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1 Introduction 1

1 Introduction
1.1 The transition from cardiac hypertrophy to heart failure in the

pressure-overloaded heart

In Europe, cardiovascular diseases cause 47 % of all deaths and thereby represent the
most common cause of death in European countries. There are many risk factors for
developing cardiovascular diseases, including ischemic heart diseases, alcohol abuse,
high blood cholesterol, hypertension, smoking, obesity, and diabetes. Therefore, the
disease prevalence is widespread among the European population (all reviewed in

Nichols et al. 2014).

Heart failure is an end-stage disease resulting from a prior process of cardiac
remodeling. This cardiac remodeling is “defined as a group of molecular, cellular and
interstitial changes that manifest clinically as changes in size, mass, geometry and
function of the heart after injury” (Azevedo et al. 2016). For example, aortic stenosis
patients develop pressure-overload in the left ventricle resulting in concentric
hypertrophy with preserved ejection fraction, cardiac function, and blood pressure, also
known as compensated hypertrophy (CH). Despite preserved cardiac function,
hypertrophied hearts already displayed a reduced contractile reserve and reduced
chronotropic response during exercise (Lam et al. 2010). The occurring cardiac
remodeling process leads to a decompensation of concentric hypertrophy into eccentric
hypertrophy and terminally into systolic heart failure (HF) with reduced ejection fraction
and cardiac function, and left ventricle dilation (Kannel et al. 1969; Levy et al. 1990; Vakili
et al. 2001; Frey and Olson 2003). Due to the reduced stroke volume, the metabolic
demands of the heart are insufficiently fulfilled and the additional development of
cardiac arrhythmias can lead to sudden death of HF patients (Mozaffarian et al. 2007).
Despite intensive research, the molecular mechanisms underlying the transition from
reversible CH to irreversible HF with significantly reduced ejection fraction are still
poorly understood. Additionally, there is a lack of new drugs that specifically and
efficiently prevent the transformation towards irreversible HF (reviewed in Ponikowski

et al. 2014 and Schirone et al. 2017).
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The mechanical stretch during pathologic hypertrophy stimulates neurohumoral
signaling, facilitating contractile dysfunction in the pressure-overloaded heart.
Contrarily, in hypertrophy induced by gravidity or extensive exercise, growth hormones
and insulin-like growth factors stimulate physiological hypertrophy of the heart through
the PI3K-pathway. The physiological hypertrophic state is associated with normal or
increased cardiac function and normal survival. The differences between physiological

and pathological remodeling are reviewed in detail by Nakamura and Sadoshima (2018).

Cardiac remodeling is characterized by cardiomyocyte hypertrophy, cardiomyocyte loss
and myocardial fibrosis (reviewed in Schirone et al. 2017). Multiple mechanisms and
pathways are involved in the development of cardiac hypertrophy. One known
pathological neurohumoral stimulus inducing cardiac remodeling occurs by angiotensin
II. Through the G-protein coupled receptor the downstream phospholipase C and PI3K
pathways are activated, mediating NFAT-induced transcription of the hypertrophic gene
program (reviewed in Schirone et al. 2017). Additionally, the increase in volume, mass,
and shape in hypertrophic cardiomyocytes is related to the re-expression of a fetal gene
program (Michalak and Agellon 2018). Further repression of contractile function occurs
by the disrupted homeostasis of contractile filaments, e.g. between the a and B isoform
of myosin (Herron and McDonald 2002). Contrarily, it is known that cardioprotective
natriuretic peptides (ANP, BNP) are also upregulated during cardiac remodeling,
antagonizing cardiac hypertrophic growth and cardiac fibrosis (Calderone et al. 1998;
Silberbach et al. 1999; Tamura et al. 2000). Further complex pathways are involved in
hypertrophy induction, e.g. MAPK/ERK1/2/INK/p38 pathway and calcium-calmodulin
dependent kinase Il (CAMKII) mediated protein regulation, whereas especially the last
one seems to play a major role in the detrimental process of cardiac remodeling

(reviewed in Luo and Anderson 2013 and Schirone et al. 2017).

Further processes promoting cardiac decompensation leading to HF involve
cardiomyocyte loss, inflammation, and fibrosis. During cardiac remodeling,
cardiomyocyte loss is mediated by apoptosis, autophagy, and necroptosis (a form of
programmed necrosis, reviewed in Schirone et al. 2017). Additionally, only recently it
was shown that in an early phase of the pressure-overloaded heart the inflammation

through neutrophils and macrophages is required to induce cardiac hypertrophy (Wang
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et al. 2019). As a result of occurring inflammation and myocardial apoptosis the cardiac
fibroblasts produce collagen type | and Il that increases myocardial fibrosis and leads to
passive stiffness with subsequent diastolic dysfunction (reviewed in Segura et al. 2014).
The interaction between hypertrophy, apoptosis, and fibrosis may also depend on
mitochondrial dysfunction. To meet the metabolic demand of the pressure-overloaded
heart, energy production via oxidative phosphorylation is strained, thereby leading to
increased reactive oxygen species (ROS)-production in mitochondria. Mitochondrial ROS
physiologically function as transcriptional regulators of mitochondrial genes and are
involved in excitation-contraction-coupling and cell differentiation (Burgoyne et al.
2012). However, pathologically increased ROS concentration is detrimental for energy
production via induced mitochondrial DNA damage (Burgoyne et al. 2012). In
angiotensin Il-treated mice, the hypertrophic cardiomyocytes display increased
mitochondrial ROS, which facilitates cardiac fibrosis and hypertrophy while fibrosis is

associated with cardiomyocyte loss, as described above (Dai et al. 2011).

Current therapies decelerating the transition from CH to HF involve the blockage of the
renin-angiotensin-aldosterone system, B-adrenergic blockage of the heart, and the
implantation of electrical devices such as cardiac resynchronization therapy and
mechanical ventricular assist devices (reviewed in Luo and Anderson 2013). Despite
improving the clinical state of the patients by using current therapies, cardiac
remodeling advances resulting in irreversible decompensated HF with life-threatening
symptoms. The incomplete understanding of the complex mechanisms resulting in the
transition from CH to HF has prevented the development of new drugs and therapies so
far (reviewed in Ponikowski et al. 2014). Therefore, current research focuses on the
identification of involved molecular pathways to elaborate new drugs and therapies

inhibiting or reversing cardiac remodeling, thereby preventing irreversible end-stage HF.

1.1.1 Cardiac contraction and impaired calcium handling in cardiac remodeling and
heart failure

Cardiomyocyte contraction is a complex process initiated through calcium-induced

calcium release (CICR) leading to crossbridging between actin and myosin, which results

in cardiomyocyte contraction. An action potential depolarizes the membrane by

opening of voltage-dependent sodium channels along the T-tubule system.
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Subsequently, voltage-dependent L-type calcium channels (LTCC) open and cause an
influx of calcium into the cytosol. This calcium influx triggers an additional calcium
release from the sarcoplasmic reticulum (SR) through ryanodine receptor 2 (RYR2). This
leads to an extensive increase of the cytosolic calcium concentration by a mechanism
known as CICR. Consequently, conformation change of troponin induced by calcium
binding uncovers the myosin binding site for crossbridging of actin and myosin
facilitating myocardial contraction. Cytosolic calcium reuptake in the diastole occurrs
within the SR or extracellular space by sarcoplasmic/endoplasmic reticulum calcium
ATPase 2a (SERCA2a) or sodium-calcium exchanger (NCX) (reviewed in Luo and

Anderson 2013).

The described excitation-contraction-coupling is essential for cardiomyocyte function,
whereas its dysregulation diminishes cardiac contractile force and is associated with CH
and HF (Gémez et al. 1997). Calcium is the important mediator for signaling pathways
and cardiac contraction, therefore experimental techniques visualizing cardiomyocyte
calcium handling e.g. by using calcium dyes and confocal calcium imaging, have gained
a lot of interest over the last years. During cardiac contraction, extensive cytosolic
calcium concentration increase is displayed as calcium transients, whereas the
accumulation of local calcium, e.g. due to leaky RYR2, is recorded as calcium spark.
Calcium transients of hypertrophic, non-failing cardiomyocytes displayed a normal or
increased amplitude associated with delayed calcium reuptake resulting in slowed
cardiomyocyte relaxation (reviewed in Berridge 2006). However, these changes are
controversially reported in literature depending on the experimental model and the
respective hypertrophy stimulus (Balke and Shorofsky 1998). In failing cardiomyocytes,
calcium transient amplitude as well as calcium outflow of the SR and calcium reuptake
are reduced (reviewed in Lou et al. 2012), which attenuates contractile force and impairs
relaxation as well as force-frequency relationship (reviewed in Luo and Anderson 2013).
In addition, the role of calcium sparks during disease progression is controversially
reported in the literature (Balke and Shorofsky 1998; Jiang et al. 2002; Kohlhaas et al.
2006; van Oort et al. 2010; Sedej et al. 2014). Recently, the impact of calcium sparks-
mediated diastolic calcium leak in arrhythmias but not in the transition to HF was

reported (Mohamed et al. 2018). The structural, functional, and molecular mechanisms
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associated with alterations in calcium transients and diastolic calcium leak are displayed

in the following:

The CICR and the organization of sarcomere structure are crucial for contractile force
development. In the failing heart the organization of T-tubules is disrupted as well as
the functional coupling of RYR2 and LTCC leading to impaired CICR and reduced SR
calcium outflow during the systole (Song et al. 2006). The regulation of LTCC by CAMKII,
protein kinase A (PKA) and B-adrenergic stimulation results in a longer channel opening
and increased open frequency promoting HF as well as arrhythmias by early
afterdepolarization (Yue et al. 1990; Wu et al. 1999; Koval et al. 2010). Moreover, the
regulation of RYR2 plays a key role in the development of HF. RYR2 activity is modified
by PKA, CAMKII, protein phosphatase 1 and 2a, calmodulin and FKBP12.6 (reviewed in
Luo and Anderson 2013). The diastolic calcium release mediated by CAMKII-
phosphorylated RYR2 is associated with spontaneous diastolic sarcomere contractions.
Consequently cardiomyocytes reveal reduced contractile force during the systole; which
could further contribute to the reduced inotropic reserve in failing cardiomyocytes
(reviewed in Luo and Anderson 2013). Complementary, transcriptional expression
changes in failing cardiomyocytes, such as the increase of CAMKII expression and
decrease of RYR2 expression, might also reduce contractile force (Ai et al. 2005). A
further regulator of contractile force is the sarcomere protein titin, which is also involved
in the development of HF. The titin expression is reported to be upregulated in CH and
downregulated in HF resulting in reduced compliance and contractile function that is
intensified by CAMKII phosphorylation (Hein et al. 1994; Collins et al. 1996; Hamdani et
al. 2013). Collectively, the regulation of calcium channels via CAMKII, especially of RYR2,
LTCC and voltage-dependent sodium channels, and the aberrant sarcomere structure

play an important role in the pathophysiology of failing cardiomyocytes.

Next to the sarcomere organization and cytosolic calcium homeostasis, microdomain
calcium and sodium homeostasis in the T-tubules is dysregulated in failing
cardiomyocytes. The excitation-contraction-coupling in cardiomyocytes directly
depends on sodium homeostasis regulated by sodium-potassium ATPase (NKA) and
NCX. In failing myocardium elevated sodium influx during membrane depolarization

interferes with calcium homeostasis through NCX by sodium sequestration and calcium
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influx during the systole (Pieske et al. 2002). Additionally, CAMKII-mediated
phosphorylation of sodium channels intensifies this effect and can further evoke
arrhythmias (Khoo et al. 2006; Ashpole et al. 2012). The disrupted sodium homeostasis
in failing hearts is also displayed by the reduction of NKA concentration to about 40 %
(Bundgaard and Kjeldsen 1996). Thus, the dysregulation of sarcomere microdomain
sodium and calcium interaction via NCX and NKA may also contribute to maladaptive

cardiac remodeling leading to HF.

Calcium pumps as NCX and SERCA2a are responsible for calcium reuptake after
cardiomyocyte contraction. SERCA2a activity and expression in HF is controversially
discussed in literature, although studies consistently demonstrated enhanced SERCA2a
inhibition by dephosphorylated phospholamban in failing hearts (Mercadier et al. 1990;
Meyer et al. 1995; Schwinger et al. 1995; Schmidt et al. 1999; Mishra et al. 2002). As
compensation of enhanced SERCA2a inhibition, NCX may sequestrate cytosolic calcium
resulting in an increased sodium influx, which impairs sodium and calcium homeostasis.
The overexpression of SR luminal histidine-rich calcium binding protein, a suggested
cross-talk protein between RYR2 and SERCA2a, is also known to induce cardiac
hypertrophy by delayed calcium reuptake (reviewed in Arvanitis et al. 2011). Thus,
cytosolic calcium sequestration and cross-talking between NCX, RYR2 and
sarcoplasmic/endoplasmic reticulum ATPase 2A (SERCA2A) is crucial for cardiomyocyte

function, whereas its dysregulation is often observed in failing cardiomyocytes.

Impaired calcium homeostasis regulating the contraction in cardiomyocytes may be one
of the main triggers for cardiac remodeling leading to HF. Aberrant transcription or
posttranslational modifications of calcium channels e.g. via CAMKII diminishes cardiac
contractile function. Furthermore, sarcomere disorganization leading to functional
aberrations and the dysregulation of calcium and sodium homeostasis accelerate
cardiac remodeling. Therapeutic strategies maintaining calcium homeostasis may be

essential to alleviate, prevent or even reverse cardiac remodeling.

1.1.2 Apoptosis in cardiac remodeling and heart failure

Cell death is either mediated by programmed apoptosis, necrosis, or lysosome-

mediated autophagy. In cardiac remodeling and end-stage HF, increased myocyte
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apoptosis was reported in literature, whereas the role of cell death in cardiac
remodeling is still controversially discussed (reviewed in Kim and Kang 2010). Apoptosis
is sub-grouped in a) the cysteinyl-aspartate specific protease (caspase)-dependent
intrinsic apoptosis pathway initiated by endoplasmic reticulum (ER) stress and DNA
damage, b) extrinsic induction of apoptotic events by direct or indirect receptor
mediated activation of caspases and c) an initially caspase-independent pathway

through the mitochondria.

Caspase-mediated pathways are triggered by initiator caspases, which are activated by
extrinsic or intrinsic signaling pathways. Initiator caspases induce the activation of
effector caspases executing apoptosis by destroying different cellular proteins. The
“extrinsic-death receptor pathway” is activated by binding of Fas ligand or tumor
necrosis factor a (TNFa) to their specific membrane-bound receptor. This thereby
induces cleavage and activation of initiator caspase 8 and downstream mitochondrial
cytochrome crelease resulting in the activation of effector caspases (all reviewed in Kim
and Kang 2010). In HF, several studies reported a detrimental role of highly expressed
TNFa and thereby activation of the death receptor mediated extrinsic apoptosis
pathway (Doyama et al. 1996; Torre-Amione et al. 1996; Kubota et al. 1997; Bryant et
al. 1998). Thus, the extrinsic apoptosis pathway is activated in failing cardiomyocytes,
whereas the role of extrinsic pathway activation during cardiac remodeling is not fully

understood.

The coupling of intrinsic and extrinsic apoptosis pathways is mediated by the cytosolic
BID. The BID protein is cleaved into truncated BID by either extrinsic or intrinsic
apoptosis pathway activated caspases. Truncated BID can translocate to the
mitochondria facilitating cytochrome c release via pro-apoptotic BCL2 family members
(Li et al. 1998). These BCL-2 family members can either function as pro-apoptotic (e.g.
BAD, BAK and BAX) or anti-apoptotic (e.g. BCL-2, BCL-XL) proteins regulating the

mitochondrial cytochrome c release (all reviewed in Kim and Kang 2010).

The intrinsic apoptosis pathway is known to be introduced by e.g. ROS-mediated DNA
damage activating p53 protein or ER stress. Downstream pro-apoptotic gene expression
results in mitochondrial cytochrome c release, forming the apoptosome together with
APAF-1 and auto-processing procaspase 9. The apoptosome complex activates caspase

9, which induces the cleavage of effector pro-caspase 3 into its activated form, which
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eventually executes apoptosis. Hypoxia, dysregulation of mitochondrial calcium
handling and unfolded protein response (UPR) are the main trigger for ER stress-induced
apoptosis. The induced transcription factors, e.g. CHOP/GADD, can lead to
cardiomyocyte death via activation of initiator caspase 12 and downstream pro-
apoptotic protein activation. These pro-apoptotic proteins accelerate mitochondrial
cytochrome crelease or activate directly effector caspases (all reviewed in Kim and Kang

2010).

Furthermore, the important role of caspase-independent apoptosis in cardiac
remodeling via mitochondrial release of pro-apoptotic proteins like apoptosis inducing
factors was reported in hypertrophic and failing cardiomyocytes (Chen et al. 2004;
Choudhury et al. 2010). An additional caspase-independent activation of apoptosis
pathway is the mitochondrial permeability transition pore (mPTP). As an important part
of apoptosis induction in cardiomyocytes, mPTP leads to extensive mitochondrial
calcium efflux leading to membrane depolarization, uncoupling of the respiratory chain,
and mitochondrial swelling resulting in cell death (reviewed in Kwong and Molkentin
2015). CAMKII, elevated after cardiac ischemic insult, is known to facilitate mPTP
opening leading to myocardial death (Joiner et al. 2012). Cardiomyocyte depletion of
mPTP regulator gene Slc25a3, coding for a mitochondrial phosphate carrier, desensitizes
mPTP’s response to ischemia/reperfusion injury and calcium overload induced death
(Kwong et al. 2014), underlining the role of mPTP-mediated cardiomyocyte loss during
cardiac remodeling. The mPTP pore formation can be inhibited by cardioprotective
protein kinase C isoform & (PKCe), known to be induced via NO/cGMP/PKG signaling
(Ping et al. 1999; Baines et al. 2003; Joiner et al. 2012).

Apoptosis inhibition as a therapeutic tool for the treatment of cardiac remodeling is
comprehensively discussed. The intrinsic, extrinsic, and caspase-independent apoptosis
pathways are proceeded especially in failing cardiomyocytes. Regarding a therapeutic
approach of cardiomyocyte death repression, the promotion of carcinogenesis and
autoimmune diseases due to apoptosis inhibition should be considered (reviewed in Kim
and Kang 2010). Further long-term consequences in the heart and non-cardiac organs

are not yet studied in detail.



1 Introduction 9

1.1.3 WNT pathway in cardiac remodeling and heart failure

In general, WNT signaling pathways regulate organogenesis, tissue homeostasis and
regeneration. Additionally, WNT signaling pathways are known to play an important role
in apoptosis, cardiac function and regulation of cardiac remodeling leading to HF. Two
downstream pathway concepts of WNT-activated frizzled transmembrane receptors are
known: The canonical WNT pathway mediates downstream gene transcription through
stabilized B-catenin that translocate into the nucleus acting as a transcription factor. The
non-canonical signaling pathway mediates the activation of calcium-dependent kinases,
such as CAMKII, and is involved in planar cell and polarity pathways by Rho A/RAC (all

reviewed in Bergmann 2010).

Both the canonical and the non-canonical WNT-mediated pathways play important roles
during cardiac development (reviewed in Gessert and Kiihl 2010). The biphasic role of
WNT pathway activity in cardiac organogenesis is required to obtain functional
cardiomyocytes. Ueno et al. (2007) demonstrated for the first time that activation of
canonical WNT signaling in human embryonic stem cells (hESCs) induces mesodermal
differentiation and subsequently cardiac specification is accomplished by inhibition of
the WNT pathway using DKK1. In later stages of cardiac development, WNT signaling
regulates cell-cell adhesion via non-canonical WNT5A signaling, morphological
arrangement by canonical WNT-frizzled-2 signaling and the conduction system through
WNT11 and WNT7a signaling (Toyofuku et al. 2000; Bond et al. 2003; Fujio et al. 2004).
These data outline the unique role of WNT signaling in early and late cardiogenesis and
display its diverse influence in the development of the heart. Furthermore, the WNT
pathway regulation of the fetal gene program in early cardiogenesis was also reported

in the process of cardiac remodeling leading to HF.

The induction of cardiac hypertrophy can be mediated by non-canonical WNT signaling
pathway activation via WNT5A, WNT11 and Dapper-1 (Eisenberg et al. 1997; Pandur et
al. 2002; Hagenmueller et al. 2014). Additionally, the activation of canonical WNT
pathway via stabilized B-catenin and the repression of its inhibitor GSK3B was shown to
induce cardiac hypertrophy, whereas canonical WNT signaling activation in HF is also
associated with improved cardiomyocyte function (Haq et al. 2003; Hirotani et al. 2007).

In contrast, Baurand et al. (2007) reported that stabilized B-catenin attenuates cardiac
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function after angiotensin Il induced CH in mice. The complex role of canonical and non-
canonical WNT pathway regulation in CH and HF demonstrates its role in the process of
cardiac remodeling. Canonical and non-canonical WNT signaling can induce cardiac
hypertrophy, and canonical WNT signaling is further active in HF, whereas its impact on

cardiac function is controversially reported in the literature.

Secreted-frizzled-related proteins (SFRPs) are modulators of WNT signaling molecules
activating canonical and non-canonical WNT pathway. Several studies reported the anti-
hypertrophic role of SFRPs by modulating WNT signaling pathways in cardiac
remodeling. In detail, SFRP1 depletion was shown to be detrimental for cardiac function
and promoted cardiac fibrosis (Sklepkiewicz et al. 2015). Moreover, calcium extrusion
pump PMCA4-depleted cardiac fibroblasts attenuated cardiomyocyte hypertrophy by
local SFRP2 secretion (Mohamed et al. 2016), underlining the predicted anti-
hypertrophic role of SFRPs. Additionally, SFRP5 was also described to play an anti-
hypertrophic role in angiotensin Il treated rat cardiomyocytes (Jin et al. 2015). In
contrast to the predicted anti-hypertrophic role of SFRP1, SFRP2 and SFRP5, the
repression of previously reported beneficial canonical pathway in failing cardiomyocytes
by SFRP3 and SFRP4 can consequently be associated with reduced cardiac function
(Schumann et al. 2000). Regarding the role of WNT signaling in the process of cardiac
remodeling, SFRPs as WNT modulators display an anti-hypertrophic stimulus and SFRP3
and SFRP4 were also active in failing cardiomyocytes, probably diminishing cardiac

function by canonical WNT pathway repression.

Besides cardiac hypertrophy induction, WNT signaling and its modulators were also
involved in the transition to HF. Several studies demonstrated the dysregulation of WNT
pathways in HF, which were associated with decompensation of cardiac function,
increased cardiomyocyte apoptosis, and fibrosis. Myocyte degradation plays a crucial
role in the decompensation of cardiac function in failing cardiomyocytes. As anti-
apoptotic regulators, WNT1 and WNT2b are known to inhibit apoptosis by activation of
canonical WNT signaling repressing cytochrome c release from mitochondria or the
expression of FAS, a pro-apoptotic NF-kB target gene, respectively (Spiegelman et al.
2000; Chen et al. 2001; Noubissi et al. 2006). Additionally, repression of canonical WNT
pathway inhibitor GSK3B leads to reduced cardiomyocyte apoptosis and fibrosis

(Hirotani et al. 2007). In the murine heart, hypoxic cardiomyocytes displayed Wnt3a
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upregulation, which was also associated with enhanced apoptosis, whereas treatment
with Sfrp1 and Sfrp2 protects these murine cardiomyocytes from apoptosis probably by
activation of canonical Wnt signaling (Barandon et al. 2003; Mirotsou et al. 2007).
Moreover, angiotensin Il treated murine hypertrophic cardiomyocytes were protected
against apoptosis by Sfrp5 treatment (Nakamura et al. 2016). These results suggest the
anti-apoptotic role of SFRP1, SFRP2 and SFRP5 together with canonical WNT pathway
activation in cardiomyocytes. In contrast, pro-apoptotic stimuli of SFRPs were also
reported. SFRP3 and SFRP4 were associated with apoptosis in failing ventricular tissue
and SFRP5 promotes apoptosis in cardiac fibroblasts (Schumann et al. 2000; Bie et al.
2016). The anti-apoptotic role of canonical WNT pathway activation and its modulation
by SFRPs were reported in cardiomyocytes, whereas SFRPs were also known to induce
apoptosis in failing cardiac tissue, especially in cardiac fibroblasts. Therefore, the role of

WNT pathway in apoptosis might be cell type-specific and stimulus-dependent.

