
Fakultät für Medizin 

Pleiotropic role of the myocytic cell cycle in 
congenital heart disease  

Hilansi Rawat 

Vollständiger Abdruck der von der Fakultät für Medizin der Technischen Universität 

München zur Erlangung des akademischen Grades eines 

Doctor of Philosophy (Ph.D.) 

genehmigten Dissertation. 

Vorsitzender: Prof. Dr. Stefan Engelhardt 

Betreuerin: Prof. Dr. Alessandra Moretti 

Prüfer*innen der Dissertation: 

1. Prof. Dr. Nikolai Klymiuk

2. Prof. Dr. Agnes Görlach

Die Dissertation wurde am 27.04.2022 bei der Fakultät für Medizin der Technischen 

Universität München eingereicht und durch die Fakultät für Medizin am 24.06.2022 

angenommen.



 



 

i 

Abstract 

Congenital heart diseases (CHDs), which affect the structure and function of the heart or 

great vessels, are the most common type of birth defect and the leading cause of pediatric 

morbidity and mortality worldwide. In the past decades, models of cardiac development 

and disease have primarily been based on rodents, which have helped define the 

developmental processes and transcriptional networks governing cardiogenesis. 

However, interspecies differences and the complex multifactorial genetic architecture of 

CHDs limit the potential of animal models to fully recapitulate the mechanisms of human 

CHD pathogenesis. Human tissue samples from affected patients provide important 

insights, but they are not easily accessible and represent a fixed state that does not reveal 

the dynamic progression of disease. 

Cardiac cells derived from human induced pluripotent stem cells (hiPSCs) provide a 

powerful alternative to study genetic mutations, developmental pathways, and functional 

defects related to CHD. The work presented in this thesis combines 2D and 3D hiPSC-

based cardiac models with native patient samples to investigate CHDs that currently have 

limited treatment options. In collaboration with Dr. Cordula Wolf, we defined contrasting 

disease phenotypes in cardiomyopathy associated with Noonan syndrome (NS-CM) and 

sarcomeric hypertrophic cardiomyopathy, identifying cell cycle defects as a potential 

driver of NS-CM. In a second multidisciplinary project, we identified alterations in several 

cellular processes leading to defects in cardiac myogenesis in hypoplastic left heart 

syndrome (HLHS), including decreased cell cycle activity.  

Overall, these findings highlight the critical role of cell cycle regulation during cardiac 

development, and open new avenues for basic and translational cardiovascular research. 
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Zusammenfassung 

Angeborene Herzfehler (AHF), die die Struktur und Funktion des Herzens oder der 

großen Gefäße beeinträchtigen, sind die häufigste Art von Geburtsfehlern und weltweit 

die Hauptursache für pädiatrische Morbidität und Mortalität. In den vergangenen 

Jahrzehnten wurden Modelle für die Entwicklung und Erkrankung des Herzens vor allem 

an Nagetieren entwickelt, die dazu beigetragen haben, die Entwicklungsprozesse und 

Transkriptionsnetzwerke zu definieren, die die Kardiogenese steuern. Die Unterschiede 

zwischen den Spezies sowie die komplexe multifaktorielle genetische Architektur der 

AHF schränken jedoch das Potenzial von Tiermodellen ein, die Mechanismen der 

menschlichen AHF-Pathogenese vollständig zu rekapitulieren. Humane Gewebeproben 

von betroffenen Patienten liefern wichtige Erkenntnisse, sind aber nicht leicht zugänglich 

und stellen ein definiertes Stadium dar, das den dynamischen Verlauf der Krankheit nicht 

erkennen lässt.  

Herzzellen, die aus humanen induzierten pluripotenten Stammzellen (hiPSCs) gewonnen 

werden, bieten eine leistungsfähige Alternative zur Untersuchung von genetischen 

Mutationen, Entwicklungswegen und funktionellen Defekten im Zusammenhang mit 

AHF. Die in dieser Dissertation vorgestellten Arbeiten kombinieren 2D- und 3D-

Herzmodelle auf der Basis von hiPSCs mit nativen Patientenproben, um AHFs zu 

untersuchen, für die es derzeit nur begrenzte Behandlungsmöglichkeiten gibt. In 

Zusammenarbeit mit Dr. Cordula Wolf definierten wir kontrastierende 

Krankheitsphänotypen bei der mit dem Noonan-Syndrom assoziierten Kardiomyopathie 

(NS-CM) und der sarkomerischen hypertrophen Kardiomyopathie und identifizierten 

Zellzyklusdefekte als mögliche Ursache der NS-CM. In einem anderen multidisziplinären 

Projekt haben wir Veränderungen in mehreren zellulären Prozessen identifiziert, die zu
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 Defekten in der kardialen Myogenese beim hypoplastischen Linksherzsyndrom (HLHS) 

führen, einschließlich einer verminderten Zellzyklusaktivität. 

Insgesamt unterstreichen diese Ergebnisse die kritische Rolle der Zellzyklusregulation 

während der Herzentwicklung und eröffnen neue Wege für die Grundlagen- und 

translationale kardiovaskuläre Forschung.  
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1    Introduction 

1.1 Congenital heart diseases 

 1.1.1 Global prevalence and etiology of congenital heart disease 

Congenital heart disease (CHD) is defined as a structural abnormality of the heart and /or 

great vessels that arises during embryonic cardiogenesis3. It is the most common type of 

birth defect affecting approximately 0.8% to 1.2% of live births worldwide1,2. Some of the 

most common types of CHDs include aortic stenosis, atrial septal defect (ASD), 

hypoplastic left heart syndrome (HLHS), pulmonary stenosis, tetralogy of Fallot (TOF), 

ventricular septal defect (VSD), and transposition of the great arteries4. There has been 

an overall rise in CHD birth prevalence over time, from 4.547 per 1,000 live births in 

1970-1974 to 9.410 per 1,000 live births in 2010-20175 (Fig.1).   
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Figure 1. Changes in CHD birth prevalence worldwide. Time course of the total reported 

congenital heart disease (CHD) birth prevalence from 1970 to 2017. The thick blue line 

represents the estimated overall prevalence of CHD and thin lines represent the 95% confidence 

interval. Adapted from Liu et al. 2019, International journal of epidemiology3. 

 

Classically, CHD has been categorized based on a combination of anatomic and 

physiological phenotypes, such as conotruncal defects that affect the ventricular septum, 

atrial septum and outflow tract, defects that result in obstruction to left ventricular 

outflow, atrioventricular canal defect14, these defects alter the blood flow of the heart and 

further classified as cyanotic and acyanotic defects14,15 (Fig. 2). Most patients suffering 

with CHD have significant cardiac and extracardiac comorbidities that affect their quality 

of life and those suffering with severe CHD require surgery during infancy15. Despite 

development in medical and surgical treatments, CHD remains the leading cause of 

mortality from birth defects in the developed world16. 
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Figure 2. Heart malformations identified during infancy, and estimated prevalence based 

on the CONCOR database12. Numbers indicate the birth prevalence per million live births. 

AS: aortic stenosis; ASD: atrial septal defect; AVSD: atrioventricular septal defect; CoA: 

coarctation of the aorta; Ebstein: Ebstein anomaly; HLHS: Hypoplastic left heart syndrome; 

MA: mitral atresia; PDA: patent ductus arteriosus; PS: pulmonary stenosis; PTA: persistent 

truncus arteriosus; TA: tricuspid atresia; TGA: transposition of the great arteries.SV: single 

ventricle; TOF: tetralogy of Fallot and VSD: ventricular septal defect. Adapted from Fahed et 

al. 2013, Circulation Research13. 

 

Previous reports suggest, in the United States  from 1999-2006 nearly half of the deaths 

caused by CHD occurred during infancy, but recent advances in prenatal diagnosis have 

led to a significant decline in infantile mortality; approximately 75% of children with CHD 

that survive the first year of life, including those possessing complex malformations, live 

into adulthood9,10. Of note, the incidence and mortality of CHD vary significantly between 

geographical locations8,9. Recent reports show a prevalence of CHD in adults of 

approximately 3,000 per million11, with an increase of ~5% each year12. Life-long CHD is 

associated with serious physiological, emotional, and socioeconomic challenges for 

patients, families, and society. The discovery of new therapies for CHD is therefore vital 

to the healthcare of this growing population13. 

Epidemiologic studies have shown that genetic factors are the predominant cause of CHD 

but environmental factors such as maternal conditions and the intrauterine environment 

are also important contributors. 



Introduction  

 

4 

 

Distinct genetic and environmental factors can be defined in 20-30% of all CHD cases. 

However, the mechanisms driving the development of CHD are complex and remain 

incompletely understood7.  The genetics of CHD are extremely heterogeneous, and the 

mutations can be familial or sporadic in nature. Familial CHD mutations are reported to 

occur as autosomal dominant, autosomal recessive, or X-linked traits14,17. These 

mutations are highly penetrant and result in variable clinical manifestations. 

 

1.1.2 Congenital heart defects in Noonan syndrome  

 

Noonan syndrome (NS) is a genetic disorder, that is typically evident at birth but can be 

diagnosed at any age.  It is defined by characteristic facial features, short stature, 

congenital heart defects, and developmental delay of variable degree18. Typical features 

include broad or webbed neck, unusual chest shape with superior pectus carinatum, 

varied coagulation defects, lymphatic dysplasia and ocular abnormalities19 (Fig. 3). 
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Figure 3. Characteristic features of infants with Noonan syndrome. Distinctive features 

typical of Noonan syndrome (NS) patients, identifiable at an early age20.  Adapted from 

Bhambhani et al. 2014, Journal of American Family Physician.  

 

The incidence of NS is one in 1,000 to 2,500 live births for severe phenotypes, but mild 

cases may be as common as one in 100 live births20,21. Approximately 50%-80% of 

affected individuals have various forms of congenital heart disease, such as pulmonary 

valve stenosis, septal defects, left-sides lesions, complex forms with multiple anomalies21 

and approximately 20%-30% of patients develop hypertrophic cardiomyopathy in 

infancy or childhood18 (Table 1).  

Table 1. Spectrum of cardiac abnormalities in Noonan syndrome.  

Data obtained from 12 cohorts of patients with a clinically established NS diagnosis, with 

n ≥ 2022-25. Adapted from Linglart et al. 2020, American Journal of Medical Genetics18. 

 

 Cardiovascular phenotype Percentage of 

patients 

No cardiovascular disease - 10-16% 

Congenital heart disease Pulmonary valve stenosis 25-71% 

" Atrial septal defect 4-57% 

" Ventricular Septal defect 1-14% 

" Atrioventricular canal defect 1-13% 

" Mitral abnormalities 2-17% 

" Aortic coarctation 2-9% 

" Patent ductus arteriosus 1-6% 

" Tetralogy of Fallot 1-4% 

Other cardiovascular Hypertrophic 

cardiomyopathy 

10-29% 

" Arterial aneurysms <1% 
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For the sake of clarity, we will distinguish here between hypertrophic cardiomyopathy 

associated with Noonan syndrome (NS-CM) and the classical hypertrophic 

cardiomyopathy (HCM) caused by mutations in genes encoding sarcomeric proteins, such 

as MYH7, MYBPC3, ACTC1, TNNT2, TNNI3, TPM1, MYL2 and MYL326,27,29. Despite similar 

cardiac features between the two, patients with NS-CM are diagnosed earlier in life, the 

average being 5 months, with 50% patients diagnosed by six months of age. This is 

significantly earlier than pediatric forms of HCM, which present at 8 years of age on 

average26,27. NS-CM patients are more prone to have congestive heart failure that children 

with other forms of HCM (24% versus 9%)26-28. In addition, NS patients also often present 

with significant left ventricular outflow obstruction, with an average gradient of 

32mmHg26,27. The presence of NS-CM significantly shortens the time of survival without 

hospitalization or cardiac intervention in NS patients compared to those without NS-CM. 

Similarly, the chance of survival among pediatric patients with any form of hypertrophic 

cardiomyopathy differs between those with and without NS. Among those with NS, there 

is substantial early mortality, with most deaths occurring during infancy in contrast to 

sarcomeric HCM26,29,30. The fact that myocardial hypertrophy and dysfunction do not 

progress over time in a subset of NS-CM patients31,32 in contrast to HCM further hints to 

distinct disease mechanisms33.  

In the majority of cases NS is an autosomal dominant genetic disorder, although an 

autosomal recessive form was recently identified34,35. Individuals present mutations in 

genes of the RAS/mitogen-activated protein kinase (MAPK) signal transduction pathway, 

the five most common being PTPN11 (50%), SOS1 (10%-13%), RAF1 (5%), RITI (5%), 

and KRAS (<5%). Fewer patients have a mutation in NRAS, BRAF, MEK2, RRAS, RASA2,  
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A2ML1 and SOS236,37. Of note, several traits of NS overlap with features associated with 

other RASopathies such as Costello syndrome, cardiofaciocutaneous syndrome, 

LEOPARD syndrome and NS like with loose anagen hair38, which share a perturbation of 

the RAS/MAPK pathway39 (Fig. 4).  

  

Figure 4. Spectrum of RAS-MAPK pathway genes affected in RASopathies. Proteins 

involved in RAS-MAPK signalling are shown; those with pathogenic variants causing one or 

more RASopathies are indicated. The proteins displayed within the boxes mostly reside at the 

cell membrane (indicated with the schematic of lipid bilayers, except LZTR1 which is present 

in the Golgi apparatus). The proteins shown outside of the boxes are principally located in the 

cytosol. CFCS: cardiofaciocutaneous syndrome; CS: Costello syndrome; NF1: 

neurofibromatosis type 1; NFNS: neurofibromatosis-Noonan syndrome; NS: Noonan 

syndrome; NSLAH: Noonan syndrome with loose anlagen hair; NSML: Noonan syndrome 

with multiple lentigines; NS-like JMML: Noonan syndrome-like disorder with juvenile  

myelomonocytic leukemia; RTK: Receptor tyrosine kinases. Adapted from Linglart et al. 2019, 

American Journal of Medical Genetics18.
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The RAS-MAPK pathway is involved in several important cellular functions. It notably 

comprises extracellular ligands such as growth factors (epidermal growth factor (EGF), 

tumour necrosis factor, activators of protein kinase C (PKC) and Src family members), 

hormones and cytokines, that are known to stimulate cell proliferation, differentiation, 

survival and metabolism38-40.  

Cell surface receptors are phosphorylated upon binding of their ligand. This results in the 

recruitment of adaptor proteins such as GRB2, which form a constitutive complex with 

guanine nucleotide exchange factors such as SOS, that switch GDP-bound RAS to its active 

GTP-bound form.  Activated RAS proteins then activate the RAF-MEK-ERK cascade 

through phosphorylation, finally leading to activated ERK, which enters the nucleus to 

alter gene transcription and modulate the activity of cytoplasmic targets, which results 

in appropriate cellular response to the stimulus. All genes affected in NS encode proteins 

essential to the pathway41-43. It was recently demonstrated that most mutations in 

PTPN11 alter amino acid residues that reside in or around the interacting surfaces of the 

N-SH2 and PTP domains. However, some variants also affect residues in the C-SH2 

domain, as well as in the interdomain binding peptide that stabilizes SHP-2 in its 

catalytically inactive conformation. These mutations are predicted to exaggerate SHP-2 

physiological activation by impairing the switch between the active and inactive 

conformation without altering SHP-2’s catalytic capability44,45. However, the resulting 

pathogenesis of NS is only partially understood and  more research is required to 

understand and predict the type and severity of CHD that will arise in individual patients 

affected by NS.
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1.1.3 Hypoplastic Left Heart Syndrome (HLHS): a severe birth defect 

One of the most severe congenital heart defects is hypoplastic left heart syndrome 

(HLHS), which is characterized by underdeveloped left-sided structures of the heart, 

including the mitral valve, left ventricle, aortic valve, ascending aorta, and aortic arch48 

(Fig. 5). HLHS affects 1 in 5,000 new-borns, representing 3% of all infants born with CHD. 

In 95% of cases affected infants receiving no treatment or surgical intervention die within 

the first 7 to 10 days of life49,50,70-72, which accounts for 25% to 40% of all neonatal cardiac 

deaths51.  

 

 

Figure 5. The structure of a heart with hypoplastic left heart syndrome (HLHS). HLHS 

involves a hypoplastic aorta and left ventricle, a large patent ductus arteriosus and an atrial 

septal defect.  RA: right atrium; LA: left atrium; RV: right ventricle; LV: left ventricle; PA: 

pulmonary artery; AO: aorta. Adapted from Saraf et al. 2019, Journal of cellular and molecular 

cardiology52.
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One of the challenges underlying the poor prognosis for HLHS patients is clinical 

management of the single right ventricle (RV). In some patients RV function is 

uncompromised, as it serves as the systemic pumping chamber, whereas in others it will 

develop heart failure, resulting in the need for cardiac transplantation53. The reason for 

these diverging phenotypes remains unknown, highlighting the importance of 

understanding the factors driving heart failure risk in HLHS. Such insights are essential 

for the development of therapeutic interventions to improve the long-term prognosis for 

patients with HLHS54-56.  

A widely accepted hypothesis regarding development of HLHS is the so-called "flow 

theory" which defines blood flow-mediated remodelling as critical aspect for the 

morphogenesis of the cardiovascular system, such as premature narrowing of the 

foramen ovale or aortic valve obstruction57-61. However, animal studies have 

demonstrated that intrinsic cardiomyocyte proliferation and differentiation defects also 

contribute to the left ventricular hypoplasia62,63. HLHS typically occurs sporadically but 

in some cases a genetic cause can be established. The latter may be mutations in the 

NKX2-5 gene with autosomal dominant inheritance, or in the GJA1 gene with autosomal 

recessive inheritance64,65. Other candidate genes were also identified, including 

heterozygous mutations in NOTCH1, HAND1 and RBFOX266-68. Moreover, HLHS also been 

associated with certain genetic disorders including trisomy 13, trisomy 18, Turner 

syndrome, and Jacobsen syndrome. Although there is growing data highlighting a genetic 

etiology which is supported by an increased recurrence risk and familial clustering, the 

largely sporadic occurrence makes it one of the most complex CHD.
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Surgical treatments have been developed to improve hemodynamic and development 

defects in the patients. Surgical intervention for HLHS requires either a three-step 

surgery termed staged palliation or a heart transplant. The survival rate for children at 

age 5 is ~70% and most of these children have normal growth and development post-

surgery72,73. Staged palliation is designed to allow a normal blood flow in and out of the 

heart. The first step is the Norwood procedure, which is performed shortly after birth. In 

this procedure the main pulmonary artery and the aorta are attached with a connector 

called a shunt (Fig. 6). This converts the right ventricle into the main ventricle, which 

pumps blood to the lungs and the body74.   

 

Figure 6. Stage I surgical procedure for hypoplastic left heart syndrome showing the 

systemic-to-pulmonary shunt and reconstructed neo-aorta. a) Pre-operative anatomy of a 

HLHS heart, highlighting the incision areas. b) Post-operative heart after Norwood surgery. 

Blue colour in veins indicates deoxygenated blood. Red colour indicates oxygenated blood 

flow. Adapted from the official website of Royal children’s hospital Melbourne72.  
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Usually 6 months after the Norwood procedure, the so-called bi-directional Glenn surgery 

is performed. The shunt to the pulmonary arteries is disconnected and the right 

pulmonary artery is connected to the superior vena cava, to redirect the deoxygenated 

blood directly to the lungs, avoiding blood flow through the ventricle75,76 (Fig. 7a). 

Approximately 18 to 36 months later, the Fontan operation is performed which is a type 

of open-heart surgery. After the Fontan procedure, the inferior vena cava is connected via 

a surgically created channel to the pulmonary artery, which avoids mixing of oxygenated 

and deoxygenated blood (Fig. 7b)77. Such advanced and complex surgical interventions 

require very experienced centres because in 20% of such procedures the patient is 

lost71,78. Successfully treated patients still require life-long cardiac care, and they are 

more prone to endocarditis. Despite advances in the surgical and medical management 

of this disease, a complete picture of the pathomechanisms leading to such a 

heterogenous and lethal CHD is still elusive. Insights into these mechanisms would 

contribute to progress in treatment options, hence improving the survival and quality of 

life of HLHS patients.
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Figure 7. Stage II and III surgery for hypoplastic left heart syndrome. a) Bidirectional 

Glenn operation: the superior vena cava (SVC) is transected and connected to the pulmonary 

artery, deoxygenated blood flows through PA via SVC to the lungs. Oxygenated blood enters 

a common atrium, mixes with deoxygenated blood from IVC and enters the RV and pumped 

to the systemic circulation via neo-aorta. b) Extracardiac conduit Fontan operation that 

connects IVC to the PA via surgically created fenestration. RA: right atrium; RV: right 

ventricle; LA: left atrium; LV: left ventricle; PA: pulmonary artery; IVC: inferior vena cava 

and SVC: superior vena cava. Adapted from the official website of Royal children’s hospital 

Melbourne and adapted from Cheng et al. 2020, BMC cardiovascular disorders72,78. 

  

1.2 Development processes and molecular regulation of cardiogenesis 

The heart is the earliest organ to form in an embryo and it is derived from multiple cell 

types.  The formation of the heart is a complex process, in which developmental programs 

for embryonic and foetal cardiomyocyte proliferation, maturation and apoptosis are of 

paramount importance79. The tightly regulated interplay of these complex cell processes 

with hemodynamic influences explains the high sensitivity of the heart to perturbations 

that may lead to severe cardiac malformations80,81. 

The heart is derived from the embryonic mesodermal germ layer. After the induction of 

the primitive streak (PS) and the activation of the transcription factor MESP1, cardiac 

mesoderm cells begin to migrate away from the PS. Early cardiac precursors form two 

bilateral groups that merge medially at the anterior side to form a characteristic crescent 

shape, known as the cardiac crescent (Fig. 8). In mouse embryos it forms at embryonic 

(E) day 7.5, roughly corresponding to week 2 of human gestation82,83. These migratory 

mesodermal cells give rise to two pools of cardiac progenitors known as the first and  
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second heart fields (FHF and SHF). By E8.0 in the mouse and ~3 weeks in human, these 

cells fuse along the ventral midline and form a primitive heart tube84 (Fig. 8). The tube 

consists of an inner layer of endocardial cells and an outer layer of myocardial cells. The 

two layers of cells are separated by an extracellular matrix essential for the cross talk 

between the two layers.  At ~21 days of human gestation, the tubular heart starts the first 

rhythmic contractions84,85.  At E8.5 in the mouse (~22 days in humans) the tube further 

grows as SHF cells populate the heart tube, migrating anteriorly (arterial pole) and 

posteriorly (venous pole) and resulting in the future outflow tract (OFT), the right 

ventricle and portions of the atria. At the same time, the heart tube undergoes rightward 

looping (R-loop), which results in the formation of the primitive ventricles and atria (Fig. 

8)86,87. By E12.5 in the mouse, the endocardial cells undergo epithelial to mesenchymal 

transition (EMT), giving rise to endocardial cushion, the precursor to future valvular 

structures. As the heart matures, different cell types populate the embryonic heart, 

mainly cardiomyocytes (CMs), conductive cells (CCs), vascular smooth muscle cells 

(SMCs), endothelial cells (ECs), and cardiac fibroblasts87. Around E15.5 (~ E55 in 

humans) septation of the myocardial wall completes and the heart is fully formed and 

functional (Fig. 8)86.
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Figure 8. Cardiac development in the mouse embryo. (a) Cardiogenic precursors of the 

cardiac crescent that later give rise to different compartments of the heart (A and V), (b) The 

primitive heart tube starts looping, giving rise to different compartments of the embryonic 

heart, (c) Neural crest cells populate aortic arch arteries (III, IV and VI) of the segmented foetal 

heart, (d) the foetal heart becomes more mature with segmented aortic arch and AAV 

separating into left and right valves. A: artery; V: ventricle; CT: conotruncal; RA: right atrium; 

LA: left atrium; RV: right ventricle; LV: left ventricle; AAV: atrioventricular valve segments; 

PA: pulmonary artery; Ao: aorta; DA: ductus arteriosus; RSCA: right subclavian artery; RCC: 

right common carotid; LCC: left common carotid; LSCA: left subclavian artery; FHF: first 

heart field; SHF: second heart field; OFT: outflow tract. Adapted from Srivastava et al. 2010, 

Handbook of cell signalling (II edition)85 and McCullley et al. 2012, Developmental biology86.
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All the specialized cell types of the heart are derived from cardiac progenitors that have 

the potential to self-renew and differentiate into specific cell lineages. Both heart fields 

are tightly orchestrated by signalling networks that involve members of the bone 

morphogenetic protein (BMP), sonic hedgehog (Shh), fibroblast growth factor (FGF), 

WNT and NOTCH signalling pahways. Both FHF and SHF progenitors express the 

transcription factor NK2 homeobox 5 (NKX2-5) which is partially activated by BMPs88-91. 

The FHF is characterized by early expression of the transcription factor TBX5, while the 

transcription factors Islet 1 (ISL1) and FGF8 mark SHF progenitors. Lineage tracing 

studies in chick and mouse embryos have revealed that the cells of the FHF contribute 

primarily to the left ventricle with small contributions to the atria, whereas the SHF 

mostly give rise to the right ventricle and parts of the atria and the outflow tract, and 

inflow myocardium92-95 (Fig. 9). Although most of the developed heart is composed of 

cells derived from FHF and SHF progenitors, there are some components derived from 

the cardiac neural crest cells (CNCCs). These cells are derived from the dorsal neural tube 

with expression of Wnt1, Pax3 and Sox1096,97(Fig. 9). CNCCs and their derivatives give 

rise to SMCs in the pharyngeal arch arteries and cardiac cells of the outflow tract and are 

involved in the formation of cardiac valves and, the parasympathetic nerve system as well 

as outflow tract patterning and septation98,99.  

Mutations in key transcription factors regulating cardiogenesis have been identified in 

patients and families with some of the most common CHDs100,101.  Mutations in TBX1 and 

FGF8 disrupts SHF development, which results in various CHDs such as persistent 

truncus arteriosus (failure of outflow septation), displacement of the OFT of the heart 

with the ventricular chambers and ventricular septal defects102,103. Heterozygous  
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NOTCH1 mutations can disrupt the development of aortic valve and occasionally the 

mitral valve.  Moreover, numerous mutations have been identified in NKX2-5, and TBX5, 

that are related with atrial septal defects and Holt-Oram syndrome respectively104,105.  

Recently mutations in GATA4 were reported in patients with predominantly familial 

cardiac septal defects106,107.  

It is therefore, it is of paramount importance to study the interactions of various cardiac 

transcription factors, that will help to understand how these transcription factors 

interact during normal cardiac development and how mutations affect different 

signalling pathways that result in CHD.  

Figure 9. Signalling pathways regulating specific regions during cardiogenesis. Important 

transcription factors and signalling pathways involved in the formation of different regions of 

the heart. Different signalling pathways are highlighted with green colour. CT: conotruncal 

valve; RA: right atrium; LA: left atrium; RV: right ventricle; LV: left ventricle; AAV: 

atrioventricular valve segments; Adapted from Srivastava et al. 2010, handbook of cell 

signalling (II edition)86. 
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1.2.1 Cardiomyocyte maturation and cell cycle 

The differentiation of cardiomyocytes (CMs) starts at an early stage during cardiogenesis 

to support embryonic heart function. Cardiac maturation is characterized by changes in 

gene expression as well as structural, metabolic, and functional changes in 

cardiomyocytes as the heart transits from the foetal to the adult stage. The whole matures 

and enters the perinatal phase, there is a switch from glycolytic metabolism to oxidative 

metabolism, accompanied by significant changes in mitochondrial homeostasis109. 

Towards the early postnatal period, CMs terminally exit from the cell cycle and display 

hypertrophic growth, increased contraction force, and functional cell-cell cell-

extracellular matrix interactions are formed110 (Fig.10). maturation process takes a few 

months in rodents and approximately 6 years in humans108. One of the characteristic 

features of CM maturation is the complete loss of proliferative potential, which is one of 

the main reasons for the poor regenerative capacity of the heart (Fig.10). As the heart 
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Figure 10. Model for cardiomyocyte maturation in the mouse. The three main phases of 

cardiomyocyte maturation in the prenatal, perinatal, and early postnatal stages. In the right 

boxes, a summary of the key events associated with each step is provided. E: embryonic day; 

ICD: intercalated disc; NRs: nuclear receptors; P: postnatal day; SR: sarcoplasmic reticulum. 

Adapted from Maroli et al. 2021, Cardiovascular Research108. 

The regulation of cell cycle activity one of the important elements of cardiac development 

and differentiation. This is illustrated by the fact that a loss of ~60% of cardiac 

progenitors at E7.5 or a loss of ~50-60% of CMs at E9.0 in mice can be overcome by 

hyperplasia of the remaining cardiac progenitors or CMs111. In mammals, the proliferative 

capacity of cardiomyocytes gradually drops as the embryonic heart matures and it varies 

according to the respective developmental stages such as embryonic, neonatal or 

adult109,110 (Fig. 11). The neonatal mouse heart can undergo almost complete 

regeneration after resection of a part of the left ventricle. However, one week after birth, 

at P7 or later this regenerative capacity drastically reduces as lesions result in scarring 

with minimal or almost no signs of CM proliferation112. Adult cardiomyocytes are known 

to undergo polyploidy instead of cytokinesis; several underlying processes have been 

described such as the generation of mononucleated polyploid cardiomyocytes via 

endocycling, a process in which the cell duplicates its DNA during the S phase but escapes 

nuclear division or karyokinesis. By contrast, multinucleation often occurs as a result of 

acytokinetic mitosis or failed cytokinesis113,114 (Fig. 11). Several studies have 

demonstrated that the adult mammalian heart does not regenerate, neither by inducing 

proliferation in mature cardiomyocytes nor by activating stem cells115, making the heart 

a postmitotic organ. 
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Figure 11. Cell cycle in foetal, neonatal and adult mammalian cardiomyocytes. During 

embryonic development, the growth of the heart is achieved by cardiomyocyte proliferation. 

After birth, cardiomyocytes exit the cell cycle (G0/G1). Initially this arrest is reversible, as 

neonatal cardiomyocytes can re-enter the cell cycle and proliferate upon injury. During 

postnatal development cardiomyocytes undergo one more incomplete cycle, resulting in 

binucleated or polyploid cardiomyocytes. Adult cardiomyocytes can re-enter cell cycle, during 

physiological hypertrophy such as during pregnancy and sports (reversible) and during 

pathological hypertrophy (irreversible), cardiomyocytes undergo polyploidization, 

endomitosis and polynucleation in absence of cell division or cytokinesis. Adapted from Leone 

et al. 2015, American journal of physiology116. 

 

Cardiomyocyte cell cycle activity is mainly regulated by cyclin families and cyclin-

dependent kinase (CDK) families. Upon binding of cyclins to CDKs, the cell cycle is 

activated. Cyclin-dependent kinase inhibitors such as inhibitor of cyclin-dependent 

kinase 4 (INK4) families and cyclin dependent kinase interacting protein/kinase 

inhibitory protein (Cip/Kip) families also modulate cell cycle activity117. In foetal mouse 

cardiomyocytes, the expression of cyclins and CDKs is at its peak on embryonic day 16118. 

Afterwards their expression gradually declines until birth. Interestingly, at P5, expression  
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of cyclins and CDK increases once again but later their expression continues to decline 

and remains low in the adult state. This is also correlated with DNA synthesis in 

cardiomyocytes at ~P5 resulting in binucleation because of unsuccessful cytokinesis. It 

was recently reported that changes in oxygen demand from foetal hypoxia to the 

postnatal normoxic environment lead to the suppression of cyclin D1 in postnatal 

cardiomyocytes, which results in myocytic cell cycle arrest119. Recently, Liu et al. 

generated a HLHS mouse model so-called "Ohio mutants" and reported LV hypoplasia in 

this model that appeared to be the result of defective cardiomyocyte proliferation and 

differentiation as well as and increased cell death120. Moreover, in humans it has been 

suggested that DNA damage and cardiomyocyte cell cycle arrest underlie HLHS 

pathogenesis121-123. Investigating the contribution of cell cycle defects in patients with 

CHDs such as HLHS may provide novel therapeutic options. 

Apart from cardiac maturation and proliferation, coordinated regulation of apoptosis is 

also known to play an important role in heart development. It is essential to the 

development of various structures such as OFT124, cardiac valves125,126, conducting 

system127, and the developing coronary vasculature128. Alterations in the levels and 

timing of cell death during development are known to be involved in the pathogenesis of 

various CHDs. Studies have for example shown that impaired cell death is often 

associated with ventricular septal defects, misalignment of the great vessels, ARVC121-123 

and HLHS120-122. 
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1.3 Modelling congenital heart diseases with human induced pluripotent stem      

cell 

Animal models to study the underlying genetics of CHD are scarce and transgenic animals 

carrying human variants do not always recapitulate the clinical disease phenotypes, as 

the murine heart exhibits differences compared to the human heart115,124. In addition to 

differences in organ size, ion channel expression, calcium handling, and the development 

of cardiomyocytes, mice and humans present significant differences in terms of 

electrophysiological properties, such as the resting heart rate, repolarization phase of 

action potentials and the response to exercise132,133.   

In 2007 human induced pluripotent stem cells (hiPSCs) were first described by Takahashi 

and Yamanaka. hiPSCs are derived from somatic cells such as skin fibroblasts or 

peripheral mononuclear blood cells by overexpressing four transcription factors, 

OCT3/4, SOX2, KLF4, and c-MYC, and have the potential to differentiate into cells of all 

three germ layers134. In addition to their self-renewal ability, they can be differentiated 

into different cardiac cell types including cardiomyocytes, endothelial or endocardial 

cells, cardiac fibroblasts and smooth muscle cells135. hiPSCs therefore offer an invaluable 

model system for understanding the genetic basis of human cardiovascular diseases (Fig. 

12). Furthermore, the possibility to differentiate hiPSCs to subtype-specific atrial, ventricular 

and nodal cardiomyocytes makes them invaluable in drug discovery and cardiotoxicity 

screenings137-139.
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Figure 12: Overview of hiPSCs derivation, differentiation and applications in 

cardiovascular research. Adapted from Bedada et al. 2015, Journal of Molecular cell 

research136.  

Several cardiovascular diseases including CHDs have already been modelled with hiPSCs, 

Wu et al. generated hiPSC-CMs from patients carrying TBX20 mutations and successfully 

demonstrated perturbated TGFβ signalling as the underlying cause of left ventricular non 

compaction cardiomyopathy140. hiPSC-CMs generated from patients carrying GATA4 

missense mutations have also helped in identifying impaired expression of cardiac gene 

programs and defects in Sonic hedgehog signalling pathway contributing to cardiac septal 

defects141. HLHS has also been studied in several hiPSC-CM models120-122.  

Importantly, hiPSC-CMs can also be used to generate three-dimensional culture models 

(3D), which can mimic the complex 3D structure of heart tissue and incorporate 

biochemical and biophysical stimuli that promote the maturation of hiPSC-CMs until they 

imitate the structural and functional properties of adult CMs142,143.   Several research 

groups have generated 3D models such as cardiac scaffolds and cardiac organoids144-147. 

Cardiac scaffolds are generated entirely by human pluripotent stem cells or by seeding  
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cardiac progenitors or various cardiac cell types on decellularized heart tissue.  These 

scaffolds are used for molecular and functional assays and display characteristics of 

mature CMs144-146. This has opened new avenues to study the pathogenesis of complex 

cardiovascular diseases such as CHDs and to test new therapeutic approaches148.  
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1.4 Aims  

As described above, CHD remains the most common and lethal birth defects, but the 

underlying molecular mechanisms are still elusive. The work described in this thesis 

revolved around the following objectives: 

1. Based on the findings that Noonan syndrome cardiomyopathy (NS-CM) and 

classical hypertrophic cardiomyopathy (HCM) share certain cardiac features, yet 

the clinical course significantly differs between the two diseases, the first objective 

was to model NS-CM using hiPSC-CMs generated from a patient carrying a 

PTPN11
N308S/+ mutation and to investigate the underlying cellular and molecular 

defects.  

 

2. Both hemodynamic disturbances and impaired cardiomyocyte cell cycle activity 

are assumed to play a pivotal role in the pathogenesis of hypoplastic left heart 

syndrome (HLHS), but a complete understanding is still lacking. The second aim 

was therefore to investigate intrinsic abnormalities in hiPSC-CMs derived from 

three HLHS patients carrying different variants.
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2 Materials and Methods 

The following section contains all the cell lines, reagents, antibodies, oligonucleotides and 

experimental methods used in this study, along with their respective catalogue numbers. 

 

2.1. Human tissue samples 

Noonan syndrome 

Tissue samples from Noonan syndrome patients diagnosed with hypertrophic 

cardiomyopathy and from patients with non-syndromic sarcomeric hypertrophic 

cardiomyopathy were collected at the time of surgical septal myectomy (Table 2). 

Undergoing treatment of refractory symptomatic patients with a left ventricular outflow 

tract gradient of ≥ 50 mm Hg at rest or with provocative maneuvers, associated with New 

York Heart Association (NYHA) functional classes / Ross ≥III despite maximum medical 

management149-153. The septal myectomy operation in the present cohort was performed 

as previously described154,155. Molecular genetic DNA-based analysis was performed in a 

clinical setting as recommended by European and North American guidelines156,157 and 

in accredited laboratories only and criteria for assessing variant pathogenicity were 

based on the variant type, variant database, literature review, frequency in the general 

population, and in silico analysis according to the ACMG (American College of Medical 

Genetics and Genomics) guidelines158. Control left ventricular tissue was collected 

surgically from transplanted donor hearts at the time of first myocardial biopsy after 

transplantation, for histopathological analysis. As well as from patients undergoing 

surgical ventricular septal defect repair for RNA-sequencing analysis.  
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Table 2. Characteristics of the LV myocardial tissue included in each assay 

Adapted from Meier*, [….], Rawat* et al. 2022, iScience29.

Group Affected 
gene 

Genetic 
variant 

Gender Age at 
operation 

(years) 

Assays 

NS-CM RAF1 p.Pro261Ser male 13.75 Mant-ATP assay, 
Histopathology 

RAF1 p.Ser257Thr female 1 Mant-ATP assay, 
Histopathology, 

RNA-Seq 

RAF1 p.Ser257Thr male 0.9 Histopathology, 
RNA-Seq 

PTPN11 p.Gly464Ala female 1.1 Mant-ATP assay, 
Histopathology 

PTPN11 p.Asn308Ser male 0.2 Histopathology, 
RNA-Seq 

RAF1 p.Ser257Thr female 2.8 RNA-Seq 

PTPN11 p.Asn308Asp male 15.6 Mant-ATP assay, 
Histopathology, 

RNA-Seq 

RAF1 p.Ser257Thr female 1 Mant-ATP assay 

HCM MYH7 p.R791W female 40 Mant-ATP assay 

MYH7 p.R791Q male 38 Mant-ATP assay 

MYBPC3 p.Leu1200Pro male 16.1 Histopathology, 
RNA-Seq 

MYH7 p.Ile736Thr male 10.5 RNA-Seq 

MYBPC3 p.Arg495Gln male 2.5 Histopathology 

MYBPC3 ND male 1.1 Histopathology 

MYH7 p.Arg403Trp female 11.1 Histopathology 

Familial non-syndromic 
HCM (affected gene and 

variant unknown) 

male 1.7 Histopathology 

female 7 Histopathology 

Control (non-
failing heart) 

NA female 42 Mant-ATP assay 

male 38 Mant-ATP assay 

Control 
(transplanted 

hearts) 

NA female 5 Histopathology 

male 1.3 Histopathology 

male 3 Histopathology 

female 2 Histopathology 

male 1.75 Histopathology 

female 4 Histopathology 

Control (VSD) NA male 0.5 RNA-Seq 

female 1.8 RNA-Seq 

male 3.3 RNA-Seq 

male 9.6 RNA-Seq 
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Hypoplastic left heart syndrome  

Human heart ventricular samples at three developmental stages, fetal (16-23 post-

conception weeks); early infancy (2-10 months); adulthood (21-50 years), as well as 

samples from HLHS patients (5-11 days) were obtained either from aborted fetuses, 

pathology or during the Norwood Stage I palliation. Ventricular samples in the surgical 

HLHS group were obtained from the free right ventricular free wall during establishment 

of the right ventricle-pulmonary artery (RV-PA) shunt. Ventricular samples from 

pathology were also harvested from the free right ventricular free wall to avoid 

differences based on localization. All samples were immediately snap frozen and stored 

in liquid nitrogen until use. For further procedures all samples were treated equally. 

Informed consent was obtained from the subjects or their legal representatives; the 

tissue collection was approved by the local ethics committee. The active Institutional 

Review Board- (IRB) approved protocol for the fetal samples is HSM 15-00696. The 

ethical vote for the forensic samples is 247/16S. The ethical vote for the material 

obtained during clinically indicated cardiac surgical procedures is 5943/13 (KaBi-DHM).  

 

2.1.1 Mant-ATP assay 

For Mant-ATP assays, left ventricular tissue samples from non-failing hearts that were 

discarded, during surgical procedures served as control. The surgical procedure took 

place at the Brigham and Women’s Hospital and were obtained through the SHaRe 

registry. The assays were performed on snap frozen human myectomy samples prepared 

as previously described159,160. Once experimental chambers were prepared, they were
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stored in a glycerin solution to allow storage (-20°C for 2 days) or immediate use. After 

experimental procedures, three regions of each chamber were sampled for fluorescence 

decay analyses as previously described160,161. 

 

2.1.2 Histopathology 

Hematoxylin-eosin staining was performed on the human tissue samples and percentage 

of multinucleated cardiomyocytes was quantified. Five slides were evaluated per patient 

and nuclei from 100 cardiomyocytes were counted for each slide by a cardiovascular 

pathologist (KK) blinded to the groups. Cardiomyocyte density was determined by 

quantifying the number of cardiomyocytes per mm² using ImageJ (National Institutes of 

Health, Bethesda, MD). Selected slides were additionally stained for dystrophin (Zytomed 

504-2664, 1:1000) to highlight cardiomyocyte membranes. 

 

2.1.3 RNA sequencing 

Strand specific, polyA-enriched RNA sequencing was performed as previously 

described162. Briefly, RNA was isolated from whole-cell lysates using the AllPrep RNA Kit 

(Qiagen) and RNA integrity number (RIN) was determined with the Agilent 2100 

BioAnalyzer (RNA 6000 Nano Kit, Agilent). For library preparation, 1 μg of RNA was 

poly(A) selected, fragmented, and reverse transcribed with the Elute, Prime, Fragment 

Mix (Illumina). A-tailing, adaptor ligation, and library enrichment were performed as 

described in the TruSeq Stranded mRNA Sample Prep Guide (Illumina). RNA libraries 

were assessed for quality and quantity with the Agilent 2100 BioAnalyzer and the
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Quant-iT PicoGreen dsDNA Assay Kit (Life Technologies). RNA libraries were sequenced 

as 100 bp paired end runs on an Illumina HiSeq4000 platform. The STAR aligner (version 

2.4.2a)161 with modified parameter settings (--twopassMode=Basic) was used for split-

read alignment against the human genome assembly hg19 (GRCh37) and UCSC known 

Gene annotation. To quantify the number of reads mapping to annotated genes we used 

HTseq-count (version 0.6.0)162. FPKM (Fragments Per Kilobase of transcript per Million 

fragments mapped) values were calculated using custom scripts. Differential expression 

analysis was performed using the R Bioconductor package DESeq2163. For pathway- and 

gene set enrichment analysis we used the R Bioconductor packages GAGE164 plus 

pathview165 and GOseq166, respectively. All gene set files for this analysis were obtained 

from GSEA algorithm implemented in R software167. Enrichment score (ES) and False 

discovery rate (FDR) value were applied to sort pathways enriched. For statistical 

significance, the data set was randomized by permuting gene sets 1000 times and 

considered only gene sets with a p-value ≤ 0.05. 

 

2.2 Cell Culture 

 

2.2.1 Cell lines 

 

The human pluripotent stem cell lines used in various experiments are listed in Table 3 

and 4. Details of cell line generation and validation can be referred from the Human 

Pluripotent Stem Cell Registry (hPSCreg) under indicated IDs.



                                                                                                                 Materials and methods 

 

31 

 

Table 3. List of induced pluripotent stem cell lines  

Cell type Human Pluripotent 

Stem Cell Registry ID 

Identifier in this 

work 

Sex Genotype 

hiPSC MRli003-A Control #1 Male N/A 

hiPSC MRli001-A Control #2 Female N/A 

hiPSC DHMi001-A Control 3 Male N/A 

hiPSC MRli025-A PTPN11
N308S/+

#1 Male PTPN11
N308S/+

 

hiPSC MRli025-A PTPN11
N308S/+

#2 Male PTPN11
N308S/+

 

 

Table 4. Patient induced pluripotent stem cell lines used in HLHS project 

hPSC reg. 
ID 

Identifier 
in this 
work  

Sex Gene De-novo 
mutation 

Amino acid 
change 

MRli018-A H1  Male DENNDB 
SYBU 
BAI2 

missense 
missense 
missense 

Lys834Arg 
Pro93Hys 
Gly267Glu 

DHMi003-A H2 Male MACF1 
NDUFB10 

AIM1L 
MYRF 

missense 
frameshift 
missense 
missense 

Ala4013Leu
♯
 

Ile213Thr 
fs*59 

Pro23Ser 
Val498Met 

DHMi002-A H3 Female FGFR1 
KMT2A 

missense 
missense 

His166Pro 
Pro198His 

Adapted from Krane, [….], Rawat et al. 2021, Circulation202 

 

2.2.2 Culture of hiPSCs 

hiPSCs were cultured on Gelterx-coated plates (Gibco A1413301) or indicated otherwise, 

which were prepared according to manufacturer’s instructions. Cells were maintained in 

Essential 8 (E8) medium (Gibco A1517001) containing 0.5% Penicillin/Streptomycin 

(Gibco; 15140-122) in standard culture conditions (37°C, 5% CO2). The cells were non-

enzymatically passaged every 3-4 days after reaching 90-100% confluency with 0.5mM
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 EDTA (Invitrogen; AM92606) in PBS without Ca2+ and Mg2+ (PBS-/-; Gibco; 10010023). 

10µM of Y27632 (Calbiochem 688000) was added for 24h after passaging to promote cell 

survival. Medium was changed every day.  

 

2.2.3 Directed differentiation of hiPSCs to cardiomyocytes 

Cardiomyocytes were generated from hiPSCs by using a protocol previously described by 

Burridge and colleagues, with some modifications (Burridge et al. in 2014)170. hiPSCs 

were dissociated with 0.5mM EDTA and plated as single cells at a 1:6 in 12-well plates 

coated with geltrex. The cells were cultured in E8 medium containing 10 µM Y27632 

(Calbiochem 688000) for 24h. From next day onwards, E8 medium was replaced every 

day until the cells reached 100% confluence, at which point cardiac differentiation was 

initiated (D0). At D0, basal cardiac differentiation medium consisting of RPMI1640 (Gibco 

21875091) with B27 minus insulin (Gibco A1895601) was supplemented with 6µM 

CHIR99021 (Axon Medchem 1386). 48 hours after induction, medium was replaced with 

basal cardiac differentiation medium supplemented with 5 µM IWR1 (Tocris 3132). At 

day 4 of differentiation, medium was switched to basal cardiac differentiation medium 

without any factors. Medium was changed in every two days and cells were maintained 

in the basal medium for another 12-13 days.  On 14th day beating areas were mechanically 

transferred to fibronectin-coated (Sigma-Aldrich F1141) plates and cultured in 

cardiomyocyte maintenance medium consisting of DMEM/F12 with 2% FCS, 1% non-

essential amino acids, 1% Penicillin-Streptomycin-Glutamine and 0.1 mM β-

mercaptoethanol.  
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Single cell dissociation of cardiomyocytes for re-seeding or analysis was performed using 

a papain-based protocol as previously described (Fischer et al., 2018)171 or using 

collagenase-based protocol (described in next section). Single cardiomyocytes were 

seeded at different densities as per experiment demand, onto fibronectin-coated plates 

in cardiomyocyte maintenance medium with a concentration of FCS increased to 20% to 

promote survival. Cells were then cultured in cardiomyocyte maintenance medium 

replaced every 3 days until analysis. For experiments using purified cardiomyocytes, cells 

were dissociated with papain as described above and non-cardiomyocytes present in the 

culture were depleted via magnetic-activated cell sorting using the human PSC-derived 

cardiomyocyte isolation kit (Miltenyi 130-110-188). 

 

2.2.4 Dissociation of cardiomyocytes with collagenase 

~10 beating cardiac explants were collected in a 1.5ml tube for enzymatic dissociation at 

d30 of cardiac differentiation and washed twice with 500 µl pre- warmed 1x HBSS 

(Invitrogen, Cat No. 24020-117).  Next, explants were equilibrated in 250 µl HBSS 

supplemented with 1.5 mg/ml Collagenase type II (Worthington, Cat No. LS005275). 

After sedimentation of loci to the bottom of the tube, supernatant was carefully removed, 

and explants were incubated with fresh Collagenase solution for 30min at 37 °C in a 

shaking thermomixer (Eppendorf, Thermomixer compact) at 750 rpm. Cardiomyocyte- 

containing supernatant was collected in a 15 ml tube containing 5 ml pre- warmed EB20 

medium (DMEM/F-12, 20% FBS, 2 mM L- Glutamine, 100 µm MEM Non- essential Amino 

Acids, 1x Penicillin/Streptomycin, 0.1 mM β- Mercaptoethanol). Tube with 

cardiomyocyte- solution was kept in a cell culture incubator at 37 °C. Remaining explants
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were dissociated for another 30 min in 250 µl HBSS/Collagenase solution as described 

before and supernatant was collected subsequently. This step was repeated up to two 

more times after 30min interval until remaining CM clumps were broken up. Collected 

cell suspension was then centrifuged at 296g for 5 min. Supernatant was aspirated and 

pellet was suspended in the required volume of EB20 medium. CMs for staining were 

plated as single cells on a 12-well chamber slide (ibidi, Cat No. 81201) pre- coated with 

fibronectin and medium was changed to fresh EB2 (DMEM/F-12, 2% FBS, 2 mM L- 

Glutamine, 100 µm MEM Non- essential Amino Acids, 1x Penicillin/Streptomycin, 0.1 mM 

β- Mercaptoethanol) the day after dissociating and subsequently every 3- 4 day.   

 

2.2.5 Cryopreservation      

Single cells hiPSCs were frozen in freezing medium including Dimethyl sulfoxide (DMSO) 

(Sigma D8418), Ethyleneglycol (Sigma 324558), Foetal bovine serum (Sigma F7524), 

Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 (DMEM-F12) ( Thermo Fisher 

Scientific 11320033 ) at 80°C, for long term storage cells were transferred to liquid 

nitrogen.  

 

2.3 Transcriptomic analyses 

2.3.1 RNA isolation and cDNA synthesis  

Total RNA was isolated from cells using the Absolutely RNA Microprep kit (Agilent; 

400805) according to manufacturer’s instructions. cDNA was then prepared using the

https://www.sigmaaldrich.com/DE/de/product/sigma/f7524
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 High-Capacity cDNA RT kit (Applied Biosystems; 4368814) following manufacturer’s 

instructions, a FlexCycler2 PCR thermal cycler (Analytik Jena, Germany) was used for 

running the reaction. For long-term storage, RNA was stored at -80°C and cDNA at -20°C. 

 

 

 

 

 

 

 

 

 

 

2.3.2 Quantitative real-time PCR (qRT-PCR)  

Quantitative real-time PCR (qRT-PCR) was performed using the Power SYBR Green PCR 

Master Mix (Applied Biosystems; 4368706) according to the manufacturer’s instructions. 

All the primers which were used are listed in Table 4. The reaction was run on a 7500 

Fast Real-Time PCR instrument (Applied Biosystems, Germany) using the following 

program. The mRNA expression levels of genes were quantified relative to GAPDH 

expression using the ΔCt method unless otherwise indicated. 

Stage Temperature Duration Cycle 

 

Holding 

50°C 20s  

1 95°C 10min 

 

Cycling stage 

95°C 15s  

40 60°C 1min 

 

 

Melting curve 

95°C 15s  

 

1 

60°C 1min 

95°C 30s 

60°C 15s 



Materials and methods 

 

36 
 

 

Table 5: List of primers used for qPCR  

Gene Species Sequence 

CACNA1C Human Forward 5’-CAATCTCCGAAGAGGGGTTT-3’  

Reverse  5’-TCGCTTCAGACATTCCAGGT-3’ 

CASQ2 Human Forward 5’-CCGGGACAATACTGACAACC-3’  

Reverse 5’-CTTCTCCCAGTAGGCAACGA-3’ 

GAPDH Human Forward 5’ TCCTCTGACTTCAACAGCGA-3’ 

Reverse 5’ GGGTCTTACTCCTTGGAGGC-3’ 

GATA4 Human Forward 5’GGCCTGTCATCTCACTACGG-3’ 

Reverse 5‘ATGGCCAGACATCGCACT-3’ 

GJA1 Humam Forward 5’-CACTTGGCGTGACTTCACTACTT-3’ 

Reverse 5’-CCAGCAGTTGAGTAGGCTTGA-3’ 

GJA5 Human Forward 5’-AATCTTCCTGACCACCCTGCATGT-3’ 

Reverse 5’-CAGCCACAGCCAGCATAAAGACAA-3’ 

HEY2 Human Forward 5’-AAGATGCTTCAGGCAACAGG-3’ 

Reverse 5’-TCATGAAGTCCATGGCAAGA-3’ 

KCNA5 Human Reverse 5’-AGTGTAACGTCAAGGCCAAGAGCA-3’ 

Reverse 5’-TCACAAATCTGTTTCCCGGCTGGT-3’ 

KCNJ3 Human Forward 5’-TCATCAAGATGTCCCAGCCCAAGA-3’ 

Reverse 5’-CACCCGGAACATAAGCGTGAGTTT-3’ 

MYH6 Human Forward 5’ TCAGGATTCTCCGTGAAGGG-3’ 

Reverse 5’ CTCTTCCTTGTCATCGGGCA-3’ 

MYH7 Human Forward 5’ TGTAGACACACTTGAGTAGCCC-3’ 

Reverse 5’ ACGGTCACTGTCTTGCCATA-3’ 
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2.4 Immunofluorescence analysis 

 

2.4.1 Immunostaining 

For immunofluorescence staining, cells were washed with DPBS with Ca2+ and Mg2 and 

fixed with 4% PFA for 15 min at room temperature (RT). Cells were washed 2-3 times 

with DPBS and permeabilized with 0.1% Triton X-100 in DPBS for 15 min at RT. After 

washing another 3 times with DPBS, cells were blocked with 10% FBS with 0.1% TritonX-

100 in DPBS for at least 1 hour at RT. Primary antibodies (Table 5) were then added at 

the indicated dilution in 1% FBS with 0.1% TritonX-100 (Ab dilution buffer) in DPBS and 

incubated overnight at 4°C. After washing 3 times for 5 min with PBST (0.05% Tween 20 

in DPBS), appropriate secondary antibodies (Table 6) diluted in the dilution buffer for 1

PLN Human Forward 5’-TCCCATAAACTGGGTGACAGA-3’ 

Reverse 5’-TGATACCAGCAGGACAGGAAG-3’ 

RYR2 Human Forward 5’-GCTATTCTGCACACGGTCATT-3’  

Reverse 5’-ATTTCCGTGCCACTTCCTTT-3’ 

SERCA Human Forward 5’-ACAATGGCGCTCTCTGTTCT-3’  

Reverse 5’-ATCCTCAGCAAGGACTGGTTT-3’ 

SLC8A1 Human Forward 5’-GAGACCTGGCTTCCCACTTT-3’  

Reverse 5’-ATTCCCAGGAAGACATTCACC-3’ 

TNNT2 Human Forward 5’AGCATCTATAACTTGGAGGCAGAG 

Reverse 5’ TGGAGACTTTCTGGTTATCGTTG 
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hour at RT, protected from light. After washing 3 times for 5 min with PBST, Hoechst 

33258 (Sigma-Aldrich, 94403) was added at a final concentration of 5 µg/mL in DPBS for 

15 min at RT, protected from light. After washing once with DPBS, cells were then covered 

with fluorescence mounting medium (Dako S3023) and stored at 4°C until imaging with 

an inverted microscope (DMI6000B, Leica Microsystems, Wetzlar, Germany). The area of 

cTnT+ cells was measured manually using ImageJ (National Institutes of Health, Bethesda, 

MD).  

Table 6: List of primary antibodies used for immunostaining 

Target Host specie Manufacturer Catalog 

number 

Concentration 

Alpha actinin 1 Mouse Abcam ab9465 1:100 

CleavedCaspase3 Rabbit Cell Signaling 9661S 1:100 

Cardiac troponin Mouse Thermo Fisher 

Scientific 

MA512960 1:100 

Cardiac troponin Rabbit Abcam ab92546 1:500 

Dystrophin Rabbit Zytomed 504-2664 1:1000 

Ki67 Mouse BD Biosciences 556003 1:100 

MLC2a Mouse Synaptic systems 310111 1:100 

MLC2v Rabbit Synaptic systems 310111 1:100 

Plakophilin 2 Guinea pig Origene AP09554SU-N 1:100 

PHH3 Rabbit Cell Signaling 3377S 1:300 
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Table 7: List of secondary antibodies used for immunostaining 

Target 

species 

Host 

species 

Conjugate Manufacturer Catalog 

number 

Concentration 

Guinea pig Goat Alexa Fluor 594 Invitrogen A-11076 1:500 

Mouse Goat Alexa Fluor 488 Invitrogen A-11001 1:500 

Mouse Goat Alexa Fluor 594 Invitrogen A-11005 1:500 

Mouse Goat Alexa Fluor 647 Invitrogen A-21235 1:500 

Rabbit Goat Alexa Fluor 488 Invitrogen A-11008 1:500 

Rabbit Goat Alexa Fluor 647 Invitrogen A-32733 1:500 

 

2.5 Functional assays 

 

2.5.1 Analysis of nuclear DNA content in Noonan syndrome patient iPSC-

cardiomyocyte 

For nuclei isolation, 1 month old iPSC-cardiomyocytes were dissociated to single cells and 

purified magnetic-activated cell sorting using the human PSC-derived cardiomyocyte 

isolation kit (Miltenyi 130-110-188). Purified cells were resuspended in ice-cold nuclei 

extraction buffer (320 mM sucrose, 5 mM MgCl2, 10 mM HEPES, 1% Triton X-100 in H2O) 

at 106 cells/mL. Cells were gently vortexed for 10 s and placed on ice for 10 min. The 

nuclei were collected by centrifugation at 2,000 g for 8 min at 4°C. Then washed twice 

with nuclei wash buffer (320 mM sucrose, 5 mM MgCl2, 10 mM HEPES in H2O). The nuclei 

were resuspended in 100 µL flow buffer (320 mM sucrose, 5 mM MgCl2, 10 mM HEPES, 

1% BSA in H2O) and treated with RNAse A (Qiagen 158922) at 100 U/mL for 1 hour at 

37°C on a shaker at 400 rpm, adding propidium iodide (Sigma-Aldrich P4864) at 50
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 µg/mL after 30 min. Flow cytometry data was acquired on a Gallios flow cytometer 

(Beckman Coulter) and analyzed with Kaluza software version 1.2. 

 

2.5.2 Proliferation assay of Noonan syndrome patient iPSC-cardiomyocytes 

15-day-old iPSC-cardiomyocytes were dissociated with Papain to single cells as described 

above and then cells were loaded with 4 µM CellTrace CFSE (Invitrogen C34554) 

according to manufacturer’s instructions. After loading, a t0 sample was collected for flow 

cytometry and the rest of the cells was seeded on fibronectin-coated plates at 25,000 

cells/cm² in cardiomyocyte maintenance medium containing 20% FCS and 10 µM 

Y27632 (Calbiochem 688000) to promote survival, replaced with cardiomyocyte 

medium containing 2% FCS the next day. After 96 hours (t96), the cells were dissociated 

with papain. For flow cytometry analysis, the cells were fixed with 4% PFA for 10 min at 

RT, then washed 2-3 times with 2% FCS in DPBSCa2+/Mg2+ and blocked in 10% FCS, 0.1% 

Triton-X, 0.1% saponin in DPBS for 1 hour at RT protected from light. For cardiomyocytes 

staining, antibody against cTnT (Miltenyi Biotec 130-120-402) was dded at 2 µL per 106 

cells in 100 µL 1% FCS, 0.1% Triton-X, 0.1% saponin in DPBS and incubated overnight at 

4°C. Next day the cells were washed 2-3 times with antibody diluent and resuspended in 

2% FCS in DPBS. Flow cytometry data was acquired on a Gallios flow cytometer (Beckman 

Coulter) and the proportion of single cTnT+ cells in successive daughter generations at 

t96 relative to the t0 parent generation as well as the proliferation index were calculated 

with ModFit LT version 5.0.9. 
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2.5.3 Cell cycle analysis using propidium iodide (PI) DNA staining 

One-moth-old cardiomyocytes were dissociated enzymatically with papain159 to single 

cells and fixed with 70% ice cold ethanol for 1-2h at 4°C, for long term the cells can be 

stored at -20°C. For PI staining, cells were washed 1-2 times with PBSCa2+/Mg2+ and 

samples were blocked with 10% FBS consisting of 0.1% triton for 1h at RT. After blocking, 

Cells were incubated for 30min at 37°C with 100µl of diluted RNAse A (1:20, Qiagen 

79254) in DPBSCa2+/Mg2+.  100µl of 500µg/ml of propidium iodide (Sigma P4864) was 

added on top and incubated for 20min at RT. Cell suspension was eluted and measured 

in the Flow Cytometer (Beckman Coulter Gallios). Results were analysed with 2.1 Kaluza 

Flow Cytometry Analysis software. 

 

2.5.4 Detecting Cleaved caspase-3 in apoptotic cells by flow cytometry  

One-month cardiomyocytes were dissociated with papain as described in previous 

section. Cells were fixed with 4% PFA for 15 min at RT, fixed cells were wash 1-2 times 

with PBSCa2+/Mg2+. Samples were blocked and permeabilized with 10% FBS consisting of 

0.1% triton plus 0.1% saponin for 1h at RT. Primary antibodies were added, in this case 

cleaved caspase 3 (Cell Signaling 966S1, 1:100) and cardiac troponin (Abcam ab92546, 

1:500) and cells were incubated with the Abs for overnight at 4°C. Nex day, cells were 

washed 2-3 times with washing buffer consisting of 0.1% triton and 0.1% saponin in 1% 

FBS solution. Respective secondary Abs were added to the samples for 1h at RT. 

Afterwards the cells were washed 2-3 times with the washing buffer and resuspended in
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2% FCS in DPBS. Flow cytometry data was acquired on a Gallios flow cytometer (Beckman 

Coulter) and Kaluza analysis 2.1 was used for analysis.  

 

2.5.5 Calcium imaging in hiPSCs-cardiomyocytes 

For calcium imaging, day 15 or day 25 (as required) iPSC-CMs were dissociated and 

seeded in a 3.5 cm glass bottom cell culture microdishes (MatTek Corporation P35G-1.5 

14-C) coated with 2 µg/cm² fibronectin. At day 30, calcium imaging was performed using 

1µM of the calcium indicator, Fluo-4 AM (Thermo Fisher F14201) in Tyrode’s solution 

supplemented with Ca2+.Field stimulation electrodes (RC-37FS, Warner Instruments, 

Hamden, CT, USA) were connected to a stimulus generator (HSE Stimulator P, Hugo Sachs 

Elektronik, March-Hugstetten, Germany) providing depolarizing pulses (50 V, 5 ms 

duration) at the frequencies indicated. ImageJ (National Institutes of Health, Bethesda, 

MD) was used to quantify fluorescence over single cells and background regions. 

Subsequent analysis was performed in RStudio (RStudio Team (2015). RStudio: 

Integrated Development for R. RStudio, Inc., Boston, MA) using custom-written scripts. 

After subtraction of background fluorescence, the time course of Fluo-4 fluorescence was 

normalized to the initial value (F/F0). After manual selection of the starting points and 

peaks of the calcium transients, the transient duration at 50% decay (TD50) and 90% 

decay (TD90) was automatically determined by the script. The amplitude of calcium 

transients was calculated by subtracting the basal fluorescence value from the peak value.
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2.6 Statistics 

Statistical analysis was performed with GraphPad Prism version 9.1.0. (La Jolla California, 

USA). Results are presented in dot plots indicating the mean ± SEM or in box-and-

whiskers plots indicating the median, 25th and 75th percentile, with whiskers extending 

to the 5th and 95th percentiles, unless otherwise indicated. Normally distributed data 

from two experimental groups were compared by Student’s t-test, otherwise a Mann-

Whitney-Wilcoxon test was applied. Normally distributed data from more than two 

experimental groups were compared using one- or two-way analysis of variance 

(ANOVA). In the case of multiple comparisons, an appropriate post hoc test was applied 

as indicated. A p-value < 0.05 was considered statistically significant. 
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3 Results  

3.1 Cell cycle defects in Noonan syndrome  

3.1.1 NS-CM and HCM LV myocardium tissue analysis demonstrates opposite 

changes in sarcomeric myosin conformations and hints towards cell cycle 

defects in NS-CM 

Noonan syndrome (NS) is associated with a broad range of symptoms due to multi-organ 

involvement. Heart defects are the most common, which includes stenotic pulmonary 

valves and cardiomyopathy (NS-CM)184. Usually, an echocardiography is required for a 

reliable diagnosis of NS-CM, and it is crucial for the early detection of ventricular 

arrhythmias, which are frequently precursors of sudden cardiac death (SCD), the main 

cause of mortality in patients with NS-CM188.  

We and our collaborators, led by Dr. Cordula Wolf (German heart Centre) compared the 

disease phenotypes of Noonan syndrome cardiomyopathy (NS-CM) and classical 

hypertrophic cardiomyopathy (HCM) associated with mutations in genes encoding 

sarcomeric proteins. This study included 8 NS patients with mutations in RAF1 and 

PTPN11 further details can be found in Table 9.
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Adapted from Meier*, [….], Rawat* et al. 2022, iScience29   

 

Exemplary transthoracic echocardiographic (TTE) results of patient 5 are shown (Fig. 

13b). This patient was diagnosed with Noonan syndrome and displayed a massive 

myocardial hypertrophy which led to severe LV outflow tract obstructions (Fig. 13b). The 

patient underwent surgical treatment for the obstruction and peripheral blood

 
Affected 

gene 
Nucleotide 
change 

Amino acid 
change 

Gender Age at 
diagnosis 
(months) 

Age at 
death 

(months) 

Patient 1 RAF1 c.781C>T p.Pro261Ser Male early 
perinatal 
period 

na 

Patient 2 RAF1 c.770C>T p.Ser257Thr Female early 
perinatal 
period 

na 

Patient 3 RAF1 c.775T>A p.Ser257Thr Male early 
perinatal 
period 

na 

Patient 4 PTPN11 c.1391G>C p.Gly464Ala Female early 
perinatal 
period 

na 

Patient 5 PTPN11 c.923A>G p.Asn308Ser Male early 
perinatal 
period 

na 

Patient 6 RAF1 c.770C>T p.Ser257Thr Female early 
perinatal 
period 

na 

Patient 7 PTPN11 c.922A>G p.Asn308Asp Male 24 na 
Patient 8 RAF1 c.775T>A p.Ser259Thr Female early 

perinatal 
period 

15 

    Table 8: Molecular genetic diagnosis data of the patients included in Noonan project 
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 mononuclear cells of the patient were collected to generate iPSCs, which were used 

further for molecular and functional assays; this will be shown in the following sections.  

LV myocardial tissue was collected from NS-CM patients and from HCM patients for 

phenotypical comparisons. In this study, patients without overt cardiomyopathy or 

known genetic variant who underwent cardiac surgery for various reasons served as 

‘normal’ controls (Fig. 13a). 

HCM is a classic example of a monogenetic disorder with an autosomal dominant pattern 

of inheritance. The pathophysiology underlying HCM has been extensively studied, using 

human cardiac tissue, cultured cells, as well as different animal models188,189. Amongst all 

the known causal genes, the two most common are MYH7 and myosin binding protein C 

(MYBPC3), together accounting for approximately half of the patients with familial 

HCM190-192.   MYH7 and MYBPC3 harbour most pathogenic variants that cause HCM, 

characterized by hyperdynamic contraction, poor relaxation and increased energy 

consumption193. It has been shown that pathogenic HCM causing MYH7 variants and 

MYBPC3 truncating variants destabilize the myosin interacting heads motif in LV 

myocardium, resulting in an increase in the proportion of myosins in a disordered relaxed 

state (DRX) decreasing the number of myosins at super relaxed state (SRX) compared to 

healthy tissue191-193. Increased proportions of DRX myosin populations result in 

hypercontractility, slowed relaxation and energetic imbalance in HCM cells. Noonan 

Syndrome is occasionally associated with HCM because NS-CM patients share similar 

clinical and echocardiographic features of hypercontractility and diastolic dysfunction194-

197 but underlying cellular mechanisms in human NS-CM tissue have not been described  

 



                                                                                                                                          Results 

 

47 
 

 

yet.  We therefore examined the proportion of myosins in the DRX/SRX state in LV tissue 

obtained from NS-CM, thick filament HCM and unaffected patients using a fluorescent 

ATP analogue, Mant-ATP, chased with non-fluorescent ATP194,198. The tissue from HCM 

patients, which carried two different MYH7 variants, had a higher proportion of DRX 

myosin when compared to control tissue (% DRX 48.2 ± 3.2 in HCM vs 37.9 ± 2.6 in 

control; p = 0.0013) (Fig. 13c). By contrast, NS-CM samples had the opposite phenotype 

with a switch towards the SRX state, suggesting that NS-CM does not drive by 

destabilization of the myosin interacting head motifs and therefore, has a distinct 

pathomechanism from thick filament HCM (% SRX 76.4 ± 6.7 in NS-CM vs 62.1 ± 2.6 in 

control; p < 0.0001) (Fig. 13c). This was consistent in NS-CM patients carrying both 

PTPN11 and RAF1 variants.  

We then compared the histology of NS-CM and HCM tissues. As previously reported, NS-

CM and HCM tissues share common histopathological hallmarks such as fibrosis and 

myocardial disarray183,188. Blinded evaluation of hematoxylin-eosin and dystrophin 

stainings revealed a higher fraction of multinucleated cardiomyocytes in NS-CM tissue 

compared to age and sex-matched HCM tissue and ‘control’ tissue, obtained from 

transplanted heart biopsies (CMs 14.6 ± 6.2% in NS-CM vs. 4.2 ± 0.7% in HCM, p =0.0005; 

3.9 ± 0.8 in control, p = 0.0004) (Fig. 13d). This novel finding suggests that cell cycle 

regulation may be perturbed in NS-CM. Furthermore, we found cardiomyocyte density to 

be significantly lower in HCM LV tissue than control tissue, displaying the cellular 

hypertrophy characteristics of HCM (CMs/mm² 913.4 ± 144.1 in HCM vs 1,604.5 ± 315.4 

in control, p = 0.017) (Fig. 13e). By contrast, the mean cardiomyocyte density in NS-CM 

tissue was significantly higher than in HCM tissue (CMs/mm² 1,914.5 ± 588.8 in
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NS-CM vs 913.4 ± 144.1 in HCM, p = 0.0017), pointing towards a mechanism of 

hyperplasia rather than cellular hypertrophy in NS-CM (Fig. 13f). 

Figure 13. Histopathological features of LV myocardial tissue differ between patients 

with HCM and NS-CM. (b) Exemplary transthoracic echocardiographic imaging of NS-CM 

patient 5 at the time of presentation for surgical intervention. Marked increase of the 

enddiastolic interventricular septal diameter (*), of the enddiastolic left ventricular (LV) 

posterior wall (#), and reduced enddiastolic LV diameter (§) (a)compared to an unaffected age- 

and sex-matched infant (CTRL) on parasternal long axis view. (c) Percentage of myosin heads 

in SRX and DRX conformations in human LV myocardial tissue from control (CTRL, n = 10 

replicates from N = 2 patients), HCM (mutated MYH7, n = 9 replicates from N = 2 patients) or 

NS-CM patients (mutated RAF1, n = 12 replicates from N = 3 patients; mutated PTPN11, n = 

12 replicates from N = 2 patients). P-values from one-way ANOVA with Tukey’s multiple  
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comparisons test. (d-f) Representative images of LV myocardial tissue from age- and sex-

matched control, NS-CM, and HCM patients stained with hematoxylin-eosin. Yellow 

arrowheads show examples of multinucleated cardiomyocytes (CMs); scale bars = 25 µm (left) 

and 100 µm (right). (c) Corresponding percentage of multinucleated CMs (d) and CM density 

(e). P-values from one-way ANOVA with Tukey’s multiple comparisons test. (CTRL N = 6 

patients; NS-CM N = 5 patients; HCM N = 6 patients). Adapted from Meier*, [….], Rawat* et 

al. 2022, iScience29.  

 

3.1.2 RNA-Seq of left ventricular myocardial tissue identifies dysregulation of 

cell cycle pathways in NS-CM 

To better understand the underlying molecular processes in NS-CM, we assessed RNA 

expression in NS-CM LV myocardial tissues using bulk RNA sequencing (RNA-Seq). We 

used LV myocardial tissue samples removed during ventricular septal defect repair 

surgery in otherwise healthy pediatric patients, as age- and sex-matched controls. 

Principal component analysis revealed a clear distinction between the two groups (Fig. 

14a). First, we analysed the top differentially expressed genes in NS-CM, using a log2 fold 

change ≥ 1.5 as cutoff (=food change of 2.8), of which 101 were upregulated and 308 were 

downregulated (Fig. 14b).   In contrast to previous studies, in HCM myocardial tissue and 

HCM patient iPSC-derived cardiomyocytes (iPSC-CMs), there was no upregulation of 

genes encoding sarcomeric or mitochondrial proteins in NS-CM188,189. The highest 

upregulated gene in NS-CM was EREG, which encodes the epidermal growth factor 

receptor (EGFR) ligand epiregulin (Fig. 14c). The transcription factor CUX2 and the 

growth factor FGF10 were also among the top five upregulated genes188 (Fig. 14c).   
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Top downregulated genes in NS-CM included FOSB, also known as G0/G1 switch 

regulatory protein 3, and SOST, encoding sclerostin, a negative regulator of the canonical 

Wnt pathway (Fig. 14c).  

 

Figure 14.  Whole-transcriptome analysis of left ventricular myocardial tissue of by RNA-

Seq. (a) Principal component analysis of RNA sequencing data of left ventricular (LV) 

myocardial tissue collected during sepal myectomy from patients with Noonan syndrome- 

associated hypertrophic cardiomyopathy (NS-CM; mutated PTPN11 N = 2 patients; mutated 

RAF1 N = 3). (b) Heatmap of genes differentially expressed in NS-CM LV samples compared 

to control (CTRL) (log2 fold change ≥ 1.5, p < 0.05). (c) Top 5 upregulated (top) and 

downregulated genes (bottom) in NS-CM compared to CTRL. FC: fold change. Adapted from 

Meier*, [….], Rawat* et al. 2022, iScience29  
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We next performed gene set enrichment analysis (GSEA) to identify the functional 

processes affected in NS-CM. Interestingly, this revealed a significant enrichment of gene 

ontology terms related to cell cycle regulation (Fig. 15a). Especially, in NS-CM, there was 

an increased expression of genes controlling DNA replication and cell cycle checkpoints. 

The dysregulated genes, such as the cohesion complex subunits STAG2, SMC3 and SMC1A, 

involved in controlling chromosome segregation, hinted towards specific defects in 

mitosis. An overrepresentation of terms linked to cardiac contraction and the regulation 

of action potentials by ion channels, consistent with functional features of 

cardiomyopathy, was also confirmed by GSEA analysis (Fig. 15b). Terms related to 

extracellular matrix and cell adhesion appeared, as could be expected from fibrotic 

myocardial tissue described in NS-CM185.  
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Figure 15. Gene set enrichment analysis (GSEA) of left ventricular myocardial tissue by 

RNA-Seq reveals dysregulation of cell cycle in NS-CM. (a) Gene set enrichment analysis 

(GSEA) indicating GO terms related to biological processes dysregulated in NS-CM compared 

to control (p < 0.05). (b) GSEA of gene sets related to cell cycle, with normalized enrichment 

score (NES) and p-value indicated. Adapted from Meier*, [….], Rawat* et al. 2022, iScience29. 

  

3.1.3 PTPN11N308S/+ induced pluripotent stem cells derived cardiomyocytes do 

not exhibit hallmarks of HCM 

As patient tissue collected at the time of surgical intervention represents a fixed and 

advanced state of the disease, we sought to model early disease development in patient-

specific induced pluripotent stem cells (iPSC-CMs) derived cardiomyocytes. RAF1-

associated NS-CM has been extensively studied in mouse and iPSC-CM models, but there 

is a lack of data on the molecular mechanisms of PTPN11-associated NS-CM190-193.  We 

therefore generated hiPSCs from a male patient affected by severe neonatal onset 

cardiomyopathy with spontaneous stagnation of disease progression beyond infancy, 

who harbored a heterozygous 923A>G mutation in PTPN11 leading to a gain-of-function 

serine substitution in position 308 of the SHP-2 protein (N308S) (Table 3).  This is a 

mutational hot spot in the PTP domain of SHP-2, which affects roughly 25% of cases of 

Noonan syndrome and other related disorders30. Two clones (#1 and #2) were confirmed 

to carry the 923A>G mutation in PTPN11 and were validated for pluripotency (Table 3). 

For all experiments the two PTPN11N308S/+ iPSC clones and two independent healthy 

control lines (#1 male; #2 female) were differentiated into cardiomyocytes through a 

Wnt modulation protocol (Fig. 16a) consistently yielding a high percentage of cardiac
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 troponin T (cTnT) positive cells after 15 days (control: 88.6 ± 4.6%; PTPN11N308S/+: 91.9 

± 4.4%) (Fig.  16b, c).  

 

Figure 16. Differentiation of hiPSCs into cardiomyocytes. (a) Schematic representation of 

the protocol used to differentiate iPSCs into cardiomyocytes (CMs) including media, basement 

coating and growth factors. Unless otherwise specified, iPSC-CMs were enzymatically 

dissociated with papain and plated at 25,000 cells/cm2 at day 15 and analyzed at day 30. (b) 

The efficiency of cardiac differentiation of control and PTPN11N308S/+ iPSCs was assessed by 

flow cytometry analysis of cardiac troponin T (cTnT) in single cells. The percentage of cTnT+ 

cells obtained at day 15 is indicated as mean ± SEM. Control #1 and #2 both N = 3 

differentiations: PTPN11N308S/+ #1 and #2 both N = 2 differentiations (C). FSC-A = forward 

scatter area, SSC-A = sideward scatter area, FSC-H = forward scatter height. Adapted from 

Meier*, [….], Rawat* et al. 2022, iScience29.
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Next, we assessed phenotypical features previously reported in iPSC-CM models of 

HCM194 such as increased cardiomyocyte size, sarcomere disorganization, higher 

NPPA/NPPB and MYH7/MYH6 expression levels and arrhythmic beating behaviour194. 

On day 15 of differentiation, PTPN11N308S/+ and control cardiomyocytes were dissociated 

and reseeded at either 15,000, 25,000 or 50,000 cells/cm2 to control for the effect of 

density on cell size. We first measured the cell surface area of cardiomyocytes at day 30 

of differentiation by performing immunofluorescence staining of cTnT together with the 

desmosomal protein plakophilin-2 (PKP2) to demarcate the cell borders. The lower the 

seeding density, the higher was the mean cardiomyocyte size reached in both NS-CM and 

control cells. However, no significant differences were detected between the two groups 

(Fig. 17a, b). We further performed an immunofluorescence staining of sarcomeric α- 

actinin (ACTN2) to visualize myofibril organization and detected similar proportions of 

control and PTPN11N308S/+ cardiomyocytes to have fully organized, partially organized 

and disorganized sarcomeres (Fig. 17c, d). We also did not observe significant differences 

in the mRNA expression levels of MYH7 relative to MYH6 and NPPA relative to NPPB (Fig. 

17e). Other two genes that are typically upregulated in HCM, TNNT2 and GATA4 also 

showed similar expression levels in the two groups (Fig. 17e). 
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Figure 17. PTPN11N308S/+ iPSCs do not display characteristics of sarcomeric hypertrophic 

cardiomyopathy. (a,b) Representative images of control and PTPN11N308S/+ iPSC-derived 

cardiomyocytes (iPSC-CMs) seeded at 15,000, 25,000 or 50,000 cells/cm² 15 days before 

immunofluorescence staining of cardiac troponin T (cTnT) and plakophilin-2 (PKP2) at day 

30 of differentiation (a) and corresponding measurements of mean cell surface area of cTnT+ 

cells indicated as mean ± SEM (b), p-values from a two-way ANOVA with Tukey’s multiple 

comparisons test. Control #1: N = 2, n = 715 cells; #2: N = 2, n = 1,039 cells. PTPN11N308S/+ 

#1: N = 2, n = 602 cells; #2: N = 2, n = 1,303 cells; both groups N = 4. Scale bar in (a) = 100 

µm. (c,d) Representative images of control and PTPN11N308S/+ iPSC-CMs stained for 

sarcomeric α-actinin (ACTN2) at day 30 (c) and corresponding percentage of cardiomyocytes 

displaying fully organized, partially organized or disorganized myofibrils indicated as mean ± 

SD (d). Control #1: N = 4, n = 879 cells; #2: N = 3, n = 929 cells. PTPN11N308S/+ #1: N = 2, n 

= 543 cells; #2: N = 3, n = 481 cells. Scale bar
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in (c) = 50 µm; in insets = 10 µm. (e) qRT-PCR analysis of the ratio of expression of β-myosin 

heavy chain (MYH7) to α-myosin heavy chain (MYH6) and natriuretic peptide A (NPPA) to 

natriuretic peptide B (NPPB) and level of expression of cardiac troponin T (TNNT2) and 

GATA-binding protein 4 (GATA4) in day 30 control and PTPN11N308S/+ iPSC-CMs, indicated 

as mean ± SEM, both groups #1: N = 2, #2: N = 2. P-values from a two-way ANOVA with 

Sidak’s multiple comparisons test. Adapted from Meier*, [….], Rawat* et al. 2022, iScience29. 

 

Finally, to evaluate the presence of functional features of HCM, we carried out single-cell 

calcium transient imaging with the fluorescent calcium indicator Fluo-4 in a month-old 

cardiomyocyte stimulated at different frequencies (0.4,0.5 or 1Hz). The transients 

recorded in PTPN11N308s/+ cells were comparable to control cells with regards to duration 

to 90% peak decay at any of the tested stimulation frequencies but exhibited a 

significantly shorter time to 50% peak decay at 0.4 and 0.5Hz as well as reduced 

amplitude at 0.4Hz (Fig. 18a, b).  
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Figure 18. Measurement of Ca2+ transients in NS-hiPSCs derived cardiomyocytes. (a, b) 

Representative single-cell calcium traces based on Fluo-4 fluorescence imaging in day 30 

control and PTPN11N308S/+ iPSC-CMs under 0.5, 1 and 1.5 Hz pacing conditions (a). Calcium 

transient duration to 50% decay (TD50, left), duration to 90% decay (TD90, middle) and 

transient amplitude (right) measured by Fluo-4 fluorescence imaging in day 30 control and 

PTPN11N308S/+ iPSC-CMs under 0.5, 1 or 1.5 Hz field stimulation; dot plots showing all points, 

the mean and 95% CI (b), indicated as mean ± SEM, both groups #1: N = 2, #2: N = 2. Control 

#1: N = 2, n = 135 Ca2+ transients/pacing frequency in 34 cells; #2: N = 1, n = 94 Ca2+ 

transients/pacing frequency in 23 cells (pooled). PTPN11N308S/+ #1: N = 2, n = 117 Ca2+ 

transients/pacing frequency in 30 cells; #2: N = 1, n = 99 transients/pacing frequency in 25 

cells (pooled). P-values from a two-way ANOVA with Sidak’s multiple comparisons test. 

Adapted from Meier*, [….], Rawat* et al. 2022, iScience29. 

 

3.1.4 Hyperactive cell cycling leads to atypical multinucleation and increased 

proliferation in PTPN11N308S/+ iPSC-CMs 

Having observed multinucleation in NS-CM patient tissue, we performed 

immunofluorescence staining for cTnT combined with PKP2 and Hoechst to quantify the 

percentage of mono-, bi- and multinucleated iPSC-CMs (defined as cardiomyocytes 

consisting of three or more nuclei). A significantly higher percentage of both binucleation 

and multinucleation was detected in one month old PTPN11N308S/+cardiomyocytes 

compared to controls (binucleated CMs: 10.9 ± 2.8% vs. 6.6 ± 4.3%, p = 0.0359; 

multinucleated CMs: 3.6 ± 1.1% vs. 0.5 ± 0.5%, p < 0.0001) (Fig. 19 a,b). We next evaluated 

cell cycle activity in PTPN11N308S/+ and control cells to test the hypothesis that 

cardiomyocyte hyperplasia could be driving LV hypertrophy in NS-CM. 

Immunocytochemical evaluation of the cell cycle activity marker Ki67, expressed in all 

stages of an active cell cycle195, revealed a significantly higher proportion of Ki67+ 
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PTPN11N308S/+ cardiomyocytes compared to controls (18.9 ± 0.6% vs. 11.7 ± 2.5%, p = 

0.0002) (Fig. 19 c, d).  

Figure 19. Hyperactive cell cycling leads to aberrant multinucleation and increased 

proliferation in PTPN11N308S/+ iPSC-CMs. (a,b) Representative images of control and 

PTPN11N308S/+ iPSC-CMs stained for plakophilin-2 (PKP2) and cardiac troponin T (cTnT) at 

day 30 of differentiation (a) and corresponding percentage of binucleated cardiomyocytes (left) 

and multinucleated cardiomyocytes containing 3 or more nuclei (right) (b). Box-and-whiskers 

plot min-max showing all points, p-value from an unpaired two-tailed t-test; Control #1: N = 

4, n = 681 cells, #2: N = 4, n = 1,170 cells. PTPN11N308S/+ #1: N = 4, n = 858 cells, #2: N = 4, 

n = 947 cells. Scale bar in (a) = 100 µm; full arrowheads show examples of binucleated CMs, 

empty arrowheads show examples of CMs containing 3 nuclei. (c,d) Representative images of 

control and PTPN11N308S/+ iPSC-CMs stained for cTnT and Ki67 at day 30 of differentiation 

(c) and corresponding percentage of Ki67+ CMs (d), indicated as mean ± SEM, p-value from 

an unpaired two-tailed t-test. Control #1: N = 3, n = 591 cells; #2: N = 3, n = 793 cells. 

PTPN11N308S/+ #1: N = 3, n = 706 cells; #2: N = 2, n = 656 cells. Scale bar in (c) = 100 µm, 

arrowheads show Ki67+ nuclei. Adapted from Meier*, [….], Rawat* et al. 2022, iScience29. 
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 To better understand cell cycle progression, we then dissociated and purified day 30 

iPSC-CMs, extracted their nuclei, and performed propidium iodide staining to measure 

DNA content by flow cytometry (Fig. 20). This revealed a significantly lower percentage 

of nuclei in G0/G1 phase and a higher percentage in S and G2/M phases of cell cycle in 

PTPN11N308S/+ cells as compared to control cells, confirming a hyperactive cell cycle (Fig. 

20c). We also observed a rare occurrence of polyploid PTPN11N308S/+ nuclei with a DNA 

content superior to 4n, nearly absent in the control population (0.6 ± 0.3% vs. 0.1 ± 0.1%, 

p = 0.013), however the presence of confounding doublets cannot be entirely excluded. 

 

Figure 20. Increased DNA synthesis in one month old PTPN11N308S/+ iPSC-CMs. (a) 

Representative images of day 30 iPSC-CMs before and after papain dissociation, purification 

and nuclei extraction. Trypan blue staining was used to verify nuclei yield and integrity. (b,c)  
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Gating strategy for the flow cytometry analysis of nuclei stained with propidium iodide to 

determine DNA content (G0/G1 phase: 2n; S phase: 2-4n; G2/M: 4n, polyploid: > 4n). Scale 

bar in (d) = 50 µm. (c) Percentage of nuclei isolated from day 30 purified control and 

PTPN11N308S/+ iPSC-CMs in G0/G1, G2/M, S phases or a polyploid state as measured by flow 

cytometry analysis of propidium iodide staining. Box-and-whiskers plots min-max showing all 

points, p-values from unpaired two-tailed t-tests. Control #1 and #2 both N = 3. PTPN11N308S/+ 

#1: N = 3; #2: N = 4. Adapted from Meier*, [….], Rawat* et al. 2022, iScience29. 

 

Finally, we assessed the proportion of cardiomyocytes completing full division cycles 

including cytokinesis by loading day 15 cardiomyocytes with the cell tracing dye CFSE 

and analyzing the percentage of cTnT+ cells in successive daughter generations, 96 hours 

later by flow cytometry (Fig. 21a). This analysis revealed that during the same period, 

PTPN11N308S/+ iPSC-CMs had mostly completed three cycles of division while most of the 

control iPSC-CMs had completed only two, leading to a significantly higher proliferation 

index in PTPN11N308S/+ iPSC-CMs than the control CMs (6.1 ± 0.7% vs. 4.7 ± 0.9%, p = 

0.018) (Fig. 21b, c). 
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Figure 21. PTPN11N308S/+ iPSC-CMs display increased cell division. (a) Representative 

plots of proliferation analysis of control and PTPN11N308S/+ iPSC-CMs loaded with CFSE and 

seeded at day 15 (t0) and collected after 96 hours (t96). (b) Cells were stained for cTnT before 

flow cytometry analysis and the percentage of cTnT+ CFSE+ cells in successive daughter 

generations (Gen1-4) at t96 was calculated relative to the parent generation (Gen0) at t0 using 

ModFit LT v. 5.0.9. c) A proliferation index was calculated in ModFit LT, representing the 

average number of cells that one original cell gave rise to (h). Box-and-whiskers plots min-

max showing all points, p-values from a two-way ANOVA with Sidak’s multiple comparisons 

test (b) and an unpaired two-tailed t-test (c). Control #1: N = 4; #2: N = 3. PTPN11N308S/+ #1 

and #2 both N = 3. CFSE = carboxyfluorescein succinimidyl ester. Adapted from Meier*, [….], 

Rawat* et al. 2022, iScience29. 
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3.2 Cardiac cell cycle anomalies in hypoplastic left heart syndrome  

Hypoplastic left heart syndrome (HLHS) is the most severe form of CHD, characterized by 

extreme underdevelopment of the left-sided structures of the heart, including the left 

ventricle, mitral valve, aortic valve, ascending aorta and aortic arch196. Recently, we and 

our collaborators led by Prof. Markus Krane investigated cardiac cell cycle defects and 

abnormalities in cell lineage specification and maturation as underlying mechanisms in 

the pathogenesis HLHS202. First, whole exome sequencing (WES) from 87 patients with 

sporadic HLHS and their parents revealed several damaging de novo mutations (D-

DNMs) in genes such as MYRF, LRP6 and MACF1 the latter two being linked to WNT 

signaling202,204,205, and in other genes related to crucial signaling pathways implicated in 

cardiac development such as Hedgehog, FGF, and NOTCH or to the histone modification 

H3K4me-H3K27me pathway that has been linked with CHD202,206,207. Gene set 

enrichment analysis (GSEA) of D-DNM genes at the single cell level identified significant 

enrichment in several gene categories related to cardiac and embryonic development and 

growth, cell fate commitment and differentiation, as well as cell cycle and specifically 

G1/S phase transition (E2F pathway) (Fig. 22a)202. Alteration in several other genes 

related to apoptosis, response to endoplasmic reticulum (ER) stress, Wnt, FGF, Notch 

signaling, and histone methylation were also revealed (Fig. 22b)202.
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Figure 22. Characterization of damaging de novo mutations in HLHS patients. (a) Bar 

chart of Gene Ontology (GO) enrichment analysis and (b) protein-protein network analysis of 

D-DNM genes. In b, each coded by a different color, with mutated genes illustrated as circles 

and linker genes as diamonds. Sequencing and analysis were performed in the lab of Prof. 

Thomas Meitinger and final figure was generated by Dr. Gianluca Santamaria. Adapted from 

Krane, [……], Rawat et al. 2021, Circulation202 

 

3.2.1 Altered gene expression in infant HLHS cardiomyocytes reveals defects in 

ventricular cardiogenesis including cardiomyocyte cell cycle and maturation  

In order to assess the expression dynamics of HLHS D-DNM genes during cardiomyocyte 

development and identify critical temporal and spatial cardiogenic processes underlying 

HLHS pathogenesis, we performed nuclear RNA sequencing (RNA-Seq) of 

cardiomyocytes from healthy and diseased hearts. For sequencing cardiomyocytes were 
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collected from healthy hearts at three developmental stages: foetal (16 to 23 weeks 

postconception), infancy (10 to 40 weeks), and adult (21 to 50 years). Heart tissue was 

collected from patients with HLHS at 5 to 11 days (Fig. 23a)202. As LV was unavailable in 

the living HLHS patients, RV tissue was used since both ventricles may share altered 

transcriptional signatures, as reported in Ohio mutant mouse model120.  

First, RV tissue from 4 healthy infants and 4 infants with HLHS were compared. The 

patients presented thickened morphological features of the hypoplastic LV (Fig. 23b)202.  

No difference was found in cardiomyocyte nuclei proportion between the groups, 

however HLHS cardiomyocytes showed a significant increase in tetraploid nuclei at the 

expense of diploid nuclei (Fig. 23c)202. As polyploidization occurs during terminal 

cardiomyocyte differentiation and permanent withdrawal from cell cycle118,119, this 

hinted to premature cell cycle arrest in HLHS. RNA-Seq analysis revealed 2286 

differentially expressed genes (DEGs) in HLHS patients compared to healthy controls. 

Enrichment maps of gene ontology categories derived from DEGs demonstrated high 

interconnection of functionally related gene sets associated with several pivotal 

biological processes such as cell cycle and mitotic checkpoints, cell response to stimuli 

and stress, organ development, cell differentiation and apoptosis (Fig. 23d)202. Most 

pathways overlapped with the modules derived from the HLHS D-DNM genes 

(Fig.23e)202. Moreover, GSEA uncovered downregulation of genes important for cardiac 

ventricle morphogenesis and cardiomyocyte cell proliferation whereas gene associated 

with negative regulators of cytokinesis and controlling DNA repair were upregulated (Fig. 

23e)202. Together, these results pointed to premature cell cycle exit, cardiomyocyte 

maturation defects and alterations in foetal ventricular cardiogenesis as potential
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 determinants and drivers of HLHS202.  

 

 

 

Figure 23. Gene expression analysis of cardiomyocyte nuclei reveals abnormal cell cycle 

activity in patients with hypoplastic left heart syndrome. (a) Schematic illustration of 

workflow of cardiomyocyte nuclei isolation for RNA sequencing (RNA-Seq). (b) 

Representative echocardiogram of hypoplastic left heart syndrome (HLHS) patients with a 

classic left ventricular (LV) phenotype. (c) Ploidy level of cardiomyocyte nuclei in HLHS and 

control (CTRL) hearts. Data are presented as mean±SEM, *P<0.05, **P<0.01 (t test). (d) 

Network representation of the enriched Gene Ontology (GO) of HLHS DEGs using the 

Cytoscape plugins BinGO. Nodes represent enriched GO terms; node size corresponds to the
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gene number, and color intensity to the P value. Edges represent GO relation of biological 

process (black), molecular function (red), and cellular component (blue). (e) Representative 

enrichment plots from gene set enrichment analysis. NES: Normalized enrichment score; CM: 

cardiomyocytes; FACS: fluorescence-activated cell sorting and RV: right ventricle. 

Sequencing was performed in the lab of Prof. Dr.med. Lutz Hein and analysis was performed 

by Dr. Gianluca Santamaria. Adapted from Krane, [……], Rawat et al. 2021, Circulation202.  

 

3.2.2 HLHS iPSC-CPs and CMs exhibit alterations in gene networks associated 

with cardiac cell cycle and maturity defects 

hiPSCs are a powerful tool for disease modelling that enables the study of earliest stages 

of embryonic cardiac development in a patient specific context. Therefore, to better 

understand to which extent transcriptional alterations of native HLHS cardiomyocytes 

contribute to disease pathogenesis rather than physiological differences at the time of RV 

sampling, we generated iPSCs from 3 HLHS patients with classic thickened LV 

morphology and D-DNMs in multiple genes (Table 4); iPSCs from 3 healthy individuals 

served as controls. Control and HLHS iPSCs were directly differentiated to early cardiac 

progenitors208 (CPs) or cardiomyocytes170 (CMs) using protocols based on Wnt 

modulation (Fig. 24a, b)208,170. To profile the dynamic cell populations during 

differentiation of hiPSCs to CMs and their in vitro maturation, RNA-Seq was performed of 

early cardiac progenitors (d0-d6) and (d8 and d14) cardiomyocytes (Fig. 24a, b)202. DEGs 

were analyzed by GSEA to determine affected processes. HLHS CPs and CMs shared 

dynamic alterations in several gene categories including heart and aorta development, 

cell cycle, autophagy and chromatin modification (Fig. 24c)202.
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Detailed analysis of DEGs involved in cardiac development revealed incomplete or 

delayed CP lineage specification202, which was evident in day 8 and 14 HLHS CMs as well, 

supporting dysregulated lineage-specific cardiomyocyte differentiation202.   In CPs at day 

3 of differentiation, 74 out of the 890 DEGs were related to cell cycle GO categories. 34 of 

them generated a functional interactome network. The network constitutes of cell cycle 

interphase pathways as the top enriched, with most leading genes being downregulated 

(Fig. 24d)202. In day 14 cardiomyocytes, cell cycle related DEGs (42/754) generated 18 

functional interaction nodes; top enriched terms within the interactome and regulation 

of the leading genes highlighted alteration in the M phase (STAG2, XPO1) but 

dysregulation in mitosis (ANAPC5) and cytokinesis (AURKC) (Fig. 24d)202. Together these 

results revealed intrinsic defects in lineage specification, suggesting that the primary 

onset of the disease occur already during early CP specification, when cardiomyocyte 

lineage decisions arise within CP populations202.  
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Figure 24. Gene expression analysis during in vitro cardiogenesis uncovers networks of 

dysregulated genes in Hypoplastic left heart syndrome. (a-b) Schematic timeline of direct 

differentiation of hiPSCs to cardiac progenitors (CPs) and cardiomyocytes (CMs). c) Heatmap 

of normalized enrichment scores for selected gene set enrichment analysis terms. Red and blue 

denote terms with positive and negative normalized enrichment scores, respectively (d) 

Analyst-generated protein-protein interactome of differentially expressed genes involved in 

cell cycle at day 3 and day 14. Upregulated (in red) and downregulated (in blue) genes are 

highlighted. Genes highlighted in purple belong to the enriched Gene Ontology categories 

specified in the lower panel. Protein-protein interactions are indicated as solid grey lines 

between genes. CMs: cardiomyocytes; CPs: cardiac progenitors. Sequencing was done in the 

lab of Prof. Dr. Sean Wu and analysis was performed by Dr. Gianluca Santamaria. Adapted 

from Krane, [….], Rawat et al. 2021, Circulation202. 
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3.2.3 Single-cell RNA-seq of d14 cardiomyocytes identifies impaired 

cardiomyocyte lineage segregation and maturation in HLHS 

To further investigate the consequences of altered CP specification on cardiomyocyte 

subtype formation, single-cell RNA-seq was performed of early hiPSC-cardiomyocytes a 

day 14. The transcriptome of 6431 control and 4439 HLHS cells was recovered. 

Unsupervised clustering identified 10 distinct subpopulations (cluster 0-9) (Fig. 25a)202. 

Identity was assigned to each population based on the most highly and uniquely 

expressed genes in each cluster using known cardiac subtype markers from human and 

mouse single-cell studies. Captured transcripts exhibited characteristics of chamber 

myocardium, early and late CPs, maturing CMs and proliferating CMs in G1/S and G2/M 

phases (Fig. 25a, b)202. HLHS cells contributed primarily to the early CP cluster 7 

(controls: 40 and HLHS: 450) and to the late CP cluster 9 (control: 35 and HLHS: 117), 

whereas they were present in minority in cluster 8 containing terminally differentiated 

cardiomyocytes (controls: 318 and HLHS: 37); this suggested an intrinsic delay in 

cardiomyocyte differentiation (Fig. 25a)202. Additionally, a significantly reduced 

proportion of HLHS cells were present in the proliferating cell cluster 4 (control: 922 and 

HLHS: 284) containing proliferating CMs in the G1/S phase and in cluster 6 (control: 675 

and HLHS: 103) containing CMs in the G2/M phase (Fig. 25a, b)202, supporting our 

previous results of premature cell cycle exit in HLHS CMs. Co-expression of LV enriched 

genes was primarily identified in CMs of cluster 0, which was scarce in HLHS cells 

(control: 1446 and HLHS: 497) (Fig. 25).  
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Figure 25.  t-Distributed stochastic neighbor embedding (t-SNE) plot visualization of cell 

clusters in single-cell RNA sequencing of hiPSC derived early cardiomyocyte. (a) 

Annotated t-SNE plot showing distribution of 10 clusters identified in the scRNA-Seq data of 

all HLHS and control CMs at day 14, colored by cluster identity (upper panel) and genotype 

(lower panel). Data are from 2 control and 2 HLHS lines (H2 and H3). (b) Expression of 

selected cell cycle phase and human fetal heart genes marking subpopulations on t-SNE plot. 

Single gene panels: red and gray indicate high and low expression respectively. Signature 

panels: color key indicates cells matching with the gene signatures tested. Sequencing was done 

in the lab of Prof. Dr. Sean Wu and analysis was performed by Dr. Gianluca Santamaria. 

Adapted from Krane, [….], Rawat et al. 2021, Circulation202.
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Moreover, downregulation of LV transcripts such as TBX5, HAND1 and SLIT2 in HLHS 

myocytes hinted to a potentially reduced LV commitment (Fig. 26)202. Differential 

expression analysis within each cluster revealed upregulation of proapoptotic genes such 

as TNFRSF12A and FAM162A in HLHS CMs and reduced expression of antiapoptotic 

regulators like MTRNR2L1 in HLHS-CMs (Fig. 26), confirming bulk RNA-seq results. 

Additionally, HLHS CMs showed an overall upregulation of genes involved in glucose 

catabolism such as LDH1 and ENO1 (Fig. 26) characteristic of stress condition, 

downregulation of the mitochondrial markers MT-ND1 and CHCHD2, and lower 

expression of sarcomeric genes, exceptions were MYL7 and TNNI1 which are highly 

expressed in immature cardiomyocytes (Fig. 26). Taking together these results suggest 

reduced cellular differentiation and maturation in HLHS-CMs202.
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Figure 26. Single-cell RNA sequencing of induced pluripotent stem cell–derived 

cardiomyocytes reveal defects in cardiac lineage segregation and maturation in 

hypoplastic left heart syndrome. Violin plots showing the expression levels of markers of 

left ventricle (HAND1, TBX5 and SLIT2), apoptosis (FAM162A, TNFRSF12A), anti-
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apoptotic marker (MTRNR2L1), sarcomere (MYH6, MYL7 and TNNI1), glucose catabolic 

process (LDHA and ENO1) and mitochondria (MT-ND1 and CHCHD2). All genes represented 

have P<0.05. Sequencing was done in the lab of Prof. Dr. Sean Wu and analysis was performed 

by Dr. Gianluca Santamaria. Adapted from Krane, [….], Rawat et al. 2021, Circulation202 

 

3.2.4 Functional maturation and chamber specification of HLHS hiPSC-CM after 

long term culture   

Next, we generated cardiomyocyte monolayers from the HLHS and control hiPSCs and 

performed several molecular and functional assays. As transcriptome profiling of early 

HLHS cardiomyocytes highlighted maturation defects, we performed co-

immunofluorescence analysis for myosin regulatory light chain 2, atrial isoform (MLC2a), 

and myosin regulatory light chain 2, ventricular muscle isoform (MLC2v), in one- and 

two-month-old HLHS hiPSC-CMs (Fig. 27a)209,210,202. This provides information about the 

diversity and specification of the cardiomyocyte population. In developing mouse and 

human hearts, MLC2a expression is detected in all chambers. Postnatally in mouse its 

expression is restricted to the atria, whereas MLC2a expression in humans is detected in 

both the atria and to a lesser extent in the ventricles211,212. However, MLC2v expression 

is confined to the ventricles in humans and this specificity persists into adulthood211,212. 

In mouse and human embryoid bodies, MLC2a expression precedes MLC2v expression, 

which suggests that MLC2v also serves as a myocyte maturity marker211,213.  

In both d30 and d60 HLHS cardiomyocytes, we observed a striking increase in 

MLC2a+/MLC2v+ cardiomyocytes with a significant reduction in MLC2v+ cardiomyocytes
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 in all three HLHS lines (H1, H2 and H3) compared to control (Fig. 27b)202. However, only 

one HLHS line (H1) showed a significant increase in MLC2a+ cardiomyocytes at both d30 

and d60, while other two HLHS lines (H2 and H3) exhibited a trend in upregulation of 

MLC2a+ cardiomyocytes, suggesting maturity defects in HLHS-CMs (Fig. 29a, b)202. 

Next, we stained d30 HLHS and control CMs with sarcomeric alpha-actinin (ACTN2), 

which is a Z-disk anchoring protein214-216. It stabilizes the sarcomere- the cardiomyocyte 

contractile apparatus- by cross linking actin filaments and is therefore associated with 

important structural and regulatory roles in the organization of the cytoskeleton and 

muscle contraction217,218.  Moreover, during cardiomyocyte maturation new sarcomeres 

are continuously added in alignment with pre-existing myofibrils resulting in massive 

expansion of myofibrils219. We used alpha actinin staining to measure the length of 

sarcomeres, which is an indicator of the CM maturity. HLHS CMs displayed significant 

reduced sarcomere length. Thus, indicative of defective sarcomere organization and 

maturation anomalies in all three HLHS lines compared to control (Fig. 27c, d)202. 

Additionally, we analysed mRNA expression of several ventricular (GJA1, HEY2 and 

FABP5) and atrial markers (GJA5, KCNA5 and KCNJ3) in cardiomyocytes (Fig. 27e)202. 

Two-month-old HLHS-CMs showed a significant downregulation in ventricular genes 

compared to control CMs.  On the other hand, we observed a higher trend of atrial gene 

expression in the diseased lines, suggesting perturbations in ventricular specification and 

a tendency towards an atrial lineage switch (Fig. 27e)202.  
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Figure 27. HLHS hiPSC derived cardiomyocytes display signs of immaturity. (a) 

Representative images of HLHS-CMs stained for myosin light chain 2v (MLC2v; restricted to 

ventricular cardiomyocytes) and myosin light chain 2a (MLC2a; restricted to atrial and 

immature cardiomyocytes). (b) Quantification of MLC2a+, MLC2a/2v+ and MLC2v+ 

cardiomyocytes. Data are presented as Mean±SEM, ***p<0.0001, **p<0.01 (one-way 

ANOVA), d30 and d60: CTRL n=5; H1 n=3; H2 n=3; H3 n=3. (c-d) Representative images of 

HLHS and CTRL CMs stained for alpha actinin 2 and quantification of sarcomere length. Data 

are presented as Mean±SEM, ***p<0.0001 (Dunn’s multiple comparison test) (e) relative 

expression of several atrial and ventricular genes in HLHS and healthy control CMs. Data are 

presented as Mean±SEM, ***p<0.0001, **p<0.01, *p<0.05 (one-way ANOVA), d30
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and d60: CTRL n=7; H1 n=4; H2 n=4; H3 n=4. CMs: cardiomyocytes; CTRL and C: control; 

H1: HLHS patient1; H2: HLHS patient 2; H3: HLHS patient 3; d30: day 30; d60: day60. 

Adapted from Krane, [….], Rawat et al. Circulation, 2021202. 

 

To evaluate the functional activity of HLHS-CMs, we performed single cell imaging of 

intracellular Ca2+ transient with the fluorescent indicator Fluo-4 in one month old 

cardiomyocytes stimulated at different frequencies (0.4Hz, 0.5Hz and 1.0Hz) (Fig. 

28a)202. HLHS-CMs displayed a significant increase in diastolic calcium level compared to 

control at 0.4Hz and 0.5Hz (Fig. 28b)202. Generally intracellular Ca2+ levels are reduced to 

low levels in diastole so that the ventricle can relax and refill with blood220,221; impaired 

relaxation can be associated with heart failure, as is often the case in HLHS patients220-

222. HLHS-CMs also exhibited a significant longer time to 90% peak decay at 0.4Hz and 

0.5Hz (Fig. 28c)202, suggesting a slower calcium transient which can augment the 

contraction as myofilaments are exposed to Ca2+ for a longer period223. This further 

corroborates our single cell data suggesting functional impairment in HLHS-CMs. 
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Figure 28. Single cell imaging of cytoplasmic Ca2+ levels in cardiomyocytes reveals 

dysregulated Ca2+ handling in HLHS. (a) Representative images of intracellular calcium 

transients from one-month-old control and HLHS cardiomyocytes at increasing pacing 

frequency. Vertical bars over the tracings represent the stimulation pulses. (b) Diastolic 

calcium level, presented as ratio of the diastolic Fluo-4 intensity at the indicated pacing 

frequency [F] and the basal Fluo-4 intensity at the beginning of the experiment [F0] in day 30 

control and HLHS cardiomyocytes at 0.4Hz, 0.5Hz and 1.0Hz pacing frequency. Data are 

mean±SEM ***p<0.0001 (Mann-Whitney test). (c) Calcium transient duration to 90% decay 

(TD90) measured in d30 cardiomyocytes; Control n=28 and HLHS cardiomyocytes H1 n= 29, 

H2 n=29, H3 n=29. Data are presented mean±SEM ***p<0.0001 (Mann-Whitney test). 

Adapted from Krane, [….], Rawat et al. Circulation, 2021202.
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As RNA-Seq data indicated the dysregulation of several critical biological processes 

including cell cycle, we analyzed cell cycle activity in d30 and d60 HLHS-CMs. We used 

Ki67 as a proliferation marker, as it is present in all the active phases of the cell cycle (Fig. 

29a, b)202. Of note, binucleation and polyploidy are characteristic features of mature 

CM114. Polyploidy is defined as an increase in cellular DNA content with or without 

multinucleation224; in humans it is observed in several pathologic conditions. In a non-

pathological setting binucleation occurs in only 25% of adult CMs, with no evidence of tri- 

or tetranucleation225. Therefore, we evaluated Ki67+ CMs with only one nucleus (1n), two 

nuclei (2n), and more than three nuclei (≥3n), to distinguish between cytokinesis and 

acytokinetic cell division resulting in either multinucleation or polyploidy114. 

Interestingly we did not observe significant changes in HLHS-CMs at d30 compared to 

control-CMs (Fig. 29b)202. However, at d60 HLHS3-CMs (H3) exhibited a significant 

increase in Ki67+ CMs with 1n (Fig. 29b). HLHS-CMs also did not show evident differences 

in multinucleation compared to control CMs (Fig. 29b). We then measured DNA content 

by flow cytometry in one month old CMs. The cells were stained with propidium iodide 

(PI), a DNA binding fluorochrome. HLHS-CMs showed a significant increase in cells with 

8n or ≥16n (Fig. 29 c)202, suggesting a significant increase in DNA synthesis in the absence 

of multinucleation and cytokinesis.  

Polyploidization is a very tightly orchestrated cellular program. Any impairments result 

in aberrant mitosis, and chromosomal instability, which triggers apoptosis or 

uncontrolled proliferation224. Transcriptome profiling of HLHS-CMs revealed increased 

levels of proapoptotic genes such as TNFRSF12A and FAM162A and reduced expression 

of the antiapoptotic regulator, MRNR2L1202. We, therefore, we evaluated the distribution  
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of cleaved Caspase 3+ in d30 CMs, labeling apoptotic cells, but we did not find any 

significant changes in HLHS-CMs compared to controls (Fig. 39d)202.  

 

Figure 29. Analysis of cell cycle activity and apoptosis in one- and two-month-old 

cardiomyocytes generated in a 2D monolayer. (a) Representative immunofluorescence 

images of CMs stained with proliferation marker, Ki67. (b) Quantification of Ki67+ 

mononuclear (1n), binuclear (2n) and multinuclear (≥3n) CMs [upper panel]. Data are 

presented as mean±SEM, **p<0.005 (one-way ANOVA). Quantification of CMs for 

multinucleation [lower panel]. Data are presented as mean±SEM, **p<0.05 (one-way 

ANOVA), control n=5; HLHS1 n=3; HLHS2 n=3 and HLHS3 n=4. (c) FACS analysis of 

propidium iodide staining, data are presented as mean±SEM, **p<0.005 (one-way ANOVA), 

control n=5; HLHS1 n=4; HLHS2 n=5 and HLHS3 n=3. (d) FACS measurement for cleaved 

caspase 3 positive CMs, mean±SEM, control n=7; HLHS1 n=3; HLHS2 n=4 and HLHS3 n=4. 

CMs: cardiomyocytes; C or CTRL: control; H1: HLHS1; H2: HLHS2; H3: HLHS3; ClCasp3: 

cleaved caspase 3. Adapted from Krane, [….], Rawat et al. Circulation, 2021202.
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3.2.5 3D Heart patches reveal reduced contractility, cell cycle defects and 

maturity defects in HLHS 

It has been shown that re-seeding hiPSC-CMs onto decellularized porcine myocardial 

matrix leads to higher structural and functional maturity compared to hiPSC-CMs 

cultured in a standard 2D setting230. The infiltration of cells into decllularized matrix 

promotes tissue-like morphogenesis, thus better recapitulating native myocardial 

biophysical cues that guide CM alignment226-232. This leads to enhanced sarcomere 

alignment, calcium handling and contractile function.  

In this study we took advantage of multicellular 3D heart patches that mimic the in vivo 

microenvironment and allow us to recapitulate important biophysical and biochemical 

cues involved in disease202. We further analyzed the HLHS phenotype in a 3D system by 

re-seeding day 14 iPSC-CMs generated in 2D, onto decellularized scaffolds from 

nonhuman primate LV heart slices (Fig. 30a)202. Standardized cell seeding was achieved 

using bioprinting and constructs underwent electromechanical conditioning (1 Hz 

pacing, 1mN diastolic preload) in customized biomimetic chambers for 24 days233. The 

first observation was that the contractile force of HLHS patches was significantly reduced 

compared to controls and it did not increase, but rather decreased over time (Fig. 30b). 

Progressive electromechanical maturation was evident in controls, whereas HLHS CMs 

failed to respond to high stimulation frequencies (Fig. 30c). Ca2+ imaging of single 

cardiomyocytes within the patches demonstrated Ca2+ handling defects in HLHS, with 

failed increase of systolic and abnormal elevation of diastolic Ca2+ at higher pacing 

frequencies (Fig. 30d and 30e). Abnormal Ca2+ handling was further supported by the 

expression profile of HLHS cardiomyocytes isolated from 3D patches at day 12, which



                                                                                                                                          Results 

 

81 

 

revealed changes in pivotal regulators of electromechanical coupling and Ca2+ 

homeostasis such as CACNA1C, CASQ2, PLN, RYR2, SERCA and SLC8A1(Fig. 30f).   

To evaluate CMs deaths in HLHS and CTRL patches, we performed a live-dead viability 

assay wherein cells were stained with calcein acetoxymethyl (calcein AM) and ethidium 

homodimer. Calcein AM is an electrically neutralised ester molecule, that can easily 

diffuse through cells and is actively converted to calcien by intracellular esterases, 

leading to green fluorescence. By contrast damaged or dead cells are stained by ethidium 

homodimer, a membrane impermeable molecule. Upon binding to nucleic acids, it marks 

the dead cells with red fluorescence234. Live evaluation of cell viability in CTRL and HLHS 

3D patches revealed a progressive increase in dead cells in HLHS patches (Fig. 30g), 

suggesting apoptosis as a contributing mechanism leading to functional abnormalities in 

HLHS.  

To examine cell death further, we labelled HLHS and control patches with terminal 

deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end labelling (TUNEL), which 

detect dying cells that undergo extensive DNA degradation during apoptosis and 

necrosis. The assay is based on the ability of TdT to label blunt ends of double-stranded 

DNA breaks independent of a template235,236.  To delineate the underlying mechanism of 

cell death in the disease patches, we co-stained the patches for cleaved caspase 3, which 

is a crucial marker of apoptosis237, thus providing more sensitive and reliable results. By 

contrast, to our previously described results in 2D, the quantification of apoptotic CMs 

(clCap3+/TUNEL+) on day 12 and 24 of 3D culture revealed a higher percentage of cells 

undergoing apoptosis in HLHS patches compared to control patches (Fig. 30h and 30i). 

Interestingly not all TUNEL+ CMs expressed activated caspase 3, the percentage of
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 clCasp3-/TUNEL+ CMs was also significantly elevated in HLHS patches (Fig. 30i). 

  

 

Figure 30. Three-dimensional culture of hiPSC derived cardiomyocytes under 

electromechanical stress reveals functional abnormalities and aberrant apoptosis in 

HLHS.  (a) Schematic illustration of the experimental setup for 3D culture of hiPSC-CMs 

within decellularized heart patches providing mechanical load and electric stimulation while 

allowing continuous monitoring of force development. (b) Representative plots of control and 

HLHS lines. All measurements were done in patches generated from 2 controls and 3 

hypoplastic left heart syndrome (HLHS) lines. (c) Representative traces of contraction force at 

increasing stimulation frequencies in 1 control and 1 HLHS line, stimulation pulses are 

indicated as vertical bars above the respective tracing. (d) Amplitude of the systolic calcium 

transients plotted as a function of the stimulation frequency for CRTL (n=6) and HLHS (n=9)
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CMs patches at day 12 and day 24. CTRL cells n≥65 and 81, HLHS cells n≥3 and 35 for each 

frequency at day 12 and day 24 respectively. Data are mean±SEM. **p<0.01, ***p<0.001 

compared to CTRL (2-way analysis of variance). e) Diastolic calcium level (expressed as a 

ratio of the diastolic Fluo-4 intensity at the indicated pacing frequency [F] and the basal Fluo-

4 intensity at the beginning of the experiment [F0]) of single cardiomyocytes in day 24 control 

(n=6) and HLHS (n=9) patches at 0.5Hz and 1.5Hz pacing rates. CTRL n=91 and 83, HLHS 

n=70 and 44 cells at 0.5Hz ans 1.5Hz respectively. Data are mean±SEM. ***p<0.001 (Mann-

Whitney test). f) Expression level of key genes for electromechanical coupling (black) and Ca2+ 

homeostasis (red) in cardiomyocytes isolated from HLHS and control 3D patches at day 12. 

Data are presented as log2 mean fold changes relative to controls; n=3 patches per line. g) 

Representative images of live dead staining of CTRL and HLHS patches at day 12 and day 24. 

h-i) Representative images of immunohistochemistry for apoptosis markers and analysis of 

cleaved caspase3+ and TUNEL+ CMs in CTRL and HLHS patches at day 12 and day24. 

ClCasp3: cleaved caspase 3; CMs: cardiomyocytes; ECM: extracellular matrix and NHP, 

nonhuman primate. 3D experiments and analysis were performed by Dr. med. Christine M. 

Schneider. Adapted from Krane, [….], Rawat et al. Circulation, 2021202. 

 

Moreover, we observed abnormal multinucleation in HLHS patches, already evident at 

day 12 (Fig. 31a)202, indicative of cell cycle exit. In control patches, a high percentage of 

myocytes were mononucleated (1n ~70%) or binucleated (2n ~25%), while very few 

cells were tri- (3n) or tetra-nucleated (4n). By contrast, in HLHS patches ~50% of 

cardiomyocytes were tri- or tetra-nucleated (Fig. 31a and 31b)202, indicating an intrinsic 

failure to complete cytokinesis and a premature exit from cell cycle. We used two 

proliferation markers to detect cell cycle activity (Ki67) and mitosis (PHH3: phosphor-

histone H3), which showed an overall significant increase in the number of PHH3+ CMs 

in HLHS patches (Fig. 31c)202. However, detailed analysis of Ki67 and PHH3 

demonstrated a significant increase in mononucleated Ki67+/PHH3+ (mitosis) HLHS-CMs 

compared to control patches (Fig. 31d)202. The greater the degree of multinucleation in 

HLHS, the higher was the percentage of Ki67+/PHH3- CMs versus Ki67+/PHH3+ nuclei 

(Fig. 31d), indicating polyploidy in multinucleated diseased CMs. To assess whether and 
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how abortive cell cycle in HLHS CMs connected to apoptosis, we analysed the fraction of 

TUNEL+ nuclei and clCasp3+/TUNEL+ myocytes (Fig. 31e)202. We found evident 

correlation between the number of TUNEL+ nuclei and the level of multinucleation. Tri- 

or tetra-nucleated CMs showed the highest expression of activated caspase 3 (Fig. 31e), 

together indicating chromosomal instability acquired during defective cell cycle as a 

possible trigger for HLHS CMs death.  

Cell cycle defects and aberrant apoptosis was more evident in our 3D setup than the 2D 

disease modelling. We believe that the observed HLHS cardiomyocyte phenotype might 

be due to electromechanical preconditioning in the 3D tissue microenvironment.  To 

evaluate lineage specification and maturity of HLHS-CMs cultured in the 3D heart patches 

we performed immunofluorescence analysis for MLC2a and MLC2v (Fig. 31f)202. In HLHS 

patches we observed significant increase in MLC2a+ CMs with a reduction of MLC2v+CMs 

a both day 12 and day 24 (Fig. 31g)202. At day 24 HLHS patches showed a striking increase 

in double positive CMs (MLC2a+/MLC2v+) compared to control, further corroborating our 

2D data (Fig. 27b)202. 

Overall, these results indicate maturation defects and an inefficiency of HLHS-CMs to 

respond to developmental cues by normal progression through the cell cycle resulting in 

increased apoptosis of ventricular cardiomyocytes contributing to HLHS pathogenesis202.  
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Figure 31. 3D HLHS heart patches revealed multinucleation and maturation defects. a) 

Representative immunofluorescence images of cardiomyocytes (phalloidin positive), plasma 

membrane marked with CellBrite, TUNEL and DNA labelling of control and HLHS patched 

at day24. Scale bar 10µm. b) Percentage of cardiomyocytes with 1(1n), 2(2n), 3(3n), and 4(4n) 

nuclei in three HLHS cell lines at day 12 and day 24. Data are presented as mean±SEM, CTRL 

n=6 patches (340 cells) and n=3 patches (each HLHS line, n≥182 cells per line) at day 12; 

CTRL n=6 patches (341 cells) and n=3 patches (each HLHS line, n≥147 cells per line) a day 

24. *P<0.05, **P<0.01, ***P<0.001 compared with CTR (1-way ANOVA). c) Percentage of 

cardiomyocytes positive for phosphorylated histone 3 (PH3) and Ki67 at day 12 and day 24. 

Data are mean±SEM. CRTL n=7 patches (528 cells), HLHS1 n=7 patches (n=698 cells), 

HLHS2 and HLHS3 n= 5 patches each (463 and 668 cells respectively) at day 12. CTRL n=7 

patches (673 cells), HLHS1 n=7 patches (682 cells), HLHS2 and HLHS3 n=5 patches (486 and 

485 cells respectively) at day 24. *P<0.05, **P<0.01, ***P<0.001 compared with CTR (1-

way ANOVA). d) Quantification of PHH3+ and Ki67+ nuclei in mono-, bi-, tri-, and 

tetranucleated CMs at day 24. Data are presented as mean±SEM. n=3 patches per line, CTRL 

n=331 cells, HLHS1 n=258 cells, HLHS2 n=228 cells and HLHS3 n=240 cells. *P<0.05, 

**P<0.01, ***P<0.001 compared with CTR (1-way ANOVA). e) Bar graph showing the 

percentage of ClCasp3+ and PHH3+ nuclei in mono-, bi-, tri-, and tetranucleated CMs at day
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24. Data are mean±SEM. CTRL n=7 patches (401 cells), HLHS n=3 patches per line, HLHS1 

(194 cells), HLHS2 (175 cells) and HLHS3 (237 cells). *P<0.05, **P<0.01, ***P<0.001 

compared with CTR (1-way ANOVA). f) Representative images of immunostaining for 

MLC2a and MLC2v in control and HLHS patches. Scale bar 10µm. g) Statistical analysis of 

MLC2a+ and MLC2v+ CMs in control and HLHS patches. Data are presented as mean±SEM. 

CTRL n=8 patches (951 cells) and HLHS n=4 patched per line (≥428 cells per line) at day 12; 

CTRL n=8 patches (949 cells) and HLHS n=4 patched per line (≥422 cells per line) at day 24. 

**P<0.01, ***P<0.001 compared with CTR (1-way ANOVA). 3D experiments and analysis 

were performed by Dr. med. Christine M. Schneider. Adapted from Krane, [….], Rawat et al. 

Circulation, 2021202. 
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4 Discussion  

Congenital heart diseases (CHD) are the most common birth defects globally.  Despite 

significant advances in medical and surgical management, it remains a leading cause of 

childhood mortality worldwide238. Various animal models have allowed us to study 

underlying genetic and molecular pathways but, the complex genetic heterogeneity of 

CHD and physiological differences between animals and humans raise the issue of 

effective drug development and drug screening239,240. The groundbreaking discovery of 

induced pluripotent stem cells (iPSC) and their ability to differentiate into multiple cell 

lineages in a patient-specific genetic background have led to new models of human 

diseases. These can be used as a more refined platform for drug discovery, and recent 

advances in precise gene editing in iPSCs have opened new doors in regenerative 

medicine, including autologous cell-based therapy241,242. 

We took advantage of human induced pluripotent stem cells (hiPSCs) generated from 

different patients with Noonan syndrome (NS) and hypoplastic left heart syndrome 

(HLHS) to perform various histopathological, transcriptomic and functional assays with 

the aim of elucidating the mechanisms contributing to disease development. We 

identified cell cycle defects leading to increased cardiomyocyte proliferation as a 

potential cause for left ventricle (LV) hypertrophy in NS-CM. We additionally 

demonstrated intrinsic defects in cell cycle activity associated with ventricular 

hypoplasia and defects in cardiomyocyte maturation in HLHS, which may play a 

prominent role in disease pathogenesis. 
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4.1 Noonan syndrome 

 

4.1.1 Distinct pathomechanisms in NS-CM and HCM 

Impaired cardiac contraction contributes to heart failure in cardiomyopathy. This was 

evident in whole-transcriptome analysis of LV tissue from NS-CM patients, which 

highlighted altered gene categories associated with cardiac conduction and contraction. 

However, it is not known if NS-CM and HCM share the same pathomechanism. To address 

this, we evaluated the conformational state of myosins in LV myocardial tissue of both 

NS-CM and HCM patients compared to healthy controls as an assessment of contractile 

function. Thick filament mutations causing HCM have been shown to induce a shift 

towards myosins in DRX confirmation in murine and human ventricular 

myocardium243,244. On the contrary, we found that destabilization of the myosin 

interacting head motifs might not contribute to the disease pathomechanism of NS-CM, 

which questions the use of the cardiac myosin inhibitor Mavacamten in this disease 

entity245. Moreover, LV myocardial tissue of NS-CM patients did not show upregulation of 

sarcomeric protein and mitochondrial genes typical of HCM187,248.  

To further investigate the underlying mechanisms in NS-CM, we generated iPSCs from a 

NS-CM patient carrying a gain of function PTPN11N308/+ mutation. In the past only a few 

studies have been conducted in iPSC-CM models of NS-CM, and none of them were 

associated with a mutation in PTPN11246,247. However, the molecular mechanisms of HCM 

have been extensively studied in several iPSC-CMs models, which allowed the
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identification of characteristic phenotypical features which we evaluated in 

PTPN11N308S/+ iPSC-CMs29. We found neither increased size nor sarcomere 

disorganization in these cells compared to two independent control lines. PTPN11N308S/+ 

iPSC-CMs also did not resemble a transcriptional profile typical of HCM29. Similar results 

were obtained by Hanses et al. in iPSC-CMs from a NS-CM patient carrying a biallelic 

mutation in LZTR1, they had a higher cell size, displayed neither increased sarcomere 

disorganization nor upregulation of hypertrophic markers246.  In contrast, Jaffré et al. 

reported a phenotype similar to HCM in iPSC-CMs from a NS-CM patient carrying a 

RAF1S275L/+ mutation, which included increased cardiomyocyte size and sarcomere 

disorganization233. However, in our study, myocardial tissue from patients carrying 

RAF1S275L/+ mutations or PTPN11 mutations had equivalent histopathological features 

and did not segregate according to the affected gene in RNA-Seq analysis, suggesting a 

common pathophysiology29.  

Analysis of the electrophysiological function of PTPN11N308S/+ iPSC-CMs by single-cell 

calcium transient imaging revealed a significantly shorter duration of 50% peak decay 

compared to control cells, which was also reported in LZTR1-mutated iPSC-CMs246. 

Although data on calcium abnormalities in iPSC-CM models of HCM are inconsistent, 

either due to mutation-specific effects or variations in experimental conditions249, an 

opposite of increased decay duration has been described in iPSC-CMs of similar age 

carrying a MYH7R442G/+ mutation250. PTPN11N308S/+ iPSC-CMs also did not display 

arhythmic events in calcium transients29, one of the only unifying features of HCM iPSC-

CMs reported in ~20% of cardiomyocytes247-251. Arrhythmic events were also not 

reported previously in any NS-CM iPSC-CM model246,247. 
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4.1.2 Patient tissue and an iPSC-CM model of Noonan syndrome suggests 

alteration in cell cycle rather than cellular hypertrophy  

The main cellular process we found dysregulated in both NS-CM patient tissue and 

PTPN11N308S/+ iPSC-CMs was cell cycle activity. LV myocardial tissue of NS-CM patients 

showed significant upregulation of cell cycle pathways, including genes controlling 

mitotic processes. A critical finding was the high expression of FGF10. In addition to 

promoting the differentiation and proliferation of second heart field cells, that give rise 

to most of the right ventricle during cardiac development, it was demonstrated in mice 

that the overexpression of FGF10 triggered cell cycle re-entry in adult cardiomyocytes of 

both ventricles252,253. Therefore, it is plausible that an aberrant increase of FGF10 

expression in driving left ventricular cardiomyocyte proliferation in NS-CM. Similarly, the 

upregulation of EREG and downregulation of FOSB and SOST that we observed in NS-CM 

have previously been associated with increased cell proliferation in various physiological 

and cancerous processes254-262. As an upstream component of the Ras-MAPK pathway, 

the EGFR ligand EREG is a very interesting candidate for further studies regarding 

investigation of the underlying pathomechanisms of NS-CM. Moreover, the observed 

upregulation in CUX2 may also be related to Ras-MAPK hyperactivation, as CUT domain 

proteins have shown to accelerate DNA repair and prevent senescence in cells with 

elevated  reactive oxygen species (ROS) levels due to hyperactive Ras signalling263. We 

also found an increase in multinucleated NS-CM LV cardiomyocytes, which was 

recapitulated in PTPN11N308S/+ iPSC-CMs. Increased multinucleation has also been 

reported in some models of hypertrophy cardiomyopathy iPSC-CM250,251 however 

multinucleation in HCM patient tissue is still unclear and was not confirmed in our
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samples. In PTPN11N308S/+ iPSC-CMs, we found that cell cycle hyperactivity results in both 

acytokinetic nuclear and cytokinetic cell division, suggesting that cardiomyocyte 

hyperplasia rather than hypertrophy could be the primary mechanism in NS-CM. This 

was supported by the higher cardiomyocyte density in NS-CM LV myocardial tissue than 

observed in HCM. One can further speculate that the exit of cardiomyocytes from the cell 

cycle during the early postnatal period could explain why ventricular wall thickness does 

not progress later in a subset of affected patients264,185. This was refleced in the patient 

carrying the PTPN11N308S/+ mutation which we report in this study. Jaffré et al. did not 

report an increase in proliferation activity of RAF1S275L/+ iPSC-CMs, though interestingly 

complete inactivation of RAF1 significantly reduced number of the proliferating CMs245. 

Data on potential cell cycle defects in other NS-CM iPSC-CM models is lacking. 

Interestingly, cardiomyocyte hyperplasia was recently described in a neonatal patient 

who died from cardiomyopathy associated with Noonan syndrome with multiple 

lentigines (formerly known as LEOPARRD syndrome) caused by a loss-of-function 

mutation in PTPN11185, which further supports cell cycle dysregulation in the wider 

spectrum of RASopathies.  

Overall, our study identified NS-CM and HCM as distinct disease entities, highlighting the 

importance of differential treatment of syndromic cardiomyopathy patients. However, it 

is still unclear to what extent our findings are associated with other mutations causing 

NS-CM. Further refining genotype-phenotype correlations are required for the 

development of small-molecule therapies targeting specific signaling components of the 

Ras-MAPK pathway, which have shown encouraging results in various RASopathy mouse 

models265-267 and a few case reports268,269. 
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4.2 Hypoplastic left heart syndrome 

 

4.2.1 Transcriptome profiling of HLHS patients and HLHS-hiPSC derived 

cardiomyocytes revealed cell cycle and maturity defects 

Previous studies have reported impaired cardiogenesis along with molecular and 

functional defects such as transcriptional repression of NK2-5, HAND1 and NOTCH1 or 

activation of atrial gene programs197-201, augmented cardiac apoptosis, decreased 

proliferation, and defective cardiac development signalling at both transcriptomic and 

epigenomic levels in both HLHS fetal hearts and in HLHS iPSC-CMs269-271. Additionally, 

the work of Gaber et al. demonstrated perturbations in both TGFβ signaling and 

premature senescence of cardiomyocyte progenitors (CPs)121. Thus, it is plausible that 

impairment in multiple gene or signaling pathway may contribute to HLHS and how such 

alterations contribute to the disease.  This is consistent with our whole exome sequencing 

data of HLHS patients, as pathway analysis of D-DNMs showed significant enrichment in 

signalling pathways critical for cardiac growth and development. The transcriptomic 

profile of ventricular cardiomyocytes of HLHS infants closely resembled a foetal stage, 

demonstrating that the expression of embryonic gene programs persists even in 

postnatal cardiomyocytes, in line with previous findings. Moreover, analysis of single cell 

RNA-Seq of HLHS cardiomyocyte identified defects in early cardiomyocyte subtype 

lineage specification, maturation and cell cycle.  

HLHS-iPSC-CMs with the MYH6-R443P variant reported reduced CM differentiation 

efficiency, dysmorphic sarcomeres, and abnormal contractility272,273. Similar phenotype 

was reported in myocytes due to dysfunctional Notch signalling and suggested defective 

commitment to the ventricular lineage274,275, corroborating our results202. Alterations in
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 the commitment to ventricular versus atrial lineages have also been reported 271,275, 

however in our HLHS-hiPSC-CM model we observed a significant increase in 

MLC2a+/MLC2v+ CMs and a striking reduction in MLC2v+ (ventricular lineage) CMs, 

suggesting maturity defects rather than aberrant commitment to the atrial lineage in 

HLHS202. Gene expression patterns in the right ventricle of HLHS patients were reported 

to resemble a failing phenotype, with decreased SERCA2a276, which is the major calcium 

pump for the sarcoplasmic reticulum, resulting in impaired calcium handling and reduced 

cardiac contractility and relaxation277. We were able to recapitulate these defects in vitro, 

as single-cell calcium transient imaging in HLHS-iPSC-CMs revealed a significantly longer 

duration of 90% peak decay and abnormal higher diastolic Ca2+ levels, further supporting 

the heart failure phenotype in HLHS-iPSC-CMs.  

Evidence of increased expression of several cell cycle regulators inhibiting cell cycle 

progression were reported in HLHS foetal hearts278 and the Ohio mutant mouse model279.  

Normal cell cycle activity is required for proper heart development and function280. 

Although our 2D data did not reveal striking differences in cell cycle activity, cell cycle 

defects were evident in our 3D functional studies. Additionally in another study, single-

cell RNA sequencing of HLHS iPSCs-derived endothelial cells revealed that the 

endocardial defects in HLHS result in impaired endocardial to mesenchymal transition 

(EndoMT) and angiogenesis. These endocardial abnormalities could contribute to the 

reduced proliferation and maturation of CMs, and valvular hypoplasia in HLHS281. In 

addition to the valvular perturbations, regional cardiomyocyte proliferation differences 

at early stages of cardiac development may explain why loss of cardiomyocyte
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 proliferation affects the left ventricle (LV) more than the right ventricle (RV) in 

HLHS271,272.   

 Historically, the "no flow no grow" hypothesis has been supported by experiments in 

several model systems202. However, recent findings and observations in HLHS patients 

highlighted hemodynamic perturbations alone are insufficient to explain variable LV 

morphology in the patients202,283,284. In this study, we focussed on the "thickened" LV 

morphology with a clearly visible LV lumen202,283,284, intrauterine foetal valvuloplasty is 

being studied as a treatment option in HLHS patients presenting this defect to facilitate 

LV growth. The identified intrinsic defects in HLHS suggest a way to potentially improve 

the unpredictable results of this aortic valvuloplasty285.  

Altogether our work provides a multidisciplinary framework for studying human heart 

development and its disruption in CHD. Human iPSC lines derived from HLHS patients 

permitted us to dynamically evaluate transcriptional and cellular phenotypes during 

cardiogenesis in CMs of HLHS patients in vitro, in single cells and 3D functional modelling 

of ventricular chamber development202.  Impaired maturation and premature cell cycle 

exit of hiPSC-HLHS-CMs, results in increased apoptosis and ventricular hypoplasia202. 

Furthermore, knowledge of these specific defects facilitates the developmental of novel 

therapeutic approaches. 
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4.3 Limitation and outlook 

Noonan syndrome 

The limited availability of patient myocardial tissue samples precluded a statistically 

meaningful comparison between NS-CM patients carrying PTPN11 and RAF1 mutations, 

which may provide information about gene-specific effects, as well as adequate RNA-Seq 

analysis of age-matched HCM tissue. Additionally, due to the lack of myocardial samples 

from age-matched unaffected individuals, left ventricular samples from patients with 

ventricular septal defects served as controls. Recent advances in hiPSC technology 

provide a great opportunity for the generation of patient-specific cells use in disease 

modelling, personalized drug screening and regenerative medicine. The robustness of the 

in vitro analysis of hiPSC-derived CMs cells would be enhanced by increasing the number 

of patients lines as well as by comparing NS-CM cells with genetically engineered isogenic 

control lines rather than with unrelated healthy controls.  

Hypoplastic left heart syndrome (HLHS) 

In our study, analysis of HLHS heart tissue was limited to RV and may not recapitulate all 

critical changes contributing to HLHS pathology. Moreover, differences in RV versus LV 

physiology, age, medications, and the intrinsic variability among different HLHS-iPSC 

lines are potential cofounders. However, the recapitulation of similar molecular and 

cellular alterations in native RV CMs and hiPSC-CMs further strengthen the findings to 

underlying pathogenesis in HLHS.
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