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1 Introduction 

1.1 Noonan Syndrome 

Noonan syndrome (NS) is a monogenic multisystemic disorder with variable expressivity and 

an estimated prevalence of 1 in 1,000 to 2,500 live births (Roberts et al. 2013). In 1963, the 

connection of non-cardiac malformations in children with congenital heart disease was 

described by the American pediatric cardiologist and eponym Jacqueline Noonan (Noonan 

and Ehmke 1963). The multisystemic syndromic disorder is characterized by a clinical 

variability with typical morphology, such as facial dysmorphism (including hypertelorism, 

down-slanting palpebral fissures, prominent and short neck with pterygium colli), short 

stature with relative macrocephaly, skin and hair affections, developmental delay and mental 

retardation in some patients, as well as an increased tumor predisposition. Due to the 

morphological similarity to the Ullrich-Turner syndrome, NS has also been called “male-

turner syndrome” or “pseudo-turner syndrome”. Whereas the Ullrich-Turner syndrome is 

caused by aneuploidy of the sex chromosomes (gonosomes), NS is typically caused by single 

gene mutations and can affect both genders. With the first comprehensive characterization 

of the syndromic disease in 1968, the pronounced cardiac phenotypes came to the fore. 

Congenital heart diseases present in NS are pulmonary valve stenosis, atrial and/or 

ventricular septum defect, and early-onset hypertrophic cardiomyopathy (HCM) (Noonan 

and Ehmke 1963; Noonan 1968; Roberts et al. 2013). After trisomy 21, NS is the second 

most common genetic cause of congenital heart disease, especially early-onset HCM (Marino 

et al. 1999), indicating the importance and high clinical relevance of research purposes. 

NS belongs to the group of RASopathies, which combines syndromic diseases with 

overlapping phenotypes, such as neurofibromatosis type 1, cardiofaciocutaneous syndrome, 

Legius syndrome, Castello syndrome, or NS with multiple lentigines. The name RASopathies 

represents the central, common pathophysiology in the sense of an altered RAS-mitogen-

activated protein kinase (MAPK) pathway (Aoki et al. 2016). The functions of the RAS-

MAPK pathway include apoptosis, tissue development, cell proliferation and differentiation, 

and represent one of the most intensively-studied signaling pathways in humans due to its 

role in pathologies in tumorigenesis and hereditary syndromic diseases (Shapiro 2002; Orton 

et al. 2005). In NS, germline mutations affect genes with direct or regulatory influence on 

the RAS-MAPK pathway resulting in hyperactivity (Figure 1). For the majority of known 
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NS-causing genes, autosomal dominant inherited mutations are found in PTPN11 (50%), 

SOS1 (10 – 15%), RAF1 (5 – 10%), KRAS (∼2%), NRAS (< 1%), SHOC2 (< 1%) (Chen et 

al. 2014). 

Figure 1) Schematic overview of the RAS-MAPK pathway: The RAS-MAPK pathway, also 
known as the RAS-RAF-MEK-ERK pathway, is kinase cascade regulated by phosphorylation, acting 
as an “On/Off switch”. Via activation of transcription factors, the gene expression is regulated in the 
nucleus. NS-associated gene mutations result in a hyperactivated RAS-MAPK pathway. Adapted 
from Hanses et al. 2020 with the kind permission of Lippincott Williams & Wilkins.  

Through further research and sequencing efforts, more and more candidates of the 20 – 30% 

remaining unclear NS mutations can be elucidated (Chen et al. 2014). Recently, a new NS-

causing mutation in leucine zipper like transcription regulator 1 (LZTR1) was identified. Autosomal 

dominant mutations in LZTR1 are associated with schwannomatosis (Piotrowski et al. 2014), 

glioblastoma (Frattini et al. 2013), and NS (Yamamoto et al. 2015), but for the first time, an 

autosomal recessive inheritance pattern could be connected to the NS’ genetic (Johnston et 

al. 2018). 

However, the expressions of the NS disease phenotype are as versatile as the causative 

mutations themselves. Especially mutations in RIT1 or RAF1 seem to provoke a particularly 

cardiac manifestation with HCM (Pandit et al. 2007; Razzaque et al. 2007; Aoki et al. 2013). 

Children affected by early-onset HCM more likely develop heart failure, compromised 

quality of life, and limited life expectancy than patients with isolated, non-syndromic HCM 

(Hickey et al. 2011; Binder et al. 2012; Wilkinson et al. 2012). Despite the severe impact on 

life expectancy and life quality, central issues of the disease, such as pathogenesis and the 

varying degrees of cardiac manifestations, are not fully understood. 

A particularly pronounced, early-onset form of HCM was observed in two siblings with 

conspicuous facial dysmorphisms and a developmental delay treated in the Clinic for 

Pediatric Cardiology and Intensive Care Medicine, University Medical Center Göttingen, 

(Prof. Dr. med. T. Paul) Göttingen and are in the focus of this project. 
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1.2 Introduction of  the Family 

The study focuses on two healthy, non-consanguineous parents with two children exhibiting 

a conspicuous facial dysmorphism (Figure 2A). Genetic counseling of the two index patients 

at the Institute of Human Genetics, University Medical Center Göttingen (Prof. Dr. med. B. 

Wollnik) revealed a typical facial morphology, webbing of the neck, short stature with relative 

macrocephaly, and developmental delay (Figure 2B). The clinical findings of the genetic 

examinations are comprehensively listed in Table 1. 

Figure 2) Introduction of the family with both index patients: (A) Family tree for an overview 
of the concerned family with the healthy parents (father I_1 and mother I_2) and the NS-diagnosed 
siblings (II_1 and II_2). (B) Facial features of the affected siblings. At the time of the acquisition, the 
siblings were five (II_1) and two years (II_2). Siblings display an NS-typical facial dysmorphism with 
hypertelorism, bilateral ptosis, low-set ears, and short neck. Photo credit: Prof. Dr. med. B. Wollnik, 
University Medical Center Göttingen. (C) Preoperative echocardiography in the parasternal short-
axis view to visualize the hypertrophied left ventricle of both siblings at the age of 3.5 years (II_1) 
and 6 months (II_2) prior to transaortic subvalvular myectomy. The left ventricle was displayed in 
diastole and systole with the highlighted lumen (red circle) demonstrated a severely hypertrophic 
myocardium (red line). Adapted from Hanses et al. 2020 with the kind permission of Lippincott 
Williams & Wilkins.   
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Table 1: Overview of clinical findings from the genetic examination 

Parameter II_1 (NS1) II_2 (NS2) 

age at evaluation 5 1/12 years 2 2/12 years 

height (centile; Z-score) 106 cm (8 P; -1.4) 83 cm (3 P; -1.94 

head circumference (centile; Z-score) 49.5 cm (4 P; -1.74) 51 cm (82 P; 0.91) 

weight (centile; Z-score) 15.0 kg (2 P; -2.12) 10.2 kg (4 P; -1.81) 

Heart 

pulmonary stenosis – – 

congenital HCM + + 

atrial/ventricular septal defect + – 

other congenital heart diseases – – 

Facial dysmorphism 

hypertelorism + + 

down-slanting palpebral fissures – – 

prominent forehead – + 

bilateral ptosis + – 

short neck + + 

pterygium colli (+) (+) 

low-set ears + + 

Skeletal findings 

pectus carinatum/excavatum – – 

scoliosis – – 

Skin and hair 

dry skin – + 

blond hair – + 

curly hair – – 

pigment anomalies – – 

Development 

global developmental delay mild moderate 

intellectual disability + + 

speech delay + + 

Additional findings 

cryptorchidism – – 
Overview of the two siblings’ phenotypes from the genetic examination conducted by the Institute 

of Human Genetics, University Medical Center Göttingen. Interestingly, several criteria coincide with 

those of NS. Adapted from Hanses et al. 2020 with the kind permission of Lippincott Williams & 

Wilkins. 
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The firstborn son was clinically apparent with a particularly pronounced form of HCM with 

left ventricular outflow tract obstruction. During the second child’s prenatal care, this 

pronounced HCM could already be detected prenatally, suspecting a familial congenital heart 

disease. A panel diagnostic for HCM-associated genes, especially in sarcomere encoding 

genes mostly associated with HCM (Maron and Maron 2013), did not reveal alterations in 

both siblings. 

The phenotypic constellation of congenital HCM and typical facial dysmorphism with 

developmental delay let to the suspicion of NS or an NS-associated syndrome. However, the 

genetic constellation with healthy parents and affected siblings did not match the autosomal 

dominant inheritance patterns of NS postulated in 2016. 

In the early stages of development (patient II_1 3.5 years and patient II_2 6 months), the 

clinical symptoms, echocardiographic (Figure 1C) and cardiac catheter parameters of both 

siblings (Table 2) required cardiac surgery (transaortic subvalvular myectomy) to reduce the 

left ventricular outflow tract gradients and symptoms. Additionally, an implantable 

cardioverter-defibrillator was implanted prophylactically to treat life-threatening cardiac 

arrhythmias such as sudden cardiac death.  

HCM, especially with an early manifestation in children, represents an individual task in 

clinical management. As one of the most common reasons for sudden cardiac death in young 

athletes, close monitoring of children and adolescents is required (Moak and Kaski 2012). 

However, effective pharmacological or personalized therapeutic options of syndromic and 

non-syndromic HCM are missing. Improving the pathogenesis’ understanding of HCM 

potentially increases the efficacy and specificity of therapeutic options (Frey et al. 2012).  

During the siblings’ cardiosurgical operations, skin samples were obtained. In this project, 

the skin samples were reprogrammed into patient-specific induced pluripotent stem cells to 

model the disease in vitro and to gain new findings of the underlying disease mechanisms.  
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Table 2: Parameters of electrocardiographic, echocardiographic, and cardiac catheter 
examinations of the affected siblings at the age of 3.5 years (II_1) and 5 months (II_2) 

Cardiac findings II_1 (NS1) II_2 (NS2) 

pulmonary stenosis  – – 

congenital hypertrophic cardiomyopathy  + + 

ventricular septal defect + – 

myocardial bridging at Ramus interventricularis anterior  + – 

diastolic dysfunction + + 

systolic anterior motion phenomenon  + + 

mitral valve regurgitation  + + 

disturbance of repolarization + – 

Echocardiographic parameters 

LVEDD 35 mm 16 mm 

LVESD 19 mm 9 mm 

LVPW 11 mm 5 mm 

fractional shortening 46% 44% 

LVOT Vmax 5.2 m/s 4.5 m/s 

LVOT dP mean 40 mmHg 30 mmHg 

Cardiac catheter parameters 

left ventricle 174/12 mmHg 147/10 mmHg 

aorta ascendens 90/36 mmHg 77/37 mmHg 

delta  Δ84 mmHg Δ70 mmHg 
LVEDD, left ventricular end-diastolic diameter; LVESD, left ventricular end-systolic diameter; 
LVPW, left ventricular posterior wall; FS, fractional shortening; LVOT Vmax, maximal left 
ventricular outflow tract velocity, LVOT dP mean, mean left ventricular outflow tract pressure 
gradient. Adapted from Hanses et al. 2020 with the kind permission of Lippincott Williams & Wilkins. 

1.3 Patient-Specific iPSCs 

Takahashi and Yamanaka (2006) succeeded in reprogramming mature, differentiated cells 

from mice into pluripotent cells, capable of differentiating into derivates of the three germ 

layers (ectoderm, mesoderm, and endoderm). By retrovirus-mediated transfection of only 

four defined transcription factors (OCT4, KLF4, SOX2, and c-MYC), a reversal of the cell 

differentiation could be attained. One year later, induced pluripotent stem cells (iPSCs) were 

successfully generated from human fibroblasts (Takahashi et al. 2007). This scientific 

achievement took research on diseases, drug, and toxicity screenings to a new level, enabling 

the production and cultivation almost any tissue in vitro without the ethical concerns usually 

occurring in connection with animal models or human trials (Robinton and Daley 2012).  
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Through continuous research, iPSC technology has been further developed. By producing 

transgene-free iPSCs using the integration-free Sendai virus, the host genome remains 

unchanged (Fusaki et al. 2009), and by feeder-free and completely defined culture conditions, 

xenobiotic influences are minimized and quality is optimized (Andrews et al. 2010; Chen et 

al. 2011).  

Disease modeling approaches using iPSCs have already been applied for RASopathy 

associated diseases such as NS (Jaffré et al. 2019), NS with multiple lentigines (Carvajal-

Vergara et al. 2010), Costello syndrome (Rooney et al. 2016) and cardiofaciocutaneous 

syndrome (Josowitz et al. 2016). These examples presented the advantages and potentials of 

patient-specific iPSCs – the donor’s identical genome and thus the same genetic variants or 

defects remain unchanged. 

 

In developed countries, cardiovascular disease is the most common cause of death and 

morbidity. Due to the epidemiological relevance, cardiovascular disease models are an 

elementary pillar of research to gain new insights. Before the development of the iPSC 

technology, no high-scale alternatives to animal disease models were available, always 

considering that the translation from animals to humans had to be discussed critically 

(Zaragoza et al. 2011; Milani-Nejad and Janssen 2014). 

The iPSCs’ pluripotent differentiation property can be utilized in research, studying 

individual tissues explicitly. By modulating the canonical WNT/β-catenin pathway with small 

molecules under controlled conditions, iPSCs directly differentiate into iPSC-derived 

cardiomyocytes (iPSC-CMs) (Burridge et al. 2012; Lian et al. 2013; Burridge et al. 2014; 

Kleinsorge and Cyganek 2020). Using iPSC-CM selection via glucose starvation, 

cardiomyocyte cultures with a purity of up to 99% can be attained, enabling conclusive results 

from in vitro cultures of human-derived cardiomyocytes (Tohyama et al. 2013).  

The use of iPSCs for disease modeling, drug development and testing reduces dependence 

on non-human animal models that did not adequately reflect human biology (Mathur et al. 

2015). The iPSC-CMs have structural and functional properties very similar to those of 

human embryonic cardiomyocytes (Cyganek et al. 2018), allowing accurate analysis of 

human-derived cardiomyocytes in vitro without the discussion of the variability between 

animals’ and humans’ biology. Thus, promising iPSC-CM disease modeling approaches of 

heart diseases have provided significant new insights into pathophysiology and new 

therapeutic approaches (Eschenhagen et al. 2015; Sayed et al. 2016). Notably, genetic heart 

diseases represent a preferred target of iPSC-CM disease models. By copying the genetic 
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variances into the culture dish with patient-specific iPSC-CMs, phenotypes were 

recapitulated and successfully modulated (Dambrot et al. 2014; Mosqueira et al. 2018; Wu et 

al. 2019). For instance, cardiomyocytes represent a complex functional microsystem, and 

especially the sensitive calcium homeostasis and cycling play a central role in both proper 

function and pathogenesis (Eisner et al. 2017). This sensitive calcium cycling can be easily 

investigated in iPSC-CMs using confocal microscopy, demonstrating the versatility of this 

system for phenotype characterization or pathogenesis identification (Lan et al. 2013; 

Cyganek et al. 2018). 

The iPSC technology’s capability and scope can be significantly extended by combining it 

with genome editing, using the ribonucleic acid(RNA)-guided endonuclease system clustered 

regularly interspaced short palindromic repeats(CRISPR)/CRISPR associated protein (Cas9). 

In addition to the creation of isogenic controls, whereby phenotypes can be traced back to 

precisely defined gene alterations, genetic diseases can be cured in vitro allowing meaningful 

conclusions (Ben Jehuda et al. 2018). The combination of iPSCs and CRISPR/Cas9 has thus 

made it possible to cure previously as incurable considered genetic diseases in vitro and in vivo 

in mouse models, making the enormous potential obvious (Ou et al. 2016; Long et al. 2018). 

In short, iPSC-CMs allow the examination of the vital human heart muscle in vitro, without 

the necessity of cardiac biopsies or animal models. By isolating nucleated cells from patient 

samples, patient-specific iPSCs can be generated (Figure 3). Directed differentiation in iPSC-

CMs provides a potential platform for modeling human diseases comprehensively. 

Numerous functional, molecular, genetic, mechanical, and electrophysiological methods are 

established in iPSC-CMs. These methods enable numerous ways to characterize the disease 

phenotype precisely. Furthermore, drug screening and gene editing approaches can be 

performed free from the ethical issues. 

The advantages of iPSC-CM disease modeling become even clearer when investigating 

congenital or early-onset heart diseases. Due to the small amount of patient samples, 

investigations would be very limited in scope. 
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Figure 3) Schematic overview of investigating cardiovascular diseases with patient-specific 
iPSC-CMs: By obtaining biopsies, nucleated cells such as fibroblasts can be isolated. After 
transfection with the transcription factors OCT4, KLF4, SOX2, and c-MYC, a reprogramming to 
patient-specific iPSCs is conductible. The directed differentiation to patient-specific cardiomyocytes 
(iPSC-CMs) offers a great platform for disease modeling to study pathogenesis, drug screening, and 
genome editing. The results provide evident conclusions in human disease manifestation and 
progression. Adapted from Streckfuß-Bömeke and Cyganek 2015 with the kind permission of 
Springer Nature. 

1.4 Aim of  the Project 

This project aims to isolate skin fibroblasts from the two siblings’ skin biopsies, and with 

integration-free Sendai virus transfection of the four Yamanaka transcription factors, an in 

vitro NS iPSC disease model will be established. The NS iPSCs will be examined for suspected 

autosomal recessive inheritance with high-throughput genetic screening methods to detect 

the disease-causing mutations. The patient-specific iPSC disease model will extensively be 

characterized by morphological and molecular genetic methods to prove the cells’ 

pluripotent status. 

Through directed differentiation, pure and functional cultures of patient-specific NS iPSC-

CMs will be generated and characterized and thus will serve to study the siblings’ distinct 

cardiac phenotype. The iPSC-CMs will be compared with healthy controls to detect 

differences between the cultures. Besides the control of the hypertrophic phenotype, 

functional measurements such as contractility or calcium cycling will be performed. In the 

NS iPSC-CM disease model, the influence of drugs will be tested to modulate the disease’s 

pathological characteristics. 

Large-scale transcriptome and proteome experiments will be conducted to measure 

expression differences in cardiomyocytes. These results will help to categorize the siblings’ 
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NS phenotype providing information on prognosis and clinical management. Additionally, 

new insights into the disease’s pathogenesis and deciphered parts of the disease manifestation 

and progression will be gained. The results will contribute fundamental information to 

symptomatic as well as personalized therapeutic options. 
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2 Material and Methods 

2.1 Material 

2.1.1 Laboratory Equipment 

Table 3: List of laboratory equipment 

Description Name Supplier 

Analytical balance CPA225D Sartorius 

Autoclave Laboklav Wastewater SHP Steriltechnik 

Cameras AxioCam MRc 5 
EOS 1300D 

Carl Zeiss 
Canon 

Cell counting CASY Model TTC OMNI Life Science 

Cell stimulator MyoPacer EP IonOptix 

Centrifuges Heraeus Multifuge X1R 
Heraeus Fresco 21 
Heraeus Pico 21 
Sprout Mini Centrifuge 

Thermo Fisher Scientific 
 
 
Heathrow Scientific 

Class II biosafety cabinet Safe 2020 Thermo Fisher Scientific 

Cardiomyocytes 
Cryopreservation 

GDMRV-M 
Kryo 560-16 

Planer 

CO2-Incubator BBD 6220 Thermo Fisher Scientific 

Confocal microscope  LSM710 Carl Zeiss 

Cooling units CP 4023 (4°C, -20°C) 
Forma 88000 (-80°C) 

Liebherr 
Thermo Fisher Scientific 

Cryopreservation Storage C-line hermetic storage 102 
7403 

Askion 
Thermo Fisher Scientific 

Dishwasher G 7883 Miele 

Lab Heating and Drying Oven Heratherm Oven  Thermo Fisher Scientific 

Electrophoresis chamber Sub-Cell GT 
Mini-PROTEAN Tetra System 

Bio-Rad Laboratories 
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Description Name Supplier 

Flow cytometer LSR II BD Bioscience 

Freezing container (iPSCs) Mr. Frosty Cryo 1°C Nalgene 

Gas burner gasprofi 1 SCS micro WLD-TEC 

Gel and blot imaging system ChemiDoc XRS+ Bio-Rad Laboratories 

Heated magnetic stirrer MR Hei-Standard Heidolph Instruments 

Heating block ThermoMixer F1.5 Eppendorf 

Ice machine ZBE 150 Ziegra-Eismaschinen 

MEA system Maestro PRO Axion BioSystems 

Microscopes Primovert 
Axio Imager M2 
Axio Observer.A1 

Carl Zeiss 

Microvolume spectroscopy NanoPhotometer N60 Implen 

Microwave FX179L-d AEG 

pH meter inoLab pH 7110 WTW 

Pipette controller accu-jet pro BrandTech Scientific 

Pipettes Research plus 
0.1 – 2.5 µl 
0.5 – 10 µl 
10 – 100 µl 
100 – 1000 µl 

Eight-channel pipette 
20 – 200 µl 

Eppendorf 
 
 
 
 

Th. Geyer 

Plate reader 96-well photometer 
Infinite 200 PRO 
Mithras² LB 943 

BioTek Instruments 
Tecan Group 
Berthold Technologies 

Power supply PowerPac HC 
PowerPac 300 

Bio-Rad Laboratories 

Precision balance Extend ED153-CW Sartorius 

Quantitative real-time 
polymerase chain reaction 
(PCR) system 

7900HT Thermo Fisher Scientific 
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Description Name Supplier 

Thermocycler Mastercycler nexus X2 
Mastercycler nexus X2e 

Eppendorf 

Thoma cell counting chamber Thoma CE Marienfeld Superior 

Tissue dissociator gentleMACS Dissociator Miltenyi Biotec 

Tube roller RS-TR05 Phoenix Instrument 

Ultraviolet (UV) 
transilluminator 

TI 1 Biometra 

Vacuum pump Laboport N 86 KT.18 KNF Neuberger 

Vortex mixer Vortex-Genie 2 Scientific Industries 

Water bath WNB 14 Memmert 

Water purification system Milli-Q Reference Merck 

Western blot transfer system Trans-Blot Turbo Bio-Rad Laboratories 

Overview of the laboratory equipment used for cell culture maintenance and experiments.  

2.1.2 Disposable Items 

Table 4: List of disposable items 

Description Name Supplier 

Cell counting cups CASYcups OMNI Life Science #5651794 

Cell scraper Cell Scraper 16 cm Sarstedt #83.1832 

Cell strainer Falcon Cell Strainer 
40 µm, 70 µm 

Corning 
#352340, #352350 

Flow cytometry tubes Falcon 5 ml Round 
Bottom 

Corning #352052 

Freezing vials Cryo.s 2 ml, External 
Thread 

Greiner Bio One International 
#126263 

Glass coverslips 20 mm 
 
25 mm 

Thermo Fisher Scientific 
#6700633 
Langenbrinck #01-0025/2 
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Description Name Supplier 

Multielectrode array (MEA) 
plate 

CytoView MEA 48 Axion BioSystems #M768-
tMEA-48W 

Microscope slides LABSOLUTE Microscope 
slides  

Th. Geyer #7695002 

Multiwell plates CytoOne Plate, TC-
Treated 
48-well plate 
24-well plate 
12-well plate 
6-well plate 
96-well plate (U-bottom) 
96-well plate (flat bottom) 

STARLAB International 
 
#CC7682-7548 
#CC7682-7524 
#CC7682-7512 
#CC7682-7506 
Brand #781660 
Eppendorf #003073013 

Pasteur pipettes LABSOLUTE Pasteur 
pipettes 

Th. Geyer #7691061 

PCR Reaction Plate MicroAmp Optical 384-
well 

Thermo Fisher Scientific 
#4309849 

PCR reaction strips Multiply-μStrip Pro 8-strip Sarstedt #72.991.002 

Pipette tips TipOne Graduated Tips 
10 µl, 200 µl, 1250 µl 

STARLAB International  
#S1111-3700, #S1111-1706, 
#S1112-1720 

Protein gels 4 – 15% Mini-PROTEAN 
TGX Stain-Free 

Bio-Rad Laboratories #4568086 

Reaction tubes Safe-Lock Tubes 
1.5 ml, 2.0 ml 
Ambra 0.5 ml, 1.5 ml 

Eppendorf 
#0030120086, #0030120094 
#0030121155, #0030120191 

Screw cap tube Tube 15 ml 
Tube 50 ml 

Sarstedt #62.554.502 
#62.547.254 

Sealing film MicroAmp Optical 
Adhesive Film 

Thermo Fisher Scientific 
#4311971 

Serological pipette 5 ml, 10 ml, 25 ml Sarstedt #86.1253.001, 
#86.1254.001, #86.1685.001 

Tissue dissociation gentleMACS C Tubes Miltenyi Biotec #130-093-237 

Vacuum filtration system Steriflip Merck #SCGP00525 

Overview of disposable items used in conjunction with laboratory equipment (Table 3) for cell culture 

maintenance and experiments. The supplier is listed with the corresponding ordering number. 
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2.1.3 Reagents, Enzymes, and Basal Media 

Table 5: List of biological reagents and basal media for cell culture, molecular, protein 
expression, structural, and functional analyses 

Name Supplier 

1-Thioglycerol Sigma-Aldrich #M6145 

2-Mercaptoethanol – for cell culture SERVA Electrophoresis #28625 

2-Mercaptoethanol – for western blot Bio-Rad Laboratories #1610710 

4’,6-Diamidino-2-Phenylindole (DAPI) Thermo Fisher Scientific #D1306 

Agarose VWR International #35-1020 

Albumin human Sigma-Aldrich #A9731 

B-27 Supplement Thermo Fisher Scientific #17504044 

B-27 Supplement, minus insulin Thermo Fisher Scientific #A1895601 

Boric acid Sigma-Aldrich #15663 

Bovine serum albumin (BSA) Sigma-Aldrich #A2153 

BSA solution Sigma-Aldrich #A8412 

Calcium chloride solution (CaCl2) Sigma-Aldrich #21115 

CASYton OMNI Life Science #5651808 

CHIR99021 Merck #361559 

cOmplete EDTA-free Protease Inhibitor 
Cocktail Roche #04693132001 

D(+)-Glucose Merck #108337 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich #D2650 

Dithiothreit (DTT) Carl Roth #6908 

Dulbecco’s Modified Eagle’s Medium 
(DMEM), high glucose, no glutamine Thermo Fisher Scientific #11960044 

DMEM/F-12, GlutaMAX supplement Thermo Fisher Scientific #10565018 

dNTP mix Meridian Bioscience #Bio-39029 
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Name Supplier 

Dulbecco’s Phosphate-Buffered Saline 
(DPBS), no calcium, no magnesium Thermo Fisher Scientific #14190094 

Ethanol absolute Merck #100986 

Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich #E6758 

Fetal Bovine Serum Thermo Fisher Scientific #10270106 

Fluo-4 AM, cell permeant Thermo Fisher Scientific #F14201 

Fluoromount-G Thermo Fisher Scientific #00-4958-02 

Gelatin from porcine skin Sigma-Aldrich #48720 

GeneRuler 100 base pair (bp) Plus 
Deoxyribonucleic acid (DNA) Ladder Thermo Fisher Scientific #SM0321 

GlutaMAX Supplement Thermo Fisher Scientific #35050061 

HEPES sodium salt solution Sigma-Aldrich #H3662 

Hoechst 33342 Thermo Fisher Scientific #H3570 

Hydrochloric Acid Fuming 37% Merck #100314 

IGEPAL CA-630 Sigma-Aldrich #I3021 

Iscove’s Modified Dulbecco’s Medium 
(IMDM), GlutaMAX Supplement Thermo Fisher Scientific #31980022 

Immersol 518 F Carl Zeiss #12801301 

Immobilon Western Chemiluminescent 
Horseradish peroxidase (HRP) Substrate Merck #WBKLS0500 

iQ SYBR Green Supermix Bio-Rad Laboratories #1708882 

Isopropanol Th. Geyer #11362500 

IWP-2 Merck #681671 

KnockOut Serum Replacement Thermo Fisher Scientific #10828028 

L-Arginin Sigma-Aldrich #A8094 

13C6,15N4-L-Arginine Cambridge Isotopes 

L-Ascorbic acid 2-phosphate Sigma-Aldrich #A8960 
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Name Supplier 

L-Glutamine (200 mM) Thermo Fisher Scientific #25030024 

L-Lysine Sigma-Aldrich #L8662 

13C6,15N2-L-Lysine Cambridge Isotopes 

L-Proline Sigma-Aldrich #P5607 

Laemmli Sample Buffer Bio-Rad Laboratories #1610747 

LDS buffer Thermo Fisher Scientific #NP0008 

Magnesium chloride solution Sigma-Aldrich #63069 

Matrigel (Growth Factor Reduced) BD Biosciences #354230 

MEM Non-Essential Amino Acids Solution Thermo Fisher Scientific #11140035 

Midori Green Advance Biozym #617004 

n-dodecyl -D-maltoside Merck #324355 

Na3VO4 AppliChem #A2196 

Nonidet P-40 buffer Carl Roth 

Nuclease-Free Water Thermo Fisher Scientific #AM9937 

Oligo d(T)16 Thermo Fisher Scientific #N8080128 

PageRuler Plus Prestained Protein Ladder, 10 
to 250 kDa Thermo Fisher Scientific #26619 

Penicillin-Streptomycin Thermo Fisher Scientific #15140122 

PhosSTOP Roche #04906837001 

Pluronic F-127 Thermo Fisher Scientific #P3000MP 

Ponceau S Solution Sigma-Aldrich #P7170 

Potassium chloride (KCl) Carl Roth #6781 

Powdered milk Carl Roth #T145 

PrestoBlue HS Cell Viability Reagent Thermo Fisher Scientific #P50201 

Recombinant Human basic fibroblast growth 
factor (bFGF) PeproTech #100-18B 
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Name Supplier 

Redox substance Invitrogen 

RNase Inhibitor Thermo Fisher Scientific #N8080119 

RNaseOUT Recombinant Ribonuclease 
Inhibitor Thermo Fisher Scientific #10777019 

Roti-Histofix 4% Carl Roth #P087.5 

ROX Passive Reference Dye Bio-Rad Laboratories #1725858 

Roswell Park Memorial Institute (RPMI) 1640 
Medium, GlutaMAX Supplement, HEPES Thermo Fisher Scientific #72400021 

RPMI 1640 Medium, no glucose Thermo Fisher Scientific #11879020 

Stable isotope labeling by amino acids in cell 
culture (SILAC) RPMI 1640 Thermo Fisher Scientific #A2494401 

Sodium butyrate Sigma-Aldrich #303410 

Sodium chloride (NaCl) Roth #9265.1 

Sodium DL-lactate solution Sigma-Aldrich #L4263 

Sodium fluoride (NaF) Sigma-Aldrich #S7920 

Sodium Hydroxide (NaOH), pellets Merck #567530 

StemMACS iPS-Brew XF, basal media 
StemMACS iPS-Brew XF, 50× Supplement Miltenyi Biotec #130-107-086 

StemPro Accutase Cell Dissociation Reagent Thermo Fisher Scientific #A1110501 

Thiazovivin Merck #420220 

Tris-(hydroxymethyl)-aminomethane (TRIS) Roth #5429 

TRIS/Glycine/ Sodium sodecyl sulfate (SDS) 
(10x) Bio-Rad Laboratories #1610772 

Triton X-100 Sigma-Aldrich #T8787 

Trypsin-EDTA (0.25%) Thermo Fisher Scientific #25200056 

Tween 20 Bio-Rad #1706531 

Verapamil hydrochloride Sigma-Aldrich #V4629 
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Name Supplier 

Versene solution Thermo Fisher Scientific #15040033 

List of biological reagents for cell culture, molecular biological, protein expression, structural, and 

functional analyses (Table 6 and Table 7). The supplier is listed with the corresponding ordering 

number. 

2.1.4 Buffers and Solutions  

Table 6: List of buffers and solutions for cell culture, molecular, protein expression, 
structural, and functional analyses 

Solution Preparation 

1-Thioglycerol 13 μl 1-Thioglycerol dissolved in 1 ml IMDM, 
GlutaMAX Supplement; filtered to sterilize. 

2-Mercaptoethanol 7 μl 2-Mercaptoethanol – for cell culture 
diluted in 10 ml DPBS; filtered to sterilize. 

bFGF (10 ng/µl) 
100 µg bFGF dissolved in 1 ml double distilled 
water (ddH2O); Solution is diluted in 9 ml 
sterile 0.1% BSA. 

BSA (0.1%) 133 μl of 7.5% BSA solution dissolved in 
10 ml in DPBS. 

BSA (10%) 10 g of BSA dissolved in 100 ml DPBS. 

CHIR99021 (12 mM) 5 mg of CHIR99021 dissolved in 0.894 ml 
DMSO. 

IWP-2 (5 mM) 10 mg IWP-2 dissolved in 4.28 ml DMSO; 
incubated for 10 min at 37°C. 

Lactate/HEPES 1M  
18 ml 1 M HEPES sodium salt solution 
3 ml sodium DL-lactate solution (60% [w/w] 
in ddH2O = 7 M); filtered to sterilize.  

Protein lysis buffer I 

200 mM NaCl 
20 mM TRIS-HCl 
20 mM NaF 
1% IGEPAL CA-630 
1 mM Na3VO4 
1 mM DTT 
1 tablet for 10 ml PhosSTOP  
1 tablet for 20 ml cOmplete EDTA-free 
Protease Inhibitor Cocktail 
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Solution Preparation 

Protein lysis buffer II 

0.5% Nonidet P-40 buffer  
150 mM NaCl 
50 mM TRIS/HCl (pH 7.8) 
5 mM NaF 
1 mM Na3VO4 
0.2% n-dodecyl β-D-maltoside 
1 tablet for 20 ml cOmplete EDTA-free 
Protease Inhibitor Cocktail 

TBE buffer 

1 l ddH2O 
10,8 g TRIS 
5,5 g Boric acid 
4 ml 0.5 M EDTA  
pH adjusted to 8.0 

TBS-T-Buffer 

ddH2O 
20 mM TRIS 
150 mM NaCl 
0.1% Tween 20 

Thiazovivin (2 mM) 10 mg Thiazovivin dissolved in 16.06 ml 
DMSO 

TRIS-HCl (2 M) 
ddH2O 
2 M TRIS 
pH adjusted to 7.4 

Triton X-100 (0.1%) DPBS, no calcium, no magnesium  
0.1% Triton X-100 

Tyrode’s solution 

ddH2O 
140 mM NaCl 
10 mM HEPES 
10 mM Glucose 
5.4 mM KCl 
1.8 mM CaCl2 

1 mM MgCl2 

pH adjusted to 7.4; stored at 4°C 

Verapamil (50 mM) 1000 µl DSMO 
25 mg Verapamil 

List of buffers and solutions for molecular, protein expression, structural, and functional analyses 

with the corresponding composition of biological reagents (Table 5).  



2 Material and Methods 21 

2.1.5 Culture Media 

Table 7: List of cell culture media and components for cell culture 

Medium Components 

Cardio culture medium 
500 ml RPMI 1640 Medium, GlutaMAX 
Supplement, HEPES 
1x B-27 Supplement 

Cardio differentiation medium I 

500 ml RPMI 1640 Medium, GlutaMAX 
Supplement, HEPES 
250 mg Albumin human 
100 mg L-Ascorbic acid 2-phosphate 

Cardio differentiation medium II 
500 ml RPMI 1640 Medium, GlutaMAX 
Supplement, HEPES 
1x B-27 Supplement, minus insulin 

Cardio digestion medium 
80 ml Cardio culture medium 
20 ml Fetal Bovine Serum 
100 µl Thiazovivin 

Cardio selection medium 

500 ml RPMI 1640 Medium, no glucose 
2 ml of 1 M Lactate/HEPES 
250 mg Albumin human 
100 mg L-Ascorbic acid 2-phosphate 

Embryoid body differentiation medium 

500 ml IMDM, GlutaMAX Supplement 
127 ml Fetal Bovine Serum 
6.4 ml MEM Non-Essential Amino Acids 
Solution 
450 µM 1-Thioglycerol 

Human embryonic stem cell medium 

100 ml DMEM/F-12, GlutaMAX supplement 
18 ml KnockOut Serum Replacement 
1.2 ml MEM Non-Essential Amino Acids 
Solution 
1.2 ml 2-Mercaptoethanol – for cell culture 

Human fibroblast medium 

87 ml DMEM, high glucose, no glutamine 
10 ml Fetal Bovine Serum 
1 ml MEM Non-Essential Amino Acids 
Solution 
1 ml L-Glutamine (200 mM) 
1 ml 2-Mercaptoethanol – for cell culture 
10 ng/ml bFGF 

iPSC cryopreservation medium 
8 ml StemMACS medium 
2 ml DMSO 
20 µl Thiazovivin 
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Medium Components 

iPSC-CM cryopreservation medium 
90 ml Fetal Bovine Serum 
10 ml DMSO 
10 µl Thiazovivin 

SILAC cardio culture medium 

500 ml SILAC RPMI 1640 
1x B-27 Supplement 
25 mM HEPES sodium salt solution 
10 μl/ml GlutaMAX Supplement 
1.74 mM L-proline 

StemMACS medium 500 ml StemMACS iPS-Brew XF, basal media 
1x StemMACS iPS-Brew XF, 50× Supplement 

List of cell culture media and components for cell culture with the corresponding composition of 

basal media and biological reagents (Table 5 and Table 6). 

2.1.6 Commercial Kits 

Table 8: Commercial Kits 

Name Supplier 

CytoTune-iPS 2.0 Sendai Reprogramming Kit Thermo Fisher Scientific #A16517 

GoTaq G2 DNA Polymerase Promega #M7841 

M-MLV Reverse Transcriptase (RT) Thermo Fisher Scientific #28025013 

Pierce BCA protein assay Kit Thermo Fisher Scientific #23225 

QIAamp DNA Mini Kit Qiagen #51306 

QIAquick Gel Extraction Kit Qiagen #28706 

SuperScript IV RT Thermo Fisher Scientific #18090050 

SV Total RNA Isolation System Promega #Z3101 

Trans-Blot Turbo RTA Mini Nitrocellulose 
Transfer Kit Bio-Rad Laboratories #1704270 

Whole Skin Dissociation Kit, human Miltenyi Biotec #130-101-540 

Commercial Kits that were used in different experiments. The precise procedure of the experiment 

is specified in the manufacturer’s instructions. The supplier is listed with the corresponding ordering 

number. 
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2.1.7 Oligonucleotides 

Table 9: List of oligonucleotide sequences, annealing temperatures (TA) and cycles used for 
RT-PCR and for LZTR1 Sanger sequencing 

Gene Sequence Length TA [°C] / 
cycles 

FOXD3 For: GTGAAGCCGCCTTACTCGTAC 
Rev: CGAAGCTCTGCATCATGAG 353 bps 58°C / 38 

GAPDH For: AGAGGCAGGGATGATGTTCT 
Rev: TCTGCTGATGCCCCCATGTT 258 bps 60°C / 30 

GDF 3 For: TTCGCTTTCTCCCAGACCAAGGTTTC 
Rev: TACATCCAGCAGGTTGAAGTGAACAGCACC 311 bps 58°C / 32 

LIN28 For: AGTAAGCTGCACATGGAAGG 
Rev: ATTGTGGCTCAATTCTGTGC 410 bps 58°C / 36 

LZTR1 
gDNA_Ex1 

For: TGTCGGGAAGAGCTGGAG 
Rev: TCCTGTACAGCACCATCCAC 487 bps 58°C / 35 

LZTR1 
gDNA_In16 

For: GTAAAGGAGTCCCACTTCAAC 
Rev: GCAACAGAGTGATGTCACAG 930 bps 58°C / 35 

LZTR1 
mRNA_Ex16-17 

For: GTAAAGGAGTCCCACTTCAAC 
Rev: GCAACAGAGTGATGTCACAG 

211 (328) 
bps 58°C / 35 

OCT4 For: GACAACAATGAAAATCTTCAGGAGA 
Rev: TTCTGGCGCCGGTTACAGAACCA 218 bps 58°C / 36 

SOX2 For: ATGCACCGCTACGACGTGA 
Rev: CTTTTGCACCCCTCCCATTT 437 bps 60°C / 30 

List of oligonucleotide sequences of genes amplified with RT-PCR in a thermocycler. The forward 

(for) and reverse (rev) sequences are given with the resulting product length in base pairs (bps). 

Amplicons, prolonged by mutations, are listed in brackets. The annealing temperature (TA [°C]) and 

the adjustment of the number of cycles of the thermocycler program (Table 20) are listed individually 

for each gene. Adapted from Hanses et al. 2020 with the kind permission of Lippincott Williams & 

Wilkins. 

Table 10: List of oligonucleotide sequences used for quantitative real-time PCR 

Gene Sequence Length 

ACTB For: CATGTACGTTGCTATCCAGGC 
Rev: CTCCTTAATGTCACGCACGAT 250 bps 

ACTN2 For: AGGAGGAAGAATGGCCTGAT 
Rev: GATGCAGTACTGGGCCTGAT 291 bps 
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Gene Sequence Length 

ATP2A2 For: TCATAGCTGATCGGTTCATGTCC 
Rev: CAGTTGTCTTGGTGGTCTCTC 99 bps 

C-MYC For: GGCTCCTGGCAAAAGGTCA  
Rev: CTGCGTAGTTGTGCTGATGT 119 bps 

CACNA1C For: AATCGCCTATGGACTCCTCTT  
Rev: GCGCCTTCACATCAAATCCG 173 bps 

CASQ2 For: CATTGCCATCCCCAACAAACC  
Rev: AGAGTGGGTCTTTGGTGTTCC 75 bps 

DUSP2 For: TGCCCCAACCACTTTGAGG  
Rev: AGTCAATGAAGCCTATGGCCT 109 bps 

DUSP3 For: GGCTTTGGCTCAAAAGAATGG  
Rev: AGGTAGGCGATAACTAGCGTT 84 bps 

DUSP5 For: TGTCGTCCTCACCTCGCTA 
Rev: GGGCTCTCTCACTCTCAATCTTC 152 bps 

DUSP6 For: GAAATGGCGATCAGCAAGACG 
Rev: CGACGACTCGTATAGCTCCTG 108 bps 

DUSP7 For: GACGTGCTCGGCAAGTATG 
Rev: GGATCTGCTTGTAGGTGAACTC 100 bps 

DUSP9 For: TTCCGCCAATTTGGAGAGCC 
Rev: TGCTTGTAGTGAAAGTCACCATT 108 bps 

ELK1 For: CAGCCAGAGGTGTCTGTTACC 
Rev: GAGCGCATGTACTCGTTCC 164 bps 

ELK4 For: TGGACCTCTAATGATGGGCAG 
Rev: AGGCTTGTTCTTGCGAATCCC 81 bps 

ETS1 For: GATAGTTGTGATCGCCTCACC 
Rev: GTCCTCTGAGTCGAAGCTGTC 96 bps 

GAPDH For: AGAGGCAGGGATGATGTTCT  
Rev: TCTGCTGATGCCCCCATGTT 258 bps 

GATA4 For: GTGTCCCAGACGTTCTCAGTC  
Rev: GGGAGACGCATAGCCTTGT 102 bps 

GJA1 For: GGGTTAAGGGAAAGAGCGACC  
Rev: CCCCATTCGATTTTGTTCTGC 248 bps 

LZTR1mRNA_Ex3-6 For: TGCGGTTCGATGTGAAAGACT  
Rev: ATGGGCTGACCTAGCGACT 248 bps 

MYL2 For: TTGGGCGAGTGAACGTGAAAA 
Rev: CCGAACGTAATCAGCCTTCAG 194 bps 

NKX2-5 For: GGCCTCAATCCCTACGGTTA  
Rev: CACGAGAGTCAGGGAGCTGT 308 bps 

NPPA For: CAACGCAGACCTGATGGATTT  
Rev: AGCCCCCGCTTCTTCATTC 118 bps 

NPPB For: TGGAAACGTCCGGGTTACAG  
Rev: CTGATCCGGTCCATCTTCCT 250 bps 
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Gene Sequence Length 

PLN For: ACCTCACTCGCTCAGCTATAA 
Rev: CATCACGATGATACAGATCAGCA 134 bps 

PTPA For: TCTCAGGCATACGCTGACTAC  
Rev: GGAGACTCTGTACTCGAAGGT 90 bps 

RPS6KA5 For: CTCCTCACTGTCAAGCACGAG 
Rev: GCCTTTTGAACGATTGTTGCCT 203 bps 

RYR2 For: ACAACAGAAGCTATGCTTGGC 
Rev: GAGGAGTGTTCGATGACCACC 250 bps 

SLC8A1 For: ACAACATGCGGCGATTAAGTC  
Rev: GCTCTAGCAATTTTGTCCCCA 229 bps 

TNNT2 For: ACAGAGCGGAAAAGTGGGAAG  
Rev: CGTTGATCCTGTTTCGGAGA 230 bps 

List of oligonucleotide sequences of genes analyzed by quantitative real-time PCR. The forward (for) 

and reverse (rev) sequences are given with the resulting product length in base pairs (bps). Adapted 

from Hanses et al. 2020 with the kind permission of Lippincott Williams & Wilkins. 

2.1.8 Antibodies 

Table 11: Primary antibodies and dilutions used for protein analyses 

Primary Antibody Dilution Supplier 

AFP, polyclonal rabbit IgG IF 1:100 Dako 
Cat# A0008, RRID:AB_2650473 

CTNT, monoclonal mouse IgG1 WB 1:4,000 Thermo Fisher Scientific 
Cat# MA5-12960, RRID:AB_11000742 

LIN28, polyclonal goat IgG IF 1:300 R&D Systems 
Cat# AF3757, RRID:AB_2234537 

MLC2V, polyclonal rabbit IgG IF 1:200 
WB 1:2,000 

Proteintech 
Cat# 10906-1-AP, RRID:AB_2147453 

NANOG, polyclonal rabbit IgG IF 1:100 Thermo Fisher Scientific 
Cat# PA1-097, RRID:AB_2539867 

OCT3/4, polyclonal goat IgG IF 1:40 R&D Systems 
Cat# AF1759, RRID:AB_354975 

p44/p42 MAPK, polyclonal rabbit 
IgG WB 1:200 Santa Cruz 

Cat# sc-94, RRID:AB_2140110 

pan-RAS monoclonal mouse IgG2a WB 1:1,000 Merck 
Cat# 05-516, RRID:AB_2121151 
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Primary Antibody Dilution Supplier 

Phospho-p44/42 MAPK 
(Thr202/Tyr204), polyclonal rabbit 
IgG 

WB 1:1,000 Cell Signaling 
Cat# 9101, RRID:AB_331646 

RYR2, polyclonal rabbit IgG IF 1:500 Sigma-Aldrich 
Cat# HPA020028, RRID:AB_1856528 

SOX2, monoclonal mouse IgG1 IF 1:200 Thermo Fisher Scientific 
Cat# MA1-014, RRID:AB_2536667 

TRA-1-60, monoclonal mouse IgM IF 1:200 Abcam 
Cat# ab16288, RRID:AB_778563 

α-actinin, monoclonal mouse IgG1 
IF 1:1,000 
FC 1:1,000 
WB 1:5,000 

Sigma-Aldrich 
Cat# A7811, RRID:AB_476766 

α-SMA monoclonal mouse IgG2a IF 1:3,000 Sigma-Aldrich 
Cat# A2547, RRID:AB_476701 

β-actin, monoclonal mouse IgG2a WB 1:5,000 Sigma-Aldrich 
Cat# A2228, RRID:AB_476697 

β-III-Tubulin monoclonal mouse 
IgG2a IF 1:2,000 Covance 

Cat# MMS-435P, RRID:AB_2313773 

List of primary antibodies with the dilutions used for immunocytochemistry or 

immunohistochemistry staining (IF), Western blot (WB), and flow cytometry (FC). For the 

antibodies, the suppliers, catalog number (Cat#), and Research Resource Identifiers (RRID) are 

specified. Adapted from Hanses et al. 2020 with the kind permission of Lippincott Williams & 

Wilkins. 

Table 12: Secondary antibodies and dilutions used for protein analyses 

Secondary antibody Dilution Supplier 

Alexa Fluor 488, polyclonal donkey α-
mouse IgG 

IF 1:1,000 
FC 1:1,000 

Thermo Fisher Scientific 
Cat# A-21202, RRID:AB_141607 

Alexa Fluor 488, polyclonal donkey α-
rabbit IgG IF 1:1,000 Thermo Fisher Scientific 

Cat# A-21206, RRID:AB_2535792 

Alexa Fluor 555, polyclonal donkey α-
goat IgG IF 1:1,000 Thermo Fisher Scientific 

Cat# A-21432, RRID:AB_2535853 

Alexa Fluor 555, polyclonal donkey α-
mouse IgG IF 1:1,000 Thermo Fisher Scientific 

Cat# A-31570, RRID:AB_2536180 
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Alexa Fluor 555, polyclonal donkey α-
rabbit IgG IF 1:1,000 Thermo Fisher Scientific 

Cat# A-31572, RRID:AB_162543 

Cy3, polyclonal goat α-mouse IgG + 
IgM IF 1:300 Jackson ImmunoResearch Labs 

Cat# 115-165-044, RRID:AB_2338684 

Cy3, polyclonal goat α-rabbit IgG IF 1:800 Jackson ImmunoResearch Labs 
Cat# 111-165-003, RRID:AB_2338000 

FITC, polyclonal goat α-mouse IgM IF 1:200 Jackson ImmunoResearch Labs 
Cat# 115-097-020, RRID:AB_2338618 

HRP, polyclonal donkey α-mouse IgG WB 
1:10,000 

Thermo Fisher Scientific 
Cat# A16017, RRID:AB_2534691 

HRP, polyclonal donkey α-rabbit IgG WB 
1:10,000 

Thermo Fisher Scientific 
Cat# A16035, RRID:AB_2534709 

List of secondary antibodies with the dilutions used for immunocytochemistry or 

immunohistochemistry staining (IF), Western blot (WB), and flow cytometry (FC). For the 

antibodies, the suppliers, catalog number (Cat#), and Research Resource Identifiers (RRID) are 

specified. Adapted from Hanses et al. 2020 with the kind permission of Lippincott Williams & 

Wilkins. 

Table 13: Conjugates antibodies and dilutions used for flow cytometry 

Conjugated antibody Dilution Supplier 

OCT3/4 conjugated Alexa Fluor 647, 
monoclonal mouse IgG1 FC 1:50 BD Bioscience 

Cat# 560329, RRID:AB_1645318 

TRA-1-60 conjugated Alexa Fluor 488, 
monoclonal mouse IgM FC 1:50 BD Bioscience 

Cat# 560173, RRID:AB_1645379 

List of conjugated antibodies with the dilutions used in flow cytometry (FC). For the antibodies, the 

suppliers, catalog number (Cat#), and Research Resource Identifiers (RRID) are specified. Adapted 

from Hanses et al. 2020 with the kind permission of Lippincott Williams & Wilkins. 
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2.1.9 Software 

Table 14: List of software used for acquisition and analyses 

Name Supplier/Author 

Adobe Creative Suite CS6 Adobe 

AxioVision Carl Zeiss 

AxIS Navigator 2.0.3 Axion BioSystems 

BD FACSDiva BD Bioscience 

Cardiac Analysis Tool 2.2.7 Axion BioSystems 

FIJI Schindelin et al. 2012 

GraphPad PRISM 6 
GraphPad PRISM 7 GraphPad Software, Inc. 

Image Lab 6 Bio-Rad Laboratories 

KaryoStudio v1.4 Illumina 

LabChart Pro 8 ADInstruments 

MikroWin2010 Labsis Laborsysteme 

Office 2010 
Office 365 Microsoft 

Perseus v1.6.6 Max Planck Institute for Biochemistry 

SDS 2.4 Thermo Fisher Scientific 

Zen 2.3 
Zen 2009 Carl Zeiss 

Zotero 5.0.89 Corporation for Digital Scholarship 

List of software used for acquisition and analyses. Add-ons, macros, and specific settings are 

described in the methods section. 
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2.2 Methods 

2.2.1 Cell Line Overview 

For this study, iPSCs from human samples of two patients diagnosed with NS were 

generated. Three healthy, wild type (WT) cell lines were used as comparative samples, 

available in the Clinic for Cardiology and Pneumology, University Medical Center Göttingen. 

Human WT iPSC lines iBM76.1 (UMGi005-A clone 1; MSC3-iPS1; abbreviated WT1) and 

iWT.D2.1 (UMGi001-A clone 1; FB2-iPS1; abbreviated WT3) were generated from 

mesenchymal stem cells and dermal fibroblasts, respectively, using the STEMCCA lentivirus 

system. Human WT iPSC line ipWT1.3 (UMGi014-B clone 3; abbreviated WT2) was 

generated from dermal fibroblasts in feeder-free culture conditions using the integration-free 

episomal 4-in-1 CoMiP reprogramming plasmid (RRID: Addgene_63726). The three WT 

iPSC lines were used in publications, including an accurate description of the reprogramming 

(Cyganek et al. 2018; El-Battrawy et al. 2018).  

As part of the generation of NS iPSC lines, several biological replicates were produced per 

index patient. Further experiments were conducted with two iPSC lines per index patient. 

The iPSC lines of both NS index patients were generated from dermal fibroblasts isolated 

from skin biopsies and coded as isHOCMx1.14 (UMGi030-A clone 14; abbreviated NS1-1), 

isHOCMx1.16 (UMGi030-A clone 16; abbreviated NS1-2), isHOCMx2.3 (UMGi031-A 

clone 3; abbreviated NS2-1) and isHOCMx2.8 (UMGi031-A clone 8; abbreviated NS2-2). 

2.2.2 Cell Culture 

All cell cultures were maintained at 37°C in a humidified incubator with 5% CO2. To prevent 

microbiological contamination, cell culture was performed under sterile conditions using a 

class II biosafety cabinet with laminar airflow. 

2.2.2.1 Cell Counting 

Cell counting of iPSC or iPSC-CMs was conducted using the CASY cell counter system. For 

cell counting, cultures were dissociated using Versene solution for iPSC and Trypsin-EDTA 

(0.25%) or StemPro Accutase Cell Dissociation Reagent for iPSC-CMs. A small volume of 

cell suspension was diluted 1:500 or 1:100 in isotonic CASYton buffer depending on cell 

density. CASYton buffer cell mixture was measured in CASYcups with a total volume of 

10 ml using the following configurations: sample volume of 400 µl, three cycles, and a 

capillary diameter of 150 µm. Dilution correction was adjusted, and threshold markers were 
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set individually to exclude cell debris or cell cluster. Further data processing was performed 

according to manufacturer’s specifications and preset programs for iPSC and iPSC-CMs. 

2.2.2.2 Multiwell and Coverslip Coating 

Depending on the cell type, multiwell plates or coverslips were coated with Matrigel or 

gelatin. Matrigel was used to coat multiwell plates or coverslips diluted 1:60 in DPBS for 

iPSCs or 1:120 for iPSC-CMs, respectively. Coverslips for spontaneous differentiation 

experiments of EBs (2.2.2.4) were coated with gelatin from porcine skin in a concentration 

of 0.1% dissolved in ddH2O and autoclaved for sterilization. 

2.2.2.3 Generation and Cultivation of Patient-specific iPSCs 

Human iPSC lines from the index patients II_1 and II_2 (Figure 2) were generated from 

dermal fibroblasts isolated from skin biopsies obtained during cardiac surgery. The skin 

biopsies were stored in a sterile container with DMEM (high glucose, no glutamine) plus 

200 U/ml penicillin and 200 µg/ml streptomycin. After removing excess fat tissue in a sterile 

petri dish, skin biopsies were dissociated using the human Whole Skin Dissociation Kit and 

the gentleMACS Dissociator according to manufacturer’s instructions. The dissociated cells 

were plated and cultivated in cell culture plates and in human fibroblast medium (Table 7) 

with 100 U/ml penicillin and 100 µg/ml streptomycin. The medium was changed every other 

day until an almost full confluence was achieved.  

Two days before transfection, 1.5×104 early passage fibroblasts were plated on a Matrigel-

coated 24-well plate containing human fibroblast medium. At a confluence of approximately 

40 – 50%, the isolated fibroblasts were transfected using the integration-free CytoTune-iPS 

2.0 Sendai Reprogramming Kit with the reprogramming factors OCT4, KLF4, SOX2, and 

c-MYC according to manufacturer’s instructions. The Sendai virus cocktail consisted of 

hKOS:hc-Myc:hKlf4 with a multiplicity of infection of 5:5:3 in human fibroblast medium as 

the carrier solution. After 24 h, the virus cocktail in human fibroblast medium was removed, 

and the medium was changed every other day. Seven days after the transfection, the cells 

were digested on Matrigel-coated 6-well plates in human fibroblast medium supplemented 

with 2 µM Thiazovivin and 500 µM sodium butyrate.  

One day after the digestion, the medium supply was changed daily with StemMACS medium 

(Table 7) supplemented with 500 µM sodium butyrate (day 8 – 11). After 14 to 21 days, single 

colonies with iPSC-like morphology typically appeared. These colonies were picked and 

transferred manually into Matrigel-coated 12-well plates containing StemMACS medium 

supplemented with 2 µM Thiazovivin. Established iPSC lines were maintained in Matrigel-
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coated plates and cultured in StemMACS medium. At a confluence of approximately 90% 

(every four to six days), iPSCs were passaged with Versene solution and cultured in 

StemMACS medium supplemented with 2 µM Thiazovivin the first day. The typical iPSC 

morphology was documented in the viable cell culture with the Axio Imager M2 microscopy 

system and Zen 2.3 software.  

The iPSC culture was maintained for at least ten passages before used for pluripotency 

characterization and differentiation experiments. 

2.2.2.4 Spontaneous in vitro Differentiation of iPSCs 

For embryoid body (EB) formation, a mixture of 5×104 iPSCs and 2.5×104 mouse embryonic 

fibroblasts (MEFs) were digested in each well of a 96-well U-bottom plate in human 

embryonic stem cell medium (Table 7). The 96-well U-bottom plate was centrifuged for 

5 min at 250 g. Cell conglomerations were grown in suspension to form multicellular EB 

aggregates. On day two, the medium was changed to EB differentiation medium (Table 7). 

For six more days, the medium was changed carefully with EB differentiation medium. At 

day eight, grown EBs were plated onto 0.1% gelatin-coated coverslips and maintained in EB 

differentiation medium with medium change every other day. Thirty days after EB initiation, 

EBs were fixed for immunohistochemistry staining (2.2.4.1) and used for pluripotency 

characterization. 

2.2.2.5 Directed Differentiation and Cultivation of iPSC-derived Cardiomyocytes 

Directed differentiation of iPSCs into iPSC-CMs (Kleinsorge and Cyganek 2020) was 

initiated at confluence of 80 to 90% in Matrigel-coated 6-well plates with cardio 

differentiation medium I (Table 7). Differentiation was initiated using a sequential treatment 

with 4 µM CHIR99021 for 48 h, followed by 5 µM IWP-2 for further 48 h. At low 

differentiation potency, iPSCs were treated sequentially with CHIR99021 and IWP-2 in 

cardio differentiation medium II (Table 7) analogous to differentiation method I. At day 8, 

the medium was changed to cardio culture medium (Table 7) with medium change every 

other day. Differentiated cultures around day 15 were digested with Trypsin-EDTA (0.25%) 

or StemPro Accutase Cell Dissociation Reagent and replated in Matrigel-coated plates at 

lower densities (1:2 – 1:3). The iPSC-CM cultures were purified by metabolic selection via 

glucose starvation using cardio selection medium (Table 7) for approximately five days 

(Tohyama et al. 2013). To guarantee maturation, iPSC-CM culture was maintained in cardio 

culture medium for at least 50 days for further maturation. Three individual differentiation 

experiments of the individual iPSC lines were used for each analysis. A continuous 
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differentiation into predominant ventricular-like cardiomyocytes was implemented ensuring 

replenishment of iPSC-CMs for the experiments with corresponding replicates. The age span 

and number of differentiations are indicated in the figure legends. 

2.2.2.6 Freezing and Thawing of Cultivated Cells 

Cryopreservation of the cell cultures was conducted to ensure cell replenishment. If 

necessary, cells were thawed to guarantee enough iPSC-CM replicates in comparable age 

ranges for different experiments. 

The iPSCs were frozen at a confluency of 70 – 90%. After detaching with Versene solution, 

the iPSCs from each well were dissolved in 1 ml StemMACS medium. An equal amount of 

iPSC cryopreservation medium (Table 7) was added to dissolved cells in a dropwise manner. 

The cell suspension was transferred into labeled freezing vials. Freezing vials with iPSCs were 

slowly cooled down with -1°C per minute in an isopropanol freezing container to -80°C and 

transferred into liquid nitrogen for long-term storage. 

For cryopreservation of differentiated cells, iPSC-CMs between day 20 and day 55 after 

differentiation and successful selection were chosen. The cells were dissociated with Trypsin-

EDTA (0.25%) or StemPro Accutase Cell Dissociation Reagent and blocked with Fetal 

Bovine Serum after 10 min. The cell suspension was centrifuged for 10 min at 250 g and 

dissolved in iPSC-CM cryopreservation medium (Table 7). The cell suspension was counted 

(2.2.2.1) and 2×106 to 5×106 cells were transferred into labeled freezing vials and frozen in a 

Cryoplaner using a cardiomyocyte freezing program (Table 15). Long-term storage was 

maintained in liquid nitrogen. 

Table 15: Overview of the individual steps of the Cryoplaner freezing protocol 

Step Rate [˚C/min] End Temperature [˚C] 

1 -1 -4 

2 -25 -40 

3 10 -12 

4 -1 -40 

5 -10 -90 

6 Hold -90 
The Cryoplaner was used to freeze iPSC-CM gently. The individual steps of the cardiomyocyte 

freezing program are listed in the table. 

For thawing, freezing vials were transferred into a 37°C water bath until small ice particles 

were floating. The cell solution was diluted in the appropriate cell culture media and 
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centrifuged at 200 g for 5 – 10 min. The cell pellet was resuspended in StemMACS medium 

for iPSCs or cardio culture medium for iPSC-CMs with 2 µM Thiazovivin and plated on 

Matrigel-coated culture plates with medium change every (iPSCs) or every other day (iPSC-

CMs). 

2.2.2.7 Pellet Harvesting of Cultivated Cells 

Cultured iPSCs or iPSC-CMs were washed twice with DPBS and covered with 1.5 ml DPBS. 

Cells were harvested mechanically with a cell scraper. Detached cells were transferred into a 

1.5 ml labeled reaction tube and centrifuged at 16,000 g for one minute. Alternatively, cells 

used in protein expression analyses (2.2.4) were centrifuged at 400 g for one minute. The 

supernatant was removed, and the reaction tube was snap-frozen in liquid nitrogen and 

stored at -80°C until analysis. 

2.2.3 Molecular Biological Analysis 

2.2.3.1 Genomic DNA Analysis  

Under the genomic DNA analysis, four different methods are listed. The basis for DNA 

analysis was DNA isolation. The isolated DNA was processed for whole exome sequencing, 

Sanger sequencing, or karyotyping. 

Cell pellets (2.2.2.7) were thawed on ice, and DNA was isolated with the QIAamp DNA 

Mini Kit according to manufacturer’s instructions. The isolated DNA concentration was 

measured with microvolume spectroscopy at 260 nm and 280 nm. The samples were diluted 

to a concentration of 50 or 100 ng/µl with nuclease-free water. 

For whole exome sequencing, DNA was isolated from the siblings’ fibroblasts and sent to 

the Institute of Human Genetics of the University Medical Center Göttingen (Prof. Dr. med. 

B. Wollnik). A detailed description of the whole exome sequencing is described in Hanses et 

al. 2020. 

The regions of interest of LZTR1 were controlled with Sanger sequencing. Exon 1 and 

Intron 16 of LZTR1 were amplified by PCR (2.2.3.3) using primer sets listed in Table 9. The 

PCR product was separated by gel electrophoresis on a 2% agarose gel. Under UV control, 

bands were excised with a scalpel. The agarose-DNA fragments were isolated using the 

QIAquick Gel Extraction Kit according to manufacturer’s instructions. For Sanger 

sequencing, 12 µl isolated DNA, measured with microvolume spectroscopy for quality 

control and verify successful gel extraction, were mixed with 3 µl sequencing-primer (10 µM) 

and sent to a commercial sequencing facility (Microsynth Seqlab, Göttingen, 
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https://www.microsynth.seqlab.de). The sequencing data of the NS and WT samples were 

compared with the database of the National Center for Biotechnology Information (NCBI) 

for LZTR1 listed under the gene ID 8216 (NCBI Resource Coordinators 2016). 

Genomic DNA of patients’ fibroblasts and iPSCs between passage 13 and 17 were isolated 

as described above and analyzed with karyotyping. The single-nucleotide polymorphism-

based human microarray was performed by Dr. rer. nat. S. Diecke (Max Delbrück Center for 

Molecular Medicine, Berlin). Digital karyotypes were analyzed using KaryoStudio software. 

2.2.3.2 RNA Isolation and Reverse Transcription 

For gene expression analyses, pelleted cells thawed on ice, and total RNA was isolated using 

the SV Total RNA Isolation System according to the manufacturer’s instructions. All steps 

were performed on ice with the usage of a refrigerated centrifuge. The RNA was eluted using 

60 – 100 µl nuclease-free water depending on the initial pellet size. The RNA concentration 

was measured with microvolume spectroscopy at 260 nm and 280 nm and diluted in 

nuclease-free water to a concentration of 50 ng/µl. Isolated RNA was stored at -80°C or 

directly used for reverse transcription reaction. 

Using the reverse transcription reaction, isolated total RNA was transcribed into 

complementary DNA (cDNA) with the enzyme RT. Components for an RT reaction using 

the enzyme M-MLV RT and temperature steps for accomplishing the reaction in a 

thermocycler are listed in Table 16 and Table 17.  

