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Abstract 

The cardiac muscle has to adapt in a highly dynamic mechanical environment. 
Mechanotransduction is the process that allows cells to sense the mechanical forces and respond 
by downstream biochemical signaling cascades. Although different tissue structures and proteins 
have been implicated in how the heart senses the mechanical forces, yet our understanding in 
cardiac mechanotransduction is incomplete. Stretch-activated channels (SACs) have been 
suggested to play an important role in the mechanosensitive autoregulation of the heart. In 
particular, PIEZO1 is a stretch-activated channel previously characterized in the murine heart, 
endothelial cells, cardiac fibroblasts, as well as in other cell types, such as neuronal cells and red 
blood cells. PIEZO1 has been involved in vascularization, erythrocyte volume homeostasis and 
regulation of the baroreceptor reflex, yet its role in cardiac mechanotransduction has not been 
described. 
Genome editing in human induced pluripotent stem cells (hiPSCs) is a powerful approach to 
extend our knowledge on PIEZO1 in cardiac mechanical activity and its potential involvement 
in cardiac diseases. Therefore, to study the functional role of PIEZO1 in cardiomyocytes I have 
generated a PIEZO1 knockout (KO) human induced pluripotent cell (hiPSC) line using genome 
editing technology. The genome edited cells were then differentiated into viable, beating 
cardiomyocytes. Different phenotypic analyses were conducted, including the evaluation of 
electrophysiological characteristics, observation of cell morphology and beating activity of the 
genome edited hiPSC-derived cardiomyocytes. With this approach the aim was to gain more 
insight into PIEZO1 function in cardiomyocytes using a reliable, efficient and reproducible 
human cellular model system. For the first time PIEZO1-dependent calcium transients and 
stretch-activated currents were observed in hiPSC-derived cardiomyocytes (hiPSC-CMs). This 
proposes a possible role of PIEZO1 as a cardiac mechanotransducer. Furthermore, RNA-seq 
analysis revealed that loss of PIEZO1 in hiPSC-CMs is associated with downregulation of the 
expression of extracellular matrix-associated proteins. These data highlight the role of PIEZO1 
in cardiomyocytes and suggest its implication in extracellular matrix organization and structure. 
Taken together this study shows that the use of the hiPSC-CM system and the genome editing 
technology was an effective approach to study the functional properties of the PIEZO1 
mechanosensitive channel in cardiac cells. 
 

 

 

 

 



 

 
 

Zusammenfassung 

Der Herzmuskel muss sich einer dynamischen und sich mechanisch verändernden Umgebung 
anpassen. Die Mechanosignaltransduktion ermöglicht es Zellen mechanischen Kräfte zu 
erfassen und durch nachgeschaltete biochemische Signalkaskaden darauf zu reagieren. Obwohl 
verschiedene Gewebestrukturen und Proteine damit in Verbindung gebracht wurden, wie das 
Herz die mechanischen Kräfte wahrnimmt, ist unser Verständnis der kardialen 
Mechanosignaltransduktion unvollständig. Durch Dehnung aktivierte Ionenkanäle spielen eine 
wichtige Rolle bei der mechanosensitiven Autoregulation des Herzens. Zur Gruppe dieser 
Kanäle zählt PIEZO1, welcher zuvor in Neuronen und Endothelzellen charakterisiert wurde 
und im murinen Herzen an der Homöostase des Erythrozytenvolumens und der Regulation des 
Barorezeptorreflexes beteiligt ist. 
Das Editieren des Genoms in vom Menschen stammenden induzierten pluripotenten 
Stammzellen stellt einen vielversprechenden Ansatz dar unser Wissen über PIEZO1, wie zum 
Beispiel seiner kardialen mechanischen Funktion und seiner Rolle an Herzerkrankungen, zu 
erweitern. Um die funktionelle Rolle von PIEZO1 in Kardiomyozyten zu untersuchen, habe 
ich daher PIEZO1 in induzierten pluripotenten Stammzellen mittels Genomeditierung 
deletiert. Die PIEZO1-/- Zellen wurden dann in lebensfähige, herzähnlich schlagende 
Kardiomyozyten differenziert. In phänotypische Analysen der elektrophysiologischer 
Eigenschaften, Zellmorphologie und der herzähnlichen Schlagaktivität habe ich den Effekt der 
PIEZO1-deletion in genomeditierten Kardiomyozyten untersucht. Die Deletion von PIEZO1 
zeigte zum ersten Mal, dass es PIEZO1-abhängige dehnungsaktivierte und Kalzium-Ströme in 
vom Menschen stammenden differenzierten Kardiomyozyten gibt. Dies legt nahe, dass PIEZO1 
eine Rolle in der Mechanosignaltransduction in Herzzellen spielt. Darüber hinaus zeigte eine 
RNA-Sequenz Analyse, dass der Verlust von PIEZO1 in vom Menschen stammenden 
differenzierten Kardiomyozyten mit der Herunterregulation von Proteinen korreliert, die für die 
extrazellulärer Matrix von Bedeutung sind. Diese Daten unterstreichen die Rolle von PIEZO1 
in Kardiomyozyten und legen seine Bedeutung für die Organisation und Struktur der 
extrazellulären Matrix nahe. Zusammengenommen zeigen die Daten, dass die Verwendung von 
vom Menschen stammenden differenzierten Kardiomyozyten und der 
Genomeditierungstechnologie ein wirksamer Ansatz zur Untersuchung der funktionellen 
Eigenschaften des mechanosensitiven PIEZO1-Ionenkanals in Herzzellen ist. 
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1. Introduction 

1.1 The beating heart: A mechanosensitive organ 
The heart is one of the most complex organs and its proper physiological function is essential 
for the maintenance of all living animals. It is responsible for providing sufficient oxygenated 
blood containing nutrients, metabolites and hormones to meet the constant metabolic needs of 
human and mammalian body. The human heart consists of four chambers, two atria and two 
ventricles (Figure 1). It operates as a powerful pump, distributing blood throughout the 
cardiovascular system to the peripheral organs. Functionally, the heart can be divided in two 
systems, the cardiac conduction system (CCS) and the contractile cardiac cells1. CCS is an 
excitatory and conductive system, designed to generate rhythmic electrical impulses. These 
impulses are generated by conducting cells, located in the upper right atria, at the sinoatrial node 
(SAN)1. These specialized cardiac cell subpopulations are the natural pacemakers of the heart. 
Electrical signals originating from SAN are rapidly transduced throughout the heart via another 
subpopulation of cardiac cells, the His-Purkinje bundle1,2 (Figure 1). The CCS is responsible 
for inducing contraction of the beating cells of the cardiac muscle, also called myocardium, the 
cardiomyocytes. The cardiac muscle makes up the thick middle layer of the heart walls and is 
surrounded by a thin outer layer called the epicardium and an inner one named endocardium. 
Similar to skeletal muscle, the myocardium is striated and organized into sarcomeres, the 
fundamental contractile units of cardiomyocytes. Although cardiomyocytes occupy around 80% 
of the heart volume, other cell populations contribute to the heart´s cellular composition, such 
as endothelial cells, fibroblasts and hematopoietic-derived cells3. 
 
 
 
 
 
 
 
 
 
 
Figure 1. Human heart architecture. The human heart is divided in four chambers, the atria (top right and left) 
and the ventricles (bottom right and left). From the upper part of the right atria (SAN) specialized cardiomyocytes 
generate electrical impulses transduced via a complex fibrous network (bundle of His-Purkinje fibers), towards the 
left ventricle inducing cardiomyocytes contraction. The myocardium is surrounded by an outer layer, the 
epicardium and an inner one, the endocardium. 

The beating cardiac muscle is a mechanosensitive organ, able to sense its own mechanical 
environment. Throughout heart development the cardiac muscle undergoes constant shape 
remodeling. Mechanical forces are an essential regulator of heart´s formation and function4,5. 
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Changes in physical activities, i.e. sports, pregnancy, or pathological conditions, require 
adjustment of heart´s performance6. The cardiac muscle experiences changes in pressure in its 
chambers while blood is pumped from the left ventricle towards the rest of the body. The cardiac 
muscle walls stretch and reform as a normal response to the pressure and mechanical stress 
generated by the blood flow. As a part of this response, cardiac mechanosensitive pathways can 
regulate and alter gene expression and protein production under healthy or disease conditions6–

8, i.e. changes in the composition of the extracellular matrix (ECM)9–11. The cardiac ECM is a 
complex network of structural and nonstructural proteins that offers support and plasticity to 
the myocardium. A variety of protein groups, such as collagen molecules, proteoglycans and 
glycoproteins, which will be further discussed in another chapter, contribute to it. Its consistency 
is important for the cardiac homeostasis. For instance, under pathological conditions, where 
there is excessive mechanical load (filling pressure/stretch), hypertrophic changes and excess 
deposition of ECM proteins are observed9,10. Although initially these changes in the ECM 
composition, named cardiac remodeling, can be a beneficial adaptation to a new mechanical 
environment, over time they can lead to fibrosis and cardiac muscle stiffness10,12. Therefore, 
understanding the mechanisms underlying cardiac mechanosensitivity is as important for the 
function of the healthy heart as well as for clinical conditions, i.e. heart failure. 

1.1.1 The electromechanical properties of the cardiac muscle 
1.1.1.1 Cardiac electrical activity  
Two fundamental features of the cardiac muscle are its contractility and rhythmicity and both 
are tightly regulated by the electromechanical heart properties. In order to achieve proper 
electrical cardiac activity the myocardium relies on the generation of normal cardiac action 
potential (AP). The electrical events that occur during the generation of AP are referred to as 
the cardiac cycle where electrical pulses are spread throughout the cardiac muscle. The cardiac 
AP starts with depolarization of the cardiac cells in SAN and reaches the ventricle through 
specialized cells and distinct collections of ion currents resulting in synchronized contraction. 
The action potentials of pacemaker cells are significantly different from the contracting 
ventricular cardiomyocytes´ potentials. Given the focus of this dissertation I will give only a brief 
description of the AP observed in the ventricular cardiomyocytes. The generation of AP relies 
on the coordination of numerous cardiac ion channels and is characterized by 5 phases (phases 
0-4)13. Phase 4 describes the resting action potential in cardiomyocytes, also called as diastolic 
depolarization, which describes the normal state before the AP starts. The AP initiates with a 
large sodium ion (Na+) influx, named as phase 0 or the AP. After Na+ enter the cells a rapid 
inactivation of the open Na+ channels follows leading to phase 1. This phase is regulated by the 
balance of the flux between Na+ and potassium ions (K+). Calcium (Ca2+) ions enter the cell, 
mostly for the sarcoplasmic reticulum(SR), in response to changes in electrical potential across 
the cell membrane through L-type Ca2+ channels as inward Ca2+ current (ICa), which contributes 
to the action potential plateau phase (phase 2). As membrane potential enters phase 2, K+ and 
Ca2+ currents are counterbalanced. Phase 3, repolarization, is the result of the time-dependent 
inactivation of Ca2+ channels and the predomination of the outward potassium currents. A more 



INTRODUCTION 

 

3 
 

detailed description of the contribution of the cardiac ion channels in heart´s function will be 
addressed below. The electrical cardiac properties are vital for the proper cardiac function and 
cardiac ion channels are essential players to the machinery behind the cardiac rhythm. 
Furthermore, electric activity is tightly connected to mechanical response and crosstalk between 
electrical and mechanical mechanisms is crucial for fine tuning of heart´s function. 

1.1.1.2 Cardiac electro-mechanical coupling 
Mechanosensitive properties are an essential and implicit characteristic of the cardiac activity 
and the mechanisms describing the autoregulation of the heartbeat have been noted as early as 
the 1800s. According to the Frank-Starling law, the cardiac muscle can change its force of 
contraction and therefore stroke volume, in response to changes in venous return under different 
physiological conditions14. This essential cardiac mechanism is the molecular basis for the 
excitation-contraction coupling (ECC) and can only partially explain the heart´s hemodynamic 
response and the autoregulation of the heartbeat. The ECC mechanism describes the process 
from electrical excitation of the cardiomyocytes to contraction of the heart15. Ca2+ ions are 
essential in ECC and cardiac electrical activity, as they act as a secondary messenger activating 
the myofilaments leading to contraction. The combination of Ca2+ influx and release from the 
SR leads to higher free intracellular Ca2+ concentration. This allows calcium to bind to cardiac 
troponin, resulting in sliding of the thick and thin filaments, which triggers the contractile 
machinery15,16. The balance of calcium flux is regulated by different molecules, including protein 
kinases and ion channels that form the structural machinery behind cardiac electrical excitability 
and will be discussed in detail further below. In addition to the ECC mechanism as a regulator 
of the cardiac electrical activity, the cardiac muscle is able to mechanically sense its own dynamic 
extracellular environment and convert the mechanical stimuli into electrochemical response. 
Mechano-electrical feedback (MEF) describes this electrophysiological response to mechanical 
load, where distinct cardiac cell populations detect mechanical stress and transform it into 
electrical signal (Figure 2). 

Figure 2. Mechanotransduction in heart. Mechanotransduction is part of the heartbeat autoregulation 
mechanism, which is an intrinsic property of the cardiac muscle. Under conditions of mechanical load the cardiac 
pacemakers and the Purkinje fibers exhibit electrical excitation that is transferred throughout the cardiac muscle 
causing contraction of the sarcomeric proteins of the cardiomyocytes.  
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This cellular procedure is called mechanotransduction and has a key role in the normal function 
of the cardiac muscle. In the heart, mechanotransduction is a highly interactive process between 
the extracellular matrix and the intracellular cytoskeleton proteins. Although several 
mechanotransducers have been identified, so far our understanding on the mechanisms 
implicated in this process is not complete. This is also due to the complexity of the cardiac tissue 
and limitations in experimental procedures and isolation of cardiac cell populations. Therefore, 
there is a need to unravel cardiac mechanosensitivity and its underlying mechanisms, in order 
to extend our knowledge in heart´s mechanics and function. 

