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1. Introduction 

 

Cardiovascular and neurological diseases are the most common causes of death worldwide 

[1, 2], strongly motivating the study of the cause and mechanisms leading to the development 

of these diseases. This thesis focuses on how to use human induced pluripotent stem cell-

derivatives for disease modeling, especially when the disease affected cell types are hardly 

accessible such as cardiomyocytes or neural cell types.  

 

1.1. Classification of stem cells  

Meanwhile the main purpose of symmetric cell division (when the two daughter cells are 

identical) is proliferation, a key characteristic of stem cells is asymmetric cell division, when 

one of the daughter cells is identical to the origin (thus maintaining the stem cell pool), and 

the other becomes committed to a more specified cell fate [3, 4]. 

Four types of stem cells are classified based on their differentiation potential: totipotent, 

pluripotent, multipotent and unipotent [5] (Fig.1). Totipotent stem cells are formed after 

fertilization, when the zygote divides into cells in the morula stage of development. 

Totipotent stem cells can give rise to all cell types of the human body. These cells develop 

further into the blastula stage, where the inner cell mass part of the blastocyst contains 

pluripotent stem cells. Pluripotent stem cells can give rise to all cell types of the human body, 

excluding the extraembryonic tissues [6]. Multipotent stem cells are generated from these 

cells committed to lineage-specific differentiation, having the potential to differentiate into a 

limited number of cell types. With further specification, unipotent stem cells are formed with 

the ability to differentiate into one specific cell type exclusively. Even though they start to 

form during prenatal development, multipotent and unipotent stem cells are called adult stem 

cells (also called tissue-specific stem cells or somatic stem cells) and are found in the body 

throughout the majority of postnatal life as well [7]. 
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Figure 1. Classification of stem cells (See description in the text) 

(Figure generated using BioRender) 

 

1.2. Human pluripotent stem cells 

The source of human pluripotent stem cells (hPSCs) can be i) human embryonic stem cells 

(hESCs) originating from the inner cell mass of the blastocyst stage of the embryo, and ii) 

human induced pluripotent stem cells (hiPSCs) obtained from adult somatic cells via genetic 

reprogramming (Fig.1.).  hESCs and hiPSCs are considered equivalents in terms of 

pluripotency. hPSCs have the ability of unlimited cell division while maintaining their 

pluripotency and self-renewal. Under well-defined in vitro conditions, hPSCs thus offer 

unlimited cell sources for numerous applications. hPSCs and their differentiated derivatives 

are widely used for disease modeling, toxicology testing and drug development, and provide 

promising regenerative medicine opportunities [8, 9]. 

 

1.2.1. Generation of human induced pluripotent stem cells 

The first induced pluripotent stem cells (iPSCs) were generated from mouse fibroblasts by 

the research group of Shinya Yamanaka in 2006 [10], and subsequently, the first hiPSCs 

were derived from human fibroblasts in 2007 [11]. The “classical” genetic reprogramming 

occurs through the forced expression of four genes, also called the Yamanaka factors: POU 
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class 5 homeobox 1 (OCT3/4, also known as POU5F1), SRY-box transcription factor 2 

(SOX2), Kruppel-like factor 4 (KLF4) and MYC proto-oncogene, BHLH transcription factor 

(c-MYC). During the same time, the Thomson group independently generated hiPSCs from 

human fibroblasts using OCT3/4, SOX2, homeobox transcription factor Nanog (NANOG) 

and Lin-28 homolog A (LIN-28) [12]. In the process of reprogramming, these factors 

reactivate endogenous transcription factors responsible for the initiation and maintenance of 

pluripotency. Further maintenance of pluripotency does not require the presence of 

reprogramming transgenes [13]. 

Initially, fibroblasts isolated from skin biopsies were the most commonly used cell source 

for hiPSC generation. However, this has been replaced with less invasive approaches, such 

as cells isolated from peripheral blood or urine [14].   

The reprogramming genes can be introduced into the cells by various methods [15, 16]. 

Retroviral and lentiviral vectors were used to establish the first hiPSCs [11, 12], which are 

still among the most efficient and reproducible gene delivery methods. However, these 

approaches require the integration of transgenes into the host genome, possibly leading to the 

disruption of genome integrity. Removal of the transgenes from the host genome after the 

reprogramming process (e.g. using Cre/lox [17] or piggyBac transposon system [18]) is a 

possible solution, still it makes the reprogramming system more complicated. Adenoviral 

vectors do not integrate into the genome, but the obtained efficiency of reprogramming is 

lower compared to integrating viral vectors [19]. On the other hand, Sendai virus is a 

non-integrating RNA virus vector providing transient expression of the reprogramming 

factors combined with high reprogramming efficiency [20]. Nucleofection of plasmid vectors 

or episomal vectors carrying the reprogramming genes is another non-integrating approach 

for transient expression, but shows low reprogramming efficiency [21]. Furthermore, there 

are non-genetic reprogramming approaches, e.g. instead of genes, delivering the mRNA [22] 

or recombinant protein of the corresponding transcriptions factors [23] into the cells. While 

the mRNA method can be a promising tool, delivery of transcription factor proteins through 

the plasma membrane is cumbersome due to the size of these proteins.  

Overall, the reprogramming techniques have become available for research purposes, and the 

usage has been increasing greatly, with Sendai virus-based delivery system being the most 

popular reprogramming method [24].  
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1.2.2. Disease modeling with human pluripotent stem cells 

hPSCs and their differentiated derivatives provide promising opportunities for studying 

disease-related phenotypes in vitro. These approaches are particularly important when human 

cell types cannot be investigated directly or in the long-term, or no appropriate animal models 

are available [25, 26]. Studying differentiation and cell maturation processes can provide 

insights into disease development and lead us to identify possible targets for treatment. 

In vitro modeling systems for environmental factor induced diseases, pharmacological 

factor-induced or stress-induced diseases use healthy cell lines to recapitulate the harmful 

effects of a certain agent or stress factors. These systems are used to discover cellular and 

molecular level mechanisms aiming to help the development of preventive strategies and 

treatment. 

Finally, modeling genetic diseases requires cells with pathogenic genetic alterations. These 

cells are obtained either by genetic manipulation of wild-type cell lines (e.g. generating a 

mutation of interest) or by establishing cell lines originating from patients carrying genetic 

alterations. In certain cases, the disease-associated genetic background can be corrected by 

gene-editing tools to generate isogenic control cells, or to test if correction of the given gene 

rescues the phenotype [27, 28]. 

 

1.3. Differentiation methods for generating relevant cell types for disease modeling 

1.3.1. Cardiomyocyte differentiation from hiPSCs 

Cardiomyocytes are the main cell type building up the myocardium of the heart located in 

the walls of the four chambers, in the septa, and the papillary muscle connecting to the mitral 

valves [29] (Fig. 2. C). Since the heart is the first functioning organ to develop in the embryo 

[30], it is not surprising that the mesoderm-derived beating cardiac cells are among the first 

emerging cell types in spontaneous differentiation of hPSCs in vitro. These cardiac cells are 

surrounded by many other cell types in a spontaneously differentiating cell culture, 

representing derivatives of all three germ layers. To increase the ratio of cardiomyocytes in 

the cell culture or generate pure cardiac cell cultures, directed differentiation methods had to 

be developed. The first protocol for generating cardiomyocytes from hPSCs was reported in 

2001, starting differentiation from embryoid bodies using serum but achieving low 
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differentiation efficiency (5-10%) [31]. To increase efficiency, several other methods have 

been reported. Co-culture with mouse endoderm-like cells increased cardiac differentiation 

efficiency [31], with the compromise of having multiple cell types from different species in 

the studied cell culture. The major signaling pathways determining cardiomyogenesis include 

bone morphogenetic protein (BMP), Nodal/Activin, wingless-type MMTV integration site 

family (Wnt), fibroblast growth factor (FGF) and Notch [32, 33]. Using cytokines, such as 

Activin A and bone morphogenetic protein 4 (BMP4), and hormones, such as insulin for the 

induction of cardiac differentiation brought significant improvements in differentiation 

efficiency [34]. To note, insulin inhibits cardiac mesoderm formation [35], but improves the 

subsequent yield of differentiated cardiomyocytes by increasing cell survival and 

proliferation [36]. These factors were successfully applied for cardiac myocyte induction 

both in 3D embryoid body-based systems and in 2D monolayer cell cultures. As a next step, 

applying small molecules modulating signaling pathways made it possible to establish 

serum-free, xeno-free, cytokine- and hormone-free differentiation protocols [37]. To improve 

cardiomyocyte purity, several purification methods have been developed, such as i) 

metabolic selection based on glucose retrieval from the culturing media and supplementation 

with lactate, ii) fluorescence activated cell sorting (FACS) based on high mitochondrial 

activity or using molecular beacons (nano-sized probes for specific mRNAs), or iii) 

separation of labeled un-differentiated cells in microfluidic system [38]. Generally, hPSC-

derived cardiomyocyte differentiation protocols yield in a mixed population of atrial, 

ventricular and pacemaker-like cells. However, the recent emergence of subtype-specific 

differentiation protocols makes it possible to generate homogenous populations [39]. hPSC-

derived cardiomyocytes (hPSC-CMs) resemble fetal cardiac cells, regarding gene 

expression, sarcomere structure, metabolism and electrophysiological characteristics. 

Indeed, even in mixed populations, hPSC-CMs show spontaneous contractile activity (not 

restricted to nodal-like cells only), which is a characteristic of fetal-like cardiac cells. 

Maturation techniques for the generation of more adult-like cardiomyocytes have been 

published, and are shown to be more suitable for certain disease modeling approaches and 

toxicology testing platforms [39, 40]. Prolonged culturing time is an obvious option, but other 

approaches have also been developed because it is time-consuming and longer maintenance 

is more expensive. Cardiomyocytes switch metabolic state prenatally and during in vitro 
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maturation from glycolysis to oxidative phosphorylation [41, 42], indicating that glucose 

retrieval, along with its beneficial effect on purity, can help the metabolic maturation of 

cardiac cells [41]. Mechanical [43] and/or electrical stimuli [44] improve sarcomere structure 

maturation and electrophysiological properties. Applying fluid flow inducing shear stress 

also has a beneficial effect on cardiac maturation [45]. On the other hand, while 

cardiomyocyte maturity is important for modeling adult-onset cardiac diseases [46], 

investigating the early steps of cardiomyogenesis can be very informative in developmental 

disease modeling. Studying differentiation in immature, fetal-like cardiac cell types is crucial 

for understanding the underlying mechanisms of congenital cardiac diseases. Additionally, 

considering that the regenerative capacity of the adult human heart is known to be limited, 

application of more immature cells with higher proliferative capacity could be beneficial for 

regenerative treatment as well, however, spontaneous contractility raises concerns about the 

risk of arrhythmia [47]. 

 

1.3.2. Cardiac neural crest cells 

Neural crest cells (NCCs) are ectodermal in origin and arise from the dorsal neural tube 

(Fig. 2. A). Depending on the segment of the anterior-posterior axis, they are classified as 

cranial, cardiac, vagal, and trunk NCCs [48]. Premigratory neural crest cells undergo 

epithelial to mesenchymal transition (EMT) and migrate to different embryonic tissues 

following specific cues. When NCCs reach their destination, they give rise to a variety of cell 

types, such as osteoblasts and chondrocytes in the head, smooth muscle cells in the great 

vessels and cardiac septa, sympathetic and parasympathetic neurons of the peripheral nervous 

system, chromaffin cells of the adrenal gland, and melanocytes in the skin [49].  

Cardiac neural crest cells (cNCCs) originate from between the mid-otic placode and the third 

somite [50], and migrate through the 3rd, 4th and 6th pharyngeal arches to the developing heart 

(Fig. 2. B), where they become part of the cardiac mesenchyme and differentiate into smooth 

muscle cells [51-53]. A portion of cNCCs remains in the arch arteries playing a role in 

forming the great arteries, specifically having a role in aorticopulmonary septation and aortic 

arch remodeling. Another part of cNCCs migrate to the developing cardiac outflow tract 

(OFT), assisting in its formation and playing a role in OFT cushion remodeling forming the 

semilunar valves [51, 54]. Additionally, cNCCs migrate to the endocardial cushions, where 
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they are required to form the membranous intraventricular septum. They contribute to the 

smooth muscle of the coronary arteries as well [55] (Fig. 2. C). 

Defects in the differentiation of cNCCs into VSMCs have been indicated to cause various 

cardiovascular disorders, including OFT anomalies, and ventricular septal defect (VSD) or 

tetralogy of Fallot (TOF) supposedly caused by malalignment between the OFT and the 

ventricles during cardiac looping [56].  

In general, defects in neural crest differentiation and specification, disrupted migration, 

impaired viability or self-renewal capacity or improper differentiation capacity cause 

neurocristopathies [57], and those affecting cNCCs can lead to abnormal cardiovascular 

development, e.g. seen in coloboma, heart defects, atresia choanae, growth retardation, 

genital abnormalities, and ear abnormalities (CHARGE) syndrome, DiGeorge syndrome or 

Treacher Collins syndrome [50, 58, 59]. Cardiac neural crest ablation studies showed 

abnormal looping and induced cardiovascular abnormalities in animal models [50, 60-62]. 

However, the exact mechanisms of how improper NC development causes congenital heart 

defects are still not clearly understood.  

 

1.3.3. Neural crest cell differentiation from hiPSCs 

NCC induction is regulated by BMP, Wnt, Notch, and FGF signaling. Addressing these 

molecular pathways, protocols for the generation of human NCCs started to emerge in 2005 

[49, 63, 64]. NCC induction approaches involved stromal cell co-culture, and later 3D 

neurosphere or monolayer induction of neural rosettes. These protocols result in a mixed 

population of neural precursors and neural crest cells followed by a subsequent enrichment 

of migratory NCCs [49]. Another interesting approach is transcription factor-based 

reprogramming of fibroblasts with a single transcription factor SRY-box transcription factor 

10 (SOX10) [65]. The most recent protocols aim to achieve directed and specific NCC 

induction from hPSCs in defined adherent culture using small molecules [66, 67]. Although, 

3D spheroid-based protocols using differentiation factors, such as FGF and Activin A, are 

still used [68, 69]. Protocols aiming to define certain regional NCC identity have also 

emerged using BMP4 or retinoic acid (RA) to direct anterior or posterior NCC specification 

[70, 71] however, specific cNCC producing protocols are yet to be developed.  
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Figure 2. Cardiac neural crest cells contribute to cardiovascular development 

(A) Neural crest cells originate from the dorsal neural tube. (B) Cardiac neural crest cells 

migrate to the developing heart. (C) Human adult myocardium (black labels) and parts of the 

cardiovascular system with neural crest contribution (green labels). 

(Figure generated using BioRender) 

 

1.4. Background for hiPSC-derived disease models  

In this thesis, I demonstrate two examples of how to use hiPSC-derivatives for disease 

modeling. The first model aims to investigate Hippo pathway-YAP/TAZ signaling in 

doxorubicin-induced cardiotoxicity, as an example for modeling drug-induced disease. The 

second model aims to study DiGeorge syndrome, a complex genetic disease, focusing on the 

cardiovascular aspects of DiGeorge syndrome, and providing the basis for further study of 

the neural crest and neural aspects of the disease. 

 

1.4.1. Hippo pathway-YAP/TAZ signaling in doxorubicin induced cardiotoxicity 

Anthracyclines are highly effective drugs particularly used against breast cancer and 

hematological malignancies [72, 73]. On the other hand, these drugs are the leading cause of 

cardiac dysfunction in cancer survivors [74]. Doxorubicin has a multimodal mechanism of 
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inducing cardiotoxicity, including impairment of mitochondrial metabolism, production of 

reactive oxygen species, disruption of Ca2+ modulation and direct DNA damage [75]. Since 

the regenerative potential of cardiac cells is known to be low [76], controlling cell survival 

in cardiomyocytes is more important than in cell types with greater regenerative capacity. 

Hippo signaling is an evolutionarily conserved pathway controlling organ size by regulating 

cell proliferation, apoptosis, and stem cell self-renewal [77, 78]. In humans, STE20-like 

protein kinase 1/2 (MTS1/2, ortholog of Drosophila Hippo), large tumor suppressor 

kinase 1/2 (LATS1/2), and their respective adaptor proteins MOB kinase activator 1A/1B 

(MOB1A/1B) and Salvador family WW domain containing protein 1 (SAV1) form a core 

kinase cascade (Fig. 3.). The physiological output of this kinase cascade is the regulation of 

the key effectors of the Hippo pathway, Yes-associated protein (YAP) and transcriptional co-

activator with PDZ-binding motif (TAZ). When the canonical Hippo pathway is active, the 

core kinase cascade phosphorylates YAP/TAZ, leading to cytoplasmic retention. 

Phosphorylated YAP/TAZ is either bound to 14-3-3 protein and sequestrated in the 

cytoplasm, or ubiquitinated leading to proteasomal degradation. YAP/TAZ is 

dephosphorylated and translocated into the nucleus when the Hippo pathway is inactive.  It 

interacts with transcriptional enhancer associate domain 1-4 (TEAD1-4) and other 

transcription factors as transcriptional co-activators promoting proliferation and inhibition of 

cell death. 

 

Figure 3. YAP/TAZ core module (See description in the text) 

 

Dysregulation of the Hippo pathway, via activation of YAP and TAZ, results in uncontrolled 

proliferation and suppression of apoptosis in adult organs, and it has been implicated in 
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tumorigenesis of breast, colon, lung, and liver cancers [79-81]. Small molecule YAP 

inhibitors are a potential new therapeutic strategy for various cancers [79, 80]. Hippo 

pathway has also been shown to play a crucial role in regulating cardiomyocytes [82]. In 

adult hearts, YAP silencing led to dilated cardiomyopathy and overexpression of YAP 

increased cardiomyocyte number and thus heart size in mouse models [83]. Moreover, when 

YAP is overexpressed in the adult mouse heart, enhanced preservation of heart function and 

reduced scar size was observed after myocardial infarction [84]. Consistent with the in vivo 

observation of doxorubicin-induced reduction of heart size in mice [85], doxorubicin 

treatment decreased the expression of YAP and caused cell death of neonatal and H9c2 rat 

cardiomyocytes in vitro [86, 87]. In contrast, overexpression of YAP inhibited doxorubicin-

induced cardiac cell loss in vitro [87]. These findings suggest that YAP/TAZ activation is 

modified in response to doxorubicin treatment and is a promising potential target for 

regenerative or protective therapy of the heart [88].  

Hippo pathway and YAP/TAZ transcriptional co-activators in doxorubicin-induced 

cardiotoxicity have previously been characterized in H9c2 rat cardiac cells and animal 

models [85, 88, 89]. In this thesis, I present the first human-based study addressing Hippo 

pathway and YAP/TAZ transcriptional co-activators in doxorubicin-induced cardiotoxicity. 

Our previous results showed that based on RNA sequencing data of ex-vivo human heart 

samples evaluating key signaling pathways in doxorubicin-induced cardiotoxicity, YAP is 

an upstream regulator of genes found to be differentially expressed in samples from patients 

with doxorubicin-induced heart failure as compared to healthy controls [90]. Since 

hPSC-CMs are suitable for characterization of molecular mechanisms of cardiotoxicity [75, 

91], we generated a human in vitro model for doxorubicin-induced cardiotoxicity for the 

investigation of the role of YAP/TAZ.  

 

1.4.2. DiGeorge syndrome 

DiGeorge syndrome, also called 22q11.2 deletion syndrome (22q11.2DS) or velocardiofacial 

syndrome, is the most common microdeletion syndrome with a prevalence of 1:3000 – 

1:6000 in live births, and based on invasive prenatal testing, the occurrence is 1:1000 in 

fetuses. The genetic background of the disease is a monoallelic microdeletion on 

chromosome 22 caused by meiotic chromosomal rearrangements due to non-allelic 
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homologous recombination. Approximately 95 % of the cases are de novo deletions, and in 

5 % of the cases is the disease inherited in an autosomal dominant manner [92]. The specific 

vulnerability of the 22q11.2 region to meiotic errors is due to four low copy repeats (LCRs), 

namely LCR22A, LCR22B, LCR22C and LCR22D. LCRs are highly similar, large blocks 

of segmental duplications. Deletions of different sizes can occur between LCRs. In over 90 

% of the patients the typical 3 Mb long deletion affecting more than a hundred genes is found, 

while atypical deletions are smaller.  

Hemizygosity of the affected genes leads to haploinsufficiency, meaning that one copy of the 

genes is insufficient for the healthy phenotype. 22q11.2 deletion causes a heterogeneous 

presentation of clinical symptoms, affecting several organ systems. Congenital defects in 

DiGeorge syndrome are considered to emerge due to perturbation of the pharyngeal region 

during embryogenesis.  

22q11.2 deletion is one of the most common causes of congenital heart disease (CHD) and 

developmental delays [92]. 64 % of patients develop CHD. The most frequent cardiac defects 

are interrupted aortic arch, truncus arteriosus, tetralogy of Fallot (TOF), ventricular septal 

defects and vascular rings [92, 93]. TOF consists of overriding or misplaced aorta, ventricular 

septal defect, pulmonary valve stenosis or pulmonary atresia, and right ventricular 

hypertrophy. Pentalogy of Fallot occurs when TOF is combined with atrial septal defect [94]. 

Low blood oxygen level (due to TOF or ventricular and/or atrial septal defect) leads to 

cyanosis. Cognitive deficit, learning disability, behavioral difficulty and mental illness are 

very common in DiGeorge syndrome. Approximately 30 % of the patients develop 

schizophrenia [95] and 30-40 % suffer from autism spectrum disorder [96]. 

Immunodeficiency also affects up to 75 % of the patients due to the absence of thymus or 

thymic aplasia and autoimmune diseases are also common. Hypoparathyroidism or absence 

of parathyroid glands are frequent, leading to hypocalcemia. Other typical congenital features 

are craniofacial malformations, palatal abnormalities (e.g. cleft palate), breathing problems 

due to airway malformation, swallowing difficulties and gastrointestinal problems, and renal 

and skeletal anomalies. Premature mortality is frequent [92].  

The affected organ systems vary among patients, and the range of symptoms is broad, from 

mild to severe clinical manifestations. Interestingly, the highly variable phenotypic 

expression and severity of symptoms are not correlated with the size of the deletion, but 
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severity usually increases when inherited [97]. Proposed mechanisms underlying the 

heterogeneous clinical manifestations with same size 22q11.2 deletion are: i) gene dosage 

effect (changes in the copy number of the gene affects the amount of gene product), ii) gene 

variants on the intact allele within the 22q11.2 region, iii) other gene variants outside the 

22q11.2 region and iv) epigenetic and environmental factors. 

On the typical 3 Mb long 22q11.2 region approximately 106 genes are found, including 46 

protein-coding genes, 7 microRNA and 12 long non-coding RNA genes, 2 small nucleolar 

RNA genes, 27 pseudogenes, and additional predicted coding and non-coding genes [93, 98]. 

In spite of that there are mouse models [99-102], generating the appropriate animal model 

recapitulating all the specific human features of the disease is difficult due to the different 

genetic organization of the locus and missing orthologue genes in mice [93]. hiPSC-based 

models have the key advantage of providing the complicated genetic background of the 

disease. There has been only one study focusing on the cardiovascular aspects, reporting that 

T-box transcription factor 1 (TBX1) regulates myocyte enhancer factor 2C (MEF2C) 

expression levels (an important cardiac differentiation transcription factor) in a dosage-

dependent manner [103].  

Most of the currently published hiPSC-based models for DiGeorge syndrome focus on the 

neural aspects of the disease [96, 104-109]. Calcium deficit has been shown in 3 dimensional 

cortical organoids and 2 dimensional cortical neurons differentiated from hiPSCs of 

22q11.2DS patients [96]. Altered gene expression and function of hippocampal dentate 

granule neurons in 22q11.2DS has been shown in mouse models [110, 111]. However, there 

has been no human-based model studying the involvement of these cells in DiGeorge 

syndrome. 

 

1.4.3. Calcium signaling in hippocampal dentate gyrus granule cells 

The dentate gyrus (DG) is the only known region of the human brain where neurogenesis 

persists into adulthood [112, 113]. New neurons generated in the DG are essential for 

learning, pattern separation, and spatial memory formation [114], and alterations of 

hippocampal neurogenesis have been implicated in several disease conditions, including 

schizophrenia [115-119], epileptic seizures [120], Alzheimer's disease [121] and cognitive 

defects characteristic of depression [122, 123]. Since animal models are often inefficient in 
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recapitulating human central nervous system (CNS) disorders, the generation of proper 

human cell-based systems has been proposed for both disease-modeling and drug screening 

purposes. Neurons differentiated from hPSCs using various protocols, e.g. specific 

morphogenic patterning cues, show characteristics of multiple neuronal subtypes [124-126]. 

This heterogeneity can already be monitored at the progenitor state [127, 128]. A protocol 

has been developed to generate hPSC-derived neural progenitor cells (NPCs) that 

preferentially differentiate into a cell population enriched in hippocampal DG granule cells 

expressing Prospero Homeobox 1 (PROX1) [129], a specific marker of this cell type [130, 

131]. It was shown that directed differentiation to hippocampal granule neurons could reveal 

disease-related phenotypes in hiPSC models of schizophrenia [129] and bipolar disorder 

[132]. 

Calcium ions, as ubiquitous intracellular messengers, play a fundamental role in numerous 

cellular processes, including proliferation, differentiation, and excitability. The measurement 

of neuronal calcium signaling has recently become an important tool to study calcium 

channel activity, intracellular calcium release, as well as calcium-dependent neurotransmitter 

release in in vitro cultured NPCs and neurons [127, 133-136]. Calcium signals are highly 

variable during long-term culturing of NPCs [127], therefore, ligand-induced calcium 

transients may be predictive of their ability to generate mature neurons. We applied 

adenosine triphosphate (ATP), lysophosphatidic acid (LPA), and trypsin as ligands to evoke 

calcium signals. ATP binds to purinergic receptors P2X plasma membrane ion channel 

receptor leading to calcium influx from the extracellular space [137], and P2Y 7-

transmembrane G protein-coupled receptor leading to intracellular Ca2+ release through 

inositol 1,4,5-trisphosphate (IP3) signaling [138]. LPA and trypsin bind to 7-transmembrane 

G protein-coupled receptors lysophosphatidic acid receptor 1-4 (LPAR1-4) and protease 

activated receptor 2 (PAR2) respectively [139, 140]. The activated Gq subunit activates 

phospholipase C-; an enzyme in the plasma membrane catalyzing the conversion of 

phosphatidylinositol 4,5-bisphosphate (PIP2) to diacylglycerol and IP3. IP3 binding to inositol 

1,4,5-trisphosphate receptor (IP3R) ion channel receptor in the endoplasmic reticulum (ER) 

causes calcium release from the ER (Fig. 4.) [141, 142]. The increased Ca2+ level is 

subsequently restored by several mechanisms. Sarco/endoplasmic reticulum Ca2+ ATPase 

(SERCA) and plasma membrane Ca2+ ATPase (PMCA) are responsible for pumping Ca2+ 
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from the cytoplasm to the ER or to the extracellular space respectively [143]. Other 

mechanisms through the plasma membrane are store operated calcium entry (SOCE) [144], 

Na+/Ca2+ exchange (NCX) [145], non-selective cation-current (NSCC) [146] and in 

excitatory cells voltage-gated Ca2+ channels (VGCC) [147]. Cytoplasmic Ca2+ level is also 

regulated by the mitochondria through mitochondrial calcium uniporter (MCU) [148] and 

mitochondrial Na+/Ca2+ exchange (MNCX) [149]. Additionally, Ca2+ diffuses freely between 

the cytoplasm and nucleus through the nuclear pore complexes [150]. 

 

Figure 4. Regulation of cytoplasmic calcium level (See description in the text) 

 

In neurons, cytoplasmic Ca2+ originates both from internal Ca2+ stores regulated by IP3R and 

ryanodine receptor (RyR) [151-154], and from the extracellular space primarily regulated by 

ligand-specific channels; such as glutamate receptors, or by voltage-gated Ca2+ channels 

(VGCC) [147]. Granule neurons are excitatory glutamatergic neurons in the DG [155, 156]. 

Among the receptors of glutamate excitatory neurotransmitter, α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-D-aspartate (NMDA) receptors 

take part in the increase of cytoplasmic Ca2+ levels [157, 158] (Fig. 5). AMPA and NMDA 

receptors are localized in the same synapse in a close vicinity to each other [159]. Na+ influx 

evoked by the activation of AMPA receptor causes depolarization. Membrane depolarization 
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leads to the release of Mg2+ from NMDA receptors, giving way to Ca2+ through glutamate-

bound NMDA receptors. 

 

 

Figure 5. Glutamate receptors in neurons (See description in the text) 
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2. Objectives 

 

This thesis work aims to generate hiPSC-based in vitro models for better understanding 

cellular and molecular level disease mechanisms aiming to help the development of 

preventive strategies and treatment. Specifically, in this thesis, I present two disease models; 

i) a drug-induced disease and ii) a genetic disease.  

Our previous RNA sequencing analysis of human myocardial samples of patients with 

doxorubicin-induced heart failure showed that YAP is an upstream regulator of differentially 

expressed genes [90]. Several mechanisms in doxorubicin-induced cardiotoxicity have been 

reported in human cells [160], but there has been no human-based model studying the role 

of YAP/TAZ. In this study, by using hiPSC-derived cardiomyocytes (hiPSC-CMs), I aim to 

answer the following questions:  

1. What is the mechanism for doxorubicin-induced cell death? 

2. Is YAP/TAZ signaling altered by doxorubicin treatment? 

3. Does modulation of YAP/TAZ affect cell functions? 

4. Does modulation of YAP/TAZ affect doxorubicin-induced cell death? 

The second part of this thesis work focuses on the discovery of mechanisms and 

developmental steps leading to the development DiGeorge syndrome, aiming to answer the 

following questions: 

1. What are the in vitro phenotypes where DiGeorge hiPSC lines and their differentiated 

derivatives show differences as compared to control cells or to each other?  

Finally, I present a method for studying calcium signaling in hiPSC-derived neural progenitor 

cells (hiPSC-NPCs), providing the basis for further studies of the neural aspects of DiGeorge 

syndrome, aiming to answer the following question: 

1. How can intracellular calcium signaling be studied for functional characterization in 

hiPSC-NPCs not showing spontaneous calcium transients? 
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3. Results 

 

3.1. Studying YAP/TAZ signaling in hiPSC-CMs for modeling doxorubicin induced 

cardiotoxicity 

 

YAP is an upstream regulator of differentially expressed genes in human ventricular 

myocardium samples of patients with doxorubicin-induced heart failure compared to healthy 

controls based on RNA sequencing analysis [90]. As hiPSC-CMs are suitable for the 

characterization of molecular mechanisms of cardiotoxicity [77, 126], we generated a human 

in vitro model using hiPSC-CMs to study the role of YAP/TAZ in doxorubicin-induced 

cardiotoxicity and subsequent cell death.   

 

3.1.1. Doxorubicin induces YAP/TAZ nuclear translocation and cell death 

hiPSC-CMs (iCell Cardiomyocytes, Cat. No. 11713, FujiFilm Cellular Dynamics, Inc., 

Madison, WN, USA) and an estrogen and progesterone receptor-positive human breast 

cancer cell line MCF7 were used to investigate the effects of chemotherapeutic drugs on cell 

death. 96 antineoplastic and cardiotherapeutic drugs were tested by using the FDA/EMA-

approved Prestwick drug library (Fig. 6. A). High content screening showed that 

anthracycline agents, such as doxorubicin and daunorubicin, decreased cell viability (as 

shown by decreased mitochondrial membrane potential) and induced greater nuclear 

translocation of YAP/TAZ than other classes of drugs in both cell types. High TO-PRO-3 

positivity (a marker of necrosis) was observed in response to doxorubicin in breast cancer 

cells but not in hiPSC-CMs (Fig. 6. A). Further exploring cell death in hiPSC-CMs, we found 

that hallmarks of apoptosis, such as activation of caspase 3/7, mitochondrial depolarization 

and nuclear fragmentation [163, 164], were increased in response to doxorubicin exposure in 

a concentration-dependent manner (Fig. 6. B). However, necrosis was only induced in up to 

7 % of hiPSC-CMs in response to 3 µM doxorubicin (Fig. 6. B).  
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Figure 6. YAP/TAZ activation and cell death profile of hiPSC-CM after drug treatment 

(Image based on [90]) 

(A) YAP/TAZ activation is shown color coded in relation to necrosis as indicated by 

TO-PRO-3 staining and mitochondrial membrane potential (TMRM) levels in response to 

antineoplastic and cardiotherapeutic drugs in hiPSC-CMs and MCF7 cancer cells. Each dot 

represents an individual drug. (B) Changes in cell death markers in hiPSC-CM in response 

to increasing doxorubicin concentrations, percentage of positive cells is shown on the y axis 

(one-way ANOVA, ** p<0.01, **** p<0.0001, n=3). 

 

3.1.2. Modulating YAP/TAZ expression and activation in hiPSC-CMs affects cell 

survival in doxorubicin treatment 

YAP and TAZ mRNAs were expressed in hiPSC-CMs, as well as in human fetal heart tissue 

and adult ventricular cardiomyocytes, however, mRNA levels of YAP and TAZ were lower 
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in in vitro differentiated hiPSC-CMs compared to those in human ex vivo samples (Fig. 7. A). 

YAP and TAZ are mechanotransducers, regulated by cell-extracellular matrix contacts and 

cell-cell contacts [78, 165]. Increases in cell density have been shown to decrease YAP and 

TAZ activity in other cell populations [166, 167]. To validate our cell culture model, we 

questioned whether cell density of hiPSC-CMs could affect YAP/TAZ expression and 

nuclear translocation. We found that YAP and TAZ mRNA levels were decreased in densely 

plated cells compared to sparsely plated cell populations (Fig. 7. B). YAP/TAZ nuclear 

translocation was also decreased in dense cultures (Fig. 7. B and C). These results 

corresponded with the known effects of mechanical cues on YAP and TAZ regulated by cell-

cell connections [168].   

 

Figure 7. Expression of YAP/TAZ (Image based on [90]) 

(A) YAP and TAZ mRNA levels in hiPSC-CMs, fetal and adult heart (one-way ANOVA, ** 

p<0.01, *** p<0.001, **** p<0.0001, n=3). (B) mRNA expression of YAP and TAZ, and 

YAP/TAZ nuclear translocation in sparse and dense hiPSC-CM cell cultures (paired t-test, 

** p<0.01, **** p<0.0001, n=3). (C) Immunocytochemistry of YAP/TAZ showing nuclear 

translocation of YAP/TAZ in control hiPSC-CMs.  

 

Next, we investigated whether modulation of YAP and TAZ expression levels has an effect 

on cardiomyocyte function and doxorubicin-induced cell death. Transient silencing of both 

YAP and TAZ by siRNA resulted in a decrease in respective mRNA levels (Fig. 8. A). 

Transient overexpression of YAP by pEGFP-C3-hYAP1 plasmid nucleofection in 

hiPSC-CMs (Fig. 8. C) resulted in an over 8000-fold increase in mRNA levels compared to 

cells transfected with GFP+ plasmid as control (Fig. 8. B). We next investigated whether 
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YAP/TAZ gene silencing leads to modification of cardiac function by examining calcium 

transients as a hallmark of cardiomyocyte function using Fura-4F intracellular calcium 

indicator. Gene silencing did not affect calcium transient amplitude, time to peak or decay 

(Fig. 8. D). To note, calcium transient analysis with Fura-4F in YAP-overexpressing cells 

was not possible due to overlapping emission wavelength of Fura-4F and enhanced green 

fluorescent protein (eGFP). 

 

Figure 8. Altered YAP/TAZ expression does not modulate calcium transient parameters 

in hiPSC-CMs (Image based on [90]) 

(A) Silencing of YAP, TAZ or YAP/TAZ together and (B) overexpression of YAP in hiPSC-

CMs. (C) Representative image showing eGFP-YAP expression in eGFP-YAP transfected 

hiPSC-CMs. (D) Calcium transient kinetics in YAP, TAZ or YAP/TAZ silenced hiPSC-

CMs. (One-way ANOVA, ** p<0.01, **** p<0.0001, n=3). 

 

Next, total cell count, necrosis marker TO-PRO-3 and mitochondrial membrane potential 

marker tetramethylrhodamine, methyl ester (TMRM) intensity were measured to assess the 

influence of YAP/TAZ modulation (silencing YAP and/or TAZ, or overexpression of YAP) 

on cell survival in doxorubicin treatment. High concentration of doxorubicin (15 µM) led to 

a significant decrease in cell number in hiPSC-CMs, and silencing YAP or TAZ, or 
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YAP/TAZ together did not appear to influence this cellular phenotype (Fig. 9. A). In contrast, 

YAP overexpression resulted in increased cell number of untreated hiPSC-CMs. It decreased 

the level of cell loss in response to doxorubicin resulting in comparable total cell count to 

untreated control cells (Fig. 9. A). We found no significant difference between doxorubicin 

and vehicle-treated cells when measuring necrosis marker TO-PRO-3 (Fig. 9. B). On the 

other hand, decrease in mitochondrial membrane potential was more prominent in case of 

silencing YAP or YAP/TAZ compared to silencing TAZ only or siControl (Fig.  9. C), 

indicating that loss of YAP may further induce mitochondrial membrane potential loss after 

doxorubicin treatment. In contrast to eGFP control cells, doxorubicin-induced mitochondrial 

membrane potential loss remained non-significant in YAP overexpressing hiPSC-CMs (Fig. 

9. C). 

 

Figure 9. YAP overexpression induces proliferation and inhibits doxorubicin-induced 

apoptosis hiPSC-CMs (Image based on [90]) 

 (A) Bar charts showing the effects of YAP, TAZ, or YAP/TAZ silencing or YAP-

overexpression on cell number, (B) necrosis and (C) mitochondrial membrane potential in 

hiPSC-CMs in response to doxorubicin treatment.  

(One-way ANOVA, * p<0.05, ** p<0.01, **** p<0.0001, n=3). 
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3.2. Modeling the cardiovascular features of DiGeorge syndrome 

 

3.2.1. Clinical description of human subjects involved in this study  

A family with three DiGeorge patients from three generations (grandfather, mother and child) 

manifesting the disease with different severity, and two healthy relatives were involved in 

this study (Fig. 10., Supplementary material). Mild symptoms of the grandfather consist of 

articulation disorder and minimal facial dysmorphia. Moderate symptoms of the mother 

include vascular ring (surgically corrected in childhood), hypocalcemia and minimal facial 

dysmorphia. Symptoms of the child were severe and led to death at the age of 5 months; 

tetralogy of Fallot (ventricular septal defect, pulmonary atresia, right ventricular 

hypertrophy, misplaced aorta), atrial septal defect, asymmetric brain ventricles, 

hypocalcemia, hypoparathyroidism and minimal facial dysmorphia. The cause of death was 

cerebral herniation (shifting of cerebral tissue from its normal location into an adjacent space 

[169]). 

 

Figure 10. Pedigree of the family involved in the study 

Clinical symptoms of patients show increasing severity when the disease is inherited. 

 

Karyotype testing of peripheral blood mononuclear cells (PBMCs) revealed chromosomal 

translocation between chromosomes 6 and 12 in the father. However, balanced translocations 

of this kind, when breakpoints are not in gene sequences or regulatory elements, usually do 

not cause phenotypic changes [170]. The translocation was not inherited to the child. 

Considering that the father is a healthy individual, the breakpoint details were not further 

characterized.  
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3.2.2. Generation and characterization of hiPSC lines 

Reprogramming of PBMCs isolated from blood samples of all family members was 

performed by Sendai virus transduction [161]. Pluripotency was verified by expression of 

pluripotency markers OCT4, NANOG and stage-specific embryonic antigen 4 (SSEA-4) 

(data not show). 

Karyotype testing showed no chromosomal alterations in hiPSC lines, with the exemption of 

the translocation between chromosomes 6 and 12 in hiPSCs of the father, later showed to be 

present in PBMCs, proving that it was not generated during reprogramming. 

The typical 3 Mb long deletion of the 22q11.2 region was verified by multiplex ligation-

dependent probe amplification (MLPA) genetic test in hiPSC lines of all the three DiGeorge 

patients (data not show). 

 

3.2.3. Cardiac differentiation and characterization of cardiomyocytes 

hiPSCs were differentiated into cardiomyocytes based on a previously described protocol 

[171]. Immunostaining with the cardiac-specific marker troponin I3, cardiac type (TNNI3) 

showed high purity of cardiomyocytes in the cell culture on day 36 of differentiation (>95%) 

(Fig. 11. A). This was further confirmed by mRNA expression analysis of multiple cardiac 

differentiation markers, with no difference between cell lines (Fig. 11. B.). The used 

differentiation protocol yields in a mixed population of cardiac subtypes, and cells thus 

express ventricular (myosin light chain 2 (MYL2)), atrial (myosin light chain 7 (MYL7)) and 

pacemaker (hyperpolarization activated cyclic nucleotide gated potassium channel 

4 (HCN4)) markers [172]. 

Cardiac gap junction proteins (connexins) have been implicated to have a role in the 

development of cardiac anomalies, including TOF [173]. Cx40 (gap junction protein alpha 5 

(GJA5)) and Cx43 (gap junction protein alpha 1 (GJA1)) are two major gap junction proteins 

in the heart. Measurement of the expression of these two genes in cardiomyocytes showed a 

significantly lower level of GJA1 in the child’s cells. In contrast, there was no difference 

observed in the expression of GJA5 (Fig. 11. C).   
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Figure 11. Characterization of hiPSC-derived cardiomyocytes 

(A) Immunostaining for cardiac marker TNNI3 on day 36 (scale bar: 100 mm). (B) mRNA 

expression measurements of cardiac differentiation markers on day 36, fold change compared 
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to expression in respective hiPSCs (one-way ANOVA, non-significant, n=3). (C) mRNA 

levels of cardiac connexins and DiGeorge associated genes (unpaired t-test, *** p<0.001, 

n=3). (D) Intracellular calcium changes (mean values are shown for each cell line) and (E) 

frequency analysis on day 36 of cardiac differentiation. (F) Analysis of calcium kinetic 

parameters (Tp: time to peak, T50: 50 % decay, T75: 75 % decay, T90: 90 % decay). 

(Unpaired t-test, n.s. – non significant, n=3).  

(GM: grandmother, F: father, GF: grandfather, M: mother, CH: child).  

 

For functional characterization, analysis of intracellular calcium signals allows us to study 

calcium transient kinetics, depending on beating frequency. (Fig. 11. A-C).  To test if in vitro 

phenotypes of cardiomyocyte function can be associated with patients with cardiovascular 

symptoms, hiPSC-CMs of mother and child were compared to the group of individuals 

without cardiovascular symptoms (controls and grandfather). No significant differences in 

frequency and calcium transient kinetics were observed in this case, suggesting that altered 

cardiomyocyte function is not the cause of cardiovascular symptoms in DiGeorge syndrome 

(Fig. 11. A-C).  

 

3.2.4. Neural crest differentiation and characterization of neural crest spheroids and 

migratory neural crest cells 

Most results presented in this chapter are preliminary, but principally show our approaches 

in the search for in vitro phenotypes. hiPSCs were differentiated into neural crest cells based 

on a previously described protocol [68]. All cell lines produced migratory neural crest cells, 

however, immunostainings of neural crest markers SRY-box transcription factor 9 (SOX9) 

and AP2transcription factor AP-2 alpha (TFAP2)) showed significantly decreased 

intensity levels in NCCs of DiGeorge cell lines compared to controls (Fig. 12. A and B). 

Consistent with immunostaining results, mRNA expression levels of SOX9 and AP2were 

decreased in DiGeorge cell lines compared to controls.  Additionally, expression levels of 

another neural crest marker P75 (nerve growth factor receptor (NGFR)) in DiGeorge cells 

were also decreased compared to controls (Fig. 12. C). These results thus show that low 

expression of multiple neural crest markers is a characteristic of NCCs of DiGeorge patients 

and indicate a defective capacity to reach and maintain a proper specified neural crest state.  
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Figure 12. Characterization of migratory neural crest cells 

(A) Immunostainings for SOX9 and AP2 neural crest markers on migratory neural crest 

cells at passage 1 (scale bar: 50 mm). (B) Analysis of SOX9 and AP2 intensities in 
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individual cells normalized to the size of nuclei. (C) mRNA expression measurements of 

neural crest markers on migratory neural crest cells at passage 1. (Unpaired t-test, **** 

p<0.0001, n=1). (D) Growth curve of passage 2 neural crest cells. (E) Analysis of viable cell 

number on day 5 after passaging (unpaired t-test, **** p<0.0001, n=3).  

(GM: grandmother, F: father, GF: grandfather, M: mother, CH: child). 

 

Next, we asked whether NCC function was changed in the migrating NCCs derived from 

DiGeorge syndrome patient cells. For this, we addressed cell growth. Growth curve based on 

viable cell counting showed a significantly decrease in cell number of hiPSC-NCCs of the 

mother and child compared to controls and grandfather (Fig. 12. D and E). Interestingly, the 

viable cell number of the grandfather was at the level of the controls with an obvious 

difference compared to the mother and child. The results show that hiPSC-NCC viability was 

affected in cells of DiGeorge patients with cardiovascular symptoms (mother and child) but 

was not altered in the cells of DiGeorge patient with no cardiovascular symptoms 

(grandfather). If this happens by cell death or decreased proliferation rate is under 

investigation. 
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3.3. Studying calcium signaling in hiPSC-derived hippocampal DG NPCs  

 

Previous in vitro models for 22q11.2DS show that calcium handling is affected in neuronal 

differentiation of patient-derived hiPSCs [96]. However, there has been no human-based 

report studying calcium signaling in hippocampal dentate gyrus granule cells in DiGeorge 

syndrome. For this aim, we developed techniques for studying calcium signaling in hiPSC-

derived hippocampal NPCs and DG granule cells comparing a cytoplasmic Ca2+ dye; Fluo-4 

and a genetically encoded Ca2+ indicator; GCaMP6 [162]. In this chapter, I representatively 

show our experiments with Fluo-4, being more suitable for our future experiments. 

 

3.3.1. Ligand-induced calcium signaling in hippocampal NPCs 

As expected, neural progenitor cells did not show significant spontaneous calcium transients. 

For the investigation of their calcium homeostasis ATP, lysophosphatidic acid (LPA) and 

trypsin were applied as ligands to trigger calcium signals in the cells. Ionomycin Ca2+ 

ionophore was applied to release Ca2+ from intracellular stores. The intracellular calcium 

signal intensity triggered by ionomycin was set as the maximum Ca2+ content of the cells and 

ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA) calcium chelator 

was applied to set the background (calcium-independent fluorescence) in our experiments. 

Approximately 12 % of the cells showed calcium response to ATP (Fig. 13. A) and nearly 

all the cells responded to trypsin (Fig. 13. B). The effect of these ligands was blocked when 

specific inhibitors were applied. Approximately 20 % of the cells showed calcium 

oscillations following ATP, LPA and trypsin treatment (Fig. 13. C), indicating the 

transmission of intracellular biological information [174].  
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Figure 13. Calcium signals evoked by ligands in hiPSC-derived hippocampal NPCs 

(Image based on [162]) 

(A) Calcium signals triggered by ATP are blocked by suramin P2 purinergic receptor 

inhibitor and (B) calcium signals triggered by trypsin are blocked by trypsin inhibitor in 

hiPSC-NPCs (Mean±SEM). (C) Calcium oscillations triggered by ATP, LPA and trypsin in 

individual hiPSC-NPCs.  

 

The number of responding NPCs to glutamate neurotransmitter was highly variable between 

20 to 80 % with relatively low signal intensity (Fig. 14. A) and hiPSC-NPCs did not show 

depolarization in response to potassium chloride (KCl) membrane depolarizing agent, 

proving the undifferentiated progenitor state of these cells. Finally, hiPSC-NPCs were further 

differentiated into neurons to test their differentiation capacity. In excitatory neurons, an 
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action potential is followed by a calcium transient due to calcium influx [175]. We tracked 

the emergence of spontaneous, rhythmic calcium activity after changing culture conditions 

and shifting NPCs from proliferation to differentiation and all the cells responded to 

glutamate neurotransmitter (Fig. 14. B), showing the differentiation capacity of the NPCs 

into glutamatergic neurons. 

 

 

Figure 14. Calcium signals in hiPSC-derived hippocampal NPCs and neurons (Image 

based on [162]) 

(A) Calcium signals in response to glutamate (Glut) and KCl in hiPSC-NPCs (Mean±SEM).  

(B) hiPSC-derived hippocampal DG neurons show spontaneous calcium transients and 

calcium response to glutamate. 
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4. Discussion 

 

Cardiovascular diseases are the first, and neurological diseases are the second leading cause 

of death worldwide [1, 2], strongly motivating researchers to study the cause and mechanisms 

leading to the development of these diseases. Patient-specific hiPSC lines are suitable for 

disease modeling, particularly in human cell types which cannot be investigated directly or 

in the long-term, or when appropriate animal models are not available. In this thesis, I show 

examples for how to use hiPSC-derivatives for disease modeling.  

 

The first model aimed to investigate Hippo pathway-YAP/TAZ signaling in doxorubicin 

induced cardiotoxicity, as an example for modeling drug-induced disease.  

Traditional chemotherapeutic drug families, like anthracyclines, are highly effective drugs in 

several cancer types [72, 73], however, these drugs can cause cardiac dysfunction leading to 

a high risk of developing heart failure in cancer survivors [73]. Yet our current knowledge 

of the underlying mechanisms is limited. Hippo pathway-YAP/TAZ signaling has been 

identified in various types of cancer controlling growth and as a tumor suppressor pathway 

[176, 177]. Based on our RNA-sequencing analysis of left ventricular samples from cancer 

patients with doxorubicin-induced heart failure and healthy controls, we previously found 

that YAP is one of the top upstream regulators of differentially expressed genes, indicating 

that YAP may have a role in doxorubicin-induced cardiotoxicity [90]. 

To confirm this, we generated an in vitro model using hiPSC-CMs to investigate the role of 

YAP/TAZ in doxorubicin-induced cell death. Testing a library of 96 antineoplastic and 

cardiotherapeutic drugs, doxorubicin was the strongest inducer of YAP/TAZ nuclear 

translocation in both breast cancer cells and hiPSC-CMs. Cancer cells and hiPSC-CMs 

presented different cell death profiles in response to doxorubicin. Doxorubicin primarily 

induced necrosis in breast cancer cells, whereas hiPSC-CMs showed induction of apoptosis 

but not necrosis. Doxorubicin led to elevated levels of caspase 3/7, nuclear fragmentation, 

and a decrease in mitochondrial membrane potential in a concentration-dependent manner in 

hiPSC-CMs, indicating that doxorubicin-induced toxicity occurs primarily through 

apoptosis. Doxorubicin also induced YAP/TAZ activation in hiPSC-CMs, measured as 

YAP/TAZ nuclear translocation. Cell density proved to be a factor regulating YAP/TAZ 

activation; increase in YAP and TAZ mRNA expression and YAP/TAZ activation was 
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observed in sparse hiPSC-CMs as compared with dense cell cultures. Therefore, it is not clear 

if doxorubicin induces YAP/TAZ activation directly, or as a consequence of doxorubicin-

induced cell loss and subsequent lower cell density, corresponding with the 

mechanotransducer role of YAP/TAZ activated by altered extracellular and cell-cell 

connections [85, 89]. Transient silencing of YAP and TAZ co-activators resulted in a modest 

mitochondrial membrane potential loss in hiPSC-CMs. Contrarily, overexpression of YAP 

improved doxorubicin-induced cell death markers such as reduction in mitochondrial 

membrane potential and cell loss by increasing cell proliferation. These results suggest that 

increasing YAP expression may be a beneficial strategy against doxorubicin-induced 

cardiotoxicity. Given that increased YAP expression might lead to drug resistance in cancer 

cells [178, 179], it is important to consider cardio-selective YAP activation when developing 

new cardioprotective strategies [177, 180, 181]. 

 

The second model in this thesis work focused on studying DiGeorge syndrome, as an 

example for modeling a complex genetic disease. 

DiGeorge syndrome is the most common microdeletion syndrome [92], caused by a 

monoallelic deletion of 22q11.2 chromosome region. Close to two-third of DiGeorge patients 

develop CHD delays [92] and more than 30% suffer from psychiatric symptoms  [95, 96]. 

Severity of symptoms usually increases when the disease is inherited [97]. Here we generated 

the first hiPSC lines for an inherited form of DiGeorge syndrome from three generations. 

Patients in our study showed the typical 3 Mb deletion of the 22q11.2 chromosome region, 

but manifest the disease with different severity. 

Functional cardiomyocytes could be differentiated from all DiGeorge and control cell lines 

expressing multiple cardiac differentiation markers. Calcium signal analysis failed to show 

significant differences between individuals with (mother and child) and without (controls and 

grandfather) cardiovascular symptoms. Interestingly, we found a significantly decreased 

mRNA level of Cx43 (GJA1) in cardiomyocytes of the child. Gap junction protein Cx43 is 

the main cardiac gap junction protein [182] and disturbances of Cx43 levels have been shown 

to contribute to TOF development [173, 183]. Taken together, our results implicate that 

cardiac malformations, such as TOF in DiGeorge syndrome, might originate from cell-cell 

connections in the heart, rather than altered cardiomyocyte function.  
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cNCCs are essential components of normal cardiovascular development [51]. Loss or 

dysregulation of cNCCs can lead to CHDs and has been indicated to be associated with 

cardiovascular symptoms in DiGeorge syndrome [50, 51]. Migratory NCCs could be 

differentiated from all the cell lines in our study, although decreased levels of SOX9, AP2 

and P75 NC markers were observed in cells of DiGeorge patients compared to controls. 

These markers are responsible for NC specification [184, 185], delamination [186-188], and 

later NC development [189]. These results indicate a defect to reach and maintain a proper 

specified neural crest state in DiGeorge syndrome. Cell growth analysis of migratory NCCs 

showed significantly decreased cell number in case of the mother and child as compared to 

controls and grandfather. Whether this is caused by apoptosis and/or lower proliferation rate, 

is under investigation. Our results indicate that decreased NC cell number is a characteristic 

of DiGeorge patients with increased overall severity of symptoms, including the 

cardiovascular defects.  

 

Functional deficit of hippocampal NPCs can be an implication for psychiatric disorders 

[190]. Detailed study of calcium homeostasis and calcium transient kinetics in hiPSC-derived 

hippocampal NPCs and DG granule cells makes it possible to investigate specific neuronal 

differentiation steps and functionality in disease models. Calcium deficit has been shown in 

hiPSC-cortical neurons of 22q11.2DS patients [96] and altered gene expression and function 

of hippocampal dentate granule neurons in 22q11.2DS has been shown in mouse models 

[110, 111]. We have established an in vitro modeling system for studying calcium signaling 

in hiPSC-derived hippocampal NPCs, and we are planning the first hiPSC-based study for 

the functional characterization of this cell type in DiGeorge syndrome. hiPSC-derived 

hippocampal NPCs did not show spontaneous calcium transients and were not depolarized 

by KCl, showing the undifferentiated progenitor state. Application of ligands triggering 

calcium signals is needed to study calcium signaling for functional analysis of these cells. 

ATP, LPA and trypsin proved to be adequate ligands for this aim, and with a specific 

calibration method, the triggered signal intensity and the ratio of responding cells in the cell 

culture can be assessed. As hippocampal granule cells are glutamatergic neurons in the DG 

[155, 156], we tested whether hiPSC-NPCs are responsive to glutamate.  Interestingly, a 

highly variable number of responding cells was observed in hiPSC-NPC cultures showing 
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relatively low signal intensity. When these cells were further differentiated into neurons, all 

the cells were observed to be responsive to glutamate neurotransmitter, proving the capacity 

of hiPSC-NPCs to differentiate into glutamatergic neurons. In summary, these results show 

that our method is suitable for functional characterization of hiPSC-NPCs and neurons and 

will be applied to study plasticity and disease related phenotypes in these cell types. 

Future perspectives of this project also include RNA sequencing analysis of hiPSC lines and 

differentiated derivatives at multiple stages to further elucidate the expression pattern 

changes in disease, and to identify novel candidate genes and signaling pathways associated 

with the specific symptoms in DiGeorge syndrome. Previously performed comparative 

genomic hybridization (CGH) and whole-exome sequencing (WES) data from the hiPSC 

lines (data not shown) will be combined with the RNA sequencing data as well, to investigate 

the contribution of copy number variations and genetic variants in addition to the 22q11.2 

deletion, and how the genetic characteristics alter the transcriptional profile. 

 

In conclusion, in this thesis work I show that hiPSC-based in vitro disease modeling systems 

provide the possibility to study disease mechanisms in cardiotoxicity and complex diseases. 
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5. Conclusions 

 

The aim of this thesis work is to generate hiPSC-based in vitro models for better 

understanding cellular and molecular level disease mechanisms aiming to help the 

development of preventive strategies and treatment.  

 

In the first model presented, the role of YAP/TAZ in doxorubicin-induced cardiotoxicity was 

investigated. We found that out of the tested 96 antineoplastic and cardiotherapeutic drugs, 

doxorubicin was the strongest inducer of YAP/TAZ nuclear translocation in both breast 

cancer cells and hiPSC-CMs, indicating that doxorubicin activates YAP/TAZ signaling. 

Doxorubicin-induced cell death was mediated by apoptosis, but not by necrosis in hiPSC-

CMs. On the other hand, necrosis was induced in breast cancer cells as a result of doxorubicin 

treatment. YAP/TAZ expression and activation was decreased by increased cell density, 

corresponding with the mechanotransducer role of YAP/TAZ regulated by cell-ECM and 

cell–cell connections [85, 89]. Silencing YAP/TAZ did not alter calcium transients in 

hiPSC-CMs, indicating that YAP/TAZ does not regulate cardiomyocyte function. 

Overexpression of YAP rescued doxorubicin-induced cell loss by inhibiting apoptosis and 

through induction of proliferation in hiPSC-CMs. Based on our results, we conclude that 

cardio-selective increase of YAP expression could be a cardioprotective strategy during 

doxorubicin treatment of cancer patients. 

 

In the second model, patient-derived hiPSCs were differentiated into relevant cell types to 

model the cardiovascular aspects of DiGeorge syndrome. We generated for the first time 

hiPSC lines for an inherited form of DiGeorge syndrome from three generations manifesting 

the disease with different severity with the typical 3 Mb deletion of the 22q11.2 chromosome 

region. We did not experience differences in expression of multiple cardiac differentiation 

markers and calcium transient analysis of hiPSC-CMs comparing patients with (mother and 

child) and without cardiovascular symptom (controls and grandfather. Cx43 (GJA1), a major 

gap junction protein in the heart showed significantly lower expression in hiPSC-CMs of the 

child. Based on these results we conclude that cardiomyocyte differentiation per se is not 
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affected in DiGeorge syndrome, but structural development and molecular expression 

patterns in the heart can be involved in the mechanisms driving cardiovascular symptoms.  

All cell lines were able to produce migratory NCCs, although decreased expression of 

multiple neural crest markers in cells of DiGeorge patients was observed allowing us to 

conclude that NCCs in DiGeorge syndrome are not able to develop normally. Additionally, 

impaired cell growth was observed in NCCs from DiGeorge patients with cardiovascular 

symptoms (mother and child). This indicates that decreased expression of neural crest 

markers combined with compromised cell growth of NCCs can be a factor leading to 

cardiovascular anomalies in DiGeorge syndrome. 

 

Neurological disorders are frequent among DiGeorge patients with 30 % developing 

schizophrenia and 30-40 % developing autism spectrum disorder [95, 96]. Calcium deficit 

has been shown in cortical neurons differentiated from hiPSCs of 22q11.2DS patients [96]. 

However, there has been no hiPSC-based study investigating hippocampal DG granule cells 

in patients with 22q11.2 deletion, despite that this region has been associated with many 

neurological conditions including schizophrenia and the involvement of these cells in 

22q11.2DS has been shown in mice [110, 111]. To this aim, we have established an in vitro 

modeling system for studying calcium signaling in hiPSC-derived hippocampal NPCs [162], 

suitable to study NPC plasticity and potential disease related phenotypes. ATP, LPA and 

trypsin proved to be suitable for triggering calcium signals in hiPSC-NPCsand with a specific 

calibration method, characteristics of the triggered signal could be assessed. In our further 

experiments DiGeorge patient-derived and control cell lines will be studied accordingly. 

Additionally, ongoing RNA sequencing analysis of hiPSC lines and derivatives at multiple 

differentiation stages combined with CGH and WES data from the hiPSC lines aims to unfold 

the molecular and genetic background of in vitro phenotypes, giving us a basis for the 

association with the clinical manifestations.  
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Main findings: 

 

Studying YAP/TAZ signaling in doxorubicin induced cardiotoxicity using hiPSC-CMs 

- Doxorubicin-induced cell death was mediated by apoptosis, but not by necrosis in hiPSC-

CMs. 

- Out of the tested 96 antineoplastic and cardiotherapeutic drugs, doxorubicin was the 

strongest inducer of YAP/TAZ nuclear translocation in both breast cancer cells and hiPSC-

CMs, indicating that doxorubicin activates YAP/TAZ signaling. 

- Silencing YAP/TAZ did not alter calcium transients in hiPSC-CMs, indicating that 

YAP/TAZ does not regulate cardiomyocyte function. 

- Silencing of YAP and TAZ co-activators resulted in a modest mitochondrial membrane 

potential loss in hiPSC-CMs. Contrarily, overexpression of YAP rescued doxorubicin-

induced cell loss by inhibiting apoptosis and through induction of proliferation in hiPSC-

CMs.  

- We conclude that cardio-selective increase of YAP expression could be a cardioprotective 

strategy during doxorubicin treatment of cancer patients. 

 

Modeling DiGeorge syndrome with hiPSC-derivatives 

- Cardiac differentiation was not affected in DiGeorge syndrome, but molecular expression 

patterns could show differences. 

- Defects in proper NCCs differentiation was a characteristic of DiGeorge syndrome and 

combined with decreased cell viability could be a factor contributing to the cardiovascular 

symptoms. 

 

Studying calcium signaling in hiPSC-derived hippocampal NPCs  

- In the established in vitro modeling system for studying calcium signaling in hiPSC-derived 

hippocampal NPCs we found that ATP, LPA and trypsin are suitable for triggering calcium 

signals in hiPSC-NPCs.  

- Characteristics of the triggered signal can be assessed using a specific calibration method. 

- We conclude that this system is suitable to study NPC plasticity and potential disease related 

phenotypes. 
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6. Summary 

 

This thesis focuses on how to use hiPSC-derivatives in disease modeling to discover the 

underlying mechanisms and to potentially develop strategies for prevention and treatment.  

In the first model presented in this thesis, the role of YAP/TAZ in doxorubicin-induced 

cardiotoxicity was investigated. Our results showed that doxorubicin-induced cardiac death 

is mediated primarily by apoptosis and not necrosis. YAP/TAZ is activated in response to 

doxorubicin treatment, suggesting that the YAP/TAZ signaling plays a role in doxorubicin-

induced cardiotoxicity. Silencing YAP/TAZ did not alter calcium transients in hiPSC-CMs, 

indicating that YAP/TAZ does not regulate cardiomyocyte function. Overexpression of YAP 

rescued doxorubicin-induced cell loss by inhibiting apoptosis and inducing proliferation. Our 

data add novel insights into the mechanisms of doxorubicin-induced cell loss and suggest a 

potential cardioprotective effect of YAP in doxorubicin-induced cardiotoxicity.  

The second model focuses on modeling DiGeorge syndrome. We generated the first hiPSC 

lines for an inherited form of DiGeorge syndrome with increasing severity throughout 

generations and two healthy controls. Functionally active cardiomyocytes were successfully 

generated from all cell lines and calcium transient analysis and expression of cardiac 

differentiation markers showed no differentiation or functional deficit in hiPSC-CMs in 

DiGeorge syndrome, but molecular expression patterns of gap junction proteins can be 

involved in the cardiovascular symptoms. We further found that neural crest specification is 

affected in DiGeorge patients based on decreased expression of multiple neural crest markers 

in migratory NCCs. Finally, cell growth was affected only in NCCs derived from patients 

with cardiovascular symptoms and may be a factor leading to the increasing severity of the 

symptoms and cardiovascular anomalies in DiGeorge syndrome.  

Additionally, we established an in vitro modeling system for studying calcium signaling in 

hiPSC-derived hippocampal NPCs suitable to study potential disease related phenotypes and 

we are planning the first hiPSC-based study for the functional characterization of 

hippocampal DG granule cells in DiGeorge syndrome. 
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Supplementary material 

Table of detailed clinical symptoms of the family members 

 Child 

phenotype 

Mother 

phenotype 

Grandfather 

phenotype 

Father 

phenotype 

Grandmother 

phenotype 

Cardiovascular system      

pulmonary atresia +     

ventricular septal defect +     

atrial septal defect type ii +     

right aortic arch with aberrant left 

subclavian artery 

+     

stenosis of aortopulmonary collateral 

arteries 

+     

vascular ring  +    

MRI / CT / Echocardiography readouts      

third-degree atrioventricular block +     

arrhythmia /conduction disorders      

Neuropsychological system      

Dysarthria N/A  +   

learning disability N/A     

language development delay N/A     

Neurodevelopmental delay N/A     

Hypernasal tone of voice 

ventricular asymmetry 

 

+ 

    

Thymus      

T-cell defficiency + +    

recurrent infections + +    

thymic alterations (hypoplasia/aplasia)?      

Immunodeficiency by laboratory 

analysis? 

     

Parathyroid gland      

hypocalcaemia to hypoparathyroidism   +    

Renal system      

pyelectasia l.d.  +     

medullary sponge kidney  +    

hypercalciuria  +    

Craniofacial-skeletal system      

facial anomaly + + +   

micrognathia +     

long face      

hooded eyelids      

tubular nose       

alar hypoplasia      

velopharyngeal insufficiency       

overt or submucous cleft palate   +   

cleft lip/palate      

Other      

anaemia + +    

hyperthyroidism   +   

Inguinal hernia   +   

 