Table 16: List of the components used for a RT reaction with the enzyme M-MLV RT 

Components for RT Volume [µl] 

100 ng RNA in nuclease-free water (50 ng/µl) 2 

Nuclease-free water 8 

10x PCR buffer II 2 

25 mM MgCl2 4 

100 mM dNTPs 1 

RNase inhibitor (20 U/µl) 1 

50 µM Oligo d(T)16 1 

M-MLV RT (50 U/µl) 1 
Overview of the components for the RT reaction using the M-MLV RT. All components were 

applied on ice. 
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Table 17: Temperature steps of the thermocycler for reverse transcription using M-MLV RT 

Step Time [min] Temperature [°C] 

1 10 22 

2 50 42 

3 10 95 

4 ∞ 4 

Overview of the RT reaction components’ incubation steps in the thermocycler with an indication 

of time and temperatures. 

For gene expression analyses with quantitative real-time PCR (2.2.3.5), first-strand cDNA 

synthesis was conducted using SuperScript IV RT according to manufacturer’s instruction 

with minor adjustments (Table 18). After successful synthesis, cDNA was processed 

immediately in amplification reactions or stored at -20°C. 

Table 18: List of the components and incubation steps used for RT with the enzyme 
SuperScript IV RT 

Component for RT Volume [µl] 

50 µM Oligo d(T)16 1 

100 mM dNTP 1 

200 ng RNA in nuclease-free water (50 ng/µl) 4 

Nuclease-free water 7 

Incubation step: 65°C for 5 min 

5x SSIV buffer 4 

10 mM DTT 1 

RNaseOUT Recombinant Ribonuclease Inhibitor 1 

SuperScript® IV RT (200 U/μl) 1 

Incubation step: 52,5°C for 10 min 

Incubation step: 80°C for 10 min 

Nuclease-free water 20 
Overview of the components of the RT reaction components and the incubation steps. The 

incubation steps in the thermocycler are shown in italics. After the last incubation step, the cDNA 

was diluted 1:1 for use in quantitative real-time PCR. 

2.2.3.3 Polymerase Chain Reaction 

For the further processing of nucleic acids (genomic DNA or cDNA), the heat-stable GoTaq 

G2 DNA Polymerase accomplished the exponential amplification in a thermocycler with a 
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primer-specific program (Table 19 and Table 20). The primer sequences of the genes and 

regions of interest are listed with the primer-specific annealing temperatures and the number 

of cycles in Table 9. 

Table 19: List of components for PCR 

Components for PCR Volume [µl] 

cDNA 2 

Nuclease-free water 14.3 

5x Green GoTaq reaction buffer 5 

10 mM dNTPs 1.6 

sense primer (10 µM) 1 

antisense primer (10 µM) 1 

GoTaq G2 DNA Polymerase 0.1 
List of the PCR reaction components with GoTaq G2 Polymerase. Specific sense and antisense 

primer were applied gene-individually. 

Table 20: Standard temperature program for GoTaq PCR 

Step Temperature [°C] Time Repeats 

Denaturation 
95 2 min 1 

94 30 s 

N Annealing X 30 s 

Elongation 72 
30 s 

5 min 1 

Final Step 4 ∞ 1 
The standard temperature program was adapted individually to primer sets. Primer specific annealing 

temperature (X) and number of cycles (N) are listed in Table 9. 

2.2.3.4 Agarose Gel Electrophoresis 

After PCR amplification, PCR products were separated with electrophoresis on a 2 – 3% 

agarose gel to determine the presence and size. Agarose gel was prepared using appropriate 

amounts of agarose dissolved in TBE buffer (Table 6) and molten in a microwave. To 

visualize amplicons, Midori Green Advance (0.04 µl/ml) was applied to molten agarose. The 

cured agarose gel was separated electrophoretically at 110 V for 30 – 45 min in an 

electrophoresis chamber. Images were acquired in a gel and blot imaging system under UV 

light exposure. Next to PCR products, GeneRuler 100 bp Plus DNA Ladder was applied for 

DNA size distinction. 
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2.2.3.5 Quantitative Real-time PCR 

The cDNA, synthesized by SuperScript IV RT, was diluted 1:1 with nuclease-free water and 

added to a quantitative real-time PCR reaction mix (Table 21). The reaction mixes were 

pipetted on ice onto a Micro-Amp Optical 384-well plate under light exclusion and 

subsequently sealed with a MicroAmp Optical Adhesive Film. 

Table 21: Components for quantitative real-time PCR 

Components Volume [µl] 

iQ SYBR Green master mix 5 

cDNA 1 

sense primer (10 µM) 0.4 

antisense primer (10 µM) 0.4 

ROX Passive Reference Dye 0.2 

Nuclease-free water 3 
Overview of the components used in addition to the iQ SYBR Green Master mix. The sequences of 

the sense and antisense primers can be found in Table 10. 

Quantitative real-time PCR reactions were conducted in 7900HT fast real-time PCR system 

with the following parameters: 95°C for 10 min, followed by 40 cycles at 95°C for 15 s and 

60°C for 1 min. After 40 cycles, a melting curve analysis was conducted to ensure product 

specificity. Reference genes, negative controls, and each cDNA sample were amplified 

independently in triplicates on the same plate and in the same experimental run. The raw 

data were processed in SDS 2.4 program. Values were normalized to expression means of 

housekeeping genes, GAPDH and ACTB, and compared to the corresponding gene of 

interest of the WT control. 

2.2.3.6 RNA Sequencing 

For RNA sequencing, iPSC-CMs were cultured until day 60 – 75. Pellet harvesting was 

conducted as described in 2.2.2.7 and total RNA isolation as described in 2.2.3.2. The isolated 

RNA was sent on ice to the next generation sequencing (NGS) Integrative Genomics Core 

Unit of the University Medical Center Göttingen (Dr. rer. nat. G. Salinas) for quality and 

integrity control by RNA fragment analysis and further processing. A detailed description of 

the RNA sequencing is described in Hanses et al. 2020. Altered expression profiles were 

visualized with heat maps using ClustVis (Metsalu and Vilo 2015) and gene enrichments of 

biological processes with the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 

library (Kanehisa 2000) and Enrichr (Kuleshov et al. 2016). 
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2.2.4 Protein Expression Analysis 

2.2.4.1 Immunocytochemical and Immunohistochemical Staining 

For immunocytochemical staining, round 20 mm coverslips were applied under sterile 

conditions in 12-well plates or round 25 mm coverslips in a 6-well plate for iPSCs or iPSC-

CMs, respectively. Cells were digested and cultured on Matrigel-coated coverslips to the 

desired density of single colonies (iPSCs) or at least seven days for recovery before 

experiments (iPSC-CMs). The immunohistochemical fixation of EBs was conducted on 

0.1% gelatin-coated coverslips 30 days after initiation of spontaneous differentiation. For 

fixation, cells were rinsed twice with DPBS, incubated in Roti-Histofix 4% at room 

temperature for 20 min, and rinsed three times again.  

Unspecific binding sites were blocked with 1% BSA in DPBS at 4°C overnight. Primary 

antibodies were diluted in 1% BSA in DPBS and applied to coverslips at 37°C for 1 h or 4°C 

overnight. Secondary antibodies were administered in 1% BSA in DPBS at room temperature 

for 1 h under light exclusion. If proteins with a nuclear or cytosolic localization were stained, 

the cell membrane was permeabilized with 0.1% Triton X-100 supplemented in staining 

solution. Nuclei were stained with 4.8 µM DAPI or 8.1 µM Hoechst 33342 at room 

temperature for 10 min. Between different staining steps, samples were rinsed three times 

with DPBS. Coverslips were mounted on microscope slides with Fluoromount-G. Used 

primary and corresponding secondary antibodies with associated dilutions are listed in Table 

11 and Table 12. Images were acquired with the LSM710 confocal microscope system and 

Zen 2009 software or with the Axio Imager M2 microscope system and Zen 2.3 software. 

2.2.4.2 Flow Cytometry 

Cultured cells were dissociated into single-cells using Versene solution (iPSCs) or StemPro 

Accutase Cell Dissociation Reagent (iPSC-CMs) and fixed in Roti-Histofix 4% for 20 min at 

room temperature. To prevent larger cell clots, cells were strained through a 40 µm (iPSCs) 

or 70 µm (iPSC-CMs) cell strainer and blocked with 1% BSA in DPBS at 4°C for at least 2 h. 

For pluripotency verification, iPSCs were stained with fluorescence-conjugated antibodies 

against OCT4 and TRA-1-60 (Table 13) with 0.1% Triton X-100 for cell membrane 

permeabilization at room temperature for 1 h. For purity analyses, iPSC-CMs were incubated 

with antibodies against α-actinin at 4°C overnight, and secondary antibody was administered 

in 1% BSA in DPBS at room temperature for 1 h (Table 11 and Table 12). Nuclei were co-

stained with 8.1 µM Hoechst 33342. Negative controls are stained with the corresponding 

secondary antibody and Hoechst 33342. Cell solutions were measured with the LSRII flow 
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cytometer and analyzed with BD FACSDiva software. Analysis gates were adjusted to 

negative controls and based on a sideward scatter area and a forward scatter area as well as 

on gating of single cells (based on DNA signal width). One measurement included at least 

10,000 events. 

2.2.4.3 Western Blot 

For protein lysis, pellets (2.2.2.7) thawed and incubated on ice in protein lysis buffer I (Table 

6). After 30 min incubation, cells were centrifuged (1,000 g, 4°C, 5 min) in a refrigerated 

centrifuge, and the supernatant was transferred into a new labeled reaction tube. Protein 

concentration was measured with the Pierce BCA protein assay Kit according to 

manufacturer’s instructions in a flat-bottom 96-well plate and measured on a 96-well 

photometer at 562 nm. Per sample, 30 µg protein was diluted in DPBS and mixed with 

Laemmli Sample Buffer and 2-Mercaptoethanol. The samples denaturated at 95°C for 5 min 

with slight shaking in a heating block. According to their molecular weight, proteins were 

separated by SDS-polyacrylamide gel electrophoresis using 4 – 15% Mini-PROTEAN TGX 

Stain-Free precast gels in an electrophoresis chamber filled with TRIS/glycine/SDS running 

buffer. The advantage of stain-free detection over housekeeper immunodetection (e.g., β-

actin or GAPDH) is the easier handling with an increased reproducibility and an enhanced 

correlation between normalization and the applied amount of protein (Rivero-Gutiérrez et 

al. 2014). 

Samples were loaded together with a prestained protein ladder, indicating a molecular weight 

from 10 – 250 kDa, and electrophoresis was performed at a constant voltage of 200 V for 

30 min. Before protein transfer, TGX stain-free gels were activated by UV-light for 1 min in 

a gel and blot imaging system. Proteins were transferred onto a nitrocellulose membrane with 

the Trans-Blot Turbo RTA Mini Nitrocellulose Transfer Kit using the Trans-Blot turbo 

transfer system with the following settings: constant 25 V, 2.5 limit A for 7 min. After 

transfer, total protein concentration for normalization purposes and proving of equal protein 

loading was acquired in the Bio-Rad ChemiDoc XRS+ using UV-light. Ponceau S solution 

staining of protein bands allowed membrane cutting according to prestained protein ladder 

if the application of different antibodies was possible.  

The nitrocellulose membrane was washed extensively in a screw cap tube on a tube roller 

between different staining steps with TBS-T (Table 6), used as a washing and diluent agent. 

Prior to staining, nitrocellulose membranes were blocked with 5% BSA or 5% powdered 

milk diluted in TBS-T depending on primary antibody diluent. Primary antibodies were 

diluted in either 1 – 5% BSA or 1 – 2.5% powdered milk with subsequent incubation of the 
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membranes at 4°C overnight, followed by HRP-conjugated secondary antibody incubation 

diluted in 1% BSA or 1% powdered milk in TBS-T for 1 h at room temperature. Antibodies 

and dilutions used are marked with “WB” in Table 11 and Table 12. 

Proteins were visualized through a chemiluminescent signal in the presence of the 

Immobilon Western chemiluminescent HRP substrate. Images were acquired in a ChemiDoc 

XRS+ using a protocol with signal accumulation mode captured and analyzed via Image Lab 

software. For quantification of protein expression, data were normalized to total protein and 

β-actin expression and compared with WT controls. 

2.2.4.4 SILAC-Based Proteomics 

Using SILAC, NS and WT iPSC-CMs were labeled with “heavy” and “light” isotopes in 

amino acids to measure the proteome (Geiger et al. 2011). 

For SILAC-based proteomics, iPSC-CMs were generated and selected as described above. 

Thirteen days after differentiation, iPSC-CMs were replated on each well of a Matrigel-coated 

6-well plate. After two days of recovery, iPSC-CM cultures were maintained for 45 days with 

SILAC cardio culture medium (Table 7). For “heavy” isotope labeling, SILAC cardio culture 

medium was supplemented with 0.219 mM 13C6,15N2-L-lysine and 0.575 mM 13C6,15N4-L-

arginine, or with 0.219 mM L-lysine and 0.575 mM L-arginine for “light” isotope labeling. 

One well remained untreated for quality control of cultivation conditions. After 45 days, 

iPSC-CMs were harvested and transferred into labeled tubes, as described in 2.2.2.7. “Light” 

and “heavy” labeled wells were harvested separately to prevent cross-contamination. After 

collecting all pellets of four NS and three WT iPSC-CM lines with two differentiations, iPSC-

CM pellets were thawed on ice and prepared for cell lysis. Cell pellets were incubated for 

30 min on ice in protein lysis buffer II. Lysis suspension was centrifuged, and the supernatant 

was collected in labeled reaction tubes. 

After measuring protein concentrations, equal amounts of protein of “heavy” labeled iPSC-

CM samples were pooled, serving as the spike-in-super-SILAC standard. Each “light” labeled 

sample of three WT and four NS iPSC-CM lines was mixed individually 1:1 with the spike-

in-super-SILAC standard with the appropriate amount of LDS buffer and redox substance. 

Super SILAC mixes were transported on ice to the Proteomics Core Facility of the University 

Medical Center Göttingen (Dr. rer. nat. C. Lenz) for further processing. A description of 

data processing was described in Hanses et al. 2020. The quantification analysis and statistical 

evaluation were carried out with Perseus. At least three valid values were required to be 

included in the analysis. The intensity ratios of “heavy” and “light” labeled proteins were 



2 Material and Methods 41 

log2-transformed, and the mean value NS and WT iPSC-CMs was calculated. The results for 

the intensity were transformed to log10. 

Protein expression alterations were sorted by significance, and highly significant proteins 

were selected for further research. Highly significant proteins were compared with the 

literature regarding RAS-MAPK activity, cardiac hypertrophy, and calcium dysregulation on 

the NCBI database (NCBI Resource Coordinators 2016) or the bioinformatics database 

STRING, a protein-protein interaction network (von Mering 2004). 

2.2.5 Structural and Functional Analysis 

2.2.5.1 Sarcomere length analysis 

Sarcomere length was computed via fast Fourier transformation using the SarcOptiM plug-

in developed for the FIJI image analysis platform. Immunocytochemical stainings of iPSC-

CMs (2.2.4.1) of sarcomere-associated structural proteins was conducted. Images were 

acquired with the LSM710 confocal microscopy system and a 63x/1.4 NA objective with 

Immersol 518 F oil immersion in Zen 2009 software. These images were further processed 

using the FIJI plug-in SarcOptiM according to developer specifications (http://pccv.univ-

tours.fr/ImageJ/SarcOptiM). One data point represents the mean of three measurements 

per acquired image. 

2.2.5.2 Multielectrode Array 

Using the Maestro PRO MEA system, electrophysiological- and mechanical properties of 

iPSC-CMs were analyzed. At day 35 or older, 1×105 iPSC-CMs were digested on each 

Matrigel-coated well of a CytoView MEA 48-well plate. Not less than three replicates were 

planned for each cell line. The cell culture was maintained for 10 – 14 days with cardio culture 

medium to guarantee recovery and adhesion to the electrodes. Both field potential and 

contractility measurements were recorded for five minutes each in the Maestro PRO at 5% 

CO2 and 37°C. The AxIS Navigator software was used for recording and raw data processing 

in the appropriate field potential or contractility mode. 

The field potential data were processed using the field potential configuration and the 

following settings: detection threshold 150 – 1000 µV, maximum beat period 60 s, minimum 

beat period 200 ms, post-spike detection holdoff 90 ms, minimum active electrode greater 

or equal than one electrode, and a limit to the region of 30 beats with the most stable period 

as a beat quality control. Using the Cardiac Analysis Tool, the automatic detection of the 

field potential duration (FPD) and T-wave identification were controlled. The FPD was 
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normalized automatically to the beat frequency using the Fridericia correction formula 

(FPDc) to allow an independent frequency comparison. Only values smaller than 500 ms for 

FPDc and smaller than 2 mm/ms for the conduction velocity were included in statistical 

analysis. The iPSC-CM beating regularity is represented as the beat-to-beat variability, 

defined as the standard deviation of each beat period from the mean beat period in percent. 

The contractility data were processed using the contractility configuration and the following 

settings: maximum beat period 60 s, minimum beat period 200 ms, minimum active electrode 

greater or equal one electrode, and a limit to the region of 30 beats with the most stable 

period as a beat quality control. Beat amplitudes smaller than 1% were excluded from 

statistical analysis. One data point represented the average of 16 electrodes of one well. 

2.2.5.3 Investigation of Cellular Hypertrophy 

Cultures of iPSC-CMs were maintained for at least 50 days to guarantee maturation. To 

investigate cell hypertrophy, iPSC-CMs were singularized with StemPro Accutase Cell 

Dissociation Reagent as described above and replated on Matrigel-coated 12-well plates. The 

cell size depends on the density in the culture plate, and, to unmask this effect, different cell 

densities were analyzed. Using the CASY cell counter system, iPSC-CMs were dispensed with 

various concentrations (2.5×104, 5×104, 1×105, and > 5×105 cells per well) to attain a density 

distribution with three technical replicates per concentration (except for > 5×105 cells). After 

digestion, strict 10-day recovery time in cardio culture medium was implemented. The cell 

culture was maintained under serum-free conditions to prevent any influence of serum on 

cell size (Dambrot et al. 2014). The investigation of cellular hypertrophy was divided into 

two different assays – adherent and suspension analysis. 

Prior to suspension analysis, iPSC-CMs were analyzed in adherent culture by acquiring three 

representative images per well with Axio Imager M2 microscopy system and Zen 2.3 

software. The pixel area of each cell was manually evaluated using the region-of-interest 

manager in FIJI. The pixel correction factor 0.433, to convert pixel to µm2, was determined 

by a Thoma cell counting chamber. Cell boundaries surpassing the image border were 

excluded from the analysis. After image acquisition, iPSC-CMs were singularized with 

StemPro Accutase Cell Dissociation Reagent and blocked in fetal bovine serum for cell size 

analysis in suspension. The iPSC-CM suspension was measured with the CASY cell counter 

system in isotonic CASYton buffer with the following configurations: sample volume of 

400 µl, three cycles, and a capillary diameter of 150 µm. A threshold included only cells within 

a diameter range of 15 – 40 µm to evade cell debris or cell cluster analysis. Each measurement 

of the CASY cell counter system represents a mean of 1×103 – 1.5×104 cells. 
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For long-term verapamil treatment, iPSC-CMs were replated on Matrigel-coated 12-well 

plates as described above with a concentration of 2.5×104 cells per well. After two days of 

recovery, iPSC-CMs were treated for 20 days with cardio culture medium containing either 

50 nM verapamil, 100 nM verapamil, or left untreated with medium change every other day. 

After completion 20 days of verapamil treatment, iPSC-CMs were measured with suspension 

analysis as described above. Three repetitive measurements per well represent a mean. 

2.2.5.4 Analysis of Cell Viability 

PrestoBlue HS Cell Viability Reagent was used to measure the effect of verapamil on cell 

viability. WT and NS iPSC-CMs at day 55 or older were digested, as described above, on a 

Matrigel-coated 96-well plate with a density of 2.5×104 cells for each well. After a recovery 

period of at least seven days, the cells were treated with verapamil using five different 

concentrations (10 nM, 100 nM, 1 µM, 10 µM, 20 µM) diluted in cardio culture medium. 

DMSO treatment was used to normalize PrestoBlue incubation period variabilities. Cell 

viability was observed over one week and measured 0 h, 6 h, 24 h, 48 h, 72 h, 96 h, and 168 h 

after verapamil treatment initiation. PrestoBlue HS Cell Viability Reagent was applied 

according to the manufacturer’s instructions and incubated for 30 min at 37°C and 5% CO2 

under light exclusion. Ensuing the incubation, fluorescence was detected in a Mithras² LB 

943 plate reader with 560x10 excitation and 600xm10 emission filters. After each 

measurement, the medium containing DMSO or the appropriate verapamil concentration 

was changed. After normalizing the fluorescence intensities to the corresponding 

measurement’s DMSO control, each well was normalized to the initial untreated basal 

measurement (0 h). All verapamil concentrations and DMSO controls were plated in 

triplicates. 

2.2.5.5 Calcium Imaging 

For cytosolic calcium recordings, NS and WT iPSC-CMs around day 45 were digested on 

25 mm Matrigel-coated coverslips in a low density to ensure a single-cell distinction. Cell 

culture was maintained for at least ten days in cardio culture medium to guarantee a recovery 

time with stable contractions. For cytosolic calcium recordings, iPSC-CMs on coverslips 

were incubated in Tyrode’s solution (Table 6) supplemented with 5 µM Fluo-4 AM 

fluorescent calcium indicator and 0.02% (w/v) Pluronic F-127 for 20 min at room 

temperature. During recordings, cells were paced in Tyrode’s solution at room temperature 

via platinum electrodes with the MyoPacer EP with the following settings: frequency 

0.25 Hz, voltage 18 V, duration 3 ms. 
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Before drug stimulation, iPSC-CMs were measured under basal conditions. When iPSC-CMs 

displayed good measurability, verapamil’s acute effect was recorded using a therapeutic 

concentration of 100 nM (Husum et al. 1990). Tyrode’s solution was changed to Tyrode’s 

solution with 100 nM verapamil. After an incubation period of 30 min at room temperature, 

iPSC-CMs were measured analogously to the basal conditions. 

Images were acquired with the LSM710 confocal microscopy system and a 63x/1.4 NA 

objective with Immersol 518 F oil immersion using line scan mode (20,000 cycles, 1057.7 Hz, 

512 pixels, 45 µm, pinhole 6 AU) in Zen 2009 software. The calcium indicator Fluo-4 AM 

was excited at 488 nm, while emission was detected at 490 – 540 nm. Each line was 

positioned in the cytoplasm of a single cardiomyocyte without crossing boundaries or nuclei.  

Calcium imaging via line scan acquisition allowed two different measurements – calcium 

transients (CaTs) and calcium sparks.  

For CaT analysis, each line scan was plotted as the mean signal intensity in relation to time 

using FIJI followed by polynomial smoothing (Savitzky-Golay filter, 20 neighbors) (Savitzky 

and Golay 1964). Further analysis of CaTs was completed in LabChart Pro 8 using the Peak 

Analysis Tool with the following settings: automatic recognition of resting membrane 

potential, TStart 15% of height away from resting membrane potential, TRise and TFall is 

defined between 0% and 100% of the peak height. The following defined parameters were 

analyzed: 1) Amplitude: ΔF/F0 2) CaT rise time: time from resting membrane potential to 

the maximum 3) CaT decay 20% and 50%: time from transient maximum until 20% or 50% 

signal decay, respectively. Analyzed parameters represent the mean of 3 – 4 CaT recordings 

per analyzed cells. 

Calcium sparks, spontaneous releases of calcium from the sarcoplasmic reticulum (SR), at 

the end of the diastole, were analyzed using the automated calcium spark analysis plugin 

SparkMaster in FIJI, with following settings: scanning speed 1057.7 lps, pixel size 0.088 µm, 

background 0 Fl. U., criteria 3.3, number of intervals 3 (Picht et al. 2007). For each line scan, 

a defined area with a duration of 1 s and a width of 40 µm was marked in the last diastolic 

area. Sparks with smaller values than an amplitude of 0.1 ΔF/F0, full width of 1 µm, and full 

duration of 5 ms were excluded from the analyses. Recorded parameters of a spark were: 

frequency, amplitude, full width, full duration, and the product of the last three parameters 

defined as calcium spark size. The sum of the calcium spark sizes within one recording is the 

SR calcium leak, dimensionless and normalized to WT at basal conditions. 
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2.3 Statistics 

Data are presented as the mean ± standard error of the mean (SEM). Statistical analysis was 

performed with GraphPad Prism 6 or 7. Populations’ distributions were analyzed by the 

D’Agostino-Pearson normality test (D’Agostino et al. 1990). To compare differences 

between two independent groups the nonparametric unpaired and 2-tailed Mann-Whitney 

test was applied, and the nonparametric Kruskal-Wallis test followed by Dunn’s correction 

post hoc test was used for comparison of multiple groups and conditions. 

Results were indicated as statistically significant when the P value was < 0.05 (*P < 0.05; **P 

< 0.01; ***P < 0.001; ****P < 0.0001). 

2.4 Ethical Approval 

The project was authorized by the Ethics Committee of University Medical Center Göttingen 

(approval number: 10/9/15) and carried out by the approved guidelines. Written informed 

consent of the parents and the children by their legal representatives was available before 

participation in this project and human samples usage. 
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3 Results 

3.1 Biallelic Mutations in LZTR1 Cause Noonan Syndrome 

Both siblings’ conspicuous external appearance (Figure 2) with the typical facies and severe 

HCM led to the early suspicion of NS, contrary to the inheritance pattern with the unaffected 

parents. A genetic examination was conducted by the Institute of Human Genetics at the 

University Medical Center Göttingen (Prof. Dr. med. B. Wollnik). Typical genes associated 

with NS were investigated by NGS-based multigenic panel analysis resulting in no mutational 

detection. Next, the Institute of Human Genetics performed a whole exome sequencing, 

whereby two mutations in the gene LZTR1 were detected. The first heterozygous mutation 

is a c.27dupG variant in LZTR1, a nucleic base insertion leading to a frameshift with early 

termination of protein synthesis (p.Q10Afs*24) (Figure 4A). In the genetic family analysis, 

the healthy mother was determined as a carrier of this heterozygous c.27dupG variant in 

LZTR1 (Figure 4B). The second heterozygous mutation is a deep intronic c.1943-256C>T 

substitution of the nucleic base in intron 16 (Figure 4A). Splicing prediction programs 

calculated that a new donor splice site could exist due to this variant, which would result in 

a new cryptic exon. The same intronic mutation was found in the genome of the 

phenotypically healthy father (Figure 4B). 
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Figure 4) Biallelic mutations in LZTR1 cause NS: (A) Overview of the biallelic mutations in 
LZTR1 detected by whole exome sequencing with illustration on the genomic and proteomic level. 
(B) Sanger sequencing of exon 1 and intron 16 of LZTR1 in the genetic family investigation. The 
maternal insertion mutation (I_2) c.27dupG is located in exon 1, leading to a frameshift. The paternal 
mutation (I_1; c.1943-256C>T), which leads to a substitution of the nucleic base, is located in intron 
16. The parents’ mutations are detectable in both siblings (II_1 and II_2), presenting a biallelic 
compound heterozygous mutations in LZTR1. Adapted from Hanses et al. 2020 with the kind 
permission of Lippincott Williams & Wilkins. 

The calculation of the splicing prediction programs of the paternal mutation (c.1943-

256C>T) could be confirmed on messenger RNA (mRNA) level using cDNA analysis 

(2.2.3.2 – 2.2.3.4). The new donor splice site led to the transcription of a new aberrant cryptic 

exon located between exon 16 and exon 17. This additional cryptic exon was detected in 

both siblings via gel electrophoresis. Besides the regular WT LZTR1 transcript (211 bps), a 

larger transcript (328 bps) was detected in gel electrophoresis in the father’s and siblings’ 

samples (Figure 5A). The base sequence of the cryptic exon was determined by Sanger 

sequencing. This 117 bps cryptic exon contains a TGA stop codon predicting a premature 

truncation of the protein synthesis (Figure 5B). The mother’s sample and the WT control 

did not express the additional cryptic exon (Figure 5A). Compared to the clinically unaffected 

parents with a monoallelic LZTR1 mutation, the siblings are affected by a compound 

heterozygous mutation, presumably not translating a functional LZTR1 protein. 
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Figure 5) Intronic mutation leads to a new splice site resulting in cryptic exon: (A) In gel 
electrophoresis, a cDNA band between exon 16 and exon 17 could be separated. In addition to the 
WT transcript (211 bps), another 117 bps larger band was detectable in the father’s (I_1) and the 
siblings’ (II_1 and II_2) probes, marked with paternal and a red arrow. This additional transcript is 
missing in the mother’s sample (I_2) and the WT control. The GeneRuler Ladder sizes for DNA size 
distinction were marked on the right. (B) Comparison of the WT transcripts in the transition region 
between exon 16 and exon 17 with the mutational transcript containing cryptic exon. The 
bioinformatic prediction of the new donor splice site due to the paternal mutation c.1943-256C>T 
could be confirmed by Sanger sequencing. Compared to the maternal allele, the mutational transcript 
contains an inclusion of the new cryptic exon, and the base sequence contains a premature TGA stop 
codon marked with a red boarded box. Adapted from Hanses et al. 2020 with the kind permission of 
Lippincott Williams & Wilkins. 

3.2 Generation of  Patient-Specific NS iPSCs 

After identifying LZTR1 as the potential causative gene, iPSC lines of both siblings were 

generated. The biallelic mutations were further characterized concerning morphological and 

functional aspects with iPSCs and iPSC-CMs. During cardiac surgery, skin biopsies from 

both siblings were obtained with subsequent isolation of dermal fibroblasts, which are used 

to generate NS patient-specific iPSC lines (NS1 and NS2). At least six individual iPSC lines 

per patient were established and cryopreserved as described in 0. For further detailed 

pluripotency analysis, two iPSC lines per patient were selected – NS1-1 and NS1-2 from 

index patient II_1 and NS2-1 and NS2-2 from index patient II_2. Pluripotency 

characterization of NS-specific iPSCs was assessed by morphology, pluripotent expression 

patterns, and validation of the compound heterozygous genotype. 

The generated iPSC lines displayed a typical iPSC morphology using phase-contrast 

microscopy (Figure 6A). Additionally, the NS specific iPSC lines were examined for their 

mRNA expression regarding typical pluripotent-specific genes by RT-PCR. The NS-specific 
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iPSCs exhibited an evident upregulation of the expression of pluripotent markers OCT4, 

SOX2, LIN28, FOXD3, and GDF3 in contrast to the untreated patients’ fibroblasts. The 

cDNA of human embryonic stem cells (hESC) and MEFs were applied as a positive or 

negative control, respectively. GAPDH served as a housekeeper gene indicating equal 

amounts of cDNA by robust expression (Figure 6B). 

Figure 6) Pluripotency characterization I – iPSCs displayed typical pluripotent morphology 
and gene expression: (A) Phase-contrast microscopic images of the reprogrammed iPSC lines of 
index patients II_1 (NS1-1, NS1-2) and II_2 (NS2-1, NS2-2) under viable culture conditions 
displaying a typical human iPSC morphology. Scale bar: 100 µm. (B) The expression of endogenous 
pluripotency markers (OCT4, SOX2, LIN28, FOXD3, GDF3) was examined with RT-PCR. Direct 
comparison of NS iPSCs to patients’ dermal fibroblasts (NS1 Fib, NS2 Fib) showed the expression 
differences of typical pluripotent markers. Human embryonic stem cells (hESC) were used as positive 
control and showed a comparable expression pattern to NS iPSCs; Embryonic mouse fibroblasts 
(MEF) were applied as negative controls. Adapted from Hanses et al. 2020 with the kind permission 
of Lippincott Williams & Wilkins. 

Pluripotency characterization comprised protein expression analysis of pluripotent markers 

and a spontaneous differentiation into the three germ layers. Pluripotent proteins were 

analyzed by immunofluorescence staining and flow cytometry. Pluripotency markers OCT4, 

SOX2, NANOG, LIN28, and TRA1-60 showed robust expression in NS iPSCs. Within the 

individual NS iPSC lines, no differences in expression were detected (Figure 7A). 

By flow cytometric analysis, NS iPSC lines were tested for pluripotency and purity. 

Conjugated antibodies against OCT4 and TRA-1-60 were used to label the corresponding 

proteins (Table 13). The threshold of the measurements was adjusted by negative controls, 

as described in 2.2.4.2. For the NS iPSCs, high purity of > 95% double-positive cells could 

be measured consistently in the stem cell cultures (Figure 7B).  

In addition to the detection of pluripotency markers, an examination of the spontaneous 

differentiation potential was conducted. As a unique property of stem cells, a differentiation 

into all three germ layer derived cells is possible. Via EB formation (2.2.2.4), a spontaneous 

differentiation in vitro was initiated. The expression of specific markers for each germ layer 
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on the protein level was evaluated by immunofluorescence staining using AFP, αSMA, and 

β-III tubulin as representatives for the endoderm, mesoderm, and ectoderm. Typical staining 

patterns of the germ layer markers in spontaneously differentiated cultures were detected in 

immunohistochemical staining, and no alterations in differentiation potential or expressivity 

were found within the cell lines (Figure 7C). 
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Figure 7) Pluripotency characterization II – iPSCs showed robust expression of pluripotent: 
(A) Key pluripotency markers OCT4, SOX2, NANOG, LIN28 (all red), and TRA1-60 (green) were 
detected by immunofluorescence in the NS iPSC lines. Nuclei were co-stained with DAPI (blue). 
Scale bar: 100 µm. (B) In flow cytometry analysis, OCT4 and TRA-1-60 showed pure and 
homogeneous iPSC cultures. Negative controls are represented as gray dots and serve as a threshold 
for double-positive iPSCs. (C) With immunohistochemical staining, germ layer specific expression 
was analyzed to examine the spontaneous differentiation potential of generated iPSC lines. The EBs 
displayed a robust expression of endodermal marker AFP (red), mesodermal-specific α-SMA (red), 
and ectodermal β-III-Tubulin (green). Nuclei were co-stained with DAPI (blue). Scale bar: 100 µm. 
Adapted from Hanses et al. 2020 with the kind permission of Lippincott Williams & Wilkins. 
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After proof of pluripotency, the NS iPSC’ genome was re-examined for LZTR1 mutations 

and chromosomal stability after transfection and passaging. The two mutations c.27dupG 

and c.1943-256C>T were inspected in the iPSC lines by Sanger sequencing. The additional 

transcript of the paternal mutation was determined on mRNA level. The WT iPSC lines 

served as control and were examined for the WT genome sequence in LZTR1. 

The WT iPSC lines showed the human WT sequence of LZTR1 in the genomic regions of 

exon 1 and intron 16 (Figure 8A). The genomic sequences of the NS iPSC lines exhibited 

both the paternal and the maternal mutation equivalent to the genetic analysis of the index 

patients II_1 and II_2 (Figure 4 and Figure 8B). The additional cryptic exon, caused by the 

paternal mutation, was detected on the mRNA level of the NS iPSCs indicated by two split 

bands separated with gel electrophoresis. The healthy WT controls showed no additional 

transcript in the RT PCR (Figure 8C). 

After integration-free reprogramming by Sendai virus transfection and the iPSC cultures’ 

maintenance over at least 13 passages, the iPSCs were compared with the index patients’ 

original fibroblasts for chromosomal stability. The digital karyotypes revealed no change in 

the number of chromosomes nor substantial chromosomal abnormalities (Figure 8D). 
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Figure 8) Confirmation of the biallelic LZTR1 mutations and chromosomal stability of 
generated iPSC lines: (A) The WT iPSC control lines presented the human WT sequence in exon 
1 and intron 16 of LZTR1 confirmed by Sanger sequencing. (B) The compound heterozygous 
mutation in LZTR1, c.27dupG in exon 1 and c.1943-256C>T in intron 16 was confirmed in the 
generated patient-specific iPSC lines by Sanger sequencing. The locations of the mutations were 
marked with red arrows and corresponding codes. (C) The 117 bps larger transcript of the additional 
cryptic exon was detected by RT PCR in all generated patient-specific iPSC lines and absent in the 
three independent WT iPSC lines. The lines run on the same gel but were noncontiguous. (D) 
Comparing the digital karyotypes of patients’ fibroblasts (NS fib) with the generated NS iPSC lines 
demonstrated chromosomal stability. After transfection and cell culture maintenance up to 13 – 17 
passages, no chromosomal aberration nor substantial chromosomal aberrations are exhibited. Copy 
number variations were marked with green bars. No deletions or loss of heterozygosity were found 
in the samples. Adapted from Hanses et al. 2020 with the kind permission of Lippincott Williams & 
Wilkins. 
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3.3 Generation of  Patient-Specific NS iPSC-CMs 

The WT and NS iPSCs were directionally differentiated into iPSC-CMs according to 

established methods under feeder-free culture conditions (2.2.2.5) and analyzed regarding 

the phenotype, pathophysiology, and functionality. 

To intercept possible intra-individual phenotypic variability, several experimental replicates 

were performed per cell line. The number of replicates is indicated in the corresponding 

experiment. The differentiation approaches were performed under constant control of 

viability, differentiation efficiency, contractile performance, and purity. 

Seven to ten days after differentiation induction, solitary areas of contracting cells were 

detected in the cell culture dishes. No variances in differentiation efficiency were observed 

between WT and NS iPSC-CMs. After digestion and selection of the cell cultures, the iPSC-

CMs’ purity was controlled (days 27 – 35). In flow cytometry, insignificant purity levels of 

96% α-actinin+ iPSC-CMs in WT controls and 94% α-actinin+ iPSC-CMs in NS cultures were 

measured (Figure 9A). 

With immunofluorescence, the iPSC-CMs’ sarcomere structure was inspected. Sarcomere 

structure proteins α-actinin and ventricular-restricted myosin light chain 2V (MYL2) were 

present in WT and NS iPSC-CMs between day 85 – 88, indicating well-organized sarcomere 

structures (Figure 9B). The SR calcium channel RYR2 presented a striated distribution 

pattern co-localized to α-actinin, demonstrating an intact myofibrillar structure (Figure 9C). 

After morphological analysis of sarcomere structure by immunocytochemical staining of 

sarcomere-associated structural proteins, quantification of sarcomere length was performed. 

As described in 2.2.5.1, the sarcomere length was computed via fast Fourier transformation 

using SarcOptiM for ImageJ. All measurements of WT- and NS iPSC-CMs were located in 

the physiological range between 1.8 – 2 µm (Figure 9D).  

In brief, a successful and stable generation of functional NS iPSC-CMs with a typical 

morphology devoid of abnormalities in the sarcomere structure was feasible. 
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Figure 9) Generation of stable and functional iPSC-CMs with typical marker expression: (A) 
The iPSC-CMs (day 27 – 35) were analyzed on α-actinin+ cells via flow cytometry analysis. 
Representative measurements of the iPSC CMs of WT1 (blue) and NS1-2 (red) are shown. The grey 
areas are the isotype controls of the corresponding samples. In quantitative analysis, repetitive high 
differentiation efficiencies were measured in independent differentiation experiments (for WT: n = 6 
of 3 iPSC lines; for NS: n = 8 of 4 iPSC lines, 2 per index patient). Data are presented as mean ± 
SEM, the statistical analysis was performed with the nonparametric Mann-Whitney test. (B, C) 
Immunofluorescence staining was performed on the WT and NS iPSC-CMs (day 85 – 88) for 
structural characterization. Ventricular-specific MLC2V (red) and α-actinin (green) presented a well-
organized sarcomere structure. The SR calcium channel RYR2 (red) was co-localized to α-actinin, 
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demonstrating an intact myofibrillar organization. The images shown are representative images of 
the iPSC-lines WT2 and NS2-2. Nuclei were co-stained with DAPI (blue). Scale bar: 20 µm. (D) 
Computed sarcomere length via fast Fourier transform analysis using SarcOptiM for ImageJ evinced 
comparable values. Adapted from Hanses et al. 2020 with the kind permission of Lippincott Williams 
& Wilkins. 

 

Further characterization of the iPSC-CMs included the electromechanical properties by 

means of frequency corrected field potential duration (FPDc; 2.2.5.2), conduction velocity, 

beat-to-beat variability, and contraction amplitude. Both iPSC-CM cultures between day 

53 – 76 were digested on CytoView MEA 48-well plates and measured in the Axion MEA 

system described in 2.2.5.2. The representative traces in Figure 10A illustrate the field 

potential measurement.  

No differences between WT and NS iPSC-CMs were found in both FPDc (223 ± 15 ms in 

WT vs. 206 ± 6 ms in NS iPSC-CMs) and conduction velocity (0.315 ± 0.033 mm/ms in 

WT vs. 0.402 ± 0.049 mm/ms in NS iPSC-CMs) (Figure 10B and C). Although no 

significant alterations in the field potential analysis were detected, the beat-to-beat variability 

was modestly lower in the WT compared to patients’ iPSC-CM (4.42 ± 0.82% in WT vs. 

9.16 ± 1.2% in NS iPSC-CMs). Remarkably, both cultures presented a beat regularity > 90%, 

defined as the standard deviation of each beat period from the mean beat period in percent 

(Figure 10D). 

The contraction amplitude was measured as impedance changes. Compatible with a 

hypertrophied heart muscle with a high left ventricular outflow gradient, the contraction 

amplitude was increased in the NS iPSC-CMs (1 ± 0.03 in WT vs. 1.24 ± 0.05 in NS iPSC-

CMs), suggesting a higher force generation (Figure 10E). 
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Figure 10) Electromechanical characteristics of NS iPSC-CMs: The iPSC-CM cultures were 
measured with the Axion MEA system at day 53 – 76 to analyze electromechanical characteristics 
comprising contraction and field potential parameters (WT: n = 52 samples, 7 independent 
differentiations, 2 iPSC lines; NS: n = 51 samples, 9 independent differentiations, 3 iPSC lines, 1 – 2 
per patient). (A) Representative field potentials of WT2 (blue), NS1-1 (red) NS2-1 (dark red). The 
field potential duration was measured from the spike (first amplitude) to the peak of the t-wave 
(second amplitude). (B, C) The frequency corrected FPD (FPDc, Fridericia’s formula) and the 
conduction velocity (CV) showed no differences between the two iPSC-CM cultures. (D) The beat-
to-beat variability displayed a significant difference between WT and NS iPSC-CMs. However, both 
iPSC-CM cultures presented > 90% beat regularity. (E) Compared to the WT, NS iPSC-CMs 
exhibited a significant increase in contractility. Data are presented as mean ± SEM, the statistical 
analysis was performed with the nonparametric Mann-Whitney test (***P < 0.001, ****P < 0.0001). 
Adapted from Hanses et al. 2020 with the kind permission of Lippincott Williams & Wilkins. 
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With quantitative real-time PCR (2.2.3.5), the gene expression of general cardiac, 

hypertrophy associated, and calcium handling associated genes, and LZTR1 in NS iPSC-CMs 

was examined. 

The expression of general cardiac genes such as α-actinin (ACTN2), cardiac muscle troponin T 

(TNNT2), ventricular-restricted MYL2, connexin 43 (GJA1), and the transcription factor NK2 

homeobox 5 (NKX2-5) was detectable in comparable amounts in WT and NS iPSC-CMs 

between day 60 – 75 (Figure 11A). Natriuretic peptides NPPA and NPPB, which higher 

expression profiles are often associated with cardiac hypertrophy, displayed no alterations in 

expressivity (Figure 11B). 

Furthermore, calcium handling and calcium homeostasis regulating genes were examined. 

Interestingly, significant increases in the expression of NS iPSC-CMs compared to WT iPSC-

CMs were found for ryanodine receptor 2 (RYR2) and ATPase sarcoplasmic/endoplasmic reticulum 

calcium transporting 2 (ATP2A2). While calsequestrin 2 (CASQ2) is elevated insignificantly, 

phospholamban (PLN), sodium/calcium exchanger 1 (SLC8A1), as well as calcium voltage-gated channel 

subunit alpha1 C (CACNA1C) are expressed comparably between NS and WT iPSC-CMs. 

These changes indicated impairment in calcium homeostasis/handling (Figure 11C). The 

quantitative detection of LZTR1-mRNA revealed a similar expression in the NS iPSC-CMs 

compared to the WT controls, suggesting no significant non-sense mediated decay of the 

mutated transcripts in NS cultures (Figure 11D). 

In this segment, successful directed differentiation in pure, stable, and functional iPSC-CMs 

was demonstrated. The iPSC-CMs displayed increased contractility, and, in quantitative real-

time PCR, expression variances indicated impaired calcium handling. 
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Figure 11) Gene expression of NS iPSC-CMs in comparison to WT controls: After mRNA 
isolation and cDNA synthesis, the gene expression in the iPSC-CMs (day 60 – 75) was quantified by 
quantitative real-time PCR. The samples were analyzed in triplicates. The corresponding genes were 
normalized against both GAPDH and ACTB expression and WT controls. For WT n = 5 
independent differentiation experiments were generated from 3 iPSC lines and for NS n = 8 
independent differentiation experiments from 4 iPSC lines, 2 per index patient. (A, B) Expression of 
general cardiac structure genes and hypertrophy associated genes revealed no differences between 
iPSC-CMs cultures. (C) Quantitative real-time PCR revealed differences in the gene expression of 
calcium homeostasis and calcium handling. (D) The LZTR1 transcript was present in all iPSC CMs 
in equal amounts. Data are presented as mean ± SEM, the statistical analysis was performed with the 
nonparametric Mann-Whitney test (*P < 0.05). Adapted from Hanses et al. 2020 with the kind 
permission of Lippincott Williams & Wilkins. 

3.4 Patient-Specific NS iPSC-CMs Phenocopy the Hypertrophic 

Disease Phenotype 

The pronounced HCM was detected in vivo in the echocardiographic examination. This 

hypertrophic phenotype was controlled in vitro at the cellular level using iPSC-CMs (Figure 

2C and Figure 12). Pure iPSC-CMs (day 60 – 84) were examined in a cell culture dish with 

two different assays as described in 2.2.5.3 in four different confluences outlined by the 

representative images (Figure 12A). A highly confluent monolayer with > 5×105 cells was 

used in suspension analysis to show the indirect correlation between cell size and density. 

The highly confluent monolayer was omitted in the manual cell size determination due to 

insufficient discrimination of cell boundaries.  

The relationship between cell size and cell density in the culture dish was clearly shown. With 

decreasing cell density, the cell size increased in both assays and both iPSC-CM cultures. 

These differences flattened off notably in the incomplete monolayer (5×104) to the single-

cell level (2.5×104; Figure 12B and D). At these densities, the cell size is no longer dependent 
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on the cell density allowing meaningful results. Compared to the suspension analysis, in 

adherent analysis, a slightly significant difference in the cell area of the iPSC-CMs could be 

observed already at the higher confluence with 1×105 cells per 12-well (6,325 ± 236 µm2 for 

NS iPSC-CMs compared to 5,420 ± 234 µm2 for WT iPSC-CMs). This cell size difference 

between NS iPSC-CMs and the WT iPSC-CMs increased significantly at lower confluences 

(10,157 ± 269 µm2 in NS cells compared to 7,117 ± 178 µm2 in WT cells at 5×104 cells and 

11,371 ± 364 µm2 in NS cells compared to 8,052 ± 410 µm2 in WT cells at 2.5×104 cells per 

well; Figure 12B). Scattering of individual measuring points and size difference between the 

measured groups at 2.5×104 cells was displayed in the dot plot (Figure 12B). Additionally, the 

cell size difference is clearly shown in relative size distribution at 2.5×104 cell confluence, 

indicating a shift of the NS iPSC-CMs to a larger cell area (Figure 12C). 

Following the adherent analysis, the cell size within the cultures in suspension analysis was 

confirmed by automated cell diameter analysis. No significant differences were observed in 

confluent cultures with > 5×105 cells with a cell diameter of 21.9 ± 0.3 µm and 

21.8 ± 0.4 µm in NS and WT iPSC-CMs, respectively, and in cultures with 1×105 cells per 

well with a cell diameter of 23.9 ± 0.3 µm and 23.6 ± 0.4 µm in NS and WT iPSC-CMs, 

respectively. At a confluence of 5×104 cells and 2.5×104 cells per well, a significant increase 

in cell diameter was observed with 25.0 ± 0.3 µm for 5×104 cells and 24.8 ± 0.2 µm for 

2.5×104 cells in the NS cultures, compared to a cell diameter of 23.7 ± 0.3 µm and 

23.7 ± 0.2 µm in the controls (Figure 12D). Analogous to adherent analysis, the single-cell 

level was illustrated decidedly in the dot plot (Figure 12D) and cell size distribution (Figure 

12E). 

Collectively, size measurements of NS patients and WT controls demonstrated that NS iPSC-

CMs recapitulate the in vivo hypertrophic phenotype with significantly larger cardiomyocytes 

consistently with the increased contractility (Figure 10E). 
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Figure 12) Cell size measurements of WT and NS iPSC-CM cultures: Between day 60 – 84, 
iPSC CMs are digested into four different densities on a 12-well plate (> 5×105, 1×105, 5×104, and 
2.5×104 cells per well). (A) Viable cell cultures were recorded with phase-contrast microscopy, and 
cell boundaries were measured manually. Representative images of iPSC-CMs lines WT3 and NS2-1. 
Scale bar: 100 µm. (B) The cell area was determined by manual size measurements. The indirect 
correlation between cell size and cell culture density was detected apparently, and NS iPSC-CMs 
exposed significantly higher cell areas in lower confluences. A more detailed representation of the 
lowest confluence is shown in the dot plot (NS: n = 12 independent differentiation experiments from 
4 iPSC lines, 2 per patient, with n = 740 – 6,586 cells, WT: n = 9 independent differentiation 
experiments from 3 iPSC lines with n = 577 – 5,311 cells). (C) The cell size distribution of adherent 
analysis, displaying confluence 2.5×104 cells, presented a shift from the NS iPSC-CMs to larger 
measurement points. (D) Measured diameters using automated cell counter system CASY confirmed 
the adherent analysis results. A more detailed representation of the lowest confluence is shown in the 
dot plot (NS: n = 12 independent differentiation experiments from 4 iPSC lines, 2 per patient, with 
n = 100,590 – 275,035 cells; WT: n = 9 independent differentiation experiments from 3 iPSC lines 
with n = 84,424 – 217,944 cells). (E) Analogous to the adherent culture, a shift to larger cells in the 
cell size distribution (confluence of 2.5×104) was documented via suspension analysis. Data are 
presented as mean ± SEM, the statistical analysis was performed with the nonparametric Mann-
Whitney test (**P < 0.01, ****P < 0.0001). Adapted from Hanses et al. 2020 with the kind permission 
of Lippincott Williams & Wilkins. 
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3.5 Patient-Specific NS iPSC-CMs Display Disrupted Calcium 

Handling 

To analyze calcium handling, NS and WT iPSC-CMs were examined by confocal line scan 

imaging described in 2.2.5.5 for calcium transients (CaTs) and cytosolic calcium sparks. The 

iPSC-CMs of all four NS iPSC lines and three WT iPSC lines between day 56 – 76 were 

labeled with calcium indicator Fluo-4 AM and used for fluorescence-based measurements. 

Since calcium kinetics are highly dependent on the beating rate, the cells were field stimulated 

at 0.25 Hz during the recordings to avoid that observations were possibly related to 

differences in beating frequency. Analysis of CaTs under basal conditions revealed a 

significantly higher amplitude in iPSC-CMs of NS1 compared to WT iPSC-CMs 

(2.08 ± 0.05 ΔF/F0 vs. 1.56 ± 0.04 ΔF/F0). Interestingly, the amplitudes’ elevation of NS1 

was not reflected by NS2 (1.55 ± 0.04 ΔF/F0) (Figure 13A and C). The patients’ cells 

exhibited a significantly faster CaT rise time than control iPSC-CMs (NS1 271 ± 6 ms and 

NS2 273 ± 5 ms vs. WT 455 ± 7 ms) (Figure 13D). Furthermore, the duration of CaTs at 

20% (NS1 357 ± 5 ms and NS2 325 ± 6 ms vs. WT 420 ± 5 ms) and 50% decay (NS1 

891 ± 10 ms and NS2 905 ± 13 ms vs. WT 1,053 ± 10 ms) was significantly shorter in NS 

iPSC-CMs compared to WT iPSC-CMs (Figure 13E and F). 

In addition to basal measurements, cells are treated with verapamil to monitor changes in 

calcium handling and sparks. Interestingly, verapamil did not affect CaTs in WT iPSC-CMs 

in all investigated parameters (Figure 13B – F). In contrast to WT cells, verapamil 

significantly decreased the CaT amplitude by 37% in NS iPSC-CMs (NS 1.32 ± 0.06 ΔF/F0). 

Remarkably, the effect of verapamil was more evident in NS2 than in NS1, although the NS2 

CaT amplitude in the basal measurement was already at WT level (Figure 13C). Furthermore, 

verapamil prolonged the CaT rise time (NS1 344 ± 9 ms and NS2 385 ± 10 ms) (Figure 13B 

and D) and increased the CaT duration at 20% (NS1 407 ± 8 ms and NS2 463 ±9 ms) and 

50% decay (NS1 1,032 ± 18 ms and NS2 1,265 ± 17 ms) (Figure 13B, E and F). In response 

to verapamil treatment, NS iPSC-CMs’ CaTs characteristics were ameliorated to WT control 

cells. 
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Figure 13) Patient-specific NS iPSC-CMs display disrupted calcium handling with faster 
CaTs: On coverslips, iPSC-CMs (day 56 – 76) were loaded with Fluo-4 AM to visualize the calcium 
cyclings and recorded by confocal imaging. (A, B) Representative plots of calcium transients (CaTs) 
of NS iPSC-CMs (red: iPSC line NS1-2; dark red: iPSC line NS2-1) and WT iPSC-CMs (blue, iPSC 
line WT2). Below the plots, corresponding line scans are shown under basal conditions (A) and after 
30 min incubation of 100 nM verapamil (B). (C – F) Quantitative analysis of CaTs under basal 
conditions and after verapamil (VP) incubation for CaT amplitude (C), CaT rise time (D), CaT decay 
at 20% (E), and CaT decay at 50% (F) revealed altered CaT kinetics in patients’ cells and verapamil 
administration assimilated calcium handling characteristics of NS iPSC-CMs to control cells (for WT: 
n = 11 independent differentiation experiments from 3 iPSC lines with n = 489 – 1,000 cells; for NS: 
n = 18 independent differentiation experiments from 4 iPSC lines, 2 per patient, with n = 340 – 753 
cells for NS1 and n = 358 – 715 cells for NS2). Data are presented as mean ± SEM in the bar graphs 
and in dot plots to show the distribution of the individual measured data, the statistical analysis was 
performed with the nonparametric Kruskal-Wallis test with Dunn’s correction (***P < 0.001, 
****/####P < 0.0001; * indicates significance to WT, # indicates significance to basal condition). 
Adapted from Hanses et al. 2020 with the kind permission of Lippincott Williams & Wilkins. 
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In addition to alterations of CaTs, analysis of end-diastolic calcium sparks revealed significant 

changes. Compared to WT iPSC-CMs, NS iPSC-CMs displayed a significantly higher calcium 

spark frequency (NS1 13.4 ± 0.3 sparks 100 µm-1 s-1 and NS2 11.4 ± 0.3 sparks 100 µm-1 s-1 

vs. 8.8 ± 0.2 sparks 100 µm-1 s-1) (Figure 14A and C). A similar trend was observed in the 

sparks’ amplitudes with significantly higher values in the NS iPSC-CMs (NS1 

0.389 ± 0.004 ΔF/F0 and NS2 0.343 ± 0.003 ΔF/F0 vs. WT 0.303 ± 0.003 ΔF/F0) (Figure 

14D). For further characterization of the end-diastolic calcium sparks, the spark’s full width 

at half maximum (FWHM) and full duration at half maximum (FDHM) were determined. 

Both FWHM (NS1 1.55 ± 0.02 µm and NS2 1.42 ± 0.02 µm vs. WT 1.34 ± 0.01 µm) and 

FDHM (NS1 19.0 ± 0.3 ms and NS2 17.8 ± 0.4 ms vs. WT 15.2 ± 0.3 ms) showed a 

significant increase in NS iPSC-CMs compared to WT iPSC-CMs, with relative more 

weighted differences in FDHM (Figure 14E and F). The calculated overall diastolic SR 

calcium leak was averaged 3-fold higher in NS iPSC-CMs compared to WT cells (NS1 

3.7 ± 0.3 and NS2 2.2 ± 0.2 vs. WT 1.0 ± 0.1, normalized to WT) (Figure 14G). This 

difference in diastolic SR calcium leak was significantly higher in the iPSC-CMs of index 

patient II_1 compared with the iPSC-CMs of index patient II_2. 

In addition to the positive effects of verapamil on CaTs (Figure 13), the verapamil treatment 

of patient-specific iPSC-CMs positively affected calcium sparks, whereas its influence on the 

three WT iPSC-CM lines was noticeably weaker (Figure 14B). Spark frequency was 

significantly reduced after verapamil administration in NS iPSC-CMs, whereas nearly no drug 

effect was observed in control cells (NS1 10.7 ± 0.4 sparks 100 µm-1 s-1 and NS2 5.9 ± 0.3 

sparks 100 µm-1 s-1 vs. WT 8.1 ± 0.3 sparks 100 µm-1 s-1) (Figure 14C). The effect of verapamil 

treatment is most clearly evident when considering overall diastolic SR calcium leak, which 

implies amplitude, width, and duration of each spark. The averaged overall diastolic SR 

calcium leak in the patients’ CMs was normalized to WT conditions. Interestingly, 

verapamil’s effect on the NS iPSC-CM was equally strong in both index patients, although 

index patient II_1 had higher values among the basal measurements (NS1 1.46 ± 0.16 and 

NS2 0.26 ± 0.03, normalized to WT at basal conditions) (Figure 14B and G). 

In short, the analysis of CaTs and calcium sparks displayed altered calcium transients and 

elevated diastolic SR calcium leak exposing a disruption in calcium handling in NS iPSC-

CMs. Importantly, a therapeutic intervention with verapamil reversed the calcium 

dysregulation to WT conditions. 
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Figure 14) Patient-specific NS iPSC-CMs exhibited significantly higher spontaneous releases 
of calcium from the sarcoplasmic reticulum: On coverslips, iPSC-CMs (day 56 – 76) were loaded 
with Fluo-4 AM to visualize the calcium cyclings and recorded by confocal imaging. (A, B) 
Representative plots of diastolic calcium sparks in WT and NS iPSC-CMs with graphical illustrations 
via 3D surface plots (FIJI) (iPSC line WT2 and NS1-1) under basal conditions (A) and after treatment 
with 100 nM verapamil (B). (C – G) Quantitative spark analysis under basal conditions and after 
verapamil (VP) treatment for spark frequency (C), amplitude (D), full width at half maximum 
(FWHM) (E), full duration at half maximum (FDHM) (F), and overall diastolic calcium leak (G) 
indicated significant changes in spontaneous calcium release under basal conditions in NS iPSC-CMs 
and verapamil administration normalized the diastolic calcium leak (for WT: n = 11 independent 
differentiation experiments from 3 iPSC lines with n = 490 – 1,000 cells; for NS: n = 18 independent 
differentiation experiments from 4 iPSC lines, 2 per patient, with n = 337 – 752 cells for NS1 and n 
= 360 – 717 cells for NS2). Data are presented as mean ± SEM in the bar graphs and in dot plots to 
show the distribution of the individual measured data, the statistical analysis was performed with the 
nonparametric Kruskal-Wallis test with Dunn’s correction (*P < 0.05, **P < 0.01, ***P 
< 0.001****/####P < 0.0001; * indicates significance to WT, # indicates significance to basal 
condition). Adapted from Hanses et al. 2020 with the kind permission of Lippincott Williams & 
Wilkins. 
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3.6 Effect of  Verapamil on Cell Hypertrophy in NS iPSC-CMs 

After demonstrating that verapamil’s acute effect could reduce calcium handling 

disturbances, the influence of verapamil’s long-term treatment on cell viability and 

hypertrophy was investigated. 

The cell viability of iPSC-CM under verapamil long-term incubation was investigated using 

PrestoBlue HS Cell Viability Reagent (2.2.5.4). The influence of different verapamil doses 

(10 nM, 100 nM, 1 µM, 10 µM, and 20 µM) on iPSC-CM cultures were measured regularly 

over one week. A particular focus was set on the therapeutic dose of 100 nM verapamil. No 

difference between 100 nM and the DMSO control was found in both WT and NS iPSC-

CMs. At the dose of 20 µM verapamil, the cell viability was reduced, which interestingly 

affected the NS iPSC-CM pronouncedly (Figure 15). The results indicated that verapamil’s 

therapeutic dose of 100 nM does not limit cell viability. 

Figure 15) Influence of verapamil on iPSC-CM’s viability: WT (A) and NS (B) iPSC-CMs at day 
70 – 89 were incubated over one week with verapamil in different doses (10 nM, 100 nM, 1 µM, 
10 µM, and 20 µM) or DMSO as control. A therapeutic dose of 100 nM (green arrow) showed no 
effect on cell viability compared to DMSO control in both WT and NS iPSC-CMs. The higher dose 
of 20 µM impaired the cell viability progressively. Samples were normalized to the corresponding well 
prior to stimulation (WT: n = 9 samples per concentration, 3 independent differentiations, 2 iPSC 
lines; NS: n = 6 samples per concentration, 2 independent differentiations, 2 iPSC lines, 1 per 
patient). Adapted from Hanses et al. 2020 with the kind permission of Lippincott Williams & Wilkins. 
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Differentiated iPSC-CMs of all four NS iPSC lines and the three WT lines were digested with 

a confluence of 2.5×104 cells per 12-well. The cell culture was maintained for 20 days with 

50 nM or 100 nM verapamil and a verapamil-negative control (Figure 16A). The cell size of 

iPSC-CMs was examined at day 69 – 88. Size measurements were performed by the 

automatic cell counter system CASY in suspension analysis analogous to section 3.4. Again, 

the analysis of the verapamil-negative control group presented a significant difference in cell 

size between WT iPSC-CMs and NS iPSC-CMs (24.3 ± 0.3 µm vs. 25.8 ± 0.2 µm) 

demonstrating the experiments’ consistency. 

Whereas verapamil treatment did not show any influence on cell diameter in WT cells 

(24.0 ± 0.3 µm in 50 nM vs. 24.4 ± 0.4 µm in 100 nM), the cell size of the patients’ iPSC-

CMs displayed a slightly reduced cell diameter after long-term treatment without significant 

evidence (25.0 ± 0.2 µm in 50 nM vs. 25.1 ± 0.2 µm in 100 nM) (Figure 16B). 

The data demonstrated that pharmacological intervention with verapamil could not 

normalize the hypertrophic phenotype in the patients’ cells. 

Figure 16) Long-term verapamil treatment and its effect on hypertrophy: (A) Schematic 
overview of the experiment. For 20 days, iPSC-CMs were incubated with 50 nM (+VP50nM) or 
100 nM verapamil (+VP100nM). A subgroup without verapamil treatment served as a control (-VP). 
The cell diameter was assessed by suspension analysis using the CASY cell counter system. (B) 
Quantitative cell diameter analysis is displayed by bar graph and dot plot. The already demonstrated 
cell size difference (Figure 12) was presented repeatedly in the untreated control group. Verapamil 
administration showed no effect in WT iPSC-CMs. The NS iPSC-CMs’ cell size decreased slightly 
without proof of significance (WT: n = 9 independent differentiation experiments from 3 iPSC lines; 
NS: n = 12 independent differentiation experiments from 4 iPSC lines, 2 per patient). Data are 
presented as mean ± SEM, the statistical analysis was performed with the nonparametric Kruskal-
Wallis test with Dunn’s correction (*P < 0.5). Adapted from Hanses et al. 2020 with the kind 
permission of Lippincott Williams & Wilkins. 
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3.7 Specific Gene Expression Profile of  NS iPSC-CMs 

For further elucidation of the severe cardiac phenotype, a comparative transcriptome analysis 

was conducted with LZTR1-deficient iPSC-CMs. The iPSC-CMs of all four NS iPSC lines 

and three WT iPSC lines were pelleted between day 60 – 75, and total RNA was isolated as 

described in 2.2.3.2 and 2.2.3.6.  

The transcriptome analysis revealed 777 significantly down- and 444 upregulated genes in 

the NS iPSC-CMs compared to healthy WT controls. The expression profile of iPSC-CMs 

was plotted using principal component analysis (PCA). Remarkably, the iPSC-CMs clustered 

noticeably into two separated groups, WT and NS, indicating diverging expression profiles 

(Figure 17A). Additionally, the different expression profiles were illustrated by ClustVis 

dividing the samples into two main groups, clearly illustrated by the dendrogram (Figure 

17B). To categorize the expression changes caused by LZTR1 mutations into affected 

biological pathways, the transcriptome data were analyzed using KEGG. According to the 

p-value, several altered biological processes with links to cardiac pathogenetic processes were 

determined, namely, extracellular matrix-receptor interaction, focal adhesions, hypertrophic 

and dilatative cardiomyopathy, regulation of the actin cytoskeleton, and calcium signaling. 

Interestingly, the RAS-MAPK pathway, playing a pivotal role in NS’s pathogenesis, also 

appeared in the KEGG pathway enrichment analysis (Figure 17C).  
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Figure 17) Transcriptomic analysis of NS iPSC-CMs: iPSC-CMs were characterized by 
transcriptome analysis on day 60 – 75 (for NS: n = 8 independent differentiation experiments of 4 
iPSC lines, 2 per patient and for WT: n = 5 independent differentiation experiments of 3 iPSC lines). 
(A) The iPSC-CMs can be assigned noticeably to two main areas in the PCA – WT (blue) and NS 
(red). (B) ClustVis clustered the transcriptome analysis data set. Analogous to the PCA plot, iPSC-
CMs were divided into diseased and non-diseased clusters. (C) Alterations of biological processes 
were analyzed using KEGG and sorted by p-value. The numbers indicate the altered- related to 
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pathway associated genes. Adapted from Hanses et al. 2020 with the kind permission of Lippincott 
Williams & Wilkins. 

 
 

The RAS-MAPK pathway plays a pivotal role in the etiology and pathogenesis of 

RASopathies like NS. Through significant changes in the RAS-MAPK pathway in KEGG 

analysis, a precise breakdown of the transcriptome data concerning genes of the RAS-MAPK 

pathways was conducted. The schematic illustration of the RAS-MAPK pathways is shown 

in Figure 18A and is divided into eight different hierarchical subgroups for a better overview. 

The expression of genes assigned to the corresponding subgroups was compared within the 

groups of WT and NS. The significant changes, displayed as log2 fold change, and the 

adjusted p-value are shown (Figure 18B). General cardiac genes (TTN, ACTN2, TNNT2, 

MYH7, and MYL2) were analyzed for quality control. No significant differences in 

expression were measured at high raw sequence reads, indicating homogeneous and pure 

iPSC-CM cultures.  

A total of 15 significant changes in expression were found in the RAS-MAPK pathways. 

These significant changes are assigned to three subgroups (I, VII, and VIII). Five of the 15 

genes are upregulated in NS iPSC-CMs, while ten are downregulated compared to WT iPSC-

CMs. These alterations indicated a multifactorial regulation of the RAS-MAPK pathways 

through several genes.  

  



3 Results 71 

Figure 18) RAS-MAPK signaling pathway in transcriptome analysis of NS iPSC-CMs: (A) 
Illustration of the RAS-MAPK signaling pathway. For a better overview, the pathway is divided into 
eight subgroups (I-VIII) with color-coding. Blue represents the direct signal cascade, green 
modulators, and yellow downstream effectors in the nucleus. (B) The data of the genes from the 
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transcriptome analysis were assigned to the corresponding subgroups and changes in expression were 
color-coded with the raw z score. In case of significant changes between WT and NS, the log 2-fold 
change was specified. LZTR1 is allocated to subgroup VI and indicated with red color. Adapted from 
Hanses et al. 2020 with the kind permission of Lippincott Williams & Wilkins. 

Additionally, the gene expression of subgroups VII and VIII were validated using 

quantitative real-time PCR. Representatives from both groups play an important role in the 

regulation of the RAS-MAPK pathway and have been associated with cardiac hypertrophy. 

Protein phosphatases DUSP2, DUSP6, and PTPA, which negatively regulate the RAS-

MAPK pathway, were significantly upregulated using quantitative real-time PCR. The data 

indicated a compensatory upregulation of negative regulators in patients’ cells (Figure 19A). 

Furthermore, the RAS-MAPK pathways’ downstream effectors GATA4 and ELK1 

displayed an almost two-fold upregulated expression (Figure 19B). This upregulated 

expression indicates an increased activity of the RAS-MAPK pathway due to a LZTR1 

dysfunction.  

Figure 19) Expression of RAS-MAPK negative regulators and downstream effectors: Negative 
regulators (A) and downstream effectors (B) of the RAS-MAPK pathway were assessed by 
quantitative real-time PCR analysis with iPSC-CMs at day 60 – 75 (for WT: n = 5 independent 
differentiation experiments from 3 iPSC lines; for NS: n = 8 independent differentiation experiments 
from 4 iPSC lines, 2 per patient). Samples were analyzed in triplicates, and data were normalized to 
GAPDH and ACTB expression and WT controls. Data are presented as mean ± SEM. *P < 0.05, 
**P < 0.01 by the nonparametric Mann-Whitney test.  
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3.8 LZTR1-Deficient iPSC-CMs’ Specific Protein Signature 

After detecting several genes with significant expression differences by transcriptome 

analysis, iPSC-CMs’ protein alterations were examined by quantitative proteomics. Two 

independent differentiation experiments from three WT iPSC lines and four NS iPSC lines 

were labeled by the SILAC method, as described in 2.2.4.4. Proteins with the corresponding 

quantity were determined by mass spectrometry, and the differences between the NS and 

WT samples were evaluated. The procedure was illustrated in the schematic overview in 

Figure 20A. 

Proteomic analysis identified and quantified 2,440 proteins. Analogous to the transcriptome 

data, general cardiac-specific proteins served as internal quality control of the iPSC-CM 

cultures. Cardiac troponin T (CTNT), ventricular myosin light chain-2 (MLC2V), titin 

(TTN), and myosin heavy chain β (MHC-β) were detected in high amounts in all iPSC-CM 

samples without significant difference in quantity, indicating pure iPSC-CM cultures and 

successful differentiation (Figure 20B).  

The investigation of group-specific protein expression revealed 283 differently expressed 

proteins. Strikingly, different RAS isoforms – HRAS, NRAS, and especially the muscle RAS 

oncogene homolog (MRAS) – showed increased protein expression in the LZTR1-deficient 

patient samples. Interestingly, not all RAS isoforms (RRAS and RRAS2) were significantly 

increased (Figure 20B). After applying the Benjamini-Hochberg false discovery rate (FDR) 

of 0.05, MRAS remains the only upregulated protein highlighting the importance of this RAS 

isoform for the pathophysiology of LZTR1-deficient NS (Figure 20C). 

The 283 significantly differentially expressed proteins were further evaluated, and 21 highly 

significant proteins (P < 0.001) were detected. Of the 21 proteins, 12 were up- and 9 

downregulated in NS iPSC-CMs (Figure 20D). Among the 12 upregulated proteins, MRAS 

was also detectable. Using quantitative proteomics, an LZTR1-associated NS-specific 

protein signature was processed (Figure 20E). The protein signature could be divided into 

three main groups – RAS-MAPK activity, cardiac hypertrophy, and calcium dysregulation. 

Except for CRYBB3 and THEM6, interactions, correlations, and associations could be 

established in the literature or the bioinformatics database STRING (see 4.1.6). Interestingly, 

for most of the proteins, several associations to the main groups RAS-MAPK activity, cardiac 

hypertrophy, or calcium dysregulation were possible simultaneously.  

The protein signature revealed the interconnection of the diverse functional units in the 

complex system of cardiomyocytes. 
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Figure 20) Quantitative proteomic analysis of NS iPSC-CMs: (A) Schematic overview of the 
experimental setup for quantitative proteomics of NS and WT iPSC-CMs (day 68 – 71, NS: n = 8 
independent differentiation experiments of 4 iPSC lines, 2 per patient and WT: n = 6 independent 
differentiation experiments of 3 iPSC lines). The iPSC-CM cultures were cultivated for 45 days with 
either “light” or “heavy” amino acids. The samples of “heavy” amino acids of NS and WT iPSC-CMs 
were pooled with equal protein quantities and used as spike-in super SILAC standard. After mixing 
each ‘light-labeled’ sample 1:1 with spike-in-Super-SILAC standard, mass spectrometric detection 
was performed. (B) All 2,440 measured proteins were plotted, and significant alterations between NS 
and WT marked red (283 proteins). General cardiac markers and different RAS isoforms are bordered 
black and marked separately. (C) Depiction of expression differences’ p-value between WT and NS 
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of the measured proteins in the Volcano plot. Different RAS isoforms are bordered in black, whereas 
the significant intensities are additionally marked in red. Only MRAS passed the Benjamini-Hochberg 
FDR of 0.05. The t-test FDR rate of 0.05 or the outlier significance score for log protein ratios 
depending on intensity values (significance B) with Benjamini-Hochberg false discovery rate of 0.05 
was used for statistical tests. (D) Of the 283 significant expression differences, 21 highly significant 
(P < 0.001) proteins, 12 up- and 9 downregulated, were selected to further analyze a protein signature. 
(E) LZTR1-associated NS-specific protein signature is divided according to RAS-MAPK activity, 
cardiac hypertrophy, and calcium dysregulation. Different colors and lines marked correlation, 
associations, or interactions. Adapted from Hanses et al. 2020 with the kind permission of Lippincott 
Williams & Wilkins. 

The significant change in RAS isoforms led to further investigation of the RAS-MAPK 

pathways. The RAS-MAPK pathway’s activity is substantially regulated by phosphorylation 

and dephosphorylation, which was not considered in SILAC-based proteomics. Using 

western blot, we validated the increased amount of RAS isoforms and determined the 

phosphorylation status of MAPK1 (aliases: p42 MAPK, ERK2) and MAPK3 (aliases: 

p44 MAPK, ERK1). 

Stable expression of general cardiac markers CTNT and ventricular-specific MLC2V was 

detected in the NS and WT iPSC-CMs around day 70, confirming pure iPSC-CM cultures. 

To assure comparable protein amounts in the analysis, housekeeper protein β-actin was 

measured for each sample (Figure 21A). 

In addition to SILAC-based proteomics, in NS iPSC-CMs a significant increase of the RAS 

protein was measured in Western blot (Figure 21B and C). The pan-RAS antibody detects 

various RAS isoforms impeding an individual RAS isoform examination. Next, the RAS-

MAPK pathways’ activation status was investigated by determining the phosphorylation 

status of Thr185/Tyr187 and Thr202/Tyr204 for MAPK1 and MAPK3, respectively. Equal 

amounts of total MAPK protein expression were detected in the WT and NS iPSC-CMs, 

normalized to total protein (1.0 ± 0.2 fold in WT versus 1.2 ± 0.2 fold in NS) (Figure 21B 

and D). However, significantly elevated phosphorylated MAPK were observed in the 

patients’ cells compared to the phospho-MAPK expression in the WT cells (1.0 ± 0.3 fold 

in WT versus 2.4 ± 0.4 fold in NS) (Figure 21B and E). The overall ratio of phosphorylated- 

to total MAPK protein expression was more than a two-fold increase in the NS iPSC-CMs 

(Figure 21F). Interestingly, the data could be obtained using untreated iPSC-CM cultures 

without the requirement of RAS-MAPK stimulation, which is typically necessary to detect 

disturbances in RAS-MAPK regulations in cell-based systems. 
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In summary, the protein analysis of LZTR1-deficient iPSC-CMs showed increased RAS 

protein expression in both spike-in super-SILAC and Western blot. The examination of the 

pathway activity demonstrated a hyperactivated RAS-MAPK pathway.  

Figure 21) Analysis of RAS-MAPK signaling activity in WT and NS iPSC-CMs: The activity 
of the RAS-MAPK pathways depends on protein phosphorylation. (A) Before quantification of RAS-
MAPK signal activity, iPSC-CM culture quality was controlled by general cardiac markers. CTNT, 
ventricular specific MLC2V, and housekeeper protein -actin were present in equal intensity, 
indicating pure iPSC-CM cultures and comparable amounts of protein. The measured proteins’ 
atomic mass was denoted with corresponding kDa. (B-F) RAS-MAPK signal activity was analyzed 
in unstimulated iPSC-CMs, analyzed in triplicates and normalized against total protein and WT. For 
the analysis, NS: n = 8 independent differentiation experiments of 4 iPSC lines, 2 per patient, and 
WT: n = 6 independent differentiation experiments of 3 iPSC lines were used on day 60 – 81. (B) 
Representative image of antibodies pan-RAS, phosphorylated MAPK (Thr202/Tyr204 of MAPK3 
and Thr185/Tyr187 of MAPK1), total MAPK and housekeeper β-actin with the corresponding 
atomic mass in kDa. Quantitative evaluation of the pan-RAS expression (C), total MAPK expression 
(D), phosphorylated MAPK expression (E), and the overall ratio of phosphorylated to total MAPK 
protein expression (F). Data are presented as mean ± SEM, the statistical analysis was performed 
with the nonparametric Mann-Whitney test. (*P < 0.05, ****P < 0.0001). Adapted from Hanses et 
al. 2020 with the kind permission of Lippincott Williams & Wilkins. 
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4 Discussion 

The clinical suspicion of the two siblings for NS was confirmed by whole exome sequencing. 

The inconclusive NGS-based multigenic panel analysis underlines the necessity for further 

diagnostics using whole exome sequencing, which finally paved the way for the identification 

of the compound heterozygous mutation in LZTR1. The paternally inherited mutation 

c.1943-256C>T differs from the maternally inherited mutation c.27dupG, localized in exon 

1, in the intronic localization. This combination showed the necessity for genomic analysis 

into deep non-coding, intronic regions to decode unclear mutations. Complex constellations 

such as splice mutations are becoming increasingly important in genetic diagnostics, making 

high-throughput screening methods even more comprehensive in their analysis (Pagani and 

Baralle 2004; Lewandowska 2013).  

Already Johnston and colleagues (2018) linked mutations in LZTR1 and NS in 2018. 

Interestingly, the publication revealed the molecular genetics of autosomal recessive NS. The 

autosomal recessive inheritance pattern in LZTR1-deficient NS is remarkable, as the disease 

was previously considered as a dominant inherited syndromic disease (Roberts et al. 2013). 

In this work, the consequence of the mutation c.1943-256C>T was further demonstrated. 

The paternally inherited c.1943-256C>T leads to the activation of a cryptic splice site 

resulting in a new cryptic exon, located between exons 16 and 17, and containing a TGA 

stop codon sequence. Considering the biallelic mutations with premature termination of 

protein synthesis on both alleles, no functional LZTR1 protein is expressed in both siblings.  

Depending on the mutated gene, NS can affect diverse organ systems in differing severities 

resulting in a multifaceted syndromic disease pattern (Roberts et al. 2013). Considering the 

pronounced NS cardiac phenotype, NS-associated genes RAF1 and RIT1 correlate with 

HCM (Pandit et al. 2007; Razzaque et al. 2007; Aoki et al. 2013). In line with the clinical data 

of Johnston and colleagues (2018) and the siblings’ data of this project, the biallelic LZTR1 

can be counted among the mutations with a distinctive severe cardiac phenotype.  

The collected genetic data substantiate the relevance of further deciphering the versatile 

LZTR1 mutations, on the one hand, regarding NS in genetics and molecular diagnostics, on 

the other hand, in the clinical management of HCM. In summary, these findings made 

LZTR1 an attractive candidate in disease modeling to better understand the pathogenesis 

and pathophysiology in order to improve methods in diagnostics and therapy. 
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4.1 LZTR1 Disease Modeling with iPSCs 

The iPSC technology (see 1.3) has a unique position in disease modeling and provides novel 

insights in partly unknown diseases with opportunities for translation into precision medicine 

(Sayed et al. 2016). Despite the many unknown factors in NS’s pathogenesis and 

pathophysiology, a LZTR1 NS iPSC disease model has not yet been described.  

With this new in vitro iPSC NS model, many novel insights have been gained. We have 1) 

generated and characterized stable compound heterozygous LZTR1 iPSCs and successfully 

differentiated them into iPSC-CMs, 2) recapitulated the in vivo hypertrophy in iPSC-CMs in 

vitro, 3) normalized impaired calcium cycling with verapamil, 4) detected the connection 

between LZTR1 mutations and a hyperactivated RAS-MAPK pathway, and 5) established a 

specific LZTR1 associated NS protein signature. 

4.1.1 Successful Generation of NS iPSCs and iPSC-CMs 

By generating patient-specific iPSCs, the role of the biallelic LZTR1 mutations in disease 

manifestation and progression can be examined in vitro without the necessity of ethically 

questionable experiments on humans or animals. During a cardiosurgical operation, skin 

samples of the siblings were obtained and used to isolate skin fibroblasts. Overexpression of 

the four Yamanaka transcription factors OCT4, SOX2, KLF4, and C-MYC resulted in the 

reprogramming of somatic cells (skin fibroblasts) into iPSCs (Takahashi and Yamanaka 

2006). According to current standards, the overexpression was initiated by an integration-

free Sendai virus transfection, leaving the host’s genome unchanged (Fusaki et al. 2009). 

Additionally, iPSC culture was maintained under feeder-free conditions with full chemically 

defined conditions to reduce the influence of unknown molecules (Andrews et al. 2010; Chen 

et al. 2011). 

A comprehensive characterization proved that the NS cultures are no longer end-

differentiated skin fibroblasts but iPSCs with typical pluripotent expression patterns. Besides 

a clear morphological differentiation of the iPSCs from skin fibroblasts, the iPSCs expressed 

pluripotency-related markers OCT4, SOX2, LIN28, FOXD3, and GDF3. Furthermore, 

protein expression of pluripotency-related markers (OCT4, SOX2, NANOG, LIN28, and 

TRA1-60) were detected in NS iPSCs. The activation of pluripotency-associated expression 

patterns differs significantly from those of skin fibroblasts, demonstrating a transient and 

effective Sendai virus activity leading to successful reprogramming without risk of 

modification of host genome (Kim et al. 2008; Fusaki et al. 2009). 
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A unique characteristic of pluripotent stem cells is their ability to differentiate into all cell 

types (Itskovitz-Eldor et al. 2000). The NS iPSCs differentiated spontaneously into derivates 

of all three germ layers. The iPSC cultures expressed germ layer-specific proteins 

(endodermal marker AFP, mesodermal-specific α-SMA, and ectodermal β-III tubulin), 

proving the pluripotency-unique characteristic. 

Passaging of iPSCs is a major risk factor for chromosomal instability (Liu et al. 2014). The 

genome of NS iPSCs was compared to the original fibroblasts after several passages for 

deletions, copy number variations, and aneuploidies without detecting relevant alterations. 

After confirmation of chromosomal stability and the presence of the biallelic LZTR1 

mutations, NS iPSCs with the correct siblings’ genome were successfully generated. 

In a few words, NS skin fibroblasts were successfully reprogrammed into patient-specific 

iPSCs, which show definite characteristics of pluripotent cells, differentiated into derivates 

of the three germ layers, exhibited the mutations of interest in LZTR1, and do not show 

chromosomal instability due to reprogramming and passaging. The generated cells fulfill the 

criteria of iPSCs and thus serve as a starting point for disease modeling.  

 

The pronounced HCM phenotype caused by the biallelic LZTR1 mutations were elucidated 

in cardiomyocytes using iPSC-CMs. To ensure a pure and efficient differentiation, a directed 

differentiation into iPSC-CMs was performed by modulating the canonical WNT/β-catenin 

pathway (Kleinsorge and Cyganek 2020). For an isolated examination of cardiomyocytes 

without other tissues’ influence, iPSC-CM cultures underwent a metabolic selection by 

glucose starvation (Tohyama et al. 2013). With flow cytometry, iPSC-CMs’ purity was 

regularly confirmed by α-actinin expressions > 90%. The detection of a typical sarcomere 

structure in immunocytochemical stainings by α-actinin, MLC2V, and RYR corresponds to 

high-quality iPSC-CMs in published differentiation protocols (Burridge et al. 2012; Lian et 

al. 2012; Lian et al. 2013; Burridge et al. 2014). 

The iPSC-CMs’ development status has often been described as immature. The lack of 

adolescence with fetal expression profiles differs from the gene expression of cardiac tissue 

samples, suggesting an insufficient translation to adult cardiomyocytes (Yang et al. 2014; van 

den Berg et al. 2015; Cyganek et al. 2018). However, in this case report, the siblings’ HCM 

was documented prenatally, and the fetal or embryonic status of the iPSC-CMs can be 

considered an advantage in modeling hereditary syndromic diseases for further 

understanding the pathogenesis during embryonic or fetal development. 
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An initial characterization of the NS iPSC-CMs included measuring electromechanical 

properties and the expression of general cardiac markers, hypertrophy, and calcium handling 

associated genes.  

No significant differences were found in the field potentials of the NS iPSC-CMs. In 

addition, the NS iPSC-CMs presented high beat-to-beat regularity. Nevertheless, it is difficult 

to conclude the electrical activity in terms of a “typical” HCM phenotype because the results 

in the literature are inconsistent and different mutations can result in different HCM 

phenotypes differing in their electrical activity (Han et al. 2014; van Mil et al. 2018). In 

contrast, hypercontractility is frequently associated with HCM iPSC-CMs, which is in line 

with the data of NS iPSC-CMs suspecting a higher force generation (Lan et al. 2013; van Mil 

et al. 2018; Toepfer et al. 2020). However, a direct investigation of force generation was not 

conducted. The generation of 3D engineered tissues represents the gold standard for force 

analyses, which was not part of this project (Tiburcy et al. 2017). 

The characterization of NS iPSC-CMs’ gene expression by quantitative real-time PCR 

revealed no differences of general cardiac markers compared to controls, assuming a 

comparable quality between the different iPSC-CM cultures. Contrary to prior studies, no 

differences were detected in the expression of the natriuretic peptides NPPA and NPPB, 

whose overexpression correlates evidently to cardiac hypertrophy (Friddle et al. 2000; Man 

et al. 2018). Calcium homeostasis and handling are critical components of proper CM 

function, whereas its dysfunction is often associated with cardiovascular diseases, including 

HCM (Eisner et al. 2017). Gene quantification of calcium balance in the initial 

characterization of iPSC-CMs revealed significant expression differences in RYR2 and 

ATP2A2. Opposite expression differences, up-and-down-regulation, have been described in 

the literature impeding direct conclusion from the results (van Mil et al. 2018). Nevertheless, 

the results indicated alterations in calcium handling with the necessity for further 

investigation. 

In summary, we have successfully generated LZTR1-deficient iPSC-CM in high quality and 

purity. The iPSC-CMs serve as a basis for further structural, functional, and molecular 

investigations. The initial characterization of NS iPSC-CMs revealed hypercontractility and 

expression alterations of genes responsible for calcium homeostasis. 

4.1.2 Biallelic LZTR1 Mutations Resulting in Cardiomyocyte Hypertrophy 

Concordant to the siblings’ cardiac phenotype, NS is often accompanied by congenital heart 

diseases (Roberts et al. 2013). Using the NS iPSC-CM model, the cell size was examined by 

two independent test methods in a 2D monolayer, which simultaneously allowed the control 
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of the test reliability. The iPSC-CM culture was maintained in a strictly serum-free 

environment to avoid influence on cell size (Dambrot et al. 2014). In both adherent and 

suspension experiments, hypertrophic NS iPSC-CMs were documented. Thus, in vivo results 

obtained by the echocardiographic examination of both siblings were recapitulated in vitro, 

emphasizing the iPSC technology’s potential for disease modeling. Additionally, the 

consistent results of both test setups confirmed the criteria of test reliability and generated 

evident results. The evidence of NS iPSC-CMs’ increased cell size coincides with results from 

publications of both HCM iPSC-CMs and NS iPSC-CMs (Sharma et al. 2013; Higgins et al. 

2019). 

Interestingly, HCM-typical microfibrillar disarray was not detected in NS iPSC-CMs in the 

immunocytochemical control of the sarcomere structure, distinguishing from results of both 

non-syndromic HCM (Lan et al. 2013; Han et al. 2014; Mosqueira et al. 2018) and NS-

associated HCM (Burch et al. 1992; Jaffré et al. 2019). When comparing the results to HCM 

sarcomere disarray, it must be pointed out that most HCM-causing mutations affect proteins 

of the contractile apparatus (Maron and Maron 2013; Wang et al. 2018). Whereas LZTR1 

can be considered as a regulator of the RAS-MAPK pathway via protein degradation without 

a compromising mechanical influence on sarcomeres (Bigenzahn et al. 2018; Steklov et al. 

2018; Castel et al. 2019).  

The hypertrophic NS cardiomyocytes are consistent with research showing enlarged 

cardiomyocytes in NS mouse models, describing a hyperactivated RAS-MAPK pathway as 

the causative pathogenesis. The endocardium or myocardium was contradictorily suspected 

to be the disease-causing heart layer (Nakamura et al. 2007; Araki et al. 2009). Determining 

the cell size in the pure, mainly ventricular-like iPSC-CMs (Burridge et al. 2014; Cyganek et 

al. 2018) without any endocardial influence, we assume at least in part a myocardial etiology 

in LZTR1-associated NS, which differs from results from Araki and colleagues modeling 

PTPN11 that proposed an exclusive endocardial cause of HCM (Araki et al. 2009). However, 

the influence on cell hypertrophy by endocardium or other cell types remains unclear in 

LZTR1-associated NS and requires further investigation with more complex tissues, e.g., 

engineered human myocardium (Tiburcy et al. 2017; Kaushik et al. 2018).  

Finally, the in vivo HCM phenotype was recapitulated in vitro by NS iPSC-CMs. The in vitro 

NS disease model serves as a good test platform to screen the influence of drugs or other 

treatments indicated by cell size normalization (Lan et al. 2013). 



4 Discussion 82 

4.1.3 Disrupted Calcium Cycling in NS iPSC-CMs 

As described above, calcium cycling is essential for proper cardiomyocyte function, whereas 

dysfunction is associated with cardiac diseases (Eisner et al. 2017). In gene expression analysis 

by quantitative real-time PCR, alterations in the genes RYR2 and ATP2A2 were measured. 

Changes in the expression or phosphorylation of both RYR2 and ATP2A2 are closely linked 

with disturbances in calcium cycling, which is frequently observed in HCM (Frey et al. 2012). 

Based on these findings, additional data on calcium cycling were obtained by confocal line 

scan imaging. 

Consistent with the up-regulation of calcium handling-associated genes RYR2 and ATP2A2, 

our results revealed shortened CaTs, larger and more frequent calcium sparks, and a threefold 

increase in diastolic SR calcium leakage in patients’ iPSC-CMs. These calcium cycling 

measurements in LZTR1-deficient NS iPSC-CMs correspond to HCM models caused by 

sarcomere-associated (Fatkin et al. 2000; Lan et al. 2013) and RASopathy-associated gene 

mutations (Clay et al. 2015; Josowitz et al. 2016). These data suggest that non-syndromic and 

NS-associated HCM share similar pathways in disease manifestation and progression in the 

literature’s context.  

RYR2-mediated increased spontaneous diastolic calcium release from SR may trigger 

arrhythmogenic delayed afterdepolarizations that can cause life-threatening arrhythmias and 

sudden cardiac death in patients (Lehnart et al. 2008; Bers 2014). Furthermore, it is assumed 

that impaired calcium homeostasis plays a central role in cardiac hypertrophy’s manifestation 

and progression (Fatkin et al. 2000; Robinson et al. 2018).  

Interestingly, calcium dysregulation has been directly associated with RAS-MAPK and 

calcineurin-NFAT signaling (Robinson et al. 2018), speculating a correlation between RAS-

MAPK hyperactivation, cardiac hypertrophy, and abnormal calcium cycling, provoking the 

severe phenotype. 

Due to the results mentioned above, the correction of calcium dysregulation and signaling 

could be an interesting and important therapeutic target to address the treatment or 

prevention of non-syndromic and NS-associated HCM. 

4.1.4 Short- and Long-Term Effect of Verapamil 

The iPSC-CM model is particularly suitable for testing drugs. Before human application, 

drugs’ effect or toxicity can be tested in vitro in the sensitive system of cardiomyocytes with 

a simultaneously high translation (Gintant et al. 2017). 
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We expected to ameliorate the disrupted calcium cycling and the hypertrophic phenotype 

progression by applying the L-type calcium channel blocker verapamil. Verapamil, whose 

role is underlined by recommendations in the European Society of Cardiology (ESC) 

guidelines for the therapy and diagnosis of HCM (Elliott et al. 2014), was used to test its 

effect on disrupted calcium cycling in NS iPSC-CMs. Prior application, we controlled the 

therapeutic verapamil dose of 100 nM used in other iPSC-CM models (Lan et al. 2013; Han 

et al. 2014). We could not observe an influence of the therapeutic dose of 100 nM on cell 

viability in long-term verapamil treatment, excluding critical toxicity on the NS iPSC-CMs. 

Verapamil’s acute effect was evaluated measuring calcium cycling and the influence of long-

term treatment on cell size. After 30 min incubation period with 100 nM verapamil, the 

calcium cycling properties of the NS iPSC-CMs were re-evaluated. Strikingly, the 

dysregulation in both CaTs and calcium leak was significantly reduced with pharmacological 

treatment, in line with observations in sarcomeric HCM iPSC-CMs models (Han et al. 2014).  

Obviously, a global reduction of cellular calcium entry can normalize distinct subcellular 

abnormalities in NS cardiomyocytes, suggesting that this drug may be useful in preventing 

calcium-induced hypertrophy and arrhythmias or sudden cardiac death in NS patients. 

Motivated by the acute effect on calcium cycling, we tested the long-term verapamil effect 

on cell size. HCM iPSC-CMs models have already shown promising results in the therapy of 

calcium dysregulation, which prevented the development of the hypertrophic phenotype 

(Lan et al. 2013), supporting the assumption that disturbed calcium homeostasis plays a 

central role in the development of HCM (Fatkin et al. 2000; Robinson et al. 2018).  

Contrary to these findings, we could not discover a significant effect of the long-term 

verapamil treatment in the iPSC-CMs. After 20 days of verapamil incubation, the cell size of 

NS iPSC-CMs showed a slightly decreasing trend, what could not be proven by statistical 

tests. Though, the lacking influence of verapamil on the cell size of NS iPSC-CMs indicates 

a more complex NS pathogenesis beyond or additionally to the scope of disrupted calcium 

homeostasis. 

In conclusion, pharmacological intervention with verapamil can restore the alterations in 

calcium cycling, potentially preventing arrhythmias and achieving an economization of 

cardiac output. However, the hypertrophic phenotype could not be improved, considering 

verapamil as a symptomatic and unsustainable therapeutic option. 



4 Discussion 84 

4.1.5 Biallelic LZTR1 Influence on RAS-MAPK Pathway 

NS belongs to the group of RASopathies, whose common pathophysiology is a RAS-MAPK 

pathway dysregulation (Aoki et al. 2016; Simanshu et al. 2017). All NS-associated genes 

influence the RAS-MAPK pathway, wherein LZTR1 constitute a recently identified regulator 

(Roberts et al. 2013; Tidyman and Rauen 2016). LZTR1 belongs to the BTB-KELCH 

superfamily, and its representatives regulate crucial functions in gene regulation, cell 

morphology, and cell migration (Adams et al. 2000), offering manifold possibilities of 

pathogenesis. 

LZTR1 is expressed in almost all tissues (Fagerberg et al. 2014; NCBI Resource Coordinators 

2016), as well as iPSCs and iPSC-CMs, which is also reflected in the divergent disease 

phenotypes, e.g., heart disease and leukemia (Johnston et al. 2018). The reason certain 

mutated NS genes like RAF1, RIT1, and LZTR1 exhibit a particularly cardiotropic 

phenotype remains unclear (Pandit et al. 2007; Razzaque et al. 2007; Aoki et al. 2013).  

Recent studies have investigated LZTR1’s function and the influence on the RAS-MAPK 

pathway. Consistently, LZTR1 was associated with the cullin 3 ubiquitin ligase complex. 

Ubiquitin ligase complexes attach ubiquitin to proteins and initiate their degradation. 

Interestingly, the LZTR1 cullin 3 ubiquitin ligase complex appears to have a regulatory effect 

on proteins of the RAS-MAPK pathways, namely RAS and RIT1, suggesting loss-of-

function results in pathway hyperactivity (Bigenzahn et al. 2018; Steklov et al. 2018; Castel et 

al. 2019). Simultaneously, these data provided the first direct connection between NS-

associated genes with an emphasized HCM phenotype, LZTR1 and RIT1 (Aoki et al. 2013; 

Castel et al. 2019).  

 

Using the LZTR1-deficient NS iPSC-CM model, the effect of the biallelic mutation on gene 

and protein expression was extensively evaluated by transcriptome, quantitative real-time 

PCR, SILAC proteomics, and western blot to generate further information. 

To analyze the transcriptome’s comprehensive data sets, PCA plots facilitate a simplified 

visualization (Metsalu and Vilo 2015; Son et al. 2018). Interestingly, iPSC-CM cultures 

clustered in PCA clearly into two groups – healthy and diseased. These data are consistent 

with the heat map analysis, visualized with ClustVis (Metsalu and Vilo 2015). A deduction of 

the simplified visualization methods is limited, certainly showing that the NS iPSC-CMs’ 

transcriptome differs sharply from healthy WT cultures. For further analysis, significantly 

altered gene expressions were examined with the KEGG to determine the affected pathways 

and biological processes of NS iPSC-CMs (Kanehisa 2000). Strikingly, significant alterations 
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in the KEGG pathway enrichment analysis account HCM, calcium signaling, and MAPK 

signaling pathway for affected pathways, reflecting previous results and observations in NS 

iPSC-CMs. Thus, the hypertrophic phenotype, disrupted calcium cycling, and the assumed 

altered RAS-MAPK signaling underspin their role in the central pathogenesis of LZTR1-

associated NS. Furthermore, the LZTR1-deficient transcriptome data may provide links to 

less frequently NS-associated diseases, such as lupus erythematosus (Martin et al. 2001; 

Alanay et al. 2004; Lisbona et al. 2009), and certainly contain information for further, 

undescribed connections.  

In the detailed transcriptome analysis of the RAS-MAPK pathway, alterations in negative 

regulators and downstream effects were detected. Using quantitative real-time PCR, 

increased expressions in both negative regulators (DUSP2, DUSP6, PTPA) and downstream 

effectors (GATA4, ELK1) were detected.  

Concordantly, dual-specificity phosphatases (DUSPs), especially DUSP6, have been associated 

with both altered MAPK activity and cardiac hypertrophy, and, additionally, downstream 

targets of the RAS-MAPK pathway GATA4 and ELK1 were identified as important 

regulators in stimulus-induced cardiac hypertrophy (van Berlo et al. 2011; Mutlak and Kehat 

2015). These findings suggest LZTR1’s loss-of-function lead to increased activity of the 

RAS-MAPK pathways, that is insufficiently compensated by the increased expression of 

negative regulators.  

In short, we were able to generate a comprehensive transcriptome dataset for biallelic 

LZTR1-associated NS, disclosing phenotypic expression differences, and indication for 

increased RAS-MAPK signaling activity.  

 

Obviously, biological processes are not simply regulated by transcription or translation. The 

transcriptome data indicated no differences in the expression of RAS isoforms. The recently 

discovered influence of LZTR1 on RAS degradation involves regulatory effects at protein 

level (Bigenzahn et al. 2018; Steklov et al. 2018; Castel et al. 2019). Therefore, we extended 

the consideration of the NS-associated RAS-MAPK pathway to the proteome. 

The proteome of NS iPSC-CMs was subsequently examined using SILAC to detect protein 

abundances, focusing on the RAS-MAPK pathway. Interestingly, three RAS isoforms 

(NRAS, HRAS, MRAS) were found among the significantly altered proteins. The most 

significant evidence was measured for MRAS, muscle RAS oncogene homologous (synonym: 

R-RAS3), possessing high tissue restriction to the heart and brain compared to other RAS 

superfamily members (Kimmelman et al. 1997). The results suggest that the pronounced 
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cardiac phenotype is triggered by the loss-of-function of LZTR1, leading to increased 

accumulation of MRAS, especially in the heart, resulting in RAS-MAPK pathway 

hyperactivity. This theory is supported by consistent research results describing MRAS as a 

new trigger of NS with directly associated HCM (Higgins et al. 2019; Suzuki et al. 2019; 

Motta et al. 2020). 

However, overexpression of MRAS or other RAS isoforms does not allow direct conclusions 

on the RAS-MAPK pathway’s activity, since it is significantly regulated by phosphorylation 

(Guan 1994). The RAS-MAPK pathway was re-evaluated by Western blot and factoring in 

the activity through MAPK phosphorylation. Consistent with the proteome data, the pan-

RAS antibody, comprising all RAS isoforms, exhibited a significantly increased expression in 

the NS iPSC-CMs. 

These data strongly support the recent findings of the LZTR1 cullin-3 ubiquitin ligase 

complex degrade and inactivate RAS proteins (Bigenzahn et al. 2018; Steklov et al. 2018; 

Castel et al. 2019). The MAPK activation was ascertained via the phosphorylation sites of 

the different isoforms threonine 185, tyrosine 187, threonine 202, tyrosine 204, respectively 

(Rubinfeld and Seger 2005). Despite similar total MAPK expression, significantly increased 

phosphorylated MAPK was detected in NS iPSC-CMs, remarkably without the necessity of 

prior stimulation. The western blot data proved the hyperactivated RAS-MAPK pathway in 

the NS iPSC-CM model. 

The comprehensive way of information acquisition to elucidate the pathogenesis of the 

biallelic LZTR1 mutations in the NS iPSC-CM model was only achievable by the interplay 

of the transcriptome, quantitative real-time PCR, proteome, and western blot analyses. On 

the one hand, the results demonstrate the necessary extensive data analyses complementing 

each other, on the other hand, the potential and possibilities of disease models based on the 

iPSC technology. 

To sum up, the data support the pathogenesis assumption of LZTR1 and RAS interaction, 

whereby deficient LZTR1 lead to RAS accumulation, resulting in an enhanced RAS-MAPK 

pathway activation. 

4.1.6 LZTR1-Associated NS Specific Protein Signature 

With the comprehensive generation of proteomic data sets by mass spectrometry, protein 

signatures can be developed. Protein signatures are used for the molecular classification and 

characterization of diseases and contribute to a more effective diagnosis and therapy 
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response (Caprioli 2005), already developed for malignant and degenerative disorders 

(Mandel et al. 2007; Hardesty et al. 2011; Johnstone et al. 2012).  

In addition to the mentioned RAS isoforms, further significant protein abundances were 

determined in the NS iPSC-CMs. With the help of literature and the STRING protein 

interaction network (von Mering 2004), an individual LZTR1-associated NS protein 

signature was developed from the significantly altered protein expressions. The NS protein 

signature is arranged by three pillars – RAS-MAPK activity, cardiac hypertrophy, and calcium 

dysregulation. Interestingly, connections to several pillars were figured out for several 

proteins, which demonstrated the interlocking of biological processes in the disease 

progression and development. Important representatives of the RAS-MAPK regulators are: 

MRAS (Higgins et al. 2019; Motta et al. 2020), annexin A1 (ANXA1) (Alldridge et al. 1999; 

Yang et al. 2006), ubiquitin carboxyl-terminal hydrolase 15 (USP15) (Hayes et al. 2012), and 

ubiquitin-like molecule interferon-stimulated gene 15 (ISG15) (Mustachio et al. 2018; Yeung 

et al. 2018). In addition, Calcium/calmodulin-dependent protein kinase II (CAM2KA) 

(Cipolletta et al. 2015; Mollova et al. 2015), glucose transporter protein type 1 (SLC2A1) 

(Montessuit and Thorburn 1999; Morissette et al. 2003), calcium-shuttle protein 

sarcalumenin (SRL) (Shimura et al. 2008; Jiao et al. 2009), aldolase A (ALDOA) (Li et al. 

2018), and adenylosuccinate synthetase 1 (ADSS1) (Wen et al. 2002) influence the 

development and regulation of HCM and calcium dysregulation. The LZTR1-associated NS 

protein signature was underpinned significantly by published data. Strikingly, in isogenic 

iPSC-CM controls of the biallelic LZTR1 cultures, the signature proteins’ dysregulated 

expression was normalized (Hanses et al. 2020). 

Certainly, the development of one biomarker relevant for diagnosis, treatment, and therapy 

control is highly improbable, but the protein signature can contribute to this. Moreover, the 

protein signature should not be seen as a rigid construct, but it can and should grow with the 

increasing knowledge of basic research. And finally, the possible influence and potential of 

biomarkers can be demonstrated in the context of troponin T, which has become an 

indispensable part of modern clinical medicine (Katus et al. 1992; Ibanez et al. 2018). 

4.2 Future Perspectives 

Using the LZTR1-deficient NS iPSC-CMs disease model, a direct connection between 

LZTR1 loss-of-function mutation and a hyperactivated RAS-MAPK pathway was detected 

and phenotypic characteristics, in terms of HCM, impaired calcium handling, and 

pathological protein expression, were identified. It was possible to normalize the pathological 
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calcium cycling with verapamil treatment, but an effect on the hypertrophic properties was 

lacking. The data show that verapamil drug therapy cannot be considered a sustainable 

therapeutic option in NS cardiomyocytes. Next to verapamil, beta-blockers are often 

successfully used in HCM therapy (Elliott et al. 2014). The effect of beta-blockers on NS 

iPSC-CMs remains unclear but could exceed the therapeutic effect of verapamil.  

Furthermore, new drug approaches with MEK inhibitors represent promising therapeutic 

alternatives, as already described in NS-associated cardiac phenotypes in mouse models and 

recently in human case reports (Wu et al. 2011; Andelfinger et al. 2019). The effect of MEK 

inhibitors on autosomal recessive NS iPSC-CMs could ameliorate the LZTR1-associated 

pathological characteristics. Overall, the drug therapies represent a symptomatic therapy of 

individual phenotypic disease characteristics, a causal therapy of the syndromic disease can 

only be achieved by the correction of the gene mutation.  

The results were obtained from a 2D monolayer culture. Especially considering the 

functional data, the monolayer cultures do not represent a physiological environment. By 

developing 3D models with cardiac tissue, iPSCs’ environment in disease models is more 

similar to human physiology. A detailed functional study of NS iPSC-CMs in engineered 

human myocardium will further characterize the disease phenotype (Tiburcy et al. 2017; 

Kaushik et al. 2018). 

Using the RNA-guided endonuclease system CRISPR/Cas9, gene modifications in 

eukaryotic cells are possible and offer tremendous potential in research and disease therapy 

(Cong et al. 2013; Gori et al. 2015; Ben Jehuda et al. 2018; Mosqueira et al. 2018). The biallelic 

LZTR1 mutations represent an achievable target, more precisely, the paternal intronic 

mutation c.1943-256C>T, which induces a donor splice site. By destroying the donor splice 

site, skipping of the cryptic exon with the TGA stop sequence can be achieved and a 

complete full-length LZTR1 protein would be translated. The intronic localization is 

particularly attractive because no DNA cleavage in the genome’s coding regions is necessary 

(Hanses et al. 2020).  

The iPSC-CM disease model is predestined to test gene editing and is used to develop specific 

CRISPR/Cas9 approaches (Ben Jehuda et al. 2018). In vitro, the CRISPR/Cas9 gene 

modification effect and off-targets can be specified precisely (Duan et al. 2014). Indeed, the 

biallelic LZTR1 NS could be cured in vitro using CRISPR/Cas9 (Hanses et al. 2020). 

Furthermore, gene therapy in humans is not a fiction and is the subject of recent studies. 

First gene therapy-based study approaches already showed promising results for preclinical 

studies in Duchenne muscular dystrophy therapy. Furthermore, for Leber congenital 
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amaurosis therapy, the first clinical trial with the therapeutic agent CRISPR/Cas9 is ongoing, 

and with that, personalized medicine has risen to a new level. These are the first causative 

therapeutic options for incurable hereditary diseases (Cideciyan et al. 2013; Jacobson et al. 

2015; Crudele and Chamberlain 2019).  

Nevertheless, the way to systemic gene therapy is difficult with experimental challenges and 

ethical concerns requiring more research and consensus in regulations.  
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5 Summary 

Noonan syndrome is a multisystemic disorder with variable expressivity, characterized by 

typical craniofacial features, physical and mental retardation with cardiovascular 

abnormalities. Noonan syndrome is the most common mono-genetic congenital heart 

disease and manifests as pulmonary valve stenosis, atrial and/or ventricular septum defect, 

and hypertrophic cardiomyopathy. In most cases, Noonan syndrome is caused by autosomal 

dominant germline mutations leading to hyperactivity of the RAS-MAPK pathway. Despite 

the epidemiological relevance, the understanding of variable expressivity, pathophysiological 

changes, and mechanisms, especially of congenital heart diseases, and effective causal 

therapies remains limited. 

This study focuses on two siblings with a particularly pronounced form of hypertrophic 

cardiomyopathy caused by a recently discovered autosomal recessive mutations in leucine 

zipper like transcription regulator 1. Obtained skin biopsies from both siblings were 

reprogrammed to establish a Noonan syndrome disease model with induced pluripotent stem 

cells and differentiated cardiomyocytes. With the patient-specific cardiomyocytes, the disease 

phenotype of the autosomal recessive Noonan Syndrome was characterized 

comprehensively comprising genetic, cell biological, morphological, and functional 

characteristics. 

With pure, stable, and functional cultures of induced pluripotent stem cells and differentiated 

cardiomyocytes an autosomal recessive Noonan syndrome disease model was successfully 

established. Comprehensive analyses showed that the patient-specific cardiomyocytes 

recapitulate the hypertrophic phenotype in vitro and reveal disturbances in calcium handling, 

attenuated by verapamil treatment. Long-term treatment with verapamil could not influence 

the hypertrophic phenotype, considering this treatment as a symptomatic, non-causal 

treatment option. 

Additionally, a connection between leucine zipper like transcription regulator 1 loss-of-

function and increased RAS-MAPK signaling activity was identified with transcriptome and 

proteome analysis. Protein expression alterations led to the generation of a specific protein 

signature of autosomal recessive Noonan syndrome with the potential to optimize the 

molecular classification and deciphering of pathogenesis. 

The reported human stem cell model of Noonan syndrome improves the current knowledge 

of the pathophysiological mechanisms, especially associated hypertrophic cardiomyopathy, 

and further serves as a platform for personalized medicine. 
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