1.1.2 Cardiac mechanotransduction 
1.1.2.1 Mechanosensitive signaling pathways in heart 
The cardiac mechanosensing machinery consists of distinct proteins and cellular structures, i.e. 
sarcomere, as well as signaling molecules and secondary messengers. This response includes 
triggering of downstream signaling cascades17. In these signaling events multiple types of kinases, 
such as the focal adhesion kinase (FAK) proteins, mitogen-activated protein kinases (MAPKs), 
protein kinase B (AKT), and Rho GTPases, are activated18. Although cardiac mechanical 
signaling pathways are an essential part of the cardiac mechanotransduction apparatus, their 
mechanisms are not fully understood12. In the following section I will briefly describe the most 
known signaling factors and pathways involved in mechanotransduction based on the current 
literature. 

Focal Adhesion Kinase (FAK) 
Focal adhesion kinase (FAK) is a tyrosine-phosphorylated protein that localizes to integrin- 
enriched cell adhesion sites and directly binds to the cytoplasmic domain of β-integrin, a well-
known mechanosensor19. Integrins are transmembrane proteins, implicated in connecting the 
ECM with the cardiac contractile unit. Genetic deletion of FAK in mice results in embryonic 
lethality due to defects on the cardiovascular system20. Moreover, FAK has been implicated in 
myocyte growth12 and activation upon stretch21,22, supporting its functional role in the heart. 
Specifically, cardiomyocyte-specific knockout of FAK in mouse caused eccentric cardiac 
hypertrophy and fibrosis23. Another study in a neonatal rat ventricular myocyte model has 
demonstrated that phosphorylation of FAK was differentially regulated under mechanical stress 
conditions24. It was also shown that inhibition of FAK resulted in negative regulation of MAPKs 
activation. This suggests that FAK could serve as a signaling molecule for downstream activation 
of MAPKs, supporting its role in mechanical signaling19,25. The upstream signaling mediators 
responsible for inducing phosphorylation of FAK activation sites upon mechanical load, remain 
to be identified. 
MAPK signaling pathway 
Mitogen-activated protein kinases (MAPKs) are serine/threonine kinases that upon 
tyrosine/threonine phosphorylation can phosphorylate other molecules, generating signaling 
cascades. They have been shown to participate in regulation of cardiac contractility, but the 
underlying mechanisms are not clear26. Extracellular signal-regulated kinases (ERK) 1/2, p38 
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kinases, and c-Jun N-terminal kinases (JNKs) are three main branches of the MAPK signaling 
pathway. In general, MAPK cascades have been suggested to modulate the hypertrophic 
response of the heart to pressure overload. Chronic hemodynamic overload either by pressure 
or volume overload in the heart can lead to cardiac dilation and dysfunction of the cardiac 

muscle27. For example, the ERK1/2 pathway has been studied in cardiomyocytes in order to 
decipher its role in cardiac hypertrophy. Specifically, previous studies have proposed a potential 
pro-hypertrophic role, upon different stimuli12,25,28. In another study, mice expressing a mutated 
cardiac-specific p38 kinase, which inhibits the cardiac native p38 kinase, developed cardiac 
hypertrophy in response to pressure overload29. 

Calcium signaling  
Calcium has been previously described for its role in excitation-contraction coupling, as changes 
in intracellular Ca2+ concentration are central to the ECC mechanism30. These changes induce 
membrane depolarization with the engagement of the cytoskeleton and sarcomere contraction. 
In addition, calcium is a major secondary messenger molecule, regulated under different 
mechanical load conditions. There are multiple calcium-related signaling pathways activated as 
a response to mechanical stimuli31,32. For instance, the Ca2+/calmodulin-dependent protein 
kinase family (CaMK) can modulate calcium homeostasis in order to maintain cardiac function. 
CaMK-dependent signaling has been shown to be involved in hypertrophic response under 
mechanical stress33. 

 

 

 

 

 

 

 

 

 

 

Figure 3. Mechanical signaling pathways in the cardiac muscle.  The cardiac mechanosensitive machinery 
consists of several mechanosensing molecules, including signaling molecules that activate downstream signaling 
cascades. Among them are known signaling pathways involving known protein kinases, such as the MAPKs, the 
Ca2+/calmodulin-dependent protein kinase family (CaMK) and others. The cardiac mechanosignaling apparatus 
can modulate gene expression in nucleus in order to response to mechanical stimuli and promote normal function 
of the cardiac muscle. 

In addition to the CaMK family, other enzymes are also affected by changes in intracellular 
calcium, such as protein kinase C (PKC). PKC exhibited increased activity when calcium levels 
were elevated12. In particular, PKC phosphorylates myofilament proteins to alter contractility, 
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such as titin (see below), while phosphorylation of cardiac Na+–H+ (NHE1) exchanger increases 
intracellular Ca2+ 17. This increase of cytosolic calcium as a result of NHE1 activation has been 
implicated in cardiac remodeling and disease34. Moreover, in a transgenic mouse model, in 
which NHE1 was upregulated, inhibition of Na+/H+ exchange prevented hypertrophy, fibrosis, 
and heart failure35. Calcium-dependent pathways are also implicated in regulation of 
contractility via calcium and mechanonsensitive channels and will be described in another 
section (see §1.1.2.3). 

1.1.2.2 The cardiac mechanosensing machinery 
To date, different studies have proposed mechanisms describing how the cardiac muscle reacts 
to mechanical load and stretch25,36–38. Here, I describe the main cardiac mechanotransducer 
molecules, according to recent literature. I am summarizing our current knowledge, but 
highlighting as well the necessity to improve our understanding on cardiac 
mechanotransduction. 

Mechanotransduction in non-myocytes 
The cardiac muscle consists of non-myocyte cell populations, amongst others, endothelial cells 
(ECs), fibroblasts, immune cells, and the contracting myocytes, the cardiomyocytes3. Therefore, 
responses to mechanical cues can be evoked not only by cardiomyocytes but also by non-
myocytes12,39. In this section, I touch upon the contribution of the non-myocyte cell populations 
in cardiac mechanotransduction. 

Cardiac fibroblasts 
The myocardium undergoes cardiac remodeling as a response to stimuli, i.e. when the heart 
experiences elevated workload. It has been shown that cardiac fibroblasts and endothelial cells 
can modulate cardiac contractility and growth through cell-cell communication12,40. For 
examples, cardiac fibroblasts have a strong link to ECM molecules10,41, which allows these cells 
to sense the mechanical stress via their extracellular environment and initiate downstream 
signaling cascades42, such as via MAPKs and FAK (see §1.1.2.1 for an overview). This can lead 
to fibroblast-mediated changes in the synthesis of ECM proteins and in some pathological cases, 
fibrosis12. In addition, cardiac fibroblasts express several ion channels. While it is not yet clear if 
they have mechanosensitive channels, there are reports showing that myofibroblast 
differentiation that occurs under pathological conditions could be regulated by 
mechanosensitive channels, such the transient receptor potential (TRP) family channels43. 

Cardiac endothelial cells 
Endothelial cells (ECs) have been shown to communicate with fibroblasts and cardiomyocytes 
and contribute to regulation of cardiac contractility and mechanosignaling40. For instance, small 
molecules deriving from endothelial cells affect cardiac contractility. In particular, decreased 
production of nitric oxide (NO), a known vasodilator secreted by ECs44,45, leads to decreased 
activity in some protein kinases in adjacent cardiomyocytes. Consequently, this can lead to 
changes in cardiomyocyte stiffness that can be observed under pathological conditions46. In 
addition, endothelial cells, among other mechanosensory systems, express known 
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mechanosensitive channels, such as PIEZO147. A more detailed description about PIEZO1 will 
follow in another section. 

Mechanotransduction in cardiomyocytes 
Cardiomyocytes account for more than 80% of the myocardium volume and their ability to 
contract plays a key role in the heart´s performance. Contracting cardiomyocytes display a high 
degree of cytoarchitecture (Figures 4-6). The cardiac muscle is striated and organized into 
sarcomeres, the smallest and most basic contractile unit in myocytes, in cardiac, as well as skeletal 
muscle. The sarcomere´s architecture consists of two Z-disks that are connected through thin 
actin and thick myosin filaments18 (Figure 4). These sarcomeric structures can form 
macromolecular complexes responsible for cardiac contraction and mechanosensation7. 
Cardiomyocytes are connected to each other via intercalated disks (Figure 5), forming a 
dynamic cardiac syncytium able to sense and response to its own mechanical environment. 
Adding another layer of cellular organization, neighboring myofibrils are connected to the 
plasma membrane through specialized protein complexes, known as the costameres (Figure 6). 
Considering the complexity of the cardiac mechanosensing machinery and the large number of 
its components, the following section is a brief summary in order to highlight the most 
prominent mechanosensitive molecules that contribute to the regulation of cardiac 
mechanotransduction. 

Sarcomere-mediated mechanotransduction 
Titin (TTN) is a large elastic protein that spans the Z-disk within sarcomeres and is tightly 
associated with both thick and thin filaments. TTN is well known for its contribution to 
cardiomyopathies manifestation48. For instance, fibrosis is often observed in different 
pathological heart conditions leading to cardiac muscle stiffness, which can be compensated by 
changes in titin mediated elasticity49,50. In addition to disease manifestation, various mechanisms 
and TTN-based protein complexes are implicated in cardiac mechanosensitivity49,51. 
One of the mechanisms that has been suggested to explain how TTN regulates cardiac 
mechanotransduction is through post-translational modifications of the protein itself. To date, 
multiple distinct phosphorylation sites have been observed along its amino acid sequence36. In 
particular, phosphorylation in the I-band elements of TTN, such as the N2Bus (N2B-unique 
sequence region) by protein kinase G (PKG) and protein kinase A (PKA), as well as in PEVK 
domain by the predominant isozyme of protein kinase C (PKCα) can influence titin stiffness 
and thus have an impact on titin´s elasticity52–54. This suggests the importance of dynamic 
modulation of titin by phosphorylation and therefore its contribution to the cardiac 
mechanosensing machinery. 
In addition, TTN interacts with sarcomeric elements, and the cytoskeleton, through different 
domains, resulting in the formation of protein complexes (Figures 4, 6 ). These macromolecular 
complexes can serve as another regulatory mechanism to modulate the elastic properties of titin 
and consequently of the cardiac muscle. The elastic I-band region of titin contains different 
domains, such as N2B, N2A and PEVK domains, able to bind and interact with other proteins. 
Among these are the muscle LIM protein (MLP) and the cysteine rich protein 3 (CSRP3), both 
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of which have been associated with cardiomyopathy and heart failure37,55,56. For example, Arber 
and colleagues57 showed that MLP deficient mice, develop dilated cardiomyopathy and exhibit 
severe disorganization of the cardiomyocyte cytoskeleton architecture. In addition, mutations in 
telethonin (TCAP), a protein that interacts with the Z1/Z2 domains of TTN, have been 
implicated in different forms of cardiomyopathy58,59. TCAP-deficient mice under mechanical 
stress conditions exhibit dysfunctional cardiac response that leads to heart failure60. 
Furthermore, TCAP directly interacts with proteins that display important roles in the 
myocardium, i.e. potassium channel beta-subunit60,61. 

 

Figure 4. Sarcomere-mediated mechanotransduction. The cardiac muscle is organized in distinct cellular 
compartments and structures that all of them contribute to different levels of regulation of cardiac 
mechanotransduction. The thin, the thick and the titin-based myofilaments are major integrating components of 
the sarcomere that regulate the response to mechanical stress. In titin´s Z-disc domain several proteins are recruited, 
including MLP and TCAP, forming a complex that is crucial for myocyte normal function. 
 

All of the above highlight the crucial role of titin and its associated protein complexes in the 
mechanical response of the cardiac muscle under different biomechanical stress conditions and 
the need to understand the underlying molecular mechanisms. Moreover, the cardiac muscle 
undergoes constant changes in length and load. Therefore, there are additional layers of 
mechanical regulation in different cellular compartments that are discussed below. 

Intercalated disc-mediated mechanotransduction 
Other molecules that contribute to the heart´s mechanosensitivity are located at the specialized 
junctions of cardiomyocytes, known as intercalated discs62. These structures help the 
cardiomyocytes form a functional syncytium, (Figure 5). Desmosomes, gap and fascia adherent 
junctions at the intercalated discs have been suggested to regulate cardiac mechanotransduction 
through their connections to ECM and cytoskeleton molecules, such as catenins and actin51. As 
an example, desmin is a major intermediate filament and exhibits multiple protein-protein 
interactions, linking the Z-disk to the cardiomyocytes membrane complex63. Additionally, this 
protein contains an elastic domain that allows desmin to respond to alterations in cell 
morphology under stress conditions64. Different studies have shown that mutations in proteins 
of the intercalated discs, such as desmin, can lead to disorganization of the Z-disk and defects 
in mechanotransduction signaling, leading to cardiomyopathies and arrhythmias63,65. In 
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summary, intercalated discs are yet another structural component of the cardiac mechanosensing 
machinery, where alteration in signaling and consequently changes in the cytoskeleton are 
observed. Nevertheless, our knowledge on the exact mechanisms remain incomplete. 

 

Figure 5. Intercalated discs–mediated mechanotransduction. Cardiomyocytes connect via a complex network 
of intercardiomyocyte adhesion structures, named intercalated discs. Distinct protein complexes, such as the 
desmosomes, the fascia adherent junctions and the gap junctions, are ideal structures to sense and process 
mechanical stress between individual cardiomyocytes. 

