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Abstract 
 

Increased microtubule detyrosination is a hallmark of heart failure and has been 

consistently observed in various in vitro and in vivo models. As heart failure prevalence 

rises worldwide, understanding the disease mechanisms and developing new 

therapeutic options are needed. Previous studies showed that reducing microtubule 

detyrosination improved cardiomyocyte contractility (Caporizzo et al., 2020; C. Y. Chen 

et al., 2020; Eaton et al., 2023; Robison et al., 2016). The heart failure drug LCZ696 

(sacubitril/valsartan) outperforms standard therapy, but its effect on microtubule 

detyrosination/re-tyrosination has not been explored. 

 

The main aim of my PhD Thesis was therefore to evaluate the impact of LCZ696 in 

vitro and to decipher the cellular pathway involved. 

 

We established an endothelin 1-induced hypertrophy model with human induced 

pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs). These cells exhibited a 

twofold increase in cell area and volume and a >1-5-fold increase in microtubule 

detyrosination, alongside typical transcriptomic and proteomic alterations. Cellular 

hypertrophy was prevented by sacubitrilat (sac), valsartan (val) or the combination of 

both, but only sac alone prevented the molecular and detyrosination changes. 

Reduction in microtubule detyrosination was also measured in mice subjected to 

transverse aortic constriction treated with LCZ696.  

 

We hypothesized that sac reduced microtubule detyrosination via the cGMP-PRKG1 

signaling. PRKG1 knockdown or inhibition increased detyrosination in hiPSC-CMs, 

while natriuretic peptides and sac activated PRKG1, indicated by VASP 

phosphorylation at serine 239. In hiPSC-CMs lacking the ability to re-tyrosinate 

microtubules, atrial natriuretic peptide increased microtubule tyrosination, suggesting 

PRKG1 inhibits the detyrosinase vasohibin 1 (VASH1) by phosphorylation. A VASH 

inhibitor produced the same effect, supporting the mechanism.  Collaborators identified 

seven potential PRKG1A phosphorylation sites in the VASH1 C-terminus. Mutation of 

these sites to mimic phosphorylation reduced enzyme activity after transduction in 

VASH1-deficient hiPSC-CMs.  
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Since hiPSC-CMs deficient in vasohibin activity still exhibited about 20% of microtubule 

detyrosination (Pietsch et al., 2024), the last part of this PhD thesis was to assess the 

role of the newly identified detyrosinase MATCAP1. We successfully established a 

MATCAP1-deficient hiPSC line, which passed all implied quality control steps. In 

hiPSC-derived 2D culture of CMs or 3D engineered heart tissues, MACAP1 knockout 

caused extensive proteomic changes affecting structural and metabolic pathways and 

reduction in microtubule detyrosination in the EHTs. 

 

Overall, our results show that microtubule detyrosination is a key driver of 

cardiomyocyte hypertrophy and highlight cGMP-PRKG1 pathway as a potential 

therapeutic target to improve heart failure outcome.  
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Zusammenfassung  
 

Die erhöhte Detyrosinierung ist ein Kennzeichen verschiedener Formen der 

Herzinsuffizienz. Dies wurde in verschiedenen in vitro und in vivo Modellen dieser 

Pathologie beschrieben. Angesichts der weltweit zunehmenden Prävalenz der 

Herzinsuffizienz ist ein Verständnis der zugrundeliegenden Mechanismen sowie die 

Entwicklung neuer therapeutischer Ansätze von großer Bedeutung. Frühere Studien 

zeigten, dass eine Reduktion der Detyrosinierung von Mikrotubuli die Kontraktilität von 

Kardiomyocaten verbessert (Caporizzo et al., 2020; C. Y. Chen et al., 2020; Eaton et 

al., 2023; Robison et al., 2016). Das klinisch wirksame Herzinsuffizienzmedikament 

LCZ696 (Sacubitril/Valsartan) zeigte sich der Standardtherapie überlegen, jedoch 

wurde sein Einfluss auf die Mikrotubuli Detyrosinierung und Re-Tyrosinierung bislang 

nicht untersucht.  

 

Das Hauptziel dieser Dissertation war daher, die Wirkung von LCZ696 in vitro zu 

evaluieren und den zugrundeliegenden zellulären Signalweg zu verstehen.  

 

Hierzu wurde ein Endothelin-1-basiertes Hypertrophiemodell mit humanen, aus 

induzierten pluripotenten Stammzellen abgeleiteten Kardiomyocyten (hiPSC-CMs) 

etabliert. Diese Zellen zeigten eine etwa zweifache Zunahme von Zellfläche und 

- volumen sowie eine 1,5-fache Zunahme der Detyrosinierung von Mikrotubuli, 

begleitet von typischen transkriptomischen und proteomischen Veränderungen. Die 

Hypertrophie wurde sowohl durch Sacubitrilat (sac), Valsartan als auch deren 

Kombination verhindert, jedoch konnte nur sac die molekularen Veränderungen und 

die erhöhte Detyrosinierung verhindern. Eine derartige Reduktion der Mikrotubuli-

Detyrosinierung wurde ebenfallls in Mäusen nach transversaler Aortenkonstriktion 

(TAC) unter LCZ696 Behandlung beobachtet.  

 

Wir postulieren, dass sac die Detyrosinierung der Mikrotubuli durch eine Aktivierung 

des cGMP-PRKG1-Signalwegs reduziert. Tatsächlich führte die hemung oder der 

Knockdown von PRKG1 zu einer Zunahme der Detyrosinierung, während 

natriuretische Peptide und sac PRKG1 aktivierten. Dies wurde durch eine erhöhte 

Phosphorylierung von VASP an Serin-239 belegt. In hiPSCs, denen die Fähigkeit zur 

Re-Tyrosinierung fehlte, erhöhte das atriale natriuretische Peptid (ANP) den 
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Tyrosinierungsgrad, was darauf hindeutet, dass PRKG1 die Detyrosinase Vasohibin 1 

(VASH1) durch Phosphorylierung hemmt. Ein VASH-Inhibitor zeigte den selben Effekt 

und unterstützte somit den postulierten Mechanismus. Eine Kollaborierende 

Arbeitsgruppe indentifizierte sieben potenzielle PRKG1A-Phosphorylierungsstellen in 

der C-terminalen Domäne von VASH1. Die Mutation dieser Aminosäuren zu 

phosphomimetischen Varianten reuzierte die Enzymaktivität nach Transduktion in 

VASH1-defizienten hiPSC-CMs.  

 

Da hiPSC-CMs mit fehlender Vasohibin-Aktivität noch etwa 20% Rest-Detyrosinierung 

aufwiesen (Pietsch et al., 2024), untersuchte der letzte Teil dieser Arbeit die Rolle der 

neu identifizierten Detyrosinase MATCAP1. Wir etablierten erfolgreich eine 

MATCAP1-defiziente hiPSC-Linie, die alle erforderlichen Qualitätskontrollen bestand. 

In 2D Kulturen und künstlichem 3D Herzmukelgewebe führte diese Defizienz zu 

weitreichende proteomischen Veränderungen, die sowohl strukturelle als auch 

metabolische Signalwege betrafen. In den 3D Geweben führte der Knockout 

außerdem zu einer deutlichen Reduktionn der Detyrosinierung von Mikrotubuli.  

 

Insgesamt zeigten unsere Ergebnisse, dass die Mikrotubuli Detyrosinierung ein 

zentraler Treiber der Kardiomoyzytenhypertrophie ist und dass der cGMP-PRKG1-

Signalweg ein vielversprechendes therapeutisches Ziel zur Verbesserung der 

Herzinsuffizienz darstellt.  
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1. Introduction  
 

1.1 Heart failure  
 

Heart failure (HF) represents one of the main health burdens of modern industrialized 

societies (Murray & Lopez, 2013). The associated direct and indirect costs impose a 

substantial challenge on the healthcare systems of aging societies (Luengo-Fernandez 

et al., 2023). It is estimated that HF accounts for economic costs of 108 billion United 

States (US) Dollars globally (Khan et al., 2024). The following chapter will introduce 

the different aspects involved and potential treatment and prevention options.  

 

1.1.1 Prevalence, morbidity and mortality for different heart failure types 
 

The global prevalence of heart failure is estimated to exceed 64 million (mio) cases 

with pronounced regional differences (James et al., 2018). Accurate assessment of the 

global burden is hampered by limited data availability from less developed regions 

(Figure 1). While the incidence of HF is reported to be stable or even declining, 

prevalence is increasing among older population groups (Roger, 2021). This trend is 

compounded by the increase in median age and life expectancy in industrialized 

countries, overall resulting in a high number of cases (Kontis et al., 2017).  

 
Figure 1: Global prevalence of heart failure. 
Percentage of the population suffering from HF in the indicated countries. Lighter blue color represents 

a lower prevalence, while darker ones indicate higher values. Percentages range from 0.4% (Thailand) 

to 5% (Indonesia). From: (Khan et al., 2024). Abbreviations: USA, United States of America. 
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1.1.2 Heart failure phenotypes  
 
HF is defined as a structural and/or functional deficit of the heart, which results in the 

inability to sufficiently supply the body with oxygenated blood. Ejection fraction (EF) 

lies at the center of most definitions and is clinically considered for treatment decisions 

and prognosis (Khan et al., 2022; Lund et al., 2022). Based on EF, three HF subtypes 

are typically distinguished: HF with reduced EF (HFrEF), HF with mildly reduced EF 

(HFmrEF), and HF with preserved EF (HFpEF).  

 

HFrEF is classified by an EF of 40% or less. Approximately 23 mio of the 64 mio 

worldwide HF cases are classified as HFrEF. Patients often experience dyspnea and 

exercise intolerance. The reduction in EF is commonly accompanied by remodeling 

especially of the left ventricle. As symptoms are often unspecific, comprehensive 

diagnostic assessment is needed, including evaluation of electrocardiographic 

parameters and measurements of plasma natriuretic peptides (NPs; Murphy et al., 

2020). Another diagnostic marker that is often employed is the measurement of cardiac 

troponin I (Felker et al., 2012). 

 

HFmrEF patients, defined by an EF of 40-49%, are more likely to present with ischemic 

heart disease which makes them more similar to HFrEF than HFpEF (Savarese et al., 

2022). Importantly, randomized and controlled trials focused on HFmrEF are lacking 

(Srivastava et al., 2020). 

 

In contrast to HFrEF and HFmrEF, HFpEF represents a relatively recently defined 

subtype of HF. Interestingly, HFpEF patients suffer from typical HF symptoms despite 

an EF >50%. Obesity and diabetes are common comorbidities, explaining the inclusion 

of body mass index among the diagnostic parameters alongside the use of anti-

hypertensive drugs, pulmonary hypertension status, left ventricular filling pressure and 

age. Based on these parameters, HFpEF can be further sub-divided into four different 

phenotypes: aging phenotype, obesity phenotype, pulmonary hypertension phenotype 

and coronary artery disease phenotype (Adamczak et al., 2020).  

 

When comparing outcomes across subtypes, HFrEF has the highest mortality rates, 

while HFmrEF is intermediate and HFpEF generally has the lowest. Still, the risks of 
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hospitalization and cardiovascular events are especially high in older HFrEF and 

HFpEF patients with comorbidities. In contrast, the event rate in HFmrEF is lower than 

in HFrEF but higher than in HFpEF (Yuntao Chen et al., 2021; Pocock et al., 2006; 

Rich et al., 2018).  

 

Finally, the distribution of HF subtypes shows regional differences. Globally, HFpEF is 

slightly more prevalent than HFmrEF but in some countries, like the US or Japan, it 

even surpasses that of HFrEF (Figure 2; Khan et al., 2024).  

 

 
Figure 2: Regional differences in the distribution of heart failure subtypes. 
Bar graph of the prevalences of HFrEF (blue), HFmrEF (yellow) and HFpEF (red) globally, in the US, 

Europe, Asia, Africa, Japan, China and Australia as percentage from overall HF cases. Disease 
etiologies grouped by geographic area. From: (Khan et al., 2024). Abbreviations: HFmrEF, heart failure 

with mildly reduced ejection fraction; HFpEF, heart failure with preserved ejedtion fraction; HFrEF, heart 

failure with reduced ejedtion fraction.  

 

1.1.3 Causes of heart failure  
 

The underlying causes of HF are diverse and multifactorial. A major group corresponds 

to ischemic factors, including myocardial infarction, chronic coronary artery disease, 

ischemic mitral regurgitation and microvascular dysfunction. Collectively, these 

myocardial injuries account for about 70% of HF cases (Del Buono et al., 2022; Grigioni 

et al., 2005; Heusch, 2022).  
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Besides that, there are non-ischemic factors like dilated cardiomyopathy (DCM), 

hypertrophic cardiomyopathy (HCM), restrictive cardiomyopathy (RCM) and 

arrhythmogenic cardiomyopathy (ACM). DCM, HCM and RCM are frequently driven 

by genetic variants but may also be attributed to lifestyle factors like to consumption of 

alcohol or exposure to other toxins like chemotherapeutic drugs, especially in the case 

of DCM (Seferović et al., 2019).  

 

Pressure overload, often leading to hypertrophy, as well as inflammation and persistent 

infections can further predispose to HF development (Groenewegen et al., 2020; 

Heusch, 2022).  

 

Ultimately different lifestyle factors are drivers of HF development and the global HF 

epidemic. Physical inactivity increases risk for HF, primarily through a reduction of 

cardiovascular fitness, and increases the likelihood of developing obesity, which 

promotes both hypertension and cardiac remodeling. Logically, obesity is also closely 

linked to suboptimal dietary patterns. Moreover, smoking severely increases the HF 

risk, predominantly by promoting vascular damage and increasing the risk for coronary 

artery disease (Del Gobbo et al., 2015; Larsson et al., 2016).  

 

1.1.4 Treatment options for heart failure  
 

After outlining the HF causes, it is evident that modifying lifestyle factors, including 

increased physical exercise and weight loss represent cost-effective strategies to 

prevent or manage HF in the gross population (Bozkurt, 2024).  

 

In addition to lifestyle modifications, many HF patients receive pharmacological 

treatment. Classical approaches include renin-angiotensin-aldosterone (RAAS) 

modulators like angiotensin converting enzyme (ACE) inhibitors or β-blockers. These 

drugs have pronounced positive effects on survival and decrease hospitalization rates. 

Patients may also benefit from the use of diuretics to decrease congestion (Rossignol 

et al., 2019).  
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For the present study, a relatively novel therapeutic, sacubitril/valsartan (sacval, 

marketed as Entresto® by Novartis), was of particular interest. This drug combines the 

ACE inhibitor valsartan (val) with the neprilysin inhibitor sacubitril/sacubitrilat (sac) 

forming an angiotensin receptor neprilysin inhibitor (ARNI). Mechanistically, val directly 

blocks the angiotensin-II receptor type 1 (AT1R) which prevents the increase in blood 

pressure, sympathetic tone and hypertrophy. Meanwhile, sac inhibits the peptidase 

neprilysin (MME) which, among other proteins, degrades natriuretic peptides (NPs). 

As a result, sacval simultaneously augments negative effects on blood pressure and 

sympathetic tone via val and enhances the positive of NP effects on these factors via 

sac. Importantly, the hydrolysis of N-terminal prohormone brain NP (Nt-proBNP) is not 

catalyzed by neprilysin, still allowing the diagnostic evaluation of this parameter in HF 

patients. Besides NPs, MME also degrades other peptides such as endothelin 1 (ET1; 

Menendez, 2016). PARADIGM-HF was the landmark study demonstrating safety and 

effectiveness of sacval. During this study, sacval was shown to be superior in 

preventing hospitalization due to HF and cardiovascular death compared to the 

standard of care treatment enalapril. Of the included 4187 patients in the sacval group, 

only 21.8% died from cardiovascular causes within the observation period compared 

to 26.5% in the enalapril group (McMurray et al., 2014). Figure 3 outlines the 

mechanism of action of sacval. 

 

 
Figure 3: Mechanism of action of sacubitril(at)/valsartan. 
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HF is characterized by dysregulation in both the NP and RAAS system. LCZ696 (equivalent to sacval) 

contains two different drugs, sac and val, targeting either one. Through the dual action of sacval, the 

negative effects of the RAAS system are decreased while the positive effects of the NP system are 

enhanced. From: (Menendez, 2016). Abbreviations: Ang, angiotensin; ANP, atrial natriuretic peptide; 

AT1R, angiotensin receptor 1; BNP brain type natriuretic peptide; LBQ657, sacubitrilat; LCZ696, 

sacubitril/valsartan.  

 

Another target for the treatment of HF, especially HFrEF, is the sodium-glucose 

cotransporter 2 (SGLT2). SGLT2 inhibitors have more recently gained traction as a 

therapeutic option for this pathology as they were shown to decrease mortality 

regardless of the diabetic status of patients (Murphy et al., 2020).  

 

In addition to modification of lifestyle factors and use of pharmacotherapy, implantable 

devices and other advanced therapies should also be considered for HF treatment. In 

addition to the already high symptom load, HF patients are also more likely to 

experience arrhythmias (Masarone et al., 2017). Patients presenting with an EF below 

35% might undergo implantation of a cardioverter-defibrillator or cardiac 

resynchronization therapy. Older patients (>70 years) benefit to a larger extent than 

younger ones (58-64 years) from the latter. There is no clear evidence for a decrease 

of mortality in this patient demographic with implanted cardioverter-defibrillators. In late 

stages of HF, where symptoms become more severe and include hypotension, 

progressive exercise intolerance and weight loss, positive inotropes can improve 

patient outcome. In cases where the remaining myocardium becomes progressively 

unable to supply the body with consistent blood circulation, ventricular assist devices 

or cardiac transplantation can be considered (E. Liu & Lampert, 2022). Both options 

are associated with high costs due to the high complexity of such procedures (Patel et 

al., 2015).  

 

Of the mentioned therapeutic options, RAAS modulators and β-blockers are indicated 

for the use in HFrEF while their use in HFmrEF can be considered. They are, however, 

not routinely prescribed in HFpEF. Diuretics are in regular use for all three classes of 

HF to alleviate disease severity and symptom load. ARNIs are only used in some 

HFpEF cases while they belong to the recommended drugs for HFrEF and HFmrEF. 

SGLT2 inhibitors such as empagliflozin are in contrast recommended for all types of 

HF. As discussed above, implantation of assist devices or heart transplantation are 
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usually guided by EF and therefore primarily reserved for HFrEF patients (Beghini et 

al., 2025; Shahim et al., 2025). This situation also paints the picture of missing therapy 

options for HFpEF patients.  

 

Summarizing these points, further research is needed to improve patient care in HF 

prevention, management and prognosis. This is emphasized by the growing proportion 

of elderly people in Western societies, who often reach advanced stages of HF and 

require drastic measures such as heart transplantation but are considered less due to 

rigorous selection criteria. Therefore, a growing demand of donor organs is met by a 

restricted supply, creating long waiting list and possibly preventable fatalities (Immohr 

et al., 2022; Luengo-Fernandez et al., 2023; Ribeiro & de Oliveira, 2022).  

 

1.2 Cardiac sarcomere and excitation contraction coupling  
 

The cardiac sarcomere is the basic contractile subunit of striated muscle cells including 

in the heart. It is responsible for the contractile properties and therefore for supplying 

the circulation with oxygenated blood. Multiple sarcomeres aligned in series form a 

myofibril. Each sarcomere consists of thin (actin) and thick (myosin) filaments. Titin is 

also part of this structure and spans from the Z-disc, where the sarcomeres are 

interconnected, to the middle band (M-band). Towards each end of the sarcomere, one 

can find the isotropic band (I-band), which exclusively contains titin and thin filaments. 

This sarcomeric sub-structure is compacted during contraction. Contrary to that, the 

M-band does not contain thin filaments but connects the thick filaments laterally. The 

anisotropic band (A-band) contains both thin and thick filaments (Figure 4; Crocini & 

Gotthardt, 2021).  
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Figure 4: Structure of the cardiac sarcomere. 
(Top) Schematic structure and (bottom) structure captured by electron microscopy. The cardiac 

sarcomere is made up of a plethora of proteins. It is the smallest functional subunit of a (contracting) 

muscle cell. Among the most important are the thin filament protein actin, the thick filament myosin and 

the titin protein, which spans half the sarcomere distance. The sarcomere is shortened during 

contraction. From: (Crocini & Gotthardt, 2021). Abbreviations: A-band, anisotropic band; I-band, 
isotropic band; M-band middle band. 

 

Genetic variants in sarcomere components such as myosin binding protein C3 

(MYBPC3) are among the most frequent causes for HCM and HF (Bonne et al., 1995; 

Schuldt et al., 2021; Warnecke et al., 2021). 

 

As mentioned, the main purpose of the sarcomere is contraction. A key regulator for 

this funtion is calcium (Ca2+). Cycling of Ca2+ and therefore cardiac contraction is 

ultimately regulated by electical signaling. The term excitation-contraction coupling has 

been coined for this phenomenon (Bers, 2002; Martin et al., 2022).  

 

For contraction to occur, the first necessary step is depolarization of the cardiomocyte 

(CM) membrane during action potential propagation. This depolarization causes a Ca2+ 

influx trough voltage-dependent channels but is rather small compared to the Ca2+ 

which is subsequently released from the sarcoplasmic reticulum (SR) through calcium-

induced calcium release via the ryanodine receptor 2 (RYR2). The peak concentration 

of cytoplasmic Ca2+ is thought to be around 6 µM. Subsequently, cytosolic Ca2+ can 

then bind to cardiac troponin C, a part of the thin filament (Figure 5; Bers, 2002; Eisner 

et al., 2017; Martin et al., 2022). 
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Figure 5: Calcium cycling in cardiomyocytes. 
Calcium can enter the cardiomyocytes first after membrane depolarization through voltage dependent 

calcium channels. Calcium can then trigger further calcium release from the sarcoplasmic reticulum 

(SR). The elevated cytosolic calcium can then switch on contraction. For termination of contraction, 

calcium needs to be removed from the cytosol. This can happen via energy-dependent sarcolemmal 
calcium pumps, exchange of calcium and sodium ions via specialzed membrane proteinsm by transport 

into the mitochondria or most importantly via sarco(endo)plasmic reticulum Ca2+-ATPase 2 back into 

the SR. From: (Donald M. Bers, 2002). Abbreviations: AP, action potential; ATP, adenosine 

triphosphate; Ca, calcium; Em, membrane potential; H, hydrogen; Ica, inward calcium current; Na, 

sodium; NCX, sodium/calcium exchanger; PLB, phospholamban; RyR, ryanodine receptor.  

 

Through this binding, troponin C changes its conformation which ultimately leads to 

the displacement of troponin I and exposition of myosin-binding sites on actin by a 

conformational change in tropomyosin. Therefore, the myosin heads can bind the actin 

filaments and contract the sarcomere by performing a pulling motion along the thin 

filaments (Figure 6; Martin et al., 2022). To terminate contraction and allow for 

relaxation to occur, cytoplasmic Ca2+ levels must return to baseline to restore resting 

membrane potential. In human myocardium, most of the calcium is removed via the 

sarco(endo)plasmic reticulum Ca2+-ATPase 2 (SERCA2) which resided in the SR 

membrane. Its activity can be negatively modulated by phospolamban (PLN). In human 

myocardium, about 28% of the Ca2+ required for contraction is removed from the 

cytosol by the Na+/Ca2+ exchanger (Bers, 2002; Eisner et al., 2017; Martin et al., 2022).  
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Figure 6: Contraction of the cardiac sarcomere. 

Schematic illustration showing the mechanism underlying cardiac contraction. For contraction to occur, 
calcium needs to bin troponin C (TnC) which changes conformation and removed troponin I (TnI) from 

its inhibitory state towards tropomyosin. Tropomyosin can then free up myosin binding sites on actin 

thin filaments, which are bound by myosin heads (MHC heads). These structures then perform a pulling 

motion of the thick filament along the thin filament to initiate contraction. From: (Martin et al., 2022). 

Abbreviations: MHC head, myosin heavy chain head; MLC binding domains, myosin light chain binding 

domains; MyBP-C, myosin-binding protein C; TnC, troponin C; TnI, troponin I; TnT, troponin T. 

 

1.3 Cardiac microtubules  
 

Microtubules (MTs) are cytoskeletal structures present in all cell types independent of 

their mitotic status (Uchida et al., 2021). The following chapter aims to describe their 

specific role, their post-translational modifications (PTMs) and the respective enzymes 

involved.  

 

1.3.1 Structure of cardiac microtubules  
 

MTs are one of the three main types of cytoskeletal filaments. Besides MTs, the 

cytoskeleton consists of actin and intermediate filaments (Hohmann & Dehghani, 

2019). Actin filaments have been found to be central in (cardiac) muscle contraction 

early after their initial discovery (Huxley & Hanson, 1954).  

 

Like in other cell types, cardiac MTs are hollow, tube-like structures. These tubes most 

commonly consist of 13 protofilaments. The individual protofilaments are formed by a- 

(a-tub) and b-tubulin (b-tub) heterodimers (Figure 7; Manka & Moores, 2018).  
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Figure 7: Dynamics of microtubules. 
GDP-bound MTs (blue) are less stable and prone to shrinkage/catastrophe beginning at their plus-

/cytosolic-end. This process can be rescued by the incorporation of new GTP-bound tubulin 

heterodimers (orange) at the + end. MTs can only be extended at the + end as the - end is attached to 

the MTOC. From: (Roll-Mecak, 2020). Abbreviations: GDP, guanosine diphosphate; GTP, guanosine 

triphosphate; MT, microtubules; MTOC, microtubule organizing center. 

 

The human genome encodes nine isoforms of a-tub and b-tub each (Janke & Magiera, 

2020). It is important to note that MTs are polarized structures with a plus and minus 

end. The minus end is anchored to the microtubule organizing center (MTOC) while 

the plus-end points away from this structure. In mitotic cells, the MTOC is localized 

close to the nucleus while CMs have MT with mixed polarity. Polymerization by 

incorporation of guanosine triphosphate (GTP) bound a-tub/b-tub dimers happens on 

the plus end. When the GTP bound to b-tub is hydrolyzed to guanosine diphosphate 

(GDP), the rapid depolarization of the MT filaments, known as catastrophe, may occur. 

This can be stopped by the incorporation of additional GTP-a-tub/b-tub heterodimers 

(rescue; Roll-Mecak, 2020; Uchida et al., 2021).  

 

MTs are by most known to be the highways of the cell. Meaning they serve as the key 

structure enabling active intracellular transport by motor proteins from the kinesin and 

dynein families. While the smaller kinesins mostly carry out plus-end directed transport, 
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the larger dyneins usually perform minus end directed transport (Goldstein & Yang, 

2000). 

 

MT dynamics are closely tied to post-translational modifications (PTMs) and binding of 

partners such as microtubule-associated proteins (MAPs). MAP inter-species 

conservation is much lower than tubulin isoform conservation. MAP expressions can 

be vastly different between cell and tissue types. Therefore, they are essential for 

modulating MT function according to the particular surroundings (Kitazawa et al., 

2000). 

 

In conjunction with their role in intracellular transport, MTs have recently been directly 

linked to the development of cardiac growth. In an elegant study, Scarborough and 

colleagues proved that depolymerizing cardiac MTs with nocodazole leads to 

perinuclear ribosome and transcript localization (Scarborough et al., 2021). This is 

especially important as cardiomyocytes (CMs) undergo constant mechanical stress 

and rely on local translation of structural (e.g. sarcomeric) proteins (Haddad et al., 

2024). 

 

1.3.2 Microtubule modifications and modifying enzymes  
 

While being decorated with different MAPs, MTs are also heavily modified post-

translationally. The most important PTMs are acetylation, polyglutamylation and 

detyrosination and are found on the outside of the protofilaments (Figure 8). On the 

contrary, acetylation (ac-tub) of lysine 40 (K40) of a-tub takes place within the MT 

lumen. The b-tub may also be acetylated. Some lesser researched PTMs include 

palmitoylation, sumoylation, phosphorylation, polyglycylation and ubiquitinylation 

(Janke & Magiera, 2020).  

 



 

29 
 

 
Figure 8: Overview of microtubule post-translational modifications. 
Illustration showing the different known MT PTMs. The PTMs are mostly located outside the MT lumen 

at the C-termini of either α-tub or β-tub. Polyglutamylation and polyglycylation are added as side chains 
to glutamate residues and can happen on both tubulin isoforms (α/β). Tyr-tub and dTyr-tub are exclusive 

to the C-terminus of αTub and are both reversible. The further cleavage of dTyr-tub to Δ2tub or Δ3tub 

is irreversible and creates hyper-stable MT. Acetylation is the only MT PTM that can happen within the 

lumen. Tubulin bodies can be either acetylated or phosphorylated at different sites. The mixture of the 

different MT PTMs creates the so-called tubulin code. From: (Janke & Magiera, 2020). Abbreviations: 

Ac, acetylation; Am, amine; dTyr-tub, tubulin detyrosination; MT, microtubule; P, phosphorylation; PTM, 

post-translational modification; Tyr-tub, tubulin tyrosination.  

 

In CMs, the most relevant MT PTM is the detyrosination (dTyr-tub) and re-tyrosination 

(Tyr-tub) of a-tub. The dTyr-tub concerns all a-tub isoforms except for tubulin alpha 4A 

(TUBA4A), which is translated de novo without the C-terminal tyrosine residue (F. Li et 

al., 2020). Accumulation of dTyr-tub is a stochastic process that marks rigid and stabile 

MTs while Tyr-tub marks the dynamic filaments (Figure 9; Sanyal et al., 2023). The 

dTyr-tub and Tyr-tub are part of a reversible cycle catalyzed by specific enzymes 

(Uchida et al., 2021). While the tyrosination enzyme tubulin tyrosine ligase (TTL) has 

been known for decades, the carboxypeptidases vasohibin 1 and vasohibin 2 

(VASH1/2) and their chaperone small vasohibin-binding protein (SVBP) were 

described fairly recently (Aillaud et al., 2017; Nieuwenhuis et al., 2017; Wehland et al., 

1986). In CMs, dTyr-tub is mainly mediated by VASH1 and SVBP (Sanyal et al., 2023).  
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Figure 9: Tubulin detyrosination/re-tyrosination cycle. 
Illustration of the detyrosination/re-tyrosination cycle of α-tub. All α-tub isoforms, except TUBA4A, are 

translated de novo carrying a C-terminal tyrosine (Y) residue. (A) This residue can be cleaved off by 

either a complex of VASH1/2 and SVBP or MATCAP1. The dTyr-tub may be re-tyrosinated by TTL. (B) 
While Tyr-tub MT (purple) are more dynamic and can be bound by the mentioned carboxypeptidases, 

dTyr-tub MT (green) are more stable. TTL can only bind and re-tyrosinate free tubulin heterodimers, not 

the polymerized MT. Adapted from: (Sanyal et al., 2023). Abbreviations: MATCAP, microtubule 

associated carboxypeptidase; MT, microtubule; SVBP, small vasohibin binding protein; TTL, tubulin 

tyrosine ligase; VASH, vasohibin.  

 

In neurons however, another peptidase, microtubule associated tyrosine 

carboxypeptidase 1 (MATCAP1) has been shown to catalyze the same reaction 

(Landskron et al., 2022). Regarding their mechanism of action, TTL and VASH1/2 differ 

significantly. While TTL can bind and tyrosinate free heterodimers, VASH1/2 and 

SVBP exclusively bind polymerized MT (F. Li et al., 2020; Szyk et al., 2011). In contrast 

to VASH1/2, MATCAP1 only binds one filament (Figure 10; Landskron et al., 2022). 

 

 
Figure 10: Microtubule binding by MATCAP1 or VASH1-SVBP. 
Illustration of the binding mode of either MATCAP1 (blue) or VASH1/SVBP (orange/green) to MTs. While 

MATCAP1 binds a single protofilament, VASH1/SVBP requires binding of two adjacent ones. Adapted 

from: (Landskron et al., 2022). Abbreviations: MATCAP, microtubule associated carboxypeptidase; 

SVBP, small vasohibin binding protein; VASH, vasohibin. 
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After the cleavage of the terminal tyrosine residue of a-tub, the penultimate amino acid, 

glutamate, can also be cleaved. This reaction yields Δ2tub, which is increasingly 

accumulated on very long lived and stable MTs. Moreover, Δ2tub cannot be re-

tyrosinated by TTL (Lafanechère et al., 1998; Paturle-Lafanechère et al., 1994; Pero 

et al., 2021). Cytosolic carboxypeptidases are responsible for Δ2tub formation (Sanyal 

et al., 2023). 

 

Another key MT PTM is ac-tub. As is true for dTyr-tub, this modification is found on 

long lived MT. As acetylation recovers more quickly and densely after MT 

depolymerization, it is possible to assume that its enrichment also increases the 

likelihood of dTyr-tub occurrence (Tang et al., 2023). The acetylation reaction is carried 

out by the specific tubulin acetyltransferase ATAT1, while the reverse reaction is 

performed by the histone deacetylase 6 (Andreu-Carbó et al., 2024; Bance et al., 

2019).  

 

The other mentioned PTMs are not studied as deeply with regard to their presence and 

relevance in CMs and will therefore not be described in detail (Uchida et al., 2021).  

 

1.3.3 Microtubule modifications in cardiomyocyte health and disease  
 
Among the various MT PTMs, dTyr-tub and Tyr-tub play the most significant role for 

heart disease and HF. Stable dTyr-tub MTs accumulate in tissues of patients suffering 

from different forms of cardiomyopathies and in isolated failing human CMs. This 

accumulation goes hand in hand with an overall densification of the entire network 

(Figure 11; C. Y. Chen et al., 2018; Schuldt et al., 2021). Similar findings originate 

from disease models such as the ZSF1 obese rat, which has an early onset of a 

HFpEF-like phenotype, that display increased dTyr-tub levels (Eaton et al., 2023).  
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Figure 11: Microtubules in non-failing and failing human cardiomyocytes. 
Microscopic images of non-failing (NF) (top) and failing (bottom) human CMs stained for dTyr-tub 

(orange) and Tyr-tub (blue). The MT network is visibly disorganized and increased in density in the 

failing CM compared to NF. From: (C. Y. Chen et al., 2018). Abbreviations: dTyr-tub, detyrosinated 

tubulin; NF, non-failing, Tyr-tub, tyrosinated tubulin.  

 

In beating CMs, researchers have shown that MTs buckle during the contraction. This 

is due to the sarcomeric anchoring of longitudinal MTs. That way, MTs constantly 

transition from an elongated to a sinusoidal shape. In this respect, they can be viewed 

as contraction-resisting spring-like structures (Figure 12). The occurrence and 

amplitude of this phenomenon can be decreased by application of the detyrosination 

inhibitor parthenolide or overexpression (OE) of TTL. Similarly, TTL OE was shown to 

increase the maximal delta in sarcomere length in a dose-dependent manner (Robison 

et al., 2016). 

 
Figure 12: Buckling of microtubules during contraction. 
Microscopic images of CM MTs (blue) during rest (top) and contraction (bottom). During the rest period 

MTs appear elongated while they form a sinusoidal shape (buckling) during contraction. From: (Robison 

et al., 2016). Abbreviations: EMTB, microtubule-binding protein ensconsin fused to three copies of green 
fluorescent protein.  
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Several independent studies have demonstrated that decreasing dTyr-tub and 

increasing Tyr-tub levels are beneficial for cardiomyocyte contractility and thereafter 

heart function. This holds true for adeno-associated viral vector-based OE of TTL, 

depletion of VASH1 by application of interfering ribonucleic acids (RNA) and most 

excitingly the pharmacological inhibition of VASH1 (C. Y. Chen et al., 2018, 2020; 

Robison et al., 2016). A 2024 study revealed that overexpressing TTL in a mouse 

model of HCM did not significantly alter the proteome as evaluated by mass 

spectrometry (MS) analysis. However, it was sufficient for improving cardiac output, 

which could not be attributed to an attenuation of hypertrophy but to improved 

compliance and end-diastolic pressure-volume relation (Pietsch et al., 2024).  

 

Taken together, these data highlight a key role for the tubulin detyrosinatio/re-

tyrosination cycle and its fine tuning for the maintenance of physiological cardiac 

function. A sustained tipping of the scales in favor of dTyr-tub causes functional deficits 

and is ultimately associated with HF (Sanyal et al., 2023; Uchida et al., 2021).  

 

Besides dTyr-tub, ac-tub (K40) can modulate the mechanical properties of MTs. In 

sharp contrast to dTyr-tub, ac-tub does not increase stiffness to stabilize MTs. Instead, 

ac-tub is mostly thought to enhance flexibility. This allows MT to withstand mechanical 

stress. Xu et al. have also proposed a mechanism where MTs are specifically 

acetylated as a response to bending (Andreu-Carbó et al., 2024; Z. Xu et al., 2017). 

Importantly, the α-tub acetyltransferase 1 can only acetylate polymerized MT much like 

the detyrosination enzymes (Aillaud et al., 2017; Coombes et al., 2016; Nieuwenhuis 

et al., 2017). Similarly to the TTL enzyme, histone deacetylase 6 can only bind tubulin 

dimers but not the polymerized filaments (Pietsch et al., 2024; Skultetyova et al., 2017).  

 

Further downstream from the direct effects of MT PTMs on mechanical properties of 

CMs, it has been revealed that they confine the localization of regulators of cell cycle. 

The group of James Martin investigated Yes associated protein (YAP), a cell cycle 

regulator, in this regard. They found that active (acetylated) YAP is confined to the 

cytosol by MTs, incapable to enter the nucleus to upregulate cell cycle activity (S. Liu 

et al., 2024). Compatible with this data, unpublished work from our group has indicated 

that decreasing MT stiffness by knocking out SVBP (SVBP-KO), also increases cell 

cycle activity (Pietsch et al., n.d.). The underlying mechanism remains elusive.  
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1.4 Human induced pluripotent stem cells, derived cardiomyocytes and 
genome editing 

 

1.4.1 Human induced pluripotent stem cells 
 

The reprogramming of differentiated cells like fibroblasts to pluripotent stem cells was 

pioneered nearly 20 years ago when Takahashi and Yamanaka evaluated a panel of 

different candidate factors. In that groundbreaking study, they used retroviral vectors 

to introduce the factors into mouse fibroblasts. Through a series of validation 

experiments, the Yamanaka factors were defined. From the tested ones, Octamere-

binding transcription factor 3/4 (OCT3/4), SRY-box transcription factor 2 (SOX2), 

proto-oncogene c-Myc (C-MYC) and krüppel-like factor 4 (KLF4) were found to be 

essential. The latter two can be exchanged for other oncogenes, such as the signal 

transducer and activator of transcription 3 (STAT3; Takahashi & Yamanaka, 2006). 

Shortly after, two independent groups described protocols to create human induced 

pluripotent stem cells (hiPSCs) from somatic cells, pushing the envelope for disease 

modeling in a human context and potentially making animal models less relevant 

(Takahashi et al., 2007; Yu et al., 2007).  

 

From that point on, hiPSCs have developed into a powerful tool. They are utilized for 

disease modeling, drug discovery and show potential for the usage in personalized 

medicine and cardiac repair (Jebran et al., 2025; Querdel et al., 2021; Sharma et al., 

2020).  

 

The key advantage compared to primary cell cultures is their availability and scalability. 

While primary cells from tissues like skin might be easily obtained, brain and heart 

tissues are unavailable to most researchers. Conversely, a challenge for hiPSC-

derived cells is imposed by a general lack of maturity, which is thought to be caused 

by the lack of cues from the surrounding microenvironment (Cerneckis et al. 2024).  

 

1.4.2 Human induced pluripotent stem cell-derived cardiomyocytes 
 

One of the many cell types that are nowadays routinely generated from hiPSCs are 

CMs (hiPSC-CMs). A plethora of protocols exists for the generation of CM subtypes 
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such as atrial, nodal-like or ventricular CMs. In this thesis, the focus will be set on 

ventricular CMs, which will in the following be referred to as (hiPSC-)CMs.  

 

Generally, the existing protocols for hiPSC-CM generation can be sub-grouped into 

suspension cultures where embryoid bodies (EB) are generated and monolayer 

protocols (Di Baldassarre et al., 2018). Table 1 and Table 2 outline the respective 

advantages of EB-based and monolayer-based CM differentiation protocols. 

Comparing both basic approaches, each of them seems suited for different use cases. 

For individual in vitro studies, like the one at hand, monolayer protocols present a 

flexible and viable option. The particular setup used for hiPSC-CM generation here 

was adapted from Mosqueira et al. and is described in detail in the methods section as 

well as Meyer-Jens et al. (Meyer-Jens et al., 2024; Mosqueira et al., 2018). 

 
Table 1: Pros and cons of EB-based CM differentiation protocols. 
Pros Source  
Highly scalable up to bioreactor format (Prondzynski et al., 2024) 

High purity (Prondzynski et al., 2024) 

High yield (Prondzynski et al., 2024) 

Reduced batch to batch variability (Kahn-Krell et al., 2021) 

Possibly more physiologically relevant 

microenvironment  

(Leitolis et al., 2019) 

 

Cons Source  
Complex setup especially during scale-

up 

(Kahn-Krell et al., 2021) 

Dissociation efficiency dependent on 

used agent 

(Fischer et al., 2018) 

 
Table 2: Pros and cons of monolayer CM differentiation protocols. 
Pros Source  
High efficiency (Batalov & Feinberg, 2015)  

Simple setup and shorter differentiation 

time  

(Burridge et al., 2014) 

Dependent on protocol: low variability (J. Zhang et al., 2012) 
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Cons Source  
Low scalability/missing automation  (Batalov & Feinberg, 2015; Prondzynski et 

al., 2024) 

Significantly higher hands-on time (F. Wang et al., 2023) 

 

Frequently used monolayer hiPSC-CM differentiation protocols consist of a series of 

chemical cues that gradually cause CM specification (Figure 13). The switch between 

Wnt-pathway activation with bone morphogenic factor 4 (BMP4) and activin A and Wnt-

pathway inhibition is crucial. While the activation is meant to drive mesoderm 

specification of the hiPSCs, the inhibition with XAV939 (XAV) and KY02111 (KY) 

allows the cells to form cardiac progenitor cells (Rajamohan et al., 2016). HiPSC-CMs 

may be further matured by performing lactate selection and other metabolic maturation 

approaches (Feyen et al., 2020; Horikoshi et al., 2019; Knight et al., 2021; Machiraju 

& Greenway, 2019; Meyer-Jens et al., 2024).  

 

 
Figure 13: Factors commonly used for human induced pluripotent stem cell-derived 
cardiomyocyte differentiation. 
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The illustration outlines the factors needed for hiPSC-CM differentiation. Differentiation begins with 

mesoderm specification, here factors like BMP4 and activin A are key. Afterwards Wnt-signaling is 

modified to induce cardiac specification and finally CM differentiation. From: (Kamps, 2016). 

Abbreviations: Ca, calcium; CSF, colony stimulating factor; DKK1, Dickkopf WNT signaling pathway 

inhibitor 1; ESC, embryonic stem cell; ESRRB, estrogen related receptor beta; ETS2, ETS proto-

oncogen 2 transcription factor; FGF2, fibroblast growth factor 2; GATA4, GATA binding protein 4; IGF, 
insulin like growth factor; ISL1, ISL LIM homeobox 1; MEF2C, myocyte enhancer factor 2C; MESP1, 

mesoderm posterior BHLH transcription factor 1; MRTFA, myocardin related transcription factor A; 

MYH6/7, myosin heavy chain 6/7; MYOCD, myocardin; NANOG, homeobox transcription factor nanog 

NODAL, nodal growth differentiation factor; NRG1, neuregulin 1; TBX1/5, T-box transcription factor 1/5; 

TGFβ, transforming growth factor β; TNNI3, troponin I3, cardiac type; TNNT2, troponin T2, cardiac type; 

Wnt3a, wingless-type family member 3a.  

 

The success of hiPSC-CM differentiation is primarily evaluated by quantifying the 

cardiac troponin T2 (cTnT)-positive cells. Current protocols routinely reach >80% purity 

which allows for reliable experimental setups (Batalov & Feinberg, 2015; Meyer-Jens 

et al., 2024; Prondzynski et al., 2024). 

 

1.4.3 Genome editing in human induced pluripotent stem cells 
 

The advances in hiPSC-biology have also fostered an uptick in the application of 

different genome editing techniques. Besides zinc-finger nucleases (ZFN) and TAL 

effector nucleases (TALENs), the most widely used tool is the clustered regularly 

interspaced palindromic repeat (CRISPR) system that features associated nucleases 

(Cas; Gaj et al., 2016). Originally, the CRISPR-Cas9 system was discovered as an 

immune-like system in bacteria. Through molecular biology techniques, it can 

nowadays be adapted to target almost any genomic locus. Compared to ZFNs and 

TALENs, the adaptation of the CRISPR-Cas system requires less effort. Additionally, 

targeting multiple sites in one approach is possible (Doudna & Charpentier, 2014).  

 

The researchers can design a CRISPR RNA (crRNA), specific to their locus of interest 

with readily available online tools (IDT, 2025). These crRNAs need to be 

complementary to the target region and contain a protospacer adjacent motive (PAM). 

The consensus PAM sequence is ‘N-G-G’ and key for deoxyribonucleic acid (DNA) 

recognition. Mechanistically, the crRNA, a trans-acivating RNA (tracrRNA) and the Cas 

enzyme, in most cases Cas9, form a complex and the crRNA guides the enzyme to 
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the desired site (Karvelis et al., 2013). The DNA is partially unwound and the target 

recognized by Watson-Crick base pairing. Cas9 can then introduce a double-strand 

break (DSB). The DSB will then be recognized by cellular factors and can either be 

repaired with the precise homology directed repair (HDR) or the error prone non-

homologous end joining (NHEJ; Figure 17; Ran et al., 2013).  

 

 
Figure 14: Mechanism of CRISPR-Cas9 genome editing. 
Illustration for CRISPR/Cas9 function. The Cas9-enzyme is guided to the desired target site by a crRNA 

(here scrRNA). After binding, the Cas-nuclease creates a double-strand break (DSB). In the cell DSBs 

can be resolved via two different pathways, either the non-homologous end joining (NHEJ; left) or 

homology directed repair (HDR; right). NHEJ is active during all cell cycle phases. Both ends of the DSB 

are bound by specific protein factors, including nucleases and ligases. This repair pathway aims to re-

ligate the two loose DNA ends without correction function and therefore frequently induces indel 
mutations and/or premature stop codons. HDR is only highly active during S/G2-phase of the cell cycle. 

It is a highly precise mechanism that uses a template to repair the DSB. This template can either be 

designed by the researcher or be the sister chromatid. From: (Ran et al., 2013). Abbreviations: Cas9, 

CRISPR-associated nuclease 9; DNA, deoxyribonucleic acid; DSB, double strand break; HDR, homology directed 

repair; NHEJ, non-homologous end joining; sgRNA, single guide RNA.  

 

HDR can repair the DSB with the sister-chromosome or a genome-editing template. 

The template needs to have sufficient homology to the targeted locus upstream and 

downstream of the DSB but may include a sequence variant. Therefore, HDR can 

introduce site specific mutations matching or correcting patient variants (Liao et al., 

2024; Prondzynski et al., 2019). Silent mutations of the PAM sequence can also be 

introduced as a label to distinguish the different genomic alleles and to prevent 

repeated binding and cutting of the DNA (Lobo et al., 2025). 
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NHEJ is the dominant DSB repair mechanism but highly error prone. The involved 

machinery ligates the DSB while creating random insertions and deletions (indels). 

These indels are likely to disrupt the reading frame and cause a premature stop codon 

(H. Liao et al., 2024; Ran et al., 2013). Consequently, NHEJ is used to create large 

genetic modifications such as knockout (KO; Pietsch et al., 2024). For the CRISPR-

approach used in this study (4.4), we also relied on NHEJ. An important distinction 

between NHEJ and HDR is that NHEJ is active in all cells, independent of cell cycle 

stage while HDR activity is very low in non-dividing cells (Iyama & Wilson, 2013; H. 

Liao et al., 2024).  

 

To achieve the highest possible activity of DNA repair mechanisms, especially HDR, 

genome editing is usually performed during the growth phase (Ferrari et al., 2022).  

 

After the CRISPR-experiment, validation of correct editing is performed with different 

techniques. Most commonly, the targeted region is amplified via polymerase chain 

reaction (PCR), the product sequenced and compared to the unedited sequence. 

Additionally, the frequently used crRNA design tools also evaluate off-targets (OTs) 

potential (IDT, 2025). These OTs are each assigned a score, from low to high, 

indicating the likelihood for unintended targeting by Cas9. Often the potential OTs will 

be found in intronic regions, but they can also corrupt genomic loci, creating unwanted 

effects (Guo et al., 2023). Like other academic labs, we evaluate the ten most likely 

OTs for each crRNA used. Similar to the target locus, each OT must be PCR amplified 

and sequenced (Prondzynski et al., 2019).  

 

Another crucial quality control step is karyotyping. This can be achieved by G-banding 

or methods like Nanostring nCounter analysis (Lobo et al., 2025; Pietsch et al., 2024; 

Prondzynski et al., 2019). Different groups have described karyotypic abnormalities 

after CRISPR-Cas9 genome editing including the loss of whole chromosomes (Alanis-

Lobato et al., 2021; Papathanasiou et al., 2021). 

 

For KO strategies, absence of the respective RNA and protein should be determined 

in the cell type used for subsequent studies to ensure success (Joung et al., 2016). 

Obviously, pluripotency must be confirmed for any hiPSC-line, independent of genome 

editing and due to cell line differences, every hiPSC-line should be compared to an 
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isogenic control, meaning one, that shares an identical genetic background (Mosqueira 

et al., 2018; Pietsch et al., 2024; Prondzynski et al., 2019). 

 

Ultimately, genome editing of hiPSCs and the derived cell types, such as CMs, can be 

used to create precise models for patient pathologies in relevant cell types such as 

hiPSC-CMs.  

 

1.5 Disease models of heart failure and hypertrophy 
 

The landscape of models of HF, cardiac hypertrophy and different etiologies of heart 

disease has expanded vastly over the past decades. State-of-the-art experimental 

systems range from 2D cellular models like hiPSC-CMs, adult rat or mouse ventricular 

myocytes (ARVMs/AMVMs) or neonatal rat ventricular myocytes (NRVMs), to 3D 

models like engineered heart tissues (EHTs) and organoids. Beyond cell-based 

models, ex vivo models like cardiac tissue slices and Langendorff-perfused hearts 

remain valuable tools. Despite the broad availability of the mentioned systems, animal 

models are considered the gold standard by many, but are increasingly replaced by 

alternative setups (Van Der Velden et al., 2022). The following chapter will elaborate 

on these different models and outline their key features.  

 

1.5.1 2D models of hypertrophy and heart failure  
 

Classical models for hypertrophy and HF commonly rely on isolated myocytes from 

mice or rats. NRVMs are typically isolated from pups one to three days (d) after birth. 

These cells are well suited for 2D culture, can be obtained in large numbers, and 

remain widely used models (S. R. Singh et al., 2021). Pharmacological stimulation with 

agents like phenylephrine (PE) or angiotensin II (AngII) can induce hypertrophic 

adaptations like increased cell size and transcriptional adaptations, including the 

upregulation of A-type and B-type natriuretic peptide (NPPA/NPPB) and modifications 

in cell cycle activity (Kliesow Remes et al., 2025; J. M. Li et al., 2020; R. Zhang et al., 

2022). Due to their availability and robustness, NRVMs have become a standard model 

for high throughput approaches like small interfering RNA (siRNA) and compound 

library screens (S. R. Singh et al., 2021). Despite the mentioned advantages, NRVMs 

have several inherent shortcomings. First, the cell population can be heterogeneous, 
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meaning a varying percentage of actual CMs in each experiment can potentially induce 

variability when no countermeasures (purification e.g.) are taken (D. Yang et al., 2018). 

Secondly, they are less mature compared to ARVMs and AMVMs which makes them 

less suitable for studying structures like t-tubules (Van Der Velden et al., 2022). Thirdly, 

NRVMs do require animal housing, mating and sacrifice, which do impose financial 

and ethical burdens upon the researcher. In many countries like Germany, any 

researcher wanting to isolate NRVMs, also needs to acquire a permission that allows 

for handling and sacrifice of rats.  

 

An alternative to NRVMs is the use of adult ventricular CMs (AMVMs/ARVMs). 

However, the isolation of these CMs is technically more challenging than that of 

NRVMs. Also, they require the use of adult animals, increasing housing costs 

compared to NRVMs (Ackers-Johnson et al., 2016). A major limitation of AMVMs and 

ARVMs is their low viability as they deteriorate quickly after isolation and typically fail 

attach to culture dishes (B. Liu et al., 2019). Consequently, they are employed in 

studies that require more mature CMs but lower throughput is acceptable (Kadota et 

al., 2017). For example, they may be used for live cell imaging studies, studying 

processes like cytoskeletal dynamics (Salomon et al., 2021). AMCMs and ARCMs can 

also readily be isolated from genetically modified animals expressing protein variants 

or tools like Förster resonance electron transfer (FRET) sensors (Sprenger et al., 

2016). Importantly, while their higher degree of maturity positions them closer to human 

ventricular CMs, they remain a rodent model and therefore retain species-specific 

differences in cellular physiology (Van Der Velden et al., 2022).  

 

In recent years, hiPSC-CMs have emerged as an increasingly important model system 

for different characteristics of cardiac hypertrophy. Protocols for the induction of 

hypertrophy in hiPSC-CMs include the use of PE or endothelin 1 (ET1). These 

pharmacological cues have been reported to induce activation of the hypertrophic gene 

program, metabolic adaptations and increased cell size. Importantly, a higher degree 

of metabolic and structural maturation seems to be of need for appropriate responses 

(Knight et al., 2021; Meyer-Jens et al., 2024; Redwanz et al., 2024). They do, however, 

present a compelling model to evaluate signaling pathways and cellular physiology 

with a human background, allowing for modeling of patient-specific genetic variants 

and personalized medicine approaches (Loos et al., 2023; Prondzynski et al., 2019; 
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Warnecke et al., 2021; Zech et al., 2022). Other potential applications include drug 

testing, especially if the research question concerns a specific patient group and a drug 

with unknown therapeutic benefit (Saleem et al., 2020). Because of the theoretically 

unlimited supply of hiPSC-CMs due to the expansion capacity of hiPSCs, hiPSC-CMs 

provide an excellent platform for multi-omics approaches enabling researchers to 

integrate findings across different readouts (Pietsch et al., 2024). Regardless of these 

advantages, the culture of hiPSCs and their differentiation into CMs is a technically 

demanding, cost intensive process and requires substantial expertise and hands-on 

time (Funakoshi et al., 2021; Mosqueira et al., 2018). Variations in hiPSC quality may 

also greatly impact differentiation and therefore downstream experimental success 

making a tightly controlled quality control parameters crucial (Prondzynski et al., 2024). 

Other limitations of hiPSC-CMs and their use as a disease model are their immaturity 

and the lack of cellular complexity (Kadota et al., 2017). They are mostly considered 

to resemble embryonic or at best neonatal CMs especially metabolically. In contrast to 

adult CMs, which use fatty acids as the main energy source, hiPSC-CMs rely on 

glycolysis. Maturation can be enhanced with media containing increased amounts of 

fatty acids. Additionally, many researchers have observed improved model accuracy 

when they cultured hiPSC-CMs for prolonged time periods and/or on micro-patterned 

substrates (Feyen et al., 2020; Forsten, 2020; Knight et al., 2021; X. Yang et al., 2019).  

 

Almost all 2D models have the inherent shortcoming that any adherent culture presents 

substrate stiffness that far surpass anything that would realistically be seen in an 

organism (Vite et al., 2022). To overcome this and other downsides, cardiac 3D models 

have become popular over the past decades.  

 

1.5.2 3D models of hypertrophy and heart failure 
 

As the heart is a highly complex three-dimensional organ, approaches to model 

physiological and pathological mechanisms are implied that include a 3D setup. These 

models have been pioneered more than 25 years ago with chick CMs and have 

transitioned towards neonatal rat or mouse cardiac cells to now including hiPSC-CMs 

(Eschenhagen et al., 1997; Hirt et al., 2012; Schaaf et al., 2011). Recently there have 

also been advances in bioprinting with reports on the fabrication of hydrogel-based 

EHTs (Juarros et al., 2024). Another approach that is gaining traction is the use of 
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organoids, often fabricated with complex bioreactor setups. Prondzynski and 

colleagues were able to reveal that the forming organoids were larger than the 

embryoid bodies resulting from the regular differentiation and that they exhibited higher 

alpha actinin 2 (ACTN2) levels. Interestingly, these self-assembled chamber-like 

structures and showed a mixed cell population which is a more realistic setting for 

future disease modeling approaches (Prondzynski et al., 2024). Because such 

approaches are less controlled, research has also focused on the use of multi-cell type 

EHTs. The most commonly implemented cell types include fibroblasts, vascular 

smooth muscle cells and immune cells (e.g. macrophages). These models resemble 

the cellular composition of the heart more closely and therefore might be a more 

suitable cardiac disease model (Laskary et al., 2025; Naito et al., 2006; Wrona et al., 

2022).  

 

Complementing hiPSC-CMs with other hiPSC-derived cell types might also improve 

model performance when with compounds such as PE and ET1 in EHTs (Wrona et al., 

2022). As most differentiation protocols focus on the mainly force generating 

ventricular CMs, specialized protocols to produce atrial-like CMs have been 

established. These atrial hiPSC-CMs have also been used in 3D EHT models. Atrial 

hiPSC-CM EHTs crucially differ in beating frequency, force generation and 

electrophysiological parameters (Banfeng, 2022; Lemme et al., 2018; Schulz et al., 

2023)  

 

3D cardiac tissue models also represent a promising option to replace lost cardiac 

tissue after infarction. It has been shown that transplantation of such constructs 

improves cardiac contractility in a dose-dependent manner (Jebran et al., 2025; 

Querdel et al., 2021).  

 

1.5.3 Animal models of cardiac hypertrophy and heart failure 
 

In HF research, animal models, especially small animals like mice, rats or guinea pigs 

have been essential tools for driving discovery. The induction of disease depends on 

the pathology of interest and can be surgical, pharmacological or genetic.  
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A commonly used surgical model inducing pressure overload accompanied by 

hypertrophy and ultimately HF is the transverse aortic constriction (TAC) often 

performed in rodents. In this model, the aorta is constricted with a cannula as a 

stabilizer for the positioning of a suture. Once the suture is positioned correctly, the 

cannula is removed. Through the reduction of aortic diameter, the pressure in the aorta 

before the suture and subsequently in the left ventricle increases (deAlmeida et al., 

2010; Rockman et al., 1991). A schematic overview of the TAC procedure is depicted 

in Figure 15.  

 
Figure 15: Schematic overview of the transverse aortic constriction procedure. 
Schematic illustration for TAC (transverse aortic constriction) procedure in animals. In short, the aorta 

is constricted with a suture. This constriction creates a pressure overload in the left ventricle which 

causes structural remodeling and hypertrophy. Modified from: (Bacmeister et al., 2019). Abbreviations: 

TAC, transverse aortic contriction.  

 

Alternatively, myocardial infarction (MI) can be induced by a temporary ligation of the 

left anterior descending (LAD) coronary artery. When the LAD ligation is permanent, it 

leads to a large infarcted area compared to a rather small one when reperfusion is 

allowed to occur. This procedure can also be used to study ischemia or regeneration 

when performed in neonatal animals (de Villiers & Riley, 2020; Haubner et al., 2016). 

Other researchers have also shown that cryo-injuries present a reproducible and 

feasible option to model MI in rodents (Stüdemann et al., 2022). 

 

On the side of pharmacological models, animals, mostly mice or rats, are infused or 

injected with pro-hypertrophic agents such as PE, AngII or isoproterenol (Iso). These 

models have the advantage of relying less on individual surgical skills compared to 

TAC and LAD ligation models. Therefore, they represent more controlled and 

reproducible settings but lack structural complexity. Still, the onset of hypertrophy can 
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be observed early on and the procedural recovery of the animals is quick (Agostinucci 

et al., 2022; Phyo et al., 2022; Rau et al., 2017).  

 

One of the most prominent models for HFpEF is the hybrid of the zucker diabetic fatty 

rat and the spontaneously hypertensive HF rat (ZSF1 obsese). These rats develop 

classical HFpEF features such as elevated end-diastolic pressure, prolonged 

relaxation, diastolic dysfunction and increased dTyr-tub (Eaton et al., 2023).  

 

1.6 Protein kinase G1 signaling  
 
The cyclic guanosine monophosphate (cGMP)-protein kinase G1 (PRKG1) signaling 

axis has been described to modulate adverse cardiac remodeling. Also its activation 

has been implicated to decrease hypertrophy and blood pressure in animal models 

and patients (Blanton et al., 2012; Kong & Blanton, 2013). The following paragraphs 

will elucidate on structure and function of PRKG1 isoforms, canonical cGMP-PRKG1 

signaling pathways and modulators as well as its role in the myocardium.  

 

1.6.1 Structure and function of PRKG enzymes 
 

There are two different PRKG isoforms, PRKG1 and PRKG2 which are encoded by 

two different genes. In addition, the PRKG1 gene gives rise to two different splice 

isoforms, PRKG1A and PRKG1B. All PRKG enzymes are cGMP-dependent 

serine/threonine kinases. The isoforms differ in tissue expression. Because PRKG2 is 

not expressed in the circulatory system to a relevant extent, the following descriptions 

will focus on PRKG1 isoforms. Both enzymes are organized identically, only differing 

in size and sequence slightly. They harbor an N-terminal regulatory domain, which 

consists of a Leucine zipper (LZ) domain and two cyclic nucleotide binding domains 

(CNB-A/B). Towards the C-terminus, the catalytic domain, made up of the small and 

large lobe is located. Additionally, all PRKG enzymes contain an auto inhibitory domain 

(AI) located in between the LZ and CNB domains (Figure 16). The LZ domain is crucial 

for enzyme activity as it mediates enzyme dimerization. Homodimer formation is 

essential for correct localization and association with interaction partners such as 

scaffolding and anchoring proteins. In its inactive state, the AI quenches the catalytic 

site. A conformational change takes place once cGMP binds to the CNBs, releasing 



 

46 
 

the catalytic domain and rendering the enzyme active. Conversely, there is evidence 

for low baseline PRKG1 activity in absence of cGMP (Casteel et al., 2010; Kim & 

Sharma, 2021; Sharma et al., 2022).  

 

 
Figure 16: Domain structure of human PRKG1/2 enzymes. 
Schematic illustration of PRKG1/2 domain architecture. Each isoform includes a N-terminal regulatory 

and C-terminal catalytic domain. The regulatory contains a dimerization (LZ) domain, AI domain and 

twocyclic nucleotide binding domains (CNBs). The catalytic domain consists of the small and large lobe 

and performs the kinase reaction. Adapted from: (Kim & Sharma, 2021). Abbreviations: AI, autoinhibitory 

domain; CNB-A, cyclic nucleotide binding domain A; CNB-B, cyclic nucleotide binding domain B; PKG 

Iα, LZ, leucine zipper; PKG Iα, protein kinase G 1α (PRKG1A); PKG Iβ, protein kinasse g 1β (PRKG1B); 

PKG II, protein kinase g II (PRKG2).  

 

The two PRKG1 isoforms differ mainly in their N-termini. Through a roughly 100 amino 

acid difference, the LZ and AI domains are distinct for the α and β isoenzymes causing 

differential enzyme activation kinetics and binding partners. Differences in enzyme 

kinetics can be explained by deviations in cGMP sensitivity. Tissue distribution also 

differs with PRKG1A being the dominant isoform in heart, lung and some neuronal cell 

types, while PRKG1B is mostly found in smooth muscle cells and platelets. Tissue 

specific expression pattern underscores the differential roles of the isoenzymes 

(Casteel et al., 2010; R. Sharma et al., 2022; Uniprot, 2025).  

 

1.6.2 Regulation of cGMP-PRKG1A signaling  
 

As described above, PRKG1 is activated by the second messenger cGMP. This 

molecule can be generated via two distinct enzyme families. On the one hand, soluble 

guanylate cyclases (sGCs) represent a group of cytosolic enzymes that convert GTP 

to cGMP upon nitric oxide (NO) stimulation. These sGCs can reside in the cytosol as 

NO can freely diffuse through cell membranes (Benza et al., 2024; Faleeva et al., 2022; 

Stuehr et al., 2021). On the other hand, a substantial amount of cGMP in 
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cardiomyocytes is generated by the membrane bound NP receptors (NPR1/2). NPR1 

binds ANP/BNP while NPR2 exclusively binds CNP. Both receptors contain an 

extracellular NP binding domain, a transmembrane domain and an intracellular 

particulate guanylate cyclase domain (pGC). Upon NP binding, the pGC catalyzes the 

conversion of GTP to cGMP which can then activate PRKG1A/B (Faleeva et al., 2022; 

Goetze et al., 2020). Termination of cGMP signals can be caused by the activity of 

specific phosphodiesterases (PDEs; Figure 18).  

 

 
Figure 17:Schematic for the regulation and compartmentalization of cGMP-PRKG1A signling in 
cardiomyocytes.  

Schematic illustration for the regulation of cGMP-PRKG1A signaling in cardiomyocytes (CMs). PRKG1 

can be activated by cyclic guanosin monophosphate (cGMP). This second messenger is generated 

either upon natriuretic peptide binding to their respective receptors by the intracellular guanylate cyclase 

(GC) domain or by soluble guanylate cyclases (sGC) upon nitric oxide (NO) binding. These sGCs can 

reside in the cytosol because NO is able to diffuse through the cell membrane. Moreover, NO synthases 

(NOS) can generate NO downstream of β3-adrenergic signaling. Both types of GCs generate 

independent pools of cGMP. The signaling can be modulated or even terminated by the hydrolyzation 
of cGMP to guanosine monophosphate (GMP). This reaction is catalyzed by a diverse pool of 

phosphodiesterases (PDEs). From: (Bork & Nikolaev, 2018). Abbreviations: ANP, atrial natriuretic 

peptide; cGMP, cyclic guanosine monophosphate; GC, guanylate cyclase; GMP, guanosine 

monophosphate; GTP, guanosine triphosphate; NO, nitric oxide; NOS, nitric oxide synthase; NP, 

natriuretic peptide; PDE, phosphodiesterase; PKG1, protein kinase g 1 (PRKG1); sGC, soluble 

guanylate cyclase; β3 AR, β3 adrenergic receptor.  
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Some PDEs (PDE1, PDE2, PDE3) can hydrolyze both cyclic adenosine 

monophosphate (cAMP) and cGMP while others (PDE5, PDE6, PDE9) exclusively 

break down cGMP. It has to be mentioned that PDE6 is not expressed in the heart 

(Calamera et al., 2022; Faleeva et al., 2022; Tcheudji et al., 2001). PDEs play a central 

role in PRKG1 signaling as they are highly compartmentalized. This 

compartmentalization allows for localized cGMP-level regulation and subsequent 

PRKG1 activity. It has been shown that PDE9 is mainly responsible for degrading 

cGMP arising from NP signaling but not NO/sGC signaling (Kokkonen & Kass, 2017; 

Lee et al., 2015; Mishra et al., 2021). This contrasts with the function of PDE5 which 

mostly localizes to Z-discs and degrades cGMP of the latter origin (Benza et al., 2024; 

Frank & Frey, 2011). PDE5 activity can also be increased via PRKG-dependent 

phosphorylation, creating a feedback loop, dampening cGMP-PRKG1 signaling 

(Castro et al., 2010).  

 

1.6.3 Targets of cGMP-PRKG1A signaling in the heart 
 

Cardiac cGMP-PRKG1 activity has diverse targets partaking in calcium handling, 

cytoskeletal processes and cellular stress response. Because the work at hand is 

focused on CMs, PRKG1A targets and subsequent signaling will be explored further 

as PRKG1B is not expressed in our experimental setting (data not shown; PRKG1 from 

now on equivalent to PRKG1A).  

 

PRKG1 can modulate Ca2+ signaling by phosphorylating targets including calcineurin-

nuclear factor of activated T-cells (NFAT), L-type calcium channels (LTCC) and 

transient potential canonical 6 (TRPC6). Phosphorylation of LTTC and TRPC6 

attenuates Ca2+ entry. Moreover, PRKG1 can phosphorylate PLN, decreasing its 

inhibitory effect on SERCA2, which then can remove calcium from the cytosol by 

transporting it into the sarcoplasmic reticulum (Colyer, 1998; Nakamura & Tsujita, 

2021).  

 

By phosphorylating tuberous sclerosis 2 (TSC2), PRKG1 reduces the activity of 

mechanistic target of rapamycin complex-1 (mTORC1). Research has shown that 

mutating the PRKG1 target site on TSC2 (serine 1364) abolishes the antihypertrophic 
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effects of cGMP-PRKG1 signaling in vitro and in vivo emphasizing the beneficial effects 

on physiological cardiac function (Figure 18; Ranek et al., 2019). 

 

However, any negative inotropic effects of PRKG1 activity can be attributed to 

phosphorylation of targets such as but not limited to PLN, cardiac troponin I and titin 

(TTN) following NO/sGC signaling. In particular, cellular stiffness may be directly 

modulated by PRKG1 via the phosphorylation of the N2B domain of TTN. 

Phosphorylation of this domain was shown be sufficient for decreasing domain rigidity 

(Krüger et al., 2009; Nakamura & Tsujita, 2021). This effect on the diastolic properties 

of CMs might directly contribute to cGMP-PRKG1 signaling changes in HF.  

 
Figure 18: Overview of cGMP-PRKG1A signaling in cardiomyocytes. 
Schematic illustration of PRKG1/PKG1 targets in CMs. PRKG1 can phosphorylate PLN, LTCC and 

TRPC6 which modifies calcium signaling and therefore contractility. Moreover, sarcomeric targets like 

TNNI/TnI may be phosphorylated and modulate the interaction between the thin and thick filament. 

PRKG1 can also phosphorylate TSC2, ultimately modulating mTORC1 activity and cellular anabolism. 

Via targets not illustrated in detail, hypertrophy and fibrosis are also modulated. From: (Nakamura & 
Tsujita, 2021). Abbreviation: 5'-GMP, guanosine monophosphate; αg, activating G-protein-coupled 

receptor; Ca2+, calcium; cGMP, cyclic guanosine monophosphate; eNOS, endothelial nitric oxide 

synthase; GTP, guanosine triphosphate; LTCC, L-type calcium channel; mTORC1, mechanistic target 

of rapamycin complex-1; MyBPC, myosin binding protein C; NO, nitric oxide; NP, natriuretic peptide; 

NPR, natriuretic peptide receptor; P, phosphate; PDE5, phosphodiesterase 5; PKG1α, protein kinase g 
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1α (PRKG1A); PLN, phospholamban ; RGS2/4, regulator of G-protein signaling 2/4; SERCA, 

sarco(endo)plasmic reticulum calcium ATPase 2; sGC, soluble guanylate cyclase; SR, sarcoplasmic 

reticulum; TnI, troponin I; TRPC6, transient potential canonical 6; TSC2, tuberous sclerosis 2; TTN, titin. 

 

1.6.4 cGMP-PRKG1A signaling in heart failure and disease  
 

It has been known for long that PRKG1 activity has a protective effect on the 

cardiovascular system. Past studies have outlined lower activity of cGMP-PRKG1 

signaling in samples derived from HF patient myocardium (Krüger et al., 2009; Michel 

et al., 2020). This also holds true for animal models of these pathologies. The activity 

levels of the PRKG1 signaling network components drive CM stiffness and hypertrophy 

(Fiedler et al., 2002; Krüger et al., 2009; Michel et al., 2020; Perera et al., 2015). An 

interesting example are NPR1 KO mice which developed overt hypertrophy and HF 

(Ellmers et al., 2007). Similar findings stem from a study performed in PRKG1 KO 

mouse that was subjected to TAC (Frantz et al., 2013). A possible reason for 

decreased cGMP-PRKG1 signaling activity in HF might be an increase in oxidative 

stress. This oxidative stress can cause oxidation of cysteine 42 which is located in the 

regulatory domain of PRKG1 and crucial in the dimerization and therefore enzymatic 

activity (Oeing et al., 2020; Takimoto & Kass, 2007). As already mentioned above, a 

physiological target of PRKG1 is the N2B domain of TTN. Logically, a reduction in 

PRKG1 activity also causes a hypophosphorylation of TTN favoring development of 

diastolic dysfunction (Hamdani et al., 2013; Michel et al., 2020).  

 

Because of the broad involvement of cGMP-PRKG1 signaling in both physiology and 

pathology, drugs targeting this pathway are regularly used. Especially HFrEF patients 

can benefit from the application of the widely known PDE5 inhibitor sildenafil which 

was originally intended to be used as a male potency medication (Nakamura & Tsujita, 

2021; Numata & Takimoto, 2022). More recently, inhibitors of the neprilysin (MME) 

enzyme have gained traction. These drugs (e.g. sac) aim at decreasing the 

degradation of NPs which can then drive PRKG1 activation via increased cGMP 

synthesis (1.1.4.; McMurray et al., 2014; Solomon et al., 2012, 2020). 

 

Recent research has also uncovered that TSC2 phosphorylation at serine 1365 causes 

a shift in metabolic substrate utilization towards glycolysis which is protective towards 

ischemic reperfusion (Oeing et al., 2021). Conversely, another group evaluated the 
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effects of long-term activation of the pathway. Schwaerzer and colleagues exposed 

knock-in mice expressing a constitutively active PRKG1 to either TAC surgery or AngII 

infusion. These mice reacted with pronounced hypertrophy and fibrosis accompanied 

by CM apoptosis compared to wildtype (WT) littermates. These pathological changes 

ultimately lead to dilation and cardiac dysfunction (Schwaerzer et al., 2021). 

 

Summarizing, one can clearly state that cGMP-PRKG1 signaling is a finely tuned 

system in CMs and the overall cardiovascular system. Either a depletion or an overt 

activation can lead to pathological adaptations, underlining the need for careful 

evaluation of any therapeutic approach targeting this pathway.  
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2. Aims of this study  
 

Previous research has positioned LCZ696 (sacval) as a drug superior to previous state 

of the art treatment enalapril for heart failure (McMurray et al., 2014). As different 

etiologies of heart disease and HF show significant accumulation of dTyr-tub and an 

overall densification of the MT network (C. Y. Chen et al., 2018; Schuldt et al., 2021), 

we first set out to with the following aims:  

 

1) To develop a 2D hiPSC-CM model for CM hypertrophy that displays classical 

hypertrophy as well as higher levels of dTyr-tub, 

2) To evaluate the effect of sacval and its two components, sac and val, on 

different parameters of the in vitro hypertrophy model.  

 

As we were able to show significant upregulation of hypertrophic gene expression, 

cellular hypertrophy (2-fold higher) and dTyr-tub in ET1-treated hiPSC-CMs compared 

to control, which were impressively augmented by sac but not val application, we aimed 

at the following points:  

 

3) Dissect differentially expressed proteins to identify potential pathways 

downstream of the canonical action of sac that could potentially regulate dTyr-

tub.  

 

Through our unbiased MS proteomic analyses, we were able to identify cGMP-

PRKG1A signaling as a potential downstream target of sac that could also modify the 

activity of the main microtubule detyrosinase in hiPSC-CMs, VASH1. We therefore 

extended our research to:  

 

4) Evaluating the impact of direct and indirect modulations of PRKG1A and VASH1 

activity.  

 

As we were able to locate a potential phosphorylation site of PRKG1A on the C-

terminus of VASH1, we aimed to:  
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5) Evaluate the effect of the overexpression of phosphomimetic and non-

phosphorylatable forms of VASH1 in VASH1-KO hiPSC-CMs.  

 

Furthermore, as during the course of this study a third detyrosinase, MATCAP1, was 

discovered in neurons (Landskron et al., 2022). This was especially interesting as mice 

and hiPSC-CMs lacking VASH-SVBP activity still have remaining dTyr-tub 

(Pagnamenta et al., 2019; Pietsch et al., 2024). Therefore, we wanted to:  

 

6) Create a hiPSC-line deficient in MATCAP1 (MATCAP1-KO) and evaluate 

molecular and functional consequences of MATCAP1-KO in hiPSC-CMs and 

hiPSC-CM EHTs.  

  



 

54 
 

3. Materials and Methods  
 

All procedures were conducted in accordance with the Declaration of Helsinki. Animal 

procedures were conducted at the University of Greifswald. The cloning of VASH1 

constructs and the experiments with isolated MTs were performed by the group of 

Marie-Jo Moutin (Grenoble, France).  

 

3.1 Materials 
 

The materials used to generate the presented data e.g. antibodies, chemicals, assays, 

cell lines etc. are listed in the appendix. 

 

3.1.1 Human induced pluripotent stem cell lines  
 

This study was conducted in the commercial hiPSC-line mTagRFP-TUBA1B (RFP WT) 

(AICS-0031-035, Corriell Institute). This line was also used to generate KO lines for 

SVBP and TTL (Pietsch et al., 2024), VASH1 (Pietsch et al., n.d.) and MATCAP1. The 

latter was created during this study and the specific methodology and strategy are 

outlined in the results of this thesis.  

 

3.1.2 Plasmid construction and lentivirus production 
 

Plasmids encoding VASH1 were cloned by the lab of Marie-Jo Moutin (Grenoble 

Institute of Neurosciences, France). During this thesis, pLV-YFP-VASH1-IRES-SVBP, 

pLV-YFP-VASH1-7E-IRES-SVBP and pLV-YFP-VASH1-7A-IRES-SVBP were used 

(IRES, internal ribosome entry site). The 7E variant contains glutamate residues 

instead of serine residues that could potentially be targeted by PRKG1A, mimicking 

the phosphorylated state. For the 7A variant those serine residues were mutated to 

alanine residues, rendering them non-phosphorylatable. In short, the mutated VASH1 

constructs (7E or 7A) for immunofluorescence studies were generated by PCR 

amplification of the VASH1-WT construct with primers including the repective 

substitutions. The backbone and WT as well as expression and purification of the 

respective proteins were described by our collaborators (Ramirez-Rios et al., 2023). 

For the generation of plasmids to produce lentiviruses, all components were 
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individually amplified via PCR (YFP, VASH1, IRES, SVBP) and cloned into the lentiviral 

production vector with the In-Fusion HD kit (Clonetech). In order to induce the 7A and 

7E mutation, the forward primer for the amplification of the VASH1 coding sequence 

was altered to include the variant. All cloned plasmid constructs were verified by 

sequencing.  

 

The lentiviruses used during study were generated from plasmids we received as kind 

gifts from Marie-Jo Moutin and produced by Dr. Ingke Braren of the Vector Facility at 

the UKE.  

 

3.2 Methods  
 

All experiments were conducted in accordance with the standard operating procedures 

that are in place at the Institute for Experimental Pharmacology and Toxicology at the 

University Medical Center Hamburg-Eppendorf.  

 

3.2.1 Human induced pluripotent stem cell culture 
 

3.2.1.1 Coating of culture vessels  

 

Geltrex or matrigel aliquots were stored at -20 °C and -80 °C, respectively. Before 

usage, they were removed from the freezer, placed in a styrofoam box on wet ice. 

Once thawed geltrex was diluted 1:100 and matrigel 1:60 in cold RPMI medium. 

One ml/10 cm2 culture vessel surface of the coating solution was added (48-, 24-, 

12, 6-well plates or T75-flasks) and incubated for 30 to 60 min at room temperature 

(RT). For immediate use, vessels were incubated at 37 °C for at least 30 min, for 

storage, cell culture plates were wrapped with parafilm and stored at 4 °C for up to two 

weeks. The coating solution was removed just before the cells were plated in the 

intended culture medium.  

 

3.2.1.2 Thawing of hiPSC 

 

Cryovials containing 1-2 mio hiPSCs were collected from the -150 °C freezer and 

transferred to the cell culture lab on dry ice. For thawing the vials were placed in a 
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37 °C water bath for 2-3 min until only 20-30% of the contents remained frozen. The 

tube was then removed from the water bath, sprayed with 70% ethanol and placed 

under the sterile work bench. Afterwards, 5 ml of FTDA (DMEM-F12, 2 mM L-

glutamine, 5 mg/ml transferrin, 5 µg/ml selenium, 0.1% human serum albumin, 1x lipid 

mix, 5 mg/ml insulin, 50 mM dorsomorphin, 2.5 ng/ml activin A, 0.5 ng/µl TGFβ, 30 

ng/ml FGF2; in house) supplemented with 10 µM Y-27632 (Y) (FTDA++) were drawn 

up in a 5-ml serological pipette. The full pipette was used to draw up the cell solution 

from the cryovial and the mixture transferred to a 50-ml falcon tube. Next, cells were 

centrifuged at 200 x g for 3 min, the supernatant was aspirated and the tube scratched 

lightly to loosen the cell pellet. Finally, the cell pellet was resuspended in 2 ml FTDA++ 

per 1 mio and plated on 1-2 wells of a geltrex-coated 6-well plate. Culture conditions 

were 37 °C, 5% CO2, 98% humidity and hypoxia (5% O2). 

 

3.2.1.3 Passaging of hiPSC 

 

For passaging, hiPSCs were collected from the hypoxia incubator and placed under 

the sterile work bench. The culture medium was removed, and each well/flask was 

rinsed with warm PBS. Afterwards, accutase solution was added (1 ml/well of a 6-well 

plate; 5 ml/T75 flask). After 5-10 min at 37 °C, the cells were checked microscopically 

for detachment. The culture vessels were tapped lightly and the accutase reaction was 

stopped with equal amount of FTDA++. This cell suspension was transferred to a 15-

ml or 50-ml falcon tube and centrifuged at 200 x g for 5 min. Following the 

centrifugation, the supernatant was aspirated, tubes were scratched lightly on the 

sterile bench, and the pellet was resuspended in FTDA++ (1 ml/well or 5 ml/T75). Cells 

were then counted with an automated CASY-cell counter according to manufacturer’s 

instructions. Finally, cells were seeded at 5 x 105 cells/well for 6-well plates and 4.5 x 

106/T75 onto Geltrex coated culture dishes and placed in the hypoxia incubator.  

 

3.2.1.4 Feeding of hiPSC 

 

HiPSCs were fed daily with FTDA without Y-27632 (FTDA+) with 2 ml/well for 6-well 

plates or 20 ml/T75. This schedule was kept until they reached a confluency of 80-90% 

and needed to be passaged. 
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3.2.1.5 Freezing of hiPSC/Creation of cell banks  

 

The appropriate amount of freezing medium (90% fetal calf serum (FCS), 10% 

dimethylsulfoxide (DMSO), 10 µM Y) was prepared and kept cold until needed. Per 

cryovial 1–2 x 106 cells were resuspended in freezing medium (1 ml/vial) and 

distributed evenly in a maximum of 18 vials per cell line. The cryovials were placed in 

a Mr. Frosty freezing container which was then stored at -80 °C for 24 h. Lastly, the 

cells were transferred to ultra-low freezers for long-term storage. For the analysis of 

pluripotency, 5 x 105 hiPSCs were kept in FCS at 4 °C until further processing.  

 

3.2.1.6 SSEA3 staining 

 

The hiPSCs collected before freezing or during routine passaging were split into two 

fluorescence activated cell sorting (FACS) tubes and centrifuged for 2 min at 100 g 

and 4 °C. Next, the supernatant was discarded, and the cells were stained with either 

a stage specific antigen 3 (SSEA3)-specific antibody or an isotype control for 30 min 

on ice, protected from light exposure. Antibodies were diluted in SSEA3 staining buffer 

(phosphate-buffered saline (PBS), 5% FCS). After the staining, samples were washed 

with staining buffer twice and finally resuspended in PBS. FACS measurements were 

carried out at the FACS core facility of the UKE.  

 

3.2.1.7 Mycoplasma testing  

 

Mycoplasma testing was performed according to the standard operating procedures at 

place at the Institute for Experimental Pharmacology and Toxicology in a weekly to bi-

weekly routine with cell culture supernatant or genomic gDNA. Samples were 

subjected to PCR testing that included a positive control and internal amplification 

control. Tests were conducted by Silke Reischmann-Düsener, Lisa Krämer, Grit 

Höppner or Ellen Orthey.  

 

3.2.2 CRISPR-Cas9 genome editing of hiPSCs  
 

HiPSCs were thawed and cultured as described (3.2.1.1; 3.2.1.2; 3.2.1.3; 3.2.1.4) but 

instead of FTDA, commercial mTesR plus was used. Prior to nucleofection, the hiPSCs 
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needed to be at a density between 50% and 80%. The Cas9 electroporation enhancer 

was resuspended in the IDT duplex buffer to reach a concentration of 100µM, while 

the crRNA and tracrRNA were mixed at an equimolar ratio (50 µM each), incubated at 

95 °C for 5 min and then cooled down to RT. HiPSCs medium was changed to mTesR 

plus supplemented with 10 µM Y, and a 12-well plate was coated as described before 

(3.2.1.1). To assemble the ribonucleoprotein complex (RNP), 2 µl of annealed crRNA 

and tracrRNA and 1.6 µl of Cas9 enzyme were mixed per reaction and incubated for 

10 min at RT. Then the hiPSCs were passaged (3.2.1.3) and 8 x 105 cells/reaction 

were aliquoted into fresh 1.5-ml tubes. The tubes were centrifuged again at 200 x g for 

2 min, and the supernatant was removed. Then, the cells were resuspended in 100 µl 

nucleofector solution, mixed gently with the RNP and transferred into a nucleofection 

cuvette. Immediately, the nucleofection was performed with an Amaxa 4D Nucleofector 

and placed in the hypoxia incubator for 10 min. Finally, 500 µl of mTesR plus, 

supplemented with 1:10 CloneR, were added to the cuvette, and the cell solution was 

transferred to a 12-well plate. The next day, 1 ml mTesR plus with CloneR was added 

per well, and after 48 h the cells were passaged (3.2.1.3) and seeded at a density of 

200, 400 or 600 cells/well onto a geltrex-coated 6-well plate. The same day, the 

medium was used to perform a Phire Tissue Direct PCR according to the supplied 

protocol to check for successful genome editing.  

 

After five to seven days, clones from the single cell seeding plate were picked with a 

P100 pipette and cultured in individual wells of a 48-well plate. Each clone was split 

once 1:2 onto copy plates, of which one was used for freezing (3.2.1.5), while the other 

was used for genomic DNA extraction and PCR analysis.  

 

Clones positive for the desired genomic edit were thawed, expanded and cell banked 

(3.2.1.2; 3.2.1.3; 3.2.1.5). Afterwards normal karyotype was determined with the 

Nanostring nCounter system and performed by Lisa Krämer of the respective Core 

Facility at the UKE. Also, SSEA3 staining (3.2.1.6) was performed to confirm 

pluripotency and hiPSCs. Finally, OT analysis was performed for the ten most likely 

OTs for each used crRNA.  
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Edited cells were also differentiated into hiPSC-CMs and their transcriptome was 

analyzed with specific primers to confirm the genomic KO of MATCAP1 via RT-qPCR 

(3.2.6.4; 3.2.6.5; 3.2.6.6).  

 

Materials used for CRISPR-Cas9 genome editing were purchased from IDT (crRNAs; 

tracrRNA, Cas9, buffer) while cuvettes and nucleofector were from Amaxa/Lonza. The 

Specific crRNAs were designed for the targeted genomic locus with the respective 

online tool of IDT (IDT, 2025). This tool also calculated the OT scores and sites. A 

detailed layout of the genome editing strategy can be found in the results of this thesis.  

 

3.2.3 Cardiac monolayer differentiation  
 

3.2.3.1 Cheese protocol  

 

HiPSCs were passaged at least three times before they were used for differentiation 

into hiPSC-CMs. At the start of the differentiation, cells were seeded at a density of 5-

6 x 105 cells/well onto matrigel-coated 6-well plates. The next day, FTDA++ was 

exchanged for FTDA+ in the morning before Stage 0 medium (StemPro-34-SFM, 

StemPro Supplement 2.6%, 1 ng/ml BMP4, 2 mM L-glutamine, 1% matrigel) was 

added in the evening. After 14-16 h stage 0 was replaced with stage 1 medium 

(StemPro-34-SFM, StemPro Supplement 2.6%, 10 ng/ml BMP4, 2 mM L-glutamine, 8 

ng/ml activin A), containing factors that induce specification of cardiac progenitor cells. 

After two subsequent 48 h incubation times, stages 2.1 (RPMI 1640, 2% B27, 10 µM 

KY, 10 µM XAV) and 2.2 (RPMI 1640, 2% B27, 10 µM KY, 10 µM XAV, 3.21 µg/ml 

insulin) were used. Both contained Wnt-inhibitors, for 2.2 also insulin was used. Finally, 

two days after 2.2, the feeding medium (RPMI 1640, 2% B27, 3.21 µg/ml insulin) was 

added every other day until cells started contracting and were ready for dissociation. 

Differentiations were carried out under normoxic conditions.  

 

3.2.3.2 Dissociation of differentiated hiPSC-CMs  

 

Dissociation of differentiated hiPSC-CMs was initiated once the culture started beating 

homogenously. First, the culture medium was removed, and the cells were washed 

twice with 1 ml warm hank’s buffered saline solution (HBSS). Afterwards, 1 ml 
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collagenase II solution, supplemented with 10 µM Y and 30 µM N-Benzyl-

Toluensulfonamide (BTS), was added per well and the cells incubated for 90-120 min 

at 37 °C under normoxic conditions. The cells were monitored microscopically for 

detachment. Once sufficient detachment was reached, the hiPSC-CMs were washed 

off the wells with a 1-ml pipette by triturating 3-5 times and transferred to a 50-ml falcon 

tube. Then equal amount of blocking medium (DMEM, 1% penicillin/streptomycin 

(P/S), 6 µl/ml DNase) was added and the cells centrifuged for 10 min at 100 x g. 

Thereafter, the supernatant was aspirated, the cell pellet was resuspended in basic 

medium (DMEM, 1 % P/S) and the cells were counted with a Neubauer counting 

chamber according to the following calculations: 

 

Number of cells per array = sum of counted cells/number of counted arrays 

Number of cells per ml = number of cells per array x 104 x dilution factor 

 

In order to evaluate cTnT-positive hiPSC-CMs, a sample of 5 x 105 cells was taken in 

a FACS tube and processed as described in 3.2.3.4. The rest of the obtained hiPSC-

CMs were either frozen (3.2.3.3), plated (3.2.4.2) or used for EHT casting (3.2.5.1).  

 

3.2.3.3 Freezing of hiPSC-CMs  

 

For freezing, the desired number of hiPSC-CMs was resuspended in freezing medium 

and distributed equally into cryotubes. The cryotubes were placed in a Mr. Frosty 

freezing container at -80 °C for 24 h and then transferred to -150 °C for long-term 

storage.  

 

3.2.3.4 Analysis of cTnT-positive cells 

 

After performing the dissociation and sampling (3.2.3.2), the hiPSC-CMs were washed 

once with 2 ml PBS at 200 x g for 3 min. The supernatant was discarded, 500 µl of 

ROTI Histofix were added and the tube was briefly vortexed. Then the sample was 

incubated for 20 min on ice which was followed by two washing steps with the above-

mentioned parameters. When FASC analysis was intended, 500 µl of permeabilization 

buffer (PBS, 5% FCS, 0.5% saponin, 0.05% sodium azide) were used for another wash 

before the sample was split into two different tubes and either stained with a specific 
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cTnT antibody or isotype control, both labelled with FITC for 1 h at 4 °C in the dark. 

Finally, samples were washed twice with 1 ml permeabilization buffer and PBS 

subsequently, before being resuspended in 200 µl PBS. Samples were measured with 

the BD FACS Canto II at the FACS Core Facility of the UKE.  

 

Alternatively, fixed hiPSC-CMs were stained with either cTnT-AF647 antibody and 

DAPI or DAPI only (as isotype control) for analysis with a Chemometec Nucleocounter. 

Incubation time was 30 min at RT in the dark, followed by two washing steps with PBS 

and resuspension in 100 µl PBS.  

 

3.2.4 2D culture of hiPSC-CMs  
 

3.2.4.1 Thawing of hiPSC-CMs 

 

Cryovials were collected from the -150 °C freezer and transferred to the cell culture lab 

on dry ice. Vials were placed in a 37 °C water bath until only 20-30% of the contents 

remained frozen. Afterwards, the cryovial was placed under the sterile workbench and 

the contents transferred to a 50-ml falcon tube. Next, the cell vial was washed with 

1 ml thawing medium (RPMI16040, 10% B27, 1% P/S), followed by 8 ml that were 

added to the cell falcon dropwise over 60 s while continuously swirling it. The falcon 

was inverted twice, and a sample was taken for counting. Counting was done in a 

Neubauer counting chamber according to the following calculation:  

 

Number of cells per array = sum of counted cells/number of counted array 

Number of cells per ml = number of cells per array x 104 x dilution factor 

Total amount of cells needed = number of wells x desired number of cells per well 

Volume of cells = total amount of cells needed/number of cells per well 

Total volume needed = (number of wells + 1) x desired volume per well 

Volume of medium needed for dilution = total volume needed - volume of cells 

 

The hiPSC-CMs were centrifuged 10 min at 100 x g, the supernatant was removed, 

and the cells were centrifuged again with 10 ml fresh thawing medium to wash 

remaining collagenase II from the dissociation away. After the second centrifugation, 

the cells were resuspended in the appropriate volume of medium and seeded (3.2.4.2).  



 

62 
 

 

3.2.4.2 Seeding of hiPSC-CMs 

 

HiPSC-CMs were plated on geltrex-coated culture 6-, 12-, 24- or 96-well plates (see 

also 3.2.1.1.) in complete EHT medium (DMEM, 1% P/S, 10% horse serum (HS), 

10 µg/ml insulin, 33 µg/ml aprotinin) at the following densities:  

 
Table 3: Used culture formats and seeding densities for hiPSC-CMs. 

Culture format Seeded amount of cell 
6 well 6-8 x 105 

12 well 0.7-2.5 x 105 

24 well 1 x 105 

96 well 5 x 103 – 2 x 104 

 

The exact densities used are indicated in the respective figure legends. Culture 

conditions were 37 °C, 7% CO2, 98% humidity and normoxia.  

 

3.2.4.3 Compound treatment of hiPSC-CMs 

 

HiPSC-CMs were treated with PE, ET1, val, sac, ANP, CNP, Rp-8-Br-PET-cGMPs 

(RP8), DT3 or alkaline EpoY (VASHi) at various concentrations (as indicated) in serum 

free medium. If applicable concentrations were adapted from plasma levels in patients 

(sac, val; McMurray et al., 2014; Ponikowski et al., 2016) or determined experimentally 

by the researcher. Treatment times varied and are indicated for the respective 

experiments.  

 

3.2.4.4 Transfection of human induced pluripotent stem cell-derived cardiomyocytes 

 

Transfections of small interfering RNAs (siRNAs) into hiPSC-CMs were performed in 

12-well format. First, culture medium was exchanged for 500 µl OptiMEM and the cells 

were placed back in the incubator for 30 min. During that time, Lipofectamine3000 was 

added to OptiMEM medium (4 µl/ml). The siRNAs were diluted in OptiMEM and mixed 

at a ratio of 1:1 with OptiMEM/Lipofectamine-mix. This mixture was then incubated for 

15 min before being added to the hiPSC-CMs. After 4 h equal amount of double 
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concentrated medium was added to the cells which were then cultured for 5 d until 

harvest. The used concentrations of siRNAs were as indicated and each experiment 

included appropriate scrambled (scr) control transfections.  

 

3.2.4.5 Transduction of hiPSC-CMs 

 

For lentivirus transduction, polybrene was diluted in OptiMEM 1:1250. This mixture 

was added to the 12- or 6-well plates with the hiPSC-CMs. Cells were then incubated 

for 30 min. Afterwards, the appropriate amount of lentivirus (dilution) was added to the 

cells and they were centrifuged 30 min at 30 °C and 2500 revolutions per minute (rpm). 

This was followed by a 4 h incubation time and the addition of double concentrated 

culture medium. Transduced cells were kept for up to 5 d.  

 

3.2.5 Engineered heart tissue culture 
 

3.2.5.1 Casting of EHTs  

 

EHTs were cast either from fresh hiPSC-CMs right after dissociation (3.2.3.2) or frozen 

hiPSC after thawing (3.2.4.1). The mastermix for casting was prepared in 15-ml round 

bottom tubes containing:  

 
Table 4: Mastermix components for casting of ten EHTs from hiPSC-CMs. 

Component amount 
hiPSC-CMs  10 x 106 

2X DMEM 56 µl 

Y 1 µl 

Fibrinogen 25 µl 

Non-cardiomyocyte medium (NKM) ad 1 ml 

 

The mastermix was resuspended with a 5-ml serological pipette and put on ice. 

Simultaneously, 1.5 ml 2%-agarose was added to each well of a 24-well plate and a 

teflon spacer was placed in each row, creating casting molds for the EHTs. After 

10 min, the spacers were removed and replaced with silicone racks. For casting the 

EHTs, 100 µl of the mastermix was mixed with 3 µl thrombin in individual 0.2-ml tubes 
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for each EHT and immediately pipetted into a casting mold without introducing bubbles. 

When the mastermix was used up or the plate was full, it was transferred to the 

hyperoxia incubator (37 °C, 7% CO2, 40% O2, 98% humidity) for 1.5-2 h. Afterwards, 

500 µl of warm DMEM were added to each individual EHT and the plate was incubated 

again for 15 min. Before collecting the EHT plate from the incubator again, another 

plate with 1.5 ml complete EHT medium per well was prepared. Then the EHT plate 

was placed under the sterile hood, tapped firmly once and the silicone racks were 

pulled from their agarose molds in a swift and smooth manner before being transferred 

to the media plate. For the experiments presented in this thesis, yellow silicone racks 

with a stiffness of 0.8 mN/mm were used.  

 

3.2.5.2 Feeding and measurement of EHTs  

 

EHTs were fed with 1.5 ml complete EHT culture medium supplemented with 200 µM 

tranexamic acid (TA) on Monday, Wednesday and Friday at least 90 min before being 

measured. Functional measurements of EHTs were performed in the White-Box 

systems of the IEPT. Each EHT was measured for an amount of time that guaranteed 

to produce a measurement of at least five individual contractions. 

 

3.2.5.3 Pacing of EHTs  

 

EHTs were paced either at day 30 or day 60 with custom graphene electrodes. The 

electrodes were placed in the 24-well plate filled with 2 ml complete medium per well 

instead of the usual 1.5 ml. Afterwards the EHTs were carefully inserted in the 

electrodes. After 2 h in the incubator, the plates were placed in a White-Box system 

and the electrodes were connected with the pacing leads. The parameters for electrical 

pacing were set to 2 volts (V), biphasic pulses, 4 ms per direction with frequency 

ranging from 1 – 2 Hz in 0.5-Hz steps.  
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3.2.6 Analysis of nucleic acids  
 

3.2.6.1 DNA extraction 

 

DNA extraction was performed from frozen cell pellets with the Quiagen DNeasy Blood 

& Tissue Kit (69506) according to manufacturer’s instructions.  

 

3.2.6.2 Polymerase chain reaction 

 

PCR was performed with the Applied Biosystems AmpliTaq Gold DNA Polymerase kit 

(4311806) according to manufacturer’s instructions. Touchdown PCR was performed 

as following:  

 
Table 5: Touchdown PCR conditions. 

PCR Stage Temperature Duration Cycles 
Pre-denaturation 95 °C 3 min 1 

Denaturation 95 °C 30 seconds (s)  

 

11 
Annealing 68-63 °C (0.5 °C 

reduction per 

cycle) 

30 s 

Extension 72 °C 60 s/kilobase (kb) 

Denaturation 95 °C 30 s  

24 Annealing 63 °C 30 s 

Extension 72 °C 60 s/kb 

Final extension 72 °C 2 min 1 

Hold 4 °C 10 min 1 

 

Extension times and annealing temperatures were adapted to the desired amplicon 

size and specific primers. PCR products were analyzed on 1% agarose gels for correct 

fragment size with ethidium bromide. Agarose gels were imaged with a BioRad 

Chemidoc imaging system.  
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3.2.6.3 hiPSC-CMs harvesting for RNA extraction  

 

For RNA extraction, medium of cell cultures was removed and 500 µl TRIzol reagent 

were used per well to detach the hiPSC-CMs. Afterwards, TRIzol-cell mixture was 

transferred to 1.5-ml Eppendorf tubes and frozen immediately.  

 

3.2.6.4 RNA extraction  

 

RNA extraction was performed with the ThermoFisher 15596026 TRIzol reagent 

according to manufacturer’s instructions.  

 

3.2.6.5 Complementary DNA synthesis  

 

Synthesis of complementary DNA (cDNA) was performed with the BioRad 1708891 

iScript according to manufacturer’s instructions in 100-200 ng of total RNA per reaction 

and a negative control without reverse transcriptase (-RT).  

 

3.2.6.6 Reverse transcription quantitative PCR reaction  

 

RT-qPCR was performed with the Thermo Fisher K0222 SYBR-Green/ROX Master 

Mix according to manufacturer’s instructions. Reaction volume was reduced to 10 µl 

and cycle count was increased to 45. Dilutions of 1:2, 1:5 or 1:10 of the cDNAs and 

specific primers were used.  

 

3.2.6.7 Determination of nucleic acid concentrations 

 

Purity and quantity of nucleic acids (RNA/DNA) were assessed with the NanoDrop 

Spectrophotometer ND-1000.  

 

3.2.6.8 Nanostring nCounter analysis 

 

Nanostring nCounter analysis was performed with 40 ng of total RNA per sample and 

custom tag sets. Experiments were carried out by Lisa Krämer of the Nanostring Core 

Facility of the UKE.  
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3.2.6.9 RNAseq analysis 

 

For RNAseq analysis, cells were washed once with warm PBS and then detached with 

TrypLE 10x or Accutase solution. Detached hiPSC-CMs were scraped, centrifuged for 

2 min at 500 x g in a tabletop centrifuge and washed again with warm PBS. Afterwards 

supernatant was discarded and the cell pellets were snap frozen in liquid nitrogen.  

RNA isolation for RNAseq analysis was performed with the Direct-zol RNA Microprep 

Kit. Resulting material was subjected to a DNase digestion step. Messenger RNAs 

were enrtiched with a NEBNext Poly(A) magnetic module. Libraries were prepped with 

the NEBNext Ultra II RNA Directional Library Prep Kit. Sequencing was performed with 

an Illumina NextSeq 2000 sytstem. RNAseq analysis was performed by Dr. Annika 

Witten and Dr. Marisol Herrera at the Core Facility Genomics of Münster University. 

The methods were in detail described by our group in a recent manuscript (Pietsch et 

al., 2024).  

 

3.2.7 Protein analysis 
 

3.2.7.1 2D hiPSC-CMs harvesting for protein analysis 

 

For protein analysis via Western blot (3.2.7.3) hiPSC-CMs were washed once with 

warm PBS before 50-80 µl lysis buffer (ddH2O, 1.5 M Tris pH 8.8, 5 mM EDTA, 30 mM 

sodium floride (NaF), 3% sodium dodecyl sulfate (SDS), 10% glycerol, 1 µM 

dithiothreitol (DTT) were added depending on culture format and cell number. Finally, 

cells were scraped with a cell scraper, transferred to a 1.5-ml Eppendorf tube and 

frozen at -80 °C.  

 

3.2.7.2 Protein isolation from hiPSC-CMs EHTs  

 

HiPSC-CM EHTs were washed once with PBS, removed from the silicone posts and 

placed in individual 2-ml Eppendorf tubes. Afterwards they were snap frozen in liquid 

nitrogen and stored at -80 °C until further processing. For protein isolation, 100 µl of 

lysis buffer supplemented with 1 µM DTT were added to each EHT. Tissues were 

subjected to three subsequent freeze thaw cycles with liquid nitrogen. Next, steel balls 

were placed in the tubes, and the samples were homogenized with a Quigen 
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TissueLyser twice for 30 s and 20 Hz. The steel balls were removed from the tubes 

and the samples were centrifuged for 30 min at 13200 rpm and RT. The supernatant 

was used for subsequent analysis.  

 

3.2.7.3 Western blotting 

 

For Western blot analysis of proteins, samples were mixed with 6x ThermoFisher 

Laemmli buffer and boiled for 5 min at 95 °C with shaking. Afterwards, samples were 

briefly spun down in a tabletop centrifuge and loaded onto BioRad 10- or 15-well 4-

15% SDS-acrylamide gels. BioRad DualColor or Kaleidoscope markers were used to 

determine molecular weights of the analyzed proteins. Gels were run for 10 min at 80 V 

and at 150 V until sufficient separation was achieved in 1x electrophoresis buffer 

(ddH2O, 25 mM Tris base, 192 mM glycine, 0.1% SDS) in the BioRad MiniProtean 

chambers. blotting was either performed for 75 min at 350 mA on ice with a wet blot 

setup (ddH2O, 25 mM Tris base, 190 mM glycine, 20% methanol) or with the preset 

mixed molecular weight protocol and BioRad Trans-blot Turbo ready-to-assemble 

system and a BioRad Transblot Turbo semi-dry blotter onto 0.22-µm nitrocellulose 

membranes. After protein transfer, membranes were stained with Ponceau S for whole 

protein, washed with 0.1% Tris-buffered saline with Tween 20 (TBS-T; 0.1 molar (M) 

Tris base, 0.15 M sodium chloride (NaCl), 0.1% Tween 20, pH 7.5) (TBS-T) and 

blocked in 5% milk powder or 5% bovine serum albumin (BSA) solution (5% milk 

powder or BSA in TBS-T) for 90 min at RT. This was followed by washing in TBS-T 

and primary antibody incubation over night at 4 °C. The next day, membranes were 

washed and incubated with secondary antibodies for 90-120 min at RT before being 

imaged with the BioRad Chemidoc or Vilber imager. Horseradish peroxidase (HRP)-

coupled secondary antibodies were imaged with the BioRad Western Clarity ECL 

solution 1705061. Dilutions of antibodies and respective diluents can be found in the 

appendix (I.IV Antibodies). Quantifications of protein signals were performed with the 

software provided by the manufacturers of the respective devices.  

 

3.2.7.4 Immunofluorescence analysis of hiPSC-CMs 

 

For immunofluorescence analysis (IF) of hiPSC-CMs, cells were cultured on glass 

bottom 96-well plates with black edges. After the respectively indicated culture period, 
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the culture medium was removed and all wells were washed with warm PBS. Then, 

50 µl Roti Histofix were added per well and the cells were fixed at 4 °C for 20 min. This 

was followed by two washing steps with PBS. Afterwards, primary antibodies were 

diluted in permeabilization buffer (PBS, 3% milk powder, 0.1% Triton X100) as detailed 

in the appendix (I.IV Antibodies) and incubated over night at 4 °C with gentle shaking. 

The next day, the wells were washed with PBS and incubated with the matching 

secondary antibodies in permeabilization buffer for 2 h at RT. HiPSC-CMs were 

washed again with PBS and then stained with 1:2000 Hoechst33342 for 20 min at RT 

in PBS. Imaging was performed with a Zeiss LSM800 microscope with the respective 

software. Cell size, volume and other metrics were assessed with Fiji and its built-in 

tools. For cell area, the ACTN2 (for single cells) or N-cadherin (for multiple adjacent 

cells) signal were quantified, this was combined with z-stack imaging for cell volume 

quantification.  

 

3.2.7.5 Mass spectrometry analysis of hiPSC-CMs and hiPSC-CMs EHTs 

 

MS was performed at the MS Core facility of the UKE from frozen hiPSC-CMs or EHTs 

by Dr. Hannah Voss, Bente Siebels, Ali Biabani, Kilian Müller and Prof. Hartmut 

Schlüter. EHTs were detached from silicone racks after washing with warm PBS. 

Tissues were transferred to 1.5-ml Eppendorf tubes and snap frozen in liquid nitrogen. 

All samples were stored at -80 °C until further processing. In short, EHTs were then 

dissolved in 100 mM triethyl ammonium bicarbonate supplemented with 1% SDS, 

cooked for 5 min at 95 °C and sonicated. Sample concentrations were evaluated with 

the Pierce bicinchoninic acid assay. Twenty µg were used per EHT sample. Prior to 

the analysis, all samples were reduced for 30 min at 60 °C with 10 mM DTT and 

cysteines were alkylated with 20 mM iodoacetamide for 30 min at 37 °C in the dark. 

This was followed by trypsin digestion at a ratio of 100:1 O/N at 37 °C. The enzymatic 

digestion was stopped the next morning with sodium deoxycholate and 1% formic acid. 

Afterwards, samples were centrifuged at 16000 x g for 5 min and the pellets dried with 

a vacuum centrifuge. Chromatography was performed with. Nano-UPLC system and 

peptides were analyzed with a quadrupole-orbitrap ion trap tribid mass spectrometer. 

Further details can be found in a recent publication (Pietsch et al., 2024).  
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3.2.7.6 Analysis of natriuretic peptides in medium 

 

ANP levels in cell culture medium were determined using a specific ELISA kit 

(ThermoFischer) according to the instructions of the manufacturer. At the indicated 

time points, the medium was collected in 1.5-ml tubes and frozen immediately at -

80 °C. The ELISA assays were performed by Prof. Dr. Maike Frye and Danny Schreier 

(UKE).  

 

3.2.7.7 PRKG1A in vitro kinase assay 

 

The underlying method for the in vitro kinase assay performed by our colleagues in 

Grenoble, France has been described before (Banko et al., 2011). Two µM of the 

respective VASH1 enzymes were incubated with or without 10 nM purified PRKG1A 

for 60 min at 30 °C (40 mM Tris-HCl pH 7.5, 100 mM NaCl, 10 mM MgCl2, 5% glycerol, 

1 mM DTT and 60 μM ATPγS). Reaction was stopped with 20 mM EDTA and p-

nitrobenzyl mesylate was used for alkylation for 60 min at RT. Samples were mixed 

with Laemmli buffer and Western blot was performed with an anti-thiophosphate ester 

antibody to detect phosphorylation sites.  

 

3.2.7.8 Taxol-stabilized microtubule preparation 

 

Our collegues in Grenoble, France performed the purification of HeLa-cell α-tub used 

for the assays according to a previously described (Souphron et al., 2024). 

 

3.2.7.9 Immunofluorescence analysis of in vitro detyrosination activity 

 

The specific activity of VASH1 was measured by our colleagues in Grenoble, France 

as described before (Ramirez-Rios et al., 2023). For microscopy, isolated MTs were 

incubated with 50 pM purified VASH1-SVBP for 30 min at 37 °C. MT PTMs were 

detected with specific antibodies and imaging was performed thereafter with a Leica 

DMI600/ROPER microscope. Data acquired was analyzed in Fiji with a custom plugin 

as described before (Ramirez-Rios et al., 2023).  
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3.2.7.10 Total internal reflection fluorescence micropcopy 

 

Total internal reflection fluorescence micropcopy was performed by our colleagues in 

Grenoble, France as described before (Ramirez-Rios et al., 2023). In short, taxol-

stabilized MTs were transferred to the imaging chambers and incubated at RT for 

5 min. Unbound MTs were washed out and 30 µl of a 50 pM VASH1-construct solution 

were added. Imaging was performed during the first 30 min with an inverted Nikon 

Eclipse Ti and a 100x oil immersion lens. The frame rate was set to 50 ms per frame 

and the temperatue during the experiments was 35 °C. Data acquired was analyzed in 

Fiji with a custom plugin as described before (Ramirez-Rios et al., 2023).  

 

3.2.8 Presentation of omics data  
 

For RNA-seq and MS analyses, data are expressed as log2 ratio, which represents 

the difference in log2 mean value between the test and reference groups 

(=log2[test]−log2[reference]) where the mean of log2[reference] was set to 0. Dot plots 

were created with the clusterProfiler R package in Rstudio, version 2023.12.1,41 with 

adjusted P values (Padj) obtained with the Benjamini-Hochberg method for multiple 

comparisons. 

 

3.2.9 Statistical analysis  
 

The data obtained were expressed as mean ± standard error of the mean (mean±SEM) 

and analyzed with the GraphPad Prism 8 software. Data were tested for normality with 

the Shapiro-Wilk test and the Kolmogorov-Smirnov test if the first did not yield 

normality. If the normal distributions were not met with both tests, we performed a 

robust regression and outlier removal (ROUT) analysis at 1% to detect potential 

outliers that were removed from the analysis. When normal distributions were not met 

or when the sample size was insufficient to test normality (eg, n<6), a nonparametric 

test was applied. Unpaired Student’s t-tests were used for comparing two groups, while 

one-way ANOVA with Tukey’s or Dunnett’s multiple comparisons tests were used for 

comparing more than two groups. When two groups were divided into sub-groups by 

treatment, two-way ANOVA and Holm-Sidak’s multiple comparisons tests were used. 

Mann-Whitney U-test was used for comparing two groups with n<6 or when the values 
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were not normal-distributed. The non-parametric Kruskal-Wallis test was employed 

otherwise with Dunn’s multiple comparisons test and the Brown-Forsythe & Welch 

ANOVA and Dunnett’s T3 multiple comparisons test used for unequal SDs. If two 

groups divided into subgroup had n<6 or were not normal-distributed, a Mixed-Effect 

model with Tukey’s multiple comparisons test was used. Statistical tests used are 

indicated in the respective figure legends. Significance levels are indicated in the 

figures, a p-value less than 0.05 was considered significant.  
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4. Results 
 

4.1 Development of a hiPSC-CM-based in vitro hypertrophy model  
 

In a study published by our group (Meyer-Jens et al., 2024) sham or TAC surgery was 

performed in mice by our collaborators Kristin Wenzel and Stephanie Könnemann in 

Greifswald. Two weeks post-surgery, a treatment with solvent or sacval via oral gavage 

was started and resumed for six weeks (Figure 19A). During that period, the mice 

were monitored functionally via non-invasive echocardiography (day 0, 14, 35 and 56; 

Figure 19C). After the final echocardiographic assessment (day 56), mice were 

sacrificed, and the level of dTyr-tub was quantified. Sham animals that received sacval 

did not show any changes in either dTyr-tub levels or ejection fraction (EF) over time 

(Figure 19B,C) compared to the solvent group. TAC/Solvent animals displayed a 2-

fold increase in dTyr-tub levels compared to Sham/Solvent and Sham/sacval. The 

application of sacval in the TAC animals fully rescued the dTyr-tub levels (Figure 19B). 

Functionally TAC-operated animals showed a marked decline in ejection fraction (EF) 

by about 10% over the first two weeks. The application of sacval stabilized the EF of 

TAC mice at 40%, while TAC/Solvent animals gradually declined to below 30% (Figure 
19C). When we plotted EF and dTyr-tub fold changes (over mean Sham/Solvent) 

against each other, an inverse correlation was seen between dTyr-tub levels and EF 

(Figure 19D). We also investigated fibrosis content (Figure 19E), which showed a 

pattern comparable to dTyr-tub levels. In this case, fibrosis was 4.5-fold higher in 

TAC/Solvent animals than in both sham groups and 3-fold higher than TAC/sacval 

animals. As no groups were included in this mouse study that only received the 

individual components of sacval, sac or val, we could not determine which of the two 

was responsible for the beneficial effects on dTyr-tub, EF and fibrosis. Therefore, we 

aimed to develop a model for cellular hypertrophy in 2D hiPSC-CMs.  
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Figure 19: Previous experiments in sham/transverse aortic contriction operated mice.  
Mice were subjected to either sham or TAC surgery and treated with either solvent or sacval after 14 d 

for a total duration of 6 weeks via oral gavage. (A) Protocol (created with Biorender.com). (B) 

Representative Western blot and quantification of dTyr-tub-levels, normalized to glyceraldehyde-3-

phosphade dehydrogenase (GAPDH) (n = 5 per group). (C) EF over time (n = 10 per group). (D) 

Correlation between EF and dTyr-tub content (n = 5 per group). (E) Fibrosis content (n = 6-10 per group). 
Data are presented as mean±SEM (A), (C) and (E). P-values were obtained with a Mixed-Effects’s 

model test with Tukey’s multiple comparisons test (B; n = 5-6), a two-way ANOVA with Tukey’s multiple 
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comparisons test (C, E; n = 6-10) or linear regression for (D). Part of these data (echo and fibrosis 

content) were published in (Meyer-Jens et al., 2024). 

 

4.1.1 Endothelin 1 causes cellular hypertrophy and transcriptional adaptations 
in hiPSC-CMs 
 

First, we evaluated the mRNA levels of the MME, encoding the neprilysin enzyme that 

is inhibited by sac. We observed an almost 5-fold higher levels in septal myectomies 

of HCM patients (HCM+) than in non-failing tissue samples (Figure 20A). This 

suggests that MME is up-regulated in conditions of hypertrophy. Then, we tested 

different compounds to induce a hypertrophic response in RFP WT hiPSC-CMs. RFP 

WT hiPSC-CMs were treated with either solvent (control; H2O), ET1 (100 nM), PE (50 

µM) or a combination of ET1 and PE for 24 h. Similar to HCM septal myectomies, the 

MME levels were were about 6-fold, but not significantly, higher after 24 h of ET1, 

whereas PE or PE/ET1 did not affect it (Figure 20B). We also evaluated the level of 

the hypertrophic marker xin repeat protein 2 (XIRP2). XIRP2 mRNA level was 2.8-fold 

higher in ET1-treated group than in any other groups, while PE treatment did not have 

an effect besides possibly masking the ET1 effect (Figure 20C). We performed a 

Nanostring analysis which did not reveal major alterations in gene expression levels 

between the different groups. For example, the classical hypertrophic markers NPPA 

and NPPB were not upregulated (Figure 20D). Overall, these experiments showed a 

presence of the MME transcript in the intended setting (hiPSC-CMs) making the 

experimental approach of modeling 2D hypertrophy viable. However, we were not in 

the correct conditions to induce the markers of hypertrophy in 2D hiPSC-CMs.  
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Figure 20: Gene expression analysis in different experimental settings. 
Gene expression analysis analyzed by RT-qPCR with RNAs isolated from human heart tissue samples 

(A) or 2D hiPSC-CMs (B, C) or Nanostring nCounter anaylsis with RNA isolated from 2D hiPSC-CMs 

(D). (A) RT-qPCR analysis of MME mRNA levels in NF donor hearts (n = 8) and HCM + patient samples 

(n = 13). (B) RT-qPCR analysis of MME (n = 3) or (C) XIRP2 (n = 4) mRNA levels in RFP WT hiPSC-

CMs (RFP WT) treated with H2O (Ctrl.), 100 nM ET1, 50 µM PE or a combination of both for 24 h. (D) 

Nanostring nCounter analysis of indicated transcripts in RFP WT hiPSC-CMs. Cells were treated as 

indicated for (B) and (C) (n = 3; data are expressed as fold-change over control, set to 1, not shown).  
Data are presented as mean±SEM. P-values were obtained with an unpaired Student’s t-test (A) or a 

Brown-Forsythe & Welch ANOVA with Dunnett’s T3 multiple comparisons test (B, C).  

 

We then evaluated the level of XIRP2, a-tub and dTyr-tub by Western blot. XIRP2 level 

was 4-fold higher in ET1 group than in control group, 1.5-fold and 2-fold higher than in 

PE and PE/ET1 groups, respectively (Figure 21A,B). The level of α-tub did not 

significantly differ from control in the treatment groups (Figure 21C). The level of dTyr-

tub did not differ between the groups (Figure 21D). Due to the promising effects, we 

continued the model development with ET1. 
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Figure 21: Western blot evaluation of XIRP2, α-tub and dTyr-tub after ctrl., ET11, PE or a 
combined treatment. 
RFP WT hiPSC-CMs were treated with H2O (Ctrl.), 100 nM ET1, 50 µM PE or a combination of both for 

24 h. (A) Respresentative Western blot images stained for XIRP2, α-tub, dTyr-tub or GAPDH (loading 

control) and (B-D) show the respective quantifications. Data are presented as mean±SEM. P-values 
were obtained with one-way ANOVA with Tukey’s post-hoc test (B; n = 6)) or a Brown-Forsythe & Welch 

ANOVA with Dunnett’s T3 multiple comparisons test (C, D; n = 3).  

 

We then tested the time-dependency of 100 nM ET1 on cellular hypertrophy in RFP 

WT hiPSC-CMs. The concentration of ET1 was tested before in our institute in 2D 

hiPSC-CMs. Those hiPSC-CMs were cultured in maturation medium (MM) at low 

density (7,500 cells/well) to allow for single cell imaging. HiPSC-CMs were treated with 

100 nM ET1 over 24, 48 or 72 h in 96-well plates. At the different time points ET1-

treated and time-matched control cells were fixed and stained for ACTN2 for 

sarcomeres and Hoechst33342 for nuclei. Afterwards, z-stack confocal images of 

single cells were recorded with a slice thickness of 0.29 µm. Cell volume (Figure 22A), 

cell area (Figure 22B) and cell height (Figure 22C) were evaluated with a custom Fiji 

macro which calculated the area based of the a-actinin 2 (ACTN2) signal and height 
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and volume considering the z-stack slices. ET1 induced a time-dependent increase in 

cell volume and cell area, which were both 1.5-2.5-fold higher than control after 72 h. 

Interestingly, cell height did not significantly differ from control after ET1 treatment. The 

number of nuclei per cell also did not differ between the groups (Figure 22D).  

 

 

  
Figure 22: Assessment of time-dependent effect of control or ET1 on cellular hypertrophy of RFP 
WT hiPSC-CMs. 
HiPSC-CMs were plated in black-edge 96-well plates at a density of 7.5 x103 cells/well for two weeks in 

maturation medium (MM) and afterwards exposed to ctrl. (H2O) or ET1 (100 nM) treatment for 24-72 h. 

Medium and compounds were exchanged every 24 h. (A - D) Quantification of the indicated parameters 

at the indicated time points (n = 20). Data are presented as mean±SEM (B-E). P-values were obtained 

with a one-way ANOVA with Tukey’s multiple compariosns test (A, B; n = 20-21), a non-parametric 

Kruskal-Wallis test with Dunn’s multiple comparisons test (C, n = 20-21) or a Brown-Forsythe & Welch 

ANOVA with Dunnett’s T3 multiple comparisons test (D; n = 17-20; 3 outliers removed in ET1 24 h, 1 
outlier removed in ET1 48). Some of the data were published in (Meyer-Jens et al., 2024).  

 

Simultaneously, we evaluated the transcriptomic adaptations to ET1 treatment 

overtime with the Nanostring nCounter system (Figure 23A). The mRNA levels of 

several markers of hypertrophy increased with ET1 in a time-dependent manner. 

NPPB (2.81-fold), MYH7 (1.61-fold), connective tissue growth factor (CTGF; 1.41-fold), 
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calsequestrin 2 (CASQ2; 1.34-fold), and NPPA (1.32-fold) were progressively 

upregulated with ET1 exposure, while TNNI3 (0.91-fold), TTN (0.86-fold), obscurin 

(OBSCN) (0.78-fold), four and a half LIM domains protein 2 (FHL2; 0.76-fold), RYR2 

(0.71-fold), MYH6 (0.71-fold) and titin-cap (TCAP; 0.67-fold) were progressively 

downregulated. The downregulation of MYH6 with simultaneous upregulation of 

MYH7, the downregulation of FHL2, and the marked upregulation of NPPA and NPPB 

represented clear signs of the hypertrophic gene program. This indicated that our 2D 

hiPSC-CM model recapitulated different aspects of this pathology. We also evaluated 

the levels of XIRP2 and MME via RT-qPCR and revealed an upregulation of XIRP2 at 

2 by 2.7-fold (24 h), 2-fold (48 h) and 3.8-fold (72 h, non-significant; Figure 23B), while 

MME was only upregulated at 24 h (4.4-fold) and 72 h (2-fold; Figure 23C).  

 

We considered the establishment of a 2D model for hypertrophy in hiPSC-CMs to be 

successful at cellular and transcriptomic level.  
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Figure 23: Transcriptional alterations after 24-72 h of control or ET1 treatment. 
HiPSC-CMs were plated in 12-well plates at a density of 7 x104 cells/well for 2 weeks in maturation 
medium (MM) and afterwards exposed to ctrl. (H2O) or ET1 (100 nM) treatment for 24-72h. Medium and 

compounds were exchanged every 24 h. (A) Nanostring nCounter analysis of indicated transcripts after 

24-72 h of 100 nM ET1 treatment. Transcript levels are compared to time-matched ctrl. (n = 3; data are 

expressed as fold-change over control, set to 1, not shown). RT-qPCR analysis of (B) XIRP2 and (C) 

MME transcript levels after 24-72 h of ET1 treatment. Data are presented as mean±SEM (B, C). P-

values were obtaind with an unpaired Student’s t-test for each individual time point (B, C; n = 3).  

 

4.1.2 Sacubitrilat prevents transcriptomic alterations, cellular hypertrophy and 
pathological changes in α-tubulin post-translational modifications 
 

As a next step, we evaluated the effect of sac (40 µM), val (13 µM) or the combination 

of both (sacval) on the ET1 treatment for 72 h. We confirmed that ET1 for 72 h caused 

a drastic upregulation of MYH7 (15.6-fold), NPPA (1.84-fold), NPPB (8.58-fold) and 

CTGF (2.73-fold), but also skeletal alpha actin 1 (ACTA1; 3.21-fold), FHL1 (2.14-fold) 

and desmin (DES; 2.08-fold) while only FHL2 (0.54-fold) and MYH6 (0.45-fold) were 

downregulated. FHL2 was the only target normalized by all treatments. More strikingly, 

both sac and sacval, but not val alone prevented, at least partially, the effect of ET1 on 

the expression of markers of hypertrophy: MYH7 levels were at least 3-fold lower in 

ET1sac and ET1sacval than in ET1 alone, NPPB, CTGF and FHL1 were at about 2-

fold lower and ACTA1 was about 40% lower in these prevention groups. Sac and 

sacval also prevented the ET1-induced decrease in MYH6 mRNA level (Figure 24A). 

The changes observed in XIRP2 and MME mRNA level were not significant. Still, 

XIRP2 mRNA tended to be higher in ET1 compared to ctrl., which was completely 

prevented by the application of sac alone, but not by val alone or sacval. Furthermore, 
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MME was almost 5-fold higher in ET1 than in ctrl., and sacval and sac, but not val 

tended to prevent the this increase (Figure 24B,C).  

 

 
Figure 24: Transcriptional alterations after 72 h of ctrl., ET1, ET1sac, ET1val or ET1sacval 
treatment. 
HiPSC-CMs were plated in 12-well plates at a density of 7 x104 cells/well for 2 weeks in maturation 

medium (MM) and afterwards exposed to ctrl. (0.08% DMSO), ET1 (100 nM), ET1sac (40 µM), ET1val 

(13 µM) or a combination of both for 72h. Medium and compounds were exchanged every 24 h. (A) 

Nanostring nCounter analysis of indicated transcripts after 72 h of indicated treatments. Transcript levels 

are compared to ctrl. (pools with n = 3; data are expressed as fold-change over control, set to 1, not 

shown). RT-qPCR analysis of (B) XIRP2 and (C) MME transcript levels after 72 h of ET1, ET1sac, 
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ET1val or ET1sacval treatment. Data are expressed as mean±SEM (B, C). Statistical testing was 

performed using a Brown-Forsythe & Welch ANOVA with Dunnett’s T3 multiple comparisons test (B, C). 

Data in (A) was published in (Meyer-Jens et al., 2024).  

 
Naturally, we also investigated the influence of ET1sac, ET1val and ET1sacval on 

cellular hypertrophy after 72 h (Figure 25). As expected, cell volume and cell area 

were significantly higher in ET1 than in ctrl. (Figure 25B,C). All treatments prevented 

the effect of ET1 on cell volume and area, whereas only sacval prevented the ET1 

effect on cell height. The number of nuclei did not differ between the groups (Figure 
25E).  
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Figure 25: Assessment of the effect of ctrl., ET1, ET1sac, ET1val or ET1sacval treatment on 
cellular hypertrophy of RFP WT hiPSC-CMs. 
HiPSC-CMs were plated in black-edge 96-well plates at a density of 7.5 x 103 cells/well for 2 weeks in 

maturation medium (MM) and afterwards exposed to ctrl. (0.08% DMSO), ET1 100 nM, ET1sac (40 µM), 

ET1val (13 µM) or a combination of both for 72h. Medium and compounds were exchanged every 24 h. 

(A) Microscopic images of RFP WT hiPSC-CMs with the indicated treatments and ACTN2 (green) for 

the assessment of cell area and volume and Hoeachst33342 (blue) for the DNA/nuclei staining. Scale 
bar represents 20 µm for ctrl., ET1 and ET1sacval and 10 µm for ET1sac and ET1val. (B-E) show the 

quantification of the indicated parameters at the indicated time points. Data are presented as 

mean±SEM. P-values were obtained wit a non-parametric Kruskal-Wallis test with Dunn’s multiple 

comparisons test (B, C, D, E; n = 19-20; (B) 1 outlier removed in ET1; (C) outlier removed in ctrl. and 

ET1; (E) outlier removed in ET1sac and ET1val). Data was published in (Meyer-Jens et al., 2024). 

 

As described before, TAC induced accumulation of dTyr-tub, which was normalized by 

application of sacval (Figure 19B). We evaluated the level of dTyr-tub after 72 h of 

ET1, ET1sac, ET1val or ET1sacval treatment (Figure 26). The level of dTyr-tub was 

1.5-2-fold higher in ET1-treated than vehicle-treated RFP WT hiPSC-CMs, which was 

fully prevented by the co-application of sac. ET1val and ET1sacval did not significantly 

modify dTyr-tub-level compared to ET1.  

 



 

84 
 

 
Figure 26: Western blot evaluation of dTyr-tub level after ctrl., ET1, ET1sac, ET1val or ET1sacval 
treatment. 
HiPSC-CMs were plated in 12-well plates at a density of 7 x 104 cells/well for 2 weeks in maturation 

mediumand afterwards exposed to ctrl. (0.08% DMSO), ET1 (100 nM), ET1sac (sac 40 µM), ET1val 

(val 13 µM) or a combination of both (ET1sacval) for 72 h. Medium and compounds were renewed every 

24 h. (A) Representative Western blots stained for dTyr-tub or GAPDH (loading control). (B) 

quantification of dTyr-tub level normalized to GAPDH. Data are presented as mean±SEM. P-values 
were obtained with a one-way ANOVA Dunnett’s multiple comparisons test (B; n = 3-6).  

 

We also evaluated the level of the PTM ac-tub, which is known to also be present on 

long lived MTs (Salomon et al., 2021). We observed tendencies for higher ac-tub in 

ET1 (2-fold) than ctrl. and prevention by sac but these were not significant (Figure 27).  

 

  
Figure 27: Western blot evaluation of ac-tub after ctrl., ET1, ET1sac or ET1val treatment. 
HiPSC-CMs were plated in 12-well plates at a density of 7 x 104 cells/well for 2 weeks in maturation 

mediumand afterwards exposed to or ctrl. (0.08% DMSO), ET1 (100 nM), ET1sac (40 µM), ET1val (13 
µM) for 72 h. Medium and compounds were renewed every 24 h. (A) Western blot images stained for 

ac-tub (acetylated tubulin) or GAPDH (loading control) and (B) the respective quantification. Data are 
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presented as mean±SEM. P-values were obtained with a Brown-Forsythe & Welch ANOVA with 

Dunnett’s T3 multiple comparisons test (B; n = 3). 

 

4.1.3 Mass spectrometry analysis reveals potential pathways modulating 
hypertrophy in endothelin 1-treated hiPSC-CMs 
 

To closely dissect the pathways and mechanisms at play in RFP WT hiPSC-CMs 

treated with ET1, ET1sac, ET1val or ET1sacval, we performed unbiased mass 

spectrometry analysis (MS). We found significantly higher levels of several relevant 

targets after 72 h of ET1 treatment compared to ctrl (FHL1, FHL2, TNNI3, TNNT2, 

NPPA and microtubule associated protein 1B (MAP1B; Figure 28A). Sac treatment 

normalized levels of FHL1, TNNI3 and MAP1B but not TNNT2, FHL2 and NPPA 

(Figure 28B). The application of ET1val only significantly modulated the level of FHL2 

(Figure 28C), while ET1sacval prevented the ET1-induced increase in FHL1, FHL2, 

TNNI3, TNNT2 and MAP1B (Figure 28D).  
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Figure 28: Volcano plot of mass spectrometry analysis of RFP WT hiPSC-CMs treated with ctrl., 
ET1, ET1sac, ET1val or ET1sacval. 
HiPSC-CMs were plated in 12-well plates at a density of 7 x 104 cells/well for 2 weeks in maturation 

mediumand afterwards exposed to ctrl. (0.08% DMSO), ET1 (100 nM), ET1sac (40 µM), ET1val (13 

µM), or a combination of both for 72 h. Medium and compounds were exchanged every 24 h. Afterwards, 

cells were washed with PBS and snap frozen in liquid nitrogen, before being subjected to unbiased 
mass spectrometry. Data are plotted as Log2 ratio (x-axis) and -Log10 (p value) (y-axis). (A) to (D) 

display the comparisons as indicated (n = 3).  

After evaluating the previous experiments, we decided to separately plot the MS data 

of ET1-treated hiPSC-CMs compared to either ctrl (Figure 29A) or ET1sac (Figure 
29B). This way we were able to interpret the changes in the ET1 group that were 

attenuated by ET1sac more closely. When comparing ET1 to ctrl., we found 197 

proteins to be significantly higher and 43 to be significantly lower. In contrast, ET1sac 

resulted in 44 significantly accumulated proteins and 40 that were less abundant. 

Among the proteins that were enriched in ET1 compared to the ctrl. were vimentin 

(VIM), beta actinin (ACTB), actinin alpha 4 (ACTN4), filamin A (FLNA), filamin B 

(FLNB), filamin C (FLNC), FHL1, TNNI3, TNNT2, ACTA1, NPPA, MAP1B, ACTN2, 

actinin alpha 1 (ACTN1) and aB-Crystallin (CRYAB) (Figure 29A). Out of these 

targets, the increases in FLNA, FLNB, VIM, TNNI3, FHL1 and MAP1B were prevented 

by sac (Figure 29B).  
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Figure 29: Volcano plot of mass spectrometry analysis of RFP WT hiPSC-CMs treated with 
control, ET1 or ET1sac. 
HiPSC-CMs were plated in 12-well plates at a density of 7 x 104 cells/well for 2 weeks in maturation 

medium and afterwards exposed to ctrl. (0.08% DMSO), ET1 (100 nM) or ET1sac (40 µM) for 72 h. 

Medium and compounds were exchanged every 24 h. Afterwards, cells were washed with PBS and 

snap frozen in liquid nitrogen, before being subjected to unbiased mass spectrometry analysis. Data are 

plotted as Log2 ratio (x-axis) and -Log10 (p value) (y-axis). (A) and (B) show the comparisons as 

indicated (n = 3). Data was published in (Meyer-Jens et al., 2024). 

 

4.1.4 Bulk RNA sequencing reveals broad transcriptional changes in 
endothelin 1-treated hiPSC-CMs 
 

To further deepen our insights into the differentially expressed genes in RFP WT 

hiPSC-CMs treated with ET1 or ET1sac, we performed bulk RNAseq analysis. In ET1-
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treated hiPSC-CMs, ankyrin D1 (ANKRD1), cysteine and glycine rich protein 3 

(CSRP3), nebulin-related anchoring protein (NRAP), bone morphogenic protein 10 

(BMP10), ATPase Na+/K+ Transporting Family Member Beta 4 (ATP1B4), MYH7, 

NPPB, NPPA, DES, XIRP2 and MME were significantly upregulated while aurora 

kinase B (AURKB), kinesin family member 20A (KIF20A), kinesin family member 18A 

(KIF18A), kinesin family member 14 (KIF14), centromere protein U (CENPU) and 

centromere protein M (CENPM) were significantly downregulated compared to ctrl. 

(Figure 30A). When comparing ET1sac to ET1 treated RFP WT hiPSC-CMs, KIF20A, 

kinesin family member 1C (KIF1C), kinesin family member 4A (KIF4A), centromere 

protein F (CENPF) and CENPU were upregulated while ACE2, periostin (PSTN), NP 

receptor 3 (NPR3), XIRP2, MME and BMP10 were downregulated (Figure 30B).  

 

We then analyzed the enrichment of gene ontology (GO) terms in the 2-fold up- or 

downregulated transcripts in both comparisons. The genes that were significantly 

changed and at least 2-fold higher expressed in ET1 compared to ctrl. were matched 

to terms like muscle contraction, extracellular matrix organization, actin cytoskeleton 

organization, supramolecular fiber organization, heart development, anatomical 

structure development and response to stimulus (Figure 30B). When examining the 

transcripts that were at least 2-fold downregulated in the ET1 group compared to the 

ctrl., GO terms like kinetochore organization, sister chromatid segregation, 

chromosome segregation, cell cycle checkpoint signaling, mitotic cell cycle, cell 

division, DNA replication, microtubule cytoskeleton organization and cytoskeleton 

organization were found (Figure 30C). We carried out the analogous analysis for the 

comparison of the ET1sac with the ET1 group. Through this, we uncovered that GO 

terms matching the regulation of chromosome segregation, mitotic spindle 

organization, G2/M transition of mitotic cell cycle, microtubule cytoskeleton 

organization involved in mitosis, regulation of nuclear division (among others) were 

deducted from the at least 2-fold upregulated (Figure 30E), while the terms muscle 

tissue development, cell adhesion, heart development and extracellular region (e.g.) 

were matched to the at least 2-fold downregulated transcripts (Figure 30F).  
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Figure 30: RNAseq analysis of RFP WT hiPSC-CMs treated with ET1 or ET1sac compared to ctrl. 
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HiPSC-CMs were plated in 12-well plates at a density of 7 x104 cells/well for 2 weeks in maturation 

mediumand afterwards exposed to ctrl. (0.08% DMSO), ET1 (100 nM) or ET1sac (40 µM) for 72 h. 

Medium and compounds were exchanged every 24 h. Afterwards, cells were snap washed with PBS 

and snap frozen in liquid nitrogen, before being subjected to bulk RNAseq analysis. Volcano plots of (A) 

ET1-treated hiPSC-CMs compared to ctr. and (D) ET1sac-treated hiPSC-CMs compared to ET1. 

Adjusted p-value (padj) depicted on y-axis and Log2 ratio on x-axis. Dot plots of enriched GO terms of 
transcripts that are either (B, E) 2-fold higher or (C, F) 2-fold lower and significantly changed with regard 

to padj in the respectively indicated comparisons (n = 3).  

 

From the same data set we also extracted the number of commonly dysregulated 

genes. While ET1 caused the dysregulation of 1547 transcripts compared to ctrl. 

(DMSO), ET1sac dysregulated only 1001 transcripts (Figure 31). In the overlap, 774 

transcripts were found.  

 

 
Figure 31: Number of commonly dysregulated genes in ET1 vs. DMSO and ET1sac vs. ET1. 
Samples were treated as described before (Figure 30). For the analysis, transcripts that were changed 

with a Log2 ratio of >1 or < -1 and padj-value of < 0.05 were considered.  

 

We used the overlapping genes to generate Figure 32 to show the counteracting effect 

of ET1sac compared to ET1 only. This underlines the tendencies that were already 

observed with the analysis in Figure 30A,D. The expression pattern of the cell cycle 

marker Ki67 (MKI67) was inversed when comparing ET1 with ctrl. (Log2 ratio -2.95) 

and ET1sac with ET1 (Log2 ratio 1.90). Other cell transcripts involved in cell cycle 

regulation such as cyclin dependent kinase inhibitor 2C (CDKN2C) and cyclin 

dependent kinase 1 (CDK1) displayed a similarly inverse expression pattern. As we 

had observed in the Nanostring data before (Figure 24), NPPB was prominently more 
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abundant in ET1 compared to ctrl. (Log2 ratio 4.18) but not fully prevented by ET1sac 

compared to ET1 (Log2 ratio -1.69; Figure 32).  

 

 

  
Figure 32: Normalized genes from RNAseq analysis. 
Samples were treated as described before (Figure 30). For the analysis, transcripts that were changed 

with a Log2 ratio of >1 or < -1 and padj-value of < 0.05 were considered.  

 

4.1.5 Endothelin 1 and sacubitrilat treatment modulate proteasomal activities  
 

As during the development of HCM and HF cellular pathways such as the proteasomal 

degradation are commonly dysregulated (Schlossarek & Carrier, 2011), we aimed at 

evaluating the chymotrypsin-like activity, which serves as a surrogate for the proteolytic 

activity of the ubiquitin-proteasome system. Samples from ventricular tissue of the 
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mouse study and those generated from the hiPSC-CMs were analyzed with this regard. 

In mice, the chymotrypsin-like activity was 2-fold higher in the TAC/solvent group than 

in all other groups (Figure 33A). In 2D hiPSC-CMs, the chymotrypsin-like activity was 

1.5-fold higher after 72 h of ET1 exposure than of vehicle. Sac partially prevented this 

effect, but it was not significant.  

 

 
Figure 33: Evaluation of chymotrypsin-like activity in mouse heart tissue and hiPSC-CMs. 
Mice were treated as described before (Figure 19). RFP WT hiPSC-CMs were as before treated for 72 h 
with daily medium changes with either ctrl. (0.08% DMSO), ET1 (100 nM), ET1sac (40 µM), ET1val (13 

µM) or ET1sacval. Afterwards cells were snap-frozen, and the cytosolic fraction was used for the assay. 

(A) Chymotrypsin-like activity in ventricular tissue of sham/TAC mice treated with solvent or sacval and 

(B) chymotrypsin-like activity in RFP WT hiPSC-CMs treated as outlined. Data are presented as 

mean±SEM. P-values were obtained with a Mixed-Effect Model with Tukey’s multiple comparisons test 

(A; n = 9-10) or a one-way ANOVA with Tukey’s multiple comparisons test (B; n = 8-9 in 3 batches) (B). 

Data was published in (Meyer-Jens et al., 2024). 
 

4.1.6 Summary of the endothelin 1-based hiPSC-CM hypertrophy model  
 

To summarize, we have first described the heart function and dTyr-tub levels in TAC 

operated mice to be significantly impaired and higher respectively. A six-week 

treatment with sacval was sufficient to stabilize heart function and fully normalize dTyr-

tub levels. To understand the underlying molecular mechanisms, a hiPSC-CM-based 

in vitro model for CM hypertrophy with the use of ET1 was developed. This model 

showed typical transcriptomic dysregulations and cellular hypertrophy. Both effects 

were time dependent. Interestingly, treatment with sacval and the individual 
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components revealed that only sac was able to prevent the 1.5-2-fold increase in dTyr-

tub otherwise observed with ET1-treatment. Sac was also able to prevent key 

transcriptomic and proteomic alterations as well as normalize chymotrypsin-like 

proteasome activity. These results suggested a superior role of sac in the above-

described mouse model compared to val.  

 

4.1.7 Hypothetical pathway for the mechanism of action of sacubitrilat 
downstream of the inhibition of neprilysin  
 

After synthesizing all our data obtained in the 2D hiPSC-CM hypertrophy model, we 

developed the hypothesis illustrated in Figure 34. We hypothesize that the inhibition 

of MME causes an increase of the A-, B- and C-type NPs. Their receptors, NPRA/B 

have a pGC that converts GTP to cGMP upon substrate binding (Mezzasoma et al. , 

2021; Pandey, 2014). The increasing levels of intracellular cGMP then cause an 

activation of PRKG1A which can phosphorylate multiple downstream targets. 

Glycogen synthase kinase 3B (GSK3B) is one of the classical targets that is inactivated 

by a phosphorylation of serine 9 (Das et al., 2008). In neurons, it was shown that active 

GSK3B can phosphorylate MAP1B, a target that was significantly upregulated by ET1 

and normalized by ET1sac. This particular phosphorylation would also be inhibitory. In 

this context, MAP1B has also been implicated as a regulator for MT dynamics, 

especially in neuronal growth cones (Leibinger et al., 2023). Moreover, GSK3B is also 

known to phosphorylate and inactivate collapsin response mediator protein 2 (CRMP2) 

(Xia et al., 2013) and microtubule associated protein 4 (MAP4), which are both 

associated with tubulin tyrosination and microtubule dynamicsy (Kitazawa et al., 2000). 

Lastly, we also hypothesize that VASH1, the key detyrosinating enzyme in CMs, could 

possess a phosphorylation site that is recognized by PRKG1A. In this case, the 

phosphorylation would be inhibitory. In short, we propose that sac increases natriuretic 

peptide levels and therefore PRKG1A activity via intracellular cGMP elevation. This 

active PRKG1A then inactivates multiple targets, including VASH1, that critically 

modulate microtubule PTM levels.  
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Figure 34: Hypothetical pathway for the downstream influence of sacubitrilat on cGMP-PRKG1A 
signaling and microtubule post-translational modifications. 
Abbreviations: ANP, atrial natriuretic peptide; BNP, brain type natriuretic peptide; CNP, C-type 

natriuretic peptide; cGMP, cyclic guaniosine monophosphate; CRMP2, collapsing response mediator 

protein-2; GSK3b, Glycogen synthase kinase-3 beta; GTP, guanosine triphosphate; MAP1B, 

microtubule associated protein 1B; MAP4, microtubule associated protein 4; MME/NEP, neprilysin; 
NPRA, natriuretic peptide receptor A; NPRB, natriuretic peptide receptor B; P, 

phosphorylation/phosphate group; pGC, particulate guanylate cyclase; PRKG1A, protein kinase G 1A; 

VASH1, vasohibin 1.  

 
4.2 Modulation of PRKG1A signaling in hiPSC-CMs 
 

As outlined in the previous chapters, we had justified reasons to believe that the 

modulation of PRKG1A activity can directly modulate dTyr-tub levels via 

phosphorylation of the main detyrosinase in hiPSC-CMs, VASH1. In the following 

chapter, we investigated the different levels of this hypothesis.  
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4.2.1 Inhibition of PRKG1A by Rp-8-Br-PET-cGMPs directly increases 
microtubule detyrosination in hiPSC-CMs 
 

We first tested the small molecule PRKG1A inhibitor Rp-8-Br-PET-cGMPs (RP8). 

Because there was no available data for the appropriate concentration, we performed 

a concentration response experiment in RFP WT hiPSC-CMs. Therefore, we incubated 

the cells with an increasing concentration of RP8 ranging from 0 to 10 µM for 45 min 

and evaluated the cell lysates for dTyr-tub content (Figure 35A,B). RP8 induced an 

increase in dTyr-tub level to about 1.5-fold with a concentration of 0.01 µM, but we did 

not observe a concentration-dependency on dTyr-tub levels. To support the data from 

the concentration-response study, we repeated the experiment with only 0.01 µM RP8 

for 45 min in a few more samples. We confirmed that dTyr-tub level was 1.5-fold higher 

in the inhibitor group than in ctrl. (Figure 35C). These results suggest that PRKG1 can 

regulate the dTyr-tub levels in RFP WT hiPSC-CMs after only a short exposure time.  

 

 
Figure 35: Western blot analysis of dTyr-tub level after a concentration-response experiment 
with the PRKG1A inhibitor RP8. 
RFP WT hiPSC-CMs were cultured at a density of 2 x 105 cells/well in a 12-well plate. The cells were 

kept in maturation mediumfor 14 days with medium changes every five days. (A) Western blot for dTyr-
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tub and GAPDH (loading control) and (B) analysis of dTyr-tub levels after 45 min concentration-response 

experiment for RP8 exposure and (C) analysis of dTyr-tub levels after 45 min treatment with 0.01 µM 

RP8. H2O was used as a solvent for RP8. Data are presented as mean±SEM. P-values were obtained 

with an unpaired Student’s t-test. For (B) only the two indicated groups were compared with each other 

(B, n = 3; C, n = 9 in 3 batches).  

 

4.2.2 PRKG1A knockdown in hiPSC-CMs increases stabilizing microtubule post-
translational modifications 
 

To add a second line of argumentation and because of the possibility for PRKG1A 

inhibitors to be considered unspecific, we supplemented this approach with a siRNA- 

based knockdown (KD). The experimental setup is presented in Figure 36A. We used 

two different commercially available siRNAs targeting PRKG1A (si1/si2; siPRKG1A 

1/2) as well as a scrambled (scr) negative control. RFP WT hiPSC-CMs were 

transfected with different concentrations and combinations of both siRNAs. After five 

days of transfection, the CMs were harvested for protein and RNA analysis. The first 

and primary readout was the Western blot evaluation of dTyr-tub levels (Figure 36B). 

The corresponding quantification (Figure 36C) revealed a 1.4-fold higher dTyr-tub 

level with 150 nM of si1 than with scr. Conversely, si2 did not impact the level of dTyr-

tub. The combination of both siRNAs at a concentration of 100 nM each resulted in a 

1.6-fold increase in dTyr-tub over scr. A further increase of both siRNA concentrations 

to 150 nM each did not yield a more pronounced increase of dTyr-tub. In this group the 

dTyr-tub levels were 1.3-fold higher than in scr (Figure 36C). Because the combination 

of the two siRNAs at 100 nM seemed to be the most promising condition, we also 

tested the KD efficiency of the targeted PRKG1A via RT-qPCR. PRKG1A mRNA 

transcript levels were 75% lower in the KD group than in the scr control (Figure 36D). 

The level of PRKG1A protein level after KD was about 40% lower (Figure 36E,F). Due 

to the low n-numbers, we cannot conclusively evaluate the significance of the results 

here, which needed to be tested with the non-parametric Mann-Whitney U-test.  
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Figure 36: Evaluation of siRNA-based knockdown of PRKG1A.  
RFP WT hiPSC-CMs were cultured at a density of 2 x 105 cells/well in a 12-well plate. The cells were 
kept in maturation medium for 14 days with medium changes every five days. Cells were then 

transfected with scr or specific PRKG1A siRNAs at the given concentrations for five days. (A) Schematic 

layout for the experimental setup (created with Biorender.com), (B) Western blot analysis for dTyr-tub 

and GAPDH (loading control) after scr or siPRKG1A treatment with (C) corresponding quantification. 

(D) RT-qPCR analysis of PRKG1A mRNA after knockdown with 100 nM siRNA 1 and 2. (E) Western 

blot analysis of PRKG1A and GAPDH (loading control) after knockdown with 100 nM siRNA 1 and 2 

and (F) respective quantifications. SiRNAs were dissolved in H2O. Data are presented as mean±SEM. 

P-values were obtained with a Mann-Whitney U-test as indicated (C, D, F; n = 3).  

 
We repeated the experiments with the combination of both siRNAs at a concentration 

of 100 nM (siPRKG1) and evaluated different microtubule PTMs (dTyr-tub, Tyr-tub, a-

tub, D2-tub, ac-tub; Figure 37). Quantification of the Western blots revealed a 1.2-fold 



 

98 
 

increase in dTyr-tub, which was lower than before (1.6-fold; Figure 36B,C) but still 

highly significant (Figure 37C). The level of Tyr-tub and a-tub did not differ between 

PRKG1A KD and scr (Figure 37D,E). In contrast to that, D2-tub level was 1.4-fold 

higher, even more than dTyr-tub, than in scr-treated cells (Figure 37G). Similarly, ac-

tub levels were 1.3-fold higher after PRKG1A KD (Figure 37H). Neiter D2-tub or ac-

tub were significantly regulated.  

 

 
Figure 37: Western blot analysis of microtubule post-translational modifications after siPRKG1A. 
RFP WT hiPSC-CMs were cultured at a density of 2 x 105 cells/well in a 12-well plate. The cells were 

kept in maturation medium for 14 days with medium changes every five days. Cells were then 

transfected with scr or specific PRKG1A siRNAs at the given concentrations for five days. (A) Western 

blot analysis for dTyr-tub, Tyr-tub, α-tub and GAPDH (loading control) or (B) Δ2-tub, ac-tub and GAPDH 

(loading control) after knockdown with 100 nM siRNA 1 and 2. (C) Quantification of dTyr-tub, (D) Tyr-

tub , (E) ac-tub, (F) Δ2-tub, (G) αTub and (H) the normalized ratio between dTyr-tub and αTub. SiRNAs 
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were dissolved in H2O. P-values were obtained with an unpaired Student’s t-test (C, D; n = 9 in 2 

batched) or the Mann-Whitney U-test (n = 3).  

 

4.2.3 PRKG1A stimulation by natriuretic peptides and VASH1 inhibition enhance 
tubulin tyrosination 
 

As we had already built a hypothesis (Figure 34) for the downstream action of sac on 

microtubule PTMs and dissected the effect of PRKG1A activity modulation via both 

inhibition and KD (0, 0), we aimed at evaluating the effects of natriuretic peptides (NPs) 

on microtubules and their PTMs. At first, we tested if ET1/CNP could rescue the 

increase in dTyr-tub that is otherwise expected with ET1 only. The RFP WT hiPSC-

CMs were incubated with 100 nM ET1 for the first 48 h and in the ET1/CNP group, 100 

nM CNP were added for the final 24 h of the experiment. The Western blot analysis 

and matching quantification did not show significantly higher levels of dTyr-tub in the 

ET1-only group, but the observed tendency (1.3-fold) was blunted in the ET1/CNP 

group (Figure 38A,B). Interestingly, ANP levels as determined with an ELISA assay 

witht the cell culture supernatant, were elevated in both ET1- and ET1/CNP-treated 

RFP WT hiPSC-CMs. Contrary to that, there was no difference observed between the 

ANP levels in the medium of hiPSC-CMs treated with ET1 compared to those also 

incubated with CNP (Figure 38C).  

 
Figure 38: Western blot and ANP ELISA assay analysis of dTyr-tub levels after ET1 or ET1/CNP 
treatment.  
RFP WT hiPSC-CMs were cultured at a density of 2 x105 cells/well in a 12-well plate. The cells were 

kept in maturation medium for 14 days with medium changes every five days. Afterwards cells were 

treated with ctrl. (H2O), 100 nM ET1 for 72 h or 100 nM ET1 with the final 24 h including 100 nM CNP. 

(A) Western blot analysis for dTyr-tub or GAPDH (loading control) and (B) respective quantification. ET1 
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and CNP were dissolved in H2O. Data are presented as mean ± SEM. P-values were obtained with one-

way ANOVA with Dunnett’s multiple comparisons test (B, n = 9 in 2 batches; C, n = 6).  

 

We then evaluated whether PRKG1A activity is directly modulated by the application 

of either CNP (100 nM) or the previously tested inhibitor RP8 (10 nM) for 45 min to 1 h. 

We tested the two phosphorylation sites of the vasodilator-stimulated phosphoprotein 

(VASP), namely serine 239 (pVASP S239) and serine 157 (pVASP S157). While 

pVASP S239 is known to be the site favored by PRKG1A (Das et al., 2008), pVASP 

S157 served as a control, as this is favored by protein kinase A (PKA) (Eckert & Jones, 

2007). The level of pVASP S239 was markedly higher after ET1, and RP8 had no effect 

(Figure 39A). On the other hand, whereas pVASP S157 level was slightly higher with 

ET1, it was even more in the presence of RP8, but both were not significant. We 

therefore decided to use the pVASP S239-specific antibody for further analyses. 

 

 

  
Figure 39: Western blot analysis of pVASP S239 and S157 after CNP or RP8 treatment.  
RFP WT hiPSC-CMs were cultured at a density of 2 x 105 cells/well in a 12-well plate. The cells were 

kept in maturation medium for 14 days with medium changes every five days. Afterwards cells were 
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treated with ctrl. (H2O), 100 nM CNP for 1 h or 0.01 µM RP8 for 45 min. (A) Western blot analysis for 

pVASP S239/157 or GAPDH (loading control) and (B, C) respective quantifications. CNP and RP8 were 

dissolved in H2O. Data are presented as mean±SEM. P-values were obtained with a non-parametric 

Kruskal-Wallis test with Dunn’s multiple comparisons test (B, C; n = 2-3; 1 outlier was removed in both 

due to uneven loading). 
 

Because the effect of sac on cGMP-PRKG1 signaling is indirect via the accumulation 

of NPs, we treated RFP WT hiPSC-CMs overnight (O/N) with the compound (Figure 
40A). Surprisingly, in this experiment, sac alone, without previous stimulation via ET1, 

lowered the dTyr-tub level by 15% (Figure 40B). Furthermore, the level of Tyr-tub were 

10% higher, though non-significant (Figure 40C). The level of pVASP S239 was about 

15% higher in sac-treated cells than in the ctrl. group. 

 

 

 
Figure 40: Western blot analysis of dTyr-tub, Tyr-tub and pVASP S239 and Tyr-tub after overnight 
sac exposure. 
RFPtub hiPSC-CMs were cultured at a density of 2 x105 cells/well in a 12-well plate. The cells were kept 

in maturation medium for 14 days with medium changes every five days. Afterwards cells were treated 

with ctrl. (0.08% DMSO) or 40 µM sac O/N. (A) Western blot analysis for pVASP S239, Tyr-tub or 
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GAPDH (loading control) and (B, C, D) respective quantification. Data presented as mean±SEM. P-

values were obtained with an unpaired Student’s t-test (B, D; n = 5-6; (D) 1 outlier removed in Ctrl.) or 

Mann-Whitney U-test (C n = 6). 
 

We have now established that the NP-cGMP-PRKG1A signaling axis is active in 

hiPSC-CMs, we then used A-type natriuretic peptide (ANP) as a stimulator of this 

pathway. We performed a concentration-response experiment on the pVASP Ser239 

level.  

 

While we used RFP WT hiPSC-CMs before, we now used TTL-KO hiPSC-CMs 

(Pietsch et al., 2024), which would afterwards also allow us to capture the newly 

synthesized Tyr-tub due to the genetic KO of the respective enzyme. Indeed, as all 

tubulin isoforms, except for TUBA4A, are synthesized carrying a C-terminal tyrosine 

(Nieuwenhuis & Brummelkamp, 2019), the TTL-KO hiPSC-CMs allowed us to indirectly 

estimate the activity of the detyrosinating enzymes (VASH1/2, MATCAP1) via Tyr-tub, 

which therefore captures newly synthesized tubulin. Conversely, changes in dTyr-tub 

would not be seen in TTL-KO hiPSC-CMs as the level of this PTM is about 30- to 35-

fold higher than in RFP WT hiPSC-CMs (Pietsch et al., 2024). 

 

We first tested concentrations of ANP ranged from 0 to 500 nM on the level of pVASP 

Ser239 for 20 min. The level of pVASP Ser 239 was already about 2-fold higher with 

10 nM of ANP and remained higher with higher concentrations, except with 30 nM, 

which we could not explain (Figure 41).  

 

 
Figure 41: Western blot analysis of pVASP S239 after concentration response experiment with 
ANP. 
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TTL-KO hiPSC-CMs were cultured at a density of 2 x 105 cells/well in a 12-well plate. Initial plating was 

performed in complete medium, which was replaced with maturation medium after three days. The cells 

were kept in maturation medium for 14 d with medium changes every five days. Afterwards cells were 

treated with 0-500 nM ANP for 20 min. (A) Western blot analysis for pVASP S239 or GAPDH (loading 

control) and (B) respective quantification. ANP was dissolved in H2O. Data are presented as 

mean±SEM. P-values were obtaines with a one-way ANOVA with Dunnett’s multiple comparisons test 
(B; n = 6).  
 

Despite the absence of significant effect on pVASP with 30 nM ANP, we evaluated the 

impact of this concentration on the level of Tyr-tub. The level of Tyr-tub was 1.25-fold 

higher after only a 20-min stimulation with ANP (Figure 42). 

 

 
Figure 42: Western blot analysis of Tyr-tub after treatment with 30 nM ANP. 
TTL-KO hiPSC-CMs were cultured at a density of 2 x 105 cells/well in a 12-well plate. The cells were 

kept in maturation medium for 14 days with medium changes every five days. Afterwards cells were 

treated with H2O (= 0 nM ANP) or 30 nM ANP for 20 min. (A) Western blot analysis for Tyr-tub or GAPDH 
(loading control) and (B) respective quantification. Data presented as mean±SEM. P-value was obtained 

with an unpaired Student’s t-test (B; n = 6).  
 

To validate the ANP effect on Tyr-tub, we performed a concentration-response 

experiment with the VASH1/2 inhibitor alkaline EpoY (alk. EpoY), which we received 

as a gift from Marie-Jo Moutin (Grenoble, France). Here the concentrations ranged 

from 0-100 µM in an overnight setting. The level of Tyr-tub increased 1.25-fold with 10 

and 100 µM of the inhibitor, whereas the dTyr-tub level slightly decreased (Figure 
43A,B).  
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Figure 43: Western blot analysis of dTyr-tub and Tyr-tub after concentration response 
experiment with alkaline EpoY. 
TTL-KO hiPSC-CMs were cultured at a density of 2 x 105 cells/well in a 12-well plate. The cells were 

kept in maturation medium for 14 days with medium changes every five days. Afterwards cells were 

treated with 0-100 µM alk. EpoY overnight. (A) Western blot analysis for dTyr-tub, Tyr-tub or GAPDH 
(loading control) and (B) respective quantification. Alk. EpoY was dissolved in DMSO (ctrl.). Data are 

presented as mean±SEM (B; n = 2). 
 

Considering the low n-number in the concentration response experiment (n = 2) we 

repeated the experiment, only with 10 µM alk. EpoY overnight. In this conditions, the 

level of Tyr-Tub was 1.35-fold higher with the VASH inhibitor than with vehicle (Figure 
44), which was comparable to the change after 30 nM ANP treatment (Figure 42B).  
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Figure 44: Western blot analysis for Tyr-tub after 10 µM alkaline EpoY treatment. 
TTL-KO hiPSC-CMs were cultured at a density of 2 x 105 cells/well in a 12-well plate. The cells were 

kept in maturation medium for 14 days with medium changes every five days. Afterwards cells were 
treated with ctrl. (0.1% DMSO) or 10 µM alk. EpoY overnight. (A) Western blot analysis for Tyr-tub or 

GAPDH (loading control) and (B) respective quantification. Alk. EpoY was dissolved in DMSO. Data 

presented as mean±SEM. P-value was obtained with an unpaired Student’s t-test (B; n = 8).  

 

4.2.4 Sacubitrilat and CNP peptide stimulate intracellular cGMP production and 
sacubitrilat inhibits ANP degradation 
 

Finally, we also wanted to validate that application of sac to CMs can directly increase 

intracellular cGMP levels. We therefore performed an ELISA assay for cGMP. In this 

assay, each group contained three replicates each consisting of two pooled wells from 

a 6 well plate. The treatments (40 µM sac, 100 nM CNP) yielded a 2-fold and 8-fold 

increase in cGMP levels respectively (Figure 45A). 

 

As the manufacturer of the ELISA kit could not deliver further units during the data 

acquisition phase of this study, we aimed at testing intracellular cGMP levels with a 

FRET sensor. The cGi500 was encoded in an adenoviral vector (Adv-cGi500). In this 

sensor consists of a cyan fluorescent protein (CFP) as well as a yellow fluorescent 

protein (YFP) which are both coupled to a cGMP binding domain. With no cGMP 

bound, both fluorophores are in proximity, and the CFP can stimulate the YFP. This 

means that with the excitation of CFP with a 445-nm laser light, mainly the 535 nm light 

from the YFP is emitted, because the emission wavelength of CFP (480 nm) is the 

excitation wavelength of YFP. Once cGMP binds to the coupled cGMP binding 

domains, they change their confirmation and the distance between the fluorophores 
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increases. Now YFP is excited less by the emission wavelength of CFP and the ratio 

between CFP and YFP signal (FRET) increases (Figure 45B; Thunemann et al., 

2014). After the sac treatment, each experiment was concluded by adding a mixture of 

100 nM CNP and 100 µM 3-Isobutyl-1-methylxanthin (IBMX; phosphodiesterase 

inhibitor) to reach the maximal possible response.  

 

Out of all FRET traces captured, about 65% showed a response to either sac or 

CNP/IBMX exposure, while the others did not react to the stimuli. Out of the ones that 

reacted, three example traces are shown in Figure 45C. It proved to be difficult to 

reach a clear and stable baseline in the measurements, which makes the data difficult 

to interpret. Nevertheless, upon the addition of sac the left and middle trace showed 

an increase in FRET signal, which could only be increased upon by CNP/IBMX in the 

middle trace. The right trace did not convincingly react to sac application but showed 

a clear increase in FRET after the addition of CNP/IBMX.  
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Figure 45: Direct assessment of intracellular cGMP changes after sac or CNP exposure. 
RFP WT hiPSC-CMs were cultured at a density of 8 x 105 cells/well in a 6-well plate. The cells were 

kept in maturation medium for 14 days with medium changes every five days. Transductions were 
performed with an adenovirus encoding the cGMP FRET sensor cGi500 (multiplicity of infection of 30). 

(A) Elisa Assay for direct assessment of intercellular cGMP levels after 20 min of sac or CNP treatment 

(3 x 2 wells per condition). (B) Schematic illustration for RFP WT hiPSC-CM transduction and 

subsequent FRET measurement (created with Biorender.com). (C) Three exemplary FRET traces 

displaying the maximal response in the CFP/YFP ratio on the y-axis and the measurement frame on the 

x-axis (1 frame = 10 s). RFP WT hiPSC-CMs were acutely stimulated with 40 µM sac or 100 nM CNP 

and 100 µM IBMX as indicated.  

 

Since we analyzed the effects of sac on hiPSC-CMs with regard to pVASP S239, dTyr-

tub and Tyr-tub, we also aimed to evaluate the inhibitory effect of sac on MME. 

According to the mechanism of action of sac, ANP protein in the medium should be 

increased. In fact, O/N incubation of TTL-KO hiPSC-CMs with sac caused an almost 

50% increase in ANP levels in the supernatant (Figure 46). We could therefore deduct 

that sac had the expected effect.  

 
Figure 46: Atrial natriuretic peptide levels in supernatant of TTL-hiPSC-CMs treated with ctrl. or 
sac overnight. 
TTK-KO hiPSC-CMs were plated at a density of 2 x 105 in a 12-well plate and kept in culture for two 

weeks in maturation medium with medium changes every five days. HiPSC-CMs were then treated with 



 

108 
 

either ctrl. (0.08% DMSO) or 40 µM sac O/N. The supernatant was collected and frozen at -80 °C until 

being analyzed with a specific ANP ELISA kit. Data presented as mean±SEM. P-value was obtained 

with an unpaired Student’s t-test (n = 6). 

 

4.2.5 Summary of PRKG1A signaling modulation by natriuretic peptides, 
sacubitrilat and VASH1 inhibition  
 

We observed significantly higher levels of dTyr-tub in RFP WT hiPSC-CMs treated with 

the PRKG1 inhibitor RP8 or transfected with siRNAs targeting the kinase. Moreover, 

ET1 and CNP both increased ANP secretion into cell culture media by RFP WT hiPSC-

CMs during a 72 h treatment. We confirmed that CNP increases the phosphorylation 

of VASP at S239 which is PRKG-specific. This effect was also almost significantly 

mimicked by sac application. Additionally, ANP and VASH1 inhibition resulted in higher 

levels of Tyr-tub in TTL-KO hiPSC-CMs indicating the inhibitory effect downstream of 

ANP on VASH1 activity. Lastly, ANP levels were significantly higher in the medium of 

TTL-KO hiPSC-CMs treated with sac, and both sac and CNP increased intracellular 

cGMP levels.  

 

4.3 Impact of mutant VASH1 on microtubule modifications  
 

4.3.1 Discovery of the PRKG1A target site on VASH1 
 

It was previously shown by the Moutin’s lab in Grenoble that the VASH1-SVBP 

complex binds to microtubules via the C-terminal (Ct) domain of VASH1 and promotes 

detyrosination of microtubules in vitro (Ramirez-Rios et al., 2023). We therefore 

hypothesized that PRKG1A might directly phosphorylate VASH1 and therefore inhibit 

its detyrosination activity. KinasePhos 2.0 revealed seven putative serine residues in 

the Ct domain (S313, S323, S324, S330, S331, S337, and S344) that may be 

phosphorylated by PRKG1. The experiment was performed by our colleagues in 

Grenoble. They used their previously generated sfGFP-VASH1-SVBP complex 

(VASH1-WT) and the truncated version of VASH1 containing the CD and Ct domain, 

consisting of residues 57-365 (VASH1-CD+Ct; Ramirez-Rios et al., 2023). In addition, 

they constructed a phosphomimetic VASH1 where all 7 serines in the Ct domain were 

mutated to glutamates (VASH1 7E; Figure 47A). They incubated the VASH1 

recombinant proteins (2 µM) with 10 nM of recombinant PRKG1A for 1 h in the 
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presence of the slowly hydrolyzed adenosine triphosphate (ATP) analogue ATP-g-S. 

The kinase substrate is therefore labelled with this analogue and the incubation with 

p-nitrobenzyl mesylate results in thiophosphate ester formation. Afterwards the 

resulting samples were loaded on an SDS-PAGE and phosphorylation was detected 

with a thiophosphate ester-specific antibody. This strategy allows for the detection of 

phosphorylation sites without the need for specific antibodies but lacks the capability 

to distinguish between sites. The SDS-PAGE confirmed equal loading across 

conditions for all three recombinant proteins. In contrast, the thiophosphate ester 

Western blot exhibited prominent signals for VASH1-WT and VASH1-CD+Ct, but only 

a faint signal for VASH1 7E (data not shown). Together, these data suggest that 

PRKG1A targets serine residues for phosphorylation within the Ct domain of VASH1. 

 

We then hypothesized that the activation of the cGMP/PRKG1 pathway by sac also 

induces phosphorylation of VASH1, its inactivation and therefore reduction of dTyr-tub 

levels in hiPSC-CMs. Our colleagues in Grenoble generated plasmids encoding mouse 

YFP-VASH1-WT-IRES-SVBP (VASH1-WT), phosphomimetic YFP-VASH1 7E-IRES-

SVBP (VASH1 7E) and non-phosphorylatable VASH1, where all 7 serines were 

mutated to alanine (VASH1 7A). With these different constructs, lentiviruses were 

generated by Dr. Ingke Braren from the Vector Facility of the UKE. These lentiviruses 

were then used to transduce VASH1-KO hiPSC-CMs to determine the specific effects 

of the mutant constructs in a relevant cellular model (Figure 47B).  
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Figure 47: Discovery of the target site for PRKG1A on VASH1. 
(A) C-termini of VASH1-WT and VASH1 7E with the potential PRKG1-targeted serine residues 

highlighted in red (WT). These serine residues were mutated to glutamate residues in the VASH1 7E. 
(B) Protocol for the transduction of VASH1-KO hiPSC-CMs with mutant VASH1 lentivirus constructs 

(created with Biorender.com). (A) provided by Chadni Sanyal, Sacnite Ramirez-Rios and Marie-Jo 

Moutin. 

 

4.3.2 Consequences of mutant VASH1 overexpression in VASH1-defiecient 
hiPSC-CMs 
 

To determine the effects of exogenous VASH1 7E and VASH1 7A on dTyr-tub and 

Tyr-tub levels, we performed a lentivirus volume-concentration response of either 

lentivirus in VASH1-KO hiPSC-CMs for 72 h (Figure 48A). All VASH1 constructs 

carried a Nt YFP-tag. Exogenous YFP-VASH1 7E and -7A proteins accumulated in a 

a volume-dependent manner and were >40-fold higher with the highest volume of 

lentivirus transduction (10 µl) than with the lowest volume (0.03 µl; Figure 48B). The 

level of dTyr-tub was higher was 5-fold higher with 10 µL for both VASH1 7E and 

VASH1 7A; however, it was already 3-fold higher with 1 µL of VASH1 7A, but not 7E 

(Figure 48C). Interestingly, Tyr-tub levels were about 50% lower with 0.3 µL lentivirus 

in both groups (Figure 48D). To evaluate the catalytic activity of VASH1, we plotted 

the ratio of dTyr-tub/VASH1, which was the highest with 0.1-0.3 µL and much higher 

with VASH1 7A than 7E, though non-significant (Figure 48E). These data suggest that 
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the enzymatic activity of the tubulin carboxypeptidase complex is higher with VASH1 

7A-SVBP than with VASH1 7E-SVBP.  
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Figure 48: Transduction and consequences of VASH1 7E/7A and WT in VASH1-KO hiPSC-CMs.  
VASH1-KO hiPSC-CMs were seeded at a density of 1 x 105 per well into 12-well plates and cultured in 

complete medium for one week prior to transduction with increasing volumes of either VASH1 mutant 

construct (0.03-10 µl) or VASH1 WT with an MOI of 1.5. (A) Representative western blot images for 

dTyr-tub, Tyr-tub, YFP-VASH1 and H3 (loading control) after increasing volumes of VASH1 7E 
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transduction (B, C, D, E) and indicated quantifications. Cells were harvested after 72 h of transduction. 

Data are presented as mean±SEM. P-values were obtained with the non-parametric Kruskal-Wallis test 

with Dunn’s multiple comparisons test (B, C, D, E; n = 4). 

 

We then compared the impact of 10-µL transduction of VASH1-KO with VASH1-WT, -

7E and -7A for 72 h on the levels of dTyr-tub and Tyr-tub. The microscopic images 

revealed a lower number of YFP-positive cells with the VASH1 7E and VASH1 7A than 

for the VASH1-WT, suggesting a lower titer for the mutant lentivirus (Figure 49A). 

Western blot analysis was performed to evaluate the impact of the different constructs 

on the levels of YFP-VASH1, dTyr-tub and Tyr-tub (Figure 49B). The level of 

exogenous YFP-VASH1 was about 60-70% lower in VASH1-KO hiPSC-CMs 

transduced with VASH1 7E or VASH1 7A than transduced with VASH1-WT (Figure 
49B,C), reflecting the lower titer of the lentivirus encoding the mutant VASH1. No 

significant difference in dTyr-tub level was quantified between VASH1 7E and VASH1 

7A. In the absence of endogenous VASH1 in VASH1-KO hiPSC-CMs, the low, basal 

level of dTyr-tub is mediated by other enzymes, such as the VASH2-SVBP complex or 

MATCAP1 or by TUBA4A, which is synthesized as detyrosinated tubulin. The level of 

dTyr-tub was higher in all conditions than in untreated VASH1-KO cells (Figure 
49B,D), suggesting that all exogenous VASH1 can induce microtubule detyrosination. 

However, the level of dTyr-tub was lower in VASH1 7E-transduced cells than in 

VASH1-WT- and VASH1 7A-transduced cells, suggesting that the presence of the 

phosphomimetic VASH1 partly prevents the attachment of the VASH-SVBP complex 

to promote detyrosination. Of note, the level of Tyr-tub did not markedly differ between 

the groups, except in cells transduced with VASH1 7A where it was lower than those 

transduced with VASH1 7E (Figure 49B,E). 
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Figure 49: Transduction and consequences of VASH1 WT and VASH1 7E/7A in VASH1-hiPSC-
CMs. 
VASH1-KO hiPSC-CMs were seeded at a density of 2 x105 per well into 12-well plates and cultured in 

complete medium for one week prior to transduction with increasing volumes of either VASH1 mutant 

construct or VASH1 WT with an MOI of 1.5. Cells were harvested after 72 h of transduction. (A) 

Representative microscopic images of untransduced (untr.) VASH1-KO hiPSC-CMs or those 

transduced with 10 µl VASH1 7E/7A lentivirus or MOI of 1.5 of the VASH1 WT lentivirus under 
transmitted light or showing the GFP/YFP channel. (B) Western blot images for YFP-VASH1, dTyr-tub, 

Tyr-tub and GAPDH (loading control) and (C, D, E) matching quantifications. Data presented as 

mean±SEM. P-values were obtained with a non-parametric Kruskal-Wallis test with Tukey’s multiple 

comparisons test (C, D, E; n = 3). 

 

4.3.3 Summary of the effects of mutant VASH1 overexpression in VASH1-
deficient hiPSC-CMs 
 

Our collaborators provided eveidence in cell-free systems that PRKG1 targets a serine 

residue in the Cter of VASH1. A database search conducted by them revealed seven 

such residues which they subsequently mutated to either glutamate (VASH1 7E) ot 

alanine (VASH1 7A) in a plasmid vector encoding YFP-VASH1 alsongside SVBP. 

Glutamate should mimick a phosphorylation of VASH1 while alanine cannot be 

phosphorylated anymore. We overexpressed these constructs in VASH1-KO hiPSC-
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CMs with lentiviruses and revealed efficient expression of all by fluorescence 

microscopy and Western blot analysis. Both VASH1 7E and 7A increased dTyr-tub and 

decreased Tyr-tub. The ratio between dTyr-tub and VASH1 revealed that 7A is more 

effective at detyrosinating MTs than 7E. This suggests that PRKG1-induced 

phosphorylation of VASH1 inhibits, at least in part, its detyrosinae activity. 

 

4.4 Creating a hiPSC-line deficient in MATCAP1  
 

The main microtubule detyrosinating enzymes VASH1/2 and their chaperone SVBP 

have been described almost a decade ago by two different groups independently of 

each other (Aillaud et al., 2017; Nieuwenhuis et al., 2017). Still, hiPSC-CMs and mice 

lacking the enzymatic VASH activity were shown to still possess dTyr-tub which can 

likely not be accounted for merely through the expression of the de novo detyrosinated 

isoform TUBA4A. The relative activity of either VASH1 and VASH2 is thought to be 

tissue specific (Pagnamenta et al., 2019; Pietsch et al., 2024; Sanyal et al., 2023). This 

suggested the presence of additional tubulin carboxypeptidases. In 2022, such an 

enzyme, MATCAP1, was first described in neurons. In contrast to the VASH/SVBP 

complex, MATCAP1 does not bind at the interface of two laterally aligned MT 

protofilaments but instead a single protofilament. However, so far its relevance has 

only been initially described in neurons while its role in other cell types, like CMs, 

remains elusive (Landskron et al., 2022).  

 

4.4.1 CRISPR-Cas9 genome editing strategy for creation of a MATCAP1-
knockout hiPSC-line  
 

As the consequences of a loss of MATCAP1 for CMs were unknown, we wanted to 

perform CRISPR-Cas9 genome editing to create KO hiPSC-cell line (MATCAP1-KO). 

As a basis for this cell line we used the RFP WT hiPSCs as these also served as an 

isogenic control for SVBP-KO, TTL-KO, VASH1-KO (Pietsch et al., 2024). The 

genomic locus of MATCAP1 is 8442 base pairs (bp) long and consists of six coding 

exons. The resulting protein consists of 472 amino acids (MATCAP1 Gene Card, n.d). 

In our database search, no long non-coding RNAs or other genes were found in that 

region. The gene is flanked by the genes EXOC3L1 upstream and NOL3 downstream. 

NOL3 and MATCAP1 share a small overlap in their 3’ regions (NCBI, 2025). Our 
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strategy aimed at removing a 2783-bp fragment between the two indicated crRNAs. 

Within this fragment the two functional domains of MATCAP1 are also encoded. This 

approach would leave the overlap with NOL3 unaffected and still ensure a full KO of 

MATCAP1. Figure 50 depicts the described locus. The hereafter described editing 

strategy was to be conducted in both RFP WT and SVBP-KO hiPSC lines to create 

MATCAP1-KO and SVBP/MATCAP1-double-KO. The latter line would have been 

deficient in any known functioning detyrosinating enzyme.  

 

 
Figure 50: MATCAP1 genomic locus with transcripts. 
Genomic locus of MATCAP1 on chromosome 16 with the exon-structure. Also indicated are the two 

crRNAs and flanking genes EXOC3L1 and NOL3. Below the genomic locus, unspliced and spliced 

MATCAP1 mRNA are shown. Whole genomic locus has a size of 16,659 bp. From: (IDT, 2025; NCBI, 

2025). 

 

Next, we planned the validation strategy for the edited hiPSC clones. We first validated 

the sequences around the intended target sites for crRNA1 and crRNA2 of our RFP 

WT hiPSCs, which matched the reference genome (data not shown). We then tested 

the internal primer set and external primer set which are indicated in Figure 51. Both 

reactions worked as intended (data not shown). These two latter PCR reactions also 

served as genotype tools. A homozygous KO clone would only show the external 

fragment without the internal fragment. If a short external (771 bp instead of 2783 bp) 

and internal fragment could be amplified the clone would be heterozygous KO.  
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Figure 51: Schematic depiction of intended crRNA and primer location for MATCAP1-KO creation 
and validation primer sets (blue arrows). 

 

Afterwards, we designed our crRNAs with the online tool of IDT (IDT, 2025). For each 

locus we provided the intended target site to the tool and the depicted matrices (Figure 
52) were generated. The crRNAs should be selected from the upper right quadrant of 

the results matrix as those have the highest on-target (x-axis) and lowest OT (y-axis) 

potential. The sequences in the lower part of each panel show the sequence of the 

crRNAs as well as their PAM, on-target and OT score. On one hand, the crRNA for the 

5’ editing site (crRNA1) had a high score for both on- and OT of 80 and 82, respectively. 

On the other hand, the one for the 3’ editing site only scored 64 for its on-target 

potential, while having a superior OT score of 92.  
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Figure 52: Selection of crRNA for 5'- and 3’ editing site. 
Matrices outlining the selection of the (A) 5’- and (B) 3’-crRNA. The matrices are divided into four 

quadrants with the y-axis showing off-target risk from high to low and the x-axis showing the on-target 

potential from low to high. This results in the upper right quadrant representing crRNAs that combine 

low off-target risk and high on-target potential. Below the matrices the sequences of the highlighted (light 

blue) crRNAs are shown with PAM sequence, on-target score and OT score. Abbreviations: crRNA, 

guide RNA; OT, off-target; PAM, protospacer adjacent motif. 

 

For improved clarity, Figure 53 illustrates the workflow for a CRISPR-Cas9 genome 

editing approach. First hiPSCs were taken at the earliest available passage and 

cultured until number was available. Then, the RNP (1.4) is assembled and the cells 

are nucleofected via electroporation. It is crucial that the density of hiPSCs before 

nucleofection is between 50 and 80% of confluence. At this density, the hiPSCs are 

still in the exponential growth phase. It has been shown that hiPSCs, besides being 

more proliferative in this phase, show improved viability, more efficient DNA repair, 

enhanced maintenance of pluripotency as well as better clonal expansion (Lobo et al., 
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2025). After two days, the cells are assessed microscopically for intracellular 

fluorescence of the ATTO555-coupled tracrRNA, which is part of the RNP and the cells 

are seeded as single clones. These clones are picked after 5-7 days and cultured until 

they can be frozen for gDNA extraction and cryo-conservation (3.2.1.5, 3.2.1.2). After 

genotyping, positive clones can be cultured again and the quality controls performed.  

 

 
Figure 53: Workflow for CRISPR/Cas9 genome editing in hiPSCs for the creation of MATCAP1-
knockout.  
Schematic for the workflow of CRISPR/Cas9 genome editing in hiPSCs. HiPSCs need to be in the 

growth phase when they are transfected with the CRISPR/Cas9 genome editing components. After 

transfection, the cells are seeded at single cell density to enable clone picking after about seven days. 

The clones are then cultured and their genotype analyzed. Cells harboring the desired edit are then 

cultured further and subjected to quality control steps. Once passed, the newly created cell line(s) may 
be used for funcntional and molecular studies. Created with Biorender.com. Abbreviations: hom., 

homozygous; gDNA, genomic DNA; MCB, master cell bank.  

As the approach to create a double KO for SVBP and MATCAP1 from the existing 

SVBP-KO hiPSC line only produced 23 heterozygous KO clones and no homozygous 

KO out of 144 analyzed, I decided to present only the data obtained for the single 

MATCAP1-KO hiPSC line. The genome editing strategy and quality measures would 

have been identical.  
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Figure 54 shows a microscopic image of RFP WT hiPSCs two days after the 

nucleofection with the RNP. A cytoplasmic localization of the ATTO555 signal can be 

appreciated, indicating a successful entry of the genome editing components into the 

hiPSCs. Therefore, we could continue with further analysis of the generated CRISPR 

pool.  

 
Figure 54: Microscopic image of RFP WT hiPSCs two days after nucleofection with ribonucleic 
acid protein complex to induce MATCAP1-knockout.  
RFP WT hiPSCs were nucleofected with the CRISPR-Cas9 genome editing RNP. Red dots indicate 

ATTO555 labelled tracrRNA. Scale bar represents 200 µm. 

 

For this pool analysis, the supernatant of both non-nucleofected RFP WT hiPSCs and 

RNP-nucleofected (potential) MATCAP1-KO hiPSCs were collected and subjected to 

a PCR with the Phire Tissue Direct PCR Master Mix and primers for either the site 

around crRNA1 (1), crRNA2 (2) or amplification of the external fragment around both 

cutting sites (3). Reactions 1 and 2 showed clear bands for both RFP WT and 

MATCAP1-KO at the expected sizes. Reaction 3, which was intended to amplify the 

external fragment, did not amplify a fragment for the RFP WT supernatant, which was 

due to the amplification time only being 1 min. The fragment without the intended 

deletion of 2783 bp could not be amplified in this time frame. In contrast to that, the 

MATCAP1-KO pool showed several bands in reaction 3: one around 450 bp, one 

around 550-600 bp, one above 1 kb and one at the expected size (771 bp) as indicated 

by the red arrow in Figure 55.  
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Figure 55: PCR validation of CRISPR pool after ribonucleic acid protein complex nucleofection.  
Reaction 1: site around crRNA1 (582 bp), reaction 2: site around crRNA2 (549 bp), reaction 3: 

amplification of external fragment (771 bp) as outlined in before (Figure 51). Red arrow indicates the 

desired external fragment. 1% agarose-TBS gel stained with Midori Green.  

 

After the genotyping of 37 surviving clones of the initially picked 48, three were 

determined to be heterozygous, while only one was a homozygous KO. The remaining 

clones appeared to still be WT. Figure 56 depicts examples of all three described 

outcomes. From clone B6 only the internal fragment (reaction 2) was amplified, while 

both internal and external fragments were amplified from gDNA of clone B8. Finally, 

the PCRs for clone B7 only yielded a product for reaction 1 (external) but not reaction 

two. Therefore, clone B7 was determined to be the top candidate to be a homozygous 

KO of MATCAP1. Clone B6 remained WT and B8 was either a heterozygous KO or a 

mixed clone.  

 

 
Figure 56: PCR genotyping of clones B6-B8 for MATCAP1-knockout. 
Reaction 1: internal fragment (643 bp), reaction 2: external fragment (771 bp). 1% agarose-TBS gel 

stained with Midori Green. Green box indicated homozygous clone, red box indicates heterozygous or 
mixed clone.   
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4.4.2 Validation and quality control of a homozygous MATCAP1-knockout clone 
 

In the previous paragraphs, we have outlined the generation of a potential MATCAP1-

KO hiPSC-clone. After the initial genotyping (Figure 56) we started to validate this 

clone and perform all quality control measures at place at the Institute of Experimental 

Pharmacology and Toxicology. The first important quality assurance was the analysis 

of the karyotype. Karyotypic integrity was analyzed with a custom Nanostring nCounter 

panel that contained probes for frequently aberrant chromosomal sites including all 

autosomes and gonosomes. The signal that should be observed is a copy number of 

two (depicted on the y-axis of Figure 57A) for each site, except for the X- and Y-

chromosome as the original RFP WT hiPSC-line stems from a male patient (Allen 

Institute, n.d.), which therefore should only display a copy number of one. No 

abnormalities were seen for any locus, only one probe did not give a signal on the Y-

chromosome, but this is a technical issue present in all of our analyses. Additionally, 

we evaluated the MATCAP1 mRNA levels in MATCAP1-KO hiPSC-CMs differentiated 

from clone B7. By RT-qPCR analysis, the transcript was not detectable while it was 

present in RFP WT hiPSC-CMs (Figure 57B). 

 

 
Figure 57: Karyotype assessment and MATCAP1 transcript levels in MATCAP1-KO hiPSCs and 
hiPSC-CMs. 
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(A) Confirmation of normal karyotype of MATCAP1-KO with a custom Nanostring nCounter analysis 

panel analyszing genomic DNA isolated from hiPSCs and (B) confirmation of the absence of MATCAP1 

mRNA compared to RFP WT hiPSC-CMs by RT-qPCR. 

 
Next, we investigated the OTs for the crRNAs used. According to our quality measures, 

the ten most likely OTs for each crRNA should be investigated via sequencing. All OT 

sites were amplified with specific PCR primers and the products sequenced. Figure 
58 displays the alignments of MATCAP1-KO sequences with RFP WT sequences for 

the top the OTs for crRNA1 (A) and crRNA2 (B). No OT edits were found in any of the 

sequenced OTs.  

 

 

Figure 58: OT sequencing results comparing MATCAP1-KO with the RFP WT (isogenic control) 
hiPSCs. 
Genomic DNA was isolated from hiPSCs. Specific primers were designed for each OT, used to amplify 

the region around the potential Cas9 binding site and then the forward primer was used for sequencing. 

Sequences for the top ten OTs for (A) crRNA1 and (B) crRNA2. MATCAP1-KO sequences are displayed 

on top, RFP WT sequences below.  

 

The final quality control step was the determination of pluripotency via FACS. The 

marker used in our case was SSEA3 which is a cell surface protein commonly used 

for this purpose (Andrews & Gokhale, 2024). The analysis of MATCAP1-KO hiPSCs 

from the master cell bank revealed that 100% of the cells were SSEA3+ and 

consequently considered pluripotent (Figure 59). Testing for mycoplasma 

contamination via PCR was negative (data not shown).  
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Figure 59: Determination of pluripotency of MATCAP1-KO hiPSCs via FACS. 
FACS analysis and gating of MATCAP1-KO hiPSCs after staining for the pluripotency marker SSEA3. 
As the table on the bottom of the figure indicates, 100% of the analyzed cells were SSEA3 positive and 

can therefore be considered pluripotent.  

 

Taken together, we have created and validated the quality of a MATCAP1-KO hiPSC 

line. Accordingly, this line could be used in the generation of hiPSC-derived cell types, 

such as CMs, for the analysis of molecular and functional consequences of the KO.  
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4.4.3 MATCAP1 deficiency causes altered microtubule post-translational 
modifications in hiPSC-CMs and hiPSC-CM EHTs  
 

As MATCAP1 is a microtubule modifying enzyme capable of detyrosinating a-tub, we 

then evaluated the levels of microtubule PTMs after KO of this enzyme. For this 

analysis we used matured 12-week-old EHTs derived from both RFP WT and 

MATCAP1-KO hiPSC-CMs. We evaluated the levels of dTyr-tub, Tyr-tub, ac-tub and 

total a-tub (Figure 60A). The level of dTyr-tub was 40% lower in MATCAP1-KO than 

in isogenic control EHTs (Figure 60B). Interestingly, the level of total a-tub was 1.5-

fold higher in the KO EHTs (Figure 60C) and Tyr-tub level was 25% lower than in WT 

(Figure 60D). The lower level of dTyr-tub was accompanied by a lower level of ac-tub 

(Figure 60E). The lower levels of dTyr-tub and ac-tub which are both associated with 

more stable and longer-lived MTs could here be compensated for by an increase in 

total a-tub (Phyo et al., 2022).  
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Figure 60: Western blot analysis of dTyr-tub, Tyr-tub, ac-tub and a-tub in hiPSC-CM EHTs. 
RFP WT or MATCAP1-KO hiPSC-CMs were cast into EHTs and cultured for twelve weeks on yellow 

posts. (A) Western blot analysis for dTyr-tub, a-tub, Tyr-tub, ac-tub or GAPDH (loading control) and 

(B,C,D,E) respective quantification. Data are presented as mean±SEM. P-values were obtained with an 

unpaired Student’s t-test (B, C, D, E; n = 5-6; (B) and (C) 1 outlier removed in MATCAP1 due to uneven 
loading). 

 

We then evaluated the level of dTyr-tub in 2D hiPSC-CMs after two weeks of culture 

in MM. We compared RFP WT, SVBP-KO and MATCAP1-KO (Figure 61A). The level 

of dTyr-tub was 80% lower in SVBP-KO than in WT, due to the missing activity of both 

VASH1 and VASH2. This result was compatible with data previously published by our 

group (Pietsch et al., 2024). Due to variability in the samples, this was not significant 

in the presented data set. In contrast, the dTyr-tub level was 15-fold higher in 

MATCAP1-KO hiPSC-CMs than in RFP WT and SVBP-KO cells, respectively (Figure 
61). This result exhibited a stark contrast to the findings in the matured EHTs. The 

underlying mechanisms for these differences remain elusive though it has to be said 

that the 2D and 3D hiPSC-CM models present vastly different circumstances.  
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Figure 61: Western blot analysis of dTyr-tub in 2D hiPSC-CMs. 
RFP WT, SVBP-KO or MATCAP1-KO hiPSC-CMs were cultured at a density of 2 x 105 cells/well in a 

12-well plate. The cells were kept in maturation medium for 14 days with medium changes every five 

days. (A) Western blot analysis for dTyr-tub or GAPDH (loading control) and (B) respective 

quantification. Data are expressed as mean±SEM. P-values were obtained with the non-parametric 

Kruskal-Wallis test and Dunn’s multiple comparisons test (n = 3). 

 

4.4.4 MATCAP1 deficiency markedly alters the proteome of EHTs 
 

To evaluate the molecular changes in MATCAP1-KO EHTs beyond the microtubule 

PTMs, we subjected KO and RFP WT EHTs to unbiased MS analysis. This analysis 

revealed 265 proteins to be significantly accumulated in MATCAP1-KO, while 97 

proteins were significantly decreased (Figure 62). Among the accumulated proteins, 

NRAP, CSRP3, CRYAB myosin heavy chain 11 (MYH11), myomesin 3 (MYOM3), 

TNNI3 and VIM were found. MYH6, calpain 2 (CAPN2) and calmodulin 1 (CALM1) 

were among the lower number of downregulated proteins in MATCAP1-KO hiPSC 

EHTs. These data suggest that MATCAP-KO is more mature than RFP WT. 
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Figure 62: Volcano plot of mass spectrometry analysis of MATCAP1-knockout vs RFP WT hiPSC-
CM EHTs. 
RFP WT or MATCAP1-KO hiPSC-CMs were cast into EHTs and cultured for twelve weeks. Afterwards, 

EHTs were washed with PBS and snap frozen in liquid nitrogen, before being subjected to unbiased MS 

analysis. Dare are plotted as Log2 ratio (x-axis) and -Log10 (p value) (y-axis) (n = 6). 

 

To understand the broad proteome dysregulations better, we performed GO pathway 

analysis with the String database (Swiss Institute of Bioinformatics et al., n.d.). In the 

RFP WT EHTs, a plethora of keywords indicating the negative regulation of metabolic 

pathways were enriched, including negative regulation of endopeptidase activity, 

negative regulation of proteolysis, negative regulation of metabolic process, negative 

regulation of nitrogen compound metabolic process, negative regulation of metabolic 

process and negative regulation of macromolecule metabolic process. Unexpectedly, 

we also found the terms negative regulation of complement activation and acute phase 

response which would classically be more associated with immune cells than CMs. 

Also, the term female pregnancy came up, with no direct connection to our used cell 

type (Figure 63).  
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Figure 63: Enriched GO pathways in RFP WT hiPSC-CM EHTs compared to MATCAP1-KO hiPSC-
CM EHTs. 
RFP WT or MATCAP1-KO hiPSC-CMs were cast into EHTs and cultured for twelve weeks. Afterwards, 

EHTs were washed with PBS and snap frozen in liquid nitrogen, before being subjected to unbiased MS 

analysis. Resulting data was subjected to pathway analysis. Cutoff values were a q-value <0.05 and a 

fold change of ³1.5 (n = 6).  

 

In contrast to that, in the MATCAP1-KO EHTs, many developmental and cytoskeletal 

terms were enriched. The analysis for example uncovered the terms muscle cell 

differentiation, connective tissue development, muscle structure development, 

anatomical structure formation involved in morphogenesis, tissue development, animal 

organ development, cell differentiation and multicellular organism development. In 

addition to that, we found unexpected terms including regulation of chondrocyte 

differentiation, regulation of cartilage development, cartilage development. Enriched 

cytoskeletal terms included actin filament bundle assembly, actin cytoskeletal 

organization, supramolecular fiber organization, cytoskeleton organization and cell 
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adhesion. Lastly, energy metabolism and nucleoside metabolism pathways such as 

nucleoside diphosphate phosphorylation, adenosine diphosphate (ADP) metabolic 

process, glycolytic process, carbohydrate catabolic process, ATP metabolic process 

and small molecule metabolic process were enriched (Figure 64).  

 

 
Figure 64: Enriched GO pathways in MATCAP1-knockout hiPSC-CM EHTs compared to RFP WT 
hiPSC-CM EHTs. 
RFP WT or MATCAP1-KO hiPSC-CMs were cast into EHTs and cultured for twelve weeks. Afterwards, 

EHTs were washed with PBS and snap frozen in liquid nitrogen, before being subjected to unbiased MS 
analysis. Resulting data was subjected to pathway analysis. Cutoff values were a q-value <0.05 and a 

fold change of ³1.5 (n = 6).  
 

Summarizing the findings from the MS analysis conducted in RFP WT and MATCAP1-

KO EHTs it can be concluded that a deficiency in the MATCAP1 gene causes 

extensive proteomic alterations. In total 362 proteins were significantly dysregulated. 
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The dysregulated proteins were largely associated with structural and metabolic 

pathways (Figure 63, Figure 64).  

 

4.4.5 MATCAP1 deficiency alters the contractility of EHTs 
 

Logically, after evaluating the molecular consequences of MATCAP1-KO, we aimed at 

evaluating whether those also implicate functional alterations. Therefore, we recorded 

force and frequency of contraction of MATCAP1-KO and RFP WT hiPSC-CM EHTs 

with our proprietary White-Box measurement system. In this setup, contractions are 

captured by a camera system and the parameters are calculated by an automated 

software. Measurements were performed according to 3.2.5.2. Both cell lines 

developed similar amplitude of force overall but MATCAP1-KO was slightly stronger in 

the beginning of the culture and after d 35 slightly lower in force (Figure 65A). The 

force plateau was reached in both cell lines around d 60 with around 0.6 millinewton 

(mN). In contrast to that, frequency of MATCAP1-KO EHTs was higher than that of 

RFP WT EHTs after d 32. Both cell lines peaked around day 10 at 75 beats per minute 

(BPM) and declined over time. RFP WT reached a plateau at around 18 BPM while 

MATCAP1-KO EHTs only declined to a mean of 31 BPM at day 84. The BPM plateau 

was reached after day 35 in both cell lines (Figure 65B).  
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Figure 65: Force and frequency development of RFP WT and MATCAP1-knockout hiPSC-CM 
EHTs. 
One x 106 RFP WT or MATCAP1-KO hiPSC-CMs were cast per EHT. Tissues were cultured on yellow 

posts with a stiffness of 0.8 mN/mm as described before and measured at the indicated time points. (A) 

Force (mN; y-axis) development over time (d; x-axis) and (B) frequency (bpm; y-axis) development over 

time (d; x-axis). Blue = RFP WT; black = MATCAP1-KO. (For data until d 32: MATCAP n = 80 in 4 
batches and RFP WT n = 69 in 3 batches; for data until d 84: MATCAP1KO n = 24 and RFP WT n = 

21). Data are expressed as mean±SEM. 

 

The contraction parameters of EHTs can only be fully evaluated with electrical 

synchronization (pacing). The resulting data is then normalized and the time to peak 

(TTP) and relaxation time (RT) can be determined at different fractions (e.g. TTP20 = 

TTP 20%) of the respective contraction phase. EHTs were paced at day 30 (Figure 
66) and day 60 (Figure 67) with a frequency of 1, 1.5 and 2 Hz. In this study we only 

display the data resulting from the 2-Hz stimulation. When analyzing the normalized 

contraction of RFP WT and MATCAP1-KO EHTs at day 30, a clear right shift was 

visible for the latter (Figure 66A). Accordingly, TTP20 and TTP80 were higher in 

MATCAP1-KO than in RFP WT (Figure 66B,D). RT was only higher at 20% in 

MATCAP1-KO than in RFP WT, while RT80 did not differ between the groups (Figure 
66C,E).  
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Figure 66: Contraction parameters of RFP WT and MATCAP1-knockout hiPSC-CM EHTs with 
electrical pacing at d 30. 
One x 106 RFP WT or MATCAP1-KO hiPSC-CMs were cast per EHT. Tissues were cultured on yellow 

posts with a stiffness of 0.8 mN/mm with electrical pacing at 2 Hz. (A) Normalized force, (B) absolute, 

(C) TTP20, (D) RT20, (E) TTP80 and (F) RT80. Data are presented as mean±SEM. P-values were 

obtained with the Mann-Whitney U-test (RFP WT with n = 19, 1 batch; MATCAP1-KO with n = 31, 2 

batches).  

 

Interestingly, the differences between MATCAP1-KO and RFP WT were smaller at 

day 60 than at day 30. The shape of the normalized force curve at a pacing frequency 
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of 2 Hz was only marginally shifted in MATCAP1-KO (Figure 67A). Still TTP20 and 

TTP80 were significantly higher in the KO (p = 0.0089; p = 0.0023) but RT20 and RT80 

were not different between KO and isogenic control.  

 

 
Figure 67: Contraction parameters of RFP WT and MATCAP1-knockout hiPSC-CM EHTs with 
electrical pacing at d 60. 
One x 106 RFP WT or MATCAP1-KO hiPSC-CMs were cast per EHT. Tissues were cultured on yellow 

posts with a stiffness of 0.8 mN/mm with electrical pacing at 2 Hz. (A) Normalized force, (B) absolute 

force, (C) TTP20, (D) RT20, (E) TTP80 and (F) RT80. Data are presented as mean±SEM. P-values 
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were obtained with the Mann-Whitney U-test (C, D, F) or unpaired Student’s t-test (E) (RFP with n = 21, 

1 batch; MATCAP1-KO with n = 20, 1 batch).  

 

4.4.6 Summary of the creation and characteristics of a MATCAP1-deficient 
hiPSC-line 

 

In summary, we successfully produced a homozygous MATCAP1-KO hiPSC-line 

which passed all mandatory quality control steps at place in our institute. We showed 

that the KO resulted in lower levels of dTyr-tub in MATCAP1-KO EHTs but higher levels 

in 2D hiPSC-CMs compared to RFP WT tissues and CMs. The result from the 2D 

hiPSC-CMs might be compounded by the low n-number and should be reevaluated. 

Furthermore, the KO of MATCAP1 significantly altered the proteome of 12-week-old 

EHTs compared to the isogenic control. The resulting signature was enriched in mainly 

developmental and cytosolic terms. Moreover, RFP WT and MATCAP1-KO EHTs 

developed similar force, but the KO showed higher beating frequency after prolonged 

culture. Lastly, under 2-Hz electrical pacing, 30-day-old MATCAP1-KO tissues showed 

higher force and longer TTP. At day 60 the force of paced MATCAP1-KO and RFP WT 

EHTs was similar, but TTP remained higher.  

 
4.5 Is detyrosination of microtubules necessary for the development of 
hypertrophy?  
 

We then assessed whether dTyr-tub is necessary for the development of cellular 

hypertrophy. We used our different KO hiPSC lines. We exposed 2D culture of RFP 

WT, MATCAP1-KO, TTL-KO and SVBP-KO hiPSC-CMs to either DMSO, ET1 or 

ET1sac as described before but used N-cadherin (NCAD) to distinguish neighboring 

cells. This allowed us to circumvent single cell seeding and allowed for higher n-

numbers without increasing experiment and analysis time (Figure 68A; Figure 25).  

 

It was shown previously that TTL-KO hiPSC-CMs contain supraphysiological levels of 

dTyr-tub (up to 40-fold), while SVBP-KO lacks enzymatic detyrosination from the main 

tubulin carboxypeptidase in CMs, VASH1, and of VASH2, which results in only 20% of 

remaining dTyr-tub (Pietsch et al., 2024). Therefore, we expected SVBP-KO to not 

develop hypertrophy under ET1 stimulation, while TTL-KO should be able to do so. On 
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the other hand, whether the enzymatic activity of MATCAP1 in hiPSC-CMs is impactful 

enough to have an influence on cellular hypertrophy development after ET1-treatment 

was not known.  

 

Visually there were differences observed, especially between the cell lines and in part 

their reaction to the ET1 or ET1sac treatment (Figure 68A). At baseline (DMSO), TTL-

KO hiPSC-CMs seemed larger and less compact compared to the other three cell lines. 

Interestingly, RFP WT and MATCAP1-KO hiPSC-CMs reacted with decompaction and 

especially in the case of the former, clear structural (ACTN2) disorganization to ET1-

treatment. In contrast to that, there was no clear observable difference between the 

DMSO and ET1 groups for TTL-KO and SVBP-KO. These visual differences also 

manifested when we compared the baseline cell area of DMSO-treated CMs of all four 

cell lines and observed that both MATCAP1-KO and TTL-KO CMs were significantly 

larger than either RFP WT or SVBP-KO CMs. TTL-KO hiPSC-CMs were also larger 

than MATCAP1-KO hiPSC-CMs (Figure 68B).  

 

Accordingly, these cell lines also were not visually impacted by ET1sac compared to 

either DMSO or ET1 only. In RFP WT and MATCAP1-KO hiPSC-CMs, ET1sac lead to 

a compaction of the monolayer CMs (Figure 68A).  

 

We have previously established that for the assessment of cellular hypertrophy, the 

use of cell volume and cell area are interchangeable (Figure 25). As expected, ET1 

induced cellular hypertrophy in RFP WT hiPSC-CMs and sac prevented this effect to 

even lower cell area than with DMSO (Figure 68C). Similarly, ET1 induced higher cell 

area in MATCAP1-KO CMs and ET1sac induced lower cell area than even DMSO 

(Figure 68D). In TTL-KO, ET1-treatment had no effect, whereas cell area was lower 

in ET1sac than in DMSO (Figure 68E). ET1 did not induce hypertrophy, whereas 

ET1sac markedly reduced cell area in SVBP-KO cells (Figure 68F).  

 

Summarizing the gathered data, we showed can suggest that a deficiency in SVBP but 

not MATCAP1 prevents ET1-induced cellular hypertrophy while both MATCAP1-KO 

and TTL-KO cause a baseline level of hypertrophy. These data merit further analyses. 
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Figure 68: Cell size analysis in RFP WT, MATCAP1-KO, TTL-KO and SVBP-KO after DMSO, ET1 
or ET1sac treatment for 72 h.  
HiPSC-CMs were plated in black-edge 96-well plates at a density of 2 x 104 cells/well for 2 weeks in 

maturation medium and afterwards exposed to ET1 100 nM, ET1sac (40 µM) or ctrl. (0.08% DMSO) 
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treatment for 72 h. Medium and compounds were changed every 24 h. (A) Microscopic images of RFP 

WT, MATCAP1-KO, TTL-KO and SVBP-KO hiPSC-CMs with the indicated treatments and ACTN2 

(white) and NCAD (pink) for the assessment of cell area and Hoeachst33342 (blue) for the DNA/nuclei 

staining. Scale bar represents 100 µm. (B, C, D, E, F) Quantification of the cell area in the indicated cell 

lines (5 micrographs each of 3 well per condition. Data presented as mean±SEM (B-F). P-values were 

obtained with the non-parametric Kruskal-Wallis test with Dunn’s multiple comparisons test (RFP WT 
DMSO n = 93, ET1 n = 74, ET1sac n = 93; MATCAP1-KO DMSO n = 124, ET1 n = 118, ET1sac n = 

135; TTL-KO DMSO n = 112, ET1 n = 101, ET1sac n = 105; SVBP-KO DMSO n = 97, ET1 n = 77, 

ET1sac n= 99).  
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5. Discussion  
 

Tubulin detyrosination is accumulated in HF and different forms of heart disease such 

as HCM (Algül et al., 2023; C. Y. Chen et al., 2018; Schuldt et al., 2021). Evidence that 

a modulation of the pathway and involved enzymes can positively influence the 

pathology has emerged in recent years (Caporizzo et al., 2020; C. Y. Chen et al., 2020; 

Pietsch et al., 2024; Schuldt et al., 2021). It thus far remains unclear how this 

phenomenon can be targeted in patients and if it is influenced by currently available 

therapeutic interventions such as sacval. However, there is a push for the evaluation 

of VASH1 inhibitors which were tested in vivo (Eaton et al., 2023).  

 

Prior to our work in hiPSC-CMs, we evaluated TAC-induced hypertrophy and HF in 

mice. These mice presented with a 10% drop in EF two weeks after surgery. At this 

time point the treatment with sacval or solvent was started. Although the drug 

application could normalize dTyr-tub, which was1.5-2-fold higher in TAC/solvent, and 

fibrosis content (Figure 19) as well as normalize proteasome function (Figure 33), EF 

was not rescued but only stabilized. In the TAC/Solvent group, EF declined 

progressively until the termination of the experiment to a mean of ~26% (Meyer-Jens 

et al., 2024). This effect can likely be explained by the loss of myocytes which cannot 

be compensated for due to the low proliferation rates reported in adult hearts (Malliaras 

et al., 2013; Okada et al., 2004). Contrary to that, preliminary data from our group 

showed an increase in proliferation rate of SVBP-KO hiPSC-CMs which are low in 

dTyr-tub (Pietsch et al., n.d.). However, these CMs have dTyr-tub levels of only 20% 

of the isogenic control while the sacval treatment in TAC mice did not decrease but 

only normalize dTyr-tub (Figure 19; Pietsch et al., 2024). Therefore, sub-physiological, 

but not physiological, levels of dTyr-tub could be conducive to an increase in cell cycle 

activity. Regardless of the experimental group, the EF was inversely correlated with 

dTyr-tub, meaning higher dTyr-tub resulted in lower EF and vice versa. This is in line 

with previous data showing that MT buckle during contraction and increase passive 

stiffness of CMs (C. Y. Chen et al., 2018, 2020; Robison et al., 2016). Thus decreasing 

dTyr-tub fraction improves contractility (C. Y. Chen et al., 2018, 2020; Robison et al., 

2016). The prevention of fibrosis by sacval was to be expected as well as multiple 
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groups have reported this effect previously (Jia et al., 2021; Miyoshi et al., 2019; 

Vaskova et al., 2020). 

5.1 Endothelin 1-based hypertrophy model  
 

5.1.1 Successful establishment of a model of hypertrophy in hiPSC-CMs 
 

We have presented evidence for increased dTyr-tub in TAC mice which was fully 

rescued by sacval application (Figure 19). Because no model based on hiPSC-CMs 

was available that displayed similar characteristics (hypertrophy, increase dTyr-tub, 

gene expression adaptations), we developed one. This model used 100 nM ET1 over 

a period of 72 h. A 2-fold increase in cell area, 1.5-2-fold increase in dTyr-tub, 

hypertrophic gene expression pattern and altered proteome were observed. The dTyr-

tub levels were comparable between the 2D hiPSC-CM model and the TAC mice 

(Figure 19, Figure 26). In HCM patients though, especially those carrying a 

sarcomeric gene variant, dTyr-tub was up to 10-fold increased, with a mean of around 

4-fold (Schuldt et al., 2021). The 1.5-2-fold increase more closely resembles levels 

found in patients not carrying a sarcomeric gene variant (Schuldt et al., 2021). A direct 

comparison of our ET1-based model with a model carrying a patient specific 

sarcomeric gene variant could be insightful. It could shed light on the question, if those 

variants can also influence dTyr-tub through thus far unknown mechanisms. Studies 

have already shown that dTyr-tub can promote interaction with intermediate filaments 

and the sarcomere. If the increased stiffness observed in tissues with sarcomeric 

genetic variants is causal for the increase in dTyr-tub or vice versa is not fully 

understood (Salomon et al., 2021).  

 

Regarding the cell volume, we observed values of around 40,000 µm3 in single hiPSC-

CMs (Figure 25). This is considerably larger than what was reported in the literature 

for CMs isolated from different species. For example, Bensley et al. evaluated the 

volume of CMs from weanling mice (3-4-wks of age) to be about 5,500-6,500 µm3, 

while those from adult sheep reached close to 20,000 µm3 (Bensley et al., 2016). As 

hiPSC-CMs are mostly thought to resemble the former rather than the latter (Feyen et 

al., 2020; Knight et al., 2021), one has to critically assess our experimental procedure. 

CMs generated from a homozygous ACTN2 variant hiPSC line only reached values 

close to 20,000 µm3 (Zech et al., 2022). This difference could be attributed to the fact 
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that during the establishment of the model we used single hiPSC-CMs, which therefore 

had more space to expand compared to the other studies. Also, we used a maturation 

medium to metabolically mature the hiPSC-CMs (Feyen et al., 2020), which could in 

this setting also contribute to a larger cell size. Still the fold-change difference between 

control and hypertrophied cells was comparable at about 2-fold (Figure 22). Moreover, 

the cell area that we report here (Figure 25, Figure 68) is comparable to previously 

reported values (2,000-5,000 µm2; Prondzynski et al., 2024; Zech et al., 2022).  

 

5.1.2 Molecular and functional consequences of endothelin 1 stimulation in 
hiPSC-CMs 
 

The development of ET1-induced hiPSC-CM hypertrophy is likely to occur first via 

transcriptomic alterations as they precede the cellular changes. Indeed, the first major 

transcriptomic alterations were already observed after 24 h with increased levels of 

NPPA, NPPB, ACTA1 and MYH7, while the change in cell area only became significant 

after 72 h (Figure 22, Figure 23). Mechanistically, the pathological change in cell size 

is likely induced via a combination of structural dysregulations as the magnitude in 

XIRP2, ACTA1 and MYH6/7 change progressively increased over time. Especially the 

decrease in MYH6 (0.71-fold after 72 h) combined with an increase in MYH7 (1.61-fold 

after 72 h; Figure 23) marks a key transcriptomic adaptation that is also frequently 

observed in HF and hypertrophy patients (Kyselovic et al., 2024; Mosqueira et al., 

2018). Other structural transcripts such as ACTA2 (1.29-fold), myocardial zona 

adherens protein (MYZAP; 0.80-fold), FHL2 (0.76-fold), POSTN (0.75-fold) and TCAP 

(0.67-fold) were also dysregulated upon prolonged ET1 exposure (Figure 23). This 

further underscores the hypothesized mechanism for the development of cellular 

hypertrophy (Friedrich et al., 2014; Hu et al., 2025; Kubin et al., 2020; Oka et al., 2007; 

Rangrez et al., 2016). Conversely, TTN mRNA levels were 0.14-fold lower after 72 h 

of ET1 treatment (Figure 23). In healthy CMs, TTN is the major contributor to passive 

cellular stiffness (Crocini & Gotthardt, 2021). We did not evaluate the stiffness of CMs 

in our ET1-based protocol, but due to the increase in dTyr-tub, it is reasonable to 

assume that it is increased as these parameters were reported to correlate (Caporizzo 

et al., 2020). Accordingly, the decrease in TTN might serve as a mechanistic counter 

towards the increased stiffness arising from increased dTyr-tub. Evaluation of TTN 

isoform composition and phosphorylation levels could shed light on this. However, 



 

143 
 

previous data did not reveal differences in TTN isoform composition in a HCM mouse 

model with or without the overexpression of human TTL (Pietsch et al., 2024).  

A secondary mechanism might involve the mishandling of intracellular calcium as 

RYR2 is almost 30% lower after 72 h of ET1-stimulation compared to baseline. RYR2 

serves as one of the key regulators of intracellular calcium handling and especially 

calcium-induced calcium release from the sarcoplasmic reticulum (Bers, 2002).  

 

Another transcriptomic adaptation we observed in our ET1-treated WT hiPSC-CMs 

was the increase in MME expression especially at the 24 h and 72 h time points (Figure 
23). The 4-fold increase observed after 24 h of ET1 was comparable to the increase 

measured in HCM septal myectomies when compared to NF human heart samples 

(Figure 20). In our model, this higher transcript levels might be due to ET1 being one 

of the peptides that can be degraded by MME Therefore, MME upregulation could 

serve as a stress response to decrease ET1-stimulation (Thakur et al., 2024). An 

increase in MME was on the other hand not seen when we previously stimulated 

hiPSC-CMs with PE, which is a small molecule and not degraded by the peptidase 

(Figure 20; Assaf et al., 2024).The concomitant increase in both XIRP2 mRNA and 

XIRP2 protein (Figure 20, Figure 21, Figure 23) is likely part of the hypertrophic 

response program of the CMs as gene expression has been shown to be upregulated 

during physiological and pathological hypertrophy likewise resulting in altered 

transcript and protein levels (Yuanjian Chen et al., 2020; Q. Wang et al., 2012, 2014). 

 

5.1.3 Which downstream pathways result from inhibition of neprilysin? 
 

We have shown that ET1-treated hiPSC-CM displayed 1.5-2-fold increased dTyr-tub 

levels comparable to TAC mice six weeks after surgery. This was prevented by the 

application of the MME inhibitor sac but by neither val nor sacval (Figure 26). On the 

other hand, all treatments prevented the increase in cell size that we had observed 

prior after 72 h incubation with the hypertrophic stimulus ET1 (Figure 22, Figure 25). 

For valsartan, evidence showing an anti-hypertrophic effect has been around for 

decades. In 1998, Thürmann et al. showed that a 8-month treatment with valsartan 

caused a significant regression of hypertrophy compared to atenolol in naïve 

hypertensive patients (Thürmann et al., 1998). Similar findings have since been shown 

by others in hypertensive pigs where only val, but not triple therapy with reserpine, 



 

144 
 

hydralazine and hydrochlorothiazide decreased hypertrophy. The authors attributed 

this positive effect to val to a stimulating effect on mitochondrial biogenesis and 

therefore cardiac energetics and autophagy (X. Zhang et al., 2014). We did not 

evaluate autophagy in our hiPSC-CM model because we did not detect major 

difference in autophagic markers between TAC and sham mice previously (Meyer-

Jens et al., 2024). On the other hand, we evaluated chymotrypsin-like activity in both 

mice and hiPSC-CMs and found a higher activity in both the TAC/solvent and ET1 

groups. These defects were corrected with sacval in mice and only with sac in hiPSC-

CMs, pointing to sac being the regulator (Figure 33). However, we did not find altered 

levels of ubiquitinated proteins (data not shown). The ubiquitin-proteasome system and 

autophagy lysosomal pathways represent two of the many pathways that are 

commonly dysregulated in cardiac disease (Schlossarek & Carrier, 2011; Zech et al., 

2022). This also lead to concentrated efforts aiming at the identification of specific 

modulators (S. R. Singh et al., 2021). Along with such approaches, sac could be 

considered with this regard in the future. More recently, Ho et al. substantiated the anti-

hypertrophic effect of val in a large, double-blinded study and found a markedly 

improved cardiac function and structure without overt adverse effects. This study 

presents a dataset that is well suited for comparison with our data as they only included 

early-stage hypertrophy patients and our treatment regimen with val was preventive 

(Ho et al., 2021).  

 

Preliminary data that we acquired in ARVMs showed an increase in lysosomal 

movement speed and distance when incubated with a VASH1 inhibitor and the 

opposite effect when MTs were depolymerized with nocodazole (data not shown). This 

implies that lysosomal movement is not only confined to and dependent on MT but also 

crucially regulated by dTyr-tub. When considering that other groups have shown that 

MTs are required for productive hypertrophy and that an increase in dTyr-tub precedes 

it, one could conclude that dTyr-tub is required for hypertrophy (Phyo et al., 2022; 

Scarborough et al., 2021). This would argue that sac, in contrast to val, prevents 

hypertrophy in our model primarily through the prevention of dTyr-tub accumulation 

(Figure 26). This notion is also strongly supported by the fact that ET1 did not induce 

cellular hypertrophy in SVBP-KO hiPSC-CMs and that TTL-KO hiPSC-CMs displayed 

a baseline 2-fold increase in cell area while also having supra-physiological levels of 

dTyr-tub (Figure 68; Pietsch et al., 2024).  
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Because multiple studies have shown that ac-tub and dTyr-tub occur on the same 

subset of stable MT (Cambray-Deakin & Burgoyne, 1987; Moutin et al., 2020), we also 

investigated this PTM. After 72 h of ET1 stimulation, we found 2.2-fold higher level of 

ac-tub, which remained high with val and slightly but non-significantly prevented by sac 

(Figure 27). Accordingly, the pathways active upon MME inhibition by sac regulate 

dTyr-tub but likely not ac-tub. This is coherent with literature showing that the regulation 

of both PTMs differs. Researchers have also shown that after depolymerization of the 

MT network, ac-tub recovers before dTyr-tub (Tang et al., 2023). Therefore, it can be 

determined that both PTMs have differential kinetics, which could also partly account 

for the differences in effect size of sac. It must also be said that ac-tub was only 

assessed in a small number of samples, which makes the results difficult to interpret.  

