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Abstract 

Hypoplastic left heart syndrome (HLHS) is one of the most fatal congenital heart de-

fects (CHD) represented by a severely underdeveloped left ventricle. Human genetic 

studies of the past decade have highlighted a complex genetic basis for CHDs in gen-

eral, and HLHS in particular, but failed to delineate a common genetic trait. Human 

induced pluripotent stem cells (hiPSCs) now allow examining key processes of human 

heart development in the context of the complex genetic background of the patient. hiP-

SCs from three individuals affected by HLHS were generated and differentiated into 

cardiovascular cell lineages for molecular characterization. HLHS-affected hiPSCs 

formed cardiomyocytes (CMs) that did not show any structural abnormalities but exhib-

ited transcriptional reduction of key cardiac markers that can be assigned to left cardiac 

structures. Similar expression profile changes were observed in cardiovascular progeni-

tor cells (CVPCs). Moreover, while apoptosis rate was not affected in HLHS-CVPCs, 

their specification was altered due to a cell cycle progression delay. This correlated to 

impaired cilia function and reduced response to autophagy induction. Inhibition of au-

tophagy in healthy CVPCs was sufficient to recapitulate the observed HLHS disease 

phenotype.  

Remarkably, whole exome sequencing of the three HLHS patients and their parents 

revealed de novo mutations in genes involved in cilia and autophagy processes occur-

ring in all three probands, namely MACF1, FGFR1 and DENND5B. Such genes or re-

lated gene family members were found to be target of de novo mutations in other HLHS 

affected patients in a larger scale whole exome screening of 78 HLHS trios. Further 

analysis of the potential role of DENND5B in HLHS demonstrated that the identified de 

novo mutation impairs binding of DENND5B to RAB39, a key player in autophago-

some formation. Moreover, morpholino knockdown of DENND5B in Xenopus and 

zebrafish revealed a crucial and novel role of this gene in cardiogenesis and cilia for-

mation and function. 

Together, this work uncovered an unprecedented role of autophagy in human cardiovas-

cular cell lineage specification and demonstrated defective primary cilium/ autophagy/ 

cell-cycle axis in HLHS.  
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Zusammenfassung 

Das hypoplastische Linksherzsyndrom (HLHS) gehört zu den schwerwiegendsten an-

geborenen Herzfehlern und ist durch eine ausgeprägte Unterentwicklung der linken 

Herzkammer gekennzeichnet. Genetische Analysen von Patienten mit angeborenen 

Herzfehlern, unter anderem auch von Patienten mit HLHS, legen nahe, dass eine geneti-

sche Komponente bei der Entstehung der Krankheit besteht. Allerdings konnte dieser 

Zusammenhang bisher keiner eindeutigen genetischen Veränderung zugeordnet werden.  

Human induzierte pluripotente Stammzellen (hiPSC)  ermöglichen es zentrale Schritte 

der menschlichen Herzentwicklung darzustellen und dabei den Einfluss des komplexen 

patientenspezifischen genetischen Hintergrunds zu untersuchen. Im Rahmen dieser Ar-

beit wurden hiPSCs von drei Patienten mit HLHS generiert, in kardiovaskuläre Zellen 

differenziert und auf molekularer Ebene analysiert. HiPSCs von Patienten mit HLHS 

konnten in Kardiomyozyten (CM) differenziert werden, die keine strukturellen Auffäl-

ligkeiten zeigten. Auf transkriptioneller Ebene zeigte sich jedoch eine Reduktion des 

Expressionslevels von zentralen kardiovaskulären Transkriptionsfaktoren, die mit der 

Entwicklung des linken Herzens in Verbindung gebracht werden können. Ähnlich Än-

derungen in der Transkription fanden wir auch in kardiovaskulären Vorläuferzellen 

(CVPCs) dieser Patienten. Darüber hinaus konnten wir zeigen, dass die Spezifizierung 

dieser Zellen auf Grund einer veränderten Zell-Zyklus Dynamik gestört war, während 

andere Prozesse, wie Apoptose, normal verliefen. Gleichzeitig mit der veränderten Zell-

Zyklus Dynamik beobachteten wir eine gestörte Induktion von Autophagie sowie Ver-

änderungen in der Ziliogenese. In gesunden Zellen konnte mittels Inhibierung der Au-

tophagie der HLHS-Phänotyp induziert werden. 

Interessanterweise fanden sich in whole-exome Sequenzierungsdaten der drei HLHS-

Patienten und ihrer Eltern de novo Mutationen in Genen, die in Autophagie und Zilio-

genese eine wesentliche Rolle spielen: MACF1, FGFR1 und DENND5B. Dies bestätig-

te sich in einer größeren Kohorte von 78 HLHS-Trios, die ebenfalls de novo Mutationen 

in verwandten Genen mit ähnlichen Funktionen zeigten. In einer weiterführenden Ana-

lyse, die die Rolle von DENND5B in der Entstehung des HLHS untersuchte, konnten 

wir zeigen, dass die identifizierte de novo Mutation die Bindung von DENND5B an 

RA39 stört, welches wiederum einen zentrale Rolle bei der Bildung des Autophago-
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soms spielt. Darüber hinaus haben wir durch Morpholino-knockdown Experimente in 

Xenopus und Zebrafisch zeigen können, dass DENND5B eine, bis dahin noch nicht be-

schriebene Rolle in der kardialen Entwicklung sowie der Entstehung und Funktion von 

Zilien spielt.  

Zusammenfassend lässt sich sagen, dass diese Arbeit erstmalig die Bedeutung von Au-

tophagie bei der Spezifizierung von humanen kardiovaskulären Vorläuferzellen aufzeigt 

und Defekte der „primären Zilium/Autophagie/Zell-Zyklus“ Achse als wesentliche Ur-

sache für die Entstehung von HLHS identifiziert. 
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1. Introduction 

1.1. Congenital heart diseases 

Cardiovascular malformations are one of the major causes for infant mortality in the 

western world and represent an immense challenge for cardiac surgeons as well as re-

searchers. The manifestation of these defects is complex and treatment is very problem-

atic requiring advanced technological interventions. Additionally, the origin of the oc-

currence of these defects is not even partially understood yet despite major progress in 

disease modelling along with intensive cardiovascular and developmental biology re-

search throughout the past decades. 

Congenital heart diseases (CHD) describe a class of cardiovascular malformations aris-

ing during embryonic development. This group includes a huge variety of structural as 

well as functional deficits, ranging from cyanotic heart disease, left-sided obstruction 

defects to septation defects1. The incidence of CHD is reported with 0.5-0.7% of all live 

births and severe forms of these birth defects are present in around 1.5 cases per 1000 

newborn infants2, thus representing the most common congenital abnormality3. 

1.1.1. Inheritable vs non-inheritable factors in CHD  

Up to date, it remains elusive to name a cause for the onset of CHD. Ongoing contro-

versial debates about potential genomic variations versus environmental coincidences 

highlight the complexity of this group of malformations. First evidence of a genetic 

component in CHD dates back to previously geographically isolated populations, in 

which hotspots of particular cardiac defects could be assigned to specific geographical 

regions, most likely due to their divergent genetic histories4–13. Reoccurrence rates in 

families of affected individuals are markedly increased up to 40-fold compared to the 

overall population. The risk of a sibling to be diagnosed with a type of CHD is thus es-

timated with 1-4%14–25. Another finding that supports the idea of autosomal recessive 

inheritance is the amplification of cases of cardiovascular malformations in regions with 

high consanguineous rates26–31. Additionally, the heritability of a number of cardiovas-

cular malformations is described with 50-90%8,9,14,32–34. Studies in animal models re-

vealed more than 300 genes crucial for proper cardiogenesis35. Therefore, even though 
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individual mutations occur very rarely, the elevated number of target loci might explain 

the high prevalence of CHDs. Hence, several research groups claim a genetic compo-

nent causative for the onset of congenital cardiac disorders.  

However, assigning single variants to specific cardiovascular disorders remains chal-

lenging. So far, researchers identified only a few genetic loci that exhibit an elevated 

level of mutation rates36. Illustrating karyotypes of liveborn infants showing a congeni-

tal malformation, chromosomal abnormalities were identified in 10-12% of all cases37. 

The regions affected by these alterations can often be associated with syndromic con-

genital disorders that present predominant cardiac defects36. Until now, numerous ge-

nomic duplications and deletions could be allocated to congenital cardiovascular mal-

formations, thus the instability of local regions in the genome appears to represent an 

important trigger in the development of these cardiac disorders38–41. Initial definition of 

larger regions affected in CHD and subsequent screening of those regions for potential 

candidate genes, indeed led to the identification of a small number of defined genes 

predicted to be causative. Some of those genes are dosage sensitive, implying that an 

imbalanced expression or haploinsufficiency due to the mutations is responsible for 

exhibiting the phenotype and the degree of severity. The reason is most likely the high 

sensitivity of developmental pathways to temporally and spatially dynamical changing 

of gene product levels. Often, transcription factors and chromatin modifiers are affect-

ed36. The interaction of de novo mutations with mutations carried on from the parents 

and their respective importance in the onset of CHD is still controversially discussed. 

Zaidi et al. could account de novo mutations for around 10% of the congenital disorders 

investigated in a large exome sequencing analysis42 leaving space to interpret the causa-

tive factor in the remaining cases.  

This brings forth the additional potential role of non-inherited environmental risk fac-

tors in this assumed interaction. Discussed is the maternal health state regarding infec-

tions and other illnesses during early stages of the pregnancy, in particular maternal 

rubella, upper respiratory tract infections or diabetes43,44. Moreover, metabolic disorders 

such as phenylketonuria as well as altered levels of retinoic acid could influence cardi-

ogenesis in the embryo45. Maternal intake of therapeutic and nontherapeutic drugs as 

well as foetal exposure to thalidomide and indomethacin, used to delay preterm deliv-

ery, might also lead to an elevated risk. Instead, folic acid has been described to posi-

tively act on embryonic development preventing birth defects46. Neonatal asphyxia or 
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hypoxia, maternal B-mode ultrasound examinations and the number of previous preg-

nancies are named as risk factors as well. Finally, social factors such as the maternal 

educational background and maternal mental stress are also assumed to play a role47,48.  

A recent study combines these two factors unravelling a higher impact of functional 

convergence compared to direct convergence in the development of congenital heart 

defects. This means that genetic and environmental risk factors do not directly influence 

distinct genes and proteins but rather converge in defined networks of molecules that 

drive discrete steps of cardiogenesis and are responsible for the formation of explicit 

cardiac structures49. 

1.1.2. Hypoplastic left heart syndrome as a defined phenotype in CHD  

In most cases of congenital malformations, specific cardiac structures such as particular 

heart valves, parts of the cardiac chambers or the outflow tract are missing or severely 

underdeveloped. A clinically clearly defined CHD is the hypoplastic left heart syndrome 

(HLHS) where the left ventricle represents the cardiac structure mainly affected. It oc-

curs in the second half of gestation in the foetus50 and has a prevalence of 4-8% of all 

congenital cardiovascular defects2,51. With a survival rate of only 50-70% of infants52 

born with HLHS, an interstage mortality of 12%53 and poor long-term prognosis, it is 

one of the most fatal congenital malformations. HLHS patients represent a sharply de-

fined phenotype with a crucially underdeveloped left ventricle, hypoplasia of the as-

cending aorta as well as of the aortic arch and additional aortic and mitral valve steno-

sis. Accordingly, the systemic circulation is interrupted which would lead to rapid death 

without instant postnatal interventions (Fig. 1).  
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Figure 1: Structural differences between a normal heart and a hypoplastic left heart. (A) 
Morphology of a normal heart. (B) Schematic heart of HLHS patients with an underdeveloped 
left ventricle. Source: Centers for Disease Control and Prevention, National Center on Birth 
Defects and Developmental Disabilities. 
 

In the recent years, enormous advances in cardiac surgery approaches made it possible 

to save the lives of an increasing number of newborns with a manifested hypoplastic left 

heart. To achieve this survival, either a heart transplant or the so-called Norwood proce-

dure, first successfully accomplished by Dr. William Imon Norwood, Jr. and colleagues 

in 1981, is required immediately after birth to secure blood supply. During this three-

stage procedure, the function of the left ventricle is restored utilizing existing parts of 

the cardiovascular system. In brief, in stage 1 (Norwood procedure), which the new-

borns need to undergo directly postnatally, the fully functional right ventricle adopts the 

supply of the systemic circulation with blood. Therefore, an atrial septectomy as well as 

the transection and ligation of the distal main pulmonary artery are performed. Subse-

quently, the underdeveloped aortic arch is coupled with the pulmonary artery and the 

aortic coarctation is repaired applying a patch to the disrupted part, thereby enlarging 

the vessel and thus increasing the blood flow. Moreover, since the lungs are no longer 

supplied with deoxygenated blood from the right ventricle, the aorta needs to be con-

nected to the main pulmonary artery by creating an aortopulmonary shunt resulting in 

restored pulmonary blood flow. The second stage (Glenn procedure) is carried out 
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roughly three to six months after stage 1 once there is a reduction of the pulmonary vas-

cular resistance detected, leading to a separated pulmonary and systemic circulation 

after replacement of the aortopulmonary shunt by a bidirectional superior vena cava 

(SVC)-pulmonary shunt. Consequently, the pulmonary system is now protected from 

the high systemic arterial pressure and moreover, mixture of upper venous and oxygen-

ated blood in the right ventricle is prevented. Still, some venous blood from the lower 

body part is reaching the right ventricle reducing the total oxygen saturation of the 

blood leaving the right ventricle. Hence, stage 3 (Fortan procedure) is required to final-

ize the restoration of blood-, and thus, oxygen supply throughout the whole body by 

eliminating the flow of deoxygenated blood to the right ventricle directing it towards the 

pulmonary artery54,55. Consequently, the heart consists of a single pumping chamber 

responsible for the body circulation, built out of the right ventricle, whereas passive 

venous flow to the lungs maintains the pulmonary circulation (Fig. 2). 

 

Figure 2: Visualization of the cardiac surgery intervention in HLHS patients. (A) HLHS 
heart before surgery. (B) Norwood procedure (C) Glenn procedure (D) Fontan procedure. 
Source: New Approaches to Neuroprotection in Infant Heart Surgery. Erin L Albers, David P 
Bichell and Bethann McLaughlin. 
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This intervention impacted the outcome of patients born with HLHS dramatically, rais-

ing the expectations of long term survival of successfully operated HLHS patients to 

around 70% of today newborns. Unfortunately, despite this giant progress made in im-

proving the outcome of infants born with a hypoplastic left heart, life-long monitoring 

of the patients is obligatory and often, patients that underwent the Norwood procedure 

show impaired cardiac function over time and require pacemaker implantation to com-

pensate the heavy systemic load permanently pumped through the rebuilt, weaker left 

ventricle56. Therefore, the understanding of possible mutations and/or mechanisms lead-

ing to this dramatic congenital heart defect is essential and the key for managing the 

disorder and developing a successful therapy to overcome the disease.  

1.1.3. Onset of hypoplastic left heart syndrome: current theories 

As described already for CHD in general, also for HLHS it is still not well understood 

which defect is causing this dramatic phenotype. Theories include altered blood flow 

patterns during early stages of cardiac development as well as mutations in crucial 

genes of cardiogenesis affecting the formation of the chambers which will be discussed 

in this chapter.  

 

The “flow theory” 

One current hypothesis of the origin of HLHS is described as “flow theory”. This builds 

on the postulation that blood flow-mediated remodelling is a crucial aspect for the mor-

phogenesis of the cardiovascular system. Foetuses developing a hypoplastic left heart 

display abnormal flow patterns in the left atrium and pulmonary vein indicating a possi-

ble connection of disturbed embryonic circulation and HLHS57. Supporting the theory, 

first models of a hypoplastic left heart in chick embryos could be achieved by temporal 

disruption of the blood flow through the developing left ventricle58. The impact of he-

modynamic changes on cardiogenesis has been further studied by Groenendijk et al., 

suggesting that these alterations result in higher intraventricular pressure leading to the 

phenotype. While this increased ventricular load results in amplified radial force, per-

pendicular to the blood flow, another force, the frictional force, acting parallel to the 

blood flow instead and inducing shear stress, could also be a trigger in forming a hypo-

plastic ventricle59. Moreover, the extent to which the hemodynamic flow is changed 
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most likely defines the severity of the cardiac malformation60. However, flow dynamics 

are complex in the developing myocardium. Especially profound morphological chang-

es such as cardiac tube looping along with receptor-mediated signal transduction pro-

cesses transferring flow changes into the cells make it difficult to understand how flow 

dynamics could lead to severe congenital malformations such as HLHS61. 

 

Genetic variants in HLHS 

As already mentioned above, another aspect that has been controversially discussed not 

only for the occurrence of CHD in general, but also for HLHS in particular, is the asso-

ciation with genetic variants as a possible motive. Evidence could be an observed famil-

iar clustering of HLHS and congenital disorders8,19,62. Moreover, linkage analysis re-

vealed significant loci on specific chromosomes confirming that HLHS rather repre-

sents a genetically heterogeneous disorder63,64. Data has been generated claiming specif-

ic genetic mutations being at least partially involved in the development of the disease 

thus presenting the disease as inheritable. Already in 1974, first suggestions of an auto-

somal recessive background were stated65. Until now, mutations in several genetic clus-

ters have been postulated to be causative for HLHS. Also copy number variations 

(CNVs) and chromosomal abnormalities, often associated with genetic 

syndromes41,63,66,67 as well as microdeletions have been reported41,68,69. The majority of 

variants described belong to chamber-specific regulatory genes such as Gap Junction 

Protein Alpha 1 (GJA1)70, NK2 Homeobox 5 (NKX2.5)71, NOTCH1
72,73, Myosin heavy 

chain (MYH) 6
74 and Heart- and neural crest derivatives-expressed protein (HAND) 

1
75, suggesting a primary defect of heart formation and growth76,77

. Other mutations 

found in HLHS patients include SMAD3
78, erythroblastic leukemia viral oncogene 

homolog 4 (ERBB4)79, Zinc finger of the cerebellum 3 (ZIC3)80 and Forkhead box pro-

tein (FOX) C2 and L1
81. Recent studies found an enrichment of de novo variants in his-

tone-modifiers that influence accurate differentiation timing as well82.  

Nevertheless, strong evidence for a complex rather than a Mendelian inheritance pattern 

is given by the fact that identical mutations lead to diverse cardiac malformations, best 

illustrated in a study describing identical twins with inconsistent phenotypical manifes-

tations, one showing a mild bicuspid aortic valve (BAV) while the other one is suffering 

from severe HLHS62. This argues in favour of theories proposing an interplay of ge-
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nomic variants, genetic modifiers and environmental risk factors to define the ultimate 

phenotype.  

1.2. Signalling and processes in cardiogenesis 

Not only the role of inheritable versus non-inheritable factors is yet not clarified, anoth-

er important question remains unanswered: which pathways and molecular mechanisms 

are affected by those intrinsic and extrinsic factors to establish the severe cardiac pheno-

type? Although some theories exist aiming to describe the molecular basis of this birth 

defect, none of them could be proven correct so far. 

1.2.1. Early cardiogenesis  

The first step in unravelling the molecular mechanisms leading to congenital heart de-

fects is to understand cardiogenesis in general and to discover important pathways and 

molecules within this complex process.  

 

First steps in cardiogenesis 

The heart is the first functional organ to develop and starts to beat and pump blood at 

around 4 weeks of development in human embryogenesis. Heart formation starts 18 to 

19 days after fertilisation. In brief, the primitive heart tube arises from embryonic mes-

oderm after gastrulation, by the fusion of two endocardial tubes, consisting of cardiac 

progenitor cells. Subsequently, this tube loops, being the first organ showing left-right 

asymmetry, and the primitive cardiac structures truncus arteriosus, bulbus cordis, sinus 

venosus, primitive ventricle and primitive atrium, are formed. Septation of these primi-

tive structures builds the four chambers as well as the aorta and the pulmonary artery83. 

Initial experiments performed in chick grafts in the 1940s aimed at illustrating early cell 

fate decisions in order to understand how the vertebrate heart is formed and specialized. 

Here, gastrulation was described as the process in which the three germ layers meso-

derm, endoderm and ectoderm are formed. At this stage, cardiac precursor cells are al-

ready visible84. Looking at amphibians such as Xenopus and in zebrafish, mesoderm, the 

germ layer from which the heart arises, is separated from an intermediate germ layer, 

the mesendoderm, whereby the process leading to this segregation is still not completely 
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discovered. A known regulator of mesoderm induction is Brachyury (T) and mice with a 

homozygous knockout of T die at E10 due to incomplete mesoderm formation.85. More-

over, a proximal-distal gradient of NODAL/SMAD seem to be involved in the segrega-

tion of the cardiac mesoderm86. The factors specifying the earliest primitive mesoderm 

and endoderm are GATA-binding protein (GATA) 4, 5, 6 NODAL and ACTIVIN in-

teracting with Wingless-Type MMTV Integration Site Family, Member (WNT)/ß-

catenin signalling87. Bone morphogenetic protein (BMP) 2 has been identified as a fac-

tor defining early cardiac structures rising from the early mesoderm88 and positioning 

the heart89, confirmed by BMP2 deficient mice exhibiting severe cardiovascular mal-

formations90.  

 

 

Figure 3: Scheme of cardiogenesis and the involvement of marker gene expression of FHF 

and SHF cardiac precursors. A: Atrium, V: Ventricle, CT: conotruncal valve, AVV: Atrio-
ventricular valve, RA: right atrium, LA: left atrium, RV: right ventricle, LV: left ventricle, Ao: 
Aorta, DA: Ductus arteriosus, LCA: left carotid artery, RCA: right carotid artery, LSCA: left 
subclavian artery, RSCA: right subclavian artery, RCC: right common carotid, LCC: left com-
mon carotid, PA: pulmonary artery. Source: Intercellular Signalling in Development and Dis-
ease: Cell Signalling Collection, Edward A. Dennis, Ralph A. Bradshaw. 

 
Additionally, expression of Mesoderm posterior protein 1 (MESP1) between E6.5 and 

E7.5 in mice determine a cardiovascular fate of mesodermal cells91. Cardiac determina-

tion of the mesoderm towards prospective myocardial, endocardial and epicardial cell 
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fate occurs at E7.5 in mouse embryos92,93 and is molecularly defined by expression of 

GATA4, 5, 6, HAND1, 2, NKX2.5 and Wilms tumour protein 1 (WT1)94. Hereby, the 

expression of the mesoderm-specific transcription factor MESP1 is essential for cardio-

vascular progenitor formation in mice95 and also subsequently required for the migra-

tion of cardiac precursor cells91 (Fig. 3).  

 

Development of cardiac progenitors 

Cardiac progenitors can be identified for the first time in the cardiac crescent, originat-

ing from splanchnic mesoderm, that undergoes a fusion to create the primitive heart 

tube which will contributes to the left ventricle, major parts of the atria, the atrioventric-

ular (AV) canal and the sinus venosus (SV). This population is called first heart field 

(FHF) but its proceeding patterning including cardiac looping and elongation of the 

heart tube is strictly dependent on the presence of another population of cardiac precur-

sors, defined as second heart field (SHF) 96. This group of cells, located medial and dor-

sal to the cardiac crescent within the pharyngeal mesoderm, forms the right ventricle, 

the outflow tract (OFT) and parts of the arterial and venous pole of the heart tube97,98 

and of the great arteries. SHF is characterized by the expression of TBX1, Insulin gene 

enhancer protein 1 (ISL1), Fibroblast growth factor (FGF) 8 and 10 and GATA4 98–100. 

However, key cardiac markers such as the transcription factors NKX2.5 and ISL1 are 

expressed in both heart fields, but in defined temporal and spatial patterns. Hence, a 

major difference between these two heart fields is the timing of differentiation101,102 

whereby FHF cells are specializing earlier towards myocytes than their SHF counter-

part, which is still in a premature proliferative state, maintained by NKX2.5 inhibition 

of SMAD1 and BMP2103. The formation of those heart fields relies on several signalling 

pathways including BMP, SHH, FGF, WNT and NOTCH, mainly emitted from the ad-

jacent endoderm104 and the FHF-derived myocytes build a scaffold for the still imma-

ture proliferative SHF progenitor population. However, the lack of specific markers for 

these heart fields makes it difficult to get a more detailed insight in the heart field divi-

sion and further definition. One key step is the establishment of a septum between the 

left and right ventricle regulated by asymmetric T-box 5 (TBX5) and Paired-like home-

odomain transcription factor 2 (PITX2) expression105.  

Besides the cardiogenic mesoderm, from which FHF and SHF populations arise, two 

other progenitor sources exist that “shape” the heart later on. On one hand, cardiac neu-
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ral crest cells represent precursors of aorta smooth muscle cells and the cardiac auto-

nomic nervous system and on the other hand the proepicardium, that forms coronary 

arteries and cardiac fibroblasts106. 

 

Figure 4: Signalling and transcriptional networks in cardiogenesis. Cardiac structure-
specific involvement. Source: Intercellular Signalling in Development and Disease: Cell Signal-
ling Collection, Edward A. Dennis, Ralph A. Bradshaw. 

1.2.2. Signalling pathways involved in cardiogenesis 

In the recent years, several animal models have been developed to understand key sig-

nalling pathways and related genes responsible for specification of these clearly defined 

cardiac structures as well as to examine how irregularities in the expression of those 

particular genes, pathways or specific mechanisms might lead to cardiac malformations. 

Important discovered pathways include the canonical and noncanonical WNT pathways 

along with transforming growth factor β (TGFß), SHH, FGF and NOTCH signalling 

(Fig. 4).  

 

Canonical and non-canonical WNT signalling 

Canonical WNT pathway activation stimulates proliferation of early cardiac precursors, 

thus maintaining their progenitor state and preventing formation of structures of the 

myocardium. Overexpression studies in Xenopus could show, that in very early cardi-

ogenesis, inhibition of WNT signalling is necessary for NKX2.5 and TBX5 expression 
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to induce heart formation107. Interestingly, this downregulation of the WNT pathway is 

only effective in specific regions, in which BMP is highly expressed108. WNT expres-

sion is also required to maintain the SHF progenitor population in a premature state109, 

emphasizing the crucial spatial and temporal regulation of expression patterns during 

development. Following induction of cardiogenesis by the inhibition of canonical WNT, 

a switch to the activation of the non-canonical WNT pathway enables the progression of 

cardiac differentiation110,111. 

The non-canonical WNT pathway, also referred to as planar cell polarity (PCP) path-

way, is described to play a role in cardiac morphogenesis. More in detail, it regulates 

cell migration of early cardiac progenitors during heart tube formation, mainly by mod-

ulating cytoskeleton remodelling through induction of down-stream pathways such as 

RhoA/ROCK, RhoA/JNK, Ca2+/PKC, and Ca2+/CaMKII signalling. Upon morpholino 

knockdown of WNT11, a noncanonical WNT, the fusion of cardiac primordia is inter-

rupted in Xenopus, leading to a phenotype called cardia bifida where two separate hearts 

are developed in lateral positions112. Moreover, WNT11 together with WNT5a, another 

non-canonical WNT, are expressed in the developing murine OFT and mutations in 

these genes lead to OFT defects, such as double outlet right ventricle (DORV)113,114.  

 

TGFß signalling 

Another important player during the progression of heart development is the TGFß su-

perfamily that comprises mainly BMPs acting as ligands and signals via SMADs. Mice 

lacking BMP4 are able to form primitive heart structures but die soon after heart tube 

formation115. From a chronological point of view, BMPs act at the same stage when the 

non-canonical WNT pathway is activated. Hereby, BMP2 and 4 activate the expression 

of NKX2.5 and GATA4 thus inducing myocardial formation116–118. Again, distinct spa-

tial and temporal coordination of BMP signalling after myocardial induction is neces-

sary to guide SHF progenitors towards myocardial specification119. But in both heart 

fields, high levels of activated BMP are necessary to proceed from cardiogenic meso-

derm to the working myocardium; only the time of expression differs with a delay in 

SHF progenitors to allow an extended proliferation period necessary to generate an ade-

quate cardiac cell mass120. 
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Shh signalling 

The essential step of extended proliferation of SHF cells is taking place in a very narrow 

time window and is also driven by SHH signalling121. Early in embryogenesis, SHH is 

expressed in the pharyngeal endoderm and mice lacking smoothened (SMO), a down-

stream target of SHH signalling, display a delayed expression of NKX2.5 in cardiomy-

ocytes122. Moreover, ectopic expression of SHH in zebrafish results in heart looping 

defects, which goes in line with the additional role of SHH signalling in left-right pat-

terning of the embryo123,124. Hereby, SHH is asymmetrically expressed on the left side 

of Hensen’s node, stimulating NODAL and LEFTY expression, which belong to the 

TGFß family, in the left lateral mesoderm, mediated by secretion of Cerebus (CER), 

also known as Caronte, from the node to the lateral mesoderm. CER release leads to a 

left-sided inhibition of BMP and an induction of NODAL and associated PITX2 expres-

sion in the mesoderm while FGF and ACTIVIN A inhibit CER expression on the right 

side resulting in active BMP and suppression of right-sided NODAL expression125–128.  

During the signalling cascade, SHH binds to Patched (PTC) receptors located at the 

primary cilium leading to internalization of the complex thereby releasing SMO from 

vesicles to proceed to the membrane tip of the cilium membrane where it activates gli-

oma-associated oncogene (GLI) proteins that subsequently translocate into the nucleus 

to induce gene expression. 

 

FGF signalling 

FGF receptor (FGFR) signalling, mediated by receptor tyrosine kinases, is required at 

many steps of cardiogenesis129. Especially FGF8, released from adjacent endoderm, is 

mandatory for an upregulation of the cardiac transcription factors NKX2.5 and Myo-

cyte-specific enhancer factor 2C (MEF2C) in the precardiac mesoderm130. This induc-

tion of differentiation by endodermal-mediated FGF signalling is again restricted to a 

very narrow time frame and alterations of this signalling outside of this window do not 

cause any cardiac defects131. Instead, targeting the FGF pathway inside this time frame 

will lead to early heart looping defects as well as cardiac neural crest deficiencies that 

cause defects in cardiac outflow tract septation132,133. Later on, FGF8 is required for the 

addition of SHF-derived structures, in particular outflow tract myocardium, to the al-

ready existing cardiac scaffold134 indicating likewise spatial differences in induction and 

function of FGFR signalling.  
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NOTCH signalling 

NOTCH signalling is involved in several fate decisions required during embryonic de-

velopment. During heart development, NOTCH1 activity is detected soon after upregu-

lation of MESP1 and 2. NOTCH1 null mice exhibit extended progenitor cell mass that 

is not able to differentiate further towards myocytes, most likely since NOTCH1 acts as 

an inhibitor of the canonical WNT pathway under physiological conditions135. Equally, 

NOTCH2 null mice show a reduced myocardial size136. Thus, the role of NOTCH dur-

ing cardiogenesis is pre-patterning of cardiac mesoderm and subsequently determining 

the fate of cardiac precursors by maintaining them in their pre-cardiogenic state, acting 

downstream of NKX2.5 and GATA4137. Moreover, it defines the embryonic left-right 

axis and is responsible for proper cardiac looping and subsequent separation of the atrial 

and ventricular blood circulation by the AV canal upon Hairy/enhancer-of-split related 

with YRPW motif protein (HEY) gene activation, mediated by BMP2 and TBX2. After 

AV canal formation, cardiac valves are formed by epithelial–mesenchymal transition 

(EMT) of a subpopulation of endothelial cells arising from the AV canal and this EMT 

is disrupted if NOTCH signalling is abundant. Hereby, NOTCH is acting via vascular 

endothelial (VE)-cadherin and Vascular endothelial growth factor (VEGF) pathway 

suppression as well as Matrix metalloproteinase-2 (MMP2) activation138–140. 

1.2.3. Regulation of cardiogenesis by cilia  

Many signalling pathways important for early cardiac development are bundled in cilia, 

antenna-like protrusions of the membrane found on many types of cells during specific 

time points of development as well as on adult tissues. This structure has been described 

to play a crucial role in cardiogenesis as well and malfunctioning could be connected to 

several congenital disorders.  

 

Cilia structure and ciliogenesis 

In eukaryotes, two types of cilia exist, motile cilia and non-motile primary cilia, which 

both exhibit essential functions in motility or cellular signalling, respectively. Both cilia 

types show many conserved structures. They are built of microtubule-based membrane 

protrusions, called axonemes, arising from a mother centriole during cilia formation 

which migrates towards the cell surface and is then attached to the membrane at the 
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base of the cilium, representing the basal body of the cilium. The main difference be-

tween the two forms of cilia is the pattern of the axoneme: while both types are built of 

an outer ring of 9 doublet microtubules, only the motile cilia has an additional central 

pair of 2 singlet microtubules, described as “9+2” pattern versus the “9+0” pattern in the 

non-motile cilia141 (Fig. 5).  

 

 

Figure 5: Structure of primary and motile cilia. (A) Schematic illustration of a primary cili-
um. CCP: clathrin-coated pits, CCV: clathrin-coated vesicle. (B) Electron microscope picture of 
a motile cilium. Sources: Ke and Yang, 2014; http://cytochemistry.net/cell-biology/cilia.htm. 
 

The unique molecule composition in ciliary membranes as well as in the cilia compart-

ment emphasizes the diverse but also very specialized functions of this structure. Be-

yond its structural role, the axoneme harbours another important function, in transport-

ing ciliary proteins to the cilia tip and retrogradely transferring activated signalling mol-

ecules from the cilia tip towards the nucleus to influence gene expression. This bidirec-

tional transport, so called intraflagellar transport (IFT), is mediated by the motor pro-

teins kinesin and dynein, while kinesins drive the anterograde transport facilitating the 

entry of proteins in the cilium, dyneins serve as the retrograde motor responsible for the 

protein exit (Fig. 6). The interaction among these motor proteins and the IFT proteins 

occurs in the transition zone, a subdomain that is located between the axoneme and the 

basal body in the proximal region of the cilium and that is essential for controlling the 
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ciliary protein trafficking142. The gating of ciliary proteins is tightly regulated in this 

region by another set of molecules including importin-ß2 and RanGTP, recognizing 

ciliary localization sequences143.  

 

 

Figure 6: Trafficking in the primary cilium. Transport processes that control delivery of pro-
teins to and from the ciliary membrane for cilia assembly and disassembly as well as signalling. 
Source: Pedersen, 2016. 
 
One of the best examples of ciliary protein trafficking is the SHH signalling, the major 

signalling pathway located in primary cilia. Upon activation, rearrangement of the re-

ceptors PTC and SMO are essential for the resulting translocation of GLI proteins from 

the cilium tip to the nucleus to activate or repress specific genes144. The protein delivery 

towards the cilium is mediated by directed vesicle transport. Specific sorting and direc-

tion of these vesicles is guaranteed by a group of proteins called small GTPases, includ-
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ing several Ras-related in brain (RAB) proteins145. These proteins are activated by their 

molecular counterparts, guanine exchange factors (GEFs), that act as a molecular switch 

through replacement of Guanosine diphosphate (GDP) with Guanosine triphosphate 

(GTP)146.  

 

Functional differences of primary and motile cilia 

The principal difference between the two types of cilia, besides the structural aspect, is 

their function and occurrence. Beating motile cilia are found solely on a few highly spe-

cialized tissues, such as the embryonic node or the adult pulmonary epithelium, and 

they appear in higher numbers per cell. On nodal cells, cilia generate the extracellular 

fluid flow (so called “nodal flow”) during embryo development, which is important for 

the left-right patterning and is achieved by a clockwise rotation that induces leftward 

flow. Disruption of this flow causes randomization of the organ situs. How the asym-

metric patterning is initiated by the nodal flow is still under discussion. Two hypotheses 

exist suggesting either the involvement of ion channels on neighboured primary cilia, 

which would sense and proceed the leftward flow into the cell defining the cell fate147 or 

the gradient of extracellular morphogens, which would be transported to the left side of 

the embryo and induce laterality signal transduction cascades148. In adult tissues, the 

predominant role of motile cilia is to remove particles, as in the respiratory tract, or mo-

bilize cells, as in the reproductive systems and in highly specialized structures of the 

brain 149,150. Recently, motile cilia were found in the middle ear epithelium as well, but 

their function has not been discovered yet151. Moreover, there has been some evidence 

that motile cilia can also exhibit sensory functions152.  

Opposite thereto, nearly all embryonic and adult tissues, including stem cells and cardi-

ac tissue, have sensory primary cilia. Each cell harbours only one primary cilium. Dur-

ing development and cell growth, this type of cilia represents an indispensable signal-

ling centre not only by sensing extracellular chemical and mechanical changes through 

several receptors and channels expressed on the ciliary surface, but also by integrating 

key signalling transduction components. Among them are Platelet-derived growth factor 

(PDGF), SHH, TGFß and Ca2+ signalling pathways, which are temporally coordinated 

dependent on the cell type144. Mutations in cilia-related genes therefore result in several 

congenital malformations. In adult tissues, primary cilia are still necessary for cell cycle 

control or maintenance of the differentiated state. However, disruption of ciliary signal-
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ling in adult tissues does not lead to such dramatic phenotypes seen in the embryo153. 

Often, though, it leads to uncontrolled cell division and the development of cancer154–

161. 

 

Ciliogenesis and cell cycle 

Especially during ciliogenesis, the process during which the cilium is built, numerous 

molecules need to be transported towards the membrane. This process is tightly coupled 

to the cell cycle. Cilia assembly is started in the G1 phase of the cell cycle; the cilium is 

maintained during the G1 and a quiescent G0 phases; just before cell division, the struc-

ture is disassembled and the mother centriole is moved towards the cell centre to enable 

cytogenesis162,163 (Fig. 7).  

 

 
Figure 7: Ciliogenesis and cell cycle. Cilia formation and centriole location throughout the 
different phases of the cell cycle. Source: Christensen,  2012. 
 
The inverse relationship between cilium and cell cytogenesis has been further under-

lined by the discovery of Aurora A, a mitotic kinase located close to the centrosomes 

and the mitotic spindle, which negatively regulates ciliogenesis in dividing cells by me-
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diating centrosome maturation and cell cycle re-entry from G0 to G1 phase164. The ex-

pression of another protein, Nuclear distribution protein nudE homolog 1 (NDE1), that 

is located at the mother centriole and interacts with ciliary dyneins, is reversely correlat-

ed with cilia formation and its depletion leads to elongated cilia along with a delay in G1 

to S phase transition165. Similar interactions are seen for the dynein protein T-complex 

testis-specific protein 1 (TCTEX1), whereby its phosphorylation not only accelerates 

the G1 to S transition but also regulates cilia length, thereby determining if the cells re-

main in a proliferative state or start differentiating in neural progenitors during the de-

velopment of the murine neocortex166. Another interesting finding is that upon stimula-

tion of the ciliary SHH pathway, transcription of several cell cycle genes such as cyclin 

D and E is activated167. Recently, a novel molecular link between cilia disassembly and 

cell cycle progression was discovered. Hereby, cell cycle progression was induced by a 

growth factor-induced block of actin polymerization in the cilium168.  

 

Primary cilia in cardiac development and disease 

Since primary cilia are not only coordinating the signal transduction of many pathways 

defining cell fate but are also highly synchronized with the cell cycle, they seem to bal-

ance proliferation and differentiation processes during morphogenesis of several tissues 

in a highly regulated spatiotemporal manner. A misbalance of proliferation and differen-

tiation results in many congenital diseases affecting kidney, brain and heart develop-

ment among others169. 

During cardiogenesis, both types of cilia are expressed in a distinct temporal window 

thereby influencing different aspects of heart formation. First steps in cardiac develop-

ment are regulated by motile as well as primary cilia in the embryonic node, mainly 

establishing the left right-axis of the heart during gastrulation170–172. Therefore, anoma-

lies during this stage lead to abnormal looping as well as defects in the remodelling of 

the primitive heart tube into heart chambers173. Moreover, abnormal nodal motile cilia 

may cause disturbed fluid flow, which is described as one theory of the onset of HLHS. 

Supportive data exist showing that fluid shear stress is required for maturation of the 

heart chambers and changes can cause CHD174.  

Later on, during specific periods of cardiac development so called cardiac primary cilia 

are found on these cells. They ensure correct differentiation, maturation and morpho-

genesis of the developing myocardium by stringently coordinating multiple signal 
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transduction networks 175. Signalling of the SHH pathway for instance is active in pri-

mary cilia of the mouse embryonic heart as well as in cardiomyocytes derived from 

stem cells in vitro. Additionally, a link between ciliary proteins and ventricle septation 

could be shown176–178. Consequently, patients carrying genetic variants in signalling 

components of the SHH pathway frequently suffer from CHD179. Another pathway es-

sential for proper cilia function and, simultaneously, for correct heart formation is 

TGFß. Disruption of TGFß receptor signalling leads to cardiac malformations as well as 

heterotaxia. TGFß receptors are located in vesicles or early endosomes and associated to 

the cilium through activation of SMAD2/3 that is situated in the ciliary pocket where, 

upon activation, they co-localize and accumulate at the base of the cilium. Moreover, 

TGFß receptor ligands are able to induce cardiac differentiation180–182. Finally, PDGF 

receptor α (PDGFRα) is specifically found on ciliary membranes as well in several tis-

sues including the heart183. Already in mouse embryonic heart ventricles PDGFRα is co-

localized with sensory cilia, suggesting a role of the signalling cascade in cardiogenesis. 

Alterations of this pathway in vitro lead to disrupted differentiation of cardiac struc-

tures, while mice lacking PDGFRα show severe heart malformations and die 

prenatally184,185. Other important cardiac developmental pathways such as WNT and 

NOTCH have been controversially discussed concerning their role in ciliary signalling. 

Even though components of these signalling cascades are localized in ciliary mem-

branes and interruption leads to defective ciliogenesis, knocking out crucial parts of the 

primary cilia does not lead to altered WNT signalling in mouse embryos for instance186–

188. 

Besides the cilia-mediated signalling networks, also ciliogenesis itself is essential for 

cardiogenesis. If cilia are not formed appropriately and therefore the IFT is defective, 

the cardiac differentiation and morphogenesis is interrupted. Consequently, mutations in 

ciliary structural genes result in cardiac malformations189. In vitro studies in mouse em-

bryonic stem cells (mESCs) demonstrated the importance of ciliary structural compo-

nents in cardiomyocyte differentiation by the observation of a differentiation block upon 

knockdown of IFT-related genes176. Another process important to guarantee proper cilia 

function and thus flawless cardiogenesis is vesicular transport, which is required for the 

shuttle of proteins towards and away from cilium. Interruption of ciliary-related endo- 

and exocytosis is associated with CHD as well190. Supporting this postulated crucial role 

of cilia in proper cardiogenesis, Li et al. found a high number of cilia-related genes in-
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volved in the onset of CHD in mice performing a global genetic mutagenesis analy-

sis191. 

1.2.4. Regulation of cardiogenesis by autophagy 

However, congenital heart disorders are diverse and thus the question remains of how 

cilia malfunctioning lead to different types of cardiac malformations and why exclusive-

ly particular cardiac cell types are affected, representing a key element of this thesis. 

Interestingly, recent publications suggest a direct interplay of cilia and cell cycle with 

autophagy. This process has been described to play a role in cell type specific progres-

sion of differentiation and is highly regulated in a spatiotemporal manner192. 

 

The process of autophagy 

At the latest when the Nobel Prize in Medicine in 2016 was announced for the scientists 

who discovered the process of “autophagy” (Greek: “self-eating”) and its role in diseas-

es, this hitherto rather understudied process became more popular and many researchers 

started to investigate its role in several processes under healthy and diseased conditions. 

Until today, autophagy could be shown to be involved in several steps of embryonic 

development along with its role in the homeostasis of many adult tissues, but most of its 

functions are most likely not even discovered yet.  

Autophagy displays a conserved process that is required in most cells at basal levels to 

remove damaged proteins and organelles from the cells, thereby assuring their homeo-

stasis. Moreover, it is required for the clearance and recycling of the protein set of a cell 

in response to cellular fate changes or stress. Disturbed autophagy would therefore lead 

to accumulation of unwanted or unused proteins as well as cellular differentiation or 

homeostasis defects193. It can be distinguished into selective and non-selective autopha-

gy as well as micro- and macroautophagy. Microautophagy is understood as direct lyso-

somal enclosure of cytoplasmic cargo, while macroautophagy includes a step in which 

autophagosomes are formed around target molecules and subsequently fuse with lyso-

somes for degradation. Macroautophagy is the main process and in focus of this thesis 

and hereafter referred to as “autophagy“.  

Autophagy is induced by intracellular stress, such as ER stress, by extracellular stress, 

including pathogen infections, hypoxia, and oxidative stress, or by depletion of growth 
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factors causing starvation that is combated through macromolecule retrieval via autoph-

agy194. In mammalian cells, the ER stress response that mediates autophagy induction is 

mainly translated by unfolded protein response (UPR) signalling, including inositol-

requiring enzyme 1 (IRE1), Activating transcription factor 6 (ATF6) and Protein Kinase 

RNA-like ER Kinase (PERK) that activate transcription of target genes and simultane-

ously process the autophagy protein Microtubule-associated protein 1A/1B-light chain 3 

(LC3)195–197. Moreover, increased Ca2+ release upon ER stress results in the activation 

of AMP-activated protein kinase (AMPK) that can also be associated to autophagy in-

duction198. Hypoxia-induced autophagy is mainly mediated by the Hypoxia-inducible 

factor 1 (HIF1) pathway along with the AMPK- mechanistic Target of Rapamycin 

(mTOR) signalling199. The link between oxidative stress in form of ROS formation and 

autophagy stimulation might be activation of the liver kinase B1 (LKB1)-AMPK signal-

ling cascade by Reactive oxygen species (ROS)-activated Poly(ADP-ribose)-

Polymerase 1 (PARP-1)200. The nutrient status is sensed by the two signalling cascades 

TOR and RAS/PKA201,202. In contrast to this stress-induced activation, autophagy up-

regulation after pathogen invasion is mainly mediated by specific toll-like receptors 

(TLRs)203 (Fig. 8).  

 

Figure 8: Autophagy process: Autophagosome formation and the involved signalling path-
ways leading to autophagy induction and progression. Source: Yang, 2015. 
 

Upon autophagy initiation, double-membrane phagophores are formed, eventually out 

of the ER, Golgi apparatus or endosomes204,205 following polymerization of autophagy-
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related (ATG) proteins. In the next step, the maturation of these phagophores to autoph-

agosomes is mediated through the processing of cytosolic LC3-I to LC3-II by conjuga-

tion of phosphatidylethanolamine and subsequent insertion in the phagophoric mem-

brane. Then, either a bulk of random protein or ubiquitinylated target proteins, captured 

by adaptor proteins that are recruited to LC3206,207, such as ATGs208,209 or nucleoporin 

p62 (also known as sequestosome-1 (SQSMT1)), are enclosed in the autophagosome 

(Fig. 8). In the final step, the autophagosome fuses with the lysosome to consequently 

degrade the proteins through lysosomal enzymes210 (Fig. 8).  

Hence, ATG proteins represent the core machinery of autophagy and different sets of 

ATG proteins are involved in every aforementioned step. Besides this protein set, other 

important proteins families are crucial during the autophagic process. These include 

parts of the secretory and endocytic network as well as cytoskeleton components, most-

ly microtubules, which mediate the processes of autophagosome transport, fusion and 

autophagic clearance among others. Transport of autophagosomes as well as the clear-

ance of protein aggregates is mainly regulated by microtubules and their motor protein 

dynein211–213, the main part of the ciliary transport system as mentioned above. Addi-

tionally, autophagosome-lysosome fusion requires small GTPases such as RAB pro-

teins, also involved in the ciliary vesicular transport214. Interestingly, the main autopha-

gy induction pathway, mTOR signalling, could further be activated by fluid flow-

induced ciliary Ca2+ signalling after bending of the primary cilia. This leads to AMPK 

activation by LKB1 that is located at the basal body of the cilium, thereby regulating 

cell size and cellular homeostasis among others215. 

 

Autophagy and its interplay with cilia 

The overlapping components of autophagy and cilia suggest a tight connection of those 

two regulatory units. Indeed, the base of the cilium represents the predominant site for 

autophagosome formation, induced by ciliary SHH signalling216,217 and subsequent re-

cruitment of ATG proteins. In turn, cilia formation is controlled through autophagy by 

processing certain proteins necessary for ciliogenesis218–220. Moreover, ciliogenesis as 

well as autophagy are both induced by nutrient deprivation; environmental changes are 

sensed by cilia and lead to autophagy activation, following cilia length modulation for 

instance. These processes are mainly mediated by SHH and mTOR signalling. The re-

ciprocal interplay between ciliogenesis and autophagy is very complex and not fully 
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understood yet (Fig. 9). A good example for this complicated interaction is illustrated 

by the degradation of the ciliary proteins IFT20 and OFD1 during autophagy, which in 

turn affects cilia length depending on environmental changes. Interestingly, while the 

degradation of IFT20 appears during basal autophagy and favours cilia disassembly, 

OFD1 degradation occurs early during serum starvation and leads to increased cilia as-

sembly, since this protein is a negative regulator of cilia formation. However, later dur-

ing serum starvation, IFT20 is degraded again leading to subsequent disassembly of the 

cilium. This emphasizes the important role of this close interaction of primary cilia and 

autophagy for cellular homeostasis220,221.  

 

Figure 9: Interaction between autophagy and cilia. Influence of ciliary proteins on several 
processes in the cell including autophagy. Source: Pampliega, 2016. 
 

Autophagy and the cell cycle 

Finally, there is accumulating evidence of a correlation between autophagy and cell 

cycle regulation, especially since the cell cycle entry depends strictly on the presence of 

nutrients and mitogens and is strongly affected by stress. Autophagy is mainly active 

during the G1 and S phase of the cell cycle; though, it can be detected during all phases 

to a certain extent, speaking against a cell-cycle dependent induction of autophagy222,223. 

Due to its function in cellular homeostasis, autophagy activity in the interphase of the 
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cell cycle helps to remove unwanted or defective structures after cell division. Moreo-

ver, it prevents the accumulation of midbodies in the cell after division. Pluripotent and 

cancer cells exhibit lower autophagic activity, leading to an accumulation of midbodies 

that, in an unknown way, seem to maintain the undifferentiated state224. However, a 

significant autophagy reduction has been reported in the M phase of the cell cycle de-

pendent on Cyclin-dependent kinase (CDK) 1 activity which is then reactivated in the 

G1 phase, most likely to protect the cells from uncoordinated degradation of fragmented 

cellular components and chromosomes225,226. Cell cycle arrest is correlated with stress-

induced autophagy by CDK1 activity that is able to induce this process via LKB1–

AMPK signalling. Additionally, p53, a tumour suppressor protein that rapidly reacts to 

cellular changes orchestrating appropriate cell cycle responses, has been connected to 

stress-induced autophagy regulation. While activated nuclear p53 stimulates autophagy 

through the activation of AMPK and the inhibition of mTOR, inactive cytosolic p53 

inhibits autophagy227,228. Inhibition of autophagy by mTOR activity can also favour 

complete senescence of cells229, but interestingly, counteracting senescence under 

stress-free conditions by autophagy upregulation might be a trigger for stem cell 

maintenance230,231. 

 

Autophagy in (cardiac) development and disease 

Due to its strong interplay with the ciliary machinery and the cell cycle, it is not surpris-

ing that autophagy is also connected to embryonic development. Gene knockout studies 

of autophagy-related proteins in mice show embryonic lethality232, interestingly again in 

a spatiotemporal manner, since the silencing of different genes lead to lethality at differ-

ent stages of development. This highlights the importance of autophagy during several 

distinct developmental steps, starting already at the 2-cell stage, in supplying the em-

bryo with nutrients and removing maternal proteins233. At neonatal stages, autophagy is 

required under nutrient supply stress before breastfeeding234. Most likely, various dif-

ferent cell types and tissues involve autophagic steps in their individual specification, 

since reasons for embryonic lethality upon autophagy manipulation are mainly anoma-

lies in distinct embryonic tissue formation, apoptotic events and differentiation 

defects235–238. Jang and colleagues recently demonstrated that autophagy controls very 

early embryonic germ layer decisions between neuroectodermal and mesendodermal 

fate. This study shows an intriguing link between autophagy, cilia and cell cycle, postu-



1. Introduction 26 

 

 
26 

 

lating that this fate decision is regulated by the so called “Primary Cilium-Autophagy-

Nrf2” (PAN) axis. Hereby, the authors could show that specification of embryonic stem 

cells towards neuroectoderm is dependent on a prolonged G1 phase leading to increased 

ciliation. This enrichment of ciliated cells results in increased autophagy and expres-

sional changes in contrast to the simultaneously arising mesendoderm that did not show 

these modifications at this stage192.  

So far, most studies indicating a role of autophagy in embryogenesis have focused on 

neuronal development and haematopoiesis. However, by knocking out FAK family ki-

nase-interacting protein of 200 kDa (FIP200) in mice, autophagosome formation is in-

terrupted and embryos die at E13.5-E16.5 exhibiting heart and liver defects. FIP200 is 

an interaction partner of the mammalian ATG1-analogon UNC-51-Like Kinase-1 

(ULK1) that is involved in proliferation, apoptosis and migration among others239. 

Moreover, in zebrafish that constitutively express GFP-LC3 as an autophagy marker, 

autophagy could be detected during embryonic development in several tissues including 

the myocardium. Morpholino knockdown of autophagy genes lead to higher lethality in 

general along with structural heart defects affecting looping, chamber and valve for-

mation as well as altered cardiac gene expression and increased cell death240. Interest-

ingly, FGF signalling could be strongly connected to autophagy in terms of cardiac de-

velopment. Here, autophagy is blocked by FGF receptor activity leading to a differentia-

tion stop in cardiac progenitors, thereby regulating the differentiation velocity241. FGF 

receptor signalling has been shown to be important for proliferation, differentiation and 

migration by inhibiting autophagy in several other cell types as well, resulting in differ-

entiation progression or suppression, respectively. In P19CL6 cells, autophagic activity 

could be detected during differentiation into cardiomyocytes and upon autophagy 

blockage, cardiogenesis is inhibited by activated NOTCH and WNT signalling242. In 

general, for WNT signalling, two different autophagy regulations were discovered. On 

the one hand, WNT inhibitors could activate autophagy by mTOR-dependent mecha-

nisms but on the other hand, WNT signalling was reduced by autophagy postulating a 

feedback mechanism243. 

Additional pathways essential for proper embryogenesis such as SHH and TGFß signal-

ling are regulated by autophagy as well, while here the connection to cardiogenesis is 

still under investigation. The function of the SHH pathway in autophagy regulation 

seems to be cell-type depended. For instance, SHH signalling inhibits autophagosome 
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formation under specific conditions in neuronal stem cells, while it activates autophagy 

in hippocampal neurons, illustrating different functions of SHH during neuronal devel-

opment244. TGFß signalling induces autophagy in many carcinoma cell lines and leads 

to an upregulation of autophagy genes, thereby mediating cell cycle arrest and growth 

inhibition245,246. These controversial findings again suggest a feedback loop and spatio-

temporal regulation within specific developmental stages241,247. 

1.3. Congenital heart disease modelling 

To understand the cause of cardiac malformations as well as the impact of single gene 

variants, suitable in vivo and in vitro systems are required to study the role of the be-

forehand described pathways and mechanisms in the disease pathology.  

1.3.1. In vivo cardiac disease modelling 

The generation and analysis of various animal models have revealed crucial steps and 

signalling pathways during cardiogenesis, which can now help to identify affected cel-

lular signalling components and structures in CHD. Additionally, potentially causative 

genes discovered through genetic studies of large cohorts of patients born with cardiac 

malformations can be verified by generating knockout models. Due to a high conserva-

tion of cardiac organization, cardiovascular development as well as physiological fea-

tures of the heart between mice and humans, these animals represent a suitable model 

system for investigating CHD. 

Nowadays, several knockout mouse models exhibiting a CHD phenotype have been 

established, including tissue- and time-specific knockouts. With advanced technologies 

such as Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR/Cas) ge-

nome editing, even specific mutations can be introduced to the genome to evaluate the 

impact of specific variants in cardiovascular malformations. Cardiac malformations 

caused by monogenic variants, mostly as part of syndromic cases, have been modelled 

by complete as well as tissue-specific knockouts. An example is the DiGeorge syn-

drome, where a complete knockout mouse of a discovered candidate gene, TBX1, was 

generated. The phenotype of Tbx1 null mice shows a defective aortic arch and a persis-

tent truncus arteriosus (PTA), resembling the phenotype described in patients 248–250. 
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Tissues-specific knockout of Tbx1 revealed the requirement of TBX1 in SHF cells for 

the formation of the pharyngeal arch and the OFT251. Other syndromes exhibiting con-

genital heart defects and being modelled in mice include Noonan syndrome and Marfan 

syndrome. The Noonan syndrome displays several cardiac malformations, with genetic 

variants in the protein tyrosine phosphatase noinreceptor type 11 (PTNP11) gene en-

coding Src homology-2 domain containing protein (SHP2) being the most prevalent 

cause. Expression studies of the mutant protein in mice could recapitulate the clinical 

phenotype, exhibiting valve and septal defects252. Marfan syndrome, however, is charac-

terized by a haploinsufficiency of the Fibrillin-1 (FBN1) gene, leading to altered TGFß 

signalling and disorganized microfibrillar structures253–255. Knocking out this gene in 

mice results in a similar phenotype, though with different severities that could be res-

cued by overexpression of the wildtype allele256 as well as by the administration of a 

angiotensin II receptor blocker. The drug is now tested in clinical studies as a potential 

treatment for Marfan syndrome257,258, highlighting the importance of mice models for 

identification of new drug targets. Further possibilities for investigating cardiac congen-

ital malformations are conditional mutagenesis in mice or ablation of specific cardiac 

precursor populations that also lead to heart defects, such as SHF-mediated heart tube 

abnormalities or cardiac septation defects resembling Tetralogy of Fallot (TOF) or 

DORV104.  

Researchers also tried to model complex congenital cardiac diseases such as HLHS by 

generating knockout mice or manipulating mechanisms thought to be influential for the 

onset of the disease. Although some of the structural anomalies of the disease could be 

recapitulated, the complete clinical picture of HLHS could not be displayed in these 

model systems yet. Interruption of the blood flow in mice embryos, aimed at mimicking 

the “flow theory”, only led to a defective formation of the branchial arch259. Genetic 

approaches of knocking out NOTCH1 to imitate complex congenital heart defects also 

led to an incomplete picture in which the mice show a ventricular septal defect, abnor-

malities in the patterning of the aortic arch as well as pulmonary artery stenosis, howev-

er solely in specific genetic backgrounds260. This speaks for a genetic component in the 

“flow theory”. Hereby, specific mutations directly or indirectly lead to decreased blood 

flow in the developing left ventricle causing malformations261,262.  
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1.3.2. In vitro cardiac disease modelling using hiPSCs 

Nevertheless, to model complex CHD, in which more than one gene is involved, other 

systems might be more useful or new techniques are required, which enable efficient 

mutation introductions in several candidate genes in parallel. Another restriction of the 

usage of animal models to recapitulate cardiogenesis and congenital heart defects is that 

specific steps in heart development differ fundamentally between species263 plus very 

early steps of cardiac progenitor formation and specification are difficult to study in 

living animals. The access to human cardiac material is very limited and it is nearly im-

possible to examine human cardiac development in vivo. An alternative is represented 

by human embryonic stem cells, differentiated in vitro towards cardiomyocytes. How-

ever, major hurdles such as limited access and strict ethical restrictions have hampered a 

widespread use of hESCs. A decade ago, researchers managed to reprogram terminally 

differentiated human tissue-specific cells back to pluripotent stem cell like cells264,265. 

These so called “human induced pluripotent stem cells (hiPSCs)” raised a completely 

new alternative to hESCs, hiPSCs can be differentiated towards myocytes via cardiac 

progenitors and cardiogenesis and heart defects can be studied in vitro. Moreover, pa-

tient-specific hiPSCs possess the whole genetic background of the patient, thus being 

more suitable for modelling complex diseases. 

 

1.3.2.1. Reprogramming of somatic cells to hiPSCs and cardiac 

differentiation 

The successful generation of hiPSCs by the research group led by Yamanaka in 2007 

marked a milestone in the field of regenerative medicine and completely changed the 

way to look at the development of human disease. In his pioneering work, Yamanaka 

was able to reprogram mouse somatic cells towards pluripotent stem cell-like cells by 

overexpressing four transcription factors important for the maintenance of a pluripotent 

state, namely Octamer-binding transcription factor 4 (OCT4), Sex determining region Y 

box 2 (SOX2), Kruppel-like factor 4 (KLF4) and myelocytomatosis viral oncogene 

homolog (c-MYC). The obtained iPSCs shared similar characteristics with ESCs re-

garding self-renewal capacity, pluripotency and the ability to form all three germ layers 

both in vivo by teratoma formation after transplantation in immune deficient mice as 

well as in vitro by spontaneous embryonic body (EB) formation266. Shortly afterwards, 

Yamanaka and others succeeded to reprogram human adult fibroblasts, creating a highly 
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valuable new option to approach human disease modelling264,265. To date, a wide spec-

trum of somatic cells could be reprogrammed with this technology including keratino-

cytes267, astrocytes268 peripheral blood mononuclear cells (PBMCs)269,270 or T-

lymphocytes271 among others.  

 

 

Figure 10: Application fields for hiPSCs. Research application of hiPSCs in disease model-
ling as well as in clinical interventions concerning cell therapy including gene replacement 
strategies. Source: Wang, 2014. 
 

Initially, retroviruses carrying the reprogramming factors were used, causing irreversi-

ble integrations of the sequences into the targeted genome. In terms of future clinical 

applications in cell therapy, random genomic integrations are unfavourable, since they 

might cause altered gene expression of important genes or activation of pro-oncogenes. 

Therefore, latest approaches aimed to achieve non-integrative delivery of the factors 

using adenoviruses272 or Ribonucleic acid (RNA) viruses such as Sendai virus273 that 

can replicate in the host cell without entering the nucleus. Moreover, other delivery 

methods including non-viral vectors274 or direct delivery of proteins275, mRNA276,277, 

microRNA (miRNA)278,279 or the addition of small molecules280,281 by transfection have 

been successfully applied. These cells can be subsequently used for disease modelling, 

tissue replacement therapies as well as toxicology and drug screening (Fig. 10). 

For the purpose of disease modelling, material from patients with different disorders can 

be reprogrammed gaining patient-specific hiPSCs, which provide the opportunity to 

study the role of specific mutations in the onset of disorders as well as testing specific 
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drugs on patient-specific tissues such as cardiomyocytes. Another therapeutic approach, 

as a consequence of the identification of causative mutations, would be genetic correc-

tion of this mutation and subsequent application of the corrected cells back to the pa-

tient to combat the disease282.  

In the recent years, numerous protocols have been published to differentiate hiPSCs 

towards many types of tissues including cardiomyocytes and neural cells. This possibil-

ity opened an entirely new chapter not only in investigating developmental disorders, 

but also in the field of personalized medicine. 

1.3.2.2. Cardiac differentiation protocols 

Until now, multiple disorders have been studied using patient specific hiPSCs carrying 

disease-causing mutations, including many cardiac disorders283. Several protocols have 

been successfully published to efficiently generate cardiovascular progenitors, cardio-

myocytes as well as more specific cardiac subtypes including atrial284 nodal285 and epi-

cardial cells286. One common technique to generate cardiomyocytes is spontaneous dif-

ferentiation of hiPSCs resulting in the formation of EBs, adapted from protocols devel-

oped for hESCs. Hereby, cells are cultured in suspension and under high serum condi-

tions (20%), but the efficiency of cardiomyocyte formation is very low with maximum 

10%287. Further adaptations of the original protocol in order to reach a higher efficiency 

include the supply of additional growth factors such as BMP4, basic FGF (bFGF), AC-

TIVIN A, VEGF, dickkopf-related protein 1 (DKK1), stem cell factor (SCF) or WNT3a 

by applying different types of media like StemPro®-34 or STEMdiff™ APEL™ medi-

um to the cells for enhanced proliferation of cardiac progenitors288–294 or insulin growth 

factors (IGF) for enhanced cardiomyocyte proliferation 295. Moreover, controlling the 

size of the EBs leads to an increased efficiency. This can be reached by the so called 

spin EB method, where the cells are centrifuged to control the aggregate size, adapted 

from hESC differentiation296. Culturing of hiPSCs on microwells with a defined size297 

as well as micropatterned matrices298 helps also to regulate the size of the forming EBs. 

Another possibility is co-culture with mouse-endodermal-like cells (END-2), in serum-

deprived and ascorbic acid supplemented medium, developed in hESC culture299,300, or 

END-2 conditioned medium301.  

However nowadays, most established cardiac differentiation protocols are directed, sig-

nified by the defined addition of small molecules or factors, and hiPSCs are often cul-

tured in monolayers on matrices such as Matrigel®. Those supplemented factors, includ-



1. Introduction 32 

 

 
32 

 

ing ACTIVIN A, BMP4, WNT3a and bFGF, could improve the differentiation efficien-

cy up to 30%302,303. Additionally, cells can also be cultured with the matrix sandwich 

differentiation method where a monolayer of hiPSCs plated on Matrigel®  is subsequent-

ly covered by the same matrix304. An improvement of the efficiency was yielded by 

small molecule activation and the sequential manipulation of the canonical WNT path-

way305. Hereby, WNT signalling is initially activated by CHIR99021, a GSK3ß inhibi-

tor, to induce mesoderm formation, followed by WNT inhibition by IWR1 or related 

substances to direct the differentiation towards the myocytic linage305–307. A drawback 

of this method, manipulating important developmental signalling pathways for the gen-

eration of functional myocytes, might be that these factors could interfere with studying 

the disease. 

Since these efficient cardiac differentiation protocols show increased cell death due to 

strong selection in the initial phases in favour to achieve highly pure cardiomyocyte 

populations, early cardiac progenitor stages are nearly impossible to analyse. Therefore, 

researchers have developed more defined protocols to specifically generate cardiovascu-

lar precursors. A promising protocol published is developed by Cao et al., with which 

they achieved homogeneous populations exhibiting cardiac progenitor characteristics by 

applying BMP4, ascorbic acid and CHIR99021 to hiPSCs308. More recently, Birket et 

al. developed a protocol that generates cardiovascular progenitors from hiPSCs by the 

addition of the IGF-1 and SMO agonist (SAG)309. 

1.3.2.3. Cardiac disease modelling using patient-specific hiPSCs 

Applying those protocols on beforehand generated patient-specific hiPSCs, research 

groups could investigate molecular mechanisms of cardiac diseases. In the beginning, 

research has been primarily focused on monogenic diseases with clearly distinguished 

phenotypes. Monogenic disorders of two classes of cardiac diseases, namely arrhythmi-

as and cardiomyopathies, have been successfully modelled using patient-specific hiP-

SCs, whereby arrhythmias represent diseases that are tendentially more easily to display 

in the iPSC system since they illustrate channelopathies with clear electrophysiological 

readouts. 

 

Monogenic cardiac disorders: Arrhythmias 

The first monogenic cardiac disease modelled with patient-specific hiPSCs was the 

Long-QT syndrome (LQTS)310. The LQTS exhibits prolongation or delay of the QT 
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interval on an electrocardiogram (ECG) illustrating the repolarization of the ventricles 

and often results in polymorphic ventricular tachycardia, syncope and sudden cardiac 

death at an early age. Genetic analysis of numerous patients revealed more than 500 

mutations in 13 genes being causative for the disease. Those genes encode cardiac ion 

channels with the most prevalent mutations in potassium channels. There are three main 

types of LQTS described, LQT1 with mutations in the Potassium voltage-gated channel 

(KCN) Q1 gene, LQT2 with variants in the KCNH2 gene, and LQT3 carrying mutations 

in the sodium voltage-gated channel alpha subunit 5 (SCN5A) gene311–313.  

The first LQT iPSC-based model was generated for LQT1: patient-specific hiPSCs of 

two patients carrying a dominant missense mutation in KCNQ1 were differentiated into 

cardiomyocytes and  characteristic phenotypes, such as prolonged action potential dura-

tion and an impaired function of KCNQ1 channels, along with increased arrhythmic 

response to catecholamine, could be detected314. Shortly after, LQT2 was modelled with 

similar success. LQT2 hiPSC-derived cardiomyocytes exhibit prolonged QT intervals, 

as measured by classical patch clamp methods or extracellular field potential measure-

ments315–320. In this disease model, a rescue of the LQT2 phenotype could also be 

reached by genetic correction of the KCNH2 mutation. Thus, for the first time, a single 

mutation could be successfully assigned to the disease in a human disease model319. 

LQT3 syndrome is characterized by a gain of function mutation in a sodium channel 

encoding gene resulting in increased sodium flux in the depolarisation phase and conse-

quently in prolonged action potential duration (APD)321,322. Comparing the electrophys-

iological properties of the LQT3 hiPSC-derived cardiomyocytes those of healthy related 

controls, increased sodium channel activity and prolonged APDs could be measured in 

diseased cardiomyocytes. Moreover, the effect of pharmacological substances modulat-

ing specific ion channel functions was evaluated on the individual patient myocytes, 

indicating the potential of patient-specific hiPSCs as a new tool for patient-specific drug 

screening321,323. 

Another arrhythmia that was modelled in the hiPSC system is catecholaminergic poly-

morphic ventricular tachycardia (CPVT), a disease that leads to the development of 

stress-induced ventricular tachyarrhythmia and syncope, which can result in sudden 

cardiac death in young patients. Two types of CPVTs have been described; CPVT1, 

which is autosomal dominant inherited and characterized by causative mutations in the 

cardiac ryanodine receptor 2 (RYR2) gene, a calcium channel on the sarcoplasmic re-
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ticulum (SR)324; and CPVT2, which is autosomal recessive and linked to mutations in 

calsequestrin 2 (CASQ2), a calcium binding protein inside the SR325,326. Hence, altera-

tions in calcium are the molecular cause of this severe phenotype. CPVT1 patient iPSC-

derived cardiomyocytes showed abnormal calcium signalling. Moreover, induction of 

stress by stimulating adrenergic receptors lead to arrhythmias and altered impulse for-

mations, whereby either early afterdepolarizations (EADs) or late afterdepolarizations 

(DADs) were detected in respect to the individual genetic background of the patients. 

Interestingly, electron microscopic analysis of patient iPSC-derived cardiomyocytes 

revealed ultrastructural differences of the SR along with an immature phenotype327. The 

calcium flux irregularities could be restored by treatment with substances that prevent 

the release of calcium from the SR328 or by antiarrhythmic medications329,330.  

 

Monogenic cardiac disorders: Cardiomyopathies 

The second group of monogenic cardiac diseases that was studied using patient-specific 

hiPSCs are cardiomyopathies, representing a more complex class to display in the iPSC 

system compared to channelopathies, since the phenotypic readout is more difficult to 

obtain.  

Familial hypertrophic cardiomyopathy (HCM), characterized by highly hypertrophic 

left myocardium that increases the risk of cardiac complications such as arrhythmias 

and heart failure with increasing age, is one example of a classical cardiomyopathy331. 

Mutations in 11 genes that encode proteins of the cardiac sarcomere have already been 

described to be causative in this disease. Tissue samples of patients suffering from this 

disorder have been reprogrammed to investigate the role of MYH7 variants in the onset 

of the disease. Myocytes generated from MYH7-mutated hiPSCs showed typical hyper-

trophic features, including cellular expansion and multinucleation as well as molecular 

phenotypes such as altered calcium signalling and defects in nuclear factor of activated 

T-cells (NFAT) translocation, Atrial natriuretic peptide (ANF) expression, calcineurin 

activation and dysregulated ß- to α-myosin ratio332. But until now, a link between mo-

lecular defects and the phenotypic manifestation is not completely uncovered.  

A more complex cardiomyopathy that was in focus of hiPSC disease modelling in the 

recent years is dilated cardiomyopathy (DCM). The genetic contribution to this disease 

is 30-35% and genes affected encode cardiac structural proteins including Lamin A/C 

(LMNA), Desmin (DES), cardiac Troponin (cTNT) and Titin (TTN). Patient-specific 
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hiPSCs carrying mutations in these genes have been generated333–337, which exhibit sev-

eral molecular and structural defects resembling the disease phenotype. Due to the high 

number of causing genes with different functions, a complete picture of the disease 

could not be created yet. An advanced approach to cure DCM by performing antisense-

mediated skipping of the TTN diseased exon on iPSC-derived myocytes was also 

tested336. 

Finally, arrhythmogenic right ventricular cardiomyopathy (ARVC), an arrhythmic dis-

order characterized by fibrofatty replacement of cardiomyocytes, has been also studied 

using patient-specific hiPSCs. This autosomal dominant disorder is predominantly 

caused by mutations the plakophilin-2 (PKP2) gene, encoding a structural part of the 

cardiac desmosome. In patient iPSC-derived myocytes, reduced expression of PKP2 

and its interaction partner plakoglobin could be observed, in conjunction with impaired 

nuclear translocation of plakoglobin and reduced WNT signalling. Moreover, the struc-

ture of the myocytes appears to be less organized, desmosomes show an abnormal shape 

and fat droplets were accumulated338,339. Peroxisome proliferator-activated receptor-ɣ 

(PPAR-ɣ) activity seems to be involved in the onset of the disease and PPAR-ɣ inhibi-

tors could prevent the reinforced lipogenesis340. However, so far no research group has 

been able to uncover the molecular mechanisms leading to the clinical phenotype, em-

phasizing the difficulties of modelling more complex diseases. 

 

Complex cardiac disorders 

Even more challenging is the modelling of complex multigenic diseases including 

CHDs. The phenotypic readouts are diverse and blurred. Moreover, due to complex 

interplays between several possible disease-causing genetic variants carried by the pa-

tient as well as additional risk factors influencing the outcome of the disease, it is diffi-

cult to discover targets for future therapies.  

Few research groups tried to understand the origin of complex CHDs such as TOF and 

HLHS by generating patient-specific hiPSCs. First approaches to model HLHS revealed 

mainly transcriptional differences of cardiomyocytes when compared to unrelated 

healthy controls. Especially, expression of crucial developmental genes such as 

NOTCH1 pathway components341–344, as well as early cardiac markers including 

MESP1, NKX2.5, TBX2, HAND1/2 and GATA4 was dysregulated or delayed. Interest-

ingly, Bohlmeyer et al. could show persisting expression of embryonic genes, such as 
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atrial myosin light chain 2 (MLC2a),  indicative of a premature state of HLHS cardio-

myocytes342,345. Another finding that is consistent among those studies was an impaired 

formation of cardiomyocytes and decreased expression of specific cardiac marker genes 

such as cTNT, while other cardiac marker genes were significantly upregulated together 

with rather disorganized myofilaments and shifted contributions to the emerging atrial 

and ventricular linages341,342. Tomita-Mitchell et al. observed an increased 

MYH7/MYH6 ratio along with an abnormal expression of contractility genes346. In 

mice there is a change of MYH expression from MYH7 to MYH6 during cardiogenesis, 

thus, this results could illustrate an interrupted maturation of HLHS myocytes347. In 

contrast, Jiang et al. discovered an upregulation of MYH6 levels and a decreased ex-

pression of MYH7 in diseased HLHS hiPSC-derived myocytes and interpreted this re-

sult as predominant atria vs ventricular formation342. Hrstka et al. succeeded to rescue 

the reduced myocyte formation in counteracting the dysregulated NOTCH1 expression 

with nitric oxide (NO), known to be required for efficient NOTCH signalling, thus sug-

gesting a pathway that could be targeted in HLHS therapy. Their work strengthened the 

role of NOTCH signalling in the onset of HLHS and claim that this pathway is im-

portant in fate decisions during cardiogenesis344. Another possibly affected mechanism 

described is intracellular calcium release that seems to take place not only through the 

RYR receptor but also through alternative routes such as inositol trisphosphate (IP3) 

receptors342. 

All the transcriptional abnormalities described so far in HLHS hiPSC-models give a 

good first insight on the disease mechanism but do not unequivocally explain the dra-

matic misguided development seen in the heart of HLHS patients. An extended analysis 

of crucial developmental processes such as ciliogenesis and autophagy in early cardi-

ogenesis in response or leading to those transcriptional differences might help enor-

mously to explain the onset of this disorder. Moreover, these altered mechanisms might 

reflect the convergence of different mutations and environmental risk factors in this 

single superordinate resulting defect. The main focus of this PhD thesis was to use pa-

tient-specific hiPSCs to decipher the molecular and cellular principle underlying HLHS 

development.  
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2. Methods 

2.1. Reprogramming of human fibroblasts to hiPSCs 

Primary skin fibroblasts (PSF) of two unrelated patients born with hypoplastic left heart 

syndrome were reprogrammed into patient-specific hiPSCs. For this, the cells were in-

fected with Sendai viruses (SeV) containing vectors that encode the transcription factors 

OCT4, SOX2, KLF4 and c-Myc (CytoTune™ iPS Sendai Reprogramming Kit, Thermo 

Fisher Scientific). For infection, an MOI of 3 of each CytoTune™ SeV was used. The 

medium containing SeV was replaced after 24 hours and the infected cells were subse-

quently cultured in fibroblast medium consisting of DMEM/F-12 (Invitrogen), 10% 

FBS (Invitrogen), 2 mM L-glutamine (Invitrogen), 100 µM MEM non-essential amino 

acids (NEAA) (Invitrogen) and 50 U/ml penicillin and 50 µg/ml streptomycin (Invitro-

gen) for 4 days before transferring them onto irradiated mouse embryonic fibroblasts 

after trypsinization. On this feeder layer, the cells were cultured in hESC medium 

(DMEM/F-12 supplemented with 20% knockout serum replacement (KSR, Invitrogen), 

2 mM L-glutamine, 0.1 mM MEM NEAA, 0.1 mM β-mercaptoethanol, 50 U/ml peni-

cillin, 50 µg/ml streptomycin and 10 ng/ml human b-FGF (R&D)) until colonies with 

typical morphological features of hiPSCs came up. These colonies were picked mechan-

ically by cutting them into smaller pieces and further cultured on Geltrex™ reduced 

growth factor Basement Membrane Matrix-coated cell culture dishes (Invitrogen) in 

Essential 8™ medium (E8) (Life Technologies). Karyotyping of iPSCs was performed 

at the Institute of Human Genetics of the Technical University of Munich. To confirm 

the presence of the de novo mutations 50 ng genomic DNA was isolated using the Ge-

nomic DNA Purification Kit (Gentra Systems) and Sanger sequenced. 

To confirm the loss of SeV transgenes, we performed a RT-PCR for the transcripts of 

the transduced transgenes. Subsequently, quantitative real-time PCR (qRT-PCR) and 

immunostaining of pluripotency genes was carried out to assess the pluripotency state 

of the reprogrammed cells compared to RNA isolated from the original PSFs. To test 

the differentiation capacity as another indicator of pluripotency, cells were spontaneous-

ly differentiated into embryonic bodies and expression of markers of all three germ lay-

ers was analysed at day 21 of differentiation by qRT-PCR. Detailed methods are de-

scribed in the corresponding chapters. 
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2.2. Cell culture 

2.2.1. hiPSC cell culture 

hiPSCs were cultured on Geltrex™ reduced growth factor Basement Membrane Matrix-

coated cell culture dishes (Invitrogen) in Essential 8™ medium (E8) (Life Technolo-

gies), supplemented with 50 U/ml penicillin and 50 µg/ml streptomycin, either as single 

cells or colonies. Medium was changed daily in both culture conditions. Single cells 

were splitted every 3-4 days in respect to their confluency, according to the following 

steps: cells were washed twice with PBS-/- (Invitrogen) and incubated with 1mL EDTA 

single cell splitting solution (500 mL PBS-/-, 0.9 g NaCl (Sigma-Aldrich), 500 µL 0.5M 

EDTA (Invitrogen)) for eight minutes at room temperature, and collected with 4 mL E8 

prior centrifugation at 296xg for five minutes. Subsequently, cells were resuspended in 

E8 medium supplemented with 10 µM thiazovivin (Sigma-Aldrich) for improving cell 

survival and plated at the desired density. Colonies were splitted every 5-7 days accord-

ing to size and differentiation state. Differentiated areas were scratched away manually 

under a light microscope (5x magnification), the cells were washed twice with PBS-/-  

and 1x Dispase was added to the cells for five minutes at 37°C. The plate was washed 

twice with DMEM/-F12, detached colonies were scraped from the plate using a 13 mm 

cell scraper (TTP) and mechanically broken into the appropriate size, passed through a 

40 µM cell strainer (Corning) and afterwards plated on Geltrex™-coated plates in E8 

containing 10 µM thiazovivin. Medium was changed 24 hours after splitting in order to 

remove thiazovivin. 

To freeze single cell hiPSCs, the cells were washed twice with PBS-/- and incubated 

with EDTA solution for eight minutes at room temperature. Afterwards, cells were col-

lected in 4 mL E8 and centrifuged at 296x g for five minutes. The supernatant was dis-

carded and cells were resuspended in hiPSC single cell freezing medium (45% 

DMEM/F-12 (Invitrogen), 5% DMSO (Invitrogen), 10% Ethylene Glycol (Sigma-

Aldrich), 50% FBS (Sigma-Aldrich)). Cells were stored in cryotubes at -80°C in freez-

ing containers containing isopropanol for 24 hours and subsequently transferred to liq-

uid nitrogen for long term storage. 

For freezing of hiPSC colonies, the plates were washed twice with PBS-/- and incubated 

with 1x Dispase for five minutes at 37°C. Afterwards, the cells were washed twice with 

DMEM/F-12, scraped off the surface with a 13 mm cell scraper and collected by cen-
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trifugation at 296x g for five minutes. After centrifugation, the supernatant was discard-

ed, cells were resuspended in 1x mFreSR (Stemcell Technologies) and transferred to 

cryotubes. The cryotubes were stored for 24 hours in freezing containers at -80°C be-

fore transferring them to liquid nitrogen.  

2.2.2. Directed differentiation of hiPSCs into cardiovascular 

progenitors (CVPCs) 

For directed cardiovascular progenitor differentiation of patient and control hiPSCs, 

cells were washed twice with PBS-/- and collected using Accutase® (Thermo Fisher). 

Subsequently, cells were plated on the desired culture dishes or chamber slides respec-

tively coated with Geltrex™. Cells were kept in CVPC-induction medium (CIM), con-

taining DMEM/-F12, 1x B27 supplement (without vitamin A), 2 mM L-glutamine, 100 

U/ml penicillin, 100 µg/ml streptomycin and 400 µM 1-thioglycerol (Sigma-Aldrich) 

supplemented with 50 µg/mL ascorbic acid (Sigma), 25 ng/mL recombinant human 

BMP4 (R&D) and 5 µM CHIR99021 (Axon) together with 24 hours supplementation 

with 10 µM ROCK inhibitor Y27632 (Merck Millipore) to improve cell survival. These 

culture conditions were maintained for three days according to the protocol of Cao et 

al.
308. For cilia structure and pathway analysis, cells were seeded in a density of 

8.75x104 cells/cm2 to achieve 100% confluency after one day and thus obtaining a high 

number of cells in G0 phase of the cell cycle where cilia are formed. All other experi-

ments were performed on cells seeded with a density of 5x104 cells/cm2. For prolifera-

tion analysis, 10 µM of the thymidine analogue 5-ethynyl-2‘deoxyuridine (EdU) was 

added for 2 hours before further processing. Autophagy induction was carried out by the 

addition of 10 µg/mL brefeldin A for six hours, for autophagy inhibition 100 µM or 200 

µM chloroquine (CQ) was incubated for 12 hours. Proteins were collected upon stimu-

lation for protein expression analysis. 

2.2.3. Directed differentiation of hiPSCs into cardiomyocytes 

Cardiomyocytes were generated from hiPSCs by applying a modified version of the 

protocol published by Burridge et al. in 2014. For this, hiPSCs were plated as colonies 

on a 12-well plate and cultured in E8 medium. After reaching 80-100% confluency, 

cardiomyocyte differentiation medium 1 (CDM1) containing RPMI 1640, 1x B27 
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(without insulin) supplemented with 6 µM CHIR99021 was applied. Two days after 

induction, medium was changed to CDM1 supplemented with 5 µM IWR1 (Calbio-

chem). At day four of cardiomyocyte differentiation medium was changed to CDM1 

without factors and cells were maintained under these conditions with a medium change 

performed every second day. First beating foci were detected at around day 7 after in-

duction of differentiation.  

2.2.4. Spontaneous differentiation of hiPSCs into EBs 

To rule out an influence of those small molecules on marker gene expression and myo-

cyte formation, undirected spontaneous cardiac differentiation was performed. Hereby, 

hiPSC colonies were rinsed twice with PBS-/- before incubating them with 1x Dispase 

for five minutes at 37°C. After incubation, the cells were collected in a 15 mL tube and 

centrifuged for collection. Subsequently, the supernatant was removed and cells were 

carefully resuspended in hiPSC mouse embryonic feeder cell (MEF) conditioned medi-

um (DMEM/F-12 (Invitrogen), 20% KSR, 2 mM L-glutamine, 100 µM MEM NEAA, 

50 U/ml penicillin, 50 µg/ml streptomycin, 0.1 mM ß-mercaptoethanol) supplemented 

with 10 µM ROCK inhibitor Y27632 and 10 ng/mL b-FGF (Invitrogen) to plate them 

on non-adherent polyhema-coated cell culture dishes to induce EB formation. After 

three days, medium was changed to EB20 medium (DMEM/F-12, 20% FBS, 2 mM L-

glutamine, 0.1 mM MEM NEAA, 50 U/ml penicillin and 50 µg/ml streptomycin), sup-

plemented with 50 µg/mL freshly added ascorbic acid. Hereby, floating EBs were pel-

leted by sedimentation in a 15 mL tube and, after subsequent careful aspiration of the 

medium, resuspended in EB20 medium. In the same way, a medium change was carried 

out five days after induction. After seven days, the floating EBs were collected in a 15 

mL tube, resuspended in fresh EB20 medium and plated on adherent gelatine-coated 4-

well cell culture plates (Thermo scientific) at 20-30 EBs per well. Medium was changed 

every second day to fresh EB20 medium containing 50 µg/mL ascorbic acid and first 

beating foci were observed at around day 10 after induction.  

2.2.5. mESC cell culture 

Isl1-Cre-RosaYFP mESCs were cultured on irradiated mouse embryonic fibroblasts -

coated culture dishes in mESC medium consisting of DMEM, 15% FBS, 2mM L-
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glutamine, 0.1 mM MEM-NEAA, 1mM sodium pyruvate, 50 U/ml penicillin, 50µg/ml 

streptomycin and 0.1 mM ß-mercaptoethanol, supplemented with 10ng/mL Leukemia 

Inhibitory Factor Protein (LIF) (Merck Millipore). For passaging, cells were washed 

twice with PBS-/- and incubated with 0.05 M trypsin for five minutes at 37°C. Subse-

quently, trypsin was inactivated with ESC medium and the cells were mechanically 

broken into single cells and collected by centrifugation at 296xg for five minutes, fol-

lowed by resuspension in mESC medium and replating on irradiated mouse embryonic 

fibroblasts-coated culture dishes in the desired ratio. 

2.2.6. Spontaneous differentiation of mESCs into EBs 

Cardiomyocyte formation was induced by spontaneous embryonic body (EB) for-

mation. For this, the mESCs were collected with 0.05 M trypsin and 66.6x105 cells were 

added to a polyhema-coated cell culture dish in mESC medium without LIF. For cardi-

ovascular progenitor analysis, five days old EBs were harvested and washed with PBS-/-

, following treatment with 0.05 M trypsin and separation of the EBs into single cells by 

pipetting. The cells were spun down at 296x g for five minutes resuspended in 1% FBS 

in PBS-/- and filtered for cell sorting. 

2.3. Cloning 

2.3.1. Human DENND5B expression vector 

For the generation of an expression vector of DENN Domain Containing 5B 

(DENND5B), pcDNA3.1(+) was used as a backbone (Thermo Fisher) which enables 

high level expression of target sequences in mammalian cells. The plasmid contains a 

human cytomegalovirus immediate-early (CMV) promoter, large multiple cloning sites 

(MCS) and a neomycin resistance cassette.  

PCR on cDNA of control human EBs was performed with primers flanking the human 

DENND5B coding region (primer sequences listed under 2.9) and the PCR product of a 

size of 3825 bp was purified using the QIAquick Gel Extraction Kit for DNA extraction 

from agarose gels (Qiagen). Subsequently, the sequence was subcloned into the pCR-

Blunt-II-TOPO vector (Thermo Fisher). Then, the plasmid was transformed into TOP10 
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competent cells of the Zero Blunt® PCR Cloning Kit (Thermo Fisher). Transformed 

cells were plated on LB agar with 25 µg/mL kanamycin for antibiotic selection and in-

cubated overnight at 37°C. Next day, colonies were picked and cultured for 8 hours at 

37°C at 250 rpm. Finally, plasmids were isolated and amplified using the QIAprep Spin 

Miniprep Kit (Qiagen). Control digests were carried out using the restriction enzymes 

XhoI and AgeI to select the plasmids harbouring the fragment and sequenced with spe-

cific primers (found under 3.9) to verify the correct sequence. Sanger sequencing of the 

fragment was performed by Eurofins MWG Operon. 

In a second step, pCR-Blunt-II-TOPO-hDENND5B plasmid was digested with the re-

striction enzymes KpnI and XhoI and the hDENND5B fragment was purified using the 

QIAquick Gel Extraction Kit. At the same time, the pcDNA3.1(+) vector was digested 

with KpnI and XhoI and dephosphorylated. The resulting product was purified with the 

QIAquick Gel Extraction Kit and both fragments ligated using the T4 DNA ligase at 

16°C overnight (Fig. 11). The ligation product was transformed in TOP10 competent 

cells and the transformed cells were seeded on LB agar plates containing 100 µg/mL 

ampicillin. Subsequently, colonies were picked following culture of those colonies for 8 

hours at 37°C at 250 rpm before plasmid isolation and amplification using the Miniprep 

Kit from Qiagen. Finally, a control digest with the enzymes KpnI and XhoI was con-

ducted. 

 

Figure 11: Restriction map of pcDNA3.1(+)-hDENND5B. 
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2.3.2. PiggyBac™ NKX2.5 Enhancer 

The PiggyBac™ transposon-transposase system is a genome editing tool that efficiently 

inserts multiple copies of a target sequence into the DNA of cells of interest. Hereby, 

the transposase, encoded on a co-transfected plasmid, recognises specific inverted ter-

minal repeat sequences (ITRs) flanking the target sequence that was beforehand cloned 

into the transposon vector. It excises the target fragment and integrates it into TTAA 

sites in the genome of the target cell348. 

The backbone used for the generation of the PiggyBac™ NKX2.5 Enhancer construct 

was the transposon vector PB007 (Transposagen) that consists of a large MCS, flanked 

by insulators to protect the insert from gene silencing and genomic position effects. The 

NKX2.5-Enhancer sequence was cloned from human genomic DNA into pCR2.1-

TOPO by our collaborator group AG Krane at the German Heart Centre Munich (Fig. 

12).  

 

    

Figure 12: NKX2.5-Enhancer construct. HR2: homology region 2, BP: base promotor, PGK 
neo: neomycin resistance cassette. 
 

The enhancer construct was digested with EcoRI and Scal and the resulting 4.9 kb prod-

uct was purified using the QIAquick Gel Extraction Kit. After blunting the ends of the 

product with T4 DNA polymerase (New England Biolabs), the construct was purified 

with the QIAquick PCR Purification Kit before it was ligated into the PiggyBac™ 

backbone PB007 using the T4 DNA ligase at 16°C overnight (Fig.13). The plasmid 

PB007 was beforehand digested with ApaI and dephosphorylated. Subsequently, the 

construct was transformed in TOP10 competent cells that were plated on LB agarose 

dishes supplemented with 100 µg/mL ampicillin for antibiotic selection. Formed colo-

nies were picked and cultured shaking at 37°C for 8 hours. Finally, the plasmid was 
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isolated and amplified using the QIAprep Spin Miniprep Kit. To evaluate the cloning, a 

control digest and sequencing was performed. 

 

Figure 13: Restriction map of PB007-Nkx2.5. 

2.4. Transfection generating stable cell lines 

The generation of stably transfected NKX2.5 Enhancer lines was performed by transfec-

tion with FuGENE HD Transfection Reagent (Promega). For this, hiPSCs were plated 

as single cells on Geltrex™ coated plates. After reaching 60-80% confluency medium 

was changed, transfection reagents were warmed up to room temperature and 100 µL 

Opti-MEM™ (Invitrogen) was mixed with 500 ng PB007-NKX2.5 plasmid and 1500 

ng Super PiggyBac™ Transposase PB200PA-1 plasmid (System Biosciences Inc.) to 

add 2 µg total amount of DNA in a 1.5 mL Eppendorf tube. 6 µL of the FuGENE HD 

Transfection Reagent was added to the tube. The samples were gently mixed and incu-

bated for 30-60 minutes at room temperature allowing to form transfection complexes 

prior to the dropwise addition to the cells. After 24 hours, medium was changed back to 

E8 and antibiotic selection with 400 µg/mL neomycin G418 (Life technologies) was 
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conducted for seven days by a daily medium change to gain stable transfected hiPSC 

lines. 

2.4.1. Clonal selection 

For clonal selection of stably transfected NKX2.5-Enhancer hiPSC lines, cells were 

collected with Accutase® and counted. The dilution of the cell suspension to achieve a 

seeding of 5-10 cells per well of a 48-well plate was calculated and the cells were plated 

down on Geltrex™-coated cell culture plates with an addition of thiazovivin for the first 

24 hours. After 7-10 days, the plated isolated single cells grew into colonies that were 

separately picked and plated in individual wells of a 12-well plate for each clone. The 

clones were further passaged onto 3.5cm cell culture dishes before analysing the trans-

poson integration copy number. 

2.5. Immunofluorescence 

After applying different stimuli, cells were fixed with 4% paraformaldehyde (PFA) for 

15 minutes at room temperature. In case of performing the click it EdU reaction using 

the Click-iT® Plus EdU Imaging kit from life technologies, the fixed cells were washed 

with 3% BSA in PBS-/-. Afterwards, cells were permeabilized with 0.5% Triton™ X-

100 for 20 minutes at room temperature following the EdU detecting reaction. In the 

meantime, the click it plus reaction mix was prepared according to the user manual. 

Cells were washed twice with 3% BSA and the reaction cocktail was applied to the cells 

for 30 minutes at room temperature, protected from light. After incubation, the cells 

were washed twice with 3% BSA. For subsequent antibody staining, different permea-

bilization and blocking conditions were used depending on the antibodies used.  

For pluripotency and SeV staining, cells were permeabilized and blocked with 10% goat 

serum, 0.1% Triton™ X-100 in PBSCa2+/Mg2+ for one hour at 37°C and the primary anti-

bodies rabbit polyclonal human NANOG (Abcam) (1:500) and mouse monoclonal 

TRA1-81-Alexa-Flour-488 conjugated (BD Pharmingen) (1:20) were used. For SeV 

staining, rabbit polyclonal anti-Sendai Virus (MBL) (1:1000) primary antibody was 

applied to the cells in 1% goat serum, 0.1% saponin and 0.1% Triton™ X-100 in PBS 

Ca2+/Mg2+. For apoptosis staining, 10% BSA in PBS Ca2+/Mg2+  was added for blocking for 
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90 minutes at room temperature following incubation with anti-cleaved Caspase 3 

(clCasp3) (Cell Signaling) (1:400) in 1% goat serum, 0.1% saponin and 0.1% Triton™ 

X-100 in PBS Ca2+/Mg2+. For cardiac progenitor marker and cardiomyocytes staining, 

unspecific binding sites were blocked and cells permeabilized using 10% goat serum, 

0.1% saponin and 0.1% Triton™ X-100 in PBS Ca2+/Mg2+  followed by anti-ISL1 (Devel-

opmental Studies Hybridoma Bank) (1:100), anti-NKX2.5 (H-114, Santa Cruz Biotech-

nology) (1:100), anti-cTNT (Cell signalling) (1:500) or anti-α-Actinin (Sigma Aldrich) 

(1:300) antibody staining in 1% goat serum, 0.1% saponin and 0.1% Triton™ X-100 in 

PBS Ca2+/Mg2+. For visualization of primary cilia, cells were permeabilized with 0.1 M 

glycine and 0.2% Triton™ X-100 in PBS Ca2+/Mg2+, washed twice with 0.1% Tween®20 

in PBS Ca2+/Mg2+  (PBST) and subsequently blocking was performed using 10% FBS, 3% 

goat serum, 0.1% Tween®20 and 0.1% BSA in PBSCa2+/Mg2+. Afterwards, primary anti-

bodies for acetylated tubulin (Sigma Aldrich) (1:500) and pericentrin (Abcam) (1:1000) 

in 1% FBS, 0.1% Tween®20 and 0.1% BSA in PBS Ca2+/Mg2 were applied to the cells. 

All primary antibodies were incubated overnight at four degrees. After incubation, the 

cells were rinsed three times and fluorophore-conjugated secondary antibodies for the 

respective species (Alexa Flour® 488, 555, 594 and 647, 1:500, Thermo Fisher) in ei-

ther 1% goat serum, 0.1% saponin and 0.1% Triton™ X-100 in PBS Ca2+/Mg2+ or in 1% 

FBS, 0.1% Tween®20 and 0.1% BSA in PBS Ca2+/Mg2 were applied for 1-2 hours at room 

temperature.  

For the primary cilia staining, cells were incubated for two hours at room temperature 

before performing the washing and antibody steps. Cells were washed three times with 

PBSCa2+/Mg2+ after antibody incubation and Hoechst 33258 dye (1:250) was applied for 

20 minutes following two washes with PBST and one wash with PBS Ca2+/Mg2+ before 

embedding the chamber slides with DAKO fluorescence mounting medium. Images of 

the fluorescence slides were taken using a DMI6000-AF6000 Leica epifluorescence 

microscope. Cilia number and length analysis was performed on a Leica SP5 confocal 

microscope by our collaborator Felizitas Schmidt of the group of Prof. Heiko Lickert. 

2.6. Flow cytometry 

cTNT staining was performed to monitor cardiac differentiation over time. Therefore, 

cells were harvested using Accutase® and fixed at specific time points during cardiac 
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differentiation with 4% PFA for 12 minutes. After one washing step with 1% BSA in 

PBS-/-, cells were simultaneously permeabilized and unspecific binding sites blocked by 

10% FBS, 0.1% Triton™ X-100 for one hour at room temperature. The primary anti-

body against cTNT (1:500) was incubated for one hour at room temperature. Cells were 

washed once with 0.1% Triton™ X-100 before applying the desired fluorophore-

conjugated secondary antibody for one hour at room temperature. After another washing 

step, cells were resuspended in 1% BSA in PBS-/- and filtered using xx µM filters before 

measurement. 

To analyse cell cycle phase distribution, the DNA-binding properties of the propidium 

iodide (PI) dye were utilized. Cells were harvested with Accutase®, centrifuged at 

296xg and washed twice with PBS-/-. Subsequently, cells were fixed with 70% ethanol 

for two hours shaking on ice followed by three washing steps and RNAse A treatment 

(200 µg/mL, DNAse free) (Qiagen) for 30 minutes at room temperature. Propidium 

iodide (1 mg/mL) (Sigma Aldrich) was added for 30 minutes at room temperature. To 

determine the DNA content of each cell, measurement of the propidium iodide (PI) 

emission at 605 nm was performed. To exclude cell doublets, single cells were identi-

fied with forward scatter (FS) versus side scatter (SS) and subsequent pulse shape anal-

ysis applying pulse area versus pulse width on the gated single cells. This population is 

plotted in a PI histogram. The G1 phase is characterized by lower DNA content and 

consequently lower PI emission while the G2/M phase, due to DNA duplication prior to 

cell division, has twice the amount of DNA and thus a higher PI signal intensity (Fig. 

14).  

 
 

F 

 

Figure 14: Flow cytometry readout after PI staining. 
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The number of proliferating cells during cardiac differentiation was measured by incor-

poration of EdU in the DNA during cell division. Therefore, cells were incubated for 

two hours with 10 µM EdU, collected after Accutase™ treatment for five minutes at 

37°C and counted. 1x107 cells/mL were resuspended in 1% BSA in PBS-/-. Subsequent-

ly, cells were fixed and permeabilized and the click it reaction was performed according 

to the user manual of the Click-iT® EdU Alexa Fluor® 488 Flow Cytometry Assay Kit 

(Life Technologies).  After the reaction, a second blocking step was carried out apply-

ing 10% FBS, 0.1% saponin in PBS-/- to the cells for one hour at room temperature fol-

lowing a co-staining for cleaved caspase3 (1:800) for two hours at room temperature. 

Cells were washed with 0.1% saponin in PBS and the secondary fluorophore-

conjugated antibody was added for two hours at room temperature following a washing 

step with 0.1% saponin in PBS-/-. For measurement, the cells were resuspended in 0.1% 

saponin in PBS-/- and filtered to achieve a homogenous single cell suspension. All 

measurements were performed with the Beckman Coulter Gallios 100C/3L. Analysis of 

the results was done with the Kaluza software. 

Fluorescence-activated cell scanning and sorting (FACS) of Isl1-YFP mouse ES cell-

derived cardiac progenitors as well as stably transfected NKX2.5 enhancer-GFP human 

iPSC-derived cardiac progenitors and myocytes was performed by the FACS Sorting 

Facility of the Microbiology department in the Klinikum rechts der Isar. Cells were 

washed with PBS-/- and collected with the respective enzyme and resuspended in 1% 

FCS in PBS-/- following dissociation into single cells by passing through a 35 µM cell 

strainer. Cells were stored on ice and the sorting was performed with the Aria FACS 

machine (Beckman Coulter) at 20000 eps (events per second) at an excitation of 488 

nm. The sorted cells were collected in FCS and further processed in respect to the de-

sired experiment. 

2.7. RNA isolation, RT-PCR and qRT-PCR 

Cells were lysed and total RNA was extracted using the Absolutely RNA Microprep Kit 

(Agilent) according to the manufacturer’s instructions under RNAse-free conditions. 

RNA concentration was measured with a Nanodrop 1000 Spectrophotometer (Thermo 

Fisher Scientific) and cDNA was synthetized from 1µg of the total RNA using the 
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High-Capacity cDNA Reverse Transcription kit (Applied Biosystems) according to the 

product manual.  

 

Table 1: RT Master Mix. 

Reagent            Volume [μl] 

2x Power SYBR Green PCR Master Mix  5.0 
Forward Primer [10 μM]    0.3 
Reverse Primer [10 μM]    0.3 
cDNA Template     1.0 
Sterile H2O      3.4 

 

The reaction was conducted on a Thermocycler DNA Engine PCR machine (Peltier 

Thermal Cycler, Bio-Rad) using the following protocol:  

 

Table 2: RT PCR program. 

         Temp [°C]       Time [min]   

   Stage 1 25  0:10  
   Stage 2 37  120 
     85  0:05  
 

 

40 cycles of stage 2 were performed for amplification. 

Quantitative real-time PCR was performed using the POWER SYBR® Green Master 

Mix (Applied Biosystems) for human cDNA and TaqMan™ probes for murine cDNA 

combined with gene-specific designed primer pairs. The expression profile of target 

genes was detected on an AB Applied Biosystems 7500 Fast Real-Time PCR system 

machine. The following program was used for the reaction:  

 

Table 3: qRT-PCR program. 

          Temp [°C]    Time [min]  

Stage 1 50  00:20  
Stage 2 95  10:00  
Stage 3 95  00:15  

60  01:00 
Stage 4 95  00:15 

60  01:00 
95  00:30  
60  00:15  
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Stage 3 was performed 40x for amplification before proceeding to stage 4. Relative ex-

pression levels compared to GAPDH expression was calculated using the ΔΔC(t) meth-

od. 

2.7.1. qRT-PCR for pluripotency and embryonic germ layer markers 

and cardiac specific genes 

To test whether the generated hiPSC lines are able to differentiate in cells contributing 

to all three embryonic germ layers, qRT-PCR was performed for specific mesodermal, 

endodermal and ectodermal markers, on 21 days old EBs. For mesodermal gene expres-

sion, primer pairs for CD31, DES, ACTA2, SCL, MYL2 and CDH4 were used, for the 

endoderm, PDX1, SOX7 and AFP gene expression was evaluated and as endodermal 

markers, the expression of the genes KRT14, NCAM1, TH and GABRR2 was tested, all 

compared to the respective hiPSC line.  

The expression analysis of specific cardiac progenitor markers indicating the differen-

tiation capability of the generated hiPSC lines as well as the expression of SHH path-

way components was assessed by qRT-PCR as well. Selected target genes were 

NANOG, TDGF1, OCT3/4, NKX2.5, ISL1, TBX20, PDGFRα, SOX1, FOXA2, T, MESP1 

and GLI1. Amplification of the target genes was conducted using the program depicted 

in table 3. All primer sequences are listed under 2.9. 

2.7.2. qRT-PCR of PiggyBac™ integration numbers 

The detection of the number of PiggyBac™ construct integrations was carried out 

through the PiggyBac™ copy number Kit (#PBC100A-1) from SBI System Biosciences 

with an adapted reaction profile: 

 

Table 4: qRT-PCR program for PiggyBac™ copy number detection. 

           Temp [°C]      Time [min] 

Stage 1 50  02:00  
Stage 2 95  10:00 
Stage 3 95  00:15  

60  01:00 
Stage 4 95  00:15 

60  00:15 
95  00:15  
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Stage 3 was repeated for 40 cycles. To calculate expression levels relative to GAPDH, 

the ΔΔC(t) method was applied. The number of PiggyBac™ transposon insertions per 

genome in a clonal line was determined by comparing the number of genomes detected 

by a UCR1 primer mix to the number of transposons present in the genome detected by 

a PiggyBac™ copy number primer mix according to the manufacturer’s instructions.  

2.7.3. PCR of Sendai transgenes and endogenous pluripotency marker 

expression 

To prove that the generated hiPSC lines are free of the SeV transgenes, cDNA of the 

hiPSC lines was compared to samples of the corresponding infected fibroblasts and 

non-infected fibroblasts. The expression of the endogenous pluripotency markers KLF4, 

OCT3/4, SOX2, NANOG, REX1 and TDGF1 was measured to evaluate the pluripotency 

state of the generated hiPSC lines compared to its corresponding primary skin fibro-

blasts. FIREPol® DNA Polymerase PCR on 25 ng/µL cDNA of each sample was con-

ducted according to manufacturer´s manual (Solis Biodyne). Resulting products were 

evaluated by gel electrophoresis using a 2% agarose gel in which samples were separat-

ed at 300 V for 30 minutes following imaging analysis with the transilluminator Bio-

vision 3000 WL (Peqlab). Primer sequences are listed under 2.9. 

2.8. Western Blot 

2.8.1. Protein sample preparation 

Protein expression was analysed by western blot. Upon stimulation, cells were washed 

twice with PBS-/- and lysed with RIPA buffer freshly supplemented with proteinase in-

hibitor to the cells on ice and scraping them off the plate with a cell scraper after five 

minutes of incubation. Cells were collected in a 1.5 mL Eppendorf tube and incubated 

on ice for another 10 minutes following centrifugation in a pre-cooled centrifuge at 4°C 

for 15 minutes at 14000xg. The supernatant was collected and shock-frozen in liquid 

nitrogen before short term storage at -80°C. If continuing with the western blot, proteins 

need to be kept on ice. 
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The protein concentration was determined using the Pierce™ BCA Protein Assay kit 

from Thermo Scientific. Protein lysates and a BSA standard in several concentrations 

were pipetted on a 96-well flat bottom plate followed by the addition of the colorimetric 

substrate mixture supplied by the kit. After 15 minutes of incubation at 37°C, the ab-

sorbance at 550 nm was measured with a Dynatech MR5000 machine and the protein 

concentration of the lysates calculated referring to the BSA calibration curve generated.  

50 µg protein lysate were used for detection of Gli1. For p62 detection after autophagy 

induction or inhibition, respectively, 20 µg of the protein lysate were applied on the gel. 

The desired amount of protein was mixed with 5-fold Laemmli-buffer (100 mM Tris-

HCl, 5% SDS, 50% glycerol, 500 mM 2-mercaptoethanol, 0.05% Bromophenol blue) 

and the samples were heated at 95°C for 15 min before placing them back on ice and 

performing the electrophoresis. 

2.8.2. SDS-PAGE and Blotting 

Proteins were separated by their molecular weight by SDS-PAGE (sodium dodecyl sul-

fate-polyacrylamide gel electrophoresis) applying the method of Laemmli (1970). SDS-

polyacrylamide gels consisting of a 5% stacking gel on top of a separation gel were pre-

pared beforehand using the Mini Protean system from Bio-Rad. The cast gels were 

placed into a gel chamber containing 1x SDS running buffer (containing 144 g Glycine, 

20 g SDS and 30.3 g Tris(hydroxymethyl)-aminomethan (TRIS)) and 20 µL of the sam-

ples and a protein standard ladder were loaded into the gel. A constant voltage of 90 V 

was applied to the gel for protein separation. 

 

Table 5: Separation and stacking gel composition. 

 

 

After finishing the run, the gels were removed from the chambers and the blotting of the 

proteins onto an Amersham Hybond ™-N+ membrane (GE healthcare) was performed. 
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Blotting was performed in a wet blotting chamber containing ice-cold 1xblotting buffer 

(diluted from 10X running buffer: 30.2 g TRIS, 144 g glycine, 10 g SDS in 1 l sterile 

H2O, by adding 70% sterile H2O and 20% methanol) at 100 V for 90 minutes. 

2.8.3. Staining and detection 

Subsequently, the membrane was removed from the chamber and washed in dH2O be-

fore a Ponceau S staining was done to confirm the successful transfer of the proteins 

from the gel onto the membrane. The membrane was washed with PBST to remove the 

dye and blocked with 5% milk powder in PBST for two hours on a shaking platform. 

Primary antibodies against human Gli1 (Abcam) (1:1000) or p62 (Enzo Life Sciences) 

(1:2000) as well as actin (1:1000) (serving as a loading control) were applied onto the 

membrane for detection and incubated overnight at 4°C. After incubation, the mem-

brane was washed with PBST five times for five minutes each, following the applica-

tion of the HRP-conjugated secondary antibodies concordant with the required species 

for one hour at room temperature. Afterwards, the washing steps were repeated.  

For visualisation of the proteins, the membranes were incubated with enhanced chemi-

luminescence (ECL) plus reagent from the Amersham™ ECL™ Prime Western Blot-

ting Detection reagent kit (GE Healthcare) for five minutes at room temperature in ab-

sence of light. To detect the light transmitted by the substrate, an Amersham Hyper-

film™ ECL film (GE healthcare) was exposed to the membrane for different incubation 

times, dependent on the signal intensity, inside a dark room. The exposed film was de-

veloped in a WB developing machine and subsequent quantification of the scanned film 

by the ImageJ software was performed. 

2.9. List of oligonucleotides 

 

Gene Species Sequence 

DENND5B human 
Forward 5‘-ACAATCGCTGGGTAAGTCGG-3 
Reverse 5’-ATGCTCAGAATGCTGGCGAA-3 

FGFR1 human 
Forward 5‘-TCAGATGCTCTCCCCTCCTC-3‘ 
Reverse 5‘-GAGCTACGGGCATACGGTTT-3‘ 

MACF1 human 
Forward 5‘-TCAGAGTCGCTGATGAACGG-3‘ 
Reverse 5‘-CATTGATGTGCTTGCGGAACC-3‘ 
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GAPDH human 
Forward 5‘-TCCTCTGACTTCAACAGCGA-3‘ 
Reverse 5‘-GGGTCTTACTCCTTGGAGGC-3‘ 

GLI1 human 
Forward 5‘-CACAGGCATACAGGATCCCC-3‘ 
Reverse 5‘-TGGATGTGCTCGTGTTGAT-3‘ 

GLI2 human 
Forward 5‘-TCTGCTTCCCCCTTGACAGTA-3‘ 
Reverse 5‘-GCCTAATTTCTGCTCGAATGCAC-3‘ 

ISL1 human 
Forward 5‘-AAAGTTACCAGCCACCTTGGA-3‘ 
Reverse 5‘-ATTAGAGCCCGGTCCTCCTT-3‘ 

Isl1 mouse 
Forward 5‘-GCCTTGCAAAGCGACATAGA-3‘ 
Reverse 5‘-TGCCAGTAGAATTAGAGCCTGG-3‘ 

NANOG human 
Forward 5‘-TGCAAGAACTCTCCAACATCCT-3‘ 
Reverse 5‘-ATTGCTATTCTTCGGCCAGTT-3‘ 

NKX2.5 human 
Forward 5‘-CAAGTGTGCGTCTGCCTTT-3‘ 
Reverse 5‘-TTGTCCGCCTCTGTCTTCTC-3‘ 

PDGFRα human 
Forward 5‘-TGGCAGTACCCATGTCTGAA-3‘ 
Reverse 5‘-CCAAGACCGTACAAAAGGC-3‘ 

REX1 human 
Forward 5‘-ACCAGCACACTAGGCAAACC-3‘ 
Reverse 5‘-TTCTGTTCACACAGGCTCCA-3‘ 

SOX1 human 
Forward 5‘-TCGCTTTCTCAACACCCTTC-3‘ 
Reverse 5‘-AGGCTGAATTCGGTTCTCATT-3‘ 

TBX20 human 
Forward 5‘-CCAACAATGAACTGGATCAACA-3‘ 
Reverse 5‘-GCACCCTTGGCTGGTACTT-3‘ 

TDGF1 human 
Forward 5‘-CCCAAGAAGTGTTCCCTGTG-3‘ 
Reverse 5‘-ACGTGCAGACGGTGGTAGTT-3‘ 

TBX5 human 
Forward 5‘-GGGCAGTGATGACATGGAG-3‘ 
Reverse 5‘-GCTGCTGAAAGGACTGTGGT-3‘ 

Yfp mouse 
Forward 5‘-GGGTGTTCTGCTGGTAGTGG-3‘ 
Reverse 5‘-AGCAGAAGAACGGCATCAAG-3‘ 

KLF4 endo human 
Forward 5‘-ATAGCCTAAATGATGGTGCTTGG-3‘ 
Reverse 5‘-AACTTTGGCTTCCTTGTTTGG-3‘ 

SOX2 endo human 
Forward 5‘-GGGAAATGGGAGGGGTGCAAAAGAGG-3‘ 
Reverse 5‘-TTGCGTGAGTGTGGATGGGATTGGTG-3‘ 

OCT4 endo human 
Forward 5‘-GACAGGGGGAGGGGAGGAGCTAGG-3‘ 
Reverse 5‘-CTTCCCTCCAACCAGTTGCCCCAAAC-3‘ 

CD31 human 
Forward 5‘-ATGCCGTGGAAAGCAGATAC-3‘ 
Reverse 5‘-CTGTTCTTCTCGGAACATGGA-3‘ 

FOXA2 human 
Forward 5’-CCGACTGGAGCAGCTACTATG-3‘ 
Reverse 5‘-TGTACGTGTTCATGCCGTTC-3‘ 

ACTA2 human 
Forward 5‘-GTGATCACCATCGGAAATGAA-3‘ 
Reverse 5’-TCATGATGCTGTTGTAGGTGGT-3‘ 

SOX7 human 
Forward 5‘-TGAACGCCTTCATGGTTTG-3‘ 
Reverse 5‘-AGCGCCTTCCACGACTTT-3‘ 

AFP human 
Forward 5‘-GTGCCAAGCTCAGGGTGTAG-3‘ 
Reverse 5‘-CAGCCTCAAGTTGTTCCTCTG-3‘ 

KRT14 human 
Forward 5‘-CACCTCTCCTCCTCCCAGTT-3‘ 
Reverse 5‘-ATGACCTTGGTGCGGATTT-3‘ 

TH human 
Forward 5‘-TGTACTGGTTCACGGTGGAGT-3‘ 
Reverse 5‘-TCTCAGGCTCCTCAGACAGG-3‘ 

SeV human 
Forward 5‘-GGATCACTAGGTGATATCGAGC-3‘ 
Reverse 5‘-ACCAGACAAGAGTTTAAGAGATATGTATC-3‘ 

DENND5B 

cloning 
human 

Forward 5‘-ATGAGCGGGAGCTGCGCGGCG-3‘ 
Reverse 5‘-TTACACATCCACTCCTTTGATGAGTGATCC-3‘ 
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3. Results 

3.1. Identification of de novo mutations by whole exome 

sequencing in HLHS trios 

Current knowledge about the basis of CHD suggests a polygenetic model combined 

with environmental circumstances as major regulators for the onset of this pathologic 

condition. Since only the child is affected by HLHS while the parents do not show a 

HLHS phenotype, a trio whole exome sequencing analysis was performed including the 

affected child and the parents to find de novo mutations in the child that might play a 

role in the onset of the disease. Hereby, through sequencing of all expressed genes in a 

genome in all three subjects, comparative analysis reveals the mutations that are ac-

quired in the child in contrast to those that were inherited by the parents. This analysis 

was conducted by the Institute of Human Genetics at the Helmholtz Centre Munich 

(Prof. Thomas Meitinger) discovering a slight increase of de novo mutations detected in 

patients compared to a control group (Fig. 15A). The analysis revealed a distribution of 

0 to 5 de novo mutations among 78 analysed trios, whereby most of the patients carried 

0 or 1 mutations (Fig. 15B). Predicted functional effect of a coding variant was sur-

veyed using the programs Polyphen2 (http://genetics.bwh.harvard.edu/pph/), SIFT 

(http://sift.jcvi.org/) and Combined Annotation Dependent Depletion (CADD) 

(http://cadd.gs.washington.edu/). 

 

 
Figure 15: Analysis of de novo mutations in HLHS subjects. (A) Occurrence of de novo mu-
tations in HLHS patients compared to control subjects (B) Number of non-synonymous de novo 
mutations identified in 78 index patients  NS= non synonymous mutations; LOF= loss of func-
tion mutations. 
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Moreover, the study could show that in some cases, the same gene family was found to 

be mutated in more than one patient (Fig. 16A), suggesting a more likely involvement 

of these variants in the development of the disease. We had access to fibroblasts for 

three of the patients carrying one of the mutations that were found in more than one 

patient thus being able to reprogram these individual cells to hiPSCs to further investi-

gate the role of these mutated proteins in heart development and the occurrence of 

CHD. One was the FGFR1 mutation (line 606), where the patient is carrying an addi-

tional Mixed lineage leukemia protein-1 (MLL1) mutation. The second hiPSC line (line 

375) was generated from fibroblasts of a patient displaying a mutation in the DENND5B 

gene, a protein involved in retrograde vesicular trafficking mediated by RAB proteins, 

as well as two additional de novo mutations in Syntabulin (SYBU) and Brain-specific 

angiogenesis inhibitor 2 (BAI2) whereas the latter is predicted to be benign. The third 

HLHS hiPSC line (line 612) represents a patient carrying disease-causing de novo varia-

tions in the MACF1 gene, a microtubule-associating factor, and Myelin Regulatory Fac-

tor (MYRF), as well as benign mutations in Absent In Melanoma 1-Like (AIM1L) and 

NADH:Ubiquinone Oxidoreductase Subunit B10 (NDUFB10) (Fig. 16B). In the follow-

ing, only the probably damaging de novo mutations that were hit twice in the study, 

namely DENND5B, MACF1 and FGFR1, are considered as “lead de novo mutations” 

and investigated further, 

 
 
Figure 16: Summary of de novo mutations of interest. (A) List of gene families found twice 
in the de novo mutation analysis of HLHS patients. (B) De novo mutations of patients selected 
for hiPSC generation. 
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3.2. Generation of hiPSCs from HLHS patients  

Fibroblasts of three HLHS patients were reprogrammed to hiPSCs by Dr. Thomas 

Brade and Martina Dressen (German Heart Center Munich, AG Krane), applying SeV 

containing three vectors including the four factors OCT4, SOX2, KLF4, and c-MYC, 

published by Yamanaka in 2006266. After successful generation of clones exhibiting 

hiPSC morphology features, these clones were tested positive for the expression of plu-

ripotency markers by immunofluorescence (TRA1-81 and NANOG) and PCR 

(NANOG, OCT4, SOX2, KLF4 and REX) (Fig. 17A and C). The cells were approved 

to be SeV free by PCR and the karyotype did not show any abnormalities (Fig. 17D). 

Subsequent spontaneous differentiation into EBs could confirm the pluripotent state of 

the reprogrammed cells by upregulated mRNA levels of markers representative for all 

three germ layers (Fig. 17B).  

 

Figure 17: Generation and characterization of virus-free hiPSCs from fibroblasts of 
HLHS patients. (A) Representative pictures of skin fibroblasts from a HLHS patient and hiPSC 
colonies on feeders of a HLHS patient in BF and stained with TRA1-81 (green) and NANOG 
(red). (B) Expression of germ layer markers in patient hiPSC-derived whole EBs d21. (C) Rep-
resentative picture of pluripotency marker gene expression in HLHS patient hiPSCs. (D) Loss 
of SeV transgene expression.  
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3.3. Marker gene expression during cardiac differentiation of 

HLHS-hiPSCs 

Induction of cardiomyocyte formation 

Analysing myocyte formation during induced cardiac differentiation (Fig. 18A) in the 

patient lines compared to control lines performing cTNT staining followed by flow cy-

tometry measurement we observed an upregulation of cTNT after induction of differen-

tiation. Both, control lines and patient lines switched on cTNT expression at day 5-6 

(Fig. 18B). Moreover, analysis of the cardiac sarcomeric structure of the patient iPSC-

derived myocytes performing an immunostaining for cTNT and α-actinin revealed a 

non-disrupted sarcomeric organization in all patient lines if compared to control cardi-

omyocytes. 

 

 

Figure 18: Comparison of cardiomyocyte differentiation between patient and control lines. 

(A) Differentiation protocol adapted from the protocol published by Josef Wu349 (B) Flow cy-
tometry analysis of cTNT expression during cardiac differentiation of patient and control lines. 
(C) Representative pictures of control- and patient iPSC-derived cardiomyocytes, stained with 
α-Actinin (red), cTNT (green) and DAPI (blue). Scale bars: 25µM. 
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Subsequently, an expression analysis of key cardiac progenitor markers at several time 

points during directed and undirected cardiac differentiation was conducted to further 

analyse the capability of the patient lines to form appropriate cardiomyocytes. The re-

sults, shown in Figure 19, revealed a statistically significant decrease in expression of 

NKX2.5 at day 6 of cardiac differentiation and a completely abolished expression of 

TBX5, while there is no significant difference detected for ISL1 and TBX20 (Fig. 19).  

 

Figure 19: Analysis of spontaneous differentiation ability of patient hiPSC lines compared 

to control hiPSC lines. qRT-PCR analysis of cardiac progenitor markers during spontaneous 
differentiation. n ≥ 3. NKX2.5 d10: p=0.001, d12: p=0.003. TBX5 d10: p=0.02, d12: p=0.0007, 
d21:  p=0.002* p value ≤ 0.05; **  p value ≤ 0.01; ***  p value ≤ 0.01. 
 

Induction of cardiovascular progenitor (CVPC) formation 

The transcriptional differences are observed in cardiac progenitor markers and they oc-

cur already at the progenitor stage, suggesting alterations of earlier stages of cardiogen-

esis leading to expression changes and a possible differentiation delay. But due to high 

cell death rates within the first days of cardiac differentiation induction, earlier progeni-

tor stages cannot be evaluated in terms of the detected expression alterations. To inves-

tigate these early cardiac stages, we generated CVPCs of the patient lines as well as 

control lines using the protocol published by Cao et al. in 2014 (Fig. 20A and B)308. We 
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could confirm that application of the protocol lead to cells expressing key markers of 

the mesodermal and cardiovascular lineage (Fig. 20C and 21). Expression of pluripo-

tency markers decreased during differentiation and there is no indication of endodermal 

or ectodermal lineage induction observed by the lack of marker gene expression of these 

two germ layers. Additionally, we were able to induce CVPC formation in our patient 

lines as well (Fig. 22).  

 

 

Figure 20: hiPSCs induction to CVPCs. (A) Outline of the protocol. (B) Phase contrast image 
of CVPCs after 3 days of differentiation. Scale bar=50µm. (C) Immunofluorescence analysis of 
the cardiac progenitor markers ISL1 and NKX2.5 at day 3 of CVPC induction in a control 
hiPSC line. Scale bars = 25 μm.  
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Figure 21: Characterization of CVPCs. qPCR analysis of pluripotency markers, mesoderm 
markers, cardiac progenitor markers as well as an ectodermal and an endodermal marker during 
differentiation towards CVPCs for a control hiPSC line. n = 3.  
 
 
Examining marker gene expression in the three patient lines during CVPT differentia-

tion, we found that genes such as TBX5 and NKX2.5, indicating CVPC formation, 

showed significantly lower expression levels in all three patient iPSC lines 3 days after 

CVPC induction compared to control lines. However, expression levels of other CVPC 

markers including PDGFRα, TBX20 and ISL1 did not reveal any significant differences 

(Fig. 22). This indicates that CVPCs are formed, but not all markers are expressed in the 
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CVPCs derived from the patient hiPSCs. In the following, we investigated which mo-

lecular mechanisms might be responsible for the expression differences and whether we 

could further strengthen our hypothesis from the ex vivo data of a possible differentia-

tion delay.  

 
 
Figure 22: Analysis of CVPC differentiation ability of patient hiPSC lines compared to a 

control hiPSC line. qRT-PCR analysis of a pluripotency marker, mesoderm markers and cardi-
ac progenitor markers during CVPC induction. n = 3. ISL1 d1: p=0.0005. TBX20 d1: p=0.02. 
NKX2.5 d1: p=0.02; d2:  p=0.009; d3: p=0.0004. TBX5 d2: p=0.04; d3: p=0.01 * p value ≤ 
0.05; ** p value ≤ 0.01; ***  p value ≤ 0.01. 

3.4. Proliferation analysis during cardiac differentiation of 

HLHS-hiPSCs 

Changing proliferation rates are an indicator of ongoing differentiation: the more cells 

proliferate, the more immature they are since they need to divide before specialization 

into a particular tissue350. Therefore, proliferation helps to understand whether the car-

diac markers are simply not described but the cell fate of the forming CVPCs is unal-

tered or if they are formed at later stages suggesting a delay. Thus, we studied the pro-

liferation in CVPCs derived from the patient hiPSCs compared to control lines by in-

corporation of EdU during DNA replication before cell division351. Patient-derived hiP-

SCs as well as control lines were differentiated towards CVPCs and the number of pro-

liferating cells was assessed from day 0 to day 3 of differentiation performing flow cy-

tometry and immunostaining. While there was no difference detected at the pluripotency 

state (~50%) as well as during the first day of differentiation observing a slight decrease 

of proliferating cells (~48%), day 2 after induction showed a much higher proliferation 
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in the patient lines (~35%) while in the control lines an ongoing reduction of  the num-

ber of dividing cells was observed (~20%). At day 3, the proliferation rate of patient 

lines was also reduced to the same extend as the control lines (~20%) suggesting a delay 

in differentiation in these lines (Fig. 23A, B and D).  

 

 

Figure 23: Proliferation analysis of HLHS patient lines compared to control lines during 

application of the three day CVPC differentiation protocol. Incorporation of EdU for two 
hours before analysis using the click-iT® EdU Assay. (A) Representative flow cytometry plot 
of cells after EdU incorporation. (B) Percentage of EdU+ cells after CVPC induction. (C) Per-
centage of cleaved caspase 3+ cells during CVPC differentiation. (D) Representative picture of 
cells incubated with EdU (red) and stained for cleaved caspase 3 (green) and DAPI (blue). n=3. 
Day 2 CVPCs: p=0.006 for 375, p=0.0007 for 606 and p=0.038 for 612. * p value ≤ 0.05;  **  p 
value ≤ 0.01; ***  p value ≤ 0.01 
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3.5. Apoptosis analysis during cardiac differentiation of 

HLHS-hiPSCs 

To rule out the possibility that increased cell death is the cause of the changes in prolif-

eration, apoptosis was evaluated during CVPC differentiation using a cleaved caspase 3 

antibody for flow cytometry as well as immunofluorescence staining. No differences 

between patient and control lines were observed neither on hiPSC stage nor on cells 

differentiated for 3 days towards cardiac precursors (~1-2%) (Fig. 23C and D).  

3.6. Cell cycle analysis during cardiac differentiation of 

HLHS-hiPSCs 

We further evaluated the cell cycle distribution during CVPC differentiation aiming to 

support the observed proliferation phenotype. The cell cycle length, especially the 

length of the G1 phase, is an indicator of the progression of differentiation of hiPSCs 

towards more specialized tissues. A longer G1 phase is representing naïve cells in a plu-

ripotency stage which is prolonged during differentiation352. Hence, we applied a PI dye 

on patient and control hiPSCs being induced to form cardiac precursors for 0 up to 3 

days. PI binds to DNA and thus, the DNA content of the cells can be quantified by flow 

cytometry thereby defining the cell cycle stage of the cells353. As expected, all lines 

show the same pattern of cell cycle distribution at the pluripotency stage with around 

30% of the cells in the G1 phase. At day 1 after induction, the control lines as well as 

612 and 606 patient iPSC lines exhibited a reduced number of cells in the G1 phase of 

around 15% while the 375 line did not show any change in numbers. Upon further dif-

ferentiation, all patient lines retain the low number of cells in the G1 phase while the 

control lines showed the expected increase of cells in the G1 phase to ~60% and this 

difference in cell number in the G1 phase is statistically highly significant. However, all 

three patient lines were able to reach this level at day 3 of CVPT differentiation only, 

whereas the control lines do not increase numbers of cells in G1 phase any further at day 

3, supporting the hypothesis of a prolonged differentiation into CVPCs again (Fig. 24). 
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Figure 24: Validation of cell cycle phase distribution using PI DNA staining. (A) Analysis 
of HLHS patient and control lines stained with PI during CVPC differentiation by flow cytome-
try. (B) Percentage of cells in G1 phase after CVPC induction. n=3. Day 2 CVPCs, G1 phase: 
p=0.02 for 375, p=0.004 for 606 and p=0.007 for 612. * p value ≤ 0.05;  **  p value ≤ 0.01; ***  
p value ≤ 0.01. (C) Representative flow cytometry plot of cells after PI staining. 
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3.7. Ciliogenesis analysis in HLHS-hiPSC-derived CVPCs 

The obtained results raised the question of a mechanistic link between the discovered 

transcriptional differences and proliferation as well as cell cycle progression defects 

indicating a differentiation delay. As described in the introduction, recent publications 

could demonstrate a direct interaction of the cell cycle and differentiation capacity with 

ciliogenesis and autophagy which raised our interest in investigating possible alterations 

in these cellular processes. 

 

Figure 25: Enrichment analysis of parental inherited variants of the reprogrammed pa-

tient lines. ToppGene Suite. GO term: Cellular component. Most significant hits ranked for p-
values. Selected cut-off for p-value: 0.05.  
 

To find a possible link of these two defects, we more deeply reviewed the results ob-

tained in the de novo analysis (chapter 3.2). Interestingly, several cilia-related genes 

were found in the de novo analysis of the HLHS trios. Moreover, further consideration 
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of parental inherited variants of all three reprogrammed patients revealed a significantly 

enriched number of mutations in cilia-related genes (Fig. 25). These findings supported 

our hypothesis of an involvement of the ciliary signalling centre in the observed pheno-

type. 

 

To compare the structure and function of the ciliary compartment of the patient hiPSC 

lines with control lines, we first performed expression profiling of GLI, part of the main 

signalling pathway SHH that is located in the cilium at day 3 of progenitor differentia-

tion. The mRNA expression levels of GLI1 and GLI2 were significantly downregulated 

in the patient-specific iPSC lines 606 and 612 while the line 375 showed a significant 

upregulation of GLI1 and GLI2 expression compared to control lines (Fig. 26A). Pro-

tein expression analysis confirmed the opposite effect of GLI1 expression seen in the 

375 and 606 line with around 2-fold increased protein levels for 375 while the 606 line 

showed reduced GLI1 protein levels by up to half. The 612 line instead exhibited an 

1.5-fold increased expression (Fig. 26B and C).  

 

Figure 26: Expression of GLI proteins in the HLHS patient lines at day 3 of CVPC differ-

entiation. (A) mRNA expression of GLI1 and GLI2. GLI1: n=2, p-values p=0.03 for 375; 
p=0.02 for 606; p=0.005 for 612. GLI2: n=3, p=0.0002 for 375, p=0.0005 for 606, p=0.49 for 
612 (B) Protein expression of GLI1, Representative western blot picture and (C) statistical 
analysis of the signal intensity using ImageJ, normalized to actin. n=2. p=0.008 for 375, p=0.04 
for 606 and p= 0.067 for 612. * p value ≤ 0.05;  **  p value ≤ 0.01; ***p-value≤0.001.  
 

Subsequent structural analysis of cilia was conducted by immunofluorescence staining 

for acetylated tubulin and pericentrin in day three CVPCs derived from patient as well 

as control hiPSC lines (Fig. 27A and B). The cells were seeded in high density to direct 
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cells in the G0 phase of the cell cycle and thereby stimulating ciliogenesis. Confocal 

imaging evaluation of the cells was performed at the Institute of Diabetes and Regenera-

tion Research at the Helmholtz institute in Munich by Felizitas Schmidt (AG Prof. 

Heiko Lickert). Hereby, the CVPCs to be analysed were chosen from regions of the 

slide that showed the same cell confluency (30-40%) to guarantee similar conditions 

(Fig. 27C). We could observe a reduced number of ciliated cells in the 606 hiPSC line 

(~10%) while the 375 and 612 patient hiPSC lines showed a higher number of cells 

forming cilia (~60%) compared to control iPSC lines (~30%) (Fig. 28D). While 606 and 

375 show the same direction seen in the expression data of GLI1, the 612 line showed 

alterations that go in different directions (Fig. 26). The cilia length quantification fol-

lowed the same trend observed in the cilia number analysis, where the 606 hiPSC line 

exhibited shorter cilia while the CVPCs derived from the 375 and 612 hiPSC lines had 

longer cilia, even though these differences could not be proved to be statistically signif-

icant (Fig. 27E).  

 
 

Figure 27: Cilia number and length analysis in d3 CVPCs of HLHS patient lines vs con-
trol. (A) Example fluorescence pictures of cilia stainings using acetylated tubulin and pericen-
trin d3 CVPCs of the HLHS patient lines and the control line. (B) Outline of the staining strate-
gy (C) Cell density distribution of cells analysed. (D) Cilia numbers of 3 days induced CVPCs 
of HLHS patient and control lines. n= 3 per cell line. ~500-600 cells per sample (= 1500-1800 
cells per cell line) (E) Cilia length in µm of CVPCs 3 days after inductions of HLHS patient and 
control lines. n= 3 per cell line. * p value ≤ 0.05;  ** p value ≤ 0.01; ***  p value ≤ 0.01. Confo-
cal z-stack images.  
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3.8. Autophagy analysis in HLHS-hiPSC-derived CVPCs 

Due to the close interplay between ciliogenesis and autophagy regulation and the fact 

that the process of autophagy acts as a key regulator in differentiation progression of 

precursor cells during embryonic development described in the introduction part, we 

investigated next whether the observed cilia phenotype could lead to autophagy dysreg-

ulation and consequently to a differentiation defect of the CVPCs derived from the 

HLHS patient-specific hiPSCs. Autophagy induction can be measured by the quantifica-

tion of p62 protein levels. The role of p62 is to link polyubiquitinated proteins to the 

autophagy machinery. Therefore, the protein binds to LC3 after autophagy induction 

and is internalized during autophagosome formation following degradation upon fusion 

of the autophagosome with a lysosome210. Consequently, the amount of detectable p62 

protein decreases during autophagy. We tested several autophagy activators for their 

ability to induce autophagy in the patient-specific hiPSC lines compared to control hiP-

SCs. The strongest autophagy stimulation was achieved by the substance Brefeldin A, a 

lactone antiviral that is known as an autophagy inducer (Fig. 29C)354. Contrarily, in all 

patient-specific hiPSC lines the detected p62 protein levels were much higher compared 

to the control suggesting a defect in autophagy induction in these lines (Fig. 28).  

 

 

Figure 28: Analysis of autophagic response in patient compared to control lines (A) Au-
tophagy induction in day 3 CVPCs of HLHS patient and control lines applying different activa-
tors. (B) Statistical analysis of Brefeldin A stimulation. n=2, p=0.006 for 375; p=0.05 for 606; 
p=0.043 for 612. * p value ≤ 0.05;  ** p value ≤ 0.01; *** p value ≤ 0.01.  



3. Results 70 

 

 
70 

 

3.9. Induction of the HLHS phenotype by autophagy 

inhibition in control hiPSCs 

Linking the observed autophagy defect to the cell cycle progression delay as well as the 

transcriptional expression alterations, we inhibited autophagy in control hiPSCs via ad-

dition of the autophagy inhibitor CQ, an antimalarial drug355, 1.5 days after CVPC in-

duction. In this way, we tried to mimic the transcriptional and cell cycle phenotype seen 

in patient-derived CVPCs (Fig. 29C).  

 
 
Figure 29: Phenotype induction in control hiPSC lines through autophagy inhibition by 
CQ. (A) Number of cells in G1 phase at day2 of CVPC differentiation upon autophagy inhibi-
tion by chloroquine (100µM or 200µM). CQ incubation was started 1.5 days after CVPC induc-
tion for 12 hours. Results were compared to patient and control numbers. p=0.02 for 375; 
p=0.004 for 606; p=0.007 for 612, p=0.017 for Ctrl + CQ (100 µM); p=0.003 for Ctrl + CQ 
(200 µM). (B) Expression of TBX5, ISL1 and NANOG at day 3 of CVPC differentiation after 
autophagy inhibition by 100 µM  CQ. CQ incubation for 12 hours at day 1.5 of CVPC induc-
tion. n=2. TBX5: p=0.003 for 375; p=0.002 for 606; p=0.03 for 612, p=0.016 for Ctrl + CQ. * p 
value ≤ 0.05;  ** p value ≤ 0.01; *** p value ≤ 0.01. (C) Structural formula of  autophagy inhib-
itor Chloroquine and autophagy inducer Brefeldin A.  
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Upon stimulation of 1.5 days induced CVPCs with CQ for 12 hours, the number of cells 

in the G1 phase control lines could be significantly reduced to around 30% at day 2 after 

induction, reaching the levels seen in the patient lines (Fig. 29A). Additionally, the in-

hibition lead to a reduction of TBX5 transcription to patient levels while ISL1 and 

NANOG expression remains unaltered (Fig. 29B). 

3.10. Analysis of disease-causing de novo mutations of interest 

In the next step, we analysed whether the observed phenotype in terms of cardiac mal-

formation and ciliogenesis defects can be linked to the “lead” de novo mutations of each 

line, which occurred in more than one patient. First, we investigated if and in which 

cardiac progenitor population the mutations are expressed. Therefore, we used a mESC 

system that marks FHF progenitors during cardiac differentiation through Nkx2.5 en-

hancer activity linked to YFP expression. We compared the expression of all de novo 

mutations to the SHF population, marked by Isl1-Cre and to cardiomyocytes.  

Expression analysis of mutated genes in murine FHF and SHF progenitors 

A microarray analysis of the mES cell lines differentiated towards cardiac progenitor 

cells by undirected differentiation using the EB formation method was performed by 

IMGM® Laboratories using the platform Illumina MouseRef-8 v2.0 (in collaboration 

with the AG Krane at the German Heart Centre Munich). In this array we compared 

Isl1-Cre-YFP mES cells after 5 days of cardiac differentiation with mouse ES cells sta-

bly transfected with GFP under the control of an Nkx2.5 enhancer specific for first heart 

field cells in mice that were differentiated for five days into cardiac progenitors as well 

(Fig. 30A). The expression of key genes such as ISL1 and the marker protein YFP were 

tested by qRT-PCR as a quality control (Fig. 30B).  
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Figure 30: Preparation of mES cells for cardiac progenitor analysis in a microarray. (A) 

Scheme of the development of the cardiac progenitor cell populations SHF and PHF sorted by 
FACS. FHF population marked by GFP, generated from a mES cell Nkx2.5 enhancer line. SHF 
population marked by YFP, generated from mES cells marked by Isl1 Rosa YFP (B) Expression 
analysis of YFP and Isl1 in day 5 cardiac progenitors of the Isl1 Rosa YFP mES cell line rela-
tive to GAPDH, compared to mES cells of this line. n=3.  p=0.00006 for YFP expression differ-
ences, p=0,006 for Isl1 expression differences. * p value ≤ 0.05;  **  p value ≤ 0.01; ***  p val-
ue ≤ 0.01.  
 
The results of the array were analysed regarding the TOP25% genes that show increased 

expression in the cardiac progenitor cells and cardiomyocytes compared to negative 

population (Fig. 31A). We found that most of the genes (20) that were de novo mutated 

in the child affected by HLHS were expressed in all three examined populations, while 

14 genes were expressed in the progenitor populations, 9 of them in both FHF and SHF, 

4 solely in the FHF and 1 only in the SHF. Considering the inherited mutations, so 

called “rare variants”, again most of the variants were expressed in all three populations 

(2262), followed by the complete cardiac progenitor population (394). In isolated cardi-

omyocytes, a high number of the rare variants were expressed as well (Fig. 31B and C). 
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The lead de novo mutations DENND5B and FGFR1 were expressed in mESC-derived 

FHF progenitors as well, while MACF1 expression was detected to higher levels in the 

negative population, assumed to consist mainly of SHF cells (Fig. 31D).  

 
 
Figure 31: Expression of de novo mutations and rare variants in mouse cardiac progenitor 
cells. (A) Outline of the assay. (B) Distribution of de novo and rare variants. (C) Overall fre-
quency of de novo mutations and rare variants in progenitor cells and cardiomyocytes. (D) Ex-
pression of de novo mutated genes of HLHS cell lines in GFP/YFP+ murine progenitors com-
pared to a negative population. n=3. 
 

 



3. Results 74 

 

 
74 

 

mRNA expression analysis 

To further identify a potential contribution of the lead de novo mutations in the manifes-

tation of the disease, we analysed the expression levels of these proteins in control lines 

in respect to the lines carrying the respective mutation. We found no differences in 

mRNA expression of the mutated proteins at the pluripotent stage as well as in 3 days 

old CVPCs (Fig. 32)  

 
 
Figure 32: qRT-PCR analysis of mutated genes in patient hiPSC lines compared to con-
trol. (A) DENND5B mRNA expression in hiPSCs and d3 CVPCs of the patient line 375 vs. a 
control line. (B) mRNA expression of FGFR1 in hiPSCs and d3 CVPCs of the patient line 606 
vs a control line. n=3. (C) mRNA expression of MACF1 in hiPSCs and d3 CVPCs of the patient 
line 612 vs. a control line. 

3.11. Molecular and functional analysis of DENND5B 

It has already been described that FGFR1 and MACF1 play a role in heart 

development356,357. In contrast, nothing is known about physiological functions of the 

GEF DENND5B. Therefore, we focused on DENND5B to further elucidate the role of 

de novo mutations in the onset of HLHS. We could show that DENND5B is expressed 

in mESC-derived FHF progenitors (Fig. 31). Evaluating the functional activity of the 

mutated DENND5B protein (Fig. 33A and B) we found significant alterations in 

RAB39 binding ability of the mutated DENND5B. The GDP release and GTP hydroly-

sis assays as direct readouts of RAB protein binding activity was performed at the De-

partment of Biochemistry at the University of Oxford in the group of Prof. Francis Barr. 

Hereby, the DENND5B was incubated with different Rab proteins in presence or ab-

sence of guanine nucleotide exchange factors (GEFs) that mediate the GDP release and 

GTP hydrolysis. Upon stimulation with WT and mutated DENND5B, the mutated 
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DENND5B, the mutated GEF exhibited a decreased ability to hydrolyse GTP (Fig. 

33C). Moreover, GDP was released from the Rab proteins to a different extend. While 

the wildtype DENND5B showed an increased GDP release if incubated with Rab 39a 

and b, incubation with the mutated DENND5B lead to a significantly reduced release of 

GDP (Fig. 33D). 

 

 
Figure 33: Impaired binding of Rab39 to the mutated DENND5B Protein. (A) Scheme of 
domains in the DENND5B protein including the mutation site carried by the patient iPSC line 
and RAB binding sites. (B) Mass spectrometry and western blotting was performed to exclude 
the presence of additional proteins with potential Rab GEF activity (C) GTP hydrolysis of dif-
ferent Rabs upon incubation with WT and mutated DENND5B (D) GDP release after WT 
DENND5B and mutated DENND5B (GEF) binding to different Rabs. n=3.  
 

Heart development after in vivo morpholino knockdown of Dennd5b in Xenopus 

To further elucidate the functional consequences of the DENND5B loss of function mu-

tation in cardiogenesis, we investigated the heart development in vivo in Xenopus leavis 

after Dennd5b morpholino oligonucleotide mediated knockdown, a model organism 

which has been proved as a reliable system for studying early cardiac development be-

fore. The experiments were performed at the Institute of Biochemistry and Molecular 

Biology of the University of Ulm (Prof Michael Kühl).  
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Figure 34: Functional and structural defects in the heart of Xenopus laevis after Dennd5b 
knockdown. (A) Representative picture of oedema formation in Xenopus laevis after an in-
creasing dose of Dennd5b morpholino injection. (B) Dose-dependent number of embryos show-
ing oedema after knockdown of Dennd5b. (C) Heart rate of embryos injected with 60ng 
Dennd5b morpholino. n=2 with N embryos analysed per experiment. (D) Morphology of the 
heart of Xenopus laevis after Dennd5b morpholino injection. (E) Illustration of length and width 
measurement parameters of the heart and outflow tract. (F) Heart size parameters of Dennd5b 
morpholino knockdown compared to control morpholino injection. (G) Comparison of outflow 
tract length and width of Dennd5b mutants and embryos injected with a control morpholino. a= 
atrium, v= ventricle, oft= outflow tract, CoMo= Control morpholino. * p value ≤ 0.05;  **  p 
value ≤ 0.01; ***  p value ≤ 0.01. 
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We could show that a Dennd5b morpholino knockdown in Xenopus laevis lead to dose-

dependent increasing numbers of embryos showing oedema formation compared to 

wildtype embryos and the manifestation of this phenotype was more severe upon injec-

tion of a higher dosage of the morpholino (Fig. 34A and B). Moreover, the heart rate 

was reduced (Fig. 34C). Both results represent an impaired heart function after 

Dennd5b knockdown. Examining the heart structure of these embryos, we could ob-

serve a striking phenotype with a severely underdeveloped ventricle and drastically re-

duced heart size in a dose-dependent manner (Fig. 34D and F). Additionally, the out-

flow tract length and width was reduced after injection of an increasing dosage of 

Dennd5b morpholino (Fig. 34G). The heart phenotype could be reversed by the addi-

tional injection of the wildtype Dennd5b to the Dennd5b morpholino mutants. 

 

Analysis of ciliogenesis after in vivo morpholino knockdown of Dennd5b  

Additionally, the function of DENND5B in ciliogenesis and cilia function was investi-

gated to confirm the cilia phenotype seen in the HLHS hiPSC patient lines. Therefore, a 

Dennd5b morpholino knockdown in zebrafish was performed by Teresa Casar Tena at 

the Institute of Biochemistry and Molecular Biology of the University of Ulm (AG 

Kühl), a well-established model system for cilia-related phenotype illustrations in the 

group of Prof. Michael Kühl. We found that a loss of Dennd5b interferes with heart 

looping, visualized by in situ hybridization for cardiac myosin light chain 2 (cmlc2) as a 

myocytic marker. Not only was the heart phenotype of Xenopus laevis confirmed by the 

observation of a significantly enriched number of embryos displaying no loop (~15%) 

or L-loop (~20%) of the heart compared wildtype embryos, but also indicate the results 

a possible defect in cilia function (Fig. 35A). Immunostaining of acetylated tubulin to 

visualize cilia in the Kupffer’s vesicle illustrated a similar number of cilia but a reduced 

length. Also Gli1 expression, a downstream target of the SHH pathway, was decreased 

by 50%, which can be directly correlated to cilia length and function (Fig. 35B-E). 
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Figure 35: In situ analysis of heart phonotypes connected to cilia function after Dennd5b 
morpholino knockdown (Dennd5b splMO) in zebrafish. (A) Heart looping visualized by 
cmlc2 staining in zebrafish embryos injected with Dennd5b morpholino. n=4 experiments with 
114-120 embryos in total. p=0.0002 All experiments compared to control morpholino injection 
(CTRL MO) and no injection (NI). Two tailed Fisher’s exact test. (B) Cilia analysis in Kup-
ffer’s vesicle of zebrafish after Dennd5b morpholino knockdown. Cilia staining for acetylated 
tubulin (green) in zebrafish injected with control morpholino or Dennd5b morpholino. (C) 
Number of cilia counted in the Kupffer’s vesicle upon morpholino knockdown compared to 
control embryos. (D) Gli1 expression after DennD5b morpholino injection compared to embry-
os injected with control morpholinos. (E) Cilia length analysis and length distribution after 
morpholino knockdown compared to control embryos. * p value ≤ 0.05;  ** p value ≤ 0.01; *** 
p value ≤ 0.01. 
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3.12. Generation and evaluation of NKX2.5 Enhancer-GFP 

hiPSC lines for identification of cardiac subpopulations 

The NKX2.5 Enhancer construct (Fig. 13) was used for the generation of NKX2.5 en-

hancer hiPSCs lines to visualize a specific subpopulation of cardiac progenitors that 

could be assigned to FHF cells in the murine system due to the high homology between 

the mouse and human enhancer sequence. Therefore, the construct was transfected into 

control and patient hiPSCs following antibiotic selection. Upon cardiac differentiation, 

the control line showed NKX2.5 Enhancer GFP signal, first detected at day 6 of differ-

entiation which stayed on until day 10 when the cells were collected for further analysis 

(Fig. 37). Very weak signal could also be detected in 3 day old CVPCs 

. 

 

 
Figure 37: Analysis of NKX2.5 Enhancer expression. NKX2.5 Enhancer signal in 7 days old 
cardiomyocytes after cardiac differentiation of control and patient hiPSCs stably transfected 
with the NKX2.5 enhancer construct. Scale bar: 100µM. 
 

Flow cytometry analysis of the lines 3 days after CVPC induction revealed an arising 

population (Fig. 38). 
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Figure 38: Representative FACS analysis of day 3 CVPCs, stably transfected with the NKX2.5 
Enhancer-GFP construct.  
 
 

 

 

 

 

 

 

 

 

 

 



4. Discussion 81 

 

 
81 

 

4. Discussion 

The study of 3 different HLHS patient-specific hiPSC lines along with cardiac HLHS 

patient material revealed a common delay in cardiac differentiation, mainly described 

by proteomics and transcriptome analysis, that could be assigned to alterations in cardi-

ac progenitor population formation and function. Hereby, an intriguing link between 

ciliary malfunctioning, cell cycle progression delay, and autophagy induction failure 

could explain the molecular basis of the cardiac differentiation defect. Since major phe-

notypic aspects of HLHS were recapitulated in the hiPSC system, a genetic component 

in this congenital malformation is suggestive. Additionally, in vivo data gained from 

Xenopus and zebrafish morpholino knockdown analysis unravelled a new gene, 

DENND5B, which was target a of de novo mutation in one of the patients, to be crucial 

in cardiogenesis and cilia function as well as autophagy, thus highlighting a potential 

contribution of de novo mutations to the onset of HLHS. 

4.1. Challenges in modelling complex cardiac disease as CHD 

The best source of material to study diseases is the patient itself. Comparison of patient-

derived diseased tissues to healthy controls has been pivotal in the understanding of the 

origin of numerous diseases. However, for organs that are difficult to access, e.g. the 

heart, it is nearly impossible to obtain patient material. We were lucky enough to have 

access to post-natal cardiac tissue of HLHS patients. Our collaboration partner Prof. 

Lutz Hein compared this patient material to cardiac tissue of “healthy” aborts of the 

same stages performing RNASeq analysis. Preliminary results showed a prolonged ex-

pression profile of early cardiac genes as well as reduced expression of late cardiac 

genes in HLHS patient material suggesting a delayed cardiac differentiation. The tran-

scriptional profile appears to stay in a foetal stage. These results stand in line with an 

already published expression profiling of the atrial septum of HLHS patients conducted 

by gene-chip microarray analysis. In this study, significant differences between patients 

and healthy controls in the expression of factors controlling heart development and 

growth were detected. More in detail, altered gene expression levels of chromatin re-

modelers along with cell cycle regulators unrevealed a block in cell cycle progression, 



4. Discussion 82 

 

 
82 

 

most likely resulting in a delay in differentiation and a maturation defect in HLHS myo-

cytes358. In another study, tissue samples of the right ventricle of HLHS patients were 

compared to those from patients born with a truncus arteriosus; differences in gene ex-

pression of proliferation and apoptosis markers as well as extra-cellular matrix compo-

nents and the cardiac transcription factor NKX2.5 were detected, indicating immaturity 

and an imbalance in myocyte homeostasis359.  

Analysis of patient tissue has, however, in some cases also limitations. For cardiac tis-

sue specifically, not only the number of patients from whom material is available is re-

stricted but also no dynamics of disease initiation and progression can be captured, 

since the tissue collected represents solely a snapshot of the heart in that particular 

stage. Moreover, for CHD, evaluation of early stages of cardiogenesis, when morpho-

genetic defects are expect to occur, is most relevant; but cardiac material from early-

embryonic-stage aborts is very challenging to gain. To overcome these obstacles, one 

way is to generate patient-derived hiPSCs that can subsequently be differentiated to-

wards cardiac structures. This would solve the problem of limited material access since 

these pluripotent cells are reprogrammed out of easy accessible patient material such as 

blood or fibroblasts. Additionally, the cardiac development can be monitored over time, 

including very early stages of cardiogenesis. Especially, the possibility to gain patient-

specific hiPSCs created a new chance to model diseases in a human in vitro system 

within a patient-specific genetic background. This opportunity is extremely important 

for complex genetic disorders such as HLHS, where not a single gene variant can be 

assigned to the phenotype and classical disease model systems, such as knockout ani-

mals, fail to faithfully recapitulate the clinical human phenotype.  

The aim of this study was therefore to model HLHS, a congenital cardiac disorder, us-

ing patient-specific hiPSCs and thereby uncovering novel molecular mechanisms that 

can be assigned to the onset of complex genetic diseases such as CHD. 

We were able to successfully reprogram fibroblasts of three HLHS patients and subse-

quently differentiate those hiPSCs into cardiac progenitors as well as beating cardiomy-

ocytes. We compared different stages of cardiac development, aiming to find out if the 

expressional differences seen in the HLHS cardiac tissue samples, suggesting a differen-

tiation delay, can be recapitulated in the hiPSC system. Thereby, we also tried to under-

stand to which stage of development and cell type this defect can be assigned. While for 

many adult cardiac disorders hiPSCs disease modelling is restricted by the incomplete 
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maturation of the formed myocytes360, for our purpose hiPSCs are the ideal system 

since early developmental stages can be investigated.  

Dynamic analysis of directed cardiac progenitor as well as myocardial differentiation 

over time displayed a consistent dysregulation of the transcription factors TBX5 and 

NKX2.5 (Fig.19 and 22). These results are in line with other studies investigating tran-

scriptional alterations in HLHS hiPSC-induced cardiomyocytes, which found expres-

sional differences of chamber-specific regulatory genes341,342,346. Transcriptional differ-

ences of crucial cardiac progenitor markers have also been described in other CHDs 

such as Holt-Oram syndrome361,362. To exclude the possibility of an influence of the 

factors applied to the cells to direct the differentiation, the cells were subsequently dif-

ferentiated towards cardiomyocytes using the EB differentiation protocol that spontane-

ously induce cardiomyocyte formation without addition of factors. The cardiomyocyte 

yield applying this protocol is low and therefore it is not the preferred method. Sponta-

neous EB differentiation of the hiPSCs revealed similar transcriptional differences in 

the patient hiPSC-derived cardiomyocytes, suggesting no influence or rescue of the fac-

tors applied to the cells during directed differentiation. To sum up this transcriptional 

analysis, the differentiation delay could be recapitulated in the hiPSC system and, inter-

estingly, it is evident even in cardiac progenitor populations. Thus, for the first time, we 

have been able to assign the transcriptional phenotype to earlier stages of cardiac devel-

opment by applying a specific cardiac progenitor differentiation protocol. Hereby we 

gained insight of early fate decisions of progenitor cells, suggesting defective specifica-

tion of cardiac precursors as the main driver for the onset of HLHS. Whether the ob-

served transcriptional differences reflect abnormalities within a specific group of pro-

genitor cells (e.g. a delayed specification) or complete absence of specific cardiac pro-

genitor populations remains an open question and is discussed in chapter 5.3. The cur-

rent work further aimed to address how these transcriptional variations are caused. We 

tried to evaluate if mutated genes in HLHS patients contribute to the defective gene ex-

pression. The documented differences in cardiogenesis between patient and control hiP-

SCs indeed strongly suggest a genetic component in the disease etiology. 

 

Role of de novo mutations in HLHS (Genetic inheritage model) 

So far, no clear genetic inheritance model could be assigned to CHDs including HLHS, 

although the studies performed direct strongly towards a complex genetic disease as 
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described in the introduction. Along with the findings that our patient-specific hiPSC 

cells do have intrinsic alterations leading to a clearly defined cardiac transcriptional 

phenotype, the de novo mutation analysis performed on these three patients and 75 addi-

tional HLHS patients suggest a rather complex than monogenic inheritance model since 

it did not reveal individual genes showing enriched mutations. Therefore, as part of an 

additional collaboration, parental inherited variances were further analysed. Here, an 

enrichment of mutations in genes crucial for cardiogenesis was found, supporting our 

data of defective cardiac differentiation in patient material and during cardiac differenti-

ation of the HLHS hiPSC lines.  

We were further interested if particular de novo mutations of our patient hiPSCs could 

also be involved in cardiogenesis. Therefore, we performed in vivo studies in zebrafish 

and Xenopus, well-established model systems for cardiac development. Several mor-

pholino knockdown studies have been performed suggesting a role of particular genes 

in the onset of cardiac diseases363–365. In this context, we were especially interested if de 

novo mutations of our HLHS patients could recapitulate the cardiac phenotype seen in 

the hiPSC system. We were able to show a significantly impaired heart development 

upon DENND5B morpholino knockdown in Xenopus, including dramatic reduction of 

atrial and ventricular structures along with mild truncation of the outflow tract (Fig. 34). 

These observations could be confirmed in zebrafish morpholino knockdown of 

DENND5B, which also led to cardiac structural anomalies. Additionally, published data 

suggest an involvement of FGFR1 and MACF1, which were targets of de novo muta-

tions in the other two patient lines, in cardiogenesis, supporting the idea of an contribu-

tion of de novo mutations in the development of HLHS. The role of FGFR1 in cardiac 

development has been previously published by the group of Cresta. They could prove 

that FGFR1 signalling is required for mesoderm formation and subsequent cardiogene-

sis in mice, showing that fgfr1
-/- knockout mice die before the heart is formed and that in 

embryonic bodies (EBs) derived from fgfr1
-/
- mouse ES cells less beating foci were 

found. Additionally, the expression of mesodermal, cardiovascular progenitor as well as 

cardiac genes was lower, while mRNA levels of markers for other germ layers were not 

altered. The same effect could be seen by FGFR1 inhibition in fgfr1
+/- mES cells357. 

Knockout of MACF1 prevented primitive streak, node, and mesoderm formation and 

mice died during gastrulation. MACF1 interacts with AXIN and other components of 

the WNT inhibitory complex and upon siRNA knockdown of MACF1, WNT signalling, 
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important for cardiogenesis among others, was reduced356. This work supports the theo-

ry that our de novo mutations might be one reason for the development of CHD.  

However, the fact that genes in which de novo mutations are found are by far not identi-

cal and additionally do only cluster in gene ontology groups such as cardiac develop-

mental genes, leads to the conclusion that those findings can only be seen as an indica-

tion of a novel candidate gene. It is more likely a complex disease caused by the combi-

nation of different mutations including de novo mutation as well as variances inherited 

by the parents as already describe above. Moreover, in vivo gene knockout studies are 

solely partially transferrable to the human being and can only describe the effect of sin-

gle variants on the onset of the disease, but single knockouts do not recapitulate the 

multifaceted phenotype. Hence, understanding the onset of HLHS ideally requires in 

vivo or in vitro model systems in which it is possible to introduce the multigenic back-

ground, favourable in a human setting. Current techniques allowing genetic modifica-

tions in in vitro and in vivo systems are restricted. Targeted introduction of single muta-

tions has been successfully established in the recent decades, including homologous 

recombination, zinc finger (ZNF), TALEN, adeno- associated viruses (AAVs) and the 

latest CRISPR/Cas9 technology. Nonetheless, these techniques are still not very effi-

cient and are very time-demanding, and targeted introduction of multiple specific muta-

tions to closer resemble the genetic background of HLHS patients via Multiplex gene 

editing is still in its early stage. In silico, analytical methods to evaluate combined ef-

fects of more than a single gene variant exist only in a premature form and need to be 

developed further. 

The restriction in genetic manipulation in in vivo or in vitro systems to model HLHS 

highlights the advantage of patient-specific hiPSCs in disease modelling. These cells 

harbour the whole set of genetic variances of the individual patient. Thus, for the dis-

covery of mechanisms altered in HLHS, these cells represent the most promising tool. 

Additionally, by targeted correction of predicted disease-causing mutations using the 

CRISPR/Cas technology, the role of particular genes in the origin of the disease can be 

assessed. But here, the same restrictions described for disease modelling by introduction 

of disease causing mutations account, since it would also require multiple rounds of 

correction. Another important question in the understanding of HLHS is “what are the 

mechanistic consequences behind the detected gene variants and differential expression 

profiles?” 
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In general, all these de novo mutations can be assigned to cytoskeleton dynamics, close-

ly linked to ciliogenesis. The abovementioned analysis of transcriptional differences in 

HLHS hearts by Gambetta et al. reveals, besides the differential expression of cell cycle 

genes and chromatin modifiers, abnormal transcription of microtubule polymerization 

genes including dyneins and microtubule associated proteins, directing towards a vesic-

ular transport and ciliogenesis defect in HLHS hearts358.  

4.2. Pertubations in cilia and autophagy as basis for defective 

cardiogenesis and CHD 

Further analysis of the exome sequencing of 78 trios unravelled a significantly enriched 

number of de novo and inherited mutations in the GO category “cilia” (Fig. 25) thereby, 

along with the de novo mutations involvement in ciliogenesis, directing the focus on the 

role of cilia and associated mechanisms in the onset of this cardiac disorder. To investi-

gate whether cilia structure and function are abnormal during cardiogenesis in HLHS 

patients compared to healthy controls, we assessed this organelle on cardiac progenitor 

cells and found a significantly altered number of ciliated cells and differences in cilia 

length in hiPSC-derived progenitors of the HLHS patients (Fig. 27). In addition, altered 

GLI1 expression, a major component of the ciliary SHH signalling, could be detected 

on mRNA and protein level (Fig. 26). 

Current knowledge suggests a strong connection of cilia dysfunction with CHDs, indi-

cating a crucial role of cilia during cardiogenesis176,189. Recently, Li et al. published a 

mutagenesis study unravelling several mutations in cilia-related genes leading to con-

genital cardiac malformations191. Interestingly, a study published in 2016 revealed a 

significantly enriched occurrence of cilia-mutations in children with HLHS that show an 

additional neurodevelopmental retardation supporting our hypothesis of an involvement 

of ciliary malfunction in the onset of HLHS366.  

The cilia defect seen in HLHS hiPSC could be recapitulated by targeted knockdown of 

DENND5B in zebrafish, a well-established model system for ciliogenesis, analysing 

several cilia-related phenotypes (Fig. 35). Hence, by using this in vivo system we could 

strengthen the hypothesis of an involvement of cilia in the development of the cardiac 

phenotype discovered in the hiPSC system. Interestingly, ciliogenesis defects in 

zebrafish and Xenopus have been discovered also after FGFR1 morpholino. Neugebauer 
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et al. could prove that cilia length is reduced in FGFR1 morphants as well as after 

treatment with FGFR1 inhibitors. Moreover, mRNA levels of cilia genes were down-

regulated upon FGFR1 signalling inhibition367. Additionally, May-Simera et al. could 

show that ciliogenesis is interrupted through MACF1 ablation, linking also the third de 

novo mutations to cilliogeneis356,368. 

 

Connection of ciliary defect within a cell cycle-autophagy axis 

The link between cilia defects and the differentiation capacity of cardiac progenitors in 

HLHS is still elusive. Recently, it was shown that a connection of ciliogenesis with au-

tophagy and cell cycle progression is crucial for specific early cell fate decisions by the 

discovery of the so called “Primary Cilium-Autophagy-Nrf2 (PAN) axis”. This axis 

connects changes in the length of G1 phase to progress in neuroectoderm and mesendo-

derm lineage specification, the earliest decision following hESC differentiation induc-

tion. This, in turn, changes the ciliation patterning on the cells resulting in autophagy 

induction. Lineage specific markers are thereby turned on, while pluripotency gene ex-

pression is downregulated192. Congenital defects caused by anomalies in one of these 

interconnected axis components might range from a dramatic malformation to non-

existence of specific tissues rising from these lineages. Hereby, the defective component 

influences all the other components resulting in misexpression of important markers that 

define and initiate tissue patterning. Thus, the discovered ciliation defect in cardiac pro-

genitors derived from HLHS hiPSCs might be connected with cell cycle and autophagy 

defects resulting in the observed dysregulation of specific cardiac progenitor markers, 

making it worthwhile to investigate these processes in our hiPSC system as well. 

As mentioned above, the second factor of the described axis is the cell cycle, another 

key regulator of differentiation progression, closely connected to the proliferation speed. 

We saw that proliferation and cell cycle changes occurring during specification progres-

sion towards a cardiac progenitor state are delayed in HLHS hiPSCs (Fig. 23 and 24), 

suggesting that patient cells stay longer in a less differentiated state, showing a higher 

proliferation rate and shorter G1 phase, indicated by a decreased number of cells in the 

G1 phase. It is well known that pluripotent stem cells have a high proliferation rate due 

to a short cell cycle length (16-18h), mainly defined by an abbreviated G1 phase (2.5h); 

upon differentiation induction, proliferation speed is reduced by prolongation of the G1 

phase369. As described in the introduction, strict temporally and spatially defined prolif-
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eration is crucial for sufficient development of the heart field populations. Gambetta et 

al. showed a dysregulation of cell cycle gene expression directing towards a block of 

cell cycle progression HLHS hearts358. This study supports our hypothesis, even though 

the results were obtained in a static context of human differentiated tissue, while we 

were able to bring these findings in the dynamic context of the cardiac development 

process, thus helping to better understand the direct effect of those anomalies. At day 3 

of cardiac progenitor differentiation the number of patient cells caught up with the con-

trol cell levels, this suggests that HLHS iPSCs are able to differentiate towards cardiac 

progenitors but it requires more time. One reason for this delay could be reduced au-

tophagy activity that might lead to delayed protein clearance. 

The third component of the PAN axis is the process of autophagy. Hence, we tried to 

induce autophagy in our patient hiPSC lines to examine if this process is defective as 

well. Upon autophagy stimulation by Brefeldin A during hiPSC differentiation towards 

cardiac progenitors, we observed a non-response of patient cells to this induction com-

pared to control lines, indicating a defect in the autophagic process (Fig. 28). Autopha-

gy is required for the rapid removal of proteins during cell fate determination acting 

through different developmental pathways. Therefore, autophagy plays a major role in 

differentiation progression as well as pluripotency maintenance370. Increasing autopha-

gy by mTOR inhibition or autophagy stimulation leads to an accelerated and more effi-

cient reprogramming for instance, relieving the somatic cells from a senescence state 

after reprogramming induction and supporting cell cycle progression. Autophagy induc-

tion is even described to support pluripotency by expression of pluripotent marker 

genes371,372. In recently published papers it has been claimed that autophagy is directly 

connected to different phases of the cell cycle, thereby eventually regulating the switch 

between proliferation and differentiation through midbody accumulation and induction 

of cell cycle arrest, among others. In pancreatic cancer cells, autophagy induction led to 

a G2/M phase arrest along with a downregulation of proteins that control cell cycle pro-

gression thereby inhibiting proliferation224,230,231,373. However, the direct translation of 

autophagy activity to differentiation processes during embryogenesis remains subject of 

future studies. 

Interestingly, not only cilia but also autophagy is closely connected to all three de novo 

mutations found in our patient lines. The predicted disease-causing mutation in the gene 

DENND5B interrupts its RAB39 binding (Fig. 33) and in literature, RAB39 has been 
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described as a protein involved in the fusion step of the autophagosome with the lyso-

some374–376. Moreover, the autophagy activator Brefeldin A, used in the experiments, 

interacts with RAB proteins to induce autophagy377–379, which might explain why au-

tophagy induction was reduced in the HLHS patient line carrying the DENND5B muta-

tion. Additionally, mediated by its RAB interaction, DENND5B is involved in vesicular 

trafficking, an important component in ciliogenesis as mentioned before380–383. So far, 

RAB39 has not been directly connected to ciliogenesis. However, many other RAB 

family members, such as RAB12 that directly activates DENND3, are known to induce 

autophagy384. Overall, very little is known about the role of RAB39; thus, it will be of 

interest to further investigate its involvement in ciliogenesis. The predicted disease-

causing mutation in the FGFR1 gene, carried by the second patient line, is well known 

to play a crucial role in cardiogenesis along with its function in the ciliary signalling 

centre as mentioned above357,367. Interestingly, recent publications could show a role in 

autophagy as well. Lin et al. discovered an inhibitory effect on autophagy by FGFR1 

signalling via mTOR activation, confirmed by the finding that FGFR inhibition in breast 

cancer cells leads to activation of autophagy mediating a protective effect385,386. Finally, 

FGFR1 is involved in cell cycle regulation in cardiac progenitors387, which might ex-

plain the very specific heart phenotype in this patient, most likely resulting from a com-

bination with additional inherited mutations. Finally, the microtubule-associating factor 

MACF1 is not only known for its function in mesoderm formation and ciliogenesis, it 

can also be linked to the autophagy defect seen in the correspondent HLHS hiPSC line 

through its interaction with p230, a Trans-Golgi protein that mediates the transport of 

the autophagic protein ATG9 from the Golgi to the phagophores388.  

We obtained an intriguing result that brought us a step closer in the understanding of 

this presumed axis in the context of HLHS by inhibiting autophagy in control lines. The 

administration of the autophagy inhibitor CQ to control hiPSC lines induced a similar 

phenotype seen in the patient lines, with a lower number of progenitor cells in G1 phase 

at day 2 of differentiation as well as a decreased expression of specific cardiac progeni-

tor genes such as TBX5 while other markers such as ISL1 remained unaltered (Fig. 29). 

Taken together, these findings show for the first time that manipulation of defined pro-

cesses such as autophagy and cell cycle changes can influence the differentiation ability 

of early cardiac progenitor cells and could be assigned to a congenital malformation. 

Moreover, they suggest common regulatory mechanisms to be responsible for the onset 
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of HLHS rather than single gene variants. Another logical inference regarding these 

findings raise the idea of investigating autophagy inducers as a therapeutic option in 

HLHS, though this approach is very hypothetical since very early stages of embryogen-

esis are very difficult to target and prenatal screening for HLHS is not yet established 

due to the lack of markers and defined causative genes. 

 

Autophagy manipulation as a therapeutic intervention  

The role of autophagy with its diverse functions in keeping a healthy condition has been 

investigated in several disorders, leading to first trials that test autophagy inducers or 

inhibitors for therapeutic interventions. For instance, in cancer, autophagic genes encod-

ing proteins such as G1/S-specific cyclin-D1 also known as B-cell CLL/lymphoma 1 

(BCL1), and many ATGs could be assigned to an anti-oncogenic function. By monoal-

lelic knockdown of these tumour suppressor genes, spontaneous tumorigenesis occurred 

suggesting that anti-oncogenic pathways may stimulate autophagy. Controversially, in 

established tumours, autophagy might be advantageous for the survival of cancerogenic 

cells, thereby inhibition of autophagy was tested as a therapeutic option in combatting 

tumour progression and has been also shown to increase cell killing during chemothera-

py389. Another potential treatment using autophagy manipulation can be found in the 

field of neurodegenerative diseases that are manifested by an accumulation of protein 

aggregates. It could be shown that defect autophagic pathway function is associated 

with the onset of Huntington disease for instance. Mice showing an autophagy deficien-

cy develop neurodegeneration and applying autophagy inducers in those mice could 

alleviate the symptoms390,391. The same autophagic function of protein clearance is dis-

cussed to be beneficial in pulmonary diseases such as cystic fibrosis or cigarette smoke-

induced chronic obstructive pulmonary disease (COPD), where impaired autophagy 

leads to protein accumulation as well392,393. 

With its role in the regulation of the innate and adaptive immune response by degrada-

tion of invasive pathogens, autophagy has been discussed in the treatment of infectious 

diseases as well. In this context, several mutations in autophagy-related genes could be 

associated with a higher susceptibility to specific inflammatory and infectious diseases. 

Since pathogens developed strategies to evade the autophagy clearance and, upon nega-

tive manipulation of autophagy, increased susceptibility to specific pathogens could be 

observed, counteracting this condition by opposite autophagy manipulation could repre-
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sent a novel therapeutic option394,395. Notably, the replication Human immunodeficiency 

virus (HIV) could be abolished by the application of vitamin D and Rapamycin, two 

pro-autophagic substances396,397. The involvement of autophagy proteins in the process 

of adaptive immune response might furthermore open possibilities in the development 

of vaccines. Moreover, metabolic diseases such as diabetes and Glycogen storage dis-

ease have also been connected to impaired autophagic function due to its role in the 

homeostasis of metabolic precursors. Thus, influencing the availability of specific me-

tabolites through autophagic degradation might be beneficial in particular metabolic 

conditions such as diabetes or storage diseases398. 

Also in the field of adult cardiac diseases, genetic variations in autophagy genes such as 

Lysosome-associated membrane protein 2 (LAMP2) could be linked to these pathogen-

ic conditions. An increased number of autophagosomes in cardiomyocytes of patients 

affected by cardiomyopathy as well as in cardiac tissues of patients suffering heart fail-

ure could be detected399,400. Interestingly, higher autophagy activity could be proven to 

be cardioprotective in a mouse model for cardiomyopathy401. Additionally, macrophag-

es isolated from atherosclerotic plaques presented an enrichment of autophagosomes. 

Hereby, autophagy eventually inhibits apoptosis and plaque necrosis due to its role in 

the stabilization of atherosclerotic plaques402,403. Moreover, in experimental ischemia–

reperfusion injury autophagic activity could be detected, most likely due to stress-

response including hypoxia, Ca2+ level alterations and ATP depletion404. However, a 

role of deficient autophagy processes in the onset of congenital cardiac disorders has not 

been examined yet and was the last main focus of this thesis, hopefully unravelling po-

tential treatment options for congenital disorders by autophagy inhibition or activation. 

 

Primary cilium-autophagy axis order in HLHS 

In our system we hypothesize cilia defects, caused by mutations, as main regulator of 

the axis, negatively influencing autophagy induction. The defective autophagy pathway 

then leads to the differentiation defect of cardiac progenitors due to delayed cell cycle 

and proliferation changes. This axis order varies from the “PAN axis”, suggested by 

Jang et al.
192. However, several recent publications raised the question which of these 

processes stands first influencing the other. Current findings suggest a rather tissue- and 

time-dependent individual axis order, with a reciprocal cilia and autophagy interaction 

in which the front standing partner varies dependent on specific conditions. For instance 
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Tang et al. showed that autophagy induces ciliogenesis through the degradation of the 

ciliary protein OFD1. Supportive findings have been reported by Lam et al., who could 

prove that cigarette smoke-induced autophagy in tracheal epithelial cells results in cilia 

shortening. Moreover, Lee et al. discovered that inhibition of autophagy restored ab-

normal ciliogenesis in thyroid cancer cells219,220,405. In contrast, other research groups 

could show that ciliary signalling influences autophagy. It could be shown on the one 

hand, that the ciliary SHH signalling cascade stimulates autophagy in vascular smooth 

muscle cells and neural cells by upregulating autophagy-related gene expression, while 

it on the other hand inhibits autophagosome formation in HeLa cells and MEFs. Moreo-

ver, in the neurodegenerative Huntington disease, impaired ciliary interaction with the 

defective HTT protein results in an incomplete autophagy induction and consequently 

an accumulation of the diseased protein217,406,407. Pampliega et al. detected a reciprocal 

cilium-autophagy regulation: they could show that SHH is directly linked to autophagic 

proteins in the ciliary pocket and that autophagy is reduced upon impaired ciliogenesis, 

whereas autophagy negatively regulates cilia formation by degradation of IFT proteins. 

This bidirectional interplay was also seen in a study conducted by Wang et al. where 

cells with repressed ciliogenesis exhibited lower autophagy levels due to enhanced 

mTOR activity, while cells with inhibited autophagy displayed cilia shortening, con-

firmed in mouse knockout models for autophagic ATG proteins408,409. 

The same bi-directional interplay was observed for cell cycle and cilia. While the cell 

cycle is defining the phases in which ciliogenesis occurs due to centrosome availability 

and regulation by cell cycle-associated proteins, ciliary signalling pathways such as 

SHH signalling can induce expression of cell cycle genes along with changes in cell 

cycle phase transitions and thereby directly or indirectly influence this process159,163,410. 

Besides cilia, also autophagy can be linked to the cell cycle. For instance, stress-induced 

signals translated to autophagy initiation lead to cell cycles changes. Additionally, the 

expression of cell cycle genes such as cyclin dependent kinases is negatively correlated 

with the expression of autophagy-related genes in cancer cells, where the cell cycle con-

trol is defective411,412. Whether autophagy can be reciprocally induced by cell cycle-

related genes needs to be examined in future studies. With our autophagy manipulation 

experiments we showed a strong indication of autophagy as the regulator of cell cycle 

length and cardiac marker gene expression. Nevertheless, rescue experiments in the 

patient lines would be necessary to fully understand this interplay, though this remains 
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challenging since the cells do not respond to autophagy activators. Genetic manipula-

tion or overexpression vectors are required to answer this question. Moreover, it would 

be exciting to manipulate cell cycle or cilia in the control lines or rescue those pheno-

types in the patient lines to further analyse which defect stands at the first position of 

the axis affecting the following processes. Cilia represent a highly complex signalling 

centre including several pathways. Also the cell cycle with its many checkpoints and 

steps is very difficult to manipulate without interrupting too many crucial cellular func-

tions. 

4.3. Limitations of the study 

3D in vitro models of cardiogenesis 

Since CHDs display cardiac structural abnormalities, one of the main challenges is to 

model this complex cardiac remodelling phenotype in vitro. To investigate patterning 

processes and steps such as cardiac looping and the influence of cilia and autophagy 

defects among others on these processes in the onset of HLHS cannot be investigated in 

2D monolayers. The lack of appropriate 3D in vitro models in the cardiac field made the 

usage of 2D monolayer assays currently indispensable. However, 3D models such as 

heart-on-a-chip approaches or human cardiac organoids (hCOs) that have recently been 

started to be used in several disease modelling approaches413 might help to examine the 

process of cardiac development in the future. An advantage of these models could be 

the application of different flow dynamics to the cells to observe structural changes dur-

ing development or the seeding of these devices with diseased cardiomyocytes or pre-

cursor cells to investigate the influence of particular mutations or genetic backgrounds 

on heart chamber formation among others. First trials exerted some promising efforts in 

myocyte alignment and microvascularization of the native cardiac structure using bi-

oprinting strategies. Moreover, wall structure-like formation could be induced by the 

cellularization of flexible substrates. One major restriction at present seems to be the 

measurement of electrophysiological and cell signalling parameters. Methods such as 

optical mapping or stainings have been tested but could barely provide accurate infor-

mation. Recently, a heart-on-a-chip device was fabricated where sensors to measure 

contractility were integrated using a 3D multi-material extrusion printer that resulted in 

more reliable measurements414. However, seeding of 3D models with different cardiac 
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cell types, even in a progenitor state, thereby inducing the development of cardiac struc-

tures, remains a major challenge in the field of in vitro human cardiac remodelling. 

 

Distinction of FHF vs. SHF cardiac populations 

Our results of a dysregulation of TBX5 and NKX2.5 hint to a possible defect in FHF 

progenitor cells in HLHS. Expression of markers known for SHF progenitors is unal-

tered, supporting the hypothesis of a subtype specific defect. However, we cannot dis-

tinguish whether a FHF population is formed in HLHS patients and in case it is formed, 

whether the substantial defects seen in cell cycle, autophagy and cilia formation can be 

assigned to this specific population. The group of Harvey reported that upon knockout 

of Nkx2.5 in mice, cardiac precursors are over-specialized followed by impaired SHF 

proliferation and shortening of the OFT due to an upregulation of genes that define and 

maintain cardiac progenitor. Moreover, FHF population seems to form in vivo also 

without Nkx2.5, though with altered expression profile population103. Thus, one could 

speculate that if the aberrant NKX2.5 expression seen in our HLHS hiPSC lines was the 

cause of the onset of the disease, a FHF population would arise but is defective. How-

ever, the NKX2.5 downregulation could also be a secondary consequence of the de-

scribed altered ciliogenesis or autophagy. Which role FHF cells plays in the human sys-

tem and whether NKX2.5 downregulation is a cause or consequence of dysregulated 

FHF population formation needs to be further investigated. 

Another interesting observation in terms of hypothetical FHF-related defects in HLHS 

is that we find a higher expression of Dennd5b in mESC-derived FHF cardiac progeni-

tors forming the left ventricle of mice, marked by Nkx2.5 enhancer activation (Fig. 31). 

However, the phenotype induced by Dennd5b knockdown in Xenopus showed an addi-

tional mild effect in structures derived from SHF cells (e.g. OFT). This could result 

from dosage and temporal differences in the induced morpholino knockdown compared 

to the physiological situation in HLHS patients or be a consequence of abnormal FHF 

development.  

Building on these results, a well-established way for the identification and subsequent 

separation of these two hypothetical progenitor populations is necessary to further ana-

lyse if the observed defects are specific for a FHF-like population. For mice, a Nkx.5 

enhancer marking system has successfully been developed, that, if cloned into a reporter 

vector and transfected into mESCs, was able to mark a distinct population characterized 
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by the expression of typical FHF markers415. Now it needs to be tested whether this car-

diac specific murine enhancer can be transferred into the human system. We were able 

to clone the enhancer sequence linked to a GFP marker gene into a PiggyBac™ system 

allowing us to bring high copy numbers of the sequence into the human genome. First 

results after transfection of the NKX2.5-enhancer construct into hiPSCs showed a 

promising specific marker expression during cardiac differentiation. However, further 

evaluation and characterization is required as well as a way to isolate the two distinct 

populations for a possible assignment of the described HLHS phenotype to one of the 

progenitor populations. 
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