Sarcolemma-mediated mechanotransduction 
The sarcolemma is the plasma membrane of cardiomyocytes and contributes to sensing changes 
in the mechanical environment through connecting the contractile unit with the cytoskeleton 
and ECM (Figure 6). In addition, the sarcolemma is an excitable membrane and through 
calcium release can trigger contraction of the cardiomyocytes. A detailed description of the role 
of calcium influx and channels in mechanotransduction will follow in the section below (see 
§1.1.2.3). 
The communication between the sarcolemma, the sarcomere and the ECM is achieved via 
specialized protein complexes, the costameres66 (Figure 6). The costamere is an organized 
membrane network, localized at the Z- disc in muscle cells and is formed by two main protein 
complexes, the dystrophin-glycoprotein and the integrin-vinculin-talin. It has been shown that 
loss of costameric proteins, such as talins, can lead to dilated cardiomyopathy in mice67. 
Mutations in others costameric proteins, i.e. metavinculin, have been observed in patients with 
hypertrophic and dilated cardiomyopathy, suggesting the contribution of these proteins in the 
pathogenesis of cardiac diseases66,68. Integrins, also located in costameres, are thought to sense 
mechanical stress24,38,63. 
The functional role of costameres is not completely understood. It is suggested that they 
contribute to the transmission of forces and mechanical stabilization of the sarcolemma during 
contraction. The distribution of this membrane network in concordance with the intercalated 
discs and the Z-bands is another mechanism that ensures the efficient transmission of the forces 
within the cardiac muscle. 
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Figure 6. Sarcolemma-mediated mechanotransduction in cardiomyocytes. The specialized plasma membrane 
of cardiomyocytes, referred to as sarcolemma, is an excitable membrane that can interact with the ECM and form 
connections between the ECM and the cytoplasm. Costameres are protein structures found in the sarcolemma that 
recently have been considered to have an important role in sensing mechanical stress in neighboring 
cardiomyocytes. In addition, several ion channels located in the sarcolemma participate in cardiac 
mechanotransduction. 

1.1.2.3 Cardiac ion channels 
Cardiac electrical activity is essential for maintaining normal heart rhythm and function. 
Cardiac action potentials allow cardiac cells to respond towards rapid changes in the heart as 
well as the changes in the autonomic heartbeat. During the cardiac AP (see §1.1.1.1), the 
permeability of ion channels is altered and passive ion fluxes leads to changes of the membrane 
potential of the cell. Cardiac ion channels have an essential role in controlling the excitability 
and contractility of cardiomyocytes, processes that are affected in pathological cardiac disorders, 
such as arrhythmias69,70. The heterogeneity of phenotypes associated with mutations on genes 
that encode cardiac ion channels has been demonstrated in patients affected by arrhythmogenic 
syndromes71–74. This highlights that proper cardiac channel function is crucial for a healthy 
heart. Therefore, functional studies in cardiac ion channels may provide novel mechanistic 
insights into the pathophysiology of cardiac diseases. 
Ion channels can be categorized according to two of their main characteristics, ion permeability 
and gating75. Ion permeability describes the ability of channels to allow specific types of ions to 
pass through their pore. Gating refers to the mechanism of opening and closing of ion channels. 
Channels can be further classified by their gating mechanism in: voltage-dependent, ligand-
dependent, and mechanically gating channels. The development of electrophysiological 
recording techniques, such as the patch clamp technique, and the availability of pharmacological 
agents and channel modulators have been vital for identification and investigation of ion 
channels76. For example, recording of ionic currents in isolated membrane patches by applying 
pressure- or voltage-clamp allowed researchers to identify the gating mechanism of a small set 
or even single ion channels77,78. In addition, selective activation or inhibition of specific ion 
channels activity by small-molecule modulators (activators or inhibitors/blockers) has given us 
mechanistic insights into channels functions and their pharmacological responses79–81. This is 
essential to discover therapeutic approaches, i.e. against arrhythmias. Here I summarize the key 
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cardiac ion channels (for an overview see Table 1) followed by a more detailed description of 
the cardiac mechanosensitive channels (MSCs), as it is the one of the main focuses of this study. 
Sodium Channels 
The main sodium channel subtypes found in the heart are the tetrodotoxin (TTX) insensitive 
subtypes NaV1.5 and NaV1.8. TTX is a known sodium-channel blocker. NaV1.5, encoded by 
the SCN5A gene, is known as the cardiac sodium channel82. NaV1.5 contributes to the cardiac 
action potential by providing the trigger for voltage-gated calcium channel activation83. 
Allowing Na+ influx into the cells leads to depolarization of the membrane and subsequent 
calcium-dependent Ca2+ release from the sarcoplasmic reticulum and cardiomyocyte 
contraction. Its contribution to proper function of the cardiac muscle has been shown in mice 
as well as in human. Deletion of scn5A in mice results in embryonic lethality, while conduction-
related deficiencies can be observed in heterozygotes84. In human, mutations in this gene have 
been associated with heart rhythm related syndromes. In particular, loss-of function mutations 
can cause Brugada syndrome (BrS). BrS is an arrhythmogenic disorder with limited therapeutic 
treatments that causes ventricular fibrillation and sudden cardiac death in afflicted patients. On 
the other hand, gain-of-function mutations can lead to long QT syndrome type 383. The QT 
interval is measured during an electrocardiogram (ECG) and it is important to assess some of 
the electrical properties of the cardiac muscle. It is approximately the time taken from when the 
cardiac ventricles start to contract to when they finish relaxing and it is calculated as the time 
from the start of the Q wave to the end of the T wave85. The Q wave of the ECG corresponds 
to the action potential depolarization whereas the T wave is associated with ventricular 
repolarization13. 
Calcium Channels 
The release of intracellular calcium (Ca2+) into the sarcolemma is required for activation of the 
cardiomyocyte contraction machinery. Therefore, cardiac calcium channels, being the main 
conduit for calcium, are essential for normal heart function. Calcium channels can be found in 
the sarcolemma and the sarcoplasmic reticulum (SR) and can be divided in L-type (low-
threshold) and T-type (transient)82. In mammalian species 10 different genes have been found 
to encode calcium channels, and various mutations of calcium channels have been associated 
with channelopathies31,71,86,87. Channelopathies are a heterogeneous group of diseases, caused by 
disruption in normal ion channels activity. A brief description of the main cardiac calcium 
channels categories follows below. 
The L-type (CaV1.x) can be found in all cardiomyocytes and in adults CaV1.2 is the dominant 
channel, responsible for excitation-contraction coupling88. Deletion of the pore-forming CaV1.2 
channel is lethal for mice in day 14.5 post coitum89. Most recently in human it was shown that 
mutations in CaV1.2 can lead to severe pathological conditions88. As an example, loss-of-
function mutations have been found to affect heart function, characterized by elevated ST 
segment and shorter QT intervals71. On the other hand, a gain-of-function mutation, a 
p.G406R substitution, in the pore-forming α1 subunit of CaV1.2 can cause long-QT syndrome 
8, also called the Timothy syndrome (TS). This can result in severe arrhythmia and malfunction 
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in multiple organs90. In a recent study from Yazawa and colleagues, skin cells from TS patients 
were reprogrammed into induced pluripotent stem cell (iPSCs) and differentiated into 
cardiomyocytes in order to study the effect in the electrophysiological properties and the 
contractility function of cardiomyocytes. These ventricular-like cardiomyocytes exhibited 
altered electrical properties, such as prolonged APs and abnormal calcium transients, 
highlighting the contribution of calcium channels in arrhythmia and their association with 
increased risks of cardiovascular diseases91. 
The T-type (CaV3.x) channels are mostly expressed in pacemaker cells and arterial smooth 
muscle cells and are suggested to contribute in the control of the vascular tone and pacemaker 
activity87,92. Due to lack of selective T-type blockers it has been challenging to identify the 
physiological role of these channels in the cardiovascular system. Recent studies on knockout 
mice models of the T-type subtypes CaV3.1 and CaV3.2 provide new insights regarding their 
role in cardiovascular physiology92. Both knockout models exhibit neurological disorders93, but 
only the CaV3.1 deficient mice showed decreased pacemaker activity and atrioventricular 
conduction when compared with wild type mice94. Furthermore, when CaV3.1 was 
overexpressed in hypertrophic mouse models it showed a cardioprotective role, while genetic 
deletion increased susceptibility to the hypertrophic response95. 
Potassium Channels 
Potassium channels (K+ channels) are widely expressed in all different heart regions, such as the 
atria and ventricles and across the endocardium wall96. K+ channels contribute to numerous and 
diverse currents during the repolarization of the cardiac action potential and this reflects on the 
variation of their subtypes across the different heart regions. The K+ channels family is the most 
functionally diverse and falls in the following categories: the voltage-gated channels (KV), the 
inward rectifiers (Kir), channels that are indirectly voltage-dependent and the background 
currents (TASK-1 and TWIK-1/2)96,97. There are more than ten genes encoding K+ channels 
expressed in the heart and I will briefly touch upon selected examples associated with cardiac 
arrhythmias, highlighting their critical role in determining the rate of cardiac repolarization. 
Missense mutations in subunits of the K+ channels have been associated with different types of 
the QT syndrome, atrial fibrillation (AF) and BrS13,72. For example, loss-of-function mutations 
in the KCNQ1-encoded Kv7.1 channel is responsible for the long QT syndrome type 1 (LQT1), 
the most-common genetic subtype of LQT syndrome (LQTS), accounting for 30–35% of all 
LQTS cases72,98. The second most prevalent type of LQTS, LQT2, is also caused by loss-of-
function mutations in the KCNH2-encoded human-ether-a-go-go-related gene K+ channel 1, 
(hERG1 or Kv11.1)72. In a recent study Itzhaki et al. could identify another missense mutation 
in the KCNH2 gene leading to LQTS99. They were able to recapitulate and characterize the 
abnormal functional phenotype of this inherited cardiac disorder and identified potential new 
therapeutic molecules using patient-derived iPSCs. In contrast to loss-of-function mutations 
causing LQTS, gain-of-function mutations in the genes KCNH2 (SQT1)100, KCNQ1 
(SQT2)101, and KCNJ2 (SQT3)102 are responsible for the pathogenesis of three known genetic 
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subtypes of K+ channel-mediated short QT syndrome (SQTS)72. A few mutations in K+ channels 
have also been observed in some cases of familial atrial fibrillation 72. 
HCN Channels 
The HCN channels are composed from four subunits (HCN1-4) and the generated current is 
called the “funny” current (If). The If current describes the hyperpolarization-activated 
pacemaker current and it is a mixed sodium/potassium inward current103,104. HCN-related 
disorders have been suggested as a cause for arrythmogenic cardiac diseases. For example, 
different mutations in the hHCN4 gene have been associated with various forms of 
arrhythmia105–108. Loss-of-function mutations of HCN channels are associated with sinus 
bradycardia108, while gain-of-function in atrial fibrillation, ventricular hypertrophy and failure 
might promote ectopic electrical activity and tachycardia109.  
Table 1: Major cardiac ion channels in human heart and localization in different compartments. 
(Localization is based on literature mentioned in §1.1.2.3). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Although the HCN channels have been associated with the pacemaker activity early in the 
1970s110, it took almost 20 years to achieve their molecular cloning111,112 and their functional 
properties are still under investigation113. 

Channels Location 
Sodium channels  
NaV1.5 atrium and ventricle 
NaV1.8 atrium 
Calcium channels  
CaV1.2 ventricle 
CaV1.3 atrium 
CaV3.1 atrium 
CaV3.2 atrium and ventricle 
Potassium channels  
KV1.3 atrium 
KV1.4 ventricle 
KV1.5 atrium 
KV1.6 atrium 
KV7.1 atrium and ventricle 
KV11.1 atrium and ventricle 
KV4.2 atrium 
KV4.3 atrium 
Kir2.1 ventricle 
Kir2.3 ventricle 
Kir3.1 atrium 
Kir3.4 atrium 
Kir6.1 ventricle 
Kir6.2 ventricle 
KCNE2, 4 ,5 atrium 
TREK-1 (K2P2.1) atrium 
TASK-1 (K2P3.1) atrium 
HCN channels  
HCN1 atrium 
HCN2 atrium and ventricle 
HCN3 ventricle 
HCN4 atrium and ventricle 
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Mechanosensitive channels (MSCs) 
Mechanosensitivity is a ubiquitous property of the cardiac cells, since the beating heart is 
exposed to extensive mechanical stress beat by beat. Mechanosensitive channels (MSCs) by 
definition, are capable of sensing mechanical forces and generate an electrochemical response. 
MSCs have been identified as mechanotransducers in various tissues, such as the brain114, 
chondrocytes115, skeletal muscle cells116 and the heart69. Two models have been hypothesized for 
the gating of ion channels by mechanical forces: the spring-like tether model and a membrane 
delimited lipid bilayer tension or stretch model117. The gating stimulus on the spring-like model 
is transferred via tethers that connect the channel with intra- or extracellular proteins or 
structures118,119. On the lipid bilayer tension model, the channels do not require additional 
components beyond the membrane lipid bilayer. These channels are referred to as “inherently 
mechanosensitive”. This mechanism seem to be ancient, as bacterial mechanosensitive channels 
are also activated by force-from-lipids119. MSCs can be further classified depending on the type 
of the mechanical stimuli they need to be activated. Stretch-activated channels (SACs) are 
mechanosensitive channels able to respond in stretch signals (Figure 7) and have been 
discovered in 1984 in embryonic chick skeletal myocytes116. Ever since, they have been studied 
in different cell types and tissues, including cardiomyocytes120–122. Besides SACs, cell volume-
activated channels (VACs) exist. VACs differ in their micro-mechanical deformation properties. 
For this dissertation the focus will remain on SACs. 
 

 

Figure 7: Stretch-activated channels (SACs). SACs is another category of mechanosensitive channels that under 
mechanical stimuli are capable to permit ions, i.e. sodium and calcium, inside the cell. The conversion of 
mechanical energy into electrochemical signaling is essential for regulating cellular processes in various tissues, 
including the autoregulation of the heartbeat. 

