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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 
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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.   
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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).  
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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 β-myosin heavy chain (-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 (Ca2+) 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).  

 

Figure 3: Organization of the cardiac sarcomere. Thin filaments are composed of α-cardiac actin, α-tropomyosin 
and the cardiac troponin complex. Thick filaments are located in the A-band and consist of myosin with α/ß 
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 α-tropomyosin and the cardiac troponin complex, 

including cardiac troponin T (cTnT), cardiac troponin I (cTnI) 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 µm in 

systole (i.e. contraction) and 2.4 µm 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 Ca2+ (Fig. 4).  

 

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 Ca2+ levels in a process named excitation-contraction 

coupling (Fig. 5; for reviews, see Bers, 2002; Bers, 2008; Eschenhagen, 2010).  

 

Figure 5: Ca
2+

 transport in ventricular myocytes. Red arrows depict influx of Ca
2+ 

initiating contraction, green 
arrows depict outflux and therefore decreasing Ca

2+ 
concentrations that are involved in relaxation. Inset shows the 

time course of a typical action-potential, Ca
2+ 

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; Em, membrane potential of the sarcolemma 

(adapted from Bers, 2002).  

Central role in this process is the regulated in- and outflux of Ca2+, triggered by action 

potentials (APs). Upon depolarization of the cell membrane L-type Ca2+ channels are 

being activated. This results in intracellular Ca2+ 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 Ca2+ storage. 

Activated RRs release Ca2+ from the SR leading to a further increase of intracellular 

Ca2+. Ca2+ molecules bind to cTnC, which in turn increases affinity to cTnI, 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 

Ca2+ levels ends cross-bridge formation, as troponin and tropomyosin move back to 

their initial position and therefore block interaction of myosin and actin. Ca2+ level 

decrease is mediated by three factors: I) inactivation of L-type Ca2+ channels and 
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RRs; II) Ca2+ transport back into the SR, mediated by the Ca2+-ATPase (SERCA); III) 

Ca2+ outflux via the sodium Ca2+ 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 C0 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 Ca2+ 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 Ca2+/calmodulin-dependent protein 

kinase II (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). 

 

Figure 6: Representation of MYBPC3 gene, mRNA 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 (C0, C1, C2, C3, C4, C5, C8, C10) and 3 fibronectin-type III (C6, C7, C9) domains. The 
cardiac isoform differs from the slow-skeletal and the fast-skeletal isoforms by cardiac-specific regions (C0, M, 28-
amino acid insertion in C5) that are highlighted in yellow. Between C0 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

2+
/calmodulin dependent 

protein kinase; CK2, casein kinase 2; GSK3β, glycogen-synthase kinase isoform 3β; 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 Ca2+ 

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 α-Actinin 2 

α-Actinin 2 and its corresponding isoforms were mainly discovered and characterized 

in 1970´s and 1980´s, starting from the first description of α-Actinin´s in 1965 by 

Ebashi et al. (for review Blanchard et al., 1989; Ebashi et al., 1965). α-Actinin 2 

mainly anchors and crosslinks actin thin filaments to the Z-disk and interacts with titin 

(Fig. 2; Fig. 7; for review Sjöblom 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 α-Actinin family consists of 4 

isoforms: α-Actinin 1 and 4, which are expressed in non-muscle tissues and mainly 

associated with cytokinesis, cell adhesion and cell migration, and α-Actinin 2 and 3, 

which are expressed in muscle tissues, α-Actinin 2 being exclusively expressed in 

cardiac and slow, oxidative muscles and α-Actinin 3 in fast, glycolytic muscle (for 

review Mills et al., 2001; Murphy et al., 2015).  

 

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

Phylogenetic analysis of the α-Actinin family revealed that α-Actinin 2 was the first of 

the four α-Actinins formed by gene duplication, giving rise to all other isoforms by 

gene divergence (Dixson et al., 2002). α-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 1q42-q43 and consists of more than 70,000 bp, structured in 23 exons 

(Beggs et al., 1992). α-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 α-Actinin 2 is able to form heterodimers with α-

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 Sjöblom et al., 2008).  

 

Figure 8: Scheme presenting α-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 Sjöblom 
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 α-Actinin 2 homodimers was resolved 

with a resolution of 3.5 Å, contributing further insights into structure and function of α-

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 α-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 α-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 α-

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 α 

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 α-

Actinin 2 homodimers at the Z-disc (Young & Gautel, 2000). However, this interaction 

is just facilitated in the open structure of α-Actinin 2 homodimers, when PIP2 is 

bound in the CH2 domain. In its closed conformation EF3-4 is connected to the 

hydrophobic Ca2+/calmodulin-binding motif, termed 1-4-5-8, including hydrophobic 

residues A266, I269, C270 and L273 (Bayley et al., 1996). In contrast to the α-Actinin 

2 and 3, the CAMD of the non-muscle isoforms are Ca2+ sensitive (Burridge et al., 

1981). 

Considering this crucial role of α-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 ß-adrenoceptor 
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antagonists (ß-blockers), which lower workload in the heart and increase time of 

diastolic filling (Marian, 2009). Furthermore, Ca2+ 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; Dürst 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 II 

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 RNAi. 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 (AONs) 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, RNAi can be used for allele-specific silencing and 

therefore expression of mutant mRNAs 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-Davis 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 μm (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 I 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 Klf4. 

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 μm; 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 

quantification 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 iPSC technology makes disease modeling accessible for a larger community of 

scientists, studying all kinds of genetic diseases affecting a variety of different cells. 
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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 
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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 iPSC 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-β (TGF-β) family; II) wingless/INT 

(WNTs) proteins; III) 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; Brandão et al., 2017). 

 

Figure 12: Overview of inherited cardiac diseases that have been studied with hiPSC-CMs. ACM, arrhythmogenic 
cardiomyopathy; ALDH, aldehyde dehydrogenase; BrS, Brugada syndrome; BTHS, Barth syndrome; LTCC, L-
type Ca

2+
 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; Nav1.5, voltage-gated cardiac sodium channel; NCX, sodium/Ca

2+
 exchanger; NKA, 

sodium/potassium exchanger; SR, sarcoplasmic reticulum (adapted from Brandão 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 Ca2+-sensitive dyes, which can be used to measure electrical components 

and Ca2+ 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 

(Stöhr et al., 2013; Stöhr 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 iPSC 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 Ca2+ 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 -MHC and cMyBP-C, respectively (Frey et 



 

 

30 

 

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 Brandão 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-

Gln1004del). 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 (c.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 (Gln1061X; Ojala et al., 2016). The authors performed 

gene expression analysis, Ca2+ 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, Ca2+ 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 EHTs.  

(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 µM 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 µM 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% CO2). Enzymatic dissociation 

was stopped by adding the same volume of conditioned medium (COM) containing 

bFGF (30 ng/ml; Peprotech) and 10 µM 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% CO2. 500 µL pre-warmed 

COM, supplemented with FGF (30 ng/ml) and 10 µM 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™ III (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-µl 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 µl and 50 ng to 100 ng in a final volume of 50 µl. 

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-

µl 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 µl 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. 

 

Table 2: Standard PCR program for AmpliTaq® Gold DNA Polymerase. 

 

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 KCl, 1 mM 

MgCl2, 1.8 mM CaCl2, 0.4 mM NaH2PO4, 22.6 mM NaHCO3, 5 mM glucose, 0.05 mM 

Na2EDTA, and 25 mM HEPES) and incubated at 37°C in 7% CO2 and 40% O2. The 

24-well plate carrying the EHTs was placed inside a transparent chamber to maintain 

homeostatic temperature (37 °C) and CO2 (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 (T2) 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 I 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 Krämer, Sandra D. Laufer, Aya 

Shibamiya, Ole Pless, Frederik Flenner, Oliver J. Müller, Julia Münch, 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 MYBPC3 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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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 I 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-Brenière, Ingra Mannhardt, Thomas 

Schulze, Bärbel 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 Krämer, 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 EHTs. 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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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, I 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 repHCM, which has been genotyped positively for the ACTN2 WT sequence 

(Fig. 13).  

 

Figure 13: Representative Sanger sequencing results of the affected ACTN2 locus in the HCM and repHCM 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 repHCM iPSCs 
(C) and repHCM 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. 

 

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

Cell sizes in HCM were significantly higher than in the isogenic control cell line 

repHCM (4,512 ± 224 µm2 versus 2,482 ± 138 µm2; Figure 15).  

 

Figure 15: Quantification of CM cell size. HCM and repHCM were seeded in 96-well plates at a density of 10,000 
cells per well, cultured for 30 days, and stained with antibodies against α-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 repHCM cell line, CMs were casted in 

EHT format and analyzed under paced conditions (1 Hz, 2 Volts) in 1.8 mM Ca2+-

Tyrode solution for force (mN), contraction time (T1(80%)) and relaxation time (T2(80%);  

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 repHCM 

EHTs. Contraction time did not differ between HCM and repHCM EHTs (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 repHCM EHTs. EHTs were 
paced at 1 Hz in 1.8 mM Ca

2+ 
in Tyrode solution at 37 °C. (A) Force, (B) contraction time (T1(80%)) and (C) 

relaxation time (T2(80%))  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 -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 repHCM 

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 Ca2+ 

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, Güclü, 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 Ca2+ 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 β-myosin than 

in adult CMs. Nevertheless, transient haploinsufficiency, hypertrophy, sarcomeric 

disarray, impaired Ca2+ impulse propagation, abnormal Ca2+ 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.Val454CysFsX21) 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 Ca2+ binding 

protein A4 (S100A4) and connective tissue growth factor (CTGF) were higher and 

mRNA levels of proteins involved in Ca2+ 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 µm2 and for MYBPC3 mutant cell lines 

ranging from 3000 to 4000 µm2, 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 cells/mm2 and low density as 500 to 1200 cells/mm2. 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 cells/mm2 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/mm2 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 EHTs 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 (Stöhr 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 (Brandão 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 Ca2+ 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 I 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 

Ca2+ 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 mRNAs encoding proteins belonging to 

the PI3K-Akt Kyoto Encyclopedia of Genes and Genome (KEGG) pathway, such as 

CTGF, collagens (COL1A1, COL3A1) and fibronectin (FN1) were significantly 

reduced. Finally, gene therapy increased mRNA levels of Ca2+ 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 

(CASQ2) gene (Lodola et al., 2016). Viral gene transfer decreased the percentage of 

delayed afterdepolarizations (DADs), reestablished Ca2+ transient amplitudes and 

lead to normalization of density and duration of Ca2+ 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 Ca2+ 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 repHCM 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 repHCM clone (Chapter 3.3, Table 3). However, 

since the repHCM 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-Brenière 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 α-myosin heavy chain-Cre (αMHC-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 Sav1 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/Cas9.  
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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; Brandão 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 repHCM, 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 (Iyer 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; Brandão et al., 2017). 

Generally observed immature phenotypes in hiPSC-CMs are spontaneous 

contraction, depolarized resting membrane potential and altered Ca2+ 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: α-Actinin 2 mutations and associated disease or phenotypes (modified from Murphy et al. 2015). 

 

The * indicates that these are equivalent Arg residues in a sequence alignment of α-Actinin 1 and 2. Abbreviations 

used: IVF, Idiopathic 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 Gly111Val 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 Ala119Thr 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 Gln9Arg 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 Gln9Arg variant revealed 

disrupted interaction with muscle LIM proteins (MLPs) in co-immunoprecipitation 

experiments and inhibited α-Actinin 2 function analyzed by immunofluorescent 

imaging, thus proposing that the underlying DCM mechanism is compromised 

cytoarchitecture or altered myocyte differentiation. The novel ACTN2 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 

ACTN2 mutant EHTs. Experimental evidence that α-Actinin 2 interacts with various 

ion channels such as voltage-gated sodium channel subunit 5 (Nav1.5), potassium 

voltage-gated channel member 5 (Kv1.5), L-type Ca2+ channels and small 

conductance Ca2+-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 α-

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 α-

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 α-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 

α-Actinin 2 in the CMs. Thus, resulting in hypertrophy, sarcomeric disarray, 

contractile dysfunction and altered electrophysiology since α-Actinin 2 fulfills different 

functions in CMs as α-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 α-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  

7.1.2 Bacterial strains 

Bacterial strain Manufacturer 

One Shot® TOP10 Chemically Competent E. coli Invitrogen 

7.1.3 Chemicals 

Product Manufacturer 

Ampicilline trihydrate 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 ThermoFisher Scientific 

Primary Cell 4D-Nucleofector® X Kit Lonza 

Investigated 
protein 

Primary 
Antibody 

Company Dilution 
Secondary 
Antibody 

Company  Dilution 

α-Actinin 2 
Clone EA-53; 
monoclonal 

Sigma 1:800 
anti-mouse 
IgG, Alexa 
Fluor-488 

Molecular 
Probes 

1:800 
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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™ III 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 

ACTN2 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 gtctcctctggacagtctgc 

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 cagtcaaatcccagctctgc 

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 3´) 

Repair template ACCCACACTGCCCACCTTGCCTGCCCCCTGACCAGTCTCTCCCA
TGGGGTAGCCAACAGCAGGGCGTGCACATGTGGGTGGGGTGTG
CAGCAGGTCCTAGCACTTGGCTGGTTCCACACA 
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7.2 List of abbreviations 

°C Degree Celsius EHT Engineered heart tissue 

µg Micrograms ESC Embryonic stem cell 

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

µm Micrometer et al.  Et alii (and others) 

µM  Micromolar FACS Fluorescence-activated cell sorting 

2D Two-dimensional FCS  Fetal calf serum 

3D Three-dimensional Fig.  Figure 

ACTN2 α-Actinin 2 FTDA 
bFGF, TGFß1, 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 

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

cAMP Ca2+/calmodulin-dependent protein kinase II 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 KI  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 
Repeats 

MOI Multiplicity of infection 

cTNC Cardiac troponin C mRNA  Messenger ribonucleic acid 

cTNI Cardiac troponin I mm Millimeter 

cTNT Cardiac troponin T mM Millimolar 

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

DCM Dilated Cardiomyopathy MYH7 Beta (ß)-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 

T1 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-ß Transforming growth factor-ß 

TNNT2 Titin (Gene) 

TRIS tris-(hydroxymethyl)-aminoethane 

V  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 Fähigkeit in alle Zellarten zu 

differenzieren ermöglicht eine neue Art und Weise humane Krankheiten zu 

modellieren. Dies eröffnet 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. Zusätzlich 

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. Dafür wurden drei Zelllinien zur Verfügung 

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.Val454CysFsX21) und im ACTN2 Gen (c.740C>T; 

p.Thr247Met). Für die Herstellung von hiPSC-CMs wurde ein neues 

Differenzierungsprotokoll entwickelt, welches auf der Formation von Embryoid-

Körpern basiert, preiswert ist und hohe Reinheiten an hiPSC-CMs aufweist. Dieses 

Protokoll wurde erfolgreich für alle in dieser Arbeit untersuchten Zelllinien verwendet. 

Die MYBPC3 mutierten hiPSC-CMs zeigten ein verändertes Genexpression-Profil 

(GP), Haploinsuffiziens und erhöhte Zellgrößen, alles Kennzeichen der HCM. 

Zusätzlich wurde erfolgreich Trans-Splicing in den Kontroll (Ktl) hiPSC-CMs getestet, 

jedoch mit einer geringen Effizienz. Behandlung mit GR unter der Verwendung der 

vollständigen MYBPC3 Sequenz resultierte in 2,5-fach höheren MYBPC3 

Transkripten und das cMyBP-C Level wurde wieder auf 81% der Ktl gehoben, 

Hypertrophy unterdrückt 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 Ktl-Zelllinie herzustellen. Untersuchung von ACTN2 mutierten 

hiPSC-CMs zeigte 1,8-fach erhöhte Zellgrößen in 2D und eine signifikant höhere 

Kraft und Relaxationszeit in künstlich hergestelltem Herzgewebe im Vergleich zur 

isogenen Ktl-Zelllinie. Diese Arbeit liefert Beweise für das erfolgreiche modellieren 

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