 

We also described that the transcriptomic alterations induced by ET1 were mostly 

prevented by sac or sacval but not val (Figure 24). The magnitude of changes after 

ET1 treatment was larger than in the first analysis (Figure 23), which could be related 

to batch differences. However, the changes were the same with an altered MYH6/7 

ratio through increased MYH7 (about 16-fold) and decreased MYH6 (0.45-fold) and 

increases in NPPA/B as well as ACTA1/2 e.g. Integrating these findings with the 

influence of the interventions (sac, val, sacval; Figure 25) and the findings from the 

establishment of the hypertrophy model, it is likely that sac and val prevent cellular 

hypertrophy via different pathways. This conclusion is supported by the dTyr-tub level 

modifications. While sac prevented the 1.5-2-fold higher dTyr-tub induced by ET1, val 

did not and was even higher than in the presence of ET1 only.  

 

In addition to Nanostring nCounter analysis, we also performed RNAseq analysis on 

2D hiPSC-CMs treated with either ctrl. (DMSO), ET1, ET1sac, ET1val or ET1sacval. 

As we found sac to be the more influential compound for our interests, we focused on 

the first three groups mentioned. Overall, the number of dysregulated genes between 

ET1 and DMSO was 1547 while ET1sac only changed the expression of 1001 

transcripts. Interestingly, 774 of the transcripts were found in both comparisons to be 

differentially expressed. Many transcripts found to be upregulated after ET1 treatment 

(compared to DMSO) matched the proteome data we gathered. Among those were 

ACTA1, MYH7, NPPA, NPPB, CSRP3, XIRP2 and DES (Figure 28, Figure 21). 
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ET1sac treatment prevented the ET1-induced accumulation of MME, XIRP2, POSTN 

and ACE2 mRNAs. This aligned with our expectation, previous data and literature 

showing that MME and XIRP2/XIRP2 are elevated during hypertrophy (Figure 20, 

Figure 21, Figure 23; Q. Wang et al., 2012), and that POSTN and ACE2 represent 

important modulators in adverse cardiac remodeling (Oka et al., 2007; Zhong et al., 

2010). Unexpectedly, the levels of some MT-associated transcripts such as the 

kinesins KIF20A, KIF14, KIF18A and the centromere transcripts CENPU and CENPM 

were repressed after ET1 treatment. Similar genes were higher expressed in ET1sac 

than in ET1 (KIF20A, CENPF, KIF1C, KIF4A and CENPU; Figure 30; X. Chen et al., 

2025; Hirokawa & Tanaka, 2015; X. Liu & Liu, 2022; Lou et al., 2022). With String 

database search (Swiss Institute of Bioinformatics et al., n.d.), we evaluated GO terms 

associated with the changed transcriptomes. Surprisingly, the GO terms we found 

pointed to opposite processes in both comparisons. Overall, they indicated 

hypertrophy and suppressed cell cycle activity in the ET1-treated hiPSC-CMs, whereas 

the analysis revealed a decrease in structural transcripts along with a stark increase in 

those associated with cell proliferation in ET1sac-treated CMs. This is notable because 

CMs only possess a very limited proliferative capacity, which compounds the issues 

arising from events such as myocardial infarction (Malliaras et al., 2013). Importantly, 

unpublished work from our group suggests that decreasing dTyr-tub below 

physiological levels might be sufficient to induce CM proliferation. These findings, 

generated in hiPSC-CMs deficient in SVBP and therefore very low dTyr-tub level, 

showed a higher level of cell cycle activity than WT CMs, especially in the early stage 

after differentiation from hiPSCs (Pietsch et al., n.d.). As we did not suppress dTyr-tub 

below baseline levels (Figure 26), which is the case in the SVBP-KO model, the 

mechanism inducing this fingerprint might be different or be in an earlier stage that has 

not manifested fully in proteomic changes. Of the transcripts that were enriched in 

ET1sac compared to ET1, KIF20A, KIF4A and CENPF were highly expressed in 

different tumors. KIF20A was found to directly promote cell proliferation and inhibition 

of apoptosis in tumor cells (Zhao et al., 2018). Similarly, KIF4A has been reported to 

positively regulate cell cycle progression by induction of p21-signaling. Notably, in 

patients suffering from colorectal cancer, higher levels of KIF4A corresponded to 

poorer prognosis (Hou et al., 2018). Likewise, CENPF was reported to increase G2/M-

phase transition and to suppress p53-signaling (X. Chen et al., 2025). It has to be 

mentioned that none of these findings were generated in cardiac tissues. In contrast, 



 

147 
 

the group of James Martin found that MT impedes nuclear localization of the 

transcription regulator YAP, which is involved in regulating CM cell cycle activity. They 

uncovered that acetylation and therefore cytoplasmic localization of YAP is increased 

after MI. Importantly, they also showed co-immunoprecipitation of acetylated YAP with 

the detyrosinated TUBA4A. Their work directly links densification and concomitant 

increased dTyr-tub in CMs to cytoplasmic YAP accumulation and lower proliferation 

(S. Liu et al., 2024). A common mechanism between the genetic model (SVBP-KO) 

and sac treatment of hiPSC-CMs might be a decrease in (MT-associated) CM stiffness 

and therefore mechanical load. Other researchers have reported sarcomere 

disassembly and increased proliferation rates upon inhibition of contraction (Shehata 

et al., 2025). We did not observe sarcomere disassembly in our 2D hiPSC-CMs, but 

compared to a loss of contraction, our intervention is far less drastic.  

 

These differential mechanisms are also supported by the MS analysis (Figure 34). To 

find the regulators involved, we investigated the significantly changed proteins 

comparing ET1sac to ET1 and ET1sacval to ET1. Following in-depth literature 

research, MAP1B was identified as being involved in dTyr-tub modulation. This protein 

was significantly more abundant after ET1, and the higher levels were prevented by 

sac. MAP1B and its phosphorylation have been reported to increase the fraction of 

unstable MT. The canonical kinase targeting multiple residues of MAP1B is GSK3B 

(Trivedi et al., 2005). GSK3B in turn is known to be phosphorylated at serine 9 by 

PRKG1A which inhibits the kinase (Y. T. Kim et al., 2011). Through the application of 

sac, the cGMP-PRKG1A signaling pathway is activated and logically should increase 

GSK3B phosphorylation by PRKG1A (Menendez, 2016). This in turn would cause 

decrease levels of phosphorylated MAP1B. In our experimental settings, the increase 

in MAP1B level was prevented by sac, but we did not evaluate phosphorylation levels 

for this protein. Phosphorylated MAP1B was shown to be responsible for the increased 

MT dynamics in neuronal axons and growth cones (Trivedi et al., 2005). On the one 

hand, this initially seems to present a contradiction because we observed less MAP1B 

in the ET1sac group, which should possess more dynamic Tyr-tub MTs compared to 

the ET1 group. On the other hand, this might also indicate a defense mechanism to 

reduce the increase in MT stability and cellular stiffness through a MAP1B-dependent 

mechanism. Following this line of argumentation, there would simply be no need for 

higher MAP1B levels in the ET1sac group because MT dynamics is already normalized 
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via the fine tuning of dTyr-tub. Supporting this argument, Barnat et al. reported that 

inhibition of GSK3B increased branch formation in isolated adult dorsal root ganglion 

neurons. They also mentioned that MAP1B stabilizes Tyr-tub but not dTyr-tub (Barnat 

et al., 2016). Another interesting finding from the MS dataset was the significantly 

higher level of VIM in ET1 than in DMSO, which was also prevented by sac (Figure 
29). VIM was shown to be mostly absent from mature CMs and increased in 

remodeling tissues of ischemic HF patients and an animal model of MI (Dewing et al., 

2021; Kondo et al., 2022). These factors underline the relevance of our ET1-based 2D 

hiPSC-CM model. Higher levels of VIM could also indicate increased interaction 

between intermediate filaments and dTyr-tub as this connection has been shown for 

DES before (Salomon et al., 2021). Evaluating the broader picture, the proteomic 

changes augmented by sac were much less than those initially caused by ET1. ET1 

changed the levels of 240 proteins compared to the control while sac only changed 84 

compared to ET1 (Figure 29). This rather low number of significant preventions, which 

does not include key structural CM proteins like ACTN2, ACTA1, TNNT2 and TNNI3, 

argues for other structural components like MTs and PTM differences to be involved.  

 

In the neuroscience field, scientists provided evidence for a connection between axon 

bifurcation, which is highly dependent on MT dynamics, and cGMP-PRKG1A signaling. 

In addition, it is known for decades that the growth cones of neurons are enriched in 

Tyr-tub (Brown et al., 1992). This suggests that the enzymes regulating the 

detyrosination/re-tyrosination cycle are target candidates downstream of NP signaling. 

One group has proposed a target of PRKG1A to modulate axon bifurcation (Dumoulin 

et al., 2018). Integrating this with the high proportion of Tyr-tub in neuronal growth 

cones, the implied target is likely regulating the cycle (Figure 69; Brown et al., 1992).  
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Figure 69: Signaling pathway downstream of CNP/NPR2 increasing axon bifurcation in dorsal 
root ganglion neurons.  
Schematic depiction of CNP binding its receptor (NPR2), which converts GTP to cGMP in the cytosol. 

The generated cGMP can activate PRKG1A (cGKIα) which can in turn phosphorylate unknown targets 
that modulate axon bifurcation. PM = plasma membrane. Adapted from: (Dumoulin et al., 2018). 

Abbreviations: CNP, C-type natriuretic peptide; cGKIa, protein kinase g 1A; cGMP, cyclic nucleotide 

monophosphate; GTP, guanosine triphosphate; Npr2, natriuretic peptide receptor 2; PM, plasma 

membrane.  

 

A database search conducted by our French collaborators (Marie-Jo Moutin, Sacnite 

Ramirez-Rios, Chadni Sanyal) resulted in the identification of seven potential PRKG1A 

target sites (serine residues) in the Ct of VASH1 (Figure 47). These phosphorylation 

sites could critically influence the binding to the MT by transferring one or multiple 

negative charges to the enzyme. The outside of the polymerized MT carries negatively 

charged residues, while the Ct of VASH1 carries positively charged ones. These 

electrostatic differences play a central role in the productive binding of MTs by VASH1 

leading to dTyr-tub (Ramirez-Rios et al., 2023). Importantly, mutating all seven serine 

residues identified to glutamate, essentially mimicking phosphorylation, resulted in 

diminished dTyr-tub in isolated MTs. This lack of dTyr-tub was also shown by our 

collaborators to be caused by a lack of MT binding.  
 

Summarizing our data, the findings of our collaborators and the literature it is likely that 

the downstream effector of NP-cGMP-PRKG1A signaling is VASH1. Hence, sac is 

likely causing an increase in VASH1 phosphorylation by PRKG1A, reducing its activity.  
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To evaluate this hypothesis in CMs, we did a preliminary experiment. We used VASH1-

KO hiPSC-CMs and transduced them with lentiviral constructs encoding either VASH1 

7A or -7E and SVBP. Those mutant enzymes should either be non-phosphorylatable 

(7A) or phosphomimetic (7E) as all potential PRKG1A-targeted serine residues of the 

Ct domain were changed to alanine or glutamate respectively (Figure 47). Our 

expectation was that transduction of VASH1 7A would result in higher levels of dTyr-

tub compared to VASH1 7E. Our data show that VASH1 levels increased in a volume-

dependent manner for both variants. Because the virus titer was not known, we 

normalized dTyr-tub to VASH1 levels relative to the highest used volume (10 µl). The 

highest ratio of dTyr-tub/VASH1 was obtained with a 0.1-0.3 µL of lentivirus/well and 

was much higher (20-fold) with VASH1 7A than with VASH1 7E (7.5-fold). This 

suggests that VASH1 7A is more active than the phosphomimetic VASH1 7E (Figure 
48). Still, we saw substantial dTyr-tub in the presence of VASH1 7E, variant possesses 

substantial catalytic activity. As shown by our collaborators, VASH1 7E fully prevents 

binding of the enzyme to MTs. Still when overexpressed in hiPSC-CMs, western blot 

analysis revealed a substantial increase in dTyr-tub (Figure 48; Sanyal, 2024). We did 

not evaluate levels of VASH2 or MATCAP1 in this setting. Both of these α-tub 

carboxypeptidases could compensate for the lack of enzymatic activity of VASH1 7E. 

Moreover, de novo detyrosinated TUBA4A could contribute to the increased proportion 

of dTyr-tub (Sanyal et al., 2023).  

 

The overexpressed VASH1 constructs did not reduce Tyr-tub below 50% in VASH1-

KO hiPSC-CMs (Figure 48). This fact argues in favor of a high turnover of MTs overall 

and high levels of TTL activity. It could also indicate that the higher amount of dTyr-tub 

sequesters α/β-tub dimers in the polymerized MT population due to increased MT 

stability. This depletion of the free α/β-tub dimers might be sufficient to shift tubulin-

autoregulation towards autoactivation. Autoregulation is a concept suggesting that α/β-

tub dimers can directly regulate translation of α/β-tub RNAs. It has been directly shown 

that during phases of an increasing proportion of dTyr-tub, this is interconnected with 

higher transcription levels (Gasic et al., 2019; Phyo et al., 2022). Accordingly, the 

consistent translation of new α-tub would stabilize the proportion of Tyr-tub as only 

TUBA4A is translated in the dTyr-tub form (Sanyal et al., 2023). Conversely, depleting 

VASH1 activity in TTL-KO hiPSC-CMs via ANP or VASHi application did not increase 
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Tyr-tub by more than 2-fold (Figure 42, Figure 44).This outlines that TTL, VASH1 and 

tub neosynthesis orchestrate Tyr-tub levels tightly.  

 

5.1.4 Direct and indirect modulation of PRKG1A signaling influences 
microtubule post-translational modifications 
 

As outlined, we believe that cGMP-PRKG1A signaling can be targeted to modulate 

dTyr-tub and Tyr-tub. To test whether inhibition of PRKG1A can increase dTyr-tub, we 

applied the inhibitor RP8. In contrast to this small molecule inhibitor, which caused 1.5-

fold higher levels of dTyr-tub in RFP WT hiPSC-CMs (Figure 35), the peptide inhibitor 

DT3 did not cause a significant change in dTyr-tub levels (data not shown). DT3 

however was able to prevent the CNP-caused increase in growth cone area and induce 

dTyr-tub in isolated neurons (Sanyal, 2024). The difference in inhibitor effectiveness 

might be attributed to the different cell types. Otherwise, it could be due to the overall 

experimental setting. While the neurons were isolated and then treated with DT3, our 

hiPSC-CMs present a more heterogeneous, less controlled environment. Therefore, it 

is plausible to assume the presence of factors that sequester or degrade DT3 before 

it can enter the hiPSC-CMs and act on PRKG1A. It was shown that hiPSC-CMs secrete 

various factors that could bind peptides supplemented into the medium (Cui et al., 

2024). Regarding the specificity of RP8, other researchers have found that it can also 

act as an activator for PRKG1A. In contrast to our study, they used RP8 at a 

concentration of 100 µM, which is 10,000-fold higher (Valtcheva et al., 2009). 

Moreover, it is unlikely that RP8 exerts an activating effect in our experimentally 

settings because a KD of PRKG1A had the same effect (higher dTyr-tub) as the 

inhibition of PRKG1A (Figure 36).  

 

When further analyzing the effects of PRKG1A KD, we also found increased levels of 

both ac-tub and Δ2-tub. These PTMs were even more increased than dTyr-tub (~1.4-

fold vs. ~1.2-fold). Generally both ac-tub and Δ2-tub are accumulated on more stable 

MT (Howes et al., 2014; Janke & Magiera, 2020; Wloga et al., 2017). Therefore, these 

PTMs could already be more abundant through stochastic mechanisms. As dTyr-tub 

increases stability and lifetime of MTs, this also increases the likelihood for other MT 

modifying enzymes to bind.  
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5.1.5 Natriuretic peptide signaling and VASH1 inhibition modulate microtubule 
post-translational modifications 
 

We presented evidence outlining the function of NP signaling in our hiPSC-CMs. Both 

ANP and CNP application resulted in significantly higher levels of pVASP S239, 

indicating higher PRKG1A activity (Das et al., 2008). This finding also proved the 

presence of PRKG1A in 2D culture of hiPSC-CMs, although Western blot detection 

was limited and no PRKG1A was detected in our MS data set (Figure 36; data not 

shown). Both NPs increased pVASP S239 by 1.5-2-fold, which was similar to the 

change in dTyr-tub level after 72 h of ET1 application (Figure 39; Figure 41). Judging 

by the concentration response experiment we performed for ANP (Figure 41), 2-fold 

higher pVASP S239 levels might represent the maximum response. Levels could not 

be increased further even with up to 500 nM ANP. Correspondingly, our experimental 

settings represent close to optimal settings for the investigation of NP signaling in 

hiPSC-CMs.  

 

As we propose an inhibitory effect of cGMP-PRKG1A signaling on VASH1 downstream 

of NPR1/2 activation, we naturally also investigated the effect of VASH1 inhibition as 

a complement. Overnight VASHi application in TTL-KO hiPSC-CMs allowed us to 

capture newly synthesized α-tub in its Tyr-tub form. Strikingly, VASH inhibition resulted 

in a ~1-3-1.4-fold higher level of Tyr-tub (Figure 44) associated with a decreased level 

of dTyr-tub (0.8-fold; Figure 43, Figure 44). Similar alterations in Tyr-tub were 

observed when with 30 nM ANP for as short as 20 min (Figure 42). This rapid kinetic 

emphasizes the dynamics of the MT cytoskeleton in our hiPSC-CMs. Previous studies 

showed that washout after depolymerization of MTs with nocodazole resulted in a 

regrowth of the entire network within 120 min (Tang et al., 2023). Because we did not 

depolymerize the network but only modulated PTMs, a shorter time frame for 

significant alterations is realistic. It is also likely that we would observe a more 

significant change in RFP WT hiPSC-CMs as they possess endogenous TTL activity 

in contrast to the KO. It could be a promising approach to combine VASHi and ANP 

treatment of hiPSC-CMs to investigate if the two have an additive effect. Critically, the 

VASHi we used (alk. EpoY) is thought to work as a suicide ligand mimicking Tub in the 

binding pocket of VASH1 (Hotta et al., 2021). Therefore, a high concentration of VASHi 

could result in very low VASH1 levels, meaning that an additional incubation with NPs 
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might not have a greater effect size than VASHi only.  

 

Crucial to our hypothesis was to prove a direct effect of sac on cGMP-PRKG1A 

signaling. We showed that the prevention of ET1-induced increased dTyr-tub levels by 

sac was possible and reproducible (Figure 26). This supports the findings obtained in 

TAC mice treated with LCZ696, which normalized the dTyr-tub levels (Figure 19).  

 

Finally, we showed 2-fold higher intracellular cGMP levels in RFP WT hiPSC-CMs via 

FRET after acute sac application (Figure 45) as well as 40% higher ANP levels in 

medium supernatant from TTL-KO hiPSC-CMs after O/N sac treatment (Figure 46). In 

patients a multiple week follow up after initial sacval titration also revealed increased 

levels in ANP as tested in multiple assays. The effect size in patients was greater 

(>100%) than in 2D hiPSC-CMs. As the name suggests, ANP is mainly secreted by 

atrial CMs. However, our hiPSC-differentiation protocol induces ventricular CMs which 

likely secrete less of this factor. This likely explains the lower extent of ANP 

accumulation in medium from sac treated hiPSC-CMs compared to patient plasma 

(Essandoh et al., 2023; Potter et al., 2009).  

 

5.1.6 Summary of the findings for the regulation of microtubule detyrosination  
 

To summarize, broad cellular, transcriptomic and proteomic changes were observed 

using ET1. As we did not aim at understanding how the ET1-based hiPSC-CM 

hypertrophy model works, we cannot fully conclude. Still the presented and discussed 

data points towards cytoskeletal dysregulation on proteomic and transcriptomic level. 

Moreover, direct inhibition of VASH1 or application of ANP in TTL-KO hiPSC-CMs 

increased Tyr-tub, and CNP or ANP caused higher levels of pVASP S239. These 

findings point towards a dependence on cGMP-PRKG1A. We showed a full absence 

of dTyr-tub in VASH1-KO hiPSC-CMs transduced with the phosphomimetic VASH1 

7E, as seen by our collaborators in isolated MT. Still, we presented data indicating the 

lower enzymatic activity of VASH1 7E compared to 7A and WT. One could extend the 

knowledge about the relevance of dTyr-tub for HF by investigating its levels in other 

models of HF besides TAC. Such models could include ischemia reperfusion models 

or different genetic models (Van Der Velden et al., 2022). Our findings could be 

substantiated upon by evaluating dTyr-tub levels in cardiac biopsies of patients that 
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were treated over longer periods of time with sacval. This evaluation could shed light 

on the question wheter or not the functional improvement of patients (McMurray et al., 

2014) is linked to a decrease in dTyr-tub levels. 

 

5.2 Generation of a MATCAP1-knockout hiPSC-line  
 

As described before, the MATCAP1 detyrosinase represents a newly discovered 

enzyme that can modify MT (Landskron et al., 2022). Investigating the role of this 

enzyme is interesting because tissues (EHTs, mice) lacking VASH1 activity still show 

remaining levels of dTyr-tub. This might suggest the presence of additional enzymes 

involved in the cycle (Pagnamenta et al., 2019; Pietsch et al., 2024). Its MT binding 

mechanism differs from that of VASH1/SVBP. Thus far its action has been mostly 

described in neurons with data on CMs lacking (Landskron et al., 2022). We succeeded 

at generating a hiPSC line lacking the enzyme but not at creating a double KO on the 

background of the already established SVBP-KO.  

 

5.2.1 Successful establishment of a new hiPSC-line targeting a novel 
detyrosinase 
 

Importantly, we validated a full KO for MATCAP1 in hiPSCs. This cell line passed the 

quality measures routinely performed at the Institute of Experimental Pharmacology 

and Toxicology. Still, we did not perform whole genome sequencing but stuck to OT 

sequencing of the ten most likely ones. This was due to cost reasons and the low 

likelihood of unintended cuts beyond the predicted OTs. Unfortunately, there is always 

a chance of unpredicted OTs that could have been targeted with our CRISPR/Cas9 

approach. In an academic setting, the quality measures at place can be sufficiently 

deemed. For a translational approach, only the highest degree of quality control would 

be appropriate. Cutting edge prediction tools utilize neuronal networks and outperform 

current ones. Those tools could pick up other potential OTs (Lin & Wong, 2018; 

Vakulskas & Behlke, 2019). What was not considered in our quality assessment was 

potential modulation of CRSPR/Cas9-binding by chromatin-status. This could critically 

influence binding and therefore nuclease activity (R. Singh et al., 2015).  
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Unfortunately, we could not generate a hiPSC-cell line deficient in both MATCAP1 and 

SVBP (MATCAP1/SVBP DKO). This could be due to the proliferative nature of hiPSCs. 

In the proliferation process, MTs play a central role as they are needed to separate the 

replicated chromosome sets properly (Bunning & Gupta Jr., 2023). It was shown that 

dTyr-tub is enriched in proximity of the spindle poles during cell division. It was 

implicated to play a central role in spindle positioning and correct chromosome 

segregation. Depletion of VASH1 resulted in abnormal mitotic spindle formation, which 

could be partially rescued by depletion of the MT severing enzyme mitotic centromere-

associated kinesin (MCAK; S. Liao et al., 2019). KD of MCAK normalized the dTyr-tub 

levels, increasing MT stability. The same study has also interpreted this as evidence 

for the existence of other tubulin carboxypeptidases (e.g. MATCAP1; S. Liao et al., 

2019). Along these lines, another study has shown that the fine tuning dTyr-tub plays 

a role in mitotic error correction via MCAK (Ferreira et al., 2020). Therefore cells lacking 

endogenous detyrosination activity could accumulate mitotic errors and undergo 

apoptosis (Ohashi et al., 2015). Still, the mitotic spindle apparatus is known to contain 

more dynamic, likely Tyr-tub, MTs (Bunning et al., 2023). The absence of any double-

KO hiPSC clones suggests that dTyr-tub solely generated through TUBA4A, the only 

de novo detyrosinated isoform (Fu et al., 2023), is not sufficient in dividing cells. In 

contrast to that, we also only obtained one homozygous MATCAP1-KO clone. The lack 

of further clones could indicate insufficient efficiency of the crRNAs used in our 

approach. This is underlined by the fact that double-KO mice, lacking SVBP and 

MATCAP1 are viable (Landskron et al., 2022).  

 

5.2.2 Does MATCAP1 impact force of contraction and kinetics in EHTs? 
 

Interestingly, MATCAP1-KO EHTs started to beat 2-3 days earlier than RFP WT. Force 

amplitude was only slightly lower in MATCAP1-KO, while the beating frequency was 

consistently higher after day 35. The maximum generated force during spontaneous 

measurements was about 0.6 mN in both lines, which is on the higher end especially 

for RFP WT. These data were generated using stiff silicone posts (0.8 mN/mm). Our 

group had previously published a force of ~0.4 mN, but this discrepancy might be due 

to the relatively low EHT number in the current study. Neverthess, MATCAP1-KO 

EHTs thereby generated similar force to SVBP-KO EHTs (Pietsch et al., 2024). When 

EHTs were electrically stimulated at 2 Hz, TTP20 and TTP80 were consistently longer 
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in MATCAP1-KO tissues after 30 and 60 days, while RT20 was longer only after 

30 days. This time-dependent discrepancy was likely due to more homogenous results 

after 60 days in MATCAP1-KO EHTs. The significantly higher TTP in MATCAP1-KO 

(Figure 66, Figure 67) is comparable to what was published already by our group in 

SVBP-KO EHTs (Pietsch et al., 2024). As both of these cell lines are deficient in 

enzymes involved in detyrosination, effect was a common functional expected. This 

effect might be due to differential MT association to the force generating sarcomeres 

caused by decrease in dTyr-tub. Researchers have shown that decreasing dTyr-tub 

by overexpression of TTL in isolated ARCMs increased sarcomeric shortening and 

contraction velocity without altering Ca2+ transients (Robison et al., 2016).  

 

The functional differences in EHTs were likely caused by the altered PTM state of the 

MTs. Eighty-four-day-old MATCAP1-EHTs did have almost 40% lower levels of dTyr-

tub and ac-tub than RFP WT EHTs. Additionally, Tyr-tub levels were lower and α-tub 

level was 1.5-fold higher (Figure 60). As the classical PTMs associated with stability 

(dTyr-tub, ac-tub) were less abundant in MATCAP1-KO than in RFP WT EHTs, the 

higher α-tub level could be attributed to increased translation or a decrease in MT 

severing enzymes (Aillaud et al., 2017; Howes et al., 2014).  

 

5.2.3 How does deficiency of MATCAP1 impact the proteome? 
 

To analyze the changes in MATCAP1-KO EHTs more in detail, we also performed MS 

analysis. Overall, 97 proteins were significantly lower and 265 were significantly more 

abundant in the KO than in RFP WT (Figure 62, Figure 60). We specifically looked for 

alterations in tubulin isoform levels but we did not detect any difference, which 

contrasts the finding of the Western blot analysis where higher α-tub was observed. 

The higher number of proteins enriched in MATCAP1-KO EHTs suggests a role for the 

protein in translational regulation. Such a mechanism has already been proposed for 

VASH1. Hantelys et al. described a VASH1 dependent mechanism for translational 

regulation during hypoxia functioning via the trans-activation of internal ribosome entry 

sites (Hantelys et al., 2019).  

 

In addition to the above discussed PTMs, MT stability could also be regulated further 

by other microtubule associated proteins (MAPs). Such MAPs are MAP2 and MAP4 
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but also the tau protein is known to induce MT stability (Al-Bassam et al., 2002; 

Shigematsu et al., 2018). In contrast to these factors, which were not detected in MS 

analysis of MATCAP1-KO EHTs, MAP1S was significantly higher in this cell line than 

in RFP WT. MAP1S has been found to also act as a MT stabilizer in neurons and its 

increased abundance in MATCAP1-KO EHTs could counteract decreased MT stability 

through decreased dTyr-tub (Orbán-Németh et al., 2005). Opposed to the EHTs, 2D 

MATCAP1-KO hiPSC-CMs exhibited 3-fold higher levels of dTyr-tub compared to RFP 

WT (Figure 61). RT-qPCR analysis comparing the expression of VASH1 in RFP WT 

and MATCAP1-KO 2D hiPSC-CMs did not show significant differences (data not 

shown), arguing against a compensatory mechanism by VASH1 for the loss of 

MATCAP1. The differences could be a technical artifact or be caused by the vast 

structural differences in 2D and 3D cultures or a batch-dependent effect. 

 

Because several of the significantly higher abundant proteins are structural ones, the 

proteomic alterations may indicate broader cytoskeletal remodeling similar to what was 

found in SVBP-KO (Pietsch et al., 2024). Among these proteins were NRAP, CSRP3, 

MYH11 and MYOM3 (Figure 62). CSRP3 and MYOM3 have been implicated in 

cardiomyopathy development. Interestingly, CSRP3 genetic variants are more 

associated with HCM while MYOM3 genetic variants cause DCM (Geier et al., 2008; 

Nasir et al., 2023). NRAP plays a crucial tole in myofibril assembly and 

mechanotransduction (Raabe et al., 2025). Higher levels could therefore indicate a 

higher degree of tissue maturity. This is also compatible with our GO pathway analysis 

where terms like muscle contraction and muscle cell development were found (Figure 
64). Supplementing this argument is the finding of higher CRYAB level in MATCAP1-

KO. This protein functions as a chaperone for DES and was shown to promote 

maturation (Tanaka et al., 2023). Genetic variants in CRYAB can cause intracellular 

aggregates (Alizoti et al., 2025). Unpublished data from our group has also found 

higher CRYAB level in a CRISPR/Cas9 edited hiPSC-line that carries a heterozygous 

genetic variant. In concert with the change in CRYAB levels, my colleagues found 

lower DES and mislocalization of both DES and CRYAB (Alizoti et al., n.d.). For these 

reasons, MATCAP1-KO could also represent a model with increased proteotoxic 

stress or cytoskeletal remodeling. Dysregulation and mutations of both NRAP (Pietsch 

et al., 2024; Z. Zhang et al., 2023) and CRYAB have been reported to be involved in 

multiple models of hypertrophy arguing in favor of remodeling (Figure 29; Chou et al., 
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2023). 

 

Another protein that was more abundant in MATCAP1 was VIM. Already three decades 

ago, circumstantial evidence has surfaced arguing for its expression in dedifferentiated 

more proliferative CMs that also co-express the proliferation marker Ki67 (Behr et al., 

1995). Moreover, VIM is known to be the less mature intermediate filament protein 

compared to DES arguing against a higher degree of maturation in MATCAP1-KO 

EHTs (Vaittinen et al., 1999). VIM and CRYAB were also reported to be in close 

proximity in cultured human astocyte cells (Hagemann et al., 2009; Perng et al., 1999). 

In ocular tissues, where CRYAB is the most abundant protein, higher levels have been 

associated with an increase in VIM (H. Xu et al., 2018).  

 

The significantly lower level of CALM1 can be tied into the lower dTyr-tub levels in 

MATCAP1-KO EHTs (Figure 60, Figure 62). It could lead to a mild destabilization of 

the network (Sanyal et al., 2023). Along those lines, a 2025 study showed increased 

expression of CALM1 and mislocalization through colchicine-mediated MT stabilization 

(Bogdanov et al., 2025). Therefore, our data and literature complement one another. 

CALM1 is also involved in calcium handling, meaning that alterations in its abundance 

could potentially explain the differential beating rate and contraction kinetics in 

MATCAP1-KO EHTs (Figure 62, Figure 66, Figure 67; Z. Liu et al., 2015). 

 
5.3 Limitations  
 

A major limitation of our study is the use of hiPSC-CMs. This model has to be 

considered as immature, although we already imply measures to increase metabolic 

and structural maturity (Knight et al., 2021; Meyer-Jens et al., 2024). In our setup, we 

solely control CM percentage of the differentiation without focusing on the remaining 

cell types, which usually make up between 5 and 20% of the resulting cells. Due to the 

molecular mechanisms utilized in our differentiation protocol (3.2.3.1), it is at least very 

likely that the non-myocytes are also of mesodermal origin. In sharp contrast to this, 

the CM percentage of adult heart ventricles is regularly reported to be around 50% 

(Litviňuková et al., 2020). Some groups have made advances in including other cell 

types in their (3D) models and reported superior in vitro model characteristics. These 

models more closely resemble the cellular composition of the heart and might be more 
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suitable for disease modeling (Prondzynski et al., 2024; Wrona et al., 2022). 

 

HiPSC-CMs also do not develop T-tubules, which are a central structural and functional 

feature of adult CMs. T-tubules are necessary to facilitate proximity between voltage 

gated Ca channels and the sarcoplasmic RYR2 channels (Bers, 2002). Calcium 

handling in CMs is furthermore critically regulated by the reuptake into the 

sarcoplasmic reticulum and extrusion towards the extracellular space. The former 

action is performed by SERCA2, which is tightly regulated by PLN. As PLN has been 

shown to be a target of cGMP-PRKG1A signaling, evaluation of PLN phosphorylation 

is indicated but was not performed here (Abdallah et al., 2005). Levels and PTMs of 

NFAT, which can crucially modulate gene expression influenced by Ca2+, were also 

not assessed (Fiedler et al., 2002). One study has already shown positive effects of 

sac on pro arrhythmic Ca2+ leak in late stage HF (Eiringhaus et al., 2020). According 

to our study and the literature, this is likely caused by cGMP-PRKG1A signaling 

alterations.  

 

One also has to address the concentration of ET1 that was applied for the treatments 

during this study. We have regularly used 100 nM of this substance to induce in cellulo 

hypertrophy while others reported comparable effects with only 10 nM (Johansson et 

al., 2020; Redwanz et al., 2024). However, this concentration has been used before in 

our institute and yielded no obvious adverse effects in our model.  

 

The PRKG1A KD was highly effective on transcript level, reducing the abundance by 

75-80% (Figure 36). This efficiency is comparable to what was reported by other in 

the literature and our own experience (L. Guo et al., 2015). Some groups even report 

up to 90% reduction of the targeted mRNA (Saroj et al., 2025). However, we only 

observed a 35-40% lower level of PRKG1A protein (Figure 36). Differences between 

transcript and protein levels can be due to various factors. First, half-life time of the 

protein might be vastly different from that of the mRNA. Although there is no data 

specifically outlining the turnover of PRKG1A in CMs, data from other cell types was 

published. The exact half-life is highly cell type dependent, as PRKG1B is highly 

expressed in platelets, which have a turnover of up to 60 days without possessing a 

nuceleus to continue mRNA synthesis. In vascular smooth muscle cells PRKG1 half-

life time is estimated to be around 24 h (Sellak et al., 2013). In this regard, other 
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proteins, like Connexin 43, have been investigated. It was found to have a half-life of 

1-2 h in isolated CMs (Laird et al., 1991) while others observed a half-life of 2-4 h for 

TNNT2 and TNNI3 in patients after MI (Kristensen et al., 2024). Importantly, regulatory 

proteins like ANKRD1 have been reported to have a significantly slower turnover (13 h 

± 2.5). Second, this turnover also depends on the cell type, with the same study 

reporting only about 12 min in endothelial cells (Samaras et al., 2012). As the hiPSC-

CMs in our setup were incubated with the siRNAs for five days, this should have 

resulted in a more prominent decrease in protein levels. However, there are some 

pitfalls associated with that assumption. On the one hand, the level of PRKG1A is most 

likely much lower than that of sarcomeric (MYH7) or other structural proteins (α/β-tub) 

although no literature is available directly comparing them. PRKG1A was, in contrast 

to other kinases like protein kinase C, not detected in our MS data sets, emphasizing 

its low abundance. On the other hand, this low abundance increases the difficulty to 

detect the protein or changes in its levels. Finally, the translation of mRNA molecules 

can fluctuate drastically (Yan et al., 2016). Taken together, a low PRKG1A level, 

unknown turnover kinetics and unknown translation rates compound the issue of exact 

PRKG1A level evaluation.  

 

During this study we have primarily focused on MTs, their PTMs and differentially 

influenced properties conferred by these. We have not evaluated cellular stiffness 

resulting from our cellular modulations. Most available literature considers TTN to be 

the main driver of passive stiffness in CMs with MTs only playing a minor role (Crocini 

& Gotthardt, 2021; Loescher et al., 2023; Loescher & Linke, 2024). Nevertheless, direct 

targeting of dTyr-tub in a recent paper from our group in a mouse model of HCM, 

increased compliance and decreased end-diastolic pressure volume relationship 

significantly. Therefore, arguing for a substantial role of MTs and MT PTMs for the 

regulation of cardiac stiffness especially when considering no observable shift in TTN 

isoform abundance in mice overexpressing TTL compared to empty control (Pietsch et 

al., 2024). Still TTN isoform levels and its phosphorylation status should have been 

considered as multiple studies indicate that PRKG1A can decrease passive CM 

stiffness via TTN phosphorylation and that a hypophosphorylation could increase risk 

for HFpEF development (Hamdani et al., 2013; Krüger et al., 2009). Assessment of 

TTN phosphorylation would have been especially important and interesting because a 

2024 landmark study reported a decreased stiffness via increased TTN 
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phosphorylation after sacval application in a mouse model of HFpEF (Furukawa et al., 

2024). Nanoindentation measurement could be implied to analyze cellular stiffness 

(Mahmoud et al., 2024). 

 

Another PTM we did not measure was the GSK3B-mediated MAP1B phosphorylation. 

This could be insightful to understand the mechanism because phosphorylated MAP1B 

was found to be preferentially associated with Tyr-tub (Barnat et al., 2016). 

Accordingly, we would expect to find less phosphorylated MAP1B after ET1 treatment 

compared to control and groups incubated with sac or NPs. 

 

Additionally, we only investigated one clone for the KO of MATCAP1 due to a lack of 

availablility. It is frequently reported that clones that carry an identical genotype on the 

surface cannot be viewed as isogenic without implying further quality control steps 

(Panda et al., 2023; Westermann et al., 2022). In order to fully understand the gravitas 

of MATCAP1-KO in hiPSC-CMs, more clones should be tested, potentially using a 

different set of crRNAs to increase experimental yield.  

 

Regarding the MATCAP1-KO EHT data, it has to be said that especially the later time 

points have limited experimental power due to low sample numbers. Although EHTs 

overall present a robust platform, batch-to-batch variability represents a hurdle in data 

interpretation and significance. This can only be overcome by applying stringent quality 

measures such as force thresholds or electrophysiological parameters or by increasing 

batch and sample numbers (Arefin et al., 2023). Furthermore, the evaluation of the MT 

PTMs should be substantiated as the current n numbers do not allow conclusive 

statements.  

 
5.4 Conclusions and outlook 
 

5.4.1 Conclusions  
 

From our data and careful consideration of the available literature, we can conclude 

that the ET1-based model represents a valuable tool for future mechanistic studies of 

CM hypertrophy in a human background. It captures key features of hypertrophy 

including increased cell size, proteomic and transcriptomic changes as well as higher 
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levels of dTyr-tub. Most of the maladaptive changes were prevented by sac and we 

were able to identify an inhibitory phosphorylation site on the most important 

detyrosination enzyme in the heart, VASH1, which is targeted by (sac)-cGMP-PRKG1 

signaling.  

 

We could also outline the importance of dTyr-tub in the development of hypertrophy 

(Figure 68). Importantly, TTL-KO hiPSC-CMs exhibited a baseline level of cellular 

hypertrophy. A similar finding stems from CM-specific NPR1-KO mice. These mice 

presented with a baseline hypertrophy as well as transcriptomic changes indicating the 

pathology (Holtwick et al., 2003). Less targeted whole-body NPR1-KO mice show 

hypertension, hypertrophy and sudden cardiac death (Oliver et al., 1997). Follow up 

studies have suggested hypertension as the main cause for hypertrophy in these mice 

but this has since been disproven as normalization of blood pressure had no effect on 

pathological hypertrophy (Knowles et al., 2001). Therefore, both the NP system and 

MT, must play a central role in maintaining normal cardiac physiology and 

dysregulation can lead to pathological remodeling without further stimuli. Contrary to 

the NPR1-KO, a CM specific PRKG1-KO did not induce hypertrophy at baseline or 

after AngII application or TAC surgery. These otherwise hypertrophic stimuli resulted 

in development of a DCM phenotype which was likely due to Ca mishandling (Frantz 

et al., 2013). 

 

Finally, we provide indications that phosphorylation of VASH1 does influence its 

activity in hiPSC-CMs. This emphasizes the possibility to target VASH1 as a 

therapeutic option in patients suffering from hypertrophy and HF if increased dTyr-tub 

is observed. Still evaluating dTyr-tub in patients presents a hurdle, as tissue availability 

is sparse. This could in theory be overcome with patient-specific hiPSCs and 

differentiate them to CMs (Prondzynski et al., 2019).  

 

5.4.2 Outlook  
 

Looking forward, the dependence of (cellular) hypertrophy has also been linked to 

localized translation. This field has been pioneered by the group of Ben Prosser, who 

uncovered that the dTyr-tub increase precedes hypertrophy and that MT are the key 

component in localized translation (Phyo et al., 2022; Scarborough et al., 2021). They 
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evaluated translation elegantly by first injecting mice with colchicine, then stimulating 

hypertrophy with PE and finally tracking newly translated proteins with puromycin. PE 

induced 2-fold higher protein translation rates without a significant increase in heart- 

weight-to-body-weight ratio, a classical parameter for hypertrophy assessment 

(Scarborough et al., 2021).  

 

In the future, we would like to evaluate if dTyr-tub is necessary for cardiac hypertrophy 

development in vivo. We plan to subject WT or SVBP-KO mice to either vehicle or PE 

injections for 4 days. If dTyr-tub is necessary for PE-induced pathological hypertrophy, 

we should only observe hypertrophy and increased MT density in WT animals (Figure 
70). To uncover the underlying mechanism, we will also track protein synthesis and 

activity of different degradation pathways such as the ubiquitin-proteasome system or 

macro-autophagy. If this approach is successful, sacval or other cGMP-PRKG1 

modulators could also be applied in the PE hypertrophy mouse model. 

 
Figure 70: Expected hypertrophy, αTub and dTyr-tub in WT or SVBP-KO mice.  
WT or SVBP-KO mice will be injected with 10 mg/kilogram bodyweight per day for 4 days. Heart weight 

(HW) and tibia length (TL) will be evaluated to determine hypertrophy (HW/TL). Also, αTub and dTyr-

tub will be tested via Western blot. Graphs show expected results only. Abbreviations: HW, heart weight; 
TL, tibia length.  

 

The outlined project is already fully funded with the EPICC grant awarded to Dr. Keita 

Uchida and me by the Leducq Cytoskeletal Network.  

 

Moreover, one could evaluate the effectiveness of classical cGMP-PRKG1 modulators 

on VASH1 activity and dTyr-tub level. One option would be to use the PDE5 inhibitor 

sildenafil. Multiple studies have already proven that sildenafil application in TAC mice 
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blunts hypertrophy (Hsu et al., 2009; Nagayama et al., 2009). Nagayama et al. showed 

a stabilization of cardiac function, reduced fibrosis and significantly lower heart weight 

to body weight ratio, overall comparable to sacval application in our study. At the same 

time Hsu et al. showed an independence of the beneficial effect of sildenafil from 

calcium-calmodulin signaling (Hsu et al., 2009; Nagayama et al., 2009). Accordingly, 

there must be a (structural) target in the myocardium which can modulate cardiac 

hypertrophy. As discussed before, we propose this to be VASH1.  

 

For the translation of VASH1 activity modulation to patients, the development of small 

molecules is most promising. A newly developed VASHi has already been shown to 

be comparable to TTL overexpression in CMs isolated from HFpEF rats (Eaton et al., 

2023). Contrary to the delivery of TTL, likely via a viral vector, drug application is much 

simpler for patients and physicians alike.  
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Appendix  
 

I. Materials  
 

I.I Media  

 
Table 6: Used media and respective composition. 

Medium Composition 

Basic medium for monolayer 

dissociation 

DMEM low glucose 

Penicillin-streptomycin 1% 

Blocking buffer for monolayer 

dissociation 

Basic medium 

DNase 12 U/ml 

EHT complete medium DMEM low glucose 

Penicillin-streptomycin 1% 

Horse Serum, heat inactivated 10 % 

Insulin 10 µg/ml 

Aprotinin 33 µg/ml 

FTDA DMEM F-12  

L-Glutamine 2 mM 

Transferrin 5 mg/ml 

Selen 5 µg/ml 

Human Serum Albumin 0.1 % 

Lipid Mix 1X 

Insulin 5 mg/ml 

Dorsomorphin 50 mM 

Activin A 2.5 ng/ml 

Transforming growth factor b1 0.5 ng/µl 

Stable fibroblast growth factor 30 ng/ml 

Maturation medium 

 

 

 

 

DMEM w/o Glucose  

Glucose 3 mM 

L-Lactate 10 mM 

Vitamin B12 5 µg/ml 

Biotin 0.82 µM 
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Medium Composition 

Maturation medium 

 

Creatine monohydrate 5 mM 

Taurine 2 mM 

L-Carnitine 2 mM  

Ascorbic acid 0.5 mM 

NEAA 1X  

Albumax I 0.5 %  

B27 1X 

Knockout serum replacement 1X 

P/S 1% 

Insulin 10 µg/ml 

Monolayer feeding medium RPMI 1640 

B27 5 % 

Insulin 3.21 µg/ml 

Monolayer medium Stage 0 StemPro-34 SFM 

StemPro plus supplement 2.6 % 

BMP4 1 ng/ml 

L-Glutamine 2 mM 

Matrigel EHT 1 % 

Monolayer medium Stage 1 StemPro-34 SFM 

StemPro plus supplement 2.6 % 

BMP4 10 ng/ml 

L-Glutamine 2 mM 

Activin A 8 ng/ml 

Monolayer medium Stage 2.1 RPMI 1640 

B27 2 % 

KYO2111 10 µM 

XAV939 10 µM 

Monolayer medium Stage 2.2 RPMI 1640 

B27 2 % 

KYO2111 10 µM 

XAV939 10 µM 

Insulin 3.21 µg/ml  
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I.II Buffers and reagents 

 
Table 7: Used buffers and compositions. 

Buffer Composition 

Blocking solution for Western blot  TBS-T  

5 % (w/v) milk powder or BSA 

blotting buffer 5X Milli-Q H2O  

Tris base 125 mM 

Glycine 950 mM 

blotting buffer 1X Milli-Q H2O 

blotting buffer 5X 20 % 

Methanol 20 % 

BTS solution  DMSO 

BTS 30 mM 

Collagenase II solution  HBSS w/o Ca2+ 

Collagenase II 200 U/ml 

HEPES, pH 7.4 1 mM 

BTS solution 30 µM 

Y compound 10 µM 

FASC staining buffer  PBS  

FBS 5 % (v/v) 

Sodium azide 0.05 % (v/v) 

Saponin 0.5 % (w/v) 

DNase solution PBS 

DNase II type V 2000 U/ml 

EDTA PBS 

EDTA 0.5 mM 

Electrophoresis buffer 10X Milli-Q H2O 

Tris base 250 mM 

Glycine 1.92 M 

SDS 1 % (w/v) 

Electrophoresis buffer 1X Milli-Q H2O 

10 % (v/v) Electrophoresis buffer 10X 

HEPES pH 7.4 PBS  
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Buffer Composition 

HEPES 1 M 

pH 7.4 adjusted with KOH 

filtered sterile with 0.2 µM filter 

Kranias buffer Milli-Q H2O 

Tris 1.5 M, pH 8.8 2 % (v/v) 

EDTA 5 mM 

NaF 30 mM 

SDS 3 % 

Glycerol 10 % (v/v) 

Laemmli Buffer  Milli-Q H2O 

SDS 12 % 

Bromphenol blue 0.06 % (w/v) 

Glyerol 60 % (w/v) 

Tris 0.5 M, pH 6.8 12 % (v/v) 

DTT 9.3 % (w/v) 

Permeabilization buffer (IF) PBS 

Milk powder 3 % 

TritionTM X-100 0.1 % 

TBS 10X  Milli-Q H2O 

Tris base 1 M 

NaCl 1.5 M 

pH adjusted to 7.5 

TBS-T Milli-Q H2O 

TBS 10X 10 % (v/v) 

Tween 20 0.1 % (v/v) 

 

I.III Cells 

 
Table 8: Used cell lines and sources. 

Cell line/type Source 

mTagRFPT-TUBA1B (AICS-0031-035) 

(RFP WT) 

Corriell Institute (IEPT stock) 
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Cell line/type Source 

SVBP-KO Generated by Niels Pietsch (Pietsch et 

al., 2024) 

TTL-KO Generated by Niels Pietsch (Pietsch et 

al., 2024) 

VASH1-KO Generated by Niels Pietsch (Pietsch et 

al., n.d.) 

MATCAP1-KO Generated during this study 

ERC001 WT IEPT stock 

 

I.IV Antibodies 

 
Table 9: Used antibodies with manufacturers and supplementary information. 

Target Manufacturer Dilution Buffer  Application 

dTyr-tub (rb) Gift from Marie-Jo 

Moutin 

1:2000 5% 

BSA/TBS-

T 

Western blot 

dTyr-tub (rb) Abcam 1:1000 5% 

BSA/TBS-

T 

Western blot 

Tyr-tub (rat) Gift from Marie-Jo 

Moutin 

1:5000 5% 

BSA/TBS-

T 

Western blot 

Δ2-Tub (rb) Gift from Marie-Jo 

Moutin 

1:5000 5% 

BSA/TBS-

T 

Western blot 

αTub (ms) Cell Signaling 1:1000 TBS-T Western blot 

ACTN2 (ms) Sigma 1:800 PBS Immunofluorescence 

GAPDH (ms) HyTest 1:5000 TBS-T Western blot 

GAPDH-680 

(ms) 

Thermo Fisher  1:3000 TBS-T Western blot 

PRGK1A Cell Signaling 1:1000 TBS-T Western blot 

ac-tub Cell Signaling 1:1000 TBS-T Western blot 
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Target Manufacturer Dilution Buffer  Application 

pVASP S157 Cell Signaling 1:1000 TBS-T Western blot 

pVASP S239 Cell Signaling 1:1000 TBS-T Western blot 

VASH1 Gift from Marie-Jo 

Moutin 

1:10,000 TBS-T Western blot 

XIRP2 Proteintech 1:2000 TBS-T Western blot 

Anti-rabbit 

HRP 

Sigma 1:10,000 5% 

milk/TBS-T 

Western blot 

Anti-mouse 

HRP 

Sigma 1:10,000 5% 

milk/TBS-T 

Western blot 

Anti-rat HRP Jackson 

Immunores 

1:10,000 5% 

milk/TBS-T 

Western blot 

Anti-rabbit 

DyLight680 

Thermo Fisher  1:10,000 TBS-T Western blot 

Anti-mouse 

DyLight800 

Thermo Fisher  1:10,000 TBS-T Western blot 

Anti-rat 546 Thermo Fisher  1:1000 TBS-T Western blot 

Anti-rat 546 Thermo Fisher  1:800 PBS Immunofluorescence 

Anti-mouse 

488 

Thermo Fisher 1:800 PBS Immunofluorescence 

SSEA3 PE  BD Biosciences  1:5 FACS 

buffer 

FACS 

Isotype 

control PE 

BD Biosciences 1:100 FACS 

buffer 

FACS 

cTnT FITC Milteny 1:100 FACS 

Buffer 

FACS 

Isotype 

control FITC 

Milteny 1:100 FACS 

Buffer 

FACS 
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I.V Consumables and chemicals   

 
Table 10: Used consumables, chemicals and manufacturers. 
Material Manufacturer 

12-well plates Thermo Fisher  

24-well plates Thermo Fisher 

6-well plates  Thermo Fisher  

96-well plates Greiner  

Accutase  Sigma Aldrich 

Aluminum foil  Quickpack  

Amersham 0.22 µm nitrocellulose 

transfer paper  

Carl Roth  

CASYCups Omni Life Sciences  

Cell scraper  Thermo Fisher  

Collagenase II  TCI Deutschland GmbH 

DMEM/F12  Gibco  

DPBS Gibco  

Eppendorf Safe Lock tubes (1.5/2 ml) Eppendorf AG 

Facial Tissues  Tapira 

Falcon Tubes (15/50 ml) Sarstedt 

Flow Cytometry tubes 5 ml  Sarstedt 

Geltrex  Gibco 

Glass Pasteur-Pipettes  Th. Geyer GmbH 

Glassware  Schott Duran 

HBSS w/o Calcium Gibco 

Matrigel  Corning  

Matrigel Growth Factor reduced  Corning  

MICRO-TOUCH Nitra-Tex medical 

examination gloves  

Ansell 

NEAA Gibco  

Parafilm  Bemis Company 

Pipette tips  Sarstedt  
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Material Manufacturer 

Precision Plus Protein standard 

DualColor  

BioRad Laboratories  

Precision Plus Protein standard 

Kaleidoscope 

BioRad Laboratories 

RPMI 1640 Gibco  

Scalpel blade  Bayha  

SDS-PAGE precast gels 4-15 % (10/15-

well) 

BioRad Laboratories  

Serological pipettes  Sarstedt 

StemPro34 medium and supplement  Gibco 

Surgical mask Farstar medical  

Tweezers Biochem Lab Supply  

Spatulae  Biochem Lab Supply 

 

I.VI Kits 

 
Table 11: Used kits and manufacturers. 

Kit Manufacturer Hazard 
statement 

Precautionary 
statement  

iScript cDNA 

synthesis Kit  

BioRad Laboratories   

Clarity Western ECL 

substrate Kit  

BioRad Laboratories   

SV Total RNA 

Isolation Kit 

Promega   

TriZol RNA isolation 

kit  

Invitrogen  301, 311, 331, 

314, 335, 342, 

373, 412 

201, 261, 264, 

280, 273, 

301+310, 

302+352, 

303+361+353, 

204+340, 
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Kit Manufacturer Hazard 
statement 

Precautionary 
statement  

305+351+338, 

403+233, 501 

Silencer Select 

PRKG1A s11131 

Thermo Fisher   

Silencer Select 

PRKG1A s11132 

Thermo Fisher   

Trans blot Turbo 

RTA  

BioRad Laboratories 228, 301, 311, 

315, 319, 335 

210, 240, 241, 

280, 370+378 

cGMP ELISA  Sigma   

Lipofectamine 3000 Thermo Fisher   

Silencer Select 

Negative control 2 

4390847 

   

Blood and Tissue 

DNA extraction Kit 

Quiagen    

ANP ELISA  Thermo Fisher    

In Fusion HD 

Cloning 

Clonetech    

 

I.VII Laboratory equipment 

 
Table 12: Used laboratory equipment and manufacturer. 

Equipment Manufacturer 

7900HT fast real-time PCR system Applied Biosystems 

Accu-jet Pro BRAND  

BD FACS CANTO II BD Biosciences  

CASY Cell counter Omni Life Sciences  

Centrifuge 5810R Eppendorf AG 

Centrifuge MC 6 Sarstedt 

ChemiDoc Touch BioRad Laboratories  

CO2 Incubator Memmert  
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Equipment Manufacturer 

DMI600/ROPER Leica 

Evos AMG XL Digital Thermo Fisher  

Fusion FX7 Vilber  

pH meter Mettler Toledo 

Heracell 150 Thermo Fisher  

Heracell 240 Thermo Fisher  

Haraeus multifuge X3R  Thermo Fisher  

Ice machine Scotsman Ice Systems  

LSM 800 confocal microscope  Zeiss 

Mastercycler PCR cycler  Eppendorf AG 

Milli-Q system Merck Millipore  

Mini Protean Tetra Electrophoresis 

chamber 

Bio-Rad Laboratories  

Mini Protean Trans-blot chamber  Bio-Rad Laboratories 

NanoDrop 1000 Thermo Fisher  

nCounter Sprint profiler  Nanostring Technologies  

Nikon Eclipse Ti Nikon  

Pipettes  Eppendorf AG 

Polymax 1040  Heidolph Instruments  

PowerPac Basic Power Supply BioRad Laboratories  

Quant Studio 5 RT-qPCR cycler Thermo Fisher  

Safe2020 Biological Safety Cabinet  Thermo Fisher  

Thermomixer comfort  Eppendorf AG 

Trans blot Turbo Bio-Rad Laboratories 

Tube Roller R3005 Benchmark Scientific  

Vortex Genie 2 Scientific Industries  
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I.VIII Primers  

 
Table 13: Used primers and sequences. 

Gene name Accession or 
locus 

Primer 
direction 

Sequence Amplicon 
size (bp) 

GAPDH NM_0012567
99 
 

Forward 
 

ATGTTCGTCATGGG
TGTGAA 
 

136 
 

GAPDH NM_0012567
99 
 

Reverse 
 

TGAGTCCTTCCAC
GATACCA 

 

136 
 

XIRP2 NM_0010798
10.04 
 

Forward 
 

CCAAAGCCAGGTC
CATTTGAG  

 

138 
 

XIRP2 
 

NM_0010798
10.04 
 

Reverse 
 

CCTTTGGGGGCTT
TTGGAAG  

 

138 
 

MME NM_000902 
 

Forward 
 

GCCCATCGATGAA
AACCAGC 

 

187 
 

MME NM_000902 
 

Reverse 
 

CAACCAGCTGAAT
GGCTTCC  

 

187 
 

GUSB NM_000181 
 

Forward 
 

ACGATTGCAGGGT
TTCACCA  

 

171 
 

GUSB NM_000181 
 

Reverse 
 

CACTCTCGTCGGT
GACTGTT  

 

171 
 

B2M NM_004048 
 

Forward 
 

GCTCGCGCTACTC
TCTCTTT  

 

140 
 

B2M NM_004048 
 

Reverse 
 

CAATGTCGGATGG
ATGAAACCC  

 

140 
 

NPR1 NM_000906 
 

Forward 
 

CGTCAAGGGCATG
CTGTTTC 

 

179 
 

NPR1 NM_000906 
 

Reverse 
 

CCGTCCACAGCTT
TTTGGC  

 

179 
 

NPR2 NM_0013789
23  
 

Forward 
 

GACCCATCCTGTG
ATAAAACTCC  

 

124 
 

NPR2 NM_0013789
23  
 

Reverse 
 

GCATCAGCTTTCTG
TAAGGACG  

 

124 
 

NPR3 NM_000908 
 

Forward 
 

TGGTCTACAGCGA
CGACAAG  

 

181 
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Gene name Accession or 
locus 

Primer 
direction 

Sequence Amplicon 
size (bp) 

NPR3 NM_000908 
 

Reverse 
 

GCACACATGATCA
CCACTCTC  

 

181 

PRKG1A NM_0010985
12 
 

Forward 
 

CTCCACAAATGCCA
GTCGG 
 

166 

PRKG1A NM_0010985
12 
 

Reverse 
 

TTATAAGATCCTTG
GACCTTTCGG 166 

CRIP2 NM_0012708
37.2 

Forward 
 

CATGTTTCTGGCCT
GCTGTC 
 

184 

CRIP2 NM_0012708
37.2 

Reverse 
 

CTCACCTTCTCGGC
TGTTCC 184 

MATCAP1 NM_0010407
15.2 

Forward 
 

ATGATGGTGGAGA
ACAGCCG 106/771 

MATCAP1 NM_0010407
15.2 

Reverse 
 

GCAGGTAGTGGGT
GCCTATC 106 

MATCAP 
crRNA1 fw 
 

NM_0010407
15.2 

Forward 
 

CACGAGTAAGGGG
CTCAGTC 582 

MATCAP 
crRNA1 rev 
 

NM_0010407
15.2 

Reverse 
 

CAGGGATGGGGAC
TGGTAG 582 

MATCAP 
crRNA2 fw 
 

NM_0010407
15.2 

Forward 
 

CCTCCCAGGTTGTT
GTTTCAGCA 540 

MATCAP 
crRNA2 rev 
 

NM_0010407
15.2 

Reverse 
 

TCTCTCCAATCCAC
CTCCCA 540 

MATCAP 
internal rev 
 

NM_0010407
15.2 

Reverse 
 

AACAGTCATGCTGA
TGCCCC 771 

OT1 MATCAP1 
crRNA1 

chrX:-
68685818 

Forward 
 

ATGCAAGTTTGCTT
GCGGTG 473 

OT1 MATCAP1 
crRNA1 

chrX:-
68685818 

Reverse 
 

ATGGCTCTGGCCA
TCTTGAC 473 

OT2 MATCAP1 
crRNA1 

chr4:+323558
20 

Forward 
 

CAACCTGAGGGAG
CGTCTTC 312 

OT2 MATCAP1 
crRNA1 

chr4:+323558
20 

Reverse 
 

TTCAACCTTGCCTC
TGGTGG 312 

OT3 MATCAP1 
crRNA1 

chr1:+169158
1 

Forward 
 

CCCCTGCACCAGA
GGTTAAG 305 
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Gene name Accession or 
locus 

Primer 
direction 

Sequence Amplicon 
size (bp) 

OT3 MATCAP1 
crRNA1 

chr1:+169158
1 

Reverse 
 

TGAAGATGTGTAG
GGCGCAG 305 

OT4 MATCAP1 
crRNA1 

chr1:+174485
6 

Forward 
 

ATCTCAACGCCGG
GTTACTG 293 

OT4 MATCAP1 
crRNA1 

chr1:+174485
6 

Reverse 
 

TTGTGTGGTCTCCA
GCTTCC 293 

OT5 MATCAP1 
crRNA1 

chr5:+158975
840 

Forward 
 

TGCTAAGTGCTGG
CCTGAAG 265 

OT5 MATCAP1 
crRNA1 

chr5:+158975
840 

Reverse 
 

GCGTGCTTGCTGT
CCTAATC 265 

OT6 MATCAP1 
crRNA1 

chr14:+72877
480 

Forward 
 

GCGGGCTTTTTCTT
CCCAAG 455 

OT6 MATCAP1 
crRNA1 

chr14:+72877
480 

Reverse 
 

GATCCCAGCGAGT
GTCAGAG 455 

OT7 MATCAP1 
crRNA1 

chr1:+107716
296 

Forward 
 

TGGCATGAATCAAG
GCCAC 150 

OT7 MATCAP1 
crRNA1 

chr1:+107716
296 

Reverse 
 

TAAAAGTCTTTACT
GGCTGGCTG 150 

OT8 MATCAP1 
crRNA1 

chr20:+61704
982 

Forward 
 

CCGGGATGTCTGA
GTCTTGG 390 

OT8 MATCAP1 
crRNA1 

chr20:+61704
982 

Reverse 
 

AAGAGGGACATGC
CAACGAG 390 

OT9 MATCAP1 
crRNA1 

chrX:-
77282894 

Forward 
 

CCAGACACTGTGC
TTTTCCC 173 

OT9 MATCAP1 
crRNA1 

chrX:-
77282894 

Reverse 
 

GGAGTTTCTTGTGC
CACTGG 173 

OT10 
MATCAP1 
crRNA1 

chr8:+765025
55 

Forward 
 

ATGGCCTCTGTCTC
AAGCTG 402 

OT10 
MATCAP1 
crRNA1 

chr8:+765025
55 

Reverse 
 

GTGGAGGTTCCCG
AGTCATC 402 

OT1 MATCAP1 
crRNA2 

chrX:-
121197635 

Forward 
 

TTTAGGTGGGCACT
CTACTTTC 1273 

OT1 MATCAP1 
crRNA2 

chrX:-
121197635 

Reverse 
 

TGCATCTCCCCACC
TCATTTC 1273 

OT2 MATCAP1 
crRNA2 

chr15:-

60413682 

Forward 
 

ACTGTGACTTCACA
CGCTCC 246 
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Gene name Accession or 
locus 

Primer 
direction 

Sequence Amplicon 
size (bp) 

OT2 MATCAP1 
crRNA2 

chr15:-

60413682 

Reverse 
 

TCATGGGTCCCAA
CAATACCC 246 

OT3 MATCAP1 
crRNA2 

chr3:+100241

571 

Forward 
 

TCCACTCACCAAG
GATGACC 173 

OT3 MATCAP1 
crRNA2 

chr3:+100241

571 

Reverse 
 

CAAACCTCTGCCAT
TTCCATG 173 

OT4 MATCAP1 
crRNA2 

chr2:+212395

648 

Forward 
 

GTTAGCATCTTTGG
CTTGGGAG 400 

OT4 MATCAP1 
crRNA2 

chr2:+212395

648 

Reverse 
 

CACTGGGTTGATCT
TCATGCTG 400 

OT5 MATCAP1 
crRNA2 

chrX:-

113827860 

Forward 
 

ACTAGTGAAGCTG
CTATGGAAG 560 

OT5 MATCAP1 
crRNA2 

chrX:-

113827860 

Reverse 
 

CCCGTATCACAACC
ATCACC 560 

OT6 MATCAP1 
crRNA2 

chr14:+58132

614 

Forward 
 

CCTTTGAGGACCC
AGAGGTG 402 

OT6 MATCAP1 
crRNA2 

chr14:+58132

614 

Reverse 
 

TTGAAGAGGTGTG
GCAGAGC 402 

OT7 MATCAP1 
crRNA2 

chr22:+48379

613 

Forward 
 

GGCACCATTGTCAA
GAGCAC 183 

OT7 MATCAP1 
crRNA2 

chr22:+48379

613 

Reverse 
 

CTCTGCCCACCTTT
CCACTC 183 

OT8 MATCAP1 
crRNA2 

chr10:+98069

332 

Forward 
 

AGAGTGACTAGCT
GCATCCC 425 

OT8 MATCAP1 
crRNA2 

chr10:+98069

332 

Reverse 
 

AGGCAAGATCCAG
ACACTGAG 425 

OT9 MATCAP1 
crRNA2 

chr10:-

16166816 

Forward 
 

GTGATGACGAACTT
CTGCCC 185 

OT9 MATCAP1 
crRNA2 

chr10:-

16166816 

Reverse 
 

GGACTTCTGCTCAC
CAATGC 185 
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Gene name Accession or 
locus 

Primer 
direction 

Sequence Amplicon 
size (bp) 

OT10 
MATCAP1 
crRNA2 

chr2:-

10721987 

Forward 
 

CTGGTAGCATCTCC
GCAGG 152 

OT10 
MATCAP1 
crRNA2 

chr2:-

10721987 

Reverse 
 

CTCTTCCTTTCGGA
CTCCCG 152 

 

I.IX Viruses 

 
Table 14: Used viruses and sources. 

Virus Source 

Adv-cGi500 Gift from Slava Nikolaev 

LV-YFP-VASH1-IRES-SVBP Plasmid from Marie-Jo Moutin; virus 

produced by Ingke Braren  

LV-YFP-VASH1(S347E)-IRES-SVBP Plasmid from Marie-Jo Moutin; virus 

produced by Ingke Braren 

LV-YFP-VASH1(S347A)-IRES-SVBP Plasmid from Marie-Jo Moutin; virus 

produced by Ingke Braren 

LV-YFP-VASH1(7E)-IRES-SVBP Plasmid from Marie-Jo Moutin; virus 

produced by Ingke Braren 

LV-YFP-VASH1(7A)-IRES-SVBP Plasmid from Marie-Jo Moutin; virus 

produced by Ingke Braren 

 

I.X Software  

 
Table 15: Used software and publishers. 

Software Publisher 

BD FACS Diva  BD Biosciences  

FlowJo v10.6.1 BD Biosciences  

ImageLab 5.2.1 BioRad Laboratories  

Microsoft Office Microsoft  

n-Solver NanoString Technologies  

Prism 8.0 GraphPad Software  



 

xvi 
 

Software Publisher 

Bio1D Vilber Lourmat 

R R Foundation 

Fiji/ImageJ Open source/NIH 

ZEN 2012 Zeiss 

 

II. Safety and waste disposal  
 

All used substances were used according to the safety standards required in S1 and 

S2 laboratories. Cell culture material was autoclaved to inactivate any genetically 

modified organisms and the used work benches were cleaned with 70 % ethanol and 

pursept solution. Chemicals, buffers, and solutions were disposed in the appropriate 

containers. 

 
Table 16: Relevant GHS symbols. 
From: GESTIS Stoffdatenbank. 

GHS symbol number GHS symbol 

GHS02 
 

GHS04 
 

GHS05 
 

GHS06 
 

GHS07 
 

GHS08 
 

GHS09 
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Table 17: Used chemicals with hazard and precautionary statements. 
Chemical Manufacturer Hazard 

statement 
Precautionary 

statement  
1,4-DTT Applichem  302, 315, 319, 

412 

264, 270, 273, 280, 

337+313, 501 

2-Propanol  BioRad 

Laboratories  

225, 319, 336 210, 261, 

305+351+338 

Activin A R&D Systems    

Albumax I Thermo Fisher    

ANP Tocris   

Aprotinin  Sigma-Aldrich    

Ascorbic acid  Sigma-Aldrich   

B12  Sigma-Aldrich   

B27  Thermo Fisher    

Biotin  Sigma-Aldrich    

BTS Gibco 301 264, 270, 301+310, 

321, 330, 405, 501 

BSA Sigma-Aldrich; 

Serva  

  

L-Carnitine  Sigma-Aldrich  315, 319, 335 261, 305+351+338 

CASY-Clean Omni Life 

Sciences 

  

CASY-Ton  Omni Life 

Sciences 

  

CNP Tocris   

Collagenase II Worthington  334 261, 284, 304+340, 

342+311 

Creatine monohydrate  Sigma-Aldrich    

Dorsomorphin Tocris  302, 312, 332 261, 264, 270, 271, 

280, 301+312, 

302+352, 304+312, 

304+340, 312, 322, 

330, 363, 501 
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Chemical Manufacturer Hazard 
statement 

Precautionary 
statement  

Endothelin 1 Merck   

Ethanol Chemsolute; 

Carl Roth 

225, 319 210, 240, 

305+351+338, 

403+233 

bFGF Peprotech    

Glucose  Carl Roth   

Glutamine  Gibco   

Glycerol  Merck   

Glycine  Carl Roth    

HEPES  Carl Roth    

Hoechst 33342  Carl Roth  302, 315, 319 264, 280, 301+312, 

302+352, 

305+351+338, 330, 

332+313, 337+313, 

362+364 

Horse Serum  Gibco   

Human Serum 

Albumin  

Biological 

Industries  

  

Hydrocortisone  Sigma-Aldrich 360Df, 373 202, 260, 280, 

308+313, 405, 501 

Insulin  Sigma-Aldrich   

KOSR Thermo Fisher    

KY 02111 Tocris  302, 400 273 

L-Lactate  Sigma-Aldrich   

Methanol  J T Baker  225, 331, 311, 

301, 370 

210, 233, 280, 

302+352 

Milk powder  Carl Roth    

Nitrogen  Cryotherm  281 282, 336+315, 403 
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Chemical Manufacturer Hazard 
statement 

Precautionary 
statement  

Penicillin/Streptomycin  Gibco 315, 317, 334, 

335 

280, 261, 264, 284, 

271, 302+352, 

304+340 

Ponceau S solution  Sigma-Aldrich 315, 319, 335 261, 305+351+338 

Pursept  Schülke  226, 319 210, 280, 

305+351+338, 

337+313, 403+235 

Roti-Histofix  Carl Roth  302, 317, 341, 

350 

261, 280, 302+352, 

308+313 

RP-8-Br-cGMPs-PET Tocris   

Sacubitrilat  Sigma Aldrich   

Saponin  Sigma Aldrich  319, 335 261, 305+351+338 

Selen  Sigma Aldrich 331, 301, 373, 

413 

273, 304+340 

Sodium azide  Merck  300, 400, 410 273, 309, 310 

SDS Carl Roth 228, 302+332, 

315, 318, 335, 

412 

210, 261, 280, 

302+352, 

305+351+338, 312 

StemPro-34 SFM Gibco   

StemPro Supplement Gibco   

T3  Gibco 315, 319, 335 261, 305+351+338 

Taurine  Sigma Aldrich  315, 319, 335 261, 305+351+338 

Transferrin human  Sigma Aldrich   

TGF b1  Pepro Tech   

Tris base  Merck 315, 319, 335 261, 305+351+338 

Tris HCl Merck 315, 319, 335 280, 302+352, 

305+351+338 

Trypan blue Gibco 350 201, 308+313 

Tween 20  Sigma Aldrich    

Valsartan  Sigma Aldrich    



 

xx 
 

Chemical Manufacturer Hazard 
statement 

Precautionary 
statement  

XAV939 Tocris  301, 319 301+310, 

305+351+338 

Y-2732 Biorbyt 302, 312, 332 280  
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