Stretch-activated channels (SACs) 
SACs can be categorized into potassium-selective channels (SACK) and non-selective channels 
(SACNS), (Table 2). Amongst known SACK are, the TREK-1 (from K2P channel family), the big 
conductance calcium activated K+ channel (BKCa; a member of the ‘Big K+’ channel family), 
and the ATP-sensitive potassium channel (KATP)121,122. SACNS include the transient receptor 
potential (TRP) channels and the PIEZO proteins123,124. Regarding cardiac stretch-activated 
channels, numerous channels have been suggested, but their molecular identity and function in 
heart requires further investigation. In this section, I provide a detailed description of the most 
prominent candidate cardiac stretch-activated channels, taking into consideration the recent 
literature and available evidence for their contribution in cardiac mechanosensitivity. 
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SACK 

Stretch-activated K+ selective channels were first discovered in rat atrial cells121,125. SACK 
activation causes membrane re- or hyperpolarization, stabilizing the membrane potential and 
shortening the AP126. The physiological role of SACK channels might be to provide a 
counterbalance for the stretch-activated cation influx, supporting the putative role of SACs in 
stretch-induced contractility changes127. 

 

The K2P family that includes TREK-1, TREK-2, and TRAAK channels has been proposed to 
have a key role in K+ selective stretch-induced currents recorded in atrial and ventricular 
cardiomyocytes122. Until now little is known about the role of TREK-2, and TRAAK in the 
human heart. However, TREK-1 has been studied more extensively and TREK-1-like single-
channel measurements were reported in ventricular and atrial myocytes127. TREK-1, the TWIK-
related K+ channel encoded by the KCNK2 gene, is interestingly a polymodal channel that can 
be activated by different types of stimuli, such as temperature, fatty acids and extracellular pH. 
It has been implicated in diseases, such as depression or pain sensation. Recently, Decher et al. 
have reported that a heterozygous point mutation found in a patient with right ventricular 
outflow tract tachycardia, causes abnormal sodium permeability and hypersensitivity to stretch 
125,140. This suggests that altered channel characteristics may trigger arrhythmias, mainly to 
cardiac regions exposed in higher mechanical stress. 
BKCa channels represent cardiac SACK that have been found in several cardiac cell types in 
different regions of the heart, such as in atrium and the ventricles but also in human osteoblasts 
and vascular smooth muscle cells141. Originally, they have been characterized as 
mechanosensitive channels in cultured embryonic chick ventricular cardiomyocytes124,146. 
Although they are poorly expressed in human heart, they were identified in the cardiac inner 
mitochondrial membrane in rat and it was suggested that they have a cardioprotective role after 
ischemia-reperfusion injury142,143. Moreover, in rodents BK channels are involved in the 
regulation of heart rate, since inhibition of the BK channels in isolated perfused rat heart has 
shown reduction in the heart rate144. 
ATP-sensitive channels, KATP, are widely expressed among different tissues. It has been shown 
that KATP channels have a cardioprotective role under pathological conditions147. The 

Table 2: Overview of stretch-activated candidate channels in the cardiac muscle.  
Channels Species Cell type Reference 
SACNS    
TRPC1 Human, Rat Endothelials, cardiomyocytes 79,128 
TRPC3 Mouse, Human Cardiomyocytes 43,123,129 
TRPC6 Mouse, Human Cardiomyocytes 129 
TRPV2 Mouse Cardiomyocytes 130 
TRPV4 Mouse, Rat Cardiomyocytes 131–133 
TRPM4 Mouse, Rat, Human Cardiomyocytes 134–136 
Piezo1 Mouse, Rat, Human Fibroblasts, cardiomyocytes 137–139 
SACK    
TREK-1 Rat, Human Cardiomyocytes 122,127,140 
BKCa Chick embryo, Rat Cardiomyocytes 141–144 
KATP Rabbit Cardiomyocytes 145 
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mechanosensitive function of KATP channels relies on their ATP-sensitivity and like most 
potassium channels, they are involved in the generation of the cardiac AP. Recently, it has been 
demonstrated that cardiac KATP channels have a critical role in the electromechanical function of 
perfused rabbit hearts during normal and hypoxic conditions145. More specifically, inhibition of 
KATP prevents electromechanical decline when oxygen availability is low, indicating its 
contribution to balancing energy demand and production under decreased oxygen levels in the 
myocardium. 
SACNS 

Stretch-activated non-selective cation channels were first described in neonatal rat ventricular 
myocytes by Craelius et al. using whole-cell patch clamp recordings120. SACNS exhibit a positive 
reversal potential to the resting potential of contracting cardiomyocytes, therefore when SACNS 
are activated resting cells are depolarized124. The main SACNS are the TRP channel family and 
the PIEZOs. 
The members of the TRP channel family are ubiquitously expressed, have been implicated in 
the regulation of a number of cellular processes and exhibit polymodal activation. In mammals, 
the TRP family is composed of 28 members subcategorized into six subfamilies: TRPA, TRPC, 
TRPM, TRPML, TRPP and TRPV7,123,148. Mechanosensitive features have been observed in 
more than 10 TRP channels, but the mechanisms remain unclear. In the cardiac muscle there 
are several TRP channels (i.e. TRPA1, TRPC179,128, TRPC6, TRPM4134–136, TRPM7, TRPP2, 
TRPV2130 and TRPV4131,149) that have been found to be expressed and exhibit 
mechanosensitivity6,150. It is noteworthy that TRPC3 and TRPC6 have been reported to be 
involved in the development of heart failure and cardiac hypertrophy129,151. In addition, the 
observation that TRPC1 and TRPC3 are localized in transverse tubules (T-tubules) suggests a 
role in calcium handling8,148. 
PIEZO1 as a candidate cardiac stretch activated channel 
The PIEZO protein family, their name derived from the greek word πίεση (piesi) which means 
pressure, was discovered only a decade ago114. PIEZO channel family consists of two large 
transmembrane proteins, PIEZO1 and PIEZO2114. Before the identification and cloning of 
PIEZO channels, our knowledge of mammalian mechanosensitive channel proteins was limited 
and focused mainly in the TRP family. PIEZO channels have been implicated in cellular 
processes, including touch, sense of pain, and mechanosensation and both channels are activated 
through mechanical stimuli. While PIEZO2 has been implicated in light touch response and 
pain sensation152, PIEZO1 was found to have a vital role in vascular biology together with other 
cellular processes152,153 (Figure 8 ). For the objective of this dissertation I will focus on PIEZO1. 
The PIEZO1 gene encodes an ion channel transmembrane protein, highly conserved among 
various species from zebrafish to human114. To date, studies have provided strong evidence that 
Piezo1 can regulate mechanosensation and vascular development in mice153,154. Originally 
PIEZO1 was identified in N2A cells, a neuronal cell line, and it has been shown to be essential 
for the generation of mechanically-activated (MA) currents in somatosensory neurons114. 
PIEZO1 exhibits similar electrophysiological properties to that of endogenous cardiac SACNS. 
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In addition, it displays polymodal properties, as recent results demonstrate it can be voltage-
gated as well155. Another study showed that global or endothelial-specific knockout of Piezo1 is 
embryonic lethal, since the process of vascularization is profoundly disrupted153,156. Among other 
functions, it has also been shown that it can mechanically determine the lineage-choice in 
neuronal stem cells157. Furthermore, PIEZO1 mutations and conditional deletion in red blood 
cells can cause xerocytosis158, a severe blood cell disease, highlighting its role in regulation of red 
blood cell volume. 
Regarding the cardiovascular system, studies from different research groups demonstrate its 
contribution to blood pressure and the baroreceptor reflex47,159, adding evidence to how essential 
PIEZO1 is for mechanotransduction under pressure conditions, especially in endothelial cells. 
Wang et al. could show that mice with induced endothelium-specific Piezo1 deficiency were not 
able to induce the formation of the vasodilator factor nitric oxide (NO) and vasodilation under 
fluid shear stress conditions, leading to development of hypertension47. Another study has shown 
that Piezo1 is upregulated in heart failure upon myocardial infarction138. This highlights the 
clinical relevance of Piezo1 expression in isolated neonatal rat ventricular cardiomyocytes. 
Although the role of PIEZO1 in mechanosensation has been demonstrated in several cell types, 
it has been technically challenging to unravel the mechanisms underlying its mechano-gating 
properties and how the channel could have an impact in human pathophysiology, due to its 
large size and numerous hydrophobic domains160–162. Recent efforts have made it possible to 
examine in depth the structural characteristics of PIEZO1 and its interaction with other 
molecules. Specifically, several publications provide evidence that the gating activity of PIEZO1 
lies within the C-terminal region , demonstrating that specific conserved residues within that 
region are modulating the channel´s pore properties155,160,163. Regarding interactions with other 
molecules and pathways involved in PIEZO1 activation and physiological function, studies have 
shown that cytoskeleton proteins, such as filamin-A and integrins, may have a role in regulating 
its activity152,164. Furthermore, Piezo1 was able to induce arterial remodeling in smooth muscle 
cells under deletion of filamin-A or high blood pressure conditions 165. Since arterial remodeling 
is a prognostic marker in patients with high cardiovascular risk166, PIEZO1 might be a potential 
pharmacologic target for treating hypertension. Yet another recent discovery from Ellefsen et 
al.167, explores the hypothesis of PIEZO1 activation upon MLCK-mediated Myosin II 
phosphorylation167. Taken together, PIEZO1 has an important role in numerous cellular 
processes, such as vascularization, stem cell differentiation, erythrocyte volume regulation, 
vascular smooth muscle remodeling, blood pressure regulation and others (Figure 8). 
Furthermore stretch-activated channels, as highlighted above, have been known to play an 
important role into mechanosensitive autoregulation of the heart and electrical activity. 
Therefore, PIEZO1 could be a prominent candidate to improve our knowledge on cardiac 
mechanical activity. 
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Figure 8: Schematic representation of the positioning of the mechanosensitive channel PIEZO1 in the outer 
cellular membrane and its functional roles in different physiological systems and processes. 

1.1.2.4 Cardiac mechanosensitivity is affected in cardiac diseases 

Mechanotransduction, as has already been highlighted, is essential for proper cardiac electrical 
activity and consequently for physiological function of the cardiac muscle. There is a growing 
number of human genetic disorders that have been causally linked to mutations in different 
elements of the contractile mechanosensor machinery, such as structural proteins, i.e. titin48, 
and mechanosensors, i.e. cardiac channels73. Furthermore, dysfunction in cardiac 
mechanosensitivity and inability of the cardiac muscle to react to mechanical load can cause 
changes in the consistency of the ECM. The role of the ECM in cardiac mechanotransduction 
has been previously described in cardiac fibroblasts168 and cardiomyocytes12,169. The major 
components of the cardiac ECM, such as collagen molecules (mainly collagen I and III), 
glycoproteins and proteoglycans, form a scaffold that provides structural support and plasticity 
to the cardiac muscle170. This complex ECM network has multiple roles. It can function as a 
medium where different signals are transmitted. In addition to that, the ECM-proteins form 
macromolecular complexes with the cardiac sarcomeres and the cytoskeleton. These complexes 
mediate cell-cell interactions and allow the transmission of mechanical forces between the 
interior and exterior of cardiac myocytes171---173. The composition of the myocardial ECM can 
change over time as a physiological adaptation to mechanical load and notably due to myocardial 
injury and disease9,174,175. These alterations of the cardiac ECM consistency, particularly due to 
excessive mechanical load, can be described with the term cardiac ECM remodeling. For 
example, changes in the ratio of collagen isoforms, can lead to tissue stiffness, a common 
characteristic of cardiomyopathies174---177. Other ECM proteins, such as proteoglycans, and 
metalloproteinases (MMPs) have been shown to contribute to the cardiac mechanic properties 
and be implicated in cardiac pathology9,178---181. The proteoglycans biglycan and versican, as well 
as proteases ADAM12 and MMPs, were found in increased levels in both pediatric and adult 
DCM patients182. Normally, the composition of the cardiac ECM is achieved by the balance 
between the proteolytic activity of the MMPs and their inhibitors. This balance is often 
disrupted in patients with cardiac disorders183,184. Although the ECM proteins turnover seems 
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to influence cardiac mechanotransduction and disease, the mechanisms underlying these 
processes are still not completely known. 
In addition, mechanotransduction seem to be affected in disorders caused by mutations affecting 
cardiac channels. Disruption of the normal arrhythmogenic activity of the heart or arrhythmia 
is a characteristic of a specific category of cardiac diseases named cardiac channelopathies. 
Cardiac channelopathies exhibit impaired activity of the cardiac action potential. Here, I briefly 
touch upon major cardiac channelopathies, such as the long QT syndrome (LQTS), short QT 
syndrome (SQTS) and Brugada syndrome (BrS). In these syndromes the QT interval (see 
§1.1.2.3) is affected. The LQTS, characterized by prolongation of the QT interval in 
electrocardiograms, is caused by mutations mainly on the potassium channels, as mentioned 
above (see §1.1.2.3). LQTS is the most common cardiac channelopathy affecting 1 in 2500 
people73. Conversely, the SQTS, as its name suggests, exhibits drastic shortening of the QT 
interval and can be caused from gain-of-function mutations in potassium channel genes or loss-
of-function mutation in the L-type calcium channel74,96. BrS has been shown to be caused by 
mutations in the SCN5A gene that encodes the sodium channel Nav1.5 and is characterized by 
prolonged conduction intervals, right precordial ST-segment elevation, and high risk for 
ventricular tachyarrhythmia74. Although in most channelopathies the cardiac electric activity is 
affected, it has been observed that these patients developed problems on the cardiac mechanical 
properties. Therefore, not only cardiac ion channels but also cardiac stretch‐activated ion 
channels can be prominent key players. Often patients suffering from channelopathies and heart 
failure develop atrial fibrillation (AF), a condition affecting the normal heart rate, also common 
in cardiomyopathies, such as hypertrophy, that contributes to mortality. In addition, AF can be 
triggered by different changes that occur in cardiomyopathies, for example fibrosis and stiffness 
of the myocardium, conditions that affect both the electrical and mechanical heart activity. 
Indeed it has been shown that SAC blockers could inhibit AF80, improving our understanding 
on the importance of the mechanoelectrical feedback in heart pathophysiology. 
To conclude this chapter, understanding the connection between cardiac electrical activity and 
mechanotransduction, as well as the pathophysiological mechanisms underlying 
channelopathies, has been crucial and yet challenging due to the complexity of the subunits and 
the diversity of the subtypes of the cardiac ion channels. Various causal genes have been 
identified and gene-specific and mutation-specific approaches have improved our understanding 
on the biophysical properties and the pharmacological response of the cardiac channels. In 
addition, recent knowledge regarding the different variants causing arrhythmias, has been gained 
via advances in new technologies, i.e. hiPSCs, genome editing and the emergence of next-
generation sequencing platforms. This can lead to a promising future regarding personalized 
medicine and studying disease mechanisms and will be discussed in the following chapter. 
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1.2 Human induced pluripotent stem cells (hiPSCs): a novel human model 
system 
Stem cells are pluripotent cells known for their ability (potency) to differentiate into various 
types of mature cell types, generating all three germ layers and their capacity for self-renewal. 
For many years researchers were trying to discover the “master” regulators that were able to 
change a cell´s fate and induce a pluripotent state. Early on in 1962, John Gurdon was the first 
to report that they had generated tadpoles from unfertilized eggs that had received a nucleus 
from the intestinal cells of adult frogs185. A couple of decades later in 2006, Takahashi and 
Yamanaka have successfully discovered a minimal set of transcription factors (Oct4, Sox2, Myc 
and Klf4) that when ectopically is expressed in a somatic cell, can reprogram this cell back to 
pluripotent state186. This revolutionary discovery has shown that these induced pluripotent cells 
share the same features as embryonic stem cells. Later on, it was shown that the same set of 
transcription factors can reprogram human cells as well, making the human induced pluripotent 
stem cells (hiPSCs) a promising tool for regeneration therapy186,187. Since the discovery of 
hiPSCs, there have been great technological advances regarding their maintenance and 
differentiation conditions, providing research groups around the world the ability to study and 
understand different aspects of developmental and cell biology. In addition, the isolation of 
patient somatic cells and their reprogramming, gave insights into stem cell biology, human 
genetics and disease, making hiPSCs a powerful model system to complement our knowledge 
of human pathobiology188,189. 

1.2.1 Advantages of using hiPSCs as a human model system 
HiPSCs is a novel “model organism” with expanding applications in basic research and 
promising aspects for clinical translational. The emerging role of hiPSCs as a platform for 
studying human cell and disease biology is based on the combination of three distinctive 
characteristics (Figure 9). 
They are human primary cell lines.  Before the discovery of hiPSCs, various animal model 
organisms, such as rodents, non-human primates and others, had emerged as essential tools to 
study disease mechanisms and various biological processes and their contribution to our current 
knowledge is indisputable. However, humans have acquired significant developmental, genetic 
and physiological variations that complicates recapitulation of human physiology and disease 
phenotypes in other model organisms190. Therefore, hiPSCs can serve as an in vitro human 
experimental system that can improve our knowledge in the mechanisms underlying human 
development and disease. In addition, the generation of hiPSCs nowadays is a simple and 
uncomplicated process, making hiPSCs an efficient platform for systematic studies in human 
biology188,191,192. 
They have the potential to differentiate into any somatic cell type.  The ability of these cells to 
differentiate efficiently into any cell type and the advances in directed differentiation protocols 
into complex or difficult to obtain cell types have made it possible to advance our knowledge in 
disease-related mechanisms and tissue engineering. Various in vitro differentiation protocols 
gave us new insights into developmental biology and derivation of different cell lineages193. 
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Moreover, the opportunity to reprogram cell into hiPSCs from a simple skin biopsy allowed 
scientists and clinicians to obtain patient-specific derived hiPSCs and generate a cost-efficient 
disease model system where they could investigate the connection between genotype and 
phenotype. In some cases it was even possible to recapitulate the disease phenotype, especially 

monogenic diseases, e.g. in patients with familial long QT syndrome99 (see §1.1.2.3), or β-

thalassemia194. Nevertheless, currently there are limitations in hiPSCs technology, with regard 
to modelling of complex human diseases and will be addressed further below. 
They have the ability of unlimited self-renewal.  HiPSCs have the capacity to self-renew without 
exhibiting aneuploidy, chromosome translocations and genome instability compared to the 
previously common used immortalized cell lines. This characteristic combined with their ability 
to differentiate in any cell type, opens the window for a promising future regarding regenerating 
therapy, drug screening and cell therapy. For example, the availability of unlimited material for 
high-throughput screening (HTS), such as drug toxicity or discovery of new chemical agents, 
provides a cost-efficient and rapid approach to make progress into personalized medicine and 
drug discovery. Drug screening in hiPSCs, especially for neurological disorders, has been applied 
not only to discover novel drugs through HTS, but also to validate the effects of existing drugs 
as this could lead to faster transition from in vitro models to clinical trials192. 

The usage of hiPSCs as a tool to model human disease and extend our knowledge in 
developmental and cell biology has helped the scientific community to make great progress. 
Nevertheless, there are obstacles and limitations that momentarily hinder us from exploiting 
their full potentials. HiPSCs technology has been successfully used to unravel disease 
mechanisms underlying monogenic, early-onset or developmental diseases192,195, but there are 
drawbacks regarding complex or late-onset genetic disorders. Complex or polygenic diseases are 
challenging and that can be due to numerous reasons. For instance, there are multiple disease-
associated genes that might not have been identified yet. 

Figure 9: Overview of hiPSCs generation and characteristics. HiPSCs can derive from reprograming of somatic 
cells taken from a simple biopsy or blood from a healthy or diseased patient. After reprogramming hiPSCs have the 
ability to differentiate in all cell types. The illustration shows a few known examples of directed differentiation in 
distinct cell types. Moreover, hiPSCs are an unlimited source of cells, as they maintain their ability to proliferate, 
and a human model system that can complement the previously gained knowledge from animal models. 
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The intricacy of a complex disorder might be a result of various organ systems or cell types being 
affected. The interaction of different cell types requires advanced culturing techniques and 
towards this direction is the formation of three-dimensional (3D) tissue structures, such as 
hiPSC-derived organoids196,197. Developing 3D organ models show great promise to overcome 
the difficulties arising when studying complex disorders, such diseases of the central nervous 
system (CNS). Human 3D brain cultures or gastrointestinal organoids have been already shown 
great potential to be used as new promising tools196. Regarding late-onset diseases, differentiated 
hiPSC often exhibit immature characteristics compared to the adult cells. Nevertheless, several 
efforts are on-going in order to develop new protocols that promote cell maturation in several 
cellular types. 

1.2.2 HiPSC-derived cardiomyocytes (hiPSC-CMs) as a platform to study the 
cardiovascular system 
1.2.2.1 Differentiation of hiPSCs into the cardiac lineage 
The ability of hiPSCs to give rise to cells from all three germ layers (endoderm, mesoderm, 
ectoderm) was an important breakthrough and soon scientists could show that these cells can be 
differentiated successfully into various cell types, i.e. red blood cells198, neurons199, pancreatic 
cells200 or cardiomyocytes189. Increased mortality due to cardiovascular diseases, limited 
therapeutic approaches, cases of drug toxicity and the difficulty in tissue transplantation, shows 
us the necessity of the discovery of new therapeutic strategies and drugs to treat cardiac 
disorders191. In addition, the limitations in culturing primary cardiomyocytes and recapitulation 
of cardiomyopathies using animal models, made the generation of hiPSC-CMs a powerful novel 
system to study cardiac physiology. This dissertation focuses on how hiPSC-CMs can be used 
as a model system for studying cardiac physiology, therefore a detailed description of how they 
can be generated and their applications will follow. 
Originally, differentiation of hiPSCs into cardiomyocytes was achieved using the formation of 
embryonic bodies or co-culturing with mouse endodermal-like cells, but the efficiency was 
low188. Burridge et al.201, only five years ago, introduced a robust differentiation protocol, using 
a chemically defined medium consisting of just three components, compared to the previous 
usage of a 27 component medium. These three components are the basal medium RPMI 1640, 
L-ascorbic acid 2-phosphate, and rice-derived recombinant human albumin. Most in vitro 
cardiac differentiation protocols are based on introducing growth factors and small molecules 
that can inhibit known developmental pathways, directing cells towards the cardiac lineage202. 
Mesoderm formation and cardiogenesis are thought to be regulated by two families of growth 
factors, nodal and bone morphogenetic proteins (BMPs) and the wingless-related integration 
proteins (Wnt). More specifically, in vertebrates it has been shown that BMP signaling generally 
promotes cardiogenesis, while Wnt proteins can control cardiac specification203. Burridge et al., 
after testing inhibitors of six main developmental pathways could demonstrate that FGF, 
activin/NODAL, BMP, and Wnt signaling were all essential for mesoderm induction, which 
leads to generation of the progenitor heart cells. These protocols rely on closely recapitulating 
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the signaling pathways that regulate cardiogenesis in cell culture. Besides externally regulating 
these signaling pathways, temporal modulation has proved to be another crucial feature of in 
vitro differentiation of hiPSCs into cardiomyocytes. Moreover, in order to achieve a pure 
cardiomyocyte culture and increase the efficiency, these efforts included a cell purification step 
based either on metabolic differences of cardiomyocytes and non-myocytes or cell sorting with 
specific cell-surface marker antibodies. This approach had as a result a pure population of 
beating cardiomyocytes with high efficiency, up to 95%204,205. The generated hiPSC-CMs from 
these protocols, exhibit ventricular characteristics, but more experimental conditions are being 
tested in order to achieve other types of cardiomyocytes, such as atrial and sinoatrial CMs204. 
Below, I describe the most important characteristics of hiPSC-CMs compared to adult 
cardiomyocytes, and expand upon how these cells can be used in order to increase our knowledge 
of cardiac physiology. I also address the challenges and propose ways to overcome them188,204,206. 

1.2.2.2 Physiological and functional characteristics of hiPSC-CMs 
Expression of cardiac-specific genes 
It has been shown in all established cardiac differentiation protocols that all the genes required 
for cardiac differentiation, such as mesoderm and cardiac mesoderm markers, are expressed 
according to known embryonic development patterns207. From early on, between days 5-6 of 
the differentiation protocol, cardiomyocyte-specific genes, i.e. GATA4, start to be expressed in 
hiPSC-CMs. As the differentiation protocol progresses, for example from Burridge et al.201, 
myofilaments begin to form. This results in the expression of genes important for the sarcomere 
organization, i.e. NKX2-5, TBX5, TNNT2 and MYH6. As the differentiation protocol advances, 
the global expression pattern of hiPSC-CMs starts resembling the pattern of human 
cardiomyocytes208. Furthermore, hiPSC-CMs express genes that encode critical components of 
the calcium cycling machinery, such as ryanodine receptor (RYR2), sarcoplasmic reticulum Ca2+ 
ATPase (SERCA2a), and phospholamban (PLN). Several studies have been using the hiPSC-
CMs as a system to investigate the cardiomyocytes´ transcriptional profile, i.e. under stimulation 
with various factors, resembling disease conditions. This has revealed specific gene expression 
patterns and how their regulation could be involved in healthy and diseased states209. In addition, 
gene expression patterns and trajectories of in vitro derived CMs have been gathered at single-
cell resolution, providing novel insights in heart development and cardiac differentiation210. 
Although hiPSC-CMs are instrumental for studying human cardiac physiology, their gene 
expression seems to closely mirror the patterns observed in fetal human cardiomyocytes more 
than adult cardiomyocytes. This seems to pose a challenge regarding studying late-stage diseases 
observed in adult patients, such as hypertrophic cardiomyopathies. In order to overcome this 
partially immature profile of hiPSC-CMs, different research groups are developing more 
advanced culturing techniques, i.e. long-term cultivation (>3 months), electrical or mechanical 
stimulation protocols211, biochemical stimulation or generation of a 3D tissue formation, which 
could improve the maturation of hiPSC-CMs204,206,212,213. Nevertheless, hiPSC-CMs so far have 
provided us with new insights into cardiovascular development and developmental biology. 
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There have been numerous reports, modeling heart diseases using the hiPSC-CMs technology 
that will be described below in detail. 
Structural organization 
Adult human cardiomyocytes exhibit a unique and high-level sarcomeric ultrastructure 
organization indispensable for proper function of the cardiac muscle. They organize into 
sarcomeres and aligned myofibrils, characterized by distinct Z-disks, A-bands, M-bands and T-
tubules, (Figure 3). HiPSC-CMs appear to have an immature ultrastructural morphology214. 
Also, their cell shape seem to be more circular than the typical rod-shape that is observed in 
adult cardiomyocytes215. The recapitulation of these ultrastructural properties in hiPSC-CMs 
are essential for their future applications in cardiovascular medicine. Prolonged cultivation and 
3D-tissue engineering techniques in combination with mechanical and/or electrical stimulation 
seem to improve the sarcomeric organization and direct hiPSC-CM to a more mature state211,216. 
Bioenergetic profile 
Since the cardiac muscle is an organ that has high energetic demands, mitochondria occupy 
about 20% of the adult cardiomyocyte volume. This leads to a more efficient bioenergetic 
profile, in which a switch from embryonic glycolysis to adult fatty acid β -oxidation is 
observed204. In addition, adult cardiomyocytes exhibit high levels of oxidative phosphorylation 
(OXPHOS). In contrast to human adult CMs, the energy production system in hiPSC-CMs 
relies mostly on glycolysis, mimicking more the fetal cardiomyocyte bioenergetic profile204. It 
has been observed that metabolic changes, occurring mostly on the redox potential, can lead to 
impaired energy production and trigger regulatory signaling that can consequently cause 
pathological hypertrophy217. Metabolism has a great impact in cardiac physiology and therefore 
hiPSC-CM in vitro maturation is necessary for studying cardiometabolic syndromes, as well as 
toxicity testing of drugs that influence the OXPHOS pathway. Metabolically maturation of 
hiPSC-CMs has been already achieved in some degree by changing the cultivation medium 
conditions. For example, glucose-free medium and addition of galactose and fatty acids for a 
period of 3 days can modulate the metabolic pathways towards a more mature metabolic state 
of hiPSC-CMs212,213. Interestingly the effect of altered metabolism has an additional impact on 
the electrophysiological and contractile function, showing improvement of these features in 
hiPSC-CMs204. 
Electrophysiological properties  
Although animal models, such us mice, have greatly contributed to studying cardiac physiology, 
ion channels in small animal models have significant differences212. In hiPSC-CMs most of the 
significant cardiac ion channels begin to function within the first two weeks of the cardiac 
differentiation protocols and recent protocols have generated hiPSC-CMs that exhibit typical 
electrophysiological characteristics212,218. Although different experimental protocols and cell 
culture conditions can lead to heterogeneous cardiac cell populations, there have been many 
reports of well-characterized electrophysiological features from hiPSC-CMs. More specifically, 
ventricular-like hiPSC-CMs exhibit numerous critical electrophysiological characteristics, 
closely resembling the adult cardiomyocytes, such as cardiac APs within the normal range 
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observed in human adult electrocardiograms202. Multiple cardiac voltage-gated channels (see 
§1.1.2.2) have been successfully characterized in single hiPSC-CM, such as the L- and T-type 
calcium channels, as well as potassium channels as well. In addition, several channelopathies 
could be recapitulated in cell culture by induced arrhythmogenic conditions and many attempts 
have been made for screening of potential arrhythmia-related molecules and proarrhythmic 
drugs. However, electrophysiological comparison between hiPSC-CMs and adult 
cardiomyocytes is challenging due to numerous reasons, such as experimental discrepancies and 
limitations in recapitulating the electromechanical environment in the human heart muscle. 

