum amplitude
(CTD90). Each dot represents one individual spheroid and 3 biological (3 different differentiations of one hiPSC
line) per condition were included in this analysis.
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Supplementary Figure 3
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Supplementary Figure 3. Morphology, Purity, and Size of hCSs from healthy or isogenic controls (CTR;
1CiCTR, 273iCTR, C31iCTR) lines and PLN-R14del patients (R14del; D4iR14del, 6BiR14del, 10BiCTR) lines.
(A) Bright-field images demonstrating the size of the hCSs after 21 days. Scale bar: 100 um. (B) Flow cytometry
quantification of alpha-actinin purity of each spheroid cell line before the generation of hCSs (Day 0). (C) Flow
cytometry quantification of alpha-actinin purity of each spheroid cell line after 3 weeks of spheroid culturing
(Day 21). (D) Quantification of spheroid size in the individual cell lines during culturing (Day 2, 7, 14, and 21). *
P< 0.05 - **** P < 0.0001 vs. CTR group or each cell line by Student’s unpaired T-test or 2-way ANOVA. Each dot
represents one individual spheroid and 2-3 biological replicates per condition were included in this analysis.
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Supplementary Figure 4. Size measurements of hCSs with various ratios of hiPSC-CMs + hiPSC-CFs from
wild type (CTR lines) and PLN-R14del patients (R14del lines). (A) Quantification of spheroid size in the isogenic
control line (C31iCTRL) with 100% hiPSC-CFs (left), the various ratios (middle), and 100% hiPSC-CMs (right) during
culturing (Day 2, 7, 14, and 21). (B) Quantification of spheroid size in the PLNR14del line (D4iR14del). * P< 0.05 - ****
P < 0.0001 vs. hiPSC-CF hCSs group analyzed by 1-way ANOVA. Each dot represents one individual spheroid and
2 biological replicates per condition were included in this analysis. (C) Overtime quantification of the isogenic
control (C31iCTR) line spheroid size. (D) Overtime quantification of the D4iR14del line spheroid size as displayed
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Supplementary Figure 5. SPLiT Sequencing mapping, sources of biological variability in hiPSC donors 1 2

and cell type-specific gene patterns. (A). UMAP plot of single-cell profile with each cell color-coded for D12,
D24, and D90 cardiomyocytes (Grancharova et al.,). Different cell clusters are colored and labeled as indicated.
(B) clustered mapping of all labels based on mapping in A (Grancharova et al.,) (C) UMAP of the individual cells
derived from cardiac spheroid per iPSC donor. (D) Fraction of cells for the three cell types; CMs group 1 (CM1),
CMs group 2 (CM2), and fibroblasts (fibro) in healthy controls and PLN-R14del spheroid groups. (E) Top 10 genes
of each cell cluster. Wilcoxon rank-sum test identifies differentially expressed genes in each cluster and the top
10 genes are displayed in a heatmap. (F) Expression levels of cardiac genes TNNT2 and MYH7 per individual cells
derived from cardiac spheroid per iPSC donor. (G) UMAP from Fig. 3 colored by transcript abundance of DCC and
FAM155A, highlighting cardiomyocyte cluster 1, TNNT2, and RYR2, highlighting cardiomyocyte cluster 2 and FN1
and COL1AT1, highlighting the fibroblast cluster. (H) Transcript abundance distributions are shown for CM1, CM2,
and fibroblast clusters. Max value = maximum value of log1p normalized counts; dot = median.
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Supplementary Figure 6
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Supplementary Figure 6. Optimization of AAV.I-1c dosage in the D4iR14del line. (A) qPCR analysis of Inhibitor
1 (I-1c) expression after different MOI concentrations of AAV.I-1c treatment. * P < 0.05 vs. untreated control (CTRL)
by one-way ANOVA. Each dot represents a sample of 20 spheroids and 1-2 biological replicates per condition
were included in this analysis. (B) Functional beating viability of hCSs after different MOI concentrations of
AAV.I-1c treatment. Each dot represents the percentage of beating hCSs per experiment. N=2 per condition. (C)
Measurement of Ca?* handling parameters from automated recorded data (D) Comparison of decay time (Tau),
Ca* transient amplitude, and beating rate after different MOI concentrations of AAV.I-1c treatment. * P< 0.05 - ****
P <0.0001 vs. each group by one-way ANOVA. Each dot represents one individual spheroid, n=48-24 spheroids,
and 2 biological replicates per condition were included in this analysis.
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Supplementary Figure 7. hCS gene expression after AAV.I-1c treatment. (A) qPCR analysis of various genes
involved in fibroblast activation (A), hypertrophy (B), Ca** handling (C), Thin myofilaments (D), and PLN and SERCA
(E) expression in controls, PLN-R14del hCSs, and the treatment with AAV.I-1c. **** P < 0.0001 vs. each group by
2-way ANOVA. Each dot represents one individual spheroid and 2-3 biological replicates per condition were
included in this analysis.
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Supplementary Figure 8
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Supplementary Figure 8. Ca*" transient analysis normalized for beating rate. Ca>* handling parameters
include (A) decay time, (B) peak amplitude, (C) Rise time, (D) duration at 10% decline from maximum amplitude
(CTD10), and (E) duration at 90% decline from maximum amplitude (CTD90). Each dot represents one individual
spheroid and 3 biological (3 different differentiations of one hiPSC line) per condition were included in this
analysis. The combined groups of control lines (biological replicates=2-3, n=188), controls + AAV.lc-1 ( biological
replicates=2-3, n=151), PLN-R14del lines ( biological replicates=2-3, n=243), and the PLN-R14dels + AAV.I-1c
(biological replicates=2-3, n=204) were normalized for beating rate. * P< 0.05 - **** P < 0.0001 vs. each group
by two-way ANOVA. Each dot represents the raw data of one individual spheroid without batch normalization.
Abbreviations: Controls; healthy or isogenic control hCSs (1CiCTR, 273iCTR, C31iCTR), PLNR14del; PLN-R14del
hCSs (D4iR14del, 6BiR14del, 10BiCTR).
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Metabolically matured hiPSC-CMs stained for sarcomeric Actinin and Gap-junction protein Connexin 43.
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Chapter 13

Cardiomyopathies are disorders of the myocardium caused by a wide variety of factors,
leading to cardiac dysfunction, aggravated by arrhythmias, heart failure, and sudden
cardiac death. The prevalence is estimated based on genetic screenings, as high as 1:500
for hypertrophic cardiomyopathy (HCM), 1:250 for dilated cardiomyopathy (DCM), and
1:1000 for arrhythmogenic cardiomyopathy (ACM)."? These numbers, however, are probably
underestimated as the majority of individuals have incomplete and/or late-onset disease
expression. Numerous mutations in various pathways crucial for cardiac function have been
linked to these cardiomyopathies. However, the underlying genetic mutation has only been
identified in approximately 35% of DCM, and 50% of the HCM and ACM cases.! Genetic
mutations unfortunately have low predictability when it comes to the onset of disease
and progression. Therefore, cell models used in the early phases of drug discovery and the
significant difference in treatment responses among patients hold promise as predictors for
the phenotype onset in the patients. Moreover, the understanding of the pathophysiological
and molecular mechanisms that underlie the onset of pathological features of genetic
cardiomyopathies is crucial to developing novel targets for therapeutics.

In vitro disease modeling can help to model the onset of the first variable phenotypic
presentations and, therefore, forms a scalable platform for human disease modeling, drug
discovery, and the clinical validation of novel therapeutic developments. In this thesis, we
used the crucial pathways in cardiogenesis for a recent discovery in the massive expansion
and biobanking of hiPSC-CMs. Next, we used this technology and combined metabolically
matured hiPSC-CMs to produce both 2D and 3D in vitro models. Importantly, in vitro models
are suitable for modeling healthy and pathological cardiac tissues, and we provide several
lines of evidence to confirm this hypothesis. Finally, we combine findings from the previous
chapters with insights from other studies and discuss the current developments in cardiac in
vitro models, pathophysiology, and the underlying pathways of PLN-R14del cardiomyopathy.
In addition, new tools are being developed to facilitate our progress. We finally suggest
a roadmap for employing these non-animal platforms in assessing early-onset disease
phenotyping and novel therapeutic screening.

PART ONE: CLUES FROM HEART DEVELOPMENT TOWARDS OPTIMIZED
HIPSC-CMS MODELS

From cardiogenesis to in vitro proliferation of human cardiomyocytes

Cell cycle activity in human adult CMs decreases within the first months after birth and is
very sparse in the human adult myocardium. As described in Chapter 2, many pathways
have been investigated over the past decades for their capacity to regulate heart growth
versus the molecular targets that promote in vitro cardiomyocyte proliferation. Pushing the
level of understanding of the mechanisms controlling human cardiomyocyte proliferation
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provides a framework for advanced basic and translational cell biology applications. From
here, methods for defined culture, efficient differentiation, and the upscaling of hiPSC-CMs for
the generation of large batches of cardiomyocytes are elucidated. As presented in Chapter
3, we identified the earliest and most potent mitogen to stimulate the canonical Wnt signal
via the LEF/TCF pathway to delay hiPSC-CM maturation. Notably, we found that persistent CM
proliferation required both LEF/TCF activity and AKT phosphorylation, which was independent
of yes-associated protein (YAP) signaling. Importantly, in this study, we also investigated
the contractility of previously expanded hiPSC-CMs in 3D microtissues and showed the
uncompromised cellular functionality after expansion compared to non-expanded hiPSC-
CMs. The massive expansion of hiPSC-derived cardiomyocytes via Wnt/B-catenin signaling
modulation holds great potential for the generation of large batches of cardiomyocytes
(Chapter 3). Biobanking of expanding hiPSC-CMs, as performed in Chapter 4, now allows
scientists and clinicians to generate an “off-the-shelf” human cardiomyocyte source. Through
these recent developments to generate and biobank billions of cardiomyocytes, hiPSC-CMs will
be useful for drug screening, disease modeling, and regenerative approaches in cardiovascular
medicine. In addition, we were one of the first to report on sarcomere distribution during
cardiac mitosis, followed by cytokinesis, multinucleation, or self-duplication in massively
expanding human cardiomyocytes (Chapter 5). Interestingly, we found that both mono-
and binuclear hiPSC-CMs give rise to mononuclear daughter cells or binuclear progeny,
which give novel insights into the potential proliferative strategy in adult CMs. However,
the specific role of mononuclear and diploid cardiomyocytes during cardiac repair following
myocardial infarction remains unclear?, although small case studies have shown evidence
of postnatal human heart recovery post-injury in a newborn and 6 years old child suffering
from myocardial dilation or infarction.*> More research is required to discover and combine
new mechanisms to manipulate the cardiomyocyte cell cycle and cell-cell contact in adults to
induce cardiomyocyte mitosis. Future research could focus on combining the overexpression
of cell cycle promoters (cyclins and CDKs), cell cycle progression pathways (neuregulin/
ERBB2/ERBB4), cell cycle arrest pathways (hippo-YAP), and miRNA modulation.® However,
these processes should be tightly controlled to avoid tumorigenesis, endoreplication, or
endomitosis. The verification of the massive expansion of human CMs in vivo is still pending,
which is of significant interest to cardiovascular investigators to restore the adult myocardium.

Cardiomyocyte maturation, are we close enough?

Although scalability has improved for the majority of hiPSC-derived cell types, the immaturity
of the differentiated cells, specifically hiPSC-CMs, limits their clinical potential.” Many
biochemical and biophysical strategies have been invented to induce a mature phenotype
of hiPSC-CMs. For example, during prolonged culture time, hiPSC-CMs displayed more
mature phenotypes in morphology (increased cell size), structure (sarcomeric organization),
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proteasome activity (PKA/HSP90 signaling), metabolic homeostasis (fatty acid oxidation),
physiology (calcium handling, increased contractility, and 3-adrenergic response).®-'° Next,
we and others showed that alterations in energy sources are a simple, yet effective method
to metabolically switch hiPSC-CMs from glucose to fatty acid oxidation by providing oxidative
substrates adapted to the metabolic needs of hiPSC-CMs."""3 According to a recent article
in Nature, a fatty acid called y-linolenic acid (GLA) found in the milk of nursing mice has
been found to trigger a transformation in the metabolic pathways by binding retinoid X
receptors (RXRs), enabling the cells to rapidly mature after birth." This unexpected finding
reveals a role for GLA in promoting the early murine heart maturation, which could be applied
to improve hiPSC-CM maturation. In Chapter 6, we demonstrate that prolonged cultured
and metabolically stimulated cardiomyocytes increase hypoxia susceptibility, which is more
reminiscent of adult CMs. The metabolic maturation of hiPSC-CMs represents an improved in
vitro model to study human ischemic heart disease and genetic cardiomyopathies.'

In this thesis, we combined biochemical strategies such as prolonged culturing of a monolayer
with metabolic and hormonal supplements to induce maturation in vitro. Here, sarcomeric
organization, CM length, and sarcomere spacing were improved, resulting in a morphology
similar to human adult CMs (Figure 1A). Although many of the measurable maturation
parameters such as; surface area, bi-nuclearity, gene expression, M-banding, and sarcomere
spacing are improved in these hiPSC-CMs to mimic the human adult CM level, the upstroke
velocity, resting membrane potential, and T-tubuli are almost reaching the parameter levels
(Figure 1B). Nevertheless, if the maturation status of hiPSC-CMs could even further improve
or accelerate in the described parameters, a significant increase in disease modeling can be
expected. For example, increased gene expression levels of ventricular ion channels and
calcium-handling genes are considered to be hallmarks of maturation.'® Still, complex mRNA-
based mechanisms driven by alternative splicing and RNA-binding proteins may need to
be manipulated to improve CM maturation further.”” Abolishing depolarization-associated
genes HCN4, CACNATH, and SLC8AT, along with overexpressing the ion channel KCNJ2 changes
extensively as hiPSC-CM grafts mature in vivo, thereby reducing arrhythmic events after cell
graft transplantation.”® However, the one major challenge remaining is to localize the fully
functional gap junction protein Connexin 43 (Cx43) in the intercalated discs. In metabolically
matured hiPSC-CMs, a rather low Cx43 expression and localization are found (Figure 1C),
causing a significant reduction of intercellular coupling and leading to slow electrical signal
propagation.”

The formation of functional gap junctions is essential for modulating cardiac electric activities
and the absence of Cx43 leads to the incidence of ventricular tachyarrhythmias.® Interestingly,
even during the development and maturation of human cardiomyocytes, spatiotemporal
localization of Cx43 takes 7 years to move from the lateral membranes to the intercalated
disks.?" In summary, after 70 years of many cell culture improvements, we now have create
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Figure 1. Induced maturity in hiPSC-CMs. (A) Sarcomeric organization, cell length, and sarcomere spacing on
immunofluorescent labeled 2D cultured hiPSC-CMs by alpha-actinin. Scale bar: 8 uM. (B) The major measurable
parameters of biological processes in cardiomyocyte maturation. The arrow indicates the level of the specific
maturation parameters in hiPSC-CMs, the left indicates low, and the right means high maturation levels compared
to adult myocytes. Abbreviations; RMP; resting membrane potential, ID; intercalated disc. (C) Connexin43 (Cx43)
organization and localization on immunofluorescent labeled 2D cultured hiPSC-CMs by alpha-actinin (green) and
Cx43 (red). Scale bar: 8 uM. Created with BioRender.com.

‘enough-matured’ hiPSC-derived CMs that can be used for disease modeling, testing of
drug-induced toxicity, and drug refinement/discovery. Although convenient, 2D cell culture
techniques have unfortunately proven to be ineffective in mimicking the contractile deficit in
titin patient-derived hiPSC-CMs. Instead, the titin mutant hiPSC-CMs in the engineered heart
tissue (EHT) model showed the obvious insufficient contractile force of the patient-derived
hiPSC-CMs.22 RNA sequencing revealed 22 transcription factors (TFs) whose expression was
progressively increased in the 3D culture systems as compared to 2D differentiations.? By
overexpressing three of the 22 identified TFs (KLF15, ESRRA, and HOPX), Kumar et al. could
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significantly improve calcium handling, metabolic function, and hypertrophy in day 17 2D
hiPSC-CMs. Another study used single-cell RNA sequencing to compare hiPSC-CM monolayers
versus 3D sheets, tissue strips, and organoid chambers, revealing increasing levels of maturity
by increasing tissue complexity. Interestingly, myofibril structure was shown to be the first to
mature, followed by electrophysiological function and oxidative metabolism.?* In summary,
the limited maturation and predictivity in the current hiPSC-CM models pose the question
if these methods can yield mature enough cells, in a realistic, large-scale, and financially
appropriate culture time frame. Combining the current strategies such as long-term culturing,
3D tissue engineering, and metabolic supplementation with future improvements such as
TFs/Cx43/KCNJ2 enhancement could take us to the final steps in getting as close as possible
to our ‘holy grail’; an hiPSC derived adult-like CM.

PART TWO: MODELING THE PHOSPHOLAMBAN R14DEL MUTATION USING
PATIENT-SPECIFIC HIPSC-CMS

In Part 1, we discussed the substantial technological innovations observed from cardiac
development regarding the differentiation, proliferation, and maturation of hiPSC-CMs.
Especially with the advanced hiPSC technology, the possibility arises to create essentially
limitless numbers of hiPSC-derived CMs, harboring a diversity of patient genetics. Genetic
cardiac hiPSC-CM models have been constructed using hiPSCs derived from patients
suffering from ACM, DCM, HCM, non-compaction cardiomyopathy (NC), and lysosomal
storage disorders which were thoroughly reviewed elsewhere.?**? In this thesis, we study
the deletion of arginine 14 (R14) in the phospholamban protein (PLN-R14del), causing the
panoply of DCM and ACM manifestations in heart failure patients. By systematically reviewing
the current evidence of all studies describing PLN-R14del mutation, we summarized the
potential molecular mechanisms contributing to the disease pathophysiology (Chapter 7).
We emphasized how the discovery of PLN-R14del fuelled insights into the basic biology of
calcium handling, protein toxicity, metabolism, and fibrosis, and we reinforced the idea that
PLN is a crucial dynamic regulator of SERCA2a (ATP2A2) that contributes to the speed and

force of calcium-driven muscle contraction.

Metabolic maturation and multi-omics analysis of hiPSC-CMs reveal the
pathological features of the R14del cardiomyopathy in vitro.

RNA sequencing (RNA-seq) is a genomic approach for the detection and quantitative analysis
of messenger RNA molecules to study cellular gene expression. In Chapter 5, we used whole
genome RNA-seq to study the gene expression patterns in expanding hiPSC-CMs, versus
hiPSC-CMs that were metabolically matured for +77 days. As expected, genes associated
with embryonic signaling pathways and mitosis were upregulated in proliferating hiPSC-CMs,
whereas the expression of sarcomere genes was upregulated in matured CMs and human
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heart tissue. This RNA-seq data showed that in hiPSC-CMs, the cell cycle gene expression is
inversely correlated to sarcomere gene expression and maturity of CMs. In Chapter 8, we used
the metabolic maturation of patient-derived hiPSC-CMs, to provoke the molecular scenery of
the cardiomyocytes from a PLN-R14del patient. To clarify the cell reqgulation on all levels, we
combined the transcriptional regulation analysis in human primary tissue and validated this
expression in a unique long-term (160 days) matured hiPSC-CM model. First, the multi-omics
integration hinted us to disturbed mitochondrial function and (lipid) metabolism in PLN-
R14del hearts based on the changed histone acetylation levels of annotated gene promoters,
predicted transcription factor binding motifs (TFBMs), and altered gene expression. Next, we
demonstrated, that PLN-R14del hiPSC-CMs displayed a lower fatty acid oxidation (FAO) profile
than the controls at both mRNA and functional levels, the suppression pattern remained
consistent even though PLN-R14del hiPCS-CMs were given excessive amounts of FAs or
glucose, indicating the profoundly impaired lipid metabolism. Additionally, to the best of
our knowledge, we showed for the first time, the potential of bezafibrate in re-activating
mitochondrial FAO and improving Ca?* transients, which provides a novel strategic path for
developing precision medicine for PLN-R14del patients, such as targeting FAO upstream
regulators (i.e. PPARA). In a recent study, multi-omics analysis (plasma/cardiac tissue
metabolomics, genome-wide RNA-seq, and proteomic studies) revealed profound metabolic
abnormalities in human failing hearts in 87 explanted human hearts from 39 patients with
end-stage HF compared with 48 non-failing donors.?® Substantial reductions in fatty acids and
acylcarnitines were observed in these failing hearts, despite plasma elevations, suggesting
the same defective import of FA into cardiomyocytes as we described in Chapter 8 and
Chapter 12. As a result, the glucose levels were elevated in the end-stage HF hearts, similar
to our glucose dependency of the PLN-R14del hiPSC-CMs. This study proved that starting
with ChiP-sequencing and RNA-seq from failing hearts identify gene pattern alterations,
which could be confirmed by the RNA-seq of hiPSC-CMs of heart failure patients in the early
stage of the disease.

Next, we showed that single-cell transcriptomic analysis of metabolically matured patient-
derived hiPSC-CMs revealed the induction of the unfolded protein response (UPR) pathway in
PLN-R14del hiPSC-CMs as compared to isogenic control hiPSC-CMs (Chapter 9). Additionally,
this disturbance of UPR expression was also detected in bulk RNA-sequencing of human
hearts from PLN-R14del patients. Next, we used both 2D and 3D in vitro models to evaluate
the impact of modulating disease-relevant pathways in PLN-R14del hiPSC-CMs. hiPSC-CM
contractility analysis in both the 2D and 3D models recapitulated the contractile deficit
associated with the disease in vitro, which could be restored by activating the UPR with a
small molecule activator. Both studies (Chapter 8 and Chapter 9) provided insight into the
transcriptional regulation of both human tissues and hiPSC-CMs of PLN-R14del patients
to understand the molecular consequences of the pathogenic mutation and subsequent
development of therapeutic interventions.
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Additionally, the present focus on applying second- and third-generation sequencing
technologies may lead to optimization in the full analysis of the underlying epigenetic and
genetic regulation in each cardiomyocyte. For example, second-generation sequencing by
Split-Pool Ligation-based Transcriptome sequencing (SPLIT-seq) has been used to define
the in vivo cell composition from 27 healthy donors and 18 dilated cardiomyopathy patient
hearts.?’ Notably, cardiomyocytes displayed the common disease-associated cell states,
whereas fibroblasts and myeloid cells undergo dramatic diversification. Fibroblasts in the DCM
hearts displayed a robust activation signature that included aSMA and COLTAT expression.
Interestingly, we observed a similar upregulation of the fibroblast activation signature
(COL1A1, aSMA, and FNT) in DCM patient-derived spheroids harboring the PLN-R14del mutation
(Chapter 12). Together, this study provided a comprehensive analysis of the cellular and
transcriptomic landscape of DCM hearts and uncovered cell type-specific transcriptional
programs and disease-associated cell states, which is a valuable resource for the investigation
of human heart failure.? However, future unbiased and spatiotemporal RNA sequencing and
proteomics attempts could identify key regulators of the pathological features of the R14del
cardiomyopathy.’® Importantly, the identification of clinically relevant pathological features
may inform us of disease pathology and hint at other potential therapeutic opportunities.
Finally, knowing when and why these pathophysiological traits derail would be the key to
unravelling the optimal time window to apply the most suitable therapeutic intervention.

Another option is third-generation sequencing (long-range sequencing), by direct RNA
sequencing by Oxford Nanopore Technologies, which makes the direct sequencing of
full-length RNA transcripts and post-transcriptional RNA modifications analysis possible.
However, both SPLIT-seq and Nanopore sequencing suffer from high costs, and limited
sequencing depth, something the single-cell community has not had huge success with,
including ourselves. However, with the optimization of large hiPSC-CM batches, and improved
knowledge of the fixation and library preparations, it would be a matter of time before these
second- and third-generation techniques can be applied to study 3D in vitro hiPSC-CM models
for the initial complete disease genome evaluation. Although transcriptomics is currently the
most readily-used single-cell-omics level analysis, post-translational protein modifications can
affect protein interactions and also play a major role in disease pathogenesis. Quantitative
proteomic analysis of hiPSC-CM reveals lineage-specific protein profiles in hiPSC-derived
Marfan syndrome smooth muscle cells®* and titin-mutated hiPSC-CMs32. Still, combined
analysis of modified proteomics (for example phosphorylated proteomics) with proteomics
is rare. Here, the development of micro- and modified-proteomics will allow wide protein
dynamic ranges and high levels of identifications in low numbers of cells.* The advancement
of RNA-seq and proteome technology opens a new chapter in the study of the pathological
mechanisms, as displayed recently in hiPSC-CMs from hypoplastic left heart disease patients.>
At this point, we can only reinforce the importance of multi-omics analysis of hiPSC-based 3D
structures for the initial in vitro screening of pathological mechanisms. Clearly, by integrating
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multi-omics approaches, researchers could establish purely the computational blueprints for
development, differentiation, and drug response in hiPSC-CMs.

From in vivo to in vitro - from organ to organoid.

As discussed, hiPSC-CMs could bypass the limitation represented by the impossibility of
mechanistic studies on the pathogenesis and progression of cardiomyopathies in tissues from
living patients. Moreover, patient-specific hiPSC-CMs create the possibility of analyzing the
molecular mechanism of cardiomyopathies in an early stage, before the cardiac remodeling or
end-stage pathological levels are reached. Both 2D and 3D hiPSC-CMs have their advantages
and disadvantages as discussed below. Still, the best model is one that is fit for purpose; as
simple as possible, yet, as complex as necessary.

The 2D patient-derived hiPSC-CMs models we used in this thesis showed multiple significant
characteristics of the studied disease, including the metabolic disturbance (Chapter 8) and
upregulation of UPR (Chapter 9). On the contrary, 2D cell culture techniques have proven to
be ineffective for the prediction of cancer drug efficacy® or mimicking the contractile deficit
in titin patient-derived hiPSC-CMs. Instead, the titin mutant hiPSC-CMs in a 3D EHT model
showed the obvious insufficient contractile force of the patient-derived hiPSC-CMs.?? Both
examples have been attributed to the fact that cells grown in a 2D culture lack maturity,
complex structure, and multicellular organization instead of a 3D model. A recent study by
Biendarra-Tiegs et al. showed that atrial fibrillation can be modeled in day 60 old-hiPSC-CMs
cultured on a micropatterned linear chip, which enhances the conduction velocity compared
to the 2D planar culturing as this chip matched the conduction velocity measured in vivo
human hearts and ex vivo human atrial tissue slices.’® This example nicely illustrates that,
although the model is not a perfect copy of the human adult myocardium, specific traits can
be used for disease modeling and ultimately for novel therapeutic screening. However, finding
the right molecular phenotype to model the disease can be quite complex, especially when
patients with the same mutation manifest the disease phenotype with a diverse severity.
As described in Chapter 7, the variability in penetrance of the PLN-R14del cardiomyopathy,
including the diversity in disease onset, varies from young symptomatic patients and elderly
asymptomatic mutation carriers. Primary tissues from multiple human donors are problematic
as there is not enough ex vivo primary tissue from a single donor to accommodate testing
multiple concentrations of drugs and a single donor approach can not predict the outcome
for the complete patient population. 2D in vitro hiPSC-CMs can overcome the single donor
limitation as we can generate multiple hiPSC lines from genetic cardiopathy donors (Chapter
10).

Despite the discovered metabolic disturbance (Chapter 8) and upregulation of UPR (Chapter
9) by using 2D hiPSC-CMs, we developed micro 3D tissues, called spheroids (Chapter 11)
to study the morphology, PLN-R14del pathology and the cell-cell interactions (Chapter
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12). These cardiac spheroids were metabolically matured for several weeks. Here, we found
that the spheroids cultured for 2 and 3 weeks were efficient in predicting the disturbed
calcium handling in PLN-R14del hiPSC-CMs. Remarkably, however, 6-week-old spheroids
showed a non-viable morphology and decreased calcium function. These findings suggest
that the spheroids created with cells consisting of +80% hiPSC-CM, could represent a non-
physiological condition, rather than mimicking the cell types in the human myocardium.
Recently, several studies have investigated the role of a controlled combination of hiPSC-
CMs, cardiac fibroblasts, and cardiac endothelial cells, which showed enhanced maturation
and allowed high reproducibility across lines and differentiated cell batches of over a
thousand microtissues. Interestingly, these three-cellular microtissues generated from an
ACM patient, strikingly recapitulated features of the disease, indicating a multicell-type
cause of genetic cardiomyopathies.’” Moreover, in another study, apoptotic cells became
apparent in CM-only spheroids cultured for 8 weeks. Interestingly, spheroids generated from
all four cardiac-cell types, in the ratio of CMs, ECs, SMCs, and CFs (4:2:1:1) remained viable
throughout the culture period, by presumably following the distribution trends found in
human myocardium.?® Where cardiac spheroids are simple 3D structures typically consisting
of a cluster of cells, organoids are complex structures that aim to replicate the architecture
and function of specific organs or tissues.>* Human heart organoids have been created since
the mid-2010s, but only recently have significantly faithful models been achieved.***' The
delay, when compared to other organoid types, is due to the specific obstacles posed by
cardiac tissue. For example, nutrient distribution in organoids is a challenge, often resulting
in a necrotic core and thereby limiting the maximum organoid size. Vascularization*? or long-
term culture*® can promote the development and maturation of organoids, making them
larger and more functional. The generation of human heart organoids by the self-assembly
of hiPSCs could offer another possibility to mimic and culture human myocardium in vitro.
Cardiac organoids generated by a three-step Wnt signaling modulation strategy mimic
the age-matched human fetal cardiac tissues at the transcriptomic, structural, and cellular
level**, cardiac proliferation®®, and were able to model ischemic injury*. Subsequently, the
improvement of cardiac spheroids and organoids by the combination of multiple cell types
could improve physiological functions. However, this application on a very large scale, would
remain challenging and very costly culture-wise. Moreover, mimicking the localization and
interaction of the endocardial, myocardial, and epicardial layers in in vitro models would
allow studying, for example, ventricular arrhythmias and stress-induced hypertrophy.*48
Finally, the fusion of two subregional organoids, as shown with brain organoids*, could
be a promising technique. For example, constructing specificcchambered hCOs with both
ventricle-like and atrial-like structures or combining hCOs with vascular organoids®® may open
the field of “next-generation” organoid technology in the near future. At this point, cardiac
microtissues mimicking the 3D environment, yet remaining scalable and controllable®' offer
a great opportunity for 3D disease modeling in a high-throughput screening (HTS) platform.

356



General Discussion - hiPSC-CMs Disease Modelling and Future Perspectives

hiPSC-CMs for drug screenings, cardiotoxicity, and disease modeling

After the initial identification of the molecular mechanism by multi-omics and the subsequent
experiments for the gene/protein expression and localization, the complex discoveries need
to be studied in the automated screening of many individuals, and in well-controlled hiPSC-
CM models. These hiPSC lines could not only serve as a proxy for a clinical trial but also have no
limitation in the number of different “people” that could be used for screenings. In statistical
sample size estimation studies, a sample size of four different cell lines could show the drug
toxicity/sensitivity probability of the observations in 34%°?, whereas 22 individual lines,
roughly the number of individuals in the phase | clinical trial, would achieve a 90% probability
of predicting events that occur in 10% of the population. With 250 lines, the assay could
predict events in 1% of the population with a 90% probability.>® Moreover, a new successful
drug can take more than 10 years to form and be approved, with costs of approximately 2
billion for the whole process. This disappointing reality of promising preclinical findings failing
in 89% of the studies from animal models into effective therapies has raised serious concerns
within the scientific community.** The recent FDA Modernization Act 2.0 has opted a way for
alternative methods such as hiPSC to bolster the preclinical data pipeline, aiming to reduce the
dependence on animal models.>> The combination of bioengineered 3D techniques with hiPSC
currently represents our best hope for improving our preclinical-to-clinical trial pipeline for
new therapeutics. The costs of these hiPSC-derived microtissues are very low, resulting in the
cost for a screening of 22 lines with 5 drug concentrations and 5 replicates per condition to be
under 200 euros (+0.22 per spheroid®). This enables big pharma to reduce drug development
costs by enabling drug screenings that have a high probability of failing in clinical trials while
continuing the development of drugs that are safe for human administration. These phase
lI-like CTiDs could follow the same principles as the ones of a clinical trial, with similar donor
cohort design, scale, and confidence in the prediction. In Chapter 10, we demonstrated
that 8 hiPSC lines could be efficiently generated from 6 individuals carrying the PLN-R14del
mutation and 2 healthy family members. Moreover, the massive expansion and biobanking
described in Chapter 4, and the generation of 3D microtissues in a 96-well (Chapter 11) and
384-well format (Chapter 12) offer great potential for high-throughput (HT) disease modeling
and subsequent screening of therapeutic interventions.>® After the efficient development of
hiPSC-CM models from any cardiomyopathy and any patient, now more than ever, hiPSC-CMs
can be used as “clinical trials in a dish” (CTiD). Unfortunately, not many studies have used 4 or
more individuals’ hiPSC-CMs for the prediction of drug response, cardiac toxicity, or disease
modeling (Table 1).

In practice, the validation of hiPSC-CM-based cardiotoxicity as studies described a good
correlation between in vitro cardiotoxicity and the clinical incidence of cardiotoxicity. Contrary
to expectations, however, a recent study investigating the overlap between the drug response
to dofetilide and moxifloxacin in 16 hiPSC lines of both subjects and the corresponding
subject-derived hiPSC-CMs, failed to find a significant correlation.®* Therefore, to study
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cardiotoxicity maybe even more than 16 hiPSC lines need to be considered. The variability
appears to be less relevant for hiPSC-CM disease modeling and drug screening but still, studies
with more than one line should be considered. Overall, the recapitulation of the prediction
in hiPSC-CM models could be impeded by the baseline differences in the hiPSC cultures
(e.g., hiPSC line ancestry, HLA haplotype, differentiation efficiency, hiPSC-CM maturity level,
and epigenetics). Here, the individual genetic variation in ion channels, sarcomeric protein
expression, and drug response in healthy control hiPSC-CM supports the request for isogenic
controls or multiple hiPSC clones and the standardization and automatization of many patient-
derived hiPSC-CMs in our scientific community.

High-throughput drug screening of hiPSC-CMs models

As discussed, studies using more than 4 hiPSC lines for cardiac research in vitro are rare, yet
elaborating the molecular mechanism of complex CM features requires many more hiPSC
lines in future in vitro hiPSC-CM models. A predictive, quantitative, and reproducible high-
throughput screening (HTS) pipeline is required to design, mimic the clinical issues, and guide
the development of phenotypic-specific therapeutics. For phenotypic HTS fixed-endpoint
assays such as the identification and localization of proteins of interest can be used to evaluate
the static properties of cardiac cells. In this thesis, we observed significant increases in lipid
droplets due to metabolic disruption (Chapter 8), followed by the activation of XBP-1,
indicative of activated UPR (Chapter 9), and the increased fibroblast activation (Chapter
12) in hiPSC-CMs of patients with PLN-R14del mutation.These findings provided valuable
information about the cardiac pathophysiology and the molecular mechanism, such as the
ability to ameliorate the phenotype in hiPSC-CM models.

As previously described in this thesis, 2D models have proven to be less effective for the
prediction of drug efficacy and disease modeling. Here our published framework from
Chapter 4 (expanded hiPSC-CMs) and Chapter 11 (cardiac spheroids) in a 384 wells HTS
format could provide an improved hiPSC-CM model, for the initial screening of morphological,
cell death, gene, protein, and functional assessments. To screen complex physiological
phenomena such as CM function, a more complex analysis with optical Ca** or voltage sensors,
action potential, or force can be performed. Previously, the multi-/micro-electrode array (MEA)
system has provided a non-invasive user-friendly platform consisting of dot-like electrodes
measuring fluctuations in the extracellular field potential of a complete monolayer for detailed
electrophysiological analysis. Although both MEA and macro-tissue platforms have the
advantage of plug-and-play commercial read-out platforms, both have some throughput-
limiting disadvantages of expensive and high-cell number plate formats, analogous levels of
process-induced and batch-to-batch variations, as the CM-specific event could be obscured
by averaging the complete field of view of a culture well.

358



General Discussion - hiPSC-CMs Disease Modelling and Future Perspectives

Table 1. Overview of all studies using four or more hiPSC-lines for cardiac drug response, toxicity, and disease
modeling in vitro.

Study type  hiPSClines hiPSC-CMs Analysis Assesment Outcome ref.
(number) maturation
status
Drug Healthy ~50 days (EHTs)  Contractile Screening of Baseline 7
response subjects (10) parameters, 7 inotropic phenotypes of
RNA Nanostring  indicator healthy control
analysis compounds. cell lines differ
considerably,
drug responses
were qualitatively
similar.
Drug RyR2 (6) ~30-50 days Calcium Anti-arrhythmic Classification 8
response transients effect of accuracy of 65.6%
by machine dantrolene and sensitivities
learning after adrenaline (true positive
administration  rates) of 79.7% for
responders
Drug Healthy Qualitative 8 different class- Female iPSC-CMs  *°
response subjects (6) differences in es of pharmaco- more sensitive
action potentials logical reagents to dofetilide/
cisapride. Male
hiPSC-CMs less
sensitive to two
hERGs. Some
donor hiPSC-CMs
showed different
responses
to drugs
and external
stimulation.
Cardio- Healthy ~40 days MEA array (FPD), Risk of Significant 60
toxicity subjects RNA Microarray moxifloxacin-  correlation of FDP
(10) induced long  response to the
QT in patients  inter-individual
vs. hiPSC-CMs  differences
observed in vivo
Cardio- Healthy ~50 days MEA array (FPD), Risk prediction Strong correlation ©'
toxicity subjects (14) patch-clamp in hiPSC-CMs ~ of FDP response
analysis, RNAseq from patients  to the inter-
with low (7) individual
or high (7) differences
sensitivities to  observed in vivo
Sotalol-induced
long QT
Cardio- Healthy ~30 days APD recordings  Risk of No significant 62
toxicity subjects (16) (CellOPTIQ) dofetilide or correlation
moxifloxacin-  between the in
induced long  vitro hiPSC-CM
QT in patients  and the clinical
vs. hiPSC-CMs.  response of the

same subject
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Study type  hiPSClines hiPSC-CMs Analysis Assesment Outcome ref.
(number) maturation
status
Cardio- Healthy ~40 days Kinetic ‘Cardiac safety  Good correlation
toxicity subjects (11) high-content index’screen of between
contractility 21 chemother- the invitro
analysis apeutic kinase  cardiotoxicity
inhibitors and the clinical
incidence of
cardiotoxicity
Cardio- Healthy ~40 days Ca* flux assay,  Feasibility of hiPSC-CMs o4
toxicity subjects (27) cytotoxicity, hiPSC-CMs as  can be used to
TempO-Seq, population- characterize
mitochondrial ~ basedinvitro  inter-individual
high content cell model for responses in
imaging inter-individual untreated and
variability chemical-treated
hiPSC-CMs
Cardio- homozygous 48 days 1536-well Screening of hiPSC-CMs =
toxicity HLA donors (13) plate dead cell 2,375 clinically  screening
screening, MEA  approved confirms known
array, TUNEL compounds for cardiotoxic
cardiotoxicity =~ compounds,
and identifies
several unknown
cardiotoxic
compounds.
Disease RYR2 (6) TPM1  ~30-50 days Calcium Analysis of Efficient 66
modelling (2) MYBPC3 transients 12 variables classification
(2), KCNQ1(2), by machine in calcium accuracy of 87%
HERG (4) LMNA learning peaks for the between the
(2) and Healthy separation disease group
subjects (2) of disease vs and controls.
control
Disease DMD (4) ~20 days LC-MS, patch Study if DMD DMD hiPSC-CMs  ¢7
modelling clamp, EM, hiPSC-CM are  recapitulated
confocal associated some disease
microscopy with metabolic phenotypes,
deficits metoprolol
improved
myofilament
organization
Disease TNNT2 (4) 20-50 days Sarcomere Analyze Impairment in 68
modelling distribution, functional myofilament
MEA, patch properties, regulation, Ca**
clamp, calcium,  describe the handling, and
contractility potential force production
analysis underlying of individual
etiology, and CMs, explain
test metoprolol DCM clinical
phenotype
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Study type  hiPSClines hiPSC-CMs Analysis Assesment Outcome ref.
(number) maturation
status
Disease MYH?7 (5) 20-60 days Optical Ca* Elucidate MYH7 hiPSC- 9
modelling Proband (5) imaging, MEA,  mechanisms CMs recapitulate
patch clamp, underlying HCM HCM phenotype.
confocal and test phar-  Screening of 13
microscopy, macological drugs revealed
single-cell gPCR  restoration Ca2+/Na2+
blocking drugs

most efficient to
restore beating
frequency.
Verapamil
prevented
hypertrophy.

Disease Healthy 30 days Overall Variability of Even the same 0
modelling subjects (6) distribution of  arrhythmias cell line and
action potential per cell line, per differentiation
differentiation  protocol reveals
protocol and variability,
batch indicating
importance
in modeling
arrhythmias in
hiPSC-CM:s.

Kinetic image cytometry (KIC) can analyze any individual cells within a full field of view, thereby
increasing the identification of heterogeneous proarrhythmic events in each CM, such as early
afterdepolarizations. Here, a study by McKeithan et al. proved that hiPSC-CMs from patients
with LQTS type 3, facilitated the rapid medicinal chemical refinement of analogs of the drug
mexiletine to improve the therapeutic potential and reduce the undesired proarrhythmic
activity of this drug.”' Thus, the optical modalities with Ca** sensors for recording intracellular
Ca*" concentration used in this study hold a great opportunity for high-throughput (HT)
physiological recording. The 3D HT model we described in Chapter 12 has proven to be
sufficient for the translation of in vivo clinical data to in vitro to elucidate the full molecular
mechanism of the PLN-R14del mutation. Additionally, to the best of our knowledge, we
showed for the first time, the kinetic analysis of cardiac pathophysiology by the functional
assessment of Ca*in an HT 3D spheroid model. Our data compare similarly to alternative
cardiac spheroids studies, which used imaging and cellular viability endpoints.”>7* We
observed, similarly to the study from McKeithan, that our 3D cardiac spheroids recapitulated
decreased Ca* handling, as predicted to be disturbed in the PLN-R14del mutation (Chapter 7).

As we initiated in Chapter 12, the implementation of more complex 3D in vitro models in
HT platforms would be the most suitable for screening disease manifestations with cell-
autonomous mechanisms, such as cardiomyopathies with morphological, electrophysiological,
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metabolic, and contractile pathogenesis. Here, an integrated screening approach that
combines the HT analysis with first a physiological function screening, whereafter the same
cells are subsequently followed by a secondary screening for the protein/gene expression
that is affected by the disease would be optimal. However, to fulfill this promise, it must be
understood that HTS platforms require more than the simple linear extension of a single
cell line approach by adding additional cell lines. Thus, future HTS research should focus on
a standardized approach for all the different aspects before the screening, as almost every
study now uses only a few hiPSC lines, variable differentiation protocols (Chapter 2, Figure
3), and different maturation stages of hiPSC-CMs (Table 1). Moreover, without the proper
maturation of hiPSC-CMs, there is a potential risk of uncovering biology relevant to a fetal
rather than an adult disease manifestation.

Taken together, the HTS of hiPSC-CM models is more complicated than the present in vitro
testing approaches, and optimization is, in many ways a study itself, demanding its unique
protocols, robotics, standardization, and automated data analysis. Given the above, it can
be assumed that hiPSC-CM models could eventually be included in regulatory documents as
the first CTiD screen before drug evaluation in patients. Next, the combination of the clinical
findings with the CTiD data with machine learning algorithms could help the clinical choices
of care by cardiologists. Moreover, eventually, the HTS platform holds the promise of reducing
the need for in vivo studies, although the secondary effects in pharmacodynamic, tissue
interaction, and metabolite activity remain challenging to study in in vitro.

Studying PLN-R14del hiPSC-CMs reveals multiple pathological mechanisms

The PLN-R14del mutation causes ventricular arrhythmias, decreased contractility, protein
aggregation/toxicity, mitochondrial dysfunction, fibrosis, and inflammation. However,
identifying the primary effect leading to this phenotype is crucial to determining ‘at-risk’
patients, which is important for disease prediction and prevention.

We were, to our knowledge, the first to report the altered Ca?* transient parameters in
PLN-R14del spheroids, corresponding to the decreased cardiac function (Chapter 12). The
SERCA2a/PLN complex plays a pivotal role in mediating intracellular calcium homeostasis
and aberrant calcium handling by the decreased SERCA2a activity is a consistent finding in
heart failure. As described in Chapter 7, data converging to argue for PLN p.Argl4del may
cause the ‘super-inhibition” of SERCA2a, due to increased PLN-R14del/SERCA2a binding.”
The decreased activity of SERCA2a by PLN-R14del is expected to cause prolonged calcium
reuptake by SERCA2a, therefore increasing the decay time. However, calcium analysis data
from others (Figure 2A)’® and our calcium data (Figure 2B, Chapter 12) displayed a very
similar pattern of decreased decay time in hiPSC-CMs. These observations raised the question
of “which alternative mechanisms could connect PLN-R14del defects in Ca?* handling with

low-force development?”
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Figure 2. Intracellular calcium cycling in PLN-R14del hiPSC-CMs compared to control. (A) Calcium transient
and corresponding decay time modified from the study by Badone et al.”® (B) Calcium transient and corresponding
decay time modified from Chapter 12.

SERCA2a function is modulated by the binding of PLN. Over the last decade, more PLN-
binding partners have been described, including HAX-1 and GM, the anchoring subunit
of protein phosphatase 1 (PP1), as well as AKAP the anchoring subunit of protein kinase A
(PKA), allowing the fine-tuning of the PLN binding/phosphorylation status and thus, SERCA
activity.”” PP1 dephosphorylates PLN, causing PLN to inhibit SERCA2a’s Ca?* pumping. Upon
-adrenergic stimulation, PKA activity increases, whereby PKA phosphorylates PLN, relieving
SERCA2a inhibition and enhancing SR Ca** transport as well as cardiac relaxation.”® The 3-AR
mediated phosphorylation of PLN has been shown to occur mainly through the effects of
PKA at serine 16, illustrating the importance of this mechanism for beta-adrenergic-induced
cardiac relaxation.”® Importantly, multiple studies described that the deletion of arginine
14 in the PLN-R14del disease, disrupts its R-R-X-S motif.2%8! This protein motif is required for
the phosphorylation by PKA, on only two amino acids higher, serine 16. The missense of
arginine 14 could be associated with conformational changes in PLNs coil domain, which is
believed to provide flexibility associated with PLN phosphorylation and impaired SERCA2a
regulation.””# If the PKA-Ser16 phosphorylation is hampered, the release of PLN from SERCA2a
could be delayed. Together, we can hypothesize that the reduced PLN phosphorylation by
PKA-Ser16, could result in impaired SERCA2a activation, thereby reducing the SR Ca*  transport
(Figure 3). Previously, it was described that even if the PLNR14del can be phosphorylated
by PKA, it will not reverse the inhibition of SERCA activity, leading to the super-inhibition of
SERCA2a.8 Although SERCA2a super-inhibition by very strong PLN binding in the basal state
has been described to be a suitable explanation for the clinical phenotype in PLN-R14del
patients, after our observations, this hypothesis makes it difficult to agree with completely.
The observed decreased decay time and contractile incompetence in mice and multiple
human cardiomyocyte studies provide evidence of the delayed release of PLN-R14del from
SERCA2a due to disturbed phosphorylation.”s8485 Thus, our observation of decreased calcium
parameters (such as amplitude and decay time) and decreased PLN and SERCA2a expression in
PLN-R14del spheroids confirmed the decreased SERCA2a activity upon PKA phosphorylation
in PLN-R14del CMs (Chapter 12). In failing hearts, increased PP1 activity, coupled with
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decreased cAMP-pathway signaling, contributes to a decreased cardiac function. The effect of
the R14del on the dephosphorylation of PLN by PP1, remains still, unknown. Interestingly, we
demonstrated that the AAV-mediated activation of inhibitor-1 (I-1c), an endogenous inhibitor
of PP1, restored the PLN-R14del calcium handling abnormalities (Chapter 12).
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Figure 3. Overview of the calcium handling in healthy cardiomyocytes vs the suggested disturbed calcium
handling in PLN-R14del cardiomyocytes. (A) Calcium regulation in healthy controls. A1) The Ca** transient
begins when membrane depolarization opens L-type Ca?* channels (LTCC). A2) The Ca?* influx leads to a sharp
rise in Ca?* within the dyadic space, triggering the opening of ryanodine receptors (RyRs) and the release of Ca*
from the sarcoplasmic reticulum (SR). A3) Ca** then binds to the myofilaments, triggering myocyte contraction.
A4) The Ca** transient is terminated as RyRs close and Ca?* is removed from the cytosol by the Sarco/endoplasmic
reticulum Ca?* ATPase 2a (SERCA2a). A5) Relaxation is mediated mainly by PKA phosphorylation of PLN and thereby
the dissociation from SERCA2a, increasing the rate of calcium reuptake into the SR. (B) Suggested disturbed
calcium handling in PLN-R14del cardiomyocytes. B4) Impaired phosphorylation of PLN by PKA results in increased
cytosolic calcium leading to reduced contractility, UPR activation, mitochondrial dysfunction, and fibroblast
activation. (C) Ca* transient time course in cardiac spheroids of isogenic control (blue) and derived from a PLN-
R14del patient hiPSC-CMs (red). Numbers around the peak height correspond to the calcium handling regulation
order described in 3A and 3B. Created with BioRender.com.

If SERCA2a does not function as well in removing Ca* from the sarcoplasm, this could lead
to two consequences: 1) there is an increase in resting sarcoplasmic Ca% that contributes
to reduced relaxation and diastolic dysfunction; and 2) there is less Ca** released from the
sarcoplasmic reticulum during contraction, which means that the force of contraction is
reduced. The decreased contractile function has been described in patients®, mice®, and
hiPSC-CMs8* harboring the PLN-R14del mutation. In Chapter 9, we also observed a 50% force
reduction in EHTs from PLN-R14del hiPSC-CMs. The rapid change in free Ca®* levels in the
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cytoplasm is essential for the proper initiation of muscle contraction and relaxation. Therefore,
the chronic accumulation of Ca?* in the cytosol due to the reduced SERCA2a activation can
affect the contractile function in PLN-R14del. Additionally, upon high cytosolic Ca*" levels,
the protein folding capacity of the endoplasmic reticulum (ER) is reduced, which leads to
the accumulation and aggregation of unfolded proteins, resulting in ER stress. As a result,
this ER stress leads to the activation of three ER-resident transmembrane proteins of the
unfolded protein response (UPR). The UPR can greatly impact the folding capacity and can
eventually induce ER stress-mediated apoptosis. In the myocardium of PLN-R14del patients,
we observed the aggregation of PLN proteins, similarly, we observed the increased presence
of UPR regulators in both PLN-R14del hearts and the metabolically matured hiPSC-CMs
(Chapter 9). So, the observed ER stress by the Ca* imbalance could be described as another
pathological result of the PLN-R14del.

Moreover, mitochondria regulate Ca* dynamic oscillation due to their high Ca*-buffering
capacity.®® Mitochondrial Ca*" overload in the PLN-R14del CMs could therefore, increase
mitochondrial Ca?* uptake, which in turn leads to altered metabolism and increased
production of ROS.#* In Chapter 8, we studied the decline of fatty acid oxidation (FAO)
metabolism transcription in both PLN-R14del hearts and hiPSC-CMs. Here, we found, for the
first time, that PLN-R14del hiPSC-CMs displayed a lower FAO profile than the controls at both
mRNA and functional levels. Additionally, we observed many PLN-R14del hiPSC-CMs filled
with large lipid droplets, indicating the profoundly impaired lipid utilization metabolism.
Recently, De Bortoli et al. revealed similar a lower overall density of sodium current and
a higher intracellular lipid accumulation in ACM patient-derived hiPSC-CMs compared to
asymptomatic hiPSC-CMs.*® Therefore, it is tempting to speculate that the Ca* overload in
PLN-R14del CMs could induce mitochondrial dysfunction, which could lead to a reduction
in the FAO metabolism. However, the precise pathophysiological effect of the overload on
mitochondrial Ca** transport machinery needs further exploration.

Lastly, cardiac fibrosis has been found in histological examination of heart tissues from PLN-
R14del patients with end-stage disease.?*? Interestingly, a specific predominance of fibrosis
in the inferolateral wall of the left ventricle in PLN-R14del carriers was observed, together
with a preserved LV systolic function.®® This finding could suggest that cardiac fibrosis is an
early feature of PLN-R14del cardiomyopathy before LV function decreases. In fact, recent data
show that total collagen turnover correlates weakly to moderately with clinical parameters
in PLN-R14del patients.”* In Chapter 12, we described for the first time, the upregulation
of multiple markers known for myofibroblast activation in an in vitro PLN-R14del model by
single-cell sequencing. Interestingly, we found that the cardiac spheroids massively increased
in size over time, together with the loss of calcium-handling activity. Moreover, in Chapter
12, we combined hiPSC-derived cardiac fibroblasts and CMs in various ratios and observed
the increase of PLN-R14del spheroid size when combining 50% or more hiPSC-CMs in the
spheroids. This preliminary experiment suggests that the increase in size is caused by the PLN-
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R14del CMs, rather than the initial amount of cardiac fibroblasts in the spheroids. Recently,
cardiac spheroids treated with ISO/hypoxia/TGFf1 to induce cardiac injury revealed the
downregulation of several calcium handling, ion channels, fatty acid metabolism-related
genes, and the upregulation of ECM and fibroblast activation genes.> Nonetheless, the exact
pathophysiological mechanism and trigger behind the fibroblast activation in PLN-R14del
cardiomyopathy remains to be investigated.

The chicken or the egg? What is the first trigger of the PLN-R14del phenotype?

In patients, the first described subclinical PLN-R14del disease alteration before the onset of
heart failure symptoms is the post-systolic shortening in the left ventricular apex, which is
detected by echocardiographic deformation imaging.®® Accordingly, it was hypothesized
by these authors that the dysregulation of intracellular calcium handling in PLN-R14del
mutation carriers could lead to altered myocardial mechanical behavior observed in these

pre-symptomatic mutation carriers.”

In this thesis, we used hiPSC-CMs and described the impaired SERCA2a activation, reduced
contractile force, the activation of ER stress, fibroblast activation, and the reduced FAO
metabolism in the PLN-R14del disease. However, one big question remains; What is the
first trigger of the PLN-R14del phenotype? Meaning; Which came first, the chicken or the egg?
Understanding the underlying pathophysiology of the PLN-R14del disease would improve
insights into a patient's disease course and would create the opportunity for conceiving
treatment strategies. After so many intense years of studying the PLN-R14del phenotype in
vitro, the onset of the observed PLN-R14del hiPSC-CMs phenotypes described in this thesis
differs. First, on day 30 (spheroids week 1), impaired calcium handling is observed (Chapter
12). Next, on day 42 post differentiation, we described the reduced contractility and UPR
activation (Chapter 9). The fibroblast activation seems to occur after 2 weeks of spheroids
culturing, also around differentiation day 42 (Chapter 12). Later, between days 60 and 180,
lipid droplet accumulation in hiPSC-CMs is observed (Chapter 8). However, both contractility
and the metabolic phenotype have been described in earlier 2D and 3D models (day ~30).34
Together, in this thesis we successfully recapitulate the diverse phenotype, highlighting the
utility of hiPSC-CMs in modeling more complex cardiac diseases.

Overall, a reduced SERCA2a activity has been described to increase cytosolic Ca?* levels,
resulting in mitochondrial and ER stress, ventricular arrhythmias, reduced contractility, and
eventually heart failure.*3*° After combining all our data described in this thesis, we would like
to propose the following onset of the PLN-R14del phenotype hypothesis (Figure 4).

1) First, The mutation of arginine 14 causes a conformation change, resulting in the reduced
PLN phosphorylation by PKA-Ser16 and thereby delayed release of PLN from SERCA2a, 2) The
impaired SERCA2a activation, reduces the SR Ca?* transport, leading to Ca?*overload.
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Figure 4. Overview of the potential pathological mechanisms leading to PLN-R14del induced heart failure.
Right panels display the initial molecular mechanisms and the effect of the PLN-R14del on the PLN conformation
leading to a reduced SERCA activity, increased cytosolic calcium, increased mitochondrial damage and glycolysis,
and misfolded PLN-R14del leading to increased UPR and protein aggregation. Left panels describe the secondary
effect of the mutation, with cardiomyocyte dysfunction and fibrosis, leading to an ACM and/or DCM phenotype in the
PLN-R14del patient. Abbreviations: TCA; The tricarboxylic acid cycle, FAO; Fatty acid oxidation pathway, PKA; protein
kinase A. ACM; Arrhythmogenic cardiomyopathy, DCM; Dilated cardiomyopathy. Created with BioRender.com.

3) The Ca* overload may increase the Ca?*in different structures (e.g. SR, cytoplasm, and
mitochondria) to an excessive level, which induces electrical and mechanical abnormalities
such as arrhythmias and a decrease in the force of contraction. 4) Additionally, toxic levels
of Ca? in the ER can severely impact folding capacity. The toxic increase of mitochondrial
Ca?* leads to altered metabolism and increased production of ROS, triggering cell death.
Intracellular Ca** activates the calcineurin/NFAT, ERK1/2, ROS/RhoA, and sFRP2 pathways to
promote profibrotic gene expression.'® For the last 3 pathologic observations, however,
it remains unknown which pathway fails first, triggering the others to fail as well, or
if all events happen at the same time. For example, high UPR activation in the CM could
cause mitochondrial UPR activation and trigger mitochondrial damage, or the increased
mitochondrial Ca** concentration triggers mitochondrial damage, thereby activating the UPR.
Additionally, the activation of profibrotic pathways could also be caused by cardiomyocyte
apoptosis, rather than elevated intracellular Ca?* levels. Finally, since the PLN-R14del
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disease leads to multiple pathological phenotypes, gaining a better understanding of the
Ca?* signaling function, and how the delayed SERCA2a activation influences contractility,
mitochondrial damage, UPR activation, and fibrosis, is an important challenge. As proposed
in Chapter 12, multi-omics approaches such as RNA sequencing and proteomics with
spheroids from different culture ages could identify the spatiotemporal processes to identify
mechanistic insights in the ‘first to fail’ mechanism of the PLN-R14del cardiomyopathy. These
outcomes will provide new insights into finding a therapeutic target that could delay or even
better, prevent the disruption of phosphorylation-mediated calcium cycling abnormality in
the PLN-R14del-associated cardiomyopathy.

Towards the future - Therapeutic interventions for genetic cardiomyopathies

Detailed signaling pathways that promote cardiac pathology have been unraveled, and we
continue to discover important molecular targets that have important roles in the pathologic
pathway regulation of cardiomyopathies. Many therapeutic interventions have been tested
in both animal models and hiPSC-CMs to cure PLN-R14del cardiomyopathy. For example,
two promising drugs targeting myosin (the sarcomeric motor protein); activator Omecamtiv
Merabil (FDA approved) and inhibitor Mavacamptem (Clinincal Trial 1ll) have been tested
in humanized PLN-R14del mice. Myosin activation by Omecamtiv Merabil could improve
contractile dysfunction in RV myocytes, while the myosin inhibitor Mavacamptem had no
effects.””” Since Omecamtiv Merabil did not improve Ca* handling parameters and the
continuous activation of resting myosin ATPase, could limit its clinical benefits in the current
treatment options for the PLN-R14del cardiomyopathy. Another therapeutic intervention, the
antifibrotic agent Epelerone, did not improve the contractile dysfunction or reduce disease
progression in both PLN-R14del mice nor in a clinical trial with 42 presymptomatic PLN-R14del
carriers.?1%2 Taken together, unfortunately, targeting the contractile dysfunction or fibrosis
did not improve the PLN-R14del phenotype.

As previously described in this thesis, we explored the potential therapeutic strategies for
activating the FAO metabolism (Chapter 8), modulating the UPR pathway (Chapter 9), and
SERCA activity (Chapter 12) for curing the PLN-R14del cardiomyopathy. In Chapter 8, we
showed for the first time, the potential of bezafibrate in re-activating mitochondrial FAO and
improving Ca?* transients, suggesting future therapeutic strategies for PLN-R14del patients by
targeting FAO regulators (i.e. PPARA). In Chapter 9, we used a compound called BiX (binding
immunoglobulin protein) inducer X), to modulate the UPR activation in PLN-R14del hiPSC-CMs.
BiX showed a dose-dependent amelioration of the contractility deficit in both 2-dimensional
cultures and 3-dimensional models without affecting the calcium homeostasis. However, the
detrimental effect at high doses limits the application of BiX as a therapeutic strategy because
it may activate the ER stress pathway, inducing apoptosis. In a recent study by Ouwerkerk et
al., genomic, transcriptomic, proteomic, and clinical data from 1738 patients with heart failure
identified pathways related to the progression of heart failure and early mortality.”” ERBB
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receptors and their downstream effects on the PI3K and MAPK pathways were identified as the
strongest pathways for cardioprotective effects. Interestingly, Neuregulin, an ERBB receptor
ligand, is currently in the early phase of clinical development in patients with HFrEF.'** Both
metabolic and cell stress interventions are important for the modulation of downstream
pathways that are affected by the PLN-R14del mutation.

As PLNs main function is the regulation of calcium by the modulation of SERCA, multiple
therapeutic strategies have been tested to modulate calcium handling. The CaMKll inhibitor
KN93 reversed the proarrhythmic phenotype in myocytes of PLN-R14del mice, consequently
suggesting its anti-arrhythmic application and especially potentially preventing SCD.'® On
the contrary, Metoprolol (B-blocker) significantly decreased the heart rate and showed no
increase in the survival rate of PLN-R14del mice.®”” Given the molecular effects of B-blocker are
not based on a modulation of CaMKII, it seems the community is open and motivated for new
pharmacologic drugs for CaMKIl inhibition. Ca**-binding proteins GCaMP6f and parvalbumin
mainly reduced the UPR expression and led to dynamic alterations within the ER-mitochondrial
compartment.?* Interestingly, GCaPM6f was associated with significantly improved force
development in PLN-R14del EHTs, but not parvalbumin. Recently, in homozygous PLN-R14del
mice, reduced calcium handling, PLN aggregation, and fibrosis were all observed within 5
weeks of age. The overexpression of Dwarf open reading frame (DWORF) counteracts the
PLN regulatory calcium handling function in the sarco/endoplasmic reticulum (S/ER) and
reveals delayed PLN aggregates and prolonged the life span in PLN-R14del Cardiomyopathy
Mice.®> Both therapeutic strategies targeting Ca*-binding and regulation revealed mainly
the cardioprotective effect in ER/UPR alternations, rather than a direct effect on improved
calcium regulation or contractility. If the PLN-R14del results in enhanced calcium reuptake,
rather than the previously described super-inhibition, increasing calcium S/ER reuptake could
be ineffective in PLN-R14del cardiomyopathy and need to be further evaluated before more
therapeutic testing.

Therapeutic therapies targeting intracellular gene expression hold great promise for
the modification of deranged intracellular signaling that is often difficult to target in
cardiomyopathies with traditional drug therapies. For genetic cardiomyopathies, we have
the opportunity to target or restore the genetic abnormality affected by the genetic mutation,
rather than improving only the affected downstream pathways. Therapeutic genes can be
delivered either by using genetic material or by non-viral or viral carriers containing the DNA
or RNA of interest. Viral vector transgene delivery vehicles such as lentiviruses, adenoviruses,
and adeno-associated viruses (AAV), are more efficient than naked or non-viral vector delivery
in crossing the cardiomyocyte membrane. AAVs contain single-stranded DNA, producing
long-term expression, with a low immune response. All of the viral vectors provide safe
gene delivery but their gene-transduction efficacy in the human heart remains suboptimal.
To overcome this limitation, AAVs have the possibility to design tissue tropism from 13
serotypes and the ability to transduce both dividing and non-dividing cells, making this viral
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approach the most interesting for the human heart. One phase llb trial (CUPID2) explored
the upregulation of SERCA2a, for the treatment of heart failure. Here, no safety issues or
adverse effects were observed, but unfortunately, the delivery of SERCA2a by AAV1 did not
improve symptoms of heart failure in patients '°, possibly due to the low intravenous AAV
dosage. Other therapeutic strategies targeting SERCA activity, such as istraoxime and PST3093,
have been tested to alleviate the PLN-R14del phenotype. Although Istraoxime in zebrafish
ameliorates the in vivo Ca** dysregulation and improves cardiac relaxation'”’, PST3093 was not
effective in PLN-R14del hiPSC-CMs’¢ and mice'® but affected Ca** dynamics parameters in the
isogenic hiPSC-CMs. These therapeutic outcomes argue against SERCA2a super-inhibition as
a mechanism of PLN-R14del.

In an in vitro study, hiPSC-CMs harboring the PLN-R14del disease were treated with a
combinatorial gene therapy approach by the overexpression of a miRNA-resistant PLN in an
AAV6 vector to achieve the PLN gene correction. Interestingly, AAV6-mediated overexpression
of PLN reduced the frequency of arrhythmogenic episodes when compared with non-infected
cells.'® However, the hypertrophy markers, ANF, and BNP were significantly increased after AAV6
infection, suggesting a general stress response of AAV vectors in CM homeostasis. Therefore, the
transgene expression of different serotypes could be used to improve the targeting of the organ
of interest and thereby reduce the off-target effect and immune response. Interestingly, instead
of AAV1 or AAV6, AAV9 has now become the method of choice for introducing genetic material
into the heart, due to its ability to effectively transduce adult rodent hearts'® and hiPSC-CMs™.
Recently, capsid re-engineering of adeno-associated vectors to a hybrid AAV2/8 and AAV2/9
virus has been reported to have up to 5-100 fold higher efficiency for transgene delivery as
compared to AAV2 serotypes and are proven safe in rodent cardiomyocytes.">* Overall, the
advanced AAV technology using suitable serotypes and hybrids, enables the generation of safe,
effective viral delivery for any gene of interest. However, cardiac-specific delivery of therapeutic
materials in vivo remains challenging, due to the invasive high systemic doses that potentially
could lead to cardiomyocyte toxicity and systemic inflammation. For example, recently a young
man with Duchenne Muscular Dystrophy died just days after receiving AAV9 due to an innate
immune reaction that caused multi-organ failure including his heart, attributed to the high
dose of the gene therapy."*Here, extracellular vesicles hold immense potential for the delivery
of therapeutic agents, as this carrier is stable, biocompatible, and therefore non-mutagenic,
less immunogenic, and non-cytotoxic."® Moreover, lessons from the improved transfection
efficiency in expanding hiPSC-CM (Chapter 5) could help to identify factors that regulate cardiac
uptake of therapeutic materials in adult CMs. Likely, the molecular insights of this promising
pro-proliferative factor CHIR99021 (CHIR) contribute to not only optimizing the generation of
hiPSC-CM but also potential transfection, and transduction, which is essential to overcoming
the current delivery inefficiency. Unfortunately, we showed that the in vivo administration of
CHIR during late gestation resulted in a 1.8-fold increase in mitotic CMs, while we observed a
progressive decline in the proliferative capacity of postnatal mouse cardiomyocytes (Chapter

370



General Discussion - hiPSC-CMs Disease Modelling and Future Perspectives

3). This finding indicates that GSK-3(3 inhibition alone is not sufficient to stimulate cardiac
proliferation in the postnatal and adult phases.

Previously, the administration of a constitutively active inhibitor-1 (I-1c) delivered by the
cardiotropic AAV2/8 (BNP116) virus in ischaemic heart failure pigs improved cardiac function
(LV EF +5.7%)."” I-1 decreases protein phosphatase 1 (PP1) activity, thereby upstream regulating
the SERCA2a/phospholamban complex, and is also closely linked to the $-adrenoceptor
system. Upon activation of I-1c, PP-1 is suppressed, thereby increasing SERCA2a activity and
phospholamban phosphorylation and enhancing basal cardiac function."® In heart failure
patients, PP-1 levels are increased, resulting in a decreased PLN phosphorylation.”® Decreased
PLN phosphorylation promotes binding to SERCA2a, leading to decreased SERCA2a activity.'®
The reduced SERCA?2a activity is associated with a defect in cardiomyocyte Ca?* cycling and
impaired cardiac contractility.”” As described in this discussion (Chapter 13), the PLN-R14del
mutation causes a reduced sensitivity of Ser16 phosphorylation by PKA, causing the loss of
SERCA2a activation. Thus, we hypothesized that PLN-R14del will be amenable to treatment
by AAV-mediated overexpression of I-1c, by alleviating the detrimental effects of SERCA2a
regulation through specific modulation of the PLN-coupled PP1 activity. In Chapter 12, we
aimed to test this hypothesis, by first modeling the cellular phenotype of the PLN-R14del
disease in 3D spheroids grown in 384-wells for 3 weeks. After 2-3 weeks, PLN-R14del spheroids
recapitulated the cellular phenotype associated with the clinical features of the disease,
including abnormal structure, decreased calcium handling activity, increased fibrosis, and
decreased cardiac gene expression. Next, we treated the spheroids with a single addition
of the AAV-based I-1c gene therapy for 1 week and used kinetic high-throughput screening
analysis of intracellular calcium handling activity. AAV-mediated I-1c gene augmentation
therapy restored normal calcium handling function, increased cardiac gene expression, and
reduced the fibroblast activation in patient-derived and genome-edited PLN-R14del hiPSC
lines. To the best of our knowledge, we showed in Chapter 12 the first proof of concept
that the I-1c AAV2/8-based gene therapy has the potential to be used for the treatment of
genetic cardiomyopathy modeled in hiPSC-CMs. Although the partial restoration of the
calcium function and structure may be enough to preserve cardiac function in patients
with PLN-R14del cardiomyopathy, the therapeutic targeting of the PLN-gene itself could
hold even better promise for the genetic modification of the PLN-R14del disease. As
previously described, the AAV6-mediated overexpression of PLN reduced the frequency of
arrhythmogenic episodes in a PLN-R14del patient.'”” The combination of AAV2/8, AAV9, or
AAV2/9 with the overexpression of PLN could offer the perfect strategy for efficient delivery
and optimal restoration of the PLN-R14del phenotype.

In the far future, gene editing approaches such as CRISPR-CAS or prime editing will allow the
editing of the specific gene causing the pathologic mutation'?, although the limitations of
the off-target effects, delivery, and immunogenic toxicity need to be overcome. Therefore,
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until safe gene-editing therapies are developed, preimplantation genetic diagnosis (IVF) for
the disease-causing variant could be considered, although this decision causes a significant
emotional burden.'?

Can we use hiPSC-CMs to find a cure for genetic cardiomyopathies?

hiPSCs represent individual donor genetics and with the recent hiPSC reprogramming
technology, creating many patient-derived hiPSC lines is now feasible. Subsequently, we
speculate on the potential broader future implications of hiPSC-CM models and this chapter
will conclude with an attempt to answer the central question of this thesis: “Can we use
hiPSC-CMs to find a cure for genetic cardiomyopathies?” Here, the motivation towards realizing
the hiPSC-CMs full potential of precision medicine is two-fold: first, to study and elucidate
the molecular mechanisms caused by a pathological variant; and second, to screen for new
therapeutic strategies for these cardiac pathologies.

The prediction of the individual phenotype of hiPSC-CM could make it possible to focus on
preventive actions and avoid the disease burden from those without any signs of disease at
the heart failure level. Interestingly, in this thesis, we observed that individual cardiomyocytes
can develop different degrees of lipid droplet accumulation (Chapter 8) or UPR activation
and PLN aggregates (Chapter 9). A potential hypothesis for this phenotypic mosaic pattern
in some of the PLN-R14del cardiomyocytes could be the allelic imbalance. In heterozygous
patients with mutations that alter protein function and biomechanical properties of a cell,
the imbalanced allelic expression may cause functional heterogeneity from cell to cell, which
could exacerbate disease phenotype. Previously the allelicimbalance has been demonstrated
in both DCM™* and HCM hearts'* which could be linked to the genetic or epigenetic risk for
disease and the biological traits of an individual cell.'”*'*” An improved understanding of the
influence of both environmental and genetic modifiers should ultimately be studied in the
future to understand the causal genetic variation in each cardiomyocyte and patient. These
findings will contribute to the longevity of CMs despite the imbalance transcription of the PLN-
R14del mutation and could predict and prevent the onset of the disease in each individual.

In this thesis, we showed that multi-omics analysis of metabolically matured hiPSC-CMs could
be considered the first fingerprinting for the pathological features of the disease (Chapter
8, Chapter 9). In the human body, cells do not function in mono-lineage isolation. Thus, the
understanding of disease may require multi-cellular, integrated platforms, which exhibit distinct
advantages over mono-lineage analyses. Microtissues such as organoids or spheroids could be
used, allowing the study of hundreds of 3D conditions with relatively low amounts of cells and
costs. Cardiac spheroids offer great potential for the biobanking and personalized screening
of all therapeutic strategies for personalized disease modeling in cardiomyopathy patients
(Chapter 11, Chapter 12). Automated kinetic analysis of individual cells and 3D constructs offers
the opportunity for high-throughput screenings of many individuals’ hiPSC-CMs. As previously
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described, the hiPSC-CM offers a robust and reproducible platform “clinical trials in a dish” (CTiD)
with a future reality of commercialization by revolutionizing our thinking about the applications
of HTS in the field of drug discovery across the pharmaceutical industry. The implementation of
hiPSC-CMs allows the testing of therapeutic targets and hit compounds during the early stages
of drug discovery and chemical optimization. Still, any of these deviations could potentially raise
differences between lines' subsequent responses and could be an artifact of variation during
the screening, rather than a reflection of the underlying biological pathology'®. Therefore,
we advise increasing and testing the inter- and intra-batches coefficient, thereby allowing the

|u

identification of “physiological” and “pathological” differences. Still, we would recommend
the improvement of hiPSC-CM standardization and quality control, as well as clear guidelines
for designing and executing any in vitro studies testing therapeutic strategies, including CTiD
studies. Then, in the future, it may be possible to study the chronic side effects of prolonged

treatment and rare drug effects may be rapidly identified in vitro.

One impressive example of in vitro 3D models for personalized medicine is the discovery of
rectal organoids in Dutch cystic fibrosis (CF) patients. Within only 4 years, the first person
received treatment for CF based on drug efficacy in CF organoid swelling assays.?* Now, over
700 organoid models derived from rectal biopsies of CF patients, representing over 100 clinically
relevant mutations, are biobanked.™ The future could hold the potential to biobank every CF
patient (1500 in the Netherlands) to improve research and to evaluate in vitro the effectiveness
of novel compounds. Instead of subscribing to a drug based on the largest statistical population,
these CF organoids could be cheap avatars for a patient’s personalized disease modeling,
characterizing the disease even before these young patients develop symptoms. However,
only five classes of CF gene mutations exist to disturb protein production, processing, gating,
conduction, and function. Therefore, the in vitro modeling and screening of cardiomyopathies
might be far more challenging, considering that over 50 individual genes (and counting) are
affected, causing completely variable pathophysiological phenotypes such as DCM, HCM, and
ACM.®3'34 Still, the impressive CF in vitro disease modeling set the example for the future of
personalized medicine in individuals with a risk of developing heart failure. The generation
of such a system will not only help patients but will also allow prevention of the onset of the
disease and predict the drug efficacy and toxicity for each individual.® This allows cardiologists
to move from the current 6 types of standard heart failure medication to the best match for
treating or even preventing the disease as early as possible.

In summary, the work described in this thesis has contributed to a realistic view of the
possibilities and current limitations of hiPSC-CMs for the disease modeling of genetic
cardiomyopathies. While keeping eventual clinical implications in mind, hiPSC-CM research
was taken from the basic to the translational level (Figure 5). The journey from many hiPSC
lines to the HTS of thousands of spheroids that predict the disease and potential therapeutic
targets is paving the way for the future of predicting, preventing, and personalized medicine
of all cardiomyopathies.
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Chapter 14

GENERAL SUMMARY

The general aim of this thesis was to investigate the potentials of stem cell-derived
cardiomyocytes to answer the question “Can we use stem cell-derived cardiomyocytes to
find a cure for genetic cardiomyopathies?”. This aim was achieved using two main parts. In
part |, we examined the developmental cues leading to efficient differentiation, expansion,
and maturation to study cardiomyocyte division, gene manipulation, and ischemic disease
modeling of stem cell-derived cardiomyocytes (hiPSC-CMs) in vitro. In part I, disease modeling
and therapeutic strategies for the genetic cardiomyopathy PLN-R14del are described.

In Chapter 1, we gave a general introduction to the clinical significance of a genetic
variation in cardiomyopathies. We highlighted the knowledge derived from cardiogenesis
and reproducible methods for the efficient generation of hiPSC-CMs to study the molecular
mechanisms of genetic cardiomyopathy processes and contemporary challenges encountered
in drug research.

PART I: FROM HEART DEVELOPMENT TOWARDS OPTIMAL CARDIACIN
VITRO MODELS

In Chapter 2, we summarize the signals that control human heart size and describe pivotal
roles for Wnt and Hippo signaling during embryonic and fetal heart growth. Next, we
compared the pathways regulating heart growth in vivo with the molecular targets that
promote in vitro cardiomyocyte proliferation. Lastly, we provide a complete overview of Wnt-
signalling-based cardiomyocyte differentiation and cardiomyocyte expansion strategies. With
this, we highlight the interaction of signaling pathways in heart development and discuss how
this knowledge has been translated into current technologies for cardiomyocyte production.

In Chapter 3, we achieved massive expansion of functional hiPSC-CMs in vitro through
concomitant GSK-3B inhibition and removal of cell-cell contact. Mechanistically, we
demonstrate that GSK-3f3 inhibition suppresses CM maturation via LEF/TCF activity while
stimulating the cell cycle activation by AKT T308 phosphorylation, independent from
upregulation of YAP activity. As a proof-of-concept, we demonstrated uncompromised
cellular morphology and functionality in engineered heart tissues generated with previously
expanded hiPSC-CMs. Lastly, we assessed the late gestational and postnatal CM proliferation
in vivo and found that CHIR treatment is effective during late gestation but is not sufficient
for cardiac regeneration in the postnatal and adult phases of the heart. We conclude that
expanded cardiomyocytes have uncompromised cellular functionality making them suitable
for multiple translational/regenerative applications.

In Chapter 4, we offer a detailed protocol that allows massive expansion (up to a 250-fold
increase of CM number within 3-5 weeks) from multiple hiPSC lines. After low cell-density

384



General Summary

replating of hiPSC-CMs in culture flasks, the addition of CHIR to the cardiac culture medium
efficiently induces hiPSC-CM proliferation up to 37% and subsequent passaging. Moreover, we
estimated a price reduction of ~70% when compared to producing the same number of day
20 hiPSC-CMs following the standard Wnt-based differentiation protocol. Lastly, we describe
the cryopreservation of expanded cardiomyocytes at passages 1-2 to allow the biobanking of
large batches of hiPSC-CMs. We conclude that the removal of cell-cell contact in combination
with GSK-3B inhibition is a cost-effective strategy for the massive expansion (> 250-fold) that
will greatly facilitate in vitro disease modeling, large-scale drug screening, and in vivo tissue
engineering applications.

In Chapter 5, we provided insights into sarcomere disassembly during cardiac mitosis and
created a tool for gene manipulation studies in hiPSC-CMs. We utilized time-lapse recordings
to study the sequence of sarcomere distribution during mitosis, followed by cytokinesis,
multinucleation, or self-duplication in massively expanding hiPSC-CMs. We observed that
cytokinesis occurred in 13-40%, self-duplication in 1.5-2.5%, and multinucleation in 0.6-1.7%
of events. Multinucleation as a result of binuclear cells going through the M phase formed a
rare event (0.1-0.2%). We observed that during mitosis of hiPSC-CMs, sarcomere breakdown is
predominantly activated during the metaphase, anaphase, and telophase and cells transiently
stop contracting during cytokinesis. After cytokinesis and the following GO or G1/5/G2 phases,
the sarcomeres are restored, and spontaneous beating is reinitiated. Secondly, we found that
CHIR administration in hiPSC-CMs increased the transfection efficiency to over 30%, which is
in the range of conventional non-cardiomyocyte (HEK293) cells. We conclude that sarcomere
disassembly is required during cardiomyocyte mitosis and that the increase in sarcomere
disassembly allows efficient non-viral vector incorporation.

In Chapter 6, we studied the hypoxic effect in hiPSC-CMs cultured in a maturation medium.
The immaturity of hiPSC-CMs remains a roadblock for disease modeling. This study shows
that only after metabolic maturation in low glucose, high oxidative substrate media, hiPSC-
CMs become susceptible to hypoxia-induced cellular damage. Secondly, we validated the
cardioprotective effects of necroptosis inhibitor (nec-1) and confirmed that nec-1 prevented
the hypoxia-induced decrease in mitochondrial respiration and cell death in the hiPSC-
CMs cultured in a maturation medium. We conclude that metabolic maturation renders the
susceptibility of hiPSC-CMs to hypoxia further toward a clinically representative phenotype,
thereby creating a valid and predictive human in vitro model of ischemic heart disease.

PART Il: MODELING THE PHOSPHOLAMBAN R14DEL MUTATION USING
PATIENT-SPECIFIC HIPSC-CMS

In Chapter 7, we systematically reviewed the effect of the deletion of arginine 14 (p.Arg14del)
in the phospholamban protein (PLN-R14del) and summarized all the current studies that
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have been reported about PLN-R14del cardiomyopathy. We described the impact that the
discovery of PLN-R14del had on fuelling insights into the molecular mechanisms and the
potential therapeutic approaches that have been tested in both in-vitro and in-vivo models.

In Chapter 8, we identified the disturbance in the mitochondrial function and (lipid)
metabolism in histone acetylation activities and the transcriptome regulation in PLN-R14del
hearts and PLN-R14del hiPSC-CMs. Functional assessment of the mitochondria revealed
reduced metabolic flexibility and increased glucose utilization, and morphological assessment
revealed large lipid droplet accumulation and decreased cell viability in PLN-R14del hiPSC-
CMs. We assessed the therapeutic potential of a PPARA agonist (bezafibrate) and showed
improved calcium handling parameters and increased mitochondrial trifunctional protein
expression in PLN-R14del hiPSC-CMs. We concluded that restoration of the impaired FAO,
lipid accumulation, and Ca*" handling shed light on future therapeutic strategies for PLN-
R14del patients.

In Chapter 9, we identified the activation of the Unfolded Protein Response (UPR) in hiPSC-CMs
and hearts of PLN-R14del patients by (single-cell) RNA sequencing. The UPR is a cellular stress
response and is activated in response to an accumulation of unfolded or misfolded proteins.
In hiPSC-CMs, the PLN-R14del mutation activates the UPR transcriptional program and
sensitizes R14del hiPSC-CMs to adrenergic stress. We conformed to the previously described
aggregation of PLN proteins in the myocardium of PLN-R14del patients and observed an
increased presence of UPR regulators. Secondly, we found that activation of UPR in PLN-R14del
hiPSC-CMs is protective because molecular inhibition of each of the 3 UPR sensors, IRE1,
PERK, and ATF6, exacerbated the contractile dysfunction. Lastly, we assessed the therapeutic
potential of activating the UPR with a small molecule activator, BiP (binding immunoglobulin
protein) inducer X, and showed a dose-dependent amelioration of the contractility deficit in
PLN-R14del hiPSC-CMs. We concluded that the UPR exerts a protective effect and increasing
the UPR activity could be therapeutically beneficial in PLN R14del cardiomyopathy.

In Chapter 10, we generated 8 hiPSC lines, from 6 individuals carrying the PLN-R14del
mutation, and 2 healthy proband family members. We showed efficient reprogramming by
the characterization of pluripotency and healthy karyotyping of all hiPSC lines. These hiPSC
lines increase the hiPSC sample size in order to improve the probability of identifying specific
disease modeling phenotypes and predicting cardiac toxicity and therapeutic drug responses.

In Chapter 11, we developed a high-throughput screening (HTS)-compatible workflow
with easy scalability for the generation, maintenance, and optical analysis of human cardiac
spheroids (hCSs). We observed a highly homogeneous morphology, size, maturation,
functional calcium handling, and contractile activity in CSs. We automated the entire workflow
from CSs generation to functional analysis, to enhance intra- and inter-batch reproducibility
as demonstrated via HTS- imaging and -calcium handling analysis. In addition, we described
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a straightforward procedure for whole-spheroids biobanking, providing the opportunity to
create next-generation living biobanks. We conclude that this step-by-step protocol produces
high-quality and functional CSs for an optimal cardiac disease modeling and drug screening
platform.

In Chapter 12, we investigated the molecular mechanism of PLN-R14del in 3D human cardiac
spheroids (hCSs) from healthy controls, an isogenic control, and three PLN-R14del patient
lines. We observed a striking pathological increase of 2.4-fold in PLN-R14del hCSs size. We
confirmed the decreased contractility and calcium handling, mitochondrial function, lipid
droplet accumulation, and ER/UPR stress, thereby confirming various human PLN-R14del
cardiomyopathy features. Interestingly, single-cell sequencing analysis revealed additional
pathological pathways involved in fibroblast activation and ECM secretion such as netrin-1 and
transient receptor potential channels to be significantly different in the PLN-R14del spheroid
cells, indicating the importance of fibrosis for the pathogenesis of ACM/DCM and potential
therapeutic interventions. In this final thesis study, we revealed fibroblast activation, PLN
aggregates, and a decreased Ca** handling in PLN-R14del spheroids, which have not been
described in previous hiPSC-CMs studies. Lastly, we assessed the therapeutic potential of AAV-
based I-1c gene therapy and showed improved calcium handling, contractility, and decreased
fibroblast activation expression in PLN-R14del hCSs. We concluded that hCSs represent the
pathological phenotypes of the PLN-R14del disease and that I-1c AAV2/8-based gene therapy
can potentially be used for the treatment of genetic cardiomyopathy modeled in hiPSC-CMs.

PART Ill: GENERAL DISCUSSION AND SUMMARY

In Chapter 13, we put the aforementioned findings into methodological, mechanistic, and
clinical perspectives. We use the insights from cardiogenesis to improve cardiomyocyte
proliferation and maturation for therapeutic strategies to repair the damaged heart.
Secondly, we discuss multiple examples of hiPSC-CM models for the understanding of the
pathophysiological and molecular mechanisms of genetic cardiomyopathies. We address
currently unanswered questions about which triggers underlie the onset of pathological
features in PLN-R14del cardiomyopathy. Lastly, we discuss the usage of hiPSC-CMs to assess
therapeutic options to cure genetic cardiomyopathies. We conclude that furtherimprovement
of the standardization, quality metrics, and algorithms, as well as clear guidelines for designing
and executing any in vitro studies testing clinical therapeutic strategies, are required for the
optimization of the choice of therapeutic intervention. Considering the output from more
than five years of translational hiPSC-CM research summarized in this thesis, we conclude
to have—hopefully—not only added data that will improve these ‘mini-hearts’ to predict,
prevent and cure the burden of cardiomyopathies in people we try to help so hard - the
patients.
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Appendices

NEDERLANDSE SAMENVATTING

In dit proefschrift worde de mogelijkheden van humane geinduceerde stamcellen en
de daarvan gemaakte hartspiercellen (vanaf nu hiPSC-CMs genoemd) beschreven om
antwoord te geven op de vraag "Kunnen we hiPSC-CMs gebruiken voor het vinden van
een geneesmiddel voor genetische cardiomyopathieén?". Dit proefschrift bestaat uit twee
delen. In deel 1 wordt de hartontwikkeling beschreven en is deze kennis gebruikt voor de
efficiénte differentiatie, celdeling en maturatie van deze hiPSC-CMs. Daarnaast beschrijven
we technieken voor het verhogen van hartspiercel deling, genetische manipulatie en de
modellering van ischemische cardiomyopathie. In deel 2 wordt het gebruik van hiPSC-CMs
voor ziektenabootsing en therapeutische strategieén van de genetische cardiomyopathie
PLN-R14del beschreven.

In hoofdstuk 1 geven we een algemene inleiding over de klinische en genetische variatie
in cardiomyopathieén. Ook worden de methoden voor het efficiént genereren van hiPSC-
CMs besproken om het onderzoek naar de moleculaire mechanismen van genetische
cardiomyopathieén en de hedendaagse uitdagingen in geneesmiddelenonderzoek te
verbeteren.

DEEL 1: VAN HARTONTWIKKELING NAAR OPTIMALE HARTSPIERMODELLEN

In hoofdstuk 2 geven we een algemeen overzicht van hartontwikkeling signalen en
beschrijven we de specifieke rol van Wnt- en Hippo-signalering tijdens embryonale en foetale
hartgroei. We gebruiken kennis over de hartgroei regulatie in het hart om de celdeling in
hiPSC-CMs te bevorderen. Ten slotte geven we een compleet overzicht van de Wnt-signalering
die belangrijk is voor zowel de hartspiercel differentiatie als hartspier deling. In dit hoofdstuk
belichten we de interactie tussen de hartontwikkeling signalen en bespreken we hoe deze
kennis vertaald kan worden naar technologieén voor de massa productie van hiPSC-CMs voor
regeneratieve toepassingen.

In hoofdstuk 3 beschrijven we een uitvinding voor de celdeling stimulatie van hiPSC-CMs die
bereikt werd door de remming van GSK-3f signalering en het voorkomen van cel-cel contact
tijdens de hartspiercel kweek. We laten zien dat door het gebruik van een GSK-3a/p inihitor,
genaamd CHIR, de hiPSC-CM maturatie wordt onderdrukt en daardoor de hiPSC-CMs langer
en meer kunnen vermeerderen. Ook vonden we dat deze celcyclus wordt gestimuleerd door
AKT/T308 fosforylering, die onafhankelijk is van de YAP regulatie. Daarbij toonden we aan
dat de cel morfologie en functie onveranderd is na deze massale expansie van hiPSC-CMs.
Tot slot bekeken we de hartspiercel deling in embryonale en foetale muizen harten. CHIR
was effectief voor de celdeling tijdens de embryonale fase, maar was niet voldoende voor
hartregeneratie in de foetale en volwassen fases van het hart. In dit hoofdstuk concluderen
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we dat geéxpandeerde hartspiercellen hetzelfde functioneren als niet geéxpandeerde
hartspiercellen, waardoor deze geschikt zijn voor meerdere transnationale en regeneratieve

toepassingen.

In hoofdstuk 4 beschrijven we een gedetailleerd protocol dat grootschalige hartspiercel
productie mogelijk maakt (tot een 250-voudige toename van het aantal hartspiercellen
binnen 3-5 weken) van meerdere stamcel lijnen. Na het toevoegen van de GSK-3a/p inihitor
CHIR, observeerden we een celdeling in 37% van de hartspiercellen. Bovendien kunnen we de
prijs van de hartspiercel productie hiermee met ~70% verlagen vergeleken met het standaard
differentiatieprotocol op basis van Wnt signalering. Tot slot beschrijven we een methode
voor het invriezen van geéxpandeerde hartspiercellen tijdens de eerste 1 4 2 passages om de
biobanking van vele hartspiercellen mogelijk te maken. In dit hoofdstuk concluderen we dat
het verwijderen van cel-cel contact in combinatie met CHIR, een kostenverlagende strategie
die verschillende processen zoals het nabootsen van ziekten, grootschalige screenings van
medicijnen en regeneratieve toepassingen aanzienlijk zal vergemakkelijken.

In hoofdstuk 5 gaven we inzicht in de afbraak en opbouw van sarcomeren (de spierbundels
van hartspiercellen) tijdens de hartspiercel deling en beschrijven we een techniek voor
gemakkelijke genetische manipulatie in hiPSC-CMs. We bestudeerden time-lapse foto’s van de
sarcomeer afbraak en opbouw tijdens de celdeling en analyseerden de hoeveelheid celkernen
en/of celdeling in expanderende hiPSC-CMs. We zagen dat cytokinese optrad in 13-40%,
mitose in 1,5-2,5% en multinucleatie in 0,6-1,7% van de gevallen. Multinucleatie als gevolg
van binucleaire cellen in de M-fase was een zeldzame gebeurtenis (0,1-0,2%). We zagen dat
tijdens de celdeling de afbraak van sarcomeren voornamelijk geactiveerd wordt tijdens de
metafase, anafase en telofase en dat deze hartspiercellen tijdelijk stoppen met hun contractie.
Tijdens de GO- of G1/S/G2-fasen, worden de sarcomeren vervolgens weer hersteld en wordt
de spontane contractie hervat. Ten tweede ontdekten we dat tijdens de toediening van de
GSK-3a/B inihitor CHIR, de transfectie-efficiéntie hiPSC-CMs verhoogd werd tot meer dan 30%,
wat overeenkomt met andere celtypes. In dit hoofdstuk concluderen we dat de afbraak van
sarcomeren nodig is voor de celdeling van hartspiercellen en dat meer sarcomeer afbraak
in hartspiercellen de incorporatie voor genetische manipulatie in de hartspier verbeterd.

In hoofdstuk 6 bestudeerden we het effect van hypoxie (zuurstof vermindering) op hiPSC-
CMs gekweekt in een maturatie medium. Wanneer hartspiercellen niet genoeg gematureerd
zijn, representeren deze niet het volwassen humane hart en zorgt dit voor een belemmering
van studies naar hartziekes. Het geteste maturatie medium bevat een laag suiker gehalte en
meer vetten, waardoor dit meer overeenkomt met de omgeving in het volwassen hart. In deze
studie tonen we aan dat hiPSC-CMs zijn pas gevoelig voor hypoxie en cellulaire schade nadat
deze gekweekt zijn in het maturatie medium. Ten tweede valideerden we het beschermende
effect van de necroptose-inhibitor (nec-1) in hiPSC-CMs gekweekt in maturatie medium en
hypoxie. We bevestigden dat nec-1 de cellulaire schade na de hypoxie kon voorkomen, wat
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vergelijkbaar is aan eerder beschreven klinische resultaten. In dit hoofdstuk concluderen we
dat maturatie medium de gevoeligheid van hiPSC-CMs in hypoxie verhoogd, en dat deze
methode, een gevalideerd en voorspellend humaan celmodel is voor het bestuderen van
ischemische hartziektes.

DEEL 1I: HET MODELLEREN VAN DE PHOSPHOLAMBAN R14DEL MUTATIE
MET PATIENTEN HIPSC-CMS

In hoofdstuk 7 geven we een systematisch overzicht van alle studies die zijn gerapporteerd
over de deletie van arginine 14 (p.Arg14del) in het phospholamban eiwit (PLN-R14del)
en beschrijven we wat het gevolg is van deze mutatie voor patiénten. We beschreven de
impact die de ontdekking van PLN-R14del had op het creéren van inzichten in de moleculaire
mechanismen en de potentiéle therapeutische strategieén die zijn getest in zowel patienten,
diermodellen als hiPSC-CMs.

In hoofdstuk 8 gebruikten we histonacetylering en transcriptoomregulatie sequencing
technieken waarbij een verstoring van de mitochondriale functie en het (vet)-metabolisme
in zowel PLN-R14del harten als hiPSC-CMs werd geobserveerd. De analyse van mitochondrién
functie onthulde een verminderde metabole flexibiliteit en verhoogd glucose gebruik.
Morphologische kleuringen onthulden ophoping van grote vet druppels en verminderde
metabole eiwitten in PLN-R14del hiPSC-CMs. Hierna bestudeerden we het therapeutische
effect van PPARA-agonist (bezafibrate) en toonden een verbeterde calcium regulatie en
verhoogde mitochondriale eiwitexpressie aan in PLN-R14del hiPSC-CMs. Na deze studie
concluderen we dat de verbetering van mitochondriale functie een optie is als therapeutische
strategie voor PLN-R14del patiénten.

In hoofdstuk 9 gebruikten we (single-cell) RNA-sequencing en identificeerden we de
activering van de Unfolded Protein Response (UPR) in zowel hiPSC-CM'’s als in de harten van
PLN-R14del patiénten. De UPR is een cellulair stress mechanisme dat geactiveerd wordt na
een ophoping van ongevouwen of verkeerd gevouwen eiwitten. We observeerden verhoogde
UPR-specifieke RNA en eiwitten, die nog meer geactiveerd raakten tijdens adrenerge stress.
Al eerder werd er PLN-eiwit samenklontering geconstateerd in PLN-R14del harten. Wij
observeerden gelijke uitkomsten, maar constateerden ook de verhoogde aanwezigheid van
UPR-regulatoren in hartcellen van PLN-R14del harten. Ten tweede vonden UPR activatie een
bescherming mechanisme is, omdat moleculaire remming van elk van de 3 UPR-sensoren,
IRE1, PERK en ATF6, de contractie verergerde. Tot slot bestudeerden we het therapeutische
effect van BiX (binding immunoglobuline protein inducer X), een klein molecuul, die de UPR
regulatoren activeert. We toonden aan dat er een contractie verbetering optrad na een lage
dosis BiX, maar een te hoge concentratie BiX juist de contractie verstoorde. In dit hoofdstuk
concludeerden we dat de UPR een beschermend effect heeft en dat het verhogen van de UPR
activiteit een therapeutische optie is voor de genezing van de PLN R14del cardiomyopathie.
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In hoofdstuk 10 creéerden we 8 stamcel lijnen, waarvan 6 personen drager zijn van de PLN-
R14del mutatie, en 2 gezonde familieleden. We toonden aan dat witte bloedcellen van deze
personen efficiént en met een lage dosering virale vectoren gereprogrammeerd konden
worden tot stabiele stam cel lijnen. In alle lijnen werd een normaal chromosoompatroon
geconstateerd, en alle stamcellen bezaten de benodigde pluripotente eigenschappen. Met
deze 8 stamcel lijnen vergroten de stamcel biobank, om de onderzoeken voor het nabootsen
van de PLN-R14del ziekte en therapeutische screenings te vergroten.

In hoofdstuk 11 ontwikkelden we een protocol voor het maken, onderhouden en optisch
analyseren van 3-dimentionale cardiale sferoiden (hCS) van hiPSC-CMs. Deze hCS zijn van
micro-formaat en kunnen daardoor gekweekt worden in grote getalen voor ‘high-throughput’
screenings. We observeerden een homogene morfologie, grootte en maturatie, en daarnaast
bezaten de hCS functionele calcium regulatie en contractie. We automatiseerden het protocol
voor de hCS generatie tot screening, waardoor de batch-tot-batch reproduceerbaarheid van de
calcium analyse werd verbeterd. Ten tweede hebben we een eenvoudige procedure beschreven
voor het invriezen van intacte sferoiden, wat de mogelijkheid biedt voor een kant en klare
biobank van vele patiénten voor het screenen van medicatie. We concluderen dat met behulp
van dit protocol, functionele hCS van hoge kwaliteit geproduceerd kunnen worden die optimaal
zijn voor het nabootsen van de PLN-R14del ziekte en therapeutische screening platformen.

In hoofdstuk 12 gebruikten we het humane cardiale sferoiden (hCS) model uit hoofdstuk
11 om het moleculaire mechanisme van de PLN-R14del mutatie te onderzoeken. Hierbij
vergeleken we hCS van gezonde individuen, een isogene controle (waarvan de mutatie
is gecorrigeerd) en drie PLN-R14del patiénten. Opvallend was dat de PLN-R14del hCS een
pathologische toename van de diameter tot wel 2.4-fold lieten zien. We observeerden een
verminderde contractiliteit en calcium regulatie, mitochondriale dysfunctie, ophoping van
vet druppels en ER/UPR-stress activering zoals al eerder beschreven in de PLN-R14del mutatie.
Daarnaast observeerden wij met behulp van individuele cel sequencing, ook pathologische
mechanismes die nog niet eerder beschreven waren in eerdere kweekmodellen. Zo toonden
wij aan dat de PLN-R14del sferoiden een verhoogde fibroblast activering en extracellulaire
matrix afscheiding gensets tot expressie brachten (zoals netrin-1) en receptor potentiaal
kanaal genen. Deze bevindingen bevestigen het belang van fibrose voor de pathogenese van
aritmogene/gedilateerde cardiomyopathieén en voor mogelijke therapeutische interventies.
In deze laatste proefschrift studie, onthullen we PLN aggregaten, fibrose, en bleek de calcium
regulatie verstoord, wat nog niet eerder is beschreven in vorige hiPSC-CMs studies. Tot slot
bestudeerden we het therapeutische effect van een adeno associated virus (AAV)-gebaseerde
inhibitor-1 (I-1c) gentherapie en toonden we een verbeterde calcium regulatie, contractie en
een verminderde genexpressie van fibroblast activering aan. In dit hoofdstuk concludeerden
we dat hCSs de pathologische fenotypes van de PLN-R14del ziekte bezitten en dat I-1c
gentherapie gebruikt kan worden als een therapeutische optie voor de genezing van de
PLN R14del cardiomyopathie.
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DEEL I1l: ALGEMENE DISCUSSIE EN SAMENVATTING

In hoofdstuk 13 plaatsen we de bovengenoemde bevindingen in methodologisch,
mechanistisch en klinisch perspectief. We gebruiken de kennis van hartontwikkeling voor
de stimulatie van celdeling en verbetering van maturatie in hiPSC-CMs om beschadigde
harten te herstellen. Ten tweede bespreken we voorbeelden van hartspiercel modellen
die gebruikt worden om pathofysiologische en moleculaire mechanismen van genetische
cardiomyopathieén te kunnen bestuderen. Daarnaast behandelen we de momenteel
onbeantwoorde vragen over welke triggers ten grondslag liggen aan het ontstaan
van pathologische kenmerken in PLN-R14del cardiomyopathie. Tot slot bespreken we
of hiPSC-CMs geschikt zijn voor het selecteren van de beste therapeutische optie om
genetische cardiomyopathieén te genezen. We concluderen dat er meer standaardisatie,
kwaliteitscontroles en algoritmen nodig zijn, evenals duidelijke richtlijnen voor het ontwerpen
en uitvoeren van therapeutische screenings, voordat er een definitieve beslissing genomen
over de beste therapie. Dit proefschrift vat vijf jaar translationeel hiPSC-CM onderzoek samen,
waarna we kunnen concluderen dat dit proefschrift bijdraagt aan de ontwikkeling van 'mini-
harten' die een verbetering geven om cardiomyopathieén te voorspellen, voorkomen en te
genezen bij mensen die we zo hard proberen te helpen - de patiénten.
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PLN-R14del te genezen. Jorg, jouw nuchtere blink en enorme sequencing expertise hebben
de SPLiTseq data in hoofdstuk 12 tot prachtige inzichten gebracht! | would like to thank Jiayi
for our collaboration by combining your amazing sequencing expertise with the PLN-R14del
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happy to see that your hard work paid off and that you found your place! Tea soon? Prof.dr.
Caroline Cheng en prof.dr. Marianne Verhaar, ik dank jullie voor de productieve en vooral
prettige ‘vasculaire-organoid’ samenwerking. Ik wil ook graag prof. Jeroen Bakkers en zijn
team; Lotte, Sarah en Mara bedanken voor de plezierige samenwerking. Jesper, dank voor
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gebleken en ik wil dan ook prof.dr Jolanda van der Velden bedanken voor de mogelijkheid
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gebleken; ze echoén al vele jaren door. Jullie loyaliteit naar mij ondanks mijn onhebbelijkheden
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op deze plek grote dank naar mijn twee paranimfen. Elana, het is verbazingwekkend om te
zien hoe veel onze levenswegen overeenkomen. Jouw ijver, eerlijkheid, onverschrokkenheid
en nuchterheid zijn een voorbeeld voor iedere jonge onderzoeker. Je stond daarnaast ook
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koffie pauze nodig hadden. Floor, waar begin ik. Je organisatorische kwaliteiten, overzicht
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La Familia

Als een kind zijn aangeboren gevoel van verwondering levend wil houden, heeft hij een
volwassen gezelschap nodig die het kan delen en samen met hem de vreugde, opwinding en
het mysterie van de wereld waarin we leven, kan herontdekken. Opa den Hertog, hier is het
proefschrift dan eindelijk. Volgens mij heeft niemand zich meer op dit moment verheugd. lk
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den Hertog, mijn ‘eigen’ land ontdekken en waardeer onze huidige fijne koffie gesprekken
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