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Abstract 
Background: 
Hypoplastic left heart syndrome (HLHS) is a severe genetically heterogeneous 

congenital heart disease that encompasses several pathophysiologies. The genetic 

mechanism of HLHS is still unclear, and there is a lack of animal models to study the 

development of hypoplastic left heart structure。  

Objective: 
The aim of this project is the comprehensive characterization of induced pluripotent 

stem cell (iPSC) lines derived from patients with HLHS and healthy controls and the 

production of highly enriched and pure cardiomyocytes (CMs).

Methods: 
Before starting this thesis, iPSC lines were established from HLHS patients (n=3) and 

healthy controls (n=3) by integration-free transduction with Sendai virus. iPSC 

characterization included Sendai footprinting, the detection of endogenous 

pluripotency factor gene expression, and the capacity of iPSCs to differentiate were 

detected in cells of all three germlayers. A direct cardiac differentiation protocol with 

“small molecules” was applied to obtain high quality CMs. The iPSC-CMs were 

harvested on day 14 for analysis of gene expression, quality, and purity. 

Results: 
All iPSC lines were Sendai-virus free after 4 to 12 passages. Endogenous 

pluripotency factor expression could be detected in all iPSC lines, while expression of 

the reprogramming factor c-MYC was absent in two control lines. Direct cardiac 

differentiation showed the sensitivity of iPSC lines to CHIR99021 is quite variable. 

Furthermore, the initial cell seeding density could affect the efficiency of 

differentiation. The transcription factor TBX5 and its direct target gene NPPA were 

low expressed in the HLHS group, while expression of NKX2.5 was retarded until day 

8 in the HLHS group but caught up by day 10. The expression of ISL1 and TNNT2 

was similar in the two groups. iPSC-CMs started spontaneously beating between day 

7 and 9. By day 14 more than 60% Trop T+ CMs could be detected in both the HLHS 

and control group.  

Conclusion: 



 

 II 

I have performed a complete characterization of six iPSC lines and determined 

defined and repeatable conditions for the production of iPSC-CMs of high quality and 

in large quantities. My results confirm that these iPSC lines are a powerful cellular 

system to study the molecular dysfunction of HLHS in vitro and the results confirm 

that iPSC-CMs can successfully be used in downstream applications such as the 

generation of engineered heart tissues.  
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Abstract 
Hintergrund: 
Das Hypoplastische Linksherzsyndrom (HLHS) ist eine schwere, genetisch 

heterogene congenitale Herzerkrankung, die verschiedene Krankheitsbilder umfasst. 

Die genetischen Ursachen des HLHS sind noch immer unklar und es gibt keine 

Tiermodelle, um die Entwicklung hypoplastischer Linksherzstrukturen zu 

untersuchen. 

Zielsetzung: 
Das Ziel dieser Arbeit ist die umfassende Charakterisierung induzierter pluripotenter 

Stammzell-Linien (iPS Linien), die von Patienten mit HLHS oder gesunden 

Probanden etabliert wurden und die Generierung von hoch angereicherten, reinen 

Kardiomyozyten (KMs). 

Methoden: 
Vor Beginn dieser Doktorarbeit wurden iPS Linien von HLHS Patienten (n=3) und 

gesunden Probanden (n=3) durch integrationsfreie Transduktion mit Sendaiviren 

etabliert. Die Charakterisierung der iPS Linien umfasste ein Sendai footprinting, den 

Nachweis der endogenen Expression der Pluripotenzfaktoren und die Untersuchung 

der Fähigkeit der iPS Zellen, sich in Zellen aller drei Keimblätter zu entwickeln. Um 

KMs von hoher Qualität zu erhalten wurde ein direktes kardiales 

Differenzierungsprotokoll mit „small molecules“ verwendet. Am Tag 14 der 

Differenzierung wurde die Genexpression, die Qualität und die Reinheit der aus den 

iPS Zellen generierten KMs analysiert. 

Ergebnisse: 
Nach 4 bis 12 Passagen waren alle iPS Linien frei von Sendai-Virus. Die endogene 

Expression der Pluripotenzfaktoren konnte in allen iPS Linien nachgewiesen werden, 

während in zwei Kontroll iPS Linien keine Expression des 

Reprogrammierungsfaktors c-MYC gezeigt werden konnte. Bei der direkten kardialen 

Differenzierung war die Sensitivität der iPS Linien gegenüber CHIR99021 sehr 

variabel. Darüber hinaus hatte die ursprüngliche Dichte der Zellen beim Aussäen 

einen Effekt auf die Effizienz für Differenzierung. Während dieser wurden der 

Transkriptionsfaktor TBX5 und NPPA, ein direktes Zielgen, in der HLHS Gruppe in 

sehr geringem Ausmass exprimiert. Die Expression von NKX2.5 war bis Tag 8 in der 
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HLHS Gruppe verzögert, pendelte sich aber am Tag 10 ein. Die Expression von ISL1 

und TNNT2 war in beiden Gruppen sehr ähnlich. Aus iPS Zellen generierte KMs 

begannen spontan zwischen Tag 7 und 9 zu schlagen. An Tag 14 konnten sowohl in 

der HLHS als auch in der Kontroll-Gruppe über 60% Trop T+ Zellen detektiert 

werden.  

Schlussfolgerung: 
In der vorliegenden Arbeit habe ich bei sechs iPS Linien eine komplette 

Charakterisierung durchgeführt. Ich habe definierte und reproduzierbare Bedingungen 

bestimmt unter denen KMs in hoher Qualität und in grossen Mengen aus iPS Zellen 

generiert werden können. Meine Ergebnisse belegen, dass diese iPS Linien ein 

leistungsfähiges zelluläres System darstellen, um die molekularen Dysfunktionen des 

HLHS in vitro zu untersuchen. Die Ergebnisse zeigen auch, dass die aus iPS Zellen 

generierten KMs in Downstream-Anwendungen wie etwa der Generierung von 

engineered heart tissues verwendet werden können. 
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Introduction 

1.1 Congenital heart disease 

Congenital heart disease (CHD), which is also known as congenital heart anomaly or 

congenital cardiovascular malformation, is a disease of abnormal heart structure that 

is present at birth. CHD is one of the most common congenital defects in newborns. 

About 10-12 per thousand neonates are diagnosed with CHD, which is approximately 

40,000 babies each year in the United States[1, 2]. In Germany nearly 6,000 babies 

are born with CHD every year[3].  

1.1.1 Hypoplastic left heart syndrome  

Hypoplastic left heart syndrome (HLHS) is a very severe CHD with a wide 

pathophysiological basis. HLHS is manifested by aortic valve and/or mitral valve 

stenosis or even atresia, with significant hypoplastic left ventricle, and hypoplasia of 

ascending aorta and aortic arch[4]. 

 

The prevalence of HLHS is approximately 0.16-0.36 per 1,000 live births in the United 

States[5]  and around 0.15 per 1,000 newborns in Germany[6], accounting for 2-3% of 

all CHD[7]. The most common cardiac malformation in HLHS is the single-ventricle 

defect, due to the hypoplastic or missing left ventricle. Furthermore, there is a 

significant gender difference in the prevalence for HLHS: approximately 70% of the 

affected patients are male[8]. 

 

In HLHS, due to the severe dysplasia of the left heart structures, the aortic valve (AV) 

and mitral valve (MV) might be too small or even atretic, resulting in abnormal left 

ventricular circulation[9]. Whereas the big atrial septal defect (ASD) or small 

persistent foramen ovale (PFO) assures shunting of returning pulmonary venous 

blood with oxygen from the left to the right atrium. Meanwhile, the deoxygenated 

blood coming back from superior and inferior Vena cava will mix with the 
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oxygenated blood in the right atrium. Formerly, the mixed blood could flow through 

the tricuspid and pulmonary valve to the main pulmonary artery (PA). Part of the 

mixed blood will flow to the left and right PA for pulmonary perfusion, and another 

part will support the coronary and systemic perfusion via the maintained patent ductus 

arteriosus (PDA) (Fig. 1). This circumstance leads to severe cyanosis of the patient, 

nevertheless it is essential for the survival of the babies. Apart from cyanosis, the 

newborn HLHS babies suffer from respiratory distress, accompanied by weak 

peripheral pulse and low blood pressure (less than 40 mmHg).  

 

Figure 1 Morphology and blood flow of normal heart and HLHS heart.  

Ao: aorta, LA: left atrium, LV: left ventricle, RA: right atrium, RV: right ventricle, PA: pulmonary artery, VSD: 
ventricular septal defect. The figure is adapted from Lahm et al., 2015[6]. The utilization of the picture has been 
permitted by the journal. 

1.1.2 The causes of HLHS 

The provoking pathogenic factors of HLHS are still uncertain. Some environmental 

factors might favor HLHS, such as intrauterine infection, myocarditis or immunologic 

injury[10]. A retrospective analysis of a 10-year multi-center database reveals that the 

incidence of HLHS was seasonally related. This report points out that children with 

HLHS are mostly born in the summer months[11]. 

 

Another hypothesis of the etiology of HLHS is the “flow theory” of cardiogenesis[12]. 

This theory indicates that the cardiac malformation of HLHS is due to the inappropriate 
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development of the valves, especially aortic and/or mitral valve stenosis or atresia. 

Subsequently, the abnormal hemodynamics of the left heart results in the 

underdevelopment of myocardium and left ventricle hypoplasia. Nevertheless, in a 

previously published article illustrates that the morphology of LV was not correlated to 

the degree of valvar stenosis [13]. 

 

The prevalence of HLHS is 0.016% - 0.036%[5]. While the risk of recurrence in 

families with two affected children is 0.5% to 2%, the risk of recurrence of other forms 

of CHD in families with one child suffering from HLHS will rise up to 2.2% to 

13.5%[10]. This phenomenon reflects a strong genetic aspect in this CHD development.  

 

HLHS is generally accepted as multi-gene associated disease. The genetic components 

include single base-pair variants (single nucleotide polymorphisms (SNPs), point 

mutations which may occur de novo, duplications or deletions of larger sequences (copy 

number variations (CNVs)) as well as aberrant methylation patterns[5]. At the 

chromosomal level, the partial or complete absence of an X chromosome causing 

Turner Syndrome is associated with HLHS. The prevalence of Turner Syndrome in 

live-born infants with HLHS ranges from 1 to 7%[14].  

 

The mutations in essential cardiac transcription factors (TFs) such as NKX2.5, HAND1, 

FOXC2, FOXL1 and combinations thereof have been described in patients with 

HLHS[6]. The research of Kobayashi and colleagues indicates that the NKX2.5/HAND1 

signal pathway plays an important role in left heart development during cardiogenesis 

and mutations of NKX2.5 and HAND1 could raise the risk of HLHS[15]. Another 

research has shown that CNVs are associated with HLHS pathogenesis[16]. Using the 

standard reference genome, CNVs ranges between 1 kb and several megabases and 

covers approximately 12% of the human genome[17]. Micro RNAs (miRNAs), such as 

miR-208, miR-30, miR-378 and others may play a critical role in the cardiogenesis of 
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HLHS[18-21]. Those genes could influence the development of HLHS by modulating 

the expression of TFs or their pathways.  

 

Our previously published research indicates that de novo mutations which drive 

cardiomyogenesis are strongly associated with the formation of HLHS [22]. Mutations 

associated with the cell cycle, unfolded protein response (UPR), and autophagy hub 

affect the cardiac progenitor (CP) specialization at the initial stage of cardiomyogenesis, 

leading to interruption of CP lineage differentiation, unbalanced distribution of CM 

subtypes, and CMs immaturation. Immature CMs cause increased apoptosis, abnormal 

excitation contraction coupling, and ultimately cause ventricular dysplasia. 

 

In general, HLHS is a multifactorial syndrome. Genetic, environmental, and 

hemodynamic factors alone or together might be the causes of this disease. However, 

further research is urgently needed. 

1.1.3 Therapies for HLHS 

Only 35 years ago, HLHS was undoubtedly a fatal CHD. In 1983, the cardiac surgeon 

William Norwood successfully introduced a surgical procedure to intervene the HLHS. 

The right heart system was utilized to support the patient’s systemic circulation[23].At 

present, the treatment methods for HLHS patients mainly include the three-staged 

Norwood palliative surgery, heart transplantation or compassionate care. At the 

moment, heart transplantation seems to be the best option for its normal cardiac 

anatomy. However, due to the extreme shortage of donors, heart transplantation is very 

rarely a possible option. Apart from heart transplantation, Norwood surgery is still the 

gold standard treatment for these HLHS patients. Since now, great progress has been 

made in the prenatal diagnostics, pre-, intra-, and postoperative care, surgical 

techniques, and operation methods. These advances have led to a 90-92 % initial 

survival rate for standard-risk neonates undergoing surgery[24].  

1.2 Pluripotent stem cells  
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1.2.1 Types of stem cells 

Stem cells (SCs) are cells with self-renewal and broad differentiation potential. This 

kind of cell can proliferate spontaneously while maintaining its undifferentiated state. 

In addition, it has the ability to differentiate into all cell types of the organism from 

which it has been derived.  

 

Historically, it was believed that SCs could only be obtained from the differentiated 

fertilized eggs or the inner cell mass of blastocysts, named embryonic stem cells 

(ESCs)[25] . Nevertheless, these cells also exist in all adult human tissues, termed adult 

stem cells like mesenchymal stem cells (MSCs)[26], hematopoietic stem cells[27], 

endothelial stem cells[28], neural stem cells[29], cancer stem cells[30] and others, 

which play an important role in tissue renewal and damage repair. 

 

Depending on their regenerative potential, naturally occurring SCs could be divided 

into totipotent, omni- or pluripotent, multipotent and unipotent SCs. Totipotent SCs can 

develop into the three primary germ layers of the early embryo (ectoderm-, mesoderm- 

and endoderm layer) and extra-embryonic tissues such as placenta[31]. Omni- or 

pluripotent SCs (PSCs) are slightly more committed than totipotent cells and still can 

differentiate into all kinds of cells of the organism they were derived from[32]. 