In summary, there are obvious obstacles in accurately recapitulating the conditions in an organ 
as complex as the human heart. Although hiPSC-CMs are currently the prime candidates for a 
more efficient and relevant system to study cardiac physiology, there is a need for generating 
better tools and technologies. 

1.2.2.3 HiPSC-CMs a tool for cardiovascular research 
One of the leading causes of mortality worldwide is cardiovascular diseases (CVDs) with 
increasing prevalence. The World Health Organization has estimated more than 17million 
deaths per year to be attributable to CVD219. Despite the great progress in prevention and 
treatment of CVDs, in most cases there is no alternative treatment but heart transplantation due 
to heart failure (HF). Therefore, many studies are focusing in discovering potential therapeutic 
approaches and cardiac regenerative strategies. The generation of hiPSC-CMs and patient-
derived hiPSC-CMs has provided so far a relevant disease model and drug testing system, with 
promising applications towards personalized and regenerative medicine (Figure 10). In this 
section, I describe the numerous applications of hiPSC-CMs and how this in vitro system can 
help us elucidate the complex biology underlying CVDs and in general cardiac biology. 
Regenerative medicine 
Due to the severity of myocardium damage in HF and the limited transplantation resources, 
multiple studies focus on the application of hiPSC-CMs in cardiac repair therapy. Before the 
discovery of hiPSCs, different pluripotent cell types were exploited as a therapeutic approach to 
heart diseases, such as human embryonic stem cells (hESCs)220, and cardiac progenitor cells 
(CPCs)221. Although ESCs have been successfully differentiated in CMs, they are collected from 
the internal cell bulk of human blastocysts and ethical considerations have been raised 
considering their usage222. On the other hand, the CPCs are mature cardiac stem cells observed 
in adult hearts223 that exhibit all the features of stem cells. Despite the potentials of CPCs, there 
are limitations such as insufficient cell number and low self-renewal potency224. HiPSCs 
unlimited self-renewal capacity and differentiation into CMs represent an unrestricted source of 
cardiac cells that could be potentially used in cardiac tissue regenerative medicine. 
Since the discovery of hiPSC-CMs, researchers have tried different approaches to generate 
engineered heart tissue (EHT)189,218. One of them is a hydrogel-based EHT, in which a set of 
extracellular matrix proteins and different cell types are used as a scaffold for the hiPSC-CMs218. 
Gao et al. were able to generate EHT, containing about 50.000 human iPSCs-CMs, iPSC-
derived endothelial cells (iPSC-ECs), and iPSC-derived smooth muscle cells (iPSC-SMCs), by 
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applying high-resolution 3D printing225. The scaffold was printed using a photoactive gelatin 
polymer guided by a fibronectin-based template distributed in the native adult mouse heart 
tissue. Within one day, synchronous beating of the cell-seeded scaffold was established and 
typical contractile features and calcium handling were observed during extended in vitro culture 
over 7 days. In another attempt, Gao and colleagues226, transplanted two EHT patches into pig 
hearts under immunosuppression immediately after ischemia-reperfusion injury or I/R, tissue 
damage caused when blood supply returns to tissue after a period of ischemia or low oxygen 
conditions. The transplanted patch contributed in improved contracting speed and infarct size, 
with 10% survival rate of the transplanted cells one month after surgery. Another novel approach 
of EHT was developed by Kawamura et al.227, by transplanting cell culture-prepared hiPSC-CM 
cell-sheets using a myocardial infarction porcine model and a surgical procedure with omental 
flap (a transplanted vascularized segment of peritoneum), in order to increase the oxygen and 
nutrient supply on the cell-sheet. They reported significant improvement of the left ventricle 
function in the cell-sheet transplanted group 3 months following the transplantation. More 
recently an additional strategy for cardiac regeneration emerged based on human leukocyte 
antigen (HLA) haplotype matched hiPSC lines cell transplantation. Reports on allogeneic 
transplantation have shown that cardiac myocytes derived from non-human primate iPSCs with 
homozygous major histocompatibility complex could be engrafted into infarcted hearts and 
improve the cardiac function of heterozygous major histocompatibility complex–matched non-
human primates228. These results are promising for future application of iPSC banks for 
allogeneic regenerative cell therapy in human patients. In addition to earlier attempts, Menasche 
et al.229, reported the first clinical trial in patients with advanced ischemic HF using hESC-
derived cardiomyocytes patches. The similarity of these cells with hiPSC-CMs implies that a 
hiPSC-CMs platform could be applicable in the future. Despite the numerous technological 
advances mentioned in this section, several hurdles, such as immunogenicity and donor cell 
death, need to be addressed in order to explore the full potential of transplanted hiPSC-CMs. 

Drug screening 
The future of precision medicine lies potentially in patient-specific treatment. Therefore, drug 
testing is crucial for applying personalized therapies. HiPSC-CMs could be used not only as a 
drug screening platform but also in validating existing drugs. In addition, several cases of drug-
induced cardiotoxicity and arrhythmias have been reported in cardiovascular diseases and 
hiPSC-CMs could be used to improve the drug safety index189,230. Indeed, a cardiotoxicity safety 
index was developed from Sharma et al. by comparing anticancer tyrosine kinase inhibitors in 
healthy and patient-derived iPSC-CMs231. Moreover, hiPSC-CMs could be used as a model 
system to determine the proarrhythmic drug effects on multiple human cardiac ion channels. 
The Comprehensive in vitro Proarrhythmia Assay (CiPA) Initiative, is an FDA project with the 
main goal to develop a more predictive model for drug development and drug toxicity by 
combining experimental assays, clinical data and in silico modelling232,233. 
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Disease modelling 
HiPSC-CMs technology has made great progress in studying various channelopathies202,233, such 
as long QT syndromes, i.e. LQT3/Brugada syndrome(BrS)234, and LQT8 Timothy syndrome91, 
catecholaminergic polymorphic ventricular tachycardia (CPVT)235, arrhythmogenic right 
ventricular dysplasia (ARVD)236, familial hypertrophic cardiomyopathy (HCM) 237, and familial 
dilated cardiomyopathy (DCM)238. For instance, Itzhaki et al. were able to characterize LQTS 
from patient derived, caused by a missense mutation in KCNH2 gene and successfully evaluate 
potential drug treatments and explore novel therapeutic agents99. One of the most common 
causes is a loss-of-function mutation of the hNaV1.5 channel. Liang et al., recruited two 
genetically distinct patients with BrS234. Patient-derived BrS iPSC-CMs exhibited similar 
perturbations observed in BrS patients, for example reduced inward sodium current (INa). 
Complex syndromes, such as BrS, cannot be fully recapitulated in vitro but characterization of 
these features at cellular level can improve our knowledge regarding single cell pathophysiology 
and explore if it can be applied in studying other complex syndromes. Another attempt was 
reported from Sun et al.238, where hiPSC-CMs were generated from patients affected with 
familial DCM. DCM is the most common cardiomyopathy, characterized by ventricular 
dilatation, systolic dysfunction, and progressive heart failure. In many cases of DCM it has been 
shown that mutations in sarcomeric, cytoskeletal, mitochondrial and nuclear membrane 
proteins could lead to disease manifestation239. Sun et al. could characterize to some extent 
common DCM-associated morphological and functional features in vitro using hiPSC-CMs 
from 3 family members with a causative mutation in the cardiac troponin T gene (TNNT2). 
They observed that treatment of these cells with β-blocker metoprolol had a beneficial effect in 
fast beating cells, probably reflecting an improved contraction force. Although, DCM is a disease 
with highly complex etiology and mechanisms, hiPSC-CMs could be used as a complementary 
platform to mouse DCM models in order to explore new mechanisms and therapeutic strategies. 

All the above are supportive of the fact that the discovery of hiPSC-CMs technology opened 
new windows in cardiovascular research, disease modelling, drug screening and toxicity. Despite 
the limitations and challenges, new approaches and techniques are emerging that could help us 
explore the full potentials of this model system. 
 

Figure 10: Emerging applications of hiPSC-
derived cardiomyocytes.  The generation of hiPSC-
CMs and patient-derived hiPSC-CMs provided 
additional approaches to study cardiac disorders. 
These cells contributed in safer drug discovery as a 
drug testing system. They also seem to display a 
promising approach towards personalized and 
regenerative medicine. 
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1.3 HiPSCs in the genome editing technology era 

1.3.1 The discovery and evolution of customized genome editing nucleases 
Already in the early 1980s it was shown that when DNA double-strand breaks (DSBs) occur as 
a result of normal or pathological cellular processes, there are two main repairing mechanisms 
that cells use to restore these breaks. Both ends can simply rejoined with non-homologous end-
joining (NHEJ) or homology-directed repair (HDR)240–243. Studies could demonstrate that 
mammalian cells using the HDR repair mechanism can incorporate an exogenous copy of DNA 
into their own genome, while NHEJ can result in random insertions or deletions (indels)244. 
Since then researchers have been exploring different strategies to achieve DSBs and introduce 
genomic modifications in specific target sites. This approach of genetic engineering in which a 
specific DNA sequence can be deleted, corrected or exogenously introduced can be described 
with the term genome editing. For this purpose, several DNA-cutting endonuclease enzymes were 
utilized to generate site-directed DSBs. Finally, in the early 1990s researchers generated a 
chimeric class of nucleases by fusing the FokI sequence, the DNA cutting domain of a restriction 
enzyme, and the eukaryotic DNA binding zinc finger proteins, named the zinc finger nucleases 
(ZFNs). The discovery of ZFNs led to a new era of genome editing, since these zinc finger 
modules could be assembled in larger complexes, assuring higher DNA binding specificity245. 
Each zinc finger module recognizes three to four bases and by combining these modules 
researchers could target almost any desired sequence. Carroll and colleagues could show for the 
first time that customized ZFNs were able to modify target genes in Drosophila246. Later on, it 
was demonstrated that ZFNs enabled enhanced genome editing in living cells not only in animal 
models, but also in human cells247. However, there were many reports on ZNF-induced 
cytotoxicity and in addition it was laborious and time-consuming to engineer these customized 
nucleases248. Thus, there was a need to develop a more efficient and less time-consuming genome 
editing tool. 
Since genome editing technology relies on DNA-binding specificity, any high-specificity DNA-
binding domain could be fused to an endonucleolytic domain, resulting in a customized genome 
editing tool. Indeed, two research groups independently discovered a new class of DNA-binding 
proteins deriving from a bacterial plant pathogen, found in various strains of the Xanthomonas 
spp241,242. Transcription activator-like effector proteins (TALEs) are transcriptional activators 
that specifically bind and regulate plant genes after they infect the plant cells and enter their 
nucleus242. TALEs DNA binding domain consists of as many as 30 tandem repeats of a 33- to 
35-amino-acid (aa) sequence motif. The binding specificity depends on the two critical, adjacent 
amino acids, the “repeat variable di-residue” (RVD). The RVDs in each repeat domain specify 
the targeted base in the target DNA sequence building a simple code where the DNA binding 
specificity can be predicted249,250. The fusion of the DNA cutting domain of FokI enzyme to a 
combination of TALEs had as a result the generation of new customized genome editing 
nucleases named TALENs (TALE-nucleases)242. Almost a decade ago, TALENs were 
successfully applied to regulate mammalian gene expression242. Soon after that researchers were 
able to genetically engineer hESCs and hiPSCs251 expanding the applications of hiPSCs 
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technology. Although ZFNs and TALENs can both be efficient tools for precise genome editing, 
they appear to be either difficult to design (ZFNs) and/or the cell delivery methods are not 
efficient enough for sensitive type of cell252. In addition, site-specific targeting often required re-
design of these nucleases, which was laborious and costly, and the targeting efficiency rate was 
low253. 
The CRISPR-Cas9 system 
The discovery of a novel genome editing tool, the CRISPR (Clustered Regularly Interspaced 
Short Palindromic Repeat DNA sequences) -Cas (CRISPR-associated protein) system, 
developed by Charpentier and Doudna, simultaneously with the Zhang lab, was a revolutionary 
breakthrough to the genome editing technology field248,254. Originally, the CRISPR-Cas systems 
were found in bacteria. They have been characterized as an adaptive immune system used by 
several bacterial species to protect against foreign DNA molecules, i.e. bacterial phages255. 
Foreign genetic elements are incorporated in the CRISPR arrays by Cas proteins, a process 
referred as adaptation255. These foreign elements are cut by the Cas effector nucleases providing 
immunity to the infected bacteria. The most commonly used CRISPR-Cas system is the 
CRISPR-Cas9 system, constituted by the class2 type II DNA-targeting endonuclease Cas9, 
found in Streptococcus pyogenes256. The CRISPR-Cas9 system relies on a single guide RNA 
molecule (sgRNA), consisting of the CRISPR RNA (crRNA) and a trans-activating crRNA 
(tracrRNA) (Figure 11). The sgRNA is responsible for specific recognition and stable binding 
of Cas9 on the targeted DNA that is adjacent to a specific sequence, the protospacer adjacent 
motif (PAM)255 (Figure 11). The correct complementary pairing of the sgRNA and the target 
DNA sequence triggers the cutting activity of Cas9 and a DSB is introduced at the target site. 
This new class of engineered nucleases was easier to use and had the advantage of targeting any 
DNA sequence. This is due to the usage of the exchangeable and highly target-site specific ~20 
nucleotide sgRNA that guides the Cas9 nuclease to any DNA target-site with a PAM. In 
addition, the CRISPR-Cas9 system has the ability to introduce different genome editing 
changes, such as gene disruption, introduction of a base pair change, or insertion of a desired 
DNA sequence requiring less experimental time than previously. Another advantage of the 
CRISPR-Cas9 system is that more than one sgRNAs can be applied, resulting in deletion of 
larger genomic regions, such as entire genes or chromosomal regions257,258. Furthermore, this 
system exhibits higher targeting efficiency, compared to the previously used nucleases, while at 
the same time there is constant improvement in reducing mutations at off-target sites259. The 
simplicity of this system and its rapid adoption contributed to the generation of new versatile 
CRISPR-Cas systems with different functions. Cas proteins are fused to transcriptional 
activators, repressors or epigenetic modifiers greatly expanding the applications of the genome 
editing toolbox254. In combination with high-throughput technologies, such as next-generation 
sequencing, CRISPR-Cas has revolutionized functional genomic screenings by generating 
multiplexed genetic knockdowns in several cell types260. 
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Figure 11: Evolution of 
genome editing technology 
systems in targeting 
human cells. Over the last 
decade and after the 
discovery of the ZFNs 
(2005), additional genome 
editing systems, such the 
TALENs (2011) and 
CRISPR-Cas9 system 
(2013), changed the 
landscape of genome 
engineering in human cells. 
Here, the most prevalent 
characteristics of its system 

are illustrated over the course of time. 

Soon different CRISPR-Cas systems were discovered, for example one able to target RNA, by 
incorporating Cas13, an RNA targeting protein, opening new windows to study 
posttranscriptional regulation254. Beyond DNA and RNA editing, recent studies reported the 
usage of CRISPR-Cas systems to achieve spatiotemporal localization and live imaging of RNA 
molecules by fusing catalytically deactivated Cas9 (dCas9) with fluorescent reporters255. 
In summary, genome editing technology and especially CRISPR-Cas based tools provide an 
accessible and efficient system to modulate and regulate genomes and have accelerated the pace 
of bioengineering research. Applications of genome editing are expanding in a wide range of 
fields beyond clinical relevance, such as agriculture, and are creating products for various 
markets. Nevertheless, there are still limitations and ethical questions that need to be addressed 
before we make use of its full potentials. One of the most serious concerns is the generation of 
random off-target events in similar sequences to the targeted sequence that needs to be optimized 
before we move to clinical applications and therapeutics. A variety of methods have been 
developed to assess for off-target effects in an unbiased approach and they are available for in 
vitro application, but up to date they are not applicable in vivo261. Another challenge is to 
improve the in vivo delivery before clinical translation, since packaging of the sgRNA-Cas9 
ribonucleoprotein complex into viral vectors has been proved quite challenging due to its large 
size. Moreover, ethical questions have arisen since genome editing could be used to modulate 
human germline and only few years ago the first attempt to genetically modify human embryos 
was reported262. The arrival of these new genome editing tools has created several novel 
approaches to study gene regulation. As most technologies, genome editing has advantages as 
well as disadvantages. Nevertheless, its accessibility and versatility outweigh its risks opening 
new horizons to study human and disease biology. 

1.3.2 Genome editing technology and hiPSC-CMs 
The advances in genome editing technology were soon coupled with the hiPSCs model system, 
giving rise to new opportunities to explore disease-associated genes and phenotypes (Figure 12). 
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As addressed previously (§1.3.1), customized engineered nucleases, such as TALENs or the 
CRISPR-Cas9 system, can be applied to introduce indels or allow an external DNA donor 
template to be integrated at a desired genomic site. This can result in modifying or correcting a 
gene in hiPSCs by exploiting endogenous cellular repair mechanisms243. Moreover, generating 
genome edited hiPS cell lines can be allow us to explore and validate the causality of a putative 
mutation, for instance by correcting this mutation in patient-derived hiPSCs. This approach 
can provide isogenic disease model systems by generating genotype-matched control hiPSC lines 
191. Therefore, genome editing in hiPSCs allows the investigation of mutations and SNPs (single 
nucleotide polymorphisms) under the same genetic background. This approach can provide 
insights into drug responses under identical genetic conditions to the actual patients. 
Differentiating these isogenic cell lines into disease-relevant cell types has indeed shed light onto 
monogenic diseases263,264. In some cases this approach has shown that correction of a disease-
causing mutation leads to successful restoration of the healthy phenotype, i.e. β-thalassemia265. 
In addition, genome edited hiPSCs can be a tool for functional genomics and reveal novel 
genetic functions and cellular mechanisms. For instance, pooled CRISPR screens can provide a 
platform to study functional genomics by combining genome editing in hiPSCs with the 
technology of single-cell sequencing (sc-Seq). This approach provides researchers the 
opportunity to measure the phenotypic effect of gene perturbations at a single-cell level, offering 
a new starting point to dissect gene-function relationships266,267. 
Although numerous applications of genome editing technology in hiPSCs have been mentioned, 
the focus of this dissertation lies in the usage of genome editing in combination with directed 
differentiation of hiPSCs into cardiomyocytes and its contribution in cardiac biology. Therefore 
in this section I will present current applications in cardiovascular research. 

In addition to previously described applications of hiPSC-CMs in studying disease etiology and 
modeling various types of cardiomyopathies, the advances of genome editing offer an additional 
approach to investigate disease-driving mechanisms and novel therapeutics for cardiovascular 
disorders. The generation of isogenic pairs of pluripotent stem cell lines that are identical to the 
patient, except for the disease-relevant mutation, and their parallel differentiation into 
cardiomyocytes, can be used to directly assess the contribution of a mutation to cardiac 
pathology. Liang and colleagues234 were able for the first time to demonstrate the utility of 
genome editing in hiPSC-CMs by generating hiPSCs from BrS patients harboring 2 distinct 
mutations in the SCN5A gene. By differentiating them into cardiomyocytes they could not only 
characterize and recapitulate the cellular phenotype features of BrS in vitro, but they also 
observed that correction of the causative mutation in SCN5A to wild type led to improvement 
of the pro-arrhythmic phenotype, validating the gene-phenotype causal relationship. In a similar 
approach, Karakikes et al.268 corrected a known DCM causative mutation in phospholamban 
protein (PLN), a regulatory protein that controls Ca2+ cycling in cardiomyocytes. First found in 
a Greek family with hereditary DCM, patients with deletion of amino acid arginine 14 in the 
coding region of the PLN gene (R14del) exhibit left ventricular dilation, contractile dysfunction 
and episodic ventricular arrhythmias. In this study, patient-derived hiPSC-CMs were 
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functionally characterized and later on correction of the PLN R14del mutation by genome 
editing led to the disease phenotype rescue in vitro. Different research groups could confirm the 
rescuing effect of gene correction via genome editing in causal mutations in other disease-
associated genes, such as MYBPC3269, PRKAG2270 and others, supporting the contribution of 
this approach to shed light in cardiac disease etiology271. Alternatively, several studies introduced 
by genome editing known causative mutations in independent isogenic hiPSC cell lines in order 
to ensure that the observed functional abnormalities did not reflect background genetic 
differences in patient-derived iPS-CMs272,273. For example, Hinson and colleagues generated 
hiPSC-CMs from three DCM patients with dominant TTN mutations exhibiting reduced 
contractile function in vitro273. After introducing these mutations into three different hiPS cell 
lines, they could demonstrate that the mutant hiPSC-CMs had significantly reduced contractile 
force but to the extent observed in the patient-derived CMs. These data could recapitulate 
disease-related phenotype in independent hiPS cell lines, validating the pathogenic effect of 
characterized mutations. Moreover, they suggest a possible impact of different genetic 
backgrounds in disease severity, giving a significant insight into disease manifestation and 
treatment that could be valuable for future approaches in personalized medicine. In another 
recent attempt, Limpitikul et al.274, utilized the CRISPRi system, where dCas9 was fused with 
suppressor KRAB (Krueppel-associated box) to achieve selective knockdown of the CALM2 
gene. CALM2 mutations are associated with calmodulinopathies, which are arrhythmia 
syndromes producing severe LQTS by disruption of L-type Ca2+ channels. They generated 
patient-derived hiPSC-CMs from a patient exhibiting brachycardia as an infant and later on 
ventricular. When the mutant gene was suppressed, they could demonstrate functional rescue 
in hiPSC-CMs by observing normalization of the AP duration, one of the common disease 
phenotype features. 
Moreover, the direct introduction of specific genetic mutations into the hiPSCs to generate 
disease models, with the non-edited cells serving as an isogenic control, can be used as a drug 
screening system. Wang and colleagues275, generated LQTS models by overexpressing dominant 
negative mutations in hiPSCs and evaluated their drug response. The pharmacological response 
of the genome edited hiPSC-CMs showed improvement on the duration of the AP, comparable 
to the one observed in patient-derived hiPSC-CMs. This supports the usage of independent 
isogenic hiPS cells lines as a drug testing platform. One more advantage of this approach is that 
it accounts for DNA variants that could be overlooked when i.e. healthy siblings are used as a 
control for disease patients. Due to the fact that siblings share only ~50% of their genomic 
sequence, phenotypic differences that are observed could be a result of the other ~50% that 
might be not accounted for. 
Regarding genome editing in vivo strategies, which have more limitations and challenges, 
significant progress has been made in applying genome editing tools in a plethora of animal 
models271. Several groups have utilized cardiotropic adeno-associated virus (AAV) constructs to 
specifically deliver components of interest to cardiac tissue. 
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Figure 12: Genome editing and hiPSCs: The advances in hiPSCs and genome editing technology can provide 
an efficient and reliable human model system to study human genetics. Customized engineered nucleases can target 
specific genomic areas of interest in hiPSCs. After selection of the genomically edited hiPSCs with the desired 
modifications (knock-out, knock-in, etc.), the mutated cells can be differentiated in various cell types, that can be 
used in downstream biomedical applications such as disease modelling and drug screening. 

For example, in a Duchenne muscular dystrophy mouse model, which is a syndrome 
characterized by lethal degeneration of cardiac and skeletal muscle caused by impaired expression 
of the dystrophin protein, independent AAV-mediated delivery of Cas9 and a sgRNA could 
restore dystrophin expression276,277. The genome editing toolbox shows great potentials for 
applications in generating advanced animal models and post-mitotic cells and is becoming a 
valuable asset in the cardiac research field. 
In general, the combination of genome editing in hiPSCs and cardiac directed differentiation in 
hiPSC-CMs and patient-derived hiPSC-CMs has broadened our current knowledge on cardiac 
biology and disease mechanisms. This in vitro model can be used as a simulation of patient-
specific and cell-specific disease modelling in a dish. Although this disease model system has 
limitations, nevertheless I have been able to review numerous examples of how it can contribute 
to expand our knowledge human in cardiac pathobiology and can be used as a safe, economical 
and pre-clinical drug screening system (Figure 12).
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2. Aim of the study 

Cardiac channels have a distinct role in cardiac autoregulation of the heartbeat and cardiac 
function. In addition, cardiac channels have been suggested as candidate mechanotransducers 
in the process of cardiac mechanotransduction. Nevertheless, studying cardiac channels has been 
challenging the previous years. This is due to the complexity of the cardiac tissue and the 
channels physiology. The emerging technologies of genome editing and hiPSCs have shed light 
into the physiology of cardiac channels and channelopathies. 

The aim of this thesis was to investigate the role of the mechanosensitive channel PIEZO1 in 
cardiac mechanotransduction. To achieve this, I generated a hiPSC knockout line of PIEZO1 
gene, using nuclease-mediated genome editing technology and differentiated the genomic 
modified hiPSCs into beating cardiomyocytes (Figure 13). Functional characterization of the 
genome edited hiPSCs and hiPSC-CMs was performed in order to identify the contribution of 
PIEZO1 in cardiac mechanotransduction (Figure 13). 

This study will hopefully contribute to improving our current knowledge on the role of PIEZO1 
in cardiac mechanical activity and its potential involvement in cardiac diseases. 

 

 
Figure 13: Graphic overview of the aims and technologies applied in deciphering the role of PIEZO1 in 
hiPSC-derived cardiomyocytes and cardiac biology  
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3. Materials and Methods 

3.1 Materials 
3.1.1 Cell lines 
The wild type human induced pluripotent stem cell line, named SCVI 112, has been 
reprogrammed with the Sendai virus, as previously shown278 and it was provided by the Stem 
Cell Core Facility (AG Diecke, MDC, Berlin). The original cell line is provided by Prof. J. Wu, 
Stanford University and is supported by an MTA between the Stem Cell Core Facility and 
Stanford University. The additional wild type hiPS cell line, named SCVI 112, which was used 
for the RNA-seq analysis, was once more provided by the Stem Cell Core Facility (AG Diecke, 
MDC, Berlin). 

3.1.2 Chemicals, Enzymes, Other 
10x PBS BioRad (Hercules, CA, USA) 
100bp DNA ladder Invitrogen (Carlsbad, CA, USA) 
Ammonium Acetate Ambion (Austin, TX, USA) 
Ammonium Persulfate (APS) BioRad (Hercules, CA, USA) 
AmpliTaq Gold® 360 Master Mix ThermoFisher Scientific (Carlsbad, CA, USA) 
Cal-520 AAT-Bioquest (Sunnyvale, CA, USA) 
CHIR99021 Tocris Bioscience (Bristol, UK) 
Diethylpyrocarbonate (DEPC) Sigma-Aldrich (Steinheim, Germany) 
DNase I Ambion (Austin, TX, USA) 
EDTA Merck (Darmstadt, Germany) 
Ethanol Absolut Serva (Heidelberg, Germany) 
Formaldehyde Merck (Darmstadt, Germany) 
Formamide Sigma-Aldrich (Steinheim, Germany) 
Glycerol Sigma-Aldrich (Steinheim, Germany) 
GlycoblueTM Millipore (Billerica, MA, USA) 
Liquid Nitrogen Amresco (Solon, OH, USA) 
Matrigel Corning (NY, USA) 
MicroSpin S400HR Columns GE Healthcare (Little Chalfont, UK) 
MOPS Sigma-Aldrich (Steinheim, Germany) 
Random primers for RT Life Technologies (Carlsbad, CA, USA) 
Reverse Transcriptase (Superscript RT II) Life Technologies (Carlsbad, CA, USA) 
RevitaCell ThermoFisher Scientific (Carlsbad, CA, USA) 
RNasin® Plus RNase Inhibitor Promega (Fitchburg, WI, USA) 
ROCK inhibitor (Y-27632) Tocris Bioscience (Bristol, UK) 
Sodium Chloride Promega (Fitchburg, WI, USA) 
Sodium Deoxycholate Sigma-Aldrich (Steinheim, Germany) 
Sodium Dodecyl Sulfate (SDS) Life Technologies (Carlsbad, CA, USA) 
Stem Pro™ Accutase™ Cell Dissociation Reagent ThermoFisher Scientific (Carlsbad, CA, USA) 
Sybr Gold Life Technologies (Carlsbad, CA, USA) 
Sybr Green (power sybr green PCR master mix) Applied Biosystems (Foster City, CA, USA) 
Tris Hydrochloride Roth (Karlsruhe, Germany) 
TRIzol Sigma-Aldrich (Steinheim, Germany) 
TrypLE™ Select Enzyme (10X), Gibco™ ThermoFisher Scientific (Carlsbad, CA, USA) 



MATERIALS AND METHODS 

 

36 
 

Wnt-C59 Tocris Bioscience (Bristol, UK) 

3.1.3 Kits 
Agilent RNA 6000 Nano Kit Agilent Technologies (Santa Clara, CA, USA) 
DNeasy Blood and Tissue Kit QIAGEN GmbH (Hilden, Germany) 
Lipofectamine™ 3000 Transfection Reagent ThermoFisher Scientific (Carlsbad, CA, USA) 
P3 Primary Cell 4D-Nucleofector® X Kit  Lonza (Basel, Switzerland) 
Pluripotent Stem Cell Immunocytochemistry Kit Invitrogen (Carlsbad, CA, USA) 
StemMACS Trilineage Differentiation Kit, 
human 

Miltenyi Biotec (Bergisch Gladbach, Germany) 

TOPO™ TA Cloning™ Kit for Subcloning, 
without competent cells  

Invitrogen (Carlsbad, CA, USA) 

Tru-Seq Stranded mRNA Library preparation Illumina (San Diego, California) 
Zymo Direct-zol RNA Microprep Kit Zymo Research Europe GmbH (Freiburg, 

Germany) 
Qubit® dsDNA BR Assay Kit Invitrogen/Molecular probes (Eugene, OR, USA) 

3.1.4 Laboratory equipment and consumables 
1.5 ml and 2.0 ml tubes Eppendorf (Hamburg, Germany) 
2100 Bioanalyzer Instrument  Agilent Technologies (CA, USA) 
3730 DNA Analyzer ThermoFisher Scientific (Carlsbad, CA, USA) 
4D-Nucleofector™ System Lonza (Basel, Switzerland) 
6-, 12-, 24-, 96-well cell culture plates Corning (NY, USA) 
µ-Slide 8 Well Ibidi® GmbH (Gräfelfing, Germany) 
Agilent 2100 Bioanalyzer Agilent Technologies (CA, USA) 
Allegra X-30R, Benchtop Centrifuge Beckman Coulter (Indianapolis, IN, USA) 
Countess II Automated Cell Counter ThermoFisher Scientific (Carlsbad, CA, USA) 
Cover slips glass, 15mm thickness Carl Roth GmbH+Co. KG (Karlsruhe, 

Germany) 
Eppendorf Thermomixer comfort 5355, 1.5 mL Eppendorf (Hamburg, Germany) 
EVOS M5000 Imaging System ThermoFisher Scientific (Carlsbad, CA, USA) 
Falcon tubes 15 and 50 ml Corning (NY, USA) 
Ice Machine Scotsman AF10 Scotsman (Vernon Hills, USA) 
InGenius LHR Gel Imaging System Syngene (Cambridge, UK) 
LAS-4000 GE Healthcare (Little Chalfont, UK) 
Leica DMi8 Microscope Platform Leica Microsystems (Wetzlar, Germany) 
Leica SP8 Confocal Microscope Leica Microsystems (Wetzlar, Germany) 
Lo-bind tubes 0.5, 1.5 und 2.0 ml Eppendorf (Hamburg, Germany) 
MJ Research PTC-225 Gradient Thermal Cycler Marshall Scientific (Hampton, NH, USA) 
Nanodrop ND-1000 Spectrophotometer ThermoFisher Scientific (Carlsbad, CA, USA) 
Optical Adhesive covers Applied Biosystems (Foster City, CA, USA) 
PCR tubes 0.2 ml Kisker (Steinfurt, Germany) 
Pipets 2, 20, 200, 1000μl Mettler-Toledo (OH, USA) 
Qubit Fluorometer Life Technologies (Carlsbad, CA, USA) 
SpectraMax M2 Spectrophotometer Molecular Devices (Sunnyvalle, CA, USA) 
Table centrifuge 5417R Eppendorf (Hamburg, Germany) 
Thermocycler (PTC-225) Biozym (Heidelberg, Germany) 
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3.2 Methods 
3.2.1 Human Induced Pluripotent Stem Cell Culture 
HiPSCs were maintained routinely in an E8-based medium prepared and provided by the Stem 
Cell Core Facility (AG Diecke, MDC), in coated culture vessels with the synthetic matrix 
Matrigel™, in a 1:100 Matrigel™ to medium ratio. The medium was changed daily and the cells 
were passaged every three days either with Stem Pro™ Accutase™ Cell Dissociation Reagent 
(Gibco®) or DPBS/EDTA 0.5mM (reagents supplied by Gibco®, prepared in house). For 
freezing, passaging and transfection, cells were incubated for 5-7 minutes with Stem Pro™ 
Accutase™ Cell Dissociation Reagent. Stem Pro™ Accutase™ Cell Dissociation Reagent was then 
diluted with the E8 medium and cells were harvested by centrifuging for 3 minutes at 300 rpm 
in Table centrifuge 5417R (Eppendorf). The supernatant was discarded and cells were 
resuspended in E8 medium complemented with ROCK inhibitor (1:1000, stock concentration 
10 mM, Tocris). Cultures were maintained at 37ºC under 5% CO2 in a humidified cell culture 

incubator CB 210 (Binder) and they were passaged 2-3 times (passages 28-35) before the 
initiation of the cardiac lineage differentiation protocol. 

3.2.2 Genome editing in hiPSCs using CRISPR-Cas9 system 
3.2.2.1 Design of guide RNAs (CRISPR-Cas9, gRNAs) 
The guide RNAs (gRNAs) were designed according to the guide prediction web-based 
CRISPOR tool (http://crispor.tefor.net/)259. In order to design a pair of guide RNAs (gRNA) 
to excise the genomic region of PIEZO1 gene that includes exons 24-51, the genomic region 
that corresponds to exon 24 and the genomic region that corresponds to exon 51 were inserted 
into the program and two individual guide RNAs were selected, taking under consideration the 
efficiency scoring systems of CRISPOR. The genomic sequence of PIEZO1 gene was retrieved 
from the human genome annotation on the NCBI website GRCh38.p13 human genome 
assembly. The first gRNA (gRNA1) with the following sequence, 
TGCGCCGTGCCCACCTCGTGTGG targets 39 bp upstream of exon 24 and the second 
gRNA (gRNA2), GCTGCTGCTGGCGCCCGAGAGGG, targets 2 bp downstream of exon 51 
and the stop codon in the 3´UTR. The guides were synthesized and purchased from Integrated 
DNA Technologies (IDT, https://eu.idtdna.com/pages). 

3.2.2.2 HiPSC transfection with CRISPR-Cas9 system 
The purified Cas9 protein, the pair of guide RNAs (see above §3.2.2.1) and the tracer RNA, 
(all purchased from IDT), were introduced in the hiPS cell line, using the P3 Primary Cell 4D-
Nucleofector® X Kit (Lonza) and the Amaxa 4D-Nucleofector™ electroporation system (Lonza). 
Firstly, the gRNAs (gRNA1+gRNA2) and the tracer RNA were incubated in 95°C for 5 minutes 
in order to anneal and were allowed to cool down at room temperature (RT). Afterwards, the 
gRNA, the tracer RNA and the purified Cas9 protein were mixed and incubated for 1h at room 
temperature. 
 
 



MATERIALS AND METHODS 

 

38 
 

a. Annealing of the gRNAs and the tracerRNA 

Anneal in 95°C for 5 min : 
gRNA1  
gRNA2  

tracer RNA 

0,5 ul 
0,5 ul 
1 ul 

Total volume 2 ul 
Allow to cool down in RT 

b. Assembly of the CRISPR-Cas9 complex: 

Mix in RT:  
gRNA1 + gRNA2 

+ tracer RNA 
Cas9 

 
2ul 
2 ul 

Total volume 4 ul 
Incubate for 1 hour in RT 

Before transfection, the cells were dissociated using Stem Pro™ Accutase™ Cell Dissociation 
Reagent, as described above (see §3.2.1). The required cell number was calculated using the 
Countess II Automated Cell Counter (Thermofisher Scientific) and 800.000 cells were 
transferred in a 1.5 ml Eppendorf tube. Following the P3 Primary Cell 4D-Nucleofector® X Kit 
(Lonza) instructions, after centrifugation (see §3.2.1) the cell pellet was resuspended in 100 ul 
of P3 solution. 

P3 solution:  
Supplement 18   ul 

P3 buffer 82   ul 
Total volume 100 ul 

 

The ribonucleoprotein complex (the pair of gRNA, the tracer RNA and the purified Cas9 
protein) was added to the cell suspension and transferred to a Nucleocuvette® Vessel (Lonza). 
The Nucleocuvette® Vessel with closed lid was placed into the retainer of the 4D-Nucleofector® 
X Unit (Lonza). The correct orientation was confirmed and the Nucleofection® Process was 
initiated using the CM150 program. After run completion, the Nucleocuvette® Vessel was 
removed and the cells were resuspend with pre-warmed E8 medium supplemented with 10 uM 
of ROCK inhibitor (TOCRIS). The cells were gently mixed by pipetting up and down two to 
three times. The cells were transferred in 1 well of a Matrigel™ coated 6-well plate (FALCON) 
and the medium was changed the following day, containing no ROCK inhibitor. 

3.2.3 Genome edited hiPSC clonal selection 
The hiPS targeted pool of cells was split (see §3.2.1) and re-plated after 48 hours following the 
transfection. The cells number was calculated (see §3.2.2.2) and 5000 cells were plated in a 35 
mm (surface area 9 cm2) Matrigel™ coated cell culture dish. The cells were sparsely seeded to 
prevent them from growing in close proximity to each other, in order to ensure the generation 
of cell colonies of single-cell origin. After 12-14 days following sparse seeding, clones typically 
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reached the size of the head of a pin under the microscope with a 10× magnification objective 
and individual clones were manually picked using a laminar flow hood with an embedded 
microscope. Each individual hiPSC clone was transferred to a well of a new Matrigel™ coated 
24-well plate. Approximately 24-48 clones were picked and each individual selected clone was 
subjected to a screening procedure that is described in the following paragraph. 

3.2.4 Genome edited hiPSC clonal screening and validation  
3.2.4.1 PCR (Polymerase Chain Reaction) screening 

Genomic PCR 
Following 2-4 days after clone picking, part of the cells of singular clone origin that have 
successfully attached to the new plate were scraped off the cell culture plate and centrifuged, as 
previously described (see §3.2.1).The remaining part of the cells (clone) remained under culture 
until their allele status was defined, in order to screen and select the desired genome edited cell 
lines. Genomic DNA was extracted from the cell pellet using the Blood & Cell Culture Mini 
kit (Qiagen) and four genomic regions (i-iv) were amplified following the AmpliTaq 360 Gold® 
Master Mix protocol: 

PCR premix per sample:  
AmpliTaq 360  

Gold® master mix 
GC enhancers 

Forward primer (10 uM) 
Reverse primer  (10 uM) 

Water 
DNA (2 ng) 

 
15 ul 
3.6 ul 
0.8 ul 
0.8 ul 
adjusted volume per 
sample 

Total volume 25 ul 

i) Downstream of the gRNA1 targeted region, including exon 25. The expected amplicon´s 
size is 841 bp. Primers sequence to amplify this region and PCR program conditions: 

 

FW2451 CCCAACTCCACCAACCTCAT 
RV25 CGATACCTGTTCTGGCTGG 

 

PCR PROGRAM:    

Step Temperature Time 
Activation of Master Mix 95°C 10 min 

Denature 95°C 30 sec 
Annealing 56.4 °C 30 sec 
Extension 72°C 40 sec 

Final Extension 72°C 7min 
Final Hold 4°C ∞ 

ii) Downstream of the gRNA1 targeted region including exon 26. The expected amplicon´s size 
is 1178 bp. Primers sequence to amplify this region: 
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FW2451 CCCAACTCCACCAACCTCAT 
RV26 AGCