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1. Zusammenfassung

Kardiomyopathien stellen eine der haufigsten Todesursachen weltweit dar. Unter anderem
werden dysfunktionale Glanzstreifen als eine Krankheitsursache diskutiert, welche die
elektromechanische Verbindung benachbarter Herzmuskelzellen (HM) sicherstellen. So-
wohl in experimentellen murinen Kardiomyopathiemodellen als auch bei dem humanen
Krankheitsbild wurde sowohl eine vermehrte als auch eine verminderte Expression des
Glanzstreifen-assoziierten Nebulin-Related Anchoring Proteins (NRAP) berichtet. NRAP
spielt eine wichtige Rolle bei der de novo Synthese der Myofibrillen in der Herzentwick-
lung und in der Mechanotransduktion im adulten Herzen. Da die genaue Funktion von
NRAP unbekannt ist, bestand das Ubergeordnete Ziel dieser Arbeit darin zu untersuchen,
ob eine Veranderung der NRAP Expression zur Progression von Kardiomyopathien bei-

tragt und durch welche Mechanismen diese reguliert wird.

Um den Einfluss der NRAP-Proteinmenge auf die Funktion von HM zu untersuchen,
wurden humane induzierte NRAP-Uberexprimierende (OE) und -knock-down (KD) Stamm-
zelllinien (hiPSC) mittels Clustered Regularly Interspaced Short Palindromic Repeats and
CRISPR-associated protein 9 (CRISPR-Cas9)-Genomeditierung generiert. Nach erfolg-
reicher Validierung der hiPSC, wurden diese zu HM differenziert und zusatzlich in 3D
kanstlichen Herzgeweben (Engineered Heart Tissues, EHTs) charakterisiert. Die Unter-
suchung der NRAP-OE HM zeigte im 2D-Modell eine vermehrte Translokation von NRAP
zu den lateralen Zellenden, wahrend in NRAP-KD HM, ahnlich zur Kontrolle, NRAP an
den Z-Scheiben lokalisiert war. Die Analyse der kontraktilen Eigenschaften im 3D-EHT-
Format ergab eine geringere Kraftentwicklung und beschleunigte Relaxationszeit in
NRAP-OE und -KD EHTs im Vergleich zur Kontrollgruppe. NRAP-KD EHTs reagierten auf
eine mechanische Dehnung mit einem Anstieg der Kontraktionskraft, wahrend bei NRAP-
OE EHTs ein arrhythmisches Schlagverhalten bei Dehnung zu beobachten war. NRAP-
OE EHTs zeigten ein weniger negatives Take-Off Potential (TOP) und Maximal Dia-
stolisches Potential (MDP). Die Proteomanalyse ergab insbesondere fir die NRAP-OE

EHTs eine Uberreprasentation Kardiomyopathie-assoziierter Signalwege.

Auch wurde untersucht wie die NRAP-Expression reguliert wird. Protein Kinase D1
(PKD1) reguliert die Transkription fetaler und pro-hypertopher Gene Uber die Aktivierung
des Myocyte Enhancer Factors 2 (MEF2) und wurde zuvor als potentieller NRAP-Inter-
aktionspartner identifiziert. Da angenommen wird, dass die NRAP-Expression durch
MEF2 reguliert wird, wurden ventrikulare HM neonataler Ratten (NRVMs) mit einem

selektiven pharmakologischen PKD1-Inhibitor BPKDi und/oder dem pro-hypertrophen



Stimulus Phenylephrin (PE) behandelt. Die Quantifikation de novo translatierter Proteine
mittels Stable Isotope labeling by/with Amino Acids nach Exposition mit BPKDi ergab eine
verminderte NRAP-Expression und eine hdhere Abundanz von Proteinen, die an pro-
teasomalen, lysosomalen und spliceosomalen Signalwegen beteiligt sind. Zusatzlich
konnte mittels Immunfluoreszenz gezeigt werden, dass BPKDi zu einer perinuklearen,
I6chrigen NRAP-Mislokalisation fuhrte. Die zusatzliche PE-Stimulation fuhrte zu einem
Zerreilten der Myofilamente und einer NRAP-Akkumulation in diesen Bereichen sowie an

den lateralen Zell-Zellverbindungen.

Insgesamt konnten zwei krankheitsrelevante humane Zellmodelle generiert werden, die
die Untersuchung der phanotypischen und funktionellen Konsequenzen einer hoéheren
oder geringeren NRAP-Proteinmenge erlaubten. Die Charakterisierung zeigte, dass so-
wohl eine hdhere als auch eine reduzierte NRAP-Proteinmenge pathophysiologische Aus-
wirkungen hat, eine Beobachtung, die durch die Proteomanalyse bestatigt wurde. Dabei
zeigte insbesondere die NRAP-Uberexpression einen ausgepragteren pathophysio-
logischen Phanotyp, vor allem unter Zustdnden mechanischer Uberdehnung. Auf Ex-
pressions- und Lokalisationsebene konnte eine Regulation von NRAP durch PKD1
gezeigt werden, die Details der NRAP Regulation in Herzerkrankungen ist Thema

momentaner Untersuchungen.



2. Abstract

Cardiomyopathies are one of the major causes of death worldwide. They have been
linked to improper functioning of intercalated discs, a lateral microdomain, which connects
cardiac myocytes electromechanically ascertaining unperturbed contractility. In experi-
mental murine models of cardiomyopathy as well as in human disease, the intercalated
disc-associated nebulin-related anchoring protein (NRAP) was shown to be up- or down-
regulated. NRAP plays a crucial role during heart development, in de novo myofibril
assembly and in mechanotransduction in the adult heart although its specific functions
and mechanisms that regulate its expression remain unknown to date. Therefore, the aim
was to investigate whether altered NRAP protein levels contribute to cardiac disease

development and to analyse the underlying regulatory mechanisms.

NRAP-overexpressing (OE) and -knock-down (KD) human induced pluripotent stem cells
(hiPSC) were generated by clustered regularly interspaced short palindromic repeats and
CRISPR-associated protein 9 (CRISPR-Cas9) genome editing. To investigate the impact
of NRAP gain- and loss-of-function, hiPSC were differentiated into cardiac myocytes and
function assessed in 3D engineered heart tissues (EHTs). Characterisation of NRAP-OE
in 2D cardiac myocytes resulted in enhanced NRAP translocation towards the lateral cell
borders. In NRAP-KD cardiac myocytes, NRAP localised to the Z-discs similarily as in
control cardiac myocytes. Assessment of contractile parameters in 3D-EHTs revealed
lower force development and faster relaxation time in NRAP-KD and NRAP-OE EHTs
compared to control EHTs. Upon increase of mechanical tension, NRAP-KD EHTs
responded with higher force development. In contrast, NRAP-OE EHTs developed an
arrhythmic beating behaviour during increasing stretch. NRAP-OE EHTs had a less
negative take-off potential (TOP) and maximal diastolic potential (MDP) compared to
control and NRAP-KD EHTs. Proteome analysis revealed especially for NRAP-OE EHTs

enhanced representation of cardiomyopathy-related signaling pathways.

Additonally, underlying regulatory mechanisms of NRAP expression were investigated.
Protein kinase D1 (PKD1) regulates myocyte enhancer factor 2 (MEF2)-mediated fetal
and pro-hypertrophic gene expression and was identified as an interaction partner of
NRAP. Since it has been assumed that NRAP expression is regulated by MEF2, neonatal
rat ventricular myocytes (NRVMs) were exposed to the selective pharmacological PKD1
inhibitor BPKDi and/or the pro-hypertrophic stimulus phenylephrine (PE). Quantification of
de novo translated proteins by stable isotope labeling by/with amino acids coupled mass

spectrometry after exposure to BPKDi revealed decreased NRAP expression and



enhanced abundance of proteins involved in proteasomal, spliceosomal and lysosomal
pathways. Further, immunofluorescence of NRVMs showed a perinuclear, punctate-
appearing NRAP mislocalisation. Additional exposure to PE led to NRAP translocation to
the lateral cell-cell borders. Combined exposure to BPKDi and PE prevented intercalated
disc localisation of NRAP and instead induced a sarcomeric redistribution with disrupted

sarcomeric structure.

Taken together, two hiPSC lines were developed that allowed to study the phenotypical
and functional consequences of NRAP gain- and loss-of-function. Both, higher and lower
NRAP protein levels resulted in a pathophysiological phenotype. This observation was
confirmed by proteome analysis. In this context, especially NRAP-OE developed a more
severe pathophysiological phenotype during conditions of enhanced mechanical stretch.
NRAP expression and localisation was shown to be regulated by PKD1, however, the
precise mechanisms of how NRAP expression is regulated in cardiac disease develop-

ment is subject of ongoing investigations.



3. Introduction

Cardiovascular diseases are the most prevalent cause of mortality worldwide (Mathers et
al. 2009; Rana et al. 2021). Among those diseases, heart failure is one of the predominant
reasons for death. This disease is associated with impaired cardiac inotropic and lusitropic
function and might ultimately lead to sudden cardiac death if the heart fails to ensure the
appropriate equilibrium between sufficient cardiac output and nutrient and oxygen supply
of the periphery (McNally et al. 2015).

3.1 Mechanisms of cardiac contraction and relaxation

The heart consists of different cell types including 30% cardiac myocytes and 70% non-
cardiac myocytes (Nag 1980; Pinto et al. 2016a). The non-cardiac myocytes mainly
include endothelial cells, fibroblasts, smooth muscle cells, macrophages and other
leukocytes (Pinto et al. 2016a; Zaman et al. 2021; Zhou and Pu 2016). The cardiac
myocytes ensure proper functioning during the contraction-relaxation cycle (Pinto et al.
2016a).

3.1.1 Cardiac myocytes

In the left murine ventricle, only 15% of cells were identified as cardiac myocytes forming
90% of the muscular mass in the left ventricle (Reiss et al. 1996; Soonpaa et al. 1996).
Immature neonatal cardiac myocytes are still able to divide, however adult cardiac
myocytes have only a limited capacity of approximately 1% regeneration per year
(Bergmann et al. 2009). In the adult heart, cardiac myocytes are organised in a parallel
manner with a complex cytoarchitecture to form a functional syncytium and ensure the
contractility of the heart tissue (Ehler 2016). However, in case of cardiac damage, the
necrotic tissue is replaced by fibrotic tissue which might impact cardiac function. Cardiac
myocytes mainly consist of mitochondria to comply with the high energy demand and
parallel aligned myofibrils that constitute the contractiie machinery and utilise the

produced energy for proper contraction-relaxation cycles (Barth et al. 1992; Ehler 2016).

3.1.2 Myofibrils

Myofibrils are highly organised structures formed by many repeating, contractile subunits
that are termed sarcomeres (Figure 1). Sarcomeres are defined as the area between Z-
discs and mainly consist of filamentous actin (F-actin), tropomyosin, a troponin complex,
titin and thick myosin filaments (Ahmed et al. 2022). The Z-disc crosslinks the F-actin by
a-actinin (Luther 2009; Takahashi and Hattori 1989). Within the anisotropic (A)-band

region of the sarcomere, the thin actin filaments interact with the thick myosin filaments
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that are anchored to a structure in the centre of the sarcomere termed M-band (Figure 1)
(Lange et al. 2020). At this structure, thick filaments are linked to the elastic filament
system composed of titin that stretches from the M-band to Z-discs and is crucial for the
development of myofibrils (Lange et al. 2020; Trinick et al. 1984). The area close to the Z-
discs, which contains only F-actin but not myosin, is defined as the isotropic (I)-band. The
thin actin filaments reach from Z-discs to M-bands (Pappas et al. 2010; Wang and
Williamson 1980). For stabilisation purposes, parallel arranged Z-discs are connected by
the intermediate filament desmin to costameres at the muscle membrane (Frank and Frey
2011).
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Figure 1: Contractile machinery of cardiac cells. Schematic overview of hierarchical structures
in cardiac myocytes. Contractile elements of cardiac myocytes consist of myofibrils, which in turn
are subdivided into sarcomeres that are bordered laterally by Z-discs. Sarcomeres enable the
contraction and relaxation of cardiac myocytes by ATP-dependent interaction between the thick
filament (myosin) and the thin filament (F-actin). Myosin is anchored at the M-band by myomesin,
while F-actin is cross-linked at Z-discs with the main Z-disc component a-actinin. Titin stretches
from the M-band to the Z-discs. The A-band corresponds to the overlap between thin and thick
filaments and the I-band corresponds to the area with only thin filaments. The illustration was
generated with BioRender and modified from (Ahmed et al. 2022).
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3.1.2.1 Actin and myosin interaction

For the contraction of cardiac myocytes, the thin actin filament interacts with the thick
myosin filaments (Huxley and Niedergerke 1954; Huxley and Hanson 1954). Upon release
of an action potential from pacemaker cells in the sinoatrial (SA) node, the depolarisation
wave is transmitted via the atrioventricular (AV) node to the ventricles. The signal is
conducted to transverse (T)-tubules where voltage-operated L-type calcium channels
release calcium into the cytosol of cardiac myocytes (Donald and Lakatta 2023; Mackrill
2022). The increase in cytosolic calcium induces calcium binding to ryanodine receptors
at the sarcoplasmic reticulum which then induces a calcium-induced calcium release into
the cytosol. This induces the binding of calcium to the cardiac troponin C-tropomyosin
complex, thus leading to the removal of tropomyosin from the actin binding site and
initiating the binding of myosin heads to actin (Fabiato and Fabiato 1978; Wang and
Raunser 2023). ATP binds to myosin and is hydrolysed into ADP and phosphate which
cause the formation of a cross-bridge with binding of myosin heads to a new position on
F-actin. By release of the hydrolysed phosphate, myosin heads change their conformation
to perform a power stroke and induce contraction by moving actin filaments closer to the
M-band of the sarcomere (Squire 2019). For relaxation, ADP is released and ATP binds to
the myosin head leading to the detachment of myosin heads from actin filaments (Wang
and Raunser 2023). The removal of cytosolic calcium occurs by reuptake into the sarco-
plasmic reticulum (SR) via the sarco(endo)plasmic reticulum calcium-ATPase (SERCA),
or the plasma membrane-associated ATPase (PMCA) pump or the sodium-calcium
exchanger (NCX; Kuo and Ehrlich 2015). The reduction of calcium concentration leads to
blocking of the actin binding site by tropomyosin, thus preventing further binding of myosin

and inducing relaxation of myofibrils (Wang and Raunser 2023).

3.1.2.2 Myofibrillogenesis

Embryonic and postnatal myofibrils are assembled in a process termed myofibrillogenesis.
This process is still not completely understood but it was previously postulated to occur in
a premyofibril model starting initially with the formation of premyofibrils, followed by pro-
gression to nascent myofibrils until finally mature myofibrils are formed (Figure 2; Rhee et
al. 1994). The development of Z-discs starts as Z-bodies, composed of a-actinin and
actin, in close proximity to the sarcolemma (Firket 1967; Rhee et al. 1994; Sanger et al.
2017). The proteins integrin, talin and vinculin are incorporated into the membrane,
forming protocostameres (Figure 2 A; Humphries et al. 2007; Tokuyasu 1989; Volk et al.
1990).
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Figure 2: Myofibril assembly and maintenance. A-C) Premyofibril model, distinguished between
A) premyofibrils, B) nascent myofibrils and C) mature myofibrils. A) Talin and vinculin are recruited
to the membrane to form protocostameres. The Z-disc alternatively spliced PDZ-motif protein
(ZASP) recruits a-actinin and the nebulin-related anchoring protein (NRAP) for folding of actin. B)
Nebulin and titin are recruited to Z-discs and extend to the centre of sarcomeres, thus increasing
the sarcomere length. The folding of actin is mediated by prefoldin (GimC) and TCP-1 ring complex
(TRIC). In nascent myofibrils non-muscle myosin is incorporated. C) Formation of thick filaments by
replacement of the non-muscle myosin by muscle myosin Il. The M-band assembles by incor-
poration of myomesin and myosin heavy chain. D) Calpain-mediated clearance and ubiquitin
turnover of dysfunctional proteins from myofibrils. Proteins are released from the sarcomeres by
calpain 1, 2 and 3 and targeted by the ubiquitin system for proteasomal degradation by the muscle
RING finger protein (MuRF) 1, 2 or 3. The image was modified from (Carlisle et al. 2017; Prill and
Dawson 2020).
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Z-disc alternatively spliced PDZ-motif protein (ZASP) localises to this structure to recruit
filamin and a-actinin through its chaperone, the nebulin-related anchoring protein (NRAP),
which is suggested to act as a scaffolding protein for actin filament assembly (Carroll et al.
2004; Jani and Schock 2007; Lu and Horowits 2008; Manisastry et al. 2009). Non-muscle
myosin Il is incorporated in premyofibrils that is thought to support protein folding. During
maturation to nascent myofibrils, muscle myosin Il, titin and nebulin are recruited to the
premyofibrils (Figure 2 B; Wang et al. 2022). At this stage, nebulin and CapZ form an
initial pro-l-band and link to Z-discs (Chu et al. 2016; Moncman and Wang 1996; Schafer
et al. 1995). In the heart, it is discussed whether nebulin is generally replaced by the
shorter cardiac-specific homologue nebulette. Similar to nebulin, nebulette contains a C-
terminal SH3 domain with localisation at the ends of thin filaments at the Z-discs where it
interacts with actin, a-actinin 2 and tropomyosin (Moncman and Wang 1999). For the for-
mation of thin filaments, prefoldin (GimC) and TCP-1 ring complex (TRiC) support actin
folding and orientation along the nebulin scaffold (Berger et al. 2018). The elongation of
actin filaments occurs by leiomodin 2 (Chereau et al. 2008). In the last step towards
mature myofibrils, muscle myosin Il aligns into A-bands and the protein myomesin cross-
link and stabilise thick filaments at the M-band (Figure 2 C; Carlisle et al. 2017). Indeed,
degradation of non-muscle myosin and replacement by muscle myosin Il is a prerequire-

ment to form mature myofibrils.

During maturation of cardiac myocytes, transcriptional, structural and metabolic alterations
occur. While myofibrils mature, sarcomeres are added laterally and longitudinally to
existing myofibrils and some sarcomere proteins undergo a switch from fetal to adult
isoforms (Beisaw and Wu 2022). For example, the predominant troponin isoform in fetal
murine and human hearts is the skeletal troponin | isoform and it has been shown to
switch to cardiac troponin | in the adult heart (Sasse et al. 1993; Siedner et al. 2003). In
addition, titin has been identified to be subject of alternative splicing, resulting in different
isoforms that switch during the maturation process from the postnatal to the adult heart
(Granzier and Labeit 2004; Lahmers et al. 2004). The switch in the titin isoform from N2BA
to the shorter isoform N2B leads to increased stiffness, suggesting a balance between the

isoforms to be involved in passive tension regulation in the sarcomere (Opitz et al. 2004).

3.1.2.3 Myofibril maintenance and turnover

In order to maintain the functional integrity of myofibrils, specific factors (e.g. chaperones,
structural proteins) and mechanisms that degrade non-functional proteins are necessary
(Figure 2 D; Carlisle et al. 2017). Degradation of proteins for the maintenance of the thin

actin filament occur via two pathways, the autophagy or the ubiquitine-proteasome system



Introduction

(UPS). The major pathway in myofilament maintenance and turnover is UPS-mediated
degradation which first requires isolation of targeted proteins from the myofibrils by
calpains (Figure 2 D; Ono and Sorimachi 2012; Portbury et al. 2011). It has been shown
that calpains 1 and 2 target F-actin by cleavage of troponin T, troponin | and tropomodulin
(Di Lisa et al. 1995; Gokhin et al. 2014). However, this cleavage can be regulated by
protein phosphorylations. For example, phosphorylation of troponin | by cyclic AMP-
dependent protein kinase A (PKA) decreases troponin | cleavage by calpain 1. In contrast,
phosphorylation by protein kinase C (PKC) increases troponin | cleavage at the myofila-
ments (Di Lisa et al. 1995).

Subsequently, degradation of the cleaved non-functional proteins from the sarcomeres is
mediated by the UPS or autophagy pathways. The UPS system consists of three ubiquitin
ligases, E1, E2 and E3. Non-functional proteins are first detected by E3 ubiquitin ligases
(MuRFs), they are then ubiquitinylated by E1 and E2 ligases and this is followed by
proteasomal degradation (Carlisle et al. 2017; Wang et al. 2020). Myofilament-associated
proteins such as nebulin, troponin T and |, titin, myotilin, myosin light chain 2, telethonin
and NRAP have been identified as ubiquitinylation targets of MuRF1 and MuRF2 (Witt et
al. 2005). If refolding of misfolded proteins or proteasomal degradation is not possible,
protein aggregates are formed. These protein aggregates are targeted and incorporated
by the autophagy-lysosomal pathway into autophagosomes from membrane-enclosed
vesicles (Henning and Brundel 2017). Proteins and protein aggregates that are targeted
for autophagy contain a K63- or K48-ubiquitinylation tag which is recognised by adapter
proteins that enable the transfer to the autophagosome (Johansen and Lamark 2011;
Willis et al. 2010). Moreover, protein aggregates can be linked to ubiquitinylated proteins
or autophagosomal marker proteins, such as BAG3, that only mediate autophagosomal
degradation without being self-degraded (Carra et al. 2008; Gamerdinger et al. 2009).
Lysosome hydrolases recycle protein aggregates after fusion of the autophagosome to

lysosomes.

Once the sarcomeres are assembled, they are continuously exposed to mechanical and
oxidative stress. To avoid proteotoxicity and ensure proper maturation, the degradation of
misfolded proteins or protein aggregates is required for the maturation and functional

maintenance of myofibrils (Martin and Kirk 2020).

3.1.3 Intercalated discs
During cardiac myocyte maturation, cell-cell junctions relocate to the lateral borders and
anchor myofibrils at the lateral ends of cardiac myocytes (Carroll and Horowits 2000).

These cell-cell junctions are termed intercalated discs. Intercalated discs are micro-

10
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domains at the lateral borders between neighbouring cardiac myocytes ensuring the
electromechanical coupling for proper heart functioning as a functional syncytium (Figure
3; Ehler 2016; Saphir and Karsner 1924).

Cardiac
myocyte

Transitional / % Adherens
junction y « unction
R A A

’Costamere

Figure 3: Intercalated disc microdomain. Schematic representation of cell-cell connection mainly
composed of gap junctions, desmosomes and adherens junctions. In addition, the transitional
junction involved in mechanotransduction, is depicted. Gap junctions consist of two hemichannels
from adjacent cardiac myocytes. Hemichannels in the left ventricle are mainly formed by connexin
43 (Cx43). Cx43 is transported in vesicles from the trans-Golgi network to the sarcolemma by
microtubules. The degradation of gap junctions occurs by the proteasome system. Desmosomes
connect cells via the cadherin system of desmoglein (DSG) and desmocollin (DSC). Plakoglobin
(PKG) and desmoplakin (DSP) are bounded to the desmosomal cadherin system. In addition, the
intermediate filament desmin connects the filamentous (F-) actin to desmosomes. Adherens junc-
tions connect cells via N-cadherin (N-cad) that binds to PKG and B-catenin (B-cat). p-cat shuttles
into the nucleus to activate the wingless-related integration site (Wnt) canonical pathway and
further binds to a-catenin (a-cat) and vinculin (VIN). In close proximity to the intercalated disc, the
transitional junction is located that replaces the last Z-discs of the sarcomere and connects it to
costameres and adherens junctions. This complex is characterised by the presence of the Z-disc
alternatively spliced PDZzZ-motif protein (ZASP), a-actinin (turquoise) and the nebulin-related
anchoring protein (NRAP). NRAP binds to the muscle Lin-11, Isl-1, and Mec-3 (LIM) protein (MLP)
and the kelch-like protein 41 (KLHL41). The illustration was generated with BioRender and
modified from (Bennett et al. 2006; Lyon et al. 2015; Nielsen et al. 2023).

This compartment ensures the propagation of electrical signals between neighbouring
cardiac myocytes for appropriate contraction of the myocardium and maintains the
structural integrity of cardiac myocytes during exposure to tremendous mechanical forces

during heart contraction (Ehler 2016). The intercalated disc is distinguished by three main

11
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complexes: Gap junctions, desmosomes and adherens junctions. In addition, ion channels
in close proximity to the intercalated disc as well as transitional junctions that are not
directly involved in the intercellular connection between adjacent cardiac myocytes are
considered to contribute to the intercalated disc function (Bennett et al. 2006; Delmar and
McKenna 2010).

3.1.3.1 Gap junctions

Gap junctions ensure the intercellular ion transfer for unperturbed synchronisation of
contraction (Epifantseva and Shaw 2018). This occurs by passive diffusion of molecules
that are smaller than 1 kDa, for example metabolites, ions or microRNAs (Elfgang et al.
1995; Zong et al. 2016). Gap junctions consist of 12 connexins, mainly connexin 43 in
ventricular cardiac myocytes, which form two hemichannels/connexons (Makowski et al.
1977; Vozzi et al. 1999). The hemichannels are located in the plasma membrane of
neighbouring cardiac myocytes and are intercellularly anchored to ensure the trans-
mission of electrical and metabolic signals between adjacent cells (Figure 3). Since gap
junctions are transient structures with a half-life of approximately 2 h (Rhett et al. 2011),
vesicles from the Golgi network transport connexin 43 to the intercalated disc via
microtubules that are concomitantly anchored to adherens junctions. Moreover, different
proteins that are involved in electrochemical conduction between cells, such as the
voltage-gated Na* channel, Nav1.5, are localised at the intercalated disc (Maier et al.
2004; Veeraraghavan et al. 2015).

3.1.3.2 Adherens junctions

Adherens junctions and desmosomes are both connected to the cytoskeleton and thus
involved in mechanical stabilisation. Previously, it has been shown that these structures
crosstalk with each other and form a mixed-type junctional complex known as area
composita (Borrmann et al. 2006). Both adherens junctions and desmosomes share
common proteins such as plakoglobin (PKG), p120 and plakophilin-2 (PKP-2; Borrmann
et al. 2006). PKG has been shown to have a higher affinity to desmosomes, suggesting it

is mainly a component of the desmosomal junction (Choi et al. 2009).

Adherens junctions ensure cardiac myocytes strength upon exposure to mechanical
stress during contraction. For this reason, their main function includes anchoring
myofibrils and connecting actin filaments of neighbouring cardiac myocytes (Bays et al.
2014). The main component of adherens junctions is the transmembrane protein N-
cadherin that interacts with the same cadherins from neighbouring cardiac myocytes to
form homodimers (Figure 3; Volk and Geiger 1984). The cytosolic C-terminus of N-cad-

herin interacts with B-catenin that connects the adherens junctions with actin filaments
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through vinculin and a-catenin (Vermij et al. 2017). Moreover, B-catenin is involved in
cadherin-mediated signalling by shuttling into the nucleus and activating the wingless-
related integration site (Wnt) canonical pathway. The latter plays a role in cardiac
development and cardiac disease development (Vermij et al. 2017). Alternatively to -
catenin, PKG and a-actinin or p120 catenin can link actin filaments to N-cadherin (Nielsen
et al. 2023). The p120 catenin links the adherens junctions, by binding to the two proteins
PLEKHA7 and Nezha, to the minus end of microtubules (Nielsen et al. 2023; Shaw et al.
2007).

3.1.3.3 Desmosomes

Desmosomes ensure the mechanical stability of cardiac myocytes by integrating resilient
intermediate filaments into the intercalated disc (Green et al. 2019). Between adjacent
cardiac myocytes, the cadherins desmoglein-2 (DSG) and desmocollin-2 (DSC) form the
intercellular connection (Figure 3; Zhao et al. 2019). Intracellularly, these cadherins are
linked to the intermediate filament desmin by the adapter proteins PKG, PKP-2 and
desmoplakin. The N-terminal region of desmoplakin binds to PKG and PKP-2 ensuring the
connection to the desmosome while its C-terminal region links the desmosome to desmin
(Zhao et al. 2019). PKP-2 interacts with the sodium channel-anchoring protein ankyrin-G

and connexin 43, linking desmosomal proteins to gap junctions (Sato et al. 2011).

3.1.4 Transitional junctions

The structure that enables the connection between myofibrils and intercalated disc is
termed transitional junctions (Figure 3). The transitional junction replaces the last Z-disc
of the sarcomere in the closest proximity to the intercalated disc (Bennett et al. 2006). The
actin filaments integrate in this structure and reach out further to adherens junctions for
anchorage and transmission of force. This compartment is characterised by folded
membranes that contain high amounts of spectrin and vesicles of the sarcoplasmic reti-
culum (Bennett et al. 2016). The transitional junction harbours only a few proteins that are
concomitantly involved in Z-disc composition such as titin, a-actinin and ZASP (Vermij et
al. 2017). Titin ensures sarcomeric integrity and stabilisation, suggesting that the
transitional junction serves as a site for sarcomere assembly and Z-disc/SR/T-tubule
complex (Bennett 2012). In addition, the non-myofibrillar protein NRAP, which was
identified to be distributed throughout the intercalated disc in adult cardiac myocytes (Lu
et al. 2005), mainly accumulates at transitional junctions in combination with a-actinin
(Bennett et al. 2006).
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3.1.5 Nebulin-related anchoring protein

NRAP is a multidomain protein expressed at myotendinous junctions in skeletal muscle or
intercalated discs in the heart (Lu et al. 2008; Luo et al. 1997). The NRAP gene is located
on chromosome 10g25.3 of the human genome and encodes for 1731 amino acids from
42 exons. There are four known NRAP isoforms that differ in missing exon 12 in isoform 1
and missing exon 23 in isoform 4, while isoform 3 contains one additional amino acid
encoded from exon 42 (Gehmlich et al. 2004; Mohiddin et al. 2003). Therefore, the

molecular weight for NRAP isoforms ranges between 192.9 and 197.1 kDa.

The N-terminus of NRAP contains a Lin-11, Isl-1, and Mec-3 (LIM) domain (Mohiddin et al.
2003). The LIM domain covers the first two exons and the first codon of exon 3. The
remaining parts of exon 3 include a linker region. This is followed by 11 simple repeats in
exon 4-14 and five super repeats, each consisting of seven repeats in exon 15-41. The
repeats deriving from exon 4-41 are approximately 40% homologous to those of nebulin
(Mohiddin et al. 2003).

Although the function of NRAP is still not completely unravelled, it has been shown that
NRAP plays a crucial role in myofibrillogenesis as it is one of the earliest appearing
proteins involved in newly formed sarcomeres (Manisastry et al. 2009; Pervolaraki et al.
2018). In addition, an emerging role of NRAP in mechanotransduction was suggested
since NRAP was co-purified both with adherens junction and myofilament fractions
(Zhang et al. 2001). Moreover, NRAP contains a C-terminal actin binding domain and its
LIM domain has recently been shown to impact mechanotransduction (Anderson et al.
2021; Zhang et al. 2001). Previous studies showed the interaction of NRAP with different
proteins involved both in intercalated disc signaling and myofibril stability. Regarding the
LIM domain and single repeat domain of NRAP, binding sites of the Z-disc protein -
actinin, talin and the muscle LIM protein (MLP) were identified (Ehler et al. 2001; Lu et al.
2003; Luo et al. 1999). In the single repeat and super repeat domains of NRAP, the
binding of sarcosin was detected (Lu et al. 2003). Moreover, filamin, KLHL41 and vinculin
bind to the super repeat domain of NRAP (Jirka et al. 2019; Lu et al. 2003; Luo et al.
1999). Due to this interaction with both intercalated disc proteins and Z-disc proteins,

NRAP was associated with cardiac muscle mechanotransduction.

3.1.6 Mechanotransduction
During the contraction and relaxation of cardiac myocytes, it is required that cells sense
and respond to high and varying mechanical forces as a compensatory mechanism in a

process termed mechanotransduction (Lyon et al. 2015). During this process, the
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mechanical load is transduced into electrochemical signals that activate a plethora of

biological signalling pathways (Wang et al. 2009).

Costameres serve as anchoring sites for the Z-discs in the sarcolemma and transduce
mechanical tensions from myofibrils to the extracellular matrix (Ahmed et al. 2022). This
submembranous structure consists of a dystrophin-glycoprotein complex and a vinculin-
talin-integrin complex localised in the |-band region of sarcomeres (Anastasi et al. 2009).
Mechanical force transmission mainly occurs via the intermediate filament desmin (Ahmed
et al. 2022; Paulin and Li 2004). In addition, desmin links Z-discs to other subcellular com-

partments such as mitochondria and the nucleus (Milner et al. 2000).

Previous studies showed that LIM proteins are involved in mechanotransduction pathways
and mediate the assembly of stress fibres (Kadrmas and Beckerle 2004; Smith et al.
2014). LIM proteins mediate protein-protein or protein-DNA interactions by representing a
dual zinc-finger motif functioning as a protein-binding interface (Feuerstein et al. 1994;
Schmeichel and Beckerle 1994). Most of the LIM proteins were thought to either
participate in biological processes related to the cytoskeletal function or in the control of
gene expression. However, increasing numbers of LIM proteins have been identified

shuttling between the cytoplasm and the nucleus (Wang et al. 2009).

Conclusively, dysfunctional mechanotransduction mediated by sarcomeres, intercalated
discs and the sarcolemma can result in pathophysiological conditions and thus in the

transition to heart failure (Lyon et al. 2015).

3.2 Cardiac disease

3.2.1 Cardiomyopathies

Heart failure is often preceded by sporadic or inherited heart muscle diseases that are
termed cardiomyopathies (Ommen et al. 2020). Cardiomyopathies are characterised by
impairment of mechanical or electrical properties of the heart (Maron et al. 2006). The
mechanical properties include dysfunctional systole and diastole while the electrical pro-
perties refer to arrhythmogenesis (Maron et al. 2006). The most common types of cardio-
myopathies are hypertrophic (HCM), dilated (DCM), arrhythmogenic right ventricular
(ARVC) and restrictive (RCM) cardiomyopathies.

3.2.1.1 Hypertrophic cardiomyopathy
The most common type of cardiomyopathy is HCM with an estimated clinical prevalence
of 1:200-1:500 worldwide. This includes a wide range of different countries, ages and both

genders with a large genetic diversity and characteristic clinical phenotypes (Maron 2018).
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HCM is frequently inherited and in 40-60% of the cases it is caused by dominant variants
of genes (ACTC1, MYBPC3, MYH7, MYL2, MYL3, TNNI3, TNNT2, and TPM1) that
encode for pathogenic sarcomeric proteins with highest prevalence of pathogenic variants
in MYBPC3 and MYH7 (Alfares et al. 2015; Elliott et al. 2014; Maron et al. 2022).

Clinical phenotypes of HCM are heterogeneous, ranging from asymptomatic to different
severities in symptomatic patients (Braunwald et al. 1960; Wigle et al. 1962). The major
pathophysiological symptoms include dysfunctional systole or diastole, cardiac arrhyth-
mias and insufficient balance between oxygen supply and demand of the periphery
(Ciarambino et al. 2021; Marian and Braunwald 2017; Wigle et al. 1962). On the
physiological level, HCM is characterised by left ventricular hypertrophy with left
ventricular wall thickness defined as >15 mm in adults and thickening of the interstitial
septum (Elliott et al. 2014). On a histological level, the disease is identified by enlarged
cardiac myocytes with a loss of parallel alignment, myofibrillar disarray and fibrosis of the

myocardium (Marian and Braunwald 2017).

3.2.1.2 Dilated cardiomyopathy

In contrast to HCM, DCM affects all four heart chambers, frequently starting in the left
ventricle. The ventricles are characterised by enlargement and decrease in ventricular
wall thickness referring to the term dilation. This alteration leads to a decrease of the left
ventricular ejection fraction between 45% and 50% and thereby consequently to systolic
dysfunction without any other explanation for abnormal loading such as hypertension
(Pinto et al. 2016b). On the cellular level, cardiac myocytes are arranged in parallel, but

areas of necrosis and fibrosis can be observed (Pluess et al. 2015).

The estimated prevalence for DCM is 1:2500 but DCM accounts for the third most
common reason for heart failure and is a leading cause of heart transplantation (Maron et
al. 2006). However, compared to HCM, DCM is not predominantly caused by genetic
mutations. Only 35% of cases involve mutations in genes encoding for sarcomere,
cytoskeletal or nuclear envelope proteins (Weintraub et al. 2017). While the underlying
genetic mutations mostly derive from only a few genes, genetic mutations in DCM are
more heterogeneous involving more than 50 related genes (McNally et al. 2015).
However, it was shown that 25% of idiopathic DCM cases and 18% of sporadic DCM
cases are caused by mutations in the gene encoding for titin (Herman et al. 2012). Other
reasons are bacterial or viral infection resulting in myocarditis, autoimmune diseases,
exposure to drugs and toxins or diseases related to metabolic impairment (Weintraub et
al. 2017).
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3.2.1.3 Arrhythmogenic right ventricular cardiomyopathy

ARVC predominantly affects the right ventricle and is characterised by the loss of cardiac
myocytes accompanied by replacement with fatty and fibrofatty tissue (Basso et al. 1996).
In 75% of patients affected by ARVC, additional fibrofatty replacement in the left ventricle,
chamber enlargement and myocarditis have been reported (Maron et al. 2006). Clinical
phenotypes are characterised by ventricular tachyarrhythmias (Marrone et al. 2019).
ARVC is often autosomal-dominant inherited with mutations in genes encoding proteins
for the desmosomal compartment such as DSP, PKG, DSC2, DSG2 or PKP (Ciarambino
et al. 2021).

3.2.1.4 Restrictive cardiomyopathy

Regarding the major types of cardiomyopathies, RCM is rather a scarce form accounting
for 2-5% of cardiomyopathies (Ciarambino et al. 2021). The disease has heterogeneous
origins of sporadic or inherited predispositions including cardiac amyloidosis, storage
diseases and endomyocardial diseases (Bang et al. 2022). Associated RCM mutations
are autosomal-dominant inherited and affect genes encoding the sarcomere proteins
cTnT, troponin | (cTnl), a-actin, and B-MHC (Muchtar et al. 2017). The RCM disease
phenotype is characterised by decreased ability of the ventricular chamber, without
impairment of left ventricular wall thickness or systolic function and enlarged atria (Maron
et al. 2006). Pathophysiologically, RCM is characterised by myocardial stiffness
accompanied by dysfunctional diastole, arrhythmias and altered conduction (Ciarambino
et al. 2021).

3.2.2 Intercalated discs in disease

The contraction of the heart requires a functional electromechanical coupling between
adjacent cardiac myocytes to conduct electrochemical signals and synchronous contrac-
tion. As the propagation of electrochemical stimuli throughout the heart occurs via the
intercalated discs, mutations or dysfunction of intercalated disc proteins cause a variety of
heart diseases (Zhao et al. 2019).

Recent reports identified that approximately 30-50% of ARVC patients carry a mutation in
desmosomal proteins (Marcus et al. 2013). These mainly originate from mutations in five
different genes encoding the desmosomal proteins PKP-2, DSG-2, DSC-2, DSP and junc-
tional PKG (Broussard et al. 2015; Calore et al. 2015; Rampazzo et al. 2014). Mutations in
PKP-2 were shown to impair protein stability leading to calpain-dependent degradation
and causing decreased PKP-2 protein levels (Kirchner et al. 2012; Rasmussen et al.
2014). Mutations in the cadherin protein DSG-2 impaired dimerisation at the intercalated

disc, altered its own posttranslational modifications or the phosphorylation of the gap
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junctional protein connexin 43 (Chen et al. 2012; Gehmlich et al. 2010; Gehmlich et al.
2012). In addition, a 2 bp deletion in PKG (2157-2158del GT) was shown to interrupt
binding to other desmosomal proteins and, similarly to other desmosomal mutations,
results in loss of connexin 43, thus impairing electrical coupling (Kaplan et al. 2004). This

might be responsible for the arrhythmic phenotype observed in patients.

In addition, in left ventricular heart samples of DCM patients, different proteins of the inter-
calated disc and costameres were affected, indicating an important role of the intercalated
disc in proper electromechanical functioning of the heart (Ortega et al. 2017). Recently,
disorganised intercalated discs with reduced staining of the adherens junction protein N-
cadherin were observed in heart biopsies of DCM patients (lto et al. 2021). However, in
two DCM mouse models, the MLP-knock-out (KO) and the tropomodulin-overexpressing
transgenic (TOT) mouse, increased protein expression of proteins related to adherens
junctions or the anchorage of myofilaments was detected (Ehler et al. 2001). This included
upregulation of N-cad, a- and B-cat, PKG, VIN and NRAP.

Moreover, in the MLP-KO mouse model, as well as in DCM patients with reduced MLP
protein levels, protein kinase Ca (PKCa) accumulated at the intercalated discs (Lange et
al. 2016). Increased MLP protein levels were associated with decreased PKCa autophos-
phorylation while MLP phosphorylation by PKCa was decreased in HCM and increased in
DCM revealing MLP simultaneously as an inhibitor and substrate of PKCa (Lange et al.
2016). This suggests a potential regulatory role of protein kinases at the intercalated discs

in the progression of cardiomyopathies.

A downstream kinase of PKC that has been associated with hypertrophic conditions, is the
serine/threonine protein kinase D (PKD) which was shown to regulate gene expression,
intracellular trafficking, cardiac contraction and phosphorylation of proteins (Figure 4;
Avkiran et al. 2008; Bossuyt et al. 2011; Rozengurt 2011). Although PKD comprises three
isoforms with high homology in the regulatory and catalytic domain, the major isoform in
the heart is PKD1 (Simsek Papur et al. 2018). In heart failure, PKD1 is upregulated and
involved in hypertrophy signalling, while cardiac-specific inhibition of PKD1 in mice
resulted in cardiac improvement accompanied by reduction of hypertrophy and
arrhythmias (Bossuyt et al. 2022; Fielitz et al. 2008).

Upon (patho)physiological stimulation, PKD1 is activated via G-protein coupled receptor
stimulation (Rey et al. 2001b). Cytosolic PKD1 binds to diacylglycerol (DAG) which
induces PKD1 translocation to the plasma membrane (Figure 4; Rey et al. 2001b; Zugaza

et al. 1996). At the plasma membrane, PKD1 is phosphorylated by PKC isoforms at
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Ser744/748 in rodents or at Ser738/742 in humans, followed by autophosphorylation at
Ser916 in rodents and Ser910 in humans (Iglesias et al. 1998; Rybin et al. 2009; Simsek
Papur et al. 2018; Waldron et al. 2001). Consequently, this leads to full kinase activation
and redistribution into the cytosol and the nucleus (Rey et al. 2001a). In the nucleus,
PKD1 phosphorylates class Il histone deacetylases (HDAC) resulting in their export into
the cytosol and a derepression of the HDAC-mediated myocyte enhancer factor 2
(MEF2)-dependent fetal and pro-hypertrophic gene transcription (Figure 4; McKinsey et
al. 2002; Vega et al. 2004; Zhang et al. 2002).
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Figure 4: Protein kinase D1 signalling in cardiac myocytes. Upon (patho)physiological stimula-
tion of G protein-coupled receptors (GPCR), diacylglycerol (DAG) increases. DAG binds to PKD1
and leads translocation of PKD1 to the sarcolemma where it is phosphorylated at serine 744/748
by PKC. This is followed by autophosphorylation at serine 916 resulting in full kinase activation.
Active PKD1 translocates either to the cytosol or into the nucleus. In the cytosol, PKD1 impacts on
contractile function by phosphorylating different myofibril-associated proteins, e.g cardiac troponin |
(cTnl) or myosin-binding protein C (MyBP-C). In the nucleus, PKD1 phosphorylates histone
deacetylases (HDAC) leading to their export into the cytosol and a derepression of the myocyte
enhancer factor 2 (MEF2) or the transcription factor EB (TFEB). MEF2 activates the fetal and pro-
hypertrophic gene expression, whereas TFEB is responsible for expression of the proteasome-
associated muscle-RING-finger protein 1 (MuRF1). This illustration was generated with BioRender
and modified from (Simsek Papur et al. 2018).

Moreover, PKD1-mediated export of HDACS5 results in derepression of the transcription
factor EB (TFEB) that drives MuRF1 expression which has been involved in the UPS
degradational system (Pablo Tortola et al. 2020). In addition to the role in remodelling by

impacting gene transcription, implications of PKD1 in acute contractile function were
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reported (Figure 4; Cuello et al. 2007). A yeast two-hybrid screen of a human cardiac
library for the catalytic domain of PKD1 was used to identify interaction partners of PKD1.
Investigation of myofibrillar preparation revealed phosphorylation of ¢cTnl and numerous
other myofilament proteins such as MyBP-C, myomesin and telethonin as well as NRAP
as putative PKD substrate (Haworth et al. 2004).

3.2.3 Nebulin-related anchoring protein in heart disease

Recently, increasing evidence suggests an involvement of NRAP in the development of
skeletal and cardiac disease, although its specific function remains elusive. NRAP has
been involved in myofibrillar myopathies such as filaminopathy caused by mutations in
FLNC encoding for filamin C. Patient biopsies of skeletal muscles fibres revealed that
NRAP accumulated in aggregates (Kley et al. 2013). Moreover, a similar NRAP pheno-
type was identified in another myofibrillar myopathy, the nemaline myopathy that results in
hypotonia and muscle weakness. Patients with a deficiency in the kelch-like protein
KLHL41, which is involved in protein turnover of NRAP by the UPS system during the
premyofibril-myofibril transition when skeletal muscle develops and forms mature
myofibrils, showed massive accumulation of NRAP (Jirka et al. 2019). Interestingly, the
reduction of NRAP protein levels in KLHL41-deficient zebrafish reversed the observed
phenotype. Moreover, NRAP overexpression alone in zebrafish resulted in a myopathic
phenotype without representation of mature myofibrils (Jirka et al. 2019). Another study
recently showed that reduction of NRAP in nemaline myopathy caused by nebulin
deficiency rescued the disease phenotype by reversing sarcomeric disorganisation,
lowering the amount of protein aggregates and positively impacting skeletal muscle
function (Casey et al. 2023). Nevertheless, not only NRAP protein levels were altered in
myofibrillar myopathies. A recent study showed in patients with BAG3 myofibrillar
myopathy, simultaneous occurrence of three different NRAP variants (c.3674G > A,
c.1556T > A, ¢.844C > T, D'Avila et al. 2016).

In addition the skeletal muscle diseases, NRAP has been involved in the development of
cardiomyopathies. A recent publication by Koskenvuo et al. showed in a gnomAD
reference population that biallelic NRAP variants occur in 0.26-2.46% of all DCM cases,
while other studies even suggested NRAP as an early DCM biomarker (Ehler et al. 2001;
Koskenvuo et al. 2021).

In a 26-year-old male patient, a homozygous loss-of-function mutation in NRAP
(Arg1502*) resulted in the development of a DCM phenotype with biventricular heart
failure and ventricular tachycardia post-viral illness (Truszkowska et al. 2017). Another

homozygous frameshift mutation in NRAP (c.259delC), resulting in a loss-of-function
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phenotype, was observed in a patient with left ventricular non-compaction, a rare form of
cardiomyopathy characterised by increased trabecular meshwork in the left ventricular
wall (Zhang et al. 2023). Recently, different missense or frameshift variants of NRAP in
unrelated patients were associated with the development of either HCM or DCM (Maurer
et al. 2023). Moreover, two different DCM mouse models, the MLP-KO and the TOT-
mouse, showed increased NRAP protein levels and NRAP accumulation at the
intercalated disc (Ehler et al. 2001). However, overexpression of Nrap in a mouse model
led to the development of right ventricular cardiomyopathy with minor effects on the left

ventricle and the intercalated discs (Lu et al. 2011).

As indicated in this chapter, many studies based on different murine, zebrafish or human
models showed evidence that NRAP might be involved in skeletal muscle-associated
myofibrillar myopathies as well as in different kinds of cardiomyopathies (Prill and Dawson
2020). However, it remains elusive how NRAP is regulated and how NRAP contributes to

these disease phenotypes.

3.3 Disease modelling

In recent years, improved therapies have been developed to treat cardiomyopathies but
are not always efficient enough in preventing heart failure (Ponikowski et al. 2014). For
the development of novel therapies, it is required to study the underlying patho-
mechanisms of cardiomyopathies and their progression towards heart failure. Since the
availability of human heart tissue is limited, animal models are widely used. However,
animal models differ in their cardiac physiology from human physiology, allowing only a
restricted translation of results from animal models to human disease phenotypes and

therapies (Flenner et al. 2021; Houser et al. 2012).

3.3.1 Human-induced pluripotent stem cells

To address this issue, Yamanaka and colleagues used mouse embryonic and adult
fibroblasts for reprogramming into induced pluripotent stem cells (iPSC). This was
achieved by retroviral transduction with the four pluripotency factors Oct 3/4, Sox 2, c-
Myc, and KIf 4 resulting in murine iPSC with the similar properties regarding morphology,
gene expression and pluripotency as embryonic stem cells (Guenther et al. 2010;
Takahashi and Yamanaka 2006). In 2007, for the first time, human somatic cells were
reprogrammed into human iPSC (hiPSC) that could be differentiated into all three germ
layers (Figure 5; Takahashi et al. 2007). In the following years, this procedure was further
optimised allowing in addition to reprogramming blood cells, keratinocytes and
hepatocytes into iPSCs (Aasen et al. 2008; Aoi et al. 2008; Loh et al. 2009). Since

retroviruses integrate into the host genome, the delivery of the four pluripotency factors
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was further improved by using Sendai virus that functions only transiently, thus enhancing

the safety for prospective clinical applications (Fusaki et al. 2009; Schlaeger et al. 2015).

The culture of hiPSC was initially performed at ambient air conditions but was changed to
the cultivation of hiPSC at 5% oxygen as their physiological niche in vivo was suggested
to range between 1% and 6% of oxygen concentration (Eliasson and Jénsson 2010;
Shooter and Gey 1952). Increased oxygen tensions were correlated with mutations, loss
of pluripotency and associated with an ageing process termed senescence (Busulttil et al.
2003; Kwon et al. 2017). Senescence describes a state in which cells are in a cell cycle
arrest (Hernandez-Segura et al. 2018). However, it is still not completely unravelled how

differences in oxygen tension impact the genome.
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Figure 5: Schematic overview of reprogramming human fibroblasts into hiPSC and differen-
tiation into different cell types. Fibroblasts are reprogrammed into human-induced pluripotent
stem cells (hiPSC) using pluripotency factors (cMYC, OCT4, KLF4, SOX2). HiPSC can be
genetically modified via the CRISPR-Cas9 gene editing system or directly differentiated into
various cell types of ecto-, endo- or mesoderm. The mesoderm can be differentiated into cardiac
myocytes, skeletal muscle cells, endothelial cells, smooth muscle cells or red blood cells, that can
be enrolled for disease modelling or treatment of patients. The figure was illustrated using
BioRender.

Due to their pluripotent characteristics and absence of ethical issues, hiPSC have become
an invaluable tool for in vitro cardiac disease modelling, drug testing and patient-specific
gene therapies (Musunuru et al. 2018). Concomitantly, different strategies have been

developed for gene editing approaches, allowing to genetically modify specific genes,

model human disease-related mutations, generate KO cell lines and knock-in (KIl) specific
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mRNAs or reporter proteins. To this end, the development of the clustered regularly
interspaced short palindromic repeats (CRISPR)-based genome editing technology
promoted the precise editing of the human genome and investigation of disease models
(Figure 5; De Masi et al. 2020).

3.3.2 CRISPR-based genome editing

The CRISPR/CRISPR-associated protein 9 (Cas9) technology was initially discovered as
an adaptive immune response in bacteria and archaea in response to viruses (Barrangou
et al. 2007; Horvath and Barrangou 2010). When these prokaryotes get infected by
viruses, the viral DNA is cleaved and integrated as 20 bp long protospacers into the host
genome (Figure 6 A; Pourcel et al. 2005; Rath et al. 2015). Upon transcription of
endogenous DNA, CRISPR RNAs (crRNAs) are expressed targeting the invasive viral
DNA by the Cas protein complex (Horvath and Barrangou 2010). The complex consists of
the Cas9 protein and a trans-activating crRNA (tracrRNA) that bind to the crRNA and
thereby form a guide RNA (gRNA). This activates the endonuclease activity of the Cas9
complex that initiates DNA double-strand breaks upstream of the recognition signal, the
protospacer-adjacent motif (PAM), at the 3’-site of the viral protospacer region (Figure 6
A; Gasiunas et al. 2012). Since the Cas protein complex only recognises the PAM sites
upstream of the protospacer, induction of double-strand breaks of the host genome is
prevented. The PAM sequence is dependent on the appropriate Cas protein and is 5'-

NGG-3'’ in the case of the Cas9 with the N representing any nucleotide (Jinek et al. 2012).

This bacterial system was transferred and modified for gene-editing approaches to the
human genome (Doudna 2020). For simplification, the tracrRNA and crRNA were
combined to a gRNA in advance to transfection. The gene-editing approach by
CRISPR/Cas9 can be achieved by different delivery methods into mammalian cells
including chemical or physical transfection or viral delivery (Ran et al. 2013). The
expression systems can either be delivered by plasmids expressing the Cas9 and gRNAs
or by Cas9 mRNA and gRNAs directly or beforehand assembled RNP complexes. This
system induces a double-strand break in mammalian cells directed by the gene-specific
designed gRNAs. This is followed by an intrinsic mammalian repair mechanism that can
either take place in a process termed homology-directed repair (HDR) or a process

termed non-homologous end joining (NHEJ) (Figure 6 B; Weterings and Chen 2008).
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Figure 6: CRISPR-Cas9 technology for gene editing approaches. A) Adaptive immune
response of Streptococcus bacterium. Invasive viral DNA is inserted into the host's DNA as small
spacers. The regions are transcripted to crRNAs that interact with tracrRNAs and the Cas9 protein
to induce double-strand breaks upon repeated viral invasion. B) Cellular, intrinsic repair
mechanisms in response to double-strand breaks by homology-directed repair (HDR) or non-
homologous end joining (NHEJ). This illustration was modified from BioRender.

During NHEJ, the disrupted DNA ends are re-ligated in an error-prone process as small
insertions/deletions (Indels) might result. This alteration can further lead to frameshift
mutations and premature stop codons. However, if the gene-editing by CRISPR-Cas9 is
performed in the presence of a DNA template in the form of a plasmid or single-stranded
oligodeoxynucleotide (ssODN), the intrinsic cellular repair machine is able to precisely re-
ligate and integrate the DNA template via HDR (Ran et al. 2013). For HDR-mediated
approaches in hiPSC, CRISPR efficiencies of 2-4% have been reported (Mali et al. 2013).
This efficiency can further be increased by performing a cold shock at 32 °C for 24-48 h

post-transfection into hiPSC (Guo et al. 2018).

3.3.3 Differentiation to cardiac myocytes

As hiPSC represent a human model that can be genetically modified with the CRISPR/
Cas9-based approach to generate pluripotent disease cell lines with unlimited ability for
self-renewal, they serve as an eligible tool to study cell types with low regenerative
potential such as cardiac myocytes. During the differentiation of hiPSC to cardiac
myocytes signalling pathways of mammalian embryonic development are imitated (Figure
7; Calderon et al. 2016). For cardiac monolayer differentiation, efficiencies of >90%

cardiac myocytes can be achieved depending on the cell density (Palpant et al. 2017).
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The successful differentiation from hiPSC to cardiac myocytes was shown to depend on
the exposure at specific time points of specific growth factors and inhibitors of signalling

pathways at specific time points (Figure 7; Burridge et al. 2012).
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Figure 7: Schematic overview of factors involved in cardiac myocyte differentiation.
Depicted are factors and genes that are associated with the appropriate differentiation steps. The
asterisks indicate surface markers. HiIPSC undergo an epithelial-to-mesenchymal transition,
differentiation to mesoderm, followed by cardiac mesoderm specification, differentiation to cardiac
progenitor cells and finally to immature cardiac myocytes that can be further matured. Adapted
from (Burridge et al. 2012).

The major pathways involved in cardiac differentiation include the BMP, TGFp/activin/
NODAL, WNT, and FGF signalling pathways (Burridge et al. 2012; Kattman et al. 2011). In
order to mimic the epithelial-to-mesenchymal transition during gastrulation in somatic
cells, activin A, BMP4, high-growth factor matrigel and B27 without insulin are commonly
used to induce WNT3 expression (Figure 7; Calderon et al. 2016; Palpant et al. 2017;
Zhang et al. 2012). Subsequently, the WNT pathway is inhibited by XAV-939, a step
required for induction of cardiac differentiation (Lian et al. 2012; Willems et al. 2011).
However, investigations of hiPSC-derived cardiac myocytes revealed a fetal, immature
phenotype differing from adult cardiac myocytes (Mummery 2018; Ulmer and
Eschenhagen 2020). In the human fetal heart, growth of the heart mainly occurs by cell
division, a process termed hyperplasia, while postnatal hearts are characterised by
cardiac myocyte growth, a process termed hypertrophy (Hirschy et al. 2006). During this
process many metabolic alterations occur that affect the gene and protein expression of
mitochondria, the tricarboxylic acid cycle (TCA) cycle and the fatty acid metabolism
(Ulmer and Eschenhagen 2020).
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3.3.4 Engineered heart tissues

In order to overcome the issue of the immaturity of hiPSC-derived cardiac myocytes, the
cells are embedded in a hydrogel-based engineered heart tissue (EHT) format with elastic
silicone posts ensuring physiological contractile properties (Hansen et al. 2010;
Weinberger et al. 2017). The physiological contraction of EHTs against a mechanical load
is termed auxotonic contraction (Ulmer and Eschenhagen 2020). Indeed, cultivation of
hiPSC-derived EHTs revealed metabolic maturation in comparison to two-dimensional
cultured hiPSC-derived cardiac myocytes as indicated by a higher abundance of
mitochondrial proteins and a switch of metabolic pathways towards less fatty acid
metabolism and to a minor extent anaerobic glycolysis (Ulmer et al. 2018). In addition to
human EHTs, cardiac cells of various other species have been successfully used for the
generation of EHTs including neonatal mouse cardiac cells and neonatal rat ventricular
myocytes (NRVMs) (Stohr et al. 2013; Zimmermann et al. 2000).The generation of EHTs
provided many advances in cardiac in vitro drug testing, transplantation in regenerative
medicine and disease modelling to study their direct impact on cardiac contractile
properties (Mannhardt et al. 2020; Saleem et al. 2020).
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4. Aims

An important role of intercalated discs is to regulate cardiac myocytes contractility in a
functional syncytium. Dysfunction of intercalated discs contributes to the development of
different forms of cardiomyopathies, such as HCM and DCM. In these cardiomyopathies,
increased NRAP protein levels and accumulation of NRAP at the intercalated disc leaking
into the myofilaments have been detected. Moreover, recent observations in a growing
number of patients showed that dysfunction of NRAP resulted in the development of DCM
with a prevalence of approximately 2% of screened cardiomyopathy patients (Koskenvuo
et al. 2021).

Even though NRAP seems to play a crucial role in different forms of cardiomyopathies as
well as in early myofibrillogenesis, not much is known about the causal impact of NRAP in
heart disease development and progression and the underlying molecular patho-
mechanisms. The contribution of altered NRAP expression and localisation and how this
might be regulated and impact cardiomyopathies remains elusive. Therefore, the main
question of this thesis was to investigate whether NRAP has a protective function during
the development of cardiomyopathies or whether it causally contributes to the deve-

lopment of heart disease.

Our hypothesis was that NRAP as a mechanosensing protein contributes to the
pathophysiology of cardiomyopathies.

In order to enhance the understanding of the impact of NRAP on cardiac myocytes on
myofibrillogenesis and the development of heart disease, we aimed to:

(1) Generate and validate a functional NRAP-overexpressing (OE) and -knock-out (KO)
hiPSC line by CRISPR-Cas9 gene editing.

(2) Generate a NRAP/green fluorescent protein (GFP)-OE hiPSC line to study the specific
roles of NRAP during myofibrillogenesis.

(3) Investigate the loss- and gain-of-function of NRAP in a gene-dose-dependent manner
on myofilament structure in two-dimensional hiPSC-derived cardiac myocytes.

(4) Characterise the loss- and gain-of-function of NRAP in a gene-dose-dependent
manner on cardiac function in a three-dimensional EHT model.

(5) Investigate the importance of posttranslational modifications in the regulation of NRAP

functions.
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5. Materials and Methods

All materials, media and buffer compositions as well as detailed information about

sequences that have been used in this project, are listed in materials section 11.2.

5.1 Animal models

5.1.1 Mybpc3-targeted knock-in mouse model

The cardiac myosin-binding protein C Knock-in (KI) mouse model (Mybpc3-Kl) on a C57
BL/6J genetic background had previously been developed by using the Cre/lox system by
a G>Atransition in the last nucleotide of exon 6 and was kindly provided by Prof. Dr. Lucie
Carrier and Dr. Saskia Schlossarek (Vignier et al. 2009). The mouse model carries a
mutation that has been associated with a severe HCM phenotype in patients and was
accompanied by a Mybpc3 mRNA reduction by 50% in heterozygous and 80% in homo-
zygous Mybpc3-KI mice (Vignier et al. 2009). In this mouse model, three different mutant
mMRNAs were discovered, ultimately resulting in 21% decreased protein levels of cMyBP-C
in heterozygous and 90% in homozygous mutant mice. Compared to WT mice, the
Mybpc3-KI mouse phenotype in homozygous mutant mice was characterised by left
ventricular hypertrophy, reduced fractional shortening, increased heart weight to tibia
length ratio, intestitial cardiac fibrosis and cardiac myocyte disarray. For the experiments,
WT mice at the age of 24-46 weeks and Mybpc3-KI mice at the age of 25-47 weeks were
enrolled. The mouse hearts and other organs such as liver and skeletal muscle were

isolated with the help of Angelika Piasecki.

5.1.2 Neonatal rat ventricular cardiac myocytes

Experimental animal procedures were performed according to the guidelines for the care
and use of laboratory animals as issued by the National Institutes of Health (Publication
no. 85-23, revised 1985) and the German law for the protection of animals. Wistar rats
were kept in a 12 h light/dark cycle at room temperature (RT) with water and food supply

ad libitum.

5.1.2.1 Isolation of NRVMs

Neonatal rat ventricular myocytes (NRVMs) were isolated according to the standard
operating procedures that are established within the Institute of Experimental Pharma-
cology and Toxicology (IEPT) of the University Medical Centre Hamburg-Eppendorf
(UKE). Therefore, 0-3 day-old Wistar rats (P0-3) were decapitated, hearts were isolated
and atria were removed. The isolation of the hearts was kindly prepared by Prof. Dr.

Friederike Cuello and Dr. Konstantina Stathopoulou. All subsequent isolation steps were
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performed on ice if not indicated otherwise. After three washing steps in calcium and
bicarbonate-free Hanks buffer with HEPES (CBFHH), hearts were homogenised with
scissors. The homogenate was transferred to a 50 mL falcon tube. After sedimentation,
the supernatant was aspirated and for each 30 hearts 3.9 mL trypsin-working solution was
added to the tissue. After 10 min incubation at RT, the supernatant was discarded, and the
digestion step was repeated, followed by the addition of 3.4 mL DNase-working solution to
block digestion. The amount of trypsin- and DNase-working solutions was adjusted to the
amount of rat hearts. After each digestion, DNase-working solution was added, and the

suspension was mixed by careful trituration and then incubated for sedimentation of cells.

After sedimentation, the supernatant was transferred to collection tubes. The procedure
was repeated approximately 10-15 times with 2-5 min digestion and subsequent neutrali-
sing steps at RT until only white fibres remained in the heart homogenate. The collection
tubes, containing the cardiac myocytes, were centrifuged for 15 min at 60 g at 4 °C. After
aspiration of the supernatant, 5mL non-cardiac myocyte medium (NCM) was added,
followed by another centrifugation step. The supernatant was filtered with a sterile falcon
filter (100 um) into a sterile falcon tube. Cells were counted using a Neubauer chamber
and calculated per mL. For each NRVM isolation, a yield of approximately 1.4-3 Mio

cells/heart was achieved.

5.1.2.2 Culture of neonatal rat ventricular cardiac myocytes

In order to remove adherent non-myocytes and fibroblasts, 10 Mio NRVMs in 5 mL pre-
plating medium (PPM) were incubated for 60-90 min in the incubator in a 60 mm culture
dish. All 2-dimensional-cultured NRVMs were maintained in an incubator set to 37 °C in a
humidified atmosphere of 5% CO, and ambient air oxygen concentrations. Meanwhile,
35 mm dishes were coated with 1 mL of 1% (w/v) gelatine in PBS for 1 h at RT. After
completion of pre-plating, the cardiac myocytes-containing suspension was transferred
from the 60 mm dish to a 50 mL falcon tube. To increase the yield of NRVMs in the falcon
tube, the 60 mm culture dish was washed twice with plating medium (PM) to remove as

many cardiac myocytes as possible from the dish.

For counting of cells, 30 uL cell suspension was mixed with 30 L trypan blue followed by
counting of eight squares of a Neubauer chamber. Cells per mL were calculated by multi-
plication of the average cell number per square with the dilution factor 20.000. Prior to
plating of cells, 1% gelatine-coated 35 mm dishes were washed with PBS and either
400.000 cells for immunofluorescent stainings or 1 Mio cells for RNA/protein analyses per

35 mm dish were plated in PM.
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5.1.2.3 Treatments of NRVMs

After incubation for two days in the incubator, the medium was exchanged to serum-free
maintenance medium (MM) and cardiac myocytes were incubated for another day in the
incubator prior to the start of any experiments. On the next day, NRVMs were stimulated
with either 3 uM of the pharmacological bipyridyl PKD inhibitor (BPKDi) or for the
respective control group with DMSO in the absence or presence of exposure of cells to
10 uM of the pro-hypertrophic stimulus phenylephrine (PE) or 10 nM isoprenaline (ISO) in
MM. Cells were treated daily for up to 96 h in serum-free conditions prior to downstream
experiments. At the treatment start, 24 h, 48 h, 72 h and 96 h of incubation, samples for
different purposes such as immunofluorescence and western immunoblotting were
collected. To inhibit autophagy, 50 nM bafilomycin A1 (BafA1) in water was added once to
the respective culture wells 3 h prior to sample collection. For inhibition of the ubiquitin-
proteasome system (UPS), 1 yM MG132 in DMSO or DMSO for control were added to

culture wells 24 h prior to sample collection.

5.1.2.4 Immunoprecipitation

To investigate if NRAP can successfully be immunoprecipitated, NRVMs were treated as
described above for 72 h with DMSO or BPKDi in the presence or absence of PE. The 6-
well plates were washed twice with ice-cold PBS and frozen on liquid nitrogen. For that
purpose, plates were thawed on ice and samples were harvested in 500 uL radioimmuno-
precipitation assay buffer (RIPA). Two wells of the same treatment were combined into
Eppendorf tubes and incubated on ice for 30 min with intermittent vortexing every 2-3 min.
During the immunoprecipitation process, different samples were taken to allow the valida-

tion of successful NRAP immunoprecipitation by western immunoblotting.

A sample of the crude lysate was taken and the remainder was centrifuged at 14.000 g for
10 min at 4 °C. After centrifugation, an input sample from each treatment group was taken
and the pellet was kept as well as a sample. From the supernatant, 400 uL of each
treatment sample were incubated with 2 pL anti-NRAP (Davids Biotechnology) overnight
at 4 °C under constant rotation. On the following day, samples were quickly spun down
and incubated with 40 pL protein A/G agarose beads for 4 h at 4 °C under constant
rotation. After that, samples were centrifuged at 2.000 g for 1 min at 4 °C. From the
supernatant, 370 uL were kept as a sample and the beads were washed four times with
500 pL RIPA buffer each with intermittent centrifugation at 2.000 g for 1 min at 4 °C. The
proteins of the beads/pellet fraction were extracted with 100 yL reducing sample buffer to
generate SDS samples. To all other samples, that were taken during the experiment, 3x

reducing sample buffer was added.
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For denaturation of proteins, sodium dodecyl sulfate (SDS) samples were boiled at 75 °C
for 5 min prior to SDS-polyacrylamid gel electrophoresis (PAGE) and western immuno-
blotting. The immunoblotting was performed as described in section 5.8.2 with the NRAP
antibody to investigate if NRAP was immunoprecipitated. The immunoprecipitation

procedure was kindly performed once by Dr. Konstantina Stathopoulou.

5.1.2.5 Stable isotope labeling by/with amino acids in cell culture (SILAC)

After culture for one day in plating medium, medium was removed and cells were washed
once with SILAC medium and then incubated in 1.5 mL SILAC light medium per 6-well
overnight at 37 °C, 5% CO: (Figure 8). On the next day, the procedure was repeated.
After 48 h incubation in SILAC light medium, cells were incubated in SILAC heavy
medium containing the heavily labelled amino acids lysine and arginine, allowing to
distinguish newly synthesised proteins. Concomitantly, cells were treated with 3 uM
BPKDi or equivalent amounts of DMSO for the respective control group. After 30 min
incubation at 37 °C and 5% CO2, 10 yM PE or 10 uyM ISO were added to induce pro-
hypertrophic stimulation. These treatments were repeated daily with a daily medium

exchange of SILAC heavy medium until 72 h of treatment.

Isolation of LC-MS/MS
NRvvs Lo 23 1A 88 Days analysis
Plating SILAC light SILAC heavy medium
medium +/- BPKDi
+/- PE
+/-1SO

Figure 8: Stable isotope labelling by/with amino acids in cell culture (SILAC) setup. Neonatal
rat ventricular myocytes (NRVMs) were isolated and incubated in SILAC light medium for 48 h prior
to incubation for 72 h in SILAC heavy medium. Concomitantly with incubation in SILAC heavy
medium, cells were treated with or without 3 uM BPKDi in the presence or absence of 10 uM
phenylephrine (PE) and/or 10 nM isoprenaline (ISO). Afterwards, samples were analysed by liquid
chromatography-mass spectrometry (LC-MS/MS analysis).

For sample collection, the medium was removed, and wells were washed once with PBS.
Then 0.5 mL PBS per 6-well was added and cells were scraped and transferred to Eppen-
dorf tubes. To increase the amount of cells, the wells were washed again with PBS and
transferred to the same respective tube. The tubes were centrifuged at 16.000 rpm for 5

min and pellets were dry frozen at -80 °C until analysis by mass spectrometry.

5.1.2.6 Mass spectrometry
For mass spectrometric analysis, the pellets were supplemented with 20 uL 6 M guani-

dinium chloride, 50 mM Tris(hydroxymethyl)aminomethan (Tris)/ hydrogen chloride (HCL)
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and 10 mM Tris(2-chlorehyl)phosphat (TCEP) and incubated at 95 °C for 5 min.
Afterwards, the reduced thiols were alkylated with 40 mM chloroacetamid and in order to
obtain a final guanidinium chloride concentration of 0.6 M, samples were diluted with 25
mM Tris/HCI, pH 8.5 and 10% acetonitrile. After sonification of samples, protein content
was determined and 50 ug of samples were used for protein digestion with 1 ug trypsin
overnight at 37 °C under gentle agitation. Digestion was interrupted by the addition of
trifluoroacetic acid to a final concentration of 0.5%. The peptides were loaded on multi-
stop-and-go tip (StageTip) containing three C18-pdisks and 3 SCX-disks. The purification
and elution of peptides were performed as previously described (Rappsilber et al. 2007).
Finally, the peptides were eluted in a microtiter plate, dried, and resolved in 1%
acetonitrile, supplied with 0.1% formic acid. The mass spectrometric analysis was
performed by Dr. llkka Wittig with Peaks 7.0 and MaxQuant 1.3.0.5. The initial data

analysis was performed with the help of Dr. Steven Schulz.

5.2 Human models

5.2.1 Heart samples from patients

For the validation of the custom-made NRAP antibody produced by the company Davids
Biotechnology, human heart tissue from the left ventricle of a patient with DCM was used
for immunofluorescence. For western immunoblot analysis additionally heart tissue from

non-failing, HCM and ischemic cardiomyopathy (ICM) patients was enrolled.

5.2.2 Human-induced pluripotent stem cells

The established in-house control hiPSC line (UKEi0O01-A/ERC001) from a healthy proband
was used for the genetical engineering of stem cells and was registered at the European
Human Stem Cell Registry (hPSCreg). Additionally, the utilisation of the hiPSC line was
approved by the ethical committee of the UKE (Az. PV4798, 28.10.2014). It had been
generated from dermal fibroblasts of punch skin biopsies as previously described
(Takahashi et al. 2007).

5.2.2.1 Reprogramming of human fibroblasts into hiPSC

Punch skin biopsies (3 mm diameter) from human donors were taken under local anaes-
thesia. Skin biopsies were collected in MACS tissue storage solution and dissociated by
digestion with collagenase type 2. Dissociated tissue was collected into a T25 TC flask
containing fibroblast medium, L-glutamine, penicillin and streptomycin. Outgrowing dermal
fibroblasts were expanded in the T75 tissue culture flask, passaged with trypsin or
cryopreserved (passage number 1-5) in FBS with 10% DMSO, and used for subsequent

reprogramming until passage number 5. For reprogramming, human dermal fibroblasts
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were thawed and cultured in fibroblast medium, transduced by Sendai virus vectors
containing four different Yamanaka reprogramming factors (hOct3/4, hSox2, hKIif4, hc-
Myc) according to the manufacturer’s instructions at multiplicity of infection (MOI) 6

(CytoTune-iPS Sendai Reprogramming Kit).

At day 7 post-transduction, Sendai virus-transduced fibroblasts were trypsinised and re-
seeded in three different densities (1.6x10%, 3.2x10%, 6.4x10* per 6 well) on feeder cells
(primary mouse embryonic fibroblasts (MEF) from CF-1 mice), mitotically inactivated with
10 pg/mL mitomycin C (SERVA), MMC-MEF density 2.5x10° per 10 cm?, and cultured with
human embryonic stem cell (hES) medium supplemented with 30 ng/mL fibroblast growth
factor (FGF), with daily medium change. 30-40 days after transduction, the reprogrammed
hiPSC colonies were picked with an inverted EVOS microscope and transferred under
sterile conditions. Every single individual clone was further expanded and cryopreserved.
For the initial passages after picking, the lines were cultured with CF-1 MEF-conditioned
hES medium supplemented with FGF on plates coated with growth factor reduced
matrigel and for passaging dissociated with 0,75 mM EDTA. At later passages (passage
number 5-10), culture conditions were adapted gradually to the ones described in the
following section. This method was performed by Dr. Sandra Laufer and Dr. Aya

Shibamiya and has been adopted from the manuscript Raabe et al. (in preparation).

5.2.2.2 Thawing and culture of human-induced pluripotent stem cells

Cryopreserved hiPSC from working cell banks were thawed for 2-3 min at 37 °C and then
drawn up into a 5 mL FTDA-containing pipette supplied by the ROCK-Inhibitor Y-27632
(10 uM). When hiPSC were thawed for gene editing approaches, mMTESR* medium was
used instead of FTDA. The cell suspension was transferred to a 15 mL falcon tube and
centrifuged for 3 min at 800 rpm. After centrifugation, the supernatant was removed and
the pellet resuspended in FTDA, supplemented with 30 ng/mL FGF and 10 uM Y-27632.
These concentrations of FGF and Y-27632 were used in all following applications in which
those compounds were used. For the plating of cells, 1 Mio hiPSC per 6-well culture well
were cultured on geltrex-coated plates (1:100 in ice-cold RPMI 1640). The standard
culture conditions of hiPSC were 37 °C, 5% CO. and 5% O with daily medium exchange
(FTDA, supplied with FGF). For experiments to test oxygen concentrations, hiPSC were
cultured at hypoxic or normoxic conditions. In this thesis, hypoxia refers to hiPSCs culture
at 5% O,, 37 °C, 5% CO, and normoxic culture refers to 20% O», 37 °C, 5% CO..

When the cell layer reached >90% confluence, cells were passaged. For that purpose, the
cells were washed once with PBS and then detached with accutase solution, supple-
mented with Y-27632 for 5-10 min at 37 °C. With a 1000 uL pipette, cells were detached
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and transferred to a falcon tube. To remove as many cells as possible, all wells were
washed with pre-warmed FTDA, supplemented with FGF and Y-27632, and added to the
falcon tube. This was followed by centrifugation at 800 rpm for 3 min. The supernatant
was removed and cells were resuspended in FTDA with FGF and Y-27632. After counting
of cells with trypan blue, densities of 50.000-70.000 cells/cm?, i.e. 500.000-700.000 cells
per 6-well or 4.5-6.5 Mio cells per T75 flask were plated. Prior to enrolling cells into experi-

ments, hiPSC were passaged at least three times.

5.2.2.3 Freezing of human-induced pluripotent stem cells

For freezing of cells, hiPSC were washed once with PBS and then incubated with
accutase solution, supplemented with Y-27632, for 5-10 min at 37 °C, 5% CO2and 5% O..
Cells were detached with a 1000 pL pipette and wells were washed once with FTDA (+ Y-
27632). After centrifugation at 800 rpm for 3 min, supernatant was removed and cells
were resuspended in FTDA (+Y-27632, + FGF) for counting as previously described. As
an appropriate amounts of cells per aliquot, usually 1 Mio cells per cryotube were
calculated, centrifuged again at 800 rpm for 3 min. Cells were resuspended in FBS and
transferred to cryotubes. After addition of 20% dimethyl sulfoxide (DMSO), cryotubes were
inverted and stepwise frozen with a Mr. Frosty at -80 °C. On the next day, frozen cells

were transferred to -150 °C for storage and to liquid nitrogen tanks for long-term storage.

5.2.2.4 Karyotyping analysis by Giemsa staining

Karyotype analysis was performed as previously described (Breckwoldt et al. 2017). In
brief, to ensure an appropriate proportion of cells during metaphases, at least 400.000
hiPSC were used for karyotyping. Before harvesting, 40 pyL colcemid was added to each
well and incubated for 5 h at 37 °C and 5% CO.. After two intermittent washing steps with
PBS, hiPSC were incubated with 0.5 mM EDTA at RT. Afterwards, cells were detached
with 2 mL F10 complete medium and four times triturated with a 10 mL pipette. The cells
were then centrifuged for 10 min at 250 g at RT. After removal of the supernatant, 7 mL of
75 mM KCI solution was dropwise added under swirling and incubated for 15 min at 37
°C. Subsequently, 13 drops of the fixative solution were added to the suspension and then
centrifuged at 250 g for 10 min at RT. Almost the entire supernatant was removed, except
1 mL, vortexed and 6 mL of ice-cold fixative were dropwise added. The centrifugation and
fixative steps were repeated twice before the fixative was removed. The cell suspension

was then used for slide generation.

First, the slides were rinsed with the detergent solution Mucasol in hot water and covered
overnight at RT. The slides were washed once with water for 15 min, followed by rinsing

twice with purified water. For the generation of slides, 80-100 uL of hiPSC were placed
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onto a slide and transferred into a beaker containing dH>O that had been pre-warmed to
80 °C until the fixative had evaporated. Cell density and metaphase spreading were
monitored by phase-contrast microscopy. Afterwards, slides were incubated at 95 °C for
15 min. For trypsin Giemsa-banding, slides were placed for 1-5 s to 0.25% (v/v) trypsin in
Hank’s Balan-ced Salt Solution (HBSS), followed by a short incubation in PBS and
subsequent incubation for 6 min in 10% (v/v) Giemsa stain in Titrisol (pH 7.2). Slides were
rinsed with cold water and then air-dried for a few minutes. For chromosome analysis,
slides were covered with a coverslip and Cytoseal 60 and for each sample 15 metaphases
were analysed under a light microscope using a 1000x magnification. This method was
kindly performed by Dr. Sigrid Fuchs and has been adopted from the manuscript Raabe et

al. (in preparation).

5.2.2.5 Senescence-associated beta-galactosidase activity assay

To investigate cellular senescence as well as the induction of senescence by paracrine
actions of pro-senescent factors in cells cultured under normoxic or hypoxic conditions,
hiPSC of the master cell bank were thawed and cultured for three passages at 5% O2 (5%
COa: 37 °C) or 20% 02 (5% CO,, 37 °C). At the starting point of the experiment, media
(FTDA supplemented with FGF) of cells from both culture conditions was exchanged. After
12 h incubation at the respective oxygen concentration, the hypoxic and normoxic medium
were exchanged to the respective other hiPSC cell culture dish, meaning that hypoxic-
cultured cells received media from cells that were cultured at normoxia in the first 12 h of
the experiment and vice versa. After additional 24 h incubation, the media from all wells
was removed and replaced with new medium before the crossover exchange procedure

was repeated.

To investigate directly if media exchange from hypoxic to normoxic medium led to sene-
scence of the cells, a senescence-associated beta-galactosidase (SA-B-gal) activity assay
was performed according to the manufacturer’s instructions (B-galactosidase staining kit).
All used solutions were included in this kit. In brief, media was removed and hiPSC were
washed once with 2 mL PBS, followed by incubation in 1x fixative solution for 10-15 min at
RT. The plate was then washed twice with 2 mL PBS and incubated with 1 mL of the B-
galactosidase staining solution. Plates were sealed with parafilm, covered for light protec-
tion and then incubated overnight in a dry incubator at 37 °C without additional CO,. On
the next day, the staining solution was replaced by 70% glycerol and analysed by light
microscopy on a Nikon Eclipse TS2 microscope using 200x magnification. As a positive

control, hiPSC were treated twice for 2 h with 75 uM H2O. before media collection.
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For analysis and quantification of the blue signals representing the SA-B-gal activity, three
to five different areas per well were randomly chosen and imaged. In order to remove the
background similarly in all images, images were opened in ImageJ and the colour
threshold was changed for all images according to the following settings: Hue 68-198,
saturation 53-255, brightness 110-255 and colour space HSB. After application of those
values, the appropriate areas were selected and measured. Subsequently, the selection
was inverted and the non-stained areas were measured. By the addition of those values,
the total area could be calculated. The stained area was then calculated as the
percentage of the total area. This method has been adopted from the manuscript Raabe

et al. (in preparation).

5.2.2.6 RNA- and ATAC-sequencing

For RNA sequencing, RNA was isolated with the RNeasy Micro Kit (Qiagen) including on-
column DNase digestion. Library preparation was then performed on 10 ng RNA input with
the SMARTer Stranded Total RNA-Seq Kit v3 following the manufacturer’s instructions.
Libraries were sequenced on an lllumina Nextseq2000 in 50 bp paired-end mode (25x10°
reads per sample). Sequencing data analysis was performed with bioinformatics tools
integrated in the Galaxy platform. Quality and adapter trimming of sequencing reads were
performed prior to mapping to remove low-quality reads and adapter contaminations.
RNA-sequencing data was mapped to the human genome (hg19) using RNA STAR
2.6.0b-2 (Dobin et al. 2013). PCR duplicates were removed using SAMtools (Li et al.
2009). HTSeqg-count (Anders et al. 2015) and DESeq2 (Love et al. 2014) were used for

the read count and differential gene expression analysis.

The assay for transposase-accessible chromatin with sequencing (ATAC-sequencing) was
performed according to Buenrostro et al. (2013) with minor modifications from the
Kaestner laboratory (dx.doi.org/10.17504/protocols.io.bvOmn946; Buenrostro et al. 2013).
For the transposition reaction, 2.5 yL Tagment DNA enzyme 1 were used per 50000
freshly collected cells (n = 3 per condition). After the addition of EvaGreen, samples were
amplified with fluorescence monitoring until the fluorescent signal reached the inflection
point. The libraries were then subjected to double-sided purification using Ampure XP
beads and sequenced on an lllumina Nextseq2000 in 50 bp paired-end mode (15x108
reads per sample). The analysis of sequencing data was performed with bioinformatics
tools that were integrated into the Galaxy platform. Quality control and adapter trimming of
reads were performed with Trim Galore to exclude low-quality reads and adapter
contaminations. Reads were then mapped to the hg19 using Bowtie2 v2.5.0 (-X 700) and

PCR duplicates were removed using SAMtools. Triplicates were merged for visualisation.
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The initial sample preparation was performed by me and the two methods were performed
by Dr. Patrick Laurette. This method has been adopted from the manuscript Raabe et al.

(in preparation).

5.2.2.7 Blue-native PAGE

HiPSC from hypoxic or normoxic culture conditions were pelleted and dry-frozen in liquid
nitrogen. Pellets were homogenised in a pre-chilled motor-driven glass/teflon Potter-
Elvehjem homogeniser at 2000 rpm and 40 strokes. Homogenates were then centrifuged
for 15 min at 600 g to remove nuclei, cell debris, and intact cells. Mitochondrial
membranes were sedimented by centrifugation for 15 min at 22.000 g. Mitochondrial-
enriched pellets from 20 mg cells were resuspended in 35 pL solubilisation buffer and
solubilised with 10 pL 20% (w/v) digitonin. Samples were supplemented with 2.5 puL 5%
Coomassie G250 in 500 mM aminocaproic acid and 5 pL 0.1% Ponceau S in 50%
glycerol. Equal protein amounts of samples were loaded on top of a 3-18% acrylamide
gradient gel (dimension 14 x 14 cm). After native electrophoresis in a cold chamber, blue-
native gels were fixed in 50% (v/v) methanol, 10% (v/v) acetic acid, 10 mM ammonium
acetate for 30 min and stained with Coomassie stain (0.025% Serva Blue G, 10% (v/v)
acetic acid). Densitometry was performed using the GelQuantNET software. This method
was performed by Dr. llka Wittig and has been adopted from the manuscript Raabe et al.

(in preparation).

5.2.2.8 Complexome analysis

The complexome analysis, mass spectrometry raw data, identification/quantification of
proteins and a detailed description of the procedure have been deposited to the
ProteomeXchange Consortium via PRoteomics IDEntification Database (PRIDE)
repository Perez-Riverol et al. (2019) (Perez-Riverol et al. 2019). In addition, data were
loaded to Perseus proteomics software PMID 29344888. The blue-native analysis was
performed by Dr. llka Wittig similarly to what was published in Heidler et al. (2013). These
methods were adopted from the manuscript Raabe et al. (in preparation) (Heidler et al.
2013).
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5.3 Gene editing by CRISPR-Cas9

5.3.1 AAVS71-cTnT-NRAP/MYC and -NRAP/GFP plasmid validation

The AAVST1-cTnT-NRAP/MYC and AAVS1-cTnT-NRAP/GFP plasmids were self-
designed, followed by production by the company VectorBuilder. After delivery of
Escherichia coli, containing the respective plasmids, bacteria were incubated in 8 mL
lysogeny broth (LB) medium supplemented with 100 pug ampicillin/mL on a shaker (150
rpm) for 16 h at 37 °C.

After incubation, plasmid DNA was isolated from bacteria cultures using the Qiagen high-
copy plasmid DNA isolation kit with miniprep columns as described in the manufacturer’s
instructions. In brief, 8 mL bacteria suspension was stepwise centrifuged for 30 s at
11.000 g in 2 mL reaction tubes. For cell lysis, cell pellets were resuspended in 250 pL
buffer A1, followed by the addition of 250 uL buffer A2. After inverting the reaction tubes 6-
8 times and 5 min incubation at RT, 300 uL buffer A3 was added and tubes were again
inverted 6-8 times. Another centrifugation step for 10 min at 11.000 g and RT was
performed. The supernatant was then transferred for binding to NucleoSpin plasmid
columns and centrifuged at 11.000 g for 1 min. The silica membrane was washed once
with 500 uL buffer AW to increase DNA yield, centrifuged again for 1 min and 600 uL
buffer A4 was added prior to another centrifugation step for 1 min. Afterwards, the silica
membrane was dried for 2 min at 11.000 g centrifugation, followed by DNA elution with 30
pL aqua destillata at 11.000 g for 1 min. To increase plasmid DNA vyield, this last
centrifugation step was repeated by applying the eluted fraction once more to the
NucleoSpin plasmid column. Subsequently to plasmid DNA isolation, DNA concentration
was measured with the Nanodrop spectrometer and plasmids were validated by digestion

with restriction enzymes.

For restriction digestion of plasmids, 2 uL 10x fast digest buffer, 1 ug plasmid DNA and 1
pL fast digest enzyme BamHI or Bglll were combined in 20 puL reactions. The reactions
were mixed, briefly centrifuged and incubated in a heat block at 37 °C for 30 min.
Subsequently, samples were loaded on 1% agarose gels as described in section 5.3.4.3.
For digestion of the AAVS1-cTnT-NRAP/MYC plasmid with BamHI products of the sizes
3735 bp, 2956 bp, 1791 bp, 1682 bp and 474 bp were expected and for digestion with
Bglll, product sizes of 4804 bp, 3248 bp and 2586 bp were expected. For digestion of the
AAVS1-cTnT-NRAP/GFP plasmid with BamHI product sizes of 3735 bp, 2956 bp, 2369
bp, 1791 bp and 474 bp were expected and for digestion with Bglll sizes of 5491 bp, 3248
bp and 2586 bp were expected. Subsequently, the whole AAVS71-cTnT-NRAP/MYC
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plasmid was sequenced by Sanger sequencing using different primer that can be found in
material section 11.2. After the exchange of the MYC-tag by a GFP, this area was

sequenced again.

5.3.2 Culture and nucleofection

In order to generate genetically modified NRAP-overexpressing (NRAP-OE) and NRAP-
knock-out (NRAP-KO) hiPSC lines, the in-house cell line of a healthy proband (ERC001)
was used. This cell line had previously been characterised and used by many groups
within the IEPT for CRISPR-Cas9 meditated genome editing approaches. In advance to
genome editing, gDNA was prepared by combining 100 uM crRNA and 100 uM tracrRNA
in a 1:1 ratio, followed by incubation for 5 min at 95 °C and incubation at RT for 5 min,
resulting in 50 uM gDNA. The gDNA was used directly or stored at -20 °C.

For the CRISPR-Cas9 genome editing approach, hiPSC with a low passage number (p26
for NRAP/MYC-OE, p24 for NRAP/GFP-OE and p24 NRAP-KO) were thawed as
described in chapter 5.2.2.2. Therefore, 1 Mio hiPSC were plated in mTESR* on a 6-well
culture well plate that had been coated with reduced-growth factor matrigel (1:60 in RPMI
1640) for >1 h at RT. Cells were cultured at 37 °C, 5% CO. and 5% O, and passaged two
times prior to genome editing. All steps for this approach were performed using mTESR*

medium and reduced-growth factor matrigel until producing master cell banks.

When the cell layer was still <80% confluent, mMTESR* was changed 1-2 h prior to nucleo-
fection to mMTESR" supplemented with Y-27632. In between, a 12-well plate was coated
with reduced-growth factor matrigel (1:60 in RPMI 1640) for >1 h at RT. Just before cells
were detached with accutase, supplemented with Y-27632, ribonucleoprotein (RNP) com-
plex assembly was performed by combining 2 uL of the respective gDNA (50 uM) with 1.6
pL Cas9 (62 pM) and incubated for at least 10 min up to 1 h at RT. Detached cells were
centrifuged at 800 rpm for 3 min resuspended in mTESR* (+ Y-27632) and counted using
trypan blue and a Neubauer counting chamber. A total volume of 800.000 cells was
transferred to a 1.5 mL tube and again centrifuged for 3 min at 800 rpm. After
centrifugation, hiPSC were resuspended in 100 pL nucleofection solution (82 pyL P3 and
18 uL supplement of the Amaxa nucleofection kit). For NRAP-OE cell lines, 4 pg of the
respective AAVS1-cTnT-NRAP/MYC or AAVS1-cTnT-NRAP/GFP plasmid were added.
After addition of 1 uL electroporation enhancer (100 uM), the cell mix was transferred to

the prepared RNP complex, mixed and transferred into a nucleofection cuvette.

For nucleofection, the program CA137 on the Amaxa 4D nucleofector was used. After-

wards, the cuvette was incubated for 10 min at 37 °C, 5% O, and 5% CO.. The matrigel
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from the coated plates was then removed and nucleofected cells were plated on a 12-well
in MTESR* supplemented with cloneR (1:10). For control, 250.000 untreated hiPSC from
the pool were plated on one 12-well. For the generation of NRAP-OE cell lines, a second
control with 250.000 unedited cells were plated on a 12-well. 3-5 days after nucleofection,
the unedited cells as well as the edited cells by CRISPR-Cas9 were treated daily for 3
days with 0.5 pg/mL puromycin to ensure that all unedited cells were removed. During the
following days after nucleofection, pictures of each well were taken for documentation
using the EVOS microscope. The medium of cells was daily exchanged by mTESR®,

supplemented with cloneR for CRISPR cells or only mTESR?* for control cells.

5.3.3 Single cell seeding

After puromycin selection for the NRAP-OE cell lines or 3-5 days post-nucleofection for
the NRAP-KO cell line, hiPSC were passaged in low densities of 100, 200, 400, 600 and
800 cells per 6-well culture well plate. In the following days a particular objective,
containing an integrated marker, was used to mark single cells on the plate. The medium
of the low-density seeded cells was replaced every second day by mTESR" with cloneR
until the marked circles were almost full of divided cells from one single cell. These clones
were picked with a 100 L pipette under sterile conditions using the 2x magnification of
the EVOS microscope and transferred to a matrigel-coated 48-well plate. Each clone was
transferred into a single well of a 48-well plate with mTESR* with cloneR on a pre-warmed
metal plate. The medium of single clones was exchanged every second day until
confluency. This was followed by another splitting step to two 48-wells for each clone. As
soon as these 48-wells reached a confluence, one well of each clone was frozen as above

described in section 5.2.2.3.

The other well of the same clone was used to isolate gDNA for validation of successful
genome editing. Therefore, cells were detached with accutase (+Y-27632), combined with
the same amount of medium and centrifuged at 800 rpm for 3 min. The supernatant was
aspirated and pellets were dry frozen at -20 °C until further gDNA isolation procedure was
performed. The generation of NRAP-KO single-cell clones as well as parts of the
validation process of successfully edited NRAP-KD clones were performed by Vanessa

Lewandowski as part of her Master thesis under my supervision.

5.3.4 Validation of successful edited CRISPR clones

5.3.4.1 Genomic DNA isolation
In order to validate CRISPR clones and to perform quality controls for the edited hiPSC

lines, genomic DNA (gDNA) was isolated following the manufacturer’s instruction of the
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DNeasy Blood & Tissue kit Quick-Start protocol from Qiagen. In brief, one 48-well for
clones or 1 Mio hiPSC were centrifuged for 3 min at 800 rpm and pellets were dry frozen.
The cells were then resuspended in 200 uyL PBS and 20 uL protein kinase K were added,
followed by addition of 200 pL buffer AL, mixing and incubation for 10 min in a heat block
at 56 °C. Thereafter, samples were mixed with 200 yL ethanol (99%) and applied to
DNeasy mini spin columns and centrifuged for 1 min at 8000 rpm. This was followed by
one washing step with 500 uL buffer AW1 and one washing step with 500 yL AW2 and
centrifugation for each step at 8000 rpm for 1 min. The spin column was transferred to a
new 1.5 mL microcentrifuge tube and DNA was eluted by addition of 30 yL aqua destillata,
incubation for 1 min at RT and centrifugation at 8000 rpm for 1 min. The 30 uL elution
fraction was again added to the column and again centrifuged to maximise the DNA yield.

The DNA yield was measured using the Nanodrop.

5.3.4.2 Polymerase chain reaction

For validation of successful hiPSC gene editing by CRISPR-Cas9, a polymerase chain
reaction (PCR) was performed. To validate the integration of the AAVS7-cTnT-
NRAP/MYC- or AAVS1-cTnT-NRAP/GFP-OE plasmids, gDNA was isolated as above-
described in section 5.3.4.1. Using a forward primer in the left homology arm (HA-L For)
and a reverse primer in the right homology arm (HA-R Rev) allowed distinguishing
between WT, hetero- or homozygous clones. In WT clones, one band at ~870 bp and in
the homozygous clones, a band at 7787 bp for the NRAP/MYC-OE cell line or 8474 bp for
the NRAP/GFP-OE cell line was expected. Conclusively, heterozygous clones could be
distinguished as these clones represented the WT as well as the respective homozygous
band. However, in homozygous clones, only one band at 7787 bp or 8474 bp could be
detected. In order to perform a long-range PCR, the LongAmp PCR kit from New England
Biolabs (NEB) was used. Therefore, according to instructions of the manufacturer, the 5x
LongAmp buffer, 300 uM dNTPs, 0.4 uM the forward and reverse primer, 200 ng gDNA or
1 ng plasmid DNA were combined with 5 units LongAmp polymerase per each 50 uL PCR
reaction. The cycling conditions were as follows: Initial denaturation for 2 min at 94 °C, 35
cycles of 30 s at 94 °C followed by 7 min at 65 °C. The final extension was performed at
65 °C for 10 min.

Similar to this validation setup, the successful generation of a NRAP-KO hiPSC line was
validated by performing PCR amplifications with the LongAmp PCR kit from upstream of
the 5’ PAM site in the promotor-flanking region (KO FOR1) and downstream of the 3° PAM
site (KO REV2) in the promotor region. The NRAP WT band in the control cell is 5805 bp

while the successful generation of a KO would approximately result in a 477 bp PCR
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product. Due to a smaller PCR product, the extension time during the 35 cycles was

lowered to 5 min instead of 7 min for the NRAP-OE cell line validation.

For validation of smaller regions, the Dreamtaq polymerase was used, Therefore, 10x
Dreamtaq buffer, 2.5 mM of each dNTP, 0.25 uM of the forward and reverse primer, 200
ng of the respective gDNA were combined with 1.25 U Dreamtaq polymerase. The PCR
cycling conditions were as follows: Denaturation at 95 °C for 3 min, followed by 35 cycles
at 95 °C for 30 s, 30 s at the appropriate T, and 1 min at 72 °C. The final extension was
performed at 72 °C for 10 min, followed by storage at 4 °C until further processing. Since
no homozygous NRAP-KO was found, but instead a compound heterozygous NRAP-KO,
this hiPSC line was termed NRAP-knock-down (KD).

5.3.4.3 Agarose gel electrophoresis

For agarose gel electrophoresis, 1-1.5% agarose gels in 1x Tris-acetate-EDTA buffer
(TAE) containing 2.3 pL Midori Green per each 50 mL buffer were prepared. Therefore,
the agarose solution was shortly boiled in a microwave until the agarose was dissolved.
The solution was then cooled down to approximately 60 °C before the DNA-intercalating
substance Midori green was added. The agarose solution was then transferred to the
chamber containing a 20-well comb. After solidification of the agarose gel, it was
transferred into a gel electrophoresis chamber filled with 1x TAE buffer. On each gel, 5 uL
of a 100 bp or 1 kb DNA marker and 10-50 uL of samples that had been premixed with 6x
loading dye were loaded. The gel was run at 120 V for approximately 45 min and then

documented with the Chemidoc system.

5.3.4.4 PCR purification and sequencing

PCR products were purified with the high-pure PCR product purification kit from Roche
according to the manufacturer’s instructions. In brief, when PCR products were directly
purified after PCR amplification, the amount of PCR product was added to water to 100 uL
total volume. To each PCR reaction, 500 pL binding buffer was added, mixed and applied
onto a high pure filter column. After centrifugation for 60 s at 13.000 g, two washing steps
with 500 pL and 200 puL washing buffer with intermittent centrifugation steps followed.
Subsequently, the PCR products were eluted in 30 uL water from the columns into new

1.5 mL reaction tubes by centrifugation for 60 s at 13.000 g.

If PCR products were purified from agarose gels, 1-2% agarose gels were loaded with
PCR products for approximately 45 min at 120 V. The appropriate band was cut out and
transferred to a 1.5 mL reaction tube. Per each 100 mg gel slice, 300 uL binding buffer

was added, followed by incubation at 56 °C for 10 min with intermittent vortexing every 2-3
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min. Afterwards, 150 pL isopropanol for each 100 mg agarose slice were added to the
mixture and applied to a high pure filter column. The washing and elution steps were
performed as above described for the PCR product purification directly from PCR
reactions. Subsequently to PCR product purification, the DNA amount was estimated by

measuring the light absorbance at a wavelength of 260 nm using the Nanodrop.

For sequencing of purified PCR products, 150 ng of PCR product in water was added to 2
uL of the appropriate forward or reverse primer to a total volume of 17 uL in 1.5 mL

Eppendorf tubes and sent to Eurofins for Sanger sequencing.

5.3.5 Production of master and working cell banks

As soon as heterozygous or homozygous CRISPR clones had been successfully
identified and validated, clones were thawed as mentioned in section 5.2.2.2. However,
CRISPR clones were thawed on a reduced-growth factor matrigel-coated (1:60 diluted in
RPMI 1640) 48-well culture well plates, that had been pre-incubated for at least one hour
at RT for coating. For CRISPR clones, mMTESR* without FGF was used instead of FTDA.

When the cell layer reached >90% confluence, cells were passaged to a 24-well culture
well plate, then to a 12-well culture well plate and then to a 6-well culture well plate until
approximately an amount of 4.5 Mio cells could be passaged into a T75 flask. During this
procedure, coating was changed from reduced-growth factor matrigel to geltrex (1:100 in
RPMI) and hiPSC were adjusted in 25% increments per day from mTESR* media to FTDA
supplemented with 0.3 uL FGF per mL. After these adjustments, hiPSC were kept for at
least one week at these conditions before freezing for a master cell bank. For producing a
master cell bank, morphological images were taken using the EVOS microscope. The
cells were counted both, manually and by CASY counter, and frozen as mentioned in
section 5.2.2.3 for a master cell bank when the CASY values were: AGG>1.5 and viability
>80%. The passage number for the production of master cell banks were p44 for the
NRAP/MYC-OE hiPSC line, p35 for the NRAP/GFP-OE hiPSC line and p36 for the NRAP-
KD hiPSC line. One part of the cells were kept in culture for 2-3 passages to freeze a

working cell bank similarly to a master cell bank.

5.3.5.1 Mycoplasma testing

To ensure that the master cell bank, working cell bank and cell lines in culture are not con-
taminated with mycoplasma, mycoplasma testing was kindly performed by Anna
Steenpal® and Ellen Orthey. In brief, 250 yL media supernatant after at least one day of
culture was mixed with 750 uL aqua destillata and incubated for 10 min at 100 °C. The

samples were briefly centrifuged and the supernatant transferred to a new microcentrifuge
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tube. Per each sample 2 pL of the DNA sample were mixed with 48 uL master mix,
consisting of 26.75 yL aqua destillata, 5 yL 10x buffer, 10 yL Q-solution, 4 pL of 25 mM
MgCl,, 1 pL of the 10 pM primer pool, 1 yL dNTPs and 0.25 uL polymerase. For the PCR
cycler program, the following settings were used: 15 min initiation phase at 95 °C, 40
cycles 30 s at 94 °C, 30 s at 56 °C and 1 min at 72 °C and a final extension for 10 min at
72 °C. Water served as negative control while contaminated medium supernatant was
used as positive control. Afterwards, the PCR samples were loaded on a 1% (w/v)
agarose gel in 1x TAE buffer for agarose gel electrophoresis which was performed at 120
V for approximately 45 min. The DNA bands were visualised with the Chemidoc and the

Image Lab software.

5.3.5.2 Stage-specific embryonic antigen 3 detection by flow cytometry

Intending to investigate the pluripotency of cells from the master cell bank and working
cell bank, immunofluorescence staining with the pluripotency marker stage-specific
embryonic antigen 3 (SSEA3) was performed. During freezing of the master cell bank, 0.5
Mio cells were resuspended in FBS for blocking of unspecific antibody binding sites and
incubated for >24 h at 4 °C. After this, cells were splitted into two flow cytometry tubes,
centrifuged for 2 min at 800 rpm and 4 °C. These centrifugation settings apply for
subsequent centrifugation steps. Ensuing, supernatant was removed, and cells were
resuspended in 100 pL flow cytometry buffer with the appropriate antibody (1:50). For
each sample, a staining with an isotype control, for adjustment of the proper settings at
the NovoCyte Quanteon flow cytometer, and a staining with the SSEA3 antibody was
performed. Cells were vortexed and incubated light-protected for 30 min in antibody
solution at 4 °C. For removal of staining solution, 2 mL flow cytometry buffer was added to
flow cytometry tubes followed by centrifugation. This procedure was repeated once before
500 uL PBS was applied to the isotype control tube and 250 pL to the respective SSEA3
sample. The samples were vortexed and immediately analysed at the NovoCyte
Quanteon flow cytometer or BD Canto Il. The isotype control was used for adjustments
such as the removal of dead cells and cell clumps and then transferred to the SSEA3

sample. The data was analysed with the FlowJo software.

5.3.5.3 Karyotype analysis

Karyotyping was performed for quality control of hiPSC lines to exclude chromosomal ab-
normalities induced by CRISPR-Cas9 mediated genome editing. For this purpose, hiPSC
from the respective CRISPR master cell bank were used when the cell layer was 80-90%

confluent to isolate gDNA as described above.
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The karyotyping procedure has kindly been performed by Elisabeth Kramer (IEPT, UKE)
using the nCounter human karyotype panel from Nanostring. In brief, 1 uyg gDNA was
used for fragmentation through enzymatic digestion by the endonuclease Alul for 1-2 h at
37 °C in a thermal cycler. Successful digestion was validated by agarose gel electro-
phoresis. This was followed by the denaturation of samples at 95 °C for 5 min and
subsequent incubation on ice for 2 min. For hybridisation, up to 10 yL of each DNA
sample were mixed with a master mix containing 3 pL of reporter CodeSet and 5 pL of
hybridisation buffer. Immediately before incubation at 65 °C for 16 h, 2 yL of capture
probeSet were added to each sample. After hybridisation was completed, hybridised DNA
was transferred from the nCounter cartridge (Nanostring) to the nCounter digital analyser
(Nanostring) to start the 6 h analysis program. For the analysis of data, the nCounter CNV

collector tool software was used by Elisabeth Kramer and Niels Pietsch (IEPT, UKE).

5.3.5.4 Off-target analysis

Since not only on-targets but also off-targets are predicted when designing gRNAs, the
top ten predicted off-targets by the CRISPOR website tool were investigated for each cell
line to exclude chromosomal abnormalities (Table 1). Therefore, unique primer for the
specific gene region were designed using NCBI primer blast. As the same gRNA was
used for the generation of the NRAP/MYC-OE and NRAP/GFP-OE, the same off-targets
were validated for the NRAP-OE cell lines. Off-target analysis of the NRAP-KD hiPSC line

was performed partly by Vanessa Lewandowski and partly by me.

Table 1: Predicted off-targets for the gRNAs of the NRAP/MYC-OE, NRAP/GFP-OE and
NRAP-KD cell lines. The potentially affected genes are represented, the melting temperature (Tm)
and the expected PCR product size [bp].

NRAP/MYC and NRAP/GFP-OE | NRAP-KD gRNA 1 NRAP-KD gRNA 2
Off-target Tm [°C] PCR prduct| Off-target Tm [°C] PCR prduct Off-target Tm [°C] PCR prduct
[bp] [bp] [bp]
APPL2 58.5 1201 SLC38A3 62.9 322 RNUG6 62.6 625
QRFPR 58.5 801 CLIC5 58.1 635 RP11-34F13.3  58.5 1714
MLIP-IT1 58.5 1217 EPC2 60.7 336 MRRF 60.7 338
SLCB8A1 58.5 1254 PSD4 60.0 309 RP11-181K12 57.2 568
TTN 59.5 1204 EBP 64.0 313 RN7SKP279 61.6 1276
RP11-40A 59.5 1202 ABCB9 63.1 316 EXT1 61.1 463
CDK8 60.1 1202 MLLT6 66.1 474 FOXO03 62.1 912
RP11-556E  60.1 1215 RP11-506D12 62.7 333 ZC3HAV1 62.5 945
NAB1 60.1 1253 PGPR26 58.3 673 RPL11-TCEB3  61.6 424
RHOT2 60.5 359 RHOBTB2 59.0 336 ZNF720 62.9 664

For PCR reactions, 10x dreamtaq buffer, 2.5 mM of each dNTP, 0.25 uM of the forward

and reverse primer, 200 ng of the respective gDNA were combined with 1.25 U dreamtaq
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polymerase. The PCR program was set to 95 °C for 3 min, followed by 35 cycles at 95 °C
for 30 s, 30 s at the appropriate T, of each primer pair and 1 min at 72 °C. The final
extension was performed at 72 °C for 10 min, followed by storage at 4 °C until further
processing. For the gene RHOT2 optimisation of PCR conditions was required. Therefore,
5% DMSO was added to PCR reactions, PCR cycles were reduced from 35 to 30 and the
extension time during the cycles was reduced from 1 min to 30 s. The PCR products were
purified as described in section 5.3.4.4 with the High-Pure PCR product purification kit
from Roche and subsequently sent to Eurofins for Sanger sequencing as described in
section 5.3.4.4. The sequences were aligned to the sequence of the human genome in
Snapgene. If point mutations were observed in the PCR products, PCRs and sequencings
were repeated for the hiPSC control cell line to ensure that this cell line carries the same

point mutation and avoid off-target effects induced by the Cas9.

5.4 Human-induced pluripotent stem cell derived cardiac myocytes

5.4.1 Cardiac monolayer differentiation

For differentiation of hiPSC into cardiac myocytes, hiPSC were cultured and passaged at
least three times after thawing prior to cardiac myocyte differentiation induction. When
cells were still in their growth phase, 550.000 cells were plated on 6-wells in FTDA (+FGF
and Y-27632) on high-growth factor matrigel-coated 6-well plates. Beforehand, high-
growth factor matrigel was diluted 1:60 in ice-cold RPMI and 1 mL per 6-well culture well
plate were distributed and incubated for at least 1 h at 37 °C. Approximately 12 h in
advance to mesoderm induction, Y-27632 was removed and cells were incubated with
FTDA, supplied with FGF.

As soon as the cell layer reached approximately 60-70% confluency, the medium was
aspirated and replaced by Stage 0 medium to induce mesoderm induction. From this time
point onwards, cells were incubated in a normoxic incubator at 37 °C, 5% CO, and 20%
O.. Stage 0 medium was replaced by Stage 1 medium, 12-15 h post-mesoderm induction.
Additional 48 h later, cells were washed with RPMI and the medium was replaced with
Stage 2.1 medium to induce cardiac differentiation. On day 5, after another 48 h of
incubation with Stage 2.1 medium, the medium was replaced by Stage 2.2 medium
containing, in addition to Stage 2.1 medium, insulin. From day 7 onwards, hiPSC-derived
cardiac myocytes received every second day fresh cardiac myocyte medium and were
monitored daily for spontaneous beating. For each cell line, the best cardiac differentiation
condition was tested, Therefore, for each cell line, cell densities of 500.000 cells/well,
550.000 cells/well and 600.000 cells/well as well as differentiation media with 8 ng/mL

activin A or 12 ng/mL activin A concentration were tested. Based on the beating behaviour
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and measured cardiac myocyte amounts by cTnT stainings and flow cytometry, the most

appropriate condition for each cell line has been selected.

5.4.2 Dissociation of hiPSC-CMs from monolayer differentiation

When wave-like beating behaviour of hiPSC-derived cardiac myocytes could be observed,
cells were dissociated with collagenase into single cells that were used for two-
dimensional plating, generation of engineered heart tissues (EHTs) or freezing. The
cardiac differentiation of NRAP-KD hiPSC, dissociation and generation and culture of
EHTs was performed parallel to the differentiation of the NRAP-OE cell lines with the help

of Vanessa Lewandowski.

Therefore, the medium was removed from 6-well plates and replaced with Hank’s
Balanced Salt Solution (HBSS). Beyond 2 min incubation, the HBSS washing solution was
removed and the step was repeated once before adding 1 mL collagenase solution per
well. After up to 2 h incubation at 90% relative humidity (rH), 5% CO,, 20% O, when cells
started to disaggregate, cells were gently triturated five times with a 5 mL serological
pipette and transferred into 50 mL falcon tubes. An equal amount of blocking buffer was
added to neutralise digestion. The cell suspension was centrifuged for 10 min at 100 g
and resuspended in non-cardiac myocyte medium (NKM) by gently triturating 5 times with
a serological pipette. The number of cells was counted and cells were again centrifuged
and resuspended in appropriate amounts of NKM for further purposes such as the

generation of EHTs or freezing cells.

5.4.3 Flow cytometry

In order to determine the successful differentiation of hiPSC into cardiac myocytes, cells
were stained for the cardiac myocyte-specific marker cTnT, followed by cardiac myocyte
proportion analysis by flow cytometry. For that purpose, 0.5 Mio dissociated cardiac myo-
cytes were transferred into a flow cytometry tube with 2 mL PBS and centrifuged at 1000
rpm for 3 min. These centrifugation parameters were used in the following centrifugation
steps of this chapter. The supernatant was removed, and cells were fixed with 0.5-1 mL
Roti Histofix for 20 min on ice. After fixation, 4 mL PBS was added and cells were again
centrifuged, followed by two washing and centrifugation steps with 0.5 mL flow cytometry
permeabilisation buffer. The cells were kept light-protected in permeabilisation buffer

overnight at 4 °C.

On the following day, samples were equally distributed to two flow cytometry tubes,
centrifuged and resuspended in the appropriate isotype control antibody (1:50) or the
cTnT APC antibody (1:50). After at least 45 min light-protected incubation at 4 °C, 2 mL
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permeabilisation buffer were added, followed by centrifugation and washing of cells with
500 pL permeabilisation buffer. In addition, one washing step with 1 mL PBS per tube was
performed before samples were stored in 300 uL PBS at 4 °C until flow cytometry analysis

at the Canto Il or Quanteon machine.

5.4.4 Freezing and thawing of cardiac myocytes

Subsequently to dissociation of cardiac myocytes after cardiac differentiation, cardiac
myocytes were either used for two-dimensional culture, for the generation of EHTs or
frozen. For freezing of cardiac myocytes, cells were washed once with PBS, and then
centrifuged at 100 g for 10 min. After centrifugation, the supernatant was removed and
cells were carefully resuspended in appropriate volumes of FBS, supplemented with 20%
DMSO and transferred to cryotubes. In each cryotube, between 2-20 Mio cardiac
myocytes were frozen. Cryotubes were inverted and stepwise frozen with a Mr. Frosty at -
80 °C. On the following day, frozen cells were transferred to -150 °C for storage and to

liquid nitrogen tanks for long-term storage.

For thawing of cardiac myocytes, cryopreserved cardiac myocytes were defrosted for 2-3
min in a waterbath at 37 °C until approximately 20% frozen cells remained. The cell sus-
pension was gently transferred into a 50 mL falcon tube using a 2 mL serological pipette
to avoid cell damage. The cryovial was rinsed with 1 mL pre-warmed cardiac myocyte
thawing medium that was dropwise added over 90 s to the falcon tube with cells. This step
was repeated once over 60 s before another 7 mL of the same medium was added over
30 s to the cell suspension. During that process, the proper mixing of the medium with the
cells was ensured by swirling the 50 mL tube. The cells were counted using a Neubauer
chamber and trypan blue and then centrifuged for 10 min at 100 g and RT. The cells were
washed once in the same thawing medium and again centrifuged to remove the remaining
collagenase from the dissociation process. After centrifugation, cells were carefully

resuspended in the respective amount of EHT culture medium or NKM.

5.4.5 Culture of cardiac myocytes

In order to culture cardiac myocytes for downstream protein analysis or immuno-
fluorescence, 35 mm dishes were coated with a layer of 1 mL of 1% (w/v) gelatine in PBS
for 30 min at 37 °C. Prior to plating of cardiac myocytes, the 1% gelatine-coated 35 mm
dishes were washed with PBS and either 400.000 cells for immunofluorescence staining
or 1 Mio cells for protein analyses per 35mm dish were plated in EHT culture medium.
The hiPSC-derived cardiac myocytes were cultured for 7 days at 37 °C, 20% O and 5%

CO; with medium exchange three times a week.
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5.5 Engineered heart tissues

5.5.1 Generation and culture of engineered heart tissues

Fibrin-based human-derived or NRVMs-derived EHTs were generated as previously
described (Hansen et al. 2010, Breckwoldt et al. 2017). Initially, casting moulds were
prepared in a 24-well plate format with 2% agarose solution in PBS and polyetrafluor-
ethylene (PTFE) spacer, allowing to generate a mould in which the EHTs can be
embedded (Figure 9 A, C). After the agarose had solidified, transparent poly-
dimethylsiloxane (PDMS) posts were placed into the casting moulds and 100 pL of the
master mix were pipetted into the agarose moulds (Figure 9 B, C). For human-derived
EHTs, 1 Mio cardiac myocytes, 5.6 pyl 2x DMEM, 0.1% of 10 mM Y-27632, 2.5 pL
fibrinogen (200 mg/ml in NaCl 0.9%), 3 yL thrombin and 97 yL NKM per EHT were mixed.
For NRVMs-based EHTs, NRVMs were directly used after isolation and before pre-plating.
The EHT master mix contained 550.000 cells, 5.5 yL 2x DMEM, 2.5 uL fibrinogen and 3
ML thrombin per calculated EHT. To allow polymerisation of the fibrin, the EHT plate was
incubated at 37 °C, 7% CO3, 40% O» and 98% relative humidity for 1.5-2 h. EHTs were
overlayed for 30 min with 500 pL pre-warmed NKM and then transferred into a new 24-
well plate containing pre-warmed EHT culture medium. Three times a week, EHTs were
transferred to a feeding plate with EHT culture medium that had been supplemented with

200 uM tranexamic acid for matrix stabilisation.

5.5.2 Treatment of NRVMs-derived engineered heart tissues

NRVMs-derived EHTs were daily treated for 7 days in an early treatment from day 2-9
after casting or in a late treatment from day 14-21 after casting in EHT culture medium
with 3 yM of the pharmacological PKD inhibitor BPKDi in DMSO or DMSO only as the
corresponding vehicle control in the presence or absence of 20 uM of the pro-hypertrophic

stimulus PE.

5.5.3 Video-optical contraction analysis

Approximately 7-10 days after EHT generation, a macroscopically visible beating pattern
could be observed allowing video-optical contraction analysis of EHTs for different para-
meters such as force, frequency and contraction kinetics (Hansen et al. 2010; Schaaf et
al. 2011). Three times a week, 1.5-2 h after the medium exchange, the 24-well plate with
the EHTs was placed into a test system that allows automated video-optical analysis for

the above described parameters.

This system contains an integrated incubator allowing controlled conditions for the EHTs
at 37 °C, 7% CO2, 72% N2 and 21% O2. The top of the integrated incubator includes a
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glass area through which the above-placed XYZ-axis camera system can record movies
of each EHT of the 24-well plate that is defined by specific XYZ coordinates in the

corresponding software of the camera system (Figure 9 A).
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Figure 9: Generation of EHTs and video-optical EHT contraction analysis system. A)
Polyetrafluorethylene (PFTE) spacer, B) polydimethylsiloxane (PDMS) rack, C) generation process
of EHTs (from left to right). Represented are an agarose casting mould, the insertion of PDMS
racks, the addition of the EHT master mix into moulds, the freshly transferred EHTs from casting
moulds into medium and remodeled EHT after 15 days of culture. The scale bar is equal to 1 mm.
Images A-C) are adapted from (Mannhardt et al. 2017). D) Schematic overview of the 24-well plate
in the incubation system with the camera system on top. In the system the crosses can be set to
the EHTs posts via the XYZ-axis system to measure contraction traces. The schematic illustration
was modified from (Schaaf et al. 2011). E) The system uses the EHT shortening for the calculation
of different contractile parameters such as force, frequency, time to peak (TTP) and relaxation time
(RT).

In the customised software, x- and y-coordinates and the borders between posts and
EHTs must be adjusted manually for each EHT to allow depicting the EHT shorting during
contraction. The software then measures EHT shortening over time and calculates
contractile parameters (e.g. force [mN], frequency [Beats per minute], contraction [s] and
relaxation time [s] and RR scatter [s]) that result in output excel files with automatically
calculated values by the software (Figure 9 B). The measurement of each EHTs varied
between 10 s and 20 s for human EHTs and 60 s for NRVMs-derived EHTs since these

50



Materials and Methods

are beating in bursts. For the calculation of different parameters, at least four contraction

peaks were required.

5.5.4 Electrical synchronisation

In order to allow analysis of force differences between different EHT groups, frequencies
were electrically synchronised. For that purpose, EHTs were cultured on top of custom-
made graphite pacing electrodes for 2 h with 2 mL EHT culture medium, at 37 °C, 7%
COg2, 72% N2 and 21% O2. Human EHTs were initially measured as above-described
without electrical stimulation in the test system, followed by short-term electrical pacing as
previously described with biphasic pulses (4 ms per direction) at 2 V (electrical field
strength 2 V/cm) and a frequency of 0.5 to 4 Hz with increasing increments of 0.5 Hz
(Hansen et al. 2010, Hirt et al. 2014).

However, due to a different beating behaviour and frequency in NRVMs-derived EHTSs,
these were electrically synchronised at 2.5V, 4 ms biphasic pulses and 2-3 Hz with 0.5 Hz
increasing increments. EHTs that could not be electrically synchronised were excluded
from the analysis. After the finalisation of the electrical pacing, EHTs were used for
downstream applications. For RNA or protein analyses, EHTs were washed once in PBS,
transferred to 2 mL Eppendorf tubes and frozen in liquid nitrogen. The EHTs were kept at -

80 °C until further processing.

5.5.5 Action potential measurements

Action potentials were kindly measured by Anna Steenpall as previously described
(Wettwer et al. 2013). For recordings, sharp microelectrode measurements of intact
control EHTs, homozygous NRAP/MYC-OE EHTs or NRAP-KD EHTs were performed at
an age of 28-42 days. In brief, EHTs were fixed in a recording chamber with two needles
at the two ends of the EHTs and were superfused with a flow rate of 40 mL tyrode solution
per 15 min at 37 °C. Sharp electrode measurements were performed using a tip
resistance between 20 and 50 MQ (tip filed with 2.5 M KCI). The duration of the
stimulation was set to 0.1x 6 ms and to 10x volts. For electrical stimulation of EHTs, the
volts were adjusted to 1.5x threshold voltage. The data were analysed by the LabChart 5

software.

5.5.6 Frank-Starling measurements

Prior to Frank-Starling measurements, EHTs were cultured for three weeks and measured
on day 22 of culture. The measurements were performed in a frequency-controlled (1 Hz)
organ bath with four transducers in which the EHT silicon racks can be inserted allowing

measurements of four EHTs at the same time. The preload of each EHT was set manually
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in 10 um steps without applying stretch to EHTs. The organ bath was perfused with
Tyrode’s solution, washed once with 0.6 mM CaCl, and then with 1.8 mM CacCl, for
baseline measurements with constant diffusion with carbogen (95% O2 and 5% CO3) to
stabilise the pH. The measurements and data analysis were performed with the LabChart

software.

5.5.7 Transmission electron microscopy

For transmission electron microscopy, EHTs were fixed in 4% PFA and 1% glutaraldehyde
in PBS overnight at 4 °C. The following steps of the transmission electron microscopy and
measurement of lateral intercalated disc width were performed by Dr. Michaela Schweizer
and Julie Lange. In brief, fixed EHTs were washed three times with 0.1 sodium cacodylate
buffer at a pH of 7.2-7.4. The samples were rinsed with 1% osmium tetroxide in
cacodylate buffer, dehydrated with increasing ethanol concentrations, washed twice in
propylene oxide followed by embedding at 60 °C for 2 days. The mounted EHTs were
used to prepare 60 nm thick sections and stained with uranyl acetate and lead citrate prior
to observation with the EM902 electron microscope (Zeiss) using a TRS 2K digital

camera.

5.5.8 Dissociation of engineered heart tissues

For dissociation of EHTs, EHTs were washed several times with HBSS and then incubated
in papain solution for approximately 45 min at 37 °C, 90% humidity, 20% Oz and 5% CO..
The digestion was regularly monitored and EHTs were gently triturated 4-5 times with a
1000 uL pipette. The cells were transferred to a falcon tube and the same amount of
papain blocking buffer was added prior to centrifugation at 100 g for 10 min at RT. The
cells were resuspended in HBSS, triturated and again centrifuged before dry-freezing cell
pellets for further investigations. The papain dissociation was performed with the help of

Hannah Miinch.

5.5.9 Proteomics

For tryptic digestion, samples were dissolved in 100 mM triethyl ammonium bicarbonate
and 1% w/v sodium deoxycholate buffer, followed by boiling at 95 °C for 5 min and
sonification with a probe sonicator. Subsequently, disulfide bonds were reduced with (1 uL
of 1 M) dithiothreitol for 30 min, alkylated in the presence of (4 ul of 0.5 M) iodoacetamide
for 30 min in the dark and digested with (1.5 uL of 1 pg/uL trypsin) at 37 °C overnight.
Sodium deoxycholate was precipitated by the addition of 1% (v/v) formic acid followed by

centrifugation at 16.000 g. The supernatant was transferred into a new tube and samples

52



Materials and Methods

were dried in a vacuum centrifuge. For LC-MS/MS analysis, samples were dissolved in 20
ML 0.1% FA.

The digested peptides were analysed by LC-MS/MS by injection of the samples onto a
nano-liquid chromatography system coupled via electrospray-ionisation to a mass
spectrometer (MS) equipped with a quadrupole, a linear trap and an orbitrap. This was
followed by injection of samples (5 uL/min) into a column (Acclaim PepMap u-precolumn,
C18, 300 ym x 5 mm, 5 ym, 100 A). The column was washed for 5 min with 2% of buffer
B (5 pL/min) (0.1% FA in ACN) prior to transfer of peptides to the separation column (200
nL/min) with a gradient of 2-30% in a time interval of 65 min (Acclaim PepMap 100, C18,
75 pym x 250 mm, 2 ym, 100 A). The production of the spray occurred by a fused-silica
emitter (10 ym) at a capillary voltage of 1650 V. The measurement of mass spectra was
performed in a positive ion mode and the analysis with the orbitrap Fusion in the data-
dependent acquisition mode (DDA; 28% HCD collision energy, threshold of 0.00002,
isolation width of 1.6 m/z, m/z range 400-1500, resolution of 120.000 FWHM at m/z 200,
transient length of 256 ms, maximum injection time of 50 ms). The MS spectra were
obtained from the ion trap (scan-rate of 66 kDa/s, maximum injection time of 200 ms, AGC
target of 0.0001, underfill ratio of 10%, isolation width of 2 m/z).

The data analysis of the LC-MS/MS was carried out with the proteome discoverer
2.4.1.15. Proteins were identified and quantified using the search engine Sequest HT
(homo sapiens SwissProt database) with the following settings: Precursor mass tolerance
of 10 ppm, fragment mass tolerance of 0.2 Da, two missed cleavages allowed,
carbamidomethylation on cysteine residues as a fixed modification and oxidation of
methionine residues as a variable modification. Peptides with a FDR of 1% using
Percolator were identified. At least two unique peptides per protein were used as a
condition for a reliable identification. The tryptic digestion of samples, the LC-MS/MS
procedure and the initial data analysis were kindly performed by Sénke Harder and
Hannah Vol (UKE).

5.6 Molecular analyses

5.6.1 RNAisolation

Ribonucleic acid (RNA) was isolated from either two-dimensional cultured hiPSC-CMs or
EHTs with TRIzol™ reagent, according to the manufacturer’s instructions (Thermo Fisher
Scientific). In brief, 0.5 or 1 mL TRIzol™ were added to each EHT or 6-wells with cells in
order to lyse samples. Subsequent reactions were performed at 4 °C and amounts are per

1 mL TRIzol™ that was initially used for lysis. After homogenisation using a tissue lyser
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(2x 30 s), samples were incubated for 5 min before 0.2 mL chloroform was added,
followed by another 2-3 min incubation. Subsequently, samples were centrifuged for 15
min at 12.000 g. The aqueous phase was added to 0.5 mL isopropanol and incubated for
10 min prior to centrifugation for 10 min at 12.000 g. The pellet was resuspended in 1 mL
75% ethanol, vortexed and centrifuged for 5 min at 7500 g. The RNA pellet was air dried
for 5-10, resuspended in 30 L RNase-free water and incubated for 10-15 min at 55-60
°C. The RNA concentration was determined with the NanoDrop™ 1000 spectrometer and
stored at -80 °C until further processing for complementary deoxyribonucleic acid (cDNA)
synthesis. The RNA isolation was performed with the help of Vanessa Lewandowksi and

Hannah Minch.

5.6.2 cDNA synthesis

Reverse transcription of RNA into cDNA was performed using the cDNA reverse
transcription kit (Applied Biosystems). For each reaction, 2 yL 10x reverse transcriptase
buffer, 0.8 uL 100 mM deoxynucleoside triphosphate (ANTPs), 2 uL random primer, 4.2 uL
aqua destillata and 1 L reverse transcriptase were combined and mixed with 500 ng RNA
sample. The PCR cycler was set for 10 min to 25 °C, for 120 min to 37 °C and then for 5

min to 85 °C. The cDNA was then stored until -20 °C until usage for experiments.

5.6.3 Realtime quantitative polymerase chain reaction (RT-qPCR)

Human and rat primers were designed with the National Centre for Biotechnology
Information (NCBI) tool primer blast, matching the following criteria: exon-exon junction,
~20 nucleotides, ~60% guanine/cytosine content, low self-complementarity. The primer
sequences are listed in the materials section (11.2). For rat and human samples, GusB
was used as a housekeeping gene. Each 10 yL sample was investigated in triplicates in a
384-well plate and included 100 nM of each forward and reverse primer, 5uL SYBR
green/ROX mix and 50 ng cDNA or nuclease-free water for negative controls. SYBR
green was used as a fluorescent marker binding double-stranded DNA fragments allowing
to measure PCR product levels continuously during 40 cycles. Quantitative real-time PCR
(RT-gPCR) was performed using the 7900HT fast real-time PCR system with the following
amplification conditions: For initiation and denaturation the machine was set to 50 °C for
2 min and 95 °C for 10 min, followed by 40 cycles 95 °C for 15s and 60 °C for 1 min. The
final cycle was performed with the dissociation phase at 95 °C for 15 s, 60 °C for 15s and
95°C for 15s.

To calculate the fold change, cycle threshold (CT) values of the respective housekeeping
gene GusB were subtracted from CT values of the appropriate gene of interest.

Afterwards, delta CT values were normalised to the mean of the control group (DMSO) to
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calculate the delta delta CT. The fold change of the values was calculated by 2(-delta delta
cT)

5.7 NRAP antibody development and validation

Considering that no appropriate human NRAP antibodies were available at the beginning
of this project, a strategy to generate a polyclonal NRAP antibody was developed and
produced with the help of the company Davids Biotechnology (Regensburg, Germany).
Therefore, the peptide AKKAHELASDIKYRQDFNK was synthesised (2262.75 g/mol) and

used for a five-step immunisation plan (Figure 10).

Immunisation against peptide #2: AKKAHELASDIKYRQDFNK

2. immunisation 5. immunisation
1. immunisation IJ_I 3. immunisation 4. immunisation IJ_I
[——T{ig——{s—B5-—{az}—{s6-—s}» pay
Pre-immune Test serum Anti-serum
serum ELISA titer ELISA titer
1:3000 1:300.000

Figure 10: Immunisation plan for the development of a polyclonal rabbit anti human NRAP
antibody. Rabbits received five immunisations in a 63-day protocol. On day 35, the titer of the test
serum was tested by enzyme-linked immunosorbent assay (ELISA, titer: 1:3000). On day 63, the
test serum was affinity- purified and the titer was again determined by ELISA (titer: 1:300.000). The
development and preparation of the antibody was performed by the company Davids
Biotechnology.

The immunisations were performed in intervals of two weeks. On day 35 and in the end,
on day 63, the enzyme-linked immunosorbent assay (ELISA) titer was determined. The
titer represents the concentration of the antibody in the blood and is stated as the highest

dilution at which the antibody is still detectable.

The titer of the test serum at day 35 was 1:3000 while the final antiserum reached a titer
of 1:300000. The final antiserum was then affinity-purified revealing an anti-NRAP concen-
tration of 1.06 mg/mL. In order to validate the antibody, different dilutions were
investigated for western immunoblotting and immunofluorescence for tissue derived from
humans, mice and rats. The detailed procedure for antibody validation is described in

section 5.7.
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5.8 Protein analysis

5.8.1 Sample preparation and SDS-PAGE

Total protein extracts of cells for biochemical analysis were generated by scraping 1 Mio
plated cells after appropriate culture from gelantine-coated 6-well culture well plates in
100-300 uL 3x reducing sample buffer. The protein lysate was transferred into 1.5 mL
reaction tubes. For human heart or mouse protein samples, frozen tissue was powdered
using a metal device on liquid nitrogen and 10-20 mg of heart powder was transferred to
cryotubes. To generate 10% heart homogenates, appropriate amounts of 100 mM Tris pH
7.4, supplemented with cOmplete protease inhibitor, were added. Two metal beads per
cryotube were added and homogenised twice for 20 s with the tissue lyser. Heart
homogenates were then added to 3x reducing sample buffer or frozen at -80 °C. Prior to
use, all protein samples were boiled at 95 °C for 5 min to denature proteins. All SDS
samples were directly used for further applications or stored at -20 °C until further
processing. For SDS-PAGE, equal amounts (2.5-25 L) of SDS samples and 5 pL of
Precise Plus protein marker (Bio-Rad) were run on 9% or discontinuous (5% and 10.5%)

self-produced acrylamide gels.

5.8.2 Western immunoblot analysis

For western immunoblotting, SDS-gels were immunoblotted on polyvinylidenfluorid
(PVDF) membranes after activation of membranes in methanol for 20 s. For initial testing
of the custom-made human NRAP antibody, additionally nitrocellulose membranes were
tested in combination with an antibody dilution series (1:100, 1:500, 1:1000, 1:2000 and
1:5000).

Prior to blotting, filter paper and membranes were washed in transfer buffer. Semi-dry
blotting was performed at 45 mA per membrane for 2 h at RT. After the semi-dry blotting,
proteins on nitrocellulose membranes were stained with Ponceau Red. Subsequently, un-
specific binding sites were blocked by incubation of PVDF membranes for 1 h at RT with
10% non-fat dry milk or 3% BSA for nitrocellulose membranes in tris-buffered saline with
0.1% tween-20 (TBS-T) buffer. Afterwards, a sequential incubation with the appropriate
primary antibodies overnight, four intermittent 15 min washing steps in TBS-T to remove
unbound antibodies and incubation for 1 h with the species-matched secondary antibody
in 1% non-fat dry milk or 0.3% BSA in TBS-T was performed. Another four 15 min washing
steps in TBS-T followed this prior to analysis. Chemiluminescence reactions were
visualised at the Chemidoc system (BioRad) using an ECL substrate. Afterwards, PVDF
membranes were stained with coomassie for 15 min at RT to detect total proteins,

followed by washing twice in destain solution for 15 min each.
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5.9 Immunofluorescence

5.9.1 Preparation and immunofluorescent staining of heart sections

For the preparation of cryosections, frozen WT and Mybpc3-Kl hearts (-80 °C) or frozen
human heart tissue from a DCM patient (-80 °C) were embedded in Tissue Tek OCT
medium and 10 um thick sections were cut with a cryostat. The sections were immediately

transferred to SuperFrost Plus adhesion microscope slides and incubated overnight at RT.

For fixation, sections were incubated for 5 min in ice-cold acetone at -20 °C and
afterwards rehydrated in PBS for 5 min at RT. For initial testing of the NRAP antibody on
DCM heart sections, additionally fixation with 4% paraformaldehyde (PFA) in PBS for 10
min at RT, followed by three washing steps with PBS was tested as well as fixation with
ice-cold methanol for 5 min at -20 °C. In order to block unspecific binding sites, heart
sections were blocked with 5% normal goat serum (NGS) in 1% BSA immunofluorescence
buffer. All subsequent incubations were performed in a humidified chamber at RT while
shaking. After 20 min incubation, the blocking solution was replaced by a primary antibody
solution in 1% immunofluorescence buffer and incubated for 1 h. After three intermittent
washing steps with PBS, sections were incubated with secondary antibodies in
immunofluorescence buffer for 30-60 min. Subsequently to three more washing steps with
PBS, heart sections were mounted with a mounting medium. Cover slips were added onto
the mounting medium and fixed with nail polish. The sections were stored at 4 °C until

analysis by microscopy.

5.9.2 Preparation and staining of engineered heart tissue sections

For the preparation of EHT sections, EHTs were first incubated in 30 mM butanedione
monoxime (BDM) in PBS for 10-15 min at RT to allow relaxation of cardiac myocytes and
then incubated in Roti Histofix for 12-16 h at 4 °C for fixation. EHTs were then removed

from silicon posts and stored in TBS Azide at 4 °C until the preparation of EHT sections.

In order to prepare sections, fixed EHTs were embedded in agarose blocks. For that pur-
pose, 4% agarose in PBS was prepared and filled in 24 well plates. The EHTs were
immediately placed into the liquid agarose. After solidifying of the agarose, the agarose
blocks were either overlayed with PBS, plates sealed with parafilm and stored at 4 °C or
directly used for sectioning. Therefore, the agarose blocks were extracted from the plates,
trimmed with a scapel and glued onto the vibratome plate. This was set into the reservoir
which was filled up with PBS. For preparing the sections, the vibratome settings were set

to 100 um thick sections, the frequency to 5 and the speed to 7-8. The EHT sections were
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placed each into a single PBS-filled well of a 24 well plate and stored at 4 °C until further

processing.

For immunofluorescence staining of EHT sections, non-specific binding sites of antibodies
were firstly blocked similarly with permeabilisation with 250 yL 0.3% Triton- X100 in
immunofluorescence buffer per 24-well at RT for 60 to 90 min. The blocking buffer was
removed and replaced by 250 uL primary antibody solution overnight at 4 °C on a shaker.
After three intermittent washing steps in PBS for 5 min, sections were incubated with 250
ML sondary antibody solution, 4',6-Diamidin-2-phenylindol (DAPI) and wheat germ
agglutinin (WGA) or phalloidin for 90 min at RT, followed by another three washing steps
with PBS. The sections were then transferred to a glass slide, mounted with mounting me-
dium and cover glasses. Until confocal microscopy, stained sections were stored at 4 °C.
The immunohistochemical staining of EHT sections for dystrophin, the proliferation marker
Ki67 and the apoptosis marker caspase 3 was performed by Kristin Hartmann from the

mouse pathology facility at the UKE.

5.9.3 Immunofluorescence staining of cardiac myocytes

Cardiac myocytes were fixed with 4% PFA in PBS for 10 min at RT and washed three
times with PBS prior to staining. Whereas cells that had been stained for MitoSPY, were
pre-incubated with 250 nM MitoSPY in the culture medium for 30 min at 37 °C, washed
with PBS and then fixed with Roti-histofix for 20 min. For storage, plates/dishes were

covered with parafilm and kept in PBS at 4 °C.

For permeabilisation of cells, PBS was removed from wells and replaced with 0.2% Triton
X-100 or 0.1% saponin in PBS for 5min at RT. All incubation steps were performed in a
humidified chamber at RT while shaking if not stated otherwise. After washing in PBS for 5
min, non-specific antibody binding sites were blocked with 5% NGS in IFB for 20 min,
followed by primary antibody incubation overnight in IFB at 4 °C. On the next day, three
washing steps with PBS were performed and replaced by sondary antibodies, 4',6-
diamidino-2-phenylindole (DAPI) and phalloidin (F-actin) or WGA for 3 h. Thereafter, cells
were washed three times with PBS and were then covered with mounting medium,
coverslips and nail polish as previously mentioned. Samples were stored at 4 °C until

microscopy.

5.9.4 Confocal microscopy
The Zeiss LSM 800 airyscan confocal microscope was used as imaging system and the
Zeiss Zen software to analyse captured images. These were recorded with the 40x or 63x

oil immersion objectives. In order to capture negative controls, respective controls were
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only stained with secondary antibodies, DAPI and WGA or phalloidin for staining of actin

and captured at the same laser and magnification settings.

5.10 Data analysis

5.10.1 Softwares

Data were analysed using Excel 2010, the BioRad software ImagelLab, CanoScan,
Imaged, GelQuant, FlowJo, LAbChart and Zeiss ZEN software. The representation and
statistical analysis were performed in GraphPad Prism 6.0. References were cited using
the Endnote X6 software. Images were processed with Imaged or the Zeiss ZEN software

and visualised as single channels, overlays, or specific areas from the confocal dataset.

For gPCR analysis, the Sequence Detection System 2.4 was used. The raw data were ex-
ported in Excel files and the log2 fold change was calculated by the comparative AACt
method, according to the description by Livak and Schmittgen in order to normalise the
target to the reference mMRNA amount of the reference gene Gsa or GusB (Livak and
Schmittgen 2001). Western blots were analysed with the BioRad software ImagelLab. For
quantification of protein expression, ImageJ or GelQuant were used and subsequently

normalised to actin loading controls using Excel 2010.

5.10.2 Statistical analysis

For analysis of significance, GraphPad Prism version 6.0 was used. If two groups were
compared with each other, unpaired, non-parametric t-test was performed, while if more
groups were compared to the mean of the control group, one-way ANOVA and Tukey’s,
Bonferroni’s or Dunnett’s posthoc test were performed. Values of p<0.05 were considered
as not significant. Values below p<0.05 were indicated with one asterisk, p<0.01 with two
asterisks, p<0.001 with three asterisks and p<0.0001 with four asterisks for posthoc tests
that were performed subsequently to one-way ANOVA. If t-test was performed, signifi-
cances were depicted in the figures with hashes instead of asterisks. All quantitative data
shown in this study are represented as means t standard error of the mean (SEM) of

values that were obtained from at least three technical and biological replicates for each

group.
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6.1 Impact of different culture conditions on hiPSC characteristics

At the beginning of the project, the impact of differences in culture conditions on hiPSC
was investigated. Therefore, skin biopsies of 52 unrelated probands were reprogrammed
into hiPSC by using a Sendai virus with pluripotency factors. The cells were subsequently
cultured at 5% O (defined as hypoxia) or 20% O (defined as normoxia) and master cell
banks were generated (Figure 11 A). Culture at normoxia had no impact on the
morphology of cells but revealed chromosomal abnormalities in 50% of normoxic cultured
hiPSC with 32% mosaic karyotypes and 18% chromosomal aberrations (Figure 11 B-D).
In mosaic karyotypes different karyotypes appear in different cells. In comparison, 69% of
hypoxic-cultured hiPSC showed a normal karyotype and only 31% of karyotypes were
abnormal. The occurence of karyotype abnormalities as a result of differences in passage

number between conditions was ruled out (Figure 11 E).

For the investigation of hiPSC cell properties, pluripotency was assessed by measuring
the stage-specific embryonic antigen 3 (SSEA3) levels. Hypoxic hiPSC culture resulted in
significantly higher pluripotency compared to normoxic culture (Figure 11 F). As cellular
hypoxia is characterised by induction of the hypoxia inducible factor 1a (HIF1a) pathway,
western blot analysis was performed in order to validate the activation of this pathway.
This resulted in significantly higher HIF1a protein levels in hypoxic-cultured hiPSC

compared to normoxic-cultured hiPSC (Figure 11 G, H).

Since the loss of pluripotency and increased mutations upon abnormal oxygen tensions
have been associated with senescence (Busuttil et al. 2003; Kwon et al. 2017), the
cellular senescence of normoxic- and hypoxic-cultured hiPSC was investigated.
Therefore, the activity of the senescence marker SA-B-galactosidase was assessed by
using its product 5-Bromo-4-chloro-3-indoxyl-B-D-galactopyranoside (X-gal). The
hydrolysed end product produces a detectable blue colour in senescent cells allowing the
detection and quantification by microscopy. Culture at normoxic oxygen tensions resulted
in significantly increased X-gal staining compared to hypoxic-cultured hiPSC (Figure 11 1).
To investigate whether the senescence might be induced by paracrine factors, the hypoxic
and normoxic medium was exchanged after 12 h of culture to the respective other culture
condition for another 24 h. This step was repeated once. Indeed, the exposure of hypoxic-
cultured hiPSC to normoxic medium induced enhanced senescence in those cells
whereas normoxic-cultured hiPSC that had been exposed to hypoxic-preconditioned

medium, revealed no decrease in X-gal staining.
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Figure 11: Generation and characterisation of human induced pluripotent stem cells (hiPSC)
cultured at hypoxia (5% O2) or normoxia (20% Q). A) Experimental setup. Fibroblasts from 52
unrelated probands were reprogrammed by a Sendai virus containing pluripotency factors and
subsequently incubated at 5% O: (hypoxia) or 20% O2 (normoxia). Between passage 18 and 30, a
master cell bank was generated and used for different approaches. B) Representative images of
hypoxic and normoxic cultured hiPSC. Scale bars are equal to 400 um. C) Karyotype analysis by
Giemsa banding (n = 52 for hypoxia and n = 28 for normoxia). D) Quantification as parts of whole
representing normal karyotypes (white) and abnormal karyotypes (grey) at hypoxic or normoxic
culture. E) Passage number of hiPSC. F) Stage-specific embryonic antigen 3 (SSEA3)
quantification as a marker for pluripotency. Paired t-test, #### = p<0.0001. G) Western blot for
HIF1a and B-actin (n = 7), and H) quantification of HIF 1a western blot normalised to 3-actin (n =3).
I) Area stained for the B-galactosidase (green bars represent culture with hypoxic medium).
Unpaired t-test, # = p<0.05. This figure was adopted from the manuscript Raabe et al. (in
preparation).
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To investigate underlying abnormalities resulting in altered pluripotency, HIF1a levels and
senescence in normoxic-cultured hiPSC compared to hypoxic-cultured hiPSC, RNA se-
quencing was performed. Among the top-upregulated gene expressions, NADH-dehydro-
genase 1 alpha-subkomplex, 4-like 2 (NDUFA4L2) was identified (Figure 12 A). Upon
hypoxic conditions, NDUFA4 is inhibited and HIF1a induced, leading to further induction of
NDUFA4L2 which then inhibits the complex | of the respiratory chain (Tello et al. 2011).
The increased NDUFA4L2 and HIF1A levels in hypoxic culture conditions compared to
normoxic culture conditions were validated by real-time quantitative PCR (RT-qPCR)
analysis (Figure 12 B). Subsequently, the RNA sequencing results were matched with
assay for transposase-accessible chromatin (ATAC) sequencing to further investigate if
posttranslational modifications of NDUFA4L2 occur upon cultivation at hypoxic or
normoxic conditions. Results from the ATAC sequencing showed that hypoxic-cultured
cells had a higher accessibility of the chromatin structure of the promotor region in the
NDUFAA4L2 gene (Figure 12 C).
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Figure 12: RNA- and ATAC sequencing of hypoxic (5% O) and normoxic (20% O2)-cultured
hiPSC. A) Representation the 5 top significant up- (red) and downregulated (blue) genes in
hypoxic cells compared to normoxic-cultured cells. B) mRNA fold change of NDUFA4L2, NDUFA4
and HIF1A. C) Plots of the RNAseq and ATACseq for NDUFA4L2 (n = 3). For statistics, unpaired t-
test compared to hypoxic-cultured hiPSC was performed (# = p<0.05, ### = p<0.001). This figure
was adopted from the manuscript Raabe et al. (in preparation).

Since NDUFA4L2 has previously reported to be a part of the respiratory chain complex IV
(Balsa et al. 2012; Tello et al. 2011), we performed a blue native analysis followed by
mitochondrial complexome analysis. Quantification of blue native band intensity showed

only a trend towards lower band intensity in S1 in hypoxic compared to normoxic hiPSC
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(Figure 13 A, B). Interestingly, in contrast to what has been published in the literature, the
mitochondrial complex analysis revealed NDUFA4L2 not as an integral component of res-
piratory chain complex IV, since NDUFA4L2 was not associated with a mitochondrial com-
plex (Figure 13 C). Moreover, in the complexome analysis NDUFA4L4 was not detected

in normoxic cells but in hypoxic-cultured hiPSC.
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Figure 13: Analysis of the composition of the mitochondrial respiratory chain complexes in
hypoxic (5 %0;) and normoxic (20% O»)-cultured hiPSC by blue native (BN) PAGE. A) Image
of the BN PAGE (3-18%) for n = 3 pairs of hypoxic and normoxic samples. The band pattern
obtained from isolated bovine heart mitochondria (BHM) was used as a mass ladder. B)
Quantification of band intensities (AU; arbitrary units) of mitochondrial chain complexes. C)
Mitochondrial complex analysis with magnified representation of NDUFA4L2. This figure was
adopted from the manuscript Raabe et al. (in preparation).

The first chapter of this thesis investigated the impact of oxygen on hiPSC viability, and

pluripotency during time in culture. Since culture in 20% O2 resulted in increased
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karyotype abnormalities and senescence, reduced pluripotency and mitochondrial activity,

hiPSC were consequently cultured at 5% O- during experiments in this thesis.

6.2 NRAP antibody development and validation

6.2.1 Western immunoblot analysis

Since there were no commercial antibodies against human NRAP available at the
beginning of this thesis, we initially aimed to develop our own NRAP antibody with cross-
reactivity in mice and rats. The antibody was designed and produced with the help of the
company Davids Biotechnology in Germany. Therefore, a polyclonal rabbit antibody was
produced in a 63-day immunisation plan with five immunisations using the peptide
AKKAHELASDIKYRQDFNK. To allow the detection of all human NRAP isoforms, a
peptide that is identical to the NRAP protein sequence of all human NRAP isoforms from
amino acid 322-340, was chosen. After the finalisation of the antibody production, the
NRAP antibody was affinity purified by the company and delivered as a solution containing
0.2% Na-Azide. On day 35 and day 63, the antisera were used to determine the enzyme-
linked immunosorbent assay (ELISA) titer. On day 35 the measure ELISA titer was 1:3000
and on day 65 1:300000.

Initially, the optimal conditions of the antibody for western immunoblotting purposes were
investigated. For this, different conditions such as type of membrane and blocking reagent
as well as various antibody concentrations were tested. Therefore, either nitrocellulose
membranes in combination with blocking of unspecific antibody binding sites with 5%
bovine serum albumin (BSA) or polyvinylidenfluorid (PVDF) membranes and 10% milk in
Tris-buffered saline with Tween20 (TBS-T) were investigated as well as different NRAP
antibody concentrations ranging from dilutions between 1:100 and 1:5000 for western

immunoblot analysis (Figure 14 A).

On both membranes with human heart samples, derived from DCM patients, NRAP could
be detected up to antibody dilutions of 1:2000. Indeed, the background of unspecific
signals was higher on nitrocellulose membranes compared to PVDF membranes. The
best signal intensity to low background signal ratio was detected with PVDF membranes
and an antibody dilution of 1:500. Therefore, these conditions were used for further
analyses with this antibody. Since the molecular weight for NRAP is 197 kDa, and thereby
close to the molecular weight of myosin heavy chain (MHC) at 200 kDa which can often
lead to cross reactivities of produced antibodies, another western blot for NRAP and MHC
was performed. This revealed that the MHC band was above the detected molecular
weight band of NRAP (Figure 14 B).
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Figure 14: Validation of anti-NRAP for western immunoblot applications in human heart
samples. A) Testing of 1:100-1:5000 dilutions of anti-NRAP on either nitrocellulose or PVDF mem-
branes. Heart samples from three different patients with dilated cardiomyopathy (DCM) were used.
For detection of total protein level, nitrocellulose membranes were stained with Ponceau Red and
PVDF membranes were stained with Coomassie blue. B) Immunoblot (IB) for myosin heavy chain
(MHC) or NRAP (1:500). Cardiac actin served as loading control and protein levels were stained
with coomassie. C) Anti-NRAP detection in three human heart samples each for non-failing, DCM,
hypertrophic cardiomyopathy (HCM) or ischemic cardiomyopathy (ICM) hearts. Mouse liver tissue
was used as a negative control and cardiac actin as loading control, and D) quantification of NRAP
protein levels normalised to actin.

In order to investigate if differences in NRAP protein levels could be detected in different
forms of cardiomyopathies in the human heart, a western blot with ventricular tissue
samples from non-failing (NF) hearts or explanted samples from patients with DCM, HCM
and ischemic cardiomyopathy (ICM) was performed.

The quantification of the NRAP protein levels, normalised to cardiac actin as loading

control, revealed no significant difference in protein levels (Figure 14 C, D). However, due
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to limitation of available human heart tissue, only three samples for each group could be
produced indicating that there might be an increase in NRAP protein level for ICM if more
samples would be available. Subsequently, due to high sequence similarity, we aimed to
investigate whether the NRAP antibody can additionally detects NRAP mouse and rat

isoforms as there is no reliable prediction for cross-reactivities with other species (Figure
15).
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Figure 15: Validation of anti-NRAP for western immunoblot applications in mouse and rat
heart samples. A) Testing of anti-NRAP (1:500), anti-Myosin Heavy Chain (MHC) and anti-
myosin-binding protein C (MyBP-C) on PVDF membranes for mouse heart samples derived from
WT- and Myosin binding protein C-Knock in (Mybpc3-KI) mice (n = 5). Skeletal mouse tissue was
used as a positive control for NRAP while mouse liver samples were used as negative control for
NRAP. Loading controls were performed using cardiac actin and membranes were subsequently
stained for coomassie. B) Anti-NRAP (1:500) and anti-MHC were tested on PVDF membranes in
heart samples derived from neonatal rat ventricular myocytes (NRVMs). Mouse liver was used as a
negative control, anti-cardiac actin as loading control and membranes were stained with coomassie
for total protein.
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For the mouse heart samples, wildtype (WT) and Mybpc3-knock-in (KI) mouse samples
were used as the Mybpc3-KI develops a HCM phenotype and previous results showed
that NRAP levels are increased in Mybpc3-KI mice compared to wildtype (WT) mice. The
increase in NRAP levels could be corroborated for Mybpc3-KI mouse samples while an
additional band was detected at a molecular weight of 100 kDa that had not been
detected prior in human heart samples (Figure 15 A). As a positive control, mouse ske-
letal muscle tissue was used while liver tissue was used as a negative control. While there
was a high reactivity for the antibody with the skeletal muscle tissue sample, NRAP was
not detected in the liver sample. Moreover, a cross-reactivity of the NRAP antibody with

MyBP-C could be excluded while a low cross-reactivity with MHC was detected.

In order to investigate the antibody in rat heart samples, NRVMs were treated for 10 min
or 72 h with the pro-hypertrophic stimulus phenylephrine (PE) as previous results had indi-
cated that this stimulation results in increased NRAP protein levels (Figure 15 B). The
correct band of NRAP could be detected with higher protein levels at the earlier time point.
In addition to the detection of NRAP, a faint band at 100 kDa was detected. Moreover, in
rat heart samples, MHC was detected at the same size as a faint band after immuno-
blotting with the NRAP antibody.

Taken together, the custom-made human NRAP antibody was successfully validated for
western immunoblot analysis in human heart tissue, but showed cross-reactivity with MHC
and another unidentified protein at approximately 100 kDa in NRVMs and mouse heart

tissue.

6.2.2 Immunofluorescence

Furthermore, the NRAP antibody was tested in immunofluorescence experiments to
investigate NRAP localisation in cardiac myocytes. Due to the limited availability of human
heart tissue from healthy probands, human explanted DCM hearts from transplantations

were used for the generation of cryosections.

For optimisation, different fixation methods were investigated. Therefore, cryosections
were fixed with either acetone, methanol or 4% PFA and stained with dilutions of the
NRAP antibody ranging from 1:50 to 1:1000 (Figure 16). The best signal and structure of
myofilaments from the heart sections could be detected with acetone fixation (Figure 16
A) while especially PFA resulted in wave-like sections (Figure 16 C). The most appro-
priate intercalated disc signal for NRAP and myofilament structure was detected in heart
sections that were fixed with acetone and stained with a 1:500 dilution of the NRAP
antibody (Figure 16 A). This concentration revealed an appropriate signal for NRAP and a

low background signal. Therefore, for heart sections acetone fixation was used for further
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immunofluorescence stainings. For all following immunofluorescence applications, the
NRAP antibody was used in 1:500 dilution.
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Figure 16: Validation of anti-NRAP for immunofluorescence in human heart sections from
dilated cardiomyopathy patients. Anti-NRAP was investigated in dilutions ranging from 1:50 to
1:1000 (red) concomitantly for staining Z-discs with a-actinin (green), F-actin with phalloidin
(purple) and nuclei with DAPI (blue). Heart sections of patients with dilated cardiomyopathy (DCM)
were investigated for three different fixation methods. Sections were fixed with A) acetone, B)
methanol or C) 4% paraformaldehyde. For each fixation setup negative controls were performed
that were only incubated with the appropriate secondary antibodies. Scale bars are equal to 20 um.
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Moreover, the NRAP antibody was investigated in different human model systems such as
hiPSC-derived cardiac myocytes and EHTs as well as in tissue from different organisms
such as mice and rats. The staining of hiPSC-derived cardiac myocytes depicts an organi-
sed myofilament structure with paralleled orientation of a-actinin and F-actin (Figure 17
A). The localisation of detected NRAP by the antibody was distributed throughout the
entire cell similarly to NRAP distribution in the EHT section with no specific NRAP
localisation at cell-cell borders (Figure 17 B). Investigation of different fixation methods

has no impact on NRAP staining with the antibody (Supplementary figure 1).

A hiPSC-derived cardiac myocytes

._.;,/

B EHT section

Figure 17: Validation of anti-NRAP in hiPSC and EHT samples by immunofluorescence. Cells
were fixed with 4% paraformaldehyde and stained for NRAP (1:500; red), Z-discs with a-actinin
(green), F-actin with phalloidin (purple) and nuclei with DAPI (blue). Staining of A) human-induced
pluripotent stem cell (hiPSC)-derived cardiac myocytes, and B) human engineered heart tissues
(EHTSs). Scale bars are equal to 10 um for EHT sections and 20 um for hiPSC-derived cardiac
myocytes.

In contrast, in WT and Mybpc3-KI mice heart sections, NRAP was detected at the

intercalated disc (Figure 18).

o -- 79 -.

Figure 18: Validation of anti-NRAP in WT- and Mybpc3-KI mouse heart sections by immuno-
fluorescence. Myosin-binding protein C (Mybpc3) -wildtype (WT) and -Knock-in (KI) 10 um thick
heart sections were fixed with acetone and stained for NRAP (1:500; red), Z-discs with a-actinin
(green), F-actin with phalloidin (purple) and nuclei with DAPI (blue). The respective negative
controls have only been stained with sondary antibodies. Scale bar are equal to 20 um.
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The localisation in WT heart sections was exclusively restricted to the intercalated disc
area and in Mybpc3-Kl heart sections NRAP accumulated at the intercalated disc as in

accordance with previous results (Supplementary figure 2).

In order to test the antibody additionally on rat cells by immunofluorescence, NRVMs were
isolated and either cultured for 48 h in the presence or absence of the pro-hypertrophic
stimulus PE. In control cardiac myocytes, NRAP was mostly located at the nuclear and
perinuclear cytosolic areas (Figure 19). However, pro-hypertrophic stimulation of NRVMs
resulted in the maturation of cardiac myocytes as indicated by increased structured o-
actinin and actin staining. In these cells, NRAP was detected in close proximity to actin

flaments and the intercalated disc.

Control

Figure 19: Validation of anti-NRAP in neonatal rat ventricular cardiac myocytes for immuno-
fluorescence. Neonatal rat ventricular myocytes (NRVMs) were incubated for 48 h incubation
without (control) or with 10 uM of the pro-hypertrophic stimulus phenylephrine (PE), fixed with 4%
paraformaldehyde and stained for NRAP (1:500; red), Z-discs with a-actinin (green), F-actin with
phalloidin (purple) and nuclei with DAPI (blue). Scale bar are equal 20 um.

Investigation of NRAP-localisation in human, mouse and rat cardiac myocytes by immuno-
fluorescence revealed NRAP localisation in human acetone-fixated heart tissues, NRVMs

and mice heart sections as expected, but not in hiPSC and EHTs.

6.3 Development of NRAP-OE and -KD hiPSC lines

In order to investigate the contribution of gain-of-function or loss-of-function NRAP protein
levels to the development and progression of human heart disease, a NRAP-OE and
NRAP-KD hiPSC line were generated.

6.3.1 Generation of a NRAP/MYC-OE hiPSC line

For this purpose, a NRAP-MYC-OE hiPSC line was developed by CRISPR-Cas9 techno-
logy. For that purpose, a plasmid with right and left homology arm with identical sequence
to the protein phosphatase 1 regulatory subunit 12C (PPP1R12C) gene on chromosome
19 of the human genome was designed (Figure 20). With the selection of the genomic
location, it is important that neither essential genes are disrupted nor that the Kl affects

the pluripotency of hiPSC. Therefore, the PPP1R12C gene was used for targeting as Kl
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into this gene locus has been successfully shown to not lead to adverse effects in cells,
postulating this gene locus as a “safe harbour” (Smith et al. 2007). The name adeno-
associated virus integration site 1 (AAVS1) safe harbour locus originates from the
observation that the adeno-associated virus 2 (AAV2) was able to integrate into this gene
(Kotin et al. 1992). The resulting transgenes were shown to be stably expressed in human
embryonic stem cells and hiPSC (Luo et al. 2014; Smith et al. 2007).

The area between the left and right homology arm was used to design a gRNA for
targeting the Cas9 nuclease to this locus and to induce a site-specific double-strand break
followed by homology-directed repair. This allows the stable integration of plasmids into
the human genome without affecting or disrupting other gene loci (Oceguera-Yanez et al.
2016).
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Figure 20: Gene editing approach for stable overexpression of NRAP in human-induced
pluripotent-derived cardiac myocytes. The gene editing approach was performed by the
CRISPR-Cas9 system. Therefore, the Cas9, the AAVS1-cTnT-NRAP/MYC-OE plasmid and a
specific gRNA, that targets the AAVS1 safe harbour locus on chromosome 19 of the human
genome, were used for nucleofection of human-induced pluripotent stem cells. The plasmid was
self-designed and produced by VectorBuilder. It contains a left and right homology arm that are
identical to those homology arms on the human genome allowing the stable integration mediated
by homology-directed repair (HDR). Moreover, the plasmid contains a puromycin resistance,
enabling the selection of successfully edited cells, a cardiac-specific troponin T (cTnT) promotor, a
Kozak sequence, the NRAP mRNA of NRAP isoform 1, that includes all NRAP exons, coupled to a
MYC-tag allowing to distinguish between endogenous and artificial NRAP. Moreover, that part of
the plasmid that is not integrated into the genome contains an ampicillin resistance for specific
amplification of the plasmid in Escherichia coli.

For the generation of the plasmid, the mRNA of NRAP isoform 1 was integrated since this
isoform contains all exons of the NRAP gene. Upstream of the NRAP mRNA, a cTnT
promotor was integrated that is only active in cardiac myocytes but not in hiPSC allowing
increased NRAP expression in cardiac myocytes (Figure 21 A). Additionally, at the C-
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terminus of the NRAP mRNA a MYC-tag was integrated. This enables to distinguish
between endogenously expressed NRAP and heterologous NRAP-OE in cardiac

myocytes.

Initially, the plasmid was validated by restriction digestion. Both enzymes, BamHI| and
Bglll revealed the correct restriction band pattern of the plasmid with 3735 bp, 2956 bp,
1791 bp, 1682 bp and 474 bp for digestion with BamHI and 4808 bp, 3248 bp and 2586
bp for digestion with Bglll (Figure 21 B). Subsequently to validation by restriction
digestion, the entire plasmid was sequenced revealing the correct sequence (Figure 21
C).
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Figure 21: Validation of the AAVS1-cTnT-NRAP/MYC plasmid for stable integration into the
human genome. A) Plasmid map with the respective restriction sites for BamHI (3735 bp, 2956
bp, 1791 bp, 1682 bp, 474 bp) and Bglll (4804 bp, 3248 bp, 2586 bp). B) Agarose gel after plasmid
restriction digest with BamHI and Bglll. C) Sanger sequencing for validation of the correct
sequence of the plasmid are indicated by red arrows.

Since the plasmid revealed the correct sequence, the integration of this plasmid into the

safe harbour locus was performed by CRISPR-Cas9. Three days post-nucleofection, the
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plated cells were incubated with 10 uM puromycin for three days with a daily medium
exchange. While untreated control cells reached a confluency of the cell layer after two
days, fewer control cells were observed after incubation in the presence of puromycin due
to missing resistance to puromycin (Figure 22). After three days of exposure to
puromycin, no control cells were left. However, approximately 20% of post-nucleofected
cells remained attached after three days of incubation with puromycin. These pre-selected

cells were used for the generation and propagation of single-cell clones.

4

Start

Control

Puromycin
control

CRISPR
cells

Figure 22: Puromycin selection of successfully nucleofected human-induced pluripotent
stem cells (hiPSC) with the AAVS1-cTnT-NRAP/MYC plasmid. Represented are either non-
nucleofected or cells 3 days post-nucleofected cells. Images show daily treatment of the puromycin
control and CRISPR cells with 0.5 pg/mL puromycin for 72 h or control cells that were not treated
with puromycin. Images were taken with the EVOS microscope and scale bars are equal to 1 mm.

Among these cell clones, a heterozygous and homozygous NRAP/MYC-OE clone of the
successfully-edited clones were used for further investigations. For both clones, various
control PCRs were performed to validate the successful integration of the plasmid into the

safe harbour locus (Figure 23).

First, the overlapping sequence parts between plasmid and genome were validated (as in-
dicated by the numbers 1 and 4), followed by the amplification of internal parts of the
plasmid (as indicated by the numbers 2 and 3). Since these primers recognise an exon-
exon junction, the smaller fragments at 201 bp and 323 bp represent the amplification
from the plasmid while the upper band results at 1458 bp and 1164 bp from amplification

of genomic NRAP. To identify whether the clones are hetero- or homozygous, an
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amplification of the entire plasmid insert spanning from the left homology arm to the right

homology arm was performed.
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Figure 23: Validation of heterozygous and homozygous NRAP/MYC-overexpressing human-
induced pluripotent stem cell (hiPSC) clones. Different PCRs with Sanger sequencing were
performed to validate either the plasmid-genome overlapping parts (1 = 1323 bp, 4 = 572 bp) or
parts in the plasmid (2 = 201 and 1458 bp, 3 = 323 and 1164 bp). Additionally, long-range PCRs (5
= 7843 bp) from the left homology arm (HA-L) to the right homology arm (HA-R) were performed to
investigate the genotype of the A) heterozygous (het) NRAP/MYC-overexpressing (OE) or B)
homozygous (hom) NRAP/MYC-OE clone. The control hiPSC line served as a negative control (-)
and the plasmid as a positive control (+) in order to validate the successful setup of the long-range
PCR. Successful sequencings are represented as red arrows over the plasmid/genome map for the
appropriate clone.
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Since these homology arms are part of the genomic safe harbour locus, the primers bind
to those homology arms independently of the success of the plasmid integration. As a
negative control for the insertion of the plasmid, gDNA derived from the control hiPSC line
was used. For the positive control and for initial optimisation of the long-range PCR, the
AAVS1-cTnT-NRAP/MYC plasmid was used. In case of unsuccessful insertion of the
plasmid, the PCR reveals a 926 bp amplicon while successful insertion results in a 7843
bp long PCR amplicon. Therefore, for the heterozygous NRAP/MYC-OE clone, two bands
were detected at 7843 bp and 926 bp (Figure 23 A). Instead, for the homozygous
NRAP/MYC-OE clone only one band at 7843 bp was detected (Figure 23 B).

From the hetero- and homozygous NRAP/MYC-OE cell clones, master and working cell

banks were produced. These were subjected to an array of quality controls (Figure 24).
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Figure 24: Quality controls for the heterozygous and homozygous NRAP/MYC-overexpress-
ing human-induced pluripotent stem cell (hiPSC) lines. For quality control, different charac-
teristics of the master cell bank were determined for A, B, C) the heterozygous (het) and D, E, F)
the homozygous (hom) NRAP/MYC-overexpressing hiPSC clone (NRAP/MYC-OE). A, D) Images
of the master cell bank were taken with the EVOS microscope to capture the morphology of hiPSC.
Scale bars are equal to 1 mm. B, E) Agarose gel representing the result of mycoplasma testing
with water as negative control and previously positive-revealed samples as positive control. C, F)
Stage-specific embryonic antigen 3 (SSEA3) measurements by flow cytometry to determine
pluripotency of hiPSC.

First, the cell supernatant during the production of the master cell banks was used to
exclude a contamination by mycoplasma since these bacteria would not be visible under
the microscope due to their small size. For both cell lines, the mycoplasma test was

negative as depicted in the agarose gel that revealed no PCR product for the cell clones
(Figure 24 B, E).
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To investigate the quality of the post-nucleofected hiPSC lines, the pluripotency was
assessed. This was performed by staining of cells for the pluripotency marker SSEA3
followed by flow cytometry analysis. For the heterozygous cell line, a pluripotency of
99.4% and for the homozygous cell line a pluripotency of 90.71% was measured (Figure
24 C, F).

As the CRISPR-Cas9 technology might lead to karyotype abnormalities (Kosicki et al.
2018), karyotype analysis was performed for both genotypes. This showed in average
only two duplicates for each chromosome and revealed no detectable trisomy (Figure 25
A, B).
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Figure 25: Karyotype analysis of the heterozygous and homozygous NRAP/MYC-over-
expressing human-induced pluripotent stem cell (hiPSC) clones. For investigation of genetic
abnormalities, A, B) karyotypes were analysed to exclude alterations in the number of
chromosomes for the A) heterozygous and the B) homozygous NRAP/MYC-overexpressing
(NRAP/MYC-OE) hiPSC clone. This analysis was performed by Elisabeth Kramer and Niels
Pietsch.

Nevertheless, not only the chromosomes can be affected by the CRISPR-Cas9
technology. Each gRNA could potentially lead to introduction of off-target modification
when the Cas9 binds to a similar sequence at an undesired genomic locus in the genome.
In order to exclude the unspecific induction of double-strand breaks at different loci than

the safe harbour locus, an off-target analysis was performed. Using the CRISPOR website

tool, the top ten most likely off-targets sites were predicted for each gRNA.

For each of those off-target sites, PCRs from the heterozygous and homozygous clones
were performed and purified PCR products were sequenced by Sanger sequencing to
validate that the genomic sequence was not affected at the wrong site by the Cas9
(Figure 26). The sequencing revealed no alterations in the human genomic sequence of
the studied off-target gene loci. Exclusively for the gene APPL2, a point mutation was
detected by sequencing of the off-target region, but the sequencing of the proband control
hiPSC line revealed the same point mutation prior to gene editing suggesting that this

mutation is a silent mutation in this proband hiPSC line (Figure 26).
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Figure 26: Validation of the top ten off-targets of the heterozygous and homozygous
NRAP/MYC-overexpressing human-induced pluripotent stem cell (hiPSC) lines. The top ten
predicted off-targets sites were identified by the CRISPOR website and investigated by A, B)
polymerase chain reaction and subsequent C, D) Sanger sequencing for the A, C) heterozygous
(het) and the B, D) homozygous (hom) NRAP/MY C-overexpressing hiPSC cell lines.

6.3.2 Generation of a NRAP/GFP-OE hiPSC line

Since NRAP is not only increased in cardiomyopathies, but also plays a crucial role during
myofibrillogenesis (Carroll et al. 2004), additionally a NRAP-OE hiPSC line with a C-
terminal GFP reporter was generated by CRISPR-Cas9 technology. This allows to directly
detect the NRAP localisation by live-cell imaging. Therefore, the initial AAVS1-cTnT-
NRAP/MYC plasmid was used to remove the MYC tag by restriction digestion and replace

it by a GFP (Figure 27 A). In order to validate the construct, the plasmid was digested
with the enzymes BamHI and Bglll (Figure 27 B).
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Figure 27: Validation of the AAVS1-cTnT-NRAP/GFP plasmid for stable integration into the
human genome. A) Plasmid map with the respective restriction sites for BamHI (3735 bp, 2956
bp, 2369 bp, 1791 bp, 474 bp) and Bglll (5491 bp, 3248 bp, 2586 bp). The plasmid was self-
designed and produced by VectorBuilder. It contains a left and right homology arm that are
identical to those homology arms on the human genome allowing the stable integration mediated
by homology-directed repair (HDR). Moreover, the plasmid contains a puromycin resistance,
enabling the selection of successfully edited cells, a cardiac-specific troponin T (cTnT) promotor, a
Kozak sequence, the NRAP mRNA of NRAP isoform 1, that includes all NRAP exons, coupled to a
green fluorescent protein (GFP). Moreover, that part of the plasmid that is not integrated into the
genome contains an ampicillin resistance for specific amplification of the plasmid in Escherichia
coli. B) Agarose gel after plasmid restriction digest with BamHI and Bglll. C) Sanger sequencing for
validation of the correct GFP sequence of the plasmid is indicated by red arrows.

The digestion with BamHI revealed the correct band sizes at 3735 bp, 2956 bp, 2369 bp,
1791 bp and 474 bp and the digestion with Bglll at 5491 bp, 3248 bp and 2586 bp. Due to
different restriction fragments of the AAVS71-cTnT-NRAP/MYC and AAVSI-cTnT-
NRAP/GFP plasmids, the successful generation of the GFP-containing plasmid could be
validated. Additionally, the sequence from the C-terminus of NRAP involving the GFP and

part of the right homology arm was successfully validated by Sanger sequencing (Figure
27 C).
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Figure 28: Puromycin selection and validation of heterozygous and homozygous
NRAP/GFP-overexpressing human-induced pluripotent stem cell (hiPSC). A) Represented are
either non-nucleofected or 3 days post-nucleofected cells. Images show daily treatment of the
puromycin control and CRISPR cells with 0.5 pg/mL puromycin for 72 h. Control cells were not
treated with puromycin. Images were taken with the EVOS microscope and scale bars are equal to
1 mm. B) Different PCRs with Sanger sequencing were performed to validate either the plasmid-
genome overlapping parts (1 = 1323 bp, 4 = 1259 bp) or parts in the plasmid (2 = 201 and 1458 bp,
3 = 323 and 1164 bp). Additionally, long-range PCRs (5 = 8474 bp and 926 bp) from the left
homology arm (HA-L) to the right homology arm (HA-R) have been performed to investigate the
genotype of the heterozygous (het) and homozygous (hom) NRAP/GFP-overexpressing clone. The
control hiPSC line served as a negative control (neg) and the plasmid as a positive control (pos) in
order to validate the successful setup of the long-range PCR. Successful sequencings are
represented as red arrows over the plasmid/genome map for the appropriate clone.
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After validation of the correct plasmid, the safe harbour locus was used as mentioned
above with the similar strategy to integrate the plasmid stably into the human genome
(Figure 28). Subsequently, hiPSC were nucleofected with the plasmid, the Cas9 and the
gRNA targeting the safe harbour locus. Three days post-nucleofection, hiPSC were
treated with puromycin for 72 h until only successfully nucleofected control cells were
remaining (Figure 28 A). The remaining puromycin-resistant hiPSC were used as
mentioned above to generate single-cell clones. Similar to the validation approach of the
successful integration of the AAVS1-cTnT-NRAP/MYC plasmid into the safe harbour
locus, the overlapping parts between the human genome and integrated plasmid as well
as parts in the plasmid region were validated by PCR and Sanger sequencing. Long-
range PCRs were performed to validate heterozygous and homozygous clones (Figure
28 B). The analysis of single cell clones revealed a heterozygous and a homozygous
NRAP/GFP-OE clone.
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Figure 29: Quality controls for the heterozygous and homozygous NRAP/GFP-over-
expressing human-induced pluripotent stem cell (hiPSC) clones. A, B) Images of the master
cell bank were taken with the EVOS microscope to capture the morphology of hiPSC. Scale bars
are equal to 1 mm. B) Agarose gel representing the result of mycoplasma testing with water as
negative control and previously positive-revealed samples as a positive control. Measurement of
the stage-specific embryonic antigen 3 (SSEA3) by flow cytometry to determine pluripotency of C)
heterozygous (het) and D) homozygous (hom) NRAP/GFP-OE hiPSC.

For the negative control, the control hiPSC line was amplified (926 bp) and for the positive
control, the AAVS1-cTnT-NRAP/GFP plasmid was used (8474 bp). For the heterozygous
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NRAP/GFP-OE cell line, the PCR consisted of two PCR products, one at a size of 8474
bp and one at 926 bp. However, the PCR of the homozygous NRAP/GFP-OE clone only
revealed one PCR product at 8474 bp. After successful validation of the plasmid inte-
gration into the human genome, master and working cell banks were generated from the
heterozygous and homozygous NRAP/GFP-OE clones (Figure 29 A, B).

The morphology of all cell lines was similar to that of the original hiPSC control cells and
the media supernatant revealed no contamination by mycoplasma (Figure 29 B). To
prove the hiPSC quality and pluripotency, the SSEA3 levels were determined by flow
cytometry analysis. The pluripotency of the heterozygous NRAP/GFP-OE cell bank was
94.63% and for the homozygous NRAP/GFP-OE cell bank 98.87% (Figure 29 C, D). In
addition, karyotype analysis was performed to exclude CRISPR/Cas9-induced chromo-
somal abnormalities. This revealed no karyotype abnormalities in the heterozygous and
homozygous NRAP/GFP-OE hiPSC line (Figure 30).
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Figure 30: Karyotype analysis of the heterozygous and homozygous NRAP/GFP-
overexpressing human-induced pluripotent stem cell (hiPSC) clones. For investigation of
genetic abnormalities, A, B) karyotypes were analysed to exclude alterations in the number of
chromosomes for the A) heterozygous and the B) homozygous NRAP/GFP-overexpressing (OE)
hiPSC clone.

Moreover, the potential top ten off-targets as predicted by the website tool CRISPOR were
investigated. Amplification of all off-target loci resulted in successful amplification of PCR
products after optimisation (Figure 31 A, B). Sanger sequencing analysis of purified PCR
products revealed no Cas9-induced genetic modifications such as insertions or deletions
(Figure 31 C, D) except the gene locus for APPL2. Since a point mutation was detected in
the heterozygous and homozygous NRAP/GFP-OE clones, in addition also here the
APPL2 locus of the human control hiPSC line was sequenced. The same mutation was
detected in control and genetically-modified NRAP hiPSC lines (Figure 31 C, D).

Due to time limitation, the heterozygous and homozygous NRAP/GFP-OE cell lines were
only developed and all quality controls were successfully performed, but the cell lines
were not further investigated by cardiac differentiation and downstream functional studies

so far.
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Figure 31: Validation of the top ten off-targets of the heterozygous and homozygous
NRAP/GFP-overexpressing human-induced pluripotent stem cell (hiPSC) lines. The top ten
predicted off-targets sites were identified by the CRISPOR website and investigated by A, B) poly-
merase chain reaction and subsequent C, D) Sanger sequencing for the A, C) heterozygous (het)
and the B, D) homozygous (hom) NRAP/GFP-overexpressing hiPSC cell lines.

6.3.3 Generation of a NRAP-KD hiPSC line

In order to enable the study of the loss-of-NRAP-function, in addition to the NRAP-OE cell
lines, a KO of NRAP was performed that affects all four known human NRAP isoforms.
For this purpose, two gRNAs were generated that match the 5 site of the promotor
flanking region and the 3’ site of the promotor (Figure 32 A, B). With this strategy, the
generation of non-sense mRNA and non-sense mediated mRNA decay could be avoided.
At the same time, by removal of the promotor flanking region and promotor region,

including the start codon and the first exons, NRAP expression was prevented.
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Figure 32: Gene editing approach for stable knock-out (KO) of NRAP in human-induced
pluripotent-derived cardiac myocytes. The gene editing approach was performed by the
CRISPR-Cas9 system. Therefore, the Cas9 and two specific gRNAs were used for the nucleo-
fection of human-induced pluripotent stem cells. A) The gRNA 1 targets the 5° site of the promotor-
flanking region and the gRNA 2 targets the 3‘ site of the promotor. With this strategy, NRAP
expression should be prevented by removing the initiation site and start site. The four NRAP
isoforms are represented and the vertical lines represent the 42 exons of NRAP. B) Sequences
representing the protospacer adjacent motif (PAM) sequences and cutting sites by the Cas9. C)
Polymerase chain reaction and Sanger sequencing to prevent silent point mutations on the
genomic sequence of the control hiPSC line that could impair gRNA binding to genomic DNA.

To ensure that there were no silent mutations around the PAM sites that might disable
binding of gRNAs, the sequence at those areas was first validated by Sanger sequencing
(Figure 32 C). After successful validation of the sequence, hiPSC were nucleofected with

the Cas9 and the two gRNAs to induce double strand breaks at the anticipated genomic

areas of the chromosome 10, followed by cell mediated repair by non-homologous end
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joining. At 48 h post-nucleofection, single cell clones were generated from the hiPSC pool.
For validation of a successful removal of 5328 bp, the area upstream of the 5 PAM site
and downstream of the 3' PAM site were used for amplification. In comparison to the
control hiPSC line that only revealed amplification of a 5805 bp PCR product, the PCR
amplification of the CRISPR pool additionally revealed an amplification of a 477 bp
fragment (Figure 33 A, B).

A CRISPR B c 1 2
oo.(\Qoo\ KO JRNA 1 (+ ‘w",]'ut“ l‘;;:“w». ) (- Strand)
20.000!
] . I
6000 bp = ' 6000 bp 7 -— Promotor flanking region Promotor exon
4 \ i
3000 bp PAM exon PAM
1000 bp - 1 2
500 bp - -
500 bp - - 1200 bp —
800 bp - =

D 1 gRNA 1 (+ strand) 2

GCAAGGCGACCACCATCAAC

TCAACCGCCTAAAGCAAGGCGACCACCATCAACAGGATGAAATTGAAAAGAGGTAA CAAATAACCAGTTATCGACGGAACTCTTGCACCTATTAAA
! 1 1 1 N L + I + 1 + Il +

t t + T + T + T + T t T T T
AGTTGGCGGATTTCGTTCCGCTGGTGGTAGTTGTCCTACTTTAACTTTTCTCCATT // GTTTATTGGTCAATAGCTGCCTTGAGAACGTGGATAATTT

Promotor flanking region

= II[CAATAGCTGCCTTGAGAACG
AN PAM N\ gRNA 2 (- strand)

CAAATAACCAGTTATCRACERAACTCTTGCACCTATTAAA

TCAACCGCCTAAAGCAAGGCGACCACCATCA

Figure 33: Validation of successful generation of a NRAP-knock-down (KD) in human-
induced pluripotent stem cells (hiPSC). A) Analysis of gene editing efficiency with gDNA derived
from control (Con) or CRISPR-pool (Pool) cells by amplification. B) Amplification of a heterozygous
clone. C) Amplification of sequence parts covering the sequences around the two protospacer
adjacent motif (PAM) sites (1, 2 (red), and D) sequencing of the purified PCR products. The
validation of CRISPR clones was performed by Vanessa Lewandowski under my supervision.

As previously described for validation purposes of the sequences around the PAM sites,
the same PCRs were performed to investigate the sequences on the non-affected allele
after successful nucleofection. This revealed no alteration of the sequence for gRNA 2 in
the promotor region but showed alterations around the PAM site of gRNA 1 in the
promotor-flanking region (Figure 33 C, D). In that region, a 16 bp deletion starting +1 up-
stream of the PAM site and ending -12 downstream of the PAM site was detected. Since
no homozygous clones could be identified and all heterozygous clones of the 150
screened clones showed deletions around the PAM site, this NRAP-knock down (KD)
clone was used for further investigations. Similar to the previously described genetically

modified cell lines, quality controls for the NRAP-KD master cell bank were performed with
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a determined pluripotency of 78.7%. This revealed the absence of mycoplasma, excluded

karyotype abnormalities and off-target modification.

Overall. these data demonstrate successful generation of NRAP/MYC-OE and
NRAP/GFP-OE hiPSC lines. Among many screened clones, not a single homozygous
NRAP-KO could be detected. Since the aim was to study NRAP loss-of-function, a NRAP-
KD hiPSC line with one successfully edited allele and a deletion on the other allele was
generated. All cell banks showed a correct karyotype. Morphological alterations,
mycoplasma contamination and CRISPR off-targets were ruled out. The pluripotency was

sufficently high in all lines.
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6.4 NRAP/MYC-OE and NRAP-KD hiPSC-derived cardiac myocytes

6.4.1 Cardiac differentiation of NRAP/MYC-OE and NRAP-KD hiPSC
In order to investigate the gain- and loss-of-function of NRAP in cardiac myocytes, NRAP-

OE or NRAP-KD hiPSC were optimised for a cardiac monolayer differentiation.

Mesoderm Cardiac progenitor ~ Cardiac
induction induction myocytes

Day 0 Day 1 Day 3 Day 5 Day 7

550.000 500.000

8 ng/mL activin A

600.000

500.000

12 ng/mL activin A
550.000

600.000

Figure 34: Testing of different conditions for cardiac monolayer differentiation. Different
amounts of activin A (8 ng/mL or 12 ng/mL) were used and cell densities of 500.000, 550.000 or
600.000 cells for each 35 mm dish were used. Images were taken after every medium change.
These images are representative for the control cell line and images of cardiac differentiation for
other genetically-modified cell lines can be found in the supplements. The scale bars are equal to
200 pm.

Therefore, for each cell line, including control hiPSC, different cell densities of 500.000,
550.000 and 600.000 hiPSC as well as different concentrations of the growth factor activin
A were tested. For mesoderm induction, either 8 ng/mL activin A or 12 ng/mL activin A
were used (Figure 34). Compared to the control hiPSC line, no morphological alterations
could be observed either for the NRAP/MYC-OE or for the NRAP-KD hiPSC line.
Importantly, all cell lines formed a typical colonies on day 1 during this two-dimensional

cardiac differentiation (Figure 34).
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Subsequently to differentiation of hiPSC into cardiac myocytes, cells were dissociated as
soon as wave-like beating of the cell layer could be observed. To analyse the efficiency of
the differentiation, cells were stained for the cardiac-specific marker cTnT and cTnT-

positive cells were quantified by flow cytometry (Figure 35).
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Figure 35: Cardiac troponin T values for testing of different conditions for cardiac
monolayer differentiation of the control cell line. Different amounts of activin A (8 ng/mL or 12
ng/mL) and cell densities of 500.000, 550.000 or 600.000 cells for each 35 mm dish were used.
The cardiac-specific marker troponin T (cTnT) was measured by flow cytometry. Data were
analysed using the FlowJo software.

For the control cell line, low cTnT values, ranging between 22.8 and 33.8% cTnT-positive
cells for the different cell densities, were detected when 8 ng/mL activin A was used during
the differentiation. In contrast, 12 ng/mL activin A revealed higher percentages of cTnT-
positive cells, ranging between 92.4 to 95.2%. The optimal differentiation efficiency was
achieved with 95.2% cTnT-positive cells when 550.000 control cells were seeded on 6-

well culture plates and 12 ng/mL activin A were used for differentiation.

For the NRAP-KD cell line, differentiation with 8 ng/mL activin A resulted in 45.5 to 69%
cTnT-positive cells whereas differentiation with 12 ng/mL activin A led to cTnT values
between 66.7 and 80.1% (Figure 36). The optimal cardiac differentiation efficiency for the
NRAP-KD cell line was reached by plating of 550.000 cells on 6-well culture plates and
differentiation with 12 ng/mL activin A resulting in 80.1% positive cells.
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Figure 36: Cardiac troponin T values for testing of different conditions for cardiac
monolayer differentiation of the NRAP-KD cell line. Different amounts of activin A (8 ng/mL or
12 ng/mL) and cell densities of 500.000, 550.000 or 600.000 cells for each 35 mm dish were used.
The cardiac-specific marker troponin T (cTnT) was measured by flow cytometry. Data was
analysed using the FlowJo software.

For the heterozygous NRAP/MYC-OE cell line, differentiation with 8 ng/mL activin A
resulted in cTnT values between 24.4 and 33.5% while differentiation with 12 ng/mL
activin A led to 80.5 to 88.2% cTnT-positive cells (Figure 37). The optimal conditions for
differentiation were plating of 550.000 hiPSC to 6-well culture plates and usage of 12
ng/mL activin A resulting in 88.2% cTnT-positive cells. For the homozygous NRAP/MYC-
OE cell line, the higher activin A concentration revealed higher cTnT values although the
difference of cTnT-positive cells was less than for the other cell lines between the different

activin A concentrations.

A concentration of 8 ng/mL activin A resulted in 73.7 to 83.9% cTnT-positive cells while 12
ng/mL activin A resulted in values ranging from 80.1 to 95.7% (Figure 37). The highest
cTnT value of 95.7% was reached with a cell density of 500.000 cells and an activin A

concentration of 12 ng/mL.
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Figure 37: Cardiac troponin T values for testing of different conditions for cardiac
monolayer differentiation of heterozygous and homozygous NRAP/MYC-OE cell line.
Different amounts of activin A (8 ng/mL or 12 ng/mL) were used and cell densities of 500.000,
550.000 or 600.000 cells for each 35 mm dish were used. The cardiac-specific marker troponin T
(cTnT) was measured by flow cytometry. Data was analysed using the FlowJo software.
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Overall, the aim was to identify one optimal differentiation condition suitable for all
investigated hiPSC lines. Since 12 ng/mL activin A and a cell density of 550.000 cells on
6-well culture vessels revealed the highest cTnT values, this condition was used for

further propagation.

6.4.2 NRAP RNA and protein levels

Initially after successful differentiation of control, NRAP/MYC-OE and NRAP-KD hiPSC to
cardiac myocytes, the cell lines were investigated for mMRNA and protein levels to analyse
if the genetic editing of hiPSC resulted in a detectable NRAP gain- and loss-of-function.
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Figure 38: NRAP mRNA and protein levels in NRAP-overexpressing and knock-down hiPSC-
derived cardiac myocytes. A) NRAP mRNA levels normalised to GusB in control, heterozygous
(het) and homozygous (hom) NRAP/MYC-overexpressing (OE) or NRAP-knock-down (KD) EHTs
after 21 days of culture. Data are represented as dots for each EHT and mean + standard error
mean (SEM) from n = 8 (control, KD), n = 9 (OE hom) or n = 5 (OE het) EHTs from three
independent differentiations. For statistics, one-way ANOVA, followed by Dunnett's posthoc test
was performed (*** = p<0.001). B-C) Western immunoblot for MYC and NRAP (Davids
Biotechnology). Cardiac actin served as a loading control from control, het or hom NRAP-OE or
NRAP-KD hiPSC-derived cardiac myocytes after 7 days of culture.

Since NRAP is only expressed in heart and muscle tissue but not in other cell types such
as hiPSC and the cTnT promotor of the NRAP/MYC-OE hiPSC line is only active in
cardiac myocytes, the differentiattion of those cell lines to cardiac myocytes was required
before testing for NRAP protein abundance and ultimate confirmation of successful

generation of NRAP gain- and loss-of-function cell lines.

For mRNA analysis, RNA was isolated from EHTs after 21 days of culture when EHTs had
reached their force plateau. Despite high variance between different EHTs, no differences
in mRNA fold change were detected for heterozygous and homozygous NRAP/MYC-OE
EHTs compared to control EHTs but 60% lower NRAP mRNA was detected in NRAP-KD
EHTs compared to control EHTs (Figure 38 A).
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For investigation of NRAP protein levels, cardiac myocytes were cultured for 7 days in 2D
prior to protein analysis by western immunoblotting since isolation of proteins from EHTs
was unsuccessful. This revealed the detection of the MYC-tag in both NRAP/MYC-OE
hiPSC-derived cardiac myocytes (Figure 38 B). Concomitanly, higher NRAP protein levels
were detected in NRAP/MYC-OE compared to NRAP-KD cardiac myocytes and control
cardiac myocytes (Figure 38 C). Recently, a NRAP antibody had been developed by
Merck that has been validated by the company for immunostaining. This antibody was
additionally tested for western immunoblotting of the same samples, revealing unspecific

protein detection in cardiac myocytes (Supplementary figure 3).

In essence, 60% less mRNA was detected in NRAP-KD EHTs and higher protein
abundance in both heterozygous and homozygous NRAP/MYC-OE cardiac myocytes.

6.4.3 Myofilament structure

Considering that NRAP is not only involved in mechanotransduction, but has additionally
been shown to be involved in the assembly of myofibrils, the aim was to study the impact
of a NRAP gain- or loss-of-function on NRAP localisation and myofilament structure in
cardiac myocytes. Therefore, two-dimensional control, heterozygous or homozygous
NRAP/MYC-OE as well as NRAP-KD cardiac myocytes were stained for F-actin and Z-
discs by staining of a-actinin, NRAP and DAPI for nuclei. In addition to the produced
antibody by Davids Biotechnology, the commercial NRAP antibody from Merck, was
investigated since the initial validation of the custom-made antibody showed a diffuse and
non-specific signal for NRAP in hiPSC or hiPSC-derived EHTSs.

In control hiPSC-derived cardiac myocytes, structured myofilaments could be detected as
indicated by F-actin and a-actinin staining of Z-discs. NRAP staining with both antibodies
revealed signals in close proximity to Z-discs (Figure 39 A, B). However, in heterozygous
NRAP/MYC-OE cardiac myocytes, differences between the two antibodies were
observed. While the NRAP antibody from Davids Biotechnology resulted in mainly nuclear
and additionally cytosolic staining of NRAP (Figure 39 A), the NRAP antibody from Merck
showed staining of NRAP at the cellular periphery of cardiac myocytes (Figure 39 B).
However, in both conditions, the myofilament structure was not as structured and

paralleled as in the respective control cardiac myocytes.

In contrast, homozygous NRAP/MYC-OE cardiac myocytes displayed more aligned and
parallel myofilament structures. The detection of NRAP by the antibody from Davids Bio-
technology was almost exclusively located in the nucleus (Figure 39 A) while the
commercial antibody detected NRAP mainly at membrane-like structures and myofibril
insertion sites (Figure 39 B). The myofilament structure of NRAP-KD hiPSC-CMs was
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comparable with those of control cardiac myocytes. Similar to control cardiac myocytes,
NRAP was located in the nuclear and cytosolic area as demonstrated with the antibody
from Davids Biotechnology (Figure 39 A) and in close proximity to Z-discs with the

commercial NRAP antibody from Merck (Figure 39 B).

¥ & \: 7, { s T 7

Figure 39: NRAP protein levels and localisation in NRAP-overexpressing and -knock-down
hiPSC-derived cardiac myocytes. A, B) Immunofluorescence of control, heterozygous (OE het)
NRAP/MYC-OE, homozygous (OE hom) NRAP/MYC-OE or NRAP-knock-down (KD) hiPSC-
derived cardiac myocytes. Cells were stained for a-actinin (green), F-actin (purple), nuclei (DAPI,
blue) and NRAP (red). NRAP was stained with the A) NRAP antibody by DAVIDS biotechnology or
B) the commercial NRAP antibody from Merck. Scale bars are equal to 20 pm (n = 1).

Investigation of the myofilament structure revealed phenotypical similarities between
control and NRAP-KD cardiac myocytes with NRAP localisation in close proximity to Z-
discs. In contrast, NRAP was detected at the lateral borders in NRAP/MYC-OE cardiac
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myocytes as shown with the commercial Merck antibody. Instead, the custom-made

NRAP antibody did not work in hiPSC-derived cardiac myocytes.

6.5 Impact of NRAP gain- and loss-of-function in EHTs

6.5.1 Contractile function

In order to study the impact of a NRAP gain- and loss-of-function on contractile function in
a gene-dosis-dependent effect, control, hetero- and homozygous NRAP/MYC-OE and
NRAP-KD hiPSC-derived cardiac myocytes were embedded in a three-dimensional EHT
format that allows investigating different contractile parameters. Therefore, EHTs were
monitored and measured over a time period of 21 days as EHTs reached their force

plateau after approximately 14 days.

On days 5-6 after the generation of EHTs, the mean beating frequency + SEM of control
(44.2£3.3 BPM), heterozygous NRAP/MYC-OE (47.1£7.3 BPM) and homozygous
NRAP/MYC-OE (34.9+1.5 BPM) EHTs was lower compared to NRAP-KD EHTs (86.5+4.4
BPM) (Figure 40 A). Over time, the beating frequency increased for control (60.2+2.6
BPM), heterozygous NRAP/MYC-OE (79.7+3.7 BPM) and homozygous NRAP/MYC-OE
(80.7+2.7 BPM) EHTs while the frequency decreased until culture day 21 for NRAP-KD
EHTs (65.5+2.1 BPM). The mean force on day 5 was relatively low for control (0.07+0.006
mN), heterozygous (0.089+0.014 mN) and homozygous (0.096+0.010 mN) NRAP/MYC-
OE and NRAP-KD (0.045+0.004 mN) EHTs (Figure 40 B).

Over time, the mean force only increased marginally with no differences in spontaneous
beating force between the genetically-modified NRAP-EHTs and control EHTSs.
Additionally, no differences in the time to peak (-80 %) were observed between different

cell lines (Figure 40 C).

However, the relaxation time (80%) was lower in the heterozygous (0.231+0.013 s) and
homozygous (0.258+0.008 s) NRAP/MYC-OE EHTs as well as in NRAP-KD EHTs
(0.187+0.006 s) compared to control EHTs (0.289+0.008 s) (Figure 40 D). During 21 days
of culture, the relaxation time increased for all cell lines to 0.343+0.011 s for control EHTSs,
0.223+0.012 s for heterozygous NRAP/MYC-OE EHTs, 0.231+0.011 s for homozygous
NRAP/MYC-OE EHTs and 0.265+0.007 s for NRAP-KD EHTs.
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Figure 40: Contractile measurements of genetically-modified NRAP-EHTs. Control (black),
heterozygous (OE het; light blue) and homozygous NRAP/MYC-overexpressing (OE hom; dark
blue) or NRAP-KD (KD; red) hiPSC-derived cardiac myocytes were embedded in engineered heart
tissues (EHTs). EHTs were cultured for 21 days and measured three times a week for contractile
parameters such as A) frequency [beats per minute/BPM], B) force [mN], C) time to peak (-80%)
[s], D) relaxation time (80%) [s] and E) RR scatter (time between beating peaks) [s] over time
[days]. Data are represented as mean + standard error mean (SEM) from 5 (control/OE hom) or 4
(OE het/KD) batches. N = 98 for control EHTs, n = 82 for KD EHTs, n = 51 for OE het EHTs and n
= 99 for OE hom EHTSs. F) Differentiation efficiency measured by cardiac troponin T (cTnT) positive
cells [%]. For statistical analysis, two-way ANOVA, followed by Bonferroni’'s posthoc test was
performed (* = p<0.05, ** = p<0.01, *** = p<0.001 and **** = p<0.0001).
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During the measurement of EHTs, irregularities in NRAP/MYC-OE EHTs beating
behaviour compared to control EHTs were observed. Therefore, the RR scatter, which
describes the time between contraction peaks, was analysed. The homozygous
NRAP/MYC-OE EHTs showed a significant increase of time between contraction peaks
after 14 days of culture (Figure 40 E). However, the RR scatter was initially high for
control EHTs but decreased during the incubation time. To ensure that the detected effects
in EHTs were not due to different amounts of cardiac myocyte populations, cTnT-positive
cells were depicted for all differentiation runs that were included in these EHT data
(Figure 40 F).

Considering the force-frequency relationship, electrical stimulation of EHTs is required to
synchronise beating frequencies and enable the detection of differences in force.
Therefore, EHTs were stimulated with 2 V biphasic pulses and stimulation frequencies
ranging from 0 to 4 Hz with 0.5 Hz increments for each measurement after 21 days of
EHT culture (Figure 41).

This allows to detect to which extent EHTs of different cell lines with different NRAP
expression levels are able to follow the electrical stimulation and which stimulation might
be best suitable for analysis of contractile parameters. During this process termed pacing,
the beating frequency increases with increasing frequency stimulation while force
decreases with increasing stimulation frequency. Some control EHTs (Figure 41 A, B),
NRAP-KD EHTs (Figure 41 C, D), heterozygous NRAP/MYC-OE (Figure 41 E, F) and
homozygous NRAP/MYC-OE (Figure 41 G, H) EHTs were able to follow the stimulation
until a pacing frequency of 4 Hz. For analysis of electrically synchronised frequencies to
distinguish between other contractile parameters, a pacing frequency of 2 Hz was used.

EHTs that were not following the stimulation were excluded from this analysis (Figure 42).
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Figure 41: Electrical synchronisation of frequency in genetically-modified NRAP-EHTs. A, B)
Control (black), C, D) NRAP-KD (KD; red), E, F) heterozygous NRAP/MY C-overexpressing (OE
het; light blue) or G, H) homozygous NRAP/MYC-overexpressing (OE hom; dark blue) hiPSC-
derived cardiac myocytes were embedded in engineered heart tissues (EHTs). EHTs were cultured
for 21 days prior to electrical synchronisation of frequency at 2 V and stimulation frequencies of 0-4
Hz with 0.5 Hz increments for each measurement. The parameters A, C, E, G) frequency [beats
per minute/BPM], B, D, F, H) force [mN] were measured. Represented are single measurements
for each EHT and as mean * standard error mean (SEM) from 5 (control/OE hom) or 4 (OE
het/KD) batches. N = 98 for control EHTSs, n = 82 for KD EHTs, n = 51 for OE het EHTs and n = 99
for OE hom EHTSs.
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Since modification of NRAP levels resulted in impaired force generation (Figure 42 B)
and reduced relaxation time (Figure 42 D) and concomitantly only in NRAP-KD EHTs to
increased time to peak (80%; Figure 42 C) in comparison to control EHTs, different para-
meters of contraction peaks from spontaneously beating EHTs were analysed. This
revealed significant lower resting length in NRAP-KD (4.308+0.097 mm) and
heterozygous NRAP/MYC-OE (4.400+0.133 mm) but not in homozygous NRAP/MYC-OE
(4.860+0.054 mm) compared to control EHTs (4.759+0.049 mm) (Figure 43 A).
Regarding the peak velocities, the contraction velocity of NRAP-KD (0.776+0.065 mN/s),
heterozygous (0.796+0.057 mN/s) and homozygous (0.882+0.019 mN/s) NRAP/MYC-OE
was significantly lower compared to control EHTs (1.152+0.043 mN/s) (Figure 43 B) while

the relaxation velocity was not altered (Figure 43 C).
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Figure 42: Contractile measurements of genetically-modified NRAP-EHTs after electrical
synchronisation. Control (black), heterozygous NRAP/MYC-overexpressing (OE het; light blue),
homozygous NRAP/MYC-overexpressing (OE hom; blue) or NRAP-KD (KD; red) hiPSC-derived
cardiac myocytes were embedded in engineered heart tissues (EHTs). EHTs were cultured for 21
days prior to electrical synchronisation of frequency at 2 V and stimulation frequency at 2 Hz.
Contractile parameters such as A) frequency [beats per minute/BPM], B) force [mN], C) time to
peak (-80%) [s] and D) relaxation time (80%) [s] over time [days] were measured. EHTs that were
not following the electrical stimulus were excluded from the data analysis. Data are represented as
dots for each included EHTs and mean * standard error mean (SEM) from 5 (control/OE hom) or 4
(OE het/KD) batches. N = 89 control EHTS, n = 78 KD EHTS, n = 44 OE het EHTs and n = 88 OE
hom EHTs. For statistical analysis, one-way ANOVA, followed by Dunnett's posthoc test was
performed (* = p<0.05, ** = p<0.01, *** = p<0.001 and **** = p<0.0001).

As the data revealed significant alterations for all NRAP-modified EHTs compared to the
control, the relative early and late relaxation time were investigated. This showed an in-
creased relatively early and lower late relaxation time for NRAP-KD EHTs compared to

control EHTs (Figure 43 D). Interestingly, investigation of the relative early and late time to

peak showed increased early and lowered late time to peak for NRAP/MYC-OE EHTs
(Figure 43 E).
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Figure 43: Impact of modified NRAP levels on contractility parameters. Contractile measure-
ments of spontaneously beating genetically-modified NRAP-EHTs. Control (black), heterozygous
(OE het; light blue) and homozygous NRAP/MY C-overexpressing (OE hom; dark blue) or NRAP-
KD (KD; red) hiPSC-derived cardiac myocytes were embedded in engineered heart tissues (EHTS).
Spontaneously-beating EHTs were investigated for different contractile parameters on day 21 of
culture, such as A) resting length [mm], B) contraction velocity [mN/s], C) relaxation velocity
[mN/s], D) relative early time to peak (TTP) and relative late TTP [s], and E) relative early relaxation
time (RT) and relative late RT [s]. Data are represented as mean + standard error mean (SEM)
from 5 (control, OE hom) or 4 (OE het/KD) batches. N = 98 control EHTs, n = 82 KD EHTs, n = 51
OE het EHTs and n = 99 OE hom EHTs. For statistical analysis, one-way ANOVA, followed by
Dunnett’s posthoc test was performed (*** = p<0.001 and **** = p<0.0001).

Considering that modification of NRAP levels resulted in alterations in force, time to peak
and relaxation time, conduction was investigated by measuring action potentials. This
revealed a less negative take-off potential (TOP) in homozygous NRAP/MYC-OE EHTs (-
54.6+4.2 mV) compared to control EHTs (-69.0+3.9 mV) (Figure 44). In addition, the
action potential amplitude (APA; 81.5£7.7 mV) and maximal change of voltage over time
(Vmax; 19445.7+2421.7 mV/s) were lowered in homozygous NRAP/MYC-OE EHTs
compared to control EHTs (99.5+£3.6 mV; 89626+30335 mV/s) (Figure 44).

The action potential duration at 90% (APDgo) relaxation was not altered in any of the cell
lines and the maximal diastolic potentials (MDP) were less negative in homozygous

NRAP/MYC-OE EHTs (56.8+4.4 mV) compared to control EHTs (75.0+3.2 mV) (Figure
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44). Overall, NRAP-KD EHTs were not altered in any of the action potential

characteristics.
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Figure 44: Action potential measurements. Control, NRAP-KD and homozygous NRAP/MYC-
overexpressing (OE) EHTs were investigated between day 28 and 41 of culture for the following
action potential characteristics: Take-off potential (TOP) [mV], action potential amplitude (APA)
[mV], maximal change of voltage over time (Vmax) [V/s], action potential duration at 90% relaxation
(APD9o) and maximal diastolic potentials (MDP) [mV]. Data are from two independent EHT batches
with n = 9 control EHTs, n = 12 NRAP-KD EHTs and n = 7 homozygous NRAP/MYC EHTSs.
Represented are single EHT measurements as well as means + SEM.

Overall, during electrical synchronisation of NRAP/MYC-OE and NRAP-KD, EHTs deve-
loped lower force and revealed shorter relaxation time and contraction velocity in
spontaneously beating EHTs compared to controls. In spontaneously beating NRAP-KD
EHTs, the resting length was shorter and early and late relaxation time were altered.
However, in homozygous NRAP/MYC-OE EHTs, both the relatively early and late time to
peak and relaxation time were altered, which was accompanied by a less negative TOP

and MDP and lower Vmax.

6.5.2 Mechanical stretch

In the adult heart, NRAP is located at the intercalated disc where it is thought to act as a
mechanosensing protein. To investigate the impact of NRAP during mechanical stretch,
control, homozygous NRAP/MYC-OE and NRAP-KD EHTs were analysed for their mech-
anical stretch-force relationship applying the Frank-Starling mechanism. The difference
between the initial force and the force after applying stretch is represented as delta force.
This showed high scattering for control and NRAP-KD EHTs but revealed a trend towards
lower delta force in the NRAP/MYC-OE EHTs compared to control EHTs (Figure 45 A).
Moreover, the applied stretch length over the initial force was calculated which revealed
an overall trend towards a lower ratio for the NRAP/MYC-OE compared to the control
(Figure 45 B). As depicted in the representative mechanograms, after applying stretch to
the EHTs, homozygous NRAP/MYC-OE EHTs consequently stopped following the
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electrical stimulation and instead showed an irregular beating behaviour (Figure 45 C).

This was observed in all EHTs of this genotype but not in control or NRAP-KD EHTs.

Taken together, NRAP-KD EHTs showed a higher ability to respond to mechanical stretch
compared to control EHTs. To the contrary, homozygous NRAP/MYC-OE EHTs were not

able to compensate alterations in mechanical stretch, resulting in an irregular beating

behaviour.
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Figure 45: Frank-Starling mechanism. Control, NRAP-knock-down (KD) and homozygous
NRAP/MYC-overexpressing (OE hom) EHTs were investigated on day 22 of culture before
electrical stimulation at a frequency of 1 Hz in a Frank-Starling apparature. EHTs were stretched
with inter-mittent stretching steps of 20 um/2 min to which EHTs respond with a force increase.
Represented are the A) delta force [mN], B) the stretch length/force [mm’/mN] and C) expemplary
stretch-force traces of one batch of EHTs with n = 4 control EHTs and n = 3 NRAP-KD and
homozygous NRAP/MYC-OE EHTs from one cardiac differentiation (start and end of stretch are
indicated by red dashed lines).

6.5.3 Proteome

In order to investigate the underlying molecular pathways resulting in altered force,
electrophysiology and response to mechanical stretch in homozygous NRAP/MYC-OE
versus NRAP-KD EHTs, mass spectrometry of EHTs was performed. In total, 2479
proteins were identified, of which 182 were significantly different between control,
NRAP/MYC-OE and NRAP-KD EHTs.
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Clustering the samples from control, NRAP-KD and NRAP/MYC-OE EHTs in a principal
component analysis (PCA) revealed that control EHTs clustered closer to NRAP-KD EHTs
than to NRAP/MYC-OE EHTs (Figure 46 A). Concomitantly, the heatmap of all higher and
lower abundant proteins showed a more similar protein expression pattern between
control and NRAP-KD EHTs while the expression pattern in homozygous NRAP/MYC-OE
EHTs was diametrically opposed (Figure 46 B).
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Figure 46: Quantative proteomic analysis of EHTs. A) Principal component analysis (PCA) of
control (blue), NRAP-KD (dark red) and homozygous NRAP/MYC-OE (blue) EHTs and B) heatmap
respresenting top higher (red) or lower (blue) abundant proteins. Each dot represents one sample
that consists of three EHTs and originates from a separate differentiation (n = 4 differentiations).
Significantly higher and lower abundant proteins in NRAP-KD versus NRAP/MYC-OE
EHTs in comparison to control EHTs was visualised in volcano plots. In NRAP-KD EHTSs,
among the highest abundant proteins, glutathione peroxidase 4 (GPX4) and glycogen
phosphorylase (PYGM) that are related to metabolism or myosin heavy chain 6 (MYHG)
that is linked to cardiac contraction, were identified. In addition, the developmental
proteins SH3 domain binding glutamate rich protein like (SH3BGRL) and growth factor
receptor bound protein 2 (GRB2) were enhanced in NRAP-KD compared to control EHTs
(Figure 47 A). Analysis of Kyoto Encyclopedia of Genes and Genomes (KEGG) metabolic
pathways identified a connection of abundant proteins to various pathways including
adrenergic signalling in cardiac myocytes, cardiac contraction, DCM and HCM (Figure 47
C).
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Figure 47: Volcano plot and enrichment analysis of proteins identified by proteomic
analysis. A, B) Volcano plots representing the most differentially higher or lower abundant proteins
in NRAP-knock-down (NRAP-KD) or NRAP-overexpressing (NRAP-OE) EHTs and C, D) KEGG
pathways of enriched proteins that were significantly (p<0.05) higher or lower abundant in C)
NRAP-KD or D) NRAP-OE EHTs. The data derive from four independent differentiations (n = 4)
with each sample comprising three EHTSs.
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Among the lowest abundant proteins sideroflexin 1 (SFXN1) and cytochrome B5 type A
(CYB5A) and protein arginine methyltransferase 1 (PRMT1) were identified. KEGG path-

way analysis depicted an association to the citrate cycle and various metabolic pathways

(Figure 47 C).
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Figure 48: Clustering analysis of top higher and lower abundant proteins in NRAP-over-
expressing (OE) EHTs. Heatmaps represent the relative abundance as indicated by log2fold
changes of highest (red) to lowest (blue) abundant proteins of NRAP/MYC-OE and NRAP-knock-
down (KD) proteins. A) Top 20 higher abundant proteins in NRAP/MYC-OE EHTs and comparison
to NRAP-KD EHTSs, and B) top 20 lower abundant proteins in NRAP/MYC-OE EHTs. C) Regulation
of proteins involved in cardiomyopathies. Mean of four independent differentiations (n = 4) with
each sample comprising three EHTSs. Only values with p<0.05 were included into the analysis.

Among the top higher abundant proteins in homozygous NRAP/MYC-OE EHTs were
dysferlin (DYSF), tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation
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protein epsilon (YWHAE), the contraction-associated proteins tropomyosin 1 (TPM1),
ryanodine receptor 2 (RYR2) and myosin light chain 3 (MYL3), metabolic proteins such as
malate dehydrogenase 1 (MDH1) and glycogenin 1 (GYG1) were detected (Figure 47 B).
Interestingly, KEGG pathway analysis of homozygous NRAP/MYC-OE EHTs revealed that
higher abundant proteins were linked to metabolic pathways and different forms of cardio-
myopathies including HCM, DCM, ARVC and diabetic cardiomyopathy (Figure 47 D).
Among the top lower significantly different proteins, the endoplasmic reticulum oxido-
reductin-1-like (ERO1L) is associated with the ER while other lower abundant proteins
such as mitochondrial ribosomal protein S5 (MRPS5) and isocitrate dehydrogenase 3
non-catalytic subunit gamma (IDH3G) are linked to mitochondria or transportin 1 (TNPO1)
and Ras-related Nuclear Protein (RAN) to nuclear import and export (Figure 47 B).
Pathway analysis of lower abundant proteins showed involvement of ribosomes, the ER
and citrate cycle (Figure 48 D). To further investigate the impact of RNA expression,

transcriptomic analysis could be performed in addition.

Clustering the top 20 higher and lower abundant proteins of NRAP/MYC-OE EHTs
showed that the RYR2 was the highest abundant protein while CTNNA1 was lowest
abundant (Figure 48 A, B). In comparison to NRAP-KD EHTs, a differential protein
expression pattern was observed. Since the KEGG pathway analysis revealed an asso-
ciation to cardiomyopathies in both NRAP/MYC-OE and NRAP-KD EHTs, the proteomic
profile of related proteins was depicted in a heatmap (Figure 48 C). In NRAP/MYC-OE
EHTs, many cardiomyopathy-related proteins were higher abundant while in NRAP-KD
EHTs only MYL3 and ATPase sarcoplasmic/endoplasmic reticulum Ca?* transporting 3
(ATP2A3) were higher abundant compared to control EHTs (Figure 48 C).

In conclusion, both NRAP gain- and loss-of-function has been associated with a cardio-
myopathy-protein signature. Thereby, NRAP-KD EHTs display more similarities to control
EHTs than to homozygous NRAP/MYC-OE EHTs. Although overexpression of NRAP im-
pacted contractile parameters, NRAP localisation and electrophysiology, it remains un-

known how NRAP might be regulated upon progression to cardiac disease.

6.6 Impact of protein kinase D inhibition on NRAP

Previous reports of a yeast-2-hybrid screen from a human cardiac library for PKD1
revealed NRAP as a potential substrate or interaction partner (unpublished data from the
publication; Haworth et al. 2004). PKD1 has been characterised as a central hub in fetal
and hypertrophic signalling in cardiac myocytes by regulating various functions via MEF2-
dependent transcriptional regulation and target protein phosphorylation (Avkiran et al.

2008). Therefore, the aim was to investigate whether PKD impacts NRAP expression,
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NRAP localisation and phosphorylation and how this might be altered upon neurohumoral
activation of the PKD1-mediated myocyte enhancer factor 2 (MEF2)-dependent gene
transcription. For this purpose, NRVMs were used as they allow studying this conco-

mitantly in a developing and diseased model.

6.6.1 NRAP localisation and protein levels

Initially, NRVMs were exposed daily for up to 96 h to the pharmacological PKD inhibitor
BPKDi and/or the pro-hypertrophic stimulus phenylephrine (PE). Every 24 h of treatment,
immunofluorescent staining was performed. Over time, DMSO-treated NRVMs were in-
creasing in maturation as indicated by the localisation and intensity of the Z-disc marker
a-actinin or F-actin staining (Figure 49). NRAP was mainly located in the nuclear and
perinuclear areas. However, exposure to BPKDi initially showed nuclear and perinuclear
localisation of NRAP after 24 h of treatment but was distributed more to the cytosol after
96 h of treatment (Figure 49). The NRAP staining in the perinuclear area was character-
ised by distinct holes within the regular myofilament lattice. The maturation of NRVMs that
had been exposed to BPKDi was similar to the control cells that had been exposed to
DMSO. However, myofibrillar disarray was observed when PKD activity was inhibited in
NRVMs (Figure 49).

Exposure to the pro-hypertrophic stimulus PE matured myofilament structure as indicated
by distinct a-actinin staining as well as parallel and cross-striated F-actin staining (Figure
49). The staining of NRAP was located close to actin filaments and at later time points
such as 72 h and 96 h in close proximity to the intercalated disc regions. Combined
exposure of NRVMs to PE and BPKDi, resulted in sarcomere rupture after 24 h incubation
with more frequently disrupted areas with increasing incubation times (Figure 49).

Interestingly, NRAP was accumulating in those disrupted areas.

Since PKD inhibition altered the localisation of NRAP, the impact of PKD overexpression
simultaneously with or without pro-hypertrophic stimulation by PE and/or isoprenaline
(ISO) on NRVMs was investigated by immunofluorescence. While exposure to PE
enhanced maturation and resulted in NRAP localisation along actin filaments, exposure to
ISO led to retained NRAP accumulation in the perinuclear area (Figure 50 A). To achieve
PKD overexpression, a PKD-overexpressing adenovirus was used for transduction at the
beginning of the treatment. Due to a GFP-tag, the heterologously expressed PKD could
be distinguished from the endogenous PKD.

Control NRVMs that had been transduced with the PKD-overexpressing adenovirus
revealed more structured and paralleled Z-discs as indicated by o-actinin stainings
(Figure 50 B).

105



Results

106




Results

E) 96 h

B 4 R
/ .
; ]

Figure 49: Impact of protein kinase D inhibition and pro-hypertrophic stimulation on
myofilament structure. Neonatal rat ventricular myocytes (NRVMs) were incubated for 0-96 h
with DMSO or 3 uM BPKDi in presence or absence of 10 uM phenylephrine (PE). NRVMs were
fixed with 4% paraformaldehyde and stained for NRAP (red), a-actinin (green), F-actin (purple) and
nuclei (DAPI, blue). For negative controls, cells were only incubated with secondary antibodies.
Scale bars are equal to 20 um. The immunofluorescence images are representive images and
have been performed three times from three independent NRVMs isolations (n = 3).

The NRAP localisation was altered by PKD overexpression and was localised more
towards the cell-cell borders of cardiac myocytes. Additional exposure to PE resulted in
accumulation of NRAP in vacuole-like structures (Figure 50 B). Interestingly, no nuclei

were observed in those vacuole-like structures. Combined exposure to PE and ISO led to

NRAP accumulation in aggregates and altered sarcomere structure (Figure 50 B).
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PE +1SO

Figure 50: Impact of protein kinase D (PKD) overexpression in neonatal rat ventricular myo-
cytes. Neonatal rat ventricular myocytes (NRVMs) were incubated for 72 h with DMSO or 3 uM
BPKDi in presence or absence of 10 uM phenylephrine (PE) and/or 10 nM isoprenaline (1SO).
Cells were fixed with 4% paraformaldehyde and stained for NRAP (1:500; red), Z-discs with a-
actinin (green), F-actin with phalloidin (purple) and nuclei with DAPI (blue). Staining of A) NRVMs
treated with PE or ISO and B) additional exposure to 5 pL PKD-overexpressing adenovirus to each
35 mm dish for 24 h. Scale bar are equal to 20 pum. For negative controls, cells were only incubated
with secondary antibodies. The immunofluorescence images are representive images and have
been performed two times from two independent NRVMs isolations (n = 2).
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Subsequently, NRAP protein levels were investigated by western immunoblot analysis
with the same treatment conditions over 96 h (Figure 51 A). Overall, this revealed no
significant changes in NRAP protein levels although with high a standard error means in
three investigated samples derived from three independent NRVM isolations. However, a
slight increase in NRAP abundance over time with the highest levels at 96 h of treatments,
especially after exposure to the pro-hypertrophic stimulus PE was observed (Figure 51
B).
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Figure 51: Impact of protein kinase D inhibition and pro-hypertrophic stimulation on NRAP
protein levels. Neonatal rat ventricular myocytes (NRVMs) were incubated for up to 96 h with
DMSO or 3 uM BPKDi in the presence or absence of 10 uM phenylephrine (PE). A) Representative
western immunoblot for NRAP and actin as a loading control, and B) quantification of NRAP
protein level normalised to cardiac actin (n = 3).

Investigation of the structural and transcriptional regulation of NRAP by PKD revealed that
pharmacological inhibition PKD activity in NRVMs resulted in perinuclear, punctate-like
accumulation of NRAP. In contrast, PKD-overexpression revealed NRAP accumulation in
vacuole-like structures. Exposure of NRVMs to the pro-hypertrophic stimulus PE led to
NRAP translocation towards the lateral cardiac myocyte borders and concomitant PKD
inhibition revealed sarcomere rupture with NRAP translocation to these areas. Western
immunoblotting of NRAP revealed only a trend towards higher NRAP protein levels upon

pro-hypertrophic stimulation.

6.6.2 Contractile function

To assess the functional consequences of disturbed sarcomeric structure, cardiac cells
from neonatal rat hearts were isolated and assessed in a three-dimensional EHT format.
For investigation of the impact of PKD on the developing and diseased heart, NRVMs-
derived EHTs were exposed to the PKD inhibitor BPKDi and/or the pro-hypertrophic

stimulus PE at two different culture time points. For the early treatment timepoint, EHTs
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were treated with the respective stimuli from day 2 after the EHT generation and for the
late treatment from day 14 when the EHTs achieved their force plateau. After 7 days of
treatment, the EHTs were electrically synchonised to parallel the beating frequency of all

EHTs. Due to the force-frequency relation, this allowed to detect differences in force.

In early-treated NRVMs-derived EHTs, the force was significantly increased in BPKDi-
treated EHTs (0.13+0.02 mN) compared to DMSO control EHTs (0.08+0.1 mN) or the PE-
treated EHTs (0.09+0.01 mN; Figure 52 A). However, when NRVMs-derived EHTs were
exposure to PE alone or additionally no alteration in force was detected compared to the
DMSO control. Moreover, no significant impact on time to peak or relaxation time was
determined. The contraction pattern in early-treated EHTs was not altered as the NRVMs-

derived EHTs were beating as known for rats in bursts.
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Figure 52: Impact of protein kinase D (PKD) inhibition and pro-hypertrophic stimulation on
the contractile force. Neonatal rat ventricular myocytes (NRVMs)-derived engineered heart tissue
(EHT) were treated daily with DMSO or 3 uM of the pharmacological PKD inhibitor BPKDi, in pre-
sence or absence of 20 pM of the pro-hypertrophic stimulus phenylephrine (PE). The treatment
was performed as an A) early treatment from day 2-9 after the generation of EHTs or B) as a late
treatment from day 14-21 after the generation of EHTs when EHTs reached their force plateau.
Represented are different contractile parameters such as force [mN[, frequency [beats per minute
= BPM], time to peak (-80%) [s] or relaxation time (80%) [s] after electrical stimulation at 2.5 V and
2.5 Hz. For statistical analysis, one-way ANOVA, followed by Tukey’s posthoc test was performed
(* = p<0.05, ** = p<0.001 and **** = p<0.0001). These experiments have been performed three
times from three independent NRVMs isolations (n = 3).
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Compared to the early treatment, the late treatment revealed improved force in all four
treatment conditions. In late treated NRVMs-derived EHTs, BPKDi treatment (0.15+0.01
mN) resulted in higher force development compared to DMSO control EHTs (0.10+0.01
mN) but not to PE-treated EHTs (0.14+0.01 mN; Figure 52 B). In contrast to early-treated
NRVMs-derived EHTs, combined BPKDi and PE exposure of late-treated EHTs
(0.15+0.01 mN) revealed significantly higher force compared to the respective DMSO
control. Additionally, the duration to reach the contraction peaks was significantly higher in
PE- and combined PE and BPKDi late treated EHTs compared to DMSO- or BPKDi-
treated EHTs as indicated by the time to peak (TTP; Figure 52 B). For the relaxation time
no alterations between the treatment groups were detected. Interestingly, exposure of
late-treated NRVMs-derived EHTs to BPKDi resulted in impaired full relaxation during the

burst phase as depicted by the deteriorating contraction force traces (Figure 53).
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Figure 53: Impact of protein kinase D (PKD) inhibition and pro-hypertrophic stimulation on
contractility. Neonatal rat ventricular myocyte (NRVMs)- derived engineered heart tissue (EHT)
were treated daily with DMSO or 3 uM of the pharmacological PKD inhibitor BPKDi, in presence or
absence of 20 pM of the pro-hypertrophic stimulus phenylephrine (PE). The treatment was
performed as an A) early treatment from day 2-9 after the generation of EHTs or B) as a late
treatment from day 14-21 after the generation of EHTs when EHTs reached their force plateau.
Represented are pictures of EHTs taken during the contractility measurement and representative
force recordings of spontaneously beating EHTs. The red line depicts the force [mN] and the purple
line the velocity [mN/s. Scale bars are equal to 1 mm. These experiments have been performed
three times from three independent NRVM isolations (n = 3).
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Investigating the impact of pharmacological PKD inhibition in early- and late-treated
NRVMs-EHTs resulted in increased force in early while in late-treated EHTs the beating
behaviour was altered. Additional exposure to PE in late-treated NRVMs-EHTs resulted in

increased force and longer time to peak.

6.6.3 Structural impact
In order to investigate the structural impact of the treatments on NRVMs-derived EHTSs,

100 um thick EHT sections were investigated by immunofluorescence.

6.6.3.1 Sarcomeres

All EHT sections showed improved maturation compared to respective two-dimensional
NRVMs controls (Figure 54). Combined exposure to PE and BPKDi during the early treat-
ment, resulted similarly to experiments in two-dimensional treated NRVMs, to sarcomere
disruption as almost no a-actinin but still some disorganised F-actin were detected in the
distorted area (Figure 54 A). Interestingly, NRAP was accumulating in this area. In com-
parison to the early-treated NRVMs-EHTs, the late-treatment induced further maturation
with parallel aligned sarcomere structures (Figure 54 B). Apart from that no altered
localisations were detected except from NRVMs that had been exposed to the combined
treatment of late-treated EHTs with PE and BPKDi (Figure 54 B). In contrast to early-
treated NRVMs-EHTs no sarcomere disrupture was observed when EHTs were treated at

a later timepoint after they EHTs had already achieved their force plateau.

As it has previously been shown that dystrophin deficiency results in impaired contractile
tension of myofibrils and is related to Duchenne muscular dystrophy cardiomyopathy
(Pioner et al. 2020), immunohistochemical staining of dystrophin in EHT sections was per-
formed. In the early-treated NRVMs-derived EHTs, a tendency towards more dystrophin
staining in EHTs, that had been exposed to the pro-hypertrophic stimulus PE, was
observed and quantified by removal of the background (Figure 55 A). In contrast, in late-
treated NRVMs-derived EHTs exposure to this stimulus seemed to result in lower

dystrophin staining (Figure 55 B).

However, this experiment was only been performed once. Investigation of other immuno-
histochemical markers such as the apoptosis marker caspase3 or the proliferation marker
Ki67 revealed no alterations between the different treatment groups even though in the
late treated NRVMs-derived EHTs the caspase3 staining appeared less compared to
early-treated NRVMs-derived EHTs when exposed to BPKDI and/or PE (Supplementary
figure 10).
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Figure 54. Impact of protein kinase D (PKD) inhibition and pro-hypertrophic stimulation on
myofilament structure. Neonatal rat ventricular myocyte (NRVMs)- derived engineered heart
tissue (EHT) were treated daily with DMSO or 3 uM of the pharmacological PKD inhibitor BPKDi, in
presence or absence of 20 uM of the pro-hypertrophic stimulus phenylephrine (PE). The treatment
was performed as an A) early treatment from day 2-9 after the generation of EHTs or B) as a late
treatment from day 14-21 after the generation of EHTs when EHTs reached their force plateau.
The EHTs were used for sectioning to 100 um thick sections using the vibratome and subsequently
stained for NRAP (red), a-actinin (green), F-actin (purple) or nuclei (DAPI, blue). Scale bars are
equal to 20 pm. This immunofluorescence of EHT sections has been performed once (n = 1).
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Figure 55: Detection of dystrophin in NRVMs-derived EHTs after protein kinase D (PKD)
inhibition and pro-hypertrophic stimulation. Neonatal rat ventricular myocyte (NRVMs)-derived
engineered heart tissue (EHT) were treated daily with DMSO or 3 uM of the pharmacological PKD
inhibitor BPKDi, in presence or absence of 20 uM of the pro-hypertrophic stimulus phenylephrine
(PE). The treatment was performed as an A) early treatment from day 2-9 after the generation of
EHTs or B) as a late treatment from day 14-21 after the generation of EHTs when EHTs reached
their force plateau. The EHTs were used for immunohistochemical staining of dystrophin. The
background was removed and C) the dystrophin signal was quantified using ImageJ and
represented as percent of stained area/total area (n = 1). Scale bars are equal to 100 um.

Stuctural analysis of NRVMs-derived EHTs showed that exposure of late-treated NRVMs-
EHTs to BPKDi and PE induced sarcomere rupture. Exposure to the pro-hypertrophic
stimulus PE resulted in enhanced dystrophin staining in early-treated and less dystrophin
staining in late-treated NRVMs- derived EHTs.
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6.6.3.2 Mitochondria and lateral width of intercalated discs

Since pharmacological inhibition of PKD resulted in increased force in both, early- and
late-treated NRVMs-derived EHTs, mitochondria were investigated due to their crucial role
in energy provision. Transmission electron microscopy of early- and late-BPKDi-treated
NRVMs-derived EHT sections showed altered mitochondrial structures resembling
roundish structures in all EHTs that had been exposed to BPKDi and enlarged

mitochondria upon PE exposure (Figure 56 A).
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Figure 56: Structural alterations by inhibition of protein kinase D (PKD) and pro-
hypertrophic stimulation. A) Transmission electron microscopy (TEM) of neonatal rat ventricular
myocytes (NRVMs)-derived engineered heart tissues (EHTS) after daily treatment with DMSO or 3
UM of the pharmacological PKD inhibitor BPKDi, in presence or absence of 20 pM of the pro-
hypertrophic stimulus phenylephrine (PE). The early treatment was performed from day 2-9 after
generation of EHTs or as a late treatment from day 14-21 after generation of EHTs when EHTs
reached their force plateau. B) Measurements of lateral intercalated disc width in NRVMs-derived
EHT sections (n = 1). Scale bars are equal to 1 um.
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Additionally, alterations in intercalated disc width of these NRVMs-derived EHT sections
were observed. Therefore, images of different regions were used to measure the inter-
calated disc width as previously described (Wilson et al. 2014; Figure 56 B). This
quantification revealed a tendency in early-treated NRVMs-derived EHT sections towards
laterally wider intercalated discs when EHTs had been exposed to the pro-hypertrophic
stimulus PE. Similar results were measured in late-treated NRVMs-derived EHTs. Overall,
the measured intercalated discs were wider in late-treated compared to early-treated
NRVMs-derived EHT sections (Figure 56 B).

Further, the mitochondrial alterations that were observed in TEM, were additionally
assessed in two-dimensional NRVMs after treatment with or without BPKDi in the

presence or absence of the pro-hypertrophic stimulus PE with the live-cell stain MitoSPY

to investigate mitochondrial localisation by immunofluorescence (Figure 57).

E ...

Figure 57: Impact of protein kinase D (PKD) inhibition and pro-hypertrophic stimulation on
mitochondria. Neonatal rat ventricular cardiac myocytes (NRVMs) after daily treatment with
DMSO or 3 pM of the pharmacological PKD inhibitor BPKDi, in presence or absence of 10 uM of
the pro-hypertrophic stimulus phenylephrine (PE). Cells were stained for NRAP (red), a-actinin
(green), MitoSPY (orange) or nuclei (DAPI, blue) (n = 2). Scale bars are equal to 20 um.
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In control NRVMs, that were only incubated with DMSO, a perinuclear mitochondrial net-
work was detected while exposure to BPKDi resulted in a more diffuse and distributed
mitochondrial signal throughout the cell. Exposure to the pro-hypertrophic stimulus PE led
to mitochondria distribution along myofilament and additional exposure to BPKDi seemed
to disturb the mitochondrial network in a similar manner to the punctate localisation of
NRAP.

Overall, pharmacological inhibition of PKD activity led to structural alterations of
mitochondria in NRVMs and NRVMs-derived EHTs. Exposure of NRVMs-derived EHTs to
the pro-hypertrophic stimulus PE or longterm culture of EHTs showed a trend towards

wider intercalated disc dimensions.

6.6.4 Impact on protein expression

Investigation of contractile parameters and structural analysis in NRVMs-derived EHTs
revealed that pharmacological inhibition of PKD activity resulted in increased force and
concomitantly altered localisation of NRAP with sarcomere disruption upon additional
stimulation with the pro-hypertrophic stimulus PE. Hence, alteration of protein translation
and turnover were investigated in parallel to the functional consequences by mass
spectrometry. Prior to pharmacological treatment, NRVMs were cultured in SILAC light
medium. This was followed by exposure of NRVMs to BPKDi in presence or absence of
the pro-hypertrophic stimulus PE in SILAC heavy medium. In contrast to the SILAC light
medium, this medium contains the heavily-labelled amino acids arginine and lysine

allowing to specifically identify newly synthesised proteins.

Analysis of protein expression revealed that PKD inhibition resulted in less NRAP
expression (fold change = -1.15), whereas exposure to the pro-hypertrophic stimulus PE
(fold change = 1.84) or combined exposure to PE and ISO (fold change = 1.38) increased
NRAP protein synthesis significantly (Figure 58 A). Combined exposure of those stimuli in

presence of BPKDi revealed a non-significantly trend towards lower NRAP expression.

Regarding other significantly regulated proteins, exposure to PE as well as combined
exposure to PE and ISO led to decreased protein synthesis of proteins that are related to
mitochondria (e.g Echs1, Hspd1, Decr1, Ndufs4, Ndufa7, Coq9; Figure 58 B, D). In
contrast, more abundantly expressed proteins were related to actin organisation (e.g
Xirp2, Tagin2, Pdlim3, Enah).
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Figure 58: Impact of protein kinase D (PKD) inhibition and pro-hypertrophic stimulation on
protein expression. Neonatal rat ventricular myocytes (NRVMs) were treated daily for 72 h in
stable isotope labelling by/with amino acids in cell culture (SILAC) heavy medium with DMSO or 3
UM of the pharmacological PKD inhibitor BPKDi, in the presence or absence of 10 uM of the pro-
hypertrophic stimulus phenylephrine (PE) and/or 10 nM isoprenaline (ISO). Subsequently, mass
spectrometry was performed. A) NRAP expression compared to DMSO after treatment and
volcano plots after treatments with B) PE, C) BPKDi, D) PE and ISO, E) BPKDi and PE, or F) PE,
ISO and BPKDi. Represented are some of the proteins that were most significantly more or less
abundant. Proteins above the dashed red lines represent a p-value below 0.05. For statistical
analysis, one-way ANOVA, followed by Dunnett's posthoc test was performed (* = p<0.05, ** =
p<0.01, *** = p<0.001). These experiments have been performed three times (n = 3).
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However, pharmacological PKD inhibition reduced synthesis of proteins related to actin
organisation related proteins (e.g Xirp2, Synpo2, Myh7, Ldb3) and cytoskeletal proteins
(e.g Tnnt2, Tnni, Tpm2, Myoz2) while inducing synthesis of some ER/Golgi-related
proteins such as Calu and Rps21 and proteins involved in pathway regulation (e.g Ptges3,
Pepb1, Ppp4r2, Paics, Fabp5; Figure 58 C). When cells were additionally exposed to pro-
hypertrophic stimulation, less proteins of actin organisation were affected but instead the

protein Srsf1 that is related to splicing was higher abundant (Figure 58 E).

Furthermore, using the database for annotation, visualisation and integrated discovery
(DAVID) was used to catagorise regulated protein expressions to related KEGG metabolic
pathways (Figure 59). Interestingly, BPKDi treatment significantly increased protein ex-
pression of proteins that are involved in spliceosomal, phagosomal or lysosomal pathways
but also processes related to the Golgi and ER network while lower abundant proteins are

associated with cardiomyopathies and cardiac muscle contraction (Figure 59 A).

As the aim was to investigate the direct impact of PKD inhibition as well as the impact of
pro-hypertrophic stimulation on NRVMs, the top 20 more and less abundant proteins
derived from the SILAC data set were sorted for treatment with BPKDi or treatment with
PE (Figure 60 A). Among the top higher expressed proteins upon pharmacological PKD
inhibition, mainly proteins related to the coat protein complex Il (COPII) that ensure the
transport from the ER to the Golgi network or ER-Golgi intermediate compartment
(ERCIC) were found. These included S24, COP9 signalosome subunit 3 (COPS3), S61g,
sorting nexin 5 (SNX5) and sorting nexin 1 (SNX1). Moreover, proteins such as pyruvate
kinase (Pkm) or sulfiredoxin (Srx) that are related to mitochondria were more abundant
only if cells had been treated with BPKDi. Regarding the top 20 lower abundant proteins
after treatment with BPKDi, proteins such as Nedd8 and stress-induced protein kinase
CK1 delta (Csnk1d) were related to proteasomal degradation, while again mitochondria-
related proteins such as NADH dehydrogenase 1 beta subcomplex subunit 7 (Ndufb7)
and Reticulon-3 (Rtn3) were detected (Figure 60 A). However, most of the top hits were
related to sarcomere and actin organisation. This included the proteins tropomyosin
alpha-1 chain (Tpm1), Calponin-1 (Cnn1), LIM Domain Binding 3 (LDB3) and telethonin
(Tcap).

The top 20 upregulated hits after PE treatment were related to ribosomes (EH1ax, Tsr2),
epigenetic modifications (Chromobox Protein Homolog 1 (Cbx), trinucleotide repeat con-
taining adaptor 6B (Tnrc6b)), transcriptional processes (specificity protein 1 (Sp1), signal-

retaining autophagy indicator (Sra1); Figure 60 B).
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Figure 59: KEGG pathway analysis of the SILAC proteome. Neonatal rat ventricular myocytes
(NRVMs) were treated daily for 72 h in stable isotope labelling by/with amino acids in cell culture
(SILAC) heavy medium with DMSO or 3 uM of the pharmacological PKD inhibitor BPKDi, in the
presence or absence of 10 uM of the pro-hypertrophic stimulus phenylephrine (PE) and/or 10 nM
isoprenaline (ISO). Subsequently, mass spectrometry was performed and results were annotated
with the Database for Annotation, Visualization and Integrated Discovery (DAVID). Top higher and
lower expressed proteins were clustered to KEGG pathways for NRVMs treated with A) BPKDi, B)
PE, C) PE and I1SO, D) BPKDi and PE, E) BPKDi and PE and ISO. These experiments have been
performed in three times (n = 3).
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Figure 60: Top 20 higher and lower abundant proteins after protein kinase D (PKD) inhibition
and pro-hypertrophic stimulation. Neonatal rat ventricular myocytes (NRVMs) were treated daily
for 72 h in stable isotope labeling by/with amino acids in cell culture (SILAC) heavy medium with
DMSO or 3 pM of the pharmacological PKD inhibitor BPKDi, in the presence or absence of 10 pM
of the pro-hypertrophic stimulus phenylephrine (PE) and/or 10 nM isoprenaline (ISO). Sub-
sequently, mass spectrometry was performed. The top 20 most more and less abundant proteins
are represented as indicated with the z score with a Z score of 10 as most abundant and a Z score
of -8 as the less abundant. Log?2 fold change of the top 20 proteins sorted according to cells treated
with A) BPKDi or B) PE. These experiments have been performed three times (n = 3).

The top 20 lower expressed proteins were related to cell cycle (Poly(RC) binding protein 4
(Pcbp4), Ras-related protein A (Ral-A), RB transcriptional corepressor like 2 (Rbl2)) and
vesicle trafficking (Ral-A, Archain 1 (Arcn1), Bet1).
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Altogether, BPKDi-mediated inhibition of PKD activity decrased NRAP expression in
NRVMs while exposure to the pro-hyptertrophic stimuli PE and I1SO increased NRAP ex-
pression. Pathway analysis demonstrated that BPKDi exposure increased abundance of

proteins related to degradational pathways.

6.6.5 Regulation of degradational pathways by protein kinase D

Since the SILAC proteome analysis revealed that in BPKDi-treated NRVMs proteins with
involvement in vesicle transport were more abundant, NRVMs were treated with BPKDi
and/or PE and stained with a Golgi marker by immunofluorescence (Figure 61). In control
or BPKDi-treated NRVMs, the staining of the Golgi network was detected in close
proximity and on one site of the nucleus. In PE-treated NRVMs, the staining of the Golgi
network seemed to be in more distance to the nucleus but close to NRAP staining while

additional exposure to BPKDi resulted as previously described in sarcomere disrupture.

Figure 61: Impact of protein kinase D inhibition and pro-hypertrophic stimulation on the
Golgi network. Neonatal rat ventricular myocytes (NRVMs) were incubated for 72 h with DMSO or
3 UM BPKDi in presence or absence of 10 pM phenylephrine (PE). NRVMs were fixed with 4%
paraformaldehyde and stained for NRAP (red), a-actinin (green), F-actin (purple) and nuclei (DAPI,
blue). For negative controls, cells were only incubated with secondary antibodies. Scale bars are
equal to 20 um. This experiment has been performed once (n = 1).
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Interestingly, the staining of the Golgi network was similar to NRAP detected within the

disrupted areas. Conclusively, pharmacological PKD inhibition impacted Golgi localisation.

Furthermore, a higher abundance of proteins involved in degradation pathways was ob-
served in the SILAC proteome. Therefore, the impact of inhibiting the UPS or autophagy
system on NRAP protein levels were investigated while concomitantly treating NRVMs
with BPKDi and/or PE (Figure 62). Quantification of NRAP protein level revealed a
tendency towards increased NRAP protein levels when the UPS system was inhibited by
MG132 but not when the autophagy was inhibited in cells. When PKD was inhibited in
NRVMs and the UPS system was inhibited by MG132, this resulted in significantly higher
NRAP protein levels.
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Figure 62: Impact of protein kinase D inhibition and pro-hypertrophic stimulation on the
degradational pathways. Neonatal rat ventricular myocytes (NRVMs) were incubated for 72 h
with DMSO or 3 uM BPKDi in the presence or absence of 10 uM phenylephrine (PE). Additionally,
NRVMs were incubated for 24 h with 1 uM of the proteasome inhibitor MG132 or 3 h with 50 nM of
the autophagy inhibitor bafilomycin (BAFAL). A) Representative western immunoblot for NRAP and
actin as a loading control, and B) quantification of NRAP protein level normalised to cardiac actin
(n = 3). For statistical analysis, one-way ANOVA, followed by Dunnett’'s posthoc test was
performed (* = p<0.05).

Overall, NRAP protein levels increased upon inhibition of the UPS degradation system by
MG132, while inhibition of autophagy had no obvious impact on NRAP protein levels,

suggesting that the UPS regulates NRAP protein degradation.

6.6.6 Immunoprecipitation of NRAP

In order to investigate if PKD might impact NRAP by direct phosphorylation, NRVMs that
had been treated with or without BPKDi in the presence or absence of PE, were
investigated by immunoprecipitation using the NRAP antibody from Davids Biotechnology
followed by western immunoblotting (Figure 63 A). The immunoprecipitation process

showed high NRAP levels in the input and crude lysate whereas no NRAP was detected
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in the insoluble pellet (Figure 63 B). In the immunoprecipitated NRAP fraction (labelled as
IP) NRAP was detected at approximately 200 kDa but additionally in the control and
NRVMs that were treated with BPKDi and PE a signal at 80 kDa was detected. Moreover,
three bands below 50 kDa were detected in all four samples. However, almost no NRAP

could be detected in the final supernatant fraction.
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Figure 63: Immunoprecipitation of NRAP after pro-hypertrophic stimulation and inhibition of
the protein kinase D in neonatal rat ventricular myocytes (NRVMs). A) Schematic overview of
the immunoprecipitation (IP) procedure. NRVMs were treated for 72 h with DMSO or 3 uM BPKDi
or 10 uM of the pro-hypertrophic stimulus phenylephrine (PE). The cells were lysed and NRAP was
immunoprecipitated (1:200 anti-NRAP) according to the scheme. The IP fraction contained the
immunoprecipitated NRAP. B) Western immunoblot for NRAP of different samples taken during the
immunoprecipitation procedure to ensure successful immunoprecipitation of NRAP. C) Western
blot for a phosphoserine/threonin-specific antibody. This experiment has been performed once (n =
1).
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Due to successful immunoprecipitation of NRAP, these samples were probed by western
immunoblotting with an phosphoserine/threonine antibody to detect potential posttrans-
lational modification. The antibody detected a band in the input sample above 250 kDa
and 125 kDa while in the supernatant a band at approximately 90 kDa was detected
(Figure 63 C). However, in none of the immunoprecipitated samples containing NRAP, a
signal by the antibody was detectable, suggesting no phosphorylation of NRAP or
difficulties in the detection of NRAP phosphorylation.

The immunoprecipitation of NRAP was successful, but phosphorylation of NRAP by
western immunoblotting was not detectable with the available tools. Therefore, unbiased
phosphoproteomic analysis followed by mass spectrometry was performed with analysis

still ongoing.
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7. Discussion

Previous studies reported that mutations and altered expression of intercalated disc
proteins have been associated with the development of HCM, DCM and ARVC (Zhao et
al. 2019). A prominent intercalated disc protein is NRAP. Its loss-of-function has been
suggested to cause DCM (Koskenvuo et al. 2021). Since the precise molecular (patho)
physiological role of NRAP in cardiac disease development remains unknown to date, the
overarching aim of this thesis was to investigate whether NRAP protein abundance
impacts the development of cardiac disease development and whether the function of
NRAP might be regulated by posttranslational modifications. To achieve these aims,
contractile function and response to mechanical stretch was studied in a gene-dose
dependent manner in NRAP/MYC-OE and NRAP-KD hiPSC-derived cardiac myocytes
and EHTs as well as in NRVMs and NRVM-derived EHTs.

7.1 Normoxic oxygen tensions impact on hiPSC characteristics

The tissue culture model that this thesis was based on are hiPSC. To start, the impact of
oxygen on hiPSC culture was studied. Tissue-resident stem cells reside in hypoxic niches
(Shooter and Gey 1952). Cultivation of stem cells at oxygen conditions that differ from
their physiological niche results in chromosomal abnormalities and decreased pluri-
potency. Accordingly, a study of human embryonic stem cells showed that culture at 20%
O. resulted in significantly increased spontaneous chromosomal aberrations in

comparison to cells that had been incubated at 2% O (Forsyth et al. 2006).

Generally, it is presumed that proliferating stem cells can quit the G4 phase of the cell
cycle by either entering a reversible and quiescent Go phase or an irreversible Go phase
that might result in differentiated or senescent cells (Cheung and Rando 2013). For
hematopoietic stem cells, it has been shown that those cells can reside in the quiescent
Go phase to overcome conditions abnormal to their physiological niche (Shima et al.
2010). In the quiescent phase, hematopoietic stem cells accumulate more mutations due
to less efficient DNA repair mechanisms (Beerman et al. 2014). This indicates that
normoxic-cultured hiPSC might acquire a quiescent state. However, compared to
incubation at hypoxic conditions, cultivation of hiPSC at normoxic oxygen tension resulted
in increased levels of senescence compared to hypoxic incubation as indicated by the
detection of increased levels of the senescence marker SA-B-galactosidase. However,
senescent cells lose their proliferative properties and ability to re-enter the cell cycle
(Campisi 2011). Interestingly, the normoxia-induced senescence could be partially

reversed by culture in pre-conditioned hypoxic medium. This suggests that paracrine
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factors released in the cell culture media induce senescence and that cells potentially

partially reside in the senescent Go phase and partially in the quiescent Go phase.

Since senescence or apoptosis might be the consequence of high oxygen concentrations
and thus the production of ROS (Balaban et al. 2005), mitochondrial complexes were
further investigated. An important oxygen-dependent regulator of the hypoxia-inducible
gene expression pattern is HIF1a (Lee et al. 2004). As expected, HIFla mRNA and
protein expression was lower upon normoxic culture of hiPSC and this coincided with
lower NDUFA4L2 expression and decreased accessibility of the chromatin structure of the
NDUFA4L2 gene. In murine embryonic fibroblasts, it has been reported that NDUFA4L2 is
a downstream target of HIF1a, which inhibits mitochondrial complex | activity, thus
resulting in lower ROS production during hypoxic culture conditions (Tello et al. 2011). In
addition, a reduction in mitochondrial respiration and ROS formation was observed upon
adenoviral NDUFA4L2 expression in skeletal mouse muscle (Liu et al. 2021b). The
NDUFA4L2 protein sequence shares a high similarity with the sequence of NDUFA4 and
is therefore postulated as a paralog of NDUFA4 (Tello et al. 2011). Previously, NDUFA4
was considered to be related to the mitochondrial complex | (Tello et al. 2011), however it
has been shown by complexome analysis of mouse cells that NDUFA4 is a subunit of the
mitochondrial complex IV (Balsa et al. 2012). In contrast, mitochondrial complexome
analysis of normoxic- and hypoxic-cultured hiPSC could not detect NDUFA4L2 as an
integral part of the mitochondrial complex IV at least in this experiment system.
Interestingly, NDUFA4L2 was only detected in hypoxic- but not in normoxic-cultured
hiPSC. NDUFA4L2 might only associate with complex IV without being an internal part of

it or might contribute to the mitochondrial complex IV in mice but not in human hiPSC.

7.2 Successful generation and validation of a human NRAP antibody

Since previous studies reported an involvement of NRAP in the developing and diseased
heart, the advantages of hiPSC differentiation to cardiac myocytes was used to enable
studying NRAP on a human genetic background. Human NRAP mutations resulting in a
loss-of-function were correlated with the human DCM phenotype (Truszkowska et al.
2017; Zhang et al. 2023) while DCM mouse models such as the MLP-KO mouse led to
accumulation of NRAP protein (Ehler et al. 2001). NRAP protein levels were investigated
in human samples of NF, DCM, HCM or ICM. However, NRAP abundance was not
significantly altered between samples.The discrepancy might be caused due to a limited
availability of patient samples and in consequence high variability. Especially in the NF
heart samples the variability between different patient samples was high. Although the

accessibility to human heart tissue is limited, analysis of more samples would provide
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more reliable results on whether NRAP protein levels correlate with the type of heart

disease.

Furthermore, we used our custom-made NRAP antibody to investigate subcellular
distribution of NRAP in DCM heart sections as well as in hiPSC-derived cardiac myocytes
or EHT sections. Application of the antibody for immunofluorescence enabled detection of
NRAP at intercalated discs in DCM heart sections whereas NRAP localisation in hiPSC-
derived cardiac myocytes or EHT sections was distributed throughout the cell.
Investigation of different fixation methods did not impact this signal. Since immuno-
fluorescence staining revealed correct localisation and detection of NRAP in DCM heart
sections, but not in hiPSC-derived cardiac myocytes and EHTSs, this suggests that NRAP
might be distributed in the cytosol due to immaturity of hiPSC cardiac myocytes. The
absence of intercalated dics in hiPSC-derived cardiac myocytes seems to be a general
disadvantage of this model. In experimental murine models, the formation of intercalated
discs have been shown to mainly occur postnatally and is thereby considered as a feature
of maturity (Hirschy et al. 2006; Pieperhoff and Franke 2007). The immaturity of hiPSC
has been previously reported as a limiting aspect in hiPSC models and different strategies
have been developed to enhance hiPSC cardiac myocyte maturation (Thomas et al.
2022). This includes prolonged culture time, metabolic maturation by medium
supplementation with hormones, physical treatments such as electrical stimulation or

rotation or culture in three dimensional EHT formats.

Although the antibody was developed based on detection of human NRAP, the aim was to
also test its ability to detect NRAP in mouse and rat heart tissue due to high sequence
homology. In cardiac mouse and rat tissue, the antibody detected the correct NRAP band
but also cross-reacted with MHC and an additional band at approximately 100-115 kDa
while the immunofluorescence showed the NRAP localisation towards the intercalated
discs. However, during preparation of SDS samples for western immunoblotting, tertiary
protein structures are destroyed while they are maintained during their in situ detection by
immunofluorescence which might explain the cross-reactivity observed by western
blotting. Immunological cross-reactivity has previously been described if the antibody
epitope and binding sites share homologous amino acids (Kharrazian et al. 2020).
Especially in polyclonal antibodies, the cross-reactivity results from multiple epitope
recognition but can be lowered by affinity purification of the antibody (Ascoli and Aggeler
2018).

The immunisation of the NRAP antibody was performed by using a peptide sequence

against a N-terminal nebulin repeat. However, other family members of the nebulin family,
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such as nebulette, share a homology to these nebulin repeats (Pappas et al. 2011). The
molecular weight of human nebulette is 107 kDa (Pappas et al. 2011). The mouse
isoforms are described on the NCBI website to consist of 102 kDa (917 amino acids) and
30 kDa (270 amino acids) while rats only express one nebulette isoform of 106 kDa (952
amino acids). This suggests that the detected cross-reactivity at 100-115 kDa could
possibly be caused by binding of the NRAP antibody to a nebulin-repeat in the protein
nebulette (Supplementary figure 9).

7.3 Impact of NRAP modulation on hiPSC-derived cardiac myocytes
The combination of the CRISPR-Cas9 engineering technology and the hiPSC cell techno-
logy constitutes an ideally-suited opportunity to unravel disease mechanisms on a human
genetic background. To study whether altered NRAP levels are associated with cardiac
myocyte dysfunction, stable homo- and heterozygous NRAP/MYC-OE and NRAP/GFP-
OE cell lines and a NRAP-KD hiPSC line were successfully generated.

However, these technologies are accompanied by side effects such as undesired genetic
alterations or variabilities. The CRISPR-Cas9 system might induce chromosomal re-
arrangements and karyotype abnormalities if the DNA re-ligates after double-strand
breaks induced by the Cas9 (Liu et al. 2022). To overcome this issue, CRISPR-Cas9-
induced chromosomal rearrangements were ruled out by several quality controls.
CRISPR-induced chromosomal aberrations and insertions or deletions were excluded by
karyotyping and sequencing of the appropriate DNA loci around the PAM sites. Although
the Cas9 reliably generates DNA double-strand breaks after base pairing between a
desired gene locus adjacent to a PAM site and the custom-designed sgRNA, off-target
effects occur if the Cas9 cleaves untargeted genomic sites (Jinek et al. 2012; Pacesa et
al. 2022; Wang et al. 2016). To minimise off-target effects, RNP-based nucleofection was
preferred over gRNA- and Cas9-containing plasmids allowing constant expression for
days compared to RNP complexes that are rapidly degraded (Gaj et al. 2012; Kim et al.
2014). Further, the ten most likely predicted off-target loci for each gRNA locus were
validated by sequencing. This reduces the probability of selecting a cell clone with
unspecific DNA double-strand breaks induced by the Cas9. Opportunities to further
reduce the incidence of using cell clones with off-targets might be Southern blotting or
whole genome sequencing. However, by whole genome sequencing it has been shown
that the probability of off-target effects in hiPSC induced by Cas9 is rather low (Veres et al.
2014).
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7.3.1 NRAP-OE

For the generation of a stable NRAP-OE cell line, transgene integration into the safe
harbour locus was performed since this has not been shown to negatively impact cell
viability or chromatin structure (Ogata et al. 2003; Smith et al. 2007). Transgene
integration can be achieved by using homology arms that range between 50 bp and 2 kbp
depending on the inserted gene of interest (Byrne et al. 2015; Orlando et al. 2010). In this
thesis, the homology arms were each approximately 800 bp long, which is in accordance
with successfully and commonly used homology arms in the literature (Oceguera-Yanez et
al. 2016).

Targeting of the AAVST locus by CRISPR/Cas9 has been reported to lead to editing
efficiencies in iPSC between 0.1 and 4% (Mali et al. 2013; Roberts et al. 2017). To
enhance the percentage of positively edited hiPSC, puromycin resistance of the
simultaneously integrated gene inserted into the safe harbour locus was used (Luo et al.
2014; Oceguera-Yanez et al. 2016). The application of puromycin as a selection marker
results in only a few surviving cells with high chance of selection of successfully edited
cells (Lyu et al. 2018). Even though CRISPR efficiencies were not determined due to the
absence of a marker protein such as GFP, many of the remaining cells after puromycin

selection were positively edited, suggesting a high efficiency of this CRIPSR strategy.

In order to achieve overexpression of NRAP exclusively in cardiac myocytes, in addition to
the protein expressed from the endogenous NRAP gene, NRAP expression from the
transgene was driven by the ¢cTnT promotor, which has been shown to achieve cardiac-
specific expression (Kolwicz et al. 2016). Hence, this allows specific expression of NRAP
in cardiac myocytes, but not in other undefined cell types that are routinely present at low
percentage after cardiac differentiation. In addition, the MYC-tag or the GFP-tag at the C-
terminus of the integrated NRAP allowed to distinguish between endogenous and trans-
genic NRAP in cardiac myocytes. For validation of successful integration into the safe har-
bour locus, long-range PCRs were combined with sequencing of different genomic parts
of the insert as well as overlapping DNA parts of genomic and plasmid origin. However,
this validation process is error-prone if no long-range amplicon is expressed or plasmids
are integrated into a different locus. A more reliable opportunity to confirm the genotype is
Southern blotting (Oceguera-Yanez et al. 2016). This allows to distinguish between
hetero- and homozygous clones and unveils whether additional plasmid rearrangements

occurred (Oceguera-Yanez et al. 2016).
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7.3.2 NRAP-KD

For the generation of a NRAP-KD, the promotor-flanking region, the promotor and the
DNA sequence covering the first exons of NRAP, including the start codon, were removed
to prevent the production of a truncating protein or the activation of nonsense-mediated
decay. The induction of two double-strand breaks to remove the desired 5328 bp of the
DNA sequence was used since the induction of only one double-strand break has several
disadvantages. In the latter case, frameshift mutations might occur, destroying the reading
frame (Zimmer et al. 1994). If the open reading frame is too short, the frameshift mutation
might only lead to the reintegration of a downstream start codon (Zimmer et al. 1994).
Instead, if the frameshift mutation is located downstream of the start codon, this might
result in a premature stop codon that activates the cellular nonsense-mediated decay
preventing the translation of the mRNA into a protein (Hug et al. 2016). If the premature
stop codon is in the final exon, the expression of a truncated and partially functional
protein might occur (Hug et al. 2016). For induction of a more predictable gene KO in
hiPSC, two double-strand breaks were induced, followed by NHEJ that resulted in an

efficient opportunity to generate loss-of-function cell lines (Liu et al. 2016).

However, the DNA sequence of 5328 bp was only removed on one allele while 8 bp from
the other allele around the PAM sequence were removed. This indicates a successful
DNA double-strand break on one allele around the PAM site in the promotor flanking
region but not at the second PAM site in the NRAP exon. The 8 bp induced deletion in
gRNA1 might be causative due to NHEJ occuring and indicate that the gRNAZ2 in the
NRAP exon might have a lower on-target score. This could explain why no homozygous
NRAP-KO clone was identified among all 150 screened hiPSC clones except one clone
that died during production of a master cell bank. Another explanation could be that
homozygous NRAP-KO hiPSC might not be viable. The homozygous KO of intercalated
disc proteins was shown to often result in embryonic lethality around the onset of cardiac
myocyte differentiation (Perriard et al. 2003). To our knowledge, there are no established
NRAP-KO animal models described in the literature. This might suggest that these
animals might not be viable and supports the importance of NRAP for proper formation

and functioning of myofibrils.

However, the validation of the cell clone by whole genome sequencing would be more
reliable since no allelic dropout could occur as recently described for PCR-based
validation methods (Simkin et al. 2022). In this study, 33% of previously correctly validated
hiPSC clones by PCR and Sanger sequencing, showed on-target genomic defects by

whole genome sequencing.
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Since the aim was to study NRAP in a gene-dose dependent manner, the NRAP-KD
hiPSC clone with a 5328 bp deletion on one allele and a 8 bp deletion on the other allele
was used to study the loss-of-function effects of NRAP. Because the 8 bp deletion occurs
around the PAM site in the promotor-flanking region, it is not expected to result in a

truncating or functionally impaired protein.

7.3.3 Differentiation into hiPSC-derived cardiac myocytes

Since NRAP has been described to be exclusively expressed in skeletal and cardiac
muscle tissue, the differentiation of genetically-edited NRAP-hiPSC lines to ventricular
cardiac myocytes was urgently required. The established cardiac differentiation protocol in
our institute for cardiac differentiation includes the incubation with 8 ng/mL activin A.
However, this resulted in low differentiation efficiencies. Higher activin A concentrations
(12 ng/mL) promote the differentiation of hiPSC to ventricular cardiac myocytes while
lower activin A concentrations rather result in the differentiation of atrial cardiac myocytes
(Lee et al. 2017). Therefore, the differentiation protocol was explicitly optimised for the
NRAP hiPSC lines. To this end, a concentration of 12 ng/mL activin A in combination with
different cell densities was applied, resulting in higher efficiencies of cardiac myocyte
differentiation as indicated by high values of cTnT-positive cells measured by flow

cytometry.

Despite several quality controls and the usage of the same cell densities and growth
factors during parallel differentiations, high variabilities of differentiation efficiencies were
observed in hiPSC and hiPSC-derived cardiac myocytes. A large-scale study using
genome-wide profiling of 711 hiPSC lines from overall 301 healthy probands found
phenotypical and differentiation efficiency variabilities of 5-46%, which are caused by the
different genetic backgrounds of the probands (Kilpinen et al. 2017). Moreover, high
batch-to-batch variability was reported for hiPSC-derived cardiac myocyte expression of
cardiac ion channels which might impact contractile parameters (Huo et al. 2016). In
addition, these high variabilities between batches could be further assessed in the EHT
format (Mannhardt et al. 2020). Therefore, several differentiations and EHT batches were
included to allow reliable conclusions to be drawn regarding the observed structural and
functional alterations between different NRAP cell lines. To further ensure the impact of
NRAP gain- and loss-of-function on cardiac contractility, more than one clone per
genotype should be investigated, which was beyond the scope of this thesis due to time

and cost limitations.
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7.3.4 NRAP mRNA and protein expression

Prior to analyse the structural and functional consequences of NRAP/MYC-OE and
NRAP-KD hiPSC-derived cardiac myocytes, the priority at first was to ascertain
overexpression or knockdown of NRAP in cardiac myocytes. In NRAP-KD EHTs, NRAP
mRNA was 60% decreased, which indicates that the 8 bp deletion in the promotor-flanking
region might impact NRAP gene expression since a 50% mRNA reduction would be
expected for a heterozygous NRAP-KO line. Therefore, inclusion of more than the here
investigated 5-9 EHTs from three batches are required to strengthen these observations.
Interestingly, on a protein level, NRAP was not detectable in NRAP-KD or control hiPSC-
derived cardiac myocytes. In contrast, a robust signal for NRAP was detectable by
western blotting with simultaneous detection of the C-terminal MYC-tag in NRAP/MYC-OE
cardiac myocytes. This proves increased protein expression of the transgene NRAP/MYC

and thereby successful generation of NRAP/MYC-OE hiPSC-derived cardiac myocytes.

However, no difference in NRAP mRNA levels could be detected between NRAP/MYC-OE
and control EHTs. To corroborate this observation, it would be necessary to include more
EHTs in the gene expression analysis. An explanation for this apparent discrepancy bet-
ween mMRNA and protein levels might originate from different culture conditions and con-
sequently differences in maturity since NRAP mRNA fold changes were determined from
EHTs after three weeks of culture suggesting higher levels of maturity compared to two
dimensional cardiac myocytes that were used for NRAP protein quantification. Moreover,
the discrepancies between mRNA and protein levels might be caused by differences in
degradation processes for mRNA and proteins since NRAP has previously been shown to
be targeted by UPS-mediated degradation (Witt et al. 2005). Another explanation for the
absence of increased mRNA levels in NRAP-OE EHTs could be that a fast translation of
the transgenic NRAP/MYC mRNA to protein occurs since no alternative splicing or

modification of the transgenic NRAP is required.

7.3.5 Modulation of NRAP lead to structural alterations in cardiac myocytes

Structural alterations after NRAP gain- and loss-of-function were investigated in two-
dimensional cultured hiPSC-derived cardiac myocytes. The custom-made NRAP antibody
revealed mainly nuclear staining, which might represent an artefact and indicates that this
antibody is not properly functioning in this cell system. In contrast, the commercial human
NRAP antibody showed NRAP localisation at Z-discs in control and NRAP-KD EHTSs,
similarly to our previous observations in heart sections of DCM patients as exemplified in

the section containing the antibody validation process. This indicates that NRAP-KD
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cardiac myocytes are either undergoing the fetal gene program or that this program is

induced upon hypertrophy as previously reported (Taegtmeyer et al. 2010).

Indeed, in heterozygous and homozygous NRAP/MYC-OE cardiac myocytes, trans-
location of NRAP towards the lateral cell borders was detectable suggesting potentially
enhanced maturation. Similar NRAP localisation has been observed when immature
NRVMs were exposed to the pro-hypertrophic stimulus PE. The myofilament structure
appeared disorganised in NRAP/MYC-OE cardiac myocytes in comparison to control
cardiac myocytes or NRAP-KD cardiac myocytes where myofilaments were aligned in a
parallel manner. Since NRAP has a crucial role in I-Z-1 band assembly in early
myofibrillogenesis (Carroll et al. 2004), overexpression of NRAP might impact the correct

alignment of newly formed sarcomeres.

7.3.6 Gain- and loss-of-function of NRAP impacts contractile parameters

For the investigation of a gene-dose-dependent impact of NRAP on contractile
parameters, genetically modified NRAP-EHTs were investigated. Commonly, EHTs are
generated from differentiated hiPSC-derived cardiac myocytes with a cardiomyocyte
content within the cells of a differentiation between 60-90% (Mannhardt et al. 2016).
Accordingly, hiPSC-derived cardiac myocyte fractions with more than 60% cTnT-positive
cells were considered acceptable to enrol into the EHT generation. Although mean cTnT
values varied between single EHT batches and cell lines, the mean cTnT value of all
batches was similar between different cell lines allowing to detect differences in structural

and contractile functions.

In spontaneously-beating NRAP-KD, hetero- and homozygous NRAP/MYC-OE EHTs
shorter relaxation time (80%) and enhanced contraction velocity was detected compared
to control EHTs. These contractile characterisitics have been previously observed in
neonatal, heterozygous Mybpc3-KI mice-derived EHTs that develop a HCM phenotype
(Stohr et al. 2013).

Interestingly, NRAP-KD EHTs developed a slower relative early RT but faster late RT than
control EHTs whereas homozygous NRAP/MYC-OE EHTs developed a slower relative
early TTP and faster relative late TTP. The functional observations in NRAP/MYC-OE
EHTs are in accordance with the action potential measurements that revealed a less
negative diastolic potential in comparison to control EHTs that is defined as MDP. This has
been associated with low densities of the inward rectifier current (Ik1) and originates from
immaturity of hiPSC-derived cardiac myocytes (Ma et al. 2011). In addition a less negative
TOP and a lower Vmax was detected in homozygous NRAP/MYC-OE EHTs compared to
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control EHTs. These findings combined with altered time to peak durations indicate that
altered sodium current (Ina) activity might be involved in these electrophysiological
alterations in homozygous NRAP/MYC-OE EHTs (Ismaili et al. 2023).

Assessment of electrically synchronised EHTs revealed significantly lower force and
relaxation time (80%) in all genetically-modified NRAP EHTs compared to their respective
control group. Additionally, NRAP-KD EHTs showed a faster time to peak (-80%) than
control EHTs. In a study of severe childhood cardiomyopathies, a homozygous nonsense
variant (c.1344T>A) in NRAP was detected leading to a premature stop codon and
truncating protein (Vasilescu et al. 2018). Thus the truncating NRAP mRNA was not
degraded and resulted in a dysfunctional protein suggested to cause severe childhood
cardiomyopathies with enlarged left ventricle and decreased ejection fraction. Another
study detected a homozygous NRAP loss-of-function variant (c.259delC) that caused left
ventricular non-compaction cardiomyopathy (LVNC) in a patient, phenotypically
characterised by dilated left atrium and ventricle accompanied by decreased heart
function (Zhang et al. 2023). This variant was modelled in a zebrafish resulting in
disorganised cardiac myocytes and lower gene expression related to cardiac development

emphasising the importance of NRAP on unperturbed contraction (Zhang et al. 2023).

On the opposite, these genes were upregulated in NRAP-OE mice which were associated
with the development of right ventricular cardiomyopathy resulting right ventricular dilation
and decreased ejection fraction with minor impact on left ventricular performance (Lu et al.
2011). In essence, NRAP loss-of-function has been reported to affect the left ventricle
function while NRAP gain-of-function predominantly affected the right ventricle with both
cases enhancing fetal and hypertrophic gene expression and developing dysfunctional
ejection fraction. This is in accordance with our observations in NRAP-KD and
NRAP/MYC-OE EHTs that developed significantly less force than their isogenic control
EHTs.

7.3.7 NRAP impacts mechanical stiffness

Exposing EHTs to increased mechanical stretch unveiled that homozygous NRAP-OE
EHTs responded to mechanical stretch with inability to follow the electrical pacing.
Interestingly, NRAP upregulation has been linked to the most common form of cardiac
arrhythmia, the atrial fibrillation (Liu et al. 2021a). This is corroborated by our observations
of alterations in electrophysiological parameters such as less negative MDP, RMP and
higher RR-scatter in homozygous NRAP/MYC-OE EHTSs, confirming indeed a causal link

between NRAP protein abundance and the pro-arrhythmic phenotype.
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In contrast, NRAP-KD EHTs demonstrated unperturbed contractility during increased
mechanical stretch even better than isogenic control EHTs. Myocardial stiffness depends
on cardiac myofilament characteristics such as the isoform abundance of titin (Linke
2008). Variations of titin stiffness has been linked to different forms of cardiomyopathies.
In HCM, titin-dependent stiffness was increased (Herwig et al. 2020), while titin-dependent
stiffnress was lower in DCM (Nagueh et al. 2004). This indicates that NRAP loss-of-
function might also result in decreased stiffness allowing to compensate higher

mechanical stretch.

7.3.8 NRAP/MYC-OE and -KD enhance cardiomyopathy-related proteins
Proteome and subsequent bioinformatic KEGG pathway analysis of NRAP/MYC-OE and
NRAP-KD revealed that both, gain- and loss-of-function lines were associated with over-
representation of cardiomyopathy signalling pathways. Interestingly, this association was
more pronounced in NRAP/MYC-OE EHTs compared to NRAP-KD EHTs, which showed a
protein expression pattern more similar to control EHTs than to NRAP/MYC-OE EHTs.

Since higher and lower NRAP protein levels enhance cardiomyopathy-signalling
pathways, this indicates that NRAP protein expression must be tightly controlled for
proper functioning of cardiac myocytes. This is supported by similar observations that
have been made upon modulation of the adherens junctional protein N-cadherin.
Homozygous N-cadherin KO mice died early during embryonic development, whereas N-
cadherin overexpressing transgenic mice developed a DCM phenotype (Ferreira-Cornwell
et al. 2002; Radice et al. 1997). In a different study, either KO mice with a deletion of
ventricular adherens junctional protein B-catenin or B-catenin-overexpressing mice with a
non-degradable form of B-catenin by removal of phosphorylation sites were generated.
The B-catenin overexpressing mice developed DCM with premature death at the age of 6
months and displayed enhanced NRAP expression, but not other intercalated disc
proteins (Hirschy et al. 2010). The KO mice did not show overt phenotypically alterations
in contrast to other mouse models such as cardiac-specific KO of vinculin or a-E-catenin,
that resulted in DCM or sudden cardiac death (Sheikh et al. 2006; Zemljic-Harpf et al.
2007).

In addition, NRAP/MYC-OE EHTs showed increased protein abundance of MYH7, RYR2
and higher abundant proteins association with mitochondria, which has also been linked
to maturation of cardiac myocytes (Guo and Pu 2020). However, NRAP/MYC-OE EHTs
concomitantly showed increased protein levels of slow skeletal troponin | (TNNI1) that has

been associated with immaturity of cardiac myocytes (Hunkeler et al. 1991). During
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cardiac myocyte maturation, a switch from the TNNI1 isoform to the TNNI3 isoform has
been reported (Guo and Pu 2020; Hunkeler et al. 1991). However, TNNI3 was not
detected in NRAP/MYC-OE EHTs and instead significantly lower abundant in NRAP-KD
EHTs. Moreover, NRAP-KD EHTs were associated with  MYH6 instead of MYH?7,
suggesting an immaturity of NRAP-KD EHTs (Guo and Pu 2020). Due to the
representation of mixed features of immature and mature cardiac myocytes in
NRAP/MYC-OE, NRAP gain-of-function might enhance maturation since NRAP was also
translocated towards the lateral borders of hiPSC-derived cardiac myocytes, which occurs

during the maturation process of cardiac myocytes.

Overall, this indicates the importance of a tight protein expression control of intercalated
disc proteins within cardiac myocytes, and that impaired control mechanisms might result
in pathophysiological phenotypes. In this work, NRAP gain-of-function had a more severe
impact on cardiac myocyte function than NRAP loss-of-function. However, both NRAP
gain- and loss-of-function resulted in pathophysiological phenotypes indicating that
molecular control mechanisms governing protein composition in critical microdomains in
the cell are required to balance the physiological NRAP protein levels. Thus far, it remains
elusive how physiological NRAP levels might be regulated and how dysfunctioal

regulation leads to the progression of cardiac disease.

7.4 PKD-mediated regulation in the developing and diseased heart

7.4.1 Impact of PKD inhibition on NRAP expression and phosphorylation
Since NRAP was identified as a putative substrate or interaction partner of PKD1
(unpublished data from the publication Haworth et al. 2004) and PKD1 has been identified
as a central signalling hub controlling fetal and hypertrophic gene expression (Avkiran et
al. 2008), the direct impact of PKD1 activity on NRAP expression, localisation and
phosphorylation was investigated by using BPKDi, a pharmacological PKD inhibitor. This
inhibitor has been shown to prevent PKD autophosphorylation efficiently, thus inhibiting its
activation and downstream HDACS phosphorylation upon GPCR stimulation by
endothelin-1 and PE (Monovich et al. 2010; Stathopoulou et al. 2014). BPKDi selectively
inhibits PKD1 with an ICso of 1 nM leading to abolished PKD1 levels upon exposure to 1
uM of the inhibitor (Monovich et al. 2010).

The Inhibition of PKD activity significantly decreased NRAP protein expression suggesting
that PKD1 is involved at least in the regulation of NRAP expression. PKD1 has been
shown to promote fetal and hypertrophic gene transcription by phosphorylation of HDAC5
(Vega et al. 2004). The latter results in the nuclear export of HDACS and thus the
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disinhibition of MEF2-regulated gene transcription (Figure 64 A; Lu et al. 2000). MEF2
has been described as a crucial transcription factor in the cardiac gene program during
embryogenesis and cardiac hypertophy (Akazawa and Komuro 2003). Hypertrophic gene
expression can be induced by the GPCR agonist PE that promotes activation of the
PKD1/HDAC5/MEF2 signalling axis (Simsek Papur et al. 2018). Since exposure of
NRVMs to PE increased NRAP protein abundance but not when PKD activity was
inhibited, strongly suggests that NRAP expression might be regulated by PKD1 via the
HDACS/MEF2 axis (Figure 64 A, B). However, another study identified the transcription
factor Prox1 to induce Nrap transcription while cardiac-specific Prox7 KO mice displaying
reduced Nrap expression (Risebro et al. 2009). Prox1 is important in the maintenance and
maturation of cardiac myocytes but not during the initial stages of myofibrillogenesis since
at that stage no phenotypic defects are observed in cardiac-specific Prox1 KO mice
(Risebro et al. 2009). This suggests a differential regulation of NRAP expression in the

fetal and maturing heart.

Since PKD1 has been shown to impact contractile function by phosphorylation of myofila-
ment proteins (Cuello et al. 2007; Haworth et al. 2004), posttranslational modifications of
NRAP were investigated. Immunoprecipitated NRAP from NRVMs, that had been pre-
exposed to BPKDi and/or PE, was investigated by western immunoblotting. NRAP was
detected in the immunoprecipitated fractions but no phosphorylation of NRAP was
detectable using a pan-pSer/THr antibody. Recently, the Nrap isoform 3 was shown to be
phosphorylated at a serine in the protein at position 1450 in a DCM mouse model with
arginine to cysteine transition at residue 9 in phospholamban (Kuzmanov et al. 2016).
Therefore, the failure to detect NRAP phosphorylation in our experiments could be a
limitation of the antibody in detecting phosphorylated NRAP, as these antibodies often
only detect a selection of highly abundant proteins that are phosphorylated at multiple
sites (Murray et al. 2013). To overcome this issue, NRVMs were pre-treated with PE to
activate PKD1 with or without BPKDi. The samples are currently analysed by unbiased
phosphoproteomic analysis. This will allow to identify if PKD1 directly impacts NRAP
phosphorylation.

7.4.2 NRAP translocation in response to modulation of PKD protein level

Localisation studies of NRAP revealed an association with a punctuate-appearing o-
actinin structure in control NRVMs with increasing parallel alignment of myofilaments and
Z-discs during the time in culture. The punctuate structure of a-actinin and association
with NRAP has been previously described in the developing chicken heart (Ehler et al.

1999; Manisastry et al. 2009). However, transduction with a PKD-overexpressing virus
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enhanced myofilament maturation as indicated by parallel aligned myofilaments and
NRAP translocation towards lateral borders of cardiac myocytes. This might occur by
promoting the HDAC5/MEF2-dependent pro-hypertrophic gene expression. Additional pro-
hypertrophic stimulation resulted in vacuole-like stainings for NRAP. Since PKD has been
shown to regulate the vesicular transport from the trans-Golgi network to membranes
(Hausser et al. 2005; Wakana and Campelo 2021) and immunofluorescence revealed
staining of NRAP in close proximity to the Golgi marker, an explanation might be a more
general role for PKD in the regulation of cargo transport that also impacts translocation of
NRAP.

In contrast, pro-hypertrophic stimulation of NRVMs with PE alone resulted in initial NRAP
localisation along actin fibres after 24 h of treatment and redistribution of NRAP towards
the lateral cell borders over time. Exposure to PE might enhance hypertrophic growth and
maturation since cardiac myocytes switch from hyperplasic growth to hypertrophic growth
during maturation (Hirschy et al. 2006). During the mouse heart development, NRAP is
initially associated with premyofibril structures and translocates to Z-discs and M-bands
during the maturation process (Lu et al. 2005). In the adult mouse heart, NRAP was
absent from sarcomeres and exclusively located at the intercataled discs (Lu et al. 2005).
Investigation of lateral intercalated disc width showed a trend towards wider intercalated
discs after exposure to PE or longer culture times in the EHT format. In MLP-null mice that
develop a DCM phenotype wider intercalated disc were measured after 6 months of age
compared to control mice although during the age-dependent maturation process a

general increase in intercalated disc width was determined (Wilson et al. 2014).

Exposure of NRVMs to BPKDi resulted in perinuclear, punctate accumulation of NRAP
while additional exposure to PE led to myofibrillar rupture with NRAP accumulation close
to the disrupted areas indicating a regulatory role for PKD1 in NRAP localisation via
impacting on cargo transport (Figure 64 B). Interestingly, this disrupted myofibril structure
was additionally observed in early-treated but not in late-treated NRVMs-derived EHTSs. In
accordance with this, a previous study showed myofibril disrupture of hiPSC-derived
cardiac myocytes upon overstretching with 35 kPa stiff substrates (Ribeiro et al. 2015).
This suggests that the myofibril disrupture in BPKDi-treated NRVMs might occur due to an
impaired ability to compensate for the hypertrophic growth induced by PE. Since this
impairment only occurred during early treatments but not after late treatments define
again early and late, this highlights a crucial role for PKD1 in embryogenesis and

myofibrillogenesis.
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7.4.3 PKD negatively impacts contractile force

To investigate the underlying mechanisms of myofibril disrupture and structural alterations
upon PKD inhibition in the developing and diseased heart, contractile properties were in-
vestigated in early- and late-treated NRVMs-derived EHTs. Inhibition of PKD increased
force while the exposure to the pro-hypertrophic stimulus PE only enhanced force in late-
treated EHTs but not during the early treatment. Upon pathological stress, compensatory
mechanisms such as increasing cell size, alterations in sarcomeres to increase
contractility and the fetal gene transcription are activated (Chien 1999; Marks 2003).
Previously, the homozygous loss-of-function of Prkd7 in mice was shown to result in
embryonic lethality (Fielitz et al. 2008), supporting a crucial role for PKD1 during
embryogenesis. However, in accordance with increased contractile force upon inhibition of
PKD activity, the phenotype of cardiac myocyte-specific Prkd1-KO mice represented less
hypertrophy, fibrosis and fetal gene expression in response to pressure overload (Fielitz et
al. 2008). Additionally, reducing PKD protein abundance by siRNA-mediated silencing
improved cardiac hypertrophy and dysfunction in mice by increasing autophagy (Zhao et
al. 2017).

Due to the continous energy demand of cardiac myocytes to enable actin-myosin cross
bridge cycling, functional mitochondria are invaluable representing the power stations in
cardiac myocytes. The mitochondrial shape and maintenance is continuously altered upon
various stimuli and regulated by the fission and fusion of mitochondria (Galloway et al.
2012). The shape maintenance is important for appropriate function upon (patho)physio-
logical conditions and abnormal balance results in ROS production (Yu et al. 2008). The
exposure of NRVMs-derived EHTs to the pro-hypertrophic stimulus PE led to mitochondria
enlargement. Alterations in mitochondrial morphology have been previously observed

upon induction of cardiac hypertrophy (Xue et al. 2019; Yang et al. 2022).

Interestingly, the inhibition of PKD resulted in alteration of mitochondrial shape in NRVMs-
derived cardiac myocytes and EHTs independently of the treatment time point. Recently a
study showed that PKD activation upon a-adrenergic stimulation leads to phosphorylation
of the dynamin-like protein 1 (DLP1) resulting in mitochondrial fragmentation and ROS
production (Jhun et al. 2018). Controversially, the opposite was recently shown by other
groups. According to their findings, PKD regulates RhoA which induces mitophagy and
prevent apoptosis (Brand et al. 2018; Tu et al. 2022). Altogether, these studies suggests

an important role of PKD in mitochondrial homeostasis.
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7.4.4 Involvement of PKD1 in degradational pathways

Investigation of the underlying mechanisms of PKD-mediated regulation of NRAP showed
by KEGG pathway analysis that PKD inhibition results in an increase of degradation
pathways and processes and proteins related to the Golgi and ER network. The highest
abundant proteins were related to the coat protein complex Il (COPII) which is involved in
vesicle transport from the ER to the Golgi network or ERCIC (Barlowe et al. 1994). PKD1
was previously linked to trafficking processes from the trans-Golgi network to the plasma
membrane (Hausser et al. 2005). Since translocation of NRAP occurred similarly to
altered Golgi staining upon pharmacological PKD inhibition, PKD might impact NRAP
localisation by affecting vesicle trafficking. Accordingly, Vamp5 was identified as the top
lower abundant protein which has been shown to be involved in membrane trafficking of

vesicles and localisation at intercalated discs (Takahashi et al. 2013).

Consistent with previous findings of abnormal mitochondrial structures in BPKDi-treated
NRVMs-derived EHTs, top higher and lower abundant proteins upon BPKDi stimulation
were associated with mitochondrial proteins. Among the top lower abundant proteins were
proteins relating to the proteasome system. PKD1 phosphorylates HDAC5 which leads to
its export and thereby to a derepression of the TFEB-mediated expression of MuRF1
which is involved in UPS-mediated degradation (Pablo Tortola et al. 2020). In addition,
MurF1/2 has been shown to target NRAP for ubiquitination (Figure 64 A; Witt et al. 2005).
Nedd8 was identified as one of the top lower abundant proteins which has a crucial role in

activation and function of ubiquitination (Baek et al. 2020).

However, pro-hypertrophic and o-adrenergic stimulation with PE increased protein
abundance related to cardiomyopathies, cardiac muscle contraction, spliceosome and
RNA transport. Previous studies suggested the involvement of splicing in
cardiomyopathies (Watanabe et al. 2018) and regulation of this process through RNA
interaction with the transcription factor GATA4 (Zhu et al. 2022). Although heterogenous
expression of higher and lower abundant proteins, some of the higher abundant proteins
were related to transcriptional and translational processes. This might occur due to
activation of the HDACS5/MEF2-mediated pro-hypertrophic gene expression. Additional
exposure to the pB-adrenergic stimulus 1SO increased protein abundance related to protein
processing in the ER and actin cytoskeleton. PKD has been shown to regulate actin

remodelling by directly interacting with F-actin (Eiseler et al. 2007).
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Figure 64: Schematic overview of hypothesised PKD1l and NRAP signalling. A) PKD1
signalling at physiological conditions. Upon G-protein coupled receptor (GPCR) activation,
diacylglycerol (DAG) binds cytosolic PKD1 leading to PKD1 translocation to the membrane where it
is first phosphorylated by protein kinase C (PKC) and then autophosphorylated. Activated PKD1
phosphorylates histone deacetylases (HDAC) leading to their export into the cytosol and a
derepression of the myocyte enhancer factor 2 (MEF2) or the transcription factor EB (TFEB)
dependent gene transcription. B) Hypothesised regulation of NRAP by PKD1. Inhibition with the
PKD inhibitor BPKDi results in HDAC-dependent repression of MEF2 and TFEB gene expression
and thus NRAP and muscle ring finger protein 1 (MuRF1) expression. MuRF1 has been shown to
target NRAP for degradation by the ubiquitine proteasome system (UPS). Moreover, altered
mitochondria localisation has been observed upon PKD inhibition. Additional pro-hypertrophic
stimulation with phenylephrine (PE) resulted in sarcomere disrupture with accumulation of NRAP
and Golgi staining within the disrupted areas. This illustration was generated with BioRender.
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However, the combined exposure to BPKDi and PE revealed a mixed phenotype of
pathways involved in BPKDi exposure and pathways involved in PE stimulation.
Interestingly, the combined exposure to PE and BPKDi or exposure to only BPKDi
enhanced protein abundance of prostaglandin E synthase 3 (PTGES3) which mediates
prostaglandin E2 (PGE2) production (Nakatani and Kudo 2008). Prostaglandin E2 has
been linked to inflammation and additionally shown to induce MEF2 activation and thereby

linking inflammation to cardiac remodeling (Toth et al. 2018).
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8. Conclusion

In conclusion, the results showed that both, NRAP gain- and loss-of-function results has
pathophysiological consequences. Assessment of NRAP/MYC-OE cardiac myocytes and
EHTs resulted in decreased contractile force and relaxation time, NRAP translocation to-
wards intercalated discs, and less negative TOP and diastolic membrane potentials.
Moreover, increased abundance of cardiomyopathy-related and metabolic proteins was
detectable that was combined with the inability to compensate changes in mechanical
stretch. In contrast, NRAP-KD EHTs responded to mechanical stretch with increased force
production, but also showed increased abundance of cardiomyopathy-related proteins,
lower contractile force and relaxation time. Overall, the NRAP-KD phenotype resembled
the control group more than the NRAP/MYC-OE. This suggests that both, NRAP gain- and
loss-of-function lead to cardiac disease progression with a more severe impact of
NRAP/MYC-OE than NRAP-KD. This indicates that tight control of a physiological NRAP
abundance is a prerequisite for cardiac health and that modulation of NRAP levels in

either direction consequently promote cardiac disease development.

In order to investigate, which factors and pathways might regulate the switch from physio-
logical to pathophysiological NRAP expression, the regulation of NRAP was investigated
by studying its relation to PKD1 which represents a central hub in fetal and hypertrophic
signalling via regulation of the HDACS/MEF2 signalling axis. This revealed a PKD1-
mediated regulation of NRAP expression and localisation with functional consequences.
However, in order to identify whether PKD1 directly targets NRAP, it is required to
investigate posttranslational modifications of NRAP. To identify PKD1 phosphorylation
targets, a phosphoproteome analysis is currently in progress. The outcome will further our
knowledge about the role of PKD1 and the regulatory mechanisms governing NRAP ex-

pression in health and disease.
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9. Further perspectives

In this thesis, NRAP/MYC-OE and NRAP-KD lines were successfully generated and
basally characterised. In order to overcome the impact of batch-to-batch variability and
reliably demonstrate the impact of NRAP-OE and -KD on contractile parameters, inclusion
of data from more EHT batches is required. The impact on electrophysiological
parameters will further be investigated by analysing the impact of sodium and potassium

channels and currents by patch-clamp analysis in NRAP/MYC-OE EHTs.

Already the physiological assessment of NRAP gain- and loss-of-function resulted in
dramatic functional differences. Therefore, the functional and structural consequences of
increased mechanical stretch will be investigated in EHTs. For this purpose, the silicon
posts, on which the EHTs are attached at both ends can be stepwise increased in their
stiffness and thereby allow to increase the mechanical resistance against which the EHTs
have to beat, so called afterload enhancement. In order to investigate additionally the
contributing role of NRAP to cardiac disease progression, pathophysiological conditions
can be mimicked by a combined exposure to the pro-hypertrophic stimuli PE and

endothelin-1.

Moreover, the impact of mechanical stretch on structural alterations of cardiac myocytes
will be assessed in a two-dimensional format. Therefore, cardiac myocytes will be cultured
on different coatings of varying stiffness by modulating the ratio between acrylamide and
bisacrylamide. Structurally, cell size, myofilament structure and formation of intercalated
discs in NRAP/MYC-OE and NRAP-KD will be analysed. Potential alterations in 1D
organisation will be determined by using stimulated emission depletion (STED) super-

resolution and alterations in cellular stiffness by applying atomic force measurements.

In order to further study how the expression and localisation of NRAP is regulated, the
phosphoproteome that is currently underway will allow to identify phosphorylation targets
of PKD1 and to inform whether NRAP is a direct phosphorylation target of PKD1. Since
not only NRAP might be regulated by the HDAC5/MEF2 axis, but also MuRFs have been
shown to be regulated by the PKD1/HDACS/TFEB signalling axis, which might be involved
in NRAP degradation, the link between proteasomal degradation of NRAP by MuRFs will
be investigated. This will be performed by studying the localisation and expression in
modulated NRAP/MYC-OE and NRAP-KD hiPSC-derived cardiac myocytes and in
MuRF1/3-double-KO mice. This will enhance the knowledge about NRAP stability and

regulation and how this regulation might contribute to cardiac disease progression.
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Moreover, NRAP has been shown to be essential in the regulation of myofibrillogenesis.
Therefore, the successfully generated NRAP/GFP-OE hiPSC line will be differentiated to
cardiac myocytes to track the GFP-tagged NRAP by live cell imaging. Further, dynamic
properties of the GFP-tagged NRAP will be analysed by using fluorescence recovery after
photobleaching (FRAP) to assess the contribution of NRAP to de novo myofibrillogenesis
as well as upon exposure to pathophysiological stress such as exposure to combined PE

and endothelin-1.

The outcome is anticipated to further identify the specific functional role of NRAP during
the cardiac myocyte response to mechanical stress and how the regulation of NRAP

contributes to the pathophysiolgical development of cardiac disease.
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11. Supplements

11.1 Figures and tables

A Fixation with paraformaldehyde B Fixation with Histofix

Supplementary figure 1: Investigation of different fixation methods of cardiac myocytes for
immunofluorescence with anti-NRAP. Human induced pluripotent stem cell (hiPSC) derived
cardiac myocytes were fixed with A) 4% paraformaldehyde or B) histofix. Cardiac myocytes were
stained for NRAP (1:500; red), Z-discs with a-actinin (green), F-actin with phalloidin (purple) and
nuclei with DAPI (blue). Scale bar are equal to 20 um (n = 1).

a-actinin

Supplementary figure 2: Localisation of NRAP in hypertrophic cardiomyopathy. Immuno-
fluorescence in heart sections of wildtype and Mybpc3-knock-In (KI) mice stained for a-actinin
(green), DAPI (blue), NRAP (red). Images were captured using the Leica TCS SP5II confocal laser
scanning microscope. Images of the heart sections are representative and experiments were
repeated twice using independently prepared heart sections of different mice. Scale bars are equal
to 10 ym. This figure was adopted from my master thesis in 2020.
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Supplementary figure 3: NRAP protein levels in NRAP-overexpressing (OE) and knock-down
(KD) hiPSC-derived cardiac myocytes. Western immunoblot for NRAP and cardiac actin loading
control from heterozygous (het) and homozygous (hom) NRAP/MYC-OE or NRAP-KD cardiac
myocytes after 7 days of culture with A) the human NRAP antibody from Davids Biotechnology and
B) a commercial human NRAP antibody from Merck. Cardiac actin was used as a loading control.
Data are representative from two independent cardiac differentiations.
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Supplementary figure 4: Quality controls for the NRAP-knock-down (KD) human-induced
pluripotent stem cell (hiPSC) line. A) Agarose gel representing the result of mycoplasma testing
with water as negative control and previously positive-revealed samples as positive control. B) For
investigation of genetic abnormalities, karyotypes were analysed to exclude alterations in the
number of chromosomes. C, D) Off-target analysis of the top ten predicted off-targets sites for each
gRNA that were identified by the CRISPOR website and investigated by polymerase chain reaction
and subsequent Sanger sequencing. E) Measurement of the stage specific embryonic antigen 3
(SSEA3) by flow cytometry to determine pluripotency.
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Supplementary figure 5: Testing of different conditions for cardiac monolayer differentiation
for the heterozygous NRAP/MYC-OE cell line. Different amounts of activin A (8 ng/mL or 12
ng/mL) were used and cell densities of 500.000, 550.000 or 600.000 cells for each 35 mm dish
were used. Images were taken after every medium change. These images are representative. The
scale bars are equal to 200 pm.
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Supplementary figure 6: Testing of different conditions for cardiac monolayer differentiation
for the homozygous NRAP/MYC-OE cell line. Different amounts of activin A (8 ng/mL or 12
ng/mL) were used and cell densities of 500.000, 550.000 or 600.000 cells for each 35 mm dish
were used. Images were taken after every medium change. These images are representative. The
scale bars are equal to 200 um.
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Supplementary figure 7: Cardiac troponin T values of investigated batches of control,
heterozygous and homozygous NRAP/MYC-overexpressing (OE) and NRAP-knock-down
(KD) EHTs. The cardiac-specific marker troponin T (cTnT) was measured by flow cytometry from 4
batches for NRAP-KD and heterozygous NRAP/MYC-OE or 5 batches for control and homozygous
NRAP/MYC-OE. Data were analysed and represented with FlowJo.
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Supplementary figure 8: Clustering analysis of top higher and lower abundant proteins in
NRAP-knock-down (KD) EHTs. Heatmaps represent the relative abundance as indicated by
log2fold changes of highest (red) to lowest (blue) abundant proteins of NRAP/MY C-overexpressing
(OE) and NRAP-Knock-down (KD) proteins. A) Top 20 higher abundant proteins in NRAP-KD
EHTs and comparison to NRAP/MYC-OE EHTSs, and B) top 20 lower abundant proteins in NRAP-
KD EHTs. Mean of four samples from four independent differentiations (n = 4) with three combined
EHTs each. Only values with p<0.05 were included into analysis.

NRAP antibody immunisation sequence:
AKKAHELASDIKYRQDFNK
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Supplementary figure 9: Sequenz alignment of the NRAP immunisation peptide sequence
with rat and mouse nebulette. The NRAP peptide sequence was aligned to nebulette of rattus

norvegicus and mus musculus.

173




Supplements

B)

BPKDi

e sy
A1

PE

PE +
BPKDi

o

DMSO

BPKDi

PE +
BPKDi

= > LRI P

Supplementary figure 10: Impact of protein kinase D (PKD) inhibition on proliferation and
apoptosis. Neonatal rat ventricular myocyte (NRVMs)- derived engineered heart tissue (EHT)
were treated daily with DMSO or 3 uM of the pharmacological PKD inhibitor BPKDi, in presence or
absence of 20 pM of the pro-hypertrophic stimulus phenylephrine (PE). The treatment was
performed as an A, C) early treatment from day 2-9 after the generation of EHTs or B, D) as a late
treatment from day 14-21 after the generation of EHTs when EHTs reached their force plateau.
The EHTs were used for immunohistochemical staining of A, B) caspase 3 and C, D) Ki67 (n = 1).

Scale bars are equal to 100 pm.
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11.2 Materials

Supplements

11.2.1 Buffer and cell culture medium compositions

Table 2: Buffer compositions for SDS-PAGE and western immunoblot analysis.

3 x Reducing sample buffer
187.5 mM Tris-HCI pH 6.8

6% SDS (w/v)

30% Glycerol (v/v)

15% B-mercaptoethanol (v/v)
0.015% Bromophenol blue (w/v)

4 x Running gel buffer
1.5 M Tris base
0.4% SDS (w/v)
Adjust to pH 8.7

9% SDS running gel

2.5 mL 4x running gel buffer

3 mL 30% acrylamid (v/v)

4.39 mL ddH20

100 yL TEMED

10 yL 10% ammonium persulfate

SDS stacking gel

2.5 mL 4x stacking gel buffer
1.16 mL 30% acrylamid (v/v)
6.23 mL ddH20

100 yL TEMED

10 yL 10% ammonium persulfate

Transfer buffer
47.9 mM Tris base
38.6 mM Glycine
1.3 mM SDS (w/v)
20% Methanol (v/v)

4 x Stacking gel buffer
0.5 M Tris base
0.4% SDS (w/v)
Adjust to pH 6.8

5% SDS running gel

2.5 mL 4x running gel buffer

1.66 mL 30% acrylamid (v/v)
5.73 mL ddH20

100 yL TEMED

10 yL 10% ammonium persulfate

10.5% SDS running gel

2.5 mL 4x running gel buffer

3.5 mL 30% acrylamid (v/v)

3.89 mL ddH20

100 yL TEMED

10 yL 10% ammonium persulfate

10 x Electrophoresis buffer
0.25 M Tris base

1.92 M Glycine

0.4% SDS (w/v)

10x TBS

199.8 mM Tris base
368.9 mM NacCl

adjust to pH 7.6 with HCI

TBS-T

10% 10 x TBS (v/v)
0.1% Tween® 20 (v/v)
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Table 3: Buffer compositions used for immunofluorescence.

Immunofluorescence buffer pH 7.5
10 mM Tris

155 mM NaCl
2 mM EGTA
2 mM MgCl2

1% BSA (w/v)
adjust to pH 7.2 with HCI

Mounting medium
30 mM Tris-HCI

70% Glycerol (v/v)
5% N-Propyl gallate (w/v)

Table 4: Buffer and medium compositions for NRVMs isolation and culture.

CBFHH buffer

0.14 M NaCl

5.4 mM KCI

0.81 mM MgSO4*7H20

0.44 mM KH2HPO4
0.34 mM Naz2HPO4*H20

0.56 mM Glucose
100 ml Hepes stock solution

Non-cardiac myocyte medium (NCM)
500 mL DMEM (1 g glucose)

57 mL Heat-inactivated FCS

5.7 mL Pen/Strep

5.7 mL Glutamine (200 mM)

RIPA buffer

50 mM Tris-HCIpH 7.4

150 mM NaCl

1% (v/v) Triton-X 100

0.1% (w/v) SDS

cOmplete protease inhibitor

Plating medium (PM)

335 mL DMEM + Glutamax
85 mL M199

50 mL Horse serum

25mL FCS

5 mL Pen/Strep

Pre-plating medium (PPM)
32 mL Plating medium
16 mL FCS

Hepes stock
47.669/l Hepes
adjust to pH 7.4

DNase stock solution
0.1 g DNasell, Type V
50 mL PBS

Trypsin stock solution
0.9g Trypsin
9mL CBFHH

Trypsin-working solution
0.5mL P/S 100-X

0.6 mL DNase stock

1.3 mL Trypsin stock

47.6 mL CBFHH

DNase-working solution
0.5mL P/S 100-X

0.6 mL DNase stock
1.7mL FCS

47.2 mL CBFHH

Maintenance medium (MM)
197.5 mL DMEM + Glutamax
50 mL M199

2.5 mL Pen/Strep
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Table 5: Buffer and medium compositions for hiPSC culture, cardiac myocyte differentiation,
cardiac myocyte culture, dissociation of cardiac myocytes and flow cytometry.

FTDA
DMEM/F-12 without glutamine

2 mM L-glutamine

0.1% Lipid mix (v/v)

5 mg/L Transferrin

5 ug/L Selenium

0.1% (v/v) Human serum albumin

5 pg/mL Human recombinant insulin
2.5 ng/mL Activin-A

30 ng/mL FGF

50 nM Dorsomorphin

0.5 ng/mL TGFR1

Stage 0

StemPro-34TM SFM + Supplement
1 ug/L BMP4

2 mM GlutaMAX

1% Matrigel high growth factor (v/v)

Stage 1

StemPro-34TM SFM + Supplement
10 pyg/L BMP-4

2 mM GlutaMAX

8 or 12 ng/L Activin A

Stage 2.1

RPMI 1640

2% B27 (without Insulin)(v/v)
10 uM XAV939

10 uM KY021111

Stage 2.2

RPMI 1640

2% B27 (viv)

10 M KY021111
10 uM XAV939

25 uM Insulin

Cardiac myocyte medium
RPMI 1640

2% B27 (viv)

25 uM Insulin

mTESR+
400 mL mTESR+ basal medium

100 mL mTESR 1 5x Supplement

FGF stock

0.1 ug/mL FGF

10% Human serum albumin
PBS

LB medium

10 g Tryptone

5 g Yeast extract

10 g NaCl

Add to 1 L aqua destillata
100 mg ampicillin/mL

Washing buffer
HBSS (without calcium/magnesium)
10 uM Y-27632

Dissociation buffer (cardiac myocytes)
HBSS (without calcium/magnesium)

200 U/mL collagenase I

1 mM HEPES

10 uM Y-27632

30 uM BTS

Dnase solution
100 mg Dnase I, type V
50 mL PBS

Flow cytometry buffer
PBS

5% FBS (v/v)

0.05% sodium azide (v/v)
0.5% saponin (w/v)

Cardiac myocyte thawing medium
RPMI 1640
10% B27 + Insulin

TAE buffer

0.4 M Tris acetate
0.01 M EDTA
ddH20, pH 8.3
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Table 6: Buffer and medium composition for generation, culture and dissociation of EHTSs.

Agarose for EHT casting
2% Agarose (w/v)
PBS

Sterlised by autoclaving before use

EHT medium
DMEM

1% Penicillin/streptomycin (v/v)
33 mg/L Aprotinin

10% Horse serum inactivated (v/v)

10 mg/L Insulin

Tyrodes solution

120 mM NaCl

5.4 mM KCI

1 mM MgClz x 6H20

0.4 mM NaH2PO4

22.6 mM NaHCOs3

5 mM glucose

0 mM CaClz for wash

0.6 mM CaClz for submaximal
1.8 mM CaCl: for baseline
Aqua ad injectabilia

Dissociation buffer (EHTs)
10 U/mL Papain

1 mM EDTA

5.5 mM L-Cysteine-HCI
EBSS

Thrombin

1000 U Thrombin

4 mL Aqua ad injectabilia
6 mL PBS

2 x DMEM

536 mg DMEM powder

4.8 mL Horse serum

0.4 mL Pen/Strep

Add to 20 mL aqua ad injectabilia
Filter sterile (0.22 ym)

Fibrinogen

200 mg/mL fibrinogen
100 pg/mL aprotinin
0.9% NaCl solution

Table 7: Media and sera.

Compound

Company (Catalogue number)

Bovine serum albumin
DMEM

DMEM/F-12 without glutamine
DMEM + Glutamax

Fetal bovine serum superior
Horse serum

Human serum albumin

M199
mTeSR plus

Normal goat serum
OptiMEM reduced serum medium
RPMI 1640

SILAC medium
StemPro™-34 SFM

Sigma, A9647
Biochrom, F0415

Gibco, 11530566

Gibco, 31966047

Biochrom, S0615

Life Technologies, 26050-088
Biological Industries, 05-720-1B
Gibco, 11825015

StemCell Technologies, 05825
Sigma, NS02L

Thermo Fisher, 11058021

Life Technologies, 21875-034
Silantes, 282926433

Life Technologies, 10639011
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11.2.2 Antibodies, kits and enzymes

Table 8: Antibodies for immunofluorescence, western immunoblotting and flow cytometry.

Antibodies used for Species Dilution Catalogue Company

immunofluorescence number

Sarcomeric a-actinin mouse 1:500 A7811 Sigma

Golgi 58K Protein mouse 1:100 G2404 Sigma

NRAP rabbit 1:500 - Davids
Biotechnology

NRAP rabbit 1:50 HPAQ037954  Merck

AlexaFluor 488 (F(ab')2 goat anti-mouse 1:100 A-11001 Invitrogen

fragment)

AlexaFluor 488 goat anti-rabbit 1:100 A-11008 Invitrogen

DyLight-547 goat anti-rabbit 1:100 ab96884 Abcam

AlexaFluor 647 goat anti-mouse 1:100 A-21235 Invitrogen

Dyes

4’ ,6-diamidino-2-phenylindole - 1:100 D9542/32670 Sigma

(DAPI)

Phalloidin/ DY-633 - 1:100 A22284 Invitrogen

Wheat germ agglutinin - 1:100 29022-1 Biotium

MitoSPY - 1:100 424803 BioLegend

Antibodies used for

western blotting

Cardiac actin mouse 1:2000 AC1-20.4.2 Progen

Sarcomeric a-actinin mouse 1:500 A7811 Sigma

Sarcomeric myosin heavy mouse 1:1000 A4.1025 DSHB

chain

c-MYC mouse 1:1000 AC1-20.4.2 Merck

NRAP rabbit 1:500 - Davids
Biotechnology

NRAP rabbit 1:500 HPAQ037954  Merck

HRP-conjugated anti-rabbit ~ donkey-anti-rabbit  1:1000 NA9340V Amersham

HRP-conjugated anti-mouse sheep-anti-mouse  1:1000 NA9310+D33: Amersham

D35V

Flow cytometry

REA control - PE 1:50 557714 BD
Biosciences

Anti-SSEA-3 - PE 1:50 561145 BD
Biosciences

REA Control - APC 1:50 130- 120-709 Miltenyi Biotec

Anti-cardiac Troponin T - 1:50 130- 120-403 Miltenyi Biotec

APC

REA Control - FITC 1:50 130- 120-709 Miltenyi Biotec

Anti-cardiac troponin T- FITC 1:50 130-119-674  Miltenyi Biotec
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Table 9: Kits and enzymes.

Company Catalogue number
DNeasy blood & tissue kit Qiagen 69504
AmaxaTM P3 Primary Cell 4D-Nucleofector Kit Lonza V4XP-3024
ClarityTM western ECL substrate kit Bio-Rad 1705060
High capacity cDNA reverse transcription kit Applied Biosystems 4368814
Maxima SYBR Green/Rox qPCR master mix Thermo Fisher K0221
High pure PCR purification kit Roche 11732676001
SuperScriptTM Il Reverse Transcriptase Kit Invitrogen 18080093
DreamTaq DNA polymerase Thermo Fisher EPO705
Q5@ High-Fidelity DNA Polymerase NEB M0492S
LongAmp Taq PCR Kit NEB E5200S
FastDigest BamHI Thermo Fisher FDO0054
FastDigest Bglll Thermo Fisher FDO0083
TRIzol Reagent Life Technologies 15596026
CytoTune-iPS Sendai Reprogramming Kit Life Technologies A1377801

B-galactosidase staining kit

Cell signaling technology 9860
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Supplements

Table 10: Primer sequences used in this thesis for sequencing, validation and gPCRs.

Name

Forward primer

Reverse primer

NRAP sequencing 1
NRAP sequencing 2
NRAP sequencing 3
NRAP sequencing 4
NRAP sequencing 5
NRAP sequencing 6
NRAP sequencing 7
NRAP sequencing 8
NRAP sequencing 9
NRAP sequencing 10
NRAP sequencing 11
NRAP sequencing 12
NRAP sequencing 13
NRAP sequencing 14
NRAP sequencing 15
NRAP sequencing 16
HA-L Insert 1

HA-R insert 2

OE validation 1

OE validation 2
NDUFA4L2 gPCR
NDUFA4 gPCR
HIF1A gPCR

KD Validation 1

KD Validation 2
Human NRAP gPCR
Human GusB qPCR

GTTGTGCTTTCTCTGACCAG
CACCGAGCTGCAAGAAC

GTGTTGCATTCCTCTCTGG
GGAATGTGCAGACCAATATGG
GAGTAAGACCCGGTTTCACC
GGTCATTAAATGTGGAGCAGG
GCGTAATCTTCGTGCTCAAG
CCAGTGATGTGCACTACAGG

CAGAATAAGTTGGTCCTGAG
CCACTGGTAACAGGATTAGC
GAATAGTGTATGCGGCGAC
AGAGGGCATGATGAACGCAT

CTTCGACCTACTCTCTTCCGC
CCTGGCTTTAGCCACCTCTC
GCAGGCTCCAGAGTGACAAT
CAGTGTCGACGATGACCCAA
CGCTTTACTTGCTGCGACTC
AAGCCACATCCGCACAATTT
GAGCACCTT GTGCAGTTTGG

GTCAGCAGCTGTCCCTTGATTTCAC

CTGCATGTGAACCTGCCCATTTC
GTACTGTCACGCCCATAACC
ACGATTGCAGGGTTTCACCA

GGCTGCACATTCATGGTG

CTAGGACGCACCATTCTCAC

ATCACTTGCCAGCTCATTGG
GTGTCCTGTAGTCGTGGTCG
GTACTCGGTCATCTCGAGC
ACAGTGACCAACCATCCCTG
GCATTCTAGTTGTGGTTTGTCCA
GGGTCATATGTCACAGATCCTCT
GGTCGGTACAGTCGAAGGTG
AGTTCAG AGCATACTTTCAGCAT
CTAAACCCTGAGCCGTGACA
GATTACAGCAGGCCGTCCAAG

GCAGCATGTGTAGAGAGCCACACAG

CCAGTGGCTGCCTGTTAG
CACTCTCGTCGGTGACTGTT
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Table 11: Off-target primer.

Off-target gene Forward primer Reverse primer

TTN GTTGGGCGTCCCTTGATGA ACTCAAGTGCTATGTGGAGCAT
APPL2 AGCTTCCGGCCTTACAGATG TGGGGGAATATGGAATGTCCAAG
CDK8 TAGTGCCTTCCAAAATGCCTG GGGGAAGAAACCCACAAAACAT
RP11-5566E13.1 GCATCTTGCTTGAAGGTGTAGG TCTGTCTGACCACAAACTGCAT
QRFPR GGCTCATCACTCCTAAAGGCA ACCACATCCAAACCAGGACT
RP11-40A13.1 AAGGCACTGCAGTCGTTCAC CAGTTCTGCCCGCCTCTTAG
MLIP-IT1 AGGGCAAGGGGCTTTATCTT AGATAGTGCTAGGCCATTTGGG
SLC8A1-AS1 ACCCTAGTAGTGGTCTCCAG GCCTAGCTTCACCTCTCATCT
RHOT2 CATCCTGTTACTGGGCGAGG CGCTACCTGAGTAGTCCACG
NAB1 ATTAAAGCCTGGGAATGGGTGA AGAAAGCCCTCTGCATGGGTA
SLC38A3 TCAAAGGGGGTGGTGTTCATC AGAAGTCAGGAGCTTGTCCC
CLICS TGCACATCTAGTGCAGGAGC GCATAAAGCACGGCAAACCA
EPC2 AGGTTGGACTGCTTCAGATGAG ACGTCTTCAGTGAAATCTGACCA
PSD4 GTGTGTGACACTTTGATGCTCC GTTGAAGGTCCTGGTTCGGT
EBP AGTATGCCAAGGGAGACAGCC CTGGAAGGGCACCGTTGAG
ABCB9 CACTCATGAAGGCCAAAGTCACC GCAGTGGGCACTCAGTAAGTATCC
MLLT6 CCTGTAACCGCCATGGATGTCGAC CTTGGGCAGGGACTGGGTTTTTTC
RP11-506D12 GGACTCATGGGACACCTTTCC GTGTTGGGGCTCTAAGAACTGG
PGPR26 GAGCACCTTTTCTGTGGAGC CACGGGTGTCACCTGAAATGTTC
RHOBTB2 CACTGCATGGAGACCTCGTT TTTAGCAGCCCGGAGTCATC
RNU6 CGTGCCCAGCCTACAATAACAC GCACATCTCCTTGGCCCTTAGA

RP11-34F13.3
MRRF
RP11-181K12
RN7SKP279
EXT1

FOX03
ZC3HAV1
RPL11-TCEB3
ZNF720

AAAGCACCTTGTTGCAGTTGAT
AGTGGTACCAGGAGTGGACAT
GCCTGCCCTTTACAAACGAAA
CCTCCATAGTACTGGTGATGACC
GCCTCTGTGCTAAGAGTGTAAGAC
GACTTTCCCAGCTCAGTAGCTGG
CCTCAGCAGAGGTATAGATCCTGG
CTCAGTGCTCTTGTGCAACTGTAG
CACCAACTCGCAATCTTTCTGCTC

CTAAACCTGTCTGTTATAGGCTTGA
GGACAACCACCCCGTTTCAT
CCCGGCATGATATGGTGTTT
GTGGTAAGAGATGAGTTTGGCTGC
CATCTTTGTGGACCTGGAGGATC
GACTTACTGTAAGCGCCGAGG
ACTCCTCAGTCCAGCATTTGGTAG
CCTATGCTGAAGACCTCCAAACAG
CCCCTGGTTCTTGAGATCTTGAGA

182



Supplements

11.2.4 Devices, consumables and programmes

Table 12: Devices and respective manufacturer.

Device Manufacturer
4D-NucleofectorTM Core Unit Lonza
4D-NucleofectorTM X Unit Lonza

7900HT Fast Real-Time PCR system Applied Biosystems
Accu-jet Pro BRAND

Analytic Scale Genius Sartorius AG

Avati JXN-26 centrifuge Beckman Coulter
Axiovert 25 Zeiss

Benchtop centrifuge Sarstedt AG & Co.

Cell culture incubator CB 220 Binder

Cell culture incubators MCO-19M & MCO-20AIC Sanyo

Cell culture incubators S2020 1.8, HERAcell 240 & 150i Thermo Fisher Scientific
Centrifuge 5415 R/5415R/5810R Eppendorf

Centrifuge universal 30RF Hettich

ChemiDoc™ touch imaging system Bio-Rad Laboratories
Cryopreservation system Asymptote EF600M Grant Instruments
Cryopreservation system asymptote EF600M Grant Instruments
Cryostar Nx70 Thermo Scientific
Cryostat Leica CM 300 Leica

Ice machine Scotsman Ice Systems
Incubator shaker (C25 classic) New Brunswick Scientific
J2-21 centrifuge Beckmann

LSM 800 airyscan confocal microscope Carl Zeiss

Magnetic stirrer Janke & Kunkel
Magnetic stirrer/heating plate Gerhardt

Mastercycler pro 384 Eppendorf

Mastercycler pro PCR system Eppendorf

Microscope Axioskop 2 with AxioCam colour Zeiss

Microscope EVOS FL cell imaging system Thermo Fisher scientific
Microwave Bosch

Milli-Q Reference C79625 Merck Millipore

Mini centrifuge Combi-spin FVL-2400N peQLab Biotechnologie GmbH
Mini Protean 3 cell and Trans-Blot cell Bio-Rad Laboratories
Mini Protean tetra handcast system Bio-Rad Laboratories
Mini Protean tetra vertical electrophoresis cell Bio-Rad Laboratories
Mr. Frosty freezing container Sigma

Multiplate reader Tecan GmbH

Nanodrop 1000 spectrophotometer Thermo Fisher Scientific
nCounter® SPRINT Nanostring

Neubauer counting chamber BRAND GmbH
Neubauer counting chamber Karl-Hecht KG
NovoCyte Quanteon flow cytometer system Agilent

PCR cycler (2720 Thermal cycler) Applied Biosystems
PCR cycler (GeneAmp® PCR System 9700) Applied Biosystems

pH meter Mettler-Toledo

Pipettes (2, 10, 20, 100 and 1000 pL) Eppendorf

Power supply EV243 peQLab Biotechnologie GmbH
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PowerPac bacic power supply
Precision Advanced Scale

gPCR plate, 384-well

Quant studio gPCR (ABI Prism 7900HT)
Sterile work bench HS-12

Stirrer Variomag/ Cimarec Biosystem 4
Sub-cell GT electrophoresis cell

TE77 semi-dry transfer unit
Thermoblock Techne Ori-Block DB-1
Thermomixer comfort

Tissue lyser

Tissue lyser Il

TubeRoller R3005

Varioklav

Video-optical EHT analysis system
Vortex Reax 200

Vortexer

Warming cabinet Kelvitron

Water bath

Bio-Rad Laboratories
Ohaus

Thermo Fisher

Thermo Fisher

Heraeus Instruments
Thermo Fisher scientific
Bio-Rad Laboratories
GE Healthcare

Techne

Eppendorf

Qiagen

QIAGEN

Benchmark Scientific
MediTech

EHT Technologies GmbH
Heidolph

Heidolph

Heraeus Instruments
Medax

Table 13: Consumables and manufacturer.

Consumable items

Manufacturer

250 mL and 500 mL vacuum filter unit
Cell culture plates (48 well, 24 well, 12 well, 6 well)
Aspiration pipette 2 mL

Blotting membrane (nitrocellulose, PDVF)
Blotting-System (Mini Trans-Blot® cell)
Cell culture flask T75, T175

Cellulose paper

Cell scraper

Comb 10 well/15 well (1.0 mm, 1.5 mm)
Cryovials 2mL

Eppendorf tubes (1.5 mL, 2.0 mL)
Falcon tubes (15 mL and 50 mL)

Glass cover slip

Glassware

Hamilton syringe (25ul, 100ul)

Nitril powder-free gloves

Parafilm

PCR tube strips

Petri dishes

Pipette tips with filter Biosphere

Pipette filter tip (10 puL, 200 pL, 1000 uL)
Pipette tip (10 uL, 200 pL, 1000 uL)
Pipettes 10 pL, 100 pL, 1000 pL

Serological pipette (1 mL, 2 mL, 5 mL, 10 mL, 25 mL,

wide-mouth)
Steel beads, 5 mm
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Nunc, Thermo Fisher
Sarstedt

GE Healthcare
Bio-Rad

Sarstedt

GE Healthcare
Sarstedt

Bio-Rad Laboratories
Sarstedt
Eppendorf
Sarstedt AG & Co.
VWR

Schott Duran
Hamilton

Ansell

Bemis

Sarstedt

Sarstedt

Sarstedt

Sarstedt

Sarstedt

Eppendorf
Sarstedt

QIAGEN



SuperFrost Plus microscope slides

Cell culture microplate 96 well uClear® black

CELLSTAR

Cell culture plate 6 / 12 / 24-well
Cell scraper

Cell strainer 100 um (Sysmex,)
Cryovial CryoPure 1.6 mL

Flow cytometry tubes

Pacing adapter/cables

Pacing electrode carbon

Reaction tubes conical 15 / 50 mL
Reaction tubes safe lock 0.2 — 2 mL
Round bottom tube 12 mL

Silicone rack

Syringe filtration unit Filtropur S 0.2 ym
Teflon Spacer

TissueLyser Steel Beads

EHT PDMS rack

EHT PTFE spacer
Flow cytometry tubes

Supplements

R. Langenbrinck GmbH
Greiner

Nunc

Sarstedt

Sysmex

Sarstedt

Sarstedt

EHT Technologies GmbH
EHT Technologies GmbH
Sarstedt

Eppendorf

Greiner

EHT Technologies GmbH
Sarstedt

EHT Technologies GmbH
QIAGEN

EHT Technologies GmbH
EHT Technologies GmbH
Sarstedt

Table 14: Programmes and corresponding companies that were used in this thesis.

Programme Company
AxioVision Rel. 4.8.2 Zeiss

BioRender BioRender
CRISPOR 4.99 (Concordet JP, Haeussler M)
Endnote X6 Clarivate

Excel Microsoft

FACSDiva BD Biosciences
FlowJo V10 BD Biosciences
Image Lab Bio-Rad Laboratories
ImageJ NIH

Labchart ADlInstruments
nCounter Nanostring

Prism 8.0 GraphPad Software
Sequence Detection Systems 2.4 Applied Biosystems
SnapGene® 3.3.4 GSL Biotech LLC
ZEN 2012 Zeiss
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11.2.5 Chemical compounds including H- and P-statements

Table 15: Substances and chemicals with corresponding company names and H- and P-

statements.

Substance/ Company Catalogue H-statement P-statement

Chemical number

1-Thioglycerol Sigma M6145 H: 302, 311, P: 261, 264, 280, 301,
331, 315,317 312, 302, 352, 312,

304, 340, 311

1,4-Dithiothreitol Roth 6908.2 H: 302, 315, P: 264, 270, 273,

(DTT) 319, 412 280, 337, 313, 501

2-Mercaptoethanol Sigma M6250 H: 301, 331, P: 270, 280, 302+352,
310, 315, 317, 330, 304, 340, 305,
318, 373,410 351, 338, 310

2-Propanol Roth 9866.6 H: 225, 319, P: 210, 261, 305,
336 351, 338

2x DMEM Gibco 52100-021 - -

6x DNA loading Thermo Fisher  R0611 H: 315-319- P:201-261,305+351+

dye 335360 338308+313

Accutase® Cell Sigma A6964 - -

Dissociation

Reagent

Acetic acid Roth 6755.1 H: 226, 290, P: 210, 280, 301, 330,
314 331, 305, 351, 338,

308, 310

Acetone Merck 67-64-1 H225, H319, P: 210, 240, 305,
H336 351, 338, 403, 233

Activin A R&D Systems 338-AC - -

Acyrlamide/bis Bio-Rad H: 302, 312, P: 260, 280, 281,

solution (30%) 315, 317, 319, 305, 351, 338, 405,
340, 350, 361, 501
372

Agar BD Biosciences 214010 - -

Agarose Invitrogen™ 15510-027 - -

Alt-R® Cas9 IDT 1075916 - -

Electroporation

Enhancer

Alt-R® CRISPR- IDT self- - -

Cas9 crRNA designed

Alt-R® CRISPR- IDT 1072532 - -

Cas9 tracrRNA, 5

nmol

Alt-R™ S.p. Cas9 IDT 1081058 - -

Nuclease V33

Ammonium acetate Merck - -

Ammonium Bio-Rad 1610700 H: 272, 302, P: 210, 221, 285,

persulphate (APS) 315, 317, 319, 305, 351, 338, 405,
334, 335 501

Aprotinin Sigma/Merck A1153 - -

Aqua ad Baxter 1428 - -

iniectabilia

B27 Gibco 17504-044 - -

bFGF Peprotech 233-FB - -

BMP4 R\&D systems 314-BP - -
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Bovine serum Sigma - -
albumin (BSA)
Bromophenol blue  Sigma 115-39-9 - -
BTS (N-Benzyl-p- TCI B3082- H: 301 P: 264, 270, 301+310,
Toluenesulfonamid 25G 321, 330, 405, 501
e)
Calcium chloride Roth 10043-52- H: 319 P: 280, 305, 351, 338,
(CaCl) 4 337, 313
Carbon dioxide SOL H: 280 P: 403
(CO2) gas
CloneR 10x StemCell 0588 - -
Cloning Technologies
Supplement
Collagenase I Worthington LS004176 H: 334 P: 261, 284, 304+340,
342+311
cOmplete protease Merck 11697498 - -
inhibitor cocktail 001
tablets
Coomassie Blue Bio-Rad 1610406 - -
G250
Dimethyl sulfoxide Sigma D4540 - -
(DMSO)
Dithiothreitol (DTT) Roth 3483-12-3 H: 302, 315, P: 302, 350, 260, 270,
319, 412 305, 351, 338, 337, 313
DNase I, type V Sigma/Merck D8764 - -
Dorsomorphin Tocris 3093 - -
dihydrochloride
Ethanol, absolute = Chemsolute® 22461000 H: 225, 319 P: 210, 240, 305, 351,
338, 403, 233
Ethylene diamine  Roth 8043.2 H: 319 P305+351+338
tetraacetic acid
(EDTA)
Ethylene glycerol  Roth 67-42-5 H: 319 P: 305+351+338
tetraacetic acid
(EGTA)
Fetal calf serum Gibco™ A4766801 - -
(FCS)
Fibrinogen Sigma F8630 - -
Geltrex Gibco™ A1413302 - -
GeneRuler 1 kb Thermo Fisher SM0313 - -
DNA Ladder
GeneRuler 100 bp Thermo Fisher SM0243 - -
DNA Ladder
Glucose Merck 110187- - -
42-3
Glutamine Gibco™ 25030-081 - -
Glutaraldehyde Science E16222 H: 302, 314, P: 285, 310, 303, 361,
Services 317, 331, 334, 353, 305, 351, 338,
400,411 405, 501
Glycerol Merck - -
Glycine Roth - -
HBSS (-) Gibco 14175-053 - -
Ca2+/Mg2+
HEPES Roth 9105.4 - -
Horse serum Gibco - -
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Hydrochloric acid,

37% fuming
Insulin
Isoprenaline

KY02111
Lipidmix

Loading dye, 6x

Magnesium

chloride (MgCl2)

Matrigel®
Methanol
Midori Green

Milk powder
N,N,N",N"-

Tetramethylethylen
ediamine (TEMED)
Nitrogen, liquid

Normal goat serum

(NGS)
OCT (tissue

freezing medium)
Paraformaldehyde
16% solution (PFA)

Penicillin/Streptom
ycin (Penstrep)

Phenylephrine

Phorbol 12-
myristate 13-

acetate (PMA)

Phosphate

buffered saline

(PBS)

Ponceau S staining

solution

Potassium chloride

Precision Plus
Protein™ Dual
Color Standard

Proteinase K

Puromycin

Pursept

Roti®-Histofix 4%

Emsure®

Sigma
Sigma

Tocris
Sigma

Thermo scientific

Invitrogen
Corning
J T Baker
Biozym

Carl-Roth
Biorad

™G
Sigma

Sakura

Agar Scientific

Gibco

Sigma

TOCRIS
Bioscience

Gibco

Sigma
Merck
Bio-Rad
Qiagen
Invivogen
Schilke

Carl-Roth

Supplements

7647-01-0

19278
16504

4731
L5146

R0611
R0971
354234,
354230
10241061
617004

T145.2
161-0801

G9023
6200

AGR1026

15140

P6126

1201

14190250

A4000027
9

1610374

19133

QLL-38-
04B

P087.3
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H: 290, 314,
335

H: 315, 319,
335

H: 302, 400
H: 225, 319

H: 315, 319,
335, 360

H: 225, 331,

311, 301, 370

H: 319, 335,
315

H: 225, 332,
302, 314

H: 331, 341,

350, 302, 312,
315, 319, 317,

335
H: 315, 317,
334, 335

H:302, 315,

319-335
H: 315

H: 315, 319,
335

H: 334

H:302

H: 226, 319

H: 302, 317,
341, 350

P: 280, 301, 330, 331,
305, 351+338, 308, 310

P: 261, 264, 271, 280,
302, 352, 305, 351, 338

P: 273
P: 210, 233, 240, 241,
242, 305, 351, 338

P: 201, 261, 305, 351,
338, 308, 313

P: 210, 233, 280, 302,
352
P: 261, 280

P: 210, 233, 280, 301,
330, 331, 305, 351,
338, 308, 310

P: 101, 102, 103, 261,
280, 301, 312, 305,
351, 338, 405, 501

P: 280, 261, 264, 284,
271, 302, 352, 304,
340, 333, 313

P:261, 305, 351, 338

P: 264, 280, 302, 352,
333, 313

P: 261, 305, 351, 338

P: 304+340, 261,
342+311, 284

P: 210, 280, 305, 351,
338, 337, 313, 403, 235

P: 261, 280,



Saponin
Sodium azide
Sodium chloride

Sodium dodecyl
sulphate (SDS)

SYBR Green/Rox
gPCR Master Mix

(2x)
TBS
TGF beta 1

Thrombin

Transferrin human

Tris-base
Tris-HCI

Triton X-100

TRIzol reagent

Trypan blue stain
(0.4%)

Tryptone

Tween 20

XAV939

Y-27632

Yeast extract
N-Propyl gallate
MgSO4+*7H20
KH2PO4
Na:HPO4*H20
Selenium

MgClI2 x 6H20
NaH2PO4
NaHCO3
Papain

Gelantine

Bipyridyl PKD
inhibitor (BPKD:i)

Sigma
Sigma

B. Braun
Carl-Roth

Thermo Fisher

Sigma
Pepro Tech
Sigma

Sigma Aldrich
Sigma/Merck

Sigma/Merck

Roth

Life
Technologies

Biochrom

BD Biosciences
Sigma/Merck
Tocris

Biorbyt

BD Biosciences
Sigma
Sigma
Sigma
Sigma
Sigma

Merck
Merck
Sigma
Sigma

Sigma
Axon Medchem

Supplements

8047-15-2

71290

3570210
151-21-3

K0222

T6664
100-21
T7513

S5261
T1503

1185-53-1

3051.3

15596026

L 6323

211705
P1379
3748

PKI-
Y27632-
010
212750

121-79-9

P0662
7782-85-6

214485-
5G

1374248
7558-80-7
144-55-8
P4762

G1393

1201673-
28-0
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H: 319, 335

H: 300-400-410

H: 228, 302,
332, 315, 318,
335, 412

H: 315, 319,
334, 335

H: 315, 319,
335

H: 315, 319,
335

H: 302, 315,
318, 410

H: 301, 311,
331, 314, 335,
341, 373, 412
H: 350

H: 301, 319

H: 302-312-332

H: 300+330,
315, 317, 319,
411

H: 315, 319,
334, 335

P 261, 305+351+338

P: 273-309-310

P: 210, 261, 280, 302,
352, 305, 351, 338, 312

P: 261, 305+351+338,
342+311

P: 261, 305, 351, 338

P: 280, 302, 352, 305,
351, 338

P: 273, 301, 312, 330,
302, 352, 305, 351,
338, 310

P: 260, 264, 273, 280

P: 201, 308, 313

P: 301+310,
305+351+338
P: 280

P: 273, 280,
301+310+330,
302+352,
304+340+310,
305+351+338

P: 302, 352, 305, 351,
338



Supplements

Bafilomycin A1 Sigma 1914819- - -
148
MG132 Sigma M7449 - -
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