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SUMMARY

The induced pluripotent stem cell (iPSCs) based cardiomyocyte system (iPSC-CMs) is a
powerful tool to serve as a human in vitro model for cardiac diseases. Dilated cardiomyopathy
(DCM) and left ventricular non-compaction cardiomyopathy (LVNC) are diseases resulting in
reduced and thin (DCM) or trabeculated (LVNC) muscle tissue. This project aims to analyze
the influence of genetic mutations on aberrant splicing events leading to the development of
DCM and LVNC. For this purpose, two families were recruited: 1) A LVNC family with a
missense mutation in a conserved region of the splicing factor RNA binding motif protein 20
(RBM20) (p.R634L). 2) A DCM family with a missense mutation at the same amino acid
position in RBM20 (p.R634W). Patient-specific and healthy control iPSCs and iPSC-CMs were
successfully established for all family members of LVNC and DCM. RBM20 is a splice factor
with highest expression in the heart. Therefore, selected splice targets of RBM20 were
analyzed and compared between control-, LVNC- and DCM-CMs. Common splice defects
were detected for the titin (TTN) isoform switch and a 24 bp insertion in the gene ryanodine
receptor 2 (RYR2). Differential missplicing was observed for the Ca?* handling genes triadin
(TRDN) (exon 9) and the Ca?*/calmodulin-dependent protein kinase 2 & (CAMK25) (exon 14)
in LVNC-CMs, and the structural gene Lim-domain binding protein 3 (LDB3) (exon 5) for DCM-
CMs. To test cellular and physiological outcomes in the iPSC-CMs, analyses of the sarcomeric
regularity, Ca?* cycling as well as beating rate and regularity were performed. Intriguingly, both
LVNC- and DCM-CMs showed impaired sarcomere regularity, which appears to be a common
characteristic among RBM20-based cardiomyopathies. Correct Ca?* cycling is a crucial
process in cardiomyocytes since it couples the electrical excitation with mechanical
contraction. LVNC-CMs presented with fastened Ca?* cycling and an inadequate response to
B-adrenergic stimulation with Isoprenaline (Iso). In contrast, DCM-CMs exhibited normal Ca?*
cycling kinetics and reaction to Iso similar to control-CMs but showed a significantly increased
Ca?" leakage and decreased amounts of diastolic and systolic Ca?* levels. Intriguingly, the
electrophysiological assessment of beating rate, field potential duration and beating regularity
did not reveal any significant deviations between LVNC-, DCM- and control-CMs. Isogenic
controls of LVNC- and DCM-iPSCs were generated in order to directly link molecular and
physiological aberrations to the RBM20 mutation. The gene editing of RBM20 into wildtype was
successful using the CRISPR/Cas9 technology and generated isogenic rescue (res) lines of
LVNC- and DCM-iPSCs, termed resLVNC and resDCM, by using the CRISPR/Cas9
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SUMMARY

technology. The assessment of these isogenic iPSC-CMs demonstrated a regular sarcomeric
structure, which was accompanied by a rescue of the TTN missplicing in both resLVNC- and
resDCM-CMs. Furthermore, the differential Ca?* pathologies observed in LVNC-CMs (fastened
Ca?* cycling, impaired reaction to Iso stimulation) and DCM-CMs (increased Ca?* leakage) was
abolished in their respective rescue counterparts underscoring the RBM20 mutations as a
major driver for the sarcomeric irregularity and the differential pathological Ca?* phenotypes.
Concurrent to the rescue of Ca?* cycling, splicing of TRDN and CAMK25 was restored in
resLVNC-CMs. Further molecular investigations demonstrated CAMK23-dependent
hyperphosphorylation of the specific target Phospholamban (PLN) in LVNC-CMs, which
possibly contributes to the fastened Ca?* kinetics and is caused by CAMK25 missplicing
exclusively observed in LVNC-CMs. The treatment of LVNC-CMs with the Ca?* channel blocker
Verapamil (30 nM) showed beneficial effects on the Ca?* cycling identifying Verapamil as a
promising candidate for medical treatment of RBM20-mutation based LVNC. RBM20-
dependent missplicing of CAMK245 focusses on exon 14, which codes for a nuclear localization
sequence (NLS), however, altered distribution patterns of CAMK26 were not detected in this
work. Next generation sequencing (NGS) identified novel RBM20-dependent splice targets,
which could be verified for exon 7/8 of K* voltage-gated channel subfamily H member 2
(KCNH2), exon 13 of Ca?* voltage-gated channel subunit alphal C (CACNA1C), exon 14 of
adenylate cyclase 6 (ADCY6) and exon 4 of bone morphogenic protein 7 (BMP7).
Investigations regarding developmental defects of RBM20 in LVNC-CMs demonstrated that
RBM20 is expressed early during cardiogenesis. In addition, LVNC-CMs with the RBM20
mutation p.R634L showed retained cell growth and proliferation rates. Single-cell sequencing
(SCS) unveiled upregulation of atrial and fetal marker genes in LVNC-CMs underscoring an
impaired and delayed development.

Taken together, these results demonstrate that two distinct missense mutations at the same
amino acid position p.634 of RBM20 can degenerate into two distinct cardiomyopathies.
RBMZ20-dependent missplicing differs depending on the mutation present, which causes
differential pathologies demonstrated in this work by different Ca?* handling pathologies in
LVNC- and DCM-CMs. Novel splice targets were discovered, which expands the scope of
RBM20 and opens a new avenue for further disease mechanisms conveyed by these genes.
In the future, this stem cell platform, which comprises healthy control-, patient- and isogenic
control-iPSC-CMs, will be used to screen for patient-specific drug applications and to elucidate

further RBM20-based disease mechanisms.
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INTRODUCTION

1.1 STEM CELLS

1.1.1 Stem cells
Stem cells (SCs) are characterized by indefinite self-renewal capacity and the capability to

differentiate into somatic cells with specialized functions (Hall & Watt, 1989). Depending on
their differentiation potential, stem cells can be classified further as toti-, pluri-, multi- or
unipotent. Totipotent SCs are capable to establish the formation of a complete
organism/embryo including extraembryonic placental-cells and are only present from the
zygote to the 8-cell morula state (Kelly, 1977). Pluripotent SCs, also referred to as embryonic
SC (ESCs), can produce any cell or tissue of the three germlayer and germline lineage and
physiologically reside in the inner cell mass of a blastocyst. The first isolation and generation
of murine and human ESC-lines was successful over two decades ago providing an
experimental platform to study SCs biology (Evans & Kaufman, 1981; Thomson et al., 1998).
In addition to ESCs generated by isolation from zygotes, other approaches proved successful
to obtain pluripotent SCs from adult cells. This includes the isolation of spermatogonial SCs,
which turn into ESC-like cells during specific cell culture (Guan et al., 2006) and cell isolation
from parthenogenic blastocysts, which are chemically induced oocytes (Robertson et al.,
1983). Multipotent SCs are present postnatally and throughout adulthood. They have a
narrower differentiation capacity into specific cell lineages than pluripotent SCs and mainly
function to replace specific tissues in the adult organism. Examples of multipotent SCs include
hematopoietic SCs that give rise to several blood cells (Ogawa, 1993) and mesenchymal SCs
that can differentiate into osteoblasts, chondrocytes, myocyte and adipocytes (Dominici et al.,
2006). Unipotent SCs are present with the most limited differentiation potential as they can only
give rise to one cell type like spermatogonial SCs giving rise to sperm cells exclusively (Phillips
et al., 2010).
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2006 a “new” stem cell species was introduced: induced pluripotent stem cells (iPSCs).
Yamanaka and Takahashi published in 2006 how already differentiated somatic cells can be
reprogrammed back into a pluripotent state thereby reversing the one-way street of specialized
somatic cells back into pluripotent stem cells (Takahashi & Yamanaka, 2006). Comparison
studies of iPSCs with ESCs underscored high similarities in transcriptional profiles (Chin et al.,
2009), epigenetic landscapes (Deng et al., 2009; Guenther et al., 2010) and differentiation
capacities (Bilic & Izpisua Belmonte, 2012). This opened a new avenue for stem cell and
biomedical research as individual-specific pluripotent stem cells became available
circumventing the ethical issues in the utilization of in vitro generated embryos for the
production of ESC-lines.

1.1.2 Reprogramming into iPSCs
In 2006 and 2007, two research groups described iPSC reprogramming in high ranking journals

such as Cell and Science (Takahashi & Yamanaka, 2006; Yu et al., 2007) . In general,
expression of defined gene transcripts need to be activated in a somatic cell in order to direct
the cell back into a pluripotent state. Yamanaka and Takahashi were the first to publish their
approach introducing the embryonic transcription factors (TF) Oct4, Sox2, c-Myc and Kif4 into
mouse fibroblasts and demonstrated their reprogramming into iPSCs. These reprogramming
factors became also known as OKSM or the Yamanaka factors in honor of their founder. They
identified OKSM from a screen of 24 pluripotency-genes by sequentially eliminating one factor
at a time (Takahashi & Yamanaka, 2006). In a follow-up study they demonstrated that
reprogramming with OKSM is also applicable for human fibroblasts cell lines (Takahashi et al.,
2007). In 2007, Thomson and colleagues denoted that human mesenchymal cells can be
reprogrammed by introducing a different set of pluripotency TF: OCT4, SOX2, NANOG and
LIN28, which is also referred to as OSNL factors (Yu et al., 2007). Both studies pointed out that
reprogramming was impossible if either Oct4/OCT4 or Sox2/SOX2 was removed underscoring
the importance of these two TF as master regulators. Notably, recent studies proposed that
Oct4 is dispensable demonstrated by successful reprogramming of mouse fibroblasts with
KSM (KIf-4, Sox2, c-Myc) (Velychko et al., 2019). Daley and colleagues finally demonstrated
that human primary skin fibroblasts, isolated from a skin biopsy, can be reprogrammed by
ectopic expression of OKSM thereby paving the way for a human stem cell system that can be
generated from any individual (Park et al., 2008). Whether OCT4 can be omitted in the
reprogramming of human material remains to be elucidated. The first reports of iPSC
reprogramming used lenti- or retroviral transfection systems that integrated the reprogramming

factors into the host genome. Ever since, many studies focused on enhancing reprogramming
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efficiency and factor delivery to streamline iPSCs generation and make them available for
research and cell transplant therapies (Fig. 1A). Delivery of the OKSM by other viral systems
like Adenovirus or Sendai virus hold the advantage of footprint-free reprogramming with
reported efficiencies of 0.002 — 1.0 % (Zhou & Freed, 2009; Fusaki et al., 2009). In perspective
to clinical application, a footprint-free non-viral reprogramming is favorable as residues from
viral reprogramming could cause interference in clinical applications. For this, successful
reprogramming with episomal expressing plasmids (Hu et al., 2011; Okita et al., 2011), mRNA
(Warren et al., 2010) or proteins (Kim et al., 2009) has been reported to date with efficiencies
that range from 0.02 to 1.4 %. Importantly, it was shown that the OKSM factors should not be
used in equimolar amounts and that factor stoichiometry with for example higher OCT4
amounts increases reprogramming efficiency and quality (Tiemann et al., 2011). In addition to
fibroblasts, successful reprogramming of other cell sources was shown for blood cells,
keratinocytes and bone marrow or nasal mucosa mesenchymal cells (HUbscher et al., 2019;
Streckfuss-Bomeke et al., 2013; Staerk et al., 2010).

This summarizes the tremendous effort undertaken to analyze and improve iPSC

reprogramming producing multiple valuable insights and protocols to generate iPSCs.

1.1.3 Maintenance and differentiation of iPSCs
One major aspect in long-term culture is the maintenance of iPSCs in the undifferentiated state

without exceeding genomic modifications. Formerly, iPSCs and ESCs were cultured with
serum on feeder layer cells like mouse embryonic fibroblasts (Yue et al., 2012; Ito et al., 2007).
This holds the disadvantage that animal-based products vary among batches and therefore
manifest in inconsistent culture conditions. As the knowledge and research on iPSC increased,
chemically defined media became available and improved culture conditions and the
consistency for subsequent differentiation experiments. It has been shown that an array of
small molecules is necessary to provide good iPSC proliferation, survival and stemness e.g.
fibroblast growth factor to activate the tyrosine kinase-coupled FGF-receptors, LiCl for Wnt-
pathway activation, TGF-B to activate serine/threonine kinases for SMAD phosphorylation, y-
amino butric acid, pipeocolic acid, L-Ascobic acid, and Insulin (Chen et al., 2011). IPSC-culture
allows to study stem cell biology and in addition the pluripotency presents the option to
differentiate in any given cell type providing the right developmental cues. In general, insights
provided by embryogenesis studies are utilized to enhance or inhibit crucial signaling pathways
to sequentially direct SCs into a differentiated cell of interest. Fortunately, many differentiation

protocols formerly established for ESCs could be transferred to iPSCs differentiation and
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thereof many feasible protocols for iIPSC-neurons, -oligodendrocytes, -astrocytes,
hepatocytes, -islet cells and -cardiomyocytes became rapidly available (Shi et al., 2017). As
iPSC-cardiomyocytes (iPSC-CMs) represent an indispensable tool in the cardiac research

field, they will be discussed further in the following sections.

A Reprogramming

. non-viral
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AN, reprogrammed
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Fig. 1 Reprogramming and cardiac differentiation of iPSCs

A: Different approaches for reprogramming of somatic cells into iPSCs by non-viral (plasmid, mRNA) and
viral vectors (Lenti- or Sendai virus). IPSCs can be differentiated subsequently into various cell types.
OKSM: OCT4, SOX2, KLF-4, c-MYC; OSNL: OCT4, SOX2, NANOG, LIN28

B: Differentiation into iPSC-CMs by Wnt pathway modulation. First, Wnt signaling is activated to induce
mesoderm formation and subsequently inhibited to drive the iPSCs into cardiac progenitor cells. Prolonged
culture of 60-90 d matures them into functional ventricular iPSC-CMs. To enhance CMs purity a metabolic
selection with glucose-deprived medium can be included during culture.
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1.1.3.1 Differentiation into iPSC-CMs
IPSC-CMs allow studying cardiac diseases in a human and even patient-specific context. This

platform holds many advantages since iPSCs are less ethically burdened compared to ESCs,
present the whole genetic background of a patient, and hold the potential to significantly reduce
animal studies, especially in drug and toxicity screening applications. To generate iPSC-CMs,
developmental cues from cardiogenesis are mimicked to direct the iPSCs into cardiac lineage
commitment. During embryogenesis the heart is one of the first organs to develop starting in
the 3 week after fertilization (Moorman et al., 2003). Heart development requires a fine-tuned
spatiotemporal activation of signaling pathways. The major pathways involved are nodal/bone-
morphogenic protein (BMP) and Wnt signaling for generation of cardiac progenitor cells and
NOTCH pathway signaling for chamber morphogenesis (Burridge et al., 2012). First, Wnt
signaling is activated by BMP4 inducing mesodermal commitment. The cardiogenic area in an
embryo is composed of mesodermal cells that will give rise to the epicardium and myocardium.
The promotion towards cardiac lineage commitment requires BMP signaling while Wnt
signaling is blocked giving rise to Mesp1+ cardiac progenitor cells. This shows that Wnt
signaling has a biphasic effect in early cardiogenesis (Ueno et al., 2007). As the embryo folds,
these cardiac progenitor cells are formed into a crescent-shaped heart tube divided into a
primary heart field (PHF) and secondary heart field (SHF) area. The PHF is characterized by
Nkx2.5, Tbx5 and Hand1 expression and will contribute to the left ventricle, atria and
conduction system. The SHF is distinguished by expression of Isl1, Fgf10 and Hand2 and will
subsequently form the right ventricle, atria and outflow tract (Buckingham et al., 2005;
Srivastava, 2006; George & Firulli, 2019). One efficient approach to differentiate iPSCs into
CMs is to mimic these developmental processes by sequential Wnt activation and subsequent
Whnt inhibition. This is achieved by addition of physiological growth factors or small molecules.
Starting with 2D monolayer or 3D embryoid body (EBs) iPSCs, Wnt activation for 1-3 d with
activin A/IBMP4 induces mesodermal lineage commitment. Alternatively, small molecules like
CHIR99021 are used, which activate Wnt signaling by blocking the Wnt inhibitor glycogen
synthase kinase 3. Subsequently, Wnt signaling inhibitor molecules like Inhibitor of WNT-
production (IWPs) are added for 2-4 d to direct the cells into cardiac lineage. This protocol
primarily produces ventricular iPSC-CMs, which can be enriched by metabolic selection with
lactate to starve glucose-dependent non-CMs (Burridge & Zambidis, 2013; Lian et al., 2013;
Tohyama et al., 2013) (Fig. 1B). The addition of retinoic acid (RA) during the second step (Wnt
inhibition) is sufficient to produce another CM subtype, atrial iPSC-CMs (Cyganek et al., 2018).

Sufficient derivation of pacemaker cells remains an ongoing challenge and protocols often
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resort to isolation of pacemaker cells from ventricular differentiation batches, ectopic
overexpression of pacemaker specific ion channels like the hyperpolarization-activated cyclic
nucleotide-gated cation channel (HCN) during cardiac differentiation or co-culture with visceral
endoderm-like cells (Schweizer et al., 2017; Darche et al., 2019). In addition, non-CMs like
cardiac fibroblasts and endothelial cells can be produced from iPSCs creating the opportunity
to co-culture CMs and non-CMs in more physiological 3D structures (Zhang et al., 2019;
Natividad-Diaz et al., 2019). This toolbox of cardiac relevant iPSC-differentiations provides a

powerful tool as a human in vitro system to model and study cardiac diseases.

1.1.3.2 Maturation of iPSC-CMs
After directed differentiation, the iPSC-CMs exhibit an immature and fetal-like phenotype.

Therefore, a big challenge is to mature iPSC-CMs since many cardiac diseases concern adult
CM physiology. Many studies focused on the maturation state of iPSC-CMs compared to adult
CMs and the possibilities to enhance maturation in vitro. Parameters to determine maturation
status include gene marker expression, electrophysiological properties, cytoskeletal and
sarcomere organization and metabolism. Similar to adult CMs, the iPSC-CMs express cardiac
ion channels, sarcomeric proteins and Ca?* handling genes, show autonomous beating and
subtype-specific action potentials (Karakikes et al., 2015). However, iPSC-CMs show an
overall lower expression of cardiac genes like ryanodine receptor 2 (RYR2), Na* voltage gated
channel alpha subunit 5 (SCN5A) or K* voltage-gated channel subfamily H member 2 (KCNH2)
(Yang et al., 2014a). Furthermore, they often lack gene isoform switches present in their adult
counterparts, for example higher levels of fetal alpha-myosin heavy chain (MYH6) and titin-
N2BA in iPSC-CMs instead of adult beta-myosin heavy chain (MYH7) and titin-N2B
(Kolanowski et al., 2017; Ahmed et al., 2020). The morphology of healthy adult CMs is a rod
shaped polyploid cell with a highly regular sarcomere structure and invaginations to the cell
membrane called T-tubuli. IPSC-CMs also show a sarcomere structure and some
polynucleated cells, however they are neonatal-like circular cells and often lack mature
ultrastructural characteristics like T-tubuli or a mature sarcomere length of ca 2.2 um.
Furthermore, iPSC-CMs can only generate half the contractile force compared to an adult
myocardium and exhibit a negative frequency-force relation (Lundy et al., 2013; Kamakura et
al., 2013; Yang et al., 2014a; Machiraju & Greenway, 2019). Some of the decreased levels of
cardiac gene ftranscripts can explain further immaturity features observed in their
electrophysiology. The iPSC-CMs were described to show electrical activity and subtype-

specific actions potentials (AP) were detected. However, compared to adult CMs, iPSC-CMs
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were described with higher resting membrane potential (RMP) (attributed to low expression of
the channel for K* inward rectifier current Kir2.1), slower upstroke velocity (attributed to low
levels of SCN5A/Nav1.5) and decreased conduction velocities (attributed to low levels of
connexins) (Lemoine et al., 2017; Horvath et al., 2018). Metabolically, adult CMs rely on fatty
acid oxidation to satisfy the hearts energy demands. IPSC-CMs can metabolize glucose and
lactate but lack a sufficient capacity for fatty acid metabolism (Correia et al., 2017). One widely
used possibility for maturation is an increased culture time > 2 months, which yields increased
cardiac gene expression and size, enhanced sarcomeric regularity and electrophysiological
maturation (Kamakura et al., 2013; Lewandowski et al., 2018). Additional experimental
approaches to enhance maturation include the following: culturing iPSC-CMs exclusively in
glucose-free medium (Horikoshi et al., 2019), addition of small molecules like Tri-iodo-I-
thyrodine (Yang et al., 2014b), applying electrical stimulation and mechanical stretch (LaBarge
et al., 2019), co-culture with human mesenchymal stem cells (Yoshida et al., 2018) or culture
in 3D structures or organoids (Tiburcy et al., 2017). To date, the optimal protocol to fully mature

iPSC-CMs resembling all adult-like features remains to be determined.

1.1.3.3 iPSC-CMs in research, disease modelling and regenerative medicine
IPSCs can be generated from any individual and differentiation protocols allow to model and

study different diseases in a tissue specific manner. Gene editing allows to generate specific
isogenic control- and knockout lines or insertions of mutations into control-lines. In cardiac
research, this is an invaluable tool to study monogenetic or multifactorial cardiac diseases in a
human in vitro system. With regard to monogenetic disease variants, many studies
underpinned the potential of patient-specific iPSC-CMs to recapitulate pathological phenotypes
of dilative and hypertrophic cardiomyopathies and identified structural and/or
electrophysiological impairments as an underlying disease phenotype (Karakikes et al., 2014).
The possibility to generate isogenic control iPSC-lines further allows direct comparison and
attributing a disease to single nucleotide polymorphisms (SNP). More complex and
multifactorial cardiac diseases can also be studied, even if the genetic predisposition is
unknown since patient-specific iPSCs harbor the disease specific genetics. For example, the
Takotsubo- or Broken Heart syndrome is a complex temporary cardiomyopathy that affects
mostly women post menopause. It was demonstrated, that iPSC-CMs from Takotsubo patients
show higher sensitivity to B-adrenergic signaling as an underlying disease driver (Borchert et
al., 2017).
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In addition to disease modelling, iPSC-CMs are a promising player in the field of regenerative
medicine. Loss of CMs due to myocardial infarction or injury results in the formation of non-
CMs scartissue. The iPSC-CMs are a potential source to replace this dysfunctional or diseased
cardiac and scar tissue. Moreover, derivation of patient-specific iPSC-CMs can reduce immune
response and rejection of transplants and avoids the need for immunosuppression therapy.
Two major concerns for the application of iPSC-CMs are the formation of teratomas due to
undifferentiated cells and the immaturity status of the cells that could lead to arrhythmias and
graft rejection. However, preliminary studies in pig and monkey models showed beneficial
effects of ESC/iPSC-CMs after myocardial infarction and first application tests in humans will
follow within the next years (Romagnuolo et al., 2019; Shiba et al., 2016). Lastly, iPSC-CMs
are applied in drug screening assays to discover new cardiac drugs or to test for cardiotoxic
side-effects. Furthermore, screening of different medical compounds in patient-specific iPSC-
CMs can help to identify the optimal medication strategy. This was demonstrated for an
ACTN2-muation based hypertrophic cardiomyopathy, where medication of the patient was
adjusted after Diltiazem showed better results in her iPSC-CMs (Prondzynski et al., 2019). In
summary, iPSC-CMs are an invaluable human in vitro platform that is and will continue to be a

crucial part in research and medicine.

1.1.4 Gene editing of iPSCs

The generation of iPSCs provides the opportunity to derive iPSCs from any healthy or disease-
affected individual harboring their complete genetic background. In addition, gene editing by
CRISPR/Cas9 further expands the iPSC platform by governing controlled genomic alterations

for single nucleotide exchanges or gene knockdowns.

1.1.4.1 Clustered regulatory interspaced palindromic repeats/Cas9 technology
The clustered regulatory interspaced palindromic repeats (CRISPR)/Cas is a naturally

occurring defense system against bacteriophages in bacteria and Archae (Grissa et al., 2007).
It was discovered over two decades ago when researches identified distinct gene loci in
Escherichia coli composed of arrangements of repeat and spacer segments with an associated
protein coding segment (Ishino et al., 1987). CRISPR was chosen as a terminology to describe
this genomic set-up consisting of repeat (23-50 nt) and spacer (17-84 nt) sequences with an
abut protein coding gene <1kp downstream (Jansen et al., 2002; Haft et al., 2005) (Fig. 2A).

The spacer sequences showed high variability and revealed sequence complementary to viral
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genomes. The repeat sequences are also very heterogeneous but share the potential to form
stem loop structures. Analysis of the protein coding gene revealed an enzyme with two catalytic
endonuclease activity domains (HNH and RuvC domains respectively) that could introduce
double strand breaks (DSB), generally referred to as Cas proteins (Richter et al., 2012).
Invasion of a bacteriophage triggers transcription of the CRISPR/Cas locus that arranges into
an RNA/protein complex to specifically cleave and inactivate the invading viral genes. For this,
the spacer and repeat segments transcribe into crispr RNAs (crRNA), complementary to parts
of the viral genome and associate with the Cas protein via a trans-activating crRNA (tracrRNA).
These crRNA serve as guides to direct the Cas protein to the specific site of action, where it
will introduce numerous DSB to the invading viral genome. In addition to binding the target
DNA via crRNA, the Cas proteins need another recognition site, termed protospacer adjacent
motif (PAM), which is a 3 nt sequence adjacent to the protospacer/crRNA sequence. A typical
PAM site is NGG, which is recognized by the Cas protein that will subsequently introduce a
DSB 3 nt upstream of this PAM site. The use of PAM sites to fully activate the Cas protein is a
protective mechanism that prevents cleavage of the crRNA (Sander & Joung, 2014). There
have been numerous Cas proteins identified, distinguished by size and PAM recognition matif,
which is used to classify CRISPR systems into 5 types (I-V). The type Il system that is
characterized by the use of Cas9 is the most frequently exploited system for genome editing
in eukaryotic cells (Makarova et al., 2015).

In 2012, the first study described the use of CRISPR/Cas9 for as a tool for controlled gene
editing (Jinek et al., 2012). In eukaryotic cells, DSB in the genome are recognized and repaired
by two distinct mechanisms: non-homologous end joining (NHEJ) and homology directed repair
(HDR). NHEJ is a fast but error-prone repair mechanism where the DNA ends, resulting from
a DSB, are directly ligated back together (Pfeiffer & Vielmetter, 1988). HDR is a precise
mechanism that uses a homologous piece of DNA as a template to reconstitute the DSB
(Smithies et al., 1985). CRISPR/Cas9 technology is applied in eukaryotic cells to introduce
site-specific DSB by designing the crRNA to bind the gene/position of interest. Subsequently,
the DNA repair mechanisms will lead to random insertion/deletion mutations when the error-
prone NHEJ mechanism repairs the DSB. This often leads to frameshift mutations with a
premature stop codon that will disrupt the translational reading frame and thereof allows
generation of targeted gene knockouts. In contrast, HDR relies on a template to repair the DSB
typically provided by the other allele in the genome. However, HDR can also use an artificially
designed DNA template that is provided exogenously. This artificial HDR template can be
designed to induce controlled point mutations or to insert whole sequences to introduce e.g.
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specific tags for the gene of interest (Sander & Joung, 2014) (Fig. 2B). To date, the modulation
of the CRISPR system offers a wide range of gene editing possibilities in eukaryotic cells.
Modification of the Cas9 protein leads to an expanded scope of applications by: A) Inactivation
of one of the endonuclease domains (nCas), which will only introduce single-strand breaks. B)
Complete inactivation of both endonuclease domains resulting in an unfunctional dCas protein.
The dCas protein can be fused with transcriptional enhancer (e.g. VP64) or repressor domains
(e.g. KRAB) and targeted to gene promotors for gene up- and downregulation, respectively. C)
The dCas can also be fused to epigenetic modifiers to modulate gene expression pattern and
chromatin activity. D) The dCas can be fused to a fluorescent protein, which allows to image
genomic loci. E) Substitution of the Cas9 protein with other Cas proteins that recognize
additional PAM sites or show decreased off-target cutting (Pickar-Oliver & Gersbach, 2019;
Barrangou & Doudna, 2016; Kampmann, 2018).

A CRISPR/Cas9 locus SL J_/
—{Re(/sp[Re .Re )—( Cas9 (| — 1 LLLL |ntruding DNA/RNA

o PAM

B CRISPR/Cas9 editing options

TIT1T NHEJ I Insertion
//////’ T —rgom “random

DSB ITTTTHTTTTT Deletions

Donor * *
DNA m
Fig. 2 CRISPR/Cas9 technology

A: Schematic representation of the bacterial CRISPR/Cas9 locus. Repeat (Re) and spacer (Sp)
segments are arranged with an adjacent gene coding for the endonuclease Cas9 (orange). Re
and Sp segments transcribe into RNA complexes (crRNA), whereas Re form a stem loop and
Sp are complementary to viral DNA/RNA. The Sp part in the crRNA guide and bind the viral
target and the associated Cas9 cleaves 3" bp upstream of the protospacer adjacent motif (PAM)
sequence thereby inactivating the viral intrusion.

B: Options for targeted gene editing approaches. Cas9 is guided by designed crRNAs to the
gene of interest and introduces double strand breaks (DSB). These site specific DSB can either
be repaired by non-homologous end joining (NHEJ) that leads to random insertion or deletions
of nucleic acids or by homology directed repair (HDR) that uses a template DNA to remodel the
DSB. For HDR, an exogenously provided HDR template allows to introduce specific nucleotide
changes. * represents artificial silent mutations that are introduced to prevent re-cutting of the
Cas9 after a successful edit.
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1.1.4.2 CRISPR/Cas9 gene editing in iPSCs
Directed gene editing events in iPSCs can be achieved by CRISPR/Cas9 technology. Major

difficulties faced are off-targets effects, low editing efficiency and CRISPR/Cas delivery into
iPSCs. For CRISPR/Cas9 editing, two major components need to be brought into the cell: the
guiding crRNA/tracrRNA complex and the Cas9 protein. Additionally, an HDR template is
required if HDR-based point mutations or sequence insertions are desired. Delivery methods
of CRISPR/Cas9 comprises coding plasmids, Adeno-associated virus (AAV) mediated
transduction or electroporation of RNA (crRNA), ssDNA (HDR template) and protein (Cas9)
directly (Lino et al., 2018). The latter has the advantage that use of protein will result in shorter
Cas9 activity reducing off-target cutting compared to prolonged expression of Cas9 by
plasmids. Furthermore, the use of Cas9 as a protein is less toxic for the application in stem
cells (Okamoto et al., 2019). Delivery by AAV is a promising tool to apply and transport
CRISPR/Cas9 into the human organism. However, the limiting packing capacity of AAVs
surpasses the size of Cas9, which needs to be split if an AAV approach is chosen (Maeder et
al., 2019). Despite this disadvantage, gene therapy using AAV delivery is investigated for
medical applications due to its tissue tropism of the various AAV serotypes. These include
AAV6 and AAV9 for gene delivery into cardiomyocytes (Ambrosi et al., 2019; Moretti et al.,
2020), AAV5 for retinal cells (Maeder et al., 2019) and AAV2.5 (chimera o AAV2 and 5) for
pulmonary epithelial cells (Li et al., 2019b). To further increase editing efficiency for directed
single nucleotide exchanges, the HDR template is designed with silent mutations (leading to
synonymous amino acids ) for the crRNA or PAM site sequence to block further DSB events
after a successful edit (Paquet et al., 2016). Reports of successful gene editing in iPSCs in
biomedical research have been multitudinous. Functional gene knockouts in iPSCs by
CRISPR/Cas9 using NHEJ enables to study mutation-based diseases in greater detail.
Examples include the knockdown of the mutated allele DNMT3B to study the facial
abnormalities syndrome (Horii et al., 2013) or COL7A1 to study dystrophic epidermolysis
bullosa (Shinkuma et al., 2016). Vice versa, this approach can also be applied to restore gene
function exemplified by the excision of exon 45-55 in the DMD gene (Young et al., 2016). Many
frameshift causing mutations in DMD lead to dysfunctional DMD and manifest in Duchenne
muscular dystrophy. Deletion of exon 45-55 restored the translational reading frame and
resulted in a shorter, but functional DMD (Young et al., 2016). Single nucleotide exchanges by
CRISPR/Cas9 using an exogenously provided donor template for HDR allow to correct
missense mutations and derive an isogenic iPSC-line from a patient iPSC-line. Inversely, a

potential pathogenic SNP can be introduced into control iPSC-line to study the contribution of
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a single SNP to a certain disease (Ben Jehuda et al., 2018). The possibility to introduce
controlled gene editing by CRISPR/Cas9 expands the power of iPSCs in research and disease

modelling.

1.2 THE HEART: STRUCTURE, FUNCTION AND DISEASE

The heart represents the engine of our body by consistently pumping blood throughout the
organism. The mammalian heart consists of two major and two minor chambers called ventricle
and atrium, respectively. The ventricles fill with 60 - 120 ml blood and normally eject 50 — 75 %
from their end-diastolic filling (Clay et al., 2006). The left ventricle supplies the body’s circulation
system and organs with oxygen and nutrient-rich blood. The smaller right ventricle extrudes
blood to the lungs where it is released from carbon dioxide and loaded with oxygen. For
sufficient heart performance, a fine-tuned interplay between multiple cellular mechanisms like
electrical stimulation and propagation, Ca?* cycling and structural features are crucial for the

CMs to function as a beating force-generating syncytium.

1.2.1 Molecular architecture of the heart
For muscle cells to generate contraction, the CMs are composed of sarcomeres. Sarcomeres

are the smallest contractual entity in CMs and numerous sarcomeres are arranged repetitively
in one cell. The molecular architecture of a sarcomere is an ensemble of muscle specific
proteins that are arranged transversely into thin and thick filaments. Optically, a sarcomere is
segmented in the I-band (thin filaments adjacent to the Z-disc) and A-Band (overlapping thin
and thick filaments) with the Z-disc as the lateral border and the M-line defining the center
(Gautel & Djinovi¢-Carugo, 2016; Clark et al., 2002) (Fig. 3A). The length of a sarcomere is
measured between two Z-discs and is typically ~2.2 ym in human adult CMs (Freiburg et al.,
2000). The major component of the thin filament is filamentous actin, which is anchored to the
Z-disc by a-actinin. Nebulette proteins span the whole thin filament and serve as structural
support for actin and its regulatory proteins tropomyosin and different troponins (CTNT, cTNC,
cTNI). The primary protein of thick filaments is myosin, which is composed of myosin-heavy
chains (MHC) and regulatory light chain (MLC) proteins. The giant protein titin (TTN) binds to
the Z-disc with its N-terminal and to the M-line with its C-terminal domain thereby spanning half
a sarcomere with one TTN protein providing structural support (Tajsharghi, 2008). The M-line
is composed of M-protein, myomesin and obscurin and provides a scaffold to arrange the tick
filaments into the A-band (Agarkova et al., 2004). Myosin from the thick and actin from the thin
filaments interact and shift across each other pulling the Z-discs closer together in a multi-step
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sequence termed cross-bridge cycling thereby paving the foundation for contraction (Huxley,
1969). The cardiac contraction is triggered by Ca?* influx, described further below. Structure,
architecture, protein composition and arrangement of a sarcomere are crucial for functional
contracting CMs. This becomes clear as many hereditary cardiac diseases show mutations in
sarcomere proteins thereby disturbing the sarcomeric integrity and subsequently leading to
reduction in heart performance.

1.2.2 A heartbeat: from membrane depolarization to Ca%*-dependent

contraction
CMs function as a syncytium and contract in a synchronized manner. The resting beat rate is

generated from the pacemaker cells, travels via the sinoatrial node and finally propagates
across the atria and ventricles. Such an electrical signal is converted into mechanical
contraction via a delicate network of ion channels in the membrane, signaling proteins in the
cytoplasm and finally sensing proteins in the sarcomere. First, the electrical stimulus will open
voltage-gated Na* channels (Nav1.5) followed by Na* influx and membrane depolarization that
will open voltage-sensitive L-type Ca?* channels (Cav1.2) in the sarcolemma. This initial Ca?*
influx causes to open the Ca?*- sensitive Ca?* channels RYR2 in the sarcoplasmic reticulum
(SR), which is termed Ca?* induced Ca?* release (CICR). Opening of RYR2 causes high Ca?*
efflux from the SR into the cytoplasm, which is sensed by the regulatory protein cTNT in the
thin filament and initiates the crossbridge cycling (Lehman et al.,, 1994; Bers, 2008). To
terminate contraction, ~70 % of Ca?* is recycled back into the SR by sarcoplasmic/endoplasmic
reticulum Ca?* ATPase (SERCA) proteins and the remaining ions are recycled into the
mitochondria by mitochondrial Ca?* uniporter (MCU) and into the extracellular space by
Na*/Ca?* exchanger (NCX) (Dedkova & Blatter, 2013) (Fig. 3B). Therefore, Ca?" is the
messenger that conveys excitation-contraction coupling and analysis of impaired Ca?* cycling
has been linked numerous times to dysfunctional and diseased myocardium (Kranias & Bers,
2007). During contraction, the cardiac AP represents the ion current events from different
channels (Fig. 3C). The described Na* influx (Ina) by Nav1.5 shapes the typical rapid
depolarization in Phase 0 of the AP. Phase 1 is characterized by small repolarization caused
by K* outward currents (l) from K* channels K.4.2 and K.4.3. The following Phase 2 plateau
represents the Ca?* influx (Ica) events from Cav1.2 that will subsequently trigger the CICR. The
rapid depolarization Phase 3 is by K* outward currents (Ik;) from K* channels of the hERG
family. The subsequent RMP (also referred to as Phase 4) is maintained by K* rectifier currents
(Ixi) from Kir2.1 channels, which is crucial to prepare the CMs for the next AP (Priest &
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McDermott, 2015; Grant, 2009). Electrical activity in CMs relies on correct ion channel
expression and function and multiple cardiac diseases with conduction or beating impairments
have been linked to mutations in genes coding for ion channels collectively termed
channelopathies (Behere & Weindling, 2015).
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Fig. 3 Physiological properties of CMs
A: Schematic representation of a sarcomere with the transverse arranged thin (dark green) and thick

(light green) filaments, the lateral Z-discs and the M-line. Fil. = filament. a-act (a-actinin) links the thin
filaments to the Z-disc (purple). One titin molecule spans half a sarcomere to give structural support
(red).

B: Ca?* cycling in a CM and the involved ion channels. Opening of the Nav1.5 channels trigger opening
of Cav1.2. Initial Ca2?* influx triggers opening of RYR2 (ryanodine receptor 2) releasing high amounts of
Ca?* from the SR resulting in contraction of the sarcomeres (Systole). Reuptake of Ca?* terminates the
contraction and leads to relaxation of the sarcomere (Diastole). SR = sarcoplasmic reticulum; MCU =
mitochondrial Ca2* uniporter, NCX = Na*/K* exchanger; SERCA2a: ATPase sarcoplasmic/endoplasmic
reticulum Ca?* transporting 2

C: The typical cardiac AP is shaped by sequential openings of Na*, Ca2?* and K* channels. AP = action
potential.

D: B-adrenergic stimulation (BAR) activates phosphorylation by PKA and CAMK23 of Cav1.2, RYR2,
PLN and cTNI, which results in faster Ca2* kinetics. AC = adenylate cyclase; PKA = protein kinase A
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1.2.3 Faster and stronger: adrenaline and the cAMP cycle
The beat rate and contraction of the heart can be modulated by hormones for adjustment to

physiological or environmental cues like exercise, stress or injury. One major player is the
catecholamine adrenaline that has a positive chronotropic (beat ratet), dromotropic
(conduction speed?), ionotropic (contractilityt) and bathmotropic (excitability|) effect on the
heart (Herman & Sandoval, 1983). Adrenaline conveys its effect by binding to G-protein
coupled B-adrenergic receptors on the plasma membrane of CMs. This activates a signaling
cascade that starts with the release of the G-protein from the receptor. The G-protein activates
adenylate cyclases (AC), which produce cyclic adenosine monophosphate (cAMP) from
intracellular adenosine triphosphate (ATP). The cAMP binds and activates protein kinase A
(PKA) (Najafi et al., 2016). In parallel, CAMK25 is activated, although the precise mechanism
how [(B-adrenergic signaling conveys this effect is not fully understood (Grimm & Brown, 2010).
Active PKA and CAMK20 are functional kinases that phosphorylate Ser and Thr residues of
their target proteins that comprise important Ca2* handling proteins Cav1.2, RYR2, the SERCA
regulatory protein Phospholamban (PLN) and the sarcomeric cTNI (Landstrom et al., 2017)
(Fig. 3D). The phosphorylation events by PKA and CAMK2& convey the described effects of
adrenaline including the following: A) Phosphorylation of Cav1.2 and RYR2 enhances Ca?*
release and thereby increases muscle contractility. B) Phosphorylation of PLN decreases the
inhibitory effect on SERCA and lead to enhanced Ca?* uptake in the SR and muscle relaxation.
C) Phosphorylation of cTNI reduces Ca?* sensitivity in the myofilaments resulting in faster Ca?*
dissociation (van der Velden & Stienen, 2019).

1.2.4 Diseases of the heart: Cardiomyopathies
Cardiovascular diseases remain the world leading cause of mortality accounting for 1 in 4

deaths (Lozano et al., 2012). The entity of cardiomyopathies, which comprises all cardiac
diseases that concern the heart muscle/myocardium in the absence of coronary artery or valve
diseases. Cardiomyopathies can be classified by their physical manifestation into hypertrophic
cardiomyopathy, dilated cardiomyopathy (DCM), arrhythmogenic right ventricular
cardiomyopathy, restrictive cardiomyopathy, and left ventricular non-compaction (LVNC) as a
subtype of unclassified cardiomyopathies (Elliott et al., 2008). LVNC and DCM will be described
more detailed in the following sections.
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1.2.4.1 DCM: a common cardiomyopathy
DCM accounts for 50-60 % of all cardiomyopathies and is characterized by an enlarged left

ventricle with simultaneously reduced cardiac muscle (Albakri, 2018) (Fig. 4A). In patients, this
can lead to many functional aberrations like systolic or diastolic dysfunction, poor contractile
force, reduced ejection fraction, arrhythmias and in severe cases heart failure. End-stage heart
failure caused by DCM accounts for half of heart transplantations (Regitz-Zagrosek et al.,
2010). DCM can be caused by genetic and non-genetic factors. Non-genetic factors to acquire
a DCM include hypertension, toxins, drug use, inflammation, or infectious diseases. Genetic
factors or predisposing mutations were identified by screening families with hereditary heart
diseases including multiple affected related family members and generations. It is estimated
that 25-30 % of DCM cases are hereditary with many gene variants identified as disease
causing. However, to date 50 % of DCM cases are still classified as idiopathic, meaning no
primary or secondary cause of DCM can be identified (Albakri, 2018; McKenna et al., 2017).

1.2.4.2 LVNC: a rare cardiomyopathy
LVNC is a rare developmental cardiomyopathy with an estimated diagnosis of 0.1 — 1.3 % of

patients undergoing echocardiograms. Patients are diagnosed with LVNC if their endocardial
myocardium shows a non-compacted layer with hypertrabeculation and deep intertrabecular
recesses (Jenni et al., 2007) (Fig. 4A). LVNC is considered a genetic and developmental heart
disease, because it develops due to insufficient myocardial compaction and/or incomplete
trabeculation reduction during heart development leaving the patient with the characteristic
“spongy” and non-compacted myocardial wall (Wengrofsky et al., 2019). LVNC is rare and
affected patients often present with similar symptoms to DCM like reduced ejection fraction
and heart performance as well as atrial and ventricular arrhythmias (Arbustini et al., 2016). The
definition of LVNC by the European Society of Cardiology categorizes LVNC as a standalone
cardiomyopathy (Elliott et al., 2008) while the American Heart Association counts LVNC as a
subtype of DCM (Maron et al.,, 2006). This underscores that little is known about the
pathogenesis of LVNC and more research is necessary to elucidate the developmental defect

and underlying molecular and physiological pathologies to better understand LVNC.
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A Cardiomyopathies healthy
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Fig. 4 Cardiomyopathies: LVNC and DCM
A: Morphological characterization of LVNC and DCM. LVNC shows deep trabecular recesses in the

myocardial wall. DCM shows a dilated ventricle and thinning myocardium. RA: right atrium; RV: right
ventricle; LA: left atrium; LV: left ventricle

B: Genes that are associated with genetic LVNC and DCM. Gene mutations summarized from (Brauch
et al.,, 2009; Karakikes et al., 2014; Sedaghat-Hamedani et al., 2017; McNally & Mestroni, 2017;
Miszalski-Jamka et al., 2017).

C: Different disease-causing variants of RBM20 associated with LVNC and DCM. RBM20 mutations
summarized from (Brauch et al., 2009; Li et al., 2010; Sedaghat-Hamedani et al., 2017; Sun et al.,
2020)

1.2.4.3 Genetics behind DCM and LVNC
Around 30 % of DCM patients have a genetic predisposition and it is estimated that up to 50 %

of idiopathic DCMs have a genetic cause that is yet to be identified. To date, around 30 genes
have been linked to carry disease-associated variants/mutations (Rosenbaum et al., 2020;
McNally & Mestroni, 2017). Most of these genes code for important structural and
electrophysiological cardiac proteins. Genetic mutations in sarcomeric genes like TTN, MYH?7,
and cTNT are associated to the development of DCM, mostly without any conduction

impairment (Kamisago et al., 2000; Herman et al., 2012; Hershberger et al., 2013). In contrast,

-17 -



1 INTRODUCTION

genetic variants in the nuclear envelope gene LaminA/C (LMNA) or the cardiac sodium channel
(SCNb5A) are associated with DCM with conduction diseases like tachycardias, arrhythmias, or
sinoatrial node dysfunction (McNair et al., 2004; Cowan et al., 2018; Peretto et al., 2019).
Additionally, there were also mutations identified in genes that do not contribute to the
sarcomere or ion channels like laminin-alpha 4 or the RNA-binding motif protein 20 (RBM20)
(Brauch et al., 2009; Abdallah et al., 2019). Genetic predispositions of LVNC remain poorly
understood. A well correlated genetic mutation affects the Tafazzin gene that leads to LVNC
among other pathologies summarized as the Barth syndrome (Ronvelia et al., 2012; Finsterer,
2019). In Fig. 4B genes associated with LVNC and DCM are illustrated. Intriguingly, some
genes are linked to both diseases depending on the mutation within the gene. One example is
RBM20 that causes mainly DCM, however one particular mutation (p.R634L) is linked to the
development of LVNC (Sedaghat-Hamedani et al., 2017). Fig. 4C lists the RBM20 missense
mutations that are associated to DCM and/or LVNC. Genetic screenings of patient cohorts are
important in ongoing research to unravel novel disease-causing gene variants and to stratify

patient groups with known gene mutations for optimal treatment.

1.3 RNA-SPLICING

Splicing describes the process by which intronic or exonic sequences are removed from a pre-
mMRNA transcript. It is a crucial part of the RNA maturation process before translation. This
genetic architecture of introns and exons expands the proteomic diversity as multiple
transcripts can arise from a single gene locus resulting in multiple protein isoforms. This
becomes evident by the estimated 60.000 proteins identified in the human organism that
originate from only 20.000 known protein-coding genes (Barbosa-Morais et al., 2012).

1.3.1 The spliceosome
Almost 99 % of human genes are composed of protein-coding sequences (exons) and non

protein-coding sequences (introns) and are therefore subjected to splicing before translation
(Barbosa-Morais et al., 2012). In human cells, the removal of introns is catalyzed by a
specialized complex termed spliceosome. This spliceosome contains multiple small-nuclear
RNA-protein complexes termed small nuclear ribonucleotide particles (snRNP) that are
numbered as U1-, U2, U4-, U5- and U6- snRNP and over 100 additional proteins (Hastings &
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Krainer, 2001; Rappsilber et al., 2002). The splicing of genes is intricate and orchestrated by a
number of cis- acting cues within the gene (Fig. 5A). Cis-acting cues are encoded in the DNA
of the genes itself. These so-called core splice sites are composed of a 5” splice site containing
a GU at the exon-intron border, a 3" splice site with AG at the intron-exon border with a
preceding polypyrimidine stretch and a branch point sequence (Zhang, 1998; Hubé &
Francastel, 2015) (Fig. 5A). The removal of an intron occurs in two catalytic transesterification
steps for which the spliceosome undergoes stepwise assembly and dynamic rearrangements.
First, the 5" splice site is bound by U1-snRNP, the branch point sequence by U2-snRNP and
the polypyrimidine stretch and 3 splice site by the UZ2-auxiliary factor heterodimer
(U2AF2/U2AF1) collectively termed spliceosome complex A. Next, the U4/6 and U5 snRNPs
are recruited to complex A followed by the detachment of U1 and U4 snRNPs resulting in the
formation of the catalytic active spliceosome complex C (Lee & Rio, 2015; Will & Lihrmann,
2011). Here, the reactions to cleave, remove the intron and join the exons are catalyzed. The
first transesterification reaction is a nucleophilic attack from the branch point adenosine (A) at
the 57 splice site forming an intron lariat intermediate. The second transesterification reaction
is a subsequent nucleophilic attack from the 5 splice site at the 3" splice site resulting in the
ligated exons and a released intron lariat product (Lee & Rio, 2015) (Fig. 5B). Finally, the
spliceosome detaches and is recycled for further splicing. Notably, 96 % of all introns are
subjected to splicing in that complex, but there is also a small subset of introns removed by a
so-called minor spliceosome or self-splicing events (Turunen et al., 2013), which will not be

discussed in detail here.

1.3.2 Alternative splicing
The known discrepancy between expressed proteins (60.000) and protein-coding genes

(20.000) is due to alternative splicing. This process explains how different peptides and
proteins can arise from a single gene thereby increasing the coding capacity of the genome.
Intriguingly, it was shown that almost all intron-containing genes are also subjected to
alternative splicing (Pan et al., 2008). Splicing is not restricted to exclusively removing introns
from a transcript. In addition, exons or parts of an exon can also be subjected to splicing, which
results in multiple isoforms arising from the same gene locus. Whether an exon or intron is
included or excluded in alternative splicing is controlled by additional cis- and frans-acting
elements guiding the spliceosome to the site of action. In addition to the core splice sites

described above, regulatory silencer or enhancer motifs are encoded in exonic or intronic
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segments of a gene (Wang & Burge, 2008) (Fig. 5A). These regulatory sequences are
recognized and bound by a variety of splice factors that govern the activation or
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Fig. 5 Splicing mechanisms

A: Eukaryotic gene architecture harbors cues to splicing. The core splice sequences are an GU at
the 5°ss, a branch point A, 3'pyrimidine stretch (YYY)nand an AG at the 3’ss. Additional cues are
silencing and enhancer elements located in exonic and intronic regions. Ss = splice site; ESE:
exonic splice enhancer; ESS: exonic splice silencer; ISE: intronic splice enhancer; ISS: intronic
splice silencer

B: Splicing process conveyed by the spliceosome. First, recognition of the exon borders by binding
of U1-snRNP, U2-snRNP and U2AF to the core splice sites. Next, assembly of an catalytically active
spliceosome results in ligation of the exons and release of the intron in a lariat structure.

C: Modes of alternative splicing. Alternative splicing can produce multiple transcripts of varying
length and usage of exonic and intronic elements.

repression of splicing by influencing splice site selection and activity (Solis et al., 2008). Two
main classes of splice factors can be distinguished: heterogenous nuclear ribonucleoproteins
(hnRNP) and SR proteins. As the name implies, hnRNP splice factors show structural
heterogenicity and contain one or two RNA-recognition motifs (RRM) and one or two protein
domains for protein-protein interaction (Geuens et al., 2016). SR proteins summarizes proteins
with a conserved structure defined by a protein domain of repetitive Arg and Ser (RS) residues.
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Canonical SR splice factors contain an N-terminal RRM for RNA binding and the RS domain
in the C-terminal region, which functions for protein-protein interactions (Zhou & Fu, 2013).
Both, hnRNPs and SR proteins, can bind to exonic and intronic regulatory segments of a gene
where they function as splicing repressors or activators underscoring the diverse function of
splice factors in alternative splicing (Lee & Rio, 2015). With this wide repertoire of regulation,
multiple possibilities arise: exon skipping, intron retention, mutually exclusive exons and usage

of alternative splice sites (Fig. 5C).

1.3.3 Splicing in disease

Splicing is a highly regulated and dynamic process to which the vast majority of human genes
is subjected. Therefore, it is not surprising that an estimated 20 % of diseases with an
underlying genetic cause are attributed to faulty splicing and a variety of genetic splice-
associated diseases have been reported to date (Krawczak et al., 2007; Lim et al., 2011). Most
common are cis-acting mutations that affect the splice site or regulatory splice elements within
an individual gene that subsequently lead to missplicing and functional impairment of the
affected gene. Mutations within the core splice sites of a gene often leads to exon skipping or
intron retention resulting in reading frame shifts. These frame shifts often include the insertion
of a premature stop codon, which is accompanied by nonsense-mediated decay (NMD) of the
shortened transcript and thereby a functional loss of function. A prominent example are various
splice site mutations in the DMD gene leading to exon skipping and subsequently NMD. This
causes impaired function and levels of DMD that leads to progressive muscle wasting known
as Duchenne muscular dystrophy (Juan-Mateu et al., 2013). In addition, pathological SNPs
can be located in the regulatory exonic or intronic enhancer or inhibitor sequences of a gene
mostly leading to an altered exon inclusion-exclusion ratio of the respective transcript. For
example, this was reported for a mutation in the MAPT gene, which encodes the neuronal tau
protein that is a major player in neurodegenerative diseases. Mutations in the regulatory
elements of intron 9 result in increased inclusion of exon 10 and altered tau function and are
linked to familial forms of frontotemporal dementia and Parkinsonism linked to chromosome 17
disease (Malkani et al., 2006; Faustino & Cooper, 2003).

Trans-acting mutations affect components of the spliceosome or regulatory splice factors. For
example, many mutations in the TAR DNA-binding protein-43 (TDP-43) are linked to familial
cases of amyotrophic lateral sclerosis (ALS), a neurodegenerative disease progressing into
paralysis. It was demonstrated that TDP-43 binds to intronic sequences and is involved in

splicing events of many genes for neurological function like MEF2D, parkin, huntington and
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ataxin. Coincidently, missplicing in these genes is observed in TDP-43-mutation carriers and
benefits ALS disease progression (Da Cruz & Cleveland, 2011). Finally, misregulated RNA-
splicing was also demonstrated as a driver in cardiac diseases highlighted by the discovery of
RBM20-mutation based cardiomyopathies (Fig. 4C), which will be discussed in more detail
below.

1.3.4 RBM20: a cardiac splice factor involved in cardiac disease
RBM20 is a splice factor highly expressed in the heart. Multiple patient cohort screenings

revealed RBM20 variants as disease causing for DCM and LVNC (Brauch et al., 2009; Li et
al.,, 2010; Sedaghat-Hamedani et al., 2017; Sun et al.,, 2020). These findings were
complemented by Guo and colleagues, who identified RBM20 as a cardiac splice factor for
TTN. They observed a larger TTN isoform N2BA expressed in RBM20 knockout rats and could
link this longer TTN isoform to increased sarcomeric elasticity and myocardial stiffness (Guo
et al., 2012). These pathologies could be confirmed later by Streckfuss et al., for a human
RBM20 disease variant RBM20-p.S635A that recapitulated TTN missplicing and myocardial
stiffness in a patient-specific iPSC-model (Streckfuss-Bémeke et al., 2017). In addition to TTN,
30 more RBM20 splice targets were identified to date, all of which encode proteins crucial for
cardiac function (Maatz et al., 2014; van den Hoogenhof et al., 2018; Guo et al., 2012). RBM20
is a tissue-specific SR protein with two Zn-finger domains, one N-terminal RRM and one highly
conserved C-terminal RS domain (Guo et al., 2012) (Fig. 6A). The RRM is important for binding
of the RNA and a study by Maatz and colleagues unveiled direct binding of RBM20 to
spliceosomal U1- and U2-snRNPs and to its target genes like TTN. They showed that RBM20
predominantly binds intronic sequences identifying UCUU as a core consensus sequence
binding sequence. It was proposed that RBM20 mainly functions as a repressor of splicing by
stalling of spliceosome complex A (Maatz et al., 2014). However, it was also reported that
RBM20 functions in other modes of alternative splicing including exon exclusion, mutually
exclusive exons and intron retention underscoring the complex role of RBM20 in splicing (Guo
et al., 2012; Maatz et al., 2014) (Fig. 6B). The identification of human RBMZ20 variants unveiled
the RS domain as a hot spot for disease causing missense mutations (Li et al., 2010; Brauch
et al., 2009). The RS domain is characteristic for SR proteins and is termed after the repetitive
sequence of Arg and Ser and is highly conserved among species from zebrafish to human.
The RS domain of RBM20 (as well as the RS domain of splice factors in general) was shown
to serve two major functions. First, Arg and Ser contain OH-groups and can be phosphorylated.
These RS-phosphorylations have been shown to serve as localization cues, especially nuclear
retention signals in RBM20 and other splice factors (Cazalla et al., 2002; Filippello et al., 2013).
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Second, RS domains are crucial for protein-protein interactions, especially for interacting
processes within the spliceosome (Shen & Green, 2006). In addition, splice factors often
compete for splice sites to regulate alternative splicing. For RBM20, the polypyridine tract
binding protein 4, an hnRNP splice factor, was shown to antagonize RBM20 splicing in TTN
adding another layer of splicing control (Dauksaite & Gotthardt, 2018). In summary, RBM20 is
an essential splice factor to regulate alternative splicing in > 30 cardiac genes. Many RBM20
disease variants have been identified, however the molecular and cellular mechanisms that

lead to human cardiac diseases remain to be fully elucidated.
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Fig. 6 RBM20 splice-targets
A: The RBM20 gene locus. RBM20 is composed of 14 exons with highly conserved domains: ZnF: Zinc

finger; RRM: RNA recognition motif; RS: repetitive Arg/Ser domain
B: Schematic of RBM20 splice-targets based on rat model. Splicing represents wt-RBM20 function.
Summarized from (Guo et al., 2012; Maatz et al., 2014; Watanabe et al., 2018). Ex = exon
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1 INTRODUCTION

1.4 AIMS

RBM20 is a cardiac splice factor that orchestrates alternative splicing of > 30 cardiac genes.
Multiple RBM20 mutations that cluster in the RS domain have been linked to familial cases of
cardiomyopathies. Two distinct heterozygous missense mutations of RBM20 concerning the
p.R634 position have been shown to result in two different cardiomyopathies, namely p.R634L
(LVNC) and p.R634W (DCM). The aim of this thesis was to investigate if and how these two
RBM20 disease variants can result in different disease phenotypes using a patient-specific

iPSC-platform. The following objectives were defined:

1. Generation of iPSCs from somatic patient material and subsequent characterization of
pluripotency.
Directed differentiation of control and patients iPSCs into functional beating iPSC-CMs.
3. Analysis of RBM20- and potential splice targets in LVNC- and DCM-CMs.
Comparison of cellular and functional parameters in LVNC- and DCM-CMs: sarcomere
structure, Ca?* kinetics, Ca?*load, beating rate and reaction to -adrenergic stimulation.
Generation of isogenic iPSCs and iPSC-CMs from LVNC and DCM patient cell-lines.
6. Analysis of cellular and functional parameters of isogenic rescue LVNC and DCM iPSC-
CMs and comparison to disease iPSC-CMs to assess the pathological contribution of
RBM20 variants.
7. Comparison of developmental parameters in LVNC-CMs: growth, proliferation, single

cell expression profiles.
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2
MATERIAL

2.1 CHEMICALS, REAGENTS and ENZYMES

Tab. 1 List of chemicals, reagents and enzymes

Company Order number

Agarose powder VWR 35-1020
Amino caproid acid Applichem A2266,0500
Biocoll VWR L6113
Boric Acid Roth 6943.1
BSA powder Albumin Fraction V | Roth 8076.3
CaCl; solution Sigma-Aldrich 21115
Caffeine powder Sigma-Aldrich C0750
DMSO Sigma-Aldrich D2650
dNTP mix (100 mM) Bioline Bio-39029
DTT Roth 6908
Dynabeads M280 Thermo Fisher Scientific 00810740
Ethanol Chemsolute 2236.1000
Fluo-4 probe Thermo Fisher Scientific F14201
Fluoromount-G Southern Biotech 0100-01
FURA-2-am probe Thermo Fisher Scientific F1221
Gene ruler 100 bp Thermo Fisher Scientific SM0241
GoTaq G2 Polymerase Promega M784B
Green buffer 5x Promega M7911
HEPES Roth 9105
Hydrochloric acid 37 % Merck 1.00314.1000
Isopropanol Merck 109634
KCI Sigma-Aldrich P9541
Laemmli buffer 4x Biorad 1610747
Methanol Merck 106009

| MgClz Sigma-Aldrich M8266
Midori Green Biozym 617004
Milk powder Roth T145
NaCl Roth 9265.1
NaF Roth P756
NaOH Applichem A1551.1000
Nuclease-free water Ambion AM9937
PhosStop tablets Roche 04906837001
Pluronic F-127 Thermo Fisher Scientific P3000MP
Ponceau solution Sigma-Aldrich P7170
Protein gene ruler Thermo Fisher Scientific 26619
Stainfree TGX gels Biorad 4568086
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2 MATERIAL

SYBR green IQ supermix Biorad 1708882
Tricine Biochemika A1085,0250
Tris base Roth 5429.2
Triton-X-100 Sigma-Aldrich 3051.3
Turbo transfer (TB) buffer 5x Biorad 10026938
Tween-20 Biorad 170-6531
B-Mercaptoethanol (cell culture) Serva 28625
B-Mercaptoethanol (Western blot) | Biorad 1610710

2.2 COMMERICAL ANTIBODIES and KITS

Tab. 2 List of antibodies and kits.
IF: Immunofluorescence, WB: Western blot, FLOW: fluorescence cell cytometry, MACS: magnetic

activated cell sorting
Order
Method Company number.

Primary Antibodies

AFP IF Dako A0008-40C
CAMK25 WB/IF Thermo Fisher Scientific | PA5-22168
CD31 IF/IMACS Thermo Fisher Scientific | MA1-26196
cTNT IF/FLOW Thermo Fisher Scientific ':A3S_12$5PABX
GAPDH WB Millipore MAB374
LIN28 IF R&D systems AF3757
MLC2v IF Proteintech 10906-1-AP
NANOG IF Abcam PA5-18406
OCT4 IF R&D systems AF1759
PLN WB Thermo Fisher Scientific | MA3-922
PLN_Ser16p WB Badrilla A010-12AP
PLN_Thr17p WB Badrilla A010-13
RBM20 WB/IF Myomedix Order form
RYR2 WB Sigma-Aldrich HPA020028
RYR2_Ser2808p WB Badrilla A010-30
RYR2_Ser2814p WB Badrilla A010-31
SERCA2a WB Thermo Fisher Scientific | MA3-919
SOX2 IF R&D systems MAB2018
SSEA4 IF Abcam MC813
Titin M8/M9 IF Myomedix Order form
Titin Z1/Z2 IF Myomedix Order form
TRA1-60 IF R&D systems MAB4770
a-Actinin IF Sigma-Aldrich A7811
a-SMA IF Sigma-Aldrich A2547
B-l-TUB IF Covance MMS-435P
Secondary Antibodies

FITC goat-anti mouse IgM IF Jackson 115-095-020

ImmunoResearch

Laboratories
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2 MATERIAL

Cy3 goat-anti mouse IgG, IF Jackson 115-165-068
IgM ImmunoResearch
Laboratories
555 Donkey-anti goat IgG IF Thermo Fisher Scientific | A21432
555 Donkey-anti rabbit IgG IF Thermo Fisher Scientific | A31572
488 Donkey-anti mouse IgG IF Thermo Fisher Scientific | A21202
488 goat-anti mouse IgG, IF Thermo Fisher Scientific | A10680
IgM
HRP Donkey-anti mouse IgG | WB Thermo Fisher Scientific | A16011
HRP Donkey-anti rabbit IgG | WB Thermo Fisher Scientific | A16023
Kits
CIicI_(-iT E.dU c?" DNA/Proliferation Thermo Fisher Scientific | C10637
Proliferation Kit
Subcellular Protein Cell fractionation Thermo Fisher Scientific | 78840
Fractionation Kit
ALP staining Kit ALP staining Sigma-Aldrich 86R-1KT
Human stem c?" iPSC electroporation | Lonza VPH-5022
nucleofector Kit 2
NHDF Kit Fibroblast Lonza VAPD-1001
electroporation
Immobilon Western Kit WB imaging Millipore WBKLS0500
QlAquick Gel Extraction Kit Gel extraction Qiagen 28706
SV total RNA isolation _RNA Isolation of Promega 73105
system iPSCs
Relia prep RNA tissue RNA Isolation of
Miniorep Kit iPSC-CMs Promega 26112
QuantiNova RT Kit Reverse transcription | Qiagen 205413
Eli(tarce BCA Protein Assay Protein quantification | Thermo Fisher Scientific | 23225
QlAamp DNA mini Kit gDNA lIsolation Qiagen 51306
2.3 PRIMER

All primers were designed using the NCBI Primer Blast software and synthesized at
Microsynth Seqlab. A complete list of primer sequences and mean Cqg-values is provided in
the supplements (Suppl. Tab. 1 and 2).
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2.4 CELL CULTURE and CELL LINES

Tab. 3 List of media, supplements, factors and solutions for cell culture

Company Order number

Media and supplements for cell culture

B27 supplement Thermo Fisher Scientific 17504-044
DMEM without Glutamax Thermo Fisher Scientific 11960-044
DMEM F12 with Glutamax Thermo Fisher Scientific 31331028
Endothelial growth medium-2 (EGM2) | Lonza CC-3162
Essential 8 (E8) Thermo Fisher Scientific A1517001
IMDM with GlutaMax Thermo Fisher Scientific 31980022
RPMI 1640 with HEPES/GlutaMax Thermo Fisher Scientific 72400021
RPMI 1640 without glucose Thermo Fisher Scientific 11879020
StemFlex Thermo Fisher Scientific A3349401
StemPro-34 SFM Thermo Fisher Scientific 10639011
Compounds and solutions for cell culture
1-Thioglycerine (MTG) Sigma-Aldrich M6145-25ML
Albumin Sigma-Aldrich A9731
BMP4 human R and D systems 314-BP-010
BSA Fraction 7.5 % solution Thermo Fisher Scientific 152-037
CHIR99021 Merck 361559
EDTA 0.5 M pH=8.0 AppliChem A3145.0500
EPO Thermo Fisher Scientific PHC2054
FCS Thermo Fisher Scientific 10270-106
FLT3 Thermo Fisher Scientific PHC9414
Geltrex Thermo Fisher Scientific A1413301
hbFGF PeproTech 100-18B
HEPES solution Sigma-Aldrich H0887
Histofix 4 % Roth P087.5
IL-3 Thermo Fisher Scientific PHC0034
IL-6 Thermo Fisher Scientific PHCO0065
Isoprenaline (Iso) Sigma-Aldrich 15627
IWP2 Merck 681671
Knock out serum Thermo Fisher Scientific 10828-028
Lactate-solution 60% Sigma-Aldrich L9263
L-Ascorbic acid Sigma-Aldrich A8960
NEAA 100x Thermo Fisher Scientific 11140035
PBS 10x Thermo Fisher Scientific 70011-044
PBS 1x Thermo Fisher Scientific 14190144
Penicillin/Streptomycin 100x Thermo Fisher Scientific 15140122
SB431542 TORCIS 1614
SCF Thermo Fisher Scientific PHC2115
Thiazovivin Merck 420220
Trypsin/EDTA 0.25 Thermo Fisher Scientific 25200056
VEGF-A1es R and D systems 293-VE-010
Verapamil Sigma-Aldrich V4629
Versene (0.48 mM EDTA) Thermo Fisher Scientific 15040066
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Tab. 4 List of plasmids, viruses and CRISPR/Cas9 components for cell manipulation

Company Order number

Plasmids

pPCXLEh-Oct3/4-shp53-F Addgene 27077
pCXLE-hSK Addgene 27078
pCXLE-hUL Addgene 27080

Viruses

::;ISAGFP-UG-h-KHDRBS& Vector BioLabs Upon request: Lot 180709#29
AAV6-GFP-U6-shRNA Vector BioLabs 7043

Sendai virus Thermo Fisher Scientific | A16517
CRISPR/Cas9

Cas9 nuclease V3 IDT 1081058

crRNA IDT Individual design
Electroporation enhancer IDT 1075916
HDR-template IDT Individual design
tracrRNA IDT 1072532
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Tab. 5 List of somatic cells and generated cell lines. * already established lines prior to project

2 MATERIAL

start. p. = reprogrammed with plasmids; s. = reprogrammed with Sendai virus

Cell source Lab intern ID

Somatic cells

1-F* Skin fibroblasts from LVNC patient 1 (LVNC pedigree 11.3, p. 54) 6RBM
2-F Skin fibroblasts from LVNC patient 2 (LVNC pedigree 111.2, p. 54) | 8RBM
3-PBMCs PBMCs from DCM patient 1 (DCM pedigree 111.6) 9RBM
4-F Skin fibroblasts from DCM patient 2 (DCM pedigree 111.7, p.54) 10RBM
5-F* Skin fibroblasts from DCM healthy family member 1 (DCM 3RBM
pedigree 11.2, p. 54)
6-F * Skin fibroblasts from DCM healthy family member 2 (DCM 4RBM
pedigree 111.3, p. 54)
1-C-F* Skin fibroblasts from control 1 Cti1
2-C-F* Skin fibroblasts from control 2 Cti2
3-C-PBMCs | PBMCs from control 3 CtI3
4-C-PBMCs | PBMCs from control 4 Ctl4
5-C-F* Skin fibroblasts WTD2
iPSCs
1-LVNC-1 * iPSC-line 1 generated from fibroblasts 1-F of LVNC patient 1 p.6RBM1
1-LVNC-2 * iPSC-line 2 generated from fibroblasts 1-F of LVNC patient 1 p.6RBM2
2-LVNC-1 iPSC-line 1 generated from fibroblasts 2-F of LVNC patient 2 s.8RBM1
2-LVNC-2 iPSC-line 2 generated from fibroblasts 2-F of LVNC patient 2 s.8RBM3
1-DCM-1 iPSC-line 1 generated from PBMC3-F of DCM patient 1 s.9RBM2
1-DCM-2 iPSC-line 2 generated from PBMC3-F of DCM patient 1 s.9RBM4
2-DCM-1 iPSC-line 1 generated from fibroblasts 4-F of DCM patient 2 s.10RBM3
2-DCM-2 iPSC-line 2 generated from fibroblasts 4-F of DCM patient 2 s.1T0RBM5
3-DCM-1 * iPSC-line 1 generated from fibroblasts 5-F of DCM healthy 1 s.3RBM7
3-DCM-2 * iPSC-line 2 generated from fibroblasts 5-F of DCM healthy 1 s.3RBM8
4-DCM-1* iPSC-line 1 generated from fibroblasts 6-F of DCM healthy 1 s.4RBM2
4-DCM-2 * iPSC-line 2 generated from fibroblasts 6-F of DCM healthy 1 s.4RBM6
1-C1* iPSC-line 1 generated from fibroblast of healthy donor 1 p.Ctrl1.1
2-C-2* iPSC-line 1 generated from fibroblast of healthy donor 2 p.Ctrl2.1
3-C1 iPSC-line 1 generated from PBMC of healthy donor 3 s.Ctrl3.1
4-C-1 iPSC-line 2 generated from PBMC of healthy donor 4 s.Ctrl4.10
5-C1* iPSC-line 1 generated from fibroblasts of healthy donor 5 p.WTD2
CRISPR/Cas9-edited iPSCs
1 resLVNC 1 | Isogenic line 1 generated from iPSC-line 1 LVNC 1 6cr-clone10
1 resLVNC 2 | Isogenic line 2 generated from iPSC-line 1 LVNC 1 6c¢r-clone20
1 resLVNC 3 | Isogenic line 3 generated from iPSC-line 1 LVNC 1 6cr-clone21
1 resLVNC 4 | Isogenic line 4 generated from iPSC-line 1 LVNC 1 6cr-clone29
1resDCM 1 | Isogenic line 1 generated from iPSC-line 1 DCM 1 9cr-clone39
1resDCM 2 | Isogenic line 2 generated from iPSC-line 1 DCM 1 9cr-clone49
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2.5 BUFFERS and SOLUTIONS

Tab. 6 Composition of buffers and solutions. Unless stated otherwise, the solvent was water.

Buffer or solution Composition

1 % BSA/PBS

13.4 ml BSA solution (7.5 %)
+ 87 ml PBS (1x)

1.25 Tyrode solution

140 mM NaCl

4 mM KClI

1 mM MgCl2

10 mM HEPES

10 mM glucose

1.25 mM CaCl2  (adjusted to pH=7.4)

1.8 Tyrode solution

140 mM NaCl

5,4 mM KClI

1 mM MgCl2

10 mM HEPES

10 mM glucose

1.8 mM CaClz  (adjusted to pH =7.4)

5 % milk and 5 % BSA

5 g milk or BSA powder
+ 100 ml TBST buffer

Anode buffer

36.4 g/l Tris base
17.9 g/l Tricine (adjusted to pH=8.8)

Caffeine solution (10 mM)

485.5 mg Caffeine
+ 125 ml water

Cathode buffer

36.3 g/l Amino caproid acid
3.6 g Tris base  (adjusted to pH=8.7)

FACS buffer

1 % BSA
0.1 % Triton-X
in PBS 1x

FACS-B10 buffer

0.5 % BSA in PBS 1x
10 % FCS in PBS 1x
+2.2ml/10.5MEDTA pH=8.0

Fluo-4 and FURA-2 solution

1 Tube (= 50 ug) Fluo-4 or FURA-2
+ 44 ul DMSO

Iso stock solution (100 uM)

247.7 mg Iso + 10 ml water (= 100 mM)
1:1000 dilution of Iso (100 mM) in water

Laemmli buffer

900 pl Laemmli buffer 4x
+ 100 ul B-Mercaptoethanol

Running buffer

25 mM Tris,
192 mM Glycine,
0.1 % SDS

10.8 g/l Tris base

TBE buffer 5.5 g/l Boric acid
4 ml 0.5 M EDTA (pH=8) (for 1 1)
TBS buffer 20 mM Tris

150 mM NaCl (adjusted to pH=7.6)

TBST buffer

TBS buffer + 0.1 % Tween

Turbo transfer buffer (TB-buffer)

100 ml 5x Turbo transfer buffer
+ 400 ml water

Verapamil stock solution (100 uM)

491 mg Verapamil + 10 ml DMSO (= 100 mM)
1:1000 dilution of Verapamil (100 mM) in
DMSO
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3

METHODS

3.1 CELL CULTURE

IPSCs were generated from donated blood and skin samples. Subsequently, iPSCs were
maintained in culture and utilized to differentiate into cardiomyocytes for experimental
purposes. Tab. 7 summarizes the different media used in cell culture. The following chapters
describe the process of reprogramming, cell culture maintenance and cardiac differentiation
in more detail. All cell culture was maintained in an incubator at 37 °C, 5 % carbon dioxide

and 95 % humidity.

Tab. 7 List of media used. * heat inactivated FCS (56 °C for 30 min).

Medium Culture Basis Additives
PMBCs StemPro 2 U/ml EPO
culture 100 ng/ml FLT-3

Blood medium 100 ng/ml  SCF
20 ng/ml  IL-3
20 ng/ml  IL-6
Human embrvonic iPSCs culture for EB DMEM F12 20 % knock out serum
y formation with Glutamax 1x NEAA
stem cell (hES) 1x  B-
medium Mercaptoethanol
Fibroblast DMEM 10 % FCS*
. culture without glutamax 1x L-Glutamine
Human fibroblast 1x  NEAA

medium (HFBM)

1x B-Mercaptoethanol
10 ng/ml hbFGF (B10)

Cardio-selection
medium

Essential-8 (E8) iPSCs culture Essential-8 E8 supplement (20ml/l)
Medium
StemFlex iPSCs culture StemFlex StemFlex suppl. (20mi/1)
Cardio-culture iPSC-CMs RPMI with B27 supplement with
medium culture HEPES/Glutamax Insulin (20 ml/l)
Cardio- iPSC-CMs RPMI with 500 mg/l Albumin
differentiation differentiation start HEPES/Glutamax 200 mg/l L-Ascorbic
medium acid
iPSC-CMs RPMI without 4 mM
metabolic selection HEPES and glucose | Lactate/HEPES

500 mg/l Albumin
200 mg/l L-Ascorbic
acid
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3 METHODS

m Culture Basis Additives
Digestion of iPSC- RPMI with B27 supplement with
Cardio-digest CMs HEPES/Glutamax Insulin (20 ml/1)
medium 2 yuM Thiazovivin
20% FCS*
iPSCs spontaneous IMDM 20 % FCS*
Iscove medium differentiation with Glutamax 1x NEAA
450 yM_ MTG
: . iPSCs culture E8 Medium 20 % DMSO
Freezing Medium 4 . .
MM Thiazovivin
Endothelial growth Endothelial cell culture EGM2 EGM2 supplements
medium-2 (EGM2) (included with EGM2)

3.1.1 Isolation and culture of PBMCs from whole blood
Blood samples were sent to the laboratory in a standard EDTA- vacutainer for isolation of the

PBMCs. Upon arrival, 5-10 ml of whole blood was transferred to a 50 ml tube and centrifuged
7 min at 600 g (without break). The yellow supernatant (plasma) was discarded and PBS (1:1)
was added. The tube was inverted to mix, and the blood solution was carefully and slowly
pipetted into a tube containing 5 - 8 ml Biocoll gradient (blood should not mix with the Biocoll).
For separation of the blood cells, the Biocoll gradient was centrifuged 35 min at 400 g at 4 °C.
The nebulous interphase containing the PBMCs (ca. 1 ml) was conferred to a 15 ml tube and
washed once with PBS (centrifuged at 600 g for 5 min). The PBMC-pellet was resuspended
in blood medium and transferred to one well of a 12-well plate for culture. The medium was
refreshed daily by discarding half the of medium and replaced with fresh blood medium. After

5 -7 din culture, the PBMCs were used for reprogramming.

3.1.2 Isolation and culture of fibroblasts from a skin sample
Skin biopsies were sent to the laboratory in 15 mL tubes containing DMEM and 1x

Penicillin/Streptomycin. The skin sample was cut with a scalpel into small pieces (1 — 2 mm?),
placed into a 6 cm dish with the subcutaneous layer facing down and the dermis facing up
and cultured in human fibroblast medium (HFBM) (medium change every 2 — 3 d). After one
— two weeks, fibroblasts growth out / around the skin sample was overserved. For passaging
of fibroblasts, they were incubated with 0.25 % Trypsin/EDTA for 3 - 7 min at 37 °C. When the
cells started to detach, the Trypsin/EDTA was carefully removed and HFBM was added to
remove the fibroblasts from the culture dish by pipetting. The fibroblasts were transferred to a
new 6 cm culture dish in a ratio of 1:6 — 1:14. Medium change with HFBM was carried out

every 2 — 3 days. Isolated fibroblasts at passage 1 or 2 were used for reprogramming.
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3.1.3 Reprogramming of fibroblasts and PBMCs
IPSCs were generated either from a blood or a skin sample donation. The reprogramming

factors were transfected into the cells via Sendai virus (for fibroblasts and PMBCs) or via
electroporation of episomal expressing plasmids (for fibroblasts).

For transfection with episomal plasmids, 0.5 — 1x107 fibroblasts (passage 1-2) were
transferred to a 1.5 ml tube and centrifuged at 200 g for 10 min. The supernatant was
discarded and the fibroblast pellet was carefully resuspended in 100 ul nucleofection solution
containing 82 pl nucleofector solution and 18 ul nucleofector supplement (from NHDF kit). To
these 100 pl, 1 yg of each plasmid pCXLEh-Oct3/4-shp53-F, pCXLE-hSK and pCXLE-hUL
was added. Everything was blended gently and the mixture was transferred to a nucleofector
cuvette (from NHDF kit) and gently tapped to remove air bubbles. The cuvette was placed into
the Amaxa Nucleofector Il and electroporation was carried out with the program P-22. The
suspension from the cuvette was transferred to a 1/6 well with 1.5 ml HFBM containing 1x P/S
and 2 yM Thiazovivin.

For transduction of fibroblasts with Sendai virus, fibroblasts with the same ratio were
passaged into 2/12 wells. After 2 days, one of the wells was used to count the fibroblasts and
assume the same cell number for the other well. With this cell number, the amount of virus
was calculated to transduce the cells with an MOI of 10:10:6 (hKOS/hc-MYC/hKLF4). The
calculated amount of Sendai virus was added to 1 ml HFBM with 1x Penicillin/Streptomycin
and transferred to the well containing the fibroblasts and incubated for 24 h at 37 °C. The
medium was changed with HFBM every second day. On day 7 post transduction, the
fibroblasts were passaged onto a Geltrex - coated 6 well plate with the ratios: 1:4, 1:6, 1:8,
1:16, 1:20 and 1:24. The medium was changed to 1.5 ml E8 and replaced every 2 — 3 days.
Colony growth was observed ca. 10 d post transduction.

For transduction with Sendai virus, after 5-7 days of cultivation 2x10® PMBCs were incubated
in a 1.5 ml tube containing 300 pl blood medium and Sendai virus with an MOI of 4:4:4 or
10:10:6 (hKOS/hc-MYC/hKLF4). This was incubated for 3 h at room temperature and
subsequently transferred onto a 1/12 well plate with 1 ml blood medium. After 1 day, the 1 ml
was transferred to a Geltrex - coated 6 cm dish and 3 ml fresh blood medium was added.
Every other day, half the medium was refreshed by carefully removing 2 ml from the surface.
On day 7 post transduction, the medium was subsequently replaced with E8 medium and
refreshed every 2 — 3 days. Formation of iPSC-colonies was observed 10-20 d post
reprogramming and for every patient 6 colonies were picked and cultured as described in
2.1.5 Maintenance and culture of iPSCs. 2 iPSC-clones were subsequently chosen at random

for every patient.
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The following formula was used to calculate the amount of Sendai virus used:

ClU

MOI [=—;] * Number of cells/

Virus volume [ul] = cell

uy

Virus titer [Cr‘rll_ll]] * 10" — 3[ml

The exact titer of the Sendai virus can be obtained from the analysis certificate (CIU =

collective infectious units).

3.1.4 Coating of plates and dishes and cover slip preparation
For iPSCs and iPSC-CMs, the culture dishes were coated with Geltrex. For Geltrex - coating,

2 mg Geltrex were dissolved quickly in 12 ml cold DMEM F12 (167 mg/l) and 0.5 ml for
12 - well and 1 ml for 6 - well dishes were added and incubated for 30 — 60 min at 37°C. Plates
with Geltrex were stored up to 1 week at 4°C. For experiments indicated, iPSCs or iPSC-CMs
were digested onto round coverslips with a diameter of 20 mm for 12 - well and 25 mm for
6 - well plates. Before use, coverslips were incubated in 0.1 M hydrochloric acid for 1 h, for 30
min in 70 % Ethanol and subsequently cleaned with lint-free paper and sterilized for 2 h at
200 °C.

3.1.5 Maintenance and culture of iPSCs
IPSCs were cultivated on Geltrex - coated 6 - Well dishes containing 1.5 ml E8 medium that

was changed daily. When iPSC reached 80 - 90 % confluency, they were passaged in a ratio
of 1.6 — 1:12 (depending on the cell line) to a dish with 1.5 ml E8 medium containing 2 yM
Thiazovivin, a ROCK inhibitor. For this, the iPSCs were detached by adding 1ml Versene for
5 -7 min at 37 °C. When cells started to detach, the Versene was carefully removed and the
iPSCs were resuspended in 1 ml E8/ Thiazovivin medium and transferred to a new
Geltrex - coated well. IPSCs are sensitive to oxidative and mechanical stress, therefore only

2 - 3 passes for resuspension were pipetted.

3.1.6 Freezing and thawing of iPSCs

To freeze iPSCs, the cells were treated with 1 ml Versene for 5 -7 min at 37 °C. Versene was
removed and the iPSCs carefully resuspended in 500 pl E8 medium. 500 ul freezing medium
was carefully added to the cells and subsequently transferred to a cryotube and slowly frozen
in Mr. Frosty (Nalgene) containers at -80 °C. Afterwards, the cryotubes were placed in liquid

nitrogen tanks for long-term storage.
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To thaw iPSC, the frozen cryotubes were rapidly thawed in a 37 °C water bath and the cells
pipetted into a 15 ml tube containing 5 ml E8 medium. The cells were then centrifuged at 200
g for 5 min and the supernatant was discarded. The cell pellet was mixed in 1.5 ml E8 with

2uM Thiazovivin and transferred to a Geltrex - coated 1/6 well.

3.1.7 Spontaneous differentiation of iPSCs
To verify pluripotency of the iPSC-lines, they were cultured in Embryoid bodies (EBs) to induce

spontaneous differentiation of the three germlayers. For this, the iPSCs were passaged onto
Mitomycin C inactivated mouse embryonic feeder (MEF) layer cells in a 6 cm dish with hES
medium with hbFGF (10 ng/ml). When the cells reached 80 — 90 % confluency, the cells were
washed twice with DMEM F12 medium and incubated with collagenase IV (200 U/ml) for 5
min at 37 °C for detachment. The cells were mechanically detached into cell clumps using a
cell scraper. These cell clumps were transferred onto an uncoated 6 cm dish with hES medium
(d0 of spontaneous differentiation). The following day (d1), the medium was replaced with
Iscove medium to induce differentiation and subsequently changed every other day. At d8,
16-18 EBs were collected as a pellet for PCR analysis. The remaining EBs were transferred
to Geltrex - coated 12 well with and without coverslips (5-8 EBs per 12 well). On day 8+8, 2
wells with coverslips were fixated for AFP staining. On day 8+25, 5-6 wells with coverslips
were fixed for a-SMA and 3-11I-TUB staining. In parallel, the EBs in the 12 well plate without a

coverslip were collected as a pellet for PCR analysis.

3.1.8 Directed differentiation into endothelial cells (ECs)
For directed differentiation into ECs, a previously published protocol was used (Natividad-Diaz

et al., 2019). For this, the iPSCs were plated onto Geltrex - coated 12 - well dishes. When
they reached a confluency of 80 - 90 %, the differentiation was started by replacing the
medium with 2 ml E8 medium containing 6 yM CHIR99021 (d0). ). After 2 days (d2), the
medium was changed to E8 medium with BMP4 (10 ng/ml), VEGF-A (50 ng/ml) and
SB431542 (10 uM). This medium was refreshed at d4. At d5, the medium was replaced with
EGM2 medium. On d7, the iPSC - ECs were magnetically sorted with CD31 antibodies. For
this, the iIPSC-ECs were detached with 0.25 % Trypsin/EDTA for 5 min and counted.
Dynabeads, in a ratio of 5:1 beads to cells, were washed and resuspended in 200 ul FACS-
B10 buffer and incubated with 4 ul CD31 antibody (1:50) for 30 min at RT. Subsequently, the
CD31-dynabeads were washed twice with FACS - B10 buffer and resuspended in 500 pl. The
detached iPSC - ECs were centrifuged at 200 g for 5 min and the cell pellet was resuspended
in 500 ul CD31 - Dynabeads and incubated at RT for 30 min. Subsequently, the CD31+ cells
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bound with CD31 -Dynabeads were washed twice with FACS - B10 buffer and once with
EGM2 medium. The bead - bound cells were transferred into a Geltrex - coated 1/6 well plate
containing 2 ml EGM2 medium with 2 uM Thiazovivin. The medium was replaced with EGM2
the following day and refreshed every other day. When the cells reached 90 % confluency,
they were passaged in a ratio of 1:12.

3.1.9 Directed differentiation into ventricular iPSC-CMs
For directed cardiac differentiation into ventricular iPSC-CMs, a previously published protocol

was adapted (Lian et al., 2013; Tohyama et al., 2013). For this, the iPSCs were plated into
Geltrex - coated 12 -well dishes. When they reached a confluency of 80 - 90 %, the
differentiation was started by replacing the medium with 2 ml cardio-differentiation medium
containing 4 uM CHIR99021 (d0). After 2 days (d2), the medium was changed to cardio-
differentiation medium containing 5 uM of IWP2, an inhibitor of the Wnt-pathway. On d4 and
d6, the medium was changed with 2 ml cardio-differentiation medium and switched to cardio-
culture medium on d7. Beating cells were observed between d8 — d10. At d14 — d20, iPSC-
CMs were detached from the 12 - well plate using 1 ml 0.25 % Trypsin/EDTA for 5 min and
counted with a Neubauer chamber. 6x10°6 iPSC - CMs were plated in Geltrex-coated 6 - well
dishes in 2 ml cardio-digest medium. After 2 days, the medium was replaced with a
cardio - selection medium to metabolically select for iPSC-CMs. This selection step was
carried out for 5 days with 2 ml cardio-selection medium change every second day. Afterwards
(d25 — d28), the medium was switched back to 2 ml of cardio-culture medium, which was
replaced every 3 — 4 days. The iPSC-CMs were cultivated for 60 — 90 days before being used

in experiments unless stated otherwise.

3.1.10 Directed differentiation into atrial-CMs
Differentiation into atrial iPSC-CMs was performed by Wiebke Maurer. For directed cardiac

differentiation into atrial iPSC-CMs, a previously published protocol was used (Cyganek et al.,
2018). The protocol is identical to the protocol for ventricular iPSC-CMs differentiation (see
chapter 3.1.9 Directed differentiation into ventricular iPSC-CMs), except for the addition of 1
MM retinoic acid (RA) at day 3 (IWP2 + RA) and day 4-6 (RA only).

3.1.11 Digestion of iPSC-CMs
For different experiments, the iPSC-CMs were digested onto different wells or onto coverslips

with different densities depending on the experiment. Densities and cell number are

-37-



3 METHODS

summarized in Tab. 8. For digestion, the iPSC-CMs are incubated with 1 ml 0.25
Trypsin/EDTA at 37 °C. After 5 — 8 min, 2 ml cardio - digest was added and the cells were
detached by pipetting and transferred to a 15 ml tube. The cells were centrifuged for 5 min at
200 g and the pellet resuspended in cardio - digest medium. At this step, the iPSC-CMs were
counted if an exact cell number was necessary. The designated amounts of iPSC - CMs were
pipetted into Geltrex - coated culture plates or dishes and 2 ml cardio - digest medium was
added. 2 days later, the medium was changed to cardio-culture and refreshed every 2 — 3

days.

Tab. 8 Numbers of iPSC-CMs used. CS: cover slip

. . Cell

Experiment Dish/plate number confluency
IF of iPSCs 12 well with 20 mm CS I:.e;s(,)sage: Single iPSC colonies
Sarcomere analysis and IF . 4 .
of iPSC-CMs 12 well with 20 mm CS | 3 —4x10 Single cells/ small groups
Ca?* with Fluo-4 6 well with 25 mm CS 2.5-3x105 | Confluent monolayer
Ca?* with FURA-2 35 mm Fluoro dish 3 —4x10* Single cells
Multi-electrode assay 6 well MEA plate 3x105 Confluent/monolayer
(MEA)
EdU-Assay 12 well with 20 mm CS | 1x10° Confluent/monolayer

3.1.12 Pellet collection and fixation of cells
To collect cells for further experiments, they were either taken as a cell pellet or fixed on

coverslips. For cell pellet collection, iPSCs, iPSC-CMs or iPSC-ECs were washed once with
PBS and subsequently mechanically scraped in 1 ml PBS and transferred into a 2 ml tube.
The tube was centrifuged 1 min at 13.000 g to form a cell pellet. The PBS supernatant was
discarded and the tube was immediately shock frozen in liquid nitrogen. Frozen cell pellets
were stored at -80 °C.

To fix iPSCs or iPSC-CMs on coverslips, the cells were washed once in PBS and then fixed
with Histofix. For this, the cells were incubated with 1 ml Histofix for 20 min at RT. Afterwards,
the Histofix was discarded into a special Formalin waste bin and the cells were washed once
with PBS. Afterwards 1.5 ml 1 % BSA/PBS was added and the plates were stored at 4 °C until

further use.
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3.1.13 AAV6 mediated SLM2 knock down
An AAV6 mediated approach was chosen to knock down SLM2 in control iPSC-CMs. An MOI

of 10° was used for the AAV6-shRNA-scrambeld and AAV6-SLM2-shRNA vector. 5x10*
control iPSC-CMs were passaged onto Geltrex - coated 20 mm round coverslips. The cells
were incubated with the respective AAV6 for 3 days. Subsequently, the medium was changed
twice a week with cardio - culture medium supplemented with 1x Penicillin/Streptomycin. At
d14, after transduction start, the cells were fixed and stained for the sarcomeric Z-disc with
the titin-Z1/Z2 antibody (1:500).

3.2 MOLECULAR BIOLOGY

3.2.1 Genomic-DNA and RNA Isolation
Genomic DNA (gDNA) was isolated from cell pellets using the QlAamp DNA Kit following the

manufacturer’s “protocol for cultured cells”. For RNA isolation of iPSCs, the SV total RNA-
Isolation Kit and for RNA isolation of iPSC-CMs the Promega Relia Prep RNA tissue System
Kit was used. Following the manufacturer’s instructions, a 30 min incubation step with DNAse
| for gDNA digestion during RNA isolation was included and was carried out when samples
were used for next generation sequencing (NGS). RNA isolation from cells being subjected to
PCR assays excluded the DNAse | and DNAse Stop buffer step during the isolation protocol
since an efficient gDNAse digest was included in the reverse-transcriptase protocol used (see

next paragraph).

3.2.2 Reverse transcription of RNA
For analysis in PCR, the isolated RNA was transcribed into cDNA by reverse transcription

(RT) using the enzyme reverse transcriptase. The QuantiNova RT Kit provided gDNase, RT-
Enzyme and an RT-buffer. For this purpose, 100 — 300 ng RNA in a volume of 13 pl
(supplemented with water) were incubated with 2 yl gDNA Removal Mix for 2 min at 45 °C.
Immediately after the 2 min incubation step, 5 yl RT-Mix containing 4 yl RT-buffer and 1 pl
RT-Enzyme (1 U) were added and incubated with the following settings: 3 min at 25 °C — 10
min at 45 °C — 5 min at 85 °C. Depending on the amount of RNA used in the RT, water was
added after the RT process to obtain constant RNA concentrations: 100 ng (no water added),
200 ng (20 pl water added) and 300 ng (40 pl water added).
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3.2.3 Semi-quantitative and quantitative PCR
For semi-quantitative PCR, 10 ng/2 yl cDNA were mixed with 5 yl Green buffer (5x), 1 pl

forward and reverse primer (10 uM), 1.6 yl dNTP mix (10 mM), 0.1 pl Tag-polymerase and
14.3 pl water (end volume 25 pl). The PCR mix was subjected to the following cycling
conditions:

1.5 min 95 °C  (initial denaturation)
2.30s95°C (Denaturation)

3. 20 s 55-60 °C (Primer annealing)
4. 30-60 s 72 °C (Primer elongation)
5.10 min 72 °C (Final elongation)
4°C (cooling until use)

Step 2-4 was repeated 40 times. Annealing temperature depends on the respective primer
pair and the elongation time on the expected PCR product (ca. 10s per 100 bp). The PCR
product was stored at 4 °C until it was used for gel electrophoresis.

Quantitative PCR (qPCR) was performed using the Biorad CFX Connect system. The qPCR
reaction mix contained 5 ng/ 1ul cDNA, 10 pyl SYBR green mix (2x,), 1 ul of forward and reverse
primer (10 uM) and 8 ul water to yield a reaction volume of 20 pl. The gPCR mix was pipetted
into a well of a 96 - well plate as duplicates for every sample. The following cycling conditions
were used:

1. 3min95°C (initial denaturation)

20s 95 °C  (denaturation)

20 s 60 °C  (primer annealing)
30s72°C (Primer elongation)
10s95°C

60 °C to 95 °C in 0.05 °C steps (melt curve)

O ONWN

Step 2 - 4 was repeated 40 times. The Cg-value, which is the first cycle detected above the
background threshold, is calculated by the machine. To calculate relative amounts of mMRNA
the delta-ct method was applied. For relative gene amounts the housekeeping gene 18s or
GAPDH was used. In the splice assays, the respective gene amounts (primer spanning a
constitutive exon) was used for normalization. To monitor the PCR, 2 negative controls were
utilized, which comprised a water sample (to test PCR components) and a “-RT” sample (to

test gDNA background). A result of Cq > 35 was considered negative.

3.2.4 Agarose gel electrophoresis and gel extraction
Agarose gel was prepared depending on the expected length of the PCR-fragments: 100 —

500 bp (1.5 %) and >500 bp (2.0 %) containing 6 pl/100 ml Midori Green. The agarose powder
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was mixed in TBE-buffer and boiled 3 times to dissolve completely. After cooling at RT for 10
min, Midori Green (0.07 pl/ml) was added. 20 — 15 pl from PCR reaction were loaded in one
pocket and 10 yl 100 bp Gene ruler was loaded to monitor PCR product size. The PCR
fragments were separated with 100 — 120 V for 30 — 60 min and visualized under UV light. If
the PCR products were subsequently subjected to Sanger sequencing (Microsynth Seqglab),
the cDNA bands were cut preciously from the gel and purified using the QIAquick Gel
Extraction Kit following the manufacturer’s instructions, including the additional washing steps
recommended for subsequent sequencing applications. To increase the DNA yield, the elution
volume was decreased to 20 — 30 pl water.

3.2.5 Gene editing with CRISPR/Cas9 technology
To edit the RBM20 mutation in LVNC (¢.G1901T) and DCM (c.C1900T) back into wt-RBM20,

HDR-based CRISPR/Cas9 technology was applied. The crRNAs were designed to target the
Cas9 to the RBM20 locus and introduce the DSB closest to the mutation using the Custom
Alt-R© CRISPR-Cas9 guide RNA design tool from IDT
(https://eu.idtdna.com/site/order/designtool/index/CRISPR_CUSTOM). The following crRNAs
were chosen: 5"-CTCACCGGACTACGAGACAG-3’ for LVNC and 5'-
GATATGGCCCAGAAAGGCCG-3" for DCM. The HDR template was designed to harbor wt-
RBM20 at position p.634/c.1900-1902 and artificially introduce silent mutations at the PAM
and crRNA binding site to enhance editing efficiency. The HDR-template is a ssDNA with 5°-
GGTGTGAAGATTCTAAATCCTGCTCCTTGGCTCCCTCACAGATATGGCCCAGAAAGGC
CGCGGTCTCGTAGTCCCGTCAGCCGGTCACTCTCCCCGAGGTCCCACACTCCCAGCT
TCACCTCC-3’ for LVNC and 5-
GGTGTGAAGATTCTAAATCCTGCTCCTTGGCTCCCTCACAGATATGGACCAGAAACGGT
CTCGTAGTCCGGGAGCCGGTCACTCTCCCCGAGGTCCCACACTCCCAGCTTCACCT
CC-3" for DCM. The CRISPR strategy is visualized in Fig. 7A-C. The crRNA, Cas9 protein
and ssDNA-HDR-template were directly electroporated into the iPSCs. For this, the following

steps were performed:

1. Assembly of crRNA and tacrRNA: 5 pyl cRNA (100 uM) with 5 pl tacrRNA (100 pM)
were mixed and incubated at 95 °C for 5 min. Subsequently, the mix was cooled at
RT, which allows to crRNA-tacrRNA-complex to assemble.
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2. Assembly of Cas9 protein with the crRNA-tacrRNA-complex: 2 ul Cas9 protein
(10pg/ml) were mixed with 6 ul crRNA-tacrRNA-complex from (1.) and incubated for
20 min at RT.

3. Preparation of electroporation mix: 8 ul of crRNA-tacrRNA-Cas9 from (2.) were mixed
with 82 pl nucleofector solution, 18 pl nucleofector supplement (from Human Stem cell
Nucleofector Kit 2), 1 ul electroporation enhancer, 3 yl HDR-template (100 yM) and
incubated for 5 min at RT. Subsequently, the mix was heated to 37 °C in preparation
of electroporation.

4. iPSCs were pretreated with E8 medium with 2 uM Thiazovivin for 1 h. The cells were
detached using Versene and counted. 2x10° iPSCs were centrifuged at 200 g for 5
min. The pellet was dissolved in the electroporation mix from (3.) and transferred into
nucleofection cuvette (from the Human stem cell nucleofector Kit 2).

5. Electroporation: The nucleofection cuvette was placed into the Amaxa Nucleofector Il
and the program B - 016 was used for electroporation settings. Afterwards, the solution
in the cuvette was carefully pipetted (excluding the foam) into Geltrex - coated
4 / 6 well plate containing StemFlex with 2 yM Thiazovivin.

6. Singularization: After 2 d, the cells were singularized by digesting a small cell number
into a new Geltrex - coated 6 well plate with densities of: 800, 1000, 1200, 1500, 1800

and 2000 cells. Medium change with StemFlex was performed every other day.

Growth of iPSC - colonies was observed 7 — 10 d later and 72 colonies were picked and
transferred into a 1/ 6 well plate. When the well reached 80 — 90 % confluency, half the well

was frozen and the other half collected as a pellet for gDNA isolation and Sanger sequencing.
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RBM20 |
A 0 locus g Pro S5 AT Ser

wt -AGG CCG CGG TCT CGTAGT- Arg
LVNC -AGG CCG CTG TCT CGTAGT- Leu
DCM -AGG CCG TGG TCT CGTAGT- Trp

B CRISPR design for LVNC

Cut site
PAM A ssDNA HDR-template

5" GAA AGG|CCG GTGETCT CGTAGT CCG GTGAG 3’ . g .
3 CTT TCC |GGC| CAC: AGA GCATCA GGC CAC TC 5° 5 GGTG-----AGGCCGCGGTCTCGTAGTCCCGTCAGCC----CTCC 3

GAC AGA GCA TCA GGC CAC TC \
CRNA wt-RBM20

C CRISPR design for DCM

crRNA PAM ssDNA HDR-template
GA TAT GGC CCA GAA AGG CCG

. * * *
5" AGATAT GGC CCA GAA AGG:CCG|TGG| TCTCGTAGT 3°  5'GGTG-----TGGACCAGAAAGGCCCCGGTCTCGTAG~--CTCC 3’
3" TCT ATACCG GGT CTT TCCIGGC |ACC|AGA GCATCA 5 i

v wt-RBM20
Cut site

Fig. 7 CRISPR design for RBM20 gene editing in LVNC and DCM-iPSCs

A: The RBM20 locus of wt, LVNC and DCM with the respective nucleotide exchange for the p.R634
position.

B: CRISPR design for the LVNC. * Silent mutations in the HDR template

C: CRISPR design for the DCM. * Silent mutations in the HDR template

3.2.6 Sequencing

3.2.6.1 Sanger Sequencing
Sanger sequencing was performed at Microsynth Seqlab, Géttingen. For screening of RBM20

edited iPSC - clones, gDNA was isolated and the RBM20 locus amplified by PCR. The PCR
reaction was sent to Microsynth Seqglab, where PCR purification was performed prior to
sequencing. For identification of splice isoforms, RT-PCR was performed and the PCR bands
excised and purified from the agarose gel. 10 — 40 ng/ul DNA (25 ul) were sent with the
respective primer (10 uM) to Microsynth Seqlab.

3.2.6.2 Next-generation sequencing (NGS)
NGS was performed in cooperation with the AG Meder, Heidelberg. For this, mRNA of 90d

old iPSC-CMs from control, LVNC-, DCM-, resLVNC- and resDCM-CMs were isolated. For
every patient, 3 differentiation experiments were used. The mRNA was sent to Heidelberg,
where NGS and analysis of the fastq files was performed by Dr. Weng-Tein from the AG
Meder (Fig. 8). The analyzed files were sent back to Géttingen and used in GOterm analysis

to identify novel splice targets (see chapter “3.2.7 Identification of novel splice targets”).
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3.2.6.3 Single-cell sequencing (SCS)
SCS was performed at the center for NGS-service for integrative genomics (NIG), Géttingen

(Dr. Gabriela Salinas). For this, 30 d old iPSC-CMs of LVNC-, DCM, resLVNC- and DCM-CMs
were prepared in a volume of 1x10° cells in 1 ml cardio - digest medium. The cells were
transported to the NIG, where they were singularized and sequenced (paired end reads) by
iCell8 technology. A list with genes of interest was provided to the NIG, which analyzed the

SCS data and generated gene expression results for every single cell.

3.2.7 Identification of novel splice targets
To identify novel RBM20 splice targets, 36 candidate genes were selected from the NGS data.

The analysis of the fastq files was performed by the AG Meder as described above. A list with
differential spliced exonic bins between control/resLVNC vs LVNC and control/resDCM vs
DCM was provided. The following steps were applied: 1.) To minimize possible targets, all
exonic bins with pagusted Value > 0.05 were discarded. 2.) All genes with differential exonic bin
expression of control/resLVNC vs LVNC and control/resDCM vs DCM were listed using
Venny2.1 software. This identified unique and shared genes with differential exon usage. 3.)
The list of shared genes (RBM20 will affect the same gene but different exons) was extracted
and subjected to GOterm analysis with the term “Human Diseases” (pvalue = 0.05). Genes
with cardiac function were selected from the GOterm “Cardiomyopathy”. 5.) From the selected
genes, the exonic bins with pagustes > 0.05 and fold change <+ /- 1 were selected and
translated to the respective exons. 6.) Primers were designed to span the exon of interest and
screened by PCR and gel electrophoresis to assess if multiple PCR products can be detected.
If multiple bands were detected, they were subjected to Sanger sequencing.
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Alignment of reads to

sastion T oy b T semenc "] Pas es || o goname Grchizs t— DUPLE |
! L (tool: HISAT2)

| Analysis for differential Assigniteads 1 each Analysis of outliers using Quality controls of
exon usage: feature (exonic bin; normalized reads of genes mapped reads

R Package: DEXSeq ' | tool: HTSeq) t (tools: PCA and R (tool: QORT)
(cutoff: features with - q Package:DESeq2)

total read counts >= 6)

Comparisons between conditions: | determine

P 1 shared
| Control + resLVNC r

VS.
LVNC

Control + resDCM
genes

DCM in splicing

GoTerm
analysis

Fig. 8 Analysis pipeline for NGS data to detect novel RBM20 splice targets.

3.2.8 Alkaline phosphatase (ALP) staining
Activity of ALP is a general marker for stem cells. To test if the iPSC-lines have ALP activity

the Alkaline Phosphatase Kit was used. When the iPSCs reached 30 - 40 % confluency they
were washed once with PBS and covered with 1 ml fixation solution (5.8 ml citrate solution
(provided by the Kit), 13 ml acetone and 1.2 ml 37 % formaldehyde) for 30 s. The fixation
solution is discarded into the Formalin waste bin and the cells washed with water twice. The
ALP staining solution was prepared as follows: 1 volume of FRV (from Kit) was mixed with 1
volume of sodium nitrate (from Kit). After 1 min at RT, 45 volumes of water and 1 volume of
Napthol (from Kit) was added and mixed. The cells were incubated with 1 ml staining solution
at 37 °C for 10-20 min. The staining solution was discarded, the cells washed twice with water

and left to air dry. Stained cells were stored at RT until imaged.

3.2.9 Immunofluorescence (IF)
IF can visualize proteins in a cell. For this, specific antibodies are used to bind the

protein/antigene of interest and a second fluorochrome - labelled and species - specific
antibody is used to visualize the first bound antibody. For IF-staining, iPSCs or iPSC-CMs
were digested onto Geltrex - coated 20 mm round coverslips placed in a 12 - Well plate.
IPSCs were fixated when desired confluency was reached. For iPSC-CMs 3-4x10* cells were
digested onto the coverslip and fixated after for 7 — 9 days. Afterwards cells were washed
once in PBS and 2 ml 1 % BSA/PBS was added to each well and stored at 4 °C until use.
Blocking step was carried out with 1 % BSA/PBS for 2 h at RT or ON at 4 °C. The coverslip
was removed from the 12 - well, washed in a PBS filled weighing pan and placed on a cap in
a wet chamber. 200 pl of the primary antibody solution were added on top and incubated ON

at 4 °C. The coverslip was then washed 3 times in PBS and 200 ul of the secondary antibody
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solution was added and incubated 60 min at RT in the dark. Subsequently the coverslip was
incubated 10 min with HOECHST solution (1:5000) to stain the cell nuclei. After incubation,
the coverslip was washed 3 times in PBS and once in water before being mounted
upside - down onto a microscope slide and sealed with nail polish. Stained coverslips were
stored at 4 °C. All antibodies fir IF are listed in Tab. 9.

Tab. 9 Antibodies and dilutions used in Immunofluorescence.

Primary Ab Produced Dilution Secondary Ab Dilution
Staining of iPSCs
OCT4 goat, IgG 1:40 555 donkey — anti goat 1:1000
SOX2 Mou, 1gG 1:200 Cy3 goat - anti mouse 1:300
NANOG Rb, IgG 1:100 555 donkey - anti rabbit 1:1000
LIN28 goat, 1gG 1:300 555 donkey - anti goat 1:1000
TRA1-60 Mou-IgM 1:200 488 donkey — anti mouse 1:200
SSEA4 Mou, IgG 1:200 488 donkey — anti mouse 1:1000
Staining of EBs
AFP Rb, 1I9G 1:500 555 donkey - anti rabbit 1:1000
B-lll-Tubulin Mou, 1gG 1:2000 488 donkey — anti mouse 1:1000
a-SMA Mou, 1gG 1:3000 488 donkey — anti mouse 1:1000
Staining of iPSC-CMs
cTNT Mou, 1gG 1:500 488 donkey — anti mouse 1:500 (Flow
Cytometry)
Titin-Z Rb, 1gG 1:750 555 donkey - anti rabbit 1:750
Titin-M8/M9 Rb, IgG 1:750 555 donkey - anti rabbit 1:750
a-Actinin Mou, IgG 1:1000 488 donkey — anti mouse 1:1000
MLC2v Rb, 1gG 1:200 555 donkey - anti rabbit 1:200

3.2.10 Western blot

3.2.10.1 Protein Isolation from frozen iPSC-CMs pellets
The cell pellet was resuspended on ice in 80 — 100 pl protein lysis buffer containing 20 mM

Tris-HCI (pH = 7.4), 200 mM NacCl, 20 mM NaF, 1 % Igepal, mM NazVO4, 1 mM DTT, water
and 1x Phosphostopp and 1x protease inhibitor. The pellet was resuspended by pipetting,
followed by a 30 min incubation on ice and subsequently centrifuged at 4°C at 3000 g for 8
min. The supernatant was carefully transferred to a new 1.5 ml tube and stored at -80 °C. To
assess the protein concentration, the protein lysate was diluted 1:20 in PBS. Next, 3 times 25
ul of each sample was mixed with 196 ul Solution A and 4 pl Solution B from the Pierce™
BCA Protein Assay kit in a 96-well format and incubated 30 min at 37°C. The protein
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concentration was measured at 562 nm emission. The protein samples were stored at -80°C

until use.

3.2.10.2 SDS-polyacrylamide electrophoresis, protein transfer and detection
To separate the protein samples by size, they were denaturized and subsequently separated

by electrophoresis. Protein [1.35 pg/ul] in PBS was mixed with Laemmli buffer and incubated
for 30 min at 37 °C to denature the protein. 15 ul of sample were loaded in each lane of a pre-
cast MINI-PROTEAN TGX stain-free gel. The electrophoreses chamber was filled with running
buffer. Depending on the number of gels in the electrophoresis chamber, constant 15-20
mA/gel was applied. The electrophoresis was terminated when the dye front reached the end
of the SDS-gel. The SDS-gels were carefully removed and placed into the Biorad Chemidoc
XRS imager for photoactivation of the fluophores (setting “Stain free Gel”’). The stain free
technology allows monitoring protein amounts on the gel and after transfer, because during
the gel-electrophoresis Trp residues are covalently bound to a proprietary trihalo moiety,
which gives a fluorescent signal under UV light. Afterwards, a semi - dry transfer was prepared
using either a nitrocellulose membrane (pore size 0.45 ym) in combination with TB-buffer or
methanol-activated PVDF membrane (pore size 0.45 um) with anode and cathode buffer (see
Tab. 10). In both cases, the Whatmann paper, membrane and gel were equilibrated in the
respective buffer before the transfer chambers were assembled. For transfer, the Trans —
Blot® Turbo™ system was used, which allows a fast protein transfer from the gel onto the
membrane. Since the transfer time depends on protein size, the membrane and gels were cut
to adjust different transfer times according to the protein size (see Tab. 10) and were run at
25 V. Afterwards, the membranes were washed in water and TBST buffer and imaged with
the setting “Stain free Blot” to detect whole protein content on the membranes after the
transfer. The membranes were blocked for 1 hat RT in 5 % BSA or 5 % milk and subsequently
incubated with the primary antibody diluted in 1 % BSA or 1% milk at 4°C ON. After
incubation, the membrane was washed 3x times in TBST buffer followed by incubation with
the respective secondary antibody (coupled with horse reddish peroxidase) for 1 h at RT. The
membrane was washed again 3x times in TBST buffer and imaged with the setting
“colorimetric” to capture the protein marker. Afterwards, the membrane was incubated with
HPR substrate for 5 min at RT to visualize the protein bands. The setting “Chemi high
sensitivity” was chosen with “Signal accumulation mode” to capture an image every 5 s for 5
min. The best image was selected and the band intensity was quantified using Image Lab.

Afterwards, the membranes were washed in TBST buffer and stripped with Ponceau red
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solution for 1 h. Subsequently, the membranes were incubated with another antibody or stored
at -20 °C.

Tab. 10 Antibodies and dilutions used in Western blot. Rb = rabbit, Mou = mouse

Antibody Dilution Momanster:
CAMK25 Rb, 19G 1:5000 BSA 55 kDA PVDF/3-4 min
CAV1.2 Rb, 1gG 1:250 BSA 160/k1D1£/80 Nitrocellulose/ 14 min
GAPDH Mou, 1gG 1:500 milk 38 kDa PVDF/3 min
PLN Mou, IgG 1:5000 milk 5-10 kDa PVDF/3 min
PLN_Ser16p Rb, 19G 1:5000 milk 5-10 kDa PVDF/3 min
PLN_Thr17p Rb, IgG 1:5000 milk 5-10 kDa PVDF/3 min
RBM20 Rb, IgG 1:750 BSA 180 kDa Nitrocellulose/ 14 min
RYR2_Ser2808p Rb, 19G 1:1000 BSA 560 kDa Nitrocellulose/ 14 min
RYR2_Ser2814p Rb, 19G 1:4000 BSA 560 kDa Nitrocellulose/ 14 min
RYR2 Rb, I1gG 1:5000 milk 560 kDa Nitrocellulose/ 14 min
SERCA2a Mou, 1gG 1:20000 milk 110 kDa Nitrocellulose/ 14 min

3.2.11 Flow cytometry (FLOW)
To quantify the differentiation efficiency, the percentage of CMs was quantified by FLOW

analysis using the cardiac marker cTNT. For this, 0.3-1x10° cells were detached with 0.25
trypsin / EDTA treatment for 10 min. The cells were centrifuged 5 min at 200 g and washed
once with PBS. Subsequently, the cells were fixed with Histofix for 20 min at RT and
afterwards washed twice with PBS. At this step the cells were split into 3 tubes to prepare a
blank sample, secondary antibody control and a cTNT sample. The blank and secondary
antibody sample were stored in FACS buffer until further use. For the cTNT sample, the cells
were incubated ON at 4 °C with the primary antibody cTNT in a 1:500 dilution in FACS buffer
(1 % BSA/ PBS with 0.1 % Triton-X). The following day, the cTNT-cells and the secondary
antibody sample were washed 3 times with FACS buffer and incubated 1 h at RT with the
secondary antibody 488 donkey-anti mouse (1:500). Subsequently, all 3 tubes (blank,
secondary control and cTNT sample) were washed 3 times with 0.2 % BSA/PBS and
resuspended in 500 ul PBS. The cells were measured with the FACS Canto Il with the
following settings: 10000 events, forward scatter 228 V, side scatter 440 V, 488 Alexa Fluor
laser 390 V. The detection threshold was set according to the blank sample and cTNT positive
cells were presented as cTNT positive cells in [%].
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3.3 FUNCTIONAL ASSAYs

3.3.1 Multi-electrode assay (MEA)
The MEA allows digesting beating iPSC-CMs onto electrodes to measure their electrical

activity. The signal comprises a Na* spike and t-wave signal from which the beating rate (BR),
field potential duration (FPD) and interspike interval (ISI) can be derived. The FPD was beat
rate corrected using the Fridericia correction (cFDP) (Vandenberk et al., 2016). Custom made
6 - well MEA plates were stored in water at RT. On the day of usage, the 6 - well MEA was
sterilized using a 70 °C water bath for 30 min and UV incubation for additional 30 min.
Following the sterilization, a 7 ul Geltrex drop was placed directly onto the electrodes in the
center of the MEA and incubated 30 min at 37 °C. The iPSC-CMs were trypsinized and the
pellet dissolved in a small volume (0.7 — 1 ml) of cardio - digest medium. The Geltrex was
removed and a drop of cardio - digest medium containing 2.5x10* CMs was carefully pipetted
onto the electrodes and incubated for 20 min at 37 °C to allow the cells to attach onto the
electrode region. Afterwards, 350 ul cardio digest medium was added in every well and
changed every 2 - 3 d with cardio - culture. The iPSC-CMs were cultured at least 7 d before
MEA recording. To record and analyze the MEA signals, the MCRack software was used. The
following conditions were recorded: Basal beating for 5 min, stimulated beating with 100 nM
Iso was recorded for 10 min (after 5 min incubation). Medium was changed and after 24 h and

basal beating recovery was recorded for 5 min.

3.3.2 Ca?* imaging

To analyze Ca?* handling, the cells were stained with Fluo-4, a cytosolic Ca?* dye to analyze
Ca?* kinetics and sparks. To complement the Ca?* analysis, the iPSC-CMs were stained with
FURA-2, a ratiometric cytosolic Ca?* dye that allows to analyze Ca?* load, fractional Ca?*

release and diastolic Ca?*.

3.3.2.1 Ca?* kinetics using FLUO-4 dye
2.5 — 3x10° iPSC-CMs were digested onto Geltrex coated 6 - well plates containing a 25 mm

round coverslip. Cardio culture medium was changed every 2 -3 d and after 7 — 10 d cells
were used for measurement. CMs were stained with staining solution consisting of 3.8 ul Fluo-
4 (1036 uM) mixed vigorously with 0.9 ul Pluronic F-127 and subsequently 1.5 ml 1.8 Tyrode
solution was added (2.5 uyM Fluo-4 end concentration). CMs were washed once with 1.8
Tyrode solution, then 1.5 ml staining solution was added and CMs were incubated for 30 min
at 37 °C in the dark. Staining solution was removed, CMs washed twice with 1.8 Tyrode

solution and the coverslip was then removed from the plate and placed into the measuring
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chamber. 900 pl 1.8 Tyrode solution was added for the measurement. The measurement
chamber was positioned on a LSM 720 confocal microscope onto a 63x magnification oil -
objective and paced at 0.25 Hz with 18 V/ 3 ms using a Myopacer device. The following
settings using the software Zen 2009 were applied: Excitation 488 nm with 1.0 — 2.2 %, a
pinhole of 6 AU with 700 gain and offset 0. Measuring lines were drawn in the cytoplasmatic
region excluding the nucleus and the following line scan mode was applied: 20.000 cycles, 12
bit unidirectional, zoom factor 3, 512 pixel, no delay and maximum scan speed (945.5 us per
line scan = 18.9 s per total line scan recording). In total 18 — 20 cells/ line scans were recorded
for a basal state. Thereafter the 1.8 Tyrode solution was replaced with 1 uM Iso in 1.8 Tyrode
solution and cells were allowed to adjust for 10 min before further 18 — 20 line scans were
recorded. For measurement with Verapamil, the Verapamil stock solution was pre-diluted with
cardio - culture medium from 100 uyM to 1 pM to minimize the DMSO content in the
measurement. the Tyrode solution for basal measurement was replaced with 1.8 Tyrode
solution with 30 nM Verapamil. After the measurement with Verapamil, the solution was

replaced again with 1.8 Tyrode containing 30 nM Verapamil and 1 uM lIso.

3.3.2.2 Diastolic Ca?* and Load using FURA -2 dye
3 —4x10*iPSC-CMs were digested onto Geltrex — coated 35 mm round Fluoro dishes. Cardio

culture medium was changed every 2 -3 d and after 7 — 10 d, the cells were used for
measurement. To load the cells, 5 yl FURA-2 dye was dissolved in 1 ml 1.25 Tyrode solution.
The medium in the Fluoro dishes was discarded and the FURA-2 solution added and
incubated for 15 min at 37 °C. The FURA-2 solution was discarded and 1.25 Tyrode solution
added and incubated for another 15 min at RT. Finally, the 1.25 Tyrode solution was refreshed
and the cells measured using a Olympus Motic AE31 microscope with an lonOptix
epifluorescence acquisition system. The FURA-2 loaded cells were excited at 340 and 380
nm and the emission was measured at 510 nm. FURA-2 has to property to change its
excitation peak from 340 to 380 nm upon Ca?* binding. Therefore, FURA-2 measurements
are shown as a 340/380 nm ratio, which gives a direct and comparable Ca?* measurement
since it eliminates dye loading differences among the samples. For every Fluoro dish, 3-4
single cells were measured by recording Ca?* transients with increased pacing: 0.25, 0.5, 1.0,
2.0 and 3.0 Hz. The last measured cell was additionally stimulated with caffeine (10 uM) at
the diastole, which triggers the complete release of the SR. For this, the 10 mM caffeine stock
solution was diluted 1:1000 with 1.25 Tyrode solution. With this, the following parameters were

analyzed: diastolic Ca?* content (baseline during diastole), systolic Ca?* content (transient
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peak height), SR Ca?*-load (caffeine transient peak height) and fractional Ca?* release (peak

height/caffeine peak height).

3.3.3 EdU incorporation assay
EdU is a Thymidine analog carrying an additional ethinylgroup that allows to monitor cells

which underwent DNA-synthesis (and therefore mostly mitosis). The incorporated EdU is later
visualized by a cycloaddition reaction with a fluorophore. For this, 30 d old 5 — 6x10* iPSC-
CMs were digested as technical replicates into 3 - 4 wells of a 12 - well plate. 6 to 7 days after
digest, the medium was replaced with 1.5 ml cardio culture containing 1 yM EdU solution.
After 48 h incubation, the EdU treated cells were fixated. To visualize EdU incorporation, the
Click-It EdU Cell Proliferation Kit was used according to the manufacturer’s instructions.
Additionally, the cells were stained with a cardiac marker titin-Z1/Z2 (1:500) or MLC2v (1:200)
to identify CMs. For every differentiation, 3 — 4 coverslips were stained. From every coverslip,
5 — 6 pictures were taken and subsequently the DAPI channel and the EdU channel were
counted to calculate a percentage of EdU-positive cells. Cells that were EdU-positive, but

negative for the cardiac marker were excluded from analysis.

3.4 STATISTIC and SOFTWARE

3.4.1 Statistics
To test for statistical significances, ANOVA statistics were used when multiple comparisons

were required and significant results are marked with * p<0.05, ** p<0.01 and *** p<0.001. In
addition, Student’s t-test was applied to directly compare two groups (the isogenic lines with
the respective patient lines) and significant results are marked with #p<0.05, ## p<0.01 and
### p<0.001.

3.4.2 Software
Different softwares were used for the experiments, which are listed in Tab. 11.
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Tab. 11 List of software applications

Experiment Software

Cell size analysis-2D ImageJ2/Fiji
EdU analysis ImageJ2/Fiji
FACS/FLOW FACS.Diva v7.0

Figures and schematics

MS Power point-2010; Inkscape 1.0

Fluo- Ca? sparks analysis

ImageJ2/Fiji (Plugin sparkmaster)

Fluo- Ca?* transients’ analysis

ImageJ2/Fiji and Labchart 7.0 (Peak analysis)

FURA- Ca? transients’ analysis

lonWizard6.4

Gel-imaging for PCR

Image Lab 6.0 (Ethidium bromide setting) and MS Excel-
2010

GO term analysis

Cytoscape 3.7 (Plugin ClueGo), WeBgestalt

IF imaging

Axion Biosystems and ImageJ2/Fiji

MEA

MCRack V4.6 (BR, FPD, ISI)

Membrane-imaging (Western blot)

Image Lab 6.0 and MS Excel-2010

Primer design

NCBI primer blast

QPCR

Bio-Rad CFX Maestro 1.1

Microscope imaging

AxioVision Rel4.8

Sarcomere analysis

ImageJ2/Fiji (Plugins: Tubeness, FFT, Radial Profile) and
Labchart 7.0 (Peak analysis)

Sequencing alignment

Clustal Omega 3.0

Sequencing FASTA file Bioedit 6.0
Statistics GraphPad Prism 8
Ven diagram for DexSeq Venny2.1
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RESULTS

4.1 RECRUITMENT OF FAMILIES WITH RBM20-BASED
CARDIOMYOPATHIES

For this study of RBM20-based cardiomyopathies, two families with hereditary heart conditions
were recruited by the AG Meder at the University hospital Heidelberg. Genomic screening
identified different RBM20 mutations as the underlying genetic predisposition. The patients
suffer from LVNC or DCM. In both cases of their familial cardiomyopathy, the genetic
predisposition was identified in the RBM20 gene affecting the exact same amino acid (aa)
position p.R634. This aa position is located in exon 9 and part of a highly conserved RS-domain
in RBM20 (Fig 9A), which was identified as a hot-spot for disease-causing point mutations (Li
et al., 2010; Brauch et al., 2009). In the LVNC cohort, the RBM20 mutation resembles the
heterozygous missense mutation c.G1901T leading to RBM20-p.R634L, whereas in the DCM
cohort the heterozygous point mutation ¢.C1900T translates to RBM20-p.R634W. The family
pedigrees and mutations are depicted in Fig. 9B, and the donors of this project are marked (#).
The LVNC-causing RBM20 mutation R634L has already been linked to LVNC in a clinical study
by the AG Meder (Sedaghat-Hamedani et al., 2017) and the patients 11.3 and 111.3 were willing
to donate somatic material for this study. As reported, female patient Il.3 was diagnosed with
LVNC at age 39 and showed with severely reduced ejection fraction of 20 % and non-sustained
ventricular tachycardia. Due to these symptoms she received an ICD. Furthermore, an
endocardial biopsy revealed fibrosis in her heart tissue (Sedaghat-Hamedani et al., 2017).
Similarly, the DCM-linked RBM20 mutation p.R634W has been identified in DCM cohort
screenings before, but no further analysis of underlying pathomechanisms was undertaken (Li
et al., 2010). The DCM family in this project was not part of a clinal study and has also been
identified by the AG Meder. The two patients willing to donate somatic material (I11.6 and I11.7)
are brothers that suffer from severe DCM with reduced ejection fraction of 40 % at 38 years
(11.6) and 30 % at 43 years (l11.7). In addition, an uncle (11.2) and niece (I11.3) were willing to
donate somatic material to serve as healthy family controls without mutations in RBM20 and

without cardiac symptoms. In conclusion, RBM20 mutations are well known disease variants
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for LVNC and DCM. The recruitment of two families with different aa substitutions at RBM20
p.634 and different cardiac diseases allows to study the underlying pathomechanisms of
RBM20-dependent disease in more detail.

RS-domain

A RBM20 —ﬁ?lﬁm—l—mu r

aa | -633-634 -635 -636 -637 -638- |aa
-Pro -Arg -Ser -Arg -Ser -Pro-

B LVNC R634L +/- DCM R634W +/-
| |
1 2
! % O |
1 2 3 4
O0®0Q O BOME v
1 2 3 4 5 6 7
| | @ v
LVNC R634L +/- DCM R634W +/-  healthy R634R 2
C l iPSCs generation from # l l
R634L +/- R634W +/- R634R

00

JiPSC-CMs differentiation

B
= =

LVNC-CMs DCM-CMs control-CMs|

Fig. 9 Families with RBM20-dependent cardiomyopathies
A: Schematic of the RBM20 gene locus with highlighted RS-domain from p.633 till p.638.

B: Families pedigrees of LVNC and DCM. The underlying genetic predisposition in LVNC is RBM20-
p.R634L and in DCM RBMZ20-p.R634W. Symbols colored in grey represent individuals with dysfunctional
cardiac conditions. Individuals marked with # donated somatic material for this study.

C: Generation of patient-specific iPSCs and iPSC-CMs. Individuals marked by # in the pedigrees donated
somatic material that was reprogrammed into iPSCs and subsequently into iPSC-CMs.
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4.1.1 Generation of patient-specific iPSCs
To get further insights into the underlying molecular and cellular mechanisms of RBM20-

mutation outcomes, two patients from the LVNC family, two patients from the DCM family and
two heathy relatives from the DCM family were willing to donate somatic material (marked with
# in Fig. 9B). The donated material consisted either of a skin biopsy (LVNC-II.3, LVNC-III.3,
DCM-IIL.7, healthy-11.2 and IIl.3) or a blood sample (DCM-III.6), from which fibroblasts or
PBMCs were isolated and reprogrammed into iPSCs by the lab technician Johanna Heine,
except for DCM-II1.6. Reprogramming was carried out by electroporation with OKSM-coding
plasmids or Sendai virus (see Tab. 5). This yielded different reprogramming efficiencies of: a)
0.014 % for fibroblasts reprogrammed with plasmids b) 0.01 % for fibroblasts reprogrammed
with Sendai virus and c¢) 0.002 % for PBMCs reprogrammed with Sendai virus. The generated
iPSC - lines are hence forth referred to as LVNC-iPSCs or DCM-iPSCs respectively to make
this thesis more coherent. The healthy control group consisted of the two relatives from the
DCM cohort and five unrelated healthy controls that were already established in the working
group (Tab. 5). Notably, the experimental data for the two DCM patients are separated by color
in every graph (DCM-III.6 in black; DCM-IIL.7 in blue). The experimental data for LVNC is
derived from the LVNC-II.3 patient since her daughter (LVNC-I11.3) joined later during this
project and was only included in the NGS transcriptomic analysis.

For every patient, two iPSC-lines were chosen at random for cultivation and characterization
for pluripotency. In total, four LVNC iPSC-lines of two patients, four DCM iPSC-lines of two
patients, and four control iPSC-lines of two healthy relatives from the DCM family were
analyzed from the two cardiomyopathy families. Fig. 10 shows representative pictures of one
iPSC-clone for the LVNC (11.3)- and DCM (l11.6)-iPSCs. All generated iPSC-lines showed typical
stem cell morphology and are positive for alkaline phosphatase activity (Fig 10A). Sanger
sequencing of RBM20-exon 9 showed the expected missense mutation for LVNC and DCM
(Fig 10B). Semi-quantitative PCR demonstrated upregulation of pluripotency markers OCT4,
SOX2, NANOG, LIN28 and GDF3 in all iPSC-lines. Somatic material like fibroblasts or PMBCs,
which were used for reprogramming are negative for these markers (Fig 10C). Furthermore,
expression of pluripotency-linked proteins can be verified for all iPSC-lines demonstrated by
immunofluorescence stainings against OCT4, SOX2, NANOG, LIN28, TRA1-60 and SSEA4
(Fig 10D). To test their differentiation capacity, the iPSCs were cultured as embryoid bodies
(EBs) to induce spontaneous differentiation. Subsequently, the EBs were analyzed for the three
germlayers demonstrated by mRNA expression for albumin (ALB) and a-fetoprotein (AFP),
(endodermal markers), a-MHC (mesodermal marker), and microtubule-associated protein 2
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(MAP2) (ectodermal marker) (Fig 10E). In contrast, pluripotency markers like OCT4 and
NANOG became downregulated during EB formation (Fig 10E). Protein expression of the three
germlayers was verified by IF for AFP, mesodermal a-smooth muscle actin (a-SMA), and
ectodermal BllI-tubulin (Fig 10F).
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Fig. 10 Characterization of patient-specific iPSCs and iPSC-CMs from LVNC and DCM
A: Brightfield and ALP images of LVNC and DCM-iPSCs (scale bar = 200 um), ALP= alkaline phosphatase

B: Sanger sequencing of exon 9 from RBM20 locus.

C: Semi-quantitative PCR for pluripotency markers OCT4, SOX2, NANOG, LIN28 and GDF3in LVNC- and
DCM-iPSCs.

D: Immunofluorescence stainings for pluripotency markers OCT4, SOX2, NANOG, LIN28, TRA1-60 and
SSEA4 (scale bar = 100 ym) in LVNC- and DCM-iPSCs.

E: Semi-quantitative PCR for germlayer markers in EBs: AFP, ALB, a-MYH and MAP2. Pluripotency
markers OCT4 and NANOG become downregulated in LVNC- and DCM-EBs.

F: Immunofluorescence stainings for germlayer markers: AFP, a-SMA, BlII-TUB (scale bars = 100 ym) in
LVNC- and DCM-EBs.
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4.1.2 Directed differentiation into iPSC-CMs

To study RBM20-dependent cardiac diseases the iPSCs were differentiated into functional
beating CMs. The differentiation protocol is adapted from Lian et al. and utilizes small
molecules to activate and subsequently inhibit Wnt signalling (Lian et al., 2013) (Fig. 11A). A
metabolic selection step was included during which glucose is replaced by lactate as a carbon
source. This is feasible to dispose of glucose-dependent non-cardiomyocytes which may have
formed during the differentiation (Tohyama et al., 2013). Subsequently, the iPSC-CMs were
cultured for >60d since prolonged culture duration enhances the cardiac maturation. This
protocol is feasible to differentiate beating ventricular CMs, which expressed cTNT and showed
sarcomeric structure (Fig. 11B). To monitor the differentiation efficiency and purity, the cells
were quantified in FLOW analysis after staining with the cardiac marker cTNT. Cardiac
differentiation purity was comparable among all iPSC-lines with 91 % + 6 cTNT positive cells
(Fig. 11C). In summary, the cardiac differentiation of iPSCs into iPSC-CMs was successful. As
described in the preceding section, two iPSC-lines were derived for every patient of which
multiple cardiac differentiations were used for the following experiments. The number of
differentiations is indicated with n for every graph. The differentiation into iPSC-CMs serves as
a human in vitro model to study RBM20-dependent LVNC and DCM.

A iPSCs | CHIR IwWp2 lactate cardio culture iPSC-CMs

do d2 d4 d20 d25 d60-90

C
B LvNc-cMms DCM-CMs
7 S

iPSCs -
control-CMs - J‘I’}
LVNC-CMs- 1)

pemcms{ A8
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0 20 40 60 80 100

cTNT positive cells [%]

Fig. 11 Cardiac differentiation of iPSCs
A: Protocol for iPSC-CMs differentiation. Differentiation start is marked as dO with addition of CHIR

(CHIR99021), followed by addition of IWP2. Protocol adapted from (Lian et al., 2013; Tohyama et al., 2013).
B: Immunofluorescence stainings for the cardiac marker cTNT in LVNC- and DCM-CMs (scale bars = 50 ym).
C: Analysis of differentiation efficiency by cTNT-FLOW for control-, LVNC- and DCM-CMs. Every dot
represents one cardiac differentiation. Undifferentiated iPSCs serve as negative control.
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4.2 ANALYSIS of RBM20-DEPENDENT SPLICING

4.2.1 Establishment of RBM20 splice targets at the human locus
In 2012, Guo and colleagues published RBM20 splice targets based on a knockout rat model.

They pointed out that splicing of these genes is conserved among species and can be
transferred as RBM20-dependent splice targets in the human system. These splice targets
included the essential cardiac genes TTN, RYRZ2, CAMK2y, CAMK24, triadin (TRDN), lim-
domain binding protein 3 (LDB3), sorbin and SH3 domain containing 1 (SORBS1) and the Ca?*
voltage-gated channel subunit alpha 1 (CACNA1c) (Guo et al., 2012). To study if splicing in
these genes is also affected in the human LVNC- and DCM-CMs harboring the described
RBM20 mutations, these splicing targets were translated to the human loci. Therefore, all rat-
based primers were blasted and adjusted against the human gene locus of the respective gene
and semi-quantitative PCR was performed to amplify the exons of interest. When the PCR
products were visualized on an agarose-gel, multiple bands could be detected corresponding
to different splice products of the gene. These bands were cut from the gel and subjected to
Sanger sequencing to identify, which exons are included in the PCR product of a gene. TRDN
is depicted as an example for this approach in Fig. 12A. For TRDN, the primer blast revealed
binding in exon 7 and exon 10 in the human locus of TRDN and subsequently primers were
designed for exon 7 (forward) and exon 10 (reverse). The agarose gel showed two PCR
products and subsequent Sanger sequencing revealed exon 7, 8, 9, 10 for the upper band and
exon 7, 8, 10 for the lower band. In line with Guo et al., exon 9 is the RBM20-dependent exon
for splicing in TRDN. With this approach the following exons were identified for the human
locus as RBM20-dependent splice targets: exon 5in LDB3, exon 5 in SORBS1, exon14 (coding
for an NLS) in CAMK26 and exon 14 (coding for an NLS) in CAMK2y. Notably for CAMK25, 3
bands were detected in the gel, whereas only the middle and lower band was successfully
sequenced and corresponded to the CAMK26 gene (Fig. 12B). Screening of CACNA1C only
showed one PCR product (data not shown), but primers were designed for exon 9 as this is
the reported RBM20-dependent exon for splicing (Guo et al., 2012). TTN and RYR?2 splicing
were not verified by this approach because they were already published for the human locus:
N2A domain in TTN (Streckfuss-Bémeke et al., 2017) and a cryptic 24-bp insertion from Intron
80-81 in RYRZ2 (George et al., 2007).

-58 -



4 RESULTS

A B |LDB3 CAMK25

- _Ex4-5-6-7-

Hl‘lllj

B, £.i314.45.16
= -Ex13-14-15-16-
- > -Ex4-——-6-7- [N _Ex13-—---15-16-
anger Seq

Primer: Primer:
riwer, () () () 30
—p . n m Fwd: Ex4 Fwd: Ex10
and — Rev: Ex7 Rev: Ex18
lower band
| SORBS1 CAMK2y

Fwd: Ex7 QPCR primer —— NLS
el A |kt
- - _Ex4---6-7-
Primer: Primer:
Fwd: Ex4 Fwd: Ex10
Rev: Ex6 Rev: Ex18

Fig. 12 Adaption of RBM20 splice-targets to the human locus
A: Example for establishment of RBM20-exon specific QPCR-primer of the splice target TRDN.

B: Sanger Sequencing of different PCR products revealed the RBM20-specific exon for splicing in target
genes (marked in red).

4.2.2 RBM20 splice-targets are affected differentially in LVNC-CMs and
DCM-CMs
The RBM20-dependent splice targets that were adjusted for the human loci, were subjected in

quantitative PCR to assess how splicing is affected in LVNC- and DCM-CMs. Splicing of TTN
and RYR2 revealed RBM20-dependent missplicing in LVNC- and DCM-CMs with TTN-mRNA
that includes the N2BA and RYR2-mRNA that includes a cryptic 24bp insertion from intron 80-
81 (Fig. 13A). Intriguingly, inclusion of exon 9 in TRDN and an NLS (exon 14) in CAMK24d is
only affected in LVNC-CMs, but not in DCM-CMs compared to control-CMs. In contrast,
splicing of exon 5 in LDB3 is affected in DCM-CMs exclusively (Fig. 13B). Notably, the overall
gene expression of these splice targets was not affected underscoring the influence of RBM20
in splicing and not gene expression (Fig. 13C). For TTN, the altered N2BA/N2B ratios observed
in LVNC- and DCM-CMs were due to significantly decreased levels of N2B (Fig. 13C).
Furthermore, other tested RBM20 splice targets were not found to be affected by the RBM20
mutation in LVNC- and DCM-CMs such as an NLS in CAMK2y, exon 5 in SORBS1, exon 9 in
CACNA1c and exon 15/16 in CAMK26 (Fig. 13D). In order to analyze whether the amount of
RBM20 itself is regulated, the mRNA levels of RBM20 were analyzed. QPCR-results showed
that RBM20 levels in LVNC-CMs are significantly decreased compared to control- and DCM-
CMs (Fig. 13E).
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Fig. 13 RBM20-dependent missplicing in LVNC and DCM-CMs
A-E: Every dot represents 1 cardiac differentiation. Data is presented as boxplots. P-values are determined

by one-way ANOVA against control with Dunnett correction and results are marked with * p<0.05, ** p<0.01

and *** p<0.001.

A,B,D: Schematics under each graph depict the RBM20-dependent exons and introns (in yellow). Arrows
indicate the positions of the primers used for every gene.
A: RBM20 splice-targets TTN and RYRZ2 are misspliced in LVNC- and DCM-CMs.

B: RBM20 splice-targets TRDN and CAMK2d-exon14 are affected in LVNC-CMs exclusively. LDB3 is

affected in DCM-CMs.

C: The overall expression of RBM20 splice targets is not affected.
D: RBM20 splice-targets, SORBS1, CACNA1C, CAMK2y and CAMK23-exon 15/16 are not affected in

LVNC- and DCM-CMs.

E: RBM20 mRNA is downregulated in LVNC-CMs.
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In conclusion, this assay revealed that RBM20-dependent splice targets identified by knockout
rats can be transferred to the human locus and furthermore identified shared and differential
missplicing events in LVNC- and DCM-CMs. Notably, the splicing of TRDN and LDB3 displayed
converse inclusion/exclusion results. In RBM20 knockout rat, TRDN-exon 9 levels were
increased and LDB3-exon 5 levels were decreased (Guo et al., 2012). In this study of human
iPSC-CMs, the TRDN-exon 9 levels were decreased, and LDB3-exon 5 levels increased.
Whether this deviation is due to inter-species differences or an effect of overactive RBM20-
dependent splicing remains to be determined. The differential missplicing could be one
molecular basis for the development of different cardiac diseases that are both based on an
RBM20 mutation. Decreased RBM20 mRNA levels in LVNC-CMs suggest a haploid

insufficiency mechanism to contribute to the disease.

4.3 CELLULAR and PHYSIOLOGICAL INVESTIGATION OF
LVNC- and DCM-CMs

RBM20 splice targets comprise cardiac genes that contribute to the sarcomere structure (TTN,
LDB3), Ca?" homeostasis (RYR2, CAMK25, TRDN) and electrical activity (CACNA1C).
Therefore, LVNC- and DCM-CMs were tested on these physiological parameters. In the next
set of experiments, multiple CMs were measured derived from multiple cardiac differentiations.
Therefore, the analysis was calculated by nested-statistic to take the cardiac differentiations
into account. In addition, statistical analysis was also performed with Student’s t-Test and
ANOVA calculations without taking the differentiations into account. The latter is provided in

the supplements where the graphs depict every data point for the respective experiment.

4.3.1 Sarcomeric integrity is decreased in LVNC- and DCM-CMs
A major function of cardiomyocytes is the generation of force by contraction of the cells. This

is possible because of a highly regular, structured and contractile cytoskeleton that is
composed of sarcomeres. The succession of many sarcomeres within a cell arrange into a
myofibril, which arrange into a muscle fiber. The sarcomeres represent the smallest contractile
unit in a muscle cell and require the correct assembly of specialized proteins such as actin,
myosin, titin, troponin and many other structural and regulatory proteins (Gautel & Djinovic-
Carugo, 2016). Since RBM20 is involved in splicing of sarcomeric proteins such as titin, the

sarcomeric integrity was analyzed by immunofluorescence. A double staining was used to
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visualize the sarcomeric Z-disc with a-actinin and the M-line with titin (M8/M9) antibody
followed by quantification of sarcomere regularity using fast Fourier Transformation (FFT)
(Suppl. Fig. 1A). The double staining unveiled a disturbed sarcomeric structure for LVNC- and
DCM-CMs with areas that lack any repeated sarcomere organization (Fig. 14A). The
quantification coincides with this observation and showed that the sarcomeric regularity is
significantly decreased 1.6-fold in LVNC and DCM-CMs for the Z-disc (Fig. 14B) and 1.3-fold
for the M-line (Fig. 14C) compared to control-CMs. This is in line with the observation of TTN

missplicing in LVNC- and DCM-CMs and underscores the importance of RBM20 for sarcomeric

regularity.
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Fig. 14 Sarcomeric regularity is decreased in LVNC- and DCM-CMs

A: Visualization of the sarcomere by immunofluorescence stainings against a-actinin (green) and titin M8/M9
(red) for control-, LVNC- and DCM-CMs (scale bars = 50 ym).

B + C: Quantification of Z-disc (B) and M-line (C) sarcomeric regularity using fast Fourier transformation. Bar
graphs depict the peak amplitude of the first-order peak. Multiple pictures were analyzed [No. of
differentiations/analyzed pictures] are indicated in the graph. Data represented as nested mean +/-SEM. P-
values were determined by nested one-way ANOVA multiple comparisons with Dunnett correction and results
are marked with * p<0.05, ** p<0.01 and *** p<0.001.
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4.3.2 Sarcomeric dysregulation is a common phenotype in splice-defect

associated DCM
An irregular and disorganized sarcomere has been shown before in other cardiomyopathies

including another RBM20 mutation-based DCM, in which affected patients carry the
heterozygous missense mutation p.S635A (Streckfuss-Bomeke et al., 2017). Therefore, the
question was addressed if sarcomeric irregularity is a common characteristic of splice-defect
associated cardiomyopathies. For this, the following iPSC-CMs were analyzed: 1) A family with
hereditary DCM carrying heterozygous double mutations in SCN5A (p.C335R) and RBFOX1
(p.S107F) or in the SCN5A (p.C335R) only. 2) A family with hereditary DCM harboring a
genetic predisposition in the splice-substrate LMNA with two intronic variants (rs199686967
and rs201379016) and a synonymous mutation (rs149339264). Both families were identified
by the AG Meder in Heidelberg. 3) A newly identified splice factor of cardiac structural proteins,
SLM2, was knocked down in control-CMs. As seen in Fig. 15A and B, sarcomeric regularity
was decreased for all iPSC-CMs if a splice factor or substrate is affected. In the
RBFOX1/SCN5A cohort, sarcomeric integrity was only impaired if the splice factor RBFOX1
(Frese et al., 2015) harbors the variant p.S107F. IPSC-CMs from patients that solely carry the
mutation in the ion channel SCN5A (p.C335R) did not show a decrease in sarcomere regularity
(Fig. 15A). The LMNA gene gives rise to two isoforms Lamin A and Lamin C and is a structural
protein that forms the nuclear envelope. Patients with mutations in LMNA, also collectively
termed laminopathies, often present with symptoms including cardiac diseases (Boriani et al.,
2015). SLM2 is a ubiquitous expressed splice factor that has splice targets in the heart
including TTN. To understand the contribution of SLM2 in sarcomeric organization, AAV6
mediated knockdown was accomplished in iPSC-CMs. This was part of a SLM2
characterization project in corporation with the AG Boeckel in Leipzig. Because the AAV6-
shRNA-SLM2 vector was tagged with GFP, the Z-disc was visualized with titin Z1/Z2 antibody
instead of a-actinin. In both entities, LMNA mutation and SLM2 knockdown, the sarcomere
regularity is significantly decreased (Fig. 15A and B). In summary, this adds to the evidence
that disturbed sarcomeric integrity is a major factor and common trait in splice-defect

associated cardiomyopathies that contributes to the disease phenotype.
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Fig. 15 Sarcomeric regularity is decreased in other mutation-based DCM-CMs

A+B Multiple pictures were analyzed [n = number of differentiations/analyzed pictures] and are indicated
in the graph. Data represented as nested mean +/-SEM. P-values were determined by nested one-way
ANOVA multiple comparisons with Dunnett correction and results are marked with * p<0.05, ** p<0.01
and *** p<0.001. Scale bars = 50 ym

4.3.3 Ca?* handling impairments in LVNC- and DCM-CMs

Correct Ca?* cycling is a crucial event in muscle cells as Ca?* translates the electrical stimulus
into the mechanical contraction of the cell. This process requires a delicate interplay of Ca?*
handling proteins whereas impairments in Ca?* homeostasis have been shown numerous
times as a major pathology in cardiac diseases (Marks, 2013). Since RBM20 splice targets
comprise a set of important Ca?* handling players including RYR2, TRDN and CAMK25, Ca?*
homeostasis was investigated in in LVNC- and DCM-CMs. TRDN and CAMK26 missplicing
was only observed in LVNC-CMs suggesting an altered Ca?* phenotype in LVNC-CMs. To test
this hypothesis, Ca?* homeostasis was analyzed in the iPSC-CMs.

4.3.3.1 Ca?* cycling is accelerated in LVNC-CMs
The iPSC-CMs were loaded with the cytoplasmatic Ca?*-probe Fluo-4, which makes it possible

to visualize Ca?* transients and determine rise and decay time as well as the Ca?* leakage.
Fig. 16A depicts examples of Ca?* transients at basal and after Iso stimulation. First, Ca?*
cycling rise and decay time were quantified. The recorded transients displayed an average rise
time of 330 ms (SD=156.6) and decay time of 867 ms (SD=245.2) for control-CMs. In
comparison, LVNC- and DCM-CMs show significantly faster cycling rates with reduced Ca?*
transient rise times of 212 ms (SD=100) for LVNC-CMs and 257 ms (SD=130) for DCM-CMs

-64-



4 RESULTS

and Ca?* transient decay times of 626 ms (SD=220) for LVNC-CMs and 739 ms (SD=307) for
DCM-CMs. Notably, the LVNC-CMs demonstrated the most prominent decrease in Ca?*
cycling times that are also significantly reduced compared to DCM-CMs. To further investigate
the Ca?* cycling rates, the cells were incubated with Iso. Iso stimulates the R-adrenergic
pathway and facilitates Ca?* release and reuptake, thereby leading to faster cycling dynamics.
Control-CMs showed a physiological reaction to Iso stimulation by a significant decrease of
Ca?* transient rise time to 242 ms (SD=138) and decay time to 687 ms (SD=235). DCM-CMs
also exhibited this Iso-dependent effect with a significant decrease in rise time of 202 ms
(117=SD) and decay time of 522 ms (SD=252). Intriguingly, LVNC-CMs did not show a
prominent response to the incubation with Iso and demonstrated similar transient rise times
(Basal:lso 212:206 ms) and only a weak reaction in the decrease of decay time (Basal:lso
626:540 ms) possibly due to their already fast Ca?* cycling at basal level (Fig. 16B).
Furthermore, Ca?* sparks were assessed as a parameter for pro-arrhythmic tendencies. Ca?*
sparks are spontaneous openings of RYR2 during the diastole and are also visualized by the
Fluo-4 probe (Fig. 16C). The spark frequency is comparable among all iPSC-CMs (Fig. 16D),
whereas the Ca?* leakage is significantly increased for DCM-CMs (Fig. 16E). The Ca?* leakage
is defined by the sum and size of all sparks, therefore DCM-CMs did not exhibit more, but
bigger Ca?* sparks. In conclusion, this is the next evidence that LVNC-CMs and DCM-CMs
with their underlying RBM20 mutation showed different disease phenotypes. LVNC-CMs
exhibited accelerated Ca?* kinetics and an impaired reaction to Iso. In contrast, DCM-CMs
demonstrated faster Ca?* kinetics as well, but a physiological reaction to Iso and revealed a

significant higher Ca?* leakage compared to control- and LVNC-CMs.
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Fig. 16 LVNC- and DCM-CMs show pathologies in Ca?* handling.

A: Exemplary single-cell Ca?* traces from iPSC-CMs of control, LVNC and DCM at basal (black) and
Isoprenaline (Iso) (green) stimulation (1 yM) measured using Fluo-4. The cells were paced at 0.25 Hz.
B: Ca?* transient rise (left) and decay time to 50 % (right) for basal and Iso-stimulated (1 uM) condition.
LVNC- and DCM-CMs show decreased basal rise and decay time levels, whereas LVNC-CMs exhibit
the most decrease. Additionally, LVNC-CMs show a weak reaction to Iso stimulation. Data is presented
as nested mean+/- SEM; p-values were calculated by nested one-way ANOVA against control of the
basal condition with Dunnett correction and results are marked with * p<0.05, ** p<0.01 and *** p<0.001.
Additionally, #p-values were calculated for basal und Iso-treated (1 pM) condition for each group using
nested Student’s t-Test and results are marked with # p<0.05, ## p<0.01 and *### p<0.001. Multiple
cells were analyzed [No. of differentiations/analyzed pictures] and are indicated in the graphs.

C: Representative images of Ca?* spark detection during diastole using Fluo-4.

D: Analysis of Ca?* spark frequency. Multiple cells were analyzed [No. of differentiations/analyzed
pictures] and are indicated in the graph. Data is presented as Violin plot for every measurement.

E: Analysis of Ca?* sparks showed increased Ca?* leakage for DCM-CMs using the ImageJ Sparkm-
aster plugin. Quantitative calculation of 3D Ca?* leakage at for: [No. of differentiations/ analyzed cells]
are indicated in the graph. Data is presented as nested mean+- SEM; p-values were calculated by
nested one-way ANOVA multiple comparisons of the basal condition with Dunnett correction and results
are marked with * p<0.05, ** p<0.01 and *** p<0.001.
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4.3.3.2 Systolic Ca?* is increased in LVNC-CMs and decreased in DCM-CMs
To complement this data, single iPSC-CMs were stained with a FURA-2 probe to investigate

diastolic Ca?*, Ca?*transient amplitude at the systole, SR-load and fractional Ca?* release. This
is possible because FURA-2 is a ratiometric dye that shifts its emission spectrum from 380 nm
(FURA-2) to 340 nm (FURA-2 bound to Ca?*) and therefore eliminates the problem of probe-
loading because the value is presented as a 340/380 nm ratio. Ca?* transients were recorded
continuously with 0.25 Hz pacing and lastly caffeine was added, which triggers a fast release
of the stored Ca?* from the SR. Diastolic Ca?* levels were decreased in both, LVNC- and DCM-
CMs, compared to control-CMs (Fig. 17A). Intriguingly, LVNC-CMs exhibit increased and
DCM-CMs decreased systolic Ca?* amplitudes (Fig. 17B). This parameter is an indicator for
force generation, as more Ca?* correlates with stronger contraction thereby indicating that
DCM-CMs showed weaker contraction strength. The SR load measures the Ca?* content in
the SR, whereas the SR fractional release is a parameter that shows how much Ca?* gets
extruded from the SR during a contraction. In this study, the SR load and SR fractional release
was comparable between control-, LVNC- and DCM-CMs (Fig. 17C and D). Taken together
this data demonstrates that the two RBM20-mutation based cardiomyopathies exhibited
different Ca?* handling impairments that possibly contribute to the different disease
phenotypes. LVNC-CMs showed faster Ca?* cycling and cannot react upon B-adrenergic
stimulation with Iso. In contrast, DCM-CMs showed a physiological reaction to Iso but exhibited

an increased pro-arrhythmic Ca?* leak and decreased systolic Ca?*.
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Fig. 17 Systolic and diastolic Ca?* is impaired in LVNC- and DCM-CMs
A-D: Ca? parameters measured by the ratiometric FURA-2-am probe in single cell iPSC-CMs. Data is presented

as nested mean+/- SEM and p-values were calculated by nested one-way ANOVA against control of the basal
condition with Dunnett correction and results are marked with * p<0.05, ** p<0.01 and *** p<0.001. Number in
the graph represent [No. of differentiations/measured cells].

A: Diastolic Ca?*is reduced in LVNC- and DCM-CMs compared to control-CMs.

B: Systolic Ca?*increased in LVNC-CMs and decreased in DCM-CMs compared to control-CMs.

C: SR- Ca?* load is unaffected in LVNC- and DCM-CMs compared to control-CMs.

D: SR fractional Ca®* release is unaffected in LVNC- and DCM-CMs compared to control-CMs.
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4.3.4 Electrophysiological properties in cardiomyocytes
To complement the set of physiological assessments, LVNC- and DCM-CMs were analyzed

electrophysiologically by multi-electrode array (MEA). In the MEA experiments, the iPSC-CMs
were digested onto small electrodes recording extracellular field potentials that show the Na*
spike and the t-wave (Fig. 18A). With this, the beating rate (BR), field potential duration (FPD)
and interspike interval (ISI) can be analyzed (Fig. 18A). Upon addition of Iso (100 nM), a
reaction in form of an increased beating rate was observed (Fig. 18B). It has been reported
that RBM20 splice targets comprise important voltage-sensitive channels like CACNA1C and
that patients with RBM20 mutation-based DCM often suffer from arrhythmic events (van den
Hoogenhof et al., 2018). LVNC- and DCM-CMs did not differ significantly from control-CMs
with an average basal BR of 0.7 Hz and cFPD of 250 ms (Fig. 18C and D). Upon stimulation
with Iso, all iPSC-CMs showed a comparable 2-fold increase in BR and a subsequent recovery
when Iso was removed (Fig. 18E). Analysis of the ISl revealed no irregular beating for LVNC-
and DCM-CMs, comparable to the stable beating of control-CMs (Fig. 18F).
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Fig. 18 Electrical activity in LVNC- and DCM-CMs is comparable to control-CMs.
A: MEA recordings show a Na* spike and the t-wave, which is used for calculation of the beating rate

(BR), field potential duration (FPD) and interspike interval (1SI).

B: Example of accelerated electrical activity after Iso (100 nM) stimulation.

C-F: Every dot represents one cardiac differentiation. Data was tested with one-way ANOVA against
control with Dunnett correction, but no significances were detected.

C: Beating rate is comparable among control-, LVNC-, and DCM-CMs.

D: Increase of ca. 2-fold in BR after Iso (100 nM) is added. Subsequently Iso is removed and CMs were
re-measured after 24 h. Recovery rate is comparable to basal rates.

E: Frequency-corrected FPD (cFDP) shows comparable values among control-, LVNC-, and DCM-CMs.
F: For quantification of beating regularity, the percentage of StDev to the mean of IS| was calculated.
Except for two cardiac differentiations in LVNC and DCM, all CMs show regular beating.
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Taken together, BR and cFDP were comparable among control-, LVNC- and DCM-CMs with a
prominent reaction to Iso. In the Ca?* analysis DCM-CMs showed increased Ca?* leakage that
can contribute to arrhythmic events. However, based on the MEA analysis, no significant

arrhythmic events were detected.

4.4 RBM20 GENE EDITING

4.4.1 Generation of RBM20-rescue lines using CRISPR/Cas9 technology
The data demonstrated that distinct RBM20 mutations at the same aa position 634 can

segregate into different disease phenotypes, especially in Ca?* handling (Fig.17 and 18). To
verify that solely the distinct RBM20 variant is the causative mutation, isogenic rescue-RBM20
lines were generated by using the CRISPR/Cas9 technology. Therefore, one LVNC (from
LVNC-II.3) and one DCM-iPSC-line (from DCM-III.6) were chosen and the heterozygous
missense mutation was converted back into wt RBM20 expressing arginine at aa position 634
homozygously (Fig. 19A). For this purpose, crRNAs were designed to cut close to the SNP-
mutation and the HDR template was designed to code for wt RBM20 (see Fig. 7). 72 clones
for each, rescue-LVNC and rescue-DCM, were picked and subsequently screened for the
desired gene editing. Rescue-DCM yielded 2.8 % successful wt RBM20 editing (2/72 edited
clones) and rescue-LVNC 45 % successful editing (14/31 edited clones). Sequencing of the
edited clones for the RBM20 locus furthermore revealed that not every edited clone contained
the artificial silent mutations, which were coded on the HDR template (Fig. 19B). For example,
resDCM1 showed only edited wt RBM20 without any further nucleotide substitutions, indicating
that the other allele was used for HDR instead of the exogenously provided HDR template.
Notably, all generated rescue-lines were used, regardless whether a silent mutation was
included. Two rescue-DCM-iPSC lines and four randomly chosen rescue-LVNC-iPSC lines
were cultivated and characterized for expression of pluripotency markers and CM-
differentiation efficiency. Furthermore, RBM20 was sequenced (Fig. 19B) every 5 passages to

assure RBM20 correction.
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Fig. 19 Generation isogenic resLVNC- and resDCM-iPSCs
A: Schematic of generation of isogenic RBM20-rescue lines from LVNC- and DCM-iPSCs. The red

arrows indicate the patient of which gene editing was performed.
B: Sanger sequencing results of RBM20 exon 9. The zoom visualizes position ¢.1900-1902 which

encodes aa 634 within the RBM20 gene. Wt-RBM20, which encodes C-G-G for p.R634, is restored in
resLVNC- and resDCM-iPSCs. * marks non-synonymous mutations included by CRISPR/Cas9 editing.

Similar to the patient iPSC-lines, the rescue-RBM20 lines expressed pluripotency-related
proteins OCT4, SOX2, NANOG, LIN28, GDF3, FOXD3, SSEA4 and TRA1-60 (Fig. 20A) and
showed spontaneous differentiation into cells of the endo- meso- and ectoderm (Fig. 20B).
Analysis of cTNT expression by FLOW showed a high CM differentiation purity of 89 to 96 %
(Fig. 20C). It can be concluded that the generation of rescue-RBM20-iPSC and further rescue-
RBM20-CMs was successful for LVNC and DCM and these edited iPSCs showed no difference
in their pluripotency characteristics or their iPSC-CMs differentiation potential. Therefore,
these edited iIPSC-lines can serve as isogenic controls to LVNC and DCM and are
referred to as resLVNC (rescue of RBM20 mutation in LVNC) and resDCM (rescue of
RBM20 mutation in DCM). Notably, the DCM- and resDCM-iPSCs were published by our
group in the course of this project (Rebs et al., 2020). As mentioned earlier, the two DCM

patients are displayed in different colors in every graph. Since the DCM-III.6 patient was
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represented with black symbols, the data of resDCM (gene editing of DCM-III.6) is also

represented as black symbols.

A Brightfield ALP NANOG LIN28 SSEA4 TRA1-60
resLVNC B8
resDCM

B BlIl-TUB C

LVNC-CMs- : 1:

resLVNC-CMs

DCM-CMs

resDCM-CMs

6 20 40 60 80 10
cTNT positive cells [%]

Fig. 20 Characterization of isogenic resLVNC- and resDCM-iPSCs

A: Microscope images for resLVNC- and resDCM-iPSCs. Both iPSC-lines show typical stem cell
morphology and activity of ALP (scale bars = 200 ym). Immunofluorescence staining are positive for
pluripotency markers OCT4, NANOG, LIN28, SSEA4 and TRA1-60 (scale bars =100 um). ALP: Alkaline
phosphatase

B: Immunofluorescence stainings for germlayer markers: AFP, a-SMA, BIII-TUB (scale bars = 100 um)
in resLVNC- and resDCM-EBs.

C: Comparison of differentiation efficiency by cTNT-FLOW in LVNC-, resLVNC-, DCM- and resDCM-
CMs. Every dot represents one cardiac differentiation. Undifferentiated iPSCs serve as negative control.
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4.4.2 RBM20-rescue lines confirmed the shared and differential disease
properties in LVNC- and DCM-CMs
The generated rescue RBM20-lines were differentiated into CMs and splicing, sarcomeric

integrity, Ca?* kinetics and electrical activity were reassessed to compare to their patient LVNC-
and DCM-CMs counterparts. As described before, splicing of RYR2 and TTN is affected in
LVNC- and DCM-CMs and congruently splicing is restored in resLVNC- and resDCM-CMs (Fig.
21A). The TRDN-exon 9 and CAMK26-NLS/exon 14 splicing were affected in LVNC-CMs
exclusively, which was rescued in resLVNC-CMs (Fig. 21B). Increased exon 5 inclusion in
LDB3 was shown for DCM-CMs and consistently splicing is reinstated in resDCM-CMs
(Fig. 21C). Of note, even though without statistical significance, LDB3 splicing is also affected
in LVNC-CMs (p=0.09). Furthermore, RBM20 downregulation in LVNC-CMs is rescued in
resLVNC-CMs (Fig. 21D) indicating that the RBM20 mutation p.R634L in LVNC has an

influence on its own expression levels, whereas the p.R634W mutation in DCM does not.
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Fig. 21 RBM20 rescue-lines validated the RBM20-dependent missplicing in LVNC- and DCM-CMs
A-D: Data is represented as box plots, whereas every dot represents one cardiac differentiation. Statistical

analysis is by Student’s t-test of resLVNC vs LVNC and resDCM vs DCM and results are marked with *
p<0.05, ** p<0.01 and *** p<0.001.

A: Shared missplicing of TTN and RYR2 in LVNC- and DCM-CMs rescue-iPSC-CMs.

B: Missplicing of LDB3 in DCM-CMs validated by resDCM-CMs.

C: Missplicing of CAMK2d and TRDN in LVNC-CMs validated by resLVNC-CMs

D: RBM20 is downregulated in LVNC-CMs validated by resLVNC-CMs.
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Next, the resLVNC and resDCM-CMs were assessed for structure, BR and Ca?* handling to
investigate the effects of the rescue of the RBM20 mutation. Sarcomeric regularity was
analyzed as described previously. As depicted in Fig. 22A, resLVNC- and resDCM-CMs
showed a regular sarcomeric pattern. Quantification of the Z-disc regularity underscores this
observation as regularity values of resLVNC- and resDCM-CMs improved significantly and are
comparable to the control-CMs (Fig. 22B). This data demonstrated that RBM20 mutations
cause sarcomeric disarray, which is possibly connected to the missplicing of TTN. MEA
measurements of resLVNC- and resDCM-CMs showed comparable values for BR, which is on
average 0.6 Hz (Fig. 22C). Lastly, Ca?* transients were recorded by using Fluo-4. ResLVNC-
CMs showed significantly elevated levels of basal Ca?* rise and decay time compared to LVNC-
CMs and did not differ from values previously shown for control-CMs. In line with this
observation, a prominent reaction to Iso stimulation was observed in resLVNC-CMs as
opposed to the weak reaction previously observed in LVNC-CMs (Fig. 22D). Ca?* leakage that
was significantly increased in DCM-CMs showed significant reduction in the resDCM-CMs
(Fig. 22E).

Taken together, this data showed that the distinct RBM20 mutation in LVNC and DCM is
responsible for the shared disease phenotypes of sarcomeric disarray. Intriguingly, the
differential disease phenotypes in Ca?* handling were also ameliorated in the isogenic control
lines. These findings underscore that mutations in RBM20 can lead to different disease
outcomes even if the same aa position is affected by a synonymous mutation. Isogenic control
lines are a powerful tool to attribute pathologies to a gene mutation identifying RBM20 p.634

as a crucial position for disease variants.
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Fig. 22 Physiological impairments are abolished in isogenic RBM20-rescue lines of LVNC and DCM

A: Visualization of the sarcomere by immunofluorescence stainings against a-actinin (green) and titin M8/M9
(red) for resLVNC- and resDCM-CMs (scale bars = 50 uym).

B: Sarcomeric regularity is restored in resLVNC- and DCM-CMs. Data is presented as nested mean+/- SEM;
p-values were calculated by nested one-way ANOVA multiple comparisons with Dunnett correction and results
are marked with * p<0.05, ** p<0.01 and *** p<0.001. The numbers in the graph represent [No. of
differentiations/analyzed pictures].

C: Beating rate (BR) measurements. Every dot represents one cardiac differentiation. Data is presented as
violin plots and statistics were calculated by one-way ANOVA multiple comparisons with Dunnett correction,
but no significances were detected.

D: Ca?* cycling is restored in resLVNC-CMs. Transient rise (left) and decay (right) time is elevated in resLVNC-
CMs and subsequently resLVNC-CMs showed a strong reaction to Iso. Data is presented as nested mean+/-
SEM. The numbers in the graph represent [No. of differentiations/analyzed cells]. P-values were calculated by
nested one-way ANOVA against control of the basal condition with Dunnett correction and results are marked
with * p<0.05, ** p<0.01 and *** p<0.001. Additionally, #p-values were calculated for basal und Iso-treated
condition for each group using nested t-test and results are marked with # p<0.05, ## p<0.01 and ###p<0.001.
E: Ca?* leakage is decreased in resDCM-CMs. The numbers in the graph represent [No. of
differentiations/analyzed cells].Data is presented as mean+- SEM; p-values were calculated by nested t-test
DCM vs resDCM and results are marked with * p<0.05, ** p<0.01 and *** p<0.001.
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4.5 NOVEL RBM20 SPLICE-TARGETS

4.5.1 Screening for novel RBM20 splice targets by next generation
sequencing technology
With isogenic RBM20-CMs available for LVNC- and DCM-CMs, the question was addressed if

novel RBM20 splice targets can be identified. For this, mRNA of 90 d old control-, LVNC-,
DCM, resLVNC-, and resDCM-CMs was isolated and lllumina NGS was performed by the AG
Meder at the university hospital in Heidelberg for transcriptome analysis. The data was
analyzed using the DexSeq pipeline to assess the expression levels of exonic bins within a
gene. To identify possible new splice targets, the following steps were carried out: 1. LVNC-
CMs and DCM-CMs were analyzed against control- and rescue-CMs to compare differential
exonic bin expression (by AG Meder, Dr. Weng-Tein). All genes/exonic bins with a pag value
>0.05 were excluded. This resulted in 9854 genes with differential exon expression for LVNC
(vs control- and resLVNC-CMs) and 10819 genes for DCM (vs control- and resDCM-CMs). Of
these, 8947 genes are shared between the LVNC and DCM cohort. (Fig. 23A) 2. GOterm
analysis was performed on the shared genes between LVNC and DCM cohort. The GOterm
“Cardiomyopathy” was the biggest hit (Fig. 23B) and 36 candidate genes were selected
including different K* channels (KCNQ1, KCNH2, KCNE1, KCNA4, KCNQ3, KCN1, KCND3),
Obscurin (OBSCN), TRDN, RYR2, CACNA1c, SCN5A, SERCA2a, LMNA, MCU, histone
deacetylase 9 (HDACY9), adenylate cyclase 5 and 6 (ADCY5, ADCY6), ATP-binding cassette,
sub-family C member 9 (ABCC9), myosin-binding protein 3 (MYBPC3), Ser-Arg rich splicing
factor 3 (SRSF3), splicing factor 3b subunit 1 (SF3B7), RALBP1 associated Eps domain
containing 2 (REPS2), Neurogenic locus notch homolog protein 2 (NOTCH?2), SMAD specific
E3 ubiquitin protein ligase 1 (SMURF1), Nexilin (NEXN), bone morphogenic protein 4 and 7
(BMP4, BMP7), ADAM metalloprotease domain 10 and 17 (ADAM10, ADAM17), cullin 3
(CUL3), calmodulin 1 (CALM1), Myosin light chain kinase 1 and 3 (MYLK, MYLK3), RBM24
and RBM20 itself. 3: The exonic bins within every gene were translated into the respective
exons of a gene und primers were designed to span the region of interest. All genes were
tested in semi-quantitative PCR for the expression of different splice forms indicated by two or
more bands. If more than one band was detected, the gel bands were cut and sent for Sanger
sequencing to verify, which exons were included in a transcript. Subsequently, primers for
gPCR analysis were designed to target the differentially expressed exon (same process as
described in Fig. 12A). Fig. 23C shows all investigated genes that did not show multiple
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bands/isoforms and were excluded. In total, 30 of 36 screened genes were negative at this
step of investigation.
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Fig. 23 NGS analysis

A: Venn diagram of genes with differential expressed exons.

B: GOterm analysis of the overlapping group reveals “Cardiomyopathy” as biggest hit. GOterm
analysis for “Human Diseases” with a pvalue > 0.05.

C: Selected candidate genes that could not be verified.

-76 -



4 RESULTS

4.5.2 Novel RBM20 splice targets KCNH2, CACNA1C, ADCY6 and BMP7
From 36 screened candidate genes, six could be verified with different isoforms. Affected exons

were verified by Sanger sequencing. The following genes were identified: exon 6 of MYLK,
exon 6 of KCNH2, exon 13 of CACNATc, exon 14 of ADCY6, exon 4 of BMP7 and exon 10 of
NEXN (Fig. 24A). In a next step, the levels of transcripts containing these exons of interest
were quantified. For this experimental set-up, the isogenic lines of LVNC and DCM are
indispensable to serve as control lines that reduce background from genomic variation among
individuals. Two important ion channels, CACNA1C and KCNH2, were detected to be affected
in LVNC- and DCM-CMs (Fig. 24B). Notably for KCNHZ2 splicing, there were no significances
detected between control-CMs and LVNC- or DCM-CMs. However, this target was counted as
affected since there is a clear rescue effect observed in resLVNC- and resDCM-CMs.
Furthermore, splice aberrations in ADCY6 and BMP7 were detected in DCM-CMs exclusively
(Fig. 24C). Splicing defects of MYLK and NEXN was not verified for LVNC- or DCM-CMs
(Fig. 24D). These results indicate that RBM20 splice targets are not fully elucidated yet. The
DexSeq data contained many information and possible target genes.

In summary, the analysis showed four new possible splice targets. Most intriguingly, the
important ion channels KCNH2 and CACNA1C. CACNA1C was described before for RBM20-
dependent splicing, however this analysis reveals that exon 13 is affected instead of exon 9,
which was reported as RBM20-dependent in rat models (Guo et al., 2012). KCNH2 codes for
the hERG channel, an outward K* channel. This is the first report of RBM20-dependent splicing
of a K" channel. Finally, ADCY6 and BMP7 are genes affiliated with cAMP cycling (ADCY®6)
and development (BMP7). These novel RBM20 targets are interesting since established
RBM20 splice targets mostly comprise sarcomeric and ion channel genes. In conclusion, the
using DexSeq was feasible to screen for differential exon expression within a gene. With this
approach, KCNH2, CACNA1C, ADCY6 and BMP7 were identified and validated as new splice
targets of RBM20.
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Fig. 24 Novel RBM20 splice targets
A: Sanger Sequencing of different PCR products revealed the RBM20-specific exon for splicing in
target genes. Affected exons are marked in red.
B-D: QPCR results for the novel RBM20-target genes. Every dot represents one differentiation
experiment. P-values are determined by one-way ANOVA against control with Dunnett correction
and results are marked with * p<0.05, ** p<0.01 and *** p<0.001. Additionally, Student’s t-test was
conducted for LVNC vs resLVNC and DCM vs resDCM and results are marked with # p<0.05, ##
p<0.01 and ### p<0.001. Schematic under every graph depicts the RBM20-dependent exons for

splicing (in yellow). Arrows indicate the positions were the primers bind.

B: Missplicing of CACNA1C-exon 13 and KCNH2-exon 8/9 is detected in LVNC- and DCM-CMs.
C: Missplicing of BMP7-exon4 and ADCY6-exon14 is detected in DCM-CMs exclusively.
D: Possible RBM20 splice targets NEXN and MYLK were not affected in LVNC- and DCM-CMs.
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4.6 ABERRANT PHOPHORYLATION OF Ca?* HANDLING
PROTEINS IN LVNC-CMs

Fast Ca?* kinetics and no prominent reaction to Iso are strong phenotypes for LVNC-CMs. The
rate of Ca?* cycling is predominantly regulated by phosphorylation of cardiac proteins such as
the RYR2 and the SERCA2a accessory protein Phospholamban (PLN). Upon B-adrenergic
stimulation, PKA and CAMK235 are activated to phosphorylate RYR2 and PLN to increase Ca?*
cycling rate (Mattiazzi & Kranias, 2014). Intrigued by the data that CAMK26 is a splice target
exclusively affected in LVNC-CMs, the question was addressed if CAMK2&-dependent
phosphorylation is a driver for the fastened Ca?* cycling in LVNC-CMs. For this, Western blot
pellets were prepared, consisting of pairs of basal (unstimulated) and Iso treated samples to
investigate the basal phosphorylation status of Ca?* handling proteins RYR2 and PLN and their
increase in phosphorylation after the addition of Iso. First, investigation of RYR2 and its PKA-
and CAMK206-dependent phosphorylation sites (RYR2_Ser2808 and RYR2_Ser2814
respectively) were quantified. This analysis did not uncover any deviating phosphorylation
status of RYR2 at basal level or after Iso stimulation in LVNC- and DCM-CMs compared to
their respective isogenic controls (Fig. 25). Notably, there was no prominent phosphorylation
increase observed for RYR2 after the addition of Iso (Fig. 25B and E).

In a next step, PKA- and CAMK28-dependent phosphorylation sites for PLN were quantified.
For PLN, a reaction after Iso stimulation was observed, which is displayed by a prominent
increase of phosphorylation (Fig. 26A and D). For DCM-CMs, basal levels of PLN
phosphorylation for the PKA site PLN_Ser16 and the CAMK2& site PLN_Thr17 showed
comparable levels to resDCM-CMs (Fig. 26B and E) and a 3-4-fold increase in phosphorylation
after Iso treatment as observed in resDCM-CMs (26C and F). In contrast, the CAMK25-
dependent PLN_Thr17 site revealed elevated phosphorylation levels for LVNC-CMs at basal
(Fig. 26B) and subsequently a significantly weaker phosphorylation increase after Iso
stimulation (Fig. 26 C). This observation coincides with missplicing of CAMK25in LVNC-CMs,
which was reversed in resLVNC-CMs. In comparison, LVNC-CMs exhibited comparable
phosphorylation levels at basal and Iso stimulated conditions for the PKA-dependent
PLN_Ser16 site (Fig. 26E and F). In conclusion, this data suggests that CAMK2 missplicing
leads to increased basal phosphorylation of PLN_Thr17 and weakened phosphorylation

response after Iso that contributes to the fastened Ca?* cycling rate and impaired Iso reaction

-79-



4 RESULTS

observed in LVNC-CMs, which is ameliorated in resLVNC-CMs. In contrast, DCM-CMs do not
share these pathologies in Ca?* cycling and phosphorylation aberrations, which is congruent
with the observation that CAMK26 splicing is not affected. This identifies the RBM20 splice
target CAMK26 as s strong driver for disease phenotypes and splicing of CAMK25 can

determine different disease outcomes observed for different RBM20 variants.
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Fig. 25 Analysis of PKA- and CAMK26-dependent phosphorylation of RYR2

A: Western blot membranes for PLN and the CAMK235-site RYR2_Ser2814 at basal and Iso (1 pM)
stimulation.

B: Quantification of the Western blot membranes for basal (black) and Iso-treated (green) samples for
RYR2_Ser2814.

C: Normalized fold change (resLVNC and resDCM set as 1) in phosphorylation increase of RYR2_Ser2814
after Iso stimulation.

D: Western blot membranes for RYR2 and the PKA-site RYR2_Ser2808 at basal and Iso stimulation (1 pM).
E: Quantification of the Western blot membranes for basal (black) and Iso-treated (green) samples for
RYR2_Ser2808.

F: Normalized fold change (resLVNC and resDCM set as 1) in phosphorylation increase of RYR2_Ser2808
after Iso stimulation.

B+C, E+F: Every dot represents one cardiac differentiation. P-values were calculated by Student’s t-test and
results are marked with * p<0.05, ** p<0.01 and *** p<0.001. No significances were detected.
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Fig. 26 Analysis of PKA- and CAMK26-dependent phosphorylation of PLN
A: Western blot membranes for PLN and the CAMK2&-site PLN_Thr17 at basal and Iso stimulation (1 pM).

B: Quantification of the Western blot membranes for basal (black) and Iso-treated (green) samples for
PLN_Thr17.

C: Normalized fold change (resLVNC and resDCM set as 1) in phosphorylation increase of PLN_Thr17 after
Iso stimulation.

D: Western blot membranes for PLN and the PKA-site PLN_Ser16 at basal and Iso stimulation (1 pM).

E: Quantification of the Western blot membranes for basal (black) and Iso-treated (green) samples for
PLN_Ser16.

F: Normalized fold change (resLVNC and resDCM set as 1) in phosphorylation increase of PLN_Ser16 after
Iso stimulation.

B+C, E+F: Every dot represents one cardiac differentiation. P-values were calculated by Student’s t-test and
results are marked with * p<0.05, ** p<0.01 and *** p<0.001.

4.7 LOCALIZATION STUDIES

4.7.1 Localization of RBM20 in LVNC- and DCM-CMs
It was shown previously that the RS domain in RBM20 also functions as an NLS when

phosphorylated (Murayama et al., 2018) (Fig. 27A). Since the RBM20 mutation in LVNC- and
DCM-CMs affects the RS domain, it was tested if RBM20 distribution is altered. IF stainings
detected RBM20 predominately in the nucleus with little detection in the cytoplasm (Fig. 27B).
To test this further, the iPSC-CMs were separated into fractions of nucleus (Nuc)-, cytoplasm
(Cy)- and chromatin-bound (Ch.b)-fraction to test the distribution of RBM20. The protein
quantification showed significantly reduced amounts in the Cy-fraction and elevated levels in
the Nuc-fraction for LVNC- and DCM-CMs. In contrast, RBM20 levels in the Ch.b-fraction
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remained unchanged (Fig. 27C). This observation is in contradiction to previous reports, which
showed elevated levels of RBM20 in the cytoplasm if the RS domain is deleted or mutated

(Murayama et al., 2018; Filippello et al., 2013).
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Fig. 27 Distribution RBM20 in LVNC- and DCM-CMs
A: Sheme of the nuclear localization sequence (NLS) described for RBM20.

B: Immunofluorescence stainings of RBM20 (yellow) in LVNC- and DCM-CMs. Scale bars = 50 ym

C: Protein quantification of RBM20 in the Cy, Nuc and Ch.b.- fraction. Every dot represents 1 cardiac
differen-tiation. Statistical significance was tested with one-way ANOVA against resLVNC with Dunnett
correction, and significant results are marked with * p<0.05, ** p<0.01 and *** p<0.001.

D: Original membranes with RBM20 stainings for the Cy, Nuc and Ch.b fractions.

Cy: cytsoplasm, Nuc: nucleus, Ch.b: chromatin-bound
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4.7.2 Localization of CAMK25 in LVNC- and DCM-CMs
LVNC-CMs showed accelerated Ca?* kinetics and CAMK2& missplicing, which is abolished in

resLVNC-CMs. The RBM20-dependent exon 14 codes for an NLS in CAMK26 (Fig. 28A),
therefore the question was addressed, if CAMK25 localization is altered in LVNC-CMs. IF
stainings for CAMK206 showed detection of CAMK26 throughout the CMs (Fig. 28B). To test
this further, the iPSC-CMs were separated into fractions of nucleus (Nuc)-, cytoplasm (Cy)-
and membrane (Mem)-fraction to test the distribution of CAMK28. Quantification of CAMK26
protein levels in the Cy-, Nuc- and Mem-fractions showed no significant difference compared
to resLVNC-CMs (Fig. 28C), even though RBM20-dependent splicing concerns an NLS in
CAMK254.
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Fig. 28 Distribution RBM20 in LVNC- and DCM-CMs

A: Scheme of the nuclear localization sequence (NLS) described for CAMK23. * CAMK26 missplicing
was observed in LVNC-CMs.

B: Immunofluorescence stainings of CAMK23 (cyan) in LVNC- and DCM-CMs. Scale bars = 50 um

C: Protein quantification of CAMK25 in the Cy, Nuc and Mem.- fraction. Every dot represents one cardiac
differentiation. Statistical significance was tested with one-way ANOVA against resLVNC with Dunnett
correction and significant results are marked with * p<0.05, ** p<0.01 and *** p<0.001.

D: Original membranes with CAMK2$ stainings for the Cy, Nuc and Mem fractions.

Cy: cytsoplasm, Nuc: nucleus, Mem: membrane
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4.8 VERAPAMIL AMELIORATES THE Ca?* PHENOTYPE IN
LVNC-CMs

RBM20 p.R634L-based LVNC-CMs showed fastened Ca?* cycling and impairment to B-
adrenergic stimulation, which is conveyed by CAMK28 hyperphosphorylation. ResLVNC-CMs
showed improved Ca?* homeostasis underscoring the RBM20 variant as a causative mutation.
Reverting RBM20 mutations into wt would be a beneficial way for patients to lift their cardiac
burden, however CRISPR/Cas9 mediated gene editing in humans is still at its infancy.
Therefore, the question was addressed if the Ca?* cycling phenotype in LVNC-CMs can be
restored using pharmaceutical compounds. One promising candidate is Verapamil, an inhibitor
of the L-type Ca?* current with described negative chronotropic (reduction in beating frequency)
effects (Krikler, 1986). To test the effects of Verapamil, Ca?* transients were recorded at basal
and after 15 min treatment with Verapamil (30 nM) using Fluo-4. Subsequently, the Verapamil-
treated LVNC-CMs were stimulated with Iso (1 uM) to test if a physiological reaction to -
adrenergic stimulation can be restored. After the addition of Verapamil, a change in Ca?*
transients were observed, which presented as broadened Ca?* transients (Fig. 29A). This is
represented in increased transient rise and decay times, although the change was not
significant (Fig. 29B). Subsequent stimulation with Iso showed a clear reaction with reduction
in transient rise and decay time, which was significant for the decay time (Fig. 29C). In
conclusion, treatment with Verapamil in LVNC-CMs had a beneficial effect on the fastened
Ca?* cycling observed in LVNC-CMs. Subsequently, the reaction to Iso was restored in the

presence of Verapamil.
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Fig. 29 Verapamil treatment in LVNC-CMs
A: Representative Ca?* transient recordings at basal, Verapamil (30 nM) and Verapamil + Iso (1 uM)

condition using Fluo-4.

B+C: Data is presented as nested mean+/- SEM; p-values were calculated by nested Student’s t-test
against the basal condition and results are marked with * p<0.05, ** p<0.01 and *** p<0.001. Multiple cells
were analyzed [No. of differentiations/analyzed pictures] and are indicated in the graphs.

B: Ca?* transient rise time and C: Ca?* transient 50% decay time (TC50).
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This identifies Ca?* channel blockers like Verapamil as a prospective medical drug in the
treatment of RBM20-based LVNC.

4.9 DEVELOPMENTAL ASSESSMENT

4.9.1 Developmental impairment in LVNC-CMs
LVNC is defined as a developmental disease with impaired myocardial compaction during

cardiogenesis resulting in hypertrabeculated cardiac muscle in the adult heart (Arbustini et al.,
2016). As mentioned above, a clinical study linked the RBM20-R634L mutation to LVNC
(Sedaghat-Hamedani et al., 2017). Therefore, the question was raised if iPSC-CMs can be
used to study developmental defects and if RBM20 has an influence in cardiac development.
The cardiac differentiation protocol used involved cultivation for at least 60 d after cardiac
induction. During these 60d, the iIPSC-CMs undergo maturation recapitulating CM
development. Therefore, iPSC-CMs were analyzed at d30 to focus on an embryonic state.
Although RBM20 is heart specific, it is not clear which cardiac and non-cardiac cells in
particular express RBM20 and are therefore affected by the mutation. In order to analyze
RBM20 expression in other cardiac cell types, iPSCs were differentiated into atrial iPSC-CMs
and iPSC-ECs. For iPSC-ECs differentiation, CHIR99021 was added to the iPSCs to induce
mesodermal commitment. Next, BMP4, VEGF and the TGF-R inhibitor SB431542 were added
to induce endothelial differentiation. At d7, the iPSC-ECs were purified by magnetic cell sorting
using CD31 (Natividad-Diaz et al., 2019) (Fig. 30A). For atrial-CMs differentiation, the protocol
is similar to the ventricular-CMs differentiation protocol, except for the addition of RA at d3-d6
(Cyganek et al., 2018) (Fig. 30B). The expression data underscores that RBM20 is a purely
cardiac protein as only atrial- and ventricular-CMs showed RBMZ20 expression, whereas skin
fibroblasts and iPSC-ECs were negative (Fig. 30C). Next, it was checked if RBM20 is present
during early time points of cardiac development. Quantification of mMRNA-levels revealed that
RBM20 becomes rapidly upregulated during iPSC-CMs maturation. The iPSCs transcribe little
amounts whereas at d30, RBM20-mRNA is significantly upregulated. Notably, RBM20 mRNA-
levels increased further during maturation except for LVNC-CMs (Fig. 30D). This shows that
RBM20 is present during early cardiac development and can therefore be involved in early
cardiogenesis. Next, cell growth was monitored as CMs should increase their cell size during
maturation (Yang et al., 2014a). Control-CMs demonstrated a constant increase in cell size
from d30 to d90. LVNC-CMs exhibited a retarded growth and were significantly smaller at d90.
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Notably, DCM-CMs grew very big and had hypertrophic tendencies at d90 (Fig. 30E).
Subsequently, the expression of developmental genes like Hairy/enhancer-of-split related with
YRPW motif protein 2 (HEY2) and the myocyte enhancer-factor 2 B (MEF2B) (Xiang et al.,
2006) mRNA-levels were assessed at d30 of differentiation for an initial screen to analyze
whether expression levels of important developmental genes are affected in LVNC-CMs. HEY2
and MEF2B were significantly upregulated in LVNC-CMs, compared to control-CMs. In
contrast, DCM-CMs showed comparable levels to control-CMs (Fig. 30F). This is the first clue
that cardiac development and maturation is affected in LVNC-CMs. Other studies on LVNC
reported decreased proliferation in LVNC-CMs that affects cardiac compaction as a driver in
LVNC development (Kodo et al., 2016). To assess whether the RBM20-based LVNC-CMs
show a similar proliferation phenotype, d35 old iPSC-CMs were incubated for 48 hours with
EdU to monitor DNA-synthesis (Fig. 30G). In addition to control-CMs, the isogenic lines were
analyzed in order to minimize the bias of genomic heterogeneity. Indeed, the EdU-incorporation
assay showed a lower proliferation rate in LVNC-CMs, which was elevated again in resLVNC-
CMs (Fig. 30H). Of note, low attachment was observed for d30 old LVNC-CMs, which were
difficult to digest as a monolayer. A smaller cell size in combination with decreased cell
proliferation in LVNC-CMs could be a disease driver for impaired myocardial compaction
observed in LVNC pathogenesis. Taken together, these data suggest a cardiac maturation
phenotype in LVNC-CMs. This is the first evidence that RBM20 can be involved in cardiac
development as LVNC-CMs, with the specific RBM20 variant p.R634L, were impaired in

cardiogenesis.
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Fig. 30 Developmental impairments in LVNC-CMs
A: Differentiation protocol for iPSC-ECs.

B: Differentiation protocol for atrial iPSC-CMs. * Kindly provided by Wiebke Maurer
C: RBM20 expression levels in different cell types.
D: RBM20 expression levels in iPSCs and d30 and d90 old iPSC-CMs.

E: Cell growth (in cell surface perimeter) of iPSCs, d30 and d90 old iPSC-CMs.

F: Elevated expression levels of HEY2 and MEF2B in LVNC-CMs. Every dot represents one

differentiation experiment. P-values are determined by one-way ANOVA against control with Dunnett

correction and results are marked with * p<0.05, ** p<0.01 and *** p<0.001.

G: Immunofluorescence stainings of d35 old iPSC-CMs. Prior to staining the cells were incubated for 48

h with EdU (2.5 uM). Stainings against EAU (green) and titin-M (red). Scale bars = 50 ym

H: Quantification of EdU positive cells [%]. Data is presented as scatter plot. Numbers in the graph indicate
[No. of differentiation/analyzed coverslips]; p-values were calculated by nested one-way ANOVA against
control with Dunnett correction and results are marked with * p<0.05, ** p<0.01 and *** p<0.001.
Additionally, Student’s t-test was conducted for LVNC vs resLVNC and DCM vs resDCM and results are

marked with # p<0.05, ## p<0.01 and ### p<0.001.
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4.8.2 Single-cell sequencing for identifying CM maturation heterogenicity

in LVNC-CMs
Preliminary data on LVNC-CMs maturation showed impaired development. To test this further,

SCS was performed using the ICELLS8 technology at the NGS-service for integrative genomics
(NIG) in Géttingen. Data analysis was performed by Dr. Orr Shomroni from the NIG. SCS of a
total of 1068 cells from one cardiac differentiation of 30 d old CMs from LVNC (293 cells),
resLVNC (243 cells), DCM (265 cells) and resDCM (267 cells) were sequenced (Fig. 31A). The
RNA-seq run yielded a total of 434.29 mio reads of which 97.5 % mapped to the human
genome and furthermore to exonic reads (Fig. 31B). Next, t-distributed stochastic neighbor
embedding (t-SNE) was performed to visualize the SCS data. This showed that the majority of
cells from the same differentiation cluster together and that cells from LVNC and DCM form
two distinct populations (Fig. 31C). The isogenic control lines cluster with their respective
patient line and not as an own “healthy” cluster underscoring that the heterogenicity between
individuals has a bigger effect than the disease phenotype. Intriguingly, there is a small subset
of cells located outside the main clusters, which contains cells from LVNC, DCM and resDCM,
but not resLVNC (Fig. 31C).
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Fig. 31 Single-cell sequencing of iPSC-CMs at d30
A: Number of single cells, that were sequenced.

B: Distribution (%) of the 434 mio reads from SCS. The majority maps to exonic regions in the human
genome with the remaining fractions mapping to intronic, intergenic, mitochondrial and ribosomal regions.
C: The tSNE plot of all sequenced cells from LVNC, resLVNC, DCM and resDCM.
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Next, gene expression of selected genes of atrial markers ISL1, NPPA, PTX2, HEY1, TNNIS3;
ventricular markers MYL2, HEY2, TNNT2; cardiac transcription factors NKX2.5, GATA4,
GATA6, HAND1 and markers for maturation RYR2, SCN5A, ATP2A2, MYH6, MYH7, TTN,
CASQ2, CAMK26 and RBM20 were analyzed for every cell. For better visualization the t-SNE
plots were separated into 2 plots containing LVNC with resLVNC and DCM with resDCM to
directly compare if gene expression is altered between the patient and the respective rescue
line and if gene expression differs between patient lines. GAPDH expression was selected as
a housekeeping gene and was consistently expressed among all conditions. The data indicates
that the maijority of cells from all lines show differentiation into cardiac cells highlighted by high
expression of cardiac genes RYR2, ATP2A2, TNNT2, CAMK25 and RBM20 (data not shown).
The expression of atrial markers ISL1 and PITX2 is increased in LVNC-CMs suggesting a
tendency for atrial-like cells in LVNC-CMs. A marker for cardiac maturation is the ratio of MYH6
to MYH7 expression, where MYH6 becomes downregulated in favor of MYH7 expression
during cardiogenesis. The SCS data showed comparable levels of MYH7 expression, but
increased levels of MYH6 in LVNC-CMs (Fig. 32).

Taken together this analysis showed that the ICELL8 technology is a powerful tool for SCS in
iPSC-CMs. Preliminary results indicate an impaired and delayed maturation phenotype in
LVNC-CMs supported by higher expression levels of atrial genes ISL1 and PITX2 and the fetal
MYH6 compared to resLVNC- and DCM-CMs.
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Fig. 32 Single-cell sequencing reveals upregulation of atrial and fetal markers in LVNC-CMs
Panels of cardiac gene expression patterns of ISL1, PITX2, MYH6 and MYH7. GAPDH is shown as a

housekeeping gene. Cells are colored based on the expression intensity of the respective gene. The atrial
markers ISL1 and PITX2 and MYH6 (marker for immaturity) is increased comparing the resDCM/DCM (upper)

with the resLVNC/LVNC (upper panel). Furthermore, these genes are upregulated comparing resLVNC with
LVNC within the (upper) panel.
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DISCUSSION

In this project, RBM20-mutation based LVNC and DCM were investigated. RBM20 is an
important cardiac splice factor that is essential for healthy cardiac function. To date, multiple
genes have been identified to cause different cardiomyopathies, however little is known about
the underlying pathomechanisms and how mutations in the same gene can cause different
pathological outcomes. In this study, a patient-based model of RBM20-dependent LVNC and
DCM was applied to study the underlying molecular and cellular pathomechanisms. Two
families with hereditary heart conditions were identified to harbor two different missense
mutations for the p.R634 in RBM20. LVNC patients of the one family contain a heterozygous
missense mutation p.R634L, whereas the DCM patients of the 2" family contain the
heterozygous missense mutation p.R634W.

In the first part of this study, iPSC-lines were derived from one LVNC patient, two DCM patients
and two healthy relatives from the DCM family. Later in this project, a second LVNC patient
joined the study and her iPSC-CMs were used in the NGS experiments. For every patient, two
iPSC-clones were cultured and characterized. The iPSC-lines showed expression of
pluripotency markers and were capable to differentiate into cells from all three germlayers.
Subsequently, the CMs derived from the iPSC-lines showed expression of cardiac markers, a
sarcomeric structure and prominent beating in the culture dishes with high purity up to 96 %.
The second part of this work compares the molecular and physiological outcomes of RBM20-
dependent LVNC and DCM iPSC-CMs. Analysis of RBM20 splice targets showed shared
missplicing in TTN and RYRZ2. Intriguingly, distinct missplicing was observed for CAMK26 and
TRDN in LVNC-CMs and for LDB3 in DCM-CMs. The mRNA levels of RBM20 were significantly
reduced in LVNC-, but not in DCM-CMs. Subsequently, sarcomeric integrity, Ca?* handling and
electrical activity were investigated to assess if shared and differential phenotypes are
observed. LVNC- and DCM-CMs showed an irregular sarcomeric structure and no differences
in electrical activity compared to control-CMs. Ca?* handling properties unveiled differential
pathological manifestations. LVNC-CMs demonstrated accelerated Ca?* kinetics, no prominent
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reaction to Iso stimulation and increased systolic Ca?*. In contrast, DCM-CMs exhibited a
prominent Ca?* leakage, and decreased systolic Ca?*. The only shared Ca?" phenotype
between LVNC- and DCM-CMs was the decreased diastolic Ca?*. To assess if the disease
phenotypes are linked to the RBM20 mutation exclusively, isogenic control-iPSCs were
generated. For that purpose, the RBM20 mutations in LVNC and DCM were edited back into
wt-RBM20 by CRISPR/Cas9 technology. The rescue-lines showed reversion of the
pathological phenotypes in splicing, sarcomeric structure and Ca?* handling, thereby
confirming the RBM20 mutations as the disease-causing variants.

The third section of this thesis explored further pathomechanisms of the Ca?* kinetics in LVNC-
CMs, drug treatment with Verapamil, localization studies and novel RBM20 splice targets.
CAMK25 missplicing resulted in CAMK28-dependent hyperphosphorylation of targets such as
PLN (Thr17) and was identified as a mechanism for the aberrant Ca?* kinetics in LVNC-CMs,
which was subsequently rescued in resLVNC-CMs. Furthermore, it was shown that the
accelerated Ca?* kinetics in LVNC-CMs can be ameliorated with the treatment of Verapamil. In
contrast, aberrant localization of RBM20 or CAMK28 was not observed in cell fractionation
experiments.  The last section of this thesis analyzed developmental parameters with a
focus on LVNC-CMs. LVNC-CMs exhibited smaller cell size, increased expression of MEF2B
and HEY2 and showed decreased proliferation in 35d old iPSC-CMs. SCS supports the
hypothesis of impaired development in LVNC-CMs demonstrated by increased levels of
cardiac developmental atrial (/SL-1, PITX2) and fetal (MYH7) markers.

5.1 Somatic cell source—dependent reprogramming
efficiencies

Somatic cells can be reprogrammed into pluripotent SCs by activating distinct transcriptional
networks (Takahashi & Yamanaka, 2006). In this work, somatic cells from skin and blood
samples were reprogrammed by ectopic expression of OKSM. In total, 15 iPSC-lines from
LVNC (4 lines from 2 donors), DCM (4 lines from 2 donors), healthy DCM (4 lines from 2
donors) and unrelated healthy probands (3 lines from 2 donors) were generated and
characterized for pluripotency. Since it has been shown that iPSC-lines harbor clonal
differences (Ohnuki & Takahashi, 2015), two iPSC-lines were used for each patient. Skin
fibroblasts were successfully reprogrammed with electroporation of OKSM coding plasmids
with a reprogramming efficiency of 0.014 % or transduction with Sendai virus carrying OKSM

with an efficiency of 0.01 %. Isolated PBMCs from blood samples were only reprogrammable
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by use of Sendai virus. Previous efforts by our laboratory to reprogram PBMCs with plasmids
proved unsuccessful (Hibscher et al., 2019). In contrast to skin fibroblasts, PBMCs presented
a greater challenge for reprogramming, highlighted by their low reprogramming efficiency of
0.002 % + 0.001 (Hubscher et al., 2019). This is consistent with previous reports about blood
reprogramming (Staerk et al., 2010). Firstly, only nucleated cells can be reprogrammed and
therefore have to be isolated. In a blood sample, nucleated cells such as granulocytes,
monocytes, lymphocytes and progenitor cells only comprise a small portion of blood cells.
Secondly, the expansion of PBMCs is not as efficient as skin fibroblasts and requires multiple
supplemental factors like EPO, SCF, IL-3, IL-6 and FLT-3. Lastly, PBMCs grow in suspension
and need to adhere during the reprogramming process, whereas some of the forming iPSC-
colonies were observed to detach 3 — 5 d later. The different cell sources and reprogramming
methods in this study comprised fibroblasts reprogrammed with plasmids (LVNC 1), fibroblasts
reprogrammed with Sendai virus (healthy DCM 1 and 2, DCM 2 and LVNC 2) and PBMCs
reprogrammed with Sendai virus (DCM 1, Ctl 3, Ctl 4) (for details see Tab. 5). Although the cell
sources and reprogramming method was not uniformly among all samples, the generated
iPSC-lines did not show differences in pluripotency and cardiac/endothelial differentiation
qualities. All iPSC-lines showed high activity of ALP, expression of pluripotency markers on
MRNA (OCT4, SOX2, NANOG, LIN28, GDF3) and protein level (OCT4, SOX2, NANOG,
LIN28, TRA1-60, SSEA4). Furthermore, all iPSC-lines were capable to differentiate into cells

of the three germlayers, which was assessed by spontaneous in vitro differentiation.

To utilize the iPSC platform for cardiac research, the iPSCs were directly differentiated into
CMs, for which previously published protocols were used (Burridge et al., 2012; Burridge &
Zambidis, 2013; Lian et al., 2013). This protocol uses sequential addition of small molecules
CHIR99021 and IWP2 in a chemically defined medium to induce cardiac differentiation. To
enhance the CM population, a metabolic selection step was included around d 20 post
differentiation start. This selection step uses glucose negative medium, which is supplemented
with lactate as a carbon source. CMs are capable to metabolize lactate, whereas other cell
types or cells with incomplete cardiac differentiation will be eliminated due to their dependency
on glucose (Tohyama et al., 2013). The purity of iPSC-CMs was assessed with FLOW analysis
after cTNT staining. This showed no differences among the different cell lines (91 % + 6 cTNT
positive cells), regardless of source material or reprogramming method. With regard to

maturity, a long-term culture of >60 d was applied to enhance maturity. Our iPSC-CMs included
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polyploid cells (see IF images), expressed maturity marker like Nav1.5 or cTNT, showed
Nav1.5-dependent ion currents and a clear sarcomeric structure as reported for prolonged
culture duration (Kamakura et al., 2013; Lewandowski et al., 2018). Other features like T-tubuli
or the capability for fatty-acid metabolism was not assessed. Maturity approaches were not a
focus of this project and increased culturing of 60-90 d was a consistent procedure for all iPSC-
CM experiments. However, it should be noted that the iPSC-CMs therefore resemble a fetal-

like phenotype.

In summary, the cardiac differentiation and characterization was comparable among all 15
iPSC-lines regardless of the source material or reprogramming method. The cardiac
differentiation protocol was suitable to produce a high number of CMs with high purity. Hence,
this patient-specific iPSC platform was used to study RBM20 mutation-based LVNC and DCM

in more detail.

5.2 Splice defects and RBM20 expression

RBM20 is a splice factor with essential splice targets in the heart. A study by Guo et al.
identified approximately 30 genes using a knock out rat model (Guo et al., 2012). Based on
these results, RBM20 splice targets were translated to the human locus in this work. With this,
RBM20-dependent missplicing was identified for LVNC- and DCM-CMs as a molecular basis
for disease development. Shared missplicing in LVNC and DCM-CMs included TTN and RYR2.
TRDN and CAMK26 were identified to be affected in LVNC exclusively, whereas LDB3
missplicing was only observed in DCM-CMs. This suggests that differential missplicing is one
driver for the development of different disease phenotypes.

5.2.1 Shared missplicing in LVNC- and DCM-CMs
RBM20 was the first splice factor identified to be involved in TTN splicing (Guo et al., 2012).

TTN is one of the largest genes with 363 exons and a theoretical molecular weight of 4.2 MDa
(if every exon is transcribed). TTN spans half a sarcomere from the Z-disc to the M-line
providing structure and support for the thick filaments (Watanabe et al., 2018). During heart
development and maturation, a TTN isoform switch occurs from the longer fetal TTN isoform
N2BA to the adult short isoform N2B (Neagoe et al., 2002). It was shown that the fetal N2BA
form increases in RBM20 knockout rats, underscoring the role of RBM20 in the exclusion of
N2A to produce the adult TTN-N2B (Guo et al., 2012). TTN is a cardiomyopathy gene and
altered ratios in N2BA to N2B have been observed in the failing heart. Furthermore, the fetal
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N2BA form influences diastolic elasticity, leading to diastolic dysfunction when expressed in
the adult heart (Neagoe et al., 2002). In line with these reports, altered N2BA/N2B ratios were
observed in LVNC- as well as DCM-CMs in this work, whereas especially the lack of adult N2B
contributed to the altered ratio (Fig. 13A). Both, RBM20 mutation p.R634W and L affected TTN
splicing underscoring the importance of RBM20 as a major splice factor for TTN. Another study
by our group analyzed the RBM20 mutation p.S635A in a patient-specific iPSC model of DCM.
Similar to the results in this thesis, the S635A-iPSC-CMs showed altered N2BA/N2B mRNA
expression. They showed further that N2B levels are also reduced on the protein level and
linked the TTN missplicing to increased diastolic elasticity (Streckfuss-Bomeke et al., 2017).
Based on this, it can be hypothesized that the LVNC- and DCM-CMs share this diastolic
dysfunction due to the shared TTN splicing phenotype. To test this hypothesis, 3D models like
engineered heart muscle (EHM) from LVNC- and DCM-CMs are necessary to investigate their
mechanical properties. Preliminary results suggest that the diastolic elasticity is increased in
LVNC- and DCM-CMs (data not shown). In addition, RBM20 was also implicated to generate
circular RNA transcripts from the TTN gene, although the precise function of these transcripts

remains to be determined (Khan et al., 2016).

RYR2 is a Ca?* dependent Ca? release channel located in the SR. It is located in close
proximity to voltage-dependent Ca?* channels (Cav1.2) in the sarcolemma (Dulhunty, 2006).
RBM20-dependent splicing of RYR2 concerns a cryptic exon of 24bp length that arises from
Intron 80-81 (Guo et al., 2012; Maatz et al., 2014). RBM20 is involved in removing this cryptic
exon from RYR2 transcripts, whereas in LVNC- and DCM-CMs, more transcripts with this
24bp-insertion were detected (Fig. 13A). Many RYR2 mutations were linked to arrhythmia and
tachycardia (George et al., 2006), whereas the RYR2-24bp variant in particular has been
described to influence intracellular Ca?* fluxes and have anti-apoptotic effects (George et al.,
2007). Reports of RBM20 patients describe aggressive forms of DCM with high risk of
arrhythmia (Brauch et al., 2009; Li et al., 2010; van den Hoogenhof et al., 2018) suggesting
that the RYR2-24bp variant could be a contributing factor. To test this hypothesis, Ca?* leakage
and arrhythmic tendencies were assessed in LVNC- and DCM-CMs, which will be discussed

below.

5.2.2 Missplicing exclusively in LVNC or DCM-CMs

CAMK25 is an important player in cardiac Ca?* homeostasis. This Ser/Thr kinase becomes
activated by Ca?*'calmodulin and influences cardiac Ca?* kinetics by phosphorylation of its

target proteins Cav1.2, RYR2, PLN and cTNI at specific positions. Aberrant functions of
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CAMK26 have been shown multiple times in cardiomyopathies and heart failure (Beckendorf
et al., 2018). Alternative splicing produces multiple isoforms of CAMK28, whereas RBM20 is
involved in inclusion of an NLS (Exon 14 in ENST00000508738.5), which is also defined as
CAMK20g (Gray & Heller Brown, 2014). Splicing of Exon 14/NLS is strongly affected in LVNC-
CMs of this study showing reduced levels of exon 14/NLS (Fig. 13B) and therefore reduced
levels of the CAMK2dg isoform. Another CAMK236 isoform is characterized by inclusion of exon
15/16 and defined as the CAMK26, isoform (Gray & Heller Brown, 2014). Reports about
RBM20-dependent CAMK24 missplicing in knockout rats and mouse ESC-CMs models also
show downregulation of exon 14/CAMK26g with simultaneous upregulation of the exon 15/16/
CAMK20, isoform (van den Hoogenhof et al., 2018; Guo et al., 2012; Beraldi et al., 2014). This
isoform shift was not observed in LVNC- or DCM-iPSC-CMs of this study, as exon
15/16/CAMK284 expression was comparable to control-CMs. Notably, the splicing of exon 14
and exon 15/16 have been described as mutually exclusive in rats (Guo et al., 2012). However,
the sequencing analysis of this thesis of CAMK25 PCR products in control- and patient-CMs
showed transcripts that harbor exon 14-15-16 (Fig. 12B), therefore contradicting them as
mutually exclusive. This discrepancy could be attributed to inter-species differences and further
investigation is needed to assess RBM20-dependent CAMK2d splicing in a human model
system like explanted human heart tissue. It has been proposed that altered RBM20-
dependent CAMK26 missplicing in knockout mice and human heart material has pathological
effects on Ca?* handling in CMs (van den Hoogenhof et al., 2018). Furthermore, the expression
of CAMK28g was shown crucial in neonatal mouse cardiomyocytes in maturation and
development of functional excitation-contraction coupling (Xu et al., 2005). This is reminiscent
of RBM20-TTN splicing, where RBM20 is also involved in the production of the mature TTN-
N2B isoform highlighting RBMZ20-deficiencies as driver to fetal-like phenotypes in cardiac
diseases. Taken together, CAMK2 missplicing was prominent in LVNC-, but not DCM-CMs,
suggesting that LVNC-CMs have a Ca?" handling phenotype, which is distinctive from the
DCM-CMs.

TRDN is a SR-associated protein that links RYR2 with the regulatory Calsequestrin 2 (CASQ2)
and Junctin protein and contributes to the regulation of Ca?* release (Hancox et al., 2017).
TRDN mutation carriers have been described with catecholaminergic polymorphic ventricular
tachycardia underscoring the role of TRDN in intracellular Ca?* release (Roux-Buisson et al.,
2012). RBM20-dependent splicing of TRDN affects exon 9, which was downregulated in LVNC-
CMs (Fig. 13B). Notably, the decreased levels of TRDN-exon9 is contradictory to increased

trdn-exon9 levels in RBM20 knockout rats (Guo et al., 2012). This suggests that inter-species
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differences exist for TRDN or that RBM20 is overactive for this splice target. To conclusively
determine whether RBM20 is responsible for TRDN-exon 9 inclusion or exclusion, RBM20
knockout studies in a human system are needed. Furthermore, the distinct role of exon 9 for
TRDN transcripts remains elusive. However, the exclusive missplicing of TRDN and CAMK26
in LVNC-CMs supports the hypothesis for a distinctive Ca?* handling phenotype in LVNC-CMs,
which will be discussed further in the following sections.

LDB3 is a protein that is localized at the sarcomeric Z-disc where it interacts with a-actinin and
actin. LDB3 contains an N-terminal PDZ domain for interaction with kinases like protein kinase
C and a C-terminal LIM domain for a-actinin binding. LDB3 functions for stabilization of the
sarcomere (Krcmery et al., 2010). Furthermore, mutations in LDB3 have been linked to the
development of DCM and LVNC (McNally & Mestroni, 2017; Wang et al., 2019). This case of
RBM20-dependent splicing, exon 5 in LDB3 showed retention in DCM-CMs compared to
control-CMs (Fig. 13B). As LDB3 gives structural support to the cardiac sarcomeres, it is
suggested that, together with the TTN missplicing, this contributes in the sarcomeric disarray.
Exon 5 of LDB3 is not part of the PDZ or LIM domain and LDB3 disease variants do not identify
mutations located within exon 5. However, it has been proposed that exon 4 and 5 are mutually
exclusive and that exon 4 is essential for binding of the glycolytic enzyme PGM1, whereas
impaired binding to PGM1 contributes to the pathogenesis of DCM (Arimura et al., 2009).
Notably, similar to TRDN splicing, LDB3-exon 5 splicing is conversely affected compared to
the reports of RBM20 knockout rats (Guo et al., 2012). As discussed above, a human RBM20

knockout system is necessary to clarify this observation.

Other reported RBM20 splice targets such as SORBS1, CACNA1C and CAMK2y were not
affected in LVNC- and DCM-CMs in this study (fig. 13D). This could be due to the fact that
RBM20 is not involved in their splicing or has compensatory mechanisms in the human
organism. Another possibility is that the respective mutations in LVNC and DCM do not have
an effect on these targets. It should be noted that RBM20-dependent splicing of exon 9 in
CACNA1C was not validated in this work. This target was identified in NGS experiments for
RBM20 knockout rats, but the effect of altered exon 9 expression could not be validated by
gPCR experiments (Guo et al., 2012). CACNA1C codes for the voltage-gated L-type Ca?*
channel Cav1.2, which initiates CICR. Studies in RBM20 null mice showed increased Ca?*
currents supporting the influence of RBM20 on Cav1.2 experimentally (van den Hoogenhof et
al., 2018).
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In summary, the analysis of RBM20 splice targets in LVNC- and DCM-CMs resulted in shared
and differential missplicing. This suggests that common missplicing events will lead to shared
disease manifestations while the distinctive missplicing of target genes will result in different

disease phenotypes.

Expression levels of RBM20 mRNA were significantly reduced in LVNC-CMs (Fig. 13E). This
indicates that a haploid insufficiency mechanism is involved in the pathogenesis of LVNC-CMs.
In support of this hypothesis, TTN and CAMK2& missplicing was observed in RBM20 knockout
mice and in mouse ESC-CMs after shRNA mediated RBM20 knockdown (Beraldi et al., 2014;
van den Hoogenhof et al., 2018). Notably, DCM-CMs do not show RBMZ20 decrease, but exhibit
missplicing including TTN and RYRZ2, which shows that pathological effects can not be
exclusively attributed to RBM20 downregulation. In this project, only RBM20 mRNA levels were
analyzed. To complement this data, the quantification of RBM20 protein amounts and a RBM20
degradation analysis is necessary to assess whether the mRNA downregulation in LVNC-CMs

translates to the protein level.

5.3 Sarcomeric organization
Sarcomeres are the smallest contractile unit of a myocyte and the regular and repetitive

arrangement of sarcomeres are essential for efficient cardiac contraction (Clark et al., 2002).
LVNC- and DCM-CMs show a significant 1.6-fold reduction in sarcomeric Z-disc regularity
compared to control-CMs, identifying a shared phenotype in LVNC and DCM (Fig. 14).
Previous studies on RBM20 mutations also showed disturbed sarcomeric organization in
S635A-iPSC-CMs (Streckfuss-Bomeke et al., 2017), R636S-iPSC-CMs (Wyles et al., 2016)
and heart biopsis with P638L (Beraldi et al., 2014). The influence of RBM20 in TTN splicing is
considered a main contributor for sarcomeric disarray, however, whether the impaired TTN
isoform shift is the direct contributor for the sarcomeric disarray, or a secondary effect remains
to be elucidated. In addition to sarcomeric disarray, altered expression of TTN N2BA/N2B
isoforms is associated to influence diastolic function and passive stiffness (Nagueh et al., 2004;
Warren et al., 2004). A 3D EHM model of RBM20-S635A-iPSC-CMs was able to assess
mechanical characteristics. The RBM20-S635A-EHMs showed reduced force generation and
a reduction in passive tension, which impacts diastolic function and filling (Streckfuss-Bémeke
et al., 2017). Notably, the focus of many studies has been on the relationship of RBM20 and
TTN splicing, whereas the influence of splicing on other sarcomere proteins like LDB3 is less
well studied. This data suggests that structural genes are major splice targets of RBM20 and

that mutations, especially in the RS domain of RBM20, will cause sarcomeric irregularity.
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Whether force generation and passive stiffness is impaired in LVNC- and DCM-CMs can be
hypothesized from the irregular sarcomere structure and TTN missplicing, however further
studies in single-cell myofilament assays and 3D EHMs are needed to test this hypothesis.

In this work, additional DCM iPSC-CMs with a genetic predisposition in splice factors and
substrates were available at the lab and tested for sarcomeric integrity. DCM-iPSC-CMs with
an underlying SCN5A/RBFOX1 and an LMNA mutation also showed significant sarcomeric
disruption (1.4-fold + 0.1 decrease in regularity compared to control-CMs). The AAV6 mediated
knockdown of SLM2, a novel identified and so far, unpublished splice factor in the heart
(cooperation with B. Meder and J.-N. Boeckel, Heidelberg), showed similar results with a 1.5-
fold decrease in sarcomeric regularity. Further studies regarding myofilament function on a
single-cell-level would give more insights into the functional consequences of the dysregulated
sarcomeric structure.

Taken together, these findings add to the accumulating evidence that sarcomeric disarray is a
major pathological driver in DCM. Due to this uniformly feature in all tested cardiac patient-
lines, sarcomeric regularity assays could present a suitable read-out platform for drug

screening experiments.

5.4 Ca?* CYCLING in LVNC- and DCM-CMs

Ca?* cycling is a crucial and tightly orchestrated mechanism in CMs. Ca?* serves as a second
messenger and actively converts the electrical stimulus into mechanical contraction of the
ventricular CMs (Eisner et al., 1998). Here, Ca?* kinetics and homeostasis were assessed in
LVNC- and DCM-iPSC-CMs. First, Ca?* cycling rise and decay time was measured using the
Ca?*-probe Fluo-4. The analysis revealed a significant decrease in rise and decay time for
LVNC- and DCM-CMs compared to control-CMs. Strikingly, LVNC-CMs demonstrated a more
prominent decrease, meaning they have a significantly faster Ca?* cycling even compared to
DCM-CMs (Fig. 16B). To test this further, the iPSC-CMs were stimulated with 1 uM Iso to
examine if the cells can show a reaction to 3-adrenergic stimulation. Indeed, control- and DCM-
CMs show a physiological reaction to Iso, demonstrated by their significant decrease in rise
and decay time. In contrast, LVNC-CMs show a weak reaction upon stimulation with Iso,
possibly due to their already fast Ca?* cycling at basal level (Fig. 16B). Ca?* kinetics has been
investigated in other RBM20 studies. Contrary, in iPSC-CMs models of RBM20-S634A and
RBM20-R636S Ca?* transient recordings showed increased time-to-peak values (synonym for
rise time) and characteristics of Ca?* extrusion (synonym to decay time) (Streckfuss-Bomeke
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et al., 2017; Wyles et al., 2016). However, comparison among these data sets proves to be
complicated since the Ca?* transients were recorded from spontaneous beatings in the
mentioned studies, whereas in this study here, the cells were paced to obtain measurements,
which are independent of frequency effects. Furthermore, the R636S-iPSC-CMs were
measured at d24 (Wyles et al., 2016), which presents an earlier fetal time point compared with
this study (measurements at d70 — d90). In addition to Ca?* cycling, staining with the Fluo-4
probe allows to quantify Ca?* sparks during the diastole. Ca?* sparks are spontaneous releases
from the RYR2, whereas increased Ca?* sparks/leakage can facilitate arrhythmogenic events.
Intriguingly, only DCM-CMs, but not LVNC-CMs, showed increased Ca?* leakage. The
tendency for increased Ca?* leakage has been reported as well for RBM20 null mice and is
suggested to contribute to the arrhythmia events, which frequently occur in RBM20 patients
(van den Hoogenhof et al., 2018). Since Ca?* leakage is a reoccurring observation in RBM20
models, it is surprising that LVNC-CMs do not show this phenotype suggesting that not every
RBM20 mutation will lead to Ca?* leakage or have another mode-of-action for the development
of arrhythmic events.

To complement the Ca?* analysis, the cells were stained with the ratiometric Ca?*-probe FURA-
2, which allows to assess absolute Ca?* concentrations/levels. LVNC- and DCM-CMs showed
reduced levels of diastolic Ca?*. DCM-CMs also exhibited reduced systolic Ca?*, whereas
LVNC-CMs showed elevated levels of systolic Ca?* (Fig. 17). In the physiological context,
diastolic Ca?* represent the phase of the relaxed myocardium to allow ventricular filling. Systolic
Ca?* represents the rapid increase of cytoplasmic Ca?* to convey contraction, whereas the
amount of Ca?* positively correlates with force generation. Notably, decreased systolic Ca?* in
combination with increased diastolic Ca?* is a reoccurring observation in DCM and heart failure
(Eisner et al., 2020; Sen et al., 2000; Lou et al., 2012). Reports from other RBM20 studies
showed similar results to this study, but should be interpreted with caution due to different
model organisms and/or different RBM20 mutations. For RBM20 null mice, increased diastolic
Ca?" and systolic peak transients were reported (van den Hoogenhof et al., 2018).
Measurements in S635A-iPSC-CMs showed decreased diastolic Ca?* and increased systolic
Ca?* (Streckfuss-Bomeke et al., 2017), which mirrors the phenotype of the LVNC-CMs. In
addition, increased systolic Ca®* was also reported for R636S-iPSC-CMs and RBM20
knockdown in mouse ESC-CMs (Wyles et al., 2016; Beraldi et al., 2014). In contrast, the
combination of decreased diastolic and systolic Ca?* levels observed in DCM-CMs have not
been reported yet. As Ca?* cycling is linked to contractility properties in the heart (Vikhorev &
Vikhoreva, 2018), this data indicates distinct diastolic and systolic dysfunctions for LVNC- and
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DCM-CMs, which need further investigation of mechanical parameters. The different Ca?*
handling phenotypes are in line with the observation that Ca?* related splice targets are
differentially impacted in LVNC- and DCM-CMs. TRDN and CAMK2 missplicing exclusively
occurred in LVNC-CMs and could contribute to the fastened Ca?* cycling observed. Notably,
LDB3 was the only differential splice target identified for DCM. Whether the splicing of a
sarcomeric protein is a main driver for the differential Ca?* properties observed in DCM remains
elusive. The increased Ca?* leakage in DCM-CMs indicates a dysfunctional RYR2. However,
as RYRZ2-24bp transcripts were elevated for LVNC- and DCM-CMs, this missplicing can’t be
attributed solely to this phenotype.

In summary, LVNC-CMs show a strong pathological phenotype with fastened Ca?* cycling and
an impaired reaction to Iso stimulation. In contrast, DCM-CMs show a physiological reaction to
Iso, but an increased Ca?* leakage. Both, LVNC- and DCM-CMs showed reduced diastolic Ca?*
contents, but differential systolic Ca?* amounts. This is the first report that demonstrated that
two distinct mutations that concern the same aa position within a gene/RBM20 can lead to

different pathological outcomes.

5.4.2 CAMK26-dependent hyperphosphorylation in LVNC-CMs

CAMK26 missplicing was observed in LVNC-CMs, which was accompanied by accelerated
Ca?* kinetics and impaired reaction to Iso. Therefore, the influence of CAMK25 was assessed
by quantifying CAMK2&-dependent phosphorylation at basal and Iso-stimulated state. LVNC-
CMs showed significant basal increase in CAMK2&-dependent phosphorylation of PLN, which
targets the PLN_Thr17 position (Fig. 26B). Subsequently, a rapid increase in phosphorylation
after Iso treatment was observed in all iPSC-CMs. However, the overall phosphorylation
increase for LVNC-CMs was significantly lower (Fig. 26C). As phosphorylation is considered
to increase Ca?* cycling (Mattiazzi & Kranias, 2014), this observation correlates with the Ca?
kinetics phenotype in LVNC-CMs. Firstly, the accelerated Ca?* transient rise and decay times
parallels the elevated PLN_Thr17 phosphorylation levels at basal state. Secondly, the impaired
reaction to Iso in Ca?* cycling relates to the weaker increase in PLN_Thr17 phosphorylation
levels after Iso stimulation. In parallel, the phosphorylation of PKA was tested since this kinase
shares phosphorylation targets with CAMK2& and is also a major effector kinase after [3-
adrenergic stimulation. Basal and Iso-treated LVNC-CMs were comparable for their PKA-
dependent PLN-Ser16 phosphorylation levels, which underscores CAMK2® as the main
contributor for aberrant phosphorylation in LVNC-CMs. In contrast, DCM-CMs, which did not

show CAMK2& missplicing, also did not show deviating phosphorylation at basal level and
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under Iso treatment highlighting the prominent RBM20-dependent CAMK24 splicing in LVNC-
CMs as a main contributor for their differential disease phenotype. Notably, phosphorylation of
a second CAMK26-dependent target, RYR2, did not display any differences in phosphorylation
levels at basal level or after Iso stimulation (Fig. 25). One limitation in this analysis was the
difficulty to stain for RYR2 phosphorylation sites with antibodies, which resulted in weak signals
and multiple bands on the Western blot membranes. To test whether CAMK2d activity is
generally increased or specific for the PLN target, additional CAMK2d-dependent
phosphorylation targets should be analyzed. This comprises CAV1.2 and cTNI, which should
be quantified for their CAMK2&- and PKA-dependent phosphorylation levels.

The influence of CAMK29 in cardiac diseases has been well studied. Analysis of cardiac tissue
in failing hearts revealed a 3-fold increase in CAMK20 activity (Kirchhefer, 1999) and CAMK20g
depleted transgenic mice show hypertrophy, ventricle dilation and decreased cardiac function
(Zhang et al., 2002). Physiologically, a constitutive active CAMK25 is associated with cardiac
dysfunction and electrical instability (Swaminathan et al., 2012). Therefore, subsequent
experiments for this study should include Westen blot and Ca?* kinetics analysis of LVNC-CMs
after treatment with a CAMK28-specific inhibitor.

Taken together, the CAMK26 missplicing is a main contributor in LVNC-CMs with RBM20-
R634L as a predisposition. In contrast, the DCM causing RBM20-R634W mutation does not
result in CAMK28-missplicing or CAMK2&-dependent hyperphosphorylation. This identifies
CAMK26 as a main disease-causing splice target for RBM20, whereas not all RBM20
mutations, like the DCM-causing p.R634W, will result in this disease phenotype. Furthermore,
this is the first report of aberrant Ca?* handling and CAMK23 function in LVNC.

5.5 ELECTRICAL ACTIVITY
Electrical activity of LVNC- and DCM-CMs was assessed using the Multi Channel-MEA

System, which allows to monitor BR, FPD and arrhythmic events. The Ca?" data suggested
possible phenotypes like increased BR due to fastened Ca?* cycling and arrhythmia due to the
increased Ca?* leakage in DCM-CMs. However, no significant differences were detected in
LVNC- and DCM-CMs compared to control cells with these MEA experiments. All iPSC-CMs
showed a comparable BR of 0.64 Hz, 0.61 Hz, 0.58 Hz and a cFPD of 228 ms, 283 ms and
248 ms (control:LVNC:DCM). Stimulation with Iso showed an average 2-fold increase in BR in
all tested lines. Arrhythmogenic tendencies were quantified by assessing the regularity of the

interspike interval (I1SI), which did not show a significant difference to the control-lines (Fig. 18).
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However, patients with RBM20 mutations often suffer from arrhythmia and tachycardia (van
den Hoogenhof et al., 2018; Watanabe et al., 2018; Hey et al., 2019), and CAMK25
hyperactivity (as observed in LVNC-CMs) and increased Ca?* leakage (as observed in DCM-
CMs) is described to enhance arrhythmogenic tendencies (Swaminathan et al., 2012; Chelu &
Wehrens, 2007). Therefore, further investigations of RBM20-dependent electrical activity with
more sensitive methods should be performed in the future. In this MEA approach, a confluent
monolayer of cells was digested onto electrodes, which measured the field potential in the
extracellular space of the cells. Because of this, the measurements were influenced by the cell
number and the proximity of the cells to the electrodes, which contributes to differences
between measurements. An alternative approach could include single-cell recordings for the
AP and/or single ion-currents, especially for the Cav1.2 channel.

5.6 RBM20 GENE EDITING
5.6.1 Gene editing of iPSCs with CRISPR/Cas9 technology

To study genetic-based diseases with the iPSC platform, choosing suitable control groups is
crucial. For this, unrelated healthy donors and healthy family members serve as an invaluable
tool. In this project, unrelated and related family donors were available. A limiting factor is the
availability and recruitment of healthy family members. In case of the LVNC cohort no healthy
relatives were available as a donor. Another factor to consider is the genetic background
variability among individuals that could contribute to variable experimental outcomes. To
conclusively study the contribution of a gene mutation, isogenic control lines are indispensable.
In this work, one iPSC-line from LVNC and one iPSC-line of DCM were randomly selected for
gene editing into wt-RBM20 using the CRISPR/Cas9 technology. Gene editing with
CRISPR/Cas9 has been shown in many studies to efficiently create nucleotide substitutions,
deletions and insertions in many model organisms (Pickar-Oliver & Gersbach, 2019). To edit
one nucleotide in the genome, a distinct design of the guiding crRNA and HDR template is
crucial for a successful edit. For the design of the crRNA, two major aspects were considered.
Firstly, the crRNA needs to guide the Cas9 nuclease to the mutation and introduce the DSB in
close proximity to the nucleotide mutation in accordance to existing PAM sites. Secondly, the
crRNA needs to be evaluated with bioinformatic tools to determine off-target binding. Here, the
Custom Alt-R CRISPR-Cas9 Guide RNA design tool from IDT was employed. This software
analyzes the respective crRNA sequence by replacing every nucleotide with the other three
possible nucleotides and predicting if this sequence is complementary to another position in

the genome. The crRNAs chosen in this project have 3-4 mismatches before binding to off-
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target sites, whereas the predicted off-target sites do not locate into protein coding regions.
The HDR template was designed as a ssDNA with 120 bp length, whereas the desired SNP
editing sequence is located in the middle. To increase the CRISPR efficiency, silent mutations
were introduced in the crRNA binding sequence or PAM site to prevent re-cutting events after
a successful edit (Paquet et al., 2016). Furthermore, the crRNA and Cas9 were electroporated
as a ribonucleoprotein since this has been proven more efficient, specific and less toxic than
the use of plasmids (Liang et al., 2015; Zuris et al., 2015). In this project, two different
crRNA/HDR template combinations were designed for LVNC and DCM, because the LVNC-
causing RBM20 mutation destroyed a potential PAM site, which is present in wt and the DCM-
causing variant (see Fig. 7 for CRISPR/Cas9 design). This approach was successful to
generate isogenic control lines with wt-RBM20 with an editing efficiency of 45 % for LVNC and
2.8 % for DCM. This discrepancy underscores the high variability of genome editing in iPSCs
reported in other studies, which range from 1 — 42 % (Byrne et al., 2014; Paquet et al., 2016;
Xu et al., 2018). Although, the gene editing in this study concerned neighboring nucleotide
positions, the CRISPR/Cas9 design for LVNC yielded a 16-fold higher editing efficiency. It was
shown that the guiding crRNA has a substantial influence on the editing outcome and often the
efficiency has to be tested experimentally (Xu et al., 2015; Zheng et al., 2017). This observation
is supported by a study that obtained similar gene editing efficiencies when the same crRNA
was used for different cell types (Xu et al., 2018). In this case, the crRNA used for LVNC-CMs
proved more potent for the gene editing. Another observation was that some wt RBM20 edited
lines showed the incorporation of the artificial missense mutations provided by the HDR-
template, whereas other rescue-lines only harbored the edited wt RBM20 sequence (Fig. 19B).
This suggests, that for DSB repair the other endogenous allele was used as a template instead
of the exogenous provided HDR-template.

In conclusion, the generation of isogenic rescue lines for LVNC and DCM was successful. In
total, 6 rescue lines were chosen for LVNC (4 resLVNC-iPSCs) and DCM (2 resDCM-iPSCs)
and characterized. The selected rescue iPSC-lines showed all pluripotency and differentiation
qualities observed in their respective counterparts. All rescue-lines showed expression of
pluripotency markers on the mRNA and protein levels and were capable to differentiate into
cells from the three germlayers. The rescue-lines were screened by Sanger sequencing to
verify the successful edit into wt RBM20. However, subsequent sequencing of the RBM20
locus in later passages revealed weak signals for the initial RBM20 mutation. This was
observed after 30 passages in one resLVNC-line (clone No 21) and one resDCM-line (clone

No 35) (data not shown). This suggests, that the singularization of the iPSCs after the
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electroporation with CRISPR/Cas9 was not complete and mixed colonies were obtained. In
this case, earlier passages of the respective rescue-clones were thawed and singularized
again. This underscores the importance for frequent quality control to ensure the use of
correctly edited iPSC-lines. Therefore, the rescue-iPSCs were sequenced every five passages
to validate the use of edited iPSC-lines for cardiac differentiation. Another concern of the
CRISPR/Cas9 system is the introduction of undesired off-target mutations (Li et al., 2019a),
although reported off-targets by Cas9 in stem cells by whole genome coverage are considered
rare (Veres et al.,, 2014). However, to fully validate off-target mutagenesis, whole genome
sequencing of resLVNC and resDCM would be necessary with a special focus on the possible
off-target sites predicted by the bioinformatic analysis. This would also unravel, whether the
two CRISPR-designs that differ significantly in editing efficiency also show different rates in off-
target editing.

In summary, the generation of isogenic rescue-lines of LVNC and DCM was successful. All
rescue-lines showed wt-RBM20 sequence of p.R634R and maintained full pluripotency and

differentiation potential characteristics.

5.6.2 Isogenic rescue lines to study RBM20 disease variants

The rescue-lines of LVNC and DCM were used to analyze the role of the RBM20 mutation in
the molecular and cellular pathologies observed. Since only the RBM20 mutation was edited
and the genetic background of the patients remained identical, the isogenic controls should
elucidate the direct influence of the RBM20 variants. Cardiac differentiation was successful for
all rescue-lines and showed comparable iPSC-CMs purities of 89 % + 8 cTNT positive cells.
Sarcomeric organization improved significantly in isogenic RBM20-lines, which is accompanied
by the rescue of splicing in TTN and LDB3. Furthermore, the differential Ca?* handling
impairments were reverted in the respective rescue-lines. ResLVNC-CMs showed increased
Ca?* cycling rise and decay times with a strong reaction to Iso stimulation compared to LVNC-
CMs. In line with this observation, the splicing of RYR2, TRDN and CAMK245 was also reversed
in resLVNC-CMs. Furthermore, the observed downregulation of RBM20 mRNA levels was
elevated in resLVNC-CMs. As discussed earlier, studies on the protein level are necessary to
elucidate the effect of RBM20 downregulation. In resDCM-CMs, the observed Ca?* leakage in
DCM-CMs was improved significantly and was comparable to control-CMs. Similar to
resLVNC-CMs, the splicing of RYRZ2 improved in resDCM-CMs. This is the first report, that

RBM20 mutations can cause different pathological phenotypes exemplified by their distinctive
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Ca?* handling impairments, which can be attributed to their distinctive RBM20-mutations using
isogenic rescue-lines. To fully define these RBM20-mutations as a monogenetic disease
cause, control-lines should be artificially modified with these missense mutations. This would
help to understand, whether the RBM20 mutations are the sole driver for these sarcomeric and
Ca?* handling phenotypes or if unidentified SNPs in the LVNC and DCM patients contribute to
the disease progression.

5.7 NOVEL RBM20 SPLICE TARGETS

With control- and rescue-lines available in this study, NGS was performed to screen for novel
RBMZ20 splice targets. For this, the DexSeq pipeline was applied, which allows to quantify the
expression of every exon within a gene (performed by the cooperation group AG Meder in
Heidelberg) (Anders et al., 2012). This identified a total of 10826 genes in DCM-CMs (vs
control/resDCM-CMs) and 9854 in LVNC-CMs (vs control/resLVNC-CMs) with differential exon
usage, of which 8947 genes are shared between the LVNC and DCM cohort. From the latter,
36 candidate genes were selected. Primers were designed to span the prospective exons and
scanned via gel-electrophoresis. PCR products that showed only one band were discarded.
From 36 candidate genes, only six genes showed different isoforms and were subjected to
Sanger sequencing and subsequently to gPCR analysis. This underscores that a high number
of false positives were deducted from the DexSeq analysis and reassessment of the data
should include more stringent cut-off and threshold values. In addition, the identified gene
cohorts included many pseudogenes and non-coding transcripts. Exclusion of such transcripts
would minimize the number of genes and could benefit the selection of further candidate genes.
Here, possible new splice targets of RBM20 are proposed as follows: exon 6 of MYLK, exon8/9
of KCNH2, exon 13 of CACNA1C, exon 14 of ADCY6, exon 4 of BMP7 and exon 10 of NEXN.
CACNA1C was already described for RBM20, however earlier reports in RBM20 knockout rats
described exon 9 to be affected (Guo et al., 2012). To our knowledge, exon 13 was identified
here for the first time and LVNC- and DCM-CMs show more transcripts harboring exon 13,
which suggests that human wt RBM20 is involved in exclusion of this exon. This disparity could
be due to inter-species differences as these CACNA1C-exon 9 was identified in knockout rats,
whereas here human iPSC-CMs were used. Notably, LVNC-CMs showed the most prominent
effect that was rescued in resLVNC-iPSC-CMs (Fig. 24B).

KCNH2 is a voltage gated K* channel, also known as hERG and has a substantial influence
for the cardiac electrophysiology (Oshiro et al., 2010). Here, exon 8/9 was identified to be
RBM20 dependent. Although KCNH2-exon 8/9 levels are similar in LVNC-, DCM- and control-
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CMs, comparison to the rescue-lines showed a clear significance of elevated KCNH2-exon 8/9
levels. This insinuates that human wt RBM20 fosters the inclusion of exon 8/9 in KCNH2. This
is the first report that shows RBM20-dependent splicing of a K*-channel. KCNH2 codes for the
Kv11.1 or hERG channel, which shapes phase 3 of the cardiac AP by releasing K* into the
extracellular space (Grant, 2009). It is known that patients with exon 7/8 deletion or missense
mutations in the KCNH2 gene show long-QT syndrome (Tester & Ackerman, 2008; Kapa et
al., 2009). As defects in KCNH2 are implicated in prolongation of cardiac AP, which is an
indicator for arrhythmia, this target gene opens a new avenue for the involvement of RBM20 in
ion homeostasis. Arrhythmogenic tendencies in RBM20 null mice has linked RYR2-dependent
Ca?" leakage and increased Ca?* currents to this phenotype (van den Hoogenhof et al., 2018).
However, AP prolongation by aberrant KCNH2 function could be an additional mechanism by
which arrythmia events in RBM20-mutation based cardiomyopathies occur. To analyze the
impact of RBM20-dependent missplicing on CACNA1C and KCNH2, Ca?* and K* currents have
to be analyzed in LVNC- and DCM-CMs and compared to resLVNC- and resDCM-CMs.
ADCY6 is a membrane-bound enzyme that produces intracellular cAMP from ATP and is
activated by G-protein coupled receptor signaling (Dessauer et al., 2017). Here, ADCY6-exon
14 levels are elevated in DCM-CMs compared to control- and resDCM-CMs. Notably, the
ADCY family comprises nine isoenzymes of which ADCY6 and ADCY5 are considered the
main enzymes in adult myocytes (Dessauer et al., 2017). Studies in ADCY6 knockdown in
HEK293-lines and mice experiments demonstrated no reduction of basal cAMP levels, but
reduced cAMP after B-adrenergic stimulation. The mouse model showed reduction of
contractile force and SERCA2a performance after B-adrenergic stimulation (Tang et al., 2008;
Soto-Velasquez et al., 2018). The influence of ADCY6 and RBM20-dependent splicing remains
elusive and further studies of cAMP-levels are needed to assess their influence. Preliminary
data from our group of adenovirus-based cAMP measurements in LVNC- and DCM-CMs
resulted in elevated basal cAMP in LVNC but no difference after B-adrenergic stimulation (data
not shown). Specific ADCY®6 inhibitors are needed to analyze the role of ADCY6 in cAMP of
the described cardiomyopathies in more detail.

BMP?7 is a growth factor that belongs to the TGF-3 family and conveys its effects through SMAD
signaling pathways. During cardiogenesis, BMP7 signaling is required for the formation of the
cardiac cushion area that will develop in the valves and septa (Kim et al., 2001). In DCM-CMs,
BMP7-exon 4 levels are decreased compared to control- and resDCM-CMs indicating that

human wt RBM20 is involved in exon 4 inclusion. To invest this further, Western blot analysis

-107 -



5 DISCUSSION

of TGF-f signaling proteins (like SMADs) should be conducted. This would help to understand
if the BMP7 missplicing has functional consequences for its downstream effector signaling.
MYLK-exon 6 and NEXN-exon 10 splicing could not be verified on qPCR level. However, the
LVNC- and DCM-CMs were used for comparison and a RBM20 knockout line would be
necessary to clarify, whether these genes are targets of RBM20.

Here, four novel potential RBM20 splice targets were identified: CACN1c, KCNH2, ADCY6 and
BMP7. Of these, LVNC- and DCM-CMs share missplicing phenotypes for CACNA71c and
KCNH2, whereas ADCY6 and BMP7 were exclusively affected in DCM-CMs. Notably,
additional RBM20 targets exclusively affected in LVNC-CMs have not been found. This data
adds to the repertoire of RBM20 splice targets and underscores that the full scope of RBM20-
dependent splicing is not fully understood yet. Intriguingly, this is the first report that identifies
a developmental gene (BMP7) as a potential target. Regarding RBM20-based LVNC it would
be interesting to investigate, whether RBM20 has a prominent role in cardiogenesis. For this,
the DexSeq experiment should be repeated with 30d old iPSC-CMs and screened with a

emphasis on genes implicated in cardiogenesis.

5.7 LOCALIZATION STUDIES of RBM20 and CAMK25

RBMZ20 is classified as a SR protein, which is a structural classification for splice factors a
conserved RS-domain. Reports on other SR protein splice factors identified the RS-domain as
a NLS in addition to be crucial for protein-protein interactions (Yeakley et al., 1999). In line with
this observation, transient expression of RBM20 constructs in HELA cells showed that RBM20
accumulates in the cytoplasm when the RS-domain and parts of the RRM are deleted
(Filippello et al., 2013). Another study complemented this finding by demonstrating that the RS-
domain of RBM20 needs to become phosphorylated to function as an NLS (Murayama et al.,
2018). Since the RBM20 mutations in LVNC and DCM concern the p.634 position in the RS-
domain, the question was raised whether altered distribution can be observed.
Immunostainings of RBM20 showed that the protein is detected predominantly in the nucleus
with small amounts in the cytoplasm. However, analysis of RBM20 levels in different cell
compartments of the nucleus, cytoplasm and membrane-bound fraction yielded conflicting
results. Firstly, LVNC- and DCM-CMs showed elevated levels of RBM20 in the nucleus
compared to resLVNC-CMs, which is contrary to the literature reports. Secondly, when control-
CMs are used for comparison, only LVNC-CMs show a tendency for decreased RBM20 in the
nucleus fraction, whereas DCM-CMs are comparable to DCM-CMs (data not shown). This

suggests that the results depended on the control group and no conclusive result can be
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deducted in this study so far. One problem with the analysis was the difficulty to normalize the
RBM20 protein amounts. For the Western blot analysis, the whole protein content was used
for normalization. This is feasible to correct loading differences of the sample but fails to
determine separation qualities in each fraction. Thereof, other localization approaches should
be chosen to conclude RBM20 distribution patterns. In addition, analysis of phosphorylation
status of the RBM20 RS-domain in LVNC- and DCM-CMs could contribute to understand the
consequence of their respective mutations. Such studies should comprise localization studies
with ectopic expression of wt and mutated RBM20 in other in vitro systems like Hela cells to
eliminate the cardiac background bias.

CAMK250 is a splice target of RBM20, whereas human RBM20 fosters the inclusion of Exon
14/NLS in iPSC-CMs, which is defined as the CAMK28g isoform as described earlier. With an
NLS present in CAMK20g, the localization is defined as nuclear (Beckendorf et al., 2018) and
the question was addressed, whether altered distribution patterns can be detected as a result
of altered splicing. Due to the reduced levels of exon 14/NLS in LVNC-CMs, the hypothesis
was tested, whether reduced amounts of CAMK26 are present in the nucleus of LVNC-CMs.
Immunostainings showed localization of CAMK25 in the cytoplasm and nucleus. As for the
study of RBM20 localization, cell fractionation experiments were used. ResLVNC-CMs were
chosen as a control group since CAMK28-NLS levels were reduced in LVNC-CMs and
suggested an altered distribution pattern. Compared to resLVNC-CMs, no differences in
CAMK25 distribution were detected in LVNC- or DCM-CMs in the cytoplasmic, nucleic and
membrane fraction. However, the immunostainings for CAMK26 suggest altered distribution
patterns. In resLVNC- and resDCM-CMs, CAMK2d is detected in the nucleus and the
cytoplasm as a diffuse pattern. In contrast, LVNC-CMs show CAMK25 distribution around the
nucleus and distinct patterns in the cytoplasm. As discussed for the RBM20 localization
studies, the cell fractionation experiment proved difficult to normalize. Another aspect is the
separation into basic cell fractions that does not differentiate for micro-domains in the nucleus
or cytoplasm. CAMK25 isoforms are reported to localize to different cell compartments like the
nucleus (CAMK28g isoform), T-tubuli and nuclear membrane (CAMK2&a isoform) or the
cytoplasm (CAMK2&c isoform) (Beckendorf et al.,, 2018; Gray & Heller Brown, 2014).
Therefore, this cell fractionation approach might not be sensitive enough and alternative
approaches for the study of CAMK28 localization in LVNC- and DCM-CMs should be explored.
One possibility could be to double-stain CAMK2d with proteins specific for distinct cell

compartments in CMs and analyze co-localization with high-resolution microscopy.
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5.8 DEVELOPMENTAL ASSESSMENT of LVNC

LVNC is a rare genetic cardiomyopathy that is characterized by incomplete myocardial
compaction and trabecular recesses due to developmental defects (Arbustini et al., 2016).
Here, LVNC-CMs at an earlier time point of d35 were investigated for developmental
parameters. First, the expression of RBM20 was assessed at d30 and d90 old iPSC-CMs to
conclude whether RBM20 is present at early developmental time point. RBM20 m-RNA showed
rapid upregulation after cardiac induction (Fig.30C). Other studies support this observation with
RBM20 present in d12 old mouse ESC-CMs and RBM20 induction was shown at E7.5 during
murine cardiogenesis (Beraldi et al., 2014). Furthermore, LVNC-CMs showed detained cell
growth and decreased proliferation rates (Fig. 30D). Smaller cells in combination with
decreased proliferation could contribute to insufficient compaction during development,
although the mechanisms by which RBM20 conveys these effects is unclear. A screen for
expression of developmental genes showed upregulation of MEF2C and HEY?2 in LVNC-CMs.
MEF2C is an important cardiac transcription factor in cardiac development and mutations lead
to congenital heart diseases (Qiao et al., 2017). Another important pathway in chamber
development and trabeculation formation is the NOTCH pathway, which affects among many
other genes the expression of HEY2 (Miao et al., 2018; D'Amato et al., 2016). The conclusive
effects of upregulation of MEF2B and HEY2 in LVNC-CMs and their relation to the RBM20
mutation remain speculative. However, this indicates that developmental networks are affected
in LVNC-CMs and comprehensive studies at different time points could help to get molecular
insights in this scarcely understood cardiomyopathy. Indeed, mouse models of LVNC have
been proven difficult, since the phenotype is not completely reiterated and transgenic mice
often die in utero or at birth (Chen et al., 2009). Here, the need for iPSC-CMs to mature by
prolonged culture time presents an advantage, as part of the maturation process is
recapitulated in vitro and are therefore and excellent system to study LVNC. Since resLVNC-
CMs are already available, the influence of the RBM20-R634L variant in LVNC could be
assessed directly. To date, only one LVNC-iPSC model was reported. This model investigated
the influence of TBX20-Y317* mutation in a patient-specific iPSC-CMs. They also reported
reduced proliferation capacity and linked this phenotype to increased TGF- signaling (Kodo
et al.,, 2016). This suggests proliferation defects as a common trait in LVNC. Whether the
decreased proliferation in the RBM20-based LVNC is also influenced by impaired TGF-
signaling should become the focus of subsequent experiments. Our study shows that iPSC-
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CMs are suitable for disease-modelling of LVNC. First data demonstrated developmental
aberrations in RBM20-based LVNC. However, to conclusively show if RBM20 can cause
LVNC, 3D EHM or organoid models are necessary to investigate structural characteristics like

compaction and trabeculation.

5.9 FROM BEDSIDE to BENCH and BACK
In this work, one family with RBM20-dependent LVNC and one family with RBM20-dependent

DCM donated somatic material for research. The LVNC index patient (11.3) showed
intertrabecular recesses and a severely reduced ejection fraction of 20 %. The age of
onset/diagnosis was 39 and she received an ICD implantation as a precaution. The ICD
revealed multiple non-sustained tachycardia events (Sedaghat-Hamedani et al., 2017). The
DCM family has not been published to date, but their underlying RBM20-R634W mutation is a
known disease variant for DCM (Li et al., 2010; Hey et al., 2019). In this study, the DCM 1 (l11.6)
showed an age of onset/diagnosis at 38 with an ejection fraction of 30 %. His brother/DCM 2
(I1.7) presented similar symptoms with an early age of onset/diagnosis at 43 and a reduction
in ejection fraction with 40 %. Information about tachycardia or arrhythmia events were not
available. The study of their patient-specific iPSC-CMs revealed an irregular sarcomeric
structure, which could be a main contributor to their reduced heart performance. Furthermore,
impaired Ca?* handling has been identified and suggests that treatment with Ca?* channel
blockers could benéefit these patients in the future. The increased Ca?* leakage identified in the
DCM-CMs is an indicator that these patients are at risk for the development of arrhythmia and
clinical follow-ups should monitor the patients for possible arrhythmic events.

The study in RBM20-deficient rat and mouse models is limited by inter-species differences.
Furthermore, these models investigate the contribution of a gene by knockout studies.
However, patients with RBM20 mutations present with heterozygous point mutations that might
not resemble a knockout phenotype. In this project, differential disease phenotypes were
identified for LVNC and DCM, which depend on RBM20 splice targets. In turn, the RBM20-
dependent splicing can segregate into different outcomes depending on the respective
mutation. This suggests that disease and risk stratification of patients could be classified by
the distinctive RBM20 mutation. Furthermore, the iPSC-CMs system is an excellent platform
to screen for potential therapeutic drugs, especially when disease phenotypes have been
defined. Due to the prominent Ca?* kinetics phenotype in LVNC-CMs, the question was
addressed if therapeutic drugs like Verapamil can improve this disease phenotype. Verapamil
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is an inhibitor of the L-type Ca?* current (Cav1.2), which decelerates kinetics (Blinova et al.,
2017). After 15 min incubation with Verapamil, the Ca?* transient rise time was 1.3-fold
increased in LVNC-CMs. Subsequently, stimulation with Iso evoked a prominent response
(Fig. 29). This shows that Ca?* kinetics can be modulated with Verapamil and improved the
Ca?* phenotype in LVNC-CMs. Due to time constraints, the effect of Verapamil was not tested
in DCM-CMs regarding the effect on Ca?* leakage. Verapamil treatment in RBM20 null mice
showed a significant reduction in Ca?* leakage (van den Hoogenhof et al., 2018), thereby
suggesting that Verapamil could also benefit the DCM-CMs. However, whether Verapamil is a
safe option for this RBM20-based LVNC or DCM needs further investigation. One major aspect
to consider is that Verapamil also has negative ionotropic (contractility) effects and is
contraindicated in the treatment of heart failure. In contrast, Verapamil is tested in the treatment
of hypertrophic cardiomyopathy rather than DCM (Lan et al., 2013; Wu et al., 2019). Since the
LVNC and DCM patients already suffer from a reduced ejection fraction, it is a concern whether
this drug should be administered. To address this issue, Verapamil should additionally be
tested in various concentrations in a 3D EHM model of LVNC- and DCM-CMs to assess the
mechanical outcome of the drug treatment. Furthermore, a long-term incubation (2-4 weeks)
with the prospective drug should test other safety concerns like cardiotoxicity. In addition, long-
term treatment could also elucidate whether the treatment has a beneficial effect on the
sarcomeric structure, which was another disease aspect in LVNC and DCM. In future studies,
other drug candidates should be tested as a treatment option. This includes drugs that can
stabilize the RYR2 and therefore benefit Ca?* cycling and leakage (Dantrolene, Rycals) or
inhibitors of CAMK20 (AIP, KN93). In summary, the patient-specific LVNC- and DCM-CMs offer
an exquisite platform for personalized medicine and drug screening. Verapamil was identified

as a promising candidate in the treatment of LVNC, although further testing is needed.

5.10 LIMITATIONS

The present study used a patient-specific stem cell system, which holds many advantages over
animal models. However, several disadvantages and limitations have to be considered. As
discussed above, iIPSC-CMs resemble fetal/neonatal CMs. Therefore, the phenotypes
described in this work could differ in the context of adult CMs. Furthermore, all experiments
were performed in the 2D monolayer format, which can not analyze 3D structure phenotypes.
Also, the iPSC-CMs were cultured exclusively as ventricular CMs, which does not recapitulate

the physiological environment of the heart as a multi-cellular organ.
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The study of patient-specific iPSC models is dependent on the willingness of patients to donate
somatic material. In this project, a second donor from the LVNC cohort joined later, whereas
her iPSC-CMs were only used in the NGS experiments. Also, no healthy family member of the
LVNC cohort was available, although the possibility to generate isogenic controls can
compensate for this shortcoming.

5.11 CONCLUSION

Fig. 33 summarizes the findings of this study. RBM20-dependent missplicing is proposed as a
molecular driver for shared and differential disease phenotypes. While TTN missplicing is
continuously observed with sarcomeric irregularity in LVNC- and DCM-CMs, differential Ca?*
handling impairments can in part be explained by differential missplicing. In particular, CAMK26
missplicing in combination with accelerated Ca?" kinetics and CAMK23-dependent hyper-
phosphorylation in LVNC-CMs is proposed a main disease mechanism for RBM20-based
LVNC. Ca?* channel blockade by Verapamil could prevent some of the disease characteristics,
providing a clinical use of Verapamil in patients with RBM20-dependent LVNC, but might not
be a sustainable therapeutic option. The functional consequence of TRDN missplicing in
LVNC-CMs remains to be determined. For DCM, differential missplicing in LDB3, ADCY®6 and
BMP7 was observed together with decreased systolic Ca?* and increased Ca?* leakage as
typical heart failure characteristics. Nevertheless, the exact mechanism of these pathological
phenotypes remains to be elucidated. Isogenic control-lines of LVNC and DCM directly linked
these disease phenotypes to the respective RBM20 mutations and demonstrated a rescue of
the cardiomyopathy phenotypes. Therefore, a nucleotide specific CRISPR repair was identified
as a personalized strategy to treat RBM20-associated LVNC and DCM. Novel splice targets
CACN1C, KCNH2, ADCY6 and BMP7 expands the scope of the involvement of RBM20 in

cardiac functions and opens a wider avenue for RBM20-dependent disease mechanisms.
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Fig. 33 RBM20-dependent disease mechanisms in LVNC and DCM

LVNC- and DCM-CMs show missplicing in CACNA1c, KCNH2, TTN and RYR2. They share disturbed
sarcomeric structures and decreased diastolic Ca?* as disease phenotypes. LVNC-CMs show exclusive
missplicing in TRDN and CAMK25, which leads to increased systolic Ca2* and accelerated Ca?* cycling
by CAMK26-dependent hyperphosphorylation of its targets. Treatment with Verapamil ameliorates the
Ca?* phenotype in LVNC-CMs. DCM-CMs show exclusive missplicing in LDB3, ADCY6 and BMP7. The
mechanism for increased Ca?* leakage and decreased systolic Ca?* remain unknown.

5.12 OUTLOOK
This work established a patient-specific iPSC-CM model of RBM20-dependent LVNC and DCM

with healthy donors and CRISPR/Cas9 edited rescue-lines serving as control groups. Thereby,
shared and differential splicing of RBM20 targets was identified as a molecular disease driver.
Cellular pathologies comprised sarcomeric disarray as a shared pathology and differential Ca?*
handling impairments in LVNC- and DCM-CMs. CAMK2&-dependent hyperphosphorylation
was identified as a main mechanism in LVNC, which coincided with accelerated Ca?* cycling.
In the future it would be interesting to investigate the structural consequence of the observed
sarcomeric irregularity phenotype in LVNC- and DCM-CMs in greater detail. For this,
myofilament measurements in single cell iPSC-CMs and in a 3D EHM system should be

conducted, which could quantify cardiac parameters such as force generation, passive
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stiffness and Ca?* sensitivity. This would help to understand whether the sarcomeric and Ca?*
handling impairments observed, segregate into different diastolic and/or systolic impairments.
Furthermore, a 3D model of LVNC could help to identify the role of RBM20 in the disease
process. The characteristic of LVNC is a non-compacted structure of the myocardium with
intertrabecular recesses. Since this work focused on a 2D monolayer set up for the
experiments, such structural aspects could not have been investigated. Therefore, this work
cannot conclusively show whether RBM20 is the sole driver for the non-compaction phenotype
of LVNC. In addition to iPSC-CMs, the role of cardiac fibroblasts should be assessed. Cardiac
fibroblasts have a grave role in extracellular matrix remodeling, a process that is crucial during
heart development. We showed that RBM20 is not expressed in endothelial cells, skin
fibroblasts and only in small amounts in iPSCs, however whether RBM20 is present in cardiac
fibroblasts remains to be determined.

This study defined molecular and cellular disease phenotypes for LVNC- and DCM-CMs, which
is an excellent foundation for screening of medical compounds. Due to time constraints, only
Verapamil was tested in LVNC-CMs, which showed beneficial effects on Ca?*-kinetics. Other
potential candidates should be included in future analysis. Prospects for drug screenings
should include treatment of LVNC-CMs with AIP or KN93, an inhibitor of CAMK238. For DCM-
CMs, treatment with Verapamil should be assessed as well since Verapamil has been shown
to reduce Ca?* leakage in an RBM20 mouse model. Further drug candidates for DCM comprise
Dantrolene and Rycals since they have been shown to reduce Ca?* leakage by stabilization of
the RYR2 receptor. In addition to analyzing the acute effects, follow-up studies should also
include a longer incubation phase with the respective compounds. This could help to
investigate, whether favorable effects of the drug treatments are sustainable or if cardiotoxic
effects occur.

Another aspect of this project was the identification of novel RBM20 splice targets. The
identification of CACNA1C, KCNH2, ADCY6 and BMP7 expanded the scope of RBM20
function. As mentioned above, the DexSeq data could be analyzed with more stringent cut-off
settings to identify more possible splice targets. In addition, single-cell patch clamp recordings
of Ca?* and K* currents would aid to decipher the influence of RBM20-dependent mis-
splicing of CACNA1C and KCNH2 in disease manifestation.
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6.1 SUPPLEMENTAL FIGURES
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Suppl. Fig. 1 Analysis of sarcomeric regularity

A: Example of sarcomeric assessment using fast Fourier transformation. The height of the first order
peak is analyzed for quantification of sarcomeric regularity. Higher values correlate with a more regular
structure.

B+C: Quantification of the Z-disc regularity. Dots with the same color and symbol belong to the same
cardiac differentiation. The two DCM patients are not separated by color. Data is presented as boxplots
with [n = number of differentiations/analyzed cells] for: control (n= 6/112), LVNC (n = 7/128), resLVNC
(n=3/55), DCM (n = 7/137), resLVNC (n = 4/73) and resDCM (n = 4/69).

B: P-values were calculated by one-way ANOVA multiple comparisons and significances are marked
with * p<0.05, ** p<0.01 and *** p<0.001.

C: P-values were calculated by Student’s t-test of LVNC vs resLVNC and DCM vs resDCM and
significances are marked with * p<0.05, ** p<0.01 and *** p<0.001.
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Suppl. Fig. 2 Analysis of Ca?* kinetics and leakage with Fluo-4
A-C: Every dot represents one measured cell.

A: Ca?* transient rise and decay times. Data is presented as scatter blots with [n = number of
differentiations/analyzed cells] control (n= 6/94), LVNC (n = 6/86) and DCM (n = 7/126) and Iso stimulated:
control (6/101), LVNC (6/99) and DCM (7/119). P-values were calculated by two-way ANOVA (comparing
Basal vs Iso) with Sidaks multiple comparisons mixed model and significances are marked with * p<0.05, **
p<0.01 and *** p<0.001.

B: Ca?* transient rise and decay times. Data is presented as scatter blots with [n = number of
differentiations/analyzed cells] for basal (black) resLVNC (n = 3/55) Iso stimulated(green) resLVNC (3/53).
P-values were calculated by Student’s t-test and significances are marked with * p<0.05, ** p<0.01 and ***
p<0.001.

C: Ca?" leakage. Data is presented as bar graphs +/- SEM with [n = number of differentiations/analyzed
cells] control (n= 3/52), LVNC (n =5/82), DCM (n = 3/56) and resDCM (3/53). P-values were calculated by
one-way ANOVA against control with Dunnett correction and significances are marked with * p<0.05, **
p<0.01 and *** p<0.001. Additionally, p-values were calculated by Student’s t-test of DCM vs resDCM and
significances are marked with # p<0.05, ## p<0.01 and ### p<0.001.
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Suppl. Fig. 3 Measurement of diastolic and systolic Ca?* using FURA-2
Data is presented as scatter blots with [n = number of differentiations/analyzed cells] for control

(n=5/15), LVNC (n =5/15) and DCM (n = 5/14). Every dot represents one measured cell, whereas
dots with the same shape belong to the same cardiac differentiation. P-values were calculated by
one-way ANOVA against control with Dunnett correction and significances are marked with *
p<0.05, ** p<0.01 and *** p<0.001.
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Suppl. Fig. 4 Western blot membranes
The red arrows mark the protein band used for quantification.
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6.2 SUPPLEMTNAL TABLES

Suppl. Tab. 1 Primer List. An.: Annealing temperature, Exp.: expression; Ex: Exon, Seq.: sequencing

Gene Sequence 5- 37 An. Method bp
Pluripotency Markers
0CT4 Fwd | GACAACAATGAAAATCTTCAGGAGA 59°C | RT-PCR 473
Rev | TTCTGGCGCTTACAGAACCA
SOX2 Fwd | ATG CAC CGC TAC GAC GTG A 60 °C | RT-PCR 437
Rev | CTTTTG CAC CCCTCCCATTT
NANOG Fwd | AGTCCCAAAGGCAAACAACCCACTTC 62 °C | RT-PCR 164
Rev | ATCTGCTGGAGGCTGAGGTATTTCTGTCTC
LIN28 Fwd | AGTAAGCTGCACATGGAAGG 52°C | RT-PCR 410
Rev | ATTGTGGCTCAATTCTGTGC
GDF3 Fwd | TTCGCTTTCTCCCAGACCAAGGTTTC 54 °C | RT-PCR 311
Rev | TACATCCAGCAGGTTGAAGTGAACAGCACC
FOXD3 Fwd | GTGAAGCCGCCTTACTCGTAC 61°C | RT-PCR 258
Rev | CCGAAGCTCTGCATCATGAG
Cardiac markers
cTNT Fwd | GACAGAGCGGAAAAGTGGGA 62 RT-PCR 305
Rev | TGAAGGAGGCCAGGCTCTAT
RBM20 exp. Fwd | CCTCCACTTGCCGCATATCTGT 60 gPCR 107
Rev | AGACCAGGCATTTCTGAGCGTG
Fwd | GAGTGTACACAGTTACATGCAC 56 RT-PCR 180
RBM20 seq.
Rev | GTGGGACCTCGGGGAGA
a-MHC Fwd | GTCATTGCTGAAACCGAGAATG 58 RT-PCR 413
Rev | GCAAAGTACTGGATGACACGCT
Germlayer markers for mass culture
AEP Fwd | ACTCCAGTAAACCCTGGTGTTG 60 RT-PCR 255
Rev | GAAATCTGCAATGACAGCCTCA
ALB Fwd | CCTTTGGCACAATGAAGTGGGTAACC 60 RT-PCR 355
Rev | CAGCAGTCAGCCATTTCACCATAGG
MAP2 Fwd | CCACCTAGAATTAAGGATCA 55 RT-PCR 482
Rev | GGCTTACTTTGCTTCTCTGA
Housekeeping genes
GAPDH Fwd | AGAGGCAGGGATGATGTTCT 60 gPCR 258
Rev | TCTGCTGATGCCCCCATGTT
18s Fwd | ACCCGTTGAACCCCATTCGTGA 60 gPCR 150
Rev | GCCTCACTAAACCATCCAATCGG
RBM20 splice targets
RYR2 exp. Fwd | CTTGAGGTTGGCTTTCTGCCAG 60 gPCR 153
Rev | TGTGCCAGCAAAGAGAGGAGCA
RYR2-24bp | Fwd | GTCACAGGATCCCAACGCAG 60 gPCR 124
insertion Rev | CTTTGCTGGCACTGATTGTCTG

-119 -




6 APPENDIX

CACNA1IC | Fwd | GCAGGAGTACAAGAACTGTGAGC 60 gPCR 143

exp. Rev | CGAAGTAGGTGGAGTTGACCAC

CACNA1IC | Fwd | CGAAGGCATGGATGAGGAGA 60 gPCR 99

ex9 Rev | CCCTCGATGTCACCTCCAGC

TRDN exp. Fwd | GGAGGACAAAGAGAAAGCAGCTG 60 gPCR 120
Rev = AGGTGGAATGGCTGGGCTTTGT

IRDNexo | FWd  GTCCATGGGGATTTAAAACCAGG 60 gPCR 100
Rev | CTTCAAGGGCAGGTGATGC

CAMK25 Fwd | ACACGGTGACTCCTGAAGCCAA 60 gPCR 145

exp. Rev | GTCTCCTGTCTGTGCATCATGG

CAMK25 Fwd | CCATCTTGACAACTATGCTGGCT 60 gPCR 149

ex14/NLS Rev | GAACACTCGAACTGGACTTCCT

CAMK25 Fwd | AAGATGTGAAAGCACGAAAGC 60 gPCR 88

ex15/16 Rev = GTGTAGGCTTCAAAGTCCCCAT

CAMK2y Fwd | ATCCACGGTGGCATCCATGA 60 gPCR 107

exp. Rev | AGACAAGCATGGTCGTGAGG

CAMK2y Fwd | AACAAGAAGTCGGATGGCGG 60 gPCR 129

ex14/NLS Rev | CATGGCCGTCTGCAAGG

LDB3 exp. Fwd | ACCTCGTGGTGGCCATTG 60 gPCR 133
Rev @ GTGGAGATGGGAATGGGACG

LDB3 ex5 Fwd | TCAAAGCGTCCCATTCCCATC 60 gPCR 197
Rev | CGG GAG AAG GCA GGG CTA AA

SORBS1 Fwd | TATCAGCCTGGCAAGTCTTCCG 60 gPCR 390

exp. Rev | CCCGTCTGATTCCCTCTTCACT

SORBS1 Fwd | GCA CGC TCT ATT TCT GCT GT 60 gPCR 205

ex5 Rev | CTG GTT TGC TTT CGT GTT GCC

TTN N2B Fwd | CCAATGAGTATGGCAGTGTCA 60 gPCR 92

ex50-219 Rev | TACGTTCCGGAAGTAATTTGC

TINN2BA | Fwd | GCCACAGTCACTGTGACAGAGG 60 gPCR 84

Ex50-51 Rev = GGCTGCCTTACCCACAAAAG

TRDN Fwd | CAGAAACAAAGACACTGGCG 55 RT-PCR

ex7-10 Rev | CTTCAAGGGCAGGTGATGC

LDB3 Fwd | CCCATTCCCATCTCCACGAC 56 RT-PCR | 766

ex4-7 Rev = GAGACTGCAGGTTGGAGGAA

SORBS1 Fwd | GGTGGTTCCAAAGCTGTGATG 56 RT-PCR | 281

ex4-6 Rev @ GGTTTGCTTTCGTGTTGCCG

CAMK25 Fwd | ACTAAAGGGTGCCATCTTGACA 55 RT-PCR | 209

ex11-15 Rev | AGGCTTCAAAGTCCCCATTGT

Camk2y Fwd | ATCCACGGTGGCATCCATGA 56 RT-PCR | 514

ex10-18 Rev | GGCCTCAAAGTCCCCATTGT

Novel RBM20 splice targets

RBM24 Fwd | GCGAAAGGGTGCGGGAG 57 RT-PCR | 862

ex1-4 Rev | TGGAAAATTGGGAGGGAAAGAGA

RBM20 Fwd = CGGGGGTCGGCTTAACAAC 58 RT-PCR | 766

ex2-8 Rev | CCTCTCCCTCTGGGAATGGAT
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RBM20 Fwd | TCATCCAGGACATCCATTCCC 58 RT-PCR 860
ex8-11 Rev | TGCCTCACTTTCACTCTCCCA

REPS2 Fwd | GTGCAAAGCGGGTTGGTTATT 57 RT-PCR 363
ex2-4 Rev | TGCTCCGCAGTTTGCTGTAG

MYLK Fwd | TTCAGGACGCCTTTCCTGTC 56 RT-PCR 808
ex4-9 Rev | AGTTCAGCTGACATCGAGGC

MYLK Fwd | AGGAAGGCAGCATTGAGGTT 56 RT-PCR 554
ex12-15 Rev | AGTGACCTGGCTTCCATCCA

MYLK3 Fwd | GTAGTGAGCGTCAAGGAGACC 58 875
ex5-12 Rev | TTCTGCAGCAGTAGTTGGGATT RT-PCR
ADAM10 Fwd | ACGTCTAGATTTCCATGCCCA 57 945
ex2-9 Rev | TTGGGAGGTACATGAGACCCA

ADAM17 Fwd | CGGAACACTTCATGGGATAATGC 58 RT-PCR 496
ex7-11 Rev | CCTCATTCGGGGCACATTCT

CALM1 Fwd | CTGATCAGCTGACCGAAGAAC 59 RT-PCR 415
ex2-5 Rev | TCATAGTTGACTTGTCCGTCTCC

CALM3 Fwd | CTGACCAGCTGACTGAGGAG 59 RT-PCR 393
ex2-5 Rev | CATCGATGTCAGCCTCCCTG

CuL3 Fwd | TCCAGCGTAAGAATAACAGTGGT 57 RT-PCR 852
ex2-7 Rev | GAGCTTTACCTTGCTCCCTCA

MCU Fwd | AGACCTCCTCCTCCTTGATGA 56 RT-PCR 511
ex4-7 Rev | ACGTGACTTTTTGGCTCCTTT

NOTCH2 Fwd | ACTGGGAGCTACTGTGAGGA 57 RT-PCR 689
ex21-25 Rev | GGACTGGGGCAGAAGCAG

BMP4 Fwd | TAACCGAATGCTGATGGTCGT 57 RT-PCR 1105
ex3-4 Rev | ACAGGCTTTGGGGATACTGG

SRSF3 Fwd | GATTTGAGCCGCCGCATTTT 57 RT-PCR 509
ex1-5 Rev | TCGACTACGAGACCTAGAGAAG

SF3B1 Fwd | CCTCCTCCAGCTGGTTATGT 57 RT-PCR 967
ex1-5 Rev | GTTGGCGGATACCCTTCCAT

SMURF1 Fwd | ACCATTAGCGTGTGGAACCAT 57 RT-PCR 555
ex4-8 Rev | CGTGCTAACTCCAGTCTGTGT

ADCY5 Fwd | CTACGTGCTCATCGTGGAGG 58 RT-PCR 862
ex15-20 Rev | GTTCACGGTATTGCCCCAGA

ADCY6 Fwd | ACCTGCAGCATGAGAATCGG 59 RT-PCR 650
ex2-7 Rev | GTGCTGCTCCTTGAGGTACG

ADCY6 Fwd | CTGCTGCTGCTAATCACCGT 59 RT-PCR 729
ex12-18 Rev | CAGCAGCCTCCGGTTGTATG

HDAC9 Fwd | GCATGAGAACTTGACACGGC 57 RT-PCR 541
ex2-6 Rev | TCCATCCTTCCGCCTGAGTA

HDAC9 Fwd | CCTGAGCATGCTGGACGAAT 57 RT-PCR 330
ex13-16 Rev | TTTGGAAGCCAGCTCGATGA

ABCC9 Fwd |  TCTGGGGCAGATCAACAACTTA 58 RT-PCR 527
ex8-12 Rev | GTGGTGTGACCAGGATATGGA

ABCC9 Fwd | CACCTGGACAGCTATGAGCA 57 RT-PCR 221
ex14-16 Rev | GTCTGCATCTCACCGAGGAT

ABCC9 Fwd | AGAATGGATGGGTCTCACAGC 58 RT-PCR 584
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Rev | GACCCAAGCCTACCAATCCA
ex25-30

Fwd | CGAGGTGTCCGGCATCAA 57 RT-PCR 909
LMNA ex1-6

Rev | GCGTGGATCTCCATGTCCAG
KCNQ1 Fwd | CTTTGCCCGGAAGCCCATTT 57 RT-PCR 381
ex3-7 Rev | ACCTTGTCCCCATAGCCGAT
KCNQ3 Fwd | TCTTTGGAGCCGAGTTTGCT 57 RT-PCR 795
ex3-10 Rev | GAACCCGATCCAAGAGACCC
KCNQ1 Fwd | CCATCGGCTATGGGGACAAG 59 RT-PCR 292
ex7-9 Rev | CTGGGTGACAGCAGAGTGTG
KCNQ1 Fwd | CTCACAGTCCCCCATATCACG 59 RT-PCR 323
ex10-13 Rev | TACTGCTCAATGACGTCCCG
KCNH2 Fwd | AGTATGTGACGGCGCTCTAC 57 RT-PCR 732
ex7-10 Rev | ACCAGAAGTGGTCGGAGAAC
KCNH2 ex Fwd | AGCCCCTGATGGAGGACTG 57 RT-PCR 481
12-15 Rev | CCTTCTTGGGGAAGCTCTGG
KCNE1 Fwd | TCTCTGGCCAGTTTCACACAAT 58 RT-PCR 583
ex3-4 Rev | AAATCAGGTTGCCAGGCAGGAT
KCND3 Fwd | CATGGTGCCTAAGACGATTGC 58 RT-PCR 317
ex2-4 Rev | GATGATGCTGGCTCTCGATG
KCNA4 Fwd | CAGCCATTTCCGAAAACCACC 58 RT-PCR 1987
ex1-4 Rev | TTCACACATCAGTCTCCACAGC
SCN5A Fwd | CAGTCAGCGTCCTCACCAG 57 RT-PCR 547
ex13-16 Rev | GCTAGCACCAGTGTCAGGTT
ATP2A2 Fwd | TTGGGCACTTCAATGACCCG 57 RT-PCR 520
ex8-11 Rev | ACTAGGCAAGTGAGAGCAGTC
RYR2 Fwd | AGACCTCTCCATCTGCACCT 58 RT-PCR 491
ex3-9 Rev | CTGCCTCACTTCCTGAGCTG
RYR2 Fwd | GCATAGACCGTTTGCACGTC 57 RT-PCR 450
ex16-19 Rev | GGTTCACAAGACGTGTCTGC
RYR2 Fwd | ATCGATGGCCTCTTCTTTCCA 57 RT-PCR 660
ex21-26 Rev | TGCATTTTCTGCCAACTTGTCC
RYR2 Fwd | CAATGGTGGACAAGTTGGCA 57 RT-PCR 599
ex26-29 Rev | CTTGAAAGCCAGTTCTGAGCC
RYR2 Fwd | GGTGGCATCAGGGCAATGAA 57 RT-PCR 908
ex29-33 Rev | AATCCAGCCCACCCAGACAT
RYR2 Fwd | GCTGGTTGTGGACTGCAAAG 57 RT-PCR 398
ex45-47 Rev | CAGCGTCCCAAGAGGTCAAT
RYR2 Fwd | GAGTGCTACAGACATGGCCT 57 RT-PCR 605
ex50-53 Rev | AGGTATCAACAGGTTGTGGGT
RYR2 Fwd | TTTCTGTGGACGCTGCCCAT 58 RT-PCR 625
ex57-63 Rev | AGTGAAATCCTATGCCTGACAAGA
OBSCN Fwd | GGGCAGGCAAGACGATGG 58 RT-PCR 1015
ex28-33 Rev | CAGGACAGGACCACTGACTG
OBSCN Fwd | GGAGGCACCGCACACTTATG 59 RT-PCR 727
ex56-58 Rev | CCAAATGGAAGGAGACAGTGC
OBSCN Fwd | GTGACCTGCACCTACTGTGG 58 RT-PCR 1369
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o 65.67 Rev | ACCACGGCTGTGATGATGAG
OBSCN Fwd | CCTGCTCCCAGATTATACTGGTT 57 RT-PCR | 665
ex70-75 Rev | CCACCAAGGTCAGCAAAACT
MYBPC3 Fwd  CCTGCCGACCAGGGATCTTA 59 RT-PCR | 764
ex2-12 Rev | TGCCGTAGGATCTCCCACAC
MYBPC3 Fwd | GACACCATTGTGGTTGTAGCTG 57 RT-PCR | 760
ex21-26 Rev | GGCAGTACTCCACGCTGTA
NEXN Fwd | GGTACCGCCCTGGTAAACTC RT-PCR | 925
ex8-12 Rev | TCTGGTTTGGGTTCTCCTGT
CACNA1c | Fwd  GTCCGTCAACACCGAAAACG 57 RT-PCR | 746
ex10-15 Rev | CGCCATAAGCCATGATCCCA
BMP7 Fwd | GGGCTTCTCCTACCCCTACAA 59 RT-PCR | 919
ex1-7 Rev = GAGGACGGAGATGGCATTGAG
CACNAlc | Fwd | CAACACGCTCACCATTGCCT 60 gPCR 179
ex13 Rev | CGACGAAGCAGTCAAAGCGG
MYLK oxg | FWd | AAAGAAGGAGCCACCGCCAA 60 gPCR 139
Rev | GGCTGAAAGTCCCCCGGAT
YLK Fwd | GAGGTGCTTCAGAATGAGGACG 60 gPCR 127
®XP- "Rev | GCATCAGTGACACCTGGCAACT
KCNH2 Fwd | CATCTGCGTCATGCTCATTGGC 60 gPCR 105
ex7/8 Rev | TCTGGTGGAAGCGGATGAACTC
KCNH2 oxp, | P CATCGCCGTCCACTACTTCA 60 GPCR 116
Rev | CAGTCTTCAGCAGCCCGAT
Fwd | CACATAGCACCGCAGTTGGCAT 60 gPCR 141
ADCY6 ex14 - v AGGCAGTGATGTCAGCAGGTGT
Fwd  CGGGAAGTTGGCCATGATCTTT 60 gPCR 131
ADCY6 exp.
Rev | TCTCATTGGAAGAAGCCAAGCC
Gvp7exs | FWd | CAGAACCGCTCCAAGACGCC 60 gPCR 115
X% "Rev | AGCTGACATACAGCTCGTGCTTC
BMP7exp. | F"0  COGGAACGCTTCGACAATGAG 60 gPCR 141
Rev | GATGTCAAACACCAGCCAGCC
NEXN exp. | FWd | GCGTTTGCTGAAGCAAGGAGA 60 gPCR 166
Rev | TCCGTTCCTCCTCTGTTCGT
NEXN oxto | FWd | AAGAGCGAGCAAGAAGGAGAGC 60 gPCR

Rev

GTGAGTAAATGGAGCCTCGCTTT
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Gene Cg-value Gene Cg-value
18s exp. 16 LDB3 ex5 26
ADCY6 ex14 27 LDB3 exp. 21
ADCYE6 exp. 26 MEF2B exp. 28
BMP7 ex4 26 MYLK ex6 34
BMP7 exp. 28 MYLK exp. 33
CACNA1C ex13 28 NEXN ex10 24
CACNA1C ex9 27 NEXN exp. 24
CACNA1C exp. 26 RBM20 exp. 24
CAMK25 ex14/NLS 25 RYR2 exp. 21
CAMK25 ex15/16 24 RYR2-24bp insertion 24
CAMK2y ex14/NLS 28 SORBS1 ex5 23
CAMK235 exp. 24 SORBS1 exp. 22
CAMK2y exp. 28 TRDN ex9 31
GAPDH exp. 21 TRDN exp. 27
HEY2 exp. 26 TTN N2B ex50-219 25
KCNH2 ex8/9 27 TTN N2BA Ex50-51 19
KCNH2 exp. 27

Suppl. Tab. 3 Cell lines and differentiation ID-numbers used in experiments. R = RBM20

Experiment control LVNC resLVNC DCM resDCM
Ctl1_338 6R1_129 6cr11_10 9R_25 9cr35_14
Ctl1_349 6R1_155 6cr11_13 9R2_46 9cr35_20
Ctl1_556 6R1_175 6cr11_17 9R2_50 9cr49_17
Ctl2_310 6R1_132 6cr20_38 9R4_118 9cr49_20
g;ic;t_:::glz?smzo C3 119 | 6R1 183 | 60r20 47 | 9R4 175 | 9crd9 96
(Fig. 13, Fig. 20 and Ctl3_168 6R1_217 6cr29_16 9R4_66
Fig '23)’ ' Cti4_48 6R2_232 6cr29 63 10R3_11
’ 3R8_104 6R1_254 10R3_19
4R2_122 6R2_272 10R3_43
10R5_22
10R5_43
Ctl1_349 6R1_129 6cr11_6 9R2_46 9cr35_14
Ctl1_356 6R1_132 6cr11_10 9R2_50 9cr35_20
Sarcomere regularity Cti1_444 6R1_158 6cr21_30 9R4 59 9cr49 14
analysis (Fig. 14 and Cti4_23 6R1_168 6cr29 16 9R4 69 9cr49 20
Fig. 21) 4R2_202 6R2_87 10R3_19
4R6_162 6R2_232 10R5_19
6R2_241 10R5_22
Ctl1_349 6R1_158 6cr11_6 9R2_84 -
CtI3_71 6R1_168 6cr11_17 9R4_56
24 Lt i . Ctl4_23 6R1_175 6cr21_20 9R4_66
gf: I:?i::ZSF‘;VItgr)IUO-4 Ctl4 28 6R2_153 9R4_118
9- 9- WTD2_879 | 6R2_229 10R3_43
4R2_202 6R2_232 10R3_45
10R5_45
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- 6R1_341 - - -
Ca?* kinetics after 6R1_353
Verapamil (Fig. 28) 6R1_367
6R1_370
Ctl1_543 6R1_158 - 9R4_66 9cr35_14
Ca?* sparks with Fluo-4 WTD2_1108 | 6R1_175 10R3 43 9cr35 20
(Fig. 16 and Fig. 21) 4R2 202 6R2_ 153 10R5 45 9cr49 20
6R2_229
6R2 241
Cti1_291 6R1_251 - 9R2 145 -
24 . Ctl1_543 6R1_254 9R4 162
(c:g ';’.j')d with FURA-2 WTD2 1151 | 6R2_241 10R3_138
) WTD2_1801 | 6R2_272 10R5_155
4R2 202 6R2_272 10R5_164
Ctl1_499 6R1_125 6cr11_17 9R2 84 9cr35 17
Ctl1_541 6R1_132 6cr11_83 9R4_59 9cr49 20
Multi-electrode assay Ctl1_543 6R1_158 6cr20_35 10R3_138 | 9crd49_96
(MEA) (Fig. 18 and Fig. 21) CtI3_71 6R1_168 6cr21_20 10R5_19 9cr49_115
WTD2_1108 | 6R1_251 10R5_155
4R2 280 6R1_254
6R2 272
Ctl1_356 6R1_125 6cr11_10 9R2_46 9cr35_14
Ctl2_332 6R1_129 6cr11_13 9R2 50 9cr35 20
Next-generation Ctl3_71 6R2_66 6cr11_17 9R4 59 9cr35 42
sequencing (NGS) Cti4_16 8R1_62 6cr21_20 10R3_19 9cr49 17
4R2 202 8R3 13 6cr29 16 10R5_19 9cr49 20
4R6_162 8R3 99 10R5_22
Single-cell sequencing - 6R1_357 6cr11_100 | 9R4_107 9cr49_107
(SCS)
WestomBloror (ST |, |
. cr cr
:::ﬁig"gs';"" (Fig. 24 6R1 175 | 6cr29 16 | 10R3.11 | 9crd9 20
) 6R2_153 10R3 43
Ctl1_543 6R1_248 6cr11_124 | 9R2_158 9cr35 9
EdU proliferation assay 4R2_302 6R1_254 6cr20_80 9R4_175 9cr35 91
(Fig. 29) 4R2_321 6R1_334 6cr29 84 9R4_175 9cr35_96
’ 4R6_265 6R2 266 6cr29 169 | 9R4 263 9crd9 96
6R2 272 9R4 265 9cr49 167
Cell surface (Fig. 29) Ctl1_356 6R1_129 - 10R5 22 | -
Ctl1_342 6R1_129 | - 9R2_50 -
Ctl1_349 6R1_175 9R2_158
Ctl1_543 6R1_254 9R4_59
QPCR Ctl3_168 6R2_241 9R4_175
of developmental genes Ctl3_170 6R2_272 10R3_19
(Fig. 29) Cti4_23 10R5_22
4R2_202 10R5_43
4R6_126 10R5_53
- 6R1_158 6cr11_10 9R4 59 -
Western blot of cell 6R1_175 6cr11_13 9R4 175
fractions (Fig. 26 and 6R1_248 6cr11_17 10R3_43
Fig. 27) 6R1_254 6cr21 20 10R5 43
6R2 232 6cr29 16
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Material Company Order number
96 well plate clear Brand 781602

96 well plate qPCR Biorad HSP9601
Aluminum foil Roth 2596.1

Cell scraper Sarstedt 83.1830
Cover slips round 20 mm Menzel CB00200RA1
Cover slips round 25 mm VWR ECN 631-1584
Cryotube Thermo Fisher Scientific 377224
Culture dish 12 well plate CytoOne CC7682-7512
Culture dish 6 cm Sarstedt 82.1194.500
Culture dish 6 well plate CytoOne CC7682-3359
FLOW tubes BD Falcon 352058
Fluoro dish 35 mm WPI FD35-100
Glass bottles Schott Order form

50 ml, 250 ml, 500 ml, 1000ml

MEA plate 6-well

Multi Channel System

Custom made

Nitrocellulose membrane Sigma-Aldrich GE10600002
Pacer electrode and chamber | Custom made Custom made
Pasteur pipettes Brand 747715
PCR stripes 8x Sarstedt 72.911.002
. . . #S51120-3810,#S1122-1830,
Pipette filter tips 0.1 — 1000 pl | Starlab #51120-1840
. . #S1111-3700, #51111-1706,
Pipette tips 0.1 — 1000 pl Sarstedt #51112-1720
. #86.1253.001, #86.1254.001,
Pipettes 5 ml, 10 ml, 25 ml Sarstedt 4#86.1685.001
PVDF membrane Sigma-Aldrich GE10600023
Scalpel No. 22 Feather 02.001.30.022
Sterile filter Steriflip 50 ml Merck SCGP00525
Sterile filter Steritop 500ml Merck SCGPTO05RE
Tube 0.5 mi Eppendorf 0030 121.023
Tube 1.5 ml Eppendorf 0030 120.086
Tube 15 ml Starlab E1415-0700
Tube 2.0 ml Eppendorf 0030 120.094
Tube 5.0 mi Labsolute 7696741
Tube 50 ml Starlab E1450-0700
Whatmann blotting paper Sigma-Aldrich WHA10426890
Wipes precision and task Kimtech #05511, #7558
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Suppl. Tab. 5 List of equipment.

Equipment Company

| Agarose gel chamber Biorad
Balance EWJ Kern
Centrifuge table top Roth
Centrifuges: 5810R, 5415D, 5415R Eppendorf

Counting chamber Neubauer improved

Marienfeld Superior

Electrophoresis chambers: Mini-PROTEAN
Tetra Vertical Electrophoresis Cell

Biorad

FACS Canto Il

BD Bioscience

Freezer -20 °C and -80 °C

#Liebherr, #Sanyo

Heat sterilization Memmert
Heatblock Thermomixer comfort 1.5 ml Eppendorf
Ice boxes Neolab
Imager ChemiDoc XRS Biorad

Incubator HERACELL

Thermo Fisher Scientific

LSM 710 confocal microscope system

Carl Zeiss

Microscopes: Axio Oberserver A1,

Axio Oberserver Z1, Primo Vert, Axiovert 25 | ~21 28iSS
Microwave AEG
Milli-Q water preparation system Merck

Mr. Frosty freezing Box

Thermo Fisher Scientific

Multi-electrode MEA2100

Multichannel systems

Myopacer ES lonOptix
NanoDrop Implen
Olympus Motic AE31 microscope Motic

PCR cycler Thermocycle 48 Sensoquest
pH meter InoLab
Pipette Accu-jet Pro Brand
Pipettes; one channel (0.1 — 1000 pl) Eppendorf
Power supply Biorad
qPCR CFX connect Real-time system Biorad
Refrigerator Liebherr
Rotary shaker Heto
Shaker Polymax 1040 Heidolph
Sterile work bench HERASAFE 2030i Thermo Fisher Scientific
Spectrometer Bio-Tek
Transfer System Trans-Blot Turbo Biorad
Vortex Neomix 7-2020 Neolab
Waterbath Memmert
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