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Prologue

Science is a journey.

Just in the past decade major scientific discoveries were made based on journeys
other scientists started or followed on. 100 years ago Albert Einstein predicted the
existence of gravitational waves and in 2016 they have been detected (Einstein,
1916; Abbott et al., 2016). In the 1970°s the standard model for particles was
developed, which was proven by the detection of the Higgs Boson in 2013 (Atlas
Collaboration, 2012). Those two discoveries proof that we know much more about
natural forces on the cosmological scale and on the scale of particles then 300,000
years ago. This is the age that was estimated for the oldest known Homo sapiens
fossil found 1961 in Morocco (Hublin et al.,, 2017). Of course we would not know
about the evolution of humans nor the development of life-forms, as we understand
them, without Charles Darwin (Darwin, 1872). Since then we try to uncover more and
more about the domains of life, which seem sometimes as unknown and inaccessible
as deep space and particle physics. But humans are inventive and produce tools that
help them access this world. One of those journeys started with Antoni van
Leeuwenhoek, who developed the first microscopes and is considered as one of the
discoverers of microorganisms (Gest, 2004). Starting with his very rudimentary
microscopes it is now possible to visualize biological components in cells with
nanoscale resolution (Rust et al., 2006; Willig et al., 2007). Still, van Leeuwenhoek
was one of the first persons, who saw what the smallest living units in our world were

made of: Cells.

It took a few centuries until it was understood how cellular life is encoded. Watson
and Crick predicted the DNA double Helix in 1953 and therewith the universal code
that unifies all living things in our known world (Watson & Crick, 1953). Since then we
try to solve the mysteries of DNA. We learned to read and write it (Sanger et al.,
1975; Mullis & Faloona, 1987). We determined the smallest number of essential
genes needed in a free-living organism, or created organisms with a complete
artificial genome (Fraser et al., 1995; Gibson et al., 2010). We learned to reprogram
cells and change their fates according to our needs (Takahashi et al., 2006;
Takahashi et al., 2007). Now we have detailed protocols on how to modify single



nucleotides in the DNA and we can use those techniques to treat genetic diseases
occurring in humans (Ran et al., 2013; Ma et al., 2017).

The research presented in this thesis will be in the context of the recent technological
advances in cell biology, gene therapy and how those can be exploited for disease

modeling of human inherited cardiomyopathies.



1. Introduction

1.1 Hypertrophic cardiomyopathy (HCM)

Hypertrophic cardiomyopathy (HCM) is a myocardial disease with a revised
estimated prevalence of 1:200 in the general population that occurs equally in both
sexes, yet with worse survival in women (Carrier et al., 2015; Olivotto et al., 2005;
Geske et al., 2017). It is the most common Mendelian-inherited cardiomyopathy
worldwide and is the main cause of sudden cardiac death (SCD) in individuals below
the age of 35, particularly among young athletes (Maron, 2010; Maron et al., 1995;
Ashrafian et al., 2007; Maron et al.,1996). Clinical manifestations of HCM are very
variable in terms of disease development, age of onset and severity of symptoms
(Richard et al., 2003). It is reported that many patients are asymptomatic with a
normal life expectancy, some experience symptoms such as chest pain, vertigo,
syncope and dyspnea, whereas others are in need for early heart transplantation, or
die of SCD (Gersh et al., 2011; Maron et al., 2000; Richard et al., 2003; Moolman et
al., 1997). This variety of clinical outcomes for HCM patients indicates that additional
distinct modifiers must exist such as environmental factors and patient’s life style
choices. HCM is defined by hypertrophy, mainly seen in the left ventricle (LV) of the
heart, chaotically-oriented cardiac myocytes, so called myocardial disarray, and
interstitial fibrosis (Fig.1; Ho, 2010). HCM is diagnosed by echocardiography of the
LV that enables to determine the LV wall thickness. If individuals exceed =15 mm in
one or more segments of the LV, they are diagnosed with HCM (Gersh et al., 2011).
In 70% of hospitalized HCM patients abnormal thickening of the LV leads to LV
outflow obstruction, which is associated with normal systolic but impaired diastolic
function (HOCM; Maron et al., 2006; Maron, 2002). If left untreated or undiagnosed
disease progression can result in LV wall thinning, therefore to an enlargement of the
left cavity. This is one of the main risk factors inducing irreversible heart failure and
unexpected SCD (Maron et al., 2000). Furthermore, over 70% of HCM patients have
electrocardiogram (ECG) abnormalities and 22% exhibit episodes of atrial fibrillation
(Niimura et al., 1998; McLeod et al., 2009; Olivotto et al., 2001).



Figure 1: Pathological features of HCM. (A) Depicted are a HCM heart showing markedly increased left
ventricular wall thickness (left) and a heart with normal cardiac morphology (right). (B) Histologic sections
demonstrate myocyte disarray and increased myocardial fibrosis in HCM (left) when compared to a healthy heart
(right). Images are at 10 x magnification (adapted from Ho, 2010).

Most cases of HCM are inherited in an autosomal-dominant pattern resulting in
heterozygous mutation carriers (Richard et al., 2003). Individuals with homozygous
mutations have a worse prognosis (Ho et al., 2000; Nanni et al., 2003; Wessels et al.,
2015). Additionally, double and triple mutations have been reported in 3-5% of HCM
patients, causing an even more severe progression of the disease (Girolami et al.,
2010; Ingles et al., 2005). In the past years there have been reports on over 1,400
mutations in over 11 different genes, which have been identified as a potential cause
for HCM (Fig. 2; Schlossarek et al., 2011; Friedrich et al., 2012; Maron et al., 2013).
A large majority of known genes encode components of the sarcomere, which
qualifies HCM as a “sarcomeropathy“. However, mutations in the MYH7 gene,
encoding cardiac B-myosin heavy chain (B-MHC) and in the MYBPC3 gene,
encoding cardiac myosin-binding protein C (cMyBP-C) account for 70% of all HCM
cases (Richard et al., 2006; Maron et al., 2012). Mutations in the MYBPC3 gene can
range from a delayed onset and a mild hypertrophy to a high risk profile for SCD
(Jarcho et al., 1998; Erdmann et al., 2001).
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Figure 2: Location of sarcomeric genes known to cause HCM. Prevalence of every gene is shown in parentheses
(data obtained from HCM patients with positive genotyping; adapted from Maron et al., 2013).

In fact, 20-30% of HCM mutation carriers do not reveal any cardiac symptoms,
suggesting yet again that distinct modifiers must exist on molecular level, such as
epigenetic signaling, microRNAs, gene polymorphisms or post-translational
modifications (Marian, 2002; Richard et al., 2003; Richard et al., 2006; Schlossarek
et al., 2011). As already stated, clinical outcomes of HCM are hard to predict mostly
because pathogenic pathways leading to the disease are not fully understood.
Several mechanisms have been described, such as deficits in energy homeostasis,
altered calcium (Ca®") cycling and sensitivity, disturbed stress sensing and
microvascular dysfunction (Frey et al., 2012). Nevertheless, mutations in sarcomeric
genes seem to trigger HCM. For this reason disturbed function of the sarcomere

might be one of the key aspects in the pathological development of HCM.
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1.1.1 The cardiac sarcomere

First observations of the sarcomere were accomplished by Antoni van Leeuwenhoek
between 1674 and 1682 using his own manufactured microscopes (Martonosi, 2000).
Leeuwenhoek was able to distinguish the basic organization of muscle fibers as an
assembly of myofibrils that consist of myofilaments, which are further subdivided by
sarcomeres, the smallest contractile units in the muscle. Based on those
observations William Croone hypothesized that sarcomeres, at that time called
“globules”, may serve as units of contraction. Today we know that Croone was right
and over century’s scientists elucidated in detail structure and function of the

sarcomere.

The sarcomere is composed of a variety of proteins, which fulfill different functions all
aiming to facilitate contraction and relaxation. Two main groups of proteins are
responsible for sarcomere shortening and therefore force development: thin filaments

and thick filaments, mainly consisting of actin and myosin, respectively (Fig. 3).

THIN FILAMENT THICK FILAMENT
a-cardiac actin o/ p myosin heavy chain
a-tropomyosin Essential myosin light chain

Troponin complex Regulatory myosin light chain
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Cardiac myosin-binding protein C

/N

e Ll

Figure 3: Organization of the cardiac sarcomere. Thin filaments are composed of a-cardiac actin, a-tropomyosin
and the cardiac troponin complex. Thick filaments are located in the A-band and consist of myosin with a/3
myosin heavy chains, essential and regulatory myosin light chains. cMyBP-C is a thick filament-associated
protein, aside titin, which itself is considered as the elastic component of the sarcomere (adapted from
Schlossarek et al., 2011).

To enable proper interaction of actin and myosin additional proteins are needed. Thin
filaments are further comprised of a-tropomyosin and the cardiac troponin complex,

including cardiac troponin T (cTnT), cardiac troponin | (cTnl) and cardiac troponin C
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(cTnC), whereas cMyBP-C as a part of the thick filament. Next to the thin and thick
filaments there is a third filament in the sarcomere: titin. Titin anchors the thick
filament at the Z-disc, which is defined as the sarcomeric border. The distance from
one Z-disc to the next represents the sarcomere length and is about 1.6 pum in
systole (i.e. contraction) and 2.4 um in diastole (i.e. relaxation; Sadayappan et al.,
2014). Within this distance the sarcomere is organized in additional bands.
Surrounding the Z-disc is the I-band followed by the A-band. The M-line and the C-
zones are situated within the A-band. Actin filaments are mainly located in the I-band,

extending to the A-band. Myosin is located throughout the A-band.

Interaction of actin and myosin generates cross-bridge formation and therefore
cardiac contraction. The process of cross-bridge formation is controlled by two

components: Adenosine triphosphate (ATP) and Ca** (Fig. 4).

ATP is hydrolyzed

\_ATP 78
> (® Cocking of the Fe ~ AD
4 (@ Unbinding of myosin myosin head
and actin (myosin in

high-energy form)

New ATP
binds to
myosin head

ATP

(@ Binding of &
myosin to actin

@ Rigor (myosin in

low-energy form) Inorganic
phosphate
ADP is (2 Power stroke is released
released
=2 S e ) i ' 2
ADP <A, (g CFFrs -

Actin gets _/ADP

pulled toward 4

middle of

sarcomere

© 2011 Pearson Education, Inc.

Figure 4: Mechanism of cross-bridge formation at the myofilament. Steps of contraction and relaxation are
described in the figure (adapted from droualb.faculty.mjc.edu).

Each myosin is composed of two heads, which contain enzymes that are able to
hydrolyze ATP, so called ATPases. Upon hydrolysis of ATP the myosin heads

interact with their respective binding site on actin. Additionally, cross-bridge formation
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is driven by intracellular Ca** levels in a process named excitation-contraction
coupling (Fig. 5; for reviews, see Bers, 2002; Bers, 2008; Eschenhagen, 2010).
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Figure 5: Ca?" transport in ventricular myocytes. Red arrows depict influx of Ca?* initiating contraction, green
arrows depict outflux and therefore decreasing Ca® concentrations that are involved in relaxation. Inset shows the
time course of a typical action-potential, Ca”" transient and contraction process in a rabbit ventricular
cardiomyocyte. Abbreviations used: SR, sarcoplasmatic reticulum; RyR, ryanodine receptor; PLB,
phospholamban; ATP, ATPase; NCX, sodium-calcium exchanger; En, membrane potential of the sarcolemma
(adapted from Bers, 2002).

Central role in this process is the regulated in- and outflux of Ca?*, triggered by action
potentials (APs). Upon depolarization of the cell membrane L-type Ca?* channels are
being activated. This results in intracellular Ca*" influx, which in turn activates the
ryanodine receptors (RRs). RRs are located in the membrane of the sarcoplasmatic
reticulum (SR), which is the main compartment for intracellular Ca®" storage.
Activated RRs release Ca®" from the SR leading to a further increase of intracellular
Ca”". Ca®* molecules bind to cTnC, which in turn increases affinity to cTnl, allowing
movement of troponin and tropomyosin into the cleft of actin. This makes room for
myosin to induce ATP-driven cross-bridge cycling with actin. Decreasing intracellular
Ca”* levels ends cross-bridge formation, as troponin and tropomyosin move back to
their initial position and therefore block interaction of myosin and actin. Ca** level

decrease is mediated by three factors: 1) inactivation of L-type Ca** channels and
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RRs; Il) Ca®* transport back into the SR, mediated by the Ca®*-ATPase (SERCA); III)
Ca?* outflux via the sodium Ca?" exchanger (NCX). The interaction of cross-bridge
cycling can be modulated by accessory proteins of thin and thick filaments. For
example cMyBP-C function determines speed and force of cardiac contraction and
assists in full relaxation of the sarcomere during diastole (Pohlmann et al., 2007). If
this function is altered, it can have detrimental effects on normal heart function

leading to the development of HCM.

1.1.2 Cardiac myosin-binding protein C

After the initial discovery of the skeletal isoforms as contaminant of myosin
preparation in 1973, cMyBP-C was discovered by Murakami et al. (1976) in cardiac
myosin preparations and characterized in 1983 by Yamamoto et al. (Offer et al.,
1973; Murakami et al.,, 1976; Yamamoto et al., 1983). Characterization of the
corresponding gene MYBPC3 was reported over a decade later by locating it on
human chromosome 11p11.2 in 1995 and by determining the sequence in 1997
(Gautel et al., 1995; Carrier et al., 1997). The MYBPC3 gene consists of more than
21,000 bp, which contain 35 exons, of which 34 are coding for cMyBP-C that has a
molecular weight of 150 kDa (Fig. 6). It is a multidomain protein appearing in
doublets of transverse stripes approximately 43 nm apart from each other, which are
located in the C-zone of the A-band (Fig. 3; Luther et al., 2008). cMyBP-C consists of
eight immunoglobulin-like and three fibronectin-like domains, thus providing 11
modules building the molecule (Fig. 6). When compared to the slow and fast skeletal
isoforms, cMyBP-C distinctly differs in three structural features: the N-terminal
immunoglobulin-like CO domain, the M-motif containing multiple phosphorylation sites
and a 28 amino acid insertion within the C5 domain (Fig. 6; for review Carrier et al.,
2015). The N-terminal region binds to actin and myosin, whereas the C-terminal
region (C8-C10) serves an anchor to the thick filament (Gilbert et al., 1999; Gruen et
al., 1999; Kulikovskaya et al., 2003). cMyBP-C fulfills a functional role in regulation of
cross-bridge cycling between myosin and actin, myofilament Ca®* sensitivity and
relaxation of the sarcomere (Winegrad, 1999). Phosphorylation sites are responsible
for controlling the regulatory actions of cMyBP-C (Fig. 6; Barefield et al., 2010). Over
17 putative phosphorylation sites have been identified of which the four main sites

are located in the M-motif and are targets for a variety of kinases such as protein
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kinase C, protein kinase A, protein kinase D and Ca**/calmodulin-dependent protein
kinase Il (Kooij et al., 2013; Barefield et al., 2010). Phosphorylation of cMyBP-C
increases cross-bridge cycling rate and enhances force development and relaxation,
while dephosphorylation has the opposite effect (Stelzer et al., 2006; Moss et al.,
2015; Sadayappan et al., 2009).
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1 7 34 6 78910 12 131517 18 19 2122 23 25 26 27 28 30 3233 35

mRNA S'A 2 IJ"I 5] 6 17‘:4[. 12 I‘J]'ﬁ 15| 17 iw: 19 }lz|?423 24} 25 .26 27 Inl 29 ’30l 31 l32 a3 Sd_ﬂ3
cMyBP-C [co [pa] c [ M| c ] c3|caffos Kc_ech i c8 ((co) c10| O cansiacspecticregions

l Myosin-LMM

I Myosin-S2 ‘ ‘ -
nteractome Four-and-a-half-LIM domain proteins
Actin o : ! A-band incorporation
S i
@ i Titin | o
-0 QMNN MONNN o~ o ~ O N
 PE3BSRENMSE § S 0§ 2% 8 S
PTMs L 00000 208 ¢ 3 v L @ Acetylation
GSK3p PKA (12.34) ROS ROS ROS ROS @ Phosphorylation
g;:’l(,,'; 2-3) S RaE N RS @ Calpain cleavage site
PKD (3) » S-Glutathiolation
PKC (1.3) @ Citrullination
CK2(2) @ S-Nitrosylation

Figure 6: Representation of MYBPC3 gene, mMRNA and protein structure, its interaction partners (interactome)
and sites of posttranslational modifications (PTMs). MYBPC3 encompasses 21,000 bp and is composed of 35
exons, which is transcribed into a 3824-bp transcript. cMyBP-C is a multi-modular protein composed of 8
immunoglobulin-like (CO, C1, C2, C3, C4, C5, C8, C10) and 3 fibronectin-type Il (C6, C7, C9) domains. The
cardiac isoform differs from the slow-skeletal and the fast-skeletal isoforms by cardiac-specific regions (CO, M, 28-
amino acid insertion in C5) that are highlighted in yellow. Between C0O and C1 exists a proline-alanine rich domain
(Pro-Ala; PA). cMyBP-C is subject to a variety of PTMs, which are depicted by diamonds in different colors.
Involved protein kinases are shown below the diamonds. Abbreviations used: CaMK, Ca”**/calmodulin dependent
protein kinase; CK2, casein kinase 2; GSK3p, glycogen-synthase kinase isoform 33; M, MyBP-C motif; PKA,
cAMP-dependent protein kinase; PKD, protein kinase D; PKC, protein kinase C; RNS, reactive nitrogen species;
ROS, reactive oxygen species; RSK, p90 ribosomal S6 kinase. Numbering of amino acids refers to the mouse
sequence (adapted from Carrier et al., 2015).

It has been shown that cMyBP-C is necessary for normal cardiac function and thus
cardioprotective (Sadayappan et al., 2005; Sadayappan et al., 2006). Therefore it is
not surprising that MYBPC3 mutations have detrimental effects on cardiomyocytes
(CMs), leading to HCM. In 1995, mutations in the MYBPC3 gene were associated
with HCM for the first time (Bonne et al., 1995; Watkins et al., 1995). Since then over
350 distinct mutations in the MYBPC3 gene have been linked to HCM (for review
Behrens-Gawlik et al., 2014). Furthermore, MYBPC3 gene mutations have also been
associated with dilated cardiomyopathy (DCM) and left ventricular non-compaction

(Hoedemaekers et al., 2010; Probst et al., 2011). As a matter of fact, mutations in the
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MYBPC3 gene are reported to be the most frequently mutated genes in
cardiomyopathies and heart failure (Dhandapany et al., 2009; Haas et al., 2015). For
most of the MYBPC3 mutations the consequences at mRNA and protein levels are
not known. It is predicted that more than 70% of all MYBPC3 gene alterations are
due to frameshift or nonsense mutations (Richard et al., 2006; Carrier et al., 2010;
Marian, 2010). Frameshift mutations are point mutations, insertions or deletions,
leading to a premature termination codon (PTC) in the transcript, therefore to a
truncated cMyBP-C. Nonsense mutations are point mutations that directly result in a
PTC. Interestingly, truncated forms of cMyBP-C have never been detected in
myocardial samples of HCM patients (Marston et al., 2009; van Dijk et al., 2009).
Probably due to control mechanisms in the cell, such as the nonsense-mediated
MRNA decay, the ubiquitin-proteasome system and the autophagy-lysosomal
pathway (Vignier et al., 2009; Schlossarek et al., 2011). Nevertheless, heterozygous
patients with a truncating mutation in the MYBPC3 gene exhibit 70 to 80% of the full-
length cMyBP-C compared to healthy individuals, so-called haploinsufficiency
(Marston et al., 2009; van Dijk et al., 2009; Marston et al., 2012). However, the
reduced amount of cMyBP-C could cause an imbalance in the stoichiometry of the
sarcomere components. This would lead to altered function and structure of the
contractile apparatus, resulting in contractile deficits and higher myofilament Ca**
sensitivity (Harris, 2002; Cazorla et al., 2006; van Dijk et al., 2009). Excessive
myofilament activation is stated to result in basal cardiomyocyte hypercontractility
and elevated energy consumption (Watkins et al., 2011). These conditions at the
molecular level are probably the cause for the anatomical features observed in HCM,
such as cardiac hypertrophy, myocardial disarray and interstitial fibrosis (Ashrafian et
al., 2011).

1.1.3 a-Actinin 2

a-Actinin 2 and its corresponding isoforms were mainly discovered and characterized
in 1970°s and 1980’s, starting from the first description of a-Actinin’s in 1965 by
Ebashi et al. (for review Blanchard et al., 1989; Ebashi et al., 1965). a-Actinin 2
mainly anchors and crosslinks actin thin filaments to the Z-disk and interacts with titin
(Fig. 2; Fig. 7; for review Sjoblom et al., 2008; Gautel et al., 2016). It is part of the

spectrin superfamily, which consists of dystrophin, spectrin and their according
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homologous and isoforms. Proteins of this family play crucial roles in assembling the
actin cytoskeleton, crosslinking actin filaments, assembling large protein complexes
for structural integrity, mechanosensation and cell signaling (for review Djinovic-
Carugo et al.,, 2002; Broderick et al., 2005). The a-Actinin family consists of 4
isoforms: a-Actinin 1 and 4, which are expressed in non-muscle tissues and mainly
associated with cytokinesis, cell adhesion and cell migration, and a-Actinin 2 and 3,
which are expressed in muscle tissues, a-Actinin 2 being exclusively expressed in
cardiac and slow, oxidative muscles and a-Actinin 3 in fast, glycolytic muscle (for
review Mills et al., 2001; Murphy et al., 2015).

<« F-actin

Figure 7: Schematic overview of a-Actinin 2 interactions in striated muscle. Representation of sarcomeric Z-disk,
where a-Actinin 2 (red) cross-links anti-parallel actin thin filaments (blue) and also interacts with titin (adapted
from Sjoblom et al., 2008).

Phylogenetic analysis of the a-Actinin family revealed that a-Actinin 2 was the first of
the four a-Actinins formed by gene duplication, giving rise to all other isoforms by
gene divergence (Dixson et al., 2002). a-Actinin 2 is the major component of the Z-
disc (Fig. 3), even though it accounts for less than 20% of its mass (Robson et al.,
1970). It is a 94-103 kDa protein composed of 894 amino acids and encoded by the
ACTN2 gene (for review Blanchard et al., 1989). This gene is located on the human
chromosome 1g42-g43 and consists of more than 70,000 bp, structured in 23 exons
(Beggs et al., 1992). a-Actinin 2 is a rod-shaped monomer, approximately 35 nm in

length and 3-4 nm wide, forming homodimers in an anti-parallel fashion (Fig. 8).
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Additionally, it has been reported that a-Actinin 2 is able to form heterodimers with a-
Actinin 3 in vitro and in vivo (Chan et al., 1998). It consists of three functional
domains, the N-terminal globular actin-binding domain (ABD), the central rod domain,
and a C-terminal calmodulin-like domain (CAMD), constituted by two pairs of EF
hands (EF1-2 and EF3-4; Fig. 8; for review Sjoblom et al., 2008).
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Figure 8: Scheme presenting a-Actinin 2 homodimers. (A) Inactive form with the calmodulin (CaM)-like domain
bound to the neck between actin-binding domain (ABD) and rod domain. (B) Addition of phosphatidylinositol 4,5-
biphosphate (PiP2) to muscle isoforms releases the CaM-like domain to interact with titin (adapted from Sjoblom
et al., 2008).

The N-terminal ABD is the most conserved domain within the protein family and has
been used to determine the phylogenetic history of the protein (Dixson et al., 2002).
The ABD consists of two calponin homology domains (CH) that are divided in type 1
and type 2. Recently the crystal structure of a-Actinin 2 homodimers was resolved
with a resolution of 3.5 A, contributing further insights into structure and function of a-
Actinin 2 (Ribeiro et al., 2014). Nevertheless, until today it is not fully understood how
the ABD interacts with actin filaments. It is known that a-Actinin 2 homodimers can
undergo conformational change upon binding of phosphatidylinositol 4,5-
bisphosphate (PIP2) to facilitate binding with titin (Young et al., 2000). In detail, PIP2
binds with its polar group to the residues R163, R169, R192 in the CH2 domain,

resulting in a release of EF3-4 from the neck and therefore enabling its interaction
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with titin (Fig. 8; Franzot et al., 2005; Ribeiro et al., 2014). The neck is an a-helical
linker that connects the ABD to the central rod domain. The central rod domain
consists of four spectrin-like repeats (SR) that assure rigidity of the homodimer and
serve as an important interaction site for multiple structural and signaling proteins (for
review Djinovic-Carugo et al., 2002). Besides the ABD and the rod domain, the
CAMD also fulfills important functions in structural stabilization and signaling in the a-
Actinin 2 homodimer. For structural stabilization EF1-2 groups of each monomer bind
to the SR4, by intercalating with the connecting loop of EF1 and EF2, between the a
helices 2 and 3 of the SR4 (Ribeiro et al., 2014). The EF3-4 group is interacting with
the Z-repeats in the N-terminal region of titin and therefore set correct alignment of a-
Actinin 2 homodimers at the Z-disc (Young & Gautel, 2000). However, this interaction
is just facilitated in the open structure of a-Actinin 2 homodimers, when PIP2 is
bound in the CH2 domain. In its closed conformation EF3-4 is connected to the
hydrophobic Ca?*/calmodulin-binding motif, termed 1-4-5-8, including hydrophobic
residues A266, 1269, C270 and L273 (Bayley et al., 1996). In contrast to the a-Actinin
2 and 3, the CAMD of the non-muscle isoforms are Ca®" sensitive (Burridge et al.,
1981).

Considering this crucial role of a-Actinin 2 in the Z-disc of the cardiac sarcomere, it is
not surprising that ACTN2 mutations are associated with different cardiomyopathies,
including three reports on HCM (for review Murphy et al., 2015; Theis et al., 2006;
Chiu et al., 2010; Haywood et al., 2016). So far solely missense mutations have been
found in HCM patients. This leads to the hypothesis that mutated transcripts are
translated into proteins that might alter functional characteristics of the protein, acting
as so-called “poison peptides”. How exactly those mutated proteins affect function
and why clinical presentations of patients carrying ACTN2 mutations is so divers, is
not fully understood yet and will have to be further elucidated in the future (Bagnall et
al., 2014).

1.1.4 Treatment of HCM

So far there is no curative treatment against HCM, which reverses or prevents
hypertrophy and dysfunction of the heart (for review Tardiff et al., 2015). Available
drug-based therapies aim to relieve HCM-associated symptoms and decelerate

disease progression. Examples for drugs used in this context are [3-adrenoceptor
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antagonists (3-blockers), which lower workload in the heart and increase time of
diastolic filling (Marian, 2009). Furthermore, Ca®" channel blockers are used in order
to reduce heart rate and therefore lengthen LV filling time. Surgical interventions,
such as septal myectomy, septal alcohol ablation and heart transplantation are last
options to attenuate the severity of HCM symptoms (Maron, 2002; Ball et al., 2011;
Shirani et al., 1993). None of these treatments targets the genetic cause of the
disease. In the past years molecular-based interventions were studied, which could
apply to HCM. Five prominent examples for those molecular-based therapies are
exon-skipping, spliceosome-mediated RNA trans-splicing (trans-splicing), RNA
interference (RNAI), gene replacement (GR) therapy and CRISPR/Cas9 genome
editing. All interventions were used in the context of HCM and tested in different
disease models (Gedicke-Hornung et al., 2013; Mearini et al., 2013; Jiang et al.,
2013; Mearini et al., 2014; Ma et al., 2017; Prondzynski et al., 2017).

1.1.4.1 Gene therapy approaches

Gene therapy approaches are able to directly target the cause of the disease and are
therefore promising treatment options in the future. One limitation is sufficient delivery
of molecular-based therapeutics into the patient's body without causing adverse
effects. Two types of delivery systems are available: Non-viral and viral vectors.
However, non-viral vectors are not the major focus of this thesis and therefore the
following will focus on viral vectors (for review Chira et al.,, 2015). Viruses are
appealing tools for transfer of molecular-based therapeutics as they exhibit high
transduction efficiencies in a wide range of human cells. In fact, of the so far reported
1800 clinical gene therapy trials until 2012, approximately 70% of the vectors were
represented by viral-based delivery systems (Ginn et al.,, 2013). Nevertheless,
viruses are dangerous as their existence is determined by finding a host cell for
replication, whereby they often introduce genomic information into the host's DNA.
Therefore they are not only responsible for causing influenza, but also for the human
immune deficiency syndrome (HIV), which is until today not curable. Additionally,
they are also reported to contribute to human cancers, such as cervical cancer that is
associated with the human papilloma virus (HPV; Durst et al., 1983). This aspect of
viruses was first observed in the context of gene therapy 18 years ago. Four days

after receiving a trans-gene packaged in a recombinant adenovirus (Ad) the
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participant of a gene therapy trial died of multi-organ failure, most likely caused by a
severe immune response to the virus (Raper et al., 2003). Since then tremendous
effort was invested in vector design and safety assessment. Nowadays, four main
classes of viral based vectors are used for gene transfer. Ad, adeno-associated
viruses (AAV), retroviruses and lentiviruses. In the cardiac field the most prominent
vectors are Ads and AAVs as their efficiency and long-lasting gene expression has
been shown in two studies using large-animal models (Kaye et al., 2007; Pleger et
al., 2011). Especially the successful completion of a SERCA2a gene therapy Phase Il
trial demonstrates safety and feasibility of adeno-associated virus (AAV) serotype 1
mediated gene transfer in humans (Jessup et al., 2011). Unfortunately, this study
failed in showing beneficial outcomes for gene therapy patients (Greenberg et al.,
2016). Recently, our group and others have demonstrated that AAV serotype 9,
combined with a cardiomyocyte-specific promoter is able to specifically target the
heart after systemic administration in mice (Mearini et al., 2014; Werfel et al., 2014).
Therefore, development of safe and efficient viral-based delivery vectors will be

substantial for cardiac gene therapy in the future.

Gene therapy approaches that target the mRNA or RNA of the endogenous mutant
allele are trans-splicing, exon skipping, and RNAIi. The application and mechanisms
of trans-splicing will be discussed in more detail in chapter 3.1. In short, it is defined
as a splicing reaction between two independently transcribed RNA molecules, a
target endogenous mutant pre-mRNA and a therapeutic pre-trans-splicing molecule,
resulting in a full-length repaired mRNA (for review Wally et al., 2012). In frame exon
skipping is an alternative approach for targeting mRNAs. Therefore antisense
oligonucleotides (AONSs) are designed, masking exonic splicing enhancer motifs, thus
preventing binding of regulatory splicing proteins that mediate exon inclusion into the
mature mRNA. This results in functional proteins with small internal deletions
(Hammond et al., 2011). Finally, RNAIi can be used for allele-specific silencing and

therefore expression of mutant mMRNAs can be suppressed (Jiang et al., 2013).

Replacing mutant proteins by overexpression of exogenous wild-type (WT) proteins
is the basic idea of GR therapy. This concept is particularly interesting for HCM and
MYBPC3 mutations, since the sarcomere is a tightly regulated system with a
preserved stoichiometry of all components, usually resulting in low level or absence

of mutant proteins causing haploinsufficiency. Therefore additional expression of any
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sarcomeric protein is expected to replace the endogenous protein level in the
sarcomere and prevent haploinsufficiency (Mearini et al., 2014; Prondzynski et al.,

2017). This concept of GR and its application will be further discussed in chapter 3.1.

In summary, all molecular interventions proved to be functional in vitro and in vivo.
Further testing of those treatments in clinical trials will show, if the same result can
also be expected in patients with HCM. One limitation is still safe, sufficient and
targeted viral-based delivery of the molecular-based therapeutic to the heart. To
circumvent viral-based delivery new molecular tools are available that can be directly
applied to the human germ-line. Just recently a groundbreaking study by Ma et al.
was published, describing the correction of a heterozygous MYBPC3 mutation in
human preimplantation embryos using CRISPR/Cas9 technology (Ma et al., 2017).
The emergence of CRISPR/Cas9 revolutionized genome editing accuracy and
efficiency by recognizing specific genomic sequences and inducing double strand
breaks (DSB; Cong et al., 2013; Hsu et al., 2014; Kim et al., 2014; Mali et al., 2013).
DSB can be resolved by endogenous DNA repair mechanisms such as non-
homologous end-joining (NHEJ) and homology-directed repair (HDR). NHEJ is not
applicable for gene correction applications since it introduces additional mutations in
the form of insertions/deletions (indels). HDR, on the other hand, repairs the DSB site
using the non-mutant homologous chromosome or a supplied exogenous DNA repair
template, leading to the correction of the mutant allele (Wu et al., 2013; Lin et al.,
2014). CRISPR/Cas9 technology proved to be a versatile tool in the past and has the

potential to revolutionize human germline therapy in the future.
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1.2 Human induced pluripotent stem cells

First successful experiments reported on two-dimensional (2D) in vitro cultures were
conducted by Ross G. Harrison in 1907 more than 100 years ago (Harrison, 1907).
Harrison demonstrated that explanting a fragment of nerve cord from a frog tadpole
and placing it in a drop of frog lymph would promote in vitro growth. In 1922 Albert H.
Ebeling published a series of reports including the description of a 10-year-old
fibroblast culture and the co-cultivation of epithelial cells and fibroblasts in 2D (Fig.9;
Ebeling, 1922; Ebeling et al., 1922).

Figure 9: 10 year old fibroblast culture 24870-1 passaged for 1858 times. This culture was described by Ebeling
as very active. The cells were stained with methylene blue after 48 hours growth and images were acquired at
300 x magnification (adapted from Ebeling, 1922).

Those studies showed that cell culture was stable over longer period of times and
could maintain unlimited proliferation of fibroblasts accompanied by increasing cell
mass. This was highly controversial at that time, because it was not known if 2D
cultured cells use the substances contained in the medium for growth (Lewis &
Lewis, 1912). In the following decade’s tissue and cell cultures have been used for

diverse studies that contributed to our understanding of cell biology and cell
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organization. In order to unify the efforts of scientist working with cell cultures and to
standardize the quality of cell cultures available, the American Tissue Culture
Association was founded in 1947. The need of standardization and regular
verification of cell lines in use is still required today, as reproducibility of biological
experiments has been failing dramatically in the past years (Capes-Dauvis et al., 2010;
Freedman et al., 2015; Yu et al., 2015). When embryonic stem cells (ESCs) emerged
in the 1980°s, their differentiation potential was shown in vitro and in vivo by injecting
ESCs into mice resulting in teratocarcinomas (Evans et al., 1981; Martin, 1981).
Those studies marked the beginning of stem cell research. In 1998 the H9 cell line
was cultivated in vitro, which was the first ESC line derived from a human blastocyst
(Fig. 10; Thomson et al., 1998).

Figure 10: Derivation of the H9 cell line. Inner cell mass—derived cells attached to mouse embryonic fibroblast
feeder layer after 8 days of culture, 24 hours before first dissociation. Scale bar, 100 ym (adapted from Thomson
et al., 1998).

This finding promised to revolutionize medicine, especially regenerative medicine.
However, on major hurdle remained when working with human ESCs: International
restrictions of receiving and experimenting with those cells. This fact makes them just
available for a small community of scientists, who either live in countries with eased
restrictions or are in possession of special permits. Despite this fact, mouse and
human ESCs were used to establish standard protocols for culture conditions in the
absence of animal-derived culture components and first tissue-specific differentiation
protocols (Murry et al., 2008). ESCs were even tested in clinical trials for several
diseases including macular degeneration, myopic macular degeneration, Stargardt’s
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macular dystrophy, spinal cord injury, type | diabetes mellitus and heart failure
(Trounson et al., 2015).

In 2006, Yamanaka and his group published the discovery of induced pluripotent
stem cells (iPSCs), by using a technique that converts adult mouse fibroblasts into
pluripotent cells (Takahashi et al., 2006). Just one year later this protocol was
adjusted to human fibroblasts (Takahashi et al., 2007). The tremendous impact of
this discovery was honored with the Nobel Prize in Physiology or Medicine in 2012,
just six years after the initial finding. Successful reprogramming of fibroblasts was
accomplished by systematic testing of 24 candidate genes in cells from a mouse
strain that carried an antibiotic resistance gene under the control of an embryonic
gene promoter. Consequently, only those cells survived that adopted embryonic like
gene expression and therefore expressed the antibiotic resistance gene. Those
experiments revealed four main transcription factors: Oct3/4, Sox2, c-Myc and KIf4.
Upon transduction with these genes, human dermal fibroblasts appeared like human

embryonic stem cell-like colonies after 30 days of culture (Fig. 11).

Figure 11: Phase contrast images of human iPS cells derived from fibroblast-like synoviocyte (HFLS, clone
243H1; scale bar = 200 um; adapted from Takahashi et al., 2007).

These observations were also confirmed on molecular level by reverse transcriptase
polymerase chain reaction (RT-PCR), immunofluorescence analysis and protein
guantification of the described pluripotency markers. Furthermore, those cells were
successfully differentiated to neuronal and cardiac cells using protocols established
by other groups working with ESCs (Kawasaki et al., 2000; Laflamme et al., 2007).
The iIPSC technology makes disease modeling accessible for a larger community of
scientists, studying all kinds of genetic diseases affecting a variety of different cells.
25



Human iPSCs (hiPSCs) provide an alternative to the use of ethically questioned
human ESCs and are expected to speed up progression of personalized medicine
(Robinton et al., 2012).

1.2.1 Disease modeling

The idea of disease modeling originated from the first description of human ESCs
and their potential to differentiate into any somatic cell type (Thomson et al., 1998).
This event inspired clinicians and scientist alike to use those cells for clinical
treatments, such as autologous cell transplantation for regenerative medicine, or for
modeling of genetic diseases, to gain further insights into disease mechanisms on
cellular level. However, before disease modeling could be conducted there was a
need to establish differentiation protocols for generation of desired cell types. Three
general approaches were established for the use of human ESCs as a starting point
for differentiation. The first approach promotes aggregation of cells to enable
formation of embryoid bodies (EBs; Doetschman et al., 1985). The second possibility
is to co-culture ESCs directly on stromal cells during differentiation (Nakano et al.,
1994). The third option is to differentiate ESCs as monolayer on extracellular matrix
proteins (ECM; Nishikawa et al., 1998). Current iPSC differentiation protocols are
based on EB formation or monolayer cultures on ECM proteins, inducing directed
germ layer differentiation into Endo-, Meso- and Ectoderm (Breckwoldt et al., 2017;
Palpant et al., 2016). Once cells are differentiated into a specific germ layer, they can
be programmed to become a specific cell type like a hepatocyte, a cardiomyocyte
(CMs) or a neuron (Hamazaki et al., 2001; Hescheler et al., 1997; Okabe et al.,
1996). Establishment of valid differentiation protocols marked the beginning of
disease modeling, as we know it today. However, the first study using human ESCs
was reported in 2007 (Eiges et al., 2007). It was a considerably amount of time for
the first disease modeling study to be published, since culture and differentiation
protocols were available already for more than ten years. Reasons for this might be
international restrictions using those cells, the scarcity of ESCs with inherited
diseases and insufficient gene editing techniques. With the emergence of hiPSCs in
2007 disease modeling studies were easier to conduct, as human embryos were not
needed anymore (Takahashi et al., 2007). Instead skin fibroblasts of patients carrying

inherited diseases could be used as the basis for disease modeling studies. Just two

26



years later, first studies were published on disease modeling of spinal muscular
atrophy and familial dysautonomia using patient-derived iPSCs (Ebert et al., 2009; G.
Lee et al., 2009). Both studies were successful in observing disease-related
phenotypes in patient-derived iPSCs when compared to healthy controls. Those
studies illustrated that the promise of iIPSC technology, gaining new insights into
human pathogenesis and treatment, could be fulfilled. Since then, numerous studies
have been published on different inherited diseases, including modeling of cardiac

diseases.

1.2.1.1 Modeling of cardiac diseases using iPSC technology

When modeling cardiac diseases, the desired cell types are ventricular-, atrial-,
pacemaker- and nodal-like CMs. Before differentiation protocols for those subtype-
specific differentiations were developed, first none subtype-specific protocols were
published in 2011, which mainly relied on previously established protocols using
human ESCs (Burridge et al., 2012; Kattman et al., 2011; Laflamme et al., 2007).
Main components of those protocols are: I) bone morphogenic proteins (BMPS),
which are part of the transforming growth factor-B (TGF-B) family; 1) wingless/INT
(WNTs) proteins; IIl) fibroblast growth factors (FGFs). Their sequential presence
mainly conducts cardiac development. The topic of CM differentiation will be
discussed in more detail in chapter 3.2 differentiation of CMs and generation of
human engineered heart tissue (EHT; Breckwoldt et al., 2017). Nevertheless, there
has been progress in production of subtype-specific CMs. To verify subtype-specific
differentiation most protocols relied on genetically modified hiPSCs, which carry a
fluorescent reporter under a subtype-specific promoter. This has been first reported
for ventricular-like CMs in 2013 (Bizy et al., 2013). To circumvent genetically
modifying iPSCs for subtype-specific differentiation it has been shown that
pacemaker- and atrial-like CMs can be generated by controlling the retinoic acid
and/or the FGF, BMP and Wnt signaling pathways (Birket et al., 2015; Devalla et al.,
2015). Additionally, timed supplementation of the chemical compound 1-ethyl-2-
benzimidazolinone was reported to promote the differentiation to nodal- and atrial-like
CMs (Jara-Avaca et al., 2017). Time will tell if studying those subtype-specific CMs

will also result in the observation of subtype-specific disease mechanisms. However,
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most established protocols for cardiac differentiation generate ventricular-like CMs
(Mummery et al., 2012).

With progress in CMs generation an increasing amount of studies modeling inherited

cardiac diseases have been also published (Fig. 12; Brandéo et al., 2017).
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Figure 12: Overview of inherited cardiac diseases that have been studied with hiPSC-CMs. ACM, arrhythmogenic
cardiom;/opathy; ALDH, aldehyde dehydrogenase; BrS, Brugada syndrome; BTHS, Barth syndrome; LTCC, L-
type Ca’’ channel; CPVT, catecholaminergic polymorphic ventricular tachycardia; DCM, dilated cardiomyopathy;
FD, Fabry disease; HCM, hypertrophic cardiomyopathy; JLNS, Jervell and Lange-Nielsen syndrome; LQTS, long
QT syndrome; Kv7.1, voltage-gated, slow rectifier potassium channel; Kv11.1, voltage-gated, fast rectifier
potassium channel; Navl.5, voltage-gated cardiac sodium channel; NCX, sodium/Ca®* exchanger; NKA,
sodium/potassium exchanger; SR, sarcoplasmic reticulum (adapted from Brandé&o et al., 2017)

Human iPSC-derived CMs (hiPSC-CMs) proved to be a versatile tool for contractile,
morphological, optical and electrophysiological analysis. Electrophysiology is most
commonly investigated when studying hiPSC-CMs using single-cell patch-clamping,
automated patch-clamp, multielectrode arrays or sharp electrodes, which were
mainly applied to 3D models of hiPSC-CMs (Moretti et al., 2010; Obergrussberger et
al., 2016; Asakura et al., 2015; Lemoine et al., 2017). Electrophysiological recordings
can distinguish between different subtypes of hiPSC-CMs and were for example
investigated in the context of long QT syndrome (LQTS; Moretti et al., 2010; Lahti et
al., 2012). LQTS is an inherited heart disease and patients have a prolonged QT
interval in ECG recordings, which is reflected by a prolonged action potential duration
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in hiPSC-CMs. Optical measurements of hiPSC-CMs are based on fluorescent
voltage- or Ca**-sensitive dyes, which can be used to measure electrical components
and Ca®* dynamics at the same time (Lee et al., 2012). High-resolution microscopy
enables not just real-time measurements of Ca2+ dynamics in the living cell, but can
also be used to assess morphological parameters, starting from cell size down to
organization and structure of organelles (Denning et al., 2016). Cell sizes of hiPSC-
CMs are of interest, since patients diagnosed for HCM develop a higher heart-to-
body-mass ratio, which might be reflected by increased cell size in vitro (Prondzynski
et al., 2017). However, the topic of HCM and modeling this disease with hiPSC-CM
will be presented in chapter 1.2.1.2 and in chapter 3.1. Apart from imaging
organelles, it is also possible to measure metabolic activity, for example of
mitochondria. Function of mitochondria can be measured by glycolysis and oxidative
phosphorylation and plays a crucial role when modeling diseases like Barth
syndrome (Denning et al., 2016; G. Wang et al., 2014). The parameter of contractility
is most favorable measured in 3D constructs of hiPSC-CMs, due to high cell to cell
variability and immaturity of 2D cultured hiPSC-CMs when compared to 3D models
(Uzun et al., 2016). One of the most prominent 3D models in the field are EHTs
(Stohr et al.,, 2013; Stohr et al.,, 2014; Breckwoldt et al.,, 2017). EHTs can be
measured with an automated video-based analysis system, which provides a high-
content readout of contractile function. Measurements can be done repeatedly under
sterile, steady-state conditions without the need for manual handling. 3D models of
hiPSC-CMs are important for modeling cardiac diseases, as it is reported that some
disease-specific phenotypes, for example for DCM, can just be observed when
studied in 3D models (Hinson et al., 2015).

1.2.1.2 Modeling of HCM using iIPSC technology

Modeling of HCM using hiPSC-CMs is able to recapitulate hallmarks of the disease
observed in humans for instance altered gene expression, increased cell size,
myofibrillar disarray, abnormal Ca®* handling, altered electrophysiology and altered
contractile force (Lan et al., 2013; Tanaka et al., 2014; Han et al., 2014; Dambrot et
al., 2014, Birket et al., 2015; Ojala et al., 2016; Pioner et al., 2016; Prondzynski et al.,
2017). HCM is caused by mutations in sarcomeric genes, with the highest prevalence
in MYH7 and MYBPC3 genes, encoding B-MHC and cMyBP-C, respectively (Frey et
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al., 2011). This is reflected by the studies that have been published so far, since they
are only investigating patient-derived hiPSC-CMs with mutations in those two genes.
However, MYH7 is not the major focus of this thesis and therefore the following will
focus on studies investigating MYBPC3 mutations (for review refer to Brandao et al.,
2017). In the first report published by Tanaka et al. (2014) hiPSC-CMs retrieved from
three healthy donors and three HCM patients were compared. For one HCM patient
sequencing of the MYBPC3 gene revealed a frameshift mutation (Gly999-
GIn1004del). hiPSC were differentiated to CMs using an EB formation protocol and
cultured further in suspension. EBs were dissociated after 30, 60 and 90 days of
culture and replated in 2D cultures for additional 7 days for subsequent analysis of
cell size. Additionally, 60-day-old EBs were used to measure myofibrillar disarray
using electron microscopy. The authors found that under baseline conditions the
differences in those parameters were rather low, yet significant between diseased
and healthy hiPSC-CMs. Seven days of endothelin-1 treatment induced a stronger
phenotype in the patient-specific hiPSC-CMs and therefore unmasked the HCM
phenotype. The authors assumed that this effect was due to the activation of the
endothelin-1/endothelin A receptor axis, which affects endothelin-1 signaling and CM
hypertrophy (Sugden, 2003). This study showed for the first time that modeling of
MYBPC3 mutations can be achieved using hiPSC-CMs and bring new insights of
pathophysiology in HCM on cellular level. In the same year, the study of Dambrot et
al. (2014) investigated the effects of serum supplementation in rat CMs, in hESC-
derived CMs and in hiPSC-CMs from one healthy individual and three HCM patients
with mutations in the MYBPC3 gene (¢.2373dupG). hiPSC-CMs were differentiated in
2D monolayers and after six days used for experimental analysis. By a series of
different culture conditions and sequential supplementation and omission of serum
for three of seven days, the authors found that HCM hiPSC-CMs exhibited a larger
cell size without serum supplementation than control hiPSC-CMs. However, serum
supplementation of HCM hiPSC-CMs induced no further effect on cell size in contrast
to control hiPSC-CMs that showed up to 3-fold higher cell areas. This study shows
that culture conditions can have an impact on the experimental outcome,
independent of the fact if hiPSC-CMs are derived from healthy or diseased
individuals. The authors suggested consistency improvement by carrying out the

experiments under serum-free or low serum conditions. One year later Birket et al.
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(2015) reported successful contractile force measurements of single hiPSC-CMs by
supplementation of triiodthyronine (T3), insulin-like growth factor 1 (IGF-1), and
dexamethasone to the culture medium. The same patient-derived hiPSC-CMs were
used for their investigation as reported in Dambrot et al. (2014). The authors
observed that T3 increased the resting membrane potential, whereas IGF-1 and
dexamethasone stimulated cell energetics and force generation. These findings
allowed measuring contractile forces of two control and three HCM hiPSC-CMs.
Contractile force was assessed in single cells by plating them on soft micropatterned
polyacrylamide gels containing fluorescent micro-beads. Bead displacement was
imaged and converted to a value of traction stress (Ribeiro et al., 2015). HCM hiPSC-
CMs showed lower force than control hiPSC-CMs. This study assessed contractile
forces for the first time in MYBPC3 mutant hiPSC-CMs and further improved culture
of hiPSC-CMs under serum free conditions. One year later another group of
researchers reported disease modeling using patient-derived hiPSC-CMs with an
inherited MYBPC3 mutation (GIn1061X; Ojala et al., 2016). The authors performed
gene expression analysis, Ca®* measurements, patch-clamp recordings and cell size
analysis to distinguish the phenotype of the HCM hiPSC-CMs. hiPSC-CMs were
differentiated in EB format and analyzed after one, three and six weeks in culture.
Cell size was higher, gene expression profiles differed, Ca®* transients were
abnormal and electrophysiological recordings revealed more arrhythmogenic events
in HCM hiPSC-CMs than in control hiPSC-CMs.

The four studies presented here showed that HCM phenotypes can be reproduced
with different MYBPC3 mutations in hiPSC-CMs to gain new insights into
pathophysiology of HCM on cellular level. However, there are still limitations
considering standardization of differentiation protocols, culture conditions, immaturity
and therewith culture duration of analyzed hiPSC-CMs. Besides, none of the
mentioned studies applied treatment options to reverse the disease related
phenotypes. Those issues have to be addressed in the future to guarantee fast and
safe development of hiPSC-CMs into valuable tools for disease modeling, drug safety

assessment and regenerative medicine.
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1.3 Aim of this thesis

Being aware of the fact that current treatment of HCM is empirical and focuses just
on improving symptoms of the disease by pharmacological and/or surgical
interventions, the aim of this study was to evaluate hiPSC-CMs as a tool to model
HCM and for assessment of trans-splicing, GR and CRISPR/Cas9 genome editing as

molecular-based interventions.

For this purpose three different iPSC lines were provided: one control cell line derived
from a healthy individual and two cell lines derived from HCM patients identified with
novel mutations in the MYBPC3 (c.1358dupC; p.Val454CysFsX21) or the ACTN2
(c.740C>T; p.Thr247Met) gene at the heterozygous state. These cell lines were the

basic subjects of investigation in this thesis focusing on three aims:

(1) Evaluation of MYBPC3 trans-splicing and gene replacement as therapeutic

options in hiPSC-derived cardiomyocytes.

(2) Differentiation of cardiomyocytes and generation of human engineered
heart tissue.

(3) Modeling of a novel ACTN2 mutation (c.740C>T; p.Thr247Met) in hiPSC-

derived cardiomyocytes using an isogenic control cell line.

(1) For evaluation of MYBPC3 trans-splicing and GR as therapeutic options, the
patient-specific  HCM cell line with a MYBPC3 mutation (c.1358dupC;
p.Val454CysFsX21) was used. Specific aims were to characterize molecular and
morphological phenotypes of the HCM cell line in comparison to a healthy unrelated
control hiPSC line. Furthermore, testing of MYBPC3 trans-splicing and GR in the
HCM cell line should result in changes on molecular and morphological level, similar

to what was observed in the healthy control cell line.

(2) For the development of a protocol focused on differentiation of cardiomyocytes
and generation of human engineered heart tissue several hiPSC lines were used,

including the healthy unrelated control and both patient-specific HCM cell lines with
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mutations in the MYBPC3 and the ACTN2 gene. Specific aims of this point were to
generate a cost-effective, EB-based, high-output differentiation protocol generating
high purity of CM, which can be further assessed for their functional characteristics in
a 3D model of EHTSs.

(3) For evaluation of a novel ACTN2 mutation (c.740C>T; p.Thr247Met) the patient-
specific hiPSC line was used. Specific aims were to generate an isogenic control cell
line with CRISPR/Cas9 genome editing and to characterize morphological

phenotypes and functional characteristics of both hiPSC-CMs in 2D and in 3D.

2. Material and methods

All materials and methods are stated in the publications presented in chapter 3.1 and

3.2, if not mentioned explicitly.

2.1 Material

2.1.1 Generation and analysis of a patient-specific hiPSC carrying a novel
ACTN2 mutation

The HCM patient was recruited in the outpatient clinic at the University Heart Center
Hamburg and provided written informed consent for the use of fibroblasts. The
reprogramming was performed as described in chapter 3.1 (Prondzynski et al.,
2017). DNA sequencing with a 19-gene cardiac panel identified a unique ACTN2
c.740C>T transition (p.Thr247Met) in exon 8, part of the ABD. Patient-specific
hiPSCs were subjected to the described cardiac differentiation protocol in chapter 3.2
(Breckwoldt et al.,, 2017) and analyzed in 2D-format and EHTs after 30 days in
culture. Estimation of differentiation efficiency by flow cytometry analysis resulted in
80-90% hiPSC-CMs content within different batches (data not shown).

2.2 Methods

2.2.1 Generation of an isogenic control cell line with CRISPR/Cas9 technology

For generation of an isogenic control cell line, patient-specific hiPSCs carrying a
novel ACTN2 mutation were used, hereafter named HCM cell line. CRISPR/Cas9
technology was used to repair the patient-specific mutation according to Ran et al.
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(Ran et al., 2013). In short, Cas9 nickase approach was used for induction of a DSB
in the desired locus. Single guide RNAs (sgRNAs) were designed using a publically
available design tool (crispr.mit.edu) and cloned into the pSpCas9n(BB)-2A-GFP
plasmid (Addgene). HDR was supported by supplying an exogenous repair template
encoding the WT sequence of ACTN2 from position g.54,148-54,270 (NG_009081.1;
Accession number NCBI). Repair templates were produced by IDT® as single-
stranded oligo donors (ssODNs). Silent mutations were introduced at genomic
positions 54,200 and 54,245 within the protospacer adjacent motif (PAM) sequence
for prevention of repeated cutting events and verification of successful genome
editing. HCM hiPSCs were transfected with the Amaxa Nucleofector™ (Lonza) using
the P3 Primary Cell 4D-Nucleofector® X Kit and the pulse code CA 137. Each
transfection approach consists of 800,000 HCM hiPSCs, 40 uM of ssODN, 1000 ng
of each plasmid pSpCas9n(BB)-2A-GFP (Addgene) containing sgRNA A and B. One
hour before transfection, HCM hiPSCs were treated with 10 uM Rock inhibitor Y-
27632 (Biorbyt). For transfection HCM hiPSCs were washed twice with PBS and
singularized with accutase (Gibco®; 5 min, 37 °C at 5% CO,). Enzymatic dissociation
was stopped by adding the same volume of conditioned medium (COM) containing
bFGF (30 ng/ml; Peprotech) and 10 uM Y. After counting, 800,000 cells were spun
down for 3 min at 150 g and subsequently resuspended in the transfection mix and
transferred into electroporation cuvettes (Lonza). After transfection, electroporation
cuvettes were incubated for 5 minutes at 37 °C in 5% CO,. 500 pL pre-warmed
COM, supplemented with FGF (30 ng/ml) and 10 uM Y was added to the transfection
mix that subsequently was plated onto Matrigel-coated (1:60; Corning®) 12-Well
plates. Transfected HCM hiPSCs were maintained for 48 hours and prepared for
fluorescent activated cell sorting (FACS) by accutase dissociation as described
above. FACS was performed using the FACSAria™ 11l (BD; FACS Core facility UKE
Hamburg) collecting GFP positive cells. GFP-positive cells were centrifuged for 3
minutes at 150 g and 2500 cells were plated into one well of a Matrigel-coated 6-well
plate. Cells were maintained by daily medium change until colonies were visible.
Picking was carried out using a 200-ul pipette, whereby each clone was transferred
into one well of a Matrigel-coated 48-well plate. Clones were maintained until
sufficient cell material was generated for cryopreservation and genomic analysis by

PCR. If genomic analysis revealed successfully repaired HCM hiPSC clones, these
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clones were subcloned by plating 1000 cells into one well of a Matrigel-coated 6-well
plate. Subcloned repaired HCM hiPSC clones were again picked and cultured, until
characterization could be repeated as described above. Furthermore, these clones
were analyzed for off-targets by PCR. Subcloning was introduced to minimize
chances of mixed clonal populations. Additionally, PCR fragments of these cells
containing the modified ACTN2 locus were subcloned using the CloneJET PCR
Cloning Kit (ThermoFisher Scientific) for discrimination of allele-specific genoytypes.
Finally, all used cell lines were regularly genotyped by PCR for the affected ACTN2

locus.

2.2.2 Genotyping and off-target analysis using polymerase chain reaction

To amplify specific DNA fragments, PCR was conducted according to Mullis (Mullis et
al., 1987). The applied PCR program was adapted to the used polymerase and
annealing temperatures of the primers (listed in the data sheet supplied with the
primers). The elongation time was adjusted to the length of the expected DNA
fragment and the synthesis rate was estimated to be 1 kb/min, unless noted
otherwise by the manufacturer. Genomic DNA template was used in an amount of 20
ng to 40 ng in a final volume of 20 pl and 50 ng to 100 ng in a final volume of 50 pl.
All used primers are listed in the appendix (7.1.8).

For genotyping of putative CRISPR/Cas9 modified HCM hiPSCs clones, touchdown
PCR (60 °C — 55 °C) was performed using PrimeStar® HS DNA Polymerase in a 50-
pl PCR approach, for 35 cycles according to the instructions of the manufacturers
protocol (Table 1). For off-target analysis of successfully repaired HCM hiPSCs
clones, touchdown PCR (60 °C — 55 °C) was performed using AmpliTaq® Gold DNA
polymerase in a total volume of 20 pl for 35 cycles according to the instructions of the

manufacturers protocol (Table 2).
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Table 1: Standard PCR program for PrimeStar® HS DNA Polymerase.

PCR step Temperature (°C) Time
Denaturation 98 10 sec
Annealing  Touchdown* (-0.5 °C/per cycle) 30 sec 11 cycles
Elongation 72 1kb/min
Denaturation 98 10 sec
Annealing 55 30 sec
Elongation 72 IKb/min 2+ cyeles
Final Extension 72 7 min
Cooling 4 i
*60°C-55°C
Table 2: Standard PCR program for AmpliTag® Gold DNA Polymerase.
PCR step Temperature (°C) Time
Initial Denaturation 94 5 min
Denaturation 94 30 sec 11 cycles
Annealing Touchdown™ (-0.5 °C/per cycle) 30 sec
Elongation 72 1kb/min
Denaturation 94 30 sec
Annealing 55 30 sec
Elongation 72 IKb/min 2 cycles
Final Extension 72 7 min
Cooling 4 =
*60°C-55°C

2.2.3 Sequencing of DNA

Sequencing analysis was performed by Eurofins MWG Operon according to the

instructions of their sample submission guidelines.

2.2.4 Analysis of contractile force in EHTs

Contractile force was analyzed as previously described (Mannhardt et al., 2016). In

short, 30-day old (+ 5 days) EHTs were incubated in modified Tyrode’s solution at

least two hours before starting an experiment (120 mM NaCl, 5.4 mM KCI, 1 mM
MgCl,, 1.8 mM CaCl,, 0.4 mM NaH,PO,, 22.6 mM NaHCOg3;, 5 mM glucose, 0.05 mM
Na;EDTA, and 25 mM HEPES) and incubated at 37°C in 7% CO, and 40% O,. The
24-well plate carrying the EHTs was placed inside a transparent chamber to maintain

homeostatic temperature (37 °C) and CO, (5%). Automated video-optical recordings

of silicon post deflection were enabled by a video camera placed above the chamber.
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Tracking of EHT movement and determination of contractile force was analyzed
based on the known mechanical properties of the silicon using a customized software
(CMTV GmbH). EHTs were electrically paced for experimental analysis (1 V, 2 Hz,
impulse duration 4 ms). The contraction peaks were analysed in terms of force, and
contraction (T1) and relaxation time (T,) at 80% of peak height.
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3. Results

3.1 Evaluation of MYBPC3 trans-splicing and gene replacement as

therapeutic options in human iPSC-derived cardiomyocytes.

In this chapter the report “Evaluation of MYBPC3 trans-Splicing and Gene
Replacement as Therapeutic Options in Human iPSC-Derived Cardiomyocytes” will
be presented, which was published in June 2017 in the journal of Molecular Therapy:
Nucleic Acids. In this report | was involved in conceptualization, methodology,
investigation, formal analysis and visualization of all experiments, as in project
administration, writing of the original manuscript and response to reviewers. My

contributions in this project resulted in a first-authorship.

Title: Evaluation of MYBPC3 trans-Splicing and Gene Replacement as Therapeutic

Options in Human iPSC-Derived Cardiomyocytes

Authors: Maksymilian Prondzynski, Elisabeth Kramer, Sandra D. Laufer, Aya

Shibamiya, Ole Pless, Frederik Flenner, Oliver J. Muller, Julia Miunch, Charles
Redwood, Arne Hansen, Monica Patten, Thomas Eschenhagen, Giulia Mearini and

Lucie Carrier
Journal: Molecular Therapy: Nucleic Acids, Volume 7, June 2017, pages 475-486
DOI: 10.1016/j.omtn.2017.05.008

Results: In this study hiPSC-CMs were evaluated from an HCM patient carrying a
novel MYBPC3 mutation (c.1358dupC; p.Val454CysFsX21) and from a healthy
donor. HCM hiPSC-CMs exhibited 50% lower MYBPC3 mRNA and cMyBP-C protein
levels than control, no truncated cMyBP-C, larger cell size, and altered gene
expression, thus reproducing human HCM features (Fig. 1). 5 and 3’ trans-splicing
was evaluated in control hiPSC-CMs seven days after transduction with an AAV.
Both trans-splicing approaches resulted in an efficiency of 1% compared to total
amount of MYBPCS3 transcripts (Fig. 2, 3). GR therapy, using the full-length MYBPC3
cDNA, resulted in 2.5-fold higher MYBPC3 mRNA levels in HCM and control hiPSC-
CMs (Fig. 4). Therefore cMyBP-C levels in HCM hiPSC-CMs were 81% of the control
level, hypertrophy was suppressed, and gene expression was partially restored to
control level in HCM hiPSC-CMs (Fig 4, 5).
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Evaluation of MYBPCS3 trans-Splicing
and Gene Replacement as Therapeutic Options
in Human IPSC-Derived Cardiomyocytes

Maksymilian Prondzynski,'* Elisabeth Kramer,* Sandra D. Laufer,”* Aya Shibamiya,>* Ole Pless,*
Frederik Flenner,’> Oliver J. Miiller,> Julia Miinch,>” Charles Redwood,® Arne Hansen,'> Monica Patten,>”
Thomas Eschenhagen,’? Giulia Mearini,'> and Lucie Carrier'-?

'Department of Experimental Pharmacology and Toxicology, Cardiovascular Research Center, University Medical Center Hamburg-Eppendorf, 20246 Hamburg, Germany;
2DZHK {German Centre for Cardiovascular Research), partner site Hamburg/Kiel/Liibeck, 20246 Hamburg, Germany; *Hamburg Zentrum fir Experimentelle
Therapieforschung {HEXT) Stem Cell Pacility, University Medical Center Hamburg-Eppendorf, 20246 Hamburg, Germany; “Praunhofer IME Screening-Port, 22525
Hamburg, Germany; *Department of Cardiology, Internal Medicine III, University Hospital Heidelberg, 69120 Heidelberg, Germany; *DZHK (German Centre for
Cardiovascular Research), partner site Heidelberg/Mannheim, 69120 Heidelberg, Germany; 7University Heart Center Hamburg, 20246 Hamburg, Germany; 3Radcliffe

Department of Medicine, University of Oxford, Oxford OX1 3PA, UK

Gene therapy is a promising option for severe forms of genetic
diseases. We previously provided evidence for the feasibility of
trans-splicing, exon skipping, and gene replacement in a mouse
model of hypertrophic cardiomyopathy (HCM) carrying a mu-
tation in MYBPC3, encoding cardiac myosin-binding protein C
(cMyBP-C). Here we used human induced pluripotent stem
cell-derived cardiomyocytes (hiPSC-CMs) from an HCM pa-
tient carrying a heterozygous ¢.1358-1359insC MYBPC3 muta-
tion and from a healthy donor. HCM hiPSC-CMs exhibited
~50% lower MYBPC3 mRNA and cMyBP-C protein levels
than control, no truncated cMyBP-C, larger cell size, and
altered gene expression, thus reproducing human HCM fea-
tures. We evaluated RNA frans-splicing and gene replacement
after transducing hiPSC-CMs with adeno-associated virus.
trans-splicing with 5 or 3’ pre-frans-splicing molecules repre-
sented ~1% of total MYBPC3 transcripts in healthy hiPSC-
CMs. In contrast, gene replacement with the full-length
MYBPC3 cDNA resulted in ~2.5-fold higher MYBPC3
mRNA levels in HCM and control hiPSC-CMs. This restored
the cMyBP-C level to 81% of the control level, suppressed hy-
pertrophy, and partially restored gene expression to control
level in HCM cells. This study provides evidence for (1) the
feasibility of frans-splicing, although with low efficiency, and
(2) efficient gene replacement in hiPSC-CMs with a MYBPC3
mutation.

INTRODUCTION

In the last decade, several strategies have been developed to correct or
remove gene mutations at the DNA or RNA level, including gene
replacement by cDNA overexpression, CRISPR/Cas9 gene editing,
exon skipping, spliceosome-mediated RNA frans-splicing (frans-
splicing), and RNAi (as reviewed elsewhere' ). Hypertrophic cardio-
myopathy (HCM) is a myocardial disease with a revised estimated
prevalence of 1:200 in the general population.* It is mainly character-

(W) oo

Molecular Therapy: Nucleic Acids Vol. 7 June 2017 @ 2017 The Author(s).
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

ized by hypertrophy of the left ventricle, increased interstitial fibrosis,
and diastolic dysfunction.” Current therapies, including B-blockers
and Ca®*-channel blockers, aim at the relief of symptoms, but they
are not curative.” HCM is caused by mutations in genes encoding
sarcomeric proteins. Among them, MYBPC3, encoding cardiac
myosin-binding protein C (cMyBP-C), is the most frequently
mutated gene.>” To date more than 350 HCM-causing MYBPC3
mutations have been reported in the literature.” The majority of
MYBPC3 mutations are truncating, leading to C-terminal-truncated
c¢MyBP-C proteins, which were never detected in the myocardial
tissue of HCM patients.®

c¢MyBP-C is a multidomain protein that plays a role in the regulation
of cardiac function and in sarcomeric organization.””"" A growing
body of evidence indicates that double heterozygous, compound
heterozygous, and homozygous mutations in sarcomeric genes are
associated with severe forms of cardiomyopathies.'*** Specifically,
individuals carrying bi-allelic truncating MYBPC3 mutations pre-
sented already at birth with various forms of cardiomyopathies (hy-
pertrophic, dilated, and/or left ventricular non-compaction), which
quickly developed into systolic heart failure and death within the first

year.”>"'” For these infants, there is no curative therapy other than
heart transplant. Recently, proof-of-concept studies reported the

feasibility of exon skipping, frans-splicing, RNAi, or gene replacement
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as gene therapy options in HCM mouse models.”* ' To move this
concept toward clinical application, advantage could be taken from
the use of human induced pluripotent stem cell-derived cardiomyo-
cytes (hiPSC-CMs). These cells have already been used for disease
modeling of long-QT syndrome,”** dilated cardiomyopathy,** **
and HCM,” " and they could be used as a platform for testing
different gene therapy options. In the present study, we evaluated
the feasibility and efficiency of MYBPC3 frans-splicing and gene
replacement strategies in hiPSC-CMs obtained from a healthy donor
and an HCM patient harboring a heterozygous truncating mutation in
the MYBPC3 gene.

trans-splicing involves two separate mRNAs, the target endogenous
mutant pre-mRNA and an exogenous wild-type (WT) pre-trans-
splicing molecule (PTM; as reviewed elsewhere™"). After gene trans-
fer of the PTMs, a splice event in frans can occur between the two
molecules, resulting in a chimeric repaired mRNA, which is then
translated into a corrected protein (Figure S1A). Beside the WT cod-
ing sequence, PTMs carry strong splice sequences and a binding
domain for specific recognition of the target. Depending on the posi-
tion of the mutation in the pre-mRNA, frans-splicing can occur in 5
or 3’ mode, and PTMs will contain a splice donor or acceptor site,
respectively. In the gene replacement approach, a correct copy of
the defective gene, i.e., full-length WT ¢cDNA, is provided to the cell
in order to replace the non-functional and/or missing protein (Fig-
ure S1B; as reviewed elsewhere’”?). In the present work, PTMs car-
rying each half of the MYBPC3 coding sequence and full-length WT
MYBPC3 ¢cDNA were packaged into the adenovirus-associated virus
serotype 9-SRLSPPS (hereafter AAV),” and analyses were done
7 days after AAV transduction.

RESULTS

HCM hiPSC-CMs Show Hypertrophy and cMyBP-C
Haploinsufficiency

At the time of septal myectomy, the patient had an interventricular
septal thickness of 26 mm, ejection fraction of >60%, and a left
ventricular outflow gradient of 85 mmHg. Genetic testing of genomic
DNA with a panel of 19 HCM genes revealed an insertion of a C
in exon 16 of the MYBPC3 gene (c.1358_1359insC; Figure S2) on
one allele of the HCM patient. This variant was not found in the
Exome Association Consortium (ExAC) Browser, which harmonized
sequencing data from more than 60,000 unrelated individuals (http://
exac.broadinstitute.org/), supporting its causal effect. The mutation
induced a frameshift and a premature termination codon (PTC) in
exon 16. At the protein level, an amino acid substitution at position
454 was followed by 21 new amino acids (p.Val454CysfsX21) and
truncation in the C3 domain of cMyBP-C.

Dermal fibroblasts from the HCM patient and from a healthy donor
(control) were reprogrammed into hiPSCs, followed by differentiation
into CMs (see the Materials and Methods). Both HCM and control
hiPSC-CMs were seeded in a confluent monolayer and cultured for
7 days. hiPSC-CMs of both cell lines exhibited spontaneous beating
(data not shown). After fixation, immunofluorescence analysis with an-
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tibodies directed against cMyBP-C and a-actinin showed a cross-stri-
ated pattern, indicating proper formation of sarcomeres (Figure 1A).
Cell size, as determined by automated analysis of large numbers of cells
(see the legend of Figure 1B), was significantly higher in HCM than in
control hiPSC-CMs (3,656 + 201 pm’ versus 2213 + 145 pm’%
Figure 1B). Total MYBPC3 mRNA level was 50% lower in HCM
than in control cells (Figure 1C). Mutant MYBPC3 mRNA was not de-
tected by Sanger sequencing or with a specific Tagman probe (data not
shown). The amount of cMyBP-C protein normalized to a-actinin
tended to belower (p = 0.064) in HCM than in control hiPSC-CMs (Fig-
ures 1D and 1E). No truncated protein (~52 kDa) was detected in HCM
cells (data not shown). The disease phenotype of HCM hiPSC-CMs was
further evaluated by gene expression profile of 49 proteins involved in
the regulation of cardiac hypertrophy and contraction with the nano-
String nCounter Elements technology (Figure S3; Table S1). Most of
the proteins associated with hypertrophy, cardiomyopathy, and/or
PI3K-Akt signaling exhibited higher mRNA levels in HCM than in con-
trol CMs (green bars), whereas many proteins involved in excitation-
contraction coupling or adrenergic signaling had lower mRNA levels
in HCM than in control CMs (red bars).

& trans-Splicing Is Feasible in hiPSC-CMs

We designed a 5 PTM that would be able, in principle, to repair all
MYBPC3 mutations contained in the first half of the gene. It carried
the WT MYBPC3 cDNA sequence from exon 1 to exon 21 under
the control of a CM-specific promoter (TNNT2, human cardiac
troponin T; Figure 2A). The 5 PTM included a binding domain for
base pairing with a complementary sequence (120 nt) in intron 21
of the MYBPC3 gene, a canonical 5 splice site sequence followed
by a downstream intronic sequence enhancer element, which has
been shown to markedly increase frans-splicing efficiency (Fig-
ure S4A).>" To allow specific detection of MYBPC3 trans-spliced
mRNA and ¢cMyBP-C protein, we included a FLAG-tag sequence at
the N terminus of the coding sequence (Figure 2A). To prevent trans-
lation of the PTM, we removed the polyA signal as described previ-
ously."” For gene transfer in hiPSC-CMs, 5" PTMs were packaged
into AAV. Beforehand, we tested the transduction efficiency of
different MOIs of AAV-TNNT2-GFP in control hiPSC-CMs. The
MOI of 10,000 proved to transduce >80% of hiPSC-CMs after
7 days of transduction (Figure S5).

Control hiPSC-CMs were then transduced with AAV-5" PTM or
AAV-Mock (empty virus; both at an MOI of 10,000) and cultured
for 7 days in 2D. Using PCR primers that amplify only trans-spliced
MYBPC3 transcript (Figure 2B), we obtained a specific fragment only
in AAV-5' PTM-transduced hiPSC-CMs, but not in non-transduced
or mock-transduced hiPSC-CMs (Figure 2C). After agarose gel
extraction, sequencing of the 2,180-bp trans-spliced MYBPC3 frag-
ment validated the presence of the FLAG-tag (Figure S6A). To eval-
uate the effect of frans-splicing on cis-splicing, total MYBPC3 mRNA
{ = trans-spliced + endogenous) was amplified with primers in exon 1
and exon 23 (Figure 2B). A specific amplicon was obtained in all sam-
ples without a major intensity difference among them (Figure 2C).
To estimate the efficiency of 5 trans-splicing, cDNA from AAV-5'
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Figure 1. Phenotypic Characterization of HCM
hiPSC-Derived Cardiomyocytes

Patient-specific {(HCM) and control (Ctrl) hiPSC-derived
cardiomyocytes (hiPSC-CMs) were seeded in a confluent
monolayer, cultured for 7 days, and prepared for
subsequent analysis. (A} Representative immunofiu-
orescence images of HCM and control hiPSC-CMs.
Both cell lines were stained with antibodies directed
against ¢cMyBP-C {red), =-actinin {green), and with
Hoechst33342 for nuclear staining (blue; scale bars,
50 pm). Higher magnification images of a few sarcomeres
are shown on the right panels. (B} Quantification of CM cell
size. Controland HCM hiPSC-CMs were seeded in 96-well
plates at a density of 10,000 cells/well, cuttured for 7 days,
and stained with an antibody against e-actinin. Cell size was
measured in 27-51 fields/well in both groups. Control
hiPSC-CMs were evaluated from 33 wells of three inde-
pendent experiments and HCM hiPSC-CMs from 21 wells
of two independent experiments, for a total of 28,336 and
12,874 CMs, respectively. Images were taken with the
Opera High-Content Screening System {PerkinElmer}, and
the analyses were performed with the Columbus Image
Data Management and Analysis System. {C) Evaluation of
MYBPC3 mRNA levels determined by gRT-PCR with SYBR
* Green in control and HCM hiPSC-derived CMs (n = 3-5,
with n = number of wells from one transduction experi-
ment). (D) Western blot of control and HCM hiPSC-CMs
stained with antibodies directed against cMyBP-C. a.-acti-
nin was used as the loading control. (E) Quantification of
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cMyBP-C protein levels in control and HCM hiPSC-CMs
normalized to z-actinin and related to control (n = 3-4, with
n = numker of wells from two independent transduction
experiments). Values are expressed as mean = SEM
(*p < 0.05 and **p < 0.001, unpaired Student's t test).
cMyBP-C, cardiac myosin-tinding protein C; CMs, car-
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PTM-transduced hiPSC-CMs was used to amplify either trans-
spliced or total MYBPC3 mRNA by PCR (25 cycles). PCR fragments
were column-purified and further analyzed by QPCR using a common
primer pair for amplification of the same fragment in all MYBPC3
transcripts. The percentage of trans-spliced MYBPC3 mRNA was
calculated using a standard dilution (2 x 10° — 2 x 10" copy number)
of a plasmid encoding the full-length WT MYBPC3 ¢cDNA. Samples
and standards were amplified with the same primer pair, enabling
us to specifically calculate a 5" trans-splicing efficiency of 0.96%
(Figure 2D). FLAG immunoprecipitation experiments to detect
trans-spliced cMyBP-C protein were not successful (data not shown),
probably due to low trans-splicing efficiency.

3 trans-Splicing Is Feasible in hiPSC-CMs
We designed a 3’ PTM, that would principally be able to repair all
MYBPC3 mutations contained in the second half of the gene. It car-

exon 22 (o exon 34 under the control of the
TNNT2 promoter (Figure 3A). The MYBPC3
¢DNA sequence was FLAG-tagged at the C ter-
minus (o discriminate the trans-spliced MYBPC3 mRNA and
c¢MyBP-C protein from endogenous ones. To prevent any translation
of the 3’ PI'M, no ATG sequence was introduced. To allow 3’ trans-
splicing, we also inserted in the 3’ PIM a binding domain (same
sequence as in 5 PTM) targeting intron 21 followed by a linker
sequence, a branch point, a polypyrimidine tract, and a 3’ splice site
(Figure S4B). After packaging in AAV, control hiPSC-CMs were
transduced with AAV-3' PTM or AAV-Mock (MOI 10,000), and
they were cultured for 7 days in 2D prior to collection. Primer pairs
for detection of trans-spliced or total MYBPC3 mRNA are shown
in Figure 4B. A specific 1,874-bp amplicon was obtained in the
AAV-3' PTM-transduced sample with primers designed to recognize
trans-spliced MYBPC3 mRNA. Sequencing of this amplicon validated
the presence of the FLAG sequence (Figures 3B and 3C; Figure S6B).
A fragment of similar size was detected in the non-transduced sample,
but sequencing did not reveal the FLAG sequence (data not shown).
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Similarly, PCR fragments also appeared in the AAV-3’ PTI'M-trans-
duced but without reverse transcriptase sample, indicating nonspe-
cific binding of the primers to the endogenous mRNA. RT-PCR
with a primer pair that amplified total MYBPC3 mRNA showed a
signal of similar intensity in non-transduced and in AAV-transduced
samples (Figure 3C). As was done for 5 trans-splicing, the efficiency
of 3’ trans-splicing was determined by QRT-PCR with a standard dilu-
tion (2 x 10° — 2 x 10" copy number) of the same plasmid carrying
the full-length WI' MYBPC3 ¢DNA. The concentration of trans-
spliced MYBPC3 mRNA reached 1% of the total (Figure 3D). Similar
to 5' trans-splicing, the trans-spliced cMyBP-C protein was not de-
tected after FLAG immunoprecipitation (data not shown).

Gene Replacement in HCM hiPSC-CMs Partially Corrects
cMyBP-C Haploinsufficiency and Reduces Cell Hypertrophy

To evaluate a gene replacement therapy option, the FLAG-tagged WT
MYBPC3 ¢cDNA under the control of the TNNT2 promoter was pack-
aged in AAV (AAV-FLAG-MYBPC3). After transduction (MOI
10,000) of control and HCM hiPSC-CMs, cells were cultured for
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Figure 2. §' trans-Splicing in Control hiPSC-Derived
Cardiomyocytes

(A) Schematic representation of 5 trans-splicing. &' pre-
trans-splicing molecules (5 PTMs) carry a 5’ FLAG-tag-
ged wild-type (WT) MYBPC3 cDNA sequence from exon
1 to exon 21, conserved &' splice donor site (5'SS) se-
quences, and a binding domain (BD) targeting intron 21.
Upon successful binding of 5 PTM to the endogenous
MYBPC3 pre-mRNA, &' frans-splicing can occur and
results in a trans-spliced MYBPC3 mRNA. (B) Schematic
illustration of primer pairs used to amplify either only frans-
spliced or trans-spliced and/or endogenous (total)
MYBPC3 mRNAs. The primer pair FLAG-F/E23-R was
used to generate a 2,180-bp fragment corresponding to
the frans-spliced MYBPC3 mRNA. frans-spliced and/or
endogenous MYBPC3 mRNA was amplified either using
the primer pair E1-F/E23-R (2,138-bp fragment) or the
primer pair E15-F/E16-R (193-bp fragment). (C} hiPSC-
derived cardiomyocytes (hiPSC-CMs) were transduced
with AAV-5' PTM or AAV-Mock (TNNT2 promoter without
insert) at an MOI of 10,000 and cultured in 2D for 7 days
prior to harvesting. Representative agarose gel of RT-
PCR, using specific primer pairs for frans-spliced and
total MYBPC3 mRNA, is shown {n = 5, from three inde-
pendent transductions). (D) Determination of the per-
centage of frans-spliced MYBPC3 mRNA by gRT-PCR. In
afirst round of PCR, either trans-spliced (FLAG-F/E23-R
primers) or total {(E1-F/E23-R primers) MYBPC3 mRNAs
were amplified from cDNA of AAV-5" PTM-transduced
hiPSC-CMs. PCR fragments were column-purified and
used in gPCR, together with a standard dilution of a
plasmid encoding full-length wild-type MYBPC3 cDNA,
using a common primer pair (E15-F/E16-R primers). Data
are expressed as mean = SEM with n = 3 {three wells of
one transduction experiment). AAV, adeno-associated
virus; bp, base pair; CMs, cardiomyocytes; E, exon; F,
forward; hiPSC, human induced pluripotent stem cell; NT,
non-transduced; MOI, multiplicity of infection; R, reverse;
RT, reverse transcriptase; WT, wild-type.

[ Endogenous
I Exogenous

7 days in 2D prior to harvesting. RT-PCR with specific primers for
exogenous MYBPC3 transcript revealed a specific fragment in both
control and HCM transduced hiPSC-CMs (Figures 4A and 4B). A
signal of lower intensity was also obtained in AAV-transduced sam-
ples, which were not retrotranscribed, corresponding to the trans-
gene. The transcription of the entire FLAG-MYBPC3 ¢cDNA sequence
was also validated (data not shown). Total MYBPC3 transcript was
amplified using a common primer pair in all samples, transduced
or not (Figures 1A and 4B). To quantify the overall level of MYBPC3
mRNA after transduction, a QRT-PCR was performed with a primer
pair recognizing both exogenous and endogenous MYBPC3 mRNA
transcripts (Figures 4A and 4C). About 2.5-fold overexpression of
MYBPC3 was obtained in both control and HCM transduced
hiPSC-CMs over the non-transduced cells (Figure 4C). To evaluate
the efficiency of gene replacement, RT-PCR with specific primers to
amplify either exogenous or total MYBPC3 transcripts was performed
in control and HCM transduced samples. PCR fragments were col-
umn-purified and used further for qPCR with a common primer
pair, together with a standard dilution curve of a plasmid carrying
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Trans-spliced MYBPC3 transcript

Endogenous MYBPC3 pre-mRNA

Figure 3. 3’ trans-Splicing in Control hiPSC-Derived
Cardiomyocytes

(A) Schematic illustration of 3' trans-splicing. 3' pre-tfrans-
splicing molecules (3' PTMs) contain a BD complemen-
tary to MYBPC3 intron 21, conserved 3’ splice donor site
sequences (3'SS), and a 3'-FLAG-tagged wild-type (WT)
MYBPC3 cDNA sequence from exon 22 to exon 34.
Upon successful binding of the 3’ PTM to the endoge-
nous MYBPC3 pre-mRNA, 3' trans-splicing can occur
and results in trans-spliced MYBPC3 mRNA. (B} Sche-
matic representation of primer pairs used to amplify either
only frans-spliced MYBPC3 mRNA or frans-spliced
and/or endogenous (total) MYBPC3 mRNA. The primer
pair E21-F/FLAG-R amplifies a 1,874-bp fragment spe-
cific of frans-spliced MYBPC3 mRNA. The primer pairs
E21-F/E33-R and E33-F/E33-R amplify in both frans-

B spliced and endogenous MYBPC3 mRNA a 1,812-bp
E21-FE=—==aisaingsn 1874-bp s <—FLAG-R and a 157-bp fragment, respectively. (G} Control hiPSC-

5 E1-21 WT MYBPC3 E22-34 FLAG 3 CMs were transduced with AAV-3" PTM or AAV-Mock
(MQI 10,000} for 1 week prior to harvesting. Represen-

E32-F—> 157 bp<— E33-R tative agarose gel of RT-PCR, using specific primer pairs

o e 1812:bp; wr=srmamss <€<—E33-R for trans-spliced and total MYBPC3 mRNA, is shown

Ladder 3PTM ~ 1004

(bp) NT 3PTM Mock -RT H,0 X

<

2000 4 9

1874 bp - - % 304
Trans-spliced MYBPC3 transcript 8 4 T

2000 %

- 8
P s 2

Total MYBPC3transcript

N4

Ctrl

the full-length wild-type MYBPC3 cDNA sequence (2 x 10° — 2 x
10" copy number). In control and HCM hiPSC-CMs, exogenous
MYBPC3 transcript level reached 70% and 57% of total, respectively
(Figure 4D). The level of cMyBP-C protein was determined by west-
ern blot analysis in protein samples, normalized to «-actinin content
and related to non-transduced control hiPSC-CM sample (Figures 4E
and 4F). The total cMyBP-C protein level did not differ between
transduced and non-transduced control hiPSC-CMs. In contrast,
c¢MyBP-C protein level was 2.5-fold higher (p < 0.05, Student’s
t test) in transduced than in non-transduced HCM hiPSC-CMs,
reaching 81% of the cMyBP-C level of the non-transduced control
sample (Figures 4E and 4F).

Sarcomere organization after transduction of control and HCM
hiPSC-CMs with AAV-FLAG-MYBP(C3 was evaluated by immuno-
fluorescence analysis with anti-FLAG and anti-a-actinin antibodies.
FLAG-cMyBP-C protein was properly organized in doublets at the
A-band of the sarcomere, well alternating with ¢-actinin located at
the Z-disk (Figure 5A). Finally, we evaluated the impact of MYBPC3
gene transfer on cell size. Cell size was significantly higher in non-
transduced HCM than in control hIPSC-CMs (Figure 5B). MYBPC3

{n = 9 from four independent transductions). (D) Deter-
mination of the percentage of trans-spliced MYBPC3
mRNA by qRT-PCR was performed as described in Fig-
ure 2D, with the common primer pair E33-F/E33-R. Data
are expressed as mean + SEM with n = 5 {five wells of
one transduction experiment). bp, base pair; CMs, car-
diomyocytes; E, exon; F, forward; hiPSC, human induced
pluripotent stem cell; NT, non-transduced; MOI, muilti-
plicity of infection; R, reverse; RT, reverse transcriptase;
WT, wild-type.

[ Endogenous
[ Exogenous

gene transfer did not affect cell size in control hiPSC-CMs (2,715 =
168 um? versus 2,665 + 120 pm® in non-transduced control). In
contrast, cell size was significantly lower in MYBPC3-transduced
than in non-transduced HCM hiPSC-CMs (3,205 + 139 pum? versus
4,409 + 217 um?), and it did not differ from non-transduced control
hiPSC-CMs (Figure 5B). MYBPC3 gene replacement lowered mRNA
levels of several proteins involved in cardiomyopathy and PI3K-Akt
signaling, and it increased mRNA levels of calcium-handling proteins
in HCM hiPSC-CMs (Figure 6).

DISCUSSION

In this study, we report the principal feasibility of two gene therapy
options for HCM in hiPSC-CMs from a healthy donor and an
HCM patient carrying a MYBPC3 truncating mutation. While our
data suggest that trans-splicing efficiency is too low to be a therapeutic
option to treat severe forms of HCM, the MYBPC3 gene replacement
strategy looks promising, particularly for its ability to circumvent
haploinsufficiency of cMyBP-C (restoration of a correct amount of
protein) and to reduce CM hypertrophy. Numerous studies have
used hiPSC-CMs as a tool for disease modeling of different car-
diac diseases, including HCM with MYBPC3 mutations.”* >
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Figure 4. Proof-of-Concept of MYBPC3 Gene Replacement in Human iPSC-Derived Cardiomyocytes
(A) Schematic illustration of full-length wild-type (WT) exogenous and total MYBPC3 cDNA/MRNA sequence {(exons 1-34). Location of primer pairs and size of amplicons are
shown. The primer pair FLAG-F/E2-R amplifies exclusively the exogenous MYBPC3 sequence (amplicon size: 193 bp). The primer pair E1-F/E2-R is suitable for amplification
of both exogenous and endogenous (total) MYBPC3 sequence {amplicon size: 151 bp). (B) Control and HCM hiPSC-CMs were transduced with AAV-FLAG-MYBPC3 {GR} or
AAV-Mock (Mock) at an MOI of 10,000 and cultured in 2D for 7 days before harvesting. Representative RT-PCR using primers shown in {A) for specific amplification is shown
{n =3, one well each from three independent transductions). (C) Evaluation of MYBPCS3 transcript levels in GR-transduced control and HCM hiPSC-CMs by qRT-PCR with a
common primer pair (n = 3-5, with n = number of wells of one transduction experiment). (D) Determination of the percentage of exogenous MYBPC3 mRNA by gRT-PCR. In
a first round of RT-PCR, either exogenous (FLAG-F/E2-R primers} or total (E1-F/E2-R primers) MYBPC3 transcripts were amplified in control and HCM GR samples.
After column purification of PCR fragments, a gqPCR with a common primer pair (E1-F/E2-R) was performed together with a standard dilution of a plasmid encoding full-length
(legend continued on next page)
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However, so far only one study used the gene replacement strategy
to correct a phospholamban (PLN) mutation associated with dilated

cardiomyopathy in vitro.”

We believe that the truncating p.Val454CysfsX21 MYBPC3 mutation,
described here for the first time, is HCM causing for the following rea-
sons. First, truncating MYBPC3 mutations were reported to have

Zoom merge

Figure 5. Phenotypic Characterization of Control
and HCM hiPSC-Derived Cardiomyocytes after
MYBPC3 Gene Transfer

{A) Representative images of non-transduced (NT) and
transduced (GR) control (Ctrl} and HCM hiPSC-CMs after
immunoflucrescence staining with anti-FLAG and anti-
a-actinin antibodies. Images were taken with a Zeiss LSM
800 microscope {scale bars, 20 pm). Higher magnification
images of a few sarcomeres are shown on the right panel.
(B) Quantification of CM cell size. NT and GR control and
HCM hiPSC-CMs were seeded in 96-well plates at a
density of 10,000 cells/well, cultured for 1 week, and
stained with antibodies against FLAG-tag and a-actinin.
Low-resolution images of >100 cells in each group from
six wells of one experiment each (Ctrl NT n = 108; Ctrl GR
n=110; HCM NT n = 114; HCM GR n = 133) were taken
with the Zeiss LSM 800 microscope and analyzed with Fiji
software (ImageJ). Data are expressed as mean + SEM
(***p < 0.001, two-way ANOVA plus Bonferroni post-test;
##¥5 < 0.001, unpaired Student’s t test).

a >110-fold higher odds ratio to cause HCM."
Second, this specific mutation was not found
in the population of about 60,000 unrelated
individuals of the ExAC Browser (http://exac.
broadinstitute.org/). HCM hiPSC-CMs revealed
larger cell size, higher mRNA levels of proteins
associated with hypertrophy, such as four and
a half LIM domains 1 (FHLI), S100 calcium-
binding protein A4 (S100A4), and connective
tissue growth factor (CIGF),
mRNA levels of proteins involved in calcium
handling, such as PLN, SERCA2A (ATP2A2),
ryanodine receptor (RYR2), and inhibitor 1
(PPPIR1A) than control CMs, all hallmarks of
HCM. This is in agreement with previous find-
ings using HCM hiPSC-CMs or human embry-
onic stem cell (hESC) carrying MYBPC3 muta-
tions.”*?**"*" While Dambrot et al.”” described
that the supplementation of serum in culture
medium masks the hypertrophic phenotype in
2D culture of hiPSC-CMs, in the present study
the enlarged cell size was evident already in the presence of serum,
as also reported by Ojala et al.”®

and lower

In addition to hypertrophy, the HCM CMs used in the present work
presented another hallmark of the MYBPC3-causing HCM, namely
haploinsufficiency (for review, see Marston et al.*?). Indeed, the
amounts of MYBPC3 mRNA and cMyBP-C protein were ~50% of

WT MYBPC3 cDNA {n = 3, three wells of one transduction experiment). (E) Western blot performed on pooled protein samples {n = 6, from three independent transduction
experiments) of non-transduced {NT) or transduced (GR) control and single protein samples (n = 3, three wells of one transduction experiment) of HCM hiPSC-CMs with anti-
cMyBP-C and anti-a-actinin antibodies. (F) Quantification of cMyBP-C level normalized to a-actinin and related to control NT pooled sample. Data are expressed as
mean + SEM {*p < 0.05, unpaired Student’s t test). E, exon; F, forward; NT, non-transduced; MOI, multiplicity of infection; R, reverse; WT, wild-type.
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Figure 6. Gene Expression Analysis of HCM hiPSC-
Derived Cardiomyocytes in the Absence of or after
MYBPC3 Gene Transfer

. The mRNA levels of transduced (GR) and non-trans-
duced (NT) HCM hiPSC-CMs were determined with the
nanoString nCounter Elements technology, normalized to
housekeeping genes, and related to NT CMs. Data are
expressed as mean + SEM {*p < 0.05, **p < 0.01, and
**p < 0.001, unpaired Student’s t test; n = 3, with
n = number of wells from one transduction experiment).

=1 HCMNT
B8 HCMGR

depends on different factors, such as efficient
delivery of PTMs to desired cell type and espe-
cially PTM design.”® Increasing the number of
viral particles used for transduction could be
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Cardiomyopathy PI3K-AKT signaling

the control hiPSC-CMs. Furthermore, the mutant nonsense mRNA
was not detected, suggesting that it is degraded by the nonsense-medi-
ated mRNA decay (NMD), as previously shown in Mybpc3-targeted
knockin HCM mice." The location of the PTC at >50-55 nt upstream
of the most 3’ exon-exon junction perfectly matches the NMD rules, ™
therefore supporting its NMD-mediated degradation. The expected
52-kDa truncated cMyBP-C protein was also not detected by western
blot, in agreement with previous observations in human myocardial
samples with truncating MYBPC3 mutations.”*” Thus, the combina-
tion of a unique truncating MYBPC3 mutation, cMyBP-C haploinsuf-
ficiency, and CM hypertrophy makes this hiPSC cell line a good test
bed for the application of different treatment options for HCM.

In the last years, mRNA frans-splicing has been evaluated both
in vitro and in vivo as an alternative option for currently incurable
genetic diseases, such as Duchenne muscular dystrophy and spinal
muscular atrophy (as reviewed elsewhere®””"). In the case of HCM-
associated MYBPC3 mutations, the frans-splicing approach was
appealing because by generating only two PTMs covering the first
and the second half of the MYBPC3 mRNA, one could principally
repair all the mutations and, therefore, treat 40%-60% of all HCM
patients.”” In addition, and in contrast to exon skipping mediated
by antisense oligonucleotides (AONSs), trans-splicing is expected to
result in a repaired full-length and functional cMyBP-C protein.
Furthermore, FDA or EMA authorization for marketing of two
PTMs as new medicinal products would be easier and quicker than
for several AONs.

In the present study, we showed the feasibility of both 5" and 3’ trans-
splicing in control hiPSC-CMs. However, we did not test these ap-
proaches in HCM hiPSC-CMs, since the efficiency of the process
was low and we were unable to detect repaired cMyBP-C protein.
This supports our previous data obtained in vivo in Mybpc3-targeted
knockin mice, in which the low amount of repaired cMyBP-C protein
produced by 5’ frans-splicing was not sufficient to prevent the devel-
opment of the cardiac disease phenotype.'” Efficient trans-splicing
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difficult, since at a certain point AAV turned
to be toxic for the cells (data not shown). On
the other hand, PTM design could be improved, particularly for the
binding domain. To have approximately the same packaging size
for the 5 PTM and 3’ PTM, we chose to target intron 21 in the
MYBPC3 gene. The binding domain covered 120 nt (of 246) and
was located roughly in the middle. However, we included highly
conserved splice donor and acceptor sites in the 5 PTM and 3’
PTM, respectively, which could be even stronger than the corre-
sponding sequences in MYBPC3 intron 21. We are aware that
additional systematic testing of different lengths and complementary
regions might have led to higher binding affinities for the endogenous
pre-mRNA and, therefore, to higher frans-splicing efficiencies.
Further optimization should be done in the future. Nevertheless,
this is the first proof of concept of frans-splicing in hiPSC-CMs.

Gene replacement by cDNA overexpression is another very attractive
treatment option for sarcomeric cardiomyopathies. Indeed, we
recently demonstrated that AAV-mediated delivery of full-length
WT Mybpc3 cDNA in homozygous Mybpc3-targeted knockin mice
not only prevented the development of cardiac hypertrophy and
dysfunction, by increasing the amount of ¢MyBP-C protein, but
also suppressed the expression of the endogenous mutant alleles.”*
Exogenous expression of a sarcomeric protein is expected to replace
in part or completely the endogenous counterpart, since the sarco-
mere is a tightly regulated system with a preserved stoichiometry of
all structural components.*® This is the case in this study for the con-
trol cell line since MYBPC3 gene transfer resulted in a 2.4-fold higher
level of MYBPC3 mRNA without change in the level of full-length
cMyBP-C protein. Similarly, MYBPC3 gene transfer resulted in a
2.6-fold higher amount of MYBPC3 mRNA in HCM cells. Impor-
tantly and because the basal level was lower than in control cell lines,
the cMyBP-C amount after gene transfer in HCM CMs reached 81%
of the control cell line. In this condition, we expected at least a partial
correction of the disease phenotype, since we previously showed that
restoration of 80% of the cMyBP-C level by MYBPC3 gene transfer
partially restores the disease phenotype of engineered heart tissue
derived from Mybpc3-deficient mice."” Indeed, the partial restoration
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of cMyBP-C haploinsufficiency was sufficient to suppress hypertro-
phy in HCM CMs. Exogenous FLAG-cMyBP-C proteins were prop-
erly incorporated into the sarcomere in both cell lines. MYBPC3 gene
replacement had a positive effect on mRNA levels of proteins associ-
ated with hypertrophy or calcium handling. For instance, serum
response factor (SRF) and S100A4, which are known to be higher
in cardiomyopathies,**** were significantly reduced after 7 days of
MYBPC3 therapy. In addition, levels of mRNAs encoding proteins
belonging to the PI3K-Akt Kyoto Encyclopedia of Genes and
Genome (KEGG) pathway, such as CTGF, collagens (COLIAI and
COL3A1), and fibronectin (FNI), were significantly reduced. The
mechanism by which the latter are regulated by gene therapy is not
certain, but it could be related to paracrine factors mediating the
crosstalk between CMs and fibroblasts (as reviewed elsewhere™*”").
Finally, gene therapy increased mRNA levels of calcium-handling
proteins, suggesting improvement of the cardiac contraction. We
are aware that a weakness of the findings reported here concerns
the comparison of the diseased line to an unrelated control and not
to a corrected isogenic hiPSCline. However, in line with our findings,
adenoviral-mediated MYBPC3 gene delivery for 7 days restored the
amount of cMyBP-C protein toward WT level and prevented hyper-
trophy in CMs derived from hESCs.*'

In conclusion, our findings support gene replacement by overexpres-
sion of MYBPC3 ¢cDNA as a promising therapeutic option, particularly
for infants with bi-allelic truncating MYBPC3 mutations.””™” This
causal therapy could prolong and improve quality of life of these
affected infants for whom no other therapy exists except heart trans-
plantation. The evaluation of the efficacy of therapeutic options in a
human cellular model, such as hiPSC-CMs, represents an intermedi-
ate step toward clinical application for these infants. Further studies
with large animal models of severe forms of cardiomyopathy are still
required to test AAV doses and delivery before going to first-in patient.

MATERIALS AND METHODS

Vector Design

The 5" PTM was obtained by fusion PCR of MYBPC3 exon 1-21 cod-
ing sequence (PCR1) and the binding domain in intron 21 (PCR2)
with partially overlapping primers. The list of primers is given in Ta-
ble S2. The amplicon of PCRI was obtained with a forward primer
(F5-1) containing the Nhel restriction site, the FLAG sequence,
and the first 16 coding nt of MYBPC3 exon 1. The reverse primer
{R5-1) for PCR1 contained the BamHI restriction site, the down-
stream intronic splicing enhancer (DISE) element sequence, followed
by the 5" canonical splice donor site and the last 15 nt of MYBPC3
exon 21. The MYBPC3 coding sequence was amplified from the
pSPORT-CMV-MYBPC3, clone BC151211.1 (Thermo Scientific).
The amplicon of PCR2 was obtained with a forward primer (F5-2)
containing a few nucleotides of the DISE, a BamHI restriction site,
and 18 nt of intron 21. The reverse primer (R5-2) comprised an
NotI restriction site and 18 nt of intron 21. Amplicons obtained in
PCR1 and PCR2 were then used as templates for a third (fusion)
PCR with primers F5-1 and R5-2. The 3’ PTM was obtained by fusion
PCR of three different PCRs. PCR1 was performed to amplify the

binding domain in intron 21 using a forward primer (F3-1) contain-
ing an Nhel restriction site followed by 18 nt of MYBPC3 intron 21
and a reverse primer (R3-1) comprising 14 nt of the linker sequence,
a BamHI restriction site, and 18 nt of MYBPC3 intron 21. PCR2 was
performed to amplify the 3 splicing sequences with forward primer
F3-2 (same sequence as R3-1) and reverse primer (R3-2) carrying
10 nt of MYBPC3 exon 22, 3’ canonical splice acceptor site sequence,
and the polypyrimidine tract. PCR3 was performed to amplify the
MYBPC3 coding sequence from exon 22 to exon 34 with a forward
primer F3-3 (same sequence as R3-2) and a reverse primer R3-3 car-
rying an Notl restriction site, the stop codon TGA, the FLAG
sequence, and 12 nt of exon 34. PCR1 and PCR2 were then used as
templates in PCR4 with primers F3-1 and R3-2 and finally PCR4
and PCR3 were fused in PCR5 with primers F3-1 and R3-3.

Production and Titration of AAV Particles

For production of AAV vectors, HEK293T cells were triple trans-
fected with modified rep2/cap9-plasmid p5E18-VD-2/9-SLRSPPS,*
plasmid pDGAVP containing adenovirus helper functions, and
one of the ITR-containing plasmids (scAAV-TNNT2-EGFP,””
pGG2-TNNT2-FLAG-MYBPC3, pGG2-TNNT2-5' PTM, or pGG2-
TNNT2-3' PTM, with FLAG-MYBPC3, 5 PTM, and 3’ PTM inserted
by Nhel and NotI). Transfection, harvesting, and purification were
performed as described previously.” In brief, cells were transfected
with PEI (Polysciences), harvested after 48-72 hr cells by Trypsin-
EDTA, and lysed in cell lysis buffer (50 mM Tris-Cl [pH 8.5],
150 mM NaCl, and 5 mM MgCl,). Cell lysates were sonicated with
a Sonorex TK device for 1 min at 48 W (Bandelin) and treated with
100 U Benzonase (Sigma-Aldrich) per milliliter of lysate for 30 min
at 37°C. AAV particles were then purified by iodixanol density
gradient ultracentrifugation, desalted (ZebaSpin desalting columns,
recommended for processing compounds >7,000 Da [7 MWCO];
Thermo Fisher Scientific) from 40% iodixanol to 1x PBS, followed
by concentration using Vivaspiné columns (10 MWCO, Sartorius).

Generation of Patient-Specific hiPSC Line

The HCM patient was recruited in the outpatient clinic at the Univer-
sity Heart Center Hamburg and provided written informed consent
for the use of fibroblasts. A skin biopsy was taken, washed in PBS,
minced, and placed in a six-well plate in fibroblast medium
(DMEM with 10% fetal bovine serum [FBS, PAA], 2 mM L-gluta-
mine, and 0.5% penicillin and streptomycin; all Life Technologies).
Dermal fibroblasts growing out of the explants were collected for
passaging or cryopreservation and used for subsequent reprogram-
ming at passage 5. The reprogramming was performed according to
previously published protocols with retroviruses encoding the human
transcription factors OCT3/4, SOX2, KLF4, and L-MYC.*~*

CM Differentiation, AAV Transduction, and Culture

CM differentiation from hiPSCs was performed following a three-
step protocol with generation of embryoid bodies (EBs) in spinner
flasks as described.”®"” After dissociation with collagenase 2, beating
CMs were transduced in suspension for 1 hr at 37°C with AAV at an
MOTI of 10,000. Transduced and non-transduced CMs were plated on
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Geltrex-coated (1:100, Gibco) 12-well or 96-well plates at a density of
440,000 cells/well or 10,000 cells/well, respectively. CMs were man-
tained in culture as a monolayer in DMEM (10% heat inactivated fetal
calf serum [FCS, Gibco], 0.1% insulin [Sigma-Aldrich], and 0.5%
penicillin/streptomycin [Gibco]) for 7 days at 37°C and 10% CO,
prior to further analyses.

Immunofluorescence Staining of hiPSC-CMs

Human iPSC-CMs were cultured for 7 days in 96-well plates (jiclear,
Greiner), then rinsed once with pre-warmed 1x PBS and fixed with
Histofix (Carl Roth) for 20 min at 4°C. After washing two times in
cold 1x PBS, hiPSC-CMs were incubated with primary antibodies
directed against the M-motif of ¢cMyBP-C (1:200, custom made),
FLAG (1:800, Sigma), and e-actinin (1:800, Sigma); diluted in perme-
abilization buffer (1 PBS [Gibco], milk powder 3% [w/v, Carl Roth],
and Triton X-100 0.1% [Carl Roth]); and incubated overnight at 4°C
under gentle agitation. After washing two times in cold 1x PBS,
hiPSC-CMs were incubated with secondary antibodies anti-mouse
Alexa Fluor 488 (1:800, Life Technologies) and anti-rabbit Alexa
Fluor 546 (1:800, Life Technologies), diluted in permeabilization
buffer, and incubated for 1-2 hr at room temperature under gentle
agitation and protected from light. In a final step, Hoechst 33342
(1:2,500, Thermo Fisher Scientific) diluted in 1x PBS was added to
the wells and incubated for an additional 20 min. After washing
two times in 1x PBS, hiPSC-CMs were ready for subsequent analysis
in the Opera High-Content Screening System (PerkinElmer) or by
confocal microscopy using a Zeiss LSM 800 microscope with Airy-
scan technology.

Measurement of CM Size

For quantification of hiPSC-CMs and for cell size analysis, the Opera
High-Content Screening System and the Zeiss LSM 800 with Airy-
scan technology system were used. For Opera analysis, stained
hiPSC-CMs in 96-well plates were loaded into the microscope,
and, depending on how many wells were included in the analysis,
500-2,500 images were taken in 10x magnification. Those images
were transferred in the Columbus Image Data Management and
Analysis System (PerkinElmer). Columbus delivers pre-tested
scripts, which were modified according to the characteristics of the
used hiPSC-CMs. In this process, single building blocks were defined
and accustomed to the hiPSC-CMs. Using the customized script,
bulk analyses of the experiments were done and cell parameters of
interest were obtained. For confocal microscopy, hiPSC-CMs were
stained in 96-well plates and >100 images per sample were recorded,
prepared according to the Opera analysis. Cell sizes from confocal
images were measured by using Fiji software (Image]). Quality
criteria for hiPSC-CM inclusion were set for single cells with well-
formed sarcomeres.

RNA Isolation and Expression Analysis

Total RNA was extracted from hiPSC-CMs using TRIzol Reagent
(Life Technologies), following the manufacturer’s protocol. The con-
version of cDNA was performed with SuperScript III First-Strand
Synthesis System (Invitrogen), according to the manufacturer’s in-

484 Molecular Therapy: Nucleic Acids Vol. 7 June 2017

Molecular Therapy: Nucleic Acids

structions. For reverse transcription, oligo(dT) primers supplied in
the kit and 200 ng extracted RNA were used. Touchdown RT-PCR
to detect different MYBPC3 transcripts in 5’ or 3’ trans-splicing ex-
periments (63°C-58°C and 67°C-62°C, respectively) was performed
using Phusion Hot Start IT High-Fidelity DNA Polymerase (Thermo
Fisher Scientific) in a total volume of 20 uL for 35 cycles, according to
the instructions of the manufacturer’s protocol. The qRT-PCR was
performed in triplicates with SYBR-Green (Fermentas) according to
the manufacturer’s instructions. Glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) was used as the housekeeping gene. The target
sequences were amplified during 40 cycles in an AbiPrism7000HT
cycler (Applied Biosystems). For expression analysis with the
nanoString nCounter Elements technology, a total amount of 50 ng
RNA was hybridized with a customized nanoString Gene Expression
CodeSet (Table S1) and analyzed using the nCounter Sprint Profiler.
The mRNA levels were normalized to five housekeeping genes
(ABCF1, CLTC, GAPDH, PGK1, and TUBB) and expressed as fold
change in HCM over control CMs.

Western Blot

Western blot analysis was performed on total crude protein lysates
from cultured hiPSC-CMs in the different conditions. Same amount
of proteins (20 pg/lane) of single samples or pooled samples (n = 5-6)
were separated on a 10% SDS-polyacrylamide (29:1) mini-gels (Bio-
Rad) and transferred by wet-electroblotting to nitrocellulose mem-
branes. Membranes were stained with the primary antibodies directed
against the M-motif of cMyBP-C (polyclonal, 1:10,000, custom made)
and @-actinin (monoclonal, 1:10,000, Sigma). Peroxidase-conjugated
secondary antibodies against mouse (1:20,000, Dianova) or against
rabbit (1:20,000, Sigma) were used. Proteins were visualized using
Amersham ECL Prime Western Blotting Detection Reagent (GE
Healthcare), and the signals were detected on Amersham Hyperfilm
MP (GE Healthcare). Signals were quantified with GeneTools image
analyzing software (Syngene).

Statistical Analysis

Data are presented as mean + SEM. Statistical analyses were per-
formed by Student’s t test and two-way ANOVA with Bonferroni
post-test using the GraphPad Prism 6.0 software. A value of p <
0.05 was considered significant.
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Figure S1: Schematic representation of two gene therapy approaches. (a) RNA frans-splicing. After virus-
mediated delivery, pre-trans-splicing molecules (PTMs) are transcribed in the nucleus. PTMs target the pre-mRNA
of the gene of interest (GOI) and produce via trams-splicing a repaired, chimeric mRNA, without mutation.
Translation of the repaired mRNA leads to a corrected fully functional protein. This process is competing with cis-
splicing, the classical splicing mechanism, by which endogenous mRNA and proteins are produced. (b) Gene
replacement. The mutation in the GOI results in low level or the absence of corresponding protein. After virus-
mediated delivery, a full-length wild-type ¢cDNA of GOI is transcribed in the nucleus. The resulting mRNA is

translated into functional protein that replaces the missing mutant endogenous protein. GOI: gene of interest; yellow

tag: i.e. FLAG to discriminate exogenous molecules; red bolt: gene mutation.
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Figure S2: Validation of the M/YBPC3 mutation at the genomic level. PCR was performed on genomic DNA
from blood cells from the HCM patient using intronic primers around MYBPC3 exon 16 and compared to a human
control sequence. Sanger sequencing confirmed the presence of an insertion of a C (¢.1358 1359insC) at the

heterozygous state in the HCM patient. Wild-type and frameshift sequences are also shown.

53



Fold change over Ctrl

01

F T T T SRS L RS R S PN S ST S RN ETER R RS EERARY.
- T
o = o WowWwIx o232 a
S N R R N R LRI E T EEEFE PRI
22ISSW RQQLLOLEa0 LREST SF5Q22005000000550802REI
S << <38 Z Sk 33 g(i):cxxxxxxx S8 xg”"t‘(
a (SR
Cardiomyopathies PI3K-Akt Adrenergic lon channels Apop-
signaling signaling tosis

Regulators of contraction

Figure S3: Gene expression analysis of Ctrl and HCM hiPSC-derived cardiomyocytes. Evaluation of mRNA
levels determined by nCounter NanoString technology in Ctrl and HCM hiPSC-derived CM (n=3-6, with n=number
of wells from one transduction experiment). Green bars are significantly upregulated and red bars are significantly

downregulated. Data are expressed as mean + SEM. P<0.05, unpaired Students #-test.
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Figure S4: Schematic illustration of PTMs. (a) The 5’PTM plasmid carries the 5°-FLAG-tagged wild-type (WT)
MYBPC3 coding sequence of exons 1 to 21 under the control of the human cardiac troponin T promoter (7NNT2).
The 5’PTM also included a chimeric intron, containing sequences from the human B-globin and immunoglobulin
(IgG) genes, conserved splice donor site (5°SS) followed by an intronic region (DISE) from the rat fibroblast growth
factor receptor 2 gene and 120 nucleotides for binding to MYBPC3 intron 21 (5 BD I-21). (b) The 3’PTM plasmid
carries wild-type (WT) MYBPC3 coding sequence of exons 22 to 34 under the control of the human cardiac troponin
T promoter (TNNT2). The sequence is FLAG-tagged at the 3" end before the stop codon (TGA). The 3’PTM includes
the same intron as in (a) and the binding domain targets the same sequence in MYBPC3 intron 21 as 5’PTM. In
addition, conserved 3’ splicing sequences such as branch point (BP) and polypyrimidine tract (PTT) are present.
ATG, start codon; BP, branch point; DISE, downstream intronic splicing enhancer element; Pz, cardiac troponin

T promoter; PPT, polypyrimidine tract; TGA, stop codon; 5'SS, 5'-splice site; 3'SS, 3'-splice site.
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Figure S5: Efficiency of AAV-TNNT2-GFP-mediated transduction in control hiPSC-derived cardiomyocytes.
hiPSC-CMs were transduced with MOIs of 1,000 up to 100,000 and cultured in 2D for seven days. GFP expression
was evaluated by epifluorescence microscopy. Corresponding bright field images are also shown. Scale bars, 400

um. GFP, green fluorescent protein; MOI, multiplicity of infection.
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5'PTM plasmid sequence 5'tggattacaaggatgacgacgataagcctgagccggggaagaagec 3
GATTACAAGGATGACGACGATAAGCCTGAGCCGGGGAAGAAGCC

Trans-spliced 5'PTM PCR Fragment

FLAG sequence gattacaaggatgacgacgataag

b

5‘cgcctggaggtgcgagtgectcaggattacaaggatgacgacgataagtg3’ 3'PTM plasmid sequence
CGCCTGGAGGTGCGAGTGCCTCAGGATTACAAGGATGACGACGATAAG

Trans-spliced 3'PTM PCR Fragment

gattacaaggatgacgacgataag FLAG sequence

Figure S6: Validation of trans-spliced M YBPC3 mRNA after 5’- and 3’-mode of trans-splicing. (a) Sequencing
of the gel-extracted 2,180-bp fragment amplified by RT-PCR with primers FLAG-F/E23-R in the AAV-5’PTM-
transduced hiPSC-CMs sample validated the presence of the FLAG sequence after alignment with the 5S’PTM
plasmid. (b) Sequencing of the gel-extracted 1,874-bp fragment amplified by RT-PCR with primers E21-F/FLAG-R
in AAV-3"PTM-transduced hiPSC-CMs sample validated the presence of the FLAG sequence after alignment with

the 3’'PTM. Alignment was performed with SnapGene® software. E, exon; RT-PCR, reverse transcriptase PCR.
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Supplemental Table S1. Acronyms and names of genes evaluated with the nanoString nCounter® Elements

technology.

Acronym  Name Accession number {NCBI)
ABCF1 ATP binding cassette subfamily F member 1 NM_001090.2
ACTAL Actin, alpha, skeletal muscle NM_001100.3
ACTC1 Actin, alpha, cardiac muscle 1 NM_005159.4
ACTN2 Alpha-Actinin 2 NM_001103.2
ATP1A1  Na/K-ATPase al subunit NM_000702.3
ATP1A2 Na/K-ATPase a2 subunit NM_001681.3
ATP2A2  ATPase sarcoplasmic/endoplasmic reticulum Ca2+ transporting 2 NM_001681.3
BAX BCL2 associated X, apoptosis regulator NM_138761.3
BCL2 BCL2, apoptosis regulator NM_000657.2
CACNAILC Calcium voltage-gated channel subunit alphal C {L-Type Ca2+ channel) NM_199460.2
CACNA1G Calcium voltage-gated channel subunit alphal G (T type Ca2+ channel) NM_198397.1
CASP3 Caspase 3 NM_032991.2
CASQ2 Calsequestrin-2 NM_001232.3
CLTC Clathrin heavy chain NM_004859.2
COL1A1  Collagen type | alpha 1 NM_000088.3
COL3A1  Collagen type Ill alpha 1 NM_000090.3
CTGF Connective tissue growth factor NM_001901.2
FHL1 Four-and-a-half-LIM-domains 1 NM_001449.4
FHL2 Four-and-a-half-LIM-domains 2 NM_001039492.2
FN1 Fibronectin 1 NM_212482.1
GAPDH Glyceraldehyde-3-phosphate dehydrogenase NM_002046.3
KCNA4 Potassium voltage-gated channel subfamily A member 4 {Ito,s K+ channel) NM_002233.3
KCNAS Potassium voltage-gated channel subfamily A member 5 {IKUR) NM_002234.2
KCND3 Potassium voltage-gated channel subfamily D member 3 {lto, f beta subunit, Kv4.3) NM_004980.4
KCNE1 Potassium voltage-gated channel subfamily E regulatory subunit 1 {MinK, Iks) NM_001127670.1
KCNE2 Potassium voltage-gated channel subfamily E regulatory subunit 2 {(MIRP2, Ikr) NM_172201.1
KCNH2 Potassium voltage-gated channel subfamily H member 2 {Ikr K+ channel) NM_172057.2
KCNIP2 Potassium voltage-gated channel interacting protein 2 {KChiP2 beta subunit, Ito) NM_014591.4
KCNJ11 Potassium voltage-gated channel subfamily J member 11 {Kir 6.2, IKATP) NM_000525.3
KCNJ12  Potassium voltage-gated channel subfamily J member 12 {Ik1 channel subunit 2) NM_021012.4
KCNJ2 Potassium voltage-gated channel subfamily J member 2 {lk1 channel) NM_000891.2
KCNJ3 Potassium voltage-gated channel subfamily ] member 3 {IKACH) NM_001260508.1
KCNJS Potassium voltage-gated channel subfamily J member 5 {IKACH) NM_000890.3
KCNMA1 Potassium calcium-activated channel subfamily M alpha 1 {BK Channel) NM_001014797.2
KCNN3 Potassium calcium-activated channel subfamily N member 3 {SK3) NM_002249.4
KCNQ1 Potassium voltage-gated channel subfamily Q member 1 {lks K+ channel) NM_181798.1
MEOX1 Mesenchyme homeobox 1 NM_001040002.1
MYH6 Myosin heavy chain 6 NM_002471.3
MYH7 Myosin heavy chain 7 NM_000257.2
NFKB1 Nuclear factor kappa B subunit 1 NM_003998.2
NPPA Natriuretic peptide A NM_006172.2
NPPB Natriuretic peptide B NM_002521.2
PGK1 Phosphoglycerate kinase 1 NM_000291.2
PLN Phospholamban NM_002667.3
PPP1R1A Protein phosphatase 1, regulatory {inhibitor) subunit 1A {I-1) NM_006741.3
RCAN1 Regulator of calcineurin 1 NM_004414.5
RYR2 Ryanodine receptor 2 NM_001035.2
S100A4  S100 calcium binding protein A4 (=FSP1) NM_002961.2
SCN10A  Sodium voltage-gated channel alpha subunit 10 {Na+ channel, Nav1.8) NM_006514.2
SCN5A Sodium voltage-gated channel alpha subunit 5 {Na+ channel, Nav1.5) NM_198056.2
SLC8A1 Solute carrier family 8 member Al {Natrium-Calcium Exchanger, NCX) NM_021097.1
SLC9A1  Solute carrier family 9 member Al {Na+/H+ exchanger) NM_003047.4
SRF Serum response factor NM_003131.3
TUBB Tubulin beta class 1 NM_178014.3
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Supplemental Table S2. Sequences of PCR primers

Primer

Sequence (5'to 3')

E1-F

GCCAGTCTCAGC AGCAA

E2-R

CAGGCCGTACTTGTTGCTG

115-F

CTGGGACCTGAGGATGTGGG

116-R

GGTGGGTGGGTGGCAAGTG

E15-F

CCAAGCGTACCCTGACCA

E16-R

CCCTCCTCCGATACTTCACA

E21-F

CCATTGTGGTTGTAGCTGGA

E23-R

CACACAGCAGCTTCTTGTCA

E33-F

CCCAAGATTTCCTGGTTCAAA

E33-R

CCTCGCCCTGTAAGTTGGT

FLAG-F

GGATTACAAGGATGACGACGA

FLAG-R

CTTATCGTCGTCATCCTTGTAATC

GAPDH-F

ATGTTCGTCATGGGTGTGAA

GAPDH-R

TGAGTCCTTCCACGATACCA

F3-1

TTCGACGCTAGCACCCACACTGCCCACCTT

R3-1

TGTTCCGCGGGGATCCTGTGTGGAACCAGCCAAG

F3-2

GTTCCACACAGGATCCCCGCGGAACATTATTATAAC

R3-2

CCTTATTCCCCTG CCGGAAA

F3-3

TTCCGGAAAACAGGGGAATAAGGC

R3-3

TTCGACGCGGCCGCTCACTTATCGTCGTCATCCTTGTAATCCTGAGGCACTCG

F5-1

TTCGACGCTAGCATGGATTACAAGGATGACGACGATAAGCCTGAGCCGGGGAAGA

R5-1

AGTGTGGGTGGATCCAGGCCAACCCATGGAAAGAAAGAGCTGTACTCACCTGCGTGATAGCCTTICTG

F5-2

GGGTTGGCCTGGATCCACCCACACTGCCCACCTT

R5-2

TTCGACGCGGCCGCTGTGTGGAACCAGCCAAG
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3.2 Differentiation of cardiomyocytes and generation of human

engineered heart tissue

In this chapter the report on “differentiation of cardiomyocytes and generation of
human engineered heart tissue” will be presented, which was published in May 2017
in the journal Nature Protocols. In this report | was involved in the development and
validation of the protocol by applying it to the investigated hiPSC lines in this thesis
and performing regular FACS analysis of all generated hiPSC-CMs in our
department. My contributions in this project resulted in a co-authorship.

Title: Differentiation of cardiomyocytes and generation of human engineered heart

tissue

Authors: Kaja Breckwoldt, David Letuffe-Breniére, Ingra Mannhardt, Thomas
Schulze, Barbel Ulmer, Tessa Werner, Anika Benzin, Birgit Klampe, Marina C

Reinsch, Sandra Laufer, Aya Shibamiya, Maksymilian Prondzynski, Giulia Mearini,

Dennis Schade, Sigrid Fuchs, Christiane Neuber, Elisabeth Kramer, Umber Saleem,

Mirja L Schulze, Marita L Rodriguez, Thomas Eschenhagen and Arne Hansen
Journal: Nature Protocols, Volume 12, Number 6, May 2017, pages 1177-1197
DOI: 10.1038/nprot.2017.033

Results: In this study various lines of hiPSCs were used to develop a differentiation
protocol for CMs, which can be used for the generation of human EHTSs. This protocol
describes expansion of hiPSCs, standardized generation of defined EBs, growth
factor and small-molecule-based cardiac differentiation and standardized generation
of EHTs. hiPSC-CMs were generated with purities over 90% (Fig. 1), which occurred
within 14 days in a three-step protocol (Fig. 3). For further use of hiPSC-CMs in the
EHT format, EBs were enzymatically dissociated to undergo 3D assembly (Fig. 4).
This produced fibrin-based EHTs that generate force under auxotonic stretch
conditions. Ten to fifteen days after casting, the EHTs can be used for contractility

measurements and further experimental testing (Fig. 7).
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Since the advent of the generation of human induced pluripotent stem cells (hiPSCs), numerous protocols have been developed to
differentiate hiPSCs into cardiomyocytes and then subsequently assess their ability to recapitulate the properties of adult human
cardiomyocytes. However, hiPSC-derived cardiomyocytes (hiPSC-CMs) are often assessed in single-cell assays. A shortcoming of
these assays is the limited ability to characterize the physiological parameters of cardiomyocytes, such as contractile force, due
to random orientations. This protocol describes the differentiation of cardiomyocytes from hiPSCs, which occurs within 14 d.
After casting, cardiomyocytes undergo 3D assembly. This produces fibrin-based engineered heart tissues (EHTs)—in a strip
format—that generate force under auxotonic stretch conditions. 10-15 d after casting, the EHTs can be used for contractility
measurements. This protocol describes parallel expansion of hiPSCs; standardized generation of defined embryoid bodies,

growth factor and small-molecule-based cardiac differentiation; and standardized generation of EHTs. To carry out the protocol,

experience in advanced cell culture techniques is required.

INTRODUCTION

Human-pluripotent-stem-cell-derived cardiomyocytes are
extraordinarily powerful tools within the field of cardiovascular
research. Cardiomyocytes differentiated from hiPSCs via various
protocols have been used to address questions related to cardiac
toxicity and disease modeling!2. The majority of these proto-
cols are based on single-cell models. An important limitation
of single-cell assays is their poor representation of the in vivo
cardiovascular environment. Single cardiomyocytes lack impor-
tant characteristics such as cellular networks, a 3D extracellular
matrix and a defined auxotonic load. Furthermore, sarcomeric
organization of myofilaments, a hallmark of mature functional
cardiomyocytes, is primitively developed in single cardiomyo-
cytes3. Evaluation of contractile force in single cells is therefore
poortly established.

Engineered 3D heart tissues can improve these limitations.
Several protocols for generating cardiac constructs from single
cells have been established during the past two decades. These
protocols mix single cells from neonatal animal hearts, or
pluripotent-stem-cell-derived cardiomyocytes from mice or
humans, with extracellular matrices such as fibrinogen, collagen
or Matrigel. Depending on the specific protocol, different modes
of tissue stretching (isometric/static and auxotonic) and contrac-
tile force analysis (force transducer, video—optical monitoring)
are used. Progress in the field can be expected from improved
protocols to differentiate cardiomyocytes with high efficiency at
large scale and reasonable cost with suitable formats for generat-
ing EHTs at high levels of standardization. This protocol describes
a step-by-step procedure for expanding undifferentiated hiPSCs,
differentiating them into cardiomyocytes and generating fibrin-
based EH'TS in a 24 -well plate format*-¢. It includes detailed infor-
mation regarding scalability and the optimal ratio of input cells
to cell culture medium.

The scalability and efficiency of this differentiation protocol and
the easy, reliable method of generating EHTs provide the oppor-
tunity to study physiological and pharmacological properties of
human heart tissue in vitro. Using the protocol described here, it
has been shown that EHTs with hiPSC-CMs have a high similar-
ity to native human heart tissue, indicating that human EHTS are
useful for predictive safety pharmacology and toxicology testing,
as well as disease modeling’. Concerning the electrophysiological
properties of hiPSC-CMs, it has been shown that they express L-type
Ca?* current at the same density as human adult CMs and that the
EHT culture format favorstheir maturation®. Furthermore, human
EHTs formed large grafts after transplantation onto injured guinea
pig hearts. They improved left ventricular and electrophysiological
function and were able to electrically couple to host myocardium?.

Development of the protocol
Among the cell culture protocols currently in use for the expan-
sion of undifferentiated hiPSCs, the largest differences are in the
level of standardization and pricel®-14. We decided to optimize
our protocol based on a cost-effective medium composition, in
which pluripotency is driven by a combination of three growth
factors (basic fibroblast growth factor (bFGF), transforming
growth factor-f (TGEB), activin A and the small-molecule bone
morphogenetic protein (BMP) inhibitor dorsomorphin )14 bFGE
which is very important for maintaining hiPSC pluripotency!>-19,
is both temperature and protease sensitive. To circumvent these
problems, we replaced standard bFGF with an engineered bFGF
variant with increased thermostability and higher resistance
to proteases, while retaining the same biological properties as
naturally occurring bFGF20.

Several protocols for cardiac differentiation are available21-25,
but the inter- and intra-laboratory variability is high26 (reviewed
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in Moretti et al27). We have optimized a previously published
protocol based on embryoid body (EB) formation, as suspension-
culture-based protocols are better suited to large-scale produc-
tion. This is because, in contrast to 2D cultures, the number
of cultivated cells is not limited to the growth surface, and the vol-
ume of culture medium can be adjusted accordingly. An important
shortcoming of EB-based protocols is the difficulty involved in
consistently producing homogeneous EBs. Spontaneous EB for-
mation is difficult and sensitive to the confluency of the undif-
ferentiated cells, and the EBs are often heterogeneous in size.
EB formation by forced aggregation, on the other hand, does not,
in our experience, depend on cell confluency, and it produces
EBs of a defined size. However, microcavity plates are expen-
sive, and scaling up this technique is difficult and very laborious.
Conversely, spinner-flask-based protocols for EB formation require
only dissociation of hiPSCs into single cells and subsequent cul -
ture of hiPSCs in stirred spinner flasks with glass bulb impellers.
Such protocols have also been described for expansion of hiPSCs
in suspension?8:29. This method is, in our experience, very reliable
and it provides EBs that are homogeneous in size, independent of
cell line and confluency of the hiPSC culture. Furthermore, spin-
ner-flask-based protocols have a high potential for scalability.
Mesoderm induction is achieved by the parallel addition of
bEGE BMP-4 and activin A in an RPMI-based medium composi-
tion. The small-molecule WNT-signaling activator CHIR99021
has also been shown to be an effective inducer of mesodermal
progenitors®?-33, As compared with protein growth factors, small
molecules tend to be more consistent in quality and more cost-
effective. Pilot experiments indicate that our protocol is compat-
ible with CHIR99021 for mesoderm induction, leading to efficient
cardiomyocyte differentiation from various stem cell lines. We
chose to optimize our protocol for mesoderm induction with
BMP4, activin A and bFGE as this combination was previously
shown to faithfully recapitulate mammalian embryonic develop-
ment?3. Given the complexity of embryonic cardiac development
and the lack of an understanding of how to promote cardiomy-
ocyte maturation, we hypothesized that a protocol that closely
replicates the steps involved in mammalian mesoderm/cardiac
specification represents the best possible starting point. Further
cardiac specification is conducted with potent small-molecule
WNT antagonists and subsequently with insulin®34. Using this
protocol, the onset of spontaneous beating is observed between

days 8 and 10 (Supplementary Videos 1-3). WNT antagonists are
omitted after day 11. hiPSC-CMs are dissociated into single cells
and subjected to further analysis and EHT generation.

Several different techniques for the generation of EHTs are cur-
rently available>35-39. They differ in the size of the construct, the
mode of tissue anchoring, the choice of extracellular matrix and
the techniques used to analyze the tissue. The fibrin-based, strip-
format EHTs described in this protocol can be repeatedly gener-
ated with minimal manual handling in a 24-well format4>.

Advantages and limitations of the method. This protocol allows
for the standardized production of hiPSC-CMs at both a scale and
cost that are suitable for the generation of EHTs. In a successful
differentiation run, 60 X 106 hiPSCs (four T80 flasks) on average
give rise to 48 x 106 hiPSC-cardiomyocytes (70-97% Troponin
T-positive; Tables 1 and 2, Fig. 1 and Supplementary Fig. 1),
which are enough cells to prepare two 24-well plates of EHTs
(Table 1). The estimated cost associated with preparing one plate
of EHTS is 180, including costs incurred during hiPSC culture
(for 4 d), cardiomyocyte differentiation, EHT generation and
EHT cultivation (for 21 d).

The differentiation procedure described here is based on
EB differentiation protocols, which were shown to recapitulate
distinct stages of embryonic development and mesodermal
germline commitment?3. Compared with activating WNT sig-
naling with the small-molecule CHIR99021, which has also
been shown to be an effective inducer of mesodermal progeni-
tors3%-33, there are disadvantages, including the limited stability
of proteins, variability in their biologic activity and higher costs.
However, although protein growth factors are more expensive
than small molecules, the media compositions used in our pro-
tocol are cheaper overall as compared with those used in many
of the published protocols using mTeSR, Stem Pro-34 or other
media. For WNT signal inhibition during cardiac differentiation,
an IWR-1 (4-(1,3,3a,4,7,7a-hexahydro-1,3-dioxo-4,7-methano-
2H-isoindol-2-y1)-N-8-quinolinyl-benzamide) analog (DS-1-7)
was used. This analog has been found to have a higher selectivity
than IWP, as well as a higher potency and stability as compared
with those of IWR-1 (ref. 34).

Contractile force is a very important parameter of cardiomyo-
cyte function. Depolarization of a cardiomyocyte by an action
potential leads to the entry of calcium into the cell through L-type

TABLE 1 | Format, timing and concentrations for cardiomyocyte differentiation of hiPSCs.

Number

of culture Number of Volume of
Step(s) Culture format formats cells/EB volume medium/format Timing
8: hiPSC expansion T80 cell culture flask 4 60 x 106 (15 x 106 per T80) 20 ml of FTDA 4d
23-40: EB formation Spinner flask 1 60 x 109, suspension 200 ml of EB formation medium 1d
41-55: Mesoderm T175 cell culture flask 2 300-pul EB volume, 40 ml of mesoderm induction 3d
induction suspension medium
56-66: Cardiac T175 cell culture flask 1 200-ul EB volume, 46 ml of cardiac differentiation 10d
differentiation suspension medium I/II/III
67-76: Dissociation T175 cell culture flask 1 48 x 100 20 ml of collagenase II solution 4h
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TABLE 2 | Differentiation efficiency and efficacy of different control and disease-specific cell lines.

Ctr. 1, Ctr. 2, Ctri 3: CPVT, DCM-1, DCM-2, HCM, DM1, Average,
Cell line n=23 n==6 n=4 n==6 n=3 n=11 n=5 n==6 n=64
cTNT-positive cells (%) 87 +8 88+5 86+11 86+4 89 +3 82 +11 86+5 87 +7 85+ 4
CMs per hiPSC 1.2+08 03+0.1 0.6+0.5 1.5+0.6 1.4+ 0.6 0.6+05 0.6+0.2 05+0.3 0.8 +0.5

Replicate numbers refer to the number of performed differentiations. CMs per hiPSC compare final numbers of CMs with the input of hiPSCs for embryoid body formation. Mean values + s.d. are given. CPVT,
catecholaminergic polymorphic ventricular tachycardia; ¢TNT, cardiac troponin T; Ctr., Control; DCM, dilated cardiomyopathy: DM, myotenic dystrophy; HCM, hypertrophic cardiomyopathy.

calcium channels and the subsequent release of calcium from the
sarcoplasmic reticulum (SR) through ryanodine receptors. The free
calcium binds to troponin-C at the regulatory complex of the actin
filaments, which induces a conformational change of troponin-L.
The resulting binding of actin to the myosin ATPase located on the
myosin head results in ATP hydrolysis, which supplies energy for a
conformational change to occur in the actin-myosin complex. The
movement between the myosin heads and actin leads to shorten-
ing of the sarcomere length. At the end of the action potential,
calcium is sequestered by the SR via an ATP-dependent calcium
pump (SERCA, sarco-endoplasmic reticulum calcium-ATPase). In
this way, the cytosolic calcium concentration and conformational
changes are reversed, and the initial sarcomere length is restored.
The majority of heart diseases have a direct (effect on sarcomeric
proteins) or indirect (effect on ion channels) impact on cardio-
myocyte force production. Therefore, the ability to measure and
analyze force in a standardized and reproducible manner is highly
beneficial. Furthermore, as the ultimate goal is the development of
a surrogate for the human heart, human engineered tissues have
inherent advantages over laboratory animal models because of their
lack of species differences. This is partly balanced by engineering
artifacts and a nonphysiological cellular composition. Analyzing
cardiomyocyte contractile forces in single-cell assays is a very dif-
ficult task. Disorganized myofilaments in single cells make repeated
and accurate force measurements difficult. Conversely, EHTs can
be generated by standardized procedures, and are characterized
by improved cellular alignment and sarcomeric organization of
myofilaments. A key aspect of this technique is that the tissues are
attached to tlexible polydimethylsiloxane (PDMS) posts, which
provide an auxotonic stretching environment. Auxotonic stretch
is a combination of isometric and isotonic stretching, and is con-
sidered to be the physiological mode of stretching within the heart.
This EHT protocol is complementary to other 3D3%36:39—44 or mus-
cular thin-film-based*> technologies. Important characteristics are
cell number per construct, depending on construct size (1 X 10°
cells per EHT, 1 x 10 cells per construct36:3%4244, 500 cells per con-
struct0,6 x 103 to 10 x 103 cells per construct#3, 2.5 x 105 cells per
construct3d or 2.5 X 109 cells per construct#?), and the requirement
of additional fibroblasts or stromal cells for remodeling3:40,

In the EHT format, contractile force can be studied by con-
ventional force transducers, as well as video—optical recording.
Measurements with conventional force transducers*e—$ offer the
advantage of absolute force determination under isometric condi-
tions. On the other hand, they require transfer to organ baths and
are therefore generally performed as end-point measurements
under nonsterile conditions. The procedures are less standardized
because more manual handling is required, provide a low level of
automation and do not allow tor long-term analyses. We there-
fore prefer video—optical recordings of auxotonically contracting
24-well EHTs under steady-state conditions.

A number of in vitro tools, such as adeno-associated virus
transduction®?, electrophysiology$, calcium-transient measure-
ments® and afterload modification?, can all be adapted to the
human EHT format. Therefore, technologies for generating and
analyzing EHTs will have a catalyzing impact on research areas
such as disease modeling, regeneration of damaged heart tissue,
predictive safety pharmacology/toxicology screening and basic
research in cardiovascular medicine.

An important limitation of this technology, as compared with
single-cell assays, is the high number of cells required (1.0 x 10¢
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Figure 1 | Quantitative analysis of cardiomyocytes differentiated from hiPSCs
(day 17). (a) Isotype control. (b) Staining with an antibody directed against
troponin T. (c) Staining of dead cells with Fixable Viability Dye eFluor 660
after thawing of cardiomyocytes, cryopreserved on day 17 of differentiation.
Number of analyzed cells is 5 x 104 (a), 1 x 10° (b) and 5,000 (c). For details
about antibodies and gating strategy, see Supplementary Figure 1.
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Figure 2 | Expression of pluripotency markers by hiPSCs. Representative FACS
analysis of two different control cell lines and a patient-derived myotonic
dystrophy cell line (DM-1) after staining with antibodies directed against
TRA-1-60 (blue) and SSEA-3 (pink) with respective isotype controls (gray).
For details about antibodies, number of analyzed cells and gating strategy,
see Supplementary Figure 2.

cells per EHT). In addition, although our protocol is cost -effective,
the differentiation efficiency and efficacy show variability
between different cell lines and differentiation runs (see also the
‘Anticipated Results’ section and Table 2). In addition, smaller
EHTs with fewer cardiomyocytes per tissue, in a 96-well for-
mat, are desirable, as they would result in a higher experimental
throughput. However, achieving this would require advanced
manufacturing technologies, and such small tissues would be
difficult to handle manually.

Experimental design

In this protocol, cardiomyocyte differentiation begins with the
expansion of undifferentiated pluripotent stem cells. We passage
undifferentiated hiPSCs twice per week (usually on Monday and
Thursday) and seed 6.5 x 104 cells per cm?, leading to a cell den-
sity of 1.9 X 10° to 2.5 x 10° cells per em? (15 x 106 to 20 x 10¢
cells per T80 flask) after 3 d in culture. EB formation is initiated
1 week after expanding hiPSC culture from a six-well maintenance
culture to a T80 flask format. Important measures for quality con-
trol are the microscopic verification of typical morphology for
undifferentiated hiPSC colonies, passaging intervals, FACS analy-
sis of the pluripotency markers TRA-1-60 and SSEA-3 (ref. 32)
(Fig. 2, Supplementary Fig. 2), PCR screening for mycoplasma
contamination®! and karyotyping.
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Figure 3 | Schematic of the protocol for differentiation of cardiomyocytes
from hiPSCs and EHT generation. BMP4, activin A and bFGF were used for
mesoderm induction and DS-1-7 (IWR-1 analog) was used for WNT signal
inhibition. FTDA, hiPSC medium with bFGF, TGFB1, dorsomorphin and
activin A; HSA, human serum albumin; HS, horse serum; PVA, polyvinyl
alcohol; ULA, ultra-low-attachment.

After overnight EB formation, hiPSCs are prepared for the
cardiac differentiation process and EHT generation as described
in Figures 3 and 4. Corresponding bright-field images at dif-
ferent stages of the cardiac differentiation protocol are shown
in Figure 5.

Mesoderm induction is initiated on day 1. The EBs are collected
and pooled, in order to get an estimate of the total wet volume of
the combined EB yield (Fig. 6). The EBs are transferred to T175 cell
culture flasks coated with Pluronic F-127 (ref. 52), as a cost -effective
alternative to commercially available ultra-low-attachment
flasks. On this day, 30 x 106 undifferentiated input hiPSCs give
rise to ~150 ul of EB wet volume. For mesoderm induction, this
amount of EBs is cultivated in 40 ml of medium, of which 50% is
exchanged on each of the two subsequent days (days 2 and 3). The
volume of medium is proportionally adjusted to the measured
wet volume of EBs (details are given in PROCEDURE Step 49).
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(i) Expansion of hiPSCs, Step 8 EB sedimentation, Step 44

(i) EB formation, Step 40 (i)

(vi) EB sedimentation, Step 57 (vii) Estimation of EB volume, Step 62

(x) EHT g%\\era!ion. Step 88

75 TN T T
_— > T =

(iv) Estimation of EB volume,
Step 45

(v) Mesoderm induction,
Step 50

(viii) Cardiac differentiation, Steps 64-66 (ix) Preparation of master mix, Step 84

EHT development, Step 95

Figure 4 | Graphical illustration of differentiation and EHT generation. (i) Undifferentiated colonies of hiPSCs are expanded in T80 flasks. (ii) EBs are formed
in spinner flasks. (iii) EBs are sedimented on V-shaped sedimentation racks. (iv) EB volume is estimated in 15-ml Falcon tubes. (v) EBs are transferred

to Pluronic-F-127-coated suspension flasks and mesoderm progenitors are induced. (vi) EBs are sedimented on V-shaped sedimentation racks. (vii) EB volume
is estimated in 15-ml Falcon tubes. (viii) EBs are transferred to Pluronic-F-127-coated suspension flasks and cardiomyocytes are differentiated.

(ix) Cardiomyocytes are dissociated and EHT master mix plus thrombin aliquot is prepared. (x) EHTs are cast and maintained under cell culture conditions.

For medium changes, the flasks are transferred to V-shaped sedi-
mentation racks and placed in the incubator (for a maximum
of 20 min) to enable EB sedimentation in the bottom corner of

Control 1 Control 2

hiPSC colonies

hiPSC, do
cell suspension

EBs, d1
mesoderm
induction

EBs, d4
cardiac
differentiation

the flask (Fig. 6b). Approximately half of the medium is then
exchanged for new medium to reduce sedimentation time and
the time in which EBs are condensed into a pellet, which could

Figure 5 | Bright-field images at different time points of cardiac differentiation with five different cell lines, showing the typical morphology. Scale bars,

1,000 pum (first row); 100 pm (second row); 250 pm (third and fourth rows).
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Figure 6 | Estimation of EB volume after EB formation. (a) Spinner flasks
with EBs in EB formation medium. (b) Sedimentation of transferred EBs in
T175 flasks on a V-shaped sedimentation rack. (c) 15-ml tube with scale in
the lower volume range (left) and example of EB volume (0.2 ml; right).

lead to disintegration of EBs because of cell death. In addition, by
leaving more medium, potential (not yet fully defined) paracrine
signaling effects are taken advantage of>3. Only when initiating the
next differentiation step is the medium is changed completely and
the medium retention reduced to 10-20% to remove the previous
medium composition. Table 1 provides details on the suggested
ratio for EB volume, cell culture medium and cell culture flask
size. In our experience, BMP-4 (10 ng/ml), activin A (3 ng/ml)
and bFGF (5 ng/ml) in the absence of insulin are able to effec-
tively differentiate stem cells from various hiPSC lines into cardiac
mesoderm progenitors. Insulin, a key regulator of cardiac dif-
ferentiation, has previously been shown to inhibit cardiac meso-
derm formation and promote cardiac differentiation of human
pluripotent stem cells™-36,

Cardiac differentiation is initiated on day 4 (Friday) by sediment-
ing the EBs, removing most of the cell culture medium and pooling
the EBs in a graduated 15-ml Falcon tube to estimate EB volume
(Fig. 6¢). Cardiac differentiation is performed with 80-150 ul
of EB volume per T75 flask or 200-250 ul of EB volume per
T175 flask. WNT signal inhibition and insulin are the two most
important components of this differentiation step. WNT signal
inhibition is started on day 4 and is omitted on day 11. Insulin is
added on day 7. In comparative studies using FACS analysis, we
found these timings for treatment to be the most efficient in induc-
ing differentiation to cardiomyocytes. The first spontaneous beat-
ing is generally observed by days 8—10. Supplementary Videos 1-3
show beating EBs. Between days 14 and 17, the cardiomyocytes
can be dissociated from EBs into single cells and cast as EHTS.
A sample of these dissociated cells was FACS-analyzed to determine
its cardiomyocyte purity (Fig. 1,Supplementary Fig. 1). A more
detailed FACS analysis of hiPSC-CMs directly after differentiation
and after cultivation in EHT format can be found elsewhere”>?.
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Figure 7 | Pictures of EHTs from hiPSC-CMs of three different control cell
lines taken during a contractility measurement (left) and representative
force recording (right). The blue crosses define the top and bottom reference
positions for each EHT (left). The red line indicates force, and the purple line
indicates velocity (right). Measurements were done in medium (control 1 and
control 2) or Tyrode’s solution (1.8 mM Ca2+, control 3). Scale bars, 1 mm.

The EHT generation procedure relies on the generation
of agarose casting molds and formation of fibrin gels with single-
cell suspension around flexible PDMS posts>. To produce
EHTs, a mixture of isolated cardiomyocytes, medium, fibrino-
gen and thrombin is cast around two PDMS posts, within an
agarose mold. Within 2 h, the mixture polymerizes and forms a
fibrin block around the posts. Supplementary Video 4 illustrates
the process of EHT generation. Fibrin was chosen as the extra-
cellular matrix for this protocol because it is readily available
from ditferent species, it is biodegradable, it has short gela-
tion times and it readily adheres to PDMS. In the beginning of
EHT construction, when the fibrin gel is formed, the flexible
PDMS posts are oriented parallel to one another. Subsequent
remodeling of the matrix by the resident cells leads to shortening
of the muscle strip and, thus, bending of the tflexible PDMS
posts. This configuration of the PDMS posts is a key asset of
this EHT system. The tension in the posts applies an auxotonic
load to the tissues, and thereby facilitates the longitudinal
alignment of the embedded cardiomyocytes. Static stretch,
in contrast, is not a physiological environment and pro-
motes a pathological form of hypertrophy in neonatal rat
cardiomyocyte EHTs®. Approximately 10-15 days after
the production of the tissues, EHTs begin to spontane-
ously beat. As the tissues beat, they further deflect the PDMS$
posts to which they are attached. This deflection can then
be recorded video-optically and measured to assess the force-
producing capability of the tissues (Fig. 7; Supplementary
Videos 5-8). The analysis of EHTs by video—optical recording
has proven very useful, as it is performed with high levels of
standardization and reproducibility under sterile conditions>7.
This last point cannot be overemphasized, as it enables repeated
and long-term analysis.
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MATERIALS

REAGENTS

General reagents

+ 10 x DMEM (Gibco, cat. no. 52100-021)

* 1-Thioglycerol (Sigma-Aldrich, cat. no. M6145)

+ 2-propanol {Sigma-Aldrich, cat. no. 278475)

+ Agarose (Invitrogen, cat. no. 15510-027)

+ Aprotinin (Sigma-Aldrich, cat. no. A1153)

+ Sterile water for injection (Baxter, cat. no. 001428)

+ B27 plus insulin (Gibco, cat. no. 17504-044)

+ BIOMYC-1 (PromoCell, cat. no. PK-CC03-036-1B)

+ BIOMYC-2 (PromoCell, cat. no. PK-CC03-037-1B)

+ N-benzyl-p-toluenesulfonamide (BTS; TCI, cat. no. B3082-25G)

+ Cytoseal 60 mounting medium (Science Services, cat. no. 18006)

* DMEM (Biochrom, cat. no. F0415)

+ DMEM/E-12 without glutamine (Gibco, cat. no. 21331-046)

+ DMSO (Sigma-Aldrich, cat. no. D4540)

+ EDTA (Roth, cat. no. 8043.2)

+ FBS superior (Biochrom, cat. no. S0615)

+ Fibrinogen (Sigma-Aldrich, cat. no. F8630)

+ Fixable Viability Dye eFluor 660 (eBioscience, cat. no. 65-0864)

+ Gelatin (Sigma-Aldrich, cat. no. G1890)

+ Geltrex (Gibco, cat. no. A1413302)

+ Giemsa stain (Sigma-Aldrich, cat. no. G9641)

+ Glacial acetic acid (Roth, cat. no. 3738.1)

+ HBSS minus Ca2*/Mg?* (Gibco, cat. no. 14175-053)

* HBSS plus CaCl,/MgCl, (Gibco, cat. no. 14025-092)

+ HEPES (Roth, cat. no. 9105.4)

+ Horse serum (Life Technologies, cat. no. 26050088 )

+ Human pluripotent stem cell lines: We have used C25 (control 1)57, and all
other cell lines used were reprogrammed from skin fibroblasts’® of healthy
donors (controls 2 and 3) or from patients suffering from catecholaminer-
gic polymorphic ventricular tachycardia (CPVT), hypertrophic cardiomy-
opathy (HCM), dilated cardiomyopathy (DCM; DCM-1 and DCM-2) and
myotonic dystrophy (DM; DM1) ! CAUTION The cell lines
used in your research should be regularly checked to ensure that they
are authentic and that they are not infected with mycoplasma.

+ KaryoMax Colcemid in HBSS (10 ug/ml; Life Technologies,
cat. no. 15210-040)

+ KCI (75 mM; Sigma-Aldrich, cat. no. P9541)

+ L-Glutamine (Gibco, cat. no. 25030-081)

+ Lipid mix (Sigma-Aldrich, cat. no. L5146)

+ Matrigel Basement Membrane Matrix (BD, cat. no. 354234)

+ Methanol (J.T. Baker, cat. no. 8045)

* Mucasol (Sigma-Aldrich, cat. no. Z637181)

+ Ham’s F10 Nutrient Mix (Life Technologies, cat. no. 31550-015)

+ PBS (Gibco, cat. no. 10010-049)

+ Penicillin/streptomycin {Gibco, cat. no. 15140)

+ Phosphoascorbate (2-Phospho-r-ascorbic acid trisodium salt;
Sigma-Aldrich, cat. no. 49752)

+ Pluronic F-127 (Sigma-Aldrich, cat. no. P2443)

+ Polyvinyl alcohol (Sigma-Aldrich, cat. no. P8136)

+ Potassium chloride (KCI; Merck, cat. no. 1.04936)

+ RPMI 1640 (Gibco, cat. no. 21875)

+ Saponin from Quillaja bark (Sigma-Aldrich, cat. no. $7900)

* Selenium (Sigma-Aldrich, cat. no. $5261)

+ Sodium selenite (Sigma-Aldrich, cat. no. $5261)

+ Thrombin (Biopur, cat. no. BP11-10-1104)

+ Titrisol (Sigma-Aldrich, cat. no. 31103)

* Trypsin/EDTA (Gibco, cat. no. 25300)

Proteins and small molecules

+ Activin-A, stock concentration, 50 ug/ml (R&D Systems,
cat. no. 338-AC)

+ Basic FGF, improved sequence, stock concentration, 100 ug/ml (Miltenyi
Biotec, cat. no. 130-104-921)

* BMP-4, stock concentration, 50 ug/ml (R&D Systems, cat. no. 314-BP)

+ Collagenase IT (Worthington, cat. no. LS004176)

+ DNase II, type V (from bovine spleen; Sigma, cat. no. D8764)

+ DS-1-7(IWR-1 analog, 4-(cis-endo-1,3-dioxooctahydro-2H-4,
7-methanoisoindol-2-yl)-N-(quinolin-8-yl)-trans-cyclohexylcarboxamide),
stock concentration, 100 mM in DMSO

PROTOCOL |

+ Dorsomorphin {Abcam, cat. no. ab120843)

+ Human serum albumin (Biological Industries, cat. no. 05-720-1B)

« Insulin, stock concentration, 10 mg/ml (Sigma- Aldrich, cat. no. 19278)

+TWR-1, stock concentration, 20 mg/ml (Sigma-Aldrich, cat. no. 10161)

+ TGFB1 (Peprotech, cat. no. 100-21)

+ Thrombin, stock concentration, 100 U/ml (Biopur, cat. no. BP11-10-1104)

+ Transferrin (Sigma-Aldrich, cat. no. T8158)

+Y-27632, stock concentration, 10 mM (Biorbyt, cat. no. orb60104)

Primary antibodies

« Anti-a-actinin, clone EA-53, monoclonal, 1:800 (Sigma-Aldrich,
cat. no. A7811)

+ Anti-cardiac troponin T-FITC, clone REA400, 1:10 (Miltenyi Biotec,
cat. no. 130-106-687)

« Anti-myosin light chain 2 (MLC-2V; Proteintech, cat. no. 10906-1-AP,
1:100)

+ Anti-myosin light chain A, clone 56F5, monoclonal, 1:100 (MLC-2A,
Synaptic Systems, cat. no. 311011)

+ Anti-human TRA-1-60-FITC, clone TRA-1-60, 1: (BD Biosciences,
cat. no. 5608765)

+ Anti-SSEA-3-PE, clone MC-631, 1:5 (BD Biosciences, cat. no. 560879)

* Mouse IgG1 isotype control, clone MOPC-21, 1:250 (BD Biosciences,
cat. no. 554121)

« FITC mouse IgM, k isotype control, clone G155-228, 1:200 (BD Biosciences,
cat. no. 553474)

+ PE rat IgM, x isotype control, clone R4-22, 1:80 (BD Biosciences,
cat. no. 553943)

« REA Control (I)-FITC (IgG1 isotype control, clone REA400, 1:10; Miltenyi
Biotec, cat. no. 130-104-611)

Secondary antibodies

« Anti-mouse Alexa Fluor 488 (Life Technologies, cat. no. A-11001, 1:800)

+ Anti-mouse Alexa Fluor 546 (Life Technologies, cat. no. A-11060, 1:300)

+ Anti-rabbit Alexa Fluor 488 (Life Technologies, cat. no. A-11034, 1:800)

EQUIPMENT

+ 6-Well cell culture plates (Nunc, cat. no. 140675)

*24-Well plates (Nunc, cat. no. 144530) A CRITICAL Use Nunc plates
(cat. no. 144530) for EHT generation, as 24-well plates do not have
standardized dimensions and plates from other suppliers might not be
compatible with the PDMS racks or Teflon spacers.

+250-ml ‘rapid’ Filtermax vacuum filtration unit (TPP, cat. no. 99250)

+ 500-ml ‘rapid’ Filtermax vacuum filtration unit (TPP, cat. no. 99500)

+ Cell scraper (Sarstedt, cat. no. 83.1830)

« Centrifuge tubes, 15 ml (Sarstedt, cat. no. 62.554.502 and Greiner,
cat. no. 188280)

+ Coplin jar (Sigma-Aldrich, cat. no. $6016-6EA)

+ Coverslips (Sigma-Aldrich, cat. no. Z692271)

« CytoVision image analysis system (Leica Biosystems)

+ Flow Cytometer (FACSCanto II; BD Bioscience)

* Flow cytometry tubes (Sarstedt, cat. no. 55.1579)

* EHT contractility analysis instrument (EHT Technologies, cat. no. A0001)

+ PCR cycler (e.g., Mastercycler Pro; Eppendorf, cat. no. 6321000515)

« PDMS racks (dimensions: length/width of rack, 79 x 18.5 mm; length of posts,
12 mm; diameter,1 mm; plate diameter, 2 mm; distance (center—center),8.5
mm; Young’s modulus,1.7 MPa; EHT Technologies, cat. no. C0001)

«Slides {76 % 26 x 1 mm; Marienfeld, cat. no. REF 1000200)

«Spinner flask (1,000 ml; Integra, cat. no. 182 101)

+Spinner flask (500 ml; Integra, cat. no. 182 051)

» Stirrer, Variomag/Cimarec Biosystem 4 Direct (Thermo Fisher Scientific,
cat. no. 50088060)

« Stirrer, Variomag/Cimarec Biosystem Direct (Thermo Fisher Scientific,
cat. no. 70101)

+T175 cell culture flask (Sarstedt, cat. no. 83.1812.002)

+'T75 cell culture flask (Sarstedt, cat. no. 83.1813.002)

+T80 cell culture flask (Nunc, cat. no. 178905)

+T175 suspension cell culture flask (Sarstedt, cat. no. 83.3912.502)

+Teflon spacers (dimensions: length,12 mm; width,3 mm; height, 13.5 mm;
EHT Technologies, cat. no. C0002)

*+ Video—optical force analysis system (EHT Technologies,
cat. no. A0001)

+V-shaped sedimentation rack {custom-made; dimensions of the two side
panels of the metal bracket: 30 cm x 10 cm; angle: 90°)
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REAGENT SETUP
10x DMEM Dissolve 134 mg/ml DMEM powder in 5 ml of sterile water for
injection. Sterilize the solution by passing it through a 0.2-um filter, and store
the solution at 4 °C for up to 2 months. Store the DMEM powder at 4 °C for
up to 36 months, and make sure that the box is properly closed, as DMEM is
hygroscopic.
Agarose Dissolve 2% agarose (wt/vol) in 300 ml of PBS and autoclave
the solution. Store it at 60 °C immediately in a heated cabinet for up
to 2 months. A CRITICAL Do not use water to dissolve the agarose
because this will substantially compromise EHT development. Keep agarose at
room temperature (18-22 °C) only for up to 10 min; otherwise, it will solidify:
Aprotinin Dissolve 33 mg/ml aprotinin in sterile water for injection and
make aliquots of 250 ul. Store the aliquots at —20 °C for up to 1 year.
BTS solution Dissolve BTS in DMSO to a concentration of 30 mM and
make aliquots of 250 ul. Store the aliquots at —20 °C for up to 1 year.
DNase solution Dissolve 100 mg of DNase II, type V in 50 ml of PBS, and
make aliquots of 2 ml. Store the aliquots at —20 °C for up to 1 year.
EDTA solution Dissolve EDTA in PBS to a concentration of 0.5 mM and
sterilize the solution by passing it through a 0.2-um filter; then make aliquots
of 50 mlL Store the aliquots at 4 °C for up to 6 months.
Fibrinogen Prewarm 0.9% (wt/vol) NaCl solution (37 °C). Grind the lumps
of fibrinogen to a fine powder. Dissolve the fibrinogen at a concentration
of 200 mg/ml in warm 0.9% (wt/vol) NaCl solution. Incubate the solution
in a water bath (37 °C) until the fibrinogen is completely dissolved.
Add aprotinin stock (33 mg/ml) to a final concentration of 100 ug/ml.
Make aliquots of 500 ul and store them at —20 °C for up to 2 months,
or at —80 °C for up to 1 year.
Gelatin solution Dissolve gelatin in water to make a 0.1% (wt/vol) solution
and prepare 500-ml aliquots. Store the aliquots at 4 °C for up to 6 months.
HEPES stock solution Dissolve HEPES in PBS to a concentration of 1 M,
and adjust the pH to 7.4 with potassium hydroxide. Sterilize the solution
by passing it through a 0.2-um filter, and make 500-ml aliquots. Store the
aliquots at 4 °C for up to 1 year.
Sodium selenite Dissolve 33 mg of sodium selenite (382 uM) in 500 ml of
PBS and prepare 500-ml aliquots. Store the aliquots at 4 °C for up to 1 year.
Pluronic F-127 solution Dissolve Pluronic F-127 in PBS to a concentration
of 1% (wt/vol). Sterilize the solution by passing it through a 0.2-um filter,
and make 500-ml aliquots. Store the aliquots at 4 °C for up to 1 year.
Polyvinyl alcohol stock solution (50x) Dissolve 20 g of polyvinyl alcohol
in 100 ml of dH,O by adding the polyvinyl alcohol slowly and stirring
at ~20 °C. After dispersal, the temperature should be increased to 80 °C,
while stirring constantly, and then should be held until the polyvinyl
alcohol is fully dissolved. Afterward, while stirring, the temperature should
be decreased to below 35 °C. Make aliquots of 50 ml and store them at 4 °C
for up to 1 year. After the addition of polyvinyl alcohol to the medium, filter-
sterilize the medium using a 0.2-pm filter.
Thrombin Dissolve thrombin at 100 U/ml in 60% (vol/vol) PBS and
40% (vol/vol) sterile water for injection. Mix the solution thoroughly. Make
450-ul aliquots (stock) or 3-ul aliquots for EHT generation, and store them
at =20 °C for up to 1 year.
Transferrin-selenium Dissolve 100 mg of transferrin in 2 ml of sodium
selenite and make aliquots of 55 ul. Store them at —20 °C for up to 1 year.
hiPSC medium with bFGE TGFR1, dorsomorphin and activin A (FTDA)
hiPSC medium contains DMEM/F-12 without glutamine, r.-Glutamine
(2 mM), lipid mix (1/1,000), penicillin/streptomycin (0.5% (vol/vol)),
transferrin—selenium stock solution {1/10,000; 5 mg/liter transferrin;
5 ug/liter selenium), human serum albumin (0.1% (vol/vol)), insulin
(5 ug/ml), activin-A (2.5 ng/ml), basic FGF (30 ng/ml), dorsomorphin
(50 nM) and TGF£1 (0.5 ng/ml). Filter-sterilize the medium by passing
it through a 0.2-um filter, and store it at 4 °C for up to 1 week.

We recommend aliquotting cold FTDA for daily medium changes and
only prewarming the aliquot. A CRITICAL We recommend using basic
FGF with improved sequence, because of its increased thermostability and
higher resistance to proteases. As the manufacturer does not further specify
bFGF kinetics, we recommend considering use of the same precautions as
those for normal bFGE, to ensure the highest bFGF stability. Basic FGF is
added immediately before using the medium, as diminished concentrations
of bFGF can lead to spontaneous differentiation of hiPSCs.
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2x Freezing medium for pluripotent stem cells 2x Freezing medium
contains FTDA (80% (vol/vol}), and DMSO (20% {(vol/vol)). Store the
medium at 4 °C for up to 2 months.

EB formation medium EB formation medium contains FTDA, polyvinyl
alcohol (4 mg/ml) and Y-27632 (10 uM). Filter-sterilize the medium by
passing it through a 0.2-um filter, and store it at 4 °C for up to 1 week.
Mesoderm induction medium Mesoderm induction medium contains
RPMI 1640, polyvinyl alcohol {4 mg/ml), HEPES (10 mM), penicillin/
streptomycin (0.5% (vol/vol)), human serum albumin (0.05% (vol/vol)),
phosphoascorbate (250 uM), transferrin-selenium stock solution (1/10,000;
5mg/l transferrin; 5 ng/l selenium ), lipid mix (1/1,000), Y-27632 (10 uM),
activin-A (3 ng/ml), BMP-4 (10 ng/ml), and basic FGF (5 ng/ml).
Filter-sterilize the medium by passing it through a 0.2-pum filter, and

store it at 4 °C for up to 1 week without growth factors. We do not
recommend storing the medium supplemented with BMP4, activin A

and bFGF because growth factor activity may decline during storage.

A CRITICAL Cardiomyocyte differentiation is substantially hampered

if insulin is present during mesoderm induction. We recommend using basic
FGF with improved sequence because of its increased thermostability and
higher resistance to proteases. As the manufacturer does not further specify
bFGF kinetics, we recommend considering use of the same precautions as
those for normal bFGF to ensure the highest bFGF stability. Basic FGF is
added immediately before using the medium, as diminished concentrations
of bFGF can lead to spontaneous differentiation of hiPSCs.

Cardiac differentiation medium I Cardiac differentiation medium I
contains RPMI 1640, HEPES (10 mM), penicillin/streptomycin (0.5%
{vol/vol)), human serum albumin (0.05% (vol/vol)), phosphoascorbate
(250 uM), transferrin—selenium stock solution (1/10,000; 5 mg/l transferrin;
5ug/lselenium), lipid mix (1/1,000), Y-27632 (1 uM),and DS-I-7 (IWR-1
analog (100 nM)). Filter-sterilize the medium by passing it through a 0.2-pum
filter, and store it at 4 °C for up to 1 week.

Cardiac differentiation medium II Cardiac differentiation medium IT
contains RPMI 1640, B27 plus insulin (2% (vol/vol)), HEPES (10 mM),
penicillin/streptomycin {0.5% (vol/vol)), 1-Thioglycerol (500 uM),

Y-27632 (1 uM), and DS-1-7 (IWR-1 analog (100 nM)). Filter-sterilize

the medium by passing it through a 0.2-um filter, and store it at 4 °C for

up to 1 week.

Cardiac differentiation medium ITI Cardiac differentiation medium III
contains RPMI 1640, B27 minus insulin (2% (vol/vol)), HEPES (10 mM),
penicillin/streptomycin (0.5% (vol/vol)), 1-Thioglycerol (500 uM), and
Y-27632 (1 uM). Filter-sterilize the medium by passing it through a 0.2-um
filter, and store it at 4 °C for up to 1 week.

Collagenase IT solution Collagenase IT solution contains HBSS minus
Ca2+/Mg?+, Collagenase II (200 units per ml), HEPES {10 mM), Y-27632
{10 uM), and BTS (30 uM). Filter-sterilize the solution by passing it through
2 0.2-pum filter, and store it at 4 °C for up to 1 week or at —20 °C for

up to 1 year. Add Y-27632 and BTS directly before use.

Dissociation medium Dissociation medium contains DMEM and DNase
{6 ul/ml). We do not recommend storing this solution.

Freezing medium for hiPSC-derived cardiomyocytes Freezing medium
contains heat inactivated FBS (90% (vol/vol) and DMSO (10% (vol/vol)).
‘We do not recommend storing this solution.

2x DMEM 2x DMEM contains 10x DMEM (20% (vol/vol)), heat inacti-
vated horse serum (20% (vol/vol)), penicillin/streptomycin (2% (vol/vol))
and sterile water for injection (58% (vol/vol)). Filter-sterilize the solution by
passing it through a 0.2-um filter, and store it at 4 °C for up to 2 months.

A CRITICAL Use heat-inactivated horse serum to prevent resolving of the EHT.
EHT medium EHT medium contains DMEM, heat-inactivated horse serum
{(10% (vol/vol)), penicillin/streptomycin (1% (vol/vol)), aprotinin (0.1% (wt/vol);
33 ug/ml}, and insulin (0.1% (wt/vol); 10 pug/ml). Filter-sterilize the medium

by passing it through a 0.2-um filter, and store it at 4 °C for up to 1 week.

A CRITICAL Use heat-inactivated horse serum to prevent resolving of the EHT.
Normal cardiomyocyte medium Normal cardiomyocyte medium (NCM)
contains DMEM, heat-inactivated FBS (10% (vol/vol)), glutamine

{1% (vol/vol}), and penicillin/streptomycin (1% (vol/vol)). Store the
medium at 4 °C for up to 2 weeks. A CRITICAL Use heat-inactivated

FBS to prevent resolving of the EHT. For heat inactivation, incubate FBS

for 1 h in a 60 °C water bath.
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Washing medium Washing medium contains RPMI 1640, HEPES (10 mM},and

penicillin/streptomycin (0.5% (vol/vol)). Store the medium at 4 °C for up to 2 months.

FACS buffer for staining of intracellular antigens This buffer contains
500 ml of PBS, FBS (5% (vol/vol); 25 ml), Saponin (0.5% (wt/vol);
2.5 g), and sodium azide (0.05% (wt/vol); 0.25 g). Store it at 4 °C for up to
2 months. ¥ CAUTION Saponin is very hazardous in case of eye contact or
inhalation, and must be weighed in a fume hood.
FACS buffer for staining of extracellular antigens This buffer contains 500 ml
of PBS, FBS (5% (vol/vol); 25 ml}, and sodium azide (0.05% (wt/vol); 0.25 g).
Store the buffer at 4 °C for up to 2 months.
F10 complete medium F10 complete medium contains 10 ml of FBS and
100 ml of Ham’s F10 Nutrient Mix . Store the medium at 4 °C for up to 1 week.
Fixative solution for karyotyping Add 10 ml of glacial acetic acid to 30 ml
of methanol, and keep the solution at —20 °C until use.
We do not recommend storing this solution.
EQUIPMENT SETUP
Geltrex coating of cell culture plates and flasks Thaw Geltrex on ice and
dilute it 1:100 in ice-cold DMEM. Coat the growth surface of the desired
culture plates with 1 ml per 10 cm?. Incubate the plates at 37 °C for 30 min.
Coated plates can be stored at 2—8 °C for up to 2 weeks.

PROCEDURE

PROTOCOL |

Pluronic F-127 coating of cell culture flasks Add 1 ml of 1% (wt/vol)
Pluronic F-127 solution to the suspension cell culture flasks per 10-cm?
growth area.

Incubate the flasks at 37 °C overnight. Wash the flasks twice with
1.5 ml of PBS per 10-cm? culture surface. Remove the PBS and add 2 ml of
mesoderm induction medium per 10 cm?. The cell culture flasks are now
ready to use. Coated flasks can be stored at 37 °C for up to 2 weeks.

A CRITICAL Do not let the surfaces dry out. Longer coating times (for several
days) are not detrimental.

Cleaning protocol for spinner flasks Clean the spinner flasks and the
impellers with dH,O and a bottle brush.

Reassemble the spinner flasks and autoclave them. A CRITICAL Do not use
soap/detergent to clean the spinner flasks, and ensure that the spinner flask
lids are not fully closed during autoclaving.

Preparation of Teflon spacers and PDMS racks Clean the Teflon spacers and
PDMS racks with dH,O. Boil the Teflon spacers and PDMS racks in dH,O
twice. Autoclave the Teflon spacers and PDMS racks. A CRITICAL Do not use
soap/detergent to clean the Teflon spacers and PDMS racks. Make sure to place
the PDMS racks upside down in the autoclave containers, so that the flexible
posts are not bent or distorted during the autoclaving process.

Thawing and expansion of undifferentiated pluripotent stem cells ® TIMING 30 min plus 4 d for expansion

before EB formation, including continuous maintenance

1| Remove the frozen tube of hiPSCs from liquid nitrogen or =150 °C and thaw the cells at 37 °C.

2| Transfer the cells to a 15-ml tube.

3| Add 10 ml of FTDA, drop by drop for the first 2 ml.

4| Centrifuge the mixture at 200g for 5 min at room temperature.

5| Remove the supernatant and resuspend the hiPSCs in the desired volume of FTDA including 10 uM Y-27632.

6| Aspirate the liquid from the Geltrex-coated plate, and seed the hiPSCs into the Geltrex-coated wells.

7| Put the plate into the incubator and distribute the cells in the well by moving the plate in short side-to-side and
back-and-forth motions. Incubator conditions should be set to 37 °C, 5% C0,, 21% 0, and 90% humidity.

8| Feed the hiPSCs daily with 2 ml of warm FTDA per 10-cm? growth surface until they are 80% confluent. When feeding

cells, leave 10-20% of the old medium in the well.
? TROUBLESHOOTING

Passaging of undifferentiated hiPSCs ® TIMING 10 min
9| Wash the hiPSCs twice with warm (37 °C) PBS.

10| Incubate the hiPSCs with 0.5 mM EDTA for 4-5 min at room temperature (1 ml of EDTA per 10-cm? growth surface).

11| Remove the EDTA solution.

Box 1 | Freezing of undifferentiated hiPSCs ® TIMING 15 min

1. Mix 500 pl of freezing medium with 500 pl of the resuspended cells.

2. Add 10 uM Y-27632.
3. Transfer the hiPSCs to a freezing tube.

4. Freeze the tube at -80 °C overnight in a 2-propanol-filled freezing container.
5. Transfer the tubes to liquid nitrogen or -150 °C for long-term storage.
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Box 2 | Mycoplasma screening and treatment ® TIMING 3.5 h or up to 2 weeks

Additional reagents

Taq DNA Polymerase Kit (Qiagen, cat. no. 201205) containing:
10x buffer

Q-Solution

MaCl, (25 mM)

Deoxynucleoside triphosphate (DNTP)

Polymerase

BIOMYC-1 (PromoCell, cat. no. PK-CC03-036-1B)

BIOMYC-2 (PromoCell, cat. no. PK-CC03-037-1B)

1. Remove 250 ul of the cell culture medium after overnight incubation and transfer it to a sterile reaction tube.
2. Add 750 pl of sterile water and mix.

3. Incubate the diluted sample for 10 min in a thermoblock at 100 °C.

4. Centrifuge at 250g for 5 min at room temperature.

5. Prepare the PCR master mix by combining the following reagents.

Component Per reaction
H,0 26.75 ul
10x buffer 5.00 pl
Q-Solution 10.00 ul
MgCl, (25 mM) 4.00 pul
Primer pool (10 pM) Myco-dw51: 5’-TGC ACC ATC TGT CAC TCT GTT AAC CTC-3’ 1.00 ul
Primer pool (10 pM) Myco-up51: 5-ACT CCT ACG GGA GGC AGC AGT A-3’ 1.00 ul
DNTPs 1.00 ul
Polymerase 0.25 ul
Sum 48.00 ul

6. Take 2 pl of the sample supernatant and add it to 48 pl of the master mix solution. Use water (negative control) and a contami-
nated supernatant (positive sample) as references.
7. Immediately start the PCR Cycler set to the following program:

Cycler time (t) °C Cycles
Initiation 15 min 95 1
Denaturation 30s 94 }
Annealing 30s 56 40
Extension 1 min 72

Final extension 10 min 72 il

8. After completing the PCR, load the samples on a 1% (wt/vol) agarose gel and run the reaction for 25 min. If cells test positive for
mycoplasma, please follow the next steps; if cells are not infected, please continue to follow the main procedure from Step 23.

9. For the treatment of mycoplasma infections, sequentially treat the contaminated cell culture with BIOMYC-1 for 4 d and then with
BIOMYC-2 for 3 d, according to the manufacturer’s instructions.

10. Repeat two to three treatment cycles to avoid antibiotic resistance.

12| Vigorously flush the surface of the wells with 3 ml of FTDA per 10-cm? growth surface to detach cell clusters.
At this step, the cells can be frozen for storage; see Box 1 for details.

13| Pool the detached cell clusters.

14| Remove the Geltrex solution from new six-well dishes/T80 flasks and immediately add the cell solution to the
prepared culture flasks/plates at ratios of 1:2 to 1:6 (6.5 x 104 cells per cm?). Before preparing hiPSCs for cardiomyocyte
differentiation, we recommend performing mycoplasma testing as described in Box 2 and regularly performing
karyotyping as described in Box 3.

? TROUBLESHOOTING

FACS analyses of hiPSCs for pluripotency markers: staining of extracellular antigens ® TIMING 90 min
15| Harvest hiPSCs as described in Steps 9-13.

16| Resuspend the cells in 500 ul of FACS buffer and incubate for 15 min at 4 °C.
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Box 3 | Karyotyping of hiPSCs ® TIMING 2.5 h, plus analysis of arresting cells
in metaphase

1. Use at least 4 x 10% hiPSCs (20-cm? growth area) for karyotyping to ensure that you have a sufficient amount of metaphases for analysis.
2. Add 40 pl of colcemid to each well and incubate for 5 h at 37 °C and 5% (0,.

Harvesting of hiPSCs

3. Wash the hiPSCs twice with PBS. Incubate the hiPSCs with 0.5 mM EDTA for 5 min at room temperature (1 ml of EDTA per 10-cm? growth
surface). Remove the EDTA solution. Vigorously flush the growth surface with 2 ml of F10 complete medium per 10 cm? to detach the hiPSCs.
4. Triturate the cells four times with a 10-ml pipette.

5. Transfer the hiPSCs to a centrifuge tube.

6. Centrifuge at 250¢ for 10 min at room temperature.

7. Remove the supernatant, and while swirling the cell suspension on a vortex mixer keep the centrifuge tube in a slanted position and
pour the 7 ml of warm 75 mM KCL solution dropwise gently along the inner wall of the tube onto the cell suspension.

A CRITICAL STEP This step is critical because the hiPSCs swell in the hypotonic solution and the chromosomes can spread out, which
provides better results for chromosome analysis.

8. Invert the tube gently to mix, and incubate for 15 min at 37 °C.

9. With a glass Pasteur pipette, add 13 drops of fixative solution to the suspension, invert gently and centrifuge at 250¢ for 10 min at
room temperature.

10. Remove up to 1 ml of the supernatant.

11. Resuspend the cell pellet on a vortex mixer and add 6 ml of ice-cold fixative, drop by drop, while swirling to prevent cell clumping.
12. Centrifuge at 250g for 10 min at room temperature, and repeat the fixative addition step two more times. At this point the fixative
can be added more quickly to the suspension.

13. After the last fixative addition step, remove enough fixative so that the resuspended cell solution appears slightly cloudy.

14. The cell suspension is now ready for slide making or may be stored.

M PAUSE POINT The cell suspension can be stored at —20 °C for several years. If cells were stored for more than 4 weeks, repeat steps 12 and 13.

Slide preparation

15. Wipe the slides with a tissue soaked in 70% (vol/vol) ethanol on both sides. Arrange the slides alternately straight across and
diagonally in a 150-ml slide staining dish. Rinse the slides with the detergent solution Mucasol in hot water and cover. Let the slides

sit overnight at room temperature. Remove the washing solution and rinse the slides with water for 15 min. Rinse two more times with pu-
rified water and fill the dish with sterile water for injection. The slides are now ready to use and should be kept in water at 4 °C until use.
M PAUSE POINT The slides can be kept at 4 °C for 4 weeks.

Slide making

16. Preheat a laboratory oven to 80 °C and place a beaker inside with 50 ml of dH,0 to increase humidity.

A CRITICAL STEP Optimal environmental conditions to ensure good slide quality are 45-50% humidity and a temperature of 20-22 °C.
17. Place the centrifuge tube with the hiPSC suspension on ice.

18. Cut off the end of a pipette tip from a 100-pil pipette and use it to resuspend the cells by gently pipetting.

19. Take a slide from step 15 out of the Coplin jar and place 80-100 pl of hiPSCs onto the wet slide from a height of ~20 cm.

20. Wipe off excess fluid from the back of the slide, label the slide and place it in the oven on top of the beaker until all the fixative
has evaporated.

21. Check the cell density and metaphase spreading using a phase-contrast microscope.

? TROUBLESHOOTING

22. Incubate the slides before staining in a laboratory oven at 95 °C for 15 min or keep them at room temperature for several days.
Trypsin G-banding

23. For Trypsin G-banding (GTG-banding), prepare three Coplin jars, one with 0.25% (vol/vol) trypsin in HBSS (jar 1), another

with 1x PBS (jar 2) and a final jar containing 10% (vol/vol) Giemsa Stain in Titrisol, pH 7.2 (jar 3).

24. Place the slide into jar 1 for 5 s. Then dab the slide onto a wiper to remove excess trypsin.

25. Dip the slide into jar 2 twice and dab the slide onto a wiper to remove excess fluid.

26. Place the slides into jar 3 for 6 min.

27. Rinse the slide with cold water.

28. Use a wiper to clean the backs of the slides, and then let the slides air-dry for a few minutes.

Analysis of chromosomes

29. Cover the slides with a coverslip and Cytoseal 60. For each cell line, analyze 15 metaphases under a light microscope at

a 1,000x magnification.

A CRITICAL For analysis of the chromosomes, a banding resolution of at least 400 b.p.h. (bands per haploid) is generally required,
and the chromosomes should be well separated to permit their clear visualization.

? TROUBLESHOOTING

30. Choose the best mitotic spreads for karyotypes. Long chromosomes, few overlaps and clear bands are important criteria for judging
good spreads. At least four metaphases of each cell line should be karyotyped using an appropriate cytogenetic image analysis system.
? TROUBLESHOOTING
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17| Centrifuge the cell suspension at 4 °C for 5 min at 200g, and discard the supernatant.

18| In one FACS tube, resuspend 2 x 105 cells in 100 ul of FACS buffer containing the directly labeled antibody

(e.g., FITC-anti-human TRA-1-60 (1:5 dilution) or PE-anti-SSEA-3 (1:5 dilution)) and in another FACS tube resuspend

2 x 10> cells in 100 pl of FACS buffer with the respective isotype control (e.qg., FITC mouse IgM, x isotype (1:200 dilution)
or PE rat IgM, k isotype (1:80 dilution)).

19| Incubate the cells for 30 min at 4 °C.

20| Wash the cells with 2.5 ml of FACS buffer and centrifuge at 200g for 5 min at 4 °C; discard the supernatant and
repeat the wash.

21| Resuspend the cells in 150 pl of PBS.

22| Analyze the cells with a flow cytometer, adjusting the gates according to the isotype control (Supplementary Fig. 2).
If the cells express pluripotency markers, continue with EB formation (Step 23).

Embryoid body formation ® TIMING 2 h per cell line and 10 flasks, plus 1 d for incubation
23| Expand the hiPSCs from Step 22 in T80 flasks to 80% confluency.

24| Add 10 uM Y-27632 to the T80 flasks containing 80% confluent hiPSCs in FTDA.

25| Incubate the hiPSCs for 1 h at 37 °C.

26| Remove the FTDA.

27| Wash the hiPSCs twice with 10 ml of PBS.

28| Incubate the hiPSCs with 0.5 mM EDTA for 5-10 min at room temperature (1 ml of EDTA per 10-cm? growth surface).
A CRITICAL STEP Monitor the hiPSCs during EDTA incubation because detachment varies between cell lines. If the hiPSCs
detach very easily, shortening of the incubation time might be necessary to avoid cell loss. At the same time, make sure that
you obtain a single-cell suspension.

29| Remove the EDTA solution.

30| Add 1 ml of warm PBS per 10-cm? growth surface.

31| Tap the flasks on the bench to detach the hiPSCs.

32| Triturate the cells three times with a 10-ml pipette.

33| Transfer the hiPSCs to a 50-ml Falcon tube containing 10 ml of EB formation medium.

34| Rinse the cell culture flasks with 5 ml of Ca?+-containing RPMI medium and add it to the cell suspension from Step 33.
35| Centrifuge the hiPSCs at 250g for 5 min at room temperature.

36| Resuspend the hiPSCs in 10 ml of EB formation medium by triturating five times with a 10-ml pipette.

37| Count the hiPSCs.

38| Resuspend the hiPSCs in the EB formation medium at a concentration of 30 x 106 cells per 100 ml.

39| Add the hiPSC suspension to the spinner flask.

40| Incubate the flask overnight at 37 °C, 5% CO,, 5% 0,, 90% humidity, rotating at 40 r.p.m.
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Induction of mesodermal progenitor cells ® TIMING 1 h per spinner flask, plus 3 d for cultivation
41| Transfer 50 ml of the EB suspension from the spinner flask to a Falcon tube.

42| Transfer the rest of the EB suspension to T175 flasks (a maximum of 200 ml per flask).

43| Place the T175 cell culture flasks on a prewarmed V-shaped sedimentation rack.

44| Put the rack back in the incubator, and let the EBs sediment in the lower corner of the flask for 5-20 min (maximum),
depending on EB (~100-300 pm).

A CRITICAL STEP Once sedimented, process the EBs as soon as possible.

45| Remove the supernatant from the 50-ml Falcon tube, add 5 ml of washing medium, transfer the EBs to a 15-ml Falcon
tube with a marked scale to estimate the EB volume (Fig. 6), and calculate the total EB volume by extrapolating to the
total volume of EB formation medium.

A CRITICAL STEP EBs should not be left in the Falcon tube for more than 5 min after sedimentation.

46| Remove 90% of EB formation medium in the T175 flask from Step 44, and add the EBs from the Falcon tube.
If there is more than one flask, you can pool all the EBs together.

47| Wash the EBs with prewarmed washing medium.

48| Remove at least 90% of the washing medium, and resuspend the EBs carefully in mesoderm induction medium.

49| Transfer the EBs to Pluronic-F-127-coated suspension cell culture flasks. If you are using a T75 cell culture flask, transfer
50-100 pl of EBs in 20 ml of mesoderm induction medium; if you are using a T175 cell culture flask transfer 150-250 pl of
EBs in 40 ml of mesoderm induction medium.

A CRITICAL STEP If you have more than one T175 flask per cell line, check the volume of medium in which the EBs are kept,
divide it by the number of flasks you need and then remove the volume for one flask at a time to make sure that the EBs are

distributed equally.

50| Incubate the flasks for 3 d at 37 °C, 5% C0,, 5% 0, and 90% humidity. Change the medium daily.
? TROUBLESHOOTING

51| For medium change, place the T175 cell culture flask on a V-shaped sedimentation rack.
52| Let the EBs sediment in the lower corner of the flask (~5 min).

53| Remove 50% of the medium (20 ml).

54| Add 20 ml of medium/200 pl of EB volume.

55| Place the flasks back into the incubator.

Cardiac differentiation ® TIMING 1 h per cell line and 10 flasks, plus 10 d for cultivation
56| Place the T175 cell culture flask on a V-shaped sedimentation rack.

57| Let the EBs sediment in the lower corner of the flask (5 min).
A CRITICAL STEP Once sedimented, process the EBs as soon as possible.

58| Remove 90% of mesoderm induction medium and add 20 ml of washing medium. Let the EBs sediment.
59| Remove 90% of washing medium and add 5 ml of cardiac differentiation medium I.
60| Transfer the EBs to a 15-ml Falcon tube.

61| Let the EBs sediment.
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62| Estimate the EB volume with the aid of the scale on the 15-ml Falcon tube (Fig. 6).
A CRITICAL STEP Use 15-ml tubes with a marked scale to facilitate estimation of EB volume (Fig. 6). Once sedimented,
process the EBs as soon as possible. EBs should not be left in sediment in the Falcon tube for >5 min.

63| Transfer the EBs to Pluronic-F-127-coated cell culture flasks. If you are using a T75 flask, transfer 80-150 pl of EBs
in 20 ml of medium; if you are using a T175 flask, transfer 200-250 pl of EBs in 46 ml of medium.

64| Incubate the cells for 3 d. Leave the cells for 1 d and on days 2 and 3 change the medium (50% medium exchange).
Incubate the cells at 37 °C, 5% C0,, 21% 0, and 90% humidity.

A CRITICAL STEP When changing the medium, ensure that the EBs are not left in sediment and are processed as soon as possible.
? TROUBLESHOOTING

65| Switch to cardiac differentiation medium II, and incubate the cells for an additional 4 d with daily medium changes
(50% medium exchange). Incubate the cells at 37 °C, 5% C0,, 21% 0, and 90% humidity.

A CRITICAL STEP When changing the medium, ensure that the EBs are not left in sediment and are processed as soon as possible.
? TROUBLESHOOTING

66| Switch to cardiac differentiation medium III and incubate the cells for an additional 3 d with daily medium changes
(50% medium exchange). Incubate the cells at 37 °C, 5% C0,, 21% 0, and 90% humidity.

A CRITICAL STEP When changing the medium, ensure that the EBs are not left in sediment and are processed as soon as possible.
? TROUBLESHOOTING

Generation of human EHT @ TIMING 1 d, plus 2-3 weeks for maintenance
67| For dissociation of hiPSC-CMs, remove cardiac differentiation medium III.

68| Wash the hiPSC-CMs carefully with HBSS twice.
69| Add 1 ml of collagenase II solution per 10-cm? growth surface.

70| Incubate the mixture for 3-4 h at 37 °C, 5% C0,, 21% 0, and 90% humidity. During this time, monitor the progress of
cell dissociation microscopically.

71| In the meantime, prewarm DMEM to 37 °C, prepare dissociation medium and have sterile Teflon spacers, sterile PDMS
racks, fibrinogen stock, thrombin aliquots, 24-well plates, liquid sterile agarose (keep in the heated cabinet at 60 °C), 2x
DMEM, EHT medium and a cell counting instrument ready to use for the generation of EHTs.

72| Transfer the dissociated hiPSC-CMs to a 50-ml Falcon tube.
73| Flush the cell culture flask with dissociation medium and place the medium in the same Falcon tube.

74| Centrifuge the hiPSC-CMs for 10 min at 100g at room temperature.
A CRITICAL STEP Cardiomyocytes are sensitive to centrifugation at high speed. Do not centrifuge faster than 100g.

75| Discard the supernatant and resuspend the hiPSC-CMs in 20 ml of DMEM, or in 40 ml of medium (for a larger pellet
to aid cell counting).

76| Count the cells with an automated cell counter.

A CRITICAL STEP Cell counting, especially with a Neubauer chamber, is difficult to standardize. We suggest using an
automated procedure for cell counting.

? TROUBLESHOOTING

77| Centrifuge the hiPSC-CMs at 100g for 10 min at room temperature. After this step, continue to the next step to prepare
the fibrinogen containing the master mix solution and the casting molds for EHT generation. Alternatively, follow Box 4 for
cryopreservation and thawing of cardiomyocytes or Box 5 for FACS analyses of dissociated hiPSC-cardiomyocytes.

A CRITICAL STEP Cardiomyocytes are sensitive to centrifugation at high speed. Do not centrifuge faster than 100g.
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Box 4 | Freezing and thawing of cardiomyocytes ® TIMING 30 min, plus 4 h
for dissociation of cardiomyocytes

A CRITICAL Volumes are given for one cryovial. When thawing two or three vials of the same cells, pool the cell suspension
before adding the rinse and final volumes of medium. Adjust the media volumes accordingly.

1. Dissociate the cardiomyocytes as described in the ‘Generation of human EHT section (Steps 67-76).

2. Resuspend the cardiomyocyte pellet in cold freezing medium for hiPSC-CMs. Use 1 ml of freezing medium per cryovial.
Freeze at least 2 million hiPSC-CMs per vial.

3. Distribute the cells into cryovials. Avoid making bubbles or touching the cryovial cap.

4. Place the cryovials into a cryobox.

5. Place the cryobox at -80 °C for 12-24 h.

6. Transfer the cryovials to a =150 °C freezer or liquid nitrogen.

M PAUSE POINT The cells can be stored at 150 °C for several years.

7. For thawing of cardiomyocytes, remove the cryovial from the storage tank (-150 °C).

8. Warm one vial at a time in your hand until the freezing medium is almost completely thawed.

A CRITICAL STEP Do not thaw more than three vials of cardiomyocytes at one time.

9. If necessary, cryovials can be placed on dry ice for up to 10 min before thawing.

10. Gently transfer the cryovial cell suspension to a sterile 50-ml Falcon tube using a 1-ml pipette.

11. Rinse the empty cryovial with 1 ml of room-temperature RPMI to recover any residual cells from the vial.

12. Transfer the 1 ml of RPMI from the cryovial dropwise over 90 s to the 50-ml Falcon tube containing the cell suspension.
A CRITICAL STEP Dropwise addition of medium to the cell suspension is critical in order to minimize osmotic shock.

13. Gently swirl the tube while adding the medium.

14. Slowly add 8 ml of room-temperature RPMI to the 50-ml Falcon tube. Add the first 1 ml dropwise over 30-60 s. Then add the
remaining 7 ml over 30 s. Gently swirl the tube while adding the medium.

15. Gently mix the Falcon tube by inverting two to three times.

A CRITICAL STEP Avoid pipetting or vortexing.

16. Count the cells within the cell suspension.

? TROUBLESHOOTING

17. Centrifuge the cell suspension to pellet the cardiomyocytes at 100g for 5 min at room temperature before EHT generation
(Steps 78-92).

78| Prepare the master mix based on the cell count. Calculate the number of EHTs that will be generated (1.0 x 106 per EHT)
(see table below for guidance).

Per EHT Per 24-well plate
NCM medium 81.9 ul 1,965.6 ul
Fibrinogen stock 2.5 ul 60.0 ul
Matrigel Basement Membrane Matrix 10.0 ul 240.0 pl
2x DMEM 5.5 ul 132.0 ul
Y-27632 0.1ul 2.4 ul
Dissociated cells 1.0 x 106 24 x 106
Total 100.0 ul 2,400.0 ul

79| Resuspend the corresponding volume of fibrinogen stock in cold NCM.
A CRITICAL STEP Fibrinogen must be room temperature for pipetting. Dissolve the fibrinogen thoroughly.

80| Add Y-27632 (final concentration 10 uM).
81| Add 2x DMEM.

82| Add Matrigel Basement Membrane Matrix.
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Box 5 | FACS analyses of dissociated hiPSC-cardiomyocytes ® TIMING 3 h,
plus 4 h for dissociation of cardiomyocytes

. Dissociate the cardiomyocytes as described in the ‘Generation of human EHT section (Steps 67-76).

. Prepare two FACS tubes, each with 200,000 freshly dissociated hiPSC-CMs.

. Wash with 3 ml of PBS, centrifuge for 5 min at 200g at room temperature and discard the supernatant. Repeat this wash step.

. Resuspend the cells in 500 pl of cold methanol {(-20 °C) and fix the cells for 20 min on ice.

. Wash twice with 500 pl of FACS buffer.

. For further permeabilization, resuspend the fixed cells in 500 pl of FACS buffer and incubate for at least 45 min at 4 °C.

. Staining of intracellular antigens: resuspend permeabilized cells from one FACS tube in 100 pl of FACS buffer containing the primary
or directly labeled antibody (e.q., anti-cardiac Troponin T-FITC, 1:10 dilution) and the resuspend the cells from the other tube with the
respective isotype control (e.g., REA Control (I)-FITC). Incubate for 30 min at 4 °C.

8. Wash twice with 2.5 ml of FACS buffer.

9. If you are using a secondary antibody, repeat steps 7 and 8 with the secondary antibody.

10. Resuspend the cells in 150 il of PBS.

11. Analyze the cells with a flow cytometer, adjusting the gates according to the isotype control (Supplementary Fig. 2).

Ny U R W N e

83| Pipette up and own thoroughly until the fibrinogen is dissolved.

84| Resuspend the cell pellet in the fibrinogen containing the master mix and keep it on ice.

A CRITICAL STEP Cardiomyocytes are sensitive to shear stress and repeated resuspension. Prepare the fibrinogen containing
the master mix and resuspend the hiPSC-CMs directly in the master mix.

A CRITICAL STEP Avoid air bubble formation during pipetting.

A CRITICAL STEP Calculate 10% extra volume to compensate for Loss during pipetting.

85| Generation of casting molds. Pipette 1.6 ml of liquid agarose into 8 wells of a 24-well plate. Place the Teflon spacers
onto these wells directly after pipetting, as agarose solidifies very quickly. Repeat with the following wells. Let the agarose
solidify at room temperature (10-15 min).

A CRITICAL STEP Prolonged solidification results in fine cracks in the surface of the agarose. This makes the casting molds
leaky and decreases the efficiency of EHT generation.

86| Remove the Teflon spacers.

87| Position the PDMS racks on the 24-well plate such that each pair of PDMS posts is positioned within one agarose
casting mold.

88| Pipetting of EHTs. Mix 100 pl of master mix with one thrombin aliquot (3 pl) briefly. Pipette the mixture quickly into an
agarose casting mold with the PDMS racks placed on top. Repeat this step for each EHT separately.

A CRITICAL STEP Use a new filter pipette tip for pipetting each EHT. Resuspend the master mix carefully after 4-8 EHTs.
Avoid air bubble formation during pipetting, by pressing the pipette only until the first pressure point.

89| Place the 24-well plate in the incubator at 37 °C, 7% C0,, 40% 0, and 90% humidity for 120 min.

90| Supplement the fibrin gels in the casting molds with 200-300 ul of DMEM per well.

A CRITICAL STEP Adding the medium on top of the EHT before transfer will ease the removal from the casting molds and
improve the efficiency of EHT generation.

91| Incubate the gels for an additional 10 min.

92| Prepare a 24-well plate with prewarmed EHT medium (1.5 ml per well), and transfer the PDMS racks with fibrin gels care-
fully from the casting mold plate to the new cell culture plate.

93| Incubate the EHTs at 37 °C, 40% 0,, 7% CO, and 90% humidity for at least 2 weeks.
? TROUBLESHOOTING
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94| EHT medium change. Perform medium changes on Mondays, Wednesdays and Fridays. To do this, prepare a second 24-well
plate with new EHT medium, and transfer the PDMS rack/EHTs carefully.

Make sure that the EHTs do not touch the edges of the wells while doing this.
A CRITICAL STEP Use two 24-well plates for the entire batch of EHTs and refill with new medium to transfer the EHTs back
and forth between the two plates.

95| Monitor the EHTs during development by observing single-cell contraction and coherent contraction of small areas of
cells microscopically and coherent contraction of entire EHTs by video-optical analysis in the following steps.
? TROUBLESHOOTING

Video-optical analysis of contractile force ® TIMING 20 min for a baseline measurement of one 24-well
plate—20 s per EHT
96| 1 h before the experiment, turn on the hardware, heating, gas supply (0,, N, and C0O,), axis system, LEDs and computer.

97| Make sure that the temperature, humidity and CO, in the internal incubator box have reached target values.
We recommend using 37 °C, 90% humidity and 7% CO,.

98| Start the software.
99| Place the 24-well cell culture plate with the EHTs into the internal incubator box on top of the LED panel on the small metal pins.
100| Use the manual ‘EHT contractility analysis instrument’ to set up the experiment.

101| Define the parameters for contractility analysis. Standard parameters for human EHT are as follows: peak force, 4;
filter level, 10; baseline level, 0.95; force threshold, 0.02-0.05 mN; minimum factor, 0.2; maximum peak dist.,
60 s; contraction velocity/relaxation velocity (CV/RV) threshold factor, 0.2.

102| Define the top and bottom reference positions (blue crosses) for each EHT per well by optimizing the xyz coordinates.

103| Start the measurement. Details in regard to the analysis of data are provided in the manual of the EHT contractility
analysis instrument.

? TROUBLESHOOTING

Critical steps throughout this protocol are emphasized for each differentiation step. Low differentiation efficiencies can

be the result of diverse problems that must be excluded systematically. As mentioned above, the quality of hiPSC culture

is the most important prerequisite for efficient differentiation. Undesired spontaneous differentiation of hiPSCs may occur
in cultures that are either too sparsely or too densely populated. 80% confluency is the optimal cell density for starting a
differentiation. In addition, the passage number may have an impact on hiPSC quality. Usually it takes some passages after
thawing before the hiPSCs show their normal growth behavior. On the other hand, mutations may accumulate over time.
We regularly perform karyotyping and dispose of cultures with a passage number >100. Therefore, it is important to
maintain a large cell bank of hiPSCs with a low passage number. Media composition is also critical to maintaining the stem
cells” undifferentiated state. FTDA contains bFGF, TGFB1 and activin A, which cooperatively support proliferation, whereas
dorsomorphin inhibits spontaneous differentiationl4. bFGF is not stable at 37 °C, which leads to large fluctuations in bFGF
levels in the culture medium®?. To improve the efficiency of this essential growth factor, we use bFGF which has an increased
thermostability and higher resistance to proteases, and which retains the same biological properties as naturally occurring
bFGF20, This growth factor variant is also advantageous for the induction of mesodermal progenitor cells. We observed that
the absence of bFGF during mesoderm induction is detrimental to the differentiation efficiency.

Insulin, in contrast, inhibits differentiation of hiPSCs to mesodermal progenitor cells®4. Therefore, it is added only during
the progression of mesodermal cells toward cardiomyocytes (day 7 until day 11). During this stage, potent small-molecule
inhibitors of canonical WNT signaling promote cardiac differentiation.

With regard to handling of the EBs, it is important to keep all processing steps as short as possible and to avoid long
resting times in the sedimented state. In addition, EBs must be pipetted carefully at early steps and should not be
centrifuged, because this will lead to disaggregation of the cell clusters.

Handling of cardiomyocytes must be performed carefully as well, as they are sensitive to shear stress and more susceptible
to high-speed centrifugation than other cells. Therefore, dissociation of differentiated cardiomyocytes and generation
of EHTs must be carried out in a conscientious manner. EHTs can also be generated from cryopreserved cardiomyocytes.
Viability after thawing is usually 80-90% (Fig. 1c). With regard to EHT generation, it is important to prepare the master
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mix on ice, to avoid bubbles during pipetting and to use heat-inactivated serum to avoid dissolving of the fibrin matrix.
Overall, EHT generation is a very robust process if differentiation efficiency is sufficient and cardiomyocyte viability is high.
Further troubleshooting advice can be found in Table 3.

TABLE 3 | Troubleshooting table.

Step Problem Possible reasons Solution
8: Thawing Poor attachment of hiPSCs  No ROCK inhibitor Y-27632 was Add Y-27632 to the FTDA medium
of hiPSCs to Geltrex-coated plates included in FTDA medium

8: Cultivation
of hiPSCs

Spontaneous differentia-
tion of hiPSCs

hiPSCs are proliferating
very slowly

14: Passaging Many dead cells

of hiPSCs

Box 3, Cell density was too

step 21: high; (ii)

Karyotyping Cell density was too low
Chromosomes do not show
satisfactory spreading

Box 3, Staining does not give

step 30: a clear distinction

Karyotyping between pale staining and
dark staining of different
chromosomal regions

50 and 64-66: EBs are dissolving

Differentiation
of cardiomyocytes

66: Differentiation
of cardiomyocytes

No spontaneously con-
tracting cells on day 14

76: Dissociation
of cardiomyocytes

Many dead cardiomyocytes

93: Generation of
human EHT

EHTs are dissolving

Cultures were too sparsely
or too densely populated cultures

Growth factors with low activity

After thawing, hiPSCs must

be passaged several times before
they show their normal growth
behavior

Mycoplasma infection
Karyotype abnormalities
Imperfect coating

EDTA incubation lasted too long

An enzyme was used
for dissociation

Volume was not sufficient for
the number of cells

The number of cells was too low for
the volume used

Humidity and/or temperature was
unfavorable for spreading

Trypsin was incubation too
long/short

Giemsa staining was not sufficient

EBs were kept sedimented
too long

EBs were processed carelessly

Poor-quality hiPSC culture

Low bFGF activity during
EB formation and/or mesoderm
induction

Incubation in collagenase
solution lasted too long
Cardiomyocytes were processed
carelessly

Active serum was used for one of
the components or the medium
Reduced activity/degradation

of aprotinin

Adjust passage ratio

Always prepare fresh FTDA

Wait for some passages to occur

Perform mycoplasma test
Perform karyotyping
Passage hiPSCs to newly coated plates/flasks

Monitor the cells under a microscope and stop
dissociation at the right time

Enzyme-free dissociation is more gentle and
increases the likelihood of cell survival

Dilute the suspension with a few drops of ice-
cold fixative

Centrifuge at 250¢ for 10 min at 4 °C and
resolve the pellet in a smaller volume of fixative

Try to adjust the humidity to 45-50% and keep
the slide at 20 °C-30 °C while placing the
drops on the slide

Adjust trypsin treatment time

Optimize Giemsa staining

Keep transfer steps as short as possible—e.q.,
50% medium exchange within a differentiation
step

Pipette EBs carefully and do not centrifuge

See solutions concerning problems during
cultivation of hiPSCs

Use stable bFGF and add it directly before use
of medium

Monitor dissociation microscopically

Pipette cardiomyocytes carefully and do not
centrifuge faster than 100g

Only use heat-inactivated serum

Replace aprotinin
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TABLE 3 | Troubleshooting table (continued).

Step Problem Possible reasons Solution
95: Generation of ~ EHTs are not contracting Differentiation efficiency was too Only use differentiated cell populations with
human EHT on day 15 low >60% troponin-T-positive cells
Box 4, step 16: Many dead cardiomyocytes Freezing medium was unsuitable Use 90% (vol/vol) FBS plus 10% DMSO
Thawing of cardio-  after thawing Freezing process damaged (vol/vol) for freezing cardiomyocytes
myocytes cardiomyocytes Always use cryoboxes, freeze at -80 °C and
Thawing process damaged store at -150 °C
cardiomyocytes Thaw cardiomyocytes as quickly as possible,

but add medium slowly to minimize
osmotic shock

® TIMING

Steps 1-7, thawing of hiPSCs: 30 min

Step 8, daily maintenance of hiPSCs: 4 d

Steps 9-14, passaging of hiPSCs: 10 min

Steps 15-22, FACS analysis of hiPSCs: 90 min

Steps 23-66, differentiation of cardiomyocytes: 14 d

Steps 23-40, EB formation: 2 h per cell line and 10 flasks, plus 24-h for incubation

Steps 41-49, induction of mesodermal progenitor cells: 1 h per spinner flask

Steps 50-55, induction of mesodermal progenitor cells: 3 d

Steps 56-63, cardiac differentiation: 1 h per cell line and 10 flasks

Steps 64-66, cardiac differentiation: 10 d

Steps 67-92, generation of human EHT: 1 d

Steps 93-95, maintenance of human EHT: 14 d

Steps 96-103, video-optical analysis of contractile force: 20 min for baseline measurement

Box 1, freezing of undifferentiated hiPSCs: 15 min

Box 2, mycoplasma screening and treatment: 3.5 h or up to 2 weeks

Box 3, karyotyping of hiPSCs: 2.5 h, plus analysis of arresting cells in metaphase

Box 4, freezing and thawing of cardiomyocytes: 30 min, plus 4 h for dissociation of cardiomyocytes
Box 5, FACS analyses of dissociated hiPSC-cardiomyocytes: 3 h, plus 4 h for dissociation of cardiomyocytes

ANTICIPATED RESULTS

This protocol describes how to perform efficient differentiation of cardiomyocytes and subsequent EHT generation from
hiPSC lines. Suspension culture facilitates upscaling because, in contrast to 2D cultures, the number of cultivated cells

is not limited to the growth surface, and this allows differentiation of high cell numbers. Differentiation efficiencies

and efficacies for several control and disease-specific cell lines are given in Table 2. High-quality hiPSC culture, free of
differentiated cells, is critical to successful cardiac differentiation. One T80 cell culture flask of hiPSCs grown to 80%
confluency contains ~15 x 106 hiPSCs. A few hours after growth of the hiPSC suspension in the spinner flasks, EB formation
can be observed. 60 x 106 hiPSCs give rise to an average EB volume of 300 pl (Table 1). During induction of mesodermal
progenitor cells, there is a decline in EB volume because of apoptotic cells (Table 1). However, we have observed that this
has no adverse effects on the outcome of the differentiation. The first spontaneously contracting EBs can generally be
observed between days 8 and 10, depending on the cell line and quality of the starting hiPSC culture. Supplementary
Videos 1-3 show hiPSC-CMs in EB format. The time point of first beating activity is a good indicator of the differentiation
efficiency, with earlier onset (day 8) in cell populations with higher cardiomyocyte content. A successful differentiation
experiment results in 18-174 x 106 cardiomyocytes (70-97% Troponin T-positive; Fig. 1 and Supplementary Fig. 1) from
60 x 106 hiPSCs, depending on cell line and quality of undifferentiated hiPSCs (Table 2). Directly after differentiation, hiPSC-CMs
express MLC2a (refs. 7,9). Bright-field images at different time points of cardiac differentiation are shown in Figure 5.

For the successful development of EHTs, the differentiation efficiency should be at least 60%, as we observed a correlation
between cardiomyocyte purity and force development. With an increasing number of noncardiomyocytes such as fibroblasts in
the input cell population, EHTs shrink rapidly after casting and do not start contracting. For some disease-specific cell lines
with mutations leading to weaker contraction of the cardiomyocytes, a higher differentiation efficiency than that needed for
healthy cardiomyocytes can be necessary for sufficient EHT performance. In contrast to cardiomyocyte purity, the differentia-
tion method does not influence EHT performance. We recently used commercial hiPSC-CMs (CDI iCell; Axiogenesis Cor.4U)
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TABLE 4 | Details of contraction parameters.

Cell line Frequency (b.p.m.) Force (mN) T1 contraction time (s) T2 relaxation time (s)
Control 1, n=75/77 6117 0.152 + 0.052 0.120 £ 0.017 0.163 £ 0.026
Control 2, n = 46/3 92 + 31 0.138 £ 0.019 0.174 £ 0.083 0.215 £ 0.049
Control 3, n=23/3 61+ 15 0.115 + 0.044 0.151 + 0.024 0.238 + 0.085

Replicate number is the number of EHTs/number of batches. Intra-batch variability is negligible. Values are given as + s.d. Age: control 1: 20-25 days; control 2: 15-20 days, control 3: 20-30 days.
Measurements were done in culture medium (control 1 and 2) or Tyrodes solution (1.8 mM Ca%*, Ctr. 3). Data for control 1 were taken from Mannhardt et al’. T1 is time of 20% to peak force; T2 is time of
peak force to 80% relaxation (=20% above baseline).

for comparison with our in-house cell line and observed no differences in contractile function of the EHTs?. Normally,

2-5 d after EHT generation, single-cell contractions can be observed. Between 5 and 10 d, small clusters of hiPSC-CMs
begin contracting, and coherent contraction of the entire EHT generally occurs between days 10 and 15. We usually perform
experiments and video-optical analysis between days 14 and 28, although EHTs show a high robustness in long-term culture
(up to day 100; Supplementary Video 8). Details of contraction parameters are given in Table 4. On average, 95% of cast
EHTs can be analyzed. Sometimes single EHTs detach from the post while the PDMS rack is being transferred from the
casting molds to the culture plate or cannot be analyzed because of enclosed air bubbles. Supplementary Videos 5-8 show
EHTs from control cell lines. After casting, EHTs are progressively remodeled, and after 3 weeks in culture they have a
diameter of 223.4 + 10.4 pm (n = 10), a length of 6.09 + 0.23 mm (n = 10) and an estimated volume of 0.24 + 0.03 mm3 (n = 10).
Over time of EHT cultivation, an increase in cell length, longitudinal orientation and network formation, paralleled by a
reduction of extracellular space, can be observed histologically®®. Myosin light-chain expression changes during cultivation
from MLC2a to MLC2v (refs. 7,9), indicating maturation. hiPSC-CMs possess L-type Ca?* currents (I¢, ) as high as those

in human adult cardiomyocytes, but in contrast to adult cardiomyocytes T-type Ca* currents (I, 1) coexist. Furthermore,
serotonin does not increase I, | values in hiPSC-CMs, indicating an immature ventricular phenotype®.
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Supplementary Figure 1

Gating strategy used for FACS analysis of hiPSC-cardiomyocytes.

Given are details for forward and side scatter gates of the starting cell population and the gating to isolate cardiac troponin
T-FITC-positive cells with the help of unstained cells (A) and cells stained with REA Control (I)-FITC isotype control (B).
Absolute numbers of the cells analyzed and percentages of the relevant cell populations are provided. Cells were sorted
with a BD FACSCanto Il Flow Cytometer and analyzed with the BD FACSDiva Software.

Nature Protocols: doi:10.1038/nprot.2017.033
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Supplementary Figure 2

Gating strategy used for FACS analysis of hiPSCs.

Given are details for forward and side scatter gates of the starting cell population, the gating to discriminate doublets and
aggregates and the gating to isolate TRA-1-60/SSEA-positive cells with the help of cells stained with isotype controls.

Absolute numbers of the cells analyzed and percentages of the relevant cell populations are provided. Cells were sorted
with a BD FACSCanto Il Flow Cytometer and analyzed with the FlowJo Software.

Nature Protocols: doi:10.1038/nprot.2017.033
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3.3 Modeling of a novel ACTN2 mutation (c.740C>T; p.Thr247Met) in

hiPSC-CMs using an isogenic control cell line

In this chapter results on the functional analysis of hiPSC-CMs carrying a novel
ACTN2 mutation and its CRISPR/Cas9 repaired isogenic control will be presented.
This evaluation is part of a manuscript in preparation with the preliminary title
“patient-specific iPSC-derived cardiomyocytes reveal a disease-causing role for a
novel ACTN2 mutation in hypertrophic cardiomyopathy”. In this manuscript, | am
involved in conceptualization, methodology, investigation, formal analysis,
visualization, project administration and writing of the original draft. My contributions

in this project will most likely result in a first-authorship.

3.3.1 Novel ACTN2 mutation causes HCM

The novel ACTN2 mutation (c.740C>T; p.Thr247Met) investigated in this thesis has
never been reported before. It was described in a female patient, who was diagnosed
with HCM and presented a prolonged QT interval. DNA sequencing with a 19-gene
cardiac panel identified the ACTN2 c¢.740C>T transition in exon 8, which is located in
the CH2 domain of the ABD. Additionally, this mutation was found to co-segregate
within two family members and has not been described in the Exome Association
Consortium Browser (EXAC; http://exac.broadinstitute.org), supporting its causal

effect.

3.3.2 Generation of an isogenic control cell line using CRISPR/Cas9

In order to evaluate cell characteristics of the HCM cell line carrying a novel ACTN2
mutation, the first goal of this investigation was to generate an isogenic control cell
line in which the underlying mutation is reversed to the WT. For induction of genomic
DSBs at the desired location, sgRNAs A 5-GCAAGAGACGTACGTCATGA-3’ and B
5-CTACCACGCTTTTGCGGGCG-3’ were cloned into the pSpCas9n(BB)-2A-GFP
plasmid. Transfection of 800,000 HCM iPSCs resulted in 11351 GFP-positive cells
analyzed by FACS 48 hours after transfection. GFP-positive cells were plated and
cultured until colonies were visible. Handpicking of 140 clones and analysis by
sequencing revealed two successfully repaired clones from which one was further
subcloned, hereafter named HCM #26. Subcloning of HCM #26 resulted in the
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subclone ¢pHCM, which has been genotyped positively for the ACTN2 WT sequence
(Fig. 13).

I Repair Template (-Strand) ]

[} < SoRNAAT-Strand) | [“soRNAB(+Strand] > [

G>C_sil. mut./rep.templ. (-Strand) C>G sil. mut./rep. temp. (-strand)
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catgacgtacgtctcttgettct ttt 99 actcaacacttgtccgte
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TTATTTTCTCCCCCTTCAGACATCGTGAACACCCCTAAACCCGATGAAAGAGCCATCATGACGTACGTCTCTTGCTTCTACCACGCTTTTGCGGGCGCGGAGCAGGTACTCAACACTTGTCCGTC!

Figure 13: Representative Sanger sequencing results of the affected ACTN2 locus in the HCM and ¢,HCM cell
line. Depicted are the mutation on position g.54,208 (c.740C>T), the repair template from g.54,148-54,270 (-
strand), the according silent mutations encoded on the repair template on position g.54,200 (G>C; -strand) and
g.54,245 (C>G; -strand), and sgRNAs A and B. (A; B) Shown are representative Sanger sequences of HCM
iPSCs (A) and HCM iPSC-derived CMs (B). (C; D) Shown are representative Sanger sequences of ¢,fHCM iPSCs
(C) and (e,HCM iPSC-derived CMs (D). sil. Mut., silent mutation; rep. temp., repair template.

Sequencing also revealed that instead of the nucleotide C, the nucleotide T was
introduced as a silent mutation on genomic position g.54,200 at the heterozygous
state, resulting in the nucleotide A on the + strand (5’ to 3’). The second silent
mutation was correctly introduced on position g.54,245 and therefore the nucleotide
C was detected on the + strand. Unexpectedly, this silent mutation was introduced at
the homozygous state. Additionally, investigation of 13 potential off-targets in exons
and introns by Sanger sequencing resulted in the absence of detection of altered

sequences (Table 3).
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Table 3: Shown are NCBI accession numbers and genomic loci of analyzed off-targets resulting from the usage of
sgRNA A and B.

NCBI accession number off-target position
NG_029480 Exon 9.81,841-81,860
NM_016642 Exon c.1037-1056
NG_013304 Exon g.14,262-14,281
NG_029938 Exon g.149,593-149,612
NM_000827 Exon €.2942-2961
NG_009061 Exon g.24,969-24,988
NM_025268 Exon c.898-917
NC_018924 Intron 9.109,195,197-109,195,219
NC_018930 Intron 9.39,202,757-39,202,779
NC_018931 Intron 9.60,206,273-60,206,295
NC_018919 Intron 9.81,458,539-81,458,561
NC_018916 Intron g.16,615,937-16,615,959
NC 018929 Intron 9.73,770,186-73,770,208

The human iPSC clone ,HCM, derived from the HCM cell line, was defined as the

isogenic control cell line for this study.

3.3.3 HCM hiPSC-CMs exhibit hypertrophy in 2D

For evaluation of cell sizes in the HCM and the ,HCM cell line, CMs were cultured
for 30 days, prepared for immunofluorescence analysis, imaged by confocal
microscopy (LSM800 Airyscan Zeiss) and analyzed with Fiji (ImageJ) as described
previously (Prondzynski et al., 2017). Single CMs with developed sarcomeric
structures were included into the analysis (Fig. 14), whereby aggregates of CMs were

excluded.
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HCM esHCM

Figure 14: Representative immunofluorescence images of HCM and HCM CMs. Both cell lines were stained
with an antibody directed against a-Actinin 2 (green) and with Hoechst 33342 for nuclear staining (blue; scale
bars, 50 pm).

Cell sizes in HCM were significantly higher than in the isogenic control cell line
epHCM (4,512 + 224 um?®versus 2,482 + 138 pm?; Figure 15).
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Figure 15: Quantification of CM cell size. HCM and (¢,HCM were seeded in 96-well plates at a density of 10,000
cells per well, cultured for 30 days, and stained with antibodies against a-Actinin 2. Low-resolution images of CMs
(n = number of analyzed cells/ number of analyzed wells/ number of differentiation batches) were taken with the
Zeiss LSM 800 microscope and analyzed with Fiji software (ImageJ). Data are expressed as mean + SEM (***p <
0.0001, unpaired Student’s t-test).
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These measurements suggest that HCM cell line develop CM hypertrophy when
compared to the isogenic control cell line.

3.3.4 HCM EHTs exhibit hypercontractility and prolonged relaxation time

To obtain functional data of the HCM and the ,HCM cell line, CMs were casted in
EHT format and analyzed under paced conditions (1 Hz, 2 Volts) in 1.8 mM Ca*'-
Tyrode solution for force (mN), contraction time (T1(so%)) and relaxation time (T2@o%);
Breckwoldt et al., 2017). HCM EHTs (30 £ 5 day-old) showed a higher force
development (0.178 + 0.008 mN versus 0.130 + 0.005 mN; Fig. 16 A) and a longer
relaxation time (0.252 + 0.004 sec versus 0.207 + 0.003 sec; Fig. 16 C) than (¢,HCM
EHTs. Contraction time did not differ between HCM and ¢,HCM EHTSs (0.158 + 0.002
sec versus 0.157 £ 0.005 sec; Fig. 16 B). Taken together, these results suggest that
hypercontractility and prolonged relaxation time measured in HCM EHTs are caused
by the ACTN2 mutation, as those phenotypes were not present in the CRISPR/Cas9
repaired isogenic control cell line. Additionally, the isogenic control cell line exhibits
similar cell areas and functional characteristics of EHTs as the unrelated control cell

line, which has also been investigated in this thesis (data not shown).
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Figure 16: Functional parameters of 30 + 5 day-old HCM EHTs and isogenic control pHCM EHTs. EHTs were
paced at 1 Hz in 1.8 mM ca® in Tyrode solution at 37 °C. (A) Force, (B) contraction time (Tygo%) and (C)
relaxation time (T2@o%)) were evaluated (n= number of pooled EHT measurements/ number of measured EHTs/
number of differentiation batches). Values are expressed as mean + SEM. ***p < 0.001, unpaired Students t-test.
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4. Discussion

Although the first description of HCM dates back to the late 50s, it was 30 years later
that the first mutation in MYH7 gene, encoding the sarcomere component 3-MHC
was found to be associated with the disease (Geisterfer-Lowrance et al., 1990).
Additionally, molecular links between genetics and clinical outcome are still elusive
and no curative treatment is available up to date. Recent technological advances in
the form of hiPSCs revolutionized the study of human diseases (Takahashi et al.,
2007). The ability of hiPSCs to differentiate into any kind of cell creates a valuable
human disease model, offering a potentially unlimited source for material of human
origin, devoid of ethical concerns and governmental restrictions. Combining the study
of HCM and the technique of hiPSCs makes it possible to differentiate CMs of
individuals with disease-relevant mutations, thereby offering a brilliant chance for
gaining new insights into pathophysiology and investigation of new therapeutics that

target the genetic causes of HCM.

The goal of this work was to evaluate hiPSC-CMs as a tool to model HCM and to
assess molecular-based interventions, such as trans-splicing, GR and CRISPR/Cas9

genome editing. Therefore three aims were defined and the main findings were

(1) for the first aim successful characterization of a patient-derived hiPSC line
carrying a novel MYBPC3 mutation in comparison to an unrelated healthy
control line and application of trans-splicing and GR as new molecular-based

interventions.

(2) for the second aim successful development of a differentiation protocol for
CMs, which is EB-based, cost-effective and generates high purity of hiPSC-
CMs. This protocol was successfully applied to all investigated cell lines in this
thesis. Furthermore, this protocol allowed efficient generation of EHTs using
the patient-derived hiPSC-CMs carrying a novel ACTN2 mutation and its

isogenic control cell line.

(3) for the third aim successful generation of an isogenic control cell line using

CRISPR/Cas9 genome editing, as the description of morphological and
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functional parameters of a patient-derived hiPSC line carrying a novel ACTN2

mutation and its isogenic control cell line (¢,HCM

The three aims of this thesis and their corresponding results were all defined and
achieved in the past three years in the Department of Experimental Pharmacology
and Toxicology and in collaborations with other scientists. Protocols on differentiation
of CMs, molecular, morphological and functional characterization in 2D- and 3D-
formats, and evaluation of gene therapy approaches were developed in that time
frame. Therefore, all three defined aims in this thesis are strongly interdependent and
led to standardized procedures for disease modeling of human inherited
cardiomyopathies with hiPSC-CMs.

4.1 hiPSC-CMs as a suitable tool for modeling of HCM

Before the emergence of hiPSC-CMs alternatives were and are still used to study
and model inherited cardiomyopathies. One of the most desired samples to acquire is
human heart tissue. Due to the fact that 5% of HCM patients undergo surgical septal
myectomy, a unique opportunity is created to study the intrinsic CM pathology (Spirito
et al., 1997). In contrast to other heart tissue samples that can be used for in vitro
experiments, such as from patients with terminal heart failure (HF) or pressure-
overloaded hearts, usually pathological triggers lie outside the cardiac myocytes in
the form of stenosis in coronary arteries, increased resistance in peripheral
vasculature or failing heart valves (Ponikowski et al., 2016). Nevertheless, important
findings were made with human heart tissue studying the trabeculae carneae, freshly
isolated CMs, skinned cells and with the usage of actin-myosin sliding assays as well
as biochemical and gene expression analysis (for review Eschenhagen et al., 2015).
Highlights of this research in respect to HCM were findings of in vivo energetic
alterations in HCM patients, especially with mutations in the MYH7 and MYPBC3
genes, which could be reproduced with human in vitro muscle strips (Ingwall et al.,
2004; Crilley et al.,, 2003; Teerlink et al., 2011). Additionally, experiments with
skinned human preparations from HCM patients showed increased myofilament Ca**
sensitivity, faster cross-bridge cycling and reduced maximal force generation, as
higher energy consumption and tension cost (Sequeira et al., 2013; Witjas-
Paalberends et al., 2013; Witjas-Paalberends, Ferrara, et al., 2014; Witjas-

Paalberends, Gucli, et al., 2014). However, there are also limitations in usage and
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interpretation of data that is obtained from human tissue samples. HCM myectomy
samples develop a high degree of fibrosis, which can hinder cell isolation and
therefore lead to artefacts in functional experiments or misinterpretation of data
obtained in biochemical or gene expression analysis, since it's usually compared to a
non-failing control tissue sample (Lamke et al., 2003). Ultimately, human samples are
rare, just available in irregular intervals and can be used for a limited amount of time,
making them experimentally challenging. Investigators also need to be in close
proximity to a cardiovascular clinic or collaborate with cardiologists and cardiac

surgeons to obtain these samples.

To circumvent these limitations and to study underlying disease mechanisms animal
models are used, such as primates, pigs, dogs, rabbits, rats and mice (for review
Zaragoza et al., 2011). However, when working with animal models it is important to
consider, which animal recreates human disease the best and is affordable in respect
to infrastructure, specialized personnel and ethical guidelines. One of the most
extensive studied animals are mice. Mouse models have proven to be the gold
standard in understanding of underlying disease mechanisms in human inherited
diseases. Mice share over 90% of their genome with humans and 98% of
experimentally defined binding sites for skeletal-muscle-specific transcription factors
(Chinwalla et al., 2002; Wasserman et al., 2000). Additionally, they exhibit striking
similarity in human physiology and anatomy. Compared to large-animal models,
costs in maintaining mice are much lower and ethical concerns are not addressed,
when using mice instead of primates. However, mice are not human and when
investigating cardiac diseases major electrophysiological differences remain
(Nerbonne, 2004). Nevertheless, there are have been several mouse models created
for HCM research, mimicking disease-relevant mutations expressed in the patient
(Geisterfer-lowrance et al., 1996; Yang et al., 1998; Lim et al., 2001; Vignier et al.,
2009). Those models have been extensively used to investigate pathology and
pathomechanisms on cellular and physiological level in HCM, giving us direct insights
that are translatable to humans. Especially investigation of mouse models with
Mybpc3 mutations showed haploinsufficiency, cardiac hypertrophy, higher
myofilament Ca*" sensitivity, faster cross-bridge cycling and diastolic dysfunction,
major hallmarks of HCM (for review Marston et al., 2012). Nevertheless, mice are not

human.
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Closest model to humans on cellular level has been for a long time hESCs.
Unfortunately, scarcity of hESCs with inherited diseases and insufficient gene editing
techniques just resulted in few studies published in the context of cardiovascular
disease and HCM (Cao et al., 2008; Burridge et al., 2012; Lan et al., 2013; Monteiro
da Rocha et al., 2016). Observations in these studies were that common limitations
are apparent in hESC-derived CMs, such as developmental immaturity in the form of
similar gene expression profiles to fetal CMs, as well as lower levels of B-myosin than
in adult CMs. Nevertheless, transient haploinsufficiency, hypertrophy, sarcomeric
disarray, impaired Ca?" impulse propagation, abnormal Ca?* handling and
arrhythmias were reported.

One goal of this thesis was to evaluate hiPSC-CMs as a suitable tool for HCM
disease modeling. Investigated hiPSC-CMs from patients with novel MYPBC3
(c.1358dupC; p.Vald54CysFsx21) and ACTN2 (c.740C>T; p.Thr247Met) mutations
exhibited both hallmarks of HCM, and are therefore in line with previous findings in
different models of the disease. The MYBPC3 mutant cell line exhibited
haploinsufficiency, characterized by 50% lower MYBPC3 mRNA and cMyBP-C
protein levels than unrelated healthy control, as already reported previously in HCM
hiPSC-CMs (Chapter 3.1, Fig.1; Birket et al., 2015). Additionally, mutant nonsense
MRNA was not detected, suggesting that it is degraded by the nonsense-mediated
MRNA decay, as already reported in a Mybcp3-targeted knock-in mouse model of
HCM (Vignier et al., 2009). The PTC is located >50-55 nucleotides upstream of the
most 3’ exon-exon junction, therefore matching NMD rules (Nagy et al., 1998). The
truncated cMyBP-C protein was also not detected by Western blot. This is in line with
previous investigations of human tissue samples with truncating MYBPC3 mutations
(Marston et al., 2009; van Dijk et al., 2009). Nonetheless, it has also been reported
the absence of haploinsufficiency in an analysis of human tissue samples from HCM
patients with truncating MYBPC3 mutations (Helms et al., 2014). Furthermore,
transient haploinsufficiency was reported in hESC-CMs with a disease relevant
truncating MYBPC3 mutation (Monteiro da Rocha et al., 2016). Haploinsufficiency
was detected in 17-day-old HCM hESC-CMs, but not in 30-day-old HCM hESC-CMs.
Therefore, 7-day-old MYBPC3 mutant hiPSC-CMs investigated here might have just
exhibited a transient haploinsufficiency. If this is the case has to be elucidated in the

future. However, Birket et al observed haploinsufficiency in 25-day-old HCM hiPSC-
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CMs carrying a truncating MYBPC3 mutation. For now the role of haploinsufficiency
being either responsible for initiation or progression of HCM remains controversial
(Marston et al., 2012; Strande, 2015). In the ACTN2 mutant cell line it is not known if
haploinsufficiency is causative for HCM, since protein levels have not been
investigated yet. In contrast to the MYBPC3 mutant line, the ACTN2 line carries a
missense mutation. This leads to the hypothesis that mutated transcripts are
translated into proteins that might alter functional characteristics of the protein, acting
as so-called “poison peptides”. How exactly those mutated proteins affect function

will be addressed in future experiments.

Besides haploinsufficiency, alterations in gene expression profiles were also detected
in the MYBPC3 mutant cell line. The mRNA levels of proteins associated with
hypertrophy, such as four and a half LIM domains 1 (FHL1), S100 Ca*" binding
protein A4 (S100A4) and connective tissue growth factor (CTGF) were higher and
mRNA levels of proteins involved in Ca®* handling, such as phospholamban (PLN),
SERCA2a (ATP2A2), ryanodine receptor (RYR2) and inhibitor 1 (PPP1R1A) were
lower than in the healthy unrelated control (Chapter 3.1, Fig. 6). This is in agreement
with previous findings using HCM hiPSC-CMs and hESC-CMs carrying MYBPC3
mutations (Dambrot et al., 2014; Ojala et al., 2016; Tanaka et al., 2014; Uesugi et al.,
2014).

Hypertrophy was apparent in both investigated HCM cell lines. Cell size was 1.6-fold
higher after seven days in culture in MYBPC3 mutant cell line than in a healthy
unrelated control cell line (Chapter 3.1, Fig. 1, 5). Cell size was investigated in this
study by two independent methods: confocal microscopy and with a high-content
screening microscope. Both methods were able to complement each other by giving
similar results in independent experiments. 30-day-old ACTN2 mutant cell line
exhibited a 1.8-fold higher cell area by confocal microscopy than isogenic control cell
line (Chapter 3.3, Fig. 15), whereby there was no significant difference between the
isogenic and the unrelated healthy control (data not shown). Most studies observing
hypertrophy in 2D cultured hiPSC-CMs and hESC-CMs detect similar cell sizes for
control cell lines ranging from 1000 to 2000 pm? and for MYBPC3 mutant cell lines
ranging from 3000 to 4000 pm?, which is in line with the findings reported in this
thesis (Dambrot et al., 2014; Uesugi et al., 2014; Birket et al., 2015; Monteiro da
Rocha et al.,, 2016). Nevertheless, Dambrot et al. described that serum
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supplementation of 5% to 20% in culture medium can mask hypertrophic phenotypes
in 2D culture of hiPSC-CMs. This could not be observed in the present study, in
which 10% of serum was supplemented to the culture medium, as in several other
reports where up to 20% of serum was used and hypertrophy was still detected
(Tanaka et al., 2014; Monteiro da Rocha et al., 2016; Ojala et al., 2016). In a follow
up study by Birket et al. using the same cell lines as in the study of Dambrot et al.,
culture conditions were improved by supplementation of T3, IGF-1 and
dexamethasone to the culture medium. Supplementation of these factors led to no
significant differences in cell sizes between 25-day-old control and HCM hiPSC-CMs,
whereby the HCM lines adjusted to the size of the controls (Birket et al., 2015). As
media compositions can have an impact on hypertrophy it has also been shown that
culture density is important. In a study by Uesugi et al. commercially available iCell
Cardiomyocytes (CDI) were used to investigate the impact of high density and low
density culturing for 7 days in 96-well plates. High density conditions were defined as
2800 to 4800 cellssmm? and low density as 500 to 1200 cellss/mm?. The authors
showed that hiPSC-CMs cultured in low density developed hallmarks of HCM, such
as hypertrophy, altered gene expression profiles and altered electrophysiology. In
contrast to this study, all hiPSC-CMs investigated in this thesis have been cultured in
a density of 300 cellss/mm? and hypertrophic phenotypes were clearly distinguishable
between mutant and control cell lines. Important to note is that in the study of Uesugi
et al. commercial medium was used for hiPSC-CMs culture supplemented with
serum. However, in-house experiments showed that a culture density of 500 to 1200
cells/mm? results in confluent monolayers, which in our experimental set-up is not
preferable, since hiPSC-CMs are measured as single cells. In general, reported n-
numbers are very low when assessing cell sizes in hiPSC-CMs, what can be a
limitation in some studies (Uesugi et al., 2014; Dambrot et al., 2014; Birket et al.,
2015; Monteiro da Rocha et al., 2016; Ojala et al., 2016). Whether hypertrophy is a
valid marker of HCM in hiPSC-CMs remains unclear and future studies have to
elucidate the mechanisms that lead to this development and define hypertrophy in
2D.

Investigation of hiPSC-CMs in 3D is an attractive tool for evaluation of functional
characteristics, such as contractile force amplitude and kinetics as well as

electrophysiological parameters. Part of this thesis was to adapt previous protocols
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for the generation of EHTs to hiPSC-CMs (Hansen et al., 2010; Schaaf et al., 2011).
This model has been successfully applied to hiPSC-CMs in the past and EHTs
generated with the ACTN2 mutant cell line and its isogenic control, grants first
evidence that this model can also be used in the context of disease modeling (Uzun
et al., 2016; Mannhardt et al., 2016; Lemoine et al., 2017; Mannhardt et al., 2017). In
comparison to their isogenic control, mutant ACTN2 EHTs exhibited significantly
higher and longer contraction force and relaxation time, respectively (Chapter 3.3,
Fig. 15). This might be interpreted as hypercontractility and diastolic dysfunction,
since EHTSs consisting of hiPSC-CMs of an unrelated healthy control exhibited similar
functional parameters as the isogenic control (data not shown). EHTs were in a
similar range of force generation as reported previously, but relaxation time was
almost two fold higher in both cell lines under paced conditions (Mannhardt et al.,
2016; Mannhardt et al., 2017). This could be due to reported batch to batch
variabilities or different genetic backgrounds in the hiPSC-CMs (Mannhardt et al.,
2017). Therefore it remains unclear if observed phenotypes of mutant ACTN2 EHTs
are due to the underlying genetic mutation or natural variability, since disease
modeling with EHTs has not been reported before with hiPSC-CMs. Previous studies
used a knock-in model of mice with a MYBPC3 mutation for analysis in EHT formats
and reported higher contractile forces and a low number of EHTs with tetanic
contractions, extreme prolongations in relaxation time, similar to findings in the
ACTN2 mutant EHTs (Stohr et al.,, 2013). Further investigation of EHTs using
MYBPC3 KO mice was reported in 2016 by Wijnker et al. (Wijnker et al., 2016). In
this study EHTs were generated from Mybpc3-targeted KO and WT mouse cardiac
cells. KO EHTs displayed higher maximal forces when compared to WT EHTS,
similar to ACTN2 mutant EHTs. Additionally, AAV-mediated overexpression of a
MYBPC3 missense mutation revealed correct incorporation of missense cMyBP-C in
the sarcomere. Suggesting that these missense proteins act as “poison peptides”,
similar to what is expected in the ACTN2 mutant line. Since investigated species are
different, results are not completely transferable to hiPSC-CMs, but similar findings
might lead to the same underlying disease mechanisms. Nevertheless, differences in
EHTs were observed in comparison to an isogenic control, which is at present the
best control available (Branddo et al., 2017). Other 3D models of DCM have been

reported in the past (Tulloch et al., 2011; Kensah et al., 2013; Kuppusamy et al.,
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2015; Riegler et al., 2015; Turnbull et al., 2014; Zhang et al., 2013; Tiburcy et al.,
2017; Hinson et al., 2015; Stillitano et al., 2016). The only report on contraction
measurements in hiPSC-CMs with a truncating MYBPC3 mutation was by Birket et
al. in 2D cultured single cells (Birket et al., 2015). This was accomplished by plating
hiPSC-CMs on soft micropatterned polyacrylamide gels containing fluorescent micro-
beads. Micro-bead displacement was imaged and converted to a value of traction
stress (Ribeiro et al., 2015). Ultimately, HCM hiPSC-CMs showed lower contractile
force when compared to unrelated healthy controls. This is in stark contrast to the
findings in EHTs. Reasons for this could be the fundamental difference of measuring
one cell to a 3D construct of cells, which has been shown to develop a more mature
phenotype (Uzun et al., 2016; Lemoine et al., 2017). Therefore it might be true that
single HCM hiPSC-CMs reach lower contractile forces, since intrinsic
pathomechanisms, such as haploinsufficiency caused by truncating mutations,
cannot be compensated by functional 3D composites of hiPSC-CMs. This

discrepancy has to be further investigated in the future.

Besides the possibility of using 3D constructs for modeling of inherited
cardiomyopathies it is also important to note that these models are at the forefront of
regenerative medicine, as their potential in improving cardiac function has been
proven for several times now, also with EHTs (for review Shadrin et al., 2016;
Weinberger et al., 2016). The most recent publication highlights a newly developed
cardiopatch, which is a highly functional human cardiac tissue with clinically relevant
dimensions of 4 x 4 cm (Shadrin et al., 2017). Additionally, cardiopatches robustly
engraft, undergo vascularization by host vessels, maintain electrical function, and do
not increase the incidence of arrhythmias. General limitations of these 3D models are
efficient delivery of nutrients and oxygen to the cells, since vascularization is not
apparent in engineered human heart tissues. Therefore 3D constructs of hiPSC-CMs
can also be generated by alternative scaffolds, such as decellularized plants
(Gershlak et al., 2017). This study describes how vascular structures of the plant can
be utilized as prevascularized scaffolds for tissue engineering applications. Plant
scaffolds were recellularized with human endothelial and mesenchymal cells as well
as hiPSC-CMs and showed contractile function and Ca?* handling properties over 21
days in culture. These studies provide the foundation for future use of hiPSC-CM

tissues in regenerative medicine.
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Taken together, hiPSC-CMs have shown to reproduce disease related-phenotypes of
HCM in 2D and 3D and are therefore a good testbed for the investigation of

underlying disease mechanisms.

4.1.2 hiPSC-CMs as a suitable tool for evaluation of treatment options in HCM

Another goal of this thesis was to evaluate hiPSC-CMs as a tool to assess molecular-
based interventions, such as trans-splicing, GR and CRISPR/Cas9 genome editing in
hiPSC-CMs.

Trans-splicing has been evaluated in the past as a new treatment option for inherited
diseases, such as Duchenne muscular dystrophy, spinal muscular atrophy and HCM
(for review Berger et al., 2016; Wally et al., 2012; Mearini et al., 2013). Trans-splicing
is an attractive approach in the case of HCM-associated MYBPC3 mutations, since
by generating only two pre-trans-splicing molecules (PTMs) it is principally possible
to repair all mutations and therefore treat 40-60% of all HCM patients, covering the
first and the second half of the MYBPC3 mRNA (Behrens-Gawlik et al., 2014; Carrier
et al., 2015). In this thesis feasibility of 5 and 3’ trans-splicing was tested in healthy
control hiPSC-CMs (Chapter 3.1, Fig. 2, 3). However, trans-splicing efficiencies were
very low and repaired cMyBP-C protein was not detected. Therefore trans-splicing
was not tested in the MYBPC3 mutant line. Since this study is the first to test trans-
splicing in hiPSC-CMs, other reports on trans-splicing efficiencies are not available.
However, a study in CCL-136 cells on dystrophia myotonica type 1 reported trans-
splicing efficiencies of 1 to 7.4%, showing that higher trans-splicing efficiencies can
be reached in cellular models (Chen et al., 2009). Other previous data obtained in
our department showed that AAV-mediated trans-splicing efficiencies of up to 66% in
vitro and 0.14% in vivo in Mybpc3-targeted knock-in mice (Mearini et al., 2013).
Nevertheless, low amount of repaired cMyBP-C protein produced by 5’ trans-splicing
was not sufficient to prevent the development of the cardiac disease phenotype. One
possibility of increasing trans-splicing efficiencies is by optimizing PTM design,
especially for the binding domain (BD). The BD was located roughly in the middle
and covered 120 nucleotides of the endogenous MYBPC3 mRNA targeting intron 21,
resulting in approximately the same packaging size for both PTMs. To increase trans-
splicing efficiencies, systematic testing of different lengths and complementary

regions might lead to higher binding affinities for the endogenous pre-mRNA.
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However, highly conserved splice donor and acceptor sites were included in both
PTMs that could be even stronger than the corresponding sequences in the MYBPC3
intron 21. Another way of higher trans-splicing efficiencies is by evaluating different
delivery vectors for PTMs. In this thesis AAV vectors were used, which allow specific
delivery to hiPSC-CMs but also showed to be toxic in higher transduction doses than
used. Additionally, other delivery vectors could be tested, whereby potential toxicity
effects, especially when working towards clinical applications, should be considered.

Nevertheless, this is the first proof-of-concept of trans-splicing in hiPSC-CMs.

GR is another very attractive treatment option for human inherited diseases already
tested in several clinical trials worldwide. In the cardiovascular field one of the most
promising clinical trials might have been the phase 2b CUPID 2 trial (Greenberg et
al., 2016). Idea of this trial was to improve clinical outcome of heart failure patients by
AAV1-mediated SERCA2a gene transfer. CUPID 2 followed the successful
completion of phase | trials, which reported a beneficial outcome for study
participants (Jessup et al., 2011; Zsebo et al., 2014). Those clinical studies were
inspired by previous reports showing that deficiencies in SERCA2a activity in the
failing heart can be corrected by gene transfer in experimental models (Byrne et al.,
2008; del Monte et al., 2001; Kawase et al., 2008; Sakata et al., 2007). Unfortunately,
no benefits have been observed in gene therapy recipients of the CUPID 2 trial.
Reasons could lie in inadequate delivery and uptake of the vector, or the fact that
SERCA2a is not an adequate target for gene therapy in patients with heart failure
(HF). Therefore, gene therapy in HCM patients might be more straight forward,
because underlying sarcomeric mutations are known and overexpression of
sarcomeric proteins is expected to replace in part or completely the endogenous
counterpart, since the sarcomere is a tightly regulated system with a preserved
stoichiometry (Tardiff et al., 2015). Preserved stoichiometry of the sarcomere could
be observed in the control hiPSC-CMs, where MYBPC3 gene transfer resulted in 2.4-
fold higher level of MYBPC3 mRNA without change in the level of full-length cMyBP-
C protein (Chapter 3.1, Fig. 4) Similarly in MYBPC3 mutant hiPSC-CMs, gene
transfer resulted in 2.6-fold higher amount of MYBPC3 mRNA and restored cMyBP-C
protein amounts to 81% of the healthy control (Chapter 3.1, Fig. 4). Additionally,
partial restoration of cMyBP-C haploinsufficiency was sufficient to suppress

hypertrophy in the MYBPC3 mutant line and had no effect on cell sizes measured in
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the healthy control (Chapter 3.1, Fig. 5). Exogenous FLAG-cMyBP-C proteins were
properly incorporated into the sarcomere in both cell lines (Chapter 3.1, Fig. 5).
Furthermore, gene expression profiles changed beneficially after MYBPC3 gene
replacement, reflected in mRNA levels of proteins associated with hypertrophy and
Ca?* handling. For example, mRNA levels of serum response factor (SRF) and
S100A4, which are known to be higher in cardiomyopathies (Zhang et al., 2001;
Doroudgar et al., 2016), were significantly reduced after 7 days of GR therapy
(Chapter 3.1, Fig. 6). Additionally, levels of mMRNAs encoding proteins belonging to
the PI3K-Akt Kyoto Encyclopedia of Genes and Genome (KEGG) pathway, such as
CTGF, collagens (COL1Al1l, COL3Al) and fibronectin (FN1) were significantly
reduced. Finally, gene therapy increased mRNA levels of Ca?* handling proteins,
suggesting improvement of the cardiac contraction (Chapter 3.1, Fig. 6). Similar
observations were reported in vivo using GR in Mybpc3-trageted knock-in mice
(Mearini et al.,, 2014). GR treatment prevented the development of cardiac
hypertrophy and dysfunction by increasing the amount of cMyBP-C protein and
suppressed the expression of the endogenous mutant alleles. Furthermore, GR has
been tested in hiPSC-CMs modeling catecholaminergic polymorphic ventricular
tachycardia (CPVT) using an AAV9 vector for delivery of the human calsequestrin
(CASQ?2) gene (Lodola et al., 2016). Viral gene transfer decreased the percentage of
delayed afterdepolarizations (DADs), reestablished Ca®" transient amplitudes and
lead to normalization of density and duration of Ca®" sparks. Beneficial outcomes
using GR treatment were also reported in hESC-CMs carrying a truncating MYBPC3
mutation (Monteiro da Rocha et al., 2016). Viral gene transfer of full-length MYBPC3
via AV prevented hypertrophy, sarcomeric disarray and improved Ca®* impulse
propagation in HCM hESC-CMs. In line with the data reported in this thesis, the
authors showed correct incorporation of the M2-Flag-cMyBP-C proteins into the A-
band of the sarcomere and suppressed hypertrophy in hESC-CMs after 7 days of
treatment. Additionally, Western blot analyses suggests that the HCM hESC-CMs
produced more exogenous cMyBP-C than control hESC-CMs, which fits to preserved
stoichiometry of the sarcomere as described before. Unfortunately, gene expression
profiles before and after GR were not analyzed in this study. Taken together, studies
and data presented in thesis support GR as a promising therapeutic option, which

could be particularly important for infants with bi-allelic truncating MYBPC3 mutations
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(Lekanne Deprez et al., 2006; Xin et al., 2007; Wessels et al., 2015). GR could
prolong and improve quality of life of affected infants for whom no other therapy
exists except heart transplantation. Evaluation of GR in HCM hiPSC-CMs has been
reported in this thesis for the first time and therefore represents an intermediate step
towards clinical application. Nevertheless, studies with large animal models are still
required to test AAV doses and delivery before going to first-in patient.

CRISPR/Cas9 transformed the field of genome editing by storm. Before its
emergence mostly technologies such as zinc finger nuclease (ZNFs) and
transcription activator-like effector nucelases (TALENS) were used, which proved to
be very costly and labor intensive (for review Hockemeyer et al., 2016).
CRISPR/Cas9 on the other hand is a very cheap and fast method to generate
desired genomic modifications in many of the scientifically used disease models (for
review Sander et al., 2014). Originally the CRISPR/Cas9 system was found to be an
adaptive immune response in bacteria and its first description was 30 years ago (for
review Hsu et al., 2014; Marraffini, 2015). In 2012 Jinek et al. demonstrated that
CRISPR type-2 system proteins, called Cas9, can also function as designer
nucleases by associating with an engineered sgRNA that is complementary to a
genetic locus of interest (Jinek et al., 2012). In less than 5 years CRISPR/Cas9 was
exploited as a “high-throughput” genome editing tool in hiPSCs to generate or repair
mutations causing human inherited diseases (for review Hockemeyer et al., 2016).
One of the major contributions of this tool is to create isogenic control cell lines, as
they can be used to directly assess the role of a mutation to cellular pathology
without worrying about genome variability in an unrelated control. In this thesis the
first ever reported isogenic control cell line for a disease-associated ACTN2 mutation
was created (Chapter 3.3, Fig. 13). Therefore ACTN2 mutant hiPSCs were subjected
to CRISPR/Cas9 editing following a protocol that was published in 2013, using a
modified ssODN as a repair template (Ran et al., 2013). HDR efficiencies of 1.4%
were reached with this approach and resulted in the generation of the ,HCM clone.
Due to the fact that the Cas9 nickase enzyme (Cas9n) was used in this experiment, it
is not surprising that editing efficiencies are rather low, as it is reported that Cas9n
approaches are about 10% less efficient when compared to the WT Cas9 (Ran et al.,
2013). However, higher editing efficiencies have been reached either by delivery of

the Cas9 in viral vectors, by promoting HDR pathways in the cell or by using different
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Cas9 enzymes (for review Hockemeyer et al., 2016; Chu et al., 2015; Burstein et al.,
2017). Nonetheless, Cas9ns have been chosen for this experimental approach, since
there is an ongoing debate about off-target effects, especially when developing it
towards therapeutic purposes (for review Martin et al.,, 2016). As Cas9ns induce
single strand brakes (SSBs) both Cas9ns have to nick in close proximity to each
other for generation of DSBs, with no harm of causing off-target effects by creating a
SSBs. Analysis of 13 intronic and exonic sites of the genome with off-target potential
revealed no altered sequences in the ¢,HCM clone (Chapter 3.3, Table 3). However,
since the ,HCM clone has not been subjected to whole genome sequencing the
answer to the question whether off-targets have been introduced remains unclear.
Another important issue is clonal stability of successfully edited clones, as manual
hand picking can hold the danger of expanding a clonal mix of cells and therefore
generate a chimeric population. Further expansion, differentiation and analysis of
these clones can lead to falsified results, since it has been observed in previous
experiments in our department that passaging of hiPSCs more than eight times
results in one dominating clone (Letuffe-Breniere et al., unpublished). Therefore, in
this thesis successfully edited hiPSC clones were again subcloned and regularly
monitored for the affected genomic locus by Sanger sequencing. So far, there is only
one report on the generation of isogenic controls using CRISPR/Cas9 in the context
of HCM. Just recently Wang et al. reported the introduction of a disease-relevant
HCM mutation (cTnT (TNNT2)-I79N) into a healthy hiPSC line by CRISPR/Cas9
editing (Wang et al., 2017). However, due to the publishing format it is not disclosed
how exactly isogenic controls were generated. Nevertheless, this recent study gives
new insights about underlying disease mechanism for TNNT2 mutations in HCM as
the authors conclude that action potential (AP) triangulation and AP instability,
induced by an NCX-mediated mechanism, leads to an increased risk for arrhythmias.
Furthermore, CRISPR/Cas9 has also been exploited in the cardiac field for the
generation of new mouse models. Several studies have shown that CMs can be
edited in the postnatal murine heart using viral-based vectors for delivery of
CRISPR/Cas9 components (Carroll et al., 2016; Guo et al., 2017; Xie et al., 2016;
Johansen et al., 2017). In the latest study of Johansen et al. transgenic mice were
created with cardiac-restricted expression of Cas9 enzymes, using a floxed Cas9

cassette with a green fluorescent protein (GFP) reporter knocked into the Rosa26
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locus. This was complemented with an a-myosin heavy chain-Cre (aMHC-Cre)
transgene. Other reported mouse models have chosen a similar approach for
cardiac-restricted Cas9 expression (Carroll et al.,, 2016; Guo et al.,, 2017). Overall
Cas9 overexpression in CMs did not alter baseline cardiac function. Delivery of
sgRNAs was mediated by AAV9, which displays cardiac tropism and postnatal pups
were injected with a single dose of the virus. This study showed that CRISPR/Cas9
editing by delivering a single sgRNA is target-dependent, as just the Myh6 gene
disruption resulted in a cardiac phenotype. For disruption of the Savl gene a dual
sgRNA approach was used, which significantly increased editing efficiency.
Generally, editing efficiencies and a mosaic pattern of gene disruption are still
limitations when using CRISPR/Cas9 in vivo. Nevertheless, CRISPR/Cas9 editing
was already applied to rescue disease-related phenotypes in mice with muscular
dystrophy and PRKAG2 cardiac syndrome by targeted exon skipping and allele-
specific silencing, respectively (Long et al., 2016; Xie et al., 2016). Taken together,
since its initial description as a genome editing tool in 2012, CRISPR/Cas9 has
already profoundly contributed to the field of hiPSC research by generation of
relevant disease models and unraveling of cellular disease mechanisms.
Nevertheless, it's important to note that CRISPR/Cas9 is also at the forefront of
human germline therapy as several studies have shown efficient and successful
editing of human embryos (Kang et al., 2016; Liang et al., 2015; Ma et al., 2017
Tang et al., 2017). Especially the study by Ma et al. is intriguing as the correction of a
heterozygous MYBPC3 mutation in human preimplantation embryos by
CRISPR/Cas9 directly affects this thesis. The authors report that correction of
germline mutations was achieved by activating an endogenous, germline-specific
DNA repair response, which led to the finding that DSBs at the mutant paternal allele
were predominantly repaired using the homologous wild-type maternal gene instead
of a synthetic DNA template. Additionally, HDR efficiency was reported to vary
between 13 and 27% amongst targeted clones, no off-targets events were found and
no mosaicism was reported. However, these findings remain controversial as inter-
homologue recombination was never reported before and has to be further validated
in the future. Nevertheless, these studies show that treatment of human germline

mutations can be accomplished by using CRISPR/Cas?9.
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All molecular-based interventions tested in this thesis have proven to work when
applied to hiPSC-CMs. Therefore this model represents a good testbed for the
investigation of new treatment options and an intermediate step towards clinical

application.

4.1.3 Limitations of hiPSC-CMs for disease modeling

When working with hiPSCs it is important to consider possible limitations of the
model such as unstable genome integrity, diverse differentiation protocols, immaturity
and variability between hiPSC lines (for review Puri et al., 2012; Eschenhagen et al.,
2015; Brandéo et al., 2017).

One of the most pressing and probably least controlled limitations is instable genome
integrity of hiPSCs. During expansion and prolonged passage of hiPSCs abnormal
karyotypes and single nucleotide polymorphism (SNPs) are acquired constantly
(Kilpinen et al.,, 2017; Mayshar et al., 2010; Taapken et al.,, 2011). Hot-spots of
karyotype aberration are trisomies in the chromosomes 1, 8, 9 and 12, whereby
duplications of chromosome 12 result in significant enrichment for cell cycle-related
genes. SNPs are acquired in a more random fashion but seem to be linked to hot-
spots of chromosomal aberrations (Mayshar et al., 2010). In general, hiPSCs are
derived from somatic cells. Therefore, these cells are not meant for passing on
hereditary information and are not subjected to evolutionary selective forces that act
on mutations in germline cells. In comparison to hESCs, hiPSCs carry permanent
genetic changes that are acquired during somatic cell development or during the
reprogramming process and it is possible that none of these stages have developed
mechanisms to protect the genome. Unfortunately, techniques for controlling genome
integrity such as G-banding, copy number determination and whole exome/genome
sequencing are still very expensive and cannot be used routinely for same hiPSC
lines. Also in this thesis hiPSC lines were not subjected to whole genome
sequencing, but G-banding resulted in the conformation of euploid karyotypes for all
used cell lines except for the ,HCM, which has not been tested yet. Another
important aspect of genome integrity has been termed “epigenetic memory” (Bar-Nur
et al.,, 2011; Ghosh et al., 2010; K. Kim et al., 2010; Marchetto et al., 2009; Polo et
al., 2010). This effect is caused by incomplete removal of somatic cell-specific DNA

methylation at regions in proximity to CpG islands (Doi et al., 2009; Kim et al., 2010).
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It has been reported that with prolonged passaging of iPSCs and treatment with
molecular inhibitors of DNA methyltransferase activity residual DNA methylation
patterns are lost (Kim et al., 2010; Polo et al.,, 2010). These studies suggest that
origin of hiPSCs could directly influence observations, which are made in disease
modeling experiments. This is a limitation that could also affect this thesis, as hiPSCs
were generated from human dermal skin fibroblast and cell-specific DNA methylation
patterns have not been investigated. However, new technologies have to be
developed to monitor constant changes in the genome in a low-cost and high
throughput fashion, thereby guaranteeing stable genome integrity of investigated
hiPSC lines.

Next to hiPSCs culture protocols, protocols for targeted differentiation of these cells
have also to be validated and improved for generation of more defined hiPSC-CMs.
Until now most CM-specific differentiation protocols generate ventricular-like CMs,
including the protocol presented in this thesis (Mummery et al., 2012; Breckwoldt et
al., 2017). Modeling of HCM with hiPSC-CMs has been therefore rather
straightforward, since cell-autonomous ventricular aspects are modeled best with
these cells. Nevertheless, for example mutations in ACTN2 have never been
investigated before in hiPSC-CMs, therefore it is not known if further testing of the
same cell line in subtype-specific hiPSC-CMs would give further insights into
underlying disease mechanisms. This also applies to the MYBPC3 mutant cell line
investigated in this thesis as the heart consists of additional cells beside CMs, such
as fibroblasts, smooth muscle and endothelial cells, which might have an impact on
disease development and progression. Therefore it is also important that heterotypic
cell models are generated, which could help to unravel cell-to-cell communication
and its impact on HCM. For instance, 7 days after GR treatment in the MYBPC3
hiPSC-CMs mRNA levels of CTGF, collagens (COL1A1 and COL3A1) and FN1 were
significantly reduced (Chapter 3.1, Fig. 6). This could be related to paracrine factors
mediating the crosstalk between CMs and fibroblasts (for review Mooren et al., 2014;
Takeda et al., 2011). First attempts have been made in this direction by protocols
generating epicardium, epicardium-derived smooth muscle cells (EPI-SMCs) and
cardiac fibroblasts from hiPSCs (lyer et al., 2015; Witty et al., 2014). Additionally,
heterotypic 3D models are reported consisting out of 75% hiPSC-CMs and 25%

stromal cells, giving first insights into patients with cardio-facio-cutaneous syndrome
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(CFCS), which is also associated with HCM (Cashman et al., 2016). It remains
unclear, if observed HCM phenotypes in this 3D model are related to the heterotypic
culture model, but further improvement of these models might contribute to the

description of so far unknown disease mechanisms.

Immaturity of hiPSC-CMs is another important aspect when these cells are used for
disease modeling (for review Eschenhagen et al.,, 2015; Brandao et al., 2017).
Generally observed immature phenotypes in hiPSC-CMs are spontaneous
contraction, depolarized resting membrane potential and altered Ca®" handling
properties (Lundy et al., 2013; Ma et al., 2011). Additionally, conduction velocities in
hiPSC-CMs are substantially slower than in adult CMs (Lee et al., 2012). This is
complemented by fetal gene expression profiles, morphological characteristics typical
for fetal CMs and their predominant energy production by glycolysis, instead of fatty-
acid oxidation (Synnergren et al., 2012; van den Berg et al., 2015; Veerman et al.,
2015 Kim et al., 2013). Similar phenotypes were also observed in this thesis and
have to be taken into consideration when evaluating data generated with hiPSC-
CMs. Therefore 3D models, such as EHTs, can serve as a “maturation platform”,
since several reports have shown impact on maturation when hiPSC-CMs were
cultured in EHTs instead of a 2D monolayer (Mannhardt et al., 2016; Uzun et al.,
2016; Lemoine et al., 2017). Furthermore, it is possible to increase culture duration
for hiPSC-CMs and consequently time of maturation, for instance by establishing an
‘EHT-housing”, complementary to “mouse-housing”. If maturation can be also
achieved in 2D cultures by increased culture duration remains unclear since culture
of hiPSC-CMs over 30, 60 and 90 days did not show any maturation of the
phenotype (Tanaka et al., 2014). On the other hand it is possible to contribute to
maturation of 2D-cultured hiPSC-CMs by the supplementation of T3, IGF-1 and
dexamethasone to the culture medium (Birket et al., 2015).

Finally, for every scientific experiment a suitable control is needed. Disease modeling
experiments with hiPSC-CMs usually compare a patient-specific cell line to an
unrelated healthy control cell line. Therefore genetic differences could influence
experimental outcomes of these experiments and lead to false conclusions. It is
reported that even between different control hiPSC-CMs electrophysiological
properties can be significantly different (for review Sala et al., 2016). One possibility

to circumvent this limitation is to generate isogenic control cell lines with
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CRISPR/Cas9. As it is reported by Wang et al. and in this thesis, isogenic controls
can be generated and help to directly decipher underlying disease mechanisms
(Wang et al., 2017). Nevertheless, off-target mutations and the possibility of mixed
clonal populations have to be critically monitored. Besides inter-person variability,
intra-person variability can also play a crucial role in hiPSC-CMs. It is reported that
mitochondrial DNA (mtDNA) variants in hiPSCs show low levels of potentially
pathogenic mutations in original fibroblasts, which are revealed through
reprogramming and therefore generate mutant hiPSCs (Perales-Clemente et al.,
2016). Especially hiPSC-CMs with non-related human disease mtDNA mutations
showed impaired mitochondrial respiration. Therefore the authors proposed next
generation sequencing of mtDNA as a new selection criterion to ensure hiPSC quality
and to reduce intra-person variability. This has also to be taken into consideration for

the investigated cell lines in this thesis.

Despite many challenges discussed in this thesis, hiPSCs and hiPSC-CMs have had
a significant impact on cardiac disease modeling in recent years. While animal and
heterologous cell-based model systems will likely not be replaced by hiPSCs, this
model has proven to be a powerful platform leading to novel mechanistic insights for
HCM and other inherited human diseases. Limitations of hiPSCs will be further
addressed in the future by lowering sequencing costs and new technologies to
guarantee fast and safe development of hiPSCs into valuable tools for disease

modeling, drug safety assessment, regenerative and precision medicine.

4.2 Implications for modeling ACTN2 mutations associated with HCM

In contrast to MYBPC3, the role of ACTN2 mutations as being causative for HCM is
controversial. This is mostly due to its low prevalence in HCM patients of 1% and to
the fact that ACTN2 mutations are also associated with various other forms of

cardiomyopathies (Table 4; for review Murphy et al., 2015; Maron et al., 2013).
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Table 4: a-Actinin 2 mutations and associated disease or phenotypes (modified from Murphy et al. 2015).

Mutation Domain Disease/Phenotype Reference
GIn9Arg ABD DCM Mohapatra et al., 2003
Gly111Val ABD, CH1 HCM Theis et al., 2006; Haywood et al., 2016
Ala119Thr ABD, CH1 HCM, DCM, IVF, LVNC, SUD Bagnall et al., 2014; Chiu et al., 2010; Haywood et al., 2016
Met228Thr ABD, CH2 HCM + Atrial Arrhythmias Girolamiet al., 2014
Thr247Met ABD, CH2 HCM + mild LQT Prondzynski et al., unpublished
Thr495Met Rod, SR2 HCM Chiu et al., 2010; Theis et al., 2006
Glu583Ala Rod, SR3 HCM Chiu et al., 2010
Glu628Gly Rod, SR3 HCM Chiuetal., 2010
*Arg759Thr CaM, EF12 HCM Theis et al., 2006

The * indicates that these are equivalent Arg residues in a sequence alignment of a-Actinin 1 and 2. Abbreviations
used: IVF, Ildiopathic ventricular fibrillation; LVNC, Left ventricular non-compaction; LQTS, Long-QT-syndrome;

SUD, Sudden unexplained death; HCM, Hypertrophic cardiomyopathy; DCM, Dilated cardiomyopathy.

Additionally, for just a few of the reported ACTN2 mutations associated with HCM,
underlying disease mechanisms have been described or investigated experimentally
(Chiu et al., 2010; Girolami et al., 2014; Haywood et al., 2016; Theis et al., 2006). In
an attempt to answer these question Haywood et al. investigated the Glyl11Val and
Met228Thr mutations in in vitro purified ABDs by circular dichroism and X-ray
crystallography. Analysis of secondary and tertiary structures revealed small but
distinct differences that might be responsible for reduced F-actin binding affinity in
both mutants (Haywood et al., 2016). Furthermore, the authors used a full-length
mEos2 tagged protein for overexpression studies in adult rat CMs and found that Z-
disk localization and dynamic behavior of both mutants is altered. In conclusion
Haywood et al. found “small effects on structure, function and behavior, which may
contribute to a mild phenotype for this disease”. This statement of the authors is in
stark contrast to the clinical findings that were described for the Alal19Thr mutation
as DCM, left ventricular non-compaction, idiopathic ventricular fibrillation and
unexplained sudden death (Bagnall et al.,, 2014; Chiu et al., 2010). Therefore
additional disease modifiers must exist or previous experiments were not able to
reveal the real impact of this mutation. Another GIn9Arg mutation was found in a
DCM patient and tested in overexpression studies using mouse myoblasts (C2C12;
Mohapatra et al., 2003). Transfection of these cells with the GIn9Arg variant revealed
disrupted interaction with muscle LIM proteins (MLPs) in co-immunoprecipitation
experiments and inhibited a-Actinin 2 function analyzed by immunofluorescent
imaging, thus proposing that the underlying DCM mechanism is compromised
cytoarchitecture or altered myocyte differentiation. The novel ACTNZ2 mutation
(c.740C>T; p.Thr247Met) investigated in this thesis has never been reported before.
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So far, experimental analysis of HCM hiPSC-CMs revealed hypertrophy in 2D and
higher contractile forces and relaxation times in 3D compared to the isogenic control
(Chapter 3.3, Fig. 14, 15). These results strongly suggest that observed in vitro
hallmarks of HCM are caused by the ACTN2 mutation, as those phenotypes were not
present in the CRISPR/Cas9 repaired isogenic control cell line. However, it is hard to
predict molecular consequences of this mutation, as those phenotypes are commonly
observed in hiPSC-CMs modeling HCM-associated mutations. In another study
Girolami et al identified a novel ACTN2 mutation in an Italian family associated with
mid-apical LV hypertrophy and juvenile onset of atrial fibrillation (Girolami et al.,
2014). The Met228Thr mutation is located in the CH2 domain of the ABD and is just
19 amino acids (AA) away from the investigated ACTN2 mutation in this thesis. This
might indicate that both mutations contribute to a similar pathology, since they are in
the same functional domain and both patient cohorts exhibit an electrophysiological
component besides LV hypertrophy. But none of the Italian family members was
diagnosed with LV outflow obstruction. Nevertheless, altered electrophysiology of
affected patients might be reflected by the prolonged relaxation time exhibited in the
ACTNZ2 mutant EHTs. Experimental evidence that a-Actinin 2 interacts with various
ion channels such as voltage-gated sodium channel subunit 5 (Na,1.5), potassium
voltage-gated channel member 5 (K,1.5), L-type Ca®" channels and small
conductance Ca®*-activated potassium channels (SK2) was obtained in previous
studies showing that its role in CMs is not fully understood yet (Ziane et al., 2010;
Maruoka et al., 2000; Sadeghi et al., 2002; Lu et al., 2009). Interaction partners for a-
Actinin 2 were found in yeast two-hybrid systems and experimentally verified in in
vitro studies (Sadeghi et al., 2002). These reports come all to the conclusion that a-
Actinin 2 links cytoskeleton to membrane proteins such as ion channels.
Furthermore, in vitro experiments using the Thr247Met variant revealed that it is
more prone to aggregation and exhibits higher F-actin binding affinities (Mathias
Gautel, personal communication). Weins et al. reported about a similar observation in
a disease-associated a-Actinin 4 variant Lys255Glu (Weins et al., 2007). The authors
analyzed this mutant in different in vitro systems and described higher F-actin binding
affinities, resulting in aggregate formation and therefore impaired physiological
function. Responsible for this phenotype is a constant exposure of the actin-binding

site 1, which is buried in the WT protein. Since this mutation is just eight AA away
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from the Thr247Met variant and in close proximity to the Met228Thr variant, a
common disease mechanism could be apparent in both isoforms. Constant activation
of the actin-binding site 1 could result in aggregate formation and impaired function of
a-Actinin 2 in the CMs. Thus, resulting in hypertrophy, sarcomeric disarray,
contractile dysfunction and altered electrophysiology since a-Actinin 2 fulfills different
functions in CMs as a-Actinin 4 does in podocytes. However, most of these studies
were performed in cancer cell lines or in ex vivo analyzed rat and mouse CMs,
therefore these results have to be validated in hiPSC-CMs first. Further experiments
with the Thr247Met variant focusing on the mechanisms discussed above will help to
understand the diverse role of a-Actinin 2 in HCM.

5. Conclusion

Despite many challenges objected in this thesis, hiPSC-CMs have proven to be a
powerful platform for evaluation of disease-related phenotypes in HCM and for
applications of new molecular-based treatment options. Apart from this thesis,
hiPSC-CMs have already substantially contributed to novel mechanistic insights into
disease pathologies and were able to translate cellular pathologies onto the
individual patient level. Additionally, new therapeutic compounds can be tested on
hiPSC-CMs that might lead to individually tailored treatment options in the future.
Limitations of hiPSCs will be further addressed in the future allowing hiPSCs to grow
to their full potential in disease modeling, drug safety assessment, regenerative and

individualized medicine also in the field of HCM.
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7. Appendix

7.1 Materials

7.1.1 Antibodies

7.1.1.1 Antibodies used for immunofluorescence staining

Investigated Primary I Secondary -
protein Antibody Company Dilution Antibody Company Dilution
. anti-mouse
a-Actinin2  ¢lone EA-53; Sigma IgG, Alexa Molecular ;.41
monoclonal Probes
Fluor-488
7.1.2 Bacterial strains
Bacterial strain Manufacturer
One Shot® TOP10 Chemically Competent E. coli Invitrogen
7.1.3 Chemicals
Product Manufacturer
Ampicilline trihnydrate Serva
Accutase Gibco
Dulbecco’s modified Eagle medium (DMEM) Biochrom
Fetal calf serum Biochrom
Geltrex™ LDEV-Free Gibco
Histofix® Roth
Hoechst 33342 Thermo Scientific
Insulin Sigma
Milk powder Roth
Matrigel Corning
Penicillin/streptomycin Gibco
Phosphate buffered saline (PBS) Biochrom
Triton X-100 Sigma
7.1.4 Consumable materials
Product Manufacturer
Culture plates (24-well) Nunc
Culture plates (96-well micro-clear bottom) Greiner
7.1.5 Kits
Kit Manufacturer

CloneJET PCR Cloning Kit
Primary Cell 4D-Nucleofector® X Kit
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7.1.6 Laboratory equipment

Product Manufacturer
Confocal microscope (LSM800, Airyscan) with a 40x-oil objective  Zeiss

Amaxa Nucleofector™ Lonza
FACSAria™ |l BD Bioscience

7.1.7 Enzymes

Restriction enzyme with supplied buffer Manufacturer
AmpliTaq Gold® DNA Polymerase Applied Biosystems
PrimeStar® HS DNA Polymerase Clontech

7.1.8 Oligonucleotides

ACTNZ2 primers were designed according to the NCBI gene accession number
NG_009081.1. All primers were designed using SnapGene and purchased from the
MWG Biotech AG.

7.1.8.1 ACTN2 primer sequences for PCR and sequencing

Primers Sequence (5" to 3")

Forward GGCCCATGAAACACAGAAAT
Reverse @ AGGGCCATTCTTCCTCAAGG

7.1.8.2 Off-target primer sequences for PCR and sequencing

Primers Forward (5" to 3") Reverse (5" to 3")
NG_029480 ggggtgtatggtgttcttgg ggcaggaggacatggtttg
NM_016642 cttttgctttcctggtggct gtctcctctggacagtctgce

NG_013304 ggaagagaagacactgggct gactgagtgtgtgcagctgg
NG_029938 ccaaaggttcagagaagggc cccggaagatgatggtgtct
NM_000827 tttgtttgatcccacagcaa ggtctccatctgctccagtt
NG_009061 agggtgcttgagttgatcct tgttggtggcagtggaca
NM_025268 ccgcagaagatgatgctgta  ggctgcagctccagtgatag
NC_018924 ttctgggttcaagccatcct aagctcactgaaaggaaaggt
NC_018930 cttccagtccagagcaagtg  cagtcaaatcccagctctge
NC_018931 tcagtttctacggccactgt tgaaacctctctcttgccgt
NC_018919 agtgggttgctgcagagtaa  acaggtgtgagccatgtacc
NC_018916 tctgcactgtgtaggtcatgt tgatgagaaaacgggaggca
NC_018929 gcaaggcatccacgaatagt gctatttggggcactttggt
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7.1.8.3 Sequence of the ssODN repair template

ssODN Sequence (5" to 37)

Repair template  ACCCACACTGCCCACCTTGCCTGCCCCCTGACCAGTCTCTCCCA
TGGGGTAGCCAACAGCAGGGCGTGCACATGTGGGTGGGGTGTG
CAGCAGGTCCTAGCACTTGGCTGGTTCCACACA
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7.2 List of abbreviations

°C Degree Celsius EHT Engineered heart tissue

pg Micrograms ESC Embryonic stem cell

pL Microliter e.g. Exempli gratia (for example)

pm Micrometer et al. Et alii (and others)

um Micromolar FACS Fluorescence-activated cell sorting

2D Two-dimensional FCS Fetal calf serum

3D Three-dimensional Fig. Figure

ACTN2 a-Actinin 2 ETDA bFGF, TGFR1, dorsomorphin and activin A based hiPSC
medium

Anova Analysis of variance g gram

AON Antisense oligonucleotide gRNA Guide RNA

AP Action potential HBSS Hank’s Balanced Salt Solution

APD Action potential duration HCM Hypertrophic cardiomyopathy

ATP Adenosine 5’-triphosphate HDR Homology-directed repair

BB Backbone hESC Human embryonic stem cell

bFGF Basic fibroblast growth factor hiPSC Human induced pluripotent stem cell

BMP4 Bone-morphogenetic protein 4 hiPSC-CM Human iPSC-derived cardiac myocyte

bp Base pairs Hz Hertz

B-MHC Beta-myosin heavy chain i.e. Id est (that is)

cAMP Ca2+/calmodulin-dependent protein kinase Il iPSC Induced pluripotent stem cell

CM Cardiac myocyte iPSC-CM Human iPSC-derived cardiac myocyte

cMyBP-C Cardiac myosin-binding protein C (Protein) kb Kilobase

Cas CRISPR-associated protein kDa Kilodalton

Cas9n CRISPR-associated protein 9 nickase Kl Knock-in

CASQ2 Calsequestrin 2 KO Knock-out

cDNA Complementary deoxyribonucleic acid LTCC Long lasting-type calcium channel

EB Embryoid body LV Left ventricle

CM Cardiomyocyte M Molar

cm Centimeter min Minutes

CRISPR Clustered Regularly Interspaced Short Palindromic MOl Multiplicity of infection

Repeats

cTNC Cardiac troponin C MRNA Messenger ribonucleic acid

CTNI Cardiac troponin | mm Millimeter

CTNT Cardiac troponin T mM Millimolar

d days MYBPC3 Cardiac myosin-binding protein C (Gene)

DCM Dilated Cardiomyopathy MYH7 Beta (R)-myosin heavy chain

DMEM Dulbecco’s modified Eagle medium NaOH Sodium hydroxide

DNA Deoxyribonucleic acid NCBI National Center for Biotechnology Information

DSB Double strand break NCX Sodium-calcium exchanger

ECC Exciation-contraction coupling NHEJ Non-homologous end joining

ECG Electrocardiograph ns not significant

EDTA Ethylendiamintetraacetic acid nt Nucleotide
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PAM Protospacer adjacent motif

PBS Phosphate-buffered saline

PCR Polymerase chain reaction

PTC Premature termination codon

PLN Phospholamban

RNA Ribonucleic acid

ROS Reactive oxygen species

RYR2 Ryanodin receptor 2

sec Seconds

SEM Standard error of mean

SERCA2a Sarcoplasmic-endoplasmatic reticulum calcium ATPase 2a
sgRNA Single guide RNA

SNP Single nucleotide polymorphism
ssODN Single-stranded donor oligonucleotide
Tl Contraction time

T2 Relaxation time

TAE Tris acetate EDTA

Talen Transcription activator-like effector nucleases
TBS Tris buffered saline

TBS-T Tris buffered saline with Tween 20
TGF-B Transforming growth factor-

TNNT2 Titin (Gene)

TRIS tris-(hydroxymethyl)-aminoethane

\% Volt

VS. Versus

WT Wild-type
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Abstract

Induced pluripotent stem cells (iPSCs) and their ability to differentiate into any kind of
cell offers an exceptional human disease model as patient-derived iPSC lines can be
generated with disease-relevant mutations. This constitutes a unique chance in
understanding molecular pathophysiology and for evaluation of new therapeutic
options in genetic diseases, such as Hypertrophic cardiomyopathy (HCM). HCM is an
autosomal-dominant disease, characterized by myocardial disarray, left ventricular
hypertrophy and diastolic dysfunction. Molecular links between genetics and clinical
outcome are still elusive and no curative treatment is available up to date. Therefore
the aim of this study was to evaluate human iPSC-derived cardiomyocytes (hiPSC-
CMs) as a tool to model HCM and for assessment of trans-splicing, gene
replacement (GR) and CRISPR/Cas9 genome editing as molecular-based
interventions. Three different iPSC lines were provided: one control cell line derived
from a healthy individual and two cell lines derived from HCM patients identified with
novel mutations in the MYBPC3 (c.1358dupC; p.Val454CysFsX21) or the ACTN2
(c.740C>T; p.Thr247Met) gene at the heterozygous state. For generation of hiPSC-
CMs a new differentiation protocol was developed, which is embryoid body-based,
cost-effective and generates high purity of hiPSC-CMs. This protocol was
successfully applied to all investigated cell lines in this thesis. MYBPC3 mutant
hiPSC-CMs showed higher mRNA levels of proteins associated with hypertrophy,
lower mRNA levels of proteins involved in calcium handling, haploinsufficiency and
larger cell size, all hallmarks of HCM. Additionally, successful trans-splicing was
observed using control hiPSC-CMs, although with low efficiency. Treatment with GR
using the full-length MYBPC3 cDNA resulted in 2.5-fold higher MYBPC3 mRNA
levels in MYBPC3 mutant hiPSC-CMs and control hiPSC-CMs. This restored the
cMyBP-C level to 81% of the control level, suppressed hypertrophy, and partially
restored gene expression to control level in HCM cells. CRISPR/Cas9 genome
editing was used for the generation of an isogenic control cell line repairing the
ACTN2 mutation. Evaluation of the ACTN2 mutant hiPSC-CMs revealed 1.8-fold
higher cell areas in 2D and a significantly higher force and prolongation time in
engineered heart tissues (EHT), when compared to isogenic control hiPSC-CMs.
This work provides evidence for successful disease modeling of HCM and the

application of molecular-based interventions in hiPSC-CMs.
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Zusammenfassung

Induziert pluripotente Stammzellen (iPSC) und ihre F&higkeit in alle Zellarten zu
differenzieren ermdglicht eine neue Art und Weise humane Krankheiten zu
modellieren. Dies er6ffnet die Chance neue Einblicke in pathophysiologische
Mechanismen zu gewinnen und neue Therapien in genetischen Krankheiten, wie der
Hypertrophen Kardiomyopathie (HCM), zu testen. HCM ist eine autosomal dominant
vererbte Krankheit, welche durch die chaotische Orientierung von Kardiomyozyten
(CMs), einer Verdickung der linken Herzkammer und einer diastolischen Dysfunktion
charakterisiert ist. Bis heute sind die molekularen Mechanismen zwischen
genetischer Grundlage und klinischem Ausgang in der HCM nicht klar. Zusatzlich
wurde noch keine heilende Therapie beschrieben. Deshalb war das Ziel dieser Arbeit
mit CMs aus human induziert pluripotenten Stamzellen (hiPSC-CMs) HCM zu
modellieren und Gentherapie zu testen. Dafiir wurden drei Zelllinien zur Verfigung
gestellt: Eine Kontrollzelllinie, von einem gesunden Individuum und zwei Zelllinien
von Patienten die mit HCM diagnostiziert wurden, aufgrund jeweils einer Mutation im
MYBPC3 Gen (c.1358dupC; p.Val4d54CysFsX21) und im ACTN2 Gen (c.740C>T;
p.Thr247Met). Fur die Herstellung von hiPSC-CMs wurde ein neues
Differenzierungsprotokoll entwickelt, welches auf der Formation von Embryoid-
Korpern basiert, preiswert ist und hohe Reinheiten an hiPSC-CMs aufweist. Dieses
Protokoll wurde erfolgreich fur alle in dieser Arbeit untersuchten Zelllinien verwendet.
Die MYBPC3 mutierten hiPSC-CMs zeigten ein verandertes Genexpression-Profil
(GP), Haploinsuffiziens und erhéhte ZellgroRen, alles Kennzeichen der HCM.
Zusatzlich wurde erfolgreich Trans-Splicing in den Kontroll (Ktl) hiPSC-CMs getestet,
jedoch mit einer geringen Effizienz. Behandlung mit GR unter der Verwendung der
vollstandigen MYBPC3 Sequenz resultierte in 2,5-fach hoheren MYBPC3
Transkripten und das cMyBP-C Level wurde wieder auf 81% der Ktl gehoben,
Hypertrophy unterdriickt und teilweise wurde das GP wieder dem der Ktl angepasst.
CRISPR/Cas9 wurde verwendet um die vorliegende ACTN2 Mutation zu reparieren
und somit eine isogene Kitl-Zelllinie herzustellen. Untersuchung von ACTNZ2 mutierten
hiPSC-CMs zeigte 1,8-fach erhthte ZellgréRen in 2D und eine signifikant hohere
Kraft und Relaxationszeit in kinstlich hergestelltem Herzgewebe im Vergleich zur
isogenen Ktl-Zelllinie. Diese Arbeit liefert Beweise fiur das erfolgreiche modellieren

der HCM und die Anwendung von neuen Therapien in hiPSC-CMs.
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