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Introduction

1 Introduction

1.1 Obesity and diabetes

1.1.1 Obesity-related type 2 diabetes

Obesity and diabetes are emerging pandemics in the 215t century. Patients defined as
obese present a body mass index (BMI) of 30 kg/m? or higher. Since 1975, global obesity
prevalence has nearly tripled in adults and has risen even more dramatically in children and
adolescents. In 2016, almost 39% (1.9 billion) of adults worldwide were overweight and 13%
(> 650 million) were obese. The prevalence of obesity in children and young adolescents
(aged 5-19 years) has risen from 4% in 1975 to 18% in 2016 (WHO, 2021). A common co-
morbidity of increased body weight and physical inactivity is type 2 diabetes mellitus (T2DM),
which represents 90-95% of all diagnosed diabetes cases in adults. The frequency of
diabetes is increasing in parallel with the increase in cases of obesity. According to Ford et
al., for every kilogramme of weight gain, the risk of diabetes increases between 4.5 and 9%
(Ford et al., 1997). In 2021, diabetes was affecting 10.5% (536.6 million) among adults
(aged 20-79) worldwide and potentially will affect 12.2% (783.2 million) in 2045 (Sun et al.,
2022). The relative risk for a given obese patient (BMI = 35.0) to develop T2DM during a
10-year period is about 20 folds more likely for both women and men when compared to
their same-sex peers with a BMI between 18.5 and 24.9 (Field et al., 2001). Hence, to
illustrate the interdependence of these diseases the term ‘diabesity’ has been coined
(Zimmet et al., 2001).

The mechanisms involved in obesity and T2DM development are quite complex. T2DM is
mainly caused by two factors: the impairment of insulin secretion by pancreatic 3-cells and
the inability of insulin-sensitive tissue to respond appropriately to insulin, a condition also
known as insulin resistance (Roden & Shulman, 2019). In an excessive nutritional state,
such as obesity, hyperglycaemia and hyperlipidaemia are frequently present, favouring
insulin resistance and chronic inflammation. Under these conditions, higher amounts of non-
esterified fatty acids, glycerol, hormones, and pro-inflammatory cytokines are released by
adipose tissue. On the one hand, pancreatic B-cells are subjected to toxic pressures
including endoplasmic reticulum stress, hypoxia and metabolic/oxidative stress, which, at
long last, result in loss of islet integrity (Christensen & Gannon, 2019; Wondmkun, 2020).
Defects in insulin synthesis and secretion by pancreatic 3-cells lead to the dysregulation of

glucose homeostasis. On the other hand, insulin resistance contributes to increased
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glucose production in the liver and decreased glucose uptake primarily in the muscle, liver,
and adipose tissue, which are tissues responsible for energy storage. When [-cell
dysfunction and insulin resistance are present, hyperglycaemia is amplified leading to the

progression of obesity-associated T2DM (Galicia-Garcia et al., 2020).

1.1.2 Leptin and its role in obesity-related type 2 diabetes

In 1949, the discovery of the autosomal recessive mutation in the so-called obese (ob) gene
in mice revealed the existence of a gene essential for the control of feeding, metabolism,
and body weight (Ingalls et al., 1950). The ob gene was first isolated in 1994 and named
leptin after the Greek word leptés, meaning “thin”. Positional cloning of the ob gene revealed
the presence of a nonsense mutation in the coding region of the leptin protein in the ob/ob
mouse (Zhang et al., 1994). Leptin is a 16 KDa protein mainly produced by the adipose
tissue in approximate proportion to their triglyceride stores, making more leptin circulating
in the blood with the increased amount of body fat (Frederich et al., 1995). Circulating leptin
levels are correlated to body fat mass both in normoglycemic and in diabetic patients (Ahrén
et al., 1997; Haffner et al., 1997). The potent effects of leptin on glucose homeostasis are
mediated in large part by pro-opiomelanocortin (POMC)-expressing neurons within the
hypothalamic arcuate nucleus (ARC) (Berglund et al., 2012; Huo et al., 2009). In addition,
a bidirectional feedback loop that is also known as “adipoinsular axis” between adipose
tissue and B-cells is mediated by insulin and leptin, respectively. Insulin stimulates
adipogenesis and increases the production of leptin by the adipose tissue. On the other
hand, leptin by negative feedback reduces both insulin synthesis and secretion. The role of
leptin is mediated by the autonomic nervous system and by its direct action on B-cells. As
a result, circulating insulin levels are reduced by leptin (Kieffer & Habener, 2000; Paz-Filho
et al., 2012). Leptin also diminishes hepatic glucose production, enhances insulin sensitivity,
and diminishes glucagon levels (Seufert, 2004). Additionally, leptin prevents abnormal
accumulation of triglycerides in non-adipose tissues, which leads to a deleterious condition
known as lipotoxicity (Unger et al., 2010). Given its ability to improve insulin sensitivity,
lower plasma lipids, and reduce body weight, leptin was considered a suitable candidate for
T2DM therapy. However, in obese subjects with T2DM, recombinant methionyl human
leptin was ineffective in ameliorating insulin sensitivity (Mittendorfer et al., 2011),
nevertheless it did result in marginal improvements in HbA1c levels (Moon et al., 2011). The
failure of leptin to improve glucose homeostasis in these clinical trials may indicate leptin
resistance since obese individuals are typically hyperleptinemic (Caro et al., 1996; Sinha et

al., 1996). Mechanisms underlying the development of leptin resistance include mutations
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in the genes encoding leptin and leptin receptor (LEPR), reduced expression of LEPR at
the plasma membrane level, impaired LEPR function and signalling, or alterations in the
transport of leptin across the blood-brain barrier (Gruzdeva et al., 2019; Myers et al., 2012).
Currently, leptin therapy is only effective to treat obesity and the metabolic imbalance in
patients who have congenital leptin deficiency (Farooqi et al., 1999; Farooqgi & O'Rahilly,
2009). Considering leptin resistance, pre-clinical studies in mice have shifted the focus from
exogenous leptin therapy to strategies that enhance endogenous leptin sensitivity
(Clemmensen et al., 2014; Lee et al., 2016; Liu et al., 2015; Muller et al., 2012; Roth et al.,
2008), suggesting that new therapeutic tools to restore leptin sensitivity could offer a new
strategy to promote weight loss in obese patients and to treat obesity-related complications
(Balland et al., 2019; Zhao et al., 2019).

1.1.3 Complications of type 2 diabetes

In the long run, T2DM is a disease that adversely affects the function of almost every organ
in the human body. Thus, the biggest problem for diabetic patients is the long-term
complications that accompany the disease (Turner et al., 2010). The complications of T2DM
can be distinguished into macrovascular and microvascular complications. Microvascular
complications include eye damage (diabetic retinopathy), renal system disease
(nephropathy), and nervous system disease (neuropathy). Macrovascular complications
comprise cardiovascular disease (CVD), stroke, and peripheral arterial disease
(Deshpande et al., 2008). CVDs are the primary cause of death in diabetic patients, who
have a 2-5 times higher risk of developing heart failure (HF) than age-matched non-diabetic
patients, independent of other comorbidities (Schocken et al., 2008). Diabetic patients
frequently present atherosclerosis and hypertension both of which contribute to coronary
artery disease and peripheral arterial disease, affecting ultimately the heart performance
(Petrie et al., 2018). However, there is another type of heart disease in T2DM patients,
which is described as “diabetic cardiomyopathy” and is not associated with other
cardiovascular risk factor that results in abnormal myocardial structure and impaired cardiac
function. With an incidence of 19-26% to develop HF, cardiovascular remodelling
processes resulting in diabetic cardiomyopathy are a major cause of disease-related deaths
in patients with T2DM (Jia et al., 2018).
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1.2 Cardiac energy metabolism and diabetic cardiomyopathy

1.2.1 Metabolic flexibility in cardiomyocytes

Cardiomyocytes (CMs) with its continuous contraction require high energy demand for
generating the necessary mechanical force, and for maintaining cellular homeostasis during
the process. To perform their function, CMs rely on the use of multiple substrates, such as
fatty acids, carbohydrates, and amino acids (Jia et al., 2016; Lopaschuk et al., 2010). The
ability to switch between different substrates under physiological conditions is described as
“metabolic substrate flexibility” (Vallerie & Bornfeldt, 2015). About 60-70% of the total
amount of ATP required for adequate contraction of the heart is generated by mitochondrial
oxidation of fatty acids (van der Vusse et al., 1992). The remaining part is mainly obtained
by oxidation of carbohydrates, such as glucose and lactate (Neely & Morgan, 1974;
Taegtmeyer, 1985). Fatty acids can translocate into CMs through passive diffusion across
the plasma membrane (Rose et al., 1990), however, exogenous fatty acid uptake is mostly
facilitated by protein-mediated carrier system consisting of three fatty acid transporters: fatty
acid translocase (FAT/CD36), fatty ACS (acyl CoA synthetase) known also as FATP (fatty
acid transporter proteins), and the plasma membrane form of fatty acid-binding protein
(FABPpm) (van der Vusse et al., 2000). The transport of fatty acids into CMs is regulated
by both insulin and contraction (Schwenk et al., 2008). Whereas the significant increase in
fatty acid import is mainly CD36-dependent, insulin effect on fatty acid uptake is moderate
(Luiken et al., 2002). Cardiac performance induces intracellular increase of AMP/ATP ratio
which activates the intracellular energy-sensing AMP-activated kinase (AMPK) (Hardie &
Carling, 1997). Activation of AMPK promotes two different mechanisms: the translocation
of CD36 to the sarcolemma (Habets et al., 2007; Luiken et al., 2003), and the
phosphorylation and consequent inhibition of acetyl coenzyme A (acetyl-CoA) carboxylase
(ACC) leading to reduced malonyl-CoA levels. The intracellular reduction of malonyl-CoA
subsequently activates carnitine palmitoyl transferase | (CPT1) (Lopaschuk, 2001), the
enzyme responsible for the first step in mitochondrial fatty acid import (Fig. 1). Contraction-
mediated AMPK-activation results in an increase in exogenous fatty acid uptake, which are
mainly used in mitochondrial B-oxidation. Upon fatty uptake into CMs, they are rapidly
activated by fatty ACS-mediated esterification to acyl-CoA (Groot et al., 1976) to prevent
the potential toxicity due to the high intracellular accumulation of free fatty acids (Ellis et al.,
2011; Paul et al., 2014). Finally, mitochondrial fatty acids undergo B-oxidation to produce
acetyl-CoA, which is then utilized by the tricarboxylic acid (TCA) cycle for ATP production.

Similar to fatty acid uptake, glucose uptake is facilitated by transmembrane transporters,
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glucose transporters GLUT-1 and GLUT-4. These transporters are translocated from
intracellular stores to the sarcolemma via vesicular trafficking and in response to insulin-
mediated AKT activation and cardiac contraction (Mueckler, 1994; Schwenk et al., 2008;
Watson & Pessin, 2006). GLUT-4 is the insulin-sensitive transporter, which is responsible
for the high increase in cardiac glucose uptake after insulin treatment or following a sudden
increase of energy demand, while GLUT-1 is known as the basal cardiac glucose
transporter due to its predominantly sarcolemma location (Abel, 2004; Zorzano et al., 1997).
Furthermore, AMPK activation can also enhance cardiac glucose uptake via GLUT-4
translocation (Russell et al., 1999). In addition, an important role in cardiac fuel selection is
played by metabolites derived from the catabolism of specific energy substrates. Thus,
glycolysis leads to increased acetyl-CoA production from pyruvate and subsequent malonyl-
CoA inhibition of CPT1, ultimately decreasing fatty acid 3-oxidation (Awan & Saggerson,
1993; Lopaschuk, 2001; Saddik et al., 1993). On the other hand, both the acetyl-CoA and
nicotinamide adenine dinucleotide (NADH) products of fatty acid oxidation can allosterically
activate pyruvate dehydrogenase kinase (PDK) (Orfali et al.,, 1993) and directly inhibit
pyruvate dehydrogenase (PDH) activity (Cooper et al., 1975; Kerbey et al., 1976), reducing
PDH flux and glucose oxidation. The TCA metabolism of the fatty acid-derived acetyl-CoA
to citrate blocks glycolysis by allosterically inhibiting phosphofructokinase 1 (Garland et al.,
1963). Thus, in the presence of fatty acid oxidation, glucose oxidation, glycolysis, and
glucose uptake are inhibited (Randle et al., 1964; Wheeler et al., 1994). Therefore, the
inherent flexibility of the heart to switch and use different types of energy substrate is critical
for maintaining consistent ATP production with ever changing fuel availability (Pascual &
Coleman, 2016) (Fig. 1).
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Figure 1. Schematic representation of classic pathways of cardiac metabolism. Energy
substrates are transported across the extracellular membrane into the cytosol and are metabolized
in different ways. For oxidation, the respective metabolic intermediates, such as pyruvate or acyl-
coenzyme A (acyl-CoA), are transported across the inner mitochondrial membrane by specific
transport systems. Inside the mitochondria, substrates are oxidized or carboxylated (anaplerosis)
and used by the tricarboxylic acid cycle for the generation of reducing equivalents such as reduced
nicotinamide adenine dinucleotide (NADHz), reduced flavin adenine dinucleotide (FADHz). The
reducing equivalents are utilized by the electron transport chain to generate a proton gradient, which
in turn is used for the production of ATP. The figure is taken from (Doenst et al., 2013).

1.2.2 Functional and structural changes of the heart in diabetic cardiomyopathy

Although diabetic cardiomyopathy is usually asymptomatic in very early stages, its
progression results in pathological cardiac remodelling. Patients with diabetic
cardiomyopathy show left ventricular (LV) diastolic dysfunction and/or reduced ejection
fraction, LV hypertrophy, and increased interstitial fibrosis (Jia et al., 2016; Jia et al., 2018;
Lourenco et al., 2018). The pathogenesis starts at a subcellular level with CM hypertrophy
and develops as a clinical manifestation of LV hypertrophy (Bluemke et al., 2008). The next
pathophysiological change is an increase in interstitial and perivascular fibrosis which
promotes the thickening of the myocardial capillary basement membrane (Velic et al., 2013;
Voulgari et al., 2010). The combined effect of hypertrophy and fibrosis causes LV stiffness
and impaired LV relaxation. This pathophysiological condition progresses in diastolic, but
not systolic dysfunction at early stages, which gradually develops into severe diastolic HF
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with preserved ejection fraction (HFpEF). At later stages, these patients develop systolic
dysfunction and HF with reduced ejection fraction (HFrEF) (Poetsch et al., 2020).

1.2.3 Mechanisms involved in diabetic cardiomyopathy development

Although the diabetic heart is clinically well characterized presenting diastolic dysfunction
with HFpEF, the underlying pathogenic mechanisms of diabetic cardiomyopathy
development remain unclear. Various mechanisms are proposed to explain the
pathogenesis of diabetic cardiomyopathy. These factors include metabolic dysfunction,
cardiac fibrosis, increase in oxidative stress and inflammation, CM death, and activation of

the renin-angiotensin-aldosterone system (RAAS) (Fig. 2) (Jia et al., 2016).
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Figure 2. The development and progression of diabetic cardiomyopathy. Insulin resistance and
hyperinsulinemia increase systemic metabolic disorders, activate RAAS (renin-angiotensin-
aldosterone system), enhance oxidative stress, mitochondrial dysfunction and endoplasmic
reticulum stress and impair calcium homeostasis. These effects result in cardiac fibrosis,
hypertrophy, dysfunction, cardiomyocyte (CM) death, and eventually heart failure. Furthermore,
these pathophysiological conditions in CMs underlie the risk factors for insulin resistance and
hyperinsulinemia, which can result in a potentially vicious cycle. The figure is taken from (Jia et al.,
2016).

During diabetic cardiomyopathy development, upregulation in the expression of profibrotic
factors, such as transforming growth factor beta 1 (TGF-B) and connective tissue growth
factor, can promote the increased extracellular matrix (ECM) protein deposition (D'Souza
et al., 2011; Mizushige et al., 2000; Way et al., 2002). At the same time, a decrease in the

activity of ECM-degrading enzyme metalloproteinase can lead to ECM accumulation
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causing fibrosis (Westermann et al., 2007). In addition to ECM protein deposition, metabolic
dysfunction is one of the prevalent causes for increased LV mass in diabetic patients leading
to heart failure (Regan, 1983).

Under normal physiological conditions, the adult heart utilizes fatty acids as its primary
source and increasingly relies on glucose during periods of ischemia or increased workload
maintaining a metabolic flexibility (Mishra & Rath, 2005). Hyperglycemia and insulin
resistance lead to loss of metabolic flexibility, thus altered substrate supply and utilization
by CMs could be the primary injury in the pathogenesis of diabetic cardiomyopathy
(Rodrigues et al., 1998). A major restriction to glucose utilization in the diabetic heart is the
diminished glucose uptake due to reduced GLUT-1 and GLUT-4 expression and
translocation to the plasma membrane (Russell et al., 1998). Another mechanism of
reduced glucose oxidation is driven by high circulating fatty acids which increase fatty acid
uptake in CMs reducing PDH flux (Harmancey et al., 2012; Liedtke et al., 1988). This switch
in energy source is accompanied by impaired oxidative phosphorylation and enhanced
mitochondrial reactive oxygen species (ROS) generation. This increase in mitochondrial
uncoupling leads to augmented mitochondrial O, consumption (MVO2), however, this
process is not accompanied by a proportional increase in ATP synthesis, leading to a
decrease in cardiac energy efficiency (Bugger & Abel, 2010; Rider et al, 2013).
Furthermore, the inability to switch to glucose oxidation makes the heart susceptible to
damage and dysfunction under condition with increased energy demand or hypoxia such
as in myocardial ischemia (Lopaschuk & Stanley, 1997).

Persistent hyperglycemia, which is a common aspect in patients with T2DM, impairs cardiac
structure and function, resulting in increased ROS production, DNA damage and inhibition
of glyceraldehyde 3-phosphate dehydrogenase (G3PDH) activity, ultimately leading to the
formation of advanced glycation end products (AGEs) (Avendano et al., 1999). This various
group of compounds is produced by a non-enzymatic reaction between carbonyl groups of
reducing sugars and free amino groups of proteins, lipids, and nuclei acids. Cross-bridge
formation between AGEs and structural proteins including collagen promotes myocardial
fibrosis and impaired passive relaxation (Regan, 1983).

Patients with T2DM often present hyperlipidemia due to increased lipid synthesis in
hepatocytes and increased lipolysis in adipocytes promoting high circulating fatty acid levels
and triglycerides. Excessive accumulation of fatty acids is detrimental to CMs, as it can
directly influence CM metabolism and contractility. Moreover, CMs are not equipped to store
lipids. This highlights the concept of lipotoxicity as a mechanism for promoting diabetic

cardiomyopathy development through a decrease in CM physiological autophagy and an
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increase in apoptosis (Levelt et al., 2018; Mandavia et al., 2013). Thus, impaired glycolysis,
pyruvate oxidation, lactate uptake, and a greater dependence on fatty acids as a source of
acetyl-CoA lead to a perturbation of myocardial bioenergetics and contraction/relaxation
coupling (Rodrigues et al., 1998). Increased levels of free fatty acid storage and visceral
adipose tissue lead to systemic and cardiovascular inflammatory cytokine expression.
Upregulation of several proinflammatory cytokines, such as tumor necrosis factor (TNFa),
interleukins 6 (IL-6) and 8 (IL-8), and monocyte chemotactic protein 1, is characteristic of
the diabetic heart. These cytokines not only affect CMs but also other cardiac cell
populations, including endothelial cells, fibroblasts, and smooth muscle cells which all
contribute to pathological remodeling of the diabetic heart (Jia et al., 2018). Cardiac
oxidative stress, lipotoxicity, inflammation, and the accumulation of misfolded proteins
cause endoplasmic reticulum stress, inducing the unfolded protein response, which
ultimately increase cell apoptosis and autophagy (Jia et al., 2016). Moreover,
hyperglycaemia activates RAAS that has various detrimental effects on CMs. High
intracellular angiotensin Il levels result in hypertrophy and proliferation of cardiac fibroblasts
(Kumar et al., 2012), contributing in combination with oxidative stress and inflammation to
myocardial damage (Kurdi & Booz, 2011). Despite great research efforts, the precise
mechanism by which the altered cardiac metabolism is linked to the pathophysiology of the
diabetic heart is still unresolved. One of the major events appears to be the increased
reliance of the heart on lipid substrates. This may be a result of increased availability of fatty
acids in circulation in T2DM. Elevated levels of free fatty acids in the CM directly and
indirectly impact multiple signalling pathways, including inhibition of insulin signalling,
suppression of glycolysis, and activation of the enzyme important for fatty acid oxidation, all
of which force the heart in a metabolically rigid condition. The diabetic heart thus can no
longer efficiently use glucose in response to elevated workload demand, making it more
vulnerable to external insults. Moreover, oxidation of fat results in other maladaptive
changes, including generation of toxic fatty acid intermediates, and accumulation of lipids
in the myocardium. As a consequence of these changes, cardiac function gradually impairs,

finally manifesting itself as diabetic cardiomyopathy.

1.3 Leptin signalling

1.3.1 Distribution and identification of LEPR isoforms
The leptin receptor (LEPR, or OB-R) is a single trans-membrane spanning receptor

belonging to the class | cytokine receptor family (Tartaglia et al., 1995). The gene encoding
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the leptin receptor, both in mice (db) and in humans (LEPR), is regulated by a dual promoter:
the B219/0B-R promoter generates db/LEPR transcripts only, while the OB-RGRP
promoter initiates transcription of both db/LEPR and OB-RGRP/LEPROT (leptin receptor
gene-related protein/leptin receptor overlapping transcript) genes (Mercer et al., 2000).
LEPR is highly expressed in the brain but also in most other tissues in humans and rodents:
heart, placenta, lung, liver, muscle, kidney, pancreas, spleen, thymus, prostate, testes,
ovary, small intestine, and colon (Kielar et al., 1998). LEPR is mainly localized in intracellular
compartments which include endosomes, the trans-Golgi apparatus, the endoplasmic
reticulum, and the cell membrane (Belouzard et al., 2004). In addition, the expression of
OB-RGRP/LEPROT (also known as endospanin-1) negatively affected the expression of
LEPR on the cell membrane (Seron et al., 2011).

LEPR is found in six distinct isoforms that have been classified as secreted (LEPRe or OB-
Re), short (LEPRa, c, d, and f, also known as OB-Ra, c, d, and f) and long isoforms (LEPRb
or ORB-Rb) and present different biological activity. In mouse models, all of them are
generated by alternative mRNA splicing (Lee et al., 1996). In humans, LEPRa-d and f are
derived from alternative mRNA splicing whereas the soluble isoform LEPRe is derived by
post-translational cleavage of the LEPR gene (Ge et al., 2002). All LEPR isoforms share an
identical, highly glycosylated extracellular domain of 840 amino acids, while they differ for

the length of the intracellular domain (Fig. 3).
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Figure 3. Schematic representation of the six different isoforms of LEPR in humans (LEPRa,
b, ¢, d, e, and f). All isoforms share identical extracellular domains. In the intracellular domain,
LEPRa-d and f share the first 29 amino acids including box 1 motif for binding of JAK2, but with the
different lengths and sequences of the C-terminal domain. The intracellular domain of LEPRb
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contains another JAK binding domain (“box 2”) in addition to a STAT binding site, making LEPRb the
predominant isoform responsible for signal transduction. Colored dots indicate positions of human
LEPR mutations, which result in single amino acid changes (blue dots), or a truncated protein (orange
dots). The figure is taken from (Poetsch et al., 2020).

The LEPR extracellular domain presents six subdomains: a N-terminal domain of undefined
function (NTD), two cytokine receptor homologous domains (CRHI, CRHII) harbouring a
Trp-Ser-X-Trp-Ser motif, an immunoglobulin-like domain (IgD), and two fibronectin type 3
domains (FNIII). CRHII and IgD domains are fundamental for the leptin binding and LEPR
activation. All the membrane-bound LEPR isoforms present the same spanning trans-
membrane domain with 23 amino acids as well as the first 29-amino acid intracellular
domain containing box 1 motif, which is required for binding of Janus family tyrosine kinase
2 (JAK2). LEPR short isoforms comprise a short tail of 32-40 amino acids with the unique
C-termini and are fundamental for internalization and lysosomal-dependent degradation of
leptin (Uotani et al., 1999). LEPRDb presents the longest intracellular domain including ~306
amino acids (shorter in mice than in humans) and contains another JAK binding domain
(“box 2”) and a STAT binding site, making LEPRb the only isoform containing a fully
signalling-competent intracellular domain (Sweeney, 2002) (Fig. 3). The soluble LEPRe
isoform is important for the leptin transport across the brain barrier (Kastin et al., 1999). In
addition, LEPRe modulates the leptin levels by forming complex with free leptin and by

reducing its degradation and clearance (Huang et al., 2001).

1.3.2 Role of LEPR in the hypothalamus

The most important role of LEPR in the hypothalamus is the regulation of energy
expenditure and food intake. The area of the hypothalamus that presents the higher number
of leptin-responsive neurons is the tuberal hypothalamus where LEPR is mainly located in
the ARC, the ventromedial nucleus, the dorsomedial nucleus, and the lateral area (ElImquist
et al., 1998; Fei et al., 1997; Mercer et al., 1996; Schwartz et al., 1996). Besides other
neuronal nuclei expressing the LEPR, two populations of LEPR-expressing neurons in the
ARC play a major role and exert opposite effects in feeding behaviour: the orexigenic
GABAergic neurons co-expressing neuropeptide Y (NPY) and the agouti-related protein
(AgRP) and the anorexigenic POMC neurons (Aponte et al., 2011; Krashes et al., 2011;
Zhan et al., 2013).

Binding of leptin to LEPRb promotes a conformational change that leads to LEPRb homo-
oligomerization and activation of JAK2 through auto-phosphorylation (Nakashima et al.,
1997). After activation, JAK2 phosphorylates LEPRb at three different tyrosine residues
(Tyr985, Tyr1077, Tyr1138), each comprising a Src homology 2 (SH2)-binding motif (Dunn
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et al., 2005; Gong et al., 2007; Hekerman et al., 2005). Phosphorylation of Tyr1077
promotes recruitment and activation of STATS (Gong et al., 2007; Hekerman et al., 2005),
whereas phosphorylation on Tyr1138 results in recruitment and activation of STAT1/5 and
STAT3, which determine auto-phosphorylation of STAT proteins (Hekerman et al., 2005).
Phosphorylated STAT3 dimerizes and translocates to the nucleus to activate transcription
of target genes, including suppressor of cytokine signalling 3 (SOCS3), which is important
for LEPR-induced JAK/STAT signalling negative feedback. Phosphorylation of Tyr985
activates SOCS3 contributing to the inhibition of LEPR activity (Dunn et al., 2005). In
addition, leptin signalling is negatively regulated by phosphatases, such as protein tyrosine
phosphatase 1B (PTP1B), which binds and inhibits JAK2 (Kaszubska et al., 2002). By
activating the JAK2/STAT3 pathway, leptin suppresses food intake by inhibiting the
NPY/AgRP neurons and activating the POMC neurons which produce the a-melanocyte
hormone. The interaction between a-melanocyte hormone and the downstream neurons
expressing melanocortin receptor (MCR) 3 and MCR4 determines satiety and favours
energy expenditure (Kim et al., 2014; Waterson & Horvath, 2015). Alternatively to canonical
JAK2/STAT3 pathway, leptin can activate phosphatidylinositol 3-kinase (PI3K)/AKT
signalling pathway by recruiting the insulin receptor substrates IRS1 and IRS2, which are
key mediators for regulation of glucose homeostasis, lipid metabolism, protein synthesis as
well as cell proliferation and survival (Ren et al., 2005). Another signalling branch promoted
by leptin is the mitogen-activated protein kinase (MAPK) pathway. Here, the SH2 domain
of the phosphatase SHP2 (SH2-containing protein tyrosine phosphatase 2) binds to
phosphorylated Tyr985 of LEPRb and is phosphorylated by JAK2, which ultimately activates
MAPK extracellular signal-related kinase (ERK1/2) via recruitment of growth factor receptor-
bound protein 2 (GRB2), contributing to the regulation of energy homeostasis in the
hypothalamus (Bjorbaek et al., 2001; Rahmouni et al., 2009). In addition, leptin binding to
LEPR also inhibits AMPK activity in the hypothalamus, hence reducing food intake and body
weight (Claret & Schneeberger, 2012) (Fig. 4).

12
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Figure 4. Overview of leptin signalling pathway. LEPRDb presents the whole intracellular domain
with three tyrosine residues (Y985, Y1077, Y1138). After binding of leptin, subsequent dimerization
of the receptor and the following activation of JAK2 occur, followed by the recruitment of STAT3.
Hereinafter, STAT3 translocates to the nucleus and regulates the expression of different genes. One
prominent downstream gene is the suppressor of cytokine signalling 3 (SOCS3), which itself acts as
a potent negative regulator of the leptin signalling, by binding to Y985 domain and following inhibition
of JAK2. Protein tyrosine phosphatase 1 B (PTP1B), produced in the endoplasmic reticulum, is
further able to inhibit leptin signalling by dephosphorylating JAK2. Besides STAT3, STATS is also
known to be activated and phosphorylated. Other signalling pathway activated by leptin are MAPK
and PI3K/AKT pathways which contribute to the regulation of energy homeostasis and body weight.
The figure is taken from (Hornung et al., 2021).

1.3.3 LEPR mutations in obese patients

Obesity-related LEPR mutations are usually inherited in an autosomal-recessive manner
(Clement et al., 1998). Most patients belong to a population in which consanguineous
marriages are common. To date, 57 cases with 38 distinct LEPR mutations have been
described and no differences in sex distribution have been reported (Nunziata et al., 2018).
The majority of LEPR mutations occur in the extracellular domain and particularly in the
leptin-binding (CRHII) or activation domain (FNIII) (Lopez et al., 2007). Based on in silico
analysis, most of the mutations have been predicted to result in truncated LEPR proteins.
Up to now, not a single LEPR mutation has been identified in the intracellular domain
(Nunziata et al., 2018). LEPR is encoded by a 20-exon transcript, however its translation
starts only at exon 3 of the transcript. In 1998, the first LEPR mutation linked to severe
obesity was described as a G to A substitution in the splice donor site of exon 16 (¢.2597
+1G>A), which results in the exon 16 (or exon 18 considering the complete LEPR 20-exon

transcript) skipping, and a formation of a premature stop codon (Clement et al., 1998). In

13



Introduction

2013, a novel homozygous mutation which involved a G>T base substitution in the splice
acceptor site of exon 15 (or exon 17 considering the complete LEPR 20-exon transcript;
€.2396-1G>T) was found in a 1.2-year-old girl, resulting in abnormal splicing of LEPR
transcript by the skipping of exon 15 (Saeed et al., 2014). In addition, the same mutation
(c.2396-1G>T) have been reported in three unrelated probands between the ages of 0.6-
2.0 years (Saeed et al., 2015). Functional in silico analyses have been reported for 35 LEPR
mutations, but functional in vitro data have only been described for four mutations (Lopez
et al., 2007; Nunziata et al., 2018). Within these four mutations, only patients carrying the
compound heterozygous LEPR mutation R612H (together with a non-sense mutation)
showed residual LEPR-leptin signalling activation. The missense mutations A409E, W664R,
and H684P promoted a complete loss of leptin-LEPR dependent pathway activation.
However, all patients with these four mutations were characterized by hyperphagia, severe
early-onset obesity, alterations in immune function, and delayed puberty (Lopez et al., 2007).
Obesity-related LEPR mutations have also been linked to insulin resistance and T2DM
development. In fact, all patients carrying an obesity-related LEPR mutation (aged 4 to 55
years) show hyperinsulinemia, but T2DM was only described in two adults (41- and 55-
year-old) (Lopez et al., 2007). These data, together with other published data in humans,
suggest that patients with obesity-related LEPR mutations present high risk for early-onset
insulin resistance and T2DM (Poetsch et al., 2020).

1.3.4 Role of LEPR in the heart

The role of LEPR in the heart remains controversial. It has not been completely understood
whether leptin directly affects cardiac function or acts indirectly through a leptin-regulated
neurohumoral pathway. Several leptin effects have been reported in the heart including
regulation of fatty acid and glucose metabolism, cardiac remodelling, and protection against
apoptosis (Hall et al., 2015), which represent important mechanisms involved in diabetic
cardiomyopathy development.

Leptin was able to exert an insulin-like effect on glucose uptake in Wistar rat hearts perfused
in the Langendorff mode with a low concentration (1 ng/mL), however, this effect may have
been caused by the absence of fatty acids in the perfusate (Haap et al., 2003). On the
contrary, working hearts of male Sprague Dawley rats perfused with both glucose and
palmitate, glucose oxidation was unaltered upon leptin treatment (60 ng/mL). However,
oxidation of both endogenous and exogenous fatty acids was increased by 82%
independently of AMPK activation (Atkinson et al., 2002). This study is corroborated by

Sharma and colleagues using similar experimental conditions and showing an increase in
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exogenous palmitate oxidation in combination with an unaltered rate of glucose oxidation
mediated through a STAT3/nitric oxide/p38-MAPK-dependent mechanism (Sharma et al.,
2009). Experiments performed with an immortalized mouse CM line (HL-1) partially
confirmed these results showing an increase in AMPK activation and palmitate oxidation
with unaffected glucose uptake and oxidation upon 1 hour leptin incubation. However,
leptin-dependent increase in fatty acid oxidation was diminished after 24 hours (Palanivel
et al., 2006). In addition to these findings, it has been reported that neonatal rat ventricular
CM incubated with leptin for 72 hours revealed the induced expression of peroxisome
proliferator-activated receptor alpha (PPARa), which is an important player in cardiac
metabolism (Hou et al., 2010).

Clinical studies have reported associations of plasma leptin levels with increased LV mass
(Tritos et al., 2004), thus different studies have been conducted to further understand the
leptin role in cardiac hypertrophy development. Cultured neonatal rat ventricular CMs
treated with leptin showed a significant increase in cell surface area after 24 or 72 hours
(Rajapurohitam et al., 2003), and a similar result was observed in cultured human CMs
(Madani et al., 2006; Xu et al., 2004). Moreover, leptin treatment leaded to an increase in
matrix metalloproteinase-2 activity and collagen Ill and IV mRNA expression although no
change in total collagen synthesis was observed (Madani et al., 2006). However, leptin
treatment of murine HL-1 CMs did not increase the cell surface area (Pinieiro et al., 2005).
Moreover, the leptin role in the heart during cardiac remodelling under stress condition has
been explored. Direct effect of leptin on CM apoptosis has been investigated after induced
hypoxia-reoxygenation or treated with H.O2, showing cardiac protection of leptin against
apoptosis (Eguchi et al., 2008; Shin et al., 2009). Apoptosis induced by chronic ischemia in
vivo can also be attenuated by leptin (McGaffin et al., 2009). Leptin administration has also
been shown to reduce the infarct area after ischemia-reperfusion injury ex vivo (Smith et al.,
2006), conferring a cardioprotective role of leptin via attenuating CM apoptosis.

Taken together, although numerous studies regarding the role of LEPR in the heart have
been reported, the intrinsic difference between the animal and human model as well as the
systems (in vivo, ex vivo, in vitro) used in different investigations make the leptin role in

cardiac function still unresolved (Hall et al., 2015; Poetsch et al., 2020).

1.3.5 Leptin- and LEPR-deficient rodent models
To explore the role of leptin in physiological and pathophysiological conditions, the leptin-
deficient ob/ob mouse represents a widely used model. Ob/ob mice have a homozygous

nonsense mutation (C to T) in the ob gene, which leads to the formation of a premature stop
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codon causing premature termination (R105X). This results in a truncated leptin protein
biologically inactive (Zhang et al., 1994). Ob/ob mice show hyperphagia, hyperinsulinemia,
insulin resistance and increased accumulation of adipose tissue, resembling the phenotype
known in patients with congenital leptin deficiency. Leptin replacement almost completely
reversed this phenotype (Seufert et al., 1999). However, as insulin secretion remains high
throughout the life and hyperglycaemia is decreased after 6 months of age, the ob/ob
mouse model presents some drawbacks to study the role of leptin in T2DM in humans
(Lindstrom, 2007; Wang et al., 2014).

Lepr-deficient db/db mice are among the most useful models to investigate LEPR role in
obesity-related T2DM. Db/db mice present an autosomal recessive G>T mutation in the
splice acceptor at Arg 890 in the db gene, which leads to OB-Rb abnormal splicing and
subsequent replacement of the OB-Rb long isoform by the OB-Ra short isoform (Lee et al.,
1996). OB-Ra lacks most of the intracellular domain, resulting in impaired leptin receptor
signal transduction in the db/db mouse. The phenotype of db/db mice is similar to ob/ob
mice, displaying severe and early-onset obesity as well as hyperinsulinemia. However,
db/db mice show normal glucose tolerance by 4 weeks of age and insulin resistance and
hyperglycaemia only by 8 weeks of age. Moreover, db/db mice show elevated cholesterol
levels due to an increase in high-density lipoprotein (HDL) cholesterol. On the contrary,
T2DM patients are characterized by reduced HDL cholesterol, elevated triglycerides and
very low-density lipoprotein (VLDL) cholesterol, normal or even higher low-density
lipoprotein (LDL) cholesterol and total cholesterol, making the db/db mice not the best
model to study the contribution of leptin to T2DM development and its related complication
in humans (Nishina et al., 1994; Poetsch et al., 2020).

Similar to mouse models, Zucker fatty (fa/fa) rats and Zucker diabetic fatty (ZDF) rats
represent genetically induced diabetes models, which show obese phenotype by 5 weeks
of age. The fa/fa rat is characterized by the homozygous missense mutation Q269P in the
CRH1 domain in all Lepr isoforms, leading to loss of receptor function. The ZDF rat is an
inbred sub-strain of the fa/fa rat, which, in addition to the genetic modification in Lepr,
presents an inherited autosomal recessive genetic defect in B-cell transcription. Although
hyperphagia and obesity are characteristics similar to T2DM-related human phenotype,
both fa/fa and ZDF rats display high levels of LDL and HDL cholesterol as well as increased
activity of lipoprotein lipase, which are not comparable to those of T2DM patients. Moreover,
both fa/fa and ZDF rats develop insulin resistance at different ages. Fa/fa rats are not
hyperglycaemic although they present high circulating insulin levels at 3-4 weeks of age,

and plasm insulin levels return to normal by 30 weeks of age. On the contrary, plasma

16



Introduction

insulin levels in ZDF rats are highly elevated from 6 to 8 weeks of age and decreased
afterwards. In addition, ZDF rats display insufficient secretion of insulin at 14 weeks of age
due to pancreatic B-cell dysfunction and male rat develop gender-specific hyperglycaemia
by 10-12 weeks of age (Griffen et al., 2001; Wang et al., 2014), resembling a different

phenotype compared to the human system.

1.3.6 Pathophysiological mechanism of diabetic cardiomyopathy associated with
LEPR deficiency
The pathophysiological mechanisms of diabetic cardiomyopathy associated with LEPR
deficiency have been mainly investigated in db/db mice or fa/fa and ZDF rats (Jia et al.,
2016). Db/db mice develop systolic and diastolic dysfunctions and contractile inefficiency
although cardiac output was preserved by favourable loading conditions (increased preload
and decreased afterload) at 12 weeks of age (Semeniuk et al., 2002; Van den Bergh et al.,
2006). Similar to mouse models, ZDF rats with Lepr deficiency reveal LV hypertrophy and
defects in cardiac contractility such as reduced fractional shortening, while these effects are
less pronounced in fa/fa rats (Golfman et al., 2005; Wang et al., 2005). Moreover, db/db
mice and ZDF rats are more susceptible to cardiac stress conditions as they show impaired
recovery of cardiac function after myocardial infarction induced by coronary artery ligation
at stages when animals have developed diabetes (Boudina & Abel, 2007). CM-specific
deletion of Lepr (Lepr-/-) in mice, in the presence of increased Cre recombinase
expression, resulted in significant wall thinning and severely impaired systolic function,
which was associated with impaired ATP production via AMPK and mTOR signalling. After
myocardial infarction, CM-specific Lepr-/— mice revealed greater cardiac dysfunction and
increased lethal heart failure compared to wild-type mice, which were associated with
attenuated cardiac STAT3, PI3K, and AKT activity and loss of energy substrate flexibility
(Hall et al., 2012). Moreover, these studies showed that impaired cardiac leptin signalling in
Lepr-/- mice resulted in impaired glucose utilization under cardiac stress conditions (Hall
et al., 2012). In addition to these findings, global overexpression of the glucose transporter
GLUT-4 in db/db mice resulted in improved glucose homeostasis and prevented cardiac
dysfunction (Belke et al., 2000; Semeniuk et al., 2002), while another study showed that
high levels of insulin and glucose ameliorated cardiac metabolism, restored cardiac
efficiency, and enhanced post cardiac recovery in the same mouse model (Hafstad et al.,
2007). In addition, db/db mice present increased MVO, and increased ROS, which are
linked to increased fatty acid oxidation, mitochondrial uncoupling, and oxidative stress in

the heart (Boudina et al., 2007). Comparable to db/db mice, fa/fa rats show highly active
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oxidative stress response, as indicated by increased levels of lipid peroxide and elevated
activity of the superoxide dismutase (Vincent et al., 2001), while ZDF rats show elevated
triglyceride levels and lipid accumulation in the myocardium, which may promote lipotoxicity
and impaired cardiac function (Christoffersen et al., 2003; Lee et al., 2001; Sharma et al.,
2004; Zhou et al., 2000). Administration of a peroxisome proliferator-activated receptor y
(PPARYy) agonist in ZDF rats resulted in improved glucose metabolism, reduced lipid
accumulation in the myocardium, and restored cardiac function (Golfman et al., 2005).
However, although chronic administration of the PPARy agonist in db/db mice restored
insulin sensitivity and energy substrate flexibility, it failed to restore cardiac function (Carley
et al., 2004). In addition, CM-specific re-expression of Lepr in db/db mice decreased
triglyceride accumulation in myocardium independent of triglyceride plasma levels and
these mice showed lower heart weight and reduced LV wall thickness in comparison to
db/db mice (Hall et al., 2014). Apart from metabolic inflexibility and lipotoxicity, another
mechanism involved in the pathogenesis of diabetic cardiomyopathy development
associated with Lepr-deficiency in rodent models is perturbed intracellular Ca?* handling. In
db/db mice, systolic and diastolic Ca?" levels, sarcoplasmic reticulum Ca?* load, Ca?
transient decay, and L-type Ca?" current are all reduced while Ca?" leakage from the
sarcoplasmic reticulum is enhanced, suggesting that perturbations in cardiac Ca?* handling
contribute to contractile dysfunction (Belke et al., 2004; Pereira et al., 2006). Moreover,
db/db mice present increased CM apoptosis and decreased survival compared with wild-
type controls suggesting that abnormal leptin signalling is involved in myocardial
dysfunction development (Barouch et al.,, 2006). Overall, these studies show that the
absence of a functional LEPR signalling leads to alteration in metabolic energy substrate
utilization, increased MVO. and ROS production, impairment in Ca?* handling and
increased apoptosis, all contributing to impairment of cardiac efficiency and performance
(Fig. 5). Although the important knowledge has been acquired from the animal studies,
existing differences in the underlying mechanisms and pathways between animal models
and patients with obesity and T2DM still make data interpretation challenging (Poetsch et
al., 2020).
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Figure 5. Leptin and LEPR signalling in the (dys-)regulation of the heart. Leptin is mainly
secreted from the adipose tissue and binds to the LEPR in the ARC of the hypothalamus where it
regulates food intake, energy expenditure and hormone release. The actions of leptin and insulin are
interconnected and contribute to the switch of metabolic energy substrates. Although leptin role in
the heart is still controversial, db/db and ob/ob mice demonstrate that leptin has beneficial effects on
cardiac metabolism. Under physiological condition, leptin signalling supports the balance between
glucose metabolism and fatty acid oxidation in the heart, while the absence of leptin or LEPR results
in the loss of metabolic flexibility. The impaired metabolic substrate utilization contributes to systemic
metabolic disorders (insulin resistance, leptin resistance, metabolic dysfunction, and lipotoxicity),
leading to decreased cardiac efficiency (impaired Ca2* handling, contractile dysfunction, and fibrosis).
On the other hand, elevated leptin levels in obese patients contribute to the low-grade systemic
inflammation, which enhances the risk to develop cardiovascular diseases. Horizontal black line
demarcates differences between the healthy heart and the heart in obesity/diabetes. The figure is
taken from (Poetsch et al., 2020).

1.4 Modelling of cardiac disease with human induced pluripotent stem cells

1.4.1 Human induced pluripotent stem cell technology

The generation of human-induced pluripotent stem cells (hiPSCs) from somatic cells offers
great potential and since their discovery, the stem cell field has achieved significant
milestones and opened several gateways in the area of disease modelling, drug discovery,
and regenerative medicine (Deinsberger et al., 2020; Rowe & Daley, 2019). Similar to
human embryonic stem cells (ESCs), hiPSCs are characterized by the ability to undergo
long-term self-renewal and the potential to differentiate into numerous amounts of any
differentiated cells in the human body (Takahashi et al., 2007; Yu et al., 2007). However,
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obtaining ESCs is associated with the destruction of the human embryo at the blastocyst-
stage, which give rise to two main obstacles: the ethical concerns generated by the use of
the inner cell mass of developing embryos in clinical application (de Wert & Mummery, 2003)
and the transplant rejection by the immune system of the host due to the non-autologous
origin of ESCs. Generation of hiPSCs from patient-specific somatic cells represents a
solution to overcome these issues. In 2006, Yamanaka and colleagues generated for the
first time iPSCs from mouse adult fibroblasts by introducing only four transcription factors
(Takahashi & Yamanaka, 2006), while adult human fibroblast-reprogrammed iPSCs were
subsequently established in 2007 (Takahashi et al., 2007). The first set of retrovirally
transfected reprogramming factors, also called Yamanaka’s factors, was composed of
OCT4 (octamer-binding transcription factor 4), SOX2 (sex determining region Y box 2),
KLF4 (Kruppel-like factor 4) and C-MYC (v-Myc myelocytomatosis avian viral oncogene
homolog) (Takahashi & Yamanaka, 2006). Besides, other combinations such as OCTH4,
SOX2, NANOG, and LIN28 were also sufficient to induce pluripotency (Yu et al., 2007).
HiPSCs present several features in common with human ESCs (hESCs) in terms of
morphology, proliferation ability, surface marker, gene expression, and telomerase activities.
In addition, hiPSCs have potential to differentiate into derivatives of three germ layers
(ectoderm, mesoderm, and endoderm) in vitro, and form teratoma in immunodeficient mice
in vivo, which is another common aspect with hESCs (Takahashi et al., 2007). In the last
decade, several reprogramming techniques were developed including viral-mediated
transgene overexpression and or virus-free approaches, using adenoviruses (Zhou & Freed,
2009), plasmids (Okita et al., 2010), minicircle vectors (Narsinh et al., 2011), episomal
vectors (Yu et al., 2009), Sendai viruses (Yang et al., 2008), synthetic mRNAs (Warren et
al., 2010), or recombinant proteins (Zhou et al., 2009). Cells from various sources have
been effectively reprogrammed into iPSCs, including skin fibroblasts, hair keratinocytes,
mononuclear cells from peripheral or umbilical cord blood, and urine cells containing renal
tubular epithelial cells and fibroblast-like or urothelial cells. Even cells obtained from
biological waste materials were successfully used for reprogramming, including bone
marrow cells, mesenchymal stem cells derived from fat tissue and teeth, liver and stomach
cells, B-cells, melanocytes, or neural stem cells and progenitors (Poetsch et al., 2022).
Hence, the introduction of iPSCs has presented great potential and iPSCs are giving rise to
a wide range of therapeutic possibilities, considering that treatment-specific target cells
differentiated from iPSCs, such neurons or CMs, can be directly transplanted into patients.
In 2014, the pioneering work of Takahashi and colleagues in the field of clinical trials

demonstrated the successful use of iPSC-derived retinal pigment epithelial cells to treat
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retinal degenerative diseases (Kim et al.,, 2022). Several further clinical trials involving
iPSCs have been conducted in last years. For instance, a clinical trial conducted by Domae
and colleagues demonstrated that iPSC-derived tissue sheets transplanted into a human
heart might promise functional recovery and good clinical outcome in selected patients with
non-ischemic dilated cardiomyopathy, in addition to safety and feasibility (Domae et al.,
2021).

1.4.2 CRISPR-Cas9 technology in the iPSC system

The development of genome-editing technologies has revolutionized biomedical research,
thanks to the introduction of clustered regularly interspaced short palindromic repeats
(CRISPR)-associated protein 9 (CRISPR-Cas9), allowing the generation of patient-specific
genetically modified cell lines (Jang & Ye, 2016). The first description of CRISPR loci
appeared in 1987, after the sequencing of the iap gene of Escherichia coli (Ishino et al.,
1987). CRISPR loci were then recognised in archaea and bacteria representing with Cas9
genes a unique defence mechanism against genetic material from virus by specific DNA
sequence recognition and cleavage (Barrangou et al., 2007; Marraffini & Sontheimer, 2008).
In 2011, Charpentier and colleagues discovered that trans-activating CRISPR RNA
(tracrRNA) is necessary for the maturation of CRISPR RNAs (crRNAs) in studies with S.
pyogenes (Deltcheva et al., 2011). The simplicity of the CRISPR—-Cas9 system has made
genome editing more accessible and easier than traditional DNA editing techniques (Ding
et al, 2013). As a genome editing tool, the CRISPR-Cas9 system consists of two
components, the endonuclease Cas9 and a single guide RNA (gRNA). Whereas the Cas9
enzyme cleaves double strand DNA, the gRNA contains a specific sequence to recognise
the target gene in the region of interest. The gRNA is generated by the fusion of two
components: the crRNA that provides target specificity (20 bases), and the tracrRNA that
is used as a scaffold between crRNA and Cas9 endonuclease. The gRNA binds the
complementary sequence in the target region in close proximity to the protospacer adjacent
motif (PAM) that presents a 5-NGG-3’ sequence. After binding to the target region, Cas9
introduces a double-strand break. The cell repairs the double-strand break through either
nonhomologous end joining (NHEJ) in the absence of a repair template, creating random
insertion and deletion (indel) mutations, or homologous-directed repair (HDR) in the
presence of a donor template, resulting in knock-in modification near the nuclease cutting
site (Ran et al., 2013) (Fig. 6).
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The efficiency of targeted genome modification by deep sequencing analysis was initially
reported between 2% and 4% in hiPSCs (Mali et al., 2013). With this low efficiency, recovery
of properly targeted clones without positive selection is labour-intensive. Low efficiency of
target genome is mainly due to low transfection efficiency of the relatively large Cas9
expression construct (Li et al., 2014). Knock-in of inducible Cas9 into the adeno-associated
virus integration site 1 locus, known as a safe harbour locus, increases the genome-editing
efficiency, however, the Cas9 transgene was not excisable (Gonzalez et al., 2014). To
overcome these issues, the PiggyBac system became a promising tool for non-viral genetic
engineering of hiPSCs. This system comprises the PiggyBac transposon vector and
transposase vector, which transiently expresses transposase enzyme. PiggyBac
transposon is a mobile genetic element that efficiently inserts copy of DNA into the genome
by a “cut-and-paste” mechanism. PiggyBac transposition requires transposase enzyme that
recognizes transposon specific inverted terminal repeats (ITRs) and efficiently integrates
the transposon vector into a specific chromosome site sequence (TTAA) in the genome.
The great strength of this system consists in its large cargo capacity suitable for the delivery
of up to several hundred kilobases of DNA (Li et al., 2011; Rostovskaya et al., 2012), and
most importantly the system is reversible. In fact, genomes harbouring an inserted piggyBac

vector can be transiently re-transfected with the transposase expression vector to remove
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the transposon from the genome avoiding any possible frameshift (Park et al., 2018;
Woodard & Wilson, 2015; Yusa et al., 2011). In 2017, a new strategy was defined to perform
foot print-free, highly efficient and consistent genome modification in hiPSCs, by generating
a stable cell line that harbours a inducible Cas9 transgene and a puromycin resistant
cassette encapsulated on a piggyBac transposon (Wang et al., 2017). Selection of Cas9
genome integrated clones followed by Cas9 doxycycline induction and transfection with
gRNA efficiently have been reported to result in mutant iPSC clones (Wang et al., 2017).
Furthermore, a novel plasmid that combines the PiggyBac transposon and tetracycline-
inducible gene expression systems (Tet-On 3G) has demonstrated the ability to temporally
modulate gene expression in hiPSCs and to precisely control the amount of gene
expression (Randolph et al., 2017). The combination of CRISPR and Tet-On 3G inducible
PiggyBac system represents a powerful toolkit for studying gene functions in hiPSCs (Ben
Jehuda et al., 2018; Jiang et al., 2022).

1.4.3 Modelling of diabetes using iPSC-CMs

To investigate the pathological mechanisms of cardiovascular diseases, adult human CMs
could be used as a tool, however neither survive nor proliferate well when isolated from the
heart in vivo. In light of this, mouse models are used as an alternative. In addition, because
of differences in electrophysiological properties and in gene expression patterns, these
models do not fully recapitulate human heart disease (Nerbonne, 2004; Shanks et al., 2009).
In the last decade, disease modelling using hiPSC have emerged as a promising platform
to influence modern cardiovascular medicine on several fronts: molecular understanding of
pathological mechanisms, early diagnosis, drug development, and effective treatment
(Moretti et al., 2013). Thus far, a wide range of cardiac diseases have been modelled using
hiPSC technology, including long QT syndrome (ltzhaki et al., 2011), short QT syndrome
(Shinnawi et al., 2019), Brugada syndrome (Li et al., 2020; Liang et al., 2016),
catecholaminergic polymorphic ventricular tachycardia (Park et al, 2019), dilated
cardiomyopathy (Shah et al.,, 2019), and hypertrophic cardiomyopathy (Li et al., 2018).
Besides the advantages of iPSC-based disease models, one of the major challenges in
using hiPSC-CMs as disease model is represented by their immature state. In fact, the
selection of energetic substrates in CMs for the constant generation of ATP depends on the
stage of cardiac development (Lopaschuk & Jaswal, 2010). During early cardiac
development, glycolysis is the principal source of energy for CMs. As CMs mature and
become terminally differentiated, mitochondrial oxidative capacity enhances, with fatty acid

B-oxidation turning in a major source of energy for the heart (Lopaschuk & Jaswal, 2010),
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therefore cellular metabolism and alterations therein play an important role. Accordingly,
metabolism has been shown to be central in maturing hiPSC-CMs (Batho et al., 2020).
Moreover, perturbations in cellular metabolism are central in the pathogenesis of cardiac
disease, such as diabetic cardiomyopathy in which impaired cardiac insulin sensitivity,
increased fatty acid oxidation and decreased glycolysis are emerging as predominant
molecular and metabolic mechanisms for cardiac dysfunction (Mandavia et al., 2013). In
recent years, different approaches were used to improve the maturation state of iPSC-CMs
such as the addition of fatty acid species (Feyen et al., 2020), supplementation of glucose
with galactose or lactate (Correia et al., 2017; Feyen et al., 2020; Yang et al., 2019), an
increase of Ca?* levels (Feyen et al., 2020; Shen et al., 2022), or addition of hormones or
small molecules (Funakoshi et al., 2021; Parikh et al., 2017).

The healthy heart obtains its energy from a combination of fatty acids, glucose, amino acids,
and ketone bodies, and has the flexibility to shift between substrates according to the
underlying conditions. On the contrary, the diabetic heart is exposed to hyperglycaemia,
hyperinsulinemia and hyperlipidaemia, no longer presents metabolic flexibility, and relays
predominantly on fatty acids, while glucose metabolism only contributes a small amount to
the overall energy production (Lopaschuk & Jaswal, 2010). Therefore, another crucial
challenge in modelling diabetic cardiomyopathy in vitro is the creating of a diabetic medium
resembling the hallmarks of T2DM. In addition, the culture period of iPSC-CMs under the
diabetic-like conditions plays a fundamental role in the molecular and metabolic change,
which aims to mimic diabetic cardiomyopathy development in iPSC-CMs. To use iPSC-CMs
for modelling diabetic cardiomyopathy, in a previous study iPSC-CMs were cultured in a
maturation medium containing fatty acids but not glucose for 3 days, followed by cultivation
of iPSC-CMs in the maturation medium supplemented with 10 mM glucose, 10 nM
endothelin-1, and 1 uM cortisol for additional 2 days to mimic diabetic conditions.
Subsequently, the iPSC-CMs presented increased lipid accumulation and peroxidation,
decreased frequency of calcium transients, cellular hypertrophy, and loss of sarcomere
integrity (Drawnel et al., 2014). Graneli and colleagues, used fatty acids to improve iPSC-
CM maturation and they induced insulin resistance by 4 days of culture with fatty acids but
no glucose, followed by 6 days with 20 mM glucose and 50 uM palmitate supplemented
with 15 mg/100 ml uric acid and 10 nM endothelin-1 (Graneli et al., 2019). They
demonstrated an increase in basal respiration but a decrease in maximal respiration
suggesting the development of mitochondrial dysfunction. The study from Geraets and
colleagues showed that 30-day-old hESC-derived CMs incubated with 250 uM palmitate

and 50 nM insulin for 16 hours resulted in lipid-induced insulin resistance. However, they
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commented that the hESC-CMs were structurally and functionally immature (Geraets et al.,
2018). A study from Fialho and colleagues demonstrated induced insulin resistance using
a staged approach of culture for a week in maturation media containing 5 mM glucose
supplemented with 0.4 mM oleic acid, followed by glucose-free insulin resistance media
containing 0.3 mM palmitic acid and 50 nM insulin, and then a further 3 days with 12 mM
glucose added to the insulin resistance medium (Sousa Fialho et al., 2021), demonstrating
that the insulin-resistant iPSC-CM present impaired hypoxic response. Given the multiples
studies, iPSC-CMs show great potential to study the effects of diabetes in CMs, however
further studies are needed to improve iPSC-CM maturation and to resemble the diabetic
conditions known in diabetic patients to more deeply understand the underlying mechanism

in diabetic cardiomyopathy development.
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2 Aims of this study

The role of LEPR in heart has been investigated for decades mainly in animal models which
provide useful insights into the role of LEPR in CM metabolic function under physiological
and pathophysiological conditions. However, none of the animal models used so far can
fully recapitulate the phenotypes of patients with obesity or T2DM, making data
interpretation challenging. In fact, the alteration of lipid profile in ob/ob or db/db animal
models cannot fully recapitulate the phenotypes of patients with T2DM. Therefore, the role
of LEPR in the human heart, and whether leptin-LEPR signalling affects cardiac function
directly or acts through a leptin-regulated neurohumoral pathway, remain unravelled.
Human iPSC-based technology combined with the CRISPR/Cas9 technique allows us
studying and better understanding abnormal leptin signalling in CMs in vitro, which could
be related to obesity- and T2DM-associated cardio-metabolic remodelling processes. To
verify this hypothesis, the scientific aims of this study are to assess the effect of LEPR
mutations on the leptin-mediated signalling pathways, and to investigate glucose and fatty
acid metabolism in iPSC-CMs with LEPR mutations (LEPR**-iPSC-CMs) compared to wild-
type iPSC-CMs (WT-iPSC-CMs). Following objectives were included in this study:

1. Investigation of the LEPR expression and function in cardiac differentiation of
hiPSCs;
Generation of LEPRY2-iPSC lines;
Investigation of leptin/LEPR signalling pathway activation;
Investigation of leptin/LEPR and insulin signalling regulation;
Study of the metabolic profile of LEPR~*-iPSC-CMs;
Study of leptin effect on energy metabolism of WT- and LEPR~2-iPSC-CMs;
Study of the effect of pathophysiological culture conditions on metabolic flexibility of
WT- and LEPR*2-iPSC-CMs.

N o g koD
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3 Materials and methods

3.1 Materials

3.1.1 Cells

WT- and LEPR*2-iPSC lines used in this study are listed in Table 1. For the generation of
WT cell lines isWT1.14 and isWT7.22 (UMGi014-C clone 14, and UMGIi020-B clone 22,
respectively), dermal fibroblasts obtained from two healthy individuals were reprogrammed
into iPSCs by ectopic expression of the Yamanaka factors using the non-integrative Sendai
virus and kindly provided by the Stem Cell Unit at the Universitatsmedizin Gottingen
(Géttingen, 2019a, b). The cell lines were characterized as pluripotent by expression of
pluripotency markers. To generate a stable cell line expressing Cas9, a piggyBac
transposon that harbours an inducible Cas9 transgene was used (Wang et al., 2017). Briefly,
a piggyBac transposon containing the reverse tet activator, a tet-activator-responsive
promoter driving humanized Cas9, and a puromycin resistance cassette was integrated into
the genome of WT-iPSCs. The piggyBac transposon construct was stably introduced into
the WT-iPSCs by co-transfection with a plasmid encoding the piggyBac transposase. To
select puromycin-resistant clones, iPSCs were incubated in E8 medium with 1000 ng/ml
puromycin for 48 hours. After selection, two LEPRY2-iPSC lines (1B2 and 1E6) were
generated from inCas9-iPSC lines isWT1.14 and isWT7.22, respectively, in this study using
the CRISPR/Cas9 gene-editing technology to investigate the physiological and
pathophysiological role of LEPR in iPSC-CMs.

Table 1: WT- and LEPR"*-PSC lines used in this study

iPSC lines Donors a.a.changes Somatic cells  Virus used
isWT1.14 Male donor Unknown WT1.14 Sendai
isWT7.22 Female donor Unknown WT7.22 Sendai
inCas9-isWT1.14  isWT1.14 Unknown -- --
inCas9-isWT7.22 isWT7.22 Unknown -- --

1B2 inCas9-isWT1.14  p.Asp799Glu -- --

1E6 inCas9-isWT7.22 p.Asp799Glu -- --
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3.1.2 Chemicals, solutions, and buffer used for cell culture

Table 2: List of components for cell culture

Components

Provider

Albumax

Thermo Fisher Scientific #11020021

Albumin, rice-derived human recombinant

Sigma-Aldrich #A9731

B-27 supplement, serum free (50 x)

Thermo Fisher Scientific #17504044

B-27 supplement, serum free (50 x) w/o insulin

Thermo Fisher Scientific #A1895601

Biotin

Sigma-Aldrich #B4639

CHIR99021

Merck Millipore #361559

Collagenase B

Worthington Biochemical #CLS-AFB

Creatine-monohydrate

Sigma Aldrich #C3630

D-glucose

Sigma Aldrich #G7021

D-glucose (U-"3Cs, 99%)

Cambridge Isotope Laboratories
#CLM-1396-1

DMEM (Dulbecco’s modified Eagle
medium)/F12

Thermo Fisher Scientific #31331028

DMEM (Dulbecco’s modified Eagle medium)

w/o glucose

Thermo Fisher Scientific #11966025

Dimethyl sulfoxide (DMSO)

Thermo Fisher Scientific #D12345

DPBS (Dulbecco's phosphate buffered saline)

Sigma-Aldrich #D1408

Doxycycline

Sigma-Aldrich #D3447

Essential 8 (E8) basal medium

Thermo Fisher Scientific #A1516901

E8 supplement (50 x)

Thermo Fisher Scientific #A1517101

Fetal bovine serum (FBS)

Sigma-Aldrich #F7524

Formic acid 98-100%

Sigma-Aldrich #1002640100

Geltrex

Thermo Fisher Scientific #A1413301

HEPES (1 M)

Sigma-Aldrich #H0887

Human Stem Cell Nucleofector Kit 2

Lonza #VPH-5022

Insulin

Sigma-Aldrich #19278

IWP2

Merck Millipore #681671

Knockout serum replacement (KOSR)

Thermo Fisher Scientific #10828028

L-arginine

Sigma-Aldrich #A5006

L-ascorbic acid 2-phosphate

Sigma-Aldrich #A8960

28



Materials and methods

L-carnitine-hydrochloride

Sigma-Aldrich #C0283

Sodium L-lactate (= 99%)

Sigma-Aldrich #71718

L-lysine hydrochloride

Sigma-Aldrich #W384712

L-phenylalanine

Sigma-Aldrich #P5482

Non-essential amino acids (NEAA, 100 x)

Thermo Fisher Scientific #11140035

Puromycin

Thermo Fisher Scientific #A1113803

RPMI 1640 SILAC Flex Media

Thermo Fisher Scientific #A2494201

RPMI 1640 with HEPES with GlutaMax

Thermo Fisher Scientific #72400021

RPMI 1640 with L-glutamine w/o glucose

Thermo Fisher Scientific #11879020

Recombinant human leptin

Peprotech #300-27

Seahorse XF DMEM

Agilent #103575-100

Seahorse XF glucose (1.0 M)

Agilent #103577-100

Seahorse XF glutamine (200 mM)

Agilent #103579-100

Seahorse XF pyruvate (100 mM)

Agilent # 103578-100

Sodium DL-lactate solution (60%)

Sigma-Aldrich #L4263

Sodium pyruvate solution (100 mM)

Sigma-Aldrich #58636

Taurine

Sigma-Aldrich #T0625

Thiazovivin (TZV)

Millipore # 420220

Trypsin-EDTA (0.25%)

Thermo Fisher Scientific #25200056

Versene solution (0.48 mM EDTA)

Thermo Fisher Scientific #15040066

Vitamin B12

Sigma-Aldrich #V6629

Table 3: List of buffers and solutions for cell culture

Substance Preparation
Biotin (0.818 mM) 2 mg biotin in 10 ml MilliQ water, stored at —20°C
CHIR (12 mM) 5 mg CHIR99021 dissolved in 0.894 ml DMSO,

stored at —20°C

Collagenase B

Working concentration: 1 mg/ml

Dissolved in B27 medium, sterile filtered, stored at —20°C

Geltrex

2 mg Geltrex per 15 ml falcon tube, stored at —-80°C

IWP2 (5 mM)

10 mg IWP2 dissolved in 4.28 ml DMSO, incubated for 10

minutes at 37°C, stored at —20°C
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Recombinant human 5 mg leptin dissolved in 3.125 ml sterile filtered MilliQ water,

leptin for F3+ medium  stored at —20°C

(100 pM)

Recombinant human 18.6 pl of 100 uM leptin dissolved in 1.481 ml sterile filtered

leptin for F2+ medium MilliQ water, stored at —20°C

(1.24 uM)

Sodium DL-lactate 3 ml of 60% sodium DL-lactate diluted in 18 ml 1 M HEPES,
(1 M) stored at —20°C

TZV (2 mM) 10 mg TZV dissolved in 6.8 ml DMSO, stored at —20°C
Vitamin B12 2.5 mg vitamin B12 in 50 ml MilliQ water, stored at —20°C
(36.89 uM)

Table 4: List of media for cell culture experiments

Medium

components

B27 medium

RPMI 1640 with Glutamax and HEPES; 1 x B27

supplement, serum free

F2 medium

DMEM with 0.8 mM Sodium L-lactate (= 99%); 1.6
mM L-carnitine; 5 mM Creatine-monohydrate; 2
mM Taurine; 0.48 mM L-ascorbic acid 2-
phosphate; 0.5% Albumax; 50 nM Insulin; 1 x
NEAA; 7 mM Glucose; 1% KOSR; 0.082 pM
Biotin; 0.369 nM Vitamin B12; 1 x B27 supplement

w/o insulin, serum free

F2+ medium

F2 medium with 1.24 nM leptin

F3+ medium

DMEM with 0.8 mM Sodium L-lactate (= 99%); 1.6
mM L-carnitine; 5 mM Creatine-monohydrate; 2
mM Taurine; 0.48 mM L-ascorbic acid 2-
phosphate; 0.5% Albumax; 700 nM Insulin; 1 x
NEAA; 11 mM Glucose; 1% KOSR; 0.082 uM
Biotin; 0.369 nM Vitamin B12; 100 nM Leptin; 1 x

B27 supplement w/o insulin, serum free

Cardio differentiation medium

RPMI 1640 with Glutamax and HEPES; 0.5 mg/ml
Albumin; 0.2 mg/ml L-ascorbic acid 2-phosphate

CM digestion medium

80% B27 medium; 20% FBS; 2 yM TZV
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E8 medium E8 basal medium; 1 x E8 Supplement

iPSC cryopreservation medium 80% E8 medium; 20% DMSO; 2 uM TZV

CM cryopreservation medium 80% FBS; 20% DMSO; 2 yM TZV

Starvation medium RPMI 1640 with L-glutamine w/o glucose; 4 mM

Sodium DL-lactate; 25 mM HEPES; 1 x B27

supplement w/o insulin, serum free

Table 5: List of media for analysis of glycolytic and respiratory capacity

Medium components

Glycolysis stress test medium Seahorse XF DMEM with 1 mM Pyruvate; 2 mM
Glutamine; 10 mM Glucose
Cell Mito stress test medium Seahorse XF DMEM with 2 mM Glutamine

Table 6: Medium for *C-isotope labelling studies

Medium components

Basal medium RPMI 1640 SILAC Flex Media with 25 mM
HEPES; 0.27 mM L-lysine; 1.14 mM L-arginine; 2
mM Glutamine; 0.1 mM Pyruvate; 0.9 mM 60%

Sodium DL-lactate

3.1.3 Disposable items

Table 7: List of laboratory disposable items

Name Types Provider

Cell culture plate 6-well plate, TC-treated; CytoOne Starlab
12-well plate, TC-treated;
48-well plate, TC-treated;
96-well plate, TC-treated

Cell culture plate for cell 96-well plate, not treated, Falcon
harvesting in labelling V-bottom

studies

Cell culture plate for lipid  24-well plate, Ibidi
droplets accumulation clear bottom,

studies polymer coverslip
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Cell scraper 2-Posit. Blade 25 Sarstedt

Cell strainer 40 pm, 100 um Nylon Corning

Centrifuge tube 0.2ml,0.5ml,1.5ml, 2 ml Eppendorf

Cryo tube 2 ml Cryo S. Greiner Bio-One GmbH
Falcon tube 15 ml, 50 ml BD Biosciences

Filter pipette tip 0.1-1000 pl Corning

Glass coverslips

25 mm, round

Engelbrecht Medizin und
Labortechnik

Gloves Micro-touch coated Ansell

Nitrocellulose blotting 0.45 um NC Amersham™ Protran™
membrane

Parafilm Parafilm Amcor

Plastic pipette 5ml, 10 ml, 25 ml, 50 ml Costar

Real-Time PCR plate 96-well plate Biozym

3.1.4 Chemicals, solutions, and buffers for molecular and metabolic experiments

Table 8: List of chemicals used for molecular and metabolic experiments

Substance

Provider

Agarose

Biozym #840004

Ammonium persulfate (APS)

Bio-Rad #1610700

AmpliTag DNA polymerase with buffer I

Thermo Fisher Scientific #N808-0167

Albumin bovine, Fraction V

Serva #11922

Boric acid VWR Chemicals #20185.297
Bromophenol blue Fluka #18040
cOmplete tablets, mini Roche #04693124001

Dithiothreitol (DTT)

PanReac AppliChem #A1101

dNTP mix

Bioline #B10-39029

Ethylenediaminetetraacetic acid (EDTA)

Sigma-Aldrich #E6758

Fluoromount-G

eBioscience #00-4958-02

GeneRuler 100 bp Plus DNA Ladder

Thermo Fisher Scientific #0321

Glycerol

Roth #3783.1

Glycine

PanReac AppliChem #131340.1211
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GoTaq G2 DNA polymerase

Promega #M7845

HDGreen plus safe DNA dye

Intas Science Imaging
#ISII-HDGreen plus

HEPES Serva #25245.05

Hoechst 33342, trihydrochloride, trihydrate Invitrogen #H3570

Lipid (Oil Red O) Staining Kit Invitrogen #MAK194
Methanol VWR Chemicals #20847.307

MuLV reverse transcriptase (200 U/ul)

Thermo Fisher Scientific #28025-013

Non-fat dry milk

PanReac AppliChem #A0830,1000

Nonidet P 40 substitute (NP-40)

Sigma-Aldrich #74385

NucleoSpin Gel and PCR Clean-up

Thermo Fisher Scientific #11992242

Oligo d(T)1s (50 pM)

Thermo Fisher Scientific #N808-0128

Paraformaldehyde (PFA)

Sigma-Aldrich #158127

PhosSTOP

Roche #04906837001

Pierce BCA protein assay kit

Thermo Fisher Scientific #23225

Phenylmethylsulfonyl fluoride (PMSF)

Roth #6367.1

PureLink Genomic DNA Mini Kit

Thermo Fisher Scientific #K182002

RNase inhibitor (20 U/pl)

Thermo Fisher Scientific #N808-0119

Rotiphorese gel 30

Roth #3029

Seahorse FluxPak

Agilent #102416-100

Seahorse XF Cell Mito Stress Test Kit

Agilent #103015-100

Seahorse XF Glycolysis Stress Test Kit

Agilent # 103020-100

Sodium chloride

Carl Roth #3957.1

Sodium deoxycholate

Sigma-Aldrich #D6750

Sodium dodecyl sulfate (SDS) Serva #20765.03
Sodium fluoride (NaF) Roth #4503.1
SV total RNA isolation system Promega #23105

SYBR™ Green PCR Master Mix

Applied Biosystems #4309155

Tetramethylethylenediamine (TEMED)

Bio-Rad #161-0801

Tris base Sigma-Aldrich #T1503
Tris hydrochloride (Tris-HCI) Roth #9090.2

Triton X-100 Sigma-Aldrich #3051.3
Tween 20 Serva #37470.01

West Femto maximum sensitivity substrate

Thermo Fisher Scientific #34096
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Table 9: List of buffers and solutions for molecular analyses

Solution/Buffer

Preparation

1 x Running buffer

192 mM Glycine, 0.1% SDS, 25 mM Tris base, pH 8.3

1 x TBS-T buffer

50 mM Tris, 150 mM NaCl, 0.1% Tween 20

1 x Transfer buffer

25 mM Tris base, 192 mM Glycine, 20% Methanol,
0.05% SDS, pH 8.3

5 x TBE buffer

54 g Tris base, 27.5 g Boric acid, 20 ml 0.5 M EDTA
dissolved in 1 L MilliQ water, pH 8.0

6 x Laemmli buffer

12% SDS, 0.06% bromophenol blue, 60% glycerol, 60
mM Tris (pH 6.8), 0.6 M DTT

10% APS 10 g APS dissolved in 100 ml MilliQ water, filtered
5% BSA 12.5 g BSA dissolved in 250 ml 1 x TBS-T buffer
5% milk 5 g Non-fat dry milk dissolved in 100 ml 1 x TBS-T

buffer

Cell lysis RIPA buffer

150 mM NaCl, 1% NP-40, 0.5% Sodium deoxycholate,
0.1% SDS, 50 mM Tris-HCI (pH 8.0), 1 mM EDTA, 10
mM NaF, 1 mM PMSF, 1 Tablet PhosStop per 10 ml, 1
Tablet cOmplete per 10 ml, prepared freshly

Enhanced chemiluminescent
(ECL) mix

Kit: Western Femto maximum sensitivity substrate;

1 ml luminol/enhancer, 1 ml stable peroxide, mixed

freshly

Hoechst 33342 Stock solution: 10 mg/ml
Working solution: 1:1000 in MilliQ water, prepared
freshly

10% SDS 10 g SDS dissolved in 100 ml MilliQ water, filtered

Stripping buffer (pH 2.2)

200 mM Gilycine; 0.1 % SDS; 1% Tween 20 dissolved in
MilliQ water

Table 10: Buffer for glycolytic flux analysis

Buffer

Preparation

Quenching buffer

20% Methanol (HPLC grade), 0.1% Formic acid (HPLC
grade), 3 mM NaF, 1 mM Phenylalanine, 100 uM EDTA
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3.1.5 Antibodies

Primary and secondary antibodies, listed in Tables 11 and 12, respectively, were used for

immunofluorescence (IF), flow cytometry (FC), and western blot (WB) analyses.

Table 11: List of primary antibodies

Antigen Host Dilution Provider
AKT Rabbit (IgG) WB: 1:1000 Cell Signaling #9272
AMPK Rabbit (IgG) WB: 1:1000 Cell Signaling #2532
cTNT-APC conjugate  Human cell line FC: 1:50 Miltenyi Biotec

(1gG1) #130-120-543
GAPDH Mouse (IgG) WB: 1:1000 Santa Cruz #sc-365062
JAK2 Mouse (IgG1) WB: 1:1000 Cell Signaling #74987
LEPR Rabbit (IgG) WB: 1:1000  Proteintech #20966-1-AP
LIN28 Goat (IgG) IF: 1:300 R&D systems #AF3757
NANOG Goat (IgG) IF: 1:200 Abcam #PA5-18406
OCT4 Goat (IgG) IF: 1:40 R&D systems #AF1759
p-AKT (Ser473) Rabbit (IgG) WB: 1:1000 Cell Signaling #9271
p-AMPKa (Thr172) Rabbit (IgG) WB: 1:1000  Cell Signaling #2535
p-JAK2 (Tyr1007, Rabbit (IgG) WB: 1:500 Thermo Fisher Scientific
Tyr1008) #44-426G
Isotype Control - FC: 1:50 Miltenyi Biotec
Antibody, human #130-113-446
IgG1, APC conjugate
SOX2 Mouse (IgG) IF: 1:50 R&D systems #MAB2018
SSEA-4 Mouse (IgG) IF: 1:200 Abcam #MC813
TRA-1-60 Mouse (IgM) IF: 1:200 R&D systems #MAB4770

Table 12: List of secondary antibodies
Antigen Host Dilution Provider
Alexa fluor 488-anti-mouse IgG Donkey  IF: 1:500 Invitrogen #A21202
Alexa fluor 555-anti-goat IgG Donkey  IF: 1:1000 Thermo Fisher Scientific
#A21432

Anti-mouse 1gG HRP Goat WB: 1:1000 Sigma-Aldrich #A3682
Anti-rabbit IgG HRP Goat WB: 1:1000 Sigma-Aldrich #A0545
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FITC-anti-mouse IgM

Goat IF: 1:200 Jackson

ImmunoResearch

#115-095-020

Cy3-anti-mouse IgG+IgM Goat IF: 1:300 Jackson

ImmunoResearch

#115-165-068

3.1.6 Primers

Forward (for) and reverse (rev) primers used for LEPR sequencing analysis, reverse

transcription polymerase chain reaction (RT-PCR) and quantitative real-time polymerase

chain reaction (QPCR) of different genes with exact annealing temperature (Ta) or melting

temperature (Tm), number of cycles and size of products (F) are listed in Table 13 and Table

14, and Table 15, respectively.

Table 13: List of primers for sequencing analysis

Name Target Sequence F Ta Cycles
(bps) (°C)

LEPR gDNA  For: 545 60 35
(introns AAAGCTCATACACCCTGCACTT
16 -17) Rev:

TCCTTTGGAACCTCACCATGAAAA
LEPR cDNA For: ATTCACTTTCCTGTGGACAGAGC 549 60 35
(exons Rev: CAGGAACAATTCTTGGGGTTCG
15-19)
NA gDNA  For: AGCTGAGTTCAAAATGGTTGGC 414 59 35
Chr8 Rev:

CTTAGTGAGCCTACGTGTTCTATTT
PIEZO2, gDNA  For: 475 60 35
Chr18 GAATGAGGGATGGAGATGAGGAGGA

Rev:
CCATCCCTCCCACTCATCCTTAATC
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RP13- gDNA For: 407 59 35
258015, AAGTTAGTTCAGCCTATGCCCAGC
ChrX Rev:

TCCCACCTGTAACCTCCATTAGAACT

NA: gene not assigned. gDNA: genomic DNA. cDNA: complementary DNA. LEPR (introns 16-17):
For: from +65619625 to +65619646; Rev: from +65620149 to +65620172. LEPR (exons 15-19) For:
from +65422936 to +65422958; Rev: from +65423463 to +65423484. NA, Chr8 For: from
+116189084 to +116189105; Rev: from +116189473 to +116189497; PIEZO2, Chr18 For: from
+10756856 to +10756880; Rev: from +10757306 to +10757330; RP13-258015, ChrX For: from
+90634 to +90657; Rev: from +91015 to +91040.

Table 14: List of primers for reverse transcription polymerase chain reaction (RT-PCR)

Name Sequence F Ta Cycles
(bps) (°C)
HPRT For: CCTGGCGTCGTGATTAGTG 183 60 35
Rev: ACAGAGGGCTACAATCTGATGG
LEPR For: GCTGCAATGAACATGAATGCC 180 59 35

(exons 9-11)  Rev: AAAGGCTGCTCCTATGATACCTC

Table 15: List of primers for quantitative real-time polymerase chain reaction (qQPCR)

Name Sequence F Tm Cycles
(bps)  (°C)

CD36 For: TCTTTCCTGCAGCCCAATG 60 79.5 45
Rev: AGCCTCTGTTCCAACTGATAGTGA

CPT1-B For: ACATCTCTGCCCAAGCTTCC 175 85.5 45
Rev: ACCATGACTTGAGCACCAGG

GLUT-1 For: CTGGCATCAACGCTGTCTTC 96 84.5 45
Rev: TGACGATACCGGAGCCAATG

GLUT-4 For: CATTCCTTGGTTCATCGTGGC 132 87 45
Rev: ATAGCCTCCGCAACATACTGG

HPRT For: CCTGGCGTCGTGATTAGTG 183 82 45
Rev: ACAGAGGGCTACAATCTGATGG

LEPR For: GCTGCAATGAACATGAATGCC 180 59 45

(exons 9-11)  Rev: AAAGGCTGCTCCTATGATACCTC

LEPR For: ATTCACTTTCCTGTGGACAGAGC 549 81 45

(exons 15-17) Rev: CAGGAACAATTCTTGGGGTTCG
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3.1.7 Laboratory devices and experimental hardware

Table 16: List of laboratory devices and tools

Description Name Provider

Analytical balance MCBA100; BP3100S Satorius

Autoclave Vakulab HP Michener Medizin
Mechanik GmbH

Centrifuges Heraeus Fresco 21; Thermo Fisher Scientific

Heraeus Megafuge 8R

Chemiluminescence camera for
Western blot and PCR

FusionFX

Vilber Lourmat

Counting chamber Neubauer Marienfeld Superior
Electrophoresis chamber 41-2025 Peglab
Electrophoresis power supply Power Pac HC Bio-Rad

Flow cytometer FACS Canto™ Il BD

Freezing box Mr. Frosty Thermo Fisher Scientific
Gel casting chamber 40-1515 Peqlab
Incubation hood Uni hood 650 Biotech
Incubator (CO2-free) Heratherm IMH180-S Thermo Fisher Scientific
Incubators BBD 6220 Thermo Fisher Scientific
Lyophilizer FreeZone 2.5 Liter Labconco
MS analyser QTRAP 5500 Sciex
Microscopes IX50; IX70 Olympus
BZ-X710 Keyence
Microwave HF 22023 Siemens
PCR cycler Mastercycler nexus Eppendorf
pH meter lonLab® pH Level 2 WTW
Photometer Nanodrop ND-1000 Peqglab
Pipette controller Pipetus Hirschmann
Plate reader Synergy HTX BioTek
Real-time PCR detection system CFX96 Bio-Rad
Rotator IKA™ 0004016000 Thermo Fisher Scientific
Seahorse XFe96 analyser XFe96 Analyzer Agilent

Sterile work bench

HeraSafe KSP15

Thermo Fisher Scientific
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Thermomixer 5350 mixer Eppendorf

Transfection unit Amaxa Nucleofector Il Lonza
device

Vacuum pumps Scroll Vacuum Pump Labconco

Vortexer MS2 Minishaker IKA Labortechnik
Water preparation system Q-Pod Milli-Q Millipore
Western blot Criterion™ blotter 1704071 Bio-Rad
Western blot electrophoresis cell 1656001 Bio-Rad
Western blot gel casting chamber Mini-PROTEAN® Bio-Rad
Western blot precast gel Criterion™ TGX™ Bio-Rad

3.1.8 Software

Table 17: List of software
Name Purpose Company
Benchling Sequence analysis Benchling
Bio-Rad CFX Manager Data analysis Bio-Rad
CCTOP Data analysis Uni-Heidelberg
El-Maven Processing MS data Elucidata
FlowJo Single-cell flow BD-Biosciences

cytometry analysis

FUSION CAPT Image processing VILBER LOURMAT

Version V17.04

Graphpad Prism 9

Data analysis and graph

Graphpad Software, Inc.

design
MSConvert MS analysis Proteowizard
Seahorse Wave Data analysis Agilent
Unipro UGENE v. 45.0 Sequence visualization  UGENE

and alignment
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3.2 Methods

3.2.1 Cell culture
Cells were cultivated in an incubator under humidified conditions at 37°C and 5% carbon
dioxide. Cell culture was performed under sterile conditions using a laminar airflow cabinet

to avoid microbiological contamination.

3.2.1.1 Coating of plates

Geltrex, a basement membrane extract that contains mainly laminin, collagen IV, entactin,
and heparin sulphate proteoglycans, was used as a coating matrix for iPSC and iPSC-CM
cultivation. Geltrex was defrosted on ice, aliquoted in 15 ml Falcon tubes (2 mg/tube) and
stored at —80°C. Ready to use aliquots were diluted in 12 ml of cold DMEM/F12 medium.
Hereafter, Geltrex volume was transferred into plates as shown in Table 18. The coated

plates were incubated for 1 h at 37°C or overnight at 4°C before use.

Table 18: Geltrex volume for coating plates

Plate Volume
6-well plate 1 ml/well
12-well plate 0.5 ml/well
24-well plate 0.5 ml/well
48-well plate 0.3 ml/well
96-well plate 0.1 ml/well

3.2.1.2 Cultivation of iPSCs

iPSCs were cultivated in Geltrex-coated plates with E8 medium. When the cell confluence
reached 85%, cells were passaged into new plates. In Brief, E8 medium supplemented
with 2 uM TZV (E8 + TZV medium), Versene, and Geltrex-coated plates were warmed up
to 37°C. Cells were washed once and then incubated in Versene for 6 min at room
temperature (RT). After removal of Versene, cell cluster or single cells were resuspended
with E8 + TZV medium and divided into new plates with a splitting ratio ranging from 1:6 to
1:10. On the next day, the medium was changed to E8 medium without TZV and refreshed
daily until next splitting.
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3.2.1.3 Cryopreservation and thawing of iPSCs

To cryopreserve iPSCs, E8 + TZV medium and iPSC cryopreservation medium were
prewarmed to RT, and Versene was warmed up to 37°C. Cells were washed once with
Versene and incubated with Versene for 6 min. After Versene removal, cells from one well
of a 6-well plate were resuspended in 0.75 ml of E8 + TZV medium and transferred into a 2
ml cryo tube. After this step, 0.75 ml of iPSC cryopreservation medium was added into the
tube drop-wisely and the content was mixed gently. The cells were kept overnight at —80°C
in a freezing box, containing isopropanol, allowing controlled freezing at —1°C per min.
The following day, the cryo tubes were stored in a liquid nitrogen tank vapor for extended
storage.

To thaw iPSCs, frozen cells were transferred from the liquid nitrogen tank in a water bath
at 37°C. The cell suspension was added slowly into a 15 ml Falcon tube containing 10 ml
cold E8 medium and centrifuged at 200 x g for 5 min. After aspiration of the supernatant,
the cell pellet was resuspended in 3 ml prewarmed E8 + TZV medium and divided into two
wells (1 ml for one well and 2 ml for another well). Another 1 ml medium was added into

each well. Daily E8 medium change was performed until splitting was needed.

3.2.1.4 Directed differentiation of iPSCs into cardiomyocytes

For direct differentiation of iPSCs into ventricular CMs, the standardized protocol was used
as previously described (Cyganek et al., 2018). In Brief, iPSCs cultured on Geltrex were
transferred into 12-well plates and homogeneously distributed. When the confluence of
iPSCs reached approximately 90%, directed differentiation was initiated (d0) by changing
the medium from E8 to the cardio differentiation medium supplemented with 4 uM
CHIR99021, a glycogen synthase kinase 3 (GSK3) inhibitor that induces activation of
canonical WNT signalling. According to the protocol shown in Fig. 7, 48 hours after initiation
of the differentiation, the medium was replaced by the cardio differentiation medium
supplemented with 5 uM of the WNT pathway inhibitor IWP2 and changed again after 48
hours with cardio differentiation medium. At day 8, medium was replaced by B27 medium

und refreshed daily until day 15. First beating CMs were observed at day 8-10.
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Figure 7. Schematic illustration of iPSC differentiation into CMs. iPSCs were differentiated into
CMs by manipulating the WNT pathway. 20 days post-differentiation, iPSC-CMs were cultured in
either B27 or F2 medium for additional 40 days or in F2+ or F3+ medium for additional 28 days.

3.2.1.5 First digestion of iPSC-CMs

For further maturation, iPSC-CMs were replated into 6-well plates at a low density (Fig. 7).
At day 15 (d15) post-differentiation, iPSC-CMs were first incubated with collagenase Il (46
U/ml) for 2-3 hours to allow cell detachment from the plates and dissociated into single cells
by adding 0.25% Trypsin/EDTA. Next, trypsination was neutralized by adding the double
amount of CM digestion medium, and the cell suspension was pelleted by centrifugation at
200 x g for 5 min. Finally, cells were resuspended in CM digestion medium, filtered through
a 100 pym cell strainer and seeded at a density of 1,000,000 cells/well onto Geltrex-coated
6-well plates. At day 16, the CM digestion medium was changed to B27 medium and the
iPSC-CMs were cultured in B27 medium until day 20, with the medium change every other

day.

3.2.1.6 Cryopreservation and thawing of iPSC-CMs

iPSC-CMs with high purity were cryopreserved at day 15 post-differentiation. As previously
described in 3.2.1.5, iPSC-CMs were detached with collagenase Il and dissociated into
single cells with 0.25% trypsin/EDTA. After centrifugation, the supernatant was removed,
and the cell pellet was resuspended at a density of 4 million cells per 0.75 ml in FBS. Next,
cell suspension was transferred into cryo tubes (0.75 ml/tube), and another 0.75 ml of CM
cryopreservation medium was added dropwise into every tube. Finally, the cryo tubes
containing the cells were kept overnight at —80°C in a freezing box and then transferred into
liquid nitrogen tank. To thaw the cells, the cryo tube was warmed up in a water bath (37°C)
until only a small part of ice remained and the cell suspension was added into a 15-ml

Falcon tube containing 10 ml of cold B27 medium. Next, DMSO containing supernatant was
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removed by centrifugation and the cell pellet was resuspended in 4 ml of CM digestion
medium and replated into two wells of a Geltrex-coated 6-well plate. On the next day, the
CM digestion medium was replaced with B27 medium, and the cells were cultured in B27

until day 20, with the medium change every second day.

3.2.1.7 Long-term culture of iPSC-CMs

To achieve CM maturation and to study the effect of different metabolic conditions, CMs
were cultivated in different media from day 20 on, as shown in Fig. 7 and Table 19. To
examine the long-term effect of leptin on CM metabolism, leptin (1.24 nM and 100 nM) was
added to F2+ and F3+ medium, respectively, before use. In addition, half amount of medium
was added freshly to the culture on the next day. The media of iPSC-CMs cultured under
different conditions were replaced every second day until the cells were used for different

experiments.

Table 19: List of components in different metabolic media

Components B27 F2 F2+ F3+

Fatty acid - 0.5% Albumax  0.5% Albumax 0.5% Albumax
KOSR - 1% 1% 1%

Glucose 11 mM 7 mM 7 mM 11 mM

Insulin 700 nM 50 nM 50 nM 700 nM
Sodium L- - 0.8 mM 0.8 mM 0.8 mM
lactate (= 99%)

L-Glutamine 2mM 4 mM 4 mM 4 mM

Leptin - - 1.24 nM 100 nM

3.2.1.8 Second digestion of iPSC-CMs

For the measurement of oxygen consumption rate (OCR) and extracellular acidification rate
(ECAR), iPSC-CMs cultured under B27, F2, F2+, or F3+ medium conditions were digested
again one week before the experiments. In Brief, iPSC-CMs cultured in different media were
detached with collagenase Il and dissociated with 0.25% trypsin/EDTA. Single-cell
suspensions were obtained using a 100 ym strainer and iPSC-CMs were seeded at a
density of 15,000 cells/well on a Geltrex-coated Seahorse XF 96-well plate in CM digestion
medium. One day later, the medium was replaced with B27, F2, F2+ or F3+, respectively,
and the cells were allowed to recover for seven days before starting the experiment. For the

evaluation of lipid droplets accumulation, iPSC-CMs cultured under F2+ or F3+ medium
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were digested again one week prior to the experiments as described above. iPSC-CMs
were seeded at a density of 30,000 cells/well on a Geltrex-coated 24-well plate with glass
bottom and polymer coverslip in CM digestion medium. One day later, the medium was
replaced with F2+ or F3+, respectively, and the cells were allowed to recover for seven days

before starting the experiment.

3.2.1.9 Collection of cell pellets for molecular experiments

To collect pellets of iPSCs or iPSC-CMs for the molecular analysis, cells were first washed
twice with cold PBS and then carefully scraped off the plate. Next, cells were gently
transferred into a 1.5 ml tube, centrifuged for 5 min at 2,000 x g and snap frozen in liquid

nitrogen. Collected cell pellets were stored at —80°C until further use.

3.2.2 Gene expression analyses

3.2.2.1 RNA isolation

Total mMRNA was isolated and purified using the SV total RNA isolation system according
to the manufacturer’s instructions. Depending on the cell pellet size, samples were lysed in
500-800 ul RNA lysis buffer. After purification, mMRNA was eluted into 20 pl nuclease-free
H20. The concentration of isolated RNA was measured with the Nanodrop and adjusted to

50 ng/ul. The RNA was used for reverse transcription reaction or stored at —80°C.

3.2.2.2 Reverse transcription reaction

To obtain single-stranded complementary DNA (cDNA), total mRNA was transcribed by
reverse transcription reaction. Components used for one reverse transcription reaction are
listed in Table 20.
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Table 20: List of components for reverse transcription reaction

Components 20 pl final volume
10 x PCR buffer Il 2 ul
25 mM MgCl; 4
100 mM dNTPs 1l
RNase inhibitor (20 U/ul) 1l
50 uM Oligo d(T)1e 1l
MuLV Reverse transcriptase (50 U/ul) 1l
200 ng RNA in nuclease-free H.O 4 ul
Nuclease-free H.O 6 ul

cDNA synthesis was performed in a PCR-cycler using the following program:

Temperature Time
22°C 10 min
42°C 50 min
95°C 10 min
4°C oo

Following the addition of 20 pl nuclease-free H20, synthesized cDNA (5 ng/ul) was stored
at —20°C until further use for RT-PCR or gPCR.

3.2.2.3 Reverse transcription polymerase chain reaction (RT-PCR)

Components needed to amplify certain cDNA fragments are listed in Table 21.

Table 21: List of components for PCR

Components for PCR 25 pl final volume
cDNA (5 ng/pl) 1ul

Nuclease-free H.O 15.88 ul

5 x Green GoTaq reaction buffer 5ul

10 mM dNTPs 1l

"Forward primer (10 uM) 1l

'Reverse primer (10 uM) 1l

GoTaqg G2 DNA polymerase (5 U/ul) 0.13 pl

'Exact primer sequences for cDNA amplification are listed in Table 14.
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The reaction was conducted in a PCR-cycler using the following program:

Step Temperature Time Repeats
Denaturation 95°C 2 min 1
95°C 30 sec
Annealing 60°C 30 sec 35
Elongation 72°C 45 sec
10 min 1
Final step 4°C 0 1

'Exact annealing temperature for cDNA amplification are listed in Table 14.

3.2.2.4 Quantitative real-time polymerase chain reaction (QPCR)
Quantitative real-time polymerase chain reaction (qQPCR) was performed to quantify mRNA
expression levels. gPCR reaction was performed in 96-well plates with three replicates of

each sample. The gPCR reaction mixture was prepared as listed in Table 22.

Table 22: List of components for gPCR

Components 20 pl final volume
SYBR™ Green PCR Master Mix 10
Nuclease-free H.O 3ul

Forward primer (1.67 uM) 3 ul

Reverse primer (1.67 uM) 3ul

5 ng cDNA in nuclease-free H>O 1ul

After adding the reaction mixture to the 96-well plate, the plate was centrifuged at 200 rpm
for 1 minute. Amplification of the targeted genes was achieved in a qPCR cycler using the

following program:

Temperature Time Repeats
95°C 30 sec 1

95°C 15 sec

60°C 1 min 45

65°C to 95°C Melting curve 1

4°C o0 1

'Exact melting temperatures for different genes are listed in Table 15.
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The gPCR data including melting curve and cycle threshold value (Ct) were obtained using
CFX manager software. Data were exported in MS Excel and normalized C+ values were
calculated using the 2ACT [2ACT of target gene = 2(average CT value of target gene — average CT value of reference

gene)] method to analyse the mRNA expression in iPSCs and iPSC-CMs.

3.2.3 Generation of LEPR"*-iPSC lines by using CRISPR/Cas9

Fig. 8 illustrates the procedure for generating and characterising iPSC lines with a mutation
in LEPR using the CRISPR/Cas9 technology, which includes 7 steps described in more
details below.

@ crRNA:tracrRNA duplex formation @ gRNA

+ tracrRNA tracrRNA
® o
crRNA ATTO-550 crRNA ATTO-550

@ Doxycycline induced Cas9 activation @ gRNA transfection

Cas9 activated
iPSCs

gRNA transfection Colony picking and Sequencing and data
efficiency analysis expansion analysis

Figure 8. Workflow of LEPR2-iPSC generation and characterization using the CRISPR/Cas9
technique. (1-2) Universal tracrRNA oligo fluorescently labelled with ATTO™-550 was mixed with
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crRNA which contains a specific target region in the genome for the formation of crRNA:tracrRNA
duplex (guide RNA). (3) Cas9 was activated by doxycycline in inCas9-iPSCs and, after 24 hours, (4)
the guide RNA (gRNA) was transfected into inCas9-iPSCs by electroporation. (5) The gRNA
transfection efficiency of inCas9-iPSCs was analysed by fluorescence microscopy. (6) iPSC colonies
were picked mechanically and transferred into Geltrex-coated 96-well plates or 48-well plates,
depending on the colony size. Cells were then expanded and a confluent well of each colony was
used for pellet collection for DNA extraction. (7) Sequencing and data analysis was conducted to
characterize the clones with specific LEPR mutations in exon 17.

3.2.3.1 Design and formation of a guide RNA specific for LEPR

To generate iPSCs with a patient-specific LEPR mutation, a guide RNA (gRNA) was
designed with the sequence analysis online software Benchling and provided by a
specialized company in genome editing (Integrated DNA Technologies, IDT). CCTOP, a
CRISPR/Cas9 target online predictor software, was used to predict the gRNA efficiency and
to check for off-target genes (Stemmer et al., 2015). For this purpose, the sequence of
human LEPR (ENSG00000116678, Ensembl) in the region of exon 17 (LEPR, CCDS631,
Ensembl) was examined for available PAM (protospacer adjacent motifs). The crRNA was
selected based on its proximity to the catalytic domain and the smallest possible number of
off-targets (Table 23). The sequence specific CRISPR RNA (crRNA) and a conserved,
transactivating crRNA (tracrRNA) were used to create crRNA:tracrRNA duplex following the
manufacturer instruction. Briefly, 2 nmol crRNA was resuspended in 20 ul nuclease-free
duplex buffer, while the 20 nmol trascrRNA was resuspended in 200 pl nuclease free duplex
buffer, to obtain a final concentration of 100 uM for each oligonucleotide. The tracrRNA and
the crRNA were mixed in equimolar concentration to create the crRNA:tracrRNA duplex

with 50 uM final concentration.

Table 23: gRNA sequence and off-target prediction

Name CRISPR-binding site Calculated Order number
off-targets

Alt-R CRISPR-Cas9 AATGGGGATAAAATGATCTG 3 atn=2 IDT #3026685

crRNA-LEPR AGG mismatches

Alt-R CRISPR-Cas9 Universal 67nt RNA sequence IDT #1075928

tracrRNA, ATTO™ to form the gRNA

550

Alt-R CRISPR-Cas9 tracrRNA is labelled with a red fluorescent dye (ATTO™-550) to detect positive
transfected cells. Off-targets with up to n=4 mismatches were calculated with CCTOP.
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3.2.3.2 Transfection of human induced pluripotent stem cells

For generation of LEPRY2-iPSC lines, two indCas9-iPSC lines (inCas9-isWT1.14 and
inCas9-isWT7.22) were thawed as previously described in 3.2.1.3 and expanded under
puromycin (10 pg/ml) to select puromycin-resistant inCas9-iPSCs. Doxycycline (400 ng/ml)
was added to the E8 medium 24 hours before transfection to induce Cas9 activation.
InCas9-iPSCs were transfected with crRNA:tracrRNA duplexes of LEPR using the Human
stem cell Nucleofection kit 2. Hereby, inCas9-iPSCs with confluence about 50-70% were
washed once and incubated with Versene for 6 min until the cells detached. The cell number
was counted using a cell counting chamber and 2x108 single cells were centrifuged at 200
x g for 5 min. After the supernatant was removed, the cell pellet was re-suspended in a
mixture of nucleofection buffer A (82 pl) and B (18 pl) with the addition of 2 pl
crRNA:tracrRNA duplexes of LEPR (50 uM) and transferred into the Nucleofector cuvette.
The cuvette was placed in the Nucleofector Il device and program B-016 was started. The
transfected cells were transferred dropwise at 200, 300 or 500 cells/well into a 6-well plate
containing E8 medium supplemented with TZV and doxycycline (400 ng/ml). After 24 hours

the medium was changed with E8 medium.

3.2.3.3 Expansion of cell clones edited by CRISPR/Cas9

First colonies were observed five to seven days post-plating. iPSC colonies were picked
mechanically and transferred into Geltrex-coated 96-well plates or 48-well plates,
depending on the colony size. When colonies were large enough (usually after 5-7 days of
culture), each colony was passaged into a well of a 48-well plate as described in 3.2.1.2.
Confluent 48-well plates were transferred into two wells of a 24-well plate or in one well of
a 12-well plate and were further expanded as described in 3.2.1.2. Confluent wells were
used for pellet collection for DNA extraction or for cryopreservation as described previously
in 3.2.1.6.

3.2.3.4 Genomic DNA isolation and purification

Genomic DNA (gDNA) from iPSCs was isolated and purified using the PureLink Genomic
DNA Mini Kit following the manufacturer’s instructions. After purification, gDNA was eluted
into 25 pl nuclease-free H>O and the concentration of the isolated gDNA was measured

with the Nanodrop. The gDNA samples were stored at —80°C until further use.
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3.2.3.5 gDNA and cDNA sequencing
To amplify the target gene, the gDNA or cDNA sequence was amplified by PCR using the

components listed in Table 24.

Table 24: List of PCR components for gDNA or cDNA sequencing

Components 50 pl final volume

5 x Green GoTaq reaction buffer 10

10 mM dNTPs 1l

"Forward primer (10 uM) 2.5 ul

'Reverse primer (10 yM) 2.5 ul

GoTaq G2 DNA polymerase (5 U/ul) 0.25 ul

DNA or cDNA 0.4 ug gDNA or 10 ng cDNA
Nuclease-free H,O Required volume to reach 50 pl

'Exact primer sequences for gDNA or cDNA amplification are listed in Table 13.

The reaction was conducted in a PCR-cycler using the following program:

Step Temperature Time Repeats
Denaturation 95°C 2 min 1
95°C 30 sec
'Annealing 59-60°C 30 sec 35
Elongation 72°C 45 sec
10 min 1
Final step 4°C 0 1

'Exact annealing temperatures and number of cycles for different genes are listed in
Table 13.

The PCR product was electrophoretically separated on a 2% agarose gel and subsequently
excised with a scalpel. The DNA fragment was then extracted from the agarose gel using
the NucleoSpin Gel and PCR Clean-up extraction kit according to the manufacturer’s
instructions and the DNA concentration was measured using the Nanodrop. The isolated
PCR product was used for gDNA or cDNA sequencing performed by a commercial
sequencing facility (Seqlab-Microsynth, Dresden), for which the samples were prepared

with the components shown in Table 25.
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Table 25: List of components for gDNA or cDNA sequencing

Target PCR Final concentration Primer Nuclease-free
region product of gDNA or cDNA  For or Rev H.0

'LEPR ~600 bp 9 ng/ul

(introns 16-17)

"LEPR ~600 bp 9 ng/ul

(exons 15-19)

"2NA, ~400bp 6 ng/yl Required
Chr8 3l volume to
'PIEZO?2, ~500bp 7.5 ng/pl reach 15 pl
Chr18

'RP13-258015, ~400 bp 6 ng/ul

ChrX

'Exact primer sequences for the sequencing analysis of LEPR and off-target genes are
listed in Table 13.

3.2.4 Protein expression analyses

3.2.41 Stimulation with leptin, insulin, and co-stimulation

To study activation of the leptin and insulin pathway, iPSC-CMs cultured in B27 or F2
medium were starved overnight with starvation medium. After starvation for 24 hours, iPSC-
CMs cultured in B27 medium were acutely stimulated with leptin (1.24 nM) or insulin (50
nM) for 5-, 10- and 15-min, respectively, in starvation medium with the presence of 11 mM
glucose, while iPSC-CMs cultured in F2 medium were stimulated with leptin (1.24 nM) or
insulin (50 nM) for 5-, 10- and 15-min, respectively, in F2 medium without insulin. The
crosstalk between insulin and leptin pathways were studied by co-stimulation with leptin
(1.24 nM) and insulin (50 nM) for 10 min. After stimulation, cells were gently washed with
cold PBS and frozen as described in 3.2.1.9.

3.2.4.2 Western blot
3.2.4.2.1 Lysis of cultured cells

To extract proteins from cultured cells, frozen or freshly collected cell pellets were

resuspended in 80-150 pl cell lysis RIPA buffer. Following resuspension, the samples were
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vortexed and incubated for 30 min on a rotator at 4°C. Afterwards, cell lysates were
centrifuged at 14,000 x g for 20 min at 4°C. The supernatant was transferred into a new
tube for following use. To determine the protein concentrations, 6 ul samples were diluted
with 54 pl MiliQ water and measured using the Pierce BCA protein assay kit according to
the manufacturer’s instructions. Protein concentrations were determined using the best fit
curve method of the loaded protein standards. The protein samples were directly used for
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) or aliquoted and stored at —80°C for
further use. Before SDS-PAGE, a total amount of 30-40 pg protein was mixed with 6 x

Laemmli loading buffer at a final volume of 25 pl and denatured for 5 min at 90°C.

3.2.4.2.2 SDS-polyacrylamide gel electrophoresis

SDS-PAGE was used to separate proteins according to their molecular weight. Precast or
hand-casted gradient gels were used to better resolve a broad range of proteins. To prepare
the hand-casted gel, a separation gel was mixed according to Table 26 and poured into the
space between two glass plates separated by spacers and fixed with clamps. The gel was
covered with a thin layer of isopropanol. After polymerization, isopropanol was removed,
and the stacking gel was prepared accordingly to Table 26 and poured on top of the
separation gel. Once the stacking gel was added, a comb was placed in it to shape the
loading pockets. After polymerization of the stacking gel, the gel was assembled in an
electrophoresis chamber and the chamber was filled with 1 x running buffer. At last,
samples and markers were loaded into the pockets, the electrophoresis was run for 30 min
at 80 V and afterwards for about 90 min at 120 V.

Table 26: Components used to prepare separation and stacking gels

Separation gel 8% 15% Stacking gel 5%

2 Gels 2 Gels

Suitable for >100 20-60

proteins with sizes | kDa kDa

Rotiphorese gel 30 2.6 mi 5ml Rotiphorese gel 30 0.67 mi
1.5 M Tris pH 8.8 26ml | 2.6ml 0.5 M Tris pH 6.8 1.25 ml
MilliQ water 455ml | 2.15ml MilliQ water 2.975 ml
10% SDS 100 pl 10% SDS 50 pl
10% APS 100 pl 10% APS 50 pl
TEMED 10 pl TEMED 5ul
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3.2.4.2.3 Transfer and detection of proteins

Proteins previously separated by SDS-PAGE were transferred onto a nitrocellulose blotting
membrane using a Wet/Tank blotting system. The gel was closely attached with a
nitrocellulose blotting membrane, each side of which was coated with two Whatman paper
and one sponge. Air bubbles between the layers were carefully removed using a roller. The
prepared “sandwich” was fixed in a holder cassette and placed into a transfer apparatus
with 1 x transfer buffer. The transfer took around 2 hours with a current of 0.25 A at 4°C.

After the protein transfer, membranes were stained with ponceau S to check the protein
loading and the equal transfer of all samples. To block unspecific binding, the successfully
transferred nitrocellulose blotting membrane was washed three times with 1 x TBS-T buffer,
and for the detection of phosphorylated proteins the membrane was then incubated in 5%
BSA in 1 x TBS-T buffer for 1 hour at RT. For the detection of total proteins, the
nitrocellulose membrane was blocked in 5% non-fat milk in 1 x TBS-T buffer for at least 1

hour at RT. After blocking, the membrane was incubated with the primary antibody diluted

in 5% BSA (Table 11) overnight at 4°C. Thereafter, the membrane was washed three times
with 1 x TBS-T buffer for 10 min and incubated with the HRP-coupled secondary antibody
diluted in 1 x TBS-T for 1.5 hours at RT. After three washing steps with 1 x TBS-T buffer for
10 min, the membrane was incubated for 2 min with a luminol-based substrate (West Femto)
to detect the protein of interest. Signals were detected by using the imaging Fusion FX
system using the full resolution parameter.

To detect another antigen, the membrane was incubated with a mild stripping buffer for 20
min, washed three times with 1 x TBS-T buffer, and incubated with 5% non-fat milk in 1 x

TBS-T buffer for at least 1 h at RT. After blocking, the membrane was incubated with the

primary and secondary antibodies as described above.

3.2.4.3 Flow cytometry

To assess the purity of iPSC-CMs, flow cytometry was used to quantify the percentage of
CcTNT positive cells at day 60 post differentiation. Dissociated iPSC-CMs were fixed with 4%
PFA at RT for 20 min and centrifuged at 500 x g for 5 min. After centrifugation, iPSC-CMs
were blocked with 1% BSA in PBS for 1 hour at RT. Subsequently, cells were permeabilized
with 0.1% Triton X-100 for 10 min at RT. After washing with PBS, iPSC-CMs were
incubated with directly coupled cTNT-APC at 4°C for 1 hour or stored in 1% BSA for up to
5 days at 4°C. After incubation, samples were washed two times and resuspended in 1%
BSA and analysed by flow cytometry. Negative controls were performed for all individual

samples using isotype-controls. At least 10,000 events were recorded for each sample.
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3.2.4.4 Immunofluorescence staining

Immunofluorescence staining was performed to study the expression of pluripotency
associated proteins in iPSCs. Cells grown on coverslips were used when they reached
approximately 30-40% confluency. After washing three times with PBS, iPSCs were fixed
with 4% PFA for 20 min at RT, followed by washing another three times with PBS.
Unspecific binding sites were blocked with 1% BSA overnight at 4°C. Samples used for
nuclear- and cytoplasmic-protein analyses were permeabilized with 0.1% Triton X-100 for
10 min at RT. After washing three times with PBS, samples were then incubated with
specific primary antibodies overnight at 4°C. Three washing steps were followed by
incubation with the corresponding secondary antibodies in a humidified chamber protected
from light for 1 hour at RT. Nuclei were co-stained with Hoechst 33342 for 10 min at RT.

Immunostaining was visualized with a fluorescence microscope.

3.2.5 Cellular metabolism analyses

3.2.5.1 "C-isotope-assisted glucose metabolic flux studies

To determine the enrichment of the glycolytic intermediate, *C-isotopomer labelling studies
were performed in iPSC-CMs at day 60 post differentiation. iPSC-CMs cultured in B27
medium were initially washed twice with the basal medium (Table 6). To this end, cells were
incubated with 11 mM [U-"3Cg] glucose for 1-, 2- and 3-hours, respectively. To assess the
glycolytic intermediate enrichments dependent from hormone stimulations, iPSC-CMs were
incubated with leptin (1.24 nM), insulin (10 nM) or the combination of leptin (1.24 nM) and
insulin (10 nM) for 1-, 2- and 3-hours, respectively. Cells were quenched at different time
point by a rapid wash with ice-cold PBS and then collected in 150 ul of an ice-cold quenching
solution (Table 10). All samples were lyophilized and resuspended in 50 ul of MilliQ water
prior the LC-MS/MS analysis. The MS data were processed using the EI-Maven software,

as described previously (Avels et al., 2015).

3.2.5.2 Analysis of glycolytic and respiratory capacity

To study the glycolysis and oxidative metabolism, iPSC-CMs were digested and plated in a
Seahorse XF 96-well plate from FluxPack as described in 3.2.1.8. Depending on the assay,
cells were washed and incubated with either Cell Mito Stress or Glycolytic stress medium
(Table 5) for 1 hour at 37°C in COx-free incubator. Afterwards, basal extracellular
acidification rate (ECAR) and oxygen consumption rate (OCR) were measured using the

Seahorse XFe96 Analyzer. To assess specific parameter of the mitochondrial function, the
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Cell Mito stress test assay was used and, injection of 2.5 uM oligomycin, 2 yM carbonyl
cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP), and 0.5 pM of rotenone and
antimycin A was applied, as shown in Fig. 9 (left). Glycolytic stress test assay was used to
evaluate key parameters of the glycolytic function by the injection of 10 mM Glucose, 2.5
MM oligomycin and 50 mM 2-DG, as demonstrated in Fig. 9 (right). Measurements were
carried out in triplicate. Protein concentration was determined using the Pierce BCA protein
assay kit according to the manufacturer’s instructions to normalize the resulted OCR and
ECAR measurements, respectively. Data analysis was performed according to the XF
report generator user guide. Seahorse Cell Mito stress test and Glycolytic stress test

parameter equations were calculated as shown in Table 27 and in Table 28, respectively.

Cell Mito stress test Glycolytic stress test
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Figure 9. Seahorse Cell Mito stress test and glycolytic stress test profile. Representative
Seahorse Cell Mito stress test assay (left side) and glycolytic stress test assay (right side) showing
calculable parameters (adapted from Biorender template).

Table 27: Seahorse XF Cell Mito stress test parameter equations

Parameters Equations

Non-mitochondrial Minimum rate measurement after

oxygen consumption Rotenone/antimycin A injection

Basal respiration (Last rate measurement before oligomycin injection) —

(Non-mitochondrial oxygen consumption)

Maximal respiration (Maximum rate measurement after FCCP injection) —

(Non-mitochondrial oxygen consumption)
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Spare respiratory capacity (Maximal respiration) — (Basal respiration)

Proton leak (Minimum rate measurement after oligomycin injection) —

(Non-mitochondrial oxygen consumption)

Mitochondrial (Last rate measurement before oligomycin injection) —

ATP production (Minimum rate measurement after oligomycin injection)

Table 28: Seahorse XF glycolysis stress test parameter equations

Parameters Equations

Non-glycolytic acidification Minimum rate measurement after 2-DG injection

Glycolysis (Maximum rate measurement before oligomycin injection)

— (Non-glycolytic acidification)

Glycolytic capacity (Maximum rate measurement after oligomycin injection)

— (Non-glycolytic acidification)

Glycolytic reserve (Glycolytic capacity) — (Glycolysis)

3.2.5.3 Analysis of lipid droplet accumulation

Oil-Red-0O staining was performed to analyse lipid droplet accumulation in iPSC-CMs using
the lipid staining kit according to the manufacturer’s instruction. iPSC-CMs were digested
and plated in a 24-well plate with flat and clear bottom for high throughput microscopy as
described in 3.2.1.8. After washing three times with PBS, iPSC-CMs were fixed with 10%
formalin for 30 min at RT, followed by 5 min incubation and two washing steps in MilliQ
water. The fixed iPSC-CMs were then incubated with 60% isopropanol for 5 min before
adding 250 pl of Oil Red O staining solution for 20 min at RT. Stained iPSC-CMs were
washed 3 times with MilliQ water until no excess of stain was observed. To stain the nuclei,
iPSC-CMs were incubate with haematoxylin for 2 min, followed by 3 washing steps with tap

water. Oil Red O staining was visualized with a light microscope.

3.2.6 Statistical analysis

Statistical analyses of the data obtained from all experiments were performed using
GraphPad Prism 9 and results were presented as mean + standard error of the mean (SEM).
The sample size used for each experiment and the methods used for the statistical analysis
were indicated in the figures or figure legends. *: P < 0.05, **: P < 0.01, ***: P < 0.001, ****
P < 0.0001.
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4 Results

4.1 LEPR expression in iPSC-CMs

4.1.1 LEPR expression during cardiac development

To assess how LEPR is expressed during early cardiac development, directed
differentiation of WT-iPSCs into ventricular CMs was initiated (d0) with cardio differentiation
medium and CHIR which determined the activation of the WNT pathway and consequent
mesodermal induction. After 48 hours (d2), inhibition of the WNT pathway with IWP2
induced the formation of cardiac mesoderm (d4-d6). First beating WT-iPSC-CMs were
observed between day 8 and 10 after starting differentiation (Cyganek et al., 2018). For
maturation, WT-iPSC-CMs were cultured in B27 medium for 30, 60 or 90 days, respectively.
LEPR expression was evaluated during the differentiation of iPSCs into spontaneously
beating CMs, and during iPSC-CM maturation. LEPR (exons 9-11) relative expression
showed comparable results among the different stages of cardiac development (d0-d90)
(Fig. 10A, B). To assess whether the LEPR protein expression was enhanced during WT-
iPSC-CM differentiation and maturation, a polyclonal antibody binding the intracellular
region of LEPR (864-881 a.a., Proteintech, personal communication) was applied for
western blot analysis. As shown in Fig. 10C, D, LEPR detection revealed increased LEPR
expression at d30, d60 and d90.

As a summary of this part, LEPR mRNA was expressed already in iPSCs, and expression
levels were not changed significantly during WT-iPSC-CM differentiation and maturation. In
contrast, LEPR protein expression was almost no detectable in iPSCs and during early
cardiac differentiation stages (till day 8) but was found in WT-iPSC-CMs at the maturation

stages.
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Figure 10. Characterization of LEPR expression during differentiation and maturation of WT-
iPSC-CMs. (A, B) Reverse transcription-PCR analyses of WT-iPSCs and WT-iPSC-CMs showing
LEPR (exons 9-11) expression during differentiation (d0-d8) and maturation (d30-d90). LEPR
expression levels were normalized to HPRT (n = 3). (C, D) Western blot analysis of LEPR during
differentiation (d0-d8) and maturation (d30-d90) of WT-iPSC-CMs. Protein levels of LEPR were
normalized to GAPDH (d0: n = 6; d2-d4-d6-d8-d30-d60: n = 3; d90: n = 6). *P < 0.05; **P < 0.01 d30,
d60 and d90 vs. dO by using the Kruskal-Wallis with the Dunn's multiple comparison test.

4.2 Generation and characterisation of iPSC lines with LEPR mutations using
CRISPR/Cas9 genome editing

4.2.1 LEPR-targeted gene editing in WT-iPSCs with the CRISPR/Cas9 system

To generate iPSC lines with mutations in LEPR, known in patients with early-onset obesity,
CRISPR/Cas9 genome editing was used as a tool. The mutation ¢.2396-1G>T before the
exon 17 results in an abnormal splicing of the LEPR transcript by the skipping of exon 17,
based on in silico data (Farooqi et al., 2007). To achieve this goal, two WT-iPSC lines
(inCas9-isWT1.14; inCas9-isWT7.22) harbouring doxycycline inducible Cas9 coupled with
GFP, previously generated in our lab, were used. A 20-nt crRNA was designed covering
the position of ¢.2396-1 starting at the end of the intronic region and the beginning of LEPR
exon 17 (position +65619925 to +65619944 of the genomic sequence). For gRNA formation,
crRNA and ATTO™-550-labelled tracrRNA was prepared in nuclease-free duplex buffer.
Both isWT1.14 and isWT7.22 were transfected with crRNA:tracrRNA duplexes using the

Lonza nucleofection system. As shown in Fig. 11, the gRNA was efficiently introduced into
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WT-iPSCs. In addition, doxycycline-dependent Cas9 induction (GFP+) in both inCas9-
iSWT1.14 and -isWT7.22 iPSCs was successfully demonstrated (Fig. 11A, B).

A

inCas9-isWT1.14

inCas9-isWT7.22

Figure 11. Transfection efficiency of gRNA in iPSCs. Representative fluorescence microscopy
images probing for doxycycline (400 ng/ml) dependent Cas9 induction (GFP, green) and gRNA
transfection (ATTO™-550, red) in inCas9-isWT1.14 (A) and -isWT7.22 (B) iPSCs. Scale bar, 100
pm.

To obtain single clones, iPSC colonies were picked mechanically. To assess the efficiency
of editing of the CRISPR/Cas9 targeted region, genomic DNA was extracted from 24 and
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11 colonies picked from the gRNA-transfected culture of inCas9-isWT1.14 and -isWT7.22
iPSCs, respectively. Afterwards, the CRISPR/Cas9 targeted LEPR region was amplified
and sequenced. In total, 15 and 4 pure clones with LEPR mutations were obtained from
inCas9-isWT1.14 and -isWT7.22 iPSCs, respectively. As shown in Fig. 12A, B,
CRISPR/Cas9 targeted pure clones presented insertion or deletion in the gRNA-targeting
region including the acceptor splicing site of exon 17. The CRISPR/Cas9 targeted clones
1B2, 3D4, 4B1 (1B2-, 3D4-, 4B1-LEPR"%) derived from inCas9-isWT1.14 (Fig. 11A) and
1E6 (1E6-LEPR*%) from inCas9-isWT7.22 (Fig. 11B) are homozygous with an insertion of
“A” in exon 17 which led to a reading frameshift, a formation of a premature termination
codon (PTC), and thus a truncated protein. Homozygous clone 1A2 displayed a 258-bp
deletion in both alleles and was generated from inCas9-isWT1.14 iPSC line. Two clones
obtained from inCas9-isWT1.14-iPSCs are with compound heterozygous deletions: 3D1
clone with a deletion of 17 bp in one allele and a deletion of 16 bp in the second allele, and
4E2 clone with a deletion of 5 bp in one allele and a deletion of 19 bp in the second allele.
These three colonies derived from inCas9-isWT1.14 iPSCs (1A2-, 3D1-, 4E2- LEPR"-
iPSCs) included the deletion of the acceptor splicing site of exon 17, resulting in an
abnormal splicing of the LEPR transcript by the skipping of exon 17 similar to the mutation

known in early-onset obesity patients.

A
Sequence
gRNA targeting
region in LEPR Allele 1: 5-TTCTCCTCAGATCATTTTATCCCCATT-3
Allele 2: 3-AAGAGGAGTCTAGTAAAATAGGGGTAA-5
Origin Clones | Sequence
1A1; Allele 1: 5-TTCTCCTCAGAATCATTTTATCCCCATT-3
1D4 Allele 2: 3-AAGAGGAGT- - - - - AAAATAGGGGTAA-5’
1A2 Allele 1: 5- 258 bp deletion ATT -3’
Allele 2: 3- 258 bp deletion TAA -5
inCas9- | 1B2; Allele 1: 5- TTCTCCTCAGAATCATTTTATCCCCATT -3’
iSWT1.14 | 3D4;4B1 | Allele 2: 3'- AAGAGGAGTCTTAGTAAAATAGGGGTAA -5’
1D2; Allele 1: 5- TTCTCCTCAGAATCATTTTATCCCCATT -3
1E4 Allele 2: 3- AAGAGG - - - - - - - - - ------ GGTAA -5
1D3 Allele 1: 5- TTCTCCTCAGAATCATTTTATCCCCATT -3
Allele 2: 3- AAGAGGAGT- - - GTAAAATAGGGGTAA -5
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1E1 Allele 1: 5- TTCTCCTCA -----TTTTATCCCCATT -3
Allele 2: 3- AAGAGGAGTCT ------------ GTAA -5

1F1 Allele 1: 5- TTCTCCTCAGAATCATTTTATCCCCATT -3’
Allele 2: 3- AAGAGGAGTCTTTTAGTAAAATAGGGG -5’

1F2 Allele 1: 5- TTCTCCTCAGAATCATTTTATCCCCATT -3
Alele 2: 3-TT---------------- TAGGGGTAA -5’

3B2 Allele 1: 5- TTCTCCTCAGAATCATTTTATCCCCATT -3
Allele 2: 3- AAGAGGAGT - - - ----------n-- AA -5

3D1 Allele 1: 8- T-------mnoomoon- ATCCCCATT -3’
Allele 2: 3-TT-----=---------- TAGGGGTAA -5’

4E2 Allele 1: 5- TTCTCCTCA ----- TTTTATCCCCATT -3
Allele 2: 3'- 19 bp deletion AATAGGGGTAA -5’

B
Origin Clones | Sequence

1A4 Allele 1: 5- TTCTCCTCAGAAACATTTATCCCCATT -3
Allele 2: 3'- AAGAGGAGTCTTTGTAAATAGGGGTAA-Y
1C4 Allele 1: 5- TTCTCCTCAGAATCATTTTATCCCCATT -3’
inCas9- Allele 2: 3'- AAGAGGAGT - - AGTAAAATAGGGGTAA -5’
isSWT7.22 | 1E6 Allele 1: 5- TTCTCCTCAGAATCATTTATCCCCATT -3
Allele 2: 3'- AAGAGGAGTCTTAGTAAATAGGGGTAA -5
1F6 Allele 1: 5- TTCTCCTCAGAATCATTTATCCCCATT -3
Allele 2: 3'- AAGAGGAGTCTTCATAAAATAGGGGTAA -5

Figure 12. Screening of CRISPR/Cas9-edited cell clones. In total, 15 and 4 pure clones
transfected with the gRNA targeting LEPR were sequenced from inCas9-isWT1.14 and -isWT7.22,
respectively. (A, B) All clones presented homozygous or heterozygous mutations in the gRNA-
targeted region including the splicing acceptor site of exon 17. The maijority of the clones presented
a heterozygous mutation with an insertion of an “A” in one allele and deletions in the second allele
(1A1; 1D4; 1D2; 1E4; 1D3; 1F2; and 3B2 from inCas9-isWT1.14 and 1C4 from inCas9-isWT7.22).
Two of the clones showed a heterozygous mutation with a different number of base pair insertions
in one allele compared to the second (1F1 from inCas9-isWT1.14; and 1F6 from inCas9-isWT7.22).
Three of the clones showed a heterozygous mutation with a different number of base pair deletions
in one allele compared to the second (1E1; 3D1; and 4E2 from inCas9-isWT1.14). Five of the clones
presented a homozygous mutation with a big deletion (1A2) or with a single base pair insertion (1B2;
3D4; 4B1; from inCas9-isWT1.14 and 1E6 from inCas9-isWT7.22). gRNA binding site (PAM) is
showed in green, splicing site of the LEPR exon 17 is underlined and the exonic region is showed in
blue, while the insertions are showed in red.

As confirmed by gDNA sequence chromatograms of 1B2 and 1E6 LEPR*:-iPSCs
compared with inCas9-isWT1.14 and -isWT7.22, respectively, a homozygous mutation in
LEPR with an insertion of “A” in exon 17 (c.2396insA) was observed (Fig. 13A, C).
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Figure 13. Verification of the single base insertion in exon 17 of LEPR in LEPRY*-iPSC lines
using the gDNA sequencing. (A, B) Sequence chromatograms (A) of gDNA amplified using the
primer set LEPR (introns 16-17) (B) in 1B2 LEPRA2-iPSCs compared with the isogenic control
(inCas9-isWT1.14 iPSCs) revealed a homozygous mutation in LEPR with an insertion of “A” in exon
17 (c.2396insA). (C, D) An identical homozygous mutation in exon 17 of LEPR (c.2396insA) was
obtained in 1E6 LEPRA2-iPSCs as showed by the comparison with the isogenic control (inCas9-
isWT7.22 iPSCs).

To further confirm the insertion occurs within exon 17 and does influence the splicing of
exon 17, cDNA sequence chromatograms of 1B2 and 1E6 LEPR**-iPSCs were compared
with the control sequences of inCas9-isWT1.14 and inCas9-isWT7.22, respectively. As
expected, a nucleotide insertion of A in exon 17 of LEPR was observed in both 1B2 and
1E6 LEPRY2-iPSCs which leads to the conversion of aspartic acid (Asp) to glutamic acid
(Glu) at position 799 of the protein and a formation of a PTC (D799Efs*7), thus a truncated
protein (Fig. 14A, B). Reverse transcription-PCR analyses of cDNA using the primer set
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designed for exons 15-19 demonstrate similar cDNA products between 1B2 and 1E6
LEPRYA-iPSCs and their respective isogenic controls (Fig. 14C, D).
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Figure 14. Verification of the single base insertion in the LEPR cDNA of 1B2 and 1E6 LEPR""-
iPSC lines. (A, B) Comparison of 1B2 and 1E6 LEPR~2-iPSC cDNA sequence chromatograms with
the sequences of the isogenic controls inCas9-isWT1.14 and inCas9-isWT7.22, respectively,
showed a nucleotide insertion of A in exon 17 of LEPR leading to a frameshift mutation. The resulted
shift of the open reading frame leads to the conversion of aspartic acid (Asp) to glutamic acid (Glu)
at position 799 of the protein and a formation of a premature stop codon (D799Efs*7). (C, D) Reverse
transcription-PCR analyses of cDNA using the primer set targeting LEPR (exons 15-19) in 1B2 and
1E6 LEPR~2-iPSCs compared to their isogenic controls.

Since the designed gRNA was predicted to have potential off-target effects with n=2
mismatches in three regions of the human genome including Chr8 (gene NA), Chr18 (gene
PIEZO2) and ChrX (gene RP13-258015.1) using the CRISPR/Cas9 target online predictor

63



Results

(CCTOP), gRNA potential off-target effects in 1B2 and 1E6 LEPR~*-iPSC lines were

analysed by sequencing.

As shown in Figs. 15 to 17, sequence chromatograms of genomic DNA amplified for Chr8
(gene NA) (Fig. 15A, B), Chr18 (gene PIEZOZ2) (Fig. 16A, B), and ChrX (gene RP13-
258015.1) (Fig. 17A, B) in 1B2 and 1E6 LEPR2-iPSCs were identical to the control
sequences of inCas9-isWT1.14 and inCas9-isWT7.22, respectively, indicating no off-target

effects. PCR analyses of genomic DNA using primer sets specific for Chr8 (gene NA) (Fig.
15C, D), Chr18 (gene PIEZO2) (Fig. 16C, D), and ChrX (gene RP13-258015.1) (Fig. 17C,
D) identify similar PCR products between 1B2 and 1E6 LEPR2-iPSCs and their respective

isogenic controls.
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Figure 15. Genomic DNA sequencing analysis of gRNA potential off-target effects in Chr8. (A,
B) 1B2 and 1E6 LEPR*2-iPSC sequencing chromatograms for Chr8 (gene NA) were aligned with
inCas9-isWT1.14 and inCas9-isWT7.22, respectively. (C, D) PCR analyses of gDNA amplified for
Chr8 (gene NA) in 1B2 and 1E6 LEPR4-iPSCs showed no difference when compared with inCas9-
isSWT1.14 and inCas9-isWT7.22, respectively. Mismatches in the gRNA sequence are marked in red.
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Figure 16. Genomic DNA sequencing analysis of gRNA potential off-target effects in Chr18.
(A, B) 1B2 and 1E6 LEPR*2-iPSC sequencing chromatograms for Chr18 (gene PIEZO2) were
aligned with inCas9-isWT1.14 and inCas9-isWT7.22, respectively. (C, D) PCR analyses of gDNA
amplified for Chr18 (gene PIEZO2) in 1B2 and 1E6 LEPR~2-iPSCs showed no difference when
compared with inCas9-isWT1.14 and inCas9-isWT7.22, respectively. Mismatches in the gRNA
sequence are marked in red.
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Figure 17. Genomic DNA sequencing analysis of gRNA potential off-target effects in ChrX. (A,
B) 1B2 and 1E6 LEPR*2-iPSC sequencing chromatograms for ChrX (gene RP13-258015.1) were
aligned with inCas9-isWT1.14 and inCas9-isWT7.22, respectively. (C, D) PCR analyses of gDNA
amplified for ChrX (gene RP13-258015.1) in 1B2 and 1E6 LEPR*2-iPSCs showed no difference
when compared with inCas9-isWT1.14 and inCas9-isWT7.22, respectively. Mismatches in the gRNA
sequence are marked in red.

4.2.2 Loss of LEPR does not alter the pluripotency of LEPRY*-iPSCs

The generated LEPR**-iPSC lines were first evaluated for their pluripotency. Both 1B2 and
1E6 LEPRY2-iPSC lines were positive for the pluripotency markers OCT4, SOX2, LIN28,
NANOG, TRA-1-60, and SSEA4 as observed by immunostaining (Fig. 18A, B), similar to
WT-iPSCs (Géttingen, 2019a, b).
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LEPRY2.1B2

LEPRYA-1EB

Figure 18. Pluripotency characterization of 1B2 and 1E6 LEPR**-iPSC lines. Immunostaining
for the pluripotent markers in 1B2 (A) and 1E6 (B) LEPR-iPSCs. Nuclei were stained with Hoechst
33342. Scale bar, 100 ym.

4.2.3 Loss of LEPR does not alter cardiac differentiation of LEPRY*-iPSCs
Importantly, using the standard directed differentiation protocol, 1B2 LEPR"* -iPSCs were
able to differentiate into spontaneously beating CMs similar to WT-iPSCs. The percentage
of cTNT-positive CMs at day 60 post differentiation of 1B2 LEPR**-iPSC-CMs was
comparable to those in the WT groups under the B27 medium. Both WT- and LEPRY-
iPSC-CMs demonstrated high percentage of CMs (~90%) in B27 medium, indicating that
loss of LEPR does not alter the differentiation efficiency into CMs.
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Figure 19. Analysis of cTNT-positive iPSC-CMs. (A) Representative flow cytometry histograms
(left isotype-control; right cTNT-APC staining) show high population of cTNT-positive CMs in
LEPRAA-iPSC-CMs comparable to WT-iPSC-CMs at day 60 post differentiation in B27 medium. (B)
Quantification for cTNT-positive WT- and LEPR4-iPSC-CMs (WT: n = 4; LEPR¥%: n = 4).

Taken together, the generation of LEPR~2-iPSCs may provide a promising platform for the
investigation of the molecular and metabolic mechanisms driven by LEPR in the heart. To
explore LEPR function in iPSC-CMs, two LEPR~2-iPSC lines with a homozygous LEPR
mutation leading to the formation of truncated LEPR similar to that observed in the patient
were successfully generated and characterized. The data show that loss of function of

LEPR does not affect the initiation of cardiac differentiation from human iPSCs.

4.3 Alterations of leptin and insulin signalling in 1B2 LEPR**-iPSC-CMs
To study the role of LEPR in glucose and fatty acid metabolism of iPSC-CMs, we first
analysed the changes in leptin and insulin signalling in 1B2 LEPR**-iPSC-CMs compared

to WT-iPSC-CMs.

4.3.1 Alterations of LEPR signalling in LEPR**-iPSC-CMs
To assess the LEPR expression in LEPRY*-iPSCs and WT-iPSC-CMs, quantitative real-

time polymerase chain reaction analysis was performed. LEPR (exons 9-11) and (exons
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15-17) mRNA levels were decreased in LEPR>*-iPSC-CMs compared to WT-iPSC-CMs at
d30, d60 and d90 cultured in B27 medium (Fig. 20A, B). To evaluate LEPR protein
expression in LEPRYAPSC-CMs, the antibody targeting the cytoplasmic domain
(Proteintech) was applied for western blot analysis. Although LEPR protein level expression
was lower in LEPR2-iPSC-CMs compared to WT-iPSC-CMs at d30 and d60 cultured in

B27 medium, a band of the same molecular weight was observed.
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Figure 20. LEPR expression in LEPRY*-iPSC-CMs. (A) Quantitative real-time polymerase chain
reaction analysis for LEPR (exons 9-11) in WT- and LEPR~2-iPSCs (d0) and -iPSC-CMs (d30-d90)
cultured in B27 medium (WT: n = 3; LEPR¥2: n = 3). (B) Quantitative real-time polymerase chain
reaction analysis for LEPR (exons 15-17) in WT- and LEPR~A-iPSCs (d0) and -iPSC-CMs (d30-d90)
cultured in B27 medium (WT: n = 3; LEPR#2: n = 3). mRNA levels were normalized to HPRT. *P <
0.05, **P < 0.01; d30, d60 and d90 vs. d0 WT; d30, d60 and d90 vs. d0 LEPR~2; LEPR*2 vs. WT by
using the two-way ANOVA with the Sidék's multiple comparison test. (C, D) Representative western
blot and quantification of LEPR in WT- and LEPR*2-iPSC-CMs cultured in B27 medium (WT: n = 3;
LEPRAA: n = 3). Protein levels were normalized to GAPDH.

Although the B27 medium represent a well-established medium to cultivate iPSC-CMs, it
discloses limitations for studying CM metabolism due to its high concentrations of insulin
(700 nM) and glucose (11 mM), but a low concentration of fatty acid. Since leptin is known
to play a critical role in regulating energy metabolism including glucose and fatty acid, to
explore the physiological role of leptin, we generated a new medium (F2) with physiological

concentrations of insulin (50 nM) and glucose (7 mM), and high concentrations of fatty acid
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using Albumax (0.5%). Analysis of LEPR showed slightly lower LEPR expression (Fig. 21A,
B) and reduced JAK2 phosphorylation in LEPRY2-iPSC-CMs in both B27 and F2 medium
compared to those in the WT groups under the same conditions (Fig. 21C, D). These results
indicate that JAK2 phosphorylation is decreased in LEPR**-iPSC-CMs in comparison to
WT-iPSC-CMs under basal conditions.
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Figure 21. LEPR expression and phosphorylation of JAK2 in WT- and LEPRY*-iPSC-CMs in
B27 or F2 medium. (A, B) Representative western blot and quantification of LEPR in WT- and
LEPR2-iPSC-CMs cultured in B27 or F2 medium (WT B27: n = 3; LEPR*2B27: n = 3; WT F2: n =
3; LEPR~2F2: n = 3). Protein levels were normalized to GAPDH. (C, D) Representative western blot
and quantification of changes in the phosphorylation of JAK2 (Tyr1007/1008) in WT- and LEPR#/2-
iPSC-CMs cultured in B27 or F2 medium (WT B27: n = 10; LEPR¥2B27: n = 10; WT F2: n = 10;
LEPRY2F2: n = 10). *P < 0.05; LEPR%2 vs. WT for B27 and F2 as well as B27 vs. F2 for WT and
LEPR~ by using the two-way ANOVA with the Sidak's multiple comparisons test.

To investigate leptin-mediated LEPR signalling activation, 60-day-old WT- and LEPR**-
iPSC-CMs cultured in B27 medium were first applied. To this end, the cells were starved
for 24 hours with the starvation medium (without glucose and without insulin, but with lactate)
and then stimulated with leptin (1.24 nM) in starvation medium with the addition of 11 mM
glucose for 5-, 10- and 15-minutes. LEPR expression in LEPR~2-iPSC-CMs was slightly
reduced compared to that of WT-iPSC-CMs without leptin stimulation (Fig. 22A, B).
However, there was no changes in LEPR expression after leptin stimulation either in WT-
or in LEPR**-iPSC-CMs after leptin stimulation (Fig. 22A, B). Leptin-dependent
phosphorylation of JAK2 (Tyr1007/1008) was also not significantly changed either in WT-
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or in LEPRY:-iPSC-CMs after leptin stimulation (Fig. 22C, D). The difference in
phosphorylation of JAK2 between WT- and LEPR»2-iPSC-CMs cultured in B27 medium (Fig.
21D) was not observed when the cells were starved overnight, suggesting a different
glucose- and/or lactate-regulated JAK2 phosphorylation in LEPR**-iPSC-CMs compared
to WT-iPSC-CMs.

A B
2.5
WT LEPRYA WT e
KDa leptin leptin z 2.0+ LEPR
0 5 10 15 0 5 10 15 min. % 1.5
p—— (D
150 Joe e = —= — LEPR 1.0
o
[ o W 0.5-
min. 0 51015 0 5 1015
leptin leptin
C D
WT LEPRYA
KDa Ieptm leptin o 37 WT
10 15 min. =1 LEPRMA
150 2
Tyr1007/Tyr1008 5% 2
100 JAK2(~100KDa) 3
8¢ 1
150 .y JAK2 TS
100 (~130 KDa) (=
min. 0 51015 0 5 1015
37 GAPDH leptin leptin

Figure 22. LEPR signalling in WT- and LEPR”2-iPSC-CMs in B27 medium upon acute leptin
stimulation. (A, B) Representative western blot and quantification of LEPR and (C, D) p-JAK2
(Tyr1007/1008) in WT- and LEPR~A-iPSC-CMs cultured in B27 medium. WT- and LEPR2-iPSC-
CMs were starved overnight and stimulated with leptin (1.24 nM) for 5-, 10- and 15-minutes (min)
(WT B27: n = 3; LEPR¥2 B27: n = 3). LEPR protein levels were normalized to GAPDH, p-JAK2
(Tyr1007/1008) protein levels were normalized to total JAK2.

Given that LEPR signalling was not activated by leptin in WT-iPSC-CMs cultured in B27
medium before (Fig. 22D), changes in LEPR signalling pathway activation were then
analysed in WT- and LEPR~2-iPSC-CMs cultivated in F2 medium upon starvation for 24
hours in starvation medium and acute leptin (1.24 nM) stimulation for 5-, 10- or 15-minutes.
For the acute leptin stimulation, the starvation medium was changed to F2 medium without
insulin. Significantly decreased LEPR expression was observed in starved and non-
stimulated LEPR**-iPSC-CMs compared to WT-iPSC-CMs (Fig. 23A, B). Whereas there
are no any changes in LEPR expression in LEPR»*-iPSC-CMs after leptin stimulation, slight
increases in LEPR protein expression levels were observed in leptin-stimulated WT-iPSC-

CMs. Importantly, leptin stimulation significantly induced the activation of JAK2 in WT-iPSC-
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CMs but not in LEPR*2-iPSC-CMs (Fig. 23C, D), indicating impaired leptin/LEPR-mediated
signalling in LEPR*2-iPSC-CMs. Therefore, LEPR loss of function was demonstrated in
LEPR*2-iPSC-CMs only under the physiological metabolic medium (F2) condition, but not
under the B27 medium condition, indicating that the culture condition represents an

important parameter to study LEPR role in iPSC-CMs.
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Figure 23. LEPR signalling activation in WT- and LEPRY*-iPSC-CMs upon acute leptin
stimulation in F2 medium. (A, B) Representative western blot and quantification of LEPR and (C,
D) p-JAK2 (Tyr1007/1008) in WT- and LEPR~2-iPSC-CMs cultured in F2 medium (WT F2: n = 5;
LEPRY2 F2: n = 5). WT- and LEPR22-iPSC-CMs were starved overnight and stimulated with leptin
(1.24 nM) for 5-, 10- and 15-minutes (min). LEPR protein levels were normalized to GAPDH, p-JAK2
(Tyr1007/1008) protein levels were normalized to total JAK2. 5-, 10- and 15-min. vs. 0 min WT; 5-,
10- and 15-min vs. 0 min LEPR~; LEPR*2 vs. WT; *P < 0.05; **P < 0.01; ***P < 0.001; ****P <
0.0001; by using the two-way ANOVA with the Sidak's multiple comparison test.

4.3.2 Alterations of Insulin signalling in LEPR*2-iPSC-CMs

As leptin and insulin are both known as major regulators of energy homeostasis and play
fundamental roles in metabolic flexibility of CMs, insulin-mediated AKT activation was
studied in iPSC-CMs. To figure out the optimal stimulation duration of insulin, WT-iPSC-
CMs cultivated under F2 medium for 60 days were starved for 24 hours with starvation

medium and then changed to F2 medium with the presence of insulin (50 nM) for 5, 10 and
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15 minutes. Slight insulin-dependent rise in AKT phosphorylation (Ser473) was observed
upon 10-minute insulin stimulation in iPSC-CMs (Fig. 24A, B).
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Figure 24. Assessment of AKT phosphorylation upon insulin stimulation. (A, B) Representative
western blots and quantification of AKT phosphorylation (Ser473) in WT-iPSC-CMs cultured in F2
medium upon acute insulin stimulation (50 nM) for 5-, 10- and 15-minutes (WT F2: n = 3).
Phosphorylated AKT levels were normalized to total AKT. WT-iPSC-CMs were starved overnight
prior to stimulation.

Next, the crosstalk between leptin and insulin pathways was investigated in WT- and
LEPR~2-iPSC-CMs maintained in B27 and F2 medium. Stimulation with leptin (1.24 nM),
insulin (50 nM), and their combination was applied to WT- and LEPR*2-iPSC-CMs for 10
minutes. In general, LEPR expression was slightly lower in non-stimulated LEPR~*-iPSC-
CMs compared to non-stimulated WT-iPSC-CMs in B27 medium (Fig. 25A, B) and more
pronounced in F2 medium (Fig. 26A, B), as also shown above (Fig. 22A, B; Fig. 23A, B).
There is no significant influence of leptin, insulin, or their combination on LEPR expression
in both WT- and LEPR*~-iPSC-CMs cultured either in B27 (Fig. 25A, B) or F2 medium (Fig.
26A, B). Similar to the data shown in Figs. 22C, D and 23C, D, non-stimulated LEPR"*-
iPSC-CMs demonstrated comparable AKT phosphorylation to non-stimulated WT-iPSC-
CMs in B27 (Fig. 25C, D) or F2 medium (Fig. 26C, D) after starvation for 24 hours. Upon
leptin stimulation, no significant changes in AKT phosphorylation were found either in
LEPR~A-iPSC-CMs or in WT-iPSC-CMs in B27 (Fig. 25C, D) or F2 medium (Fig. 26C, D).
However, insulin-dependent phosphorylation of AKT was significantly enhanced in both
WT-iPSC-CMs and LEPR*¥-iPSC-CMs cultured in B27 medium before (Fig. 25C, D), and
in WT-iPSC-CMs cultured in F2 medium before (Fig. 26C, D). A slight but not significant
increase in AKT phosphorylation was observed in LEPRY*-iPSC-CMs, cultured in F2
medium before, after insulin stimulation (Fig. 26C, D). Leptin and insulin co-stimulation led
to a significant increase in AKT phosphorylation in both WT-iPSC-CMs and LEPR**-iPSC-
CMs in B27 (Fig. 25C, D) or F2 medium (Fig. 26C, D). Whereas their effects were slightly
less than insulin stimulation alone in WT-iPSC-CMs in B27 (Fig. 25C, D) or F2 medium (Fig.
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26C, D), this effect was also observed in LEPR**-iPSC-CMs in B27 medium (Fig. 25C, D),
but not in F2 medium (Fig. 26C, D).
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Figure 25. Insulin signalling activation in WT- and LEPR~2-iPSC-CMs upon acute stimulation
with insulin, and leptin, and their co-stimulation in B27 medium. (A, B) Representative western
blots and quantification of LEPR in WT- and LEPR22-iPSC-CMs cultured in B27 medium upon acute
stimulation with leptin (1.24 nM), insulin (50 nM) and their combination. Protein levels were
normalized to GAPDH (WT B27: n = 3; LEPR~2B27: n = 3). (C, D) Representative western blots and
quantification of changes in the phosphorylation of AKT (Ser473) in WT- and LEPR*2-iPSC-CMs
cultured in B27 medium upon acute stimulation with leptin (1.24 nM), insulin (50 nM) and their
combination. Protein levels were normalized to total AKT (WT B27: n = 8; LEPR2AB27: n = 8). **P <
0.01 leptin-, insulin- or leptin and insulin-stimulated WT vs. non-stimulated WT; leptin-, insulin- or
leptin and insulin-stimulated LEPR2/2 vs. non-stimulated LEPR2; LEPR~2 vs. WT by using the two-
way ANOVA with the Sidak's multiple comparison test.

Importantly, the activation of insulin pathway was more pronounced in WT-iPSC-CMs in F2
medium than in B27 medium, as shown by more significant increases in AKT
phosphorylation upon insulin or insulin and leptin co-stimulation. However, insulin-
dependent AKT phosphorylation in LEPR*-iPSC-CMs was not as significantly increased
as in WT-iPSC-CMs in F2 medium, implying an altered insulin signalling in LEPR~-iPSC-
CMs in F2 medium with the presence of glucose and fatty acids (Fig. 26C, D).
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Figure 26. Insulin signalling activation in WT- and LEPR~2-iPSC-CMs upon acute stimulation
with insulin, and leptin, and their co-stimulation in F2 medium. (A, B) Representative western
blots and quantification of LEPR in WT- and LEPR22-iPSC-CMs cultured in F2 medium upon acute
stimulation with leptin (1.24 nM), insulin (50 nM) and their combination. Protein levels were
normalized to GAPDH (WT F2: n = 5; LEPRY2F2: n = 5). *P < 0.05; **P < 0.01 leptin-, insulin- or
leptin and insulin-stimulated WT vs. non-stimulated WT; leptin-, insulin- or leptin and insulin-
stimulated LEPR#2 vs. non-stimulated LEPR*2; LEPR*2 vs. WT by using the two-way ANOVA with
the Sidak's multiple comparison test. (C, D) Representative western blots and quantification of
changes in the phosphorylation of AKT (Ser473) in WT- and LEPR¥2-iPSC-CMs cultured in F2
medium upon acute stimulation with leptin (1.24 nM), insulin (50 nM) and their combination. Protein
levels were normalized to total AKT (WT F2: n = 6; LEPR*2F2: n = 6). *P < 0.05; **P < 0.01; ***P <
0.001; ****P < 0.0001 leptin-, insulin- or leptin and insulin-stimulated WT vs. non-stimulated WT,;
leptin-, insulin- or leptin and insulin-stimulated LEPRA2 vs. non-stimulated LEPR24; LEPR2 vs, WT
by using the two-way ANOVA with the Sidak's multiple comparison test. WT- and LEPRYA-iPSC-
CMs were starved overnight prior to stimulation.

4.4 Alterations of metabolic flexibility in LEPR*2-iPSC-CMs

4.4.1 Expression of metabolic markers in WT- and LEPR”~2-iPSC-CMs

To assess the metabolic phenotype of WT- and LEPR*2-iPSC-CMs maintained in B27 and
F2 medium, the expression of genes involved in the uptake and metabolism of glucose and
fatty acids was analysed. In WT-iPSC-CMs, mRNA expression of the glucose transporters
GLUT-1 (Fig. 27A) and GLUT-4 (Fig. 27B) was significantly higher when cultured in F2

medium when compared with B27 medium. While the expression of the fatty acid
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transporter CD36 was comparable in WT-iPSC-CMs cultured in B27 and F2 medium (Fig.
27C), the expression of another fatty acid transporter CPT7-B encoding an integral outer
mitochondrial membrane protein was enhanced in WT-iPSC-CMs cultured in F2 compared
to B27 medium (Fig. 27D). In LEPR¥2-iPSC-CMs, only slight increases in GLUT-1 and
GLUT-4 were observed when cultured in F2 medium compared with B27 medium (Fig. 27A,
B) whereas CD36 expression was similar in these two media (Fig. 27C). Similar to WT-
iPSC-CMs, significantly higher CPT1-B expression was observed in LEPRY2-iPSC-CMs
cultured in F2 medium compared to those in B27 medium (Fig. 27D). Notably, GLUT-1,
GLUT-4 and CD36 expression was slightly lower but CPT1-B expression was slightly higher
in LEPRY2-iPSC-CMs compared to WT-iPSC-CMs when cultured in F2 medium (Fig. 27),
suggesting that LEPR loss of function in iPSC-CMs may influence the uptake and

metabolism of glucose and fatty acids.
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Figure 27. mRNA expression of metabolic markers in WT- and LEPR*-iPSC-CMs in B27 and
F2 medium. Direct comparison of (A) GLUT-1, (B) GLUT-4, (C) CD36, and (D) CPT1-B expression
in WT- and LEPR22-iPSC-CMs cultured in B27 or F2 medium (WT B27: n = 3; LEPR¥2B27: n = 3;
WT F2: n = 3; LEPR¥2 F2: n = 3). mRNA levels were normalized to HPRT. *P < 0.05; **P < 0.01
LEPRAA vs. WT for B27 and F2 as well as B27 vs. F2 for WT and LEPR#2 by using the two-way
ANOVA with the Sidak's multiple comparisons test.

Another important player in CM energy homeostasis is AMPK, which is known to regulate

glucose and fatty acid uptake and oxidation when AMP/ATP ratio is high (Bairwa et al.,
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2016). AMPK phosphorylation (Thr172) levels were comparable in WT-iPSC-CMs cultured
in B27 and F2 medium, while AMPK activation was significantly lower in LEPR**-iPSC-CMs
in F2 medium compared to those cultivated in B27 medium (Fig. 28A, B). Moreover,
significantly higher AMPK activation was shown in LEPR2-iPSC-CMs compared to WT-
iPSC-CMs in B27 medium (Fig. 28A, B), but slightly lower in LEPR~2-iPSC-CMs compared
to WT-iPSC-CMs in F2 medium (Fig. 28A, B).
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Figure 28. Phosphorylation of AMPK in WT- and LEPRY2-iPSC-CMs in B27 and F2 medium. (A,
B) Representative western blots and quantification of changes in AMPK phosphorylation (Thr172) in
WT- and LEPRA2-iPSC-CMs cultured in B27 or F2 medium (WT B27: n =7; LEPR¥AB27: n=7; WT
F2: n =7; LEPR¥AF2: n = 7). Phosphorylated AMPK levels were normalized to total AMPK. ****P <
0.0001 LEPR¥2 vs. WT for B27 and F2 as well as B27 vs. F2 for WT and LEPR# by using the two-
way ANOVA with the Sidak's multiple comparisons test.

4.4.2 Changes in mitochondrial function of LEPR22-iPSC-CMs

To gain further insights into the relationship between the LEPR loss of function and
metabolic flexibility in iPSC-CMs, changes in mitochondrial respiration were evaluated in
both WT- and LEPR~2-iPSC-CMs in B27 and F2 medium (Fig. 29). The metabolic status of
WT-iPSC-CMs cultured under F2 medium was first compared to conventional B27 culture
condition (Fig. 29A). No significant changes in basal respiration (Fig. 29C), ATP production
(Fig. 29F), proton leak (Fig. 29G) and non-mitochondrial oxygen consumption (Fig. 29H)
were found, but 2-fold higher maximal and spare respiration rates (Fig. 29D, E), as
quantified by OCR using the Seahorse analyser, were observed in WT-iPSC-CMs cultured
in F2 medium compared to those in B27 medium. For LEPR~*-iPSC-CMs (Fig. 29B),
cultivation in F2 medium led to increased basal respiration (Fig. 29C), and ATP production
(Fig. 29F) compared to B27 medium, which is different from WT-iPSC-CMs. Similar to WT-
iPSC-CMs, LEPRY2-iPSC-CMs revealed 1.5-fold higher maximal and spare respiration

rates in F2 medium compared to B27 medium (Fig. 29D, E), but no changes in proton leak
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(Fig. 29G), and non-mitochondrial respiration level (Fig. 29H). Interestingly, LEPR**-iPSC-
CMs cultured in B27 demonstrated significantly lower basal respiration (Fig. 29C) and ATP
production (Fig. 29F) compared to WT-iPSC-CMs under the same condition whereas no
differences were observed in terms of other parameters (Fig. 29D, E, G, H). Importantly, in
the presence of fatty acids (under the F2 condition), LEPR*2-iPSC-CMs had significantly
lower maximal and spare respiration rates than WT-iPSC-CMs (Fig. 29D, E), while proton
leak and non-mitochondrial oxygen consumption were comparable in WT and LEPRYA-
iPSC-CMs (Fig. 29G, H).
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Figure 29. Effect of loss of function of LEPR on mitochondrial respiratory function in iPSC-
CMs in B27 and F2 medium. (A, B) Changes in the mitochondrial respiration by assessment of the
real-time oxygen consumption rate (OCR) of WT- (A) and LEPR*2-iPSC-CMs (B) cultured in B27 or
F2 medium in response to treatment with oligomycin (Oligo), carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (FCCP), and rotenone/antimycin A (R/A). (C-H) Quantitative
analyses of the calculated parameters for basal respiration (C), maximal respiration (D), spare
respiratory capacity (E), mitochondrial ATP production (F), proton leak (G), and non-mitochondrial
oxygen consumption (H). Each data point represents an OCR measurement performed in at least
three different wells of a 96-well plate (WT B27: n = 5; LEPR~AB27: n = 6; WT F2: n = 7; LEPR~A
F2:n=7).*P <0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 LEPR#* vs. WT for B27 and F2 as well
as B27 vs. F2 for WT and LEPR*2 by using the two-way ANOVA with the Sidak's multiple
comparisons test.
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4.4.3 Changes in glycolytic function in LEPR**-iPSC-CMs

To further evaluate LEPR role in glycolysis in iPSC-CMs in the presence of glucose and
fatty acids as energy substrates, the ECAR was used to assess glycolytic parameters using
the glycolysis stress test (Fig. 30). No significant changes in glycolysis were found, in both
WT- and LEPR¥2-iPSC-CMs in B27 or F2 medium (Fig. 30) Importantly, ECAR rose in both
WT- and LEPR¥-iPSC-CMs in B27 and F2 medium after blocking of mitochondrial ATP
synthase and shutting down oxidative phosphorylation with oligomycin, which is used to
measure “glycolytic capacity” (Fig 30A, D). However, the maximum amount of glycolysis
that the cells can acutely perform (glycolytic capacity) is significantly higher only in WT- but
not in LEPR*2-iPSC-CMs in F2 compared to B27 medium (Fig. 30C). Interestingly,
glycolytic reserve was increased in both WT- and LEPR*2-iPSC-CMs cultured in F2
compared to B27 medium, respectively (Fig. 30E), but slightly higher in WT-iPSC-CMs than
in LEPR*2-iPSC-CMs under the F2 condition (Fig. 30E). Non-glycolytic acidification was
increased in WT- and only slightly in LEPR*2-iPSC-CMs in B27 or F2 medium (Fig. 30F).
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Figure 30. Glycolytic function in WT- and LEPR**-iPSC-CMs in B27 and F2 medium. (A, D)
Changes in the glycolytic function by assessment of the extracellular acidification rate (ECAR) of
WT- (A) and LEPRY2-iPSC-CMs (D) cultured in B27 or F2 medium in response to treatment with
glucose, oligomycin (Oligo), and 2-deoxy-D-glucose (2-DG). (B, C, E, F) Quantitative analyses of the
calculated parameters for glycolysis (B), glycolytic capacity (C), glycolytic reserve (E), non glycolytic
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acidification (F). Each data point represents an ECAR measurement performed in at least three
different wells of a 96-well plate (WT B27: n = 6; LEPR~2B27: n=6; WT F2: n =7; LEPRYAF2: n =
6). *P < 0.05; **P < 0.01 LEPR%2 ys. WT for B27 and F2 as well as B27 vs. F2 for WT and LEPR#/2
by using the two-way ANOVA with the Sidak's multiple comparisons test.

To assess the glycolytic intermediate enrichments in WT- and LEPR*2-iPSC-CMs in the
presence of glucose as well as the effect of hormone stimulations, '*C-isotope-assisted
glucose metabolic flux was analysed with the stimulation of leptin (1.24 nM), insulin (10 nM)
or their combination for 1-, 2- and 3-hours, respectively. Following the addition of [U-"3Cq]
glucose, the time-dependent incorporation of *C-label into the intermediates of glycolysis
was measured. The atomic percent excess (APE) was calculated following natural
abundance correction (Alves et al., 2015). In the presence of glucose, WT-iPSC-CMs (Fig.
31A) showed a faster glycolytic process than LEPRY2-iPSC-CMs (Fig. 32A), as

demonstrated by '*C-label transfer from [U-"3Cs] glucose to [U-"3C3] pyruvate.
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Figure 31. Time-dependent incorporation of '3C-label into the intermediates of glycolysis in
WT-iPSC-CMs. (A-D) Time-course of '3C-labelling (1-3 hours) in WT-iPSC-CMs stimulated with
leptin (1.24 nM; B), insulin (10 nM; C) or co-stimulated (D) in B27 medium. Curves indicate the
metabolic intermediates contributing to glycolysis: glucose 6-phosphate (G6P), fructose 1,6-
bisphosphate (F16bP), dihydroxyacetone phosphate (DHAP), 3-phosphoglyceric acid (3PG),
phosphoenolpyruvate (PEP), pyruvate.

Nearly all glycolytic intermediates analysed (except pyruvate) approached steady state (>90%
APE) within 1 hour in WT-iPSC-CMs (Fig. 31A) whereas only G6P and 3PG approached
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steady state (>90% APE) within 1 hour in LEPR**-iPSC-CMs (Fig. 32A). Moreover,
whereas 70% and 80% of *C-label transfer occurred from phosphoenolpyruvate (PEP) to
pyruvate in WT-iPSC-CMs in the presence of [U-"3Cg] glucose for 1 and 2 hours (Fig. 31A),
respectively, only 50% and 50% of '*C-label transfer from PEP to pyruvate in LEPR**-iPSC-
CMs at the same conditions (Fig. 32A), indicating slower glycolysis in non-stimulated
LEPRYA-iPSC-CMs compared to WT-iPSC-CMs. Importantly, the insulin stimulation
resulted in the acceleration of *C-label transfer from PEP to pyruvate in both WT- (Fig. 31C)
and LEPR2-iPSC-CMs (Fig. 32C) when compared to their respective non-stimulated
groups (Figs. 31A, 32A). In particular, the *C-label transfer was faster in WT-iPSC-CMs
after the insulin stimulation compared to LEPR~2-iPSC-CMs (Figs. 31C, 32C). On the
contrary, the leptin stimulation in WT-iPSC-CMs led to slower glycolysis when compared to
the non-stimulated group, as demonstrated by the clear discrimination of the curves and by
the slower slopes of label accumulations in different intermediates representing the

glycolytic metabolic intermediates (Fig. 31A, B).
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Figure 32. Time-dependent incorporation of '3C-label into the intermediates of glycolysis in
LEPRY2-iPSC-CMs. (A-D) Time-course of '3C-labeling (1-3 hours) in LEPR*4-iPSC-CMs stimulated
with leptin (1.24 nM; B), insulin (10 nM; C) or co-stimulated (D). Curves indicate the metabolic
intermediates contributing to glycolysis: glucose 6-phosphate (G6P), fructose 1,6-bisphosphate
(F16bP), dihydroxyacetone phosphate (DHAP), 3-phosphoglyceric acid (3PG),
phosphoenolpyruvate (PEP), pyruvate.

82



Results

Notably, no leptin effect was appreciated in LEPR>*-iPSC-CMs upon the leptin stimulation
(Fig. 32A, B), indicating the loss of function of LEPR in LEPR*2-iPSC-CMs. Moreover, in
WT-iPSC-CMs co-stimulated with insulin and leptin revealed that leptin might influence the
effect of insulin, showing slower glycolysis compared to the insulin-stimulated WT group
(Fig. 31C, D), however, the leptin and insulin co-stimulation in LEPR*2-iPSC-CMs
demonstrated similar results to the insulin stimulation (Fig. 32C, D). Furthermore, upon the
leptin stimulation, reduced '3C-label transfer from the precursors to the subsequent
products become more evident at the late step of glycolysis in WT-iPSC-CMs as shown in
Fig. 33A, C for G6P and PEP, while the same was not possible to be observed in LEPRA-
iPSC-CMs under the same conditions (Fig. 33B, D). These data indicate the interaction of
insulin and leptin signalling in glucose metabolism in WT-iPSC-CMs and loss of function of
LEPR in LEPR¥2-iPSC-CMs impacting glucose metabolism.
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Figure 33. Time-dependent incorporation of '3C-label into the intermediates of glycolysis in
WT- and LEPRY*iPSC-CMs. (A-D) Time-course of glucose 6-phosphate (G6P), and
phosphoenolpyruvate (PEP) (1-3 hours) in WT- and LEPRA2-iPSC-CMs stimulated with leptin (1.24
nM), insulin (10 nM) or co-stimulated in B27 medium.

As a summary, lower expression levels of LEPR mRNA and protein were found in LEPR*A-
iPSC-CMs. Physiological culture medium with the presence of glucose and fatty acids as
energy substrates at physiological concentrations (F2 medium) improved downstream
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LEPR pathway activation in WT-iPSC-CMs, while loss of function of LEPR in LEPR**-iPSC-
CMs resulted in no activation of JAK2 after leptin stimulation, independent of medium
conditions. Insulin signalling activation was not altered in LEPR¥2-iPSC-CMs in B27
medium. However, LEPR¥2-iPSC-CMs showed reduced AKT phosphorylation and lower
expression of GLUT-1 and GLUT-4 in F2 medium compared to WT-iPSC-CMs, revealing
an important LEPR role in the regulation of insulin pathway under physiological conditions.
AMPK phosphorylation was enhanced in LEPR*-iPSC-CMs in B27 but decreased in F2,
when compared to WT-iPSC-CMs under the same conditions, indicating that LEPR*2-iPSC-
CMs suffer energy stress under B27 condition and increased fatty acid supply under
physiological F2 conditions reduces the energy stress. This is supported by the improved
mitochondrial respiration and glycolytic capacity observed in both WT- and LEPR~2-iPSC-
CMs in F2 compared to B27 culture conditions. Loss of function of LEPR in LEPR**-iPSC-
CMs was further evidenced by the lack of response to leptin in glycolysis, while WT-iPSC-

CMs exhibited a delayed incorporation of '*C-label into the intermediates of glycolysis.

4.5 Long-term effects of leptin under (patho)physiological conditions

The results shown above in this thesis suggest a role of leptin in CM metabolism, however

it remains elusive whether loss of function of LEPR determines the metabolic shift, such as

the decrease in glucose metabolism and increase in fatty acid oxidation. To shed light on

this open question, we further studied the impact of long-term treatment with leptin (4 weeks)
at physiological (1.24 nM) or pathophysiological levels (up to 100-fold) on iPSC-CMs. F3+

medium enriched in fatty acids, high insulin (700 nM), high leptin (100 nM), and high glucose

(11 mM) was used to mimic the condition known in patients with diabetic cardiomyopathy,

while F2 medium with the addition of low leptin (1.24 nM) was used as physiological medium.

4.51 Changes in LEPR signalling activation in WT- and LEPR**-iPSC-CMs under
different metabolic conditions
First, LEPR expression was studied in both WT- and LEPR**-iPSC-CMs under the different
metabolic conditions. Slightly lower expression of LEPR in LEPR**-iPSC-CMs was
observed when compared to WT-iPSC-CMs under the different conditions (Fig. 34A, B). To
understand whether long-term culture with leptin at low or high concentrations induces
changes in LEPR signalling activation, phosphorylation of JAK2 was analysed. Slightly
increased JAK2 phosphorylation was observed in WT-iPSC-CMs in the presence of leptin
at the low concentration (F2+) compared to WT-iPSC-CMs in the absence of leptin (F2).
Importantly, JAK2 activation was inhibited in WT-iPSC-CMs in F3+ medium with high leptin
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concentration, indicating that long-term cultivation of WT-iPSC-CMs with high leptin
concentration led to the desensitization of LEPR and the impaired LEPR signalling.
Furthermore, LEPR*2-iPSC-CMs showed no leptin-dependent JAK2 phosphorylation as
observed in WT-iPSC-CMs in F2+ medium, which confirms the absence of functional LEPR
(Fig. 34C, D).

A B 25-
WT LEPR&A E 204
KDa F2 F2+ F3+ F2 F2+ F3+ %
—— ¢ o
150 - =E@EEES .= o L LEPR E
37+ H

- - ————— v GAPDH

C D * %
WT LEPRY* WT LEPRY> WT LEPRYA g 3 *
KDa F2 F2+ F3+ T _
10 ] ' Tyr1007/Tyr1008 & E
100 {— &8 &8 52 b . =2 *
75 1 adabeladale JAK2(~100KDa) S I .
T< 1Y
150 T : .- JAK2 55 -,
75 . (~130 KDa) -
I - a V a% aXx YV aX X
1™ cbabes e e e enenenen es e | GAPDH NIRRT

WT LEPRMA

Figure 34. LEPR signalling activation in WT- and LEPR”2-iPSC-CMs in F2, F2+ or F3+ medium.
(A, B) Representative western blots and quantification of LEPR in WT- and LEPR*2-iPSC-CMs
cultured in F2, F2+ or F3+ medium (WT F2: n =4; WT F2+: n = 4; WT F3+: n = 4; LEPR~2F2: n = 4;
LEPRAAF2+: n = 4; LEPR¥AF3+: n = 4). (C, D) Representative western blots and quantification of
changes in JAK2 phosphorylation (Tyr1007/1008) in WT- and LEPR#2-jPSC-CMs cultured in F2, F2+
or F3+ medium (WT F2: n = 6; WT F2+: n =6; WT F3+: n = 6; LEPRY2F2: n = 6; LEPRYAF2+: n =
6; LEPRYAF3+: n = 6). *P < 0.05; **P < 0.01 LEPR#2 vs. WT for F2, F2+ and F3+ as well as F2 vs.
F2+, F3+ vs. F2, F2+ vs. F3+ for WT and LEPR~2 by using the two-way ANOVA with the Sidak's
multiple comparisons test.

4.5.2 Long-term leptin effects on expression of metabolic markers

The alteration of cardiac function in diabetic patients occurs through different mechanisms,
such as decreased glucose transport and carbohydrate oxidation and increase in fatty acid
utilisation. Cardiac glucose metabolism is compromised at several points in patients with
T2DM: glucose uptake, glycolysis and intramitochondrial pyruvate oxidation (Lopaschuk,
2002). To study the metabolic phenotype of WT- and LEPR**-iPSC-CMs maintained in F2,
F2+ or F3+ medium, the gene expression profiles were analysed. A tendency for reduced

GLUT-4 gene expression was observed in WT-iPSC-CMs cultured in medium with low (F2+)
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and high (F3+) leptin concentration compared to WT-iPSC-CMs cultured in the absence of
leptin (F2). Interestingly, expression levels of the GLUT-4 gene in LEPR¥*-iPSC-CMs
cultured in F2, F2+ or F3+ were comparable to that of WT-iPSC-CMs in F3+ medium (Fig.
35B). No significant differences in GLUT-1 expression were detected in WT- and LEPRY-
iPSC-CMs under different metabolic conditions, but slight lower levels were seen in
LEPRYA-iPSC-CMs than in WT-iPSC-CMs (Fig. 35A). A tendency for increased CD36
expression was observed in WT-iPSC-CMs in F2+ compared to F2 medium, which was
coupled with higher CPT1-B expression under the same conditions (Fig. 35C, D). On the
other hand, the diabetic condition (F3+) resulted in increased CPT1-B expression in WT-
iPSC-CMs compared to those in F2, whereas CD36 expression was comparable,
suggesting higher consumption of fatty acids despite of lower fatty acid import in WT-iPSC-
CMs in F3+ medium. Similar to WT-iPSC-CMs in the F3+ condition, LEPR~2-iPSC-CMs in
F3+ revealed enhanced CPT71-B expression compared to LEPRY*-iPSC-CMs cultured in
the absence of leptin (F2) (Fig. 35C, D).
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Figure 35. mRNA expression levels of metabolic markers in WT- and LEPRY*-iPSC-CMs in F2,
F2+ or F3+ medium. Direct comparison of (A) GLUT-1, (B) GLUT-4, (C) CD36, and (D) CPT1-B
expression in WT- and LEPR~2-iPSC-CMs cultured in F2, F2+ or F3+ medium (WT F2: n = 3; LEPR¥2
F2:n=3; WT F2+:n =3; LEPR»2F2+: n = 3; WT F3+: n = 3; LEPR~2F3+: n = 3). mRNA levels were
normalized to HPRT. **P < 0.01 LEPR#2 vs. WT for F2, F2+ and F3+ as well as F2 vs. F2+, F3+ vs.
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F2, F2+ vs. F3+ for WT and LEPR*2 by using the two-way ANOVA with the Sidak's multiple
comparisons test.

To further study fatty acid utilization in LEPR~2-iPSC-CMs under diabetic conditions, AMPK
phosphorylation was explored. WT-iPSC-CMs presented enhanced AMPK phosphorylation
in F3+ medium compared to those in F2 medium. LEPR2-iPSC-CMs revealed high AMPK
phosphorylation in F2 and F2+ medium (Fig. 36A, B). In addition, LEPR**-iPSC-CMs
showed slightly lower AMPK phosphorylation compared to WT-iIPSC-CMs under the
diabetic condition (F3+) (Fig. 36A, B).
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Figure 36. Effects of long-term treatment with leptin on AMPK phosphorylation in WT- and
LEPRY2-iPSC-CMs. (A, B) Representative western blots and quantification of changes in AMPK
phosphorylation (Thr172) in WT- and LEPRY2-iPSC-CMs cultured in F2, F2+, or F3+ medium (WT
F2: n=3; LEPR¥AF2: n = 3; WT F2+: n = 3; LEPR2F2+: n = 3; WT F3+: n = 3; LEPR¥2F3+: n =
3). Protein levels were normalized to total AMPK. *P < 0.05 LEPR2 vs. WT for F2, F2+ and F3+ as
well as F2 vs. F2+, F3+ vs. F2, F2+ vs. F3+ for WT and LEPR”2 by using the two-way ANOVA with
the Sidak's multiple comparisons test.

4.5.3 Changes in mitochondrial function under different medium conditions

The shift of cardiac energy substrate consumption from glucose to fatty acid oxidation,
occurring in the diabetic heart, is essential to ensure continuous ATP generation to maintain
cardiac function, however, this chronical maladaptation leads to decreased energetic
reserves and cardiac efficiency (Nagoshi et al., 2011). As shown in Fig. 37, WT-iPSC-CMs
cultured in F2+ or F3+ did not result in significant changes in mitochondrial oxygen
consumption compared with F2, suggesting the preservation of mitochondrial function
regardless of the different metabolic conditions. For LEPR¥2-iPSC-CMs, cultivation in F2+
medium led to the decrease in basal respiration and ATP production (Fig. 37D, G), while no
significant differences were observed in maximal respiration and spare respiratory capacity
compared to F2 medium (Fig. 37E, F). On the contrary, LEPR**-iPSC-CMs in F3+ medium
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revealed slightly higher maximal respiration (Fig. 37E) and significantly higher spare
respiratory capacity compared to F2 medium (Fig. 37F), and significantly increased in
maximal respiration and spare respiratory capacity compared to F2+ medium (Fig. 37E, F).
In general, LEPR*2-iPSC-CMs revealed reduced mitochondrial function when compared to
WT-iPSC-CMs under different metabolic conditions, as demonstrated by lower basal
respiration, maximal respiration, spare respiratory capacity, and mitochondrial ATP
production in different medium conditions. Proton leak and non-mitochondrial oxygen
consumption were comparable in WT and LEPR*2-iPSC-CMs when cultured in F2, F2+ or
F3+ medium (Fig. 37H, I).
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Figure 37. Changes in mitochondrial respiratory function in WT- and LEPRY2-iPSC-CMs in F2,
F2+ or F3+ medium. (A-C) Changes in the mitochondrial respiration by assessment of the real-time
oxygen consumption rate (OCR) of WT- and LEPR22-iPSC-CMs cultured in F2 (A), F2+ (B) or F3+
(C) medium in response to treatment with oligomycin (Oligo), carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (FCCP), and rotenone/antimycin A (R/A). (D-lI) Quantitative
analyses of the calculated parameters for basal respiration (D), maximal respiration (E), spare
respiratory capacity (F), mitochondrial ATP production (G), proton leak (H), and non-mitochondrial
oxygen consumption (I). Each data point represents an OCR measurement performed in at least
three different wells of a 96-well plate (WT F2: n =7; LEPRYAF2: n =7; WT F2+: n = 5; LEPR~A F2+:
n=5; WT F3+: n=5; LEPR¥2F3+: n =5). *P < 0.05; **P < 0.01 LEPR*2 vs. WT for F2, F2+ and F3+
as well as F2 vs. F2+, F3+ vs. F2, F2+ vs. F3+ for WT and LEPR2 by using the two-way ANOVA
with the Sidak's multiple comparisons test.
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4.5.4 Changes in glycolytic capacity under different metabolic conditions

Patients with T2DM have high plasma levels and myocardial uptake of fatty acids. High
levels of circulating fatty acids and their increased oxidation are primarily responsible for
the inhibition of both glycolysis and glucose oxidation in the heart (Nagoshi et al., 2011). To
get further insight into the use of glucose in WT- and LEPR*-iPSC-CMs under different
metabolic conditions, glycolytic parameters was assessed using the Seahorse analyser.
Although a slight decrease in glycolysis and glycolytic capacity was observed in WT-iPSC-
CMs cultured in F2+ and F3+ medium compared to the F2 medium, no significant difference
was identified in these parameters (Fig. 38D, E). Glycolysis was significantly lower in
LEPRY2iPSC-CMs in F2+ and F3+ medium, compared to LEPR**-iPSC-CMs in F2
medium, indicating reduced glucose oxidation in the presence of leptin (Fig. 38D, E).
Furthermore, LEPR**-iPSC-CMs in F3+ showed lower glycolytic capacity not only
compared to those in F2 medium but also compared to WT-iPSC-CMs under the same
conditions, suggesting that metabolic conditions result in greater impact in LEPR**-iPSC-
CMs compared to WT groups (Fig. 38E). Both WT- and LEPR~2-iPSC-CMs cultured in F2+
and F3+ compared to F2 medium showed no difference in glycolytic reserve (Fig. 38F).
Moreover, there are slight decreases in non-glycolytic acidification in both WT- and LEPR~A-
iPSC-CMs cultured in F2+ and F3+ compared to F2, suggesting reduced ECAR caused by

processes other than glycolysis in the presence of leptin (Fig. 38G).
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Figure 38. Changes in glycolytic function in WT- and LEPRY*-iPSC-CMs in F2, F2+ or F3+
medium. (A-C) Changes in the glycolytic function by assessment of the extracellular acidification
rate (ECAR) of WT and LEPR~2-iPSC-CMs cultured in F2 (A), F2+ (B) or F3+ (C) medium in
response to treatment with glucose, oligomycin (Oligo), and 2-deoxyglucose (2-DG). (D-G)
Quantitative analyses of the calculated parameters for glycolysis (D), glycolytic capacity (E),
glycolytic reserve (F), and non glycolytic acidification (G). Each data point represents an ECAR
measurement performed in at least three different wells of a 96-well plate (WT F2: n = 7; LEPR~AF2:
n=6; WT F2+: n =6; LEPRYAF2+: n = 5; WT F3+: n = 6; LEPR~2F3+: n = 5). *P < 0.05 LEPR"2 vs.
WT for F2, F2+ and F3+ as well as F2 vs. F2+, F3+ vs. F2, F2+ vs. F3+ for WT and LEPR? by using
the two-way ANOVA with the Sidak's multiple comparisons test.

4.5.5 Changes in lipid droplet accumulation under different conditions
One of the characteristic pathological features of hearts from obese and diabetic individuals

is the accumulation of lipid droplets in CMs, which is also found in db/db mice. The
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accumulation of lipid droplets can promote lipotoxicity and decrease cardiac function (Hall
et al., 2014; Sharma et al., 2004). Interestingly, the loss of LEPR function in LEPR**-iPSC-
CMs led to reduced lipid accumulation, as compared to the WT groups under the same

metabolic conditions (F2+ or F3+), suggesting an increased lipid oxidation (Fig. 39A, B).
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Figure 39. Lipid droplet accumulation in WT- and LEPRY2-iPSC-CMs in F2+ or F3+ medium.
(A, B) Representative images (A) and quantification of changes in lipid droplet accumulation (B) in
WT- and LEPR#2-iPSC-CMs in F2+ and F3+ medium, using Oil-Red-O-staining. In total, 25-34 CMs
were analysed for each group (WT F2+: n = 34; LEPR~AF2+: n = 25; WT F3+: n = 34; LEPR~A F3+:
n =33. ***P < 0.001; ****P < 0.0001 LEPR#2 vs. WT for F2+ and F3+ as well as F3+ vs. F2+ for WT

and LEPR2 by using the two-way ANOVA with the Sidak's multiple comparisons test. Nuclei were
stained with haematoxylin. Scale bar: 100 ym.
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5 Discussion

Diabetic cardiomyopathy is one of the major causes of disease-related death in patients
with T2DM. Both insulin and leptin resistance are the hallmarks of obesity-related T2DM. In
the cardiovascular system, leptin resistance or leptin signalling deficiency results in
impaired response of the heart to metabolic stress conditions, leading to the risk increase
of cardiac dysfunction and heart failure. In last three decades, the role of leptin in the
regulation of food intake and energy expenditure in the hypothalamus has been well studied.
However, it is largely unclear whether leptin and LEPR signalling play a direct role in the
progression of CM dysfunction in patients with obesity-related T2DM. Animal studies using
leptin- and Lepr-deficient rodents have helped to increase our knowledge of the underlying
molecular and pathophysiological mechanisms of obese- and T2DM-associated metabolic
and cardiovascular diseases. However, there are substantial differences between the
animal models used so far and the phenotypes of patients with obesity or T2DM, which
make data interpretation challenging (Poetsch et al., 2020).

Disease modelling using human iPSCs combined with the CRISPR/Cas9 technique allows
us to study and better understand abnormal LEPR signalling in CMs in vitro, which could
be essential for the obesity- and T2DM-associated cardio-metabolic remodeling processes.
In this study, LEPR expression was found already in iPSCs, and expression levels were not
significantly different during iPSC-CM differentiation and maturation. On the contrary, no
LEPR protein expression was observed during early cardiac development but was detected
at the last stages of iPSC-CM maturation. Using CRISPR/Cas9 gene-editing technology,
two LEPRY2-iPSC lines mimicking a LEPR mutation known in an early-onset obesity patient
were successfully generated. LEPR¥2-iPSCs were able to differentiate into spontaneously
beating CMs and no difference was observed in cardiac differentiation efficiency when
compared to WT-iPSCs. Lower LEPR mRNA levels were found in LEPRY2-iPSCs and
during CM differentiation and maturation, which corresponded to lower LEPR protein
expression. Changes in LEPR activation were demonstrated by leptin-dependent JAK2
phosphorylation in WT-iPSC-CMs cultured in physiological (F2) medium. Loss of function
of LEPR in LEPR”2-iPSC-CMs resulted in no activation of JAK2 regardless of culture
medium conditions. Although no differences were observed in the insulin pathway activation
when WT- and LEPR»2-iPSC-CMs were cultured in B27 medium, a LEPR relevant role in
the regulation of the insulin pathway was demonstrated by slightly lower GLUT-1 and GLUT-
4 expression in LEPRY2-iPSC-CMs compared to WT-iPSC-CMs in F2 medium, which was
in line with the decreased insulin-dependent AKT phosphorylation. One of the important

findings of this study is that the medium conditions used for culturing iPSC-CMs are critical
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for studying leptin and insulin signalling in iPSC-CMs. Fatty acids supplied in F2 medium
improved energy metabolism in both WT- and LEPRY~2-iPSC-CMs compared to B27
medium. When LEPR~2-iPSC-CMs cultured in B27 medium without fatty acid supply led
increased AMPK activation, lower mitochondrial respiration and glycolytic capacity
compared to WT-iPSC-CMs under the same conditions, indicating functional leptin
signalling is essential for energy metabolism of iPSC-CMs. Long-term culture of WT-iPSC-
CMs in the presence of 1.24 nM leptin (F2+) slightly increased the JAK2 activation, while
long-term culture with 100 nM leptin (F3+) led to desensitization of LEPR and subsequently
impaired leptin signalling. Metabolic flexibility was not altered in WT-iPSC-CMs under
different medium conditions, although the higher CPT7-B expression, AMPK activation and
lower lipid accumulation were observed in WT-iPSC-CMs when cultured in F3+ compared
to F2 or F2+, indicating increased fatty acid consumption under high leptin conditions.
Increased reliance on fatty acids as energy substrate in LEPRY2-iPSC-CMs in F3+ medium
was demonstrated by higher CPT1-B expression, higher oxygen consumption rate, and
lower lipid accumulation compared to F2 or F2+ medium, accompanied by the inefficient
use of glucose in LEPRY~2-iPSC-CMs in F3+ by decreased glycolysis and glycolytic capacity

compared to F2 medium and to WT-iPSC-CMs under the same condition.

5.1 LEPR expression during cardiac development

So far, the importance of Lepr during embryogenesis has been mainly investigated in animal
models. Pioneering studies by Hoggard and colleagues using in situ hybridisation and
immunocytochemistry revealed that leptin and its receptor Lepr were expressed at both
MRNA and protein levels in the placenta and in a restricted number of tissues, mainly bones
and cartilage in the developing murine foetus at E14.5 (Hoggard et al., 1997). In addition,
Lepr transcripts were detected from E12.5 on in several tissues including the neural tissue
and mesoderm-derived tissues, suggesting an important role of leptin during the growth and
development of the murine foetus (Camand et al., 2002; Hoggard et al., 1997). However,
no Lepr mRNA or protein expression was identified in the heart of the murine fetus (Hoggard
et al., 1997). These studies suggest that leptin and Lepr may not be required for early
development of the heart in the mouse. To my best knowledge, there is no data available
in terms of leptin and LEPR expression during human early development so far. In the
current study, LEPR mRNA expression was observed during early cardiac differentiation of
human iPSCs and in iPSC-CMs. However, LEPR protein expression was detected
exclusively in iPSC-CMs at late stages. Moreover, LEPR~2-iPSCs were able to differentiate

into spontaneously beating CMs, indicating loss of function of LEPR does not affect the
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initiation of cardiac differentiation and the CM lineage commitment. In addition, the
efficiency of CM differentiation is also not altered, as demonstrated by the comparable
efficiency of cTNT-positive cells at day 60 in WT- and LEPR*2-iPSC-CMs. These data
indicate that leptin and LEPR signalling are not required in the early steps of cardiac
development. Although Lepr was not detected in the mouse fetus, Lepr transcripts and
protein expression were found in adult mouse CMs (Lollmann et al., 1997). Interestingly,
leptin and LEPR expression was increased more than 4 folds in the failing human heart,
suggesting the leptin and LEPR signalling plays an important role during disease

progression and cardiac remodeling (McGaffin et al., 2009).

5.2 CRISPR/Cas9 genome edited iPSCs with LEPR mutations for the study of LEPR
function in the human system
The molecular mechanisms by which the leptin-LEPR signalling pathway contributes to
obese- and T2DM-associated metabolic and cardiovascular diseases are controversially
discussed in the literature. To unravel LEPR role in human CMs, a specific LEPR mutation
known in early-onset obesity patients was generated in iPSCs using CRISPR/Cas9 genome
editing in this study. CRISPR/Cas9-mediated gene editing in iPSCs hold a great potential
to dissect the contribution of a gene/protein to function and represents a screening platform
for drug development and therapy (Han & Entcheva, 2023). In this study, the gRNA was
designed to specifically target the region of LEPR in which a mutation (c.2396-1G>T) was
found in a Pakistan child of 1.5 years. The patient presented early onset obesity with BMI
(31.9 kg/m?), high serum leptin concentration (76.8 ng/ml) and increased insulin (19.0
plU/ml) levels, making the patient at high risk of insulin resistance and diabetes
development (Saeed et al., 2014). The mutation found in the patient is localized in the LEPR
FNIIl subdomain which is part of the extracellular domain and can orientate the cytoplasmic
tails in a manner that favors LEPR signalling, making this region indispensable for LEPR
activation (Fong et al., 1998; Zabeau et al., 2005). In this study, two inCas9-iPSC lines with
doxycycline inducible Cas9 were used and the efficiency of gRNA transfection into these
two lines was very high as evaluated by fluorescence microscopy. Moreover, sequencing
data from CRISPR/Cas9-edited clones show that the protocol used here is very efficient for
introducing indel mutations into human iPSCs through the NHEJ repair mechanism. Some
of the edited clones revealed the LEPR exon 17 skipping or the formation of a LEPR
truncated protein. The clones 1B2 and 1E6 presented a homologous insertion of “A” in
LEPR exon 17 (c.2396insA), leading to a reading frameshift and a formation of a PTC
(D799Efs*7) as demonstrated by gDNA and cDNA Sanger sequencing analysis. Since the
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truncated protein formed lacks transmembrane and cytoplasmic domains, which are
important for LEPR signalling transduction, LEPR is successfully knocked out in these two
iPSC lines (LEPR**-iPSCs) using the CRISPR/Cas9 gene-editing technology, which could
be used to study the role of LEPR in human pluripotent stem cells as well as in different
iPSC-differentiated cells, including neurons and CMs.

So far, most of the studies on LEPR in stem cells have not fully addressed mechanistically
whether and how LEPR directly regulates stem cell functions. However, it has been shown
that LEPR is important for the maintenance of the pluripotent stem cell state in iPSCs
generated from db/db mice, which exhibited significantly lowered protein levels of the
pluripotency markers OCT4 and NANOG, suggesting a role of LEPR in regulating
pluripotency-associated genes (Gupta et al., 2020). Whilst OCT4 and NANOG mRNA levels
were not evaluated in this study, OCT4 and SOX4 were detectable by immunofluorescence
microscopy in generated human LEPR2-iPSCs, which retained stem cell morphology and
pluripotency. To further characterize LEPRY2-iPSCs, LEPR mRNA and protein expression
levels were evaluated in LEPRY~2-iPSCs. Lower LEPR gene expression was observed in
LEPR~2-iPSCs compared to WT-iPSCs. However, no protein expression was detected
either in WT- or LEPRY2-iPSCs. These findings suggest that leptin and LEPR signalling
may not play an important role in human iPSCs, however, further detail studies should be
performed in terms of expression of pluripotent markers as well as the metabolic changes
in LEPRY2-iPSCs.

5.3 Medium conditions are important for studying leptin and insulin signalling in
iPSC-CMs

It is known that leptin directly acts on peripheral tissues to regulate energy metabolism
(Ceddia et al., 2002), however very little is known about its ability to modulate cardiac
metabolism. Increase in myocardial fatty acid utilization and decrease in glucose utilization,
which are observed in animal models with Lepr deficiency, could be accounted for the
secondary effects of the resulting obesity and diabetes or by centrally mediated leptin
effects (Abel et al., 2008).

In this study, LEPR expression and JAK2 phosphorylation were investigated in both WT-
and LEPRY2-iPSC-CMs cultured in B27 or F2 medium. B27 medium contains high glucose
and high insulin, which is a routine medium in cardiogenic differentiation protocols used
worldwide. F2 medium is supplemented with glucose and insulin at lower concentrations
and fatty acids, which was generated in our lab. We found that JAK2 phosphorylation was
significantly lower in LEPR~2-iPSC-CMs in both B27 and F2 medium compared to those in
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the WT groups under the same conditions, indicating impaired LEPR signalling. To further
demonstrate LEPR loss of function in LEPR¥2-iPSC-CMs, WT- and LEPR22-iPSC-CMs
were starved overnight and acutely stimulated with 1.24 nM leptin for 5- 10- or 15-min.
However, acute leptin stimulation showed no effect on JAK2 phosphorylation either in
LEPRA2- or in WT-iPSC-CMs cultured in B27 medium. The most striking finding in this part
is that 15-min leptin treatment of WT-iPSC-CMs cultured in F2 medium resulted in increased
JAK2 phosphorylation, while leptin treatment for 5- 10- or 15-min did not result in change of
JAK2 phosphorylation in LEPRY2-iPSC-CMs under the same condition, indicating loss of
function of LEPR in this cell line. These results suggest that culture medium conditions play
a key role in the regulation of CM metabolism. Despite the glucose-based B27 medium is
widely used in cardiogenic differentiation protocols, this medium has some limitations given
by the glucose-rich and the lipid-poor (<10 uM total lipids) medium conditions (Yang et al.,
2019). The newly developed F2 medium with glucose and oxidative substrate levels
adapted to the metabolic needs of CMs in a more physiological concentration range is more
suitable for studying the leptin-LEPR signalling in iPSC-CMs.

Human plasma leptin concentration is about 3 to 16 ng/ml (0.18 to 1 nM) and usually less
than 100 ng/ml (6.2 nM) under physiological conditions (Jensen et al., 1999), however, the
concentration and the stimulation time used to unravel the role of leptin in CMs are
inconstant in different studies. Treatment with 500 nM leptin for 15 min increased
phosphorylation of STAT3 in adult rat ventricular CMs (Wold et al., 2002), while in neonatal
rat CMs 50 ng/ml leptin treatment for 15 min was sufficient to induce STAT3 activation (Abe
et al., 2007). Increased STAT3 phosphorylation was also shown in perfused rat heart with
1.9 nM leptin for 40 min (Sharma et al., 2009). Little is known about LEPR activation in
human CMs. A previous study showed that 6 nM leptin stimulation for 10 min induced JAK2
phosphorylation in human ventricular myocytes isolated from biopsies of children
undergoing surgical repair of tetralogy of Fallot (Madani et al., 2006). To compare these
data with our findings, it is necessary to keep in mind that CMs isolated from rats or children
with tetralogy of Fallot were cultivated only shortly in medium containing high glucose and
10% FBS before leptin stimulation. The findings in this thesis reveal that leptin under
physiological concentration range can activate the downstream signalling of LEPR in WT-
iPSC-CMs only cultured in the physiological medium condition for a long period. These
results imply that physiological medium containing glucose and fatty acids represents a
fundamental parameter to study leptin role in CMs.

LEPR regulates many intracellular signalling pathways mediated by insulin receptor (IR),

including regulation of AKT (Sweeney, 2002). Thus, there is clearly potential for a crosstalk
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between leptin and insulin intracellular signalling. Previous studies showed that treatment
with 3.1 nM leptin for 15 min increased AKT phosphorylation in neonatal rat CMs (Zeidan
et al., 2011), however, no additive or inhibitory effect of leptin on insulin-stimulated AKT
phosphorylation was observed in HL-1 cells incubated with 60 nM leptin for 1 or 24 hours
or co-incubated with insulin (100 nM, 10 min) (Palanivel et al., 2006). In the present study,
a time-course for 5- 10- 15 min of 50 nM insulin stimulation was performed in WT-iPSC-
CMs cultured in F2 medium, demonstrating a small increase in AKT phosphorylation upon
10 min insulin stimulation. Leptin (1.24 nM), insulin (50 nM) or leptin and insulin co-
stimulation showed no effect on LEPR expression between LEPR~2-iPSC-CMs and WT-
iPSC-CMs under B27 medium, while lower LEPR expression was found in LEPR~2-iPSC-
CMs compared to WT-iPSC-CMs upon the same stimulation cultivated under F2 medium.
Leptin treatment alone (1.24 nM; 10 min) showed no significant changes in AKT
phosphorylation either in LEPRY2- or in WT-iPSC-CMs in B27 or F2 medium, in line with
the study conducted by Palanivel (Palanivel et al, 2006). Insulin-dependent
phosphorylation of AKT was enhanced in both WT- and LEPR¥2-iPSC-CMs in B27 and F2
medium, and a significant increase in AKT phosphorylation was also observed with leptin
and insulin co-stimulation in WT- and LEPR*2-iPSC-CMs in B27 and F2 medium, indicating
the insulin signalling pathway activation in both groups of iPSC-CMs. Interestingly, although
no difference in AKT phosphorylation were observed between non-stimulated LEPR*A-
iPSC-CMs and WT-iPSC-CMs, insulin effect on AKT phosphorylation in LEPR**-iPSC-CMs
was less pronounced compared to WT-iPSC-CMs upon insulin or insulin and leptin co-
stimulation in F2 medium, supporting the hypothesis of lower insulin sensitivity or impaired
insulin signalling in LEPR~2-iPSC-CMs in the presence of fatty acids in the culture medium.
Taken together, in this study, leptin does not play a direct role in AKT phosphorylation,
although it may contribute to the glucose utilisation in WT-iPSC-CMs. Moreover, the findings
in this thesis indicate that the lack of JAK2 activation in LEPR**-iPSC-CMs is concomitant
with the decrease of insulin sensitivity, suggesting that the effect of leptin on glucose
metabolism is impaired in LEPR*2-iPSC-CMs in F2 medium.

5.4 Reduced metabolic flexibility in LEPRY*-iPSC-CMs

As mentioned in the Introduction section, during early cardiac development, glycolysis is
the major source of energy. As CMs mature and become terminally differentiated,
mitochondrial oxidative capacity enhances. In this study, F2 medium significantly increased
the OCR linked to the maximal respiration and spare respiration capacity in WT-iPSC-CMs,

mimicking the enhanced mitochondrial oxidative capacity in matured CMs. Glycolytic
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capacity, glycolytic reserve and non glycolytic acidification were also significantly higher in
WT-iPSC-CMs in F2 medium compared to the B27 medium. These results are consistent
with previous studies demonstrating the enhanced iPSC-CM maturation in lipid-enriched
medium conditions (Feyen et al., 2020; Yang et al., 2019). Furthermore, WT-iPSC-CMs in
F2 medium showed higher expression levels of genes encoding glucose transporters
(GLUT-1, GLUT-4) and fatty acids transporter (CPT1-B) while no difference was observed
in CD36 expression compared to WT-iPSC-CMs cultured in B27 medium, indicating a shift
toward adult CM phenotype in WT-iPSC-CMs when cultured in F2 medium. Moreover,
current study provides a comprehensive assessment of the alterations of metabolic
flexibility in LEPR~2-iPSC-CMs compared to WT-iPSC-CMs. It has been reported that
metabolic modulation to sustain glucose utilization by perinatal overexpression of the
glucose transporter GLUT-4 prevented cardiac dysfunction in db/db mice (Belke et al., 2000;
Semeniuk et al., 2002). In this study, LEPR*2-iPSC-CMs showed no difference in GLUT-1,
GLUT-4, CD36 and CPT1-B expression compared to WT-iPSC-CMs cultured in B27
medium. However, culture of WT- and LEPR2-iPSC-CMs in F2 medium demonstrated
lower, although not significant, GLUT-4 expression in LEPR*-iPSC-CMs compared to WT-
iPSC-CMs, suggesting again the importance of a physiological medium condition to reveal
the metabolic profile of LEPR~A-iPSC-CMs. Further study should be performed to
investigate whether lower GLUT-4 mRNA level correspond to lower GLUT-4 protein
expression and translocation to the membrane with consequent lower glucose uptake in
LEPRY2-iPSC-CMs. Under intracellular glucose shortage, which results in energy
deficiency, AMPK directly senses the increase in AMP/ATP and ADP/ATP ratios, leading to
its activation (Bairwa et al., 2016), which is in line with the increased AMPK phosphorylation
found when LEPR~2-iPSC-CMs in B27 medium with glucose at high concentration were
compared to WT-iPSC-CMs under the same condition. Therefore, these results indicate
that there is a lower intracellular energy level in LEPR**-iPSC-CMs compared to the WT
group, pointing out the inability of LEPR**-iPSC-CMs to adequately use glucose as an
energy source. These findings are supported by the lower basal respiration and
mitochondrial ATP synthesis found in LEPR**-iPSC-CMs compared to WT-iPSC-CMs
under B27 medium, which indicate impaired mitochondrial function. Culturing LEPRA-
iPSC-CMs in F2 medium containing glucose and fatty acids partially restored their energy
balance, as demonstrated by comparable levels of basal respiration and mitochondrial ATP
production with WT-iPSC-CMs, although maximal respiration and spare respiratory
capacity were still lower in LEPR**-iPSC-CMs compared to the WT group under the same
condition. The inability of LEPR*2-iPSC-CMs to efficiently utilise glucose as an energy

99



Discussion

substrate was further suggested by ECAR-related glycolytic capacity, which was slightly
lower in LEPR*2-iPSC-CMs cultured under the F2 medium compared to WT-iPSC-CMs in
the same medium. These data confirm the hypothesis of lower glucose consumption in
LEPR¥A-iPSC-CMs, although improved glycolysis, glycolytic capacity and glycolytic reserve
were observed in LEPRY2-iPSC-CMs cultured in F2 medium compared to the same group
in B27 medium.

In addition, study of glycolytic fluxes in LEPR**-iPSC-CMs demonstrated reduced *C-label
transfer from phosphoenolpyruvate (PEP) to pyruvate compared to WT-iPSC-CMs in B27
medium, indicating slowed glycolysis. WT-iIPSC-CMs incubated with leptin showed slower
glycolysis when compared to their respective non-stimulated group, revealing leptin as a
critical player in glucose homeostasis already at the early step of glycolysis, while no leptin
effect was appreciated in LEPR~2-iPSC-CMs upon leptin stimulation. In previous studies,
leptin has been shown to have no effect on glucose uptake or metabolism in HL-1 murine
CMs (Palanivel et al., 2006) and no effect on glucose oxidation in Sprague Dawley isolated
working rat hearts (Atkinson et al., 2002). Similarly, intravenous or intracerebroventricular
infusion of leptin in mice had no effect on cardiac glucose uptake (Kamohara et al., 1997).
In contrast to these findings, however, a study of Langendorff-perfused Sprague Dawley rat
hearts showed that leptin stimulated glucose uptake (Haap et al., 2003). Moreover, a
reduction in glucose (and lactate) metabolism has been described even before the onset of
hyperglycaemia in Zucker rats (Golfman et al., 2005; Wang et al., 2005) which is in line with
the findings in this study, showing reduced glycolysis in LEPR*2-iPSC-CMs. To assess the
role of leptin in the regulation of glycolytic fluxes, further studies under physiological and

pathophysiological medium conditions will be needed.

5.5 Direct effect of leptin on energy metabolism in iPSC-CMs

So far, it is largely unknown whether leptin plays a direct role in energy metabolism in CMs.
To study this, low leptin concentration (1.24 nM) was applied to WT-iPSC-CMs in F2
medium for 4 weeks to mimic the physiological condition (F2+). As shown in this study as
well as by other data in the lab, WT-iPSC-CMs cultured in F2 medium revealed improved
maturation not only in energy metabolism but also in electrophysiological and functional
parameters. Consistent with the results obtained under B27 and F2 culture conditions,
LEPR expression was found to be slightly lower in LEPR**-iPSC-CMs compared to the WT
group under F2+, indicating no changes in LEPR expression in response to long-term
treatment with leptin at physiological concentration. Culturing WT-iPSC-CMs under F2+

medium resulted in an increased, although not significant, JAK2 activation, implying leptin-
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dependent regulation of downstream LEPR pathway. On the contrary, LEPR~*-iPSC-CMs
in F2+ medium showed abrogated JAK2 activation demonstrating no leptin effect.

Fatty acid oxidation is highly regulated by the AMPK pathway. AMPK phosphorylates ACC
and inhibits the ACC activity. This reduces malonyl CoA synthesis, activating CPT1-B and
thereby increasing mitochondrial import and oxidation of long-chain acyl-CoA fatty acids
(Kahn et al., 2005). A previous study showed that leptin activated cardiac fatty acid
metabolism in isolated working Sprague-Dawley rat hearts independent of the activation of
the AMPK-ACC-malonyl CoA axis (Atkinson et al., 2002). However, another study
conducted in WT CMs from perfused rat hearts demonstrated the leptin-dependent AMPK
activation and CD36 translocation to the membrane for stimulating fatty acid uptake to
enhance fatty acid oxidation (Momken et al., 2017). The differences observed in the
previous studies might be a result of different tissue or cells studied and different
experimental conditions. Whereas the whole heart tissue was used in the study by Atkinson
et al., isolated CMs were investigated in the study conducted by Momken and colleagues.
In the current study, a trend for an increase in AMPK phosphorylation in WT-iPSC-CMs
under F2+ was observed, indicating a possible leptin effect. In addition, culturing WT-iPSC-
CMs in F2+ medium led to slightly increased CD36 and CPT1-B expression compared to
F2 medium. However, mitochondrial oxygen consumption in WT-iPSC-CMs did not differ in
the presence or absence of leptin. Further experiments should be performed to study the
fatty acid uptake and lipid droplet accumulation in WT-iPSC-CMs in the presence or
absence of long-term treatment with leptin at physiological concentration.

Interestingly, WT-iPSC-CMs showed no difference in GLUT-1 expression when cultured in
F2+ medium, while a trend for a decrease in GLUT-4 expression was observed compared
to WT-iPSC-CMs in F2 medium. Since GLUT-1 and GLUT-4 are the insulin-independent or
-dependent glucose transporters, respectively, these data suggest that leptin may interact
with insulin regulating GLUT-4 expression and glucose uptake. In this study a direct role of
leptin in decreasing glucose uptake and consumption is further demonstrated by slightly
decreased glycolysis and glycolytic capacity when WT-iPSC-CMs are cultured in the
presence of leptin at physiological concentration. These data differed from the ex-vivo study
using Sprague Dawley rat hearts perfused in the working mode with both glucose and
palmitate, showing that rates of glucose oxidation were unaffected by the presence of leptin
(60 ng/ml) for 60 min (Atkinson et al., 2002). The reason for these differences may again
due to different tissue or cells used in different studies and different experimental conditions
(for example, time period with leptin treatment). In LEPR**-iPSC-CMs, no difference was

observed in CD36 expression and AMPK activation in the presence or absence of leptin, at
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physiological concentration, but slightly higher CPT7-B expression in the presence of low
leptin. However, lower basal respiration, maximal respiration, spare respiratory capacity,
and ATP production were observed in LEPR~2-iPSC-CMs in F2+ compared to WT-iPSC-
CMs under the same condition. These differences are more pronounced when compared
with those in the absence of leptin, suggesting leptin plays a role in lower mitochondrial
respiration in LEPR¥2-iPSC-CMs independent of the activation of LEPR and AMPK. Lower
lipid accumulation was detected in in LEPRY2-iPSC-CMs compared to WT-iPSC-CMs in
F2+ medium, which may suggest an increased lipid oxidation in the absence of a functional
LEPR, however, the fatty acid uptake and lipid droplet accumulation in LEPR**-iPSC-CMs
in the presence or absence of long-term treatment with leptin at physiological concentration
need to be further investigated. Culturing of LEPRY*-iPSC-CMs in F2+ medium
demonstrated no difference in the expression of GLUT-1 and GLUT-4, compared to F2
medium, however significant decrease in glycolysis was observed in LEPR>2-iPSC-CMs in
F2+ medium compared to the F2, suggesting lower glucose consumption in the presence
of leptin. In the future, the effect of long-term leptin treatment on glucose uptake in LEPRY-
iPSC-CMs should be studied.

Taken together, these findings indicate that leptin has a direct role in regulating fatty acid
and glucose metabolism via the activation of JAK2 and AMPK in WT-iPSC-CMs. Loss of
function of LEPR results in the blunted activation of JAK2 and AMPK and the alterations in
fatty acid and glucose metabolism in LEPR~2-iPSC-CMs. However, there is an effect of
long-term treatment with leptin on glucose and fatty acid metabolism in LEPR**-iPSC-CMs,
which is independent of the activation of LEPR and AMPK and cannot be explained by the

published data available in the literature.

5.6 Effect of pathophysiological culture condition on metabolic flexibility in iPSC-
CMs
Altered myocardial substrate and energy metabolism play a critical role in diabetic
cardiomyopathy development (Lopaschuk, 2002; Young et al., 2002). As mentioned in the
Introduction part, T2DM is characterized by reduced glucose metabolism and enhanced
fatty acid metabolism (Belke et al., 2000; Boudina & Abel, 2007; Buchanan et al., 2005).
This study provides the first comprehensive assessment of long-term culture of CMs with
leptin under pathophysiological conditions in a human-based CM model. In this study, high
leptin (100 nM), high insulin (700 nM) and high glucose (11 mM) were used in the cultivation
of WT- and LEPR"2-iPSC-CMs in F3+ medium for 4 weeks to mimic the hyperleptinemia,
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hyperinsulinemia and hyperglycaemia which are conditions known in patients with obesity-
associated T2DM.

Similar to leptin receptor resistance known in obesity-related T2DM patients, desensitization
of LEPR was achieved by diabetic-like culture condition as demonstrated by the blunted
JAK2 activation in WT-iPSC-CMs in F3+ medium with high leptin concentration.
Considering the diabetic condition studied in the animal model, the myocardial activity of
AMPK was significantly elevated in mice fed a high-fat diet for 1.5 and 3 weeks, most likely
due to increased leptin levels (Park et al., 2005). These findings are in line with the data in
the current study showing that WT-iPSC-CMs cultured in F3+ medium displayed the
increased AMPK phosphorylation. LEPR¥2-iPSC-CMs cultured in F3+ medium showed
slightly reduced AMPK phosphorylation compared to F2 medium, which is in line with
previous studies reporting the decrease in cardiac function and blunted AMPK activation in
db/db mice (Li et al., 2010), or in mice with CM-specific deletion of Lepr (Lepr-/-),
demonstrating impaired energy production via AMPK and mTOR signalling (Hall et al.,
2012). Importantly, culturing of WT-iPSC-CMs in F3+ medium induced higher CPT1-B
expression compared to F2 medium, indicating that the pathophysiological condition (high
insulin, high leptin, and high glucose) induces the expression of CPT71-B at the mRNA level.
Increased CPT7-B expression is also found in LEPRY*-iPSC-CMs in F3+ medium
compared to the same group under F2 medium. These findings suggest that high levels of
leptin and insulin may affect fatty acid oxidation. Further studies should be performed to
investigate whether higher CPT1-B expression at the mRNA level is associated with higher
protein expression and higher fatty acid uptake and oxidation in WT- and LEPR~2-iPSC-
CMs under pathophysiological conditions.

CD36 is present in cellular vesicles and can be translocated to the cell membrane rapidly
by muscle contraction or AMPK activation (van de Weijer et al., 2011). In the current study,
long-term culture of WT-iPSC-CMs with high concentration of leptin in F3+ medium showed
no effect on CD36 expression compared to F2 medium. However, CD36 expression was
slightly higher in LEPR~2-iPSC-CMs in F3+ compared to F2. Previous studies demonstrated
that CD36 mRNA levels were increased but total expression of CD36 protein was
unchanged in obesity and diabetes, however, permanent translocation of CD36 to the cell
membrane seemed to occur in leptin receptor deficient animal models (Carley & Severson,
2005; Coort et al., 2004). Further studies are needed to evaluate the role of leptin in CD36
protein expression and translocation to the membrane in both WT- and LEPR**-iPSC-CMs
under diabetic conditions to figure out the changes in fatty acid uptake. In T2DM patients a

marked increase in cardiac fatty acid oxidation has been reported (Karwi et al., 2021). In
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db/db mice alterations in substrate metabolism were paralleled by a decreased contractility
eventually leading to cardiomyopathy (Boudina et al., 2007). In this study, WT-iPSC-CMs
maintain substrate flexibility under diabetic conditions, as shown by no difference in
mitochondrial oxygen consumption rate in WT-iPSC-CMs in F3+ compared to F2 medium.
On the contrary, LEPR*2-iPSC-CMs cultured in F3+ medium showed increased OCR
compared to F2 medium, as demonstrated by slightly augmented maximal respiration, and
significantly increased spare respiratory capacity.

In addition, Lepr-deficient animals show elevated triglyceride levels and lipid accumulation
in the myocardium that may promote lipotoxicity (Sharma et al., 2004; Zhou et al., 2000).
However, in this study lipid accumulation was reduced in LEPR*2-iPSC-CMs cultured under
F3+ medium compared to WT-iPSC-CMs under the same metabolic conditions. These
results might be attributed to the increase fatty acid oxidation observed by increased cardiac
oxygen consumption in WT-iPSC-CMs and in LEPR*2-iPSC-CMs. Another explanation
could be that the fatty acids supplied to the culture is lower in this study than fatty acids
available in the blood system of patients with obesity-related T2DM. Moreover, by
performing Oil-Red-O-staining different lipid species within lipid droplets cannot be
distinguished. In fact, Oil-Red-O-staining stains only the most hydrophobic and neutral lipids
(triglycerides, diacylglycerols, and cholesterol esters), whereas polar lipids (phospholipids,
sphingolipids, and ceramides) are not stained. Therefore, although lower lipid accumulation
in LEPRY2-iPSC-CMs are observed compared to WT-iPSC-CMs under pathophysiological
conditions, further investigations are needed to determine the nature of the lipids. For
example, elevated intracellular palmitate can promote apoptosis through de novo ceramide
formation with deleterious consequences on cellular function (Carley & Severson, 2005;
Hickson-Bick et al., 2000).

Increased reliance of the heart on fatty acids in the diabetic heart has a detrimental effect
on cardiac efficiency and worsens the energy status in diabetes, mainly through inhibiting
cardiac glucose oxidation (Karwi et al., 2021). In mice fed a high-fat diet after 1.5 and 3
weeks, myocardial levels of GLUT-4 are reduced, and it is accompanied by reduced insulin
signalling (Park et al., 2005). In line with these previous studies, although no difference in
GLUT-1 expression was observed in WT-iPSC-CMs cultured in diabetic-like (F3+) medium,
a tendency of lower expression of insulin-dependent glucose transporter GLUT-4 was
showed compared to F2 medium. However, no effect of long-term treatment with high
concentration of leptin on both GLUT-1 and GLUT-4 expression was observed in LEPRY"-
iPSC-CMs. These data suggest that leptin-mediated signalling interacts with the insulin
signalling to regulate GLUT-4 expression in WT-iPSC-CMs, but loss of function of LEPR
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leads to the disturbance of their interaction and no changes in GLUT-4 expression in
LEPR¥2-iPSC-CMs. Slightly lower GLUT-1 expression was observed in LEPR**-iPSC-CMs
when compared to WT-iIPSC-CMs in F3+ medium, while no difference was observed in
GLUT-4 expression in LEPRY2-iPSC-CMs compared to WT-iPSC-CMs in F3+ medium,
supporting the hypothesis of lower glucose uptake in the absence of a functional LEPR in
CMs.

Similar to the condition known in T2DM patients, LEPR**-iPSC-CMs demonstrated lower
ECAR related glycolysis and glycolytic capacity when cultured in F3+ medium compared to
F2 medium, which points out the decrease in glucose consumption after long-term
treatment with high concentration of leptin. Moreover, decreased glycolytic capacity was
observed in LEPRY2-iPSC-CMs compared to WT-iPSC-CMs under diabetic condition,
which emphasise the incapability to use efficiently glucose caused by the lack of LEPR
function. However, pathophysiological culture condition (F3+) did not affect the glycolytic
function of WT-iPSC-CMs when compared to the F2+ condition, suggesting that the glucose
utilisation is not altered in WT-iPSC-CMs in F3+ medium. The effect of long-term treatment
with high leptin concentration on glucose uptake in WT- and LEPR~2-iPSC-CMs should be
further investigated in future studies. Based on these results, in LEPR~2-iPSC-CMs fatty
acid oxidation is increased while carbohydrate oxidation is decreased under
pathophysiological medium condition (F3+), as previously shown in db/db mice or T2DM
patients. This mechanism might reduce cardiac energy efficiency and flexibility, and thereby

may contribute to cardiomyopathy development.

5.7 Conclusions and future perspectives

In this study, iPSC disease models were used to investigate the LEPR expression and
function in (WT)-iPSC-CMs and LEPR~AiPSC-CMs. Physiological (F2+) and
pathophysiological (F3+) medium conditions were applied to (WT)-iPSC-CMs and LEPR¥A-
iPSC-CMs to investigate leptin role in cardiac metabolism. The results reveal that i) LEPR
is important in the maturation of (WT)-iPSC-CMs; ii) culture medium condition including
physiological range of insulin, glucose and fatty acid are fundamental to study the leptin role
in iPSC-CM metabolism; and iii) loss of LEPR resulted in low intracellular energy level and
inefficient use of glucose in IPSC-CMs.

These results provide evidence for the hypotheses that leptin plays a direct role in CMs,
and under physiological conditions, plays a beneficial role in cardiac metabolism by
participating in glucose homeostasis, and that loss of LEPR function under diabetic

conditions contributes to the development of diabetic cardiomyopathy. Certainly, there are
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also limitations to this work. One limitation is the use of AlbuMax and KOSR in F2, F2+ and
F3+ media, given their complex composition of various nutrients. Although different fatty
acids such as palmitic acid and linoleic acids have been shown to promote maturation of
iPSC-CMs (Correia et al., 2017; Yang et al., 2019), we are not able to distinguish between
the lipids or lipid combination which has the most prominent effect on CM maturation. A
second limitation in this study is the absence of a specific antibody for LEPR which could
demonstrate the presence of truncated protein of LEPR in LEPRY2-iPSC-CMs, although
LEPR cDNA sequencing data show a formation of a premature stop codon. Amino acid
sequencing of LEPR protein could provide more information about the LEPR truncated
protein in LEPRY2-iPSC-CMs. Besides these limitations, further studies should be
performed to investigate function of different LEPR isoforms in iPSC-CMs. The most well
studied LEPR isoform is the OBR-b, however OB-Ra, OB-Rb, and OB-Re were identified in
mouse heart homogenates (Purdham et al., 2004), therefore a potential role of these
isoform should be further studied in the iPSC-based human cardiac system.

Given the different regulation of metabolic markers (GLUT-1, GLUT-4, CD36 and CPT1-B)
in LEPRY2-iPSC-CMs compared to WT-iPSC-CMs, fractionation of subcellular proteins to
assess protein localization and enrichment from specific cellular compartments should be
conducted to discover the regulation of these genes at the protein level. Furthermore, to
discriminate the effect of leptin under pathophysiological condition from the effect of insulin
and glucose, the generation of a medium with fatty acids, high glucose and high insulin will
provide further knowledge regarding the contribution of leptin in diabetic cardiomyopathy
development. Additionally, mass spectrometry-based phosphoproteomics could help to
further understand how leptin regulates cardiac metabolism, and to figure out the specific
proteins responsible for the metabolic switch between glucose and fatty acid consumption
under physiological and pathophysiological conditions. This is important for the

development of new therapeutic approaches for diabetes and diabetic cardiomyopathy.
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6 Summary

Background and aims: Leptin resistance or leptin signalling deficiency are associated with
increased risk of diabetic cardiomyopathy and heart failure, which is a leading cause of
obesity- and diabetes type 2 (T2DM)-related morbidity and mortality. Various metabolic
disturbances are involved in this pathogenesis, such as elevated glucose and fatty acid
levels, insulin resistance and altered myocardial substrate utilization. Rodent models
provided useful insights into the underlying molecular mechanisms of obese- and T2DM-
associated cardiometabolic diseases, however, they cannot fully recapitulate the disease
phenotype of obese or T2DM patients. The aims of this study were to study the effect of
leptin receptor (LEPR) mutations on the leptin-mediated signalling pathways in human
cardiomyocytes, and to investigate glucose and fatty acid metabolism in the heart under
(patho)physiological conditions.

Methods and results: To study the role of LEPR in human cardiomyocytes (CMs), human
induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs) were used as a model.
In the first part of this study, LEPR expression and function was investigated in wild type
(WT)-iPSC-CMs by PCR and Western Blot. LEPR protein expression was almost not
detectable in iPSCs and during early cardiac differentiation stages, however mRNA LEPR
expression was comparable in the different steps of cardiac development. Importantly,
LEPR protein expression was observed in WT-iPSC-CMs at the maturation stages,
indicating that LEPR plays an important role in matured CMs. Thanks to CRISPR/Cas9
technology, LEPR mutations were introduced into iPSCs. Among the several clones
obtained, 1B2 LEPRY2-iPSC line was fully characterized and showed normal capacity to
differentiate into spontaneously beating CMs. Although the B27 medium represents a well-
established medium to cultivate iPSC-CMs, it has limitations for studying CM metabolism
due to its high concentration of insulin and glucose, but low concentration of fatty acids.
Physiological medium condition (F2) including physiological range of glucose, insulin and
fatty acids was found to be fundamental to study LEPR signalling pathway in iPSC-CMs.
Western blot analysis showed functional LEPR downstream pathway activation in WT-
iPSC-CMs, while the absence of LEPR function was demonstrated in LEPR22-iPSC-CMs
cultured in F2 medium. Moreover, improved medium condition, offered by the F2 medium,
ameliorates insulin sensitivity as result of increased insulin-dependent AKT phosphorylation
in WT-iPSC-CMs, while loss of LEPR function was associated with downregulation of insulin
pathway activation. Additionally, leptin direct effect was observed on the regulation of
glucose metabolism in WT-iPSC-CMs by reducing glycolytic fluxes, which was not observed

in LEPRY2-iPSC-CMs, as measured by '*C-isotope-assisted glucose metabolic flux. These
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data indicate that the signalling interaction between insulin and leptin is important in
regulation of glucose metabolism and is abolished in LEPR~2-iPSC-CMs. The matured WT-
iPSC-CMs in F2 medium display adult CM-like metabolic phenotype such as enhanced
mitochondrial respiration and glycolytic function, as measured by Seahorse analyser,
compared to the same group cultured in the B27 medium. The mutation generated in
LEPRY2-iPSC-CMs caused an “energy starvation” status which led to increased AMPK
phosphorylation compared to the WT group in B27 medium, which was associated with
lower mitochondrial oxygen consumption rate (OCR) linked basal respiration and ATP
production. In the next part of this study, the long-term leptin treatment of iPSC-CMs under
physiological medium conditions in the presence of physiological range of insulin, glucose,
and fatty acids (F2+) influenced LEPR downstream pathway activation such as JAK2 and
AMPK suggesting a leptin-dependent role in fatty acid uptake and oxidation in WT-iPSC-
CMs. On the contrary, leptin did not affect JAK2 and AMPK activation in LEPRY~2-iPSC-
CMs. Culturing of (WT)-iPSC-CMs in F2+ medium demonstrated no significant difference
in mitochondrial oxygen consumption, while slightly lower glycolysis and glycolytic capacity
was observed. However, a leptin effect on fatty acid and glucose metabolism was observed
in LEPR*2-iPSC-CMs, which is independent from LEPR downstream regulation. To study
the effect of high leptin levels, a medium mimicking some of the diabetic hallmarks, such as
high glucose, high insulin, and high leptin levels, was used. Metabolic flexibility was
observed in WT-iPSC-CMs in F3+ medium as showed by no difference in mitochondrial
function in WT-iPSC-CMs in the presence or absence of high leptin. In contrast, LEPRYA-
iPSC-CMs in F3+ medium demostrated higher OCR compared to F2 medium, which is
accompanied by lower glycolysis and glycolytic capacity, indicating the incapability of
LEPR~A-iPSC-CMs to use glucose as energy source, as measured by Seahorse analysis.
Conclusion and outlook: Taken together, this study demonstrates the importance of leptin
and LEPR at the late stage of CM maturation and the fundamental role of metabolic medium
condition including physiological range of glucose and fatty acid to study the role of leptin
in iPSC-CMs. In addition, LEPR¥2-iPSC-CMs in diabetic condition (F3+) represent a
suitable model to investigate leptin-dependent cardiac metabolism, resulting in increased
mitochondrial oxygen consumption and decreased glycolytic function, resembling the
condition known in obesity-related T2DM patients. Further studies should focus on the
regulation of the metabolic switch between glucose and fatty acid utilization in the absence
of a functional LEPR. Understanding the contribution of leptin/LEPR signalling in human
CM metabolism will shed light on novel therapeutic approaches to treat diabetic

cardiomyopathy.
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7 Zusammenfassung

Wissenschaftlicher Hintergrund und Ziele: Leptinresistenz oder Stérungen des
Leptinsignalweges gehen mit einem erhodhten Risiko fur die Entwicklung diabetischer
Kardiomyopathie und Herzinsuffizienz einher, welche unter den haufigsten Ursachen fur
Morbiditat und Mortalitat von Patienten mit Adipositas- und Typ 2 Diabetes (T2DM) sind.
Verschiedene metabolische Dysregulationen sind mit diesem Krankheitsbild verbunden,
beispielsweise erhohte Blutzuckerwerte und Blutfette, Insulinresistenz sowie ein gestorter
myokardialer Stoffwechsel. Obgleich mittels Mausmodellen wertvolle Erkenntnisse iber die
zugrunde liegenden molekularen Mechanismen dieser kardiometabolischen Krankheiten
gewonnen werden konnte, sind diese Modelle nicht in der Lage die komplexen
Krankheitsbilder zu rekapitulieren, die in Patienten mit Adipositas bzw. Typ-2 Diabetes
vorliegen. Aus diesem Grund bestand das Ziel dieser Arbeit darin, den Effekt von
Mutationen im Leptinrezeptors (LEPR) auf die Signalantwort des Rezeptors in humanen
Kardiomyozyten zu untersuchen und den Glukose- und Fettsduremetabolismus des
Herzens unter pathophysiologischen Bedingungen zu charakterisieren.

Methoden und Ergebnisse: Um die Rolle des LEPR im humanen Kardiomyozyten naher
zu erforschen, wurden, aus humanen induzierten pluripotenten Stammzellen differenzierte
Kardiomyozyten (iPS-KM), als Modellsystem eingesetzt. Zunachst wurde die Expression
und Funktion des LEPR in Wildtyp (WT-)-iPS-KM mittels PCR und Western Blot untersucht.
Eine Expression des LEPR auf Proteinebene war nahezu undetektierbar in iPS-Zellen vor
der Differenzierung sowie in den frilhen kardialen Phasen des Differenzierungsprozesses,
wahrend die mRNA des LEPR wahrend der Differenzierung nachgewiesen werden konnte.
Nach abgeschlossener Differenzierung konnte eine robuste Proteinexpression des LEPR
in WT-iPS-KM nachgewiesen werden, was auf eine wichtige Rolle fir die Reifung der
Kardiomyozyten hindeutet. Mittels CRISPR-Cas9 Geneditierung wurden Mutationen in das
LEPR-Gen in iPS-Zellen eingebracht. Unter verschiedenen Klonen wurde die 1B2 LEPRYA-
iPS-Linie zur weiteren Charakterisierung ausgewahlt und aus diesen iPS erfolgreich iPS-
KM differenziert. Die Zusammensetzung des, zur Kultivierung von iPS-KM weit verbreiteten,
B27-Standardmediums brachte einige Limitationen fir die geplanten Studien mit sich,
insbesondere die hohen Konzentrationen von Glukose und Insulin sowie die geringen Level
von Fettsauren. Daher wurde ein spezielles Maturierungsmedium (F2-Medium) verwendet,
welches physiologische Konzentrationen von Glukose, Insulin und Fettsduren enthalt. Die
Ergebnisse dieser Studien zeigen, dass die physiologische Zusammensetzung des
Mediums von fundamentaler Wichtigkeit fur die Untersuchungen des LEPR-Signalwegs
sind. Wahrend die die Aktivierung nachgeschalteter Effektorproteine des LEPR in WT-iPS-
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KM nachgewiesen werden konnte, zeigten LEPRY2-iPS-KM, die in F2-Medium kultiviert
wurden, keine LEPR-Signalantwort. Die Kultivierung im optimierten F2-Medium flhrte
weiterhin zur verbesserten Insulinsensitivitat in WT-iPS-KM, die anhand einer insulin-
induzierten AKT-Phosphorylierung nachgewiesen wurde, wéahrend in LEPRY2-iPS-KM eine
deutlich schwachere Aktivierung des Insulinsignalwegs beobachtet wurde. In
Untersuchungen des Glukosemetabolismus mittels "*C-isotopenmarkierter Glukose konnte
zudem ein direkter Effekt von Leptin auf den Glukosemetabolismus, anhand der
Reduzierung des glykolytischen Fluxes, in WT-iPS-KM gezeigt werden, der in LEPRY2-iPS-
KM nicht beobachtet werden konnte. Diese Ergebnisse deuten darauf hin, dass die
Wechselwirkung zwischen Insulin- und Leptinsignalwegen flr die Regulation des
Glukosemetabolismus malgeblich ist und diese Interaktion durch den Knockout des
Leptinrezeptors in den LEPRY2-iPS-KM nicht mehr vorhanden ist. Die Kultivierung von WT-
iPS-KM in F2-Medium flhrt, im direkten Vergleich zu Zellen in B27-Medium, zur
Auspragung eines, adulten Kardiomyozyten ahnlicherem metabolischen Phanotyp, was
anhand einer gesteigerten mitochondrialen Zellatmung und verbesserter glykolytischer
Funktionalitat mittels Seahorse-Experimenten gezeigt wurde. In LEPRY2-iPS-KM wurde ein
wahrenddessen ,Energiemangelzustand“ beobachtet, welcher mit einem gesteigerten
AMPK-Phosphorylierungslevel, verringertem mitochondrialem Sauerstoffverbrauch und
reduzierter ATP-Produktion im Vergleich zu WT-iPS-KM in B27-Medium einherging.

In weiteren Studien dieser Arbeit wurde nachgewiesen, dass die Langzeitbehandlung der
iPS-KM mit einer physiologischen Leptinkonzentration in Gegenwart der physiologischer
Konzentrationen von Insulin, Glukose und Fettsduren (F2+-Medium) die Aktivierung von
JAK2 und AMPK im LEPR Signalweg beeinflusst. Diese Ergebnisse deuten auf eine Rolle
von Leptin fur die Aufnahme und die Verstoffwechselung von Fettsduren in WT-iPS-KM hin.
Im Gegensatz dazu hatte die Leptin-Langzeitbehandlung keinen Einfluss auf die JAK2 und
AMPK-Aktivierung in LEPR¥2-iPS-KM. In Bezug auf WT-iPS-KM in F2+-Medium wurden
keine signifikanten Veranderungen im mitochondrialen Sauerstoffverbrauch festgestellt,
wahrend die Glykolyseaktivitdt und glykolytische Kapazitat leicht vermindert waren. Fur
LEPRY2-iPS-KM wurde in Effekt der Leptinbehandlung mit F2+-Medium sowohl auf den
Fettsaurestoffwechsel, als auch auf den Glukosemetabolismus beobachtet, welcher
unabhangig vom klassischen LEPR-Signalweg war.

Der Einfluss hoher Leptinlevel wurde einem Medium (F3+-Medium) untersucht, welches
Charakteristika von Diabetes-Patienten, wie hohe Glukosekonzentrationen, hohe
Insulinkonzentrationen sowie hohe Leptinkonzentrationen, wiederspiegelt. Hohe

Leptinkonzentrationen hatten keinen Einfluss auf die mitochondriale Funktion und
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Glykolyseaktivitat in WT-iPS-KM, was auf eine intakte metabolische Flexibilitat der Zellen
hindeutet. Im Gegensatz dazu wiesen LEPRY2-iPS-KM, die in F3+-Medium kultiviert
wurden, einen hoherer Sauerstoffverbrauch im Vergleich zu Kultivierung in F2-Medium auf,
was ebenso mit einer verringerten Glykolyseaktivitat und glykolytischen Kapazitat
einherging. Dies weist darauf hin, dass in LEPRY2-iPS-KM eine Storung in der Nutzung von
Glukose als Energiesubstrat vorliegt und die metabolische Flexibilitdt mafigeblich
eingeschrankt ist.

Schlussfolgerung und Ausblick: Zusammengefasst liefert diese Studie entscheidende
Hinweise auf eine hohe Relevanz von Leptin und dem LEPR flir Kardiomyozyten in
spateren Entwicklungs- bzw. Reifestadien und die kritische Bedeutung von komplexen
Kulturmedien mit physiologischen Konzentrationen von Glukose und Fettsduren, um den
Einfluss von Leptin auf iPS-KM zu untersuchen. Weiterhin wurde nachgewiesen, dass
LEPR22.jPS-KM die in einem Diabetes-simulierenden Medium kultiviert werden, ein
geeignetes Modellsystem zur Untersuchung der Auswirkung von Leptin auf den kardialen
Stoffwechse reprasentieren, welche mit erhéhtem mitochondrialer Zellatmung und
verminderter glykolytischer Funktion einhergeht und somit die Situation in adipésen T2DM-
Patienten widerspiegelt. Weitergehende Studien fokussieren sich auf die Regulation des
Umschaltens zwischen Glukose- und Fettsadurestoffwechsel in LEPRY2-iPS-KM ohne
funktionellen LEPR. Das daraus resultierende, tiefere Verstandnis des Leptin-
Leptinrezeptor Signalwegs in humanen Kardiomyozyten soll Ansatzpunkte zur Entwicklung

neuer Therapien fur diabetische Kardiomyopathie liefern.
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