Until now, the complex role of WNT pathway regulation and its modulators in
cardiomyocyte function and apoptosis are not completely understood and partially
controversely reported in literature. The reactivation of essential embryonic cardiac
development WNT pathways can contribute to cardiac hypertrophy, as well as
preserving cardiac function in the failing heart. Additionally, an anti-apoptotic stimulus
via canonical WNT pathway activation by SFRPs was reported in cardiomyocytes,
whereas SFRPs were also known to induce apoptosis in cardiac fibroblasts. In conclusion,
WNT signaling pathways play an important role in cardiac remodeling via regulation of
cardiac function and apoptosis, whereas the precise mechanisms need to be explored

further in human cardiomyocytes.

1.1.4 Deep RNA sequencing of myocardial biopsies from different stages of
pressure-overload in human and mouse identified the conserved candidate
secreted-frizzled-related protein 5

Initially, next generation sequencing of human myocardial samples of aortic stenosis

patients suffering from CH and decompensated HF was performed to elucidate

molecular mechanisms that may regulate cardiac remodeling. Myocardial biopsies from
patients with preserved ejection fraction were grouped in a CH group and biopsies from

patients with reduced ejection fraction were grouped in a HF group comprising five
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replicates each (figure 1A). Healthy donor hearts were used as control group. To identify
conserved candidates in the transition from CH to HF, a comparable mouse model
treated with transverse aortic valve constriction (TAC) was used. One week after TAC
treatment, mouse hearts were comparable with human CH and 8 weeks after TAC
surgery mouse hearts developed a human HF like state (figure 1B). The comparative
deep RNA sequencing (RNA-seq) screening identified a set of significantly up- and
downregulated genes at different stages of pressure-overload compared to healthy
controls. Grouped in expression profiles of transcriptional changes from non-failing
control (C) to CH to HF, 25 conserved candidates between mice and human were
identified (figure 1C). Interestingly, SFRP5 was the only conserved candidate gene
significantly decreasing from C to CH and is re-expressed in the failing heart (figure 1D).

Therefore, SFRP5 was chosen for further investigation in this thesis.
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Figure 1: Identifying conserved candidates regulating the transition from CH to HF. Myocardial biopsies
from patients with different stage of aortic stenosis and healthy hearts from organ donors (C) were
obtained to perform deep RNA-seq. To identify conserved candidate genes involved in the transition to
HF samples from the comparative TAC mice model were additionally analyzed. (A) Myocardial samples of
patients with AS were grouped in CH with preserved ejection fraction (EF) and in HF with reduced EF. (B)
Myocardial samples from the stage of CH were compared to TAC-mouse samples one week after surgery
and HF samples were compared to TAC-mouse samples 8 weeks after surgery. (C) Deep RNA-seq of

different stages of pressure-overload in the human and murine samples identified differentially up and
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downregulated genes during disease progression. Grouped in gene expression profiles from C to CH to
HF, 25 differentially expressed conserved candidates were displayed. SFRP5, as the only candidate
significantly decreasing from C to CH, was chosen for further analysis. (D) SFRP5 is expressed in human
non-failing myocardium, decreases during CH (log2 fold change -3.5) and shows a stable upregulation in
HF, but does not reach the basal expression level in control. RNA-sequencing data of human tissue was
validated via gPCR. The illustration was adapted from Khadjeh et al (2020), Creative Common

International License: CC BY 4.0.

1.1.5 Secreted-frizzled-related protein 5

SFRP5 is a secreted modulator of WNT and BMP signaling (Stuckenholz et al. 2013). The
SFRP family consist of five secreted glycoproteins, which directly bind and regulate WNT
proteins by a homologous cysteine-rich domain (Lin et al. 1997). Due to sequence
homology, SFRP5 is subclassified together with SFRP1 and 2, whereas SFRP3 and 4
display more similarities among each other compared to the other three family
members (Jones and Jomary 2002). The SFRP5 gene is located on chromosome 10 and
consists of 3 exons (Chang et al. 1999). The 37 kDa protein is known to directly inhibit
WNT5A and WNT11 consequently modulates canonical and non-canonical WNT
pathway (Li et al. 2008). Multiple functions and interactions of SFRP5 were reported. In
several tissues SFRP5 is described as fundamental for tissue homeostasis, because it has
been shown that its expression is altered in different diseases and cancers (Zhao et al.
2009; Peng et al. 2014; Gutiérrez-Vidal et al. 2015). For example SFRP5 is a known tumor
suppressor gene in many cancer types e.g. in renal cell cancer as well as expressed in
murine cardiac progenitor cells, indicating involvement in cardiac differentiation

(Kawakami et al. 2011; Fujii et al. 2017).

As a novel anti-inflammatory adipokine, SFRP5 is involved in the regulation of insulin-
sensitizing, obesity and coronary artery disease (reviewed in Wang et al. 2020). As
adipokine SFRP5 is highly expressed in white adipose tissue, and also endocrine effects
of SFRP5 were reported (Ouchi et al. 2010; Ehrlund et al. 2013). Obesity, a multifactorial
disease, is often associated with low-grade chronic inflammation of especially visceral
white adipose tissue (Weisberg et al. 2003). These patients displayed lower SFRP5 serum
levels and expression in inflammatory adipose tissue compared to non-obese patients
(Ouchi et al. 2010; Hu et al. 2013; Akoumianakis et al. 2019). Consequently, SFRP5 may
protect against adipose tissue inflammation and obesity via repression of pro-

inflammatory WNT5A-mediated non-canonical WNT pathway.



1 Introduction 14

Furthermore, SFRP5 as an insulin-sensitizing adipokine is involved in diabetes type 2
development. The pathophysiological mechanism of insulin resistance in diabetes type
2 involves macrophage-mediated inflammation of adipose white tissue (Xu et al. 2003).
The macrophage inflammation may also occur by WNT5A-mediated non-canonical WNT
signaling, which can be rescued by SFRP5 treatment restoring insulin sensitizing in white
adipose tissue (Ouchi et al. 2010). Moreover, endogenous SFRP5 secretion is
hypothesized as the underlying pharmacological mechanism to improve insulin
sensitizing of anti-diabetes pharmaceuticals like rosiglitazone and metformin (Lv et al.
2012). The beneficial role of SFRP5 in the development and therapy of diabetes type 2
was confirmed in animal and cell models, whereas until today clinical data reported

controversial results on SFRP5 serum levels (reviewed in Wang et al. 2020).

SFRP5 is further reported to diminish coronary artery disease due to metabolic
dysfunction (reviewed in Wang et al. 2020). Coronary artery disease is based on
atherosclerosis, a complex process of LDL storage in the vascular wall accompanied by
macrophage migration and oxidative stress leading to endothelial dysfunction together
with the proliferation and migration of vascular smooth muscle cells. Several studies
reported the rescue of endothelial dysfunction and vascular smooth muscle cell
proliferation, migration and inflammation by SFRP5 via inhibition of WNT5A/JNK
pathway, canonical WNT pathway and p38/MAPK pathway and further increased nitric
oxygen production of endothelial cells (Bretén-Romero et al. 2016; Cho et al. 2018;
Teliewubai et al. 2018; Akoumianakis et al. 2019). Recent clinical studies reported that
patients with coronary artery disease displayed low serum levels of anti-inflammatory
SFRP5 and high serum levels of pro-inflammatory WNT5A, underlining its role in disease
progression (Miyoshi et al. 2014; Akoumianakis et al. 2019). Moreover, the
pathophysiological mechanisms of adverse macrophage inflammation was also reported
in the heart after ischemia/reperfusion injury (Nakamura et al. 2016). In the murine
heart Sfrp5 is known to inhibit cardiac inflammation and apoptosis by inhibition of
Whnt5a-positive macrophage’s migration, and cytokine as well as chemokine expression,
thereby protecting the heart after ischemia/reperfusion injury (Nakamura et al. 2016).
A recent study of Du et al. (2019) reported the association of SFRP5 serum levels with
improved cardiac function after percutaneous coronary intervention within the scope

of myocardial infarction and evaluated SFRP5 as novel therapeutic target after ST-
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segment elevated myocardial infarct. Moreover, miR-125b was identified as regulator
of SFRP5 expression in cardiac fibroblasts, promoting their growth and activation as well
as repressing their apoptosis (Bie et al. 2016), indicating an anti-apoptotic and anti-
fibrotic role of SFRP5 in cardiac fibroblasts. Regarding the anti-inflammatory role of
SFRP5 in cardiac diseases, aberrant disease progression can be diminished by inhibition
of WNT5A-mediated non-canonical pathway, displaying SFRP5 as novel cardioprotective

adipocytokine.

Interestingly, despite macrophage migration after myocardial infarction the WNT5A
protein is also involved in neutrophil recruitment in the pressure-overloaded heart
(Wang et al. 2019). This study reported for the first time the obligatory role of neutrophil
inflammation leading to macrophage migration and cytokine and chemokine expression
which results in hypertrophy induction. They also demonstrated that WNT5A is required
for chemotactic migration and chemokine production of neutrophil cells and is directly
correlated to disease severity (Jung et al. 2013; Wang et al. 2019). Gene edited murine
myeloid cells displayed the increase of cardiac hypertrophy, inflammation and cardiac
dysfunction during Wnt5a overexpression, whereas Wnt5a depletion diminishes disease
severity (Wang et al. 2019). Furthermore, elevated WNT5A serum levels of HF patients
were associated with increased cardiac inflammation, cardiac fibrosis and disease
progression (Abraityte et al. 2017), underlining the results of Wang et al. (2019). Because
Whnt5a was only expressed in neutrophils isolated from the heart, Wang et al. (2019)
hypothesized Wnt5a-mediated autocrine regulation of neutrophil function or endocrine
regulation via SFRP5. These data, together with the known anti-inflammatory and
protective role described after ischemia/reperfusion injury strongly indicates the
involvement of SFRP5 in the regulation of WNT5A induced neutrophil recruitment after
pressure-overload leading to cardiac hypertrophy, inflammation, and cardiac

dysfunction.

The predicted role of SFRP5 in the inhibition of WNT5A-mediated cardiac inflammation
via neutrophils and macrophages resulting in cardiac hypertrophy and cardiac
dysfunction was described in the literature, whereas SFRP5 may also have a direct
influence on cardiomyocyte function. Unfortunately, the function of SFRP5 in
cardiomyocytes is still poorly understood. For example, Jin et al. (2015) published that

Sfrp5 expression is upregulated due to an angiotensin Il stimulus in rat cardiomyocytes
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resulting in transcriptional downregulation of BNP and TNF-a in hypertrophic
cardiomyocytes. Under these conditions SFRP5 displays an anti-hypertrophic role (Jin et
al. 2015), whereas the underlying mechanisms of SFRP5 diminishing cardiac hypertrophy
remained unknown. The publications by Jin et al. (2015) and Wang et al. (2019) together
with preliminary RNA-seq of AS patients suggest a beneficial role of SFRP5 in cardiac
remodeling, regarding hypertrophy stimulation, fibrosis and apoptosis. Nevertheless,

the direct influence of SFRP5 on cardiomyocytes was not examined until today.

1.2 Human induced pluripotent stem cell derived cardiomyocytes:

suitable model for human cardiovascular research

In 2007 Takahashi et al. reported the successful reprogramming of adult human
fibroblasts towards the pluripotent state by retroviral transduction of four genes
associated with pluripotent cells. In this study they used OCT4, SOX2, KLF4 and C-MYC.
These so called induced pluripotent stem cells (iPSCs) were capable of unlimited
proliferation under specific cultivation conditions, could differentiate into all cells of the
three germ layers (endoderm, mesoderm, ectoderm) and were capable of teratoma
formation in vivo (Takahashi et al. 2007). Shortly thereafter, Yu et al. (2007) published
the generation of human iPSCs (hiPSCs) using the pluripotency transcription factors
OCT4, SOX2, NANOG and LIN28. Human iPSCs displayed comparable functional
properties to hESCs. These include especially hESC like morphology, proliferation ability,
expression of surface antigens, promotor activities and telomerase activity (Takahashi
et al. 2007). Less ethical concerns were raised using hiPSCs, because they can be derived
from adult somatic cells in comparison to hESCs, which are derived from the inner cell
mass of blastocyst by destroying it (Thomson et al. 1998). Over the last couple of years,
intensive research focuses on the further development of the promising hiPSC-
technology. Reprogramming methods were refined, and new culture conditions were

established in case of future clinical application.

Human iPSCs gained strong attention in cardiovascular research due to the lack of
suitable and efficient human model systems. Animal models often display pronounced
differences in cardiac physiology, especially in channelopathies, therefore research has

focused on hiPSC-derived models in the field of cardiovascular research (reviewed in
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Mummery 2018). Human iPSCs can be effectively differentiated into hiPSC-derived
cardiomyocytes (hiPSC-CMs) by modulation of the WNT signaling pathway with small
molecules (Lian et al. 2013; Cyganek et al. 2018). Usage of a metabolic selection via
lactate enables cardiomyocyte populations of > 99 % purity without detectable tumor
formation in vivo after transplantation (Tohyama et al. 2013). These purified
cardiomyocytes are a heterogeneous population of mainly ventricular-like cells and a
minority of atrial- and nodal-like cells. Subtype differentiation of atrial- and nodal-like
cells is performed by BMP signaling modulation and supplementation of retinoic acid
during differentiation (Devalla et al. 2015; Protze et al. 2017). The unlimited source of
hiPSC-CMs and their ability to differentiate in several cardiomyocyte subtypes is a
further great advantage in comparison to the isolation of adult cardiomyocytes from
biopsies, which results in only small quantities of non-proliferating cells, which are

difficult to culture for longer time periods in vitro.

Patient-specific hiPSCs can be used for disease modeling, to elucidate new cellular and
molecular disease mechanisms as well as to identify new disease associated genes. The
first reported cardiac disease model was the LEOPARD syndrome in 2010 followed by
numerous other patient-derived hiPSCs modeling specific cardiac disorders (Carvajal-
Vergara et al. 2010). To date, many of the genetically determined hypertrophic and
dilated cardiomyopathies were examined in vitro using hiPSC-CMs (reviewed in
Eschenhagen and Carrier 2019). Human iPSC-CMs derived from patients with genetically
caused hypertrophic or dilated cardiomyopathy revealed aberrations in phenotype and
functionality, which could recapitulate the patient’s disease in vitro (reviewed in
Eschenhagen and Carrier 2019). Furthermore, hiPSC-CM disease models can refine the
understanding of underlying disease mechanisms and promote the development of new
therapeutic strategies or determine drug sensitivity. Unfortunately, in comparison to
easily accessible clinical measurements of cardiac contractility and size in patients, there
are certain difficulties to determine these parameters in hiPSC-CMs, which is based on
culture conditions (all reviewed in Mummery 2018). Due to the introduction of
CRISPR/Cas9 system, genetically modified hiPSC-CMs can be compared to isogenic
control, minimizing cell line dependent bias (reviewed in Eschenhagen and Carrier

2019).
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Limitations of these human model for cardiac diseases refer mainly to their immature
fetal-like state regarding morphological, molecular, structural, metabolic and functional
aspects compared to adult cardiomyocytes (Yang et al. 2014). Strategies for hiPSC-CM
maturation propose prolonged culture periods of 60 to 120 days, supplementation of
trilodothyronine, electric stimulation and generation of cardiac tissues (Martherus et al.
2010; Lieu et al. 2013; Lundy et al. 2013; Tiburcy et al. 2017). Future applications in
regenerative medicine refer to transplantation of hiPSC-CMs engineered patches in
injured myocardium and further in vitro extracellular matrix scaffold repopulation of
whole hearts (Carvalho et al. 2012; Weinberger et al. 2016). The first transplantation of
hESC-derived cardiac progenitor cells into humans was reported in 2015 (Menasché et
al. 2015). Despite several differences in comparison with adult cardiomyocytes, hiPSC-
CMs are considered a suitable human model for the field of cardiovascular research

regarding disease modeling, functional analysis of proteins and drug toxicity.

1.3 Methods used in the study

To analyze the function of SFRP5 in hiPSC-CMs a gain of function system via adeno
associated virus (AAV)-mediated overexpression and a loss of function system via
Clustered Regularly Interspaced Short Palindromic Repeats and the Cas9 nuclease

system (CRISPR/Cas9) was used.

Transcriptional overexpression of genes in post-mitotic cardiomyocytes using AAVs is a
promising tool in cardiovascular research. Several characteristics of AAVs are beneficial
for the use as a gene transfer system: AAVs are part of Parvoviridae family consisting of
non-enveloped, single-stranded deoxyribonucleic acid (DNA) viruses (Rapti et al. 2015).
Recombinant AAVs remain episomally, and each of the 13 serotypes demonstrated
tissue specific tropism. The most cardiotropic serotypes are 1, 6 and 9 (Rapti et al. 2015).
Several studies examined the transduction efficiency of different AAV serotypes in
hiPSC-CMs. Rapti et al. (2015) displayed AAV2 and AAV6 as superior serotypes for
transduction of postmitotic hiPSC-CMs. Moreover, low immunogenicity, the lack of
pathogenicity, attenuated oncogenic risk and stable long term overexpression
contribute to their promising role in gene therapy (Rapti et al. 2015). Limitations of AAVs

include to their small genome capacity of only 4.7 kb (Hajjar 2013). Furthermore,
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Balakrishnan et al. (2013) reported an increase of UPR via IRE1la, PERK and ATF6 due to
AAV transduction. Pre-treatment with metformin, a UPR inhibitor, in an animal model
was convenient to reduce transcriptional pro-apoptotic activation of UPR to a modest

level and reduce inflammatory response (Balakrishnan et al. 2013).

The novel gene editing technology using CRISPR/Cas9 is a precise tool to induce e.g. a
mutation at a specific site in the genome that leads to a gene disruption/ knock-out (KO).
Therefore, truly causative lesions can be analyzed for specific molecular and cellular
phenotypes. The Cas9 causes sequence specific double strand breaks (DSB) guided by
the corresponding crRNA transcribed from the CRISPR-locus together with the
sequence-independent tracrRNA, which are often transcribed as one “fusion-RNA”, the
so-called guide RNA (gRNA) in the CRISPR/Cas9 system. Several delivery systems were
developed including inducible Cas9 plasmids, virus mediated transfer methods, Cas9
ribonucleoprotein complexes or mRNA transfection. The short gRNA consists of 20
nucleotides at its 5’-end, which are homologous to the targeted DNA sequence in the
genome while the residual bases are for the correct localization within Cas9 protein. For
Cas9 and gRNA interaction, the protospacer adjacent motif is essential, which must be
localized directly adjacent to the desired target site. Within cells a Cas9 introduced DSB
can be repaired due to non-homologous end joining (NHEJ) or homology directed repair.
The NHEJ is an error-prone, non-template ligation of the two ends, while homology
directed repair allows the precise repair of the DSB using the homologous DNA sequence

of sister chromosome as template (all reviewed in Lino et al. 2018).

Depending on the cell cycle, the introduced DSBs are predominantly repaired by NHEJ
(up to more than 90 %), which can cause insertions and deletions. This results mostly in
frameshifts and the loss of function of the gene of interest. Introducing two
simultaneous DSBs, NHEJ can ligate misfitting ends together, which can lead to
inversions, deletions or translocations (Xiao et al. 2013; Torres et al. 2014). In
consequence, pretermination codons are recognized by the cell activating nonsense
mediated decay promoting mRNA degradation (reviewed in Hug et al. 2016). Due to a
carefully chosen gRNA target site, partially reconstruction of the mRNA due to
alternative promoters, alternative splicing, or altered polyadenylation signals can be
avoided, minimizing the risk for translating a truncated, but partially functional protein

(reviewed in Hug et al. 2016).
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Further limitations of CRISPR/Cas9 induced gene KOs depend on clonal variability of the
specific hiPSC line and mismatches of the gRNA to other sequences in the genome next
to the intendent gene of interest, the so called off-target sites. Various online tools were
developed to create gRNAs with a high specificity towards the gene of interest and
reduced off-target sites, thereby minimizing potential artefacts in the genome edited
hiPSC line. Currently, Digenome-seq is a “robust, sensitive, unbiased and cost-effective
method for profiling genome-wide off-target effects”, which identifies mutagenesis

frequencies < 0.1 % (Kim et al. 2015).

AAV-mediated overexpression and CRISPR/Cas9-mediated gene KO are two promising
model systems in cardiovascular research. Cardiac tropism and the preferential
transduction of post-mitotic cells are desirable characteristics of AAVs in order to
analyze the function of SFRP5 in hiPSC-CMs. Despite limitations and various cellular
rescue systems, gene KO by the CRISPR/Cas9-mediated genome editing system is a
reliable tool for the generation of hiPSC KO lines to e.g. identify specific protein functions

in the process of cardiac differentiation and in the hiPSC-CMs.

1.4 Aim and description of the project

The aim of the project is the identification of potential roles of SFRP5 in the
pathophysiology of cardiac remodeling and the investigation of the molecular and
functional disease-causing mechanisms in a human in vitro system. Therefore, the
candidate of interest (SFRP5) was analyzed in two-month-old hiPSC-CMs (from healthy
donors) by AAV-mediated overexpression (SFRP5°F) and CRISPR/Cas9-mediated KO
(SFRP5K0).

In order to reveal the induced changes due to the overexpression of SFRP5, the SFRP59F
hiPSC-CMs were analyzed on the molecular and cell biological level in comparison to
untreated control hiPSC-CMs (Control®® hiPSC-CMs). For molecular analysis,
quantitative PCR (qPCR) was assessed to validate the overexpression of SFRP5 as well as
the expression level of cardiac specific marker genes. Expression analysis of AAV-treated
hiPSC-CMs by mRNA-sequencing (mRNA-seq) and pathway analysis should reveal
transcriptional and signaling pathway changes induced by SFRP5 overexpression.

Changes in calcium handling were further examined using functional analysis via
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confocal calcium imaging. CRISPR/Cas9-mediated SFRP5XC in hiPSC was performed,
validated, and these SFRP5XC hiPSCs were consequently differentiated into SFRP5XC

hiPSC-CMs to reveal the role of SFRP5 for cardiac development.

The results gained in this study give novel insights into molecular mechanisms
underlying cardiac remodeling and may provide a new potential drug-targeted
candidate for the development of therapeutic strategies for the treatment of HF

progression.
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2.1 Materials

2.1.1 Disposable items and laboratory equipment
Table 1: List of disposable items.

Name Type Provider and Order Number

6 cm culture dish Thermo Fisher Scientific # 150462

6-well plate, TC-treated CytoOne Starlab #CC7682-7506

Cell culture plates  12-well plate, TC-treated CytoOne Starlab #CC7682-7512

24-well plate, Tc-treated CytoOne Starlab #CC7682-7524

96-well plate, TC-treated CytoOne Starlab #E2896-0600

Cell scraper
Cell strainer

Cryo-tubes

Falcon tubes

Filter tips

Flow cytometer

tube

Gel extraction

Pasteur pipettes

Pipette tips

Pipettes

qPCR

Safe lock tubes

Cell scraper 16cm 2 pos.-blade
40um nylon cell strainer
CRYO.S, 2 ml

15 ml

50 ml

0.1-10 pl

10-200 pl

100-1000 pl

Falcon® Round-Bottom Polystyrene
Tubes, 5 mL

Disposable Scalpel fig. 11
Pasteur pipettes

0.1-10 pl

10-200 pl

100-1000 pl

5ml

10 ml

25 ml

Hard-Shell® 96-Well PCR Plates
Microseal® 'B' PCR Plate Sealing Film
0.1 ml: PCR consumables

0.5 ml

1.5 ml

2ml

1.5 ml brown

Sarstedt #83.1832

Stemcell Technologies ##27305

Greiner #126263

Greiner Bio-one #188271
Sarstedt #62.547.004
Starlab #51121-3810
#51120-1840
#51126-7810

BD Falcon #352058

Feather #02.001.30.011
LabSolute # 7691061
Starlab #51111-3700
#51111-1706
#S1111-6811

Sarstedt # 86.1253.001
#86.1254.001
#86.1685.001

BioRad #HSP9601

BioRad #MSB1001
Starlab #11402-3706
Eppendorf #0030 121.023
Eppendorf #0030 123.328
Eppendorf #0030 120.094
Sarstedt #72.706.001
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Name Type
Slides and Microscope Slides
coverslips Round 25 mm

Sterile filters Steriflip 50 ml 0.22 um

MiniFlex Round Tips, 10pl

Tips for gel loading
MiniFlex Round Tips, 200yl

Table 2: List of laboratory equipment

Provider and Order Number
Thermo Fisher Scientific
#J1800AMNZ
#CB00250RA033MNTO
Merck Millipore #SCGP00525
Biozym #728014

#728204

Description Name
Autoclave Vx-150
Balances Quintix

Entris
Cell counter CASY Model TT

Cell stimulator

Centrifuge

MyoPacer cell stimulator

Sprout

Provider
Systec

Sartorius

Innovatis
lonOptix

Heathrow Scientific

Centrifuge 5418R
Heraeus Megafuge 40RT
Chemiluminescence ChemiDoc XRS+ System
detection system
Confocal microscope LSM710 confocal microscopic system
Controlled rate freezer KRYO 560-16
Cooling units 4°C: LKevx 1800
-20°C: LGUex 1500 MediLine
-80°C: TSX60086V
-150°C: MDF-C2156VAN-PE
Counting chamber Thoma neu
Electrophoresis Wide Mini-Sub Cell GT Systems
Sub-Cell GT UV-Transparent Gel Tray
20-Well Comb
Gel documentation: BioDoc Analyze
Flow cytometer BD LSR Il Flow Cytometer

Freezing container Mr. Frosty

Heat block Thermomoxer F1.5

Heated magnetic stirrer RH basic

Ice machine AF103

Incubator Heracell VIOS 250i, CO; Incubator

Eppendorf
Thermo Scientific

BioRad

Carl Zeiss

Planer

Liebherr

Liebherr

Thermo Fisher Scientific
Panasonic

Mareinfeld #0640810
BioRad

#1704416

#1704448

Biometra

BD Biosciences
Nalgene, #C1562-1EA
Eppendorf

IKA

Scotsman

Unity Lab Service by Thermo

Fisher Scientific
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Description

Microscope

Microwave

NanoDrop

PCR Cycler
pH meter
Pipet controller

Pipettes

Power supply

gPCR cycler

Shaker

Sterile work bench

Sterilisation

Transfection unit
Vortexer

Water bath

Water preparation
system

Western Blot

Name
Axio Observer.Al Inverted Microscope
Primovert

NN-E201 WM

NanoDrop One

Nanodorp 2000/2000c
Mastercycler nexus gradient
pH7110

Acculet Pro

Reference, Research plus
(2.5/10/100/1000 pl)

PowerPac basic Power Supply
CFX96 Touch Real-Time Detection
System

GFL 3015 Shaker

Unimax 1010

SAFE 2020 Biological safety cabinet,
class Il

Heratherm OMH750 Advanced Lab
Oven

Amaxa Nucleofector Il device
uniTEXER1

Shaking water bath 1083

PURELAB flex, ElgalLC 197

Mini-PROTEAN Tertra Cell

Trans-Blot Turbo Transfer System

Provider

Carl Zeiss
#491206-0001-000
Panasonic

Thermo Fisher Scientific
#ND-ONE-W

#ND-2000

Eppendorf

InoLab

Brand

Th. Geyer #9283228 #9283200

BioRad
BioRad

GFL
Heidolph

Thermo Fisher Scientific

Thermo Fisher Scientific

Lonza
LLG Labware
GFL

Veolia

BioRad #1658000EDU
BioRad
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2.1.2 AAV6 vectors

AAV6-Basic - AAV6-SFRP5

4815 bp . 6106 bp

Figure 2: Design of AAV6 vectors. The AAV6-CMV-EGFP plasmid contains a ubiquitously active CMV
promoter and the fluorescent marker EGFP. The overexpression vectors were designed with a CMV
promoter and the human candidate gene (hSFRP5) linked with a T2A site to EGFP for co-translational
expression of SFRP5 and EGFP from one mRNA. All vectors inherit an Ampicillin resistance (AmpR) for
selection of transformed bacteria during cloning procedure. lllustration was created by visualizing the

vector sequence (provided by Vector Biolabs) in snap gene and subsequently modified for better clarity.

AAV6-CMV-SFRP5-T2A-EGFP vector was custom-designed and purchased with the
control vector AAV6-CMV-EGFP from Vector-Biolabs (figure 2).

2.1.3 CRISPR/Cas9 Sigma All-in-one plasmids

i gRNA aw 7 Xbal

19-20bp
Target region

pUCori Kan*

Figure 3: CRISPR/Cas9 plasmid map. The plasmid contains gRNA, Cas9 and the reporter GFP linked by a

T2A site. Kanamycin resistance (Kan') for transformed E. Coli selection is included (Sigma-Aldrich 2019).

Table 3: List of used CRISPR/Cas9 plasmids
Gene Vector CRISPR-binding site Order number

SFRP5 Exon 1 U6gRNA-Cas9-2A-GFP GGATGT CAA GGC ACT GCG GCGG  HS0000269496
SFRP5 Exon 1 U6gRNA-Cas9-2A-GFP CTG CATC GCC GTG CAGTTC GGG = HS0000269505
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2.1.4 Primers

Table 4: List of primers for gDNA templates and for reverse transcription PCR

Name Sequence

For: GCTGGGTAGAGTCAGGGC
SFRP5_gDNA
Rev: GATGGGTACTGAGAGGGGTG

For: GCTGCGAGGAGTACGACTAC

SFRP5_cDNA
Rev: CCACAAAGTCACTGGAGCAC

Table 5: List of primers for qPCR

Name Sequence or order number Qiagen

For: GAC ACG GAC AGG ATT GAC AG
185 Rev: CTA GTT AGC ATG CCA GAG TCT C
CACNB2 PPH01623F

For: AGC TGC TGT TCT GAG GTC AC

cTnT

Rev: AGG TAC AAA GGG AAG CCT GC

For: GTT CGT CAT GGG TGT GAA CC
GAPDH

Rev: GGT CAT GAG TCC TTC CAC GA
Ryr2 PPH10458A

SFRP5 PPH15747A
WNT5A  PPH02410A

2.1.5 Antibodies

Product length (bp)

907

528

Product length (bp)

132

156

122

139

157
146
189

Primary antibodies used for immunofluorescence (IF) analysis and western blot (WB)

analysis are listed in table 6. Corresponding secondary antibodies are listed in table 7.

Table 6: List of primary antibodies

Antigen Host Dilution
IF: 1:500
A-actinin = Mouse (IgG1)
FACS: 1:1000
RYR2 Rabbit (IgG1) IF: 1:500
Cx43 Rabbit (1gG) IF: 1:1000
GAPDH Mouse (IgG1) WAB: 1:1000
SFRP5 Mouse (IgG2b) 1:500
Rabbit
GFP WB: 1:10000
(polyclonal)
Sheep
GFP IF: 1:1000

(polyclonal 1gG)

Blocking

1 % BSA/DPBS

1% BSA/DPBS
1 % BSA/DPBS
3 % non-fat dry
milk in TBS-T

3 % non-fat dry
milk in TBS-T

3% BSA in TBS-T

1 % BSA/DPBS

Provider

Sigma A7811 (EA-53)

Sigma Prestige HPA020028
Abcam ab11370 (GJA1)

Merck #MAB374

Santa Cruz Biotechnology

#sc-374397

Abcam #ab290

BioRad #4745-1051
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Antigen Host Dilution

IF: 1:2000
Hoechst

FACS: 1:1000

Table 7: List of secondary antibodies

Fluorophore & Antigen Host

Alexa Fluor 488, anti-mouse = Donkey (IgG)
Alexa Fluor 555, anti-rabbit = Donkey (IgG)
Alexa Fluor 647, anti-mouse = Goat (IgG)
Alexa Fluor 488, anti-sheep = Donkey (IgG)
HRP, anti-mouse Sheep (IgG)

HRP, anti-rabbit Donkey (IgG)

2.1.6 Chemicals and reagents

Table 8: List of chemicals and reagents

Name

200 pmol dNTPMix

4x Laemmli Sample Buffer
6x DNA Loading dye
Agarose

Ammonium Persulfate
Ampicillin sodium salt
Boric acid

BSA

CaClz

D(+)-Glucose
Dithiothreitol

Ethanol absolut

EDTA

Fluoromount-G
GeneRuler 100 bp Plus DNA Ladder
Glycin

GoTag DNA Polymerase
HCl

HEPES

Hoechst33342, trihydrochlorid, trihydrate

Blocking Provider
Thermo Fisher Scientific

1% BSA/DPBS
#H1399

Dilution Company

1:500 Thermo Fisher Scientific #A-21202

1:500 Thermo Fisher Scientific # A-31572
1:500 Thermo Fisher Scientific # A-21235
1:400 Thermo Fisher Scientific #A-11015
1:10000 Th. Geyer #NA931

1:10000 = Th. Geyer #NA934

Provider

Bioline #B10-39029

BioRad #1610747

Thermo Fisher Scientific #R0611
VWR #35-1020

BioRad #1610700

Carl Roth #K029.1

Sigma Aldrich #15663

Sigma Aldrich # A9647

Sigma Aldrich #21115

Carl Roth #HN06.2

Life Technologies #R0861
Merck Millipore #1.00983.1000
Carl Roth #8040.3

Invitrogen #00-4958-02

Thermo Fisher Scientific #5M0321
Carl Roth #3908.2

Promega #M300B

Carl Roth #K025.1

Carl Roth #HN77.1

Life Technologies #H3570
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Name

Isoprenaline hydrochloride

Isopropanol

Kanamycin sulfate

KCl

LB-Agar

LB-medium (Luria/Miller)

MgCl

Midori Green Advance

NaCl

NaOH 1 mol/I

Non-fat dry milk

Nuclease-free water

Phire Hot Start Il DNA Polymerase

Phusion Green Hot Start Il High-Fidelity DNA Polymerase
Pierce Protease Inhibitor Mini Tablets, EDTA free
Pierce RIPA buffer

Pluronic F-127

Ponceau S solution

Precision Plus Protein All Blue Standards
Restore™ PLUS Western Blot Stripping Buffer
Rhod-2

RNAse Erase

Roti-HistoFix

TEMED

Tris

Triton X-100

Tween 20

Table 9: List of used Kits
Method Kit

cDNA Synthesis RT? First strand Kit

Gel extraction kit = QUIAquick Gel extraction kit
Genomic DNA

QlAamp DNA Mini kit
isolation
Plasmid isolation

gPCR RT? SYBR Green qPCR Mastermix

NucleoSpin® Plasmid EasyPure mini kit

Provider

Sigma Aldrich #15627

Merck Millipore #1.09634.1000
Carl Roth #7832.1

Carl Roth #HN02.1

Carl Roth #X965.1

Carl Roth +X968.1

Carl Roth #KK36.2

Biozym #617004

Carl Roth #3957.1

Carl Roth #K021.1

Carl Roth #T7145.2

Ambion #AM9938

Thermo Fisher Scientific #F-122S
Thermo Fisher Scientific #F-5375
Thermo Fisher Scientific #A32955
Thermo Fisher Scientific #89900
Invitrogen #P3000MP

Sigma Aldrich #P7170

BioRad #1610373

Thermo Fisher Scientific #46430
Thermo Fisher Scientific #R1245MP
MP #821682

Carl Roth #P087.4

BioRad #1610800

Carl Roth #5429.3

Carl Roth #3051.4

Carl Roth #9127.1

Provider and order number

Qiagen #330404
Qiagen #28706

Qiagen #51306

Qiagen #330501

Machery Nagel #740.727.250
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Method Kit Provider and order number
Total RNA
SV Total RNA isolation and purification kit Promega #73105
isolation
Western Blot Pierce BCA protein assay kit Life technologies #23227

TGX StainFree FastCast Acrylamide Starter Kit BioRad #161-0182

10%
TransBlot Turbo rta transfer kit kit, BioRad #170-4270
nitrocellulose membrane Thermo Fisher Scientific

SuperSignal West Femto Maximum Sensitivity #34094

Substrate

2.1.7 Solutions, buffer, and bacteria material for molecular and protein analysis

Table 10: List of components for molecular biological methods and protein analysis

Solution Components
10 pl Triton-X 100 diluted in 10 ml 1 % BSA diluted in DPBS,
0.1 % Triton-X/BSA
stored at 4°C
60.4 g Tris
288 g Glycine
10x Running buffer
20 g SDS
21 H0
24 g Tris
80 g NaCl
10x TBS-buffer
add H20 to a total volume of 1000 ml
pH 7.6
900 ml H,0
1x TBS-T 100 ml 10x TBS
1 ml Tween-20
BSA in TBST (5 % w/v) 5 g BSA dissolved in 100 ml 1x TBS-T buffer
Non-fat dry milk 5 g non-fat dry milk dissolved in 100 ml 1x TBS-T buffer
(5% w/v)
54 g Tris
27.5 g Boric acid
TBE buffer (5x)
20 ml 0.5 M EDTA pH 8.0
Ad 11ddH20
NaCl 140 mM, KCI 5.4 mM, CaCl> 1.8 mM, MgCI2 1 mM, HEPES 10 mM,
Tyrode’s solution
Glucose 10 mM, pH 7.4
1% BSA

Staining solution
0.1-0.5 % Triton X-100 in PBS
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Table 11: List for competent E. coli

Competent cells

Provider

NEB® 10-beta Competent E. coli (High Efficiency) New England BiolLabs #C3019

2.1.8 Chemicals, solutions, and media for cell culture

Table 12: List of chemicals, solutions, and media for cell culture

Components

0.25 % Trypsin-EDTA

Albumin, human recombinant

B-27 serum free supplement (50x)
CHIR99021

Collagenase B

DMEM

DMEM/F-12, no phenol red

DMSO D2650

FCS

Human Stem Cell Nucleofector Kit 2
IWP2

L-ascobic acid 2-phosphate
L-glutamine (200 mM, 100x)
StemMACS iPS-Brew XT basal medium
StenMACS iPS-Brew XT supplement (50x)
Matrigel

Non-essential amino acids (NEAA, 100x)
Opti MEM |

DPBS (1x)

Pen/Strep (100x)

Recombinant human basic fibroblast
growth factor (bFGF)

RPMI 1640 with HEPES with GlutaMax

RPMI 1640 without HEPES without Glucose

Sodium DL-lactate solution 60 % (w/w)
StemFlex basal medium

StemFlex supplement (10x)

StemPro Accutase Mix

TZV

Versene solution (0.48 mM EDTA)

Provider

Thermo Fisher Scientific #25200056
Sigma-Aldrich #A9731

Gibco #17504-044

Merck Millipore # 361571
Worthington Biochemical, #CLS-AFB
Thermo Fisher Scientific #11960044
Thermo Fisher Scientific #21041025
Sigma Aldrich #D2660

Gibco #10270-106

Lonza #VPH-5022

Merck Millipore #681671
Sigma-Aldrich #A8960

Gibco #25030024

Miltenyi Biotech # 130-107-086
Miltenyi Biotech #130-107-087
Corning #354230

Thermo Fisher Scientific #11140035
Gibco #31985062

Gibco 14190-094

Sigma Aldrich #P4333

PeproTech #100-18B

Gibco #72400-021

Gibco #11879-020
Sigma-Aldrich #L4263
Gibco #A33493-01
Gibco #A33492-01
Gibco #A11105-01
MerckMillipore #420220
Gibco #15040-033
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Components
SOC outgrowth medium
Polyfect transfection reagent

Hepes solution

Provider

NEB #B9035

Qiagen #301105
Sigma Aldrich #H0887

Table 13: Preparation of chemicals for cell culture

Substance

CHIR (4 mM)

Collagenase B

Matrigel

hbFGF

Isoprenaline

IWP2 (5 mM)

T2V (2 mM)

Lactate/HEPES 1M

Cardio Digestion Mix

Preparation

5 mg CHIR99021 dissolved in 0.894 ml DMSO, stored at -
20°C

Working solution: 400 U/ml

Dissolved in RPMI, sterile filtered, stored at -20°C
Aliquoted 0.5 ml in 50 ml falcon

Stock solution: 100 ng/ul

100 pg hbFGF dissolved in 1 ml Tris (5 mM), stored at -
20°C

Working solution: 5 ng/ul, diluted 1:20 in 0.1 % BSA,
stored at 4°C

Stock solution: 1 mM

Dissolved in ddH20, stored at -20°C

Working solution: 100 nM, diluted in RPMI1640

10 mg dissolved in 4.28 m| DMSO,

incubated for 10 minutes at 37°C, stored at -20°C

10 mg TZV dissolved in 16.06 ml DMSO, stored at -20°C
3 ml sodium DL-lactate dissolved in 18 ml 1 M HEPES
solution

100 ml StemPro Accutase mixed with 5.26 ml 0.25 %

Trypsin

Table 14: Preparation of media for cell culture

Medium

B27 medium

Cardio Cryopreservation medium

Cardio Differentiation medium

Cardio Digestion Medium

Components

500 ml RPMI 1640 with HEPES

1x B27 supplement with insulin (50x)

90 % FBS, 10 % DMSO, 2 uM TzZV

500 ml RPMI 1640 with HEPES with GlutaMAX
250 mg Albumin, human recombinant

100 mg L-Ascorbic acid 2-phosphate, sterile filtered
80 ml B27 medium

20 ml FBS

100 pl T2V

10 pl/ml Pen/Strep
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Medium

FACS medium

HEK medium
MEF-conditioned MACS medium
Stem Cell Freezing medium

StemFlex medium

StemMACS medium

2.1.9 Cells used in the study

Table 15: List of cells used in the study

Name Number
ipWT1.3 GOEi014-B.3
GOEi005-A.1;
iBM76.1
MSC3-iPS1
GOEi001-A.1;
iWT.D2.1
FB2-iPS1

2.1.10 Databases

Components

1x DMEM/F-12, no phenol red

10 ul/ml Pen/Strep, 1.5 % heat-inactivated FBS,

4 uM TZV, 10 ng/ml bFGF

DMEM (1.5 g/l glucose, 1x NEAA, 1x I-glutamine, 10 % FBS

MACS medium was incubated for 24 hours on mitomycin

C-treated MEFs

Stem cell medium, 20 % DMSO, 4 uM TZV

500 ml StemFlex basal medium

1x StemFlex Supplement (10x)

500 ml StemMACS basal medium

1x StemMACS Supplement (50x)

origin

Dermal fibroblast

Mesenchymal

stem cell

Dermal fibroblast

Table 16: List of software used in the study

Name Purpose
Adobe Photoshop CS 6

Alpha Imager Software

Image processing
Calculation of CRISPR/Cas9 cleavage efficacy

Immunofluorescence images

AxioVision

BioRad CFX Maestro gPCR analysis
BLAST KO screening
Chromas

Ensemble.org

Sequencing analysis

Gene ID reference

Reprogramming
system

4-in-1 CoMiP
reprogramming

plasmid, feeder-

publication

(EI-Battrawy et al.

2018)
free culture
conditions
(Cyganek et al.
STEMCCA lentivirus
2018)
(Cyganek et al.
STEMCCA lentivirus
2018)
Company/Author
Adobe
Alpha-Imager
Carl Zeiss
BioRad

NCBI

Technelysium

Ensemble
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Name Purpose Company/Author
Graphpad Prism 6 Statistical data analysis and graph design Graphpad Software, Inc.

National Institutes of
Imagel Image processing

Health

Imagelab Western Blot imaging and analysis BioRad
LabChart 8 Calcium imaging analysis AD Instruments

gPCR analysis Microsoft Office
Microsoft Excel

Calcium imaging analysis
Microsoft Word Textualization of the results Microsoft Office
SnapGene Viewer Vector map processing Snap Gene
Zen Confocal images Carl Zeiss

2.2 Methods

2.2.1 Cell biological methods

2.2.1.1 Cultivation and splitting of HEK293T cells

HEK293T cells were cultivated in uncoated 6 well plates. HEK medium was changed
every second day. With a confluence of 80-90 %, cells were split by washing once with
DPBS and resuspending in HEK Medium. Single cells and cell clusters were transferred

to a new uncoated 6 well plate.

2.2.1.2 Cultivation of hiPSCs on Matrigel coated dishes and glass cover slips

Matrigel was thawed on ice and 0.5 ml were transferred into 50 ml falcons stored at
-20°C. The aliquot was resuspended with 29.5 ml or 59.5 ml cold DPBS (1:60 or 1:120
dilution) and stored at 4°C. Dissolved Matrigel was transferred to the culture dish and
incubated at 37°C for 45 min or at 4°C overnight (6 well plate: 17 pg/cm?or 0.5 ug/cm?,

12 well plate: 21 pg/cm? or 0.6 pg/cm?).

25 mm round glass cover slips were incubated with 0.1 % HCl overnight, subsequently
washed with distilled water and incubated in 70 % ethanol for 12 hours. The cover slips
were cleaned with lint-free papers and sterilized at 200°C for 2 hours. Glass cover slips
were coated with 700 pl Matrigel 1:60 dilution in an uncoated 6 well plate and incubated

for 45 min at 37°C.
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With a confluency of 80-90 % hiPSC were passaged to a new Matrigel coated plate.
Human iPSCs were washed twice with Versene and incubated with prewarmed Versene
(37°C). The hiPSCs were washed using stem cell medium (StemMACS or StemFlex)
containing 2 UM Thiazovin (TZV). Small cell clusters and single cells were transferred to
a new coated 6 well plate containing stem cell medium supplemented with 2 uM TZV.
After overnight cultivation (~ 24 hours later), the medium was removed and replaced by
stem cell medium without supplementation of TZV. Human iPSCs between the passages

15 to 40 were used for cardiac differentiation in this study.

2.2.1.3 Directed differentiation of hiPSCs into hiPSC-CMs

The direct differentiation of hiPSCs into hiPSC-CMs was initiated by modulation of the
WNT signaling pathway according to Cyganek et al. (2018). Two wells of a 80-90 %
confluent 6 well plate with hiPSCs were washed twice with Versene and incubated for 3
to 4 min with Versene. Detached cells were resuspended in stem cell medium
supplemented with 2 uM TZV and transferred to a 15 ml falcon. Subsequently, 3 ml of
stem cell medium were added to the cell suspension, the cell number was determined
using a counting chamber or CASY (as described in 2.2.1.6) and the counted cells were
plated in three different cell numbers (200.000, 230.000, 260.000 cells per well of a 6
well plate) on a Matrigel coated 6 well plate containing stem cell medium supplemented
with 2 UM TZV. After 24 hours the TZV was removed by media change to stem cell media
without TZV. Human iPSCs were further cultivated for two to three days to reach the

required confluence of 80-90 % per well prior to directed differentiation.

In order to induce mesodermal differentiation, hiPSCs were incubated in Cardio
Differentiation medium supplemented with 4 uM CHIR99021 (dayO-day2), a glycogen-
synthase-kinase-3 inhibitor inducing the WNT pathway. After 48 hours, the medium was
changed to Cardio Differentiation medium supplemented with 5 uM IWP2, a WNT
pathway inhibitor inducing cardiac differentiation. The medium was changed on day 4
to Cardio Differentiation medium. On day 8 the medium was changed to Cardio Culture

medium. The first spontaneous contraction was observed around day 8 to 10.

Alternatively, the direct differentiation was started with Cardio Differentiation medium
containing 6 uM CHIR99021. After 24 hours, the medium was changed to Cardio

Differentiation medium. On day 3, 5 uM IWP2 was supplemented to the Cardio
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Differentiation medium. Medium was changed to Cardio Differentiation medium on day
5 and to Cardio Culture medium on day 8-10. The first spontaneous contractions were

observed around day 10.

To achieve lower cell densities, digestion of hiPSC-CMs was performed with Collagenase
B (400 U/ml in RPMI1640) and 0.25 % Trypsin- Ethylenediaminetetraacetic acid (EDTA)
or Cardio Digestion Mix. Afterwards, cardiomyocytes were metabolically selected with

lactate, obtaining a highly purified population of cardiomyocytes (Tohyama et al. 2013).

Around day 12-14 wells with spontaneous beating hiPSC-CMs (> 30 % contracting areas
in one well) were washed once with Versene and incubated for 1 to 2 hours with 37°C
prewarmed Collagenase B. Detached cells were carefully transferred to a 15 ml falcon
and centrifuged at 100 x g for 10 min. Supernatant was discarded and the remaining cell
pellet was resuspended in prewarmed 0.25 % Trypsin-EDTA or Cardio Digestion Mix and
incubated at 37°C for 10 min in a water bath. Every 2 to 3 min the tube was flicked by
hand to singularize the cells. Digestion was terminated by adding the double volume of
Cardio Digestion medium and centrifugation at 100 x g for 10 min. Supernatant was
discarded, and the remaining cell pellet was resuspended in a small volume of Cardio
Digestion medium. Dependent on the pellet size, cells were replated on 6 to 15 wells of

a Matrigel coated 6 well plates containing Cardio Digestion medium.

To purify the cardiomyocyte population, medium was changed to Cardio Selection
medium containing lactate instead of glucose 48 hours after digestion and reseeding.
The Cardio Selection medium was changed every second day and again changed to
Cardio Culture medium after 5 to 7 days of selection depending on the cell density. For
maturation, cardiomyocytes were cultured to an age of 60 days in Cardio Culture
medium. Cardiomyocyte purification and quality was observed by visual estimation of
contracting areas. In this study, cardiomyocyte populations with contracting areas

greater than 90 % were used for further experiments.

2.2.1.4 Freezing and thawing of cultivated cells

Cryopreservation of hiPSCs was performed according to the splitting protocol (see
2.2.1.2). Detached cells were resuspended with stem cell medium supplemented with
4 uM TZV and 20 % DMSO. Subsequently, the cell suspension was carefully transferred

in a cryo-tube, stored at -80°C for at least 2 hours in a freezing container filled with
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isopropanol (to enable approximated freezing at -1°C per min) and finally transferred

into -150°C.

Cardiomyocytes were digested with Trypsin-EDTA 0.25 % for 10 min. The digestion
reaction was stopped with an equal volume of fetal bovine serum (FBS). Human iPSC-
CMs were transferred into a 15 ml Falcon and centrifuged at 100 x g for 10 min. The
supernatant was discarded and the remaining pellet was resuspended in a small volume
of FBS. Cells were counted with counting chamber or CASY (see 2.2.1.6), a defined cell
amount was diluted in Cardio Cryopreservation medium and transferred into a cryo-
tube. The cryopreservation process was performed with a controlled rate freezer (KRYO
560-16, Planer), allowing a controlled freezing rate of -1°C per min down to -90°C. Long

term storage of cardiomyocytes and hiPSC was implemented at -150 °C.

For recovery, cryo-tubes were thawed at 37°C, transferred in 10ml medium (Cardio
Culture medium or stem cell medium) and centrifuged at 200 x g for 5 min. Human iPSCs
were resuspended in 2 ml stem cell medium supplemented with 2 uM TZV and
transferred to a Matrigel coated 6 well plate. CMs were resuspended in a small volume
Cardio Digestion medium and plated in a Matrigel coated 6 well plate (1:120 dilution).

After 30 min, 2ml Cardio Digestion medium was added carefully to the CMs.

2.2.1.5 Harvesting of cells for pellets

Human iPSCs were harvested by washing twice with DPBS followed by a 3 min incubation
with prewarmed Versene. Cells were washed off the plate with DPBS, collected in a
1.5 ml safe lock tube and centrifuged at 12,000 x g for 1 min. Supernatant was discarded
and the cells were snap-frozen in liquid nitrogen. Long term storage was performed at -

80°C.

Cardiomyocytes were harvested as pellet by washing twice with DPBS and cell scraping.
Cells were collected in a 1.5 ml safe lock tube and centrifuged at 12.000 x g for 1 min.

Subsequent steps were performed according to the hiPSC harvesting protocol.

2.2.1.6 Cell counting

A counting chamber was used for cell counting of HEK293T, hiPSCs and hiPSC-CMs.
Therefore, approximately 20 ul of the cell suspension was added in two fields of the

counting chamber. In 4x4 quadrants of a field, vital cells were counted by observation
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using a light microscope. The cell count was calculated by the mean value of the cell

count from each 4x4 quadrant/64*10°.

The CASY Cell Counter was used for cell counting of hiPSCs and hiPSC-CMs. Therefore,
10 ml CALCIUM SPARKSY Ton was transferred in a CASY cup and 20 pl of the cell
suspension was added. The CASY cup was secured with a lid and the content was mixed
by inverting the cup three times. The measurement of the sample was performed
according to the manufacturer’s instructions of “measuring samples and displaying size

distributions”.

2.2.2 Molecular biological analysis

2.2.2.1 Genomic DNA isolation for DNA sequencing

The QlAamp DNA Mini kit was used for genomic DNA (gDNA) isolation. According to the
manufacturer’s instructions, cells were incubated at 50°C for 10 min with Proteinase K
to lyse the cells. Equal volume of ethanol was transferred to the cell lysate and the gDNA
was purified through a spin column. The elution was performed with 50-100 ul nuclease-
free water and gDNA concentration of the eluate was measured with a NanoDrop

2000/2000c at 260 nm and 280 nm.

2.2.2.2 Total RNA isolation from hiPSC and hiPSC-CMs

Cells were harvested as pellets as described in 2.2.1.5. For total RNA isolation the SV
Total RNA isolation and purification kit was used. The snap frozen cell pellet was
resuspended in 400-800 ul of RNA lysis buffer depending on the cell pellet size. Total
RNA isolation and purification was performed according to the manufacturer’s
instructions without the heating step in RNA dilution buffer. The RNA was eluted with
30-50 pl nuclease-free water and the RNA concentration was measured with a
NanoDrop One at 260 nm and 280 nm. The purified RNA was immediately used for

complementary DNA (cDNA) synthesis or stored at -80°C.

First strand cDNA synthesis was performed with the RT? First strand Kit according to the

manufacturer’s instructions.
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2.2.2.3 Polymerase chain reaction for KO clone sequencing

Polymerase chain reaction (PCR) of the gene of interest SFRP5 was done according to

the pipetting instructions (table 17) and the 3-step cycling protocol (table 18) below.

Table 17: Pipetting instructions for SFRP5%° clone screening on genomic level.

Component 20 pul reaction volume
gDNA (100 ng/pul) 1l

nuclease-free water Up to 20 ul

5x Phusion Green GC Buffer 4ul

DMSO (8 %) 1.6 ul

10 mM dNTPs 0.5 pl

sense primer (10 uM) 1ul

antisense primer (10 uM) 1l

Phusion Hot Start Il High-Fidelity DNA polymerase 0.2 ul

Table 18: Cycling protocol for SFRP5*C clone screening on genomic level.

Cycle Step Temperature Time  Cycles
Initial denaturation = 95°C 5min 1
Denaturation 98°C 5min  40n
Annealing 62°C 30 sec
Extension 72°C 50 sec
Final extension 72°C 1 min

4°C hold 1

2.2.2.4 Quantitative PCR

For quantitative gene expression analysis gPCR was performed with the CFX96 Real-
Time Detection System (BioRad) using the RT? SYBR Green qPCR Mastermix (Qiagen).
Samples were prepared according to table 19 below. Negative control, reference genes
(18S and GAPDH) and the genes of interest were amplified independently on the same
96 well plate using triplicates for each sample. The cycling program is listed in table 20.
The results were analyzed with the BioRad CFX Maestro Software followed by the Excel-
based ddC(t) analysis method in which the gene of interest is normalized to the
reference gene. GraphPad Prism 7 graphs was used to visualize the results and perform

statistics. Primer sequences for gPCR are listed in table 5.



2 Materials and methods 39

Table 19: Pipetting instructions for qPCR using RT? SYBR Green qPCR Mastermix.

Component 25l reaction volume

Nuclease free water 10.5 pl
Sense + antisense Primer (10uM) 1 ul
RT2 SYBR Green qPCR Mastermix = 12.5 pl

cDNA 1ul

Table 20: Cycling protocol for qPCR using RT? SYBR Green qPCR Mastermix.

Cycle Step Temperature Time Cycles
Initial denaturation 95°C 15 sec 1
Denaturation 95°C 15 sec 50n
Extension 60°C 60 sec
melt curve 55-95°C 6°C/step

4°C hold 1

2.2.2.5 Agarose gel electrophoresis

For PCR product analysis, the electrophoretic separation and detection of the PCR
products within an agarose gel was used. Therefore, 1.5 % agarose was dissolved in
1x TBE buffer and heated in a microwave until the mixture was transparent. Midori
Green Advance (0.04 pl/ml) was added to visualize the amplified PCR product.
GeneRuler 100 bp Plus DNA Ladder was used for estimation of the PCR product length.
The gel was run for 30 min at 120 V or for sequencing 45 min at 100 V. BioDoc Analyze

(Biometra) was used for documentation.

2.2.2.6 Gel extraction and DNA Sequencing

DNA or RNA products for sequencing were excised from the agarose gel using a clean
scalpel. According to the manufacturer’s instructions of the QUIAquick Gel extraction
kit, the DNA or RNA was isolated through a spin column system and finally eluted with
30 pl nuclease-free water. DNA or RNA concentration was measured with a NanoDrop

one at 260 nm and 280 nm.

The DNA or RNA was subsequently sequenced by a commercial sequencing lab (SeqLab,
Gottingen). 10 to 45 ng/ul extracted DNA was mixed with 3 pul sequencing primer (primer
concentration 10 uM) and nuclease-free water to a final volume of 12 ul. The sequencing
results were analyzed using online tool NCBI nucleotide alignment tool

(Blast.ncbi.nlm.gov) and ChromasPro2.
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2.2.2.7 Heat shock transformation of chemo-competent E. coli and plasmid purification

The amplification of the CRISPR/Cas9 plasmids, ordered as a Sigma all-in-one-plasmid,
and the AAV-overexpression plasmids was performed with NEB10-beta competent
E. coli according to the high efficiency transformation protocol (NEB 2019). Cells were
thawed on ice and mixed with 100 ng plasmid-DNA. The E. coli-DNA-mixture was
incubated on ice for 30 min and afterwards a heat shock was performed for exactly
30 sec at 42°C. Afterwards the mixture was placed onto the ice again, and following
5 min of incubation, 950 pl SOC outgrowth medium was added to the mixture. The cell
suspension was vigorously shaken at 250 rpm for 1 hour. Afterwards, cells were plated
on a lysogeny broth(LB)-agar plate supplemented with kanamycin sulfate 50 mg/ml
(ampicillin sodium salt 100mg/ml for AAV-plasmids) and incubated overnight at 37°C.
Three plasmid-harboring E. coli colonies were chosen and manually transferred in 4 ml
LB-medium containing 50 mg/ml kanamycin sulfate (100 mg/ml ampicillin sodium salt).

These chosen E. coli clones were cultivated in a shaker (250 rpm) at 37°C overnight.

The plasmid purification was performed according to the manufacturer’s instructions of
the NucleoSpin Plasmid EasyPure mini kit. Harvested E. coli cultures from 2.2.2.7 were
lysed and cellular compartments were spun down. The clarified lysate was transferred
to a NucleoSpin Plasmid EasyPure column, binding the plasmid-DNA. After washing the
silica membrane, the plasmid-DNA was eluted in 30 pl nuclease free water. The
concentration of the plasmid-DNA was measured with the Nanodrop 2000/2000c at
260 nm and 280 nm.

2.2.3 Protein expression analysis

2.2.3.1 Immunofluorescence analysis
To analyze cardiac specific proteins, iPSC derived WT-CMs, KO-CMs and AAV-threatened
CMs of healthy donors were digested on glass coverslips with low density for

Immunofluorescence analysis.

CMs were fixated with Roti-Histofix 4 % (incubation for 20 min at room temperature
(RT)). After three washing steps with DPBS hiPSC-CMs were stored in DPBS containing
1 % bovine serum albumin (BSA) at 4°C overnight for blocking unspecific binding sites.

Immunostaining was performed with antibodies diluted in staining buffer. The glass
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cover slips were placed on screw cups in a humidified chamber. The first antibody was
diluted in 250 pl staining buffer and incubated overnight at 4°C. Subsequently, cells were
washed three times with DPBS for 5 min in an uncoated 6 well plate. Glass cover slips
were transferred back in the humidified chamber and incubated with the secondary
antibody in 250 pl staining buffer for 1 hour at RT. The staining solution was discarded
and cells were incubated with Hoechst for 10 min at RT protected from light. After
3x 5 min washing with DPBS in an untreated 6 well plate and a final wash cycle with
distilled water, the coverslip was placed upside down on a microscope slide and

mounted with Fluoromount-G.

Image recording was performed with the LSM 710 confocal microscopy system using Z-
Stack acquisition mode (frame size 2048x2048; Bit depth: 12bit; pinhole: 1.8 Airy Units,
Gain: 600-700).

2.2.3.2 Flow cytometry

Purification of hiPSC-CM cultures and AAV transduction efficiency was determined by
flow cytometry. For fixation, cardiomyocytes were washed two times with DPBS and
incubated for 10 min with 0.25 % Trypsin-EDTA. Digest was stopped using double
amount of Cardio Digestion medium. Cells were transferred into a 15 ml falcon and
centrifuged at 300 x g for 5 min. Supernatant was discarded, the remaining pellet was
resuspended in 2 ml 4 % Roti-Histofix for 10 min at RT, incubated to fixate the cells, and
subsequently washed twice with DPBS. Fixated hiPSC-CMs were subsequently incubated
for 2 hours in blocking solution. For immunostaining with Anti-a-actinin, half of the
fixated cell suspension was transferred to a separate tube for negative control stained
only with Hoechst. The other half of the cells was centrifuged at 300 x g for 5 min at 4°C,
blocking solution was discarded and cell pellet was resuspended in staining solution (1 %
BSA with 0.1 % Triton) and incubated on ice for 10 min. Afterwards, hiPSC-CMs were
centrifuged at 300 x g for 5 min at 4°C, resuspended with the primary antibody (Anti-a-
actinin 1:1000 in 50 pl staining solution) and incubated overnight at 4°C. Primary
antibody was washed-off with DPBS and the secondary antibody linked with the Alexa
Fluor 488 fluorophore (donkey Anti-mouse, dilution 1:500) was incubated for 1 hour at

RT. Finally, the cells were incubated with Hoechst for 10 min (dilution 1:10000). For flow
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cytometry measurement hiPSC-CMs were resuspended in DPBS, strained through a

40 pm cell strainer, and transferred to a fluorescence activated cell sorting (FACS) tube.

For AAV transduction efficiency analysis the cells were resuspended in 100 ul DPBS after
washing steps. To clear the cell suspension from clumps, cells were strained through a

40 pm cell strainer and transferred to a FACS tube.

GFP and a-actinin fluorescence was measured with a LSRIl flow cytometer (BD
Bioscience). At least 10,000 events per sample were recorded. Results were analyzed

using the flowing software 2.

2.2.3.3 Western Blot Analysis

Human iPSC-CM pellets were harvested as described in 2.2.1.5 and stored at -80°C or
directly used to lysate the pellet. Frozen cell pellets were incubated with RIPA lysis buffer
(Life Technologies) for 10 min on ice and centrifuged at 5000 rpm for 5 min at 4°C. The
supernatant was transferred to a new tube on ice. Protein concentration measurement
was performed with Pierce bicinchonic acid assay kit, according to the manufacturer’s
instructions and measured with the Nanodrop One. The samples were stored at -80°C
for further use or immediately used for sodium dodecyl sulfate-polyacrylamide gel

electrophoresis (SDS-PAGE) preparation.

For protein fractionation due to the proteins’ molecular weight, 30 ug Protein and
4x Laemmli Sample Buffer with dithiotreitol were mixed with distilled water to a final
volume of 30 pl per sample. Prepared samples were denaturated at 95°C for 5 min. SDS-
PAGE gel (TGX StainFree FastCast Acrylamide Starter Kit; BioRad) was prepared
according to the manufacturer’s instructions. A pre-stained molecular weight marker
(Precision Plus Protein All Blue Standard) and 25 pul of the prepared samples were loaded
in the wells of the gel. Electrophoresis was performed in an electrophoresis chamber

filled with 1x running buffer at constant 100 V for 2 hours.

The transfer of proteins from the gel into a membrane the semi-dry rapid blot system
from BioRad was used. According to the manufacturer’s instructions of the TransBlot
Turbo kit (BioRad), the separated proteins were transferred from SDS-gel to a
nitrocellulose-membrane using the Trans-Blot Turbo Transfer System (BioRad, 25 V,
2.5 A, 7 min). Free binding sites of the membrane were blocked in 5 % non-fat dry milk

in Tris-buffered saline with Tween20 (TBS-T) or 5 % BSA in TBS-T for 1 hour at RT.
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Subsequently the primary antibody, diluted in 3 % non-fat dry milk in TBS-T or 3 % BSA
in TBS-T, was added to the membrane and incubated overnight at 4°C. The following
day, the membrane was washed three times for 5 min with TBS-T. The HRP-conjugated
secondary antibody (Anti-mouse NA931, Anti-rabbit NA934 dilution 1:10.000), diluted
in 3 % non-fat dry milk in TBS-T or 3 % BSA in TBS-T, was incubated for 1 hour at RT. For
imaging, the membrane was washed 3 times for 5 min each with TBST, removing soluble
antibody-complexes. For chemiluminescence visualization of the immune reaction the
SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific) and

the chemiluminescence detection system (Bio-Rad, ChemiDoc XRS+) was used.

2.2.4 AAV-mediated overexpression of SFRP5

AAV transduction was performed with all three cell lines using AAV-Basic and AAV-
SFRP5. At day 46, cardiomyocytes were directly exposed to AAV particles (multiplicity of
infection (MOI) = 10°) for 72 hours in 1.5 ml Cardio Culture medium supplemented with
10 pl/ml Penicillin-Streptomycin solution (Pen/Strep). For immunofluorescence or
Calcium imaging analysis 50,000 cells per glass cover slip were used. At least
600,000 cells per 6 well were required for RNA and protein analysis. Cardiomyocytes
were cultured with Cardio Culture medium supplemented with 10 pl/ml Pen/Strep for
an additional 14 days. Via fluorescence microscopy (Zeiss, Axio Observer Al) reporter
gene fluorescence was first detected on day 5 and lasted until pellet collection or

fixation.

2.2.5 HEK293T cell transfection with overexpression plasmids

The validation of the overexpression plasmids was performed with HEK293T cells using
PolyFect Transfection Reagent (Qiagen). The transfection was done according to the
manufacturer’s instructions (“protocol for transient transfection of 293T cells”).
Fluorescence microscopy images were taken 12 hours after transfection and cell pellets
were collected after 24 hours. Downstream analysis implied SFRP5 expression analysis

on transcriptional and protein level.
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2.2.6 Generation of KO-hiPSC clones by CRISPR/Cas9

For generation of the SFRP5XC hiPSC clones, wild type hiPSCs were transfected with the
CRISPR/Cas9 Sigma All-in-one plasmids using the Human Stem Cell Nucleofector Kit 2.
One hour before transfection, hiPSCs with 80-90 % confluency were pre-treated with
2 UM TZV. The DNA-nucleofector solution consists of 82 ul human stem cell nucleofector
solution (Kit 2), 18 ul supplement 1 and 1 ug of each CRISPR/Cas9 plasmid. Human iPSCs
were detached (according to 2.2.1.2) and counted with CASY cell counter as described
in 2.2.1.6. For nucleofection 2x10° cells were transferred into a 15 ml Falcon and
centrifuged 5 min at 200x g. The supernatant was discarded, and cells were resuspended
in the DNA-nucleofection mix, transferred into nucleofection cuvette and placed in the
nucleofector holder of an Amaxa Nucleofector Il Device. The program B-016 was used
for nucleofection of hiPSCs. Subsequently, nucleofected cells were reseeded in one well
of a Matrigel coated 6 well plate containing stem cell medium, 2 uM TZV and 10 pl/ml
Pen/Strep.

24 hours after transfection, plasmid-harboring hiPSC were sorted by the FACS facility of
the UMG. For this purpose, transfected hiPSCs were washed once with Versene,
detached by 2 min Versene incubation, and resuspended in FACS medium. The cell
suspension was filtered through a cell strainer (40 um) into a sterile FACS tube and
immediately sorted from the FACS facility in GFP* and GFP- population, while the GFP*
cells contained the CRISPR/Cas9 plasmid. Positive transfected cells (GFP* cells) were
seeded on a 96 well plate containing mouse embryonic fibroblasts (MEF)-conditioned
StemMACS medium, 10 pl/ml Pen/Strep, 2 uM TZV and 50 ng/ul bFGF. Medium
containing MEF-conditioned StemMACS medium, 10 pl/ml Pen/Strep and 50 ng/ul bFGF

was changed twice a week.

First colonies were detectable after 10-18 days. Slowly the TZV and bFGF was tapered
and the MEF-conditioned StemMACS medium supplemented with 10 pl/ml Pen/Strep
and 50 ng/ul bFGF was changed to StemMACS medium. Approximately after 2 weeks
the first colonies are ready for splitting by short Versene incubation and transferred to
a Matrigel coated 12 well plate containing StemMACS medium, 1x Pen/Strep and 2 uM
TZV. With a confluence of 50 %, half of the clone was scraped with a cell scraper and the
cell suspension medium was collected for DNA isolation as described in 2.2.2.1. The

CRISPR/Cas9 targeted gene side was amplified via PCR. PCR products were loaded on an
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agarose gel (see 2.2.2.3, 2.2.2.5) and DNA bands of interest were cut out of the agarose
gel (see 2.2.2.6). The target DNA was purified using the Quiaquick Gelextraction kit and
sequenced by Seqlab as described in 2.2.2.6.

The sequencing results demonstrated mixed clones or heterozygote clones. To obtain
pure single cell clones of SFRP5XC hiPSC-clones were replated on a Matrigel coated 6 well
plate in high dilution and cultured with StemFlex. Medium was changed every second
day. After a few days single cell colonies were visible and manually transferred onto a
new 6 well plate coated with Matrigel. New cell clones were expanded and analyzed on

the genomic level via sequencing as described in 2.2.2.6.

After purification of the KO clones they were analyzed on the mRNA level to detect
posttranscriptional changes induced by CRISPR/Cas9-mediated nucleotide alteration. SV
Total RNA Isolation System (see 2.2.2.2) and RT2 First strand kit (Qiagen) were used to
produce cDNA of the KO-hiPSC clones according to the manufacturer’s instructions. The
region of interest was expanded via PCR with GoTag DNA polymerase. PCR products
were loaded on agarose gel as described in 2.2.2.5. Target PCR bands were excised out

of the gel and cDNA was extracted and sequenced by Seqlab (see 2.2.2.6).

Table 21: Pipetting instructions for GoTaq DNA polymerase

Component 25 ul reaction volume
cDNA (100 ng/ul) 2 ul
nuclease-free water 14.3 ul

5x Green GoTaq Reaction Buffer 5 pl

10 mM dNTPs 1.6 pl
sense primer (10 uM) 1yl
antisense primer (10 uM) 1yl
GoTag DNA polymerase 0.1 ul

Table 22: Cycling protocol for GoTaq DNA polymerase

Cycle Step Temperature Time  Cycles
Initial denaturation 95°C 2min 1
Denaturation 94°C 30sec 40
Annealing 56°C 30 sec
Extension 72°C 30 sec

Final extension 72°C 5min 1

4°C hold 1
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2.2.7 mRNA-sequencing of treated hiPSC-CMs

The mRNA-seq was performed at the NGS-facility for Integrative Genomics, University
Medical Center Gottingen as described in Khadjeh et al (2020). Differential expression
analysis was conducted by Orr Shomroni (NGS-facility for Integrative Genomics,

University Medical Center Gottingen).

Cytoscape and ClueGo were used for pathway analysis of significantly regulated genes
(cut off log2FC >0.095/ < - 0.095; adjusted p-value < 0.05) of the transcriptomes
(Shannon et al. 2003; Bindea et al. 2009). Regulated pathways are visualized with

modified KEGG maps: calcium signaling (hsa04260), apoptosis (hsa04210).

2.2.8 Calcium imaging

WT-hiPSC-CMs (iWT.D2.1-CM and iBM76.1.-CM) were digested in a low density to
Matrigel coated glass cover slips (25.000 cells per well) three weeks before calcium
recording. 14 days before recording cells were transduced with AAV-Basic and AAV-
SFRP5 (MOI = 10°). Cells were used for recording 12-14 days after virus transduction (age
of 55 to 70 days). For calcium imaging, cells were washed once with Tyrode and
incubated with 5 uM Rhod-2 AM fluorescent calcium indicator and 0.02 % [w/v] pluronic
F-127 in Tyrode’s solution for 30 min at 37°C. For recording, the cells were paced with a
field stimulation of 0.25 Hz (18 V, 3 ms duration, 20-22°C) eliminating calcium kinetics
aberrations depending on beating frequency. Recording was performed using a
recording chamber with platin electrodes for glass cover slips (diameter 25 mm). For
inotropic stimulation, cells were incubated for 10 min at 20-22°C with the B-
sympathomimetic isoprenaline hydrochloride (100 nM) before recording. Cytosolic
calcium recording was performed using line scan mode (512 pixels, 45 um, 1057.7 Hz,
20,000 cycles; 63x1.4 NA oil objective and Zen 2009 software) of the LSM 70 confocal
microscopy system (figure 4A). Cytosolic calcium measurements were recorded at
561 nm. Emission was collected at 566-646 nm. Each measured cell was imaged at

488 nm for GFP expression control.

Calcium transients were analyzed by plotting the mean signal intensity as a function of
time using ImagelJ (figure 4B). Raw data were polynomically smoothed (Savitzky-Golay
filter, 20 neighbors) using Excel. For final analysis, smoothed data were transferred to

LabChart Pro 8 (ADInstruments) using the PEAK Analysis Tool (Settings were adopted
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from Cyganek et al. 2018). Results displayed the mean of four calcium transients per

single cell recording (figure 4C).

Changes in spontaneous open variability of RYR2 leading to local increase of cytosolic
calcium concentration, also known as Calcium sparks, were analyzed by Imagel and
Excel. Calcium sparks were analyzed in a defined plot in the last diastole of each
recorded cell (1 sec, 40 um) using ImageJ plugin “SparkMaster” (settings: 1057.7 Ips,
0.088 um, Fl. U. 0, citeria 3.3, intervals 3) (figure 4D) (Picht et al. 2007). For detailed
analyzes, calcium sparks with a minimal amplitude of 0.1 AF/FO, minimal width of 1 um
and minimal duration of 5 ms were selected. Calcium sparks parameter full width at half
maximum, full width, amplitude, full duration at half maximum, time to peak and full
duration were graphically demonstrated in figure 4E. Calcium sparks size is the product
of spark amplitude, full width and full duration. The calcium leak is defined as the sum
of all spark sizes in 40 um x 1 sec diastolic phase of line scan.

A

45 pm

16.5 sec

C D 1sec E  Spark#2

| _(CaT rise timE™

Figure 4: Analysis of calcium sparks and transients. Calcium cycling is crucial for cardiomyocyte
contraction. Changes in calcium cycling of hiPSC-CMs were analyzed using confocal line scan mode (A). A
45 um line was drawn in the cytosol of a GFP* hiPSC-CM. Four contractions were recorded during 16.5 sec
and further analyzed with Imagel by plotting signal intensity as a function of time (B). With Excel
polynomically smoothing and LabChart PEAK Analysis Tool the calcium transients parameter amplitude,
time of calcium decay at 50 % of amplitude (calcium transients decay 50) and rise time were analyzed (C).
Spontaneous calcium release of ryanodine receptor 2, also known as calcium sparks, were analyzed in the
diastole of cardiomyocyte contraction (framed in red in A). The chosen diastolic section (1 sec x 40 um) is

enlarged in D with corresponding image after analysis with Imagel plugin “SparkMaster”. Exemplary
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calcium spark #2 was chosen for visualisation of calcium spark parameter full width at half maximum
(FWHM), full width, spark amplitude (Ampl), full duration at half maximum (FDHM), full duration (full Dur)
and time to peak (TtP). Adapted from Dr. Lukas Cyganek, Stem Cell Unit, UMG.
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3 Results

3.1 Validation of successful differentiation of SFRP5"T hiPSC-CMs

The modulation of WNT signaling enabled the differentiation of stem cells into
contractile cardiomyocytes. According to the directed differentiation protocol, wild type
hiPSCs (SFRP5WT hiPSC) were differentiated and cultured up to 60 days for adequate
maturation (figure 5) and further downstream analysis. Differentiation efficiency was
examined by observation of contracting areas. In this study, only differentiated cultures

with > 90 % contracting areas were used.
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Figure 5: Steps and influences in the process of cardiac differentiation. Three days before differentiation
initiation, hiPSCs were split and cultivated until they reached approximately 80-90 % confluency. Cardio
Differentiation medium supplemented with WNT/B-catenin signaling activator CHIR (d0-d2) and WNT
signaling inhibitor IWP2 (d2-d4) induced mesodermal and subsequently cardiac differentiation.
Contracting cardiomyocytes were observed on day 8 and medium was changed to Cardio Culture medium.
On day 12 contractile cells were digested and replated for metabolic selection with Cardio Selection
medium (d14-d20). For adequate maturation hiPSC-CMs were cultured with Cardio Culture medium up to
day 60.

Cardiac specific marker expression of SFRP5YT hiPSC-CMs was validated via
immunofluorescence imaging. The cardiac contraction filaments were stained with Anti-
a-actinin antibody and Anti-RYR2 antibody. The expression of a-actinin and RYR2 is co-
localized displaying regular cardiac sarcomere organization. Distinct cardiac specific cell-

cell communication was displayed by cardiac specific gap junction protein connexin 43

(Cx43), competent for electric signal conduction between neighboring cells (figure 6).
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Figure 6: Cardiac marker expression in SFRP5WT-hiPSC-CMs. SFRP5VT-hiPSC-CMs were stained with Anti-
a-actinin antibody (blue, 1:1000), Anti-Ryr2 antibody (red, 1:500) and Anti-Cx43 antibody (red, 1:1000),

nuclei were stained with Hoechst (grey, 1:2000). Cell type specific expression of a-actinin and Ryr2 was

validated displaying a regular sarcomere structure. Cardiac specific cell-cell communication was shown by
Cx43 immunostaining. Scale bar 20 um.

With the here applied directed differentiation protocol modulating the WNT pathway
activity and the subsequent step of metabolic purification, highly enriched populations
of functional cardiomyocytes were obtained. Differentiation efficiency and contractile
function of SFRP5XC hiPSC-CMs were comparable to SFRP5YT hiPSC-CMs (data not

shown).

3.2 AAV-mediated overexpression

3.2.1 Establishment of AAV6-mediated gene transfer: validation of overexpression
via HEK293T transfection

In order to verify feasibility of the AAV6 overexpression system and to test whether gene

transfer can be successfully accomplished using the plasmids obtained from Vector

Biolabs, SFRP5 overexpression was validated initially in HEK293T cells. The GFP

expression was detectable 12 hours after plasmid transfection in both pAAV-Basic

(ControlP°t) or pAAV-SFRP5 (SFRP5POE) HEK293T cells (figure 7A).
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To validate the overexpression of SFRP5, cell pellets were used for mRNA and protein
expression analysis. SFRP5 expression changes were analyzed by gPCR displaying a
significant upregulation of SFRP5 in SFRP5P%E compared to ControlP°t HEK293T cells
(figure 7B). The expression of GFP and SFRP5 was further validated on the protein level
by western blot. GFP protein expression was observed in SFRP5% and ControlP°F
HEK293T cells. SFRP5POE HEK293T cells showed a clearly detectable SFRP5 expression on
the protein level. In contrast, untreated and ControlP°f HEK293T cells showed no SFRP5

expression as expected (figure 7C).
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Figure 7: Validation of SFRP5 overexpression system in HEK293T cells. HEK293T cells were transfected
with AAV-Basic and AAV-SFRP5 overexpression plasmids (pAAV) using the Polyfect transfection reagent.
(A) Fluorescence images of living cells were taken 12 hours after transfection. Robust GFP expression was
observed with pAAV-Basic and pAAV-SFRP5. Scale bar: 50 um. (B) HEK 293T cells were pelleted 24 hours
after transfection. SFRP5 expression was examined on the transcriptional level via gPCR. The results
displayed a significant overexpression (485,000-fold, **) of SFRP5 in pAAV-SFRP5 compared to pAAV-Basic

and the untreated control. 18S was used as housekeeping gene. Data represent means + SEMs, **P <0.01
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unpaired, two-tailed t-test. (C) Western blot analysis was performed with HEK293T cells 24 hours after
transfection. GFP (ab290, 1:1000), SFRP5 (ab198206, 1:100) and GAPDH (MAB374, 1:1000) antibodies
combined with an HRP-conjugated second antibody were used for protein detection. GAPDH was
detected in treated and untreated HEK293T cells. The pAAV treated HEK293T cells showed GFP
expression, while SFRP5 expression was only detected in HEK293T cells transfected with pAAV-SFRP5.

These results demonstrate successful overexpression of GFP and SFRP5 on the
transcriptional and protein level by plasmid transfection of HEK293T cells. Therefore,

the overexpression system was applied to the hiPSC-CMs using AAV serotype 6.

3.2.2 Establishment of AAV6-mediated gene transfer: overexpression of candidate
genes in hiPSC-CMs

After validation of the overexpression in HEK293T cells, the overexpression system was
applied to hiPSC-CMs. In order to establish the AAV6 gene transfer protocol, hiPSC-CMs
were incubated three times with AAV6 (MOI = 10°) for 48 hours consecutively. However,
after long-term virus treatment with AAV-Basic (Control®t) and AAV-SFRP5 (SFRP5°E)
most of the cells lost their beating ability. Transcriptional expression analysis via gPCR
displayed a lower expression of the cardiac marker cardiac troponin T (cTnT) in Control®®
and SFRP5°F hiPSC-CMs compared to untreated hiPSC-CMs (figure A.1). This finding
points towards a significant stress response of the hiPSC-CMs after extensive exposure

to AAV6.

Therefore, the transduction times and direct virus exposure time was reduced to a single
transduction with the same MOI of AAV6 (MOI = 10°) for 72 hours. Under these
conditions, cTnT expression of Control°® and SFRP5°% hiPSC-CMs was unchanged
compared to the untreated hiPSC-CMs (figure A.2C, conducted by Dr. W. Tahir,
Department of Cardiology and Pneumology, UMG). Via confocal microscopy the regular
sarcomere structure was confirmed with a-actinin immunofluorescence staining (figure
A.2A) indicating that the AAV transfection itself had no acute influence on
cardiomyocyte quality. Consequently, viral transduction induced background effects,

which might lead to misguided conclusions, can be reduced by single transduction.

The transduction efficiency of AAV-Basic was validated by flow cytometry. The direct cell
fluorescence of the reporter gene GFP at 488 nm was used for detecting successfully
transduced hiPSC-CMs in flow cytometry analysis. The results displayed a good

transduction efficiency of approximately 99 % GFP* cells 14 days after AAV-Basic
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transduction (figure 8A), indicating a robust and stable gene expression after virus
treatment at least until day 14. Quantitative analysis of Anti-a-actinin immunostained
hiPSC-CMs via flow cytometry (figure 8B) displayed a > 99 % purity of cardiomyocyte
culture. Because of the metabolic purification strategy, the culture contains > 99 %
cardiomyocytes. Thus, a ubiquitous CMV-promotor could be used for the AAV-mediated

overexpression and consequently, resulting effects are most likely only cardiomyocyte

related.
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Figure 8: Transduction efficiency of AAV-Basic treated hiPSC-CMs. To quantify the transduction efficiency
of AAV6, FACS analysis of AAV-Basic transduced hiPSC-CMs was performed and compared to untreated
hiPSC-CMs. A FACS graph example of analyzed GFP* and a-actinin*-hiPSC-CM is shown in the figure,
respectively. (A) To validate cardiomyocyte quality, hiPSC-CMs were fixed and immunostained with
Hoechst 1:1000 and Anti-a-actinin 1:1000 (secondary antibody Alexa Fluor 488 Anti-mouse 1:500).
Negative control (grey) was incubated only with Hoechst. Flow cytometric analysis displayed a mean of
over 99 % a-actinin positive cells (red) in two different hiPSC-CM lines (n = 2). (B) Cells were fixed and
prepared for FACS analysis as described in 2.2.3.2. At day 14 after transduction, over 99 % of hiPSC-CMs

transfected with AAV-Basic were positive for GFP (green).

To confirm and quantify the SFRP5 overexpression, SFRP5° and Control°t hiPSC-CMs
were analyzed on transcriptional and protein level. SFRP5 expression was highly
increased (approximately 40,000-fold) in SFRP5°F hiPSC-CMs compared to Control®F
hiPSC-CMs (validated via gPCR and western blot, figure 9). In addition, the GFP

expression was validated on the protein level showing a higher protein abundance in

Control®t compared to SFRP5°F hiPSC-CMs.
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Figure 9: SFRP5 overexpression in hiPSC-CMs. hiPSC-CMs were transduced with AAV-Basic and AAV-
SFRP5 (MOI = 10°) as described in 2.2.4. 14 days after transduction, cells were pelleted for analysis on
transcriptional and protein level. (A) Fluorescence images detecting GFP expression were taken 10 days
after transduction. Control°® hiPSC-CMs showed a stronger GFP fluorescence compared to SFRP5° hiPSC-
CMs. (B) On the transcriptional level SFRP5 overexpression was determined by gPCR showing a significant
overexpression (approximately 40,000-fold) of SFRP5°F hiPSC-CMs compared to Control®® (housekeeping
gene GAPDH). Data are presented as mean + SEM. ****P < (0.0001 unpaired, two-tailed t-test. (C) On the
protein level GFP and SFRP5 expression was examined in untreated, Control®® and SFRP5%F hiPSC-CMs.
GFP protein expression (Anti-GFP, ab290) was detected in both Control®°® and SFRP5°F hiPSC-CMs,
whereas Control®® hiPSC-CMs show a higher GFP protein amount compared to SFRP5°F hiPSC-CMs. SFRP5
(Anti-SFRP5, sc-374397) was only detected in SFRP5°F hiPSC-CMs.

To confirm cardiomyocyte quality, two-month-old hiPSC-CMs were treated with AAV-
Basic or AAV-SFRP5 according to the transduction protocol established before (see

2.2.4). After two weeks additional culturing, cells were stained with Anti-a-actinin and
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Anti-GFP antibodies to examine the sarcomere structure of transduced hiPSC-CMs.

Confocal images confirmed a regular sarcomere structure of Control®°® and SFRP5°F

hiPSC-CMs (figure 10).
A AAV-Basic AAV-SFRP5

Figure 10: Fluorescence images of Control®® and SFRP5° hiPSC-CMs. Two-month-old hiPSC-CMs were
treated with AAV-Basic or AAV-SFRP5 according to transduction protocol in 2.2.4 and subsequently fixed
and stained with Anti-a-actinin (1:1000) and Anti-GFP (1:1000), displaying organized sarcomere structure.

In summary, the AAV6 overexpression system was successfully applied to hiPSC-CMs,
allowing to investigate the molecular and functional consequences of SFRP5

overexpression in human CMs.
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3.2.3 Next generation sequencing of SFRP5 overexpressing hiPSC-CMs

To analyze the function of SFRP5 in human cardiomyocytes, mRNA-seq of SFRP5°F and
Control®t hiPSC-CMs were performed in cooperation with NGS-facility for Integrative
Genomics, University Medical Center Gottingen. An RNA sequencing screen led to the
identification of downstream effects, affected pathways, and networks altered due to

the AAV-mediated SFRP5 overexpression in hiPSC-CMs.

Gene expression variability between SFRP5°F (indicated as “treatment”) and Control®F
(indicated as “control”) hiPSC-CM samples are represented in a principal component
analysis (PCA)-plot (figure 11). As replicates of treatment and control demonstrate low
variation within their groups, highly differential gene expression is displayed between
control and treatment groups. The differential expression analysis identified 2722 genes
(adjusted p-value < 0.05, log2 fold change > 0.95/ < - 0.95). From these differentially
expressed genes, 1220 genes were significantly upregulated, while 1502 genes were
significantly downregulated. Among the most significantly regulated genes, SFRP5 was
identified as the most significant and highest upregulated candidate, as expected due to

successful AAV-mediated overexpression.
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Figure 11: PCA-plot and heat map of the mRNA-seq screen. WT-hiPSC-CM lines iBM76.1 (group-1) and
iWT.D2 (group-2) with five technical replicates per cell line were used for this analysis. AAV-transduction
was performed according to the protocol in 2.2.4. Control®t is indicated as “control” and SFRP5°F hiPSC-

CMs are indicated as “treatment”. (A) The PCA-plot of component 1 (50.16 %) versus component 2 (20.74
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%), illustrates differential gene expression between control replicates at -50 of component 1 and
treatment replicates clustering at approximately 0-100 of component 1. Low expression variabilities were
observed between replicates within the respective groups. Analysis was done by Orr Shomroni and

illustration was created by Dr. Sara Klas, Department of Cardiology and Pneumology, UMG.

In order to identify the underlying pathways affected upon SFRP5 expression, a network
enrichment analysis of the 2722 significantly differentially expressed genes was
performed using Cytoscape2.2.7 (figure 12A). Network enrichment analysis displayed
significant regulation of calcium handling pathways, cardiac contraction, and apoptosis
(figure 12A). In a second network enrichment analysis, up- and downregulated pathways
were separated into single clusters, demonstrating downregulation of “muscle
contraction” pathways and upregulation of apoptosis and ER stress (figure 12B).
Therefore, we focused our further analysis on cardiac contraction regulation and

intrinsic apoptotic signaling pathways in response to ER stress by ClueGO and the KEGG

database.
A B
positive
regulation of UP (log2FC>1)
.eart contraction
Va PY ' DOWN {log2FC<1)

. |
.. ?'g:':?;rgg:; .\‘_ _‘ . CaZ+|nﬂux
N cardiomyocytes \ 9 é. a ;I;:gu yoltage
\. .-. . w channels

L ) ot oo
‘. w'.. ._“acltim -mediated Biosynthesis of
._ , cel cuntrachuRn ot d Q& Jstrlated muscle the N-glycan
muscle contra¥on eduction o = contraction - precursor

[dollcholllpld linked

cvlcsullc Ca++
eart gmwth " , levels p oligosaccharide,
Muscle - \ = LLO) and transfer
contrac’ to a nascent protein
y v 9

. Adenylate ~
S,

yosm‘nplex l‘. prodctrccelzse <

; ) ' cAMP {

regulation 0’ (.

systemic artena CREB ~ B

{ ., f—( +
sarcomere
P e F”?r \ ’.. organization “
lood pressure Ca dependent phosphorylation A
, . events through the |
muscle cell . activation myofibril .

T

development of CaMKIl

3 o
Eliosynthesis intrinls.ic apn%toﬁc . neglazve : {
-glycan signaling pathwa 3 regulation o
rEchreor (4 nespgr?se to v ? aAT;:na;;'"ates \ apoptotic " r
dolichol endoplasmic 5|gnallng pathway
ipid-linked o4 I reticulum stress \ y -
ol 5osacchar|de % J ]
) and transfer _. '
to atnas:ent ER & et % /
rotein i0lgi
P transport vesicle ._!_ :!g.) e
membrane 2 %‘ '&‘ %’ "g)x ;? Iatmno
IRElalpha y j - response to
( 1 activates “ e endoplasmlc reticulum stress
chaperones &
\ N Expression of
[ = CTDSP2
Protein processing 2

in endoplasmic
reticulum

Figure 12: Network enrichment analysis of the mRNA-seq screen. The mRNA-seq screen identified 2722
differentially expressed genes (log2 fold change > 0.95 and adjusted p-value < 0.05) clustered in a network
enrichment analysis. Single node colors in (A) represent the pathways grouped in one specific cluster. The
node size indicates the significance of the pathways (% of associated genes regulated in the single
pathways and their interactions). The network of up- and downregulated genes are displayed in (A),
identifying regulated pathway networks in heart contraction, apoptosis, and vesicle transport. (B)

Separated networks of up- or downregulated genes (log2 fold change > 0.95 and adjusted p-value < 0.05)
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highlight expression tendencies of affected pathways. Upregulated genes are involved in negative
regulation of apoptosis, regulation of response to ER stress and protein processing in the ER.
Downregulated pathways include calcium (Ca) influx through voltage gated calcium channels, muscle
contraction and sarcomere organization. lllustration and analysis were performed by Dr. Sara Klas,

Department of Cardiology and Pneumology, UMG.

The cardiac contraction pathway is significantly downregulated in SFRP5°F hiPSC-CMs.
Subunits of LTCC regulating calcium influx and pore formation (associated genes:
CACNAlc, CACNAlb, CACNB2) were downregulated, while the LTCC subunit y4
(associated gene: CACNG4) was upregulated. Additionaly, RYR2 was downregulated as
well as the crossbridging proteins cTnT (associated gene: TNNT2), actinin (associated
gene: ACTC1) and Myosin (associated genes: MYH6/7, MYL4). Further regulated genes
identified in the screen are the downregulated STRIP2 and upregulated PKCe (associated

gene: PRKCE).

The WNT inhibitor SFRP5 and DKK (associated gene: DKK1, DKK4) were upregulated in
this screen. In contrast, WNT5A and its downstream targets PLC (associated gene:
PLCB2), CAMKII (associated gene: CAMK2A) and calmodulin (associated gene: CAML3)
were downregulated. Furthermore, sodium-protone exchanger, NKA a-subunit’s
catalytic domain (associated genes: ATP1A2, ATP1A4) and a part of plasma membrane
bound B-subunit (associated gene: ATP1B4) were upregulated, whereas ATP1B2 and
FXYD2 were downregulated.
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Figure 13: Analysis of cardiac contraction and its connection to WNT signaling pathway changes. Calcium
channels, contractile filaments and ATP dependent calcium pumps are involved in cardiomyocyte
contraction. Upregulated genes (adjusted p-value < 0.05, Log2 fold change > 0.95) are indicated in red,
downregulated genes adjusted p-value < 0.05, Log2 fold change < - 0.95) are indicated in blue. SFRP5°¢
hiPSC-CMs displayed significant downregulation of calcium channel LTCC (associated genes: CACNAIc,
CACNA1d, CACNB2), STRIP2, RYR2 as well as contraction filaments actinin (associated gene: ACTCI1),
Myosin (associated genes: MYH6/7, MYL4), TnT (associated gene: TNNT2) and additionally PRKCe
(associated gene: PRKCE). ATP dependent calcium pump SERCA2A and NCX were not regulated. SFRP5
and DKK (associated gene: DKK1, DKK4) were upregulated. WNT5A and its downstream targets
phospholipase C (PLC; associated gene: PLCB2), CAMKII (associated gene: CAMK2A) and calmodulin (CaM;
associated gene: CAML3) were downregulated. Furthermore, sodium-potassium ATPase a-catalytic
domain (associated genes: ATP1A2 and 4) and the ATP1B4 gene of the membrane-bound B-domain were
upregulated, whereas ATP1B2 and FXYD2 were downregulated. The sodium-protone exchanger (NHE) and

IP3R (associated gene: ITPR1) expression were elevated (associted gene: SLCIAI).
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The significant upregulation of SFRP5 in the mRNA-seq screening was confirmed by gPCR
analysis (figure 14A-B). Furthermore, promising downstream candidates identified in
the mRNA-seq were further validated by gPCR. WNT5A is a known direct target of SFRP5
which was downregulated in the mRNA-seq, as expected from the literature.
Additionally, differentially regulated genes involved in calcium handling like CACNB2,
coding for LTCC, and RYR2 were transcriptionally validated by qPCR analysis. In line with
the mRNA-seq data, qPCR analysis verified the significantly downregulated expression

of WNT5A, RYR2 and CACNB2 in SFRP5°F hiPSC-CMs compared to the Control®F (figure
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Figure 14: Promising functional downstream candidates identified in the mRNA-seq were further
validated by qPCR. SFRP5 was significantly upregulated in the mRNA-seq data set and by gPCR analysis in
SFRP59E hiPSC-CMs compared to Control®t. WNT5A, RYR2 and CACNB2 were significantly downregulated
in the mRNA-seq screen of SFRP5°¢ hiPSC-CMs, which was confirmed by qPCR. Data represent means +
SEMs, ***P < 0.001 and ****P < 0.0001 was determined by unpaired, two-tailed t-test.

Besides pathways involved in cardiac contraction, pro- and anti-apoptotic pathways
were also regulated in the mRNA-seq data set of SFRP5% hiPSC-CMs. Pro-apoptotic
genes involved in ER stress response, TNF- and canonical WNT pathway were

upregulated, whereas also anti-apoptotic protein transcription was elevated. In detail,

genes involved in ER stress response were significantly upregulated: IREla (associated
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gene: ERN1), FOS, BIM (associated gene: BCL2L11), PERK (associated gene: EIF2AK3),
ATF-4, CHOP (associated gene: DDIT3). Moreover, the transcription of the pro-apoptotic
TNF-pathway members TRADD, CREB (associated genes: CREB3L1, CREB3L4, ATF4) and
c/EBPPB (associated gene:CEBP) was elevated. Additionaly, the canonical pro-apoptic
WNT-pathway was upregulated in the mRNA-seq screen, in detail via WNT16, TCF/LEF
(asscociated gene: LEF1), c-Myc and caspase 8 (CASP8) transcriptional upregulation,
together with Idax (associated gene: CXXC4) and c-FLIP (associated gene: CFLAR)
downregulation. The expression of anti-apoptotic BCL-2 (associated gene: BCL2), BCL-XL
(associated gene: BCL2L11), HAX1 and ATF-5 was also upregulated. Less pro-apoptotic
stimulus was driven due to cathepsin (associated gene: CTSS) and JNK (associated gene:
MAPK10) downregulation. The common distal pathway of apoptosis by cytochrome c
(CytC), APAF-1, pro-caspase 9 (ProCASP9) forming the apoptosome activating the
effector caspase 9 (CASP9), 6 and 7 (CASP6/7) were not regulated in this screen.
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Figure 15: Analysis of intrinsic apoptotic pathway regulation in the mRNA-seq screen. Differentially
expressed genes in SFRP5°F hiPSC-CMs are involved in the apoptosis pathway. Upregulated genes
(adjusted p-value < 0.05, Log2 fold change > 0.95) are indicated in red, downregulated genes (adjusted p-
value < 0.05, Log2 fold change <-0.95) are indicated in blue. Pro-apoptotic ER stress response and TNF
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pathway members IREla (associated gene: ERNI1), FOS, TRADD, CREB (associated genes: CREB3L1,
CREB3L4, ATF4), c/EBPB (associated gene: CEBPB) and BIM (associated gene BCL2L11) together with PERK
(associated gene: EIF2AK3), ATF-4 and CHOP (associated gene: DDIT3) were upregulated whereas
cathepsin (associated gene: CTSS) was downregulated. Canonical WNT pathway members WNTI16,
TCF/LEF (associated gene LEF1), MYC and pro-apoptotic CASP 8 (associated gene: CASP8) were
upregulated, together with Idax (associated gene: CXXC4), and c-FLIP (associated gene: CFLAR)
downregulation. mRNA expression of anti-apoptotic ATF5, BCL-2 (associated gene: BCL2), BCL-XL
(associated gene: BCL2L11) and HAX1 were elevated. The common distal pathway of apoptosis by
cytochrome C (CytC), APAF-1, pro-caspase 9 (ProCASP9) forming apoptosome and activating effector
caspase 9 (CASP9), caspase 6 and 7 (CASP6/7) was not regulated in the screen.

In conclusion, mMRNA-seq of SRFP5°F hiPSC-CMs revealed a downregulation of cardiac
calcium channels, contractile filaments and WNT5A-mediated signaling. Moreover
apoptosis related genes were differentially expressed in SFRP5°F hiPSC-CMs compared

to the ControlCE.

3.2.4 Functional analysis: Calcium imaging

Calcium handling is a crucial component for proper cardiomyocyte function. The mRNA-
seq of SFRP5°t hiPSC-CMs revealed differentially regulated genes involved in
cardiomyocyte contraction and calcium handling. Consequently, fluorescence based
confocal calcium imaging of SFRP5°F and Control®® hiPSC-CMs was performed to

investigate the role of SFRP5 on calcium cycling in more detail.

For recording SFRP5°F and Control°t, hiPSC-CMs were loaded with calcium indicator
Rhod-2 AM to display cytosolic calcium cycling changes during cardiac contraction. The
intensity of calcium indicator Rhod-2 AM was recorded as a function of time. Calcium
cycling during cardiomyocyte contraction was displayed as calcium transient, and local
calcium accumulation by spontaneous opening of RYR2 was analyzed as calcium sparks.
Cells were field stimulated with 0.25 Hz in order to eliminate calcium kinetic aberrations
depending on beating frequency. In calcium transient analysis the subsequent
parameters were analyzed: the time for calcium upstroke (described as rise time), the
intensity of maximum calcium concentration in the cytosol (described as amplitude) and
the calcium decrease until 50% of the amplitude, either due to SR reuptake or efflux to
extracellular space (described as decay 50). Calcium sparks were recorded and analyzed
during diastole. Spark parameter were analyzed focusing on calcium spark frequency,

spark size (sum of full width, full duration, and amplitude) and calcium leak (the sum of
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all spark sizes). Furthermore, B-adrenergic stimulation via isoprenaline hydrochloride
(iso, 100 nM) was used for stress induction in hiPSC-CMs after measurements at basal

condition.

SFRP5CF hiPSC-CMs revealed a significant reduction in calcium transients’ amplitude, a
faster rise time, and a faster calcium decay 50 under basal condition. After inotropic
stimulation with iso, SFRP5°5*5° compared to Control®t*s® hiPSC-CMs revealed equal
parameter changes as observed unter basal conditions. A significant reduction in all
three parameters was also observed in SFRP5°%*5° compared to SFRP5°F hiPSC-CMs,
whereas only calcium transient rise time and decay 50 were reduced between
Control®*° and Control®® hiPSC-CMs (figure 16A-C). Exemplary recorded calcium
transients are demonstrated in figure 16D which outlines the reduced amplitude, the
faster rise time and the shorter calcium decay 50 in SFRP5°F compared to Control°®

hiPSC-CMs under basal conditions.
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Figure 16: Calcium transient analysis of AAV-treated hiPSC-CMs. Cytosolic calcium cycling during
cardiomyocyte contraction of SFRP5°F and Control°f hiPSC-CMs was recorded by confocal line scan mode.
Human iPSC-CMs were loaded with Rhod-2 AM and paced at 0.25 Hz. Incubation with isoprenaline
hydrochloride (iso, 100 nM) was used for positive inotropic stimulation. Calcium transients were analyzed
using Imagel by plotting the mean signal intensity as a function of time (2.2.8). (A, B) Quantitative analysis
of calcium transients displayed lower amplitude (A) and faster rise time (B) of SFRP5°F hiPSC-CMs under
basal condition and after iso incubation. (C) Time for calcium decay at 50 % of the amplitude is significantly
reduced in SFRP5°E hiPSC-CMs under all conditions. Exemplary calcium transients under basal conditions
are shown in D. Data are presented as mean # SD. #P < 0.05, #P < 0.01, ##P < 0.001, **** /##p < 90,0001

determined by unpaired, two-tailed t-test. * compared to AAV-Basic, ¥ compared to basal condition.

Besides significant alterations in the calcium transients of SFRP5°F hiPSC-CMs, only small
changes in calcium sparks were observed. An exemplary record of calcium sparks and
their 3D surface plot of Control®® and SFRP5°F hiPSC-CMs is shown in figure 17A and B.
Although, slight differences in various calcium spark parameters (frequency, full
duration, full width, time to peak shown in figure 17C, F, G, 1) were observed between
the groups, the overall calcium leak (figure 17E), as the sum auf all sparks, was not

significantly changed between SFRP5° and Control®t under basal conditions. However,
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in iso stimulated cells, a reduction in the calcium leak was observed in SFRP5OE*iso

compared to Control®t*e hiPSC-CMs.
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Figure 17: Calcium spark analysis of AAV-treated hiPSC-CMs. Spontaneous calcium release of RYR2, also

known as calcium sparks, were recorded in the diastole of cardiomyocyte contraction. SFRP5° and
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|OE

Control™ hiPSC-CMs were seeded on glass cover slips and analyzed 12-14 days after transduction. For

cytosolic calcium imaging hiPSC-CMs were loaded with Rhod-2 AM, paced at 0.25 Hz and analyzed using
confocal line scan mode. Three independent differentiations of two SFRP5WT hiPSC lines (iBM76.1 and
iWT.D2.1) with n = 179 cells were used for this analysis. To induce positive inotropic stress hiPSC-CMs
were incubated with isoprenaline hydrochloride (iso, 100 nM) for 10 min before recording. Calcium spark
recordings of SFRP5°F and Control®® hiPSC-CMs are exemplary presented in (A) with a corresponding 3D
surface plot in (B). Calcium spark recordings were analyzed using the Imagel plugin “SparkMaster”. (C-G)
Quantitative analysis of calcium spark parameters are shown in (C-1). (C) Calcium spark frequency was
significantly reduced in SFRP5°F and SFRP5°F*° hiPSC-CMS. (D, E) The spark size and calcium leak were
not reduced under basal conditions but after iso stimulation. (F, G, H) Furthermore, spark size parameter

full duration and full width were significantly reduced in SFRP5°F and SFRP5°**°, whereas spark amplitude

50E

was not regulated. (I) Calcium spark parameter time to peak was only reduced in SFRP5°* compared to

Control°®  hiPSC-CMs. There were rarely alterations between the SFRP5%E*°/SFRP5°E or
Control°®%°/Control°F hiPSC-CMs. Data are presented as mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001,
****p < 0.0001 and ns > 0.05 were determined by unpaired, two-tailed t-test (C-G). * compared to AAV-
Basic, # compared to basal condition.

Concluding, calcium transients analysis revealed a shorter rise time, reduced amplitude
and faster calcium reuptake in SFRP5% and SFRP59E*° hiPSC-CMs. The calcium spark
frequency was reduced in SFRP5°F and SFRP5°8+is° hiPSC-CMs as well as the calcium leak

in SFRP5C&*s° compared to Controlts© hiPSC-CMs, whereas other calcium spark

parameters were hardly influenced.

3.3 Genome editing by CRISPR/Cas9

Furthermore, the function of SFRP5 was examined in hiPSC-CMs by stably knocking out
(KO) these two genes individually using the CRISPR/Cas9 technology. The KO
experiments were performed with two different plasmids (table 3) containing two

different gRNAs for each candidate gene.

3.3.1 Generation of CRISPR/Cas9-targeted SFRP5%C-hiPSC line

SFRP5WT hiPSC were transfected with the respective CRISPR/Cas9 plasmids via
nucleofection. Upon electroporation only a very small amount of the cells became GFP*
(figure 18B). Nucleofected cells were sorted by FACS for GFP expression (co-expressed
in CRISPR/Cas9 plasmids) and 5-50 GFP* cells were transferred into a 96 well plate 24
hours after nucleofection. Cells were cultured for several days before expansion and
cryopreservation. A few hiPSC clones showed an atypical morphology and impaired

colony formation indicating loss of their pluripotent state. Therefore, only clones with
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stem cell like-morphology were further analyzed on the genomic level for CRISPR/Cas9-
mediated editing through PCR-amplifying the region of interest and subsequent Sanger

sequencing (Seqlab Gottingen).

Sequencing analysis revealed multiple heterozygously edited as well as mixed clones,
most likely due to plating 5-50 cells per well. Since definite discrimination between
heterozygous or mixed clones was not possible, the clones were singularized a second
time in a new six well plate by limited dilution. Individual clones were picked, expanded,
and analyzed on the genomic level. The singularization step was repeated 2-3 times to
assure pure colonies. In the end, a successfully purified clone with a complete KO of
SFRP5 (SFRP5%C) was chosen for further analysis.
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Figure 18: Strategy for genome editing in hiPSCs with clonal derivation. (A) 2x 10° SFRP5"T hiPSCs were
transfected via electroporation with 2 pug of CRISPR/Cas9 plasmids containing two different gRNAs for the
candidate. FACS sorting followed 24 hours after cell transfection and 5-50 GFP* cells were plated in each
well of a 96 well plate using MEF-conditioned StemMACS medium with 1x Pen/Strep, 2 pM TZV and
50 ng/ul bFGF. For cell expansion, cells with stem cell-like morphology were transferred to one well of a
Matrigel coated 24 well plate. Cryopreservation and DNA extraction was performed with a confluent well
from a 12 well plate. Clones were screened for insertions/deletions on the genomic level via PCR and
sequencing of the targeted site. Positive KO clones were selected for further analysis (adapted from Henze
2016). (B) FACS sorting was performed in the FACS facility of the UMG. Exemplary FACS dot plot for SFRP5
with 6.42 % transfection efficiency is displayed.
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3.3.2 Analysis of SFRP5XC hiPSC and SFRP5XC hiPSC-CMs

The human SFRP5 gene consists of three exons located on chromosome 10. The gRNA
target sites are both located in the first exon with 350 bp distance between each other.
33 transfected clones were screened for the potential CRISPR/Cas9-mediated gene KO.
Seven of these clones displayed changes in the genomic sequence. For further
downstream analysis, one homozygous SFRP5XC clone was determined and used for the

further experiments.

The SFRP5X clone 21 displayed a deletion of 8 bps on both alleles of the genome leading
to a frameshift in the mRNA sequence, which generated a premature stop codon at
amino acid position 51 of the transcribed protein (figure 19). The complete genomic
DNA, mRNA, and protein sequence of SFRP5VT and SFRP5XC is displayed in figure A.3.

The purity of the SFRP5XC clone was re-evaluated on the genomic level every four weeks.

gDNA SFRP5
i
[
mRNA SFRP5 mRNA SFRP5 KO clone
...CCAAGCCGCCGCAGTGCCTTGACATCCCTG... ...CCAAGCCGCCITTGA*

Figure 19: Genomic structure of SFRP5 locus in the SFRP5*C clone 21 around the targeted site. The
SFRP5WT gene consists of three exons and is located on chromosome 10. The targeted sequence is shown
in bold. A fragment of 8 bps (GCAGTGCC, underlined in the chromatogram of mRNA SFRP5) was deleted
in CRISPR targeted site (position is marked with orange line). This leads to a frameshift and a predicted

premature stop codon (TGA) in the following coding sequence.

As SFRP5 is not expressed in undifferentiated stem cells, the resulting mRNA sequence
of the SFRP5XC clone can only be validated with mRNA isolated from differentiated
SFRP5XC hiPSC-CMs. The cardiac differentiation was performed according to the directed
differentiation protocol described in 2.2.1.3. The SFRP5C hiPSC-CMs displayed a
comparable differentiation efficiency and contractile properties compared to SFRP5WT
hiPSC-CMs. No obvious differences in the organization of sarcomeres were detected in

SFRP5XC hiPSC-CMs (figure 20).



3 Results 69

KO-SFRP5

Figure 20: Sarcomere structure of hiPSC-CMs from the SFRP5%° clone 21. SFRP5"T and SFRP5XC hiPSC-
CMs were cultured for 60 days and subsequently stained with Hoechst and Anti-a-actinin (blue, 1:1000)
revealing an organized sarcomere structure. Images were taken with a fluorescence microscope (Zeiss

Axio Imager M2), scale bar: 20 um.

The SFRP5 KO in the clone 21 was additionally validated on the mRNA level by qPCR.
Differentiated SFRP5%C hiPSC-CMs showed a significant reduction of the SFRP5 mRNA
expression compared to SFRP5WT hiPSC-CMs (figure 21A). Furthermore, the successful
SFRP5 KO was also examined on protein level. Given the low protein expression in
SFRP5WT hiPSC-CM, SFRP5 could not be detected by western blot neither in SFRP5VT nor
in SFRP5XC hiPSC-CMs. Moreover, SFRP5XC hiPSC-CMs were analyzed for the expression
of candidate genes previously identified in RNA sequencing of SFRP5°F hiPSC-CMs.
However, CACNB2 (coding for LTCC), RYR2 and WNTS5A expression in SFRP5XC hiPSC-CMs

showed no significant differences compared to SFRP5WT hiPSC-CMs (figure 21).
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Figure 21: Gene expression analysis in SFRP5KO hiPSC-CMs compared to SFRP5WT hiPSCs-CMs. (A)
SFRPS5 expression was significantly downregulated in SFRP5XC hiPSC-CMs compared to SFRP5YT hiPSC-CMs
(normalized gene expression to 18S). (B-D) CACNB2, RYR2 and Wnt5a expression was not significantly
altered in SFRP5"° hiPSC-CMs (relative to GAPDH). Three independent differentiations including three
technical replicates for the qPCR were analyzed. Triangle, square and circle represent technical replicates.
Data are presented as mean + SEM (A-D). #P < 0.05 and ns > 0.05 determined by unpaired, two-tailed t-

test.

In conclusion, the SFRP5 KO was successfully generated in hiPSC, validated on the
genomic level, and further validated in SFRP5C hiPSC-CMs at the transcriptional level
by gPCR. The candidate genes from the overexpression data set, found to be
differentially expressed in the mRNA-seq screen of SFRP5°¢ hiPSC-CMs, showed no
significantly altered expression in the SFRP5*C hiPSC-CMs when compared to the
SFRP5WT hiPSC-CMs. Further analysis could involve calcium imaging at basal level and
after stress induction via isoprenaline or angiotensin |l, which may reveal opposite

changes in calcium handling compared to SFRP5°E hiPSC-CMs.
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4 Discussion

The differentially regulated candidate SFRP5 was identified in the RNA-seq of aortic
stenosis patients in the process of cardiac remodeling. SFRP5 was expressed in healthy
donor hearts, then decreased towards CH and was re-expressed in HF. The role of WNT-
inhibitor SFRP5 in human cardiomyocytes was examined in two model systems in this
thesis: AAV-mediated SFRP5°F and CRISPR/Cas9-mediated SFRP5XC in hiPSC-CMs.
mRNA-seq of SFRP5°F hiPSC-CMs identified differentially regulated genes in calcium
handling and apoptosis. To validate calcium handling changes in SFRP5°¢ hiPSC-CMs,
functional analysis of calcium transients and calcium sparks was performed, displaying
significant alterations in calcium transients, and slight changes in calcium sparks.
SFRP5XC hiPSCs were successfully differentiated into SFRP5C hiPSC-CMs and were
further analyzed for differentially expressed candidate genes detected in SFRP5°F hiPSC-
CMs beforehand.

4.1 hiPSC-CMs as a human model system

Human iPSC-CMs, obtained by the directed differentiation from hiPSCs, provide a

human cardiomyocyte model to study disease mechanisms and protein function in vitro.

The cardiac differentiation was performed according to Cyganek et al. (2018). Despite
their great advantage of differentiation capacity, hiPSC-CMs represent a heterogeneous
cell population of ventricular, atrial and nodal cells, which inherit immature
morphological, molecular, structural, metabolic and functional aspects compared to

adult rodent ventricular myocytes in vitro (reviewed in Yang et al. 2014).

The usage of metabolic selection during cardiac differentiation, first described in
Tohyama et al. (2013), enabled an optimization of the protocol yielding in > 99 % of
cardiomyocytes in the here applied differentiation, which was quantified via flow
cytometry. Further immunostainings with RYR2, a-actinin and Cx43 displayed organized
cross-striations, regular sarcomere structures, and cardiac specific cell communication
through gap junctions in the here differentiated hiPSC-CMs. Thus, our protocol

successfully produced hiPSC-CMs with a very good yield.
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4.2 SFRP5 gain of function

As identified in the RNA-seq screen of aortic stenosis patients, SFRP5 is a potentially
promising candidate to therapeutically target the transition to HF. Until now, little is
known about the function of SFRP5 in human cardiomyocytes. Therefore, a gain of
function model via AAV6-mediated SFRP5 overexpression and a loss of function model
via CRISPR/Cas9 technique was established to examine its function in hiPSC-CMs.
Initially, the overexpression system was successfully evaluated in HEK293T cells using
plasmid lipofection. Subsequently it was successfully adapted for the hiPSC-CMs using
AAV6 transduction. In hiPSC-CMs an AAV6-mediated transduction was required because
plasmid transfection of postmitotic cells, like hiPSC-CMs, is inefficient. Downstream
analysis identified differentially regulated apoptosis and calcium handling pathways and
uncovered dysregulation of calcium handling in SFRP5°F hiPSC-CMs via mRNA-seq and

confocal calcium imaging.

4.2.1 Successful SFRP5 overexpression in HEK293T and hiPSC-CMs

HEK293T cells are a robust and well characterized cell line, which is easily accessible for
plasmid transfection by lipofection. In our study HEK293T cells were used to validate a
successful overexpression from the vector system at the mRNA and protein level. In
HEK293T cells, a transfection efficiency of 50-60 % was observed in cells transfected with
either ControlP°F or SFRP5POE, The GFP expression and fluorescence was slightly higher
in ControlP°t HEK293T cells as shown by fluorescence microscopy and on the protein
level by Western blot. These changes might result in a decreased protein expression due
to the usage of multi-gene expression system as well as the often described phenomena
of negative correlation between transfection efficiency and plasmid size (Kreiss et al.
1999; Hurh et al. 2013). However, SFRP5Pt HEK293T cells displayed adequate GFP
luminescence for the validation of the SFRP5 overexpression system. The negligible
SFRP5 expression in HEK293T cells described in literature (NCBI 2020) was validated on
the mRNA and protein level. Thereby, the measured SFRP5 overexpression appeared to

be massive compared to the control.

For hiPSC-CMs, lipofection with plasmids is not efficient, so that the overexpression
system must be adapted to hiPSC-CMs. Therefore, a viral mediated system able to

transduce these postmitotic cells was established through application of AAV6 viral
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particles. Although Rapti et al. (2015) reported the lack of pathogenicity of AAV6-
mediated transduction in hiPSC-CMs, in our study we observed a significant
downregulation of cTnT, a quality marker for cardiomyocytes, after long term virus
treatment (3x MOI = 10°). After reduction of the initially used triple incubation time to
only a single one (1x MOI = 10°), stable cTnT-expression was observed in Control® hiPSC-
CMs compared to untreated control CMs (figure A.1). This indicates that the optimized
AAV transduction condition had no apparent effects on cardiomyocyte quality.
Furthermore, the transduction efficiency in Control®t and SFRP5°F hiPSC-CMs differed
significantly. Via flow cytometry analysis the transduction efficiency of AAV-Basic was
determined as 99 % in hiPSC-CMs, whereas AAV-SFRP5 displayed a lower transduction
efficiency and dimmer GFP fluorescence as indicated during visual inspection. These
effects may occur due to the multi-gene-transcript and that the AAV6-mediated viral
transduction might be lower when the plasmid size increases (Kreiss et al. 1999; Hurh et
al. 2013). Furthermore, the overexpression virus itself may has a lower transduction
efficiency compared to the control virus. To verify this hypothesis the transfection
efficiency of the AAV-SFRP5 virus must be quantified by flow cytometry using the same

conditions as applied for the control.

SFRP5 overexpression was quantified 14 days after viral transduction by gPCR
demonstrating a stable overexpression of ~40,000 fold compared to Control°t hiPSC-
CMs. Low SFRP5 expression in the control intensifies the effect of its overexpression. In
the mRNA-seq screen the quantity of SFRP5 mRNA in treated cardiomyocytes was
comparable to the mRNA quantity of TNNT2 in control cardiomyocytes. The successful
AAV-SFRP5 treatment was further validated at the protein level via Western blotting,
confirming the SFRP5 overexpression. In Control®® hiPSC-CMs, SFRP5 was not detectable
at the protein level because its basal expression seems to be significantly lower than in
the OE cells. The successful SFRP5 overexpression is sufficient for the first analysis of its
function in human cardiomyocytes. Due to the extensive overexpression of the protein

affected pathways identified could be linked to SFRP5.
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4.2.2 mRNA-seq analysis of SFRP5°F hiPSC-CMs compared to Control®t hiPSC-CMs

4.2.2.1 Regulation of pro- and anti-apoptotic pathways in SFRP5°F hiPSC-CMs

Network enrichment and detailed pathway analysis displayed apoptosis activation via
the intrinsic pathway due to UPR, as well as extrinsic pathway activation via TNFa and
canonical Wnt pathway upon SFRP5 overexpression (figure 15). Besides upregulation of
pro-apoptotic pathways, anti-apoptotic protein expression was also increased in

SFRP5°E hiPSC-CMs.

Upregulation of pro-apoptotic BIM and CHOP is mediated by intrinsic pathway activation
due to the UPR, IRE1a and PERK (reviewed in Schréder and Kaufman 2006). Additionally,
the upregulation of extrinsic apoptosis-inducing pathways via TNFa and canonical WNT
signaling was demonstrated in the SFRP5°F hiPSC-CMs. Interestingly, anti-apoptotic
BCL2 and BCL-XL were also upregulated in the mRNA-seq data set. The common
termination pathway of apoptosis via cytochrome C, APAF-1 and pro-caspase 9 forming
the apoptosome to activate the effector caspases 6 and 7 was not regulated in the
screen. Only the anti-apoptotic HAX1 was upregulated in the common termination
pathway, known to repress autocleavage of pro-caspase 9 (Han et al. 2006). Thus, our
analysis at the transcriptome level indicates that SFRP5 is affecting pro- and anti-
apoptotic pathways, which may support SFRP5’s role in tissue homeostasis regulation,
which was already displayed in several cancer types (Zhao et al. 2009; Peng et al. 2014;
Gutiérrez-Vidal et al. 2015).

Furthermore, the influences on apoptosis induction of the applied AAV virus itself and
the extensive overexpression of the secretory protein SFRP5 is a matter of discussion.
Balakrishnan et al. (2013) discovered that UPR is modesty activated by transduction with
AAV6 vectors inducing pro-apoptotic stimulation via IRE1a, PERK, and ATF6. To eliminate
signals that are produced by a potential induction of the UPR due to virus capsids, the
Control®t hiPSC-CMs were included as control. However, the UPR and ER stress found in
our pathway analysis could also be a result of the ~40,000 fold overexpression of the
secreted protein SFRP5. Physiologically, secretory proteins are translated in the ER,
where chaperones guide their folding. Vesicle transport mediates the secretory proteins
from the ER to the Golgi and finally to the plasma membrane, where they are released

by exocytosis. Extensive overexpression of a secretory protein like SFRP5 increases the
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proteinbiosynthesis and folding rate beyond its capacities, which may also cause ER-
stress and increase the UPR. To exclude the phenomenom of extensive overexpression
inducing apoptosis, AAV-mediated overexpression of a well known secretory protein
without involvement in apoptosis pathways could be examined, whether similar
apoptosis regulation would be observed as in SFRP5°F hiPSC-CMs. As of now we have

not found an adequate secretory candidate, that meets all criteria.

In literature, the role of SFRP5 in apoptosis regulation was examined in different cell
models, whereby pro- and anti-apoptotic stimulus was reported. SFRP5 has been shown
to diminish cardiac inflammation of Wnt5a-positive macrophages after
ischemia/reperfusion injury, thereby inhibiting murine cardiomyocyte apoptosis
(Nakamura et al. 2016). Moreover, the anti-apoptotic role of SFRP5 through decrease of
BAX was reported in human endothelial cells during oxidative stress conditions (Wang
et al. 2017). The mRNA-seq data of SFRP5°F hiPSC-CMs without induced oxidative stress
did not confirm a downregulation of BAX as described by the publication mentioned
above, probably due to cell type differences varying in the response to the same
stimulus. Additionally, Jin et al. (2015) reported a repression of the TNFa-mediated
apoptotic pathway upon Sfrp5 addition to the culture medium of neonatal rat
ventricular cardiomyocytes, whereas our data showed an upregulation of the TNFa-
mediated pathway. The discrepancy to the literature may occur due to the different
origin of the cells and maturation status. Though, besides the reported anti-apoptotic
role of SFRP5 mentioned above, our candidate was identified as a pro-apoptotic tumor
suppressor gene in melanoma cell cancer, kidney cancer, breast cancer and further
cancer types (Veeck et al. 2008; Kawakami et al. 2011; Chen et al. 2018). Similarly,
apoptosis induction in cardiac fibroblasts treated with SFRP5 was reported by Bie et al.
(2016). Furthermore, SFRP family members SFRP3 and SFRP4 were associated with
increased apoptosis in failing ventricular tissue (Schumann et al. 2000). Consistent with
our mRNA-seq screen, upregulation of the TNFa-mediated pro-apoptotic pathway is
published to facilitate cardiac remodeling leading to HF, whereas the role of
cardiomyocyte death in cardiac remodeling and heart failure is only poorly understood
(Sun et al. 2007; Kim and Kang 2010). Thus it can be concluded that the role of SFRP5 for

apoptosis may depend on the cell type or tissue and the respective apoptosis stimulus.
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SFRP5 is a known soluble inhibitor of canonical and non-canonical WNT signaling which
are also known to be involved in apoptosis induction (Suzuki et al. 2004; Li et al. 2008).
Stabilized B-catenin of activated canonical WNT signaling pathway results in an
induction of TCF/LEF transcription factor facilitating c-MYC expression and apoptosis
pathway activation (Hu and Rosenblum 2004; Jarvinen et al. 2011; Yang et al. 2014). In
the RNA-seq of aortic stenosis induced HF, the canonical WNT target gene TCF/LEF
(associated gene: LEF1) was upregulated indicating apoptosis induction in HF, which was
also confirmed in tissue staining of failing cardiac biopsies (Khadjeh et al. 2020). TCF/LEF
(associated gene: LEF1) and c-Myc overexpression was also observed in SFRP5°F hiPSC-
CMs supporting its pro-apoptotic role. The upregulation of canonical WNT pathway in
SFRP5CE hiPSC-CMs is in contradiction with SFRP5’s known function to repress both the
canonical and non-canonical WNT pathway (Li et al. 2008). These might occur by
upregulation of WNT16 in SFRP5°E hiPSC-CMs. Alternatively, the activation/inhibition of
canonical WNT pathway by SFRP5 is tissue dependent: In trunk formation of mice and
gastrointestinal tissues, SFRP5 was described as an inhibitor of canonical WNT signaling
(Li et al. 2008; Satoh et al. 2008), whereas Holly et al. (2014) described canonical WNT
signaling activation by SFRP5 in retinal development. In conclusion, SFRP5
overexpression may activate the canonical WNT signaling pathway through WNT16
overexpression or through an ambivalent role of SFRP5, which may promote apoptosis

induction by TCF/LEF and c-MYC.

To further investigate the role of SFRP5 in apoptosis, SFRP5°F and Control®® hiPSC-CMs
could be stimulated with cardiac stressor angiotensin Il and apoposis inductors
doxorubicin or hydrogen-peroxide. For cardiac stress induction angiotensin II-
treatment, known to facilitate cardiac hypertrophy (reviewed in Schirone et al. 2017),
could be used to mimic cardiac remodeling in hiPSC-CMs. These stressed
cardiomyocytes may reveal apoptosis induction as observed in human aortic endothelial
cells by Wang et al. (2017), which could be differentially regulated between SFRP5°F and
Control®F hiPSC-CMs. Examining angiotensin |l treated SFRP5°F hiPSC-CMs may help to
further understand the role of SFRP5 in cardiac apoptosis regulation. To verify either
pro- or anti-apoptotic stimulus of SFRP5, apoptosis induction with doxorubicin and

hydrogen-peroxide could be performed in SFRP5°F and Control®t hiPSC-CMs.
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As tumor suppressor gene, SFRP5 is known to be fundamential for tissue homeostasis
as described above (Zhao et al. 2009; Peng et al. 2014). Published data and our mRNA-
seq data revealed, that the role of SFRP5 in apoptosis is cell-type specific and stimulus-
dependent, whereas also bias of extensive overexpression of secretory protein should
be considered. Without pro-apoptotic treatment, SFRP5°F hiPSC-CMs display regulation
of pro-and anti-apoptotic pathways, whereas further analysis in differentially treated
SFRP5°F and Control°t hiPSC-CMs (e.g. with angiotensin Il-,Doxorubicin- and hydrogen-
peroxide-treatment) may outline a predominant pro- or anti-apoptotic tendency of
SFRP5 treatment. With regard to cardiac remodeling and end-stage HF, the role of

cardiomyocyte apoptosis and other types of cell death is still controversely discussed.

4.2.2.2 Reduction of calcium channels and cardiac excitation-contraction-coupling
proteins

In the mRNA-seq network enrichment analysis of SFRP5°F hiPSC-CMs pathways involved

in calcium cycling and cardiac contraction were significantly downregulated. Cardiac

contraction, initiated by membrane depolarization of voltage gated sodium channels

leading to CICR, is crucial for proper cardiomyocyte function, whereas its dysfunction is

often associated with HF (GOmez et al. 1997). Thus, we performed pathway analysis for

proteins involved in excitation-contraction-coupling.

The non-canonical WNT signaling pathway plays a crucial role in the regulation of
calcium handling and the development of CH (Hagenmueller et al. 2014). Exemplary, the
activation of Wnt5a-mediated non-canonical Wnt signaling pathway induces CH in mice
(Hagenmueller et al. 2014). Additionally, Wnt5a-mediated neutrophil recruitment in the
early phase of pressure-overload after TAC surgery in mice and consequently
macrophage migration and cytokine and chemokine expression were reported to be an
obligatory stimulus for cardiac hypertrophy and cardiac dysfunction (Wang et al. 2019).
WNTB5A is further known to be repressed by SFRP5, which additionally supports SFRP5’s
suggested anti-hypertrophic role first described in Jin et al (2015). The WNT5A
downregulation by SFRP5 overexpression was also confirmed in our screen. Further
downstream targets of the non-canonical WNT signaling pathway, PLCB (associated
gene: PLCB2) and CAMKII (associated gene: CAMK2A) were downregulated in our
mRNA-seq screen, confirming non-canonical pathway repression in SFRP5°F hiPSC-CMs.

CAMKIl is known to phosphorylate cardiac calcium channels improving their
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conductance ability (reviewed in Anderson et al. 2011). The hypothetically decreased
cytosolic calcium influx due to less conductive and downregulated calcium channels may
lead to the downregulation of calmodulin (associated gene: CAML3). Calcium-
calmodulin complex activates CAMKII, thus hypothetical less cytosolic calcium and
downregulated calmodulin result in less active CAMKII, which could further contribute
transcriptional downregulation of CAMKII. In conclusion, our study demonstrated the
non-canonical WNT signalig pathway to be transcriptionally repressed by SFRP5
overexpression in human cardiomyocytes, which might also impair calcium handling via

CAMKII (figure 22).
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Figure 22: Non-canonical WNT signaling repression in SFRP5% hiPSC-CMs. The mRNA-seq of SFRP5%t
hiPSC-CMs revealed the repression of non-canonical WNT signaling pathway via downregulation of
WNT5A. Upregulated genes (adjusted p-value < 0.05, Log2 fold change > 0.95) are indicated in red,
downregulated genes (adjusted p-value < 0.05, Log2 fold change < - 0.95) are indicated in blue. The
reduced expression of downstream target CAMKIl may also lead to diminished posttranslational
phosphorylation of calcium channels LTCC and RYR2 resulting in transcriptional downregulation. Due to
the downregulation of calcium channels, reduced calcium influx occures during systole, thereby CAMKII
activation complex formation of calcium-calmodulin (CaM) is attenuated leading to further repression of
CAMKII function.

CICR is initiated by voltage-gated LTCC opening resulting in a local increase of cytosolic
calcium concentration. The “trigger”-calcium leads to synchronized opening of RYR2 and
calcium efflux of the sarcoplasmic reticulum initiating sarcomere contraction (reviewed
in Eisner et al. 2017). LTCC subunit a and B (associated genes: CACNAIc, CACNA1d,

CACNB2) were found to be significantly downregulated in our study, whereas subunit y4

(associated gene: CACNG4) was upregulated. The y4-subunit upregulation, which is
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known to stabilize LTCC in an inactivated and closed state (Yang et al. 2011), points
towards less channel conductance and thereby delayed CICR. Furthermore, SR calcium
channel RYR2, crucial for contraction initiation, was significantly downregulated upon
SFRPS5 overexpression. RYR2 activation is regulated by several proteins like CAMKII, PKA,
PP1, PP2a and FKBP12.6 (reviewed in Luo and Anderson 2013). Only CAMK2A gene
expression was regulated in our screen pointing towards less phosphorylation and
reduced conductance of RYR2, whereas the not cardiac specific &-isoform of CAMKII
(Edman and Schulman 1994) was regulated here upon SFRP5 overexpression. In
accordance with the literature, downregulation of RYR2 is compensated by an
upregulation of the IP3-receptor, which represents a structurally and functionally similar
SR calcium channel activated by IP3 (Go et al. 1995). In comparison with RYR2, IP3R
mediates small calcium currents downstream of GPCR that are known to play a crucial
role in promoting cardiac hypertrophy probably via calcineurin-NFAT pathway activation
(Nakayama et al. 2010). Whereas calcineurin-NFAT pathway was not transcriptionally
regulated in SFRP5°F hiPSC-CMs. In conclusion, decreased LTCC and RYR2 expression
points towards reduced calcium conductance resulting in a repressed CICR in SFRP59F

hiPSC-CMs, which may diminish cardiomyocyte function.

Furthermore, downregulation of contractile filaments like ACTCI (actin associated
gene), MYH6/7, MYL4 (myosin associated genes), MYBPC3 (myosin binding protein
associated gene) and TNNT2 (cTnT associated gene) indicate less contractile force in the
SFRP5% hiPSC-CMs. This could occur due to the regulation of sarcomere proteins by
PKCe. The cardiac specific PKCe can be induced by angiotensin Il, endothelin-1 and
increased mechanical force during contraction rhythm (Clerk et al. 1994; Paul et al. 1997;
Vincent et al. 2006). In our screen this PKC isoform is significantly upregulated in the
SFRP5°E hiPSC-CMs. Since PKCe can phosphorylate and inactivate proteins involved in
sarcomere function like cTnT, actinin, myosin and myosin-binding protein (Ping et al.
2001; Kooij et al. 2010), this might explain their transcriptional downregulation observed
in our mRNA-seq screen. Furthermore, it was shown that upregulated PKCe desensitize
contractile calcium handling and induces overall depression of the contractile function
in human cardiomyocytes (Kooij et al. 2010). Mice overexpressing a constitutively active
PKCe developed concentric hypertrophy decompensating in eccentric HF, which

additionally outlines its role in the process of cardiac remodeling (Takeishi et al. 2000;
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Goldspink et al. 2004; Montgomery et al. 2005). Thus, upregulated PKCe may repress
cardiac contractile function by inactivation of sarcomere proteins in the SFRP5°E hiPSC-

CMs.

Further proteins involved in calcium and cell homeostasis are differentially regulated in
SFRP5°E hiPSC-CMs. NKA a-catalytic and membrane-bound B-domain (associated genes:
ATP1A2/4, ATP1B4) were upregulated, whereas the genes of another - and modulatory
y-subunit (associated genes: ATP1B2 and FXYD2) were downregulated. Physiologically
the sodium-potassium ATPase is responsible for the general and localised sodium
homeostasis in the cell. Especially its upregulated isoform a2 (ATP1A2) is known to be
co-localised and functionally coupled with NCX via ankyrin B underlining its role in
cardiac calcium handling (Su et al. 1998; Mohler et al. 2005). This functional complex
may regulate cardiac contractility via microdomain sodium currents in the junctional T-
tubules of cardiomyocytes (Despa et al. 2012). Moreover, the modulatory subunit of
NKA, especially FXYD subunit family repressing NKA ion transport (Pavlovi¢ et al. 2007),
is downregulated in our mRNA-seq propably leading to a higher active NKA due to less
inhibition. These may result in lower sodium concentrations in the dyade and may
activate NCX calcium sequestration similar as described earlier and further resulting in
reduced SR calcium stores (Despa et al. 2012). In contrast, voltage-gated sodium
channel, SERCA, phospholamban and NCX were not regulated in our screen. The
molecular changes and predicted influence on the calcium homeostasis are illustrated
in figure 23. In conclusion, cardiac contractility may also be regulated via microdomain
sodium through NKA and NCX leading to cytosolic calcium sequestration and
consequently reduced SR calcium stores, whereas only NKA is transcriptionally

regulated.
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Figure 23: Cardiac handling in SFRP5% hiPSC-CMs. The transcriptional changes of cardiac contraction
proteins in SFRP5% hiPSC-CMs displayed an overall repression of calcium cycling and contraction.
Upregulated genes (adjusted p-value < 0.05, Log2 fold change > 0.95) are indicated in red, downregulated
genes (adjusted p-value < 0.05, Log2 fold change < - 0.95) are indicated in blue. The downregulation of
LTCC and the upregulation of its repressor gene CACNG4 significantly attenuate the calcium channel
activity. Furthermore, sodium and calcium microdomain homeostasis may induce cytosolic calcium
sequestration via NCX. The more active NKA, due to a- and B-subunit overexpression and modulatory y-
subunit downregulation, is functionally coupled with NCX via ankyrin b. Sequestrated cytosolic sodium
consequently results in cytosolic calcium sequestration for sodium influx via NCX promoting reduced
calcium concentration in the dyad. Because of the predicted predominant calcium sequestration via NCX
of reduced cytosolic calcium levels, smaller amounts of calcium can be sequestrated by SERCA resulting
in reduced SR calcium stores. In turn, reduced SR calcium stores lead to reduced SR calcium outflow
attenuating cardiomyocyte force development. Furthermore, upregulated PKCe phosphorylates and
thereby attenuates sarcomere proteins, e.g. TnT, myosin, and myosin binding protein (MyBPC), resulting

in repressed contractile function in addition to reduced cytosolic calcium levels during systole.

Downregulation of the non-canonical WNT pathway, calcium channels and proteins

involved in excitation-contraction-coupling upon SFRP5 overexpression may identify
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SFRP5 as a novel regulator of calcium handling in hiPSC-CMs. Transcriptional alterations
and phosphorylation status of candidate genes should further be verified on the protein
level to generate a strong statement out of these initial data sets. It should be noted
that the 40,000 fold overexpression of a single secreted protein, here SFRP5, may
interfere with normal processes of the protein biosynthesis machinery, probably
affecting the synthesis of other proteins under this artifical condition. Nevertheless, the
detected effects point towards a reduced CICR and attenuated contractile force due to
the SFRP5 overexpression in hiPSC-CMs, therefore cardiomyocyte calcium handling was

further examined via confocal calcium imaging.

4.2.3 Confocal calcium imaging of SFRP5 overexpressing hiPSC-CMs

Molecular changes in calcium handling were further validated using confocal calcium
imaging. Functional analysis of calcium transients and sparks revealed significant
alterations in SFRP5°F hiPSC-CMs. They showed a decrease in calcium transient
amplitude, faster calcium transient upstroke, faster calcium transient decay and a
reduction of calcium spark frequency as well as a reduced calcium leak under

isoprenaline conditions.

The calcium transient amplitude is meditated by the expression and/or activity of
calcium handling proteins by regulating the SR calcium stores (Piacentino et al. 2003;
reviewed in Roderick et al. 2007). Relating to alterations in the expression of calcium
channels and proteins involved in excitation-contraction-coupling, the downregulation
of LTCC and RYR2 may cause the decrease of calcium transient amplitude. Such a
decreased calcium transient amplitude is associated with impaired excitation-
contraction-coupling and reduced SR calcium content in failing cardiomyocytes (Gémez
et al. 1997; Lindner et al. 1998; Pieske et al. 1999; Piacentino et al. 2003). Additionally,
decreased calcium transient amplitude in SFRP5°F hiPSC-CMs may occur due to the
downregulation of STRIP2, which is known to be involved in calcium handling regulation.
Interestingly, in STRIP2-KO-mice calcium transient amplitude was also reduced and
these mice develop an early HF with reduced contractile function, whereas STRIP2
overexpression could rescue the failing phenotype (Eden et al. 2016). The
downregulation of STRIP2 in our mRNA-seq screen and the predicted reduced

contractile function substantiate the data of Eden et al. (2016). Moreover,
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transcriptionally regulated NKA may also contribute to the reduced calcium transient
amplitude found in SFRP5°F hiPSC-CMs. Hypothetically, the transcriptional upregulation
of ATP1A2 forming NKA a2-isoform and the decrease of the inhibitory FXYD family
member FXYD2 may lead to reduced sodium concentrations in the junctional part of T-
tubules. NCX sequestrate calcium for sodium influx, thus leading to reduced SR calcium
stores and impaired contractility. This hypothesis is supported by findings from
Yamamoto et al. (2005), where an upregulation of the a2-isoform caused by an al-
isoform KO in mice leads to a reduced calcium transient amplitude and NCX currents,
thereby leading to reduced cardiac contractility (Su et al. 1998; Moseley et al. 2004;
Yamamoto et al. 2005). Inversely, Su et al. (2001) reported that NKA short-term blockage
with increased local cytosolic sodium leads to a significant increase in calcium transients
mediated by reversed NCX currents sequestrating sodium for calcium influx into the
cytosol. Our mRNA-seq screen substantiate these data because the reduced calcium
transient amplitude in SFRP5°F hiPSC-CMs might be caused by the downregulation of
LTCC, RYR2, STRIP2 and an upregulated, higher active NKA, which points towards less

circulating cytosolic calcium.

Higher conductance ability of calcium channels may facilitate the observed faster
calcium transient upstroke in SFRP5°F hiPSC-CMs. Posttranscriptional phosphorylation
of LTCC and RYR2 is mediated by CAMKII, which leads to an improved conductance
(Anderson et al. 2011). Even though CAMKII a-isoform is downregulated, the faster
calcium transient upstroke points towards an improved conductance ability of the
respective calcium channels. This detected effect might be explained by the fact that the
predominant cardiac CAMKII isoform (the CAMKII &-isoform) was not regulated in
SFRP5°F hiPSC-CMs. In summary, faster calcium upstroke can not be correlated to the
mRNA-seq data and may occur due to posttranscriptional changes of calcium release

channels.

Calcium reuptake indicated by calcium transients decay is mediated by NCX, SERCA and
its inhibitor phospholamban (reviewed in Bers 2002). SFRP5°F hiPSC-CMs displayed a
faster calcium reuptake, without detectable changes at transcriptional level of the
calcium sequestration proteins. Hypothetically, due to the unchanged expression of
calcium reuptake proteins and the lower cytosolic calcium concentration during the

systole, each single calcium channel, SERCA or NCX, has to pump less calcium to achieve
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the diastolic cytosolic calcium concentration, which consequently results in a shorter
time for the calcium decay. This hypothesis must be verified in further experiments, for
example by measuring the cytosolic calcium concentration in real-time during a
particular time period. In conclusion, there is no transcriptional explanation for the
faster calcium decay, but it can be assumed that the faster calcium reuptake occurs due
to a lower cytosolic calcium concentration during the systole and an unchanged calcium

efflux pump activity.
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Figure 24: Overview of influences on calcium transients of SFRP5° hiPSC-CMs. Calcium transients of
SFRP5%E hiPSC-CMs displayed an increased amplitude, faster transient upstroke, and a faster calcium
decay. The reduced amplitude may occur by the downregulation of calcium channels, especially LTCC and
RYR2. Additionally, STRIP2 downregulation is associated with lower calcium transient amplitude.
Furthermore, microdomain sodium and calcium homeostasis is reduced due to the functional coupling of
NKA and NCX sequestrating cytosolic calcium. The reduced calcium transient amplitude leads to impaired
ECC and reduced SR calcium stores. This further results in reduced cytosolic calcium during the systole,
which may be faster sequestrated by unchanged SERCA and NCX expression/ activity leading to faster
calcium decay of calcium transients. Faster calcium transient upstroke could not be correlated to the
mRNA-seq data, whereas posttranscriptional changes may mediate this effect in SFRP5°% hiPSC-CMs.

The spontaneous diastolic releases of the calcium from the SR, so called calcium sparks,
were reduced in their frequency and the calcium leak was diminished during

isoprenaline stimulation, possibly due to the downregulation of RYR2. However, calcium

leak under basal conditions and the sum of all sparks were not significantly altered in
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SFRP59E hiPSC-CM:s. In conclusion, calcium sparks are not significantly altered in SFRP5°F

hiPSC-CMs.

Isoprenaline, a positive ionotropic substance, is an agonist of the B-adrenergic receptor
in the heart activating PKA and CAMKII inducing cardiac stress response. Downstream
of B-adrenergic signaling LTCC and RYR2 are phosphorylated, which increases their
conductance ability and the phosphorylation of phospholamban resulting in reduced
inhibition of SERCA2A (reviewed in Grimm and Brown 2010). In confocal calcium imaging
we expected an increase in calcium transient amplitude and a decrease in calcium
transient decay during isoprenaline stimulation (Curran et al. 2007). The predicted
increase in diastolic calcium leak would depend on CAMKII and not PKA mediated B-
adrenergic stimulation (Li et al. 2002; Curran et al. 2007). However, the stimulation with
isoprenaline did not reveal the expected alterations in calcium handling in Control©t
cardiomyocytes as described in the literature. The retrospective analysis of these
experiments suggests that the chosen isoprenaline concentration was most likely too
low. Consequently, calcium transients and calcium sparks in SFRP5°F hiPSC-CMs should

be reanalyzed with higher isoprenaline concentrations.

In summary, calcium handling changes observed in SFRP5°F hiPSC-CMs can be partially
explained by the transcriptional changes of the calcium channel proteins LTCC, RYR2 and
NKA. Changes in calcium upstroke and decay could not be correlated to our mRNA-seq
screening, but unknown posttranscriptional modifications of respective calcium
channels may elucidate calcium handling alteration in SFRP5°F hiPSC-CMs. Therefore,
transcriptional alterations should be verified on the protein level as well as on their
protein phosphorylation state. To examine the expected reduced circulating calcium
levels in SFRP5°F hiPSC-CMs, calcium indicator-based measurements should further

evaluate the cytosolic calcium concentration during systole and diastole.

4.2.4 The role of SFRP5 in cardiac remodeling

Preliminary RNA-seq data sets from patients with aortic stenosis and TAC mice displayed
a significant reduction of the SFRP5 expression from control to CH and the SFRP5 re-
expression in HF. To analyze the role of SFRP5 in cardiac remodelling, we performed
transcriptional and functional analysis, which confirmed its role as WNT pathway

regulator and additionally identified SFRP5 as novel calcium cycling regulator in
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cardiomyocytes. Therefore, we hypothesized that SFRP5s’ anti-hypertrophic role, first
described by Jin et al. (2015) in rat cardiomyocytes, may depend on calcium handling

aberrations and WNT pathway regulation.

In functional analysis of calcium transients, SFRP5°¢ hiPSC-CMs displayed a decreased
amplitude and a faster calcium reuptake. Regarding the calcium handling changes in
hypertrophic cardiomyocytes, Berridge (2006) reviewed an increased calcium transient
amplitude and a delayed calcium reuptake. The concordant relation between increased
calcium transient amplitude and SR calcium content was described by Ke et al (2019) in
TAC-operated hypertrophied, non-failing guinea-pigs compared to the sham-operated
group. Therefore, we hypothesize that the reduced calcium transient amplitude in
SFRP5%E hiPSC-CMs may be related to reduced calcium stores. The prolongation of
calcium reuptake was reported in pressure-overload hypertrophy animal models of rats,
felines and guinea pigs (Bailey and Houser 1992; Naqvi and Macleod 1994; Primessnig
et al. 2016), which may be based on transcriptional regulation of calcium reuptake
proteins. The SERCA inhibitor phospholamban is significantly upregulated in CH of aortic
stenosis patients (Khadjeh et al. 2020), which may reduce calcium affinity of SERCA2A
leading to slower calcium reuptake in the SR (Pattison et al. 2008). Faster calcium
reuptake was detected in In SFRP5°F hiPSC-CMs, whereas no transcriptional alterations
in SERCA2A or its inhibitor phospholamban could be found in the mRNA-seq analysis.

We hypothesized these changes within the scope of posttranscriptional modifications.

Additionally, we focused on known WNT pathway regulation in cardiac remodeling. In
SFRP5%F hiPSC-CMs, the activation of canonical WNT pathway occurred likely via
upregulation of WNT16, and LEF1 and the repression of non-canonical pathway via
downregulation of WNT5A. Similar transcriptional regulation of canonical and non-
canonical WNT pathway was also described in Sfrpl-deficient mice, which resulted in
increased cardiac size, mild hypertrophy, left ventricular dilation and consequently
impaired cardiac function (Sklepkiewicz et al. 2015). Whereas, Wnt5a-mediated
activation of non-canonical WNT pathway was reported to induce murine cardiac
hypertrophy (Hagenmueller et al. 2014). Canonical WNT signaling pathway activation in
HF is known to be associated with improved cardiomyocyte function (Haq et al. 2003;
Hirotani et al. 2007), whereas after angiotensin Il induced CH in mice, activation of

canonical WNT pathway leads to cardiac dysfunction (Baurand et al. 2007). The
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differences in the functional outcome due to distinct stimuli outlines the complex role

of the WNT signaling pathway in cardiac remodeling.

In conclusion, we identified SFRP5 as a novel regulator of calcium handling in human
cardiomyocytes, which may also reveal anti-hypertrophic effects in the process of
cardiac remodeling. The predicted reduction of intracellular calcium stores and reduced
circulating calcium in SFRP5°E hiPSC-CMs may protect the cell against calcium overload
in hypertrophied cardiomyocytes, which could also lead to impaired cardiomyocyte
function. The complex regulation of WNT signaling and its functional outcome in
cardiomyocytes due to SFRP5 overexpression has to be evaluated in further

experiments.

4.3 SFRP5 loss of function: Generation of SFRP5*C hiPSC line and their
differentiation into SFRP5"C hiPSC-CMs

Gene editing in hiPSCs is known to be more difficult and inefficient compared to stable
cell lines (Mali et al. 2013). Low transfection rates (1-6%) may occur due to large
CRISPR/Cas9 plasmids and the low survival rate of transfected hiPSCs. Furthermore,
harsh conditions during cell sorting harm the hiPSCs, therefore the generation of KO-
hiPSC lines is challenging. Some of the transfected and GFP* sorted hiPSCs additionally
lost their pluripotency during cultivation as indicated by their altered cell morphology
pointing towards their spontaneous differentiation into other cell types. These effects
could be minimized by the usage of the high nutrient stem-cell medium StemFlex
resulting in higher survival rates, faster recovery after nucleofection and preservation of
pluripotency. Alternative delivery techniques like mRNA transfection or
ribonucleoprotein complexes could also provide several advantages including higher
transfection efficiencies and more gentle sorting conditions for experiments in the

future (reviewed in Lino et al. 2018).

A small amount of GFP+ hiPSCs inherited homogenous NHEJ-mediated indels, inversions
or deletions resulting in a KO of the gene of interest. Predesigned gRNAs in Sigma All-in-
one plasmids are described to have very low numbers of potential off-target sites which
favors their application for our purpose. The high guanine and cytosine amount in the

seed sequence adjacent to protospacer adjacent motif in the predesigned gRNAs further
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contributed to the potentially high on-target specification (Ren et al. 2014). To identify
off-target cleavage of Cas9 Digenome-seq is the gold standard, detecting off-target

mutagenesis frequencies of < 0.1 % (Kim et al. 2015).

Our careful selection of the targeted position within the coding sequence of the gene of
interest should avoid the generation of alternative start codons or truncated proteins
with partial functionalities. Despite partial deletion of the targeted sequence,
alternative splicing can reconstruct parts of the mRNA. This can result in the expression
of a truncated protein from the targeted gene of interest that potentially still harbors
sites with partial functionality. Off-target mutations were not examined with the limits
of the performed analysis in this thesis. Finally, one stable and purified hiPSC line of the

targeted gene of interest was generated and used for further analysis.

The final SFRP5C hiPSC line was used for the analysis of the functional and molecular
impact of SFRP5 during the differentiation into hiPSC-CMs because it was shown that
Sfrp5 is expressed in murine cardiac progenitor cells (Fujii et al. 2017). Furthermore,
cardiac specification after mesoderm induction is initiated by DKK1, an inhibitor of the
non-canonical signaling WNT pathway similar to SFRP5 (Ueno et al. 2007). Thus, it can

be assumed that SFRP5 might play a role in cardiomyocyte differentiation.

In this study, hiPSCs harboring the SFRP5 depletion could be efficiently differentiated
into SFRP5XC hiPSC-CMs comparable to the differentiation of isogenic SFRP5WT hiPSCs.
The targeted SFRP5 mRNA degradation was successfully validated in SFRP5XC hiPSC-CMs
by qPCR excluding the expression of a protein with partial SFRP5 functionality. The
analysis via light- and fluorescence microscopy revealed no severe functional alterations
for the contractility via visual inspection or sarcomere organization compared to
SFRP5WT hiPSC-CMs. Furthermore, the predicted target genes from the SFRP5
overexpression study CACNB2, RYR2 and WNT5A were additionally examined at the
transcriptional level in SFRP5*C hiPSC-CMs by gPCR without significant alterations.
Consequently, a potential role of SFRP5 for the differentiation of pluripotent cells into

cardiomyocytes could not be validated within the limitations of this study.

Since SFRP5 expression in healthy CMs is rather low, this might explain that no obvious
differences could be observed at basal level. In contrast, there might be significant

functional changes after cardiac stress induction. This hypothesis is supported by SFRP5-
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KO mice of Nakamura et al. (2016). Although Sfrp5° mice exhibited no detectable
phenotype when compared with SFRP5VT mice at baseline, they displayed larger infarct
sizes, enhanced cardiac myocyte apoptosis, and diminished cardiac function following
ischemia/reperfusion injury. Furthermore, these SFRP5XC mice did not exhibit alteration
in heart development, which was also observed in SFRP5XC hiPSC-CMs (Nakamura et al.

2016).

Further functional experiments of calcium handling, contractile force measurements
and apoptosis are required to comparatively analyze the functional role of SFRP5 for

cardiac differentiation and CMs.

4.4 Outlook

Future research to investigate the detailed role of SFRP5 should focus on analyzing

apoptosis signaling, calcium handling and contractile force.

To further analyze the functions of SFRP5 in hiPSC-CMs a treatment with synthesized
and purified soluble SFRP5 protein should be established to mimic its overexpression
more physiologically as soluble secreted protein. With soluble proteins or different
MOI’s of AAV’s, gradients of overexpression could be analyzed to reduce artificial
overexpression of secreted protein. To further validate the predicted role of SFRP5 in
cardiac remodeling, a disease model of cardiac hypertrophy is needed, which could be
established via angiotensin lI-treatment of hiPSC-CMs. To examine the role of SFRP5 in
cardiomyocyte apoptosis e.g. a doxorubicin induced apoptosis assays could be applied.
These experiments should be performed with SFRP5°F hiPSC-CMs as well as with
SFRP5XC hiPSC-CMs at basal level and after angiotensin Il-treatment. Additionally, the
transduction efficiency of AAV-SFRP5 must be determined for each experiment by flow
cytometry. Further experiments are also required to examine and interpret the calcium
handling changes in more detail. Calcium imaging should be performed with untreated
SFRP5XC hiPSC-CMs and after angiotensin Il or isoprenaline treatment. The isoprenaline
concentration should be increased compared to the here applied concentration to
induce more reproducible and stable positive inotropic effects in hiPSC-CMs. Moreover,
calcium imaging should be performed with synthetic SFRP5 or reduced MOI of AAV’s in

order to reproduce calcium transient alterations with physiological increase of protein
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expression. To validate the predicted reduced cytosolic calcium concentration during
systole, Fura2 measurement techniques should be established and performed
additionally. Moreover, the determination of the cell size is suggested as an additional
read out, in order to determine a potential hypertrophy induction due to SFRP5
depletion or overexpression. To validate transcriptional alterations at the protein level
western blots for analyzing e.g. the phosphorylation state should be performed to

confirm the predicted posttranslational modifications in calcium handling proteins.

Additionally, off-target mutation sites should be analyzed in established SFRP5XC hiPSC-
CMs. This should be performed ideally on the whole genome level by e.g. Digenome-seq

identifying off-target mutagenesis frequencies of < 0.1%.

Engineered heart muscle tissues can be used to analyze interactions of CMs with cardiac
fibroblasts and the resulting alterations of their response to different stimuli. One
interesting measurement would be the assessment of the contractile force from
SFRP5CE, SFRP5XC and angiotensin |l treated engineered heart muscles compared with
other models. Furthermore, engineered heart muscles with hiPSC-CMs would allow
analyzing the effects of an SFRP5 overexpression or deletion in a more “natural, heart-
like” context compared to the hiPSC-CM monoculture analyzed in this thesis. With such
a complex model, effects of a physiological overexpression via synthetic proteins,
artificial overexpression via AAV-SFRP5 and SFRP5 depletion can be examined to

elucidate potential effects of SFRP5 additionally or exclusively on the cardiac fibroblasts.
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5 Conclusion

The mRNA sequencing screen of aortic stenosis patients with preserved and reduced
ejection fraction were compared to corresponding mouse model of transverse aortic
constriction identifying the differentially regulated candidate SFRP5 significantly
decreasing from control to compensated hypertrophy and re-expressing in patients with
heart failure. Until today little is known about the function of SFRP5 in human

cardiomyocytes.

Using SFRP5 gain of function in hiPSC-CMs via AAV-mediated overexpression, mRNA
sequencing screen was performed identifying the differentially regulated apoptosis and
calcium handling pathways. Expression of pro- and anti-apoptotic genes was regulated
in SFRP5°F hiPSC-CMs, especially intrinsic and extrinsic apoptosis induction as well as
increased expression of anti-apoptotic proteins. Furthermore, reduced calcium channel
and sarcomere protein expression together with differential microdomain sodium and
calcium homeostasis regulation indicates reduced calcium circulation and sarcoplasmic
calcium stores due to increased calcium sequestration. These results were further
validated in functional analysis of SFRP5°F hiPSC-CMs using confocal calcium imaging.
Calcium transients were significantly altered due to SFRP5 overexpression indicating
reduced ECC and smaller SR calcium stores, thereby confirming transcriptional
alterations of calcium handling proteins. The calcium handling regulation by SFRP5
overexpression may result in protecting the cell against calcium overload and/or reduce
contractile force. The functional outcome of SFRP5s anti-hypertrophic effects in calcium
handling and WNT pathway regulation can only be hypothesized and have to be

examined in further experiments.

CRISPR/Cas9-mediated SFRP5XC hiPSC lines were efficiently differentiated into SFRP5XC
hiPSC-CMs, indicating no potential role of the non-canonical WNT signaling inhibitor
SFRP5 for cardiomyocyte differentiation. Furthermore, SFRP5XC hiPSC-CMs did not
reveal alterations in sarcomere structure, contractility, or expression changes of
predicted SFRP5 target genes identified in the mRNA-sequencing study, probably due to

low expression levels of SFRP5 in hiPSC-CMs.

The thesis identified SFRP5 as novel calcium handling modulator in hiPSC-CM. Functional

and transcriptional analysis displayed contrary calcium handling of SFRP5°F hiPSC-CMs
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compared to hypertrophied CMs, supporting its predicted anti-hypertrophic role.
However, further investigations are required to identify the detailed underlying
mechanisms and their impact on cardiac contractility as well as on the potential

therapeutic opportunities.
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6  Appendix

07 — Figure A.1: cTnT expression in AAV-treated hiPSC-CMs. Human
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Figure A.2: Validation of cardiomyocyte quality after AAV-treatment. Human iPSC-CMs were cultured to
day 46 and subsequently infected with AAV-Basic and AAV-SFRP5 (MOI = 10°) one time for 72 hours and
cultured up to day 14 after transduction. Cell pellets were collected at day 7 and 14 after transduction.
(A) 14 days after virus treatment hiPSC-CMs were fixed and immunostained with Anti-GFP antibody and
Anti-a-actinin antibody. GFP* hiPSC-CMs displayed a regular sarcomere structure indicated by a-actinin
staining. (B, C) a-actinin and cTNT was used to validate cardiomyocyte quality after AAV-treatment,
showing no significant transcriptional differences at different time points (d7 and d14). Data are resented

as mean = SEM in a dot plot diagram (n = 2). Ns > 0.05 was determined by unpaired, two-tailed t-test.
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A SFRP5 gDNA Exon 1
WT  ATGCGGGCGGCGGCGGCGGLGGGEGGGLGTGCGGACGGLCGCGCTGGCGCTGCTGCTGGGGGCGCTGCACTGG
KO ATGCGGGCGGLGGLGGLGGLGGGGGGLGTGCGGACGGLCGCGCTGGCGCTGCTGCTGGGGGCGCTGCACTGG

WT GCGCCGGCGCGCTGCGAGGAGTACGACTACTATGGCTGGCAGGCCGAGCCGLTGCACGGCCGCTCCTACTCCAA
KO GCGCCGGCGCGCTGCGAGGAGTACGACTACTATGGCTGGCAGGCCGAGCCGCTGCACGGCCGCTCCTACTCCAA

WT GCCGCCGCAGTGCCTTGACATCCCTGCCGACCTGCCGCTCTGCCACACGGTGGGCTACAAGCGCATGCGGCTGCC
KO GCCGCC -------- TTGACATCCCTGCCGACCTGCCGCTCTGCCACACGGTGGGCTACAAGCGCATGCGGCTGCC

WT CAACCTGCTGGAGCACGAGAGCCTGGCCGAAGTGAAGCAGCAGGCGAGCAGCTGGCTGCCGCTGCTGGCCAAG
KO CAACCTGCTGGAGCACGAGAGCCTGGCCGAAGTGAAGCAGCAGGCGAGCAGCTGGCTGCCGCTGCTGGCCAAG

WT CGCTGCCACTCGGATACGCAGGTCTTCCTGTGCTCGCTCTTTGCGCCCGTCTGTCTCGACCGGCCCATCTACCCGT
KO CGCTGCCACTCGGATACGCAGGTCTTCCTGTGCTCGCTCTTTGCGCCCGTCTGTCTCGACCGGCCCATCTACCCGT

WT GCCGCTCGCTGTGCGAGGCCGTGCGCGCCGGCTGCGCGCCGCTCATGGAGGCCTACGGCTTCCCCTGGCCTGAG
KO GCCGCTCGCTGTGCGAGGCCGTGCGCGCCGGLTGCGCGCCGCTCATGGAGGCCTACGGCTTCCCCTGGCCTGAG

WT ATGCTGCACTGCCACAAGTTCCCCCTGGACAACGACCTCTGCATCGCCGTGCAGT TCGGGCACCTGCCCGCCACC
KO ATGCTGCACTGCCACAAGTTCCCCCTGGACAACGACCTCTGCATCGCCGTGCAGTTCGGGCACCTGCCCGLCACC

WT  GCGCCTCCAG
KO GCGCCTCCAG

B SFRP5 mRNA
WT  AGTCGGGGCGCCCGCAGCGCAGGCTGCCACCCACCTGGGCGACCTCCGLGGLGGLGGLGGLGGLGGCTGGGE

KO AGTCGGGGCGCCCGCAGCGCAGGCTGCCACCCACCTGGGCGACCTCCGCGGLGGLGGLGGLGGLGGLTGGE
WT TAGAGTCAGGGCCGGGGGCGCACGCCGGAACACCTGGGCCGCCGGGCACCGAGCGTCGGGGGGETGLGLG
KO TAGAGTCAGGGCCGGGGGCGCACGCCGGAACACCTGGGCCGCCGGGCACCGAGCGTCGGGGGGLTGLGCG
WT GCGCGCACCTGGAGAGGGCGCAGCCATGCGGGLGGLGGLGELGGLGEALEGECGTGCGGACGGCCGLGLTG
KO GCGCGCACCTGGAGAGGGCGCAGCCATGLGGELGELGELGEIGGLLGEAGEECGTGCGGACGGLCGLGLTG
WT  GCGCTGCTGCTGGGGEGECGCTGCACTGGGLGCCGGCGCGCTGCGAGGAGTACGACTACTATGGCTGGCAGGC
KO GCGCTGCTGCTGGGGGCGCTGCACTGGGLGCCGGCGCGCTGCGAGGAGTACGACTACTATGGCTGGCAGGC

WT  CGAGCCGCTGCACGGCCGCTCCTACTCCAAGCCGCCGCAGTGCCTTGACATCCCTGCCGACCTGCCGCTCTGCC
KO CGAGCCGCTGCACGGCCGCTCCTACTCCAAGCCGCCTTGA® - - - - - < - - - == <= << <<= mmcm e

WT ACACGGTGGGCTACAAGCGCATGCGGCTGCCCAACCTGCTGGAGCACGAGAGCCTGGCCGAAGTGAAGCAG
WT CAGGCGAGCAGCTGGCTGCCGCTGCTGGCCAAGCGCTGCCACTCGGATACGCAGGTCTTCCTGTGCTCGCTCT
WT TTGCGCCCGTCTGTCTCGACCGGCCCATCTACCCGTGCCGCTCGCTGTGCGAGGCCGTGCGCGCCGGCTGCGC
WT GCCGCTCATGGAGGCCTACGGCTTCCCCTGGCCTGAGATGCTGCACTGCCACAAGTTCCCCCTGGACAACGAC
WT CTCTGCATCGCCGTGCAGTTCGGGCACCTGCCCGCCACCGCGCCTCCAGTGACCAAGATCTGCGCCCAGTGTG
WT  AGATGGAGCACAGTGCTGACGGCCTCATGGAGCAGATGTGCTCCAGTGACTTTGTGGTCAAAATGCGCATCAA
WT  GGAGATCAAGATAGAGAATGGGGACCGGAAGCTGATTGGAGCCCAGAAAAAGAAGAAGCTGCTCAAGCCGG
WT  GCCCCCTGAAGCGCAAGGACACCAAGCGGCTGGTGCTGCACATGAAGAATGGCGLGGGCTGCCCCTGCCCAC
WT  AGCTGGACAGCCTGGCGGGCAGCTTCCTGGTCATGGGCCGCAAAGTGGATGGACAGCTGCTGCTCATGGCCG
WT TCTACCGCTGGGACAAGAAGAATAAGGAGATGAAGTTTGCAGTCAAATTCATGTTCTCCTACCCCTGCTCCCTC
WT  TACTACCCTTTCTTCTACGGGGCGGCAGAGCCCCACTGAAGGGCACTCCTCCTTGCCCTGCCAGCTGTGCCTTG
WT CTTGCCCTCTGGCCCCGCCCCAACTTCCAGGCTGACCCGGCCCTACTGGAGGGTGTTTTCACGAATGTTGTTAC
WT TGGCACAAGGCCTAAGGGATGGGCACGGAGCCCAGGCTGTCCTTTTTGACCCAGGGGTCCTGGGGTCCCTGG
WT  GATGTTGGGCTTCCTCTCTCAGGAGCAGGGCTTCTTCATCTGGGTGAAGACCTCAGGGTCTCAGAAAGTAGGC
WT  AGGGGAGGAGAGGGTAAGGGAAAGGTGGAGGGGCTCAGGGCACCCTGAGGCGGAGGTTTCAGAGTAGAA
WT  GGTGATGTCAGCTCCAGCTCCCCTCTGTCGGTGGTGGGGCCTCACCTTGAAGAGGGAAGTCTCAATATTAGGC
WT TAAGCTATTTGGGAAAGTTCTCCCCACCGCCCCTGTACGCGTCATCCTAGCCCCCCTTAGGAAAGGAGT TAGGG
WT  TCTCAGTGCCTCCAGCCACACCCCCTGCCTTCCCCAGCTTGCCCATTTCCCTGCCCCAAGGCCCAGAGCTCCCCC
WT CAGACTGGAGAGCAAGCCCAGCCCAGCCTCGGCATAGACCCCCTTCTGGTCCGCCCGTGGCTCGATTCCCGGG
WT ATTCATTCCTCAGCCTCTGCTTCTCCCTTTTATCCCAATAAGTTATTGCTACTGCTGTGAGGCCATAGGTACTAGA
WT CAACCAATACATGCAGGGTTGGGTTTTCTAATTTTTTTAACTTTTTAATTAAATCAAAGAAAACAAAAAAAAAAA
WT  AAAAAA

C SFRPS5 protein sequence

WT MRAAAAAGGGVRTAALALLLGALHWAPARCEEYDYYGWQAEPLHGRSYSKPPQCLDIPADLPLCHTVGYKRMRLP
KO MRAAAAAGGGVRTAALALLLGALHWAPARCEEYDYYGWQAEPLHGRSYSKP*---------ooomme oo - -
WT  NLLEHESLAEVKQQASSWLPLLAKRCHSDTQVFLCSLFAPVCLDRPIYPCRSLCEAVRAGCAPLMEAYGFPWPEMLH
KO mmmmsmm s oo

WT  CHKFPLDNDLCIAVQFGHLPATAPP*
KO mmmmmmmm e

Figure A.3: Molecular analysis of SFRP5"T and SFRP5° hiPSC-CMs. (A) Genomic DNA sequence of Exon
1 in SFRP5"Tand SFRP5XC hiPSC were compared. The SFRP5C displayed an 8 bp deletion in the targeted
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CRISPR-site indicated in bold. The occurring frameshift in the mRNA of SFRP5XC hiPSC-CMs (B) lead to an
early stop codon ‘TGA’ in the targeted CRISPR-site resulting in a truncated mRNA. (C) The protein

sequence of SFRP5X® compared to SFRP5YT further displayed a truncated protein.
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