However, without the ability to generate extra-embryonic tissues, PSCs are unable to 

form a complete organism. Thirdly, multipotency is a feature of adult SCs. These cells 

have the property to differentiate into all cells of the tissue from which they were 

derived[33].Finally, the unipotent SCs can only differentiate into one type or two 

closely related types of cells, such as stem cells in the basal layer of epithelial tissue 

and myoblasts in muscle. 

 

Because of its vast self-renewal and differentiation potential, PSCs can be used for the 

research in innovative medicine or as a cell-based therapy to treat a variety of diseases 
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including heart diseases and diabetes. Nonetheless, decades ago the PSCs could only 

be isolated from the embryo which is an important ethical issue and therefore limiting 

the use of PSCs in scientific research and cell therapy. Since the establishment of SC 

lines and culture is banned for ethical reasons, the generation of induced pluripotent 

stem cells (iPSCs) has become a milestone in the medical and biological field[34]. 

iPSCs are a type of pluripotent SCs which are reprogrammed from human somatic cells. 

In 2007, Japanese scientist Shinya Yamanaka first reprogrammed adult human 

fibroblasts into pluripotent cells by overexpression of the four TFs (OCT4, SOX2, KLF4 

and cMYC)[35]. The Nobel Prize in Medicine 2012 was awarded jointly to Shinya 

Yamanaka and John B. Gurdon for their research on iPSCs. 

 

As iPSCs are generated from somatic cells by reprogramming, researchers can 

overcome the ethical restrictions (bypass the need for embryos) and achieve unlimited 

supply of human pluripotent SCs. Meanwhile, the iPSCs can be derived in a patient-

specific manner, which allow to investigate the disease development in specific cases 

of individual patients. 

1.2.2 Reprogramming somatic cells into iPSCs 

It has been more than 50 years ago since John Gurdon first proposed the concept of 

regeneration and cellular reprogramming[36]. At present, numerous somatic cells, 

including fibroblasts, keratinocytes[37], and peripheral blood mononuclear cells 

(PBMCs)[38], can be reprogrammed into iPSCs by introduction of the four TFs (OCT4, 

SOX2, KLF4 and cMYC) with viral infection (non-integrating Sendai virus, lenti- or 

retroviruses) or non-viral approaches (episomal plasmid, miRNAs, small molecules, or 

others) (Fig.2).  
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Figure 2. Strategies of reprogramming somatic cells into iPSCs.  

Somatic cells can be reprogrammed into iPSCs by forcing the overexpression of the four TFs: OCT4, SOX2, 
KLF4, and cMYC by different approaches. Created with BioRender.com 
 
Sendai virus (SeV) is a negative-sense single-stranded RNA (ssRNA) virus of the 

Paramyxoviridae family[39]. It contains of six genes coding for the viral proteins: NP 

(nucleocapsid protein), P (phosphoprotein), L (large protein) and the proteins essential 

for the fusion of the virus with the cell F (fusion protein), HN (Hemagglutinin-

Neuraminidase) and the matrix (M protein). The ssRNA genome consists of six cistrons 

(NP, P, L, F, HN, M). Each cistron has its own initiation of transcription as well as its 

own termination signal and encodes one polypeptide each. SeV preparation for 

reprogramming can be obtained as a commercially available kit. The four TFs are 

cloned between the 3’end and the NP gene into the genome of a modified non-

transmissible form of SeV in which the fusion gene (F) has been deleted. This prevents 

the production of infectious particles by infected cells[40]. 
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The iPSCs used in this project were prepared using a reprogramming kit consisting of 

the above-mentioned modified SeV vectors. SeV infects cells by binding to sialic acid 

receptors present on the cell surface and replicates only in the cytoplasm of the infected 

cells. The sialic acid receptors are present on nearly all cell types, and therefore all 

somatic cells are prone to be used for reprogramming. Thus, the viral vectors introduce 

the four TFs (OCT4, SOX2, KLF4 and cMYC) into the cells without integrating into the 

genome of host cells. According to the manufacturer’s description, the virus is 

discharged from the cell after 6 to 7 passages, depending on the cell line[41]. 

1.2.3 Applications of human iPSCs in cardiovascular medicine 

Cardiovascular disease remains the disease with the highest mortality rate world-wide 

accounting for 31% of all global deaths[42, 43]. Investigation of CMs is limited by the 

low or nearly non-existing proliferative potential of these cells. Direct isolation from 

healthy probands is no option and isolation from patient undergoing cardiovascular 

procedure would never result in sufficient numbers for further investigations. These 

circumstances lead to the absence of basic material for biological and medical demands 

which have to be given for researchers to study the mechanisms of heart disease. Thus, 

more effective diagnostic methods and appropriate treatment therapies are necessary. 

iPSCs provide an excellent solution for these problems. The cells can be reprogrammed 

from somatic cells and have no limitations with the respect to the cell source. iPSCs 

can be cultured and expanded with relatively simple methods and effectively 

differentiated into almost all kinds of human somatic cell types including CMs in vitro. 

The numerous iPSC-derived somatic cells are valuable tools for disease modeling, drug 

screening or toxicological analyses, and regenerative cell therapy. More importantly, 

the iPSCs can be obtained from individual persons, such as CHD patients, and 

differentiated into CMs for the study of disease mechanism, cellular disease model 

generation, and investigation of individualized drug sensitivities to potentially develop 

customized therapies. 
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1.3 Cardiac differentiation of iPSCs  

1.3.1 Background of cardiac differentiation 

The heart contains a subpopulation of multipotent SCs which have the capability of 

heart regeneration. However, only about 0.3 to 1% of the CMs can be replaced every 

year, and most of these renewal events occur in the first decade of life[44]. The very 

limited proliferation of CMs becomes an obstacle for the progress in several instances:  

l Therapies for cardiovascular disease based on the transplantation of CMs or 

cardiomyogenic SCs to ameliorate the consequences of myocardial infarction (MI), 

characterized by a loss of myocardium due to oxygen and nutrient deficiency and 

the replacement with non-contractile scar tissue 

l Cardiac disease modeling for CHD or dilated cardiomyopathy  

l Pharmaceutical research to assess the benefit or toxic side-effect of heart-related 

drugs  

The human SCs (hESCs or hiPSCs) can be expanded in large numbers and have the 

ability to generate the three germ layers of early embryos in vitro, enabling their 

differentiation into all cell types of human beings. These abilities of SCs can meet the 

researchers’ requirement for high numbers of CMs.  

 

Studies revealed that there are three central signaling pathways which play a critical 

role during the early stages of cardiogenesis: bone morphogenetic protein (BMP) 

pathway, Wingless/INT protein (Wnt) pathway, and the fibroblast growth factor (FGF) 

pathway[45]. By activating or inhibiting these pathways the researchers could induce 

cardiomyogenesis in SCs. This characteristic of SCs provides a new approach for 

researchers to obtain robust CMs in vitro. 
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In 2001, the research group of Kehat[46] reported successful differentiation of human 

ESCs into CMs by culturing ESCs in suspension and plating them to form three-

dimensional aggregates, termed embryoid bodies (EBs), which comprise cells of the 

three embryonic germ layers. In this report, around 8.1% of EBs showed spontaneous 

contraction. Two years later, Beltrami et al.[47] identified a group of cardiac progenitor 

cells (CPCs) characterized by the expression of c-KIT with multi-directional 

differentiation ability. These cells could differentiate into CMs, smooth muscle cells 

(SMCs), and endothelial cells (ECs). Since Takahashi et al.[35] successfully 

reprogrammed human adult somatic cells into iPSCs in 2007, researchers began to 

utilize this new technology as a starting point for CM differentiation. In 2008, Mauritz 

et al.[48] generated murine CMs from iPSCs with the EB-based protocol and achieved 

around 55% of spontaneously beating EBs.  

 

The studies of these pioneers opened a gate for follow-up researchers. In a manner of 

speaking, human iPSCs provide a renewable resource for the studies of cardiac 

development and function. 

1.3.2 Current methods for cardiac differentiation 

During the past decade, many successful protocols for iPSC-CMs differentiation have 

been reported[49-51]. These protocols can be divided into three types: 1) EB-

mediated or spontaneous differentiation. 2) co-culture with stromal cells. 3) 

monolayer or direct cardiac differentiation. 

 

For spontaneous differentiation, iPSCs are dissociated into single cells and cultured in 

suspension in medium containing fetal bovine serum (FBS). The cells will develop into 

three-dimensional aggregates and subsequently differentiate into the derivatives with 

three germ layers, termed EBs. With the addition of FBS and specific growth factors in 

the medium, the EBs can be induced to differentiate into CMs[52]. These initial 

protocols have the disadvantage that the efficiency of spontaneous differentiation is 



 

 11 

poor with only 1 to 10 % of CMs[11, 53-55]. In addition, the differentiation medium 

contains animal products, like FBS which are not clearly defined. Such culture 

conditions result in difficulties of reproducibility. In order to raise the efficiency of 

differentiation and eliminate the use of undefined animal or human products, new 

protocols were developed. Serum-free defined media were used for CM differentiation 

such as APEL (StemCell Technologies)[56] and StemPro34 (Invitrogen)[57], growth 

factors including BTB-POZ and MATH domain 4 (BMP4), activin A, FGF2, which 

could improve the development of cardiac cells during differentiation. Meanwhile, spin 

EBs[58] or microwell EBs[59] methods were used in differentiation where the 

researchers could control the size of EBs. 

 

Co-culture protocols, e.g., with visceral endodermal-like cells are used to optimize 

differentiation. In the embryonic stage, the visceral endoderm cells can promote the 

differentiation of cardiac precursor cells in adjacent mesoderm[60]. In 2003, Mummery 

et al. differentiated ESCs into CMs by co-culturing with visceral endodermal-like cells 

for the first time[61]. Two years later, Passier et al. refined this protocol[62]. 

 

Direct cardiac differentiation of iPSCs starts with cells plated on Matrigel-coated plates 

grown as monolayers. Subsequently, the iPSCs are exposed to certain growth factors, 

including BMP4, activin A, Wnt 3 and bFGF and others, in defined Roswell Park 

Memorial Institute (RPMI) medium supplemented with B27. In the classical protocol 

of direct cardiac differentiation, iPSCs are sequentially treated with activin A for 24 

hours and then cultured in serum-free RPMI/B27 medium supplemented with 

BMP4[63]. The critical part of this protocol is the ratio of activin A to BMP4 and the 

time of addition and removal of these growth factors. Differentiation of iPSCs into CMs 

by modulating the Wnt signaling pathway is a further protocol of direct cardiac 

differentiation. Researchers could differentiate iPSCs by sequentially applying Wnt 

agonists and inhibitors[64]. These direct cardiac differentiation protocols are easy to 

handle, highly reproducible with a yield of more than 65% TNNT2+ cells[65]. However, 

they need to adjust the growth factors temporally at the optimum concentration for each 
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cell line to induce the cardiac differentiation in comparable quantity and quality 

between the cell lines[66]. 

1.3.3 The effect of Wnt signaling pathways in cardiac 

differentiation 

Wnt signaling pathways are a set of protein-based signal transduction pathways. Signals 

are transmitted to the interior of the cells by binding of ligands to the receptors on the 

cell surface[67]. Depending on the function, the Wnt signaling pathways can be 

separated into the Wnt/β-catenin signaling pathway (canonical Wnt pathway), the 

noncanonical planar cell polarity pathway, and the non-canonical Wnt/calcium 

pathway[68]. Among them, the Wnt/β-catenin pathway is one of the key regulating 

pathways which can be modulated in cardiogenesis.  

 

The canonical Wnt signaling pathway displays a biphasic modulation effect during 

cardiogenesis. In the early stage of the embryo, Wnt/β-catenin could enhance the 

mesoderm formation[69] and increase the expansion of insulin gene enhancer protein 

1 (Isl1) positive cardiovascular progenitors[70]. However, in the gastrula stage embryo, 

overexpression of Wnt/β-catenin signaling would block the development of CMs. The 

activation of Wnt/β-catenin signaling pathway will cause the accumulation of β-catenin 

in the nucleus which will interact with the TFs of the T-cell factor/lymphoid enhancer-

binding factor (TCF/LEF) family[71] to co-activate target gene transcription. The β-

catenin could be degraded by targeted ubiquitination by a protein complex, which 

comprises axin, adenomatosis polyposis coli (APC), protein phosphatase 2A (PP2A), 

glycogen synthase kinase 3 (GSK3), and casein kinase 1a (CK1a), and is afterwards 

digested within the proteasome[72, 73]. According to this characteristic, iPSC-CMs 

were generated by artificially enhancing the Wnt signaling pathway in the first stage to 

generate mesodermal cells, and subsequently inhibiting its activity after the formation 

of mesoderm[65, 74]. In my project, the small molecules CHIR99021 and Wnt-C59 

were used for CM generation, which influence the Wnt/β-catenin signaling pathway in 

an agonistic and inhibitory way, respectively (Fig. 3).  
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Figure 3. Direct differentiation by modulating the Wnt signaling pathway.  

On day 0, CHIR 99021 can inhibit the digestion of GSK3 to Wnt/β-catenin, leading to accumulation of Wnt/β-
catenin and iPSCs differentiation into cardiac mesoderm cells. Two days later, Wnt-C59 was added which can inhibit 
the function of the Wnt/β-catenin pathway. At this stage, cardiac mesoderm cells differentiate into cardiovascular 
progenitor cells. With extended culture period progenitor cells finally differentiate into CMs. Created with 
BioRender.com 

1.4 The aim of this work 

The aim of this project is the characterization of the iPSC lines derived from patients 

with HLHS and healthy controls and the production of highly enriched and pure CMs. 

The characterization of iPSCs includes: 1) Sendai footprint to guarantee completely 

virus-free lines were allowed for next experiment. 2) Endogenous expression of 

pluripotency factors. 3) Differentiation into cell types of all three germ layers. 4) 

Differentiation of the iPS lines with a direct cardiac differentiation protocol. The 

optimum conditions of the differentiation protocol have to be established for each 

individual iPSC line. It is an essential requirement to establish defined and reproducible 

conditions for production of CMs from HLHS and control lines to obtain CMs of high 

quality and quantity. Having characterized the iPSC lines and defined the conditions 

for their efficient cardiac differentiation, the generated iPSC-CMs shall prove their 

suitability in a downstream experiment such as the generation of engineered heart tissue. 
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(Fig.4)

 

Figure 4. Workflow of this project.  

Skin fibroblasts or PBMCs were obtained from HLHS patients and healthy people for iPSC reprogramming. Then 
the reprogrammed iPSCs were extensively characterized and differentiated into CMs. Created with BioRender.com  
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Materials  

2.1 Used cell lines  

Six iPSC lines were used in this project, including 3 lines from HLHS patients 

(experimental group with 2 males and 1 female) and 3 lines from healthy probands 

(control group with 2 males and 1 female). All iPSCs of HLHS lines were generated 

from skin fibroblasts of the patients. While one cell line of the control group was 

generated from skin fibroblasts, the other two lines were generated from PBMCs. The 

skin fibroblasts were established from a small biopsy. PBMCs were collected from the 

blood of the healthy probands, isolated by Ficoll-Paque density gradient centrifugation 

and stored in liquid nitrogen until reprogramming. All six iPSC lines were 

reprogrammed by non-integrating Sendai-Virus. Three iPSC lines were generated at 

the German Heart Center Munich (606, 612, S), the other three iPSC lines (375, H, C) 

were generated by the group of Dr. Moretti at the Klinikum rechts der Isar with the 

approvement of the local ethical committee at the respective institutions. All patients 

and probands have signed a written consent. 

Table 1: HLHS iPSC lines used for the project 

HLHS 
iPS lines Sex Diagnosis reprogramming Biological source 

375 Male  HLHS, atresia of AV and 
MV Sendai-Virus Skin fibroblasts 

606 Female HLHS, atresia of AV and 
MV Sendai-Virus Skin fibroblasts 

612 Male  HLHS, atresia of AV and 
MV Sendai-Virus Skin fibroblasts 

iPS: induced pluripotent stem cell, HLHS: hypoplastic left heart syndrome, AV: aortic valve, MV: mitral valve 
 

Table 2: Control iPSC lines used for the project 

Control 
iPS lines Sex Diagnosis reprogramming Biological 

source 
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C Female  Healthy Sendai-Virus Skin fibroblasts 

H Male Healthy Sendai-Virus PBMC 

S Male  Healthy Sendai-Virus PBMC 

iPS: induced pluripotent stem cell; PBMC: peripheral blood mononuclear cell. 

2.2 Chemicals and reagents 

In table 3 all chemicals and reagents used for my doctoral thesis are listed. 

Table 3: Used chemicals and reagents 

Designation order 
number Manufacturer 

0.5 M EDTA (pH 8.0) 1109540 GIBCO 

Agarose 
(PeqGOLD Universal) 35-1020 Peqlab 

Albumin Human SLBN8290V SIGMA 

Anti-alpha Myosin heavy chain 
(mouse IgG2) MAB4470 Novus 

Anti-cardiac troponin T [1C11] 
(mouse monoclonal IgG) Ab8295 Abcam 

Anti-cardiac troponin T-FITC 5160203052 Miltenyi Biotech 

Anti-Connexin 40 
(rabbit polyclonal IgG) Ab38580 Abcam 

Anti-Connexin 43 
(mouse Ig G) MAB3068 Merck Millipore 

BD Perm/Wash Buffer (10 X) 6356786 BD Biosciences 

Bovine Serum Albumin (BSA) B14 ThermoFisher Scientific 

CHIR99021 C-6556 LC Laboratories 

Collagenase Type II 1775669 Life Technology 

Corning Matrigel membrane matrix  7315687 CORNING 
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DAPI Ab 104139 Abcam  

dATP R0141 ThermoFisher Scientific 

dCTP R0161 ThermoFisher Scientific 

dGTP R151 ThermoFisher Scientific 

DNA Gel Loading Dye (6 X) R0611 ThermoFisher Scientific 

DEPC-Water 
(RNase free water) 4034 Peqlab 

Dimethylsulfoxid A994.2 Carl Roth 

Dispase in Hanks’ Balanced  
salt solution (5 U/mL) 07913 STEMCELL 

Technologies 

DMEM/Ham’s F12 Medium 0872F Biochrom 

DNase AWAY 7010 Molecular BioProduct 

DNase Recombinant 15968900 Roche Diagnostics 

DTT Y00147 Invitrogen 

dTTP R0171 ThermoFisher Scientific 

EDTA (4 mM) CN 06.1 Carl Roth GmbH-
Co.KG 

FCS (EU approved origin,  
South America) 42G9273K Gibco 

Fixation and  
Permeabilization solution 6047882 BD Biosciences 

Goat anti mouse IgG H&L 
(Alexa Flour 488) Ab150113 Abcam 

Goat-anti mouse Ig G H&L 
(Alexa Flour 555) Ab 150114 Abcam  

Goat-anti rabbit IgG H&L 
(Alexa Flour 488) Ab 150077 Abcam  

Goat serum sc-2043 Santa Cruz 
Biotechnology 

Goat serum Sc45051 Santa Cruz 
Biotechnology 

H2O (bi-distilled) R91051 H.Kerndl GmbH 

H2O (Millipore)  Merck Millipore 

H2O (VE)  Water purification 
system from DHM 
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Ham’s F-12 Medium 0592F Biochrom 

Immersion oil 56822 Sigma Life Science 

k isotype control FITC 
(mouse IgM) 553474 BD Pharmingen 

k isotype control PerCP-Cyc5.5 
(rat IgM) 560573 BD Pharmingen 

L-Ascorbic acid 2-phosphate SLBL2114V SIGMA 

MLC2a-FITC 130-106-191 Miltenyi-Biotec 

MLC2v-APC 130-106-184 Miltenyi-Biotec 

M-MLV Reverse Transcriptase  28025-013 invitrogen 

Normal goat serum Ab 7481 Abcam  

Paraformaldehyde 0335.1 Carl Roth GmbH 

PBS Dulbecco (10 X) 0410C Biochrom 

Penicillin-streptomycin (P/S) (100 X) 5020317 PanReac Applichem 

Power SYBR Green 
(PCR Master Mix) 436759 ThermoFisher Scientific 

Protector RNase Inhibitor 3335402001 Roche 

Quantities DNA Marker 
(25 bp-500 bp) 240216 Biozym Scinetific 

GmbH 
Quantities DNA Marker 
(GeneRuler, 50 bp) SM0371 ThermoFisher Scientific 

Random Primers 
(3 µg/µL) 48190-011 Invitrogen 

ReLeSRTM (Enzyme-Free) 05872 STEMCELL 
Technologies 

Rock inhibitor (Y-27632 2HCl) 16F71975 STEMCELL 
Technologies 

RNase AWAY 7002 Molecular BioProducts 

RPMI 1640 Medium 0732F Biochrom 

SOX-2 (1 mg/ml) 
(rabbit polyclonal IgG) Ab137385 Abcam 

TeSRTM-E8TM basal Medium 05990 STEMCELL 
Technologies 
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Triton-X-100 3051.3 Carl Roth GmbH 

Wnt C-59 S7037 Selleckchem 

2.3 Consumables 

All consumables used for my doctoral thesis are listed in table 4. 

Table 4: Used consumables 

Material order number Manufacturer 

500 ml storage bottle 430282 CORNING 

Disposable gloves  
(powder-free 100) SSCR101 Sempermed  

Nalgene Rapid Flow Filter 455-1000 ThermoFisher Scientific 

6-well cell culture plate E180134A Bio-one 

24-well cell culture plate E16103N7 Bio-one 

Millicell EZ slide 
(8-well Glass) PEZGS0816 Merck Millipore 

15/50 ml Falcon Tube 15417113 FALCONTM 

Pipette 
(0.1-10 µl, 1-100 µl, 100-1000 µl) 

2149E-HR, 
2065-HR, 
2179-HR 

ThermoFisher Scientific 

10 ml pipette 7015 BD FalconTM 

40 µm filter 542040 Greiner Bio-one 

Rotilabo-spritzenfilter 0.22 µm R6DA44688 Carl Roth GmbH 

Cell scraper 24 cm 83.3950 SARSTEDT 

Sprits Inject 25 ml 16H01C8 B Braun 

Cryotube 1.0/1.8 ml 374081/347627 ThermoFisher Scientific 

1.5 ml safe-lock tubes 0030121503 Eppendorf 

Cryo 1°C Freezing Container 5100-0001 NALGENETM 
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Surphob Spitzen VT0230 Biozym Scientific GmbH 

2.4 Devices 

In table 5 all devices used for my thesis are listed. 

Table 5: Used devices 

Devices Manufacturer 

EVOS Xl Core Microscope ThermoFisher Scientific 

Analytical balance Kern & Sohn GmbH 

BD LSRFortessaTM BD Biosciences 

Fluorescence Microscope Axiovert 200M ZEISS 

Freezer -20°C SIEMENS 

Gel documentation device ChemDoc XR System Bio-Rad Laboratories GmbH 

HERAEUS Megafuge 16R centrifuge ThermoFisher Scientific 

HERA freezer -80°C ThermoFisher Scientific 

HERA Safe Hood Heraeus Instruments 

HERAcell 240i CO2 incubator ThermoFisher Scientific 

Hettich Centrifuge Micro 220R Andreas Hettich GmbH 

Liquid nitrogen system MESSER GRIESHEIM 

Milli Q Merck Millipore 

NanoDrop 2000c Spectrophotometer ThermoFisher Scientific 

Pipetus Hirschman Laborgeräte 

PowerPac Basic gel electrophoresis device Bio-Rad Laboratories GmbH 

C1000 Touch Thermal Cycler Biorad 
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Quant Studio 3 Applied Biosystems 

Table centrifuge Biozym 

Table centrifuge 5417R Eppendorf 

Vortexer Scientific Industries 

2.5 Used Kits 

In table 6 all used kits of my thesis work are listed. 

Table 6: Used Kits 

Material  Order number Manufacturer 

Fixation/permeabilization soluton kit 554714 BD Bioscience 

M-MLV Reverse Transcriptase kit 28025-013 Invitrogen 

peq GOLD DNase I Digest kit 12-1091-01 PeqLab 

peq GOLD Total RNA kit 12-6834-02 PeqLab  

2.6 Software 

All utilized software is listed in table 7. 

Table 7: Used software 

Software Company 

Axio Vision (Version 4.8.2) ZEISS 

FlowJo 7.6.5 FlowJo LLC 

NanoDrop 2000/2000c ThermoFisher Scientific 

Quantity One Chemidoc XRS (Version 4.6.9) Bio-Rad Laboratories GmbH 
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Quant Studio Design & Analysis Software v1.4 Applied Biosystems by 
Thermo Fisher Scientific 

SPSS 21.0 IBM SPSS, Inc 

2.7 Manufactured solutions 

All self-manufactured solutions are prepared as described in table 8. 

Table 8: self-manufactured solutions 

Solution Preparation method 

PBS/EDTA (0.5 mM) 50 µl EDTA (0.5 M) + 50 ml PBS (1X) 

PBS (1 X) 10 ml PBS (10 X) + 90 ml Millipore H2O 

Dispase (1 U/ml) 5 ml dispase (5 U/ml) + 20 ml PBS (1X) 

CDM3 Medium+P/S 500 ml RPMI 1640 medium + 250 mg Human Albumin + 
1.5 ml P/S (100 X) 

Collagenase II solution  
(400 U/ml) 

1ml collagenase II solution (10,000 U/ml) + 24 ml PBS (1 
X) 

FACS-Buffer 
(PBS/0.5%BSA/4 mM 
EDTA) 

1.0 g BSA + 1.2 ml EDTA (0.5 M) + 50 ml PBS (1X) 
Mix BSA, EDTA and PBS together and fill with 200 ml 
Millipore H2O 

PBS-T-Buffer (0.1%) 50 µl Triton-X-100 + 50 ml PBS (1X) 

Bovine fibrinogen 200 mg/ml in NaCl 0.9% plus 0.5 µg/mg aprotinin 

EHT culture medium DMEM with 1% P/S, 10% horse serum, 10 µg/ml insulin, 
and 33 µg/ml aprotinin 

2.8 Used primers 

All used primers are listed in table 9. 

Table 9: Used primers 

gene 
 

Accession 
number 

5´→ 3´ 
(forward) 

5´→ 3´ 
(reverse) 

ACTA2  NM_001141
945.2 

GTG ATC ACC 
ATC GGA AAT 
GAA 

TCA TGA TGC TGT 
TGT AGG TGG T 
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ACTB 
 

NM_001101.
3 

CCA ACC GCG 
AGA AGA TGA 

CCA GAG GCG TAC 
AGG GAT AG 

AFP  
 

NM_001134.
2 

GTG CCA AGC 
TCA GGG TGT AG 

CAG CCT CAA GTT 
GTT CCT CTG 

c-MYC 
 

NM_002467.
5 

CAC CAG CAG 
CGA CTC TGA 

GAT CCA GAC TCT 
GAC CTT TTG C 

ISL1 
 

NM_002202.
2 

GCA GCC CAA 
TGA ACA AAA 
CTA A 

CCG TCG TGT CTC 
TCT GGA CT 

KLF4 
 

NM_0013140
52.1 

TCT TCG TGC 
ACC CAC TTG GG 

CTG CTC AGC ACT 
TCC TCA AG 

KRT14 
 

NM_000526.
4 

CAC CTC TCC 
TCC TCC CAG TT 

ATG ACC TTG GTG 
CGG ATT T 

NANOG NM_024865.
3 

TGC TTT GAA 
GCA TCC GAC 
TGT 

GGT TGT TTG CCT 
TTG GGA CTG 

NKX2.5 
 

NM_004387.
3 

TTC TAT CCA 
CGT GCC TAC 
AGC 

CTG TCT TCT CCA 
GCT CCA CC 

NPPA 
 

NM_006172.
3 

GAG CGG ACT 
GGG CTG TAA C 

GGA GCC TCT TGC 
AGT CTG TC 

OCT4 
 

NM_002701.
5 

GGG ATG GCG 
TAC TGT GGG 

GCA CCA GGG GTG 
ACG GTG 

REX1 
 

NM_174900.
4 

AGT AGT GCT 
CAC AGT CCA 
GCA G 

TGT GCC CTT CTT 
GAA GGT TT 

SeV 
 

M69046.1 
 

GGA TCA CTA 
GGT GAT ATC 
GAG C 

ACC AGA CAA GAG 
TTT AAG AGA TAT 
GTA TC 

SOX2 
 

NM_003106.
3 

AGC AGA CTT 
CAC ATG TCC 
CAG 

ACC GGG TTT TCT 
CCA TGC TGT 

TBX5 
 

NM_000192.
3 

TGA TCA TAA 
CCA AGG CTG 
GA 

GAT TAA GGC CCG 
TCA CCT TC 

TNNT2 
 

NM_000364.
3 

ATG ATG CAT 
TTT GGG GGT TA 

TCC TCC TCT CAG 
CCA GAA TC 
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3.1 Human iPSC Culture 

Prior to seeding of iPSCs, Matrigel (Corning, New York, NY) coated plates were 

prepared. Matrigel is a solubilized basement membrane product extracted from 

extracellular matrix protein-rich sarcoma of the Engelbreth-Holm-Swarm (EHS) mice. 

It contains all components of the extracellular basement membranes like laminin, 

collagen IV, heparan sulfate proteoglycan, and entactin/nidogen, but there is no cross-

linking between these compositions, and they do not exhibit cross-linking as the 

basement membrane in vivo. The role of Matrigel is to facilitate the attachment of split 

cells to the surface of the culture dishes. 

 

Matrigel was thawed at 4°C on ice for 1 hour before use. Once thawed, tubes were 

slightly mixed to ensure that the material is evenly dispersed. Matrigel was aliquoted 

into Eppendorf tubes sufficient to prepare 25 ml Matrigel/Ham’s F12 (Biochrom GmbH, 

Berlin, Germany, final concentration 0.11 mg/ml) solution, which is the normal amount 

to prepare for one splitting procedure in our lab. 800 µl/well Matrigel solution in 6-well 

plates or 300 µl/well in 24-well plates have been used. It has to be guaranteed that the 

surface is completely covered by the Matrigel solution. Coated plates should be allowed 

to polymerize at room temperature (RT) for 2 hours or at 37°C for 30 min in the 

incubator (HERAcell 240i CO2 incubator, Thermo Scientific, Waltram, MA) before use. 

 

The iPSC lines for the project were provided by German Heart Center and the Klinikum 

rechts der Isar as frozen vials in liquid nitrogen (Liquid nitrogen system, Messer 

Griesheim, Bad Soden, Germany). Once the cryovial was removed from the liquid 

nitrogen, it was immediately immersed in a 37°C water bath until the cells began to 

thaw. Cells were transferred to a 15 ml falcon tube, which was filled up with 10 ml E8 

culture medium (TeSRTM-E8TM basal Medium, StemCellTM Technologies, Cologne, 

Germany) and then centrifuged at 1200 rpm (HERAEUS Megafuge 16R centrifuge, 

Thermo Scientific, Waltram, MA) for 8 min. After centrifugation, the supernatant was 

aspirated and the cell pellet was carefully resuspended with E8 culture medium, 
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supplemented with Y27632 ROCK inhibitor (StemCellTM Technologies, Cologne, 

Germany, final concentration 10 µM). Finally, the cell suspension was transferred to 

the cell culture plate. It has to be pointed out that the area of plating always 

corresponded to the area when the cells were frozen (e.g., one well of a 6-well plate). 

 

For routine culture cells were incubated at 37°C and 5% CO2 in a humidified 

atmosphere. Normally the iPSCs were approximately 70% confluent within 5 days after 

the previous splitting at a ratio of 1 to 12. Nevertheless, despite being pluripotent, iPSCs 

tend to differentiate during cell culture and those differentiated fibroblast-like cells may 

arise around the edges of iPS colonies. Therefore, ReLeSRTM (StemCellTM 

Technologies, Cologne, Germany) was used as dissociating buffer for passaging of 

iPSCs. ReLeSRTM is an enzyme-free reagent which can selectively detach 

undifferentiated cells and easily generates aggregates of optimum size without manual 

scraping. iPSC passage was carried out according to the manufacturer’s protocol. Cells 

were washed with PBS (1 X PBS Dulbecco, w/o Ca2+, Biochrom GmbH, Berlin, 

Germany) twice and 1 ml ReLeSRTM buffer was added for 1 min at RT. Afterwards, 

ReLeSRTM buffer was aspirated, and the cells were incubated at 37°C for 3-5 min 

without any solution. After incubation, the cells were resuspended with E8 culture 

medium. The side of the plate was firmly tapped for 30-60 seconds to detach the 

colonies. Then the cell suspension was transferred to new Matrigel-coated plates (the 

splitting ratio 1:12). 

3.2 Direct Cardiac Differentiation of Human iPSCs 

A direct cardiac differentiation protocol was used to differentiate the iPSCs to CMs in 

24-well plates. At least 3 confluent 6-well plates of iPSCs were used for differentiation 

in one 24-well plate. Two to three days after splitting from 6-well plates, cells generated 

a monolayer culture and were 100% confluent in the 24-well plate. During the 

differentiation, a chemically defined medium (CDM3 medium) was used which 

comprises three components: RPMI 1640 medium (with 2 mM glutamine, Biochrom 

GmbH, Berlin, Germany), Oryza sativa-derived recombinant human serum albumin 

(Sigma Aldrich, Darmstadt, Germany, final concentration 500 µg/ml), and freshly 
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prepared L-ascorbic acid 2-phosphate (AA2P, Sigma Aldrich, Darmstadt, Germany, 

final concentration 213 µg/ml). To induce the differentiation of iPSCs in cardiac 

direction, additional factors, so-called “small molecules”, were added on defined days. 

According to the protocol of Burridge et al.[64], the small molecules CHIR99021 and 

Wnt-C59 were used to generate CMs. CHIR99021 (LC Laboratories, Woburn, MA) 

was added on day 0 (D0) of differentiation for two days at a final concentration of 6 

µM for activating the Wnt signaling pathway. On day 2 (D2), Wnt-C59 (Selleckchem, 

Houston, TX) was added at a final concentration of 2 µM for two days to inhibit the 

Wnt signaling pathway. On day 4, the culture medium was changed to CDM3 medium 

alone and was changed every other day until day 14 (Fig. 5). 

 

 

Figure 5. Schematic course of the directed differentiation.  

Cells for direct cardiac differentiation were cultured on Matrigel coated 24-well plate. Differentiation stated on D0 
with the addition of CHIR99021. On D2, the media changed to CDM3 containing Wnt-C59. By D4, the medium 
was changed every other day with CDM3 only. Created with BioRender.com 
 

3.3 Spontaneous cardiac differentiation of human 

iPSCs 

For spontaneous differentiation, iPSCs were cultured in Matrigel-coated 6-well plates 

in mTeSR1 medium (StemCell Technologies, Cologne, Germany) for 2 passages 

before differentiation. Assay was started at approximately 75% confluence of iPSCs. 
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The cells were detached with accutase, scraped off with a cell scraper, spun down at 

1000 rpm for 10 min at RT and were resuspended with 4 ml mTeSR1 medium and 

transferred into a 6-well plate coated with 5% poly-hema (Sigma Aldrich, Darmstadt, 

Germany) . Cells were cultured in mTeSR1 medium for another three. By day 3 small 

aggregates, so-called embryoid bodies, had formed and the medium was replaced by 

cardiac differentiation medium, which was composed of DMEM/Ham’s F12 

(Biochrom GmbH, Berlin, Germany) supplemented with 20% FBS (EU approved 

origin, South America) (Gibco), 1% of 100x MEM non-essential amino acids 

(Invitrogen), 0.1 mM ß-mercaptoethanol (Sigma Aldrich, Darmstadt, Germany), 50 

µg/ml vitamin C (Sigma Aldrich, Darmstadt, Germany) and 0.2% of 100x Pen/Strep 

(Thermo Scientific, Waltram, MA). These embryoid bodies were kept in cardiac 

differentiation medium in poly-hema coated plates till day 7. By day 7 large “embryoid 

bodies” had formed and were transferred onto 0.1% gelatin-coated (Sigma Aldrich, 

Darmstadt, Germany) 6-well plate (20~30 EBs per well). EBs were cultured in cardiac 

differentiation medium until day 21 with medium change every second day (Fig. 6). 

Normally the first beating area appeared around day 10-12. 

 

Figure 6. Schematic course of the spontaneous differentiation. 

Cells for spontaneous differentiation were cultured on Martrigel-coated plate with mTeSR1 medium. Differentiation 
started by transferring iPSCs on poly-hema-coated plate for suspension culture. Since D3 the culture medium was 
changed to cardiac differentiation medium. On D7, the EBs were transferred on gelatin-coated plate and kept on 
culture till D21. Created with BioRender.com 
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3.4 iPSC-CM dissociation and Freezing  

On day 14 of differentiation, iPSC-CMs were washed with PBS (1 X) for 5 min and 

digested with collagenase II (Thermo Scientific, Waltram, MA, final concentration 200 

U/ml) for 3.5 hours to obtain a single-cell suspension. After dissociation, the cell 

suspension was transferred to a 15 ml Falcon tube and centrifuged at 100 X g for 15 

min. Subsequently, the supernatant was aspirated and the iPSC-CMs were resuspended 

in 1 ml CDM3 medium. For cell counting, 10 µl suspension were diluted with 0.4% 

trypan blue (ThermoFisher Scientific, Waltram, MA) appropriately and counted in the 

Neubauer chamber (Thomas Scientific, Swedesboro, NJ) under the microscope (EVOS 

Xl Core, ThermoFisher Scientific, Waltram, MA). After cell counting, iPSC-CMs were 

centrifuged again and resuspended with freezing medium (90% FCS with 10% 

dimethylsulfoxide (DMSO, Carl Roth, Karlsruhe, Germany)) and transferred to 1.5 ml 

cryotubes. The CMs were kept in a cryobox (Cryo 1°C Freezing Container, 

NALGENETM, ThermoFisher Scientific, Waltram, MA) at -20°C for 2 hours and then 

transferred to -80°C refrigerator (HERA freezer -80°C, Thermo Scientific, Waltram, 

MA) overnight. The next day, the cells were transferred in liquid nitrogen.  

3.5 Quantification of iPSC-CM using flow cytometry 

Fluorescence-activated cell sorter (FACS) is a measuring device for the analysis and 

preparation of individual cells in suspension due to the different scattered light and 

fluorescence properties of the individual cells. This examination is also known as flow 

cytometry. In this project, flow cytometry was used to quantify the purification of the 

iPSC-CMs generated from HLHS and control lines. 

 

Cardiac troponin T (cTnT) is part of the troponin complex in CMs, which is located on 

the thin filaments of the striated muscle. Alpha-myosin heavy chain (𝛼-MHC) is an 

actin-based motor protein which binds to the A-band of thick filament of cardiac muscle 

myosin. In this project, cTnT and 𝛼-MHC were chosen as markers to assess the purity 

of iPSC-CMs. The CMs were stained with anti-cTnT antibody (clone 1C11, ab8295, 
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Abcam, Cambridge, MA) at a final concentration of 10 µg/ml and anti 𝛼 -MHC 

(MAB4470, Novus Biologicals, Littleton, CO) at a final concentration of 2.5 µg/ml as 

the first antibody, respectively. As the secondary antibody goat anti-mouse IgG H&L 

(Alexa Flour 488, Abcam, Cambridge, MA) was used at a final concentration of 1 

µg/ml. 

 

On day 14 of differentiation, iPSC-CMs were dissociated into single cells as described 

above and centrifuged for 5 min at a low rotation of 100 x g. After centrifugation, the 

DNase solution (DNase I recombinant, Roche Diagnostics, Mannheim, Germany, final 

concentration 60 units/ml) was added and incubated at RT for 5 min. Then cells were 

fixed and permeabilized at RT for 20 min with 100 µl fixation / permeabilization 

solution (1 X, BD Biosciences, Franklin Lakes, NJ) and washed twice with 1 ml BD 

Perm/Wash buffer (BD Biosciences, Franklin Lakes, NJ). The primary antibodies, anti-

Troponin T and anti-𝛼-MHC, were added at a dilution of 1 to 200 in wash buffer 

according to the manufacturer’s recommendation. First antibodies were incubated for 

30 min on ice and washed with BD Perm/Wash buffer. Subsequently, the secondary 

fluorescent dye-labeled antibody goat anti-mouse IgG H&L Alexa Flour 488 (diluted 

1:2000) was added and cells were incubated for 1 hour on ice in the dark. After 

incubation, all samples were washed twice and resuspended with 300 µl FACS buffer 

(PBS/0.5% BSA/4 mM EDTA). Finally, samples were evaluated by FACS instrument 

(BD LSRFortessa, BD Biosciences, Franklin Lakes, NJ) and data were analyzed with 

FlowJo 7.6.5 (Table 7). 

3.6 Immunocytochemistry 

Immunocytochemistry (ICC) is a technique to determine the localization of specific 

antigens in tissue or more detailed on single cells. By recognition of specific epitopes 

with the primary antibody, the distribution of a given protein can be visualized in situ 

after incubation with secondary fluorescence-labeled antibodies under a fluorescence 

microscope. 
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Cytochemical staining was performed to detect the presence of sarcomeric structures, 

such as Troponin T, 𝛼-actinin, 𝛼-MHC and gap junction proteins like connexin 40 and 

connexin 43, in iPSC-CMs on day 30 of differentiation. The primary antibodies were 

anti-Trop T (1C11) mouse IgG1 (ab8295, Abcam, Cambridge, MA), anti- 𝛼-MHC 

mouse IgG2b (MAB3370, Novus biological, Littleton, CO), anti-sarcomeric 𝛼-actinin 

mouse IgG1 (ab9465, Abcam, Cambridge, MA), anti-Connexin 40 rabbit IgG (ab38580, 

Abcam, Cambridge, MA), and anti-Connexin 43 mouse IgG1 (MAB3068, Merck 

Millipore, Darmstadt, Germany). The secondary antibody for Trop T, 𝛼-actinin, 𝛼-

MHC, and connexin 43 was goat-anti-mouse IgG H&L Fluor 555 (ab150114, Abcam, 

Cambridge, MA) and the secondary antibody for connexin 40 was goat-anti-rabbit IgG 

AlexaFluor 488 (ab150077, Abcam, Cambridge, MA). 

 

Staining of intracellular structures implicates fixation and permeabilization of the cells. 

By briefly washing the cells in PBS (1 X), the remaining medium was removed. Cells 

were fixed in 4% paraformaldehyde (Carl Roth GmbH, Karlsruhe, Germany ) for TropT, 

𝛼 -Actinin and 𝛼 -MHC staining for 10 min at RT. Connexin stainings implicated 

fixation with 100% acetone at -20°C for 10 min. Subsequently, samples were washed 

twice in PBS (1 X) buffer. Cells were permeabilized with 0.1% Triton-X-100 (PBS-T, 

Carl Roth GmbH, Karlsruhe, Germany) for 10 min at RT. All further washing steps 

during staining were done with 0.1% PBS-T. To reduce background staining, cells were 

incubated with serum of the species from which the secondary antibody was derived 

and the concentration was given in table 10. iPSC-CMs used for TropT, 𝛼-Actinin and 

𝛼-MHC staining were incubated in 10% normal goat serum (Abcam, Cambridge, MA) 

in 0.1% PBS-T, while cells used for connexin 40 and connexin 43 staining were 

incubated in 5% normal goat serum in 0.1% PBS-T. All samples were incubated at RT 

for 60 min and washed twice with PBS-T. Subsequently, the primary antibodies were 

added to the cells using the conditions mentioned in table 10. After incubation with the 

first antibody for 1 hour at 4°C, cells were washed twice and stained with the 

corresponding secondary antibodies as mentioned in table 10 and incubated for 1 hour 

at RT in dark. Next, cells were washed twice with PBS and once with aq. bidest. 

Thereafter, the separation chamber was removed and slides were allowed to air dry in 

the dark. To visualize the cell nuclei a mounting medium containing 4,6-diamidino-2-
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phenylindole (DAPI, Ab 104139, Abcam, Cambridge, MA) was used. Finally, slides 

were covered with coverslips. 

Table 10. The antibodies used for immunochemistry staining. 

Primary Antibodies Dilution Final concentration 

Anti-cardiac Trop T 1:100 20 µg/ml 

Anti-𝛼-MHC 1:50 10 µg/ml 

Anti-sarcomeric 𝛼-actinin 1:200 5 µg/ml 

Anti-Connexin 40 1:100 10 µg/ml 

Anti-Connexin 43 1:100 2.5 µg/ml 

Secondary Antibodies Dilution Final concentration 

Goat-anti-mouse IgG Alexa 555 1:500 4 µg/ml 

Goat-anti-mouse IgG Alexa 488 1:500 4 µg/ml 

 

Staining was evaluated by a fluorescence microscope (Axiovert 200M, Carl Zeiss, 

Oberkochen, Germany). The pictures were taken at 100x and 400x magnification.  

3.7 Gene expression analysis of cardiac TFs 

3.7.1 RNA extraction 

For gene expression analysis, cells were harvest at several time-points during 

differentiation. From day 0 to day 14, cells were lysed with 100 µl RNA Lysis Buffer 

T (PeqLab, Erlangen, Germany) every second day. The isolation of RNA from the cells 

was carried out with peqGOLD Total RNA kit (PeqLab, Erlangen, Germany) according 

to the manufacturer’s recommendation. In brief, the lysate was transferred onto a DNA 

removing column to get rid of genomic DNA by absorption to a matrix of silica gel and 

centrifuged for 1 min at 12000 x g. An equal volume of 70% ethanol (100 µl) was added 

to the flowthrough, and the solution was thoroughly vortexed and transferred onto an 
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RNA-binding column and centrifuged for 1 min at 10000 x g. The column was washed 

with 500 µl RNA Wash Buffer I and centrifuged for 1 min at 10000 x g. To digest 

residual genomic DNA of total RNA, DNase I was added, which cleaves DNA into 

small fragments. For this purpose, a DNase I reaction mixture was prepared (per sample: 

73.5 µl DNase I digestion buffer + 1.5 µl RNase-free DNase I) at a final concentration 

of 4 units/ml, pipetted onto the RNA-binding column and incubated at RT for 15 min. 

Columns were sequentially washed with 400 µl RNA Wash Buffer I and 600 µl RNA 

Wash Buffer II. To remove residual ethanol the columns were centrifuged dry for 1 min 

at 10000 x g. Finally, 50 µl RNase-free water are added onto the matrix, columns are 

centrifuged for 1 min at 10000 x g and the eluted RNA is collected in a fresh 1.5 ml 

Eppendorf tube. After RNA extraction, the RNA concentration of the purified samples 

was measured using the NanoDrop spectrophotometer (Thermo Scientific, Waltram, 

MA) and stored at -20°C for cDNA synthesis. 

3.7.2 cDNA synthesis 

The cDNA (complementary DNA), which is synthesized from the purified RNA serves 

as a template for the downstream RT-PCR expression analyses. The cDNA was 

produced with an M-MLV Reverse Transcriptase Kit (Thermo Scientific, Waltram, 

MA). First, 1.5 µl 2'-deoxyribonucleoside5'-triphosphates (dNTPs, 10 mM), 1.5 µl 

random hexamer primers (250 ng), and 100 ng total RNA were mixed and filled up 

with RNase-free water to 19 µl. The mixture was heated to 65°C for 5 min in a 

conventional block cycler (Bio-Rad Laboratories, Hercules, CA). The second master 

mix consisted of 1 μl RNase-free (Peqlab, Erlangen, Germany), 6 µl First Strand Buffer 

(5x, Thermo Scientific, Waltram, MA), and 3 µl DTT (0.1 mM, Thermo Scientific, 

Waltram, MA) per sample. After addition of the second master mix, the samples were 

mixed and incubated in the block cycler (Bio-Rad Laboratories, Hercules, CA) for 2 

min at 37° C. Finally, 1 µl of M-MLV Reverse Transcriptase (Thermo Scientific, 

Waltram, MA) was added to the samples to synthesize a single-stranded DNA 

complementary strand from the RNA using the following conditions in a block cycler: 

10 min at 25° C 

50 min at 37° C 

15 min at 75° C 
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After incubation, the cDNA was stored at -20 °C until further use. 

3.7.3 Real-Time Polymerase Chain Reaction   

The real-time polymerase chain reaction (RT-PCR) is a technique for semi-

quantitatively assess the expression of a gene of interest.  A master mix was prepared 

for the RT-PCR that contains all the reagents required for the reaction (Table 11). The 

primers used in this project are shown in Table 9. 

Table 11: Reaction setup for qRT-PCR of mRNA. 

Reagents Final concentration 
Volume 
(µl) 

Template cDNA - 1 

Power SYBR Green PCR Mastermix 
(2x) 1x 10 

Primer forward (5 µM) 0.3 µM 1.2 

Primer reverse (5 µM) 0.3 µM 1.2 

PCR grade water - 6.6 

Total volume  20 

 
The master mix prepared was mixed and distributed (19 µl per well) into individual 

wells of a 96-well plate. 1 µl cDNA sample to be amplified was added to each well. 

The plate was sealed with a film and centrifuged for 30 seconds (Mini Plate Spinner 

mps 1000, Labnet, Edison, NJ) in order to collect both the template and the master mix 

at the bottom of the plate. The RT-PCR was performed with Quant Studio 3 (Thermo 

Fisher, Waltram, MA). Programs for the RT-PCR runs were prepared using the Quant 

Studio Design & Analysis software (Thermo Fisher, Waltram, MA). The RT-PCR 

conditions are shown in Table 12. 

Table 12: Thermocycling profile for RT-PCR.  

Reaction step  Duration (S) Temperature (°C) 
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Initial activation: 120 50°C 

 600 95°C 

40 cycles: denaturation 15 95°C 

annealing, extension 60 60°C 

melting curve  
15 
60 
 

95°C 
60°C 
60 - 95°C at 0.15°C/sec 

cooling ∞ 4°C 

 

The qRT-PCR is initially carried out on all samples with the primers specific for the β-

actin gene. β-actin belongs to the group of so-called housekeeping genes, whose 

products are necessary for cell development and cell maintenance. These genes are 

detectable at any time and are expressed in large quantities in the cells. This enables to 

check the efficiency of cDNA synthesis. In addition, the β-actin values serve as a 

reference for evaluating the measurement results. Since it is assumed that housekeeping 

genes are not or at least hardly subject to regulation and are similarly expressed in all 

samples, β-actin can be used as a reference gene to estimate the relative change in gene 

expression.  

3.7.4 Separation of amplified PCR fragments by gel 

electrophoresis 

The agarose is dissolved in TBE buffer solution at a concentration of 2.0%, boiled in a 

microwave and supplemented with ethidium bromide. Then the agarose gel was poured 

into a gel chamber with a comb inserted for pockets. After the solidification, the comb 

was removed, and the gel chamber was placed into the electrode chamber. The samples 

(20 µl PCR reactions) were mixed with 4 µl 6 X loading dye solution and pipetted into 

the pockets. After applying all samples, 120 V were applied for 40 minutes. Due to the 

negative charge of the DNA, the samples migrate through the gel from the cathode to 

the anode. The mobility of the molecules depends on their size. Short DNA fragments 

migrate faster than long ones and thus the shortest strands in the gel migrate the furthest 
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towards the anode. For size determination of the electrophoresed fragments, 

appropriate molecular weight markers are run in a separate lane. The electrophoresed 

fragments were visualized under UV light with a gel electrophoresis documentation 

system (ChemiDoc Imaging System, Bio-Rad, Hercules, CA).  

3.8 Statistics 

Statistical calculations were performed with SPSS Statistics 21.0 (IBM SPSS, Armonk, 

NY). Data are presented as means and standard error or 95% confidence intervals as 

indicated. Error bars indicate standard deviations. Differences between groups were 

analyzed using One-way ANOVA test for paired comparisons. Continuous variables in 

distinct groups were compared with Student’s t-test. Two-tailed P-values less than 0.05 

were considered statistically significant. 
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Results 

4.1 Characterization of human patient-specific and 

control iPSC lines 

All six cell lines formed nice compact colonies (Fig. 6A to 11A), typical for human 

iPSCs. Further, a full characterization of the generated iPSC lines is essential. 

 

Sendai footprinting was performed to guarantee the absence of the Sendai virus genome 

in the iPS clones. The positive control came from 1456 adipose fibroblasts, which had 

already been infected with Sendai virus. All six cell lines were checked and only those 

lines which were completely virus-free were allowed to be utilized for further 

experiments. Figures 6 B to 11 B illustrated the absence of Sendai-related sequences 

(181 bp) for each iPSC line. As an internal control, the housekeeping gene 𝛽-actin (96 

bp) was amplified in each case to prove the presence of amplifiable cDNA. These 

results confirmed that all iPSC lines which were analyzed in this experiment were 

Sendai-free. 

 

Another analysis was done to confirm that the iPSC endogenously express OCT4, KLF4, 

SOX2, c-MYC, NANOG, and REX1. In parallel, sequences of the housekeeping gene 𝛽-

actin were amplified as well. Fig. 6 C to 11 C showed the expression of the pluripotency 

factors for each individual line. The expression of OCT4 (148 bp), KLF4 (133 bp) and 

SOX2 (191 bp), which were used for reprogramming, could be detected in all six iPSC 

lines. In contrast, c-MYC (101 bp) expression could only be detected in four cell lines 

but was absent in S and C line (Fig. 6C and 7C). In addition, the expression of two 

further pluripotency factors, NANOG (193 bp) and REX1 (105 bp) could be detected in 

all cell lines. Next, the expression of NANOG, SOX2 and TRA1-81 was analyzed by 

ICC and a convincing fluorescent signal was detected in all six iPSC lines (Fig. 6 E to 

11 E).  
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Another property of iPSC lines is the ability of differentiation into cell types of three 

germ layers. This capacity was validated during spontaneous differentiation by RT-

PCR. Samples of iPSC lines were examined on day 0 and day 21 for the expression of 

marker genes indicative for each germ layer: AFP (endoderm), ACTA2 (mesoderm), 

and KRT14 (ectoderm). In all instances a strong increase of the expression of marker 

genes could be seen on day 21 of spontaneous differentiation (Fig. 6 D to 11 D). In 

another approach the differentiation competency of iPSCs was assessed in advance. 

iPSC-CMs were harvested on differentiated day 21 for detecting the cardiac-specific 

structural protein TNNT2 by ICC. Cells of all lines stained positively for TNNT2 (Fig. 

6 F to 11 F).  

 

Together, these results clearly indicated that the iPSCs used in this project were Sendai 

virus-free with confirmed pluripotent nature. These cells had differentiation 

competency and could be differentiated into cells of all three germlayers. 
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Figure 6. Characterization of S-line.  

(A) Colony of iPSCs from S-line plated on Matrigel. (B) The RT-PCR showed Sendai virus-free in the S-line. (C) 
RT-PCR displayed the expression of OCT4, KLF4, SOX2, c-MYC, NANOG, REX1, and 𝛽-actin genes. (D) 
Relative expression of the three germ-layer genes AFP, KRT14, and ACTA2 after spontaneous differentiation. (E) 
ICC showed the expression of the iPS-specific pluripotency factors, NANOG, SOX2, and TRA1-81. (F) ICC 
showed the expression of CM-specific protein TNNT2 after direct cardiac differentiation. Scale bars: A, 500	𝜇m; 
E,100	𝜇m;	F, 20	𝜇m 
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Figure 7. Characterization of C-line.  

(A) Colony of iPSCs from C-line plated on Matrigel. (B) The RT-PCR showed Sendai virus-free in the C-line (C) 
RT-PCR displayed the expression of OCT4, KLF4, SOX2, c-MYC, and NANOG genes. (D) Relative expression of 
the three germ-layer genes AFP, KRT14, and ACTA2 after spontaneous differentiation. (E) ICC showed the 
expression of the iPS-specific pluripotency factors, NANOG, SOX2, and TRA1-81. (F) ICC showed the expression 
of CM-specific protein TNNT2 after direct cardiac differentiation. Scale bars: A, 500	𝜇m; E,100	𝜇m;	F, 20	𝜇m 
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Figure 8. Characterization of H-line.  

(A) Colony of iPSCs from H-line plated on Matrigel. (B) The RT-PCR showed Sendai virus-free in the H-line. (C) 
RT-PCR displayed the expression of OCT4, KLF4, SOX2, c-MYC, NANOG, REX1, and 𝛽-actin genes. (D) Relative 
expression of the three germ-layer genes AFP, KRT14, and ACTA2 after spontaneous differentiation. (E) ICC showed 
the expression of the iPS-specific pluripotency factors, NANOG, SOX2, and TRA1-81. (F) ICC showed the 
expression of CM-specific protein TNNT2 after direct cardiac differentiation. Scale bars: A, 500	𝜇m; E,100	𝜇m;	F, 
20	𝜇m  
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Figure 9. Characterization of 375-line.  

(A) Colony of iPSCs from 375-line plated on Matrigel. (B) The RT-PCR showed Sendai virus-free in the 375-line. 
(C) RT-PCR displayed the expression of OCT4, KLF4, SOX2, c-MYC, NANOG, REX1, and 𝛽-actin genes. (D) 
Relative expression of the three germ-layer genes AFP, KRT14, and ACTA2 after spontaneous differentiation. (E) 
ICC showed the expression of the iPS-specific pluripotency factors, NANOG, SOX2, and TRA1-81. (F) ICC showed 
the expression of CM-specific protein TNNT2 after direct cardiac differentiation. Scale bars: A, 500 	𝜇m; 
E,100	𝜇m;	F, 20	𝜇m  
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Figure 10. Characterization of 606-line.  

(A) Colony of iPSCs from 606-line plated on Matrigel. (B) The RT-PCR showed Sendai virus-free in the 606-line . 
(C) RT-PCR displayed the expression of OCT4, KLF4, SOX2, c-MYC, NANOG, REX1, and 𝛽-actin genes. (D) 
Relative expression of the three germ-layer genes AFP, KRT14, and ACTA2 after spontaneous differentiation. (E) 
ICC showed the expression of the iPS-specific pluripotency factors, NANOG, SOX2, and TRA1-81. (F) ICC showed 
the expression of CM-specific protein TNNT2 after direct cardiac differentiation. Scale bars: A, 500 	𝜇m; 
E,100	𝜇m;	F, 20	𝜇m  
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Figure 11. Characterization of 612-line.  

(A) Colony of iPSCs from 612-line plated on Matrigel. (B) The RT-PCR showed Sendai virus-free in the 612-line. 
(C) RT-PCR displayed the expression of OCT4, KLF4, SOX2, c-MYC, NANOG, REX1, and 𝛽-actin genes. (D) 
Relative expression of the three germ-layer genes AFP, KRT14, and ACTA2 after spontaneous differentiation. (E) 
ICC showed the expression of the iPS-specific pluripotency factors, NANOG, SOX2, and TRA1-81. (F) ICC showed 
the expression of CM-specific protein TNNT2 after direct cardiac differentiation. Scale bars: A, 500 	𝜇m; 
E,100	𝜇m;	F, 20	𝜇m  

4.2 Spontaneous differentiation of control- and HLHS-cell 

lines  

A spontaneous differentiation protocol according to Moretti et al. [75] was performed 

with iPSCs derived from either healthy probands or HLHS patients. iPSCs were 

cultured in suspension to form EBs for 7 days on poly-hema-coated plates (Fig. 12 A 

and B). Thereafter, EBs were transplanted into gelatin-coated plates for further 
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differentiation at a defined density (20 to 30 EBs per 24-well) (Fig 12. C and D). 

Normally, the spontaneous contraction appeared around day 12 to 14 of differentiation 

(Fig 12. E and F). Approximately 10% of beating clusters could be seen in each well 

with seeded EBs on day 14.  

 

Figure 12. Spontaneous differentiation of S cell line iPSCs-CMs.  

(A, B) Suspension culture to form EBs on day 3 and 6 in poly-hema-coated plate, respectively. (C, D) EBs transferred 
into gelatin-coated plate and spread out. (E, F) Upon differentiation iPSCs generated spontaneously beating areas 
with CM-like cells on day 14. Scalebar: A to D, 500 𝜇m; E and F, 200	𝜇m. 
 

For the quantitative analysis of iPSC-CM after spontaneous differentiation, the 

presence of the Trop T and 𝛼-MHC in CMs were determined on day 14 by flow 

cytometry. The unstained CMs and CMs incubated with secondary antibody alone were 

used to determine the background fluorescence. 

 

Fig. 13 A and B showed the representative plots of FACS results of iPSC-CMs from 

control- and HLHS-groups. For both Trop T and 𝛼-MHC frequencies of Alexa Fluor 

488-positive cells were recorded. Fig. 13 C showed the summary of the FACS results 

on Troponin T for the two groups. The mean percentage of Trop T+ cells in control and 

HLHS cell lines was 0.62% and 0.56%, respectively. The mean percentage of 𝛼-MHC+ 

cells in control and HLHS cell lines was 43% and 56%, respectively. No statistically 
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significant difference of Trop T and 𝛼-MHC was evident between the two groups (Fig 

13. D).  

 
Figure 13. Quantitative analysis of CMs generated from control and HLHS iPSCs by spontaneous 
differentiation.  

(A) Percentage of Troponin T+ (0.121%) and 𝛼-MHC+ cells (63.9%) in S-line (control group). (B) Percentage of 
Troponin T+ (0.265%) and 𝛼-MHC+ cells (51.5%) in 375-line (HLHS group). (C, D) No significant difference in 
Trop T+ and 𝛼-MHC+ cell percentage was observed between the two groups. 

4.3 Establishment of protocol for direct cardiac 

differentiation 

For this work, a protocol for iPSC culture and direct cardiac differentiation according 

to Burridge et al.[64] was used. Generally, the iPSCs were seeded at a 1:12 split ratio 

and cultured on Matrigel-coated 6-well plates (Fig. 14 A). Cells grew as flat, rounded 

colonies, typical of human iPSCs (Fig. 14 B). When reaching approximately 70% 

confluence, iPSCs were split to 24-well plate as single cells and cultured until 100% 

confluence (Fig. 14 C). After application of CHIR-99021 many cells died as expected 

(Fig. 14 D). Upon addition of Wnt-C59 on day 2 the cell culture recovered and regrew 

(Fig. 14 E). First beating cells could be seen between day 6 to 8 (Fig. 14 F), depending 

on the cell line. With ongoing culture, the contracting areas enlarged and covered the 

entire well. Ideally, cells across the whole well beat in a wave-like manner starting 

around day 10 (Fig. 14 G-H). 
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Figure 14. Morphology of iPSCs (H cell line) during the process of direct cardiac differentiation.  

Representative images showing the morphology of H-line iPSCs during normal culture and the process of direct 
cardiac differentiation. (A and B) The iPSCs were routinely grown in 24-well plates with E8 medium. (C) 
Differentiation started with application of CHIR99021 when iPSCs were 100% confluent. (D) Addition of Wnt-C59 
on day 2 of differentiation. (E to H) Cell morphology changes during the process of cardiac differentiation. Scalebars: 
500 𝜇m 

 

Initially differentiation was performed in 6-well plates. However, the frequency of 

beating cells was inferior to that obtained in 24-well plates. Only the cells on the edge 

beat nicely, the other parts were dead or did not beat at all. Due to the result of these 

preliminary experiments, only 24-well plates were utilized for CM differentiation in all 

future experiments. 

4.3.1 Determination of optimum CHIR-99021 concentration 

According to the published protocol[64] iPSCs were treated with 6 µM CHIR99021 on 

day 0. Nevertheless, for some cell lines this concentration led to massive cell death 

within the first two days. Representative pictures are shown in Fig. 15 A and B. In other 
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cell lines the initially used concentration of CHIR99021 (6 µM) did not kill a large 

fraction of cells but also did not yield a high amount of beating cells (Fig. 15 C). This 

varying sensitivity of individual cell lines to CHIR99021 had also been mentioned in 

one of the publications by Burridge et al[64]. Therefore, multiple experiments were 

performed to define the optimum concentration for the six cell lines used in this thesis. 

The optimum concentration for each cell line was determined by incubation with graded 

concentrations of CHIR99021. Thereafter, each cell line was treated as indicated in 

Table 13 to obtain beating cells in all future experiments. 

Table 13.  Tested concentrations and finally used concentration (in bold) of CHIR99021 for the HLHS- and 
control iPSC lines. 

Cell 
line 

CHIR99021 
concentration 

Cell 
condition 

Cell 
line 

CHIR99021 
concentration 

Cell 
condition 

 6 µM dead  6 µM dead 
612 5 µM dead H 5 µM dead 
 4 µM beat  4 µM beat 
 6 µM dead  6 µM dead 
606 5 µM dead S 5 µM dead 
 4 µM beat  4 µM beat 
 6 µM dead  6 µM dead 
375 5 µM dead C 5 µM dead 
 4 µM most dead  4 µM most dead 
 3 µM beat  3 µM beat 
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Figure 15. Representative documentation of the establishment of direct cardiac differentiation. 

(A) Massive cell death at day 1 after addition of CHIR99021 using 6 µM CHIR99021 in 375-line. (B) Loss of cell 
monolayer after medium change with few cells remaining on day 2. (C) H-line on day 6 with 6 µM CHIR99021: 
only small areas of cells left. (D) 612-line on day 12 with 3 µM CHIR99021: most of the cells were alive and still 
attached but did not beat. Scalebars: 500 𝜇m 

4.3.2 Preferential beating and differentiation of the edges of the 

well 

An interesting phenomenon was observed during differentiation that the initial beating 

parts always appeared on the edge of the well. Upon further culture, the beating area 

gradually spread to the entire well (Fig. 16 A to D). Furthermore, the cell density and 

morphology also changed around day 14. There were fewer cells on the edge of the 

well, and the cells elongated and generated a “fishing-net” structure (Fig. 16 E and F). 

The cell density was much higher in the middle of the well and the cells were beating 

as a monolayer (Fig. 16 B and C). 
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Figure 16. Comparison of CM morphology in the center and on the edge of the well during direct cardiac 
differentiation.  

Representative images were taken from 375-line at different time points of differentiation. (A) Cells located in the 
center of the well on day 8. (B) Cells in the center on day 14 at 100 X magnification. (C) Cells in the center on day 
14 at 400 X magnification. (D) Cells on the edge of the well on day 8. (E) Cells on the edge on day 14 at 100 X 
magnification. (F) Cells on the edge on day 14 at 400 X magnification. Scalebar: A, B, D, and E, 500 𝜇m; C and F, 
200	𝜇m. 

4.4 Gene expression of cardiac TFs during 

differentiation 

For the investigation of the cardiac TFs expression during direct cardiac 

differentiation, samples were taken on days 0, 6, 8, 10 and 14. The gene expression of 

cardiac TFs as NKX2.5, TBX5, ISLET1, NPPA (down-stream target of TBX 5) as well 

as TNNT2 (encoding cardiac Troponin T) were measured by qRT-PCR. Three 

differentiations per line were detected and for each time point, two samples were 

taken and measured in duplicate. The gene expression of the HLHS lines (375, 606, 

and 612) in the comparison with control lines (S, C, and H) is shown. Each value 

represents the average of six individual data. The figure shows the relative change of 

gene expression in the process of differentiation compared with day 0.  
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An elevated expression of all TFs could be observed during differentiation. The 

expression of ISLET1 increased in the first six days and then peaked at a stable level 

with no significant difference between the two groups (Fig. 17 A). The expression of 

NKX2.5 was significantly retarded in the HLHS lines until day 8 but caught up by day 

10 to the values of the control group (Fig. 17 B). A tremendously lower expression of 

TBX5 was seen in HLHS-derived iPSC-CMs throughout the whole differentiation 

which was highly significant at all time-points in control group (Fig. 17 C). Consistent 

with this result was the dramatically reduced expression of NPPA, a direct target gene 

of TBX5, in the HLHS-group throughout, also with continuous significance (Fig. 17 D). 

Finally, TNNT2 expression, increased in parallel in both groups until day 8 and was 

slightly enhanced in the control group on day 10 (Fig. 17E). These results impressively 

demonstrate a dysregulation of certain TFs in iPSC-CM derived from HLHS-patients 

compared to those established from healthy probands. 

 
Figure 17. Relative change of the gene expression of ISLET1, NKX2.5, TBX5, NPPA, and TNNT2 in direct 
cardiac differentiation.  

(A) ISLET1 gene was expressed in both groups and no significant difference was observed. (B) NKX2.5 gene was 
highly expressed on day 6 and day 8 in control group and caught up by HLHS group on day 10. (C and D) the 
expression of TBX5 and NPPA gene were significantly higher in control group from the beginning of differentiation. 
(E) The TNNT2 expression increased in parallel and was enhanced on day 10 in control group. Results are presented 
as means ± SEM. The significance of differences was tested using the One-way ANOVA test. p-values <0.05 were 
statistically significant. p-values <0.05 are indicated as (*), p-values <0.01 are indicated as (**). 
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4.5 Immunocytochemical analysis of sarcomeric 

structures 

Next, the development of sarcomeric structures in iPSC-CMs were analyzed. In all 

cases, iPSC-CMs used for immunochemical staining were replated around day 21 and 

stained on day 23. To evaluate sarcomeric structures, anti-α-actinin, anti-α-MHC, and 

anti-Trop T antibodies were utilized. In both control and HLHS lines sarcomeric 

structures could clearly be identified. Interestingly, no differences between both groups 

were evident (Fig. 18 A, B and C).  
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Figure 18. Characterization of sarcomeric structures of iPSC-CMs. 

Representative immunofluorescence images of day 14 iPSC-CMs for the control lines (left) and HLHS lines (right). 
Sarcomeres were marked by α-actinin (A), α-MHC (B), and Trop T (C). Scale bars, 100 µm and 20 µm for magnified. 

 

In addition, the presence and distribution of connexins were analyzed to get an idea 

whether the intercellular connection at the gap junctions may show any differences. To 

that end two connexins (CX40 and CX43) were investigated in further detail. Both 

molecules are expressed in the mammalian heart though with a different distribution. 

In both control and HLHS lines the gap junctions could be clearly identified and there 

was no major difference between both groups (Fig. 19 A and B) 
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Figure 19. Connexin proteins staining of iPSC-CMs.  

Immunofluorescence images showing the connexin proteins CX40 (A) and CX43 (B) in representative iPSC-CMs 
for the control lines (left) and HLHS lines (right). Scale bars, 100 µm and 20 µm for magnified. 

4.6 Quantification and purification analysis of iPSC-

CMs   

For the pilot experiment, iPSC-CMs were intended to generate engineered heart tissue 

(EHT), which required a certain quality of iPSC-CMs. A previous study indicates [76] 

that in preparations with less than 60% CMs no detectable beating amplitude will be 

generated. To ensure high quality of iPSC-CMs preparations, the presence of the 

cardiac sarcomere proteins TNNT2 and α -MHC in iPSC-CMs were determined 

quantitatively at day 14 by flow cytometry. The unstained iPSC-CMs and iPSC-CMs 

incubated with secondary antibody alone were used to determine the background 

fluorescence. 

 

Fig.20 A and B shows representative plots of FACS results of iPSC-CMs. For both 

TNNT2 and α-MHC frequencies of positive cells were recorded which were clearly 

higher than the required 60%, evidenced by the AlexaFluor 488 signal of the TNNT + 

and α-MHC+ cells.  
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These FACS analyses were repeatedly performed and the summary of the frequency of 

TNNT2+ and α-MHC+ cells is shown in Fig. 20 C and D. The mean percentage of 

TNNT2+ cells in H, C, and S control cell lines are 67.03 ± 8.22%, 75.90 ± 7.35%, and 

73.2 ± 11.61%, respectively. These results were close to the HLHS group (375-line, 

79.10 ± 10.89%; 612-line, 67.40 ± 5.19%; 612-line, 73.27 ± 18.40%). The values of α-

MHC+ cells were 91.80 ± 4.79%, 77.60 ± 10.18%, and 95.33 ± 2.58% in H-, C-, and S-

line, respectively. In HLHS group, the values were 95.15 ± 1.34%, 93.53 ± 2.85%, and 

92.03 ± 4.50% in H-, C-, and S-line, respectively (Fig. 20 C). The percentage of TNNT 

2+ cells in all cell lines was well over the required 60% cutoff. Likewise, a frequency 

of more than 75% of α-MHC+ cells was detected. Therefore, these proportions of 

TNNT2+ and α-MHC+ cells definitely meet the requirements for the generation of 

EHTs with these cell populations. In addition, the percentage of TNNT2+ and α-MHC+ 

cells across all cell lines between both groups was compared. A Student’s t-test revealed 

no significant differences (Fig. 20 D) suggesting that cardiac differentiation has worked 

equally well in both HLHS and control lines, at least with respect to the number and 

frequency of iPSC-CMs.  
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Figure 20.  Representative FACS results of each cell line.  

The anti-TNNT2 and anti-α-MHC antibodies were stained with a AlexaFluor 488-labeled secondary antibody. The 
TNNT2+ and α-MHC+ cells show a signal for AlexaFluor 488 in HLHS group (A) and control group (B). For each 
line, the left panel shows the unstained cell population, the middle panel represents the TNNT2+ cell population, and 
the right panel illustrates the α-MHC+ cell population. (C) Summarized results of FACS for each cell line. (D) No 
significant differences were observed for TNNT2+ and α-MHC+ cell frequency between HLHS and control group. 
All values are presented as the mean ± SEM. Significance of differences was tested using the unpaired Student’s t-
test. P-values <0.05 were statistically significant. n.s: not significant. 

4.7 Determination of physical parameters of EHT in a 

pilot experiment 

4.7.1 Determination of physical parameters in EHTs 

As a pilot study, the iPSC-CMs were utilized for generation of EHTs. This experiment 

was performed at the Universitätsklinikum Hamburg-Eppendorf as part of a 

collaboration with the group of Arne Hansen. The EHT generation protocol is robust, 

reproducible, and simple and allows measurements in a 24-well format with limited 

numbers of cells[77]. Spontaneous contraction was observed around day 4 to day 6. 

The contractile force analysis was evaluated on day 11 after EHT casting, which was 

performed by a video-optical recording system (Fig. 21 A and C). Fig. 21 B shows the 

morphology of EHTs on day 11.  
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Figure 21. The spontaneous beating of EHTs from H-line on 11 days after casting.  

(A) Camera view of an EHT during the measurement. (B) The morphology of EHT on day 11. (C) The contractile 
parameters of the EHT. Red line shows the force parameter (mN), and the pink line reveals the velocity (mN/s). 
Scale bar, 1 mm.  

4.7.2 Subtypes and proliferation capacity of iPSC-CMs in EHTs  

In order to establish the iPSC-CMs subtypes in EHTs, histochemical staining with α-

actinin combined with two isoforms of myosin light chain 2 (MLC2a and MLC2v) was 

performed for the EHTs. MLC2a and MLC2v were used as markers to detect atrial and 

ventricular subtypes, respectively. The histochemical staining results showed that α-

actinin stained iPSC-CMs scattered in the EHT (Fig. 22 A) and both atrial and 

ventricular subtype of CMs were found in EHTs (Fig. 22 B and C). 
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Figure 22. Immunohistochemical staining of iPSC-CM subtypes for EHT.  

(A) The black arrows show the iPSC-CMs stained with α-actinin. (B) The black arrows illustrate the ventricular-
like iPSC-CMs stained with α-actinin and MLC2v. (C) The black arrows reveal the atrial-like iPSC-CMs stained 
with α-actinin and MLC2a. 
 

Next, proliferation of iPSC-CMs in EHTs was analyzed. The Ki67 protein is a cellular 

marker for proliferation. It is expressed in the active cell cycle (G1, S, G2, and mitosis) 

but not in resting cells (G0)[78]. Phospho-histone 3 (PH3) is an immunomarker specific 

for cells undergoing mitosis[79]. Therefore, anti-Ki67 and anti-PH3 antibodies were 

used to assess the proliferative capacity of CMs. The results showed that some CMs in 

EHT still had the ability of proliferation (Fig. 23), indicating that the iPSC-CMs used 

for EHT generation were immature.  

 

 

Figure 23. Proliferation staining of iPSC-CMs for EHT.  

The pink areas represented iPSC-CMs stained with α-actinin (A) Combined staining of α-actinin and Ki67. Black 
arrows depict the CMs stained with Ki67. (B) Combined staining of α-actinin and PH3. Black arrows illustrate the 
CMs stained with PH3. 
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Discussion 

HLHS is a rare congenital heart disease with a wide pathophysiological basis. The cause 

of HLHS is considered to be multifactorial, owing to multiple genetic and 

environmental factors. Historically, the “flow theory” was believed to best 

conceptualize the etiology of HLHS. Nevertheless, a previously published article 

indicated that the morphology of LV was not correlated to the degree of valvar stenosis 

[13]. Our published research revealed that de novo mutations which drive 

cardiomyogenesis were strongly associated with the formation of HLHS [22]. The 

purpose of this project is the encompassed characterization of HLHS-iPSC lines and 

the establishment of defined and reproducible conditions for the production of CMs of 

high quality and quantity, which are the indispensable basis to shed light on the 

potential impairment and/or dysfunction of HLHS-CM compared to control-CMs. 

5.1 Characterization of the generated iPSC lines  

With the help of Sendai virus transduction, fibroblasts or PBMCs from the HLHS 

patients and healthy probands were reprogrammed into iPSCs. Due to the same genetic 

background with the HLHS patients, these cells could serve as an ideal in vitro disease 

model. The advantage of transduction with the Sendai virus is its non-integrative 

characteristic. The reprogramming factors are introduced into the cell without any 

integration of viral sequences into the host genome. This approach prevents the 

potential destruction or dysregulation of relevant genes or pathways, which is a major 

advantage over the use of retro- or lentiviruses. 

 

The Sendai virus, which carries the Yamanaka factors OCT4, KLF4, SOX2, and c-MYC, 

was used for reprogramming the somatic cells to iPSCs. These TFs induce a dramatic 

change in the gene program of the somatic cells and start an endogenous program which 

is very similar to that of ESCs. After complete and successful reprogramming, the 

iPSCs should be able to express the TFs endogenously and independently maintain their 

pluripotent status. 
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Thus, the first step of my research was to prove the successful reprogramming of the 

six generated iPSC lines. Sendai-virus footprinting was carried out at different 

passages to check for the absence of viral sequences (Fig. 6-11 B). This was quite 

variable in the different cell lines. The S-line was already free of Sendai virus after 

passage 4, while 612-line required 12 passages to be virus-free. These differences 

may be a consequence of intrinsic biological properties of individual cell lines and 

such discrepancies are also reported by others[80, 81]. 

 

Having confirmed the absence of viral sequences in all six cell lines, the next goal was 

to prove the pluripotency status of the generated iPSC lines. The pluripotency of the 

lines was confirmed by positive endogenous expression of OCT4, KLF4, SOX2, c-MYC, 

NANOG and REX1 (Fig. 6-11, C). Furthermore, NANOG, SOX2, and TRA1-81 

expression were also observed by immunofluorescence staining (Fig. 6-11, E).  

 

The generation of iPSCs in this study included Sendai virus containing the c-MYC gene. 

But I found that c-MYC expression could be observed in 4 of six lines and was absent 

in S- and C-line (Fig. 6-7, C). Several cellular studies have shown a role of the myc 

proteins in proliferation, growth, apoptosis, and differentiation [82, 83] [84]. However, 

accumulating evidence strongly suggests c-MYC does not contribute too much in the 

process of reprogramming cells and is not required for the maintenance of the 

pluripotent state of the iPSCs [35, 85]. Moreover, c-MYC is a gene associated with 

oncogenic potential[86] and cell apoptosis [87]. Therefore, the role of c-MYC may be 

just a switch to initiate cell reprogramming rather than a stabilizer of pluripotency.  

iPSCs were similar to ESCs in morphology, proliferation and gene and surface antigen 

expression. These cells should have to ability to differentiate into cell types of the three 

germ layers (endoderm, mesoderm, and ectoderm). The markers, AFP, KRT14, and 

ACTA2 were consistently expressed at a much higher level upon spontaneous 

differentiation (Fig. 6-11, D), though to a different extent. This result can be expected 

and is inherent for such an approach which does not favor the differentiation into a 

specific cell type. 
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5.2 Efficient differentiation of iPSC into CMs  

5.2.1 Optimum CHIR99021 concentration in direct cardiac 

differentiation 

In a first step the spontaneous differentiation protocol was used to assess its potential 

to generate iPSC-CMs. Indeed, few contracting clusters could be seen around day 12 

to 14 (Fig. 12). Flow cytometric analysis showed that only a minor fraction of Trop T+ 

or α-MHC+ cells were recorded (Fig. 13). This result underlines that this protocol yields 

CMs with poor efficiency. In addition, the culture medium used for differentiation 

contains FBS which is not clearly defined.  

 

During the last decade, many strategies of cardiac differentiation have been established 

and applied for biological and clinical research. The protocol used in this project was 

based on the publication of Burridge et al.[65]. The culture medium called CDM3 had 

a standard basal medium (RPMI 1640) with only two clearly defined components: 

recombinant human serum albumin and L-ascorbic acid 2-phosphate. Secondly, this 

approach used two molecules (CHIR99021, Wnt-C59) which modulate the Wnt 

signaling pathway and were added at defined concentrations and timepoints. This 

tremendously favors the conditions towards generation of CMs while other cell types 

were present as an only very minor fraction. 

 

In this work, CHIR99021 was used to inhibit GSK3 during direct cardiac differentiation, 

leading to the accumulation of β-catenin and induction of the undifferentiated iPSCs to 

progress to the mesodermal stage. Subsequently, a small molecule Wnt/β-catenin 

signaling inhibitor, Wnt-C59 was used to block the expression of Wnt signals and 

promote the development of CMs (Fig. 3). With this protocol, it was possible to 

generate at least >60% Trop T positive (TNNT2+) cells prior to purification (Fig. 20). 
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During my studies, I found that the addition of CHIR99021 caused large extent of cell 

death (Fig. 15), quite similar to the results of Burridge and colleagues who also claim 

a massive cell death after the treatment of CHIR99021[64]. The fraction of dead cells 

varied in individual lines as did the concentration of CHIR99021 necessary to induce 

effective differentiation of CMs[64]. GSK3 is a serine/threonine protein kinase. It is a 

component of a multi-protein complex which can degrade the β-catenin protein[88]. 

With the addition of CHIR99021, the biological activity of GSK3 is blocked, leading 

to the accumulation of β-catenin, promoting the activation of the Wnt/β-catenin 

signaling pathway. In addition, GSK3 has been shown to be related to some apoptotic 

signaling pathways and its overexpression could result in apoptosis[89]. 

 

Owing to the toxicity of CHIR99021 I have performed multiple experiments applying 

different concentrations to specify optimum conditions for the efficient generation of 

CMs for each cell line. This approach successfully defined the optimum concentration 

of CHIR99021 for each of the six cell lines used in this project (Table 13).  

5.2.2 High cell density promotes cardiac differentiation 

Another major factor critical for a successful differentiation is the cell seeding density. 

According to the protocol of Burridge et al. iPSCs can efficiently be differentiated once 

the cells have reached 65% to 85% confluence[64]. During the establishment of the 

protocol two phenomena were observed: firstly, the iPSCs started to undergo 

spontaneous apoptosis since they could not reach a confluent state. Secondly, with 

lower confluence in the beginning the subsequent cardiac differentiation was very 

inefficient. To circumvent these difficulties, in my research the iPSCs were cultured in 

6-well plates till 70% confluence and were then split into 24-well plates at 100% 

confluence (Fig. 14). Under these conditions the efficiency of differentiation was 

satisfying.  
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This is in good agreement to previously published reports which indicated that rising 

cell density could improve the differentiation efficiency[90] [91] [92]. This might be 

due to the fact that a high cell density could maintain the cell-cell interaction, 

intracellular signal transmission and synthesis of extracellular matrix (ECM) at a high 

level[93, 94]. Meanwhile, because of highly proliferative property, iPSCs have a 

relatively short G1 cell cycle[95]. G1 phase plays an important role in the response of 

cells to chemicals that induce differentiation. Lengthening G1 phase contributes to early 

stem cell differentiation[96]. At high cell seeding density, environmental components, 

especially space and nutrients, limited the proliferative capacity of stem cells. With the 

G1 phase prolonged, the response of cells to chemical molecules is enhanced, resulting 

in a better efficiency of cell differentiation. Moreover, Kim and colleagues[97] 

illustrated that the initial cell seeding density could influence the temporal gene 

expression profiles of endogenous growth factors. Rising cell density could increase 

the BMP-2, FGF-2, and TGF-β2 expression, which promote stem cells to mesodermal 

lineages and influence the early cardiomyogenic differentiation[98] [99] [100].  

 

It should also be noted that exceeding optimum cell density may lead to reduced cell 

function or may even cause cell apoptosis. This might be due to contact-inhibition, lack 

of oxygen and nutrients, and inefficient waste removal[101].  

5.2.3 Spatial structure is conducive to cell differentiation 

Interestingly, the initial beating areas preferentially appeared on the edge of the well 

and upon further culture, the beating area gradually spread to the entire well. 

Furthermore, the cell density and morphology were also different between the edge and 

center of the well. This phenomenon was observed in both HLHS and control iPSC 

lines (Fig.16).  

 

The reason of this phenomenon may be attributed to the spatial structure of cells. After 

cell-splitting, there were cells seeding on the wall of the well forming a three-
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dimensional structure with the cells in the corner. One might speculate that the 

somehow 3D spatial structure can mimic the complexity and organization of real organs 

to some extent, especially the microenvironment and intercellular connection[102]. 

Many publications have illustrated that 3D structure could have an influence on cell 

morphology[103], proliferation[104], and differentiation[105]. Moreover, a 3D system 

can promote iPSC-CMs which display more mature characteristics[106]. Brannvall and 

colleagues have shown that neural stem cells cultured in 3D scaffolds generated 5-fold 

more neurons and expressed markers of mature nerve cells at an earlier time point 

compared to cells cultured in 2D culture systems[107]. Similar results were also found 

in cholangiocytes[108], lung fibroblasts[109], and CMs[103, 110]. In this study, due to 

the 3D environment, the cells located at the edge of the wells were more likely to 

differentiate into contractile CMs than the cells sitting in the center. In line with that, 

the visible initial beating area always appeared at the edge of the well.  

5.3 Intercellular communication 

Gap junctions are one of the intercellular signal transmission mechanisms, which 

directly connect the cytoplasm of two cells[111]. In cardiovascular system, gap 

junctions play a major role in the rapid electrical transmission between CMs[111]. 

Meanwhile, the gap junctions are important for the velocity and safety of electrical 

propagation between CMs[112]. It enables electrical signals to be transmitted in an 

orderly manner to adjacent CMs. The gap junctions also exist between iPSCs3 and 

influence the cell homeostasis, morphogenesis, and differentiation[113, 114]. Several 

studies have demonstrated that CX43 mRNA is highly expressed in hESCs[115]. 

Furthermore, Beckmann et al. confirmed the presence of gap junctions in 

undifferentiated hiPSCs by using freeze-fracture replica immunogold labeling[116]. In 

this study, the expression of CX40 and CX43 were analyzed, both important 

components of the gap junction channel. The iPSC-CMs in both groups clearly 

expressed CX40 and CX43 (Fig.19). After the appearance of initial contracting parts 

during the cardiac differentiation, the electrical signal should be transmitted to 

surrounding cells via the gap junctions, possibly stimulating iPSC-CM differentiation. 

Thus, upon differentiation it could be seen that the beating area spread from initial part 

to the whole well and beating like “wave”.  
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In some publications, obvious reduction of CX43 expression[117] and induction of 

CX40 expression[118] were found in the HLHS-iPSC-CMs compared to control. 

However, in my research, no significant difference between the two groups (Fig.19, B 

and C) was observed, suggesting a comparable maturation status of CMs in both 

experimental groups. 

5.4 The differences in gene expression of HLHS-

derived iPSCs during myocardial differentiation 

In my research, the transcription of some genes was suppressed during the direct cardiac 

differentiation of HLHS derived iPSCs, which are related to the development of HLHS 

(Fig. 17).  

 

NKX2.5 is a member of NK 2 family and plays a critical role in cardiogenesis. NKX2.5 

regulates the expression of genes associated with proliferation, migration, and heart 

development [119]. Therefore, NKX2.5 mutations may cause a series of heart disease. 

The first documented NKX2.5 mutation associated with HLHS was reported in 

2003[120]. After that, several studies in murine model and humans have shown the 

relationship between NKX2.5 and HLHS [15, 120-122]. In particular, changes in 

NKX2.5-Hand 1 transcriptional pathway affect the development of LV in cardiogenesis 

[123]. In this study, HLHS-derived iPS lines showed a clearly delayed expression of 

NKX2.5 (Fig. 17 B), indicating the gene expression of HLHS-iPSCs in vitro was similar 

to that of HLHS patients during cardiogenesis.  

 

TBX5 is a member of T-box transcription factor family and plays a key role in 

determining the morphogenesis and development of the heart [124]. It is located on 

chromosome 12 (12q24.1), with a total length of 2133 bp, containing 8 coding exons 

and encoding 518 amino acids [125]. TBX5 mutation has been identified as a factor 
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strongly related to Holt-Oram syndrome (HOS) [126]. Since 2004, it was found to be 

associated to other non-HOS CHD like ASD, VSD, and AV block[127]. TBX5 has 

positive function in cardiogenesis and CM maturation[128]. The expression of TBX5 in 

human LV is second only to that in atrium and originates from the first heart field prior 

to cardiac morphogenesis[129]. Researchers have shown that interaction between TBX5 

and Baf60c and Brg1, members of the SWI/SNF family, participates in the regulation 

of chromatin remodeling, affecting the differentiation of mesodermal cells into 

CMs[130]. In addition, TBX5 and NKX2.5 interact to control cardiac conduction system 

gene expression[128] and promote CM maturation[131, 132]. 

 

NPPA, encoding atrial natriuretic factor (ANF), is expressed in atrial and ventricular 

cells during embryonic and neonatal stage. But the expression is downregulated after 

birth. NPPA is a stress-induced gene and can be activated by MI, salt-sensitive 

hypertension, and cardiac hypertrophy[133, 134]. Furthermore, NPPA is also an 

important marker for myocardial chamber differentiation and congenital heart 

defects[132]. TBX5 is a direct regulator of NPPA and can bind sites on the promoters 

of NPPA in a dosage-dependent manner[135]. The expression of NPPA was 

significantly decreased in TBX5 knockout mice[128]. TBX5 can activate NPPA 

expression by binding to NPPA promotor through the C-terminal domain. In addition, 

TBX5 and NKX2.5 form a heterodimer complex through the N-terminal domain and 

then interact with NPPA promotor for NPPA activation[136]. In my research, the 

expression of TBX5 and NPPA was almost consistent, which was quite low in the HLHS 

group (Fig. 17 C and D). This result is similar to that of Bruneau[128].  

 

The LIM-homeodomain transcription factor Islet1 (Isl1) is known as a core marker of 

cardiac progenitor cell (CPC) and is required for proliferation, expansion, and 

migration of CPCs. The cardiac progenitor cell population in the visceral mesoderm 

can be divided into first heart field (FHF) and second heart field (SHF) according to the 

fate of differentiation [137]. Cells in FHF eventually differentiate into left ventricle and 

part of atrium, and cells in SHF differentiate into right ventricle, outflow tract, and the 
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remaining atrium [138]. Studies have shown that Isl1 is already expressed in the 

common CPC population, but the role of Isl1 in FHF differentiation is not critical 

compared with its role in SHF[139, 140]. Isl1-knockout heart failed to form the RV and 

outflow tract, while the LV marker, as Tbx5, Hand1, and Fgf10, still can be 

detected[141]. In this research, I found the expression of ISL1 had no difference 

between the HLHS and control group (Fig. 17 A). Moreover, Isl1 is direct target of 

Wnt/𝛽 -catenin signaling pathway[142]. The usage of Wnt promoter and inhibitor 

(CHIR99021 and Wnt-C59) may also affect the expression of ISL1 in my study. 

 

Troponin T plays a crucial role in the contraction of striated muscle. It is encoded by 

three type-specific isoforms including TNNT1 (slow skeletal muscle), TNNT2 (cardiac 

muscle), and TNNT3 (fast skeletal muscle)[143]. A previous study indicated that the 

expression of TNNT2 in HLHS derived iPSC was significantly lower, and the 

expression could be restored after the combination of TFs (NKX2-5, NOTCH1, and 

HAND1) with TNNT2 promoter[15]. In my research, I found that the TNNT 2 

expression increased in parallel in both groups until day 8 and was slightly enhanced in 

the control group on day 10 (Fig. 17 E). Furthermore, the results of ICC (Fig. 18) and 

flowcytometry (Fig. 20 D) also showed no significant differences between the two 

groups. The expression of TNNT2 in the control group peaked on day 10 and gradually 

decreased thereafter, which was quite similar to the result of Burridge[65]. In the HLHS 

group, the expression of TNNT2 continued to rise in the first 14 days of differentiation. 

This might be because the reduced expression of multiple TFs, like TBX5, NPPA, and 

NKX2.5, caused a delay of TNNT2 expression in HLHS-derived iPSCs. But more 

research is needed obtain a better understanding of the interaction between the TFs and 

TNNT2. 

5.5 EHT formation 

EHTs or engineered cardiac tissues are SC-derived CMs cultured in a three-

dimensional scaffold in vitro, able to mimic the in vivo contraction of heart tissue. The 

first artificial contracting tissue has been created much earlier than the term engineered 

tissue was introduced. In the late 1950ies, Moscana[144] generated spontaneously 
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beating spheroid aggregates from embryonic chicken cardiac myocytes. In 1997，

Eschenhagen and colleagues[145] successfully generated the contracting strip, which 

was the first “real” EHT, by culturing a mixture of embryonic chicken CMs and 

collagen solution in a slide with two Velcro-coated glass tubes. Presently, tremendous 

progress has been made during the two decades after the first generation of EHTs. Cell 

culture has been extended from embryonic chicken CMs to human CMs which were 

derived from ESCs or iPSCs. New biomaterial scaffolds were created for better 

retention and maturation of CMs[146]. This progress and success lead to a broad 

application spectrum for EHTs. 

 

As a pilot study, the CMs which were differentiated from iPSCs were used for the 

generation of EHTs. For this approach it is important to generate a cell population 

which consists of more than 60% CMs. The analyses above have confirmed that this 

requirement could be overfulfilled in the direct cardiac differentiation assay (Fig. 20 C). 

Spontaneous contraction of the EHTs could be observed around day 4 to day 6 and it 

was possible to determine several physical parameters such as contractile force, 

velocity, rate, and rhythm with the video-optical recording system[77]. 

 

For a better understanding of the iPSC-CMs subtype in the EHTs, 

immunohistochemical staining of MLC2a and MLC2v was performed. MLC2a and 

MLC2v are two different isoforms of the cardiac myosin light chain. Generally, MLC2a 

is thought to be expressed in all chambers (atria and ventricles) and immature CMs, 

while MLC2v is rather a marker for ventricular CMs[147, 148]. Thus, MLC2a and 

MLC2v were used as markers to determine the subtype and developmental stage of 

CMs[149]. Fikru and colleagues’ research illustrated that during differentiation of 

iPSCs into CMs the MLC2a is expressed at an early stage. Afterwards, MLC2a 

expression gradually decreased with MLC2v expression increased, and a large number 

of iPSC-CMs expressed both MLC2a and MLC2v[150]. In this study, both MLC2a- 

and MLC2v-positive CMs could be found in the EHTs after 3 weeks of culture (Fig. 

22). Thus, the EHT approach successfully generated CMs which had differentiated into 

the atrial or ventricular direction.  
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It is well accepted and known that adult CMs have a very low incidence of proliferation 

(0.3% to 1%)[151]. The highest proliferation of CMs is seen during the prenatal 

stage[152], which means that compared with adult CMs, premature or immature CMs 

have a higher proliferative ability (Fig. 23). The staining of proliferative markers, Ki67 

and PH3, showed that there is a tendency that part of CMs in the EHTs display a 

proliferative capacity (Fig. 24). 
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Conclusion 

HLHS is a very severe congenital heart disease characterized by aortic and/or mitral 

valve stenosis or atresia with significant hypoplastic left ventricle, and hypoplasia of 

the ascending aorta and aortic arch. The patient-specific derived iPSC provides an 

approach for modeling HLHS in vitro and they allow the study of pathophysiology of 

HLHS. 

 

Direct cardiac differentiation modulated by small molecular has been proved to be an 

easy-to-handle protocol with a satisfactory output. In this study, CHIR99021 and Wnt-

C59 were used to modulate the Wnt/β-catenin signaling pathway for the cardiac 

differentiation of hiPSCs. During cell differentiation, I found that cell death was heavily 

affected by the concentration of CHIR99021 and initial cell seeding density confirming 

similar observations of other research groups. This is due to the role of CHIR99021 in 

regulating cell apoptosis and each cell line has a different sensitivity to the 

concentration of CHIR99021. Therefore, the definition of an appropriate concentration 

of CHIR99021 for each cell line is crucial to obtain an effective cardiac differentiation.  

 

In the study of modeling HLHS with patient-specific iPSC-CMs, I found no significant 

differences in the differentiation efficiency, sarcomeric and connexin proteins between 

the HLHS- and control groups, in the first sight. Nevertheless, there are differences in 

the expression of essential cardiac transcription factors, especially the TBX5 and its 

direct target gene NPPA, which were quite low expressed in HLHS-iPSCs during 

differentiation.  

 

As a pilot study, the iPSC-CMs were used for the generation of EHTs. Spontaneous 

contraction of the EHTs could be observed and several physical parameters such as 

contractile force, velocity, rate, and rhythm was recorded by the video-optical recording 

system. Furthermore, the subtype and proliferative activity were detected in the EHTs. 
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These results showed that the iPSC-CMs-generated EHTs could be used to study the 

differentiation and maturation of HLHS-CMs under spatial 3D culture and external 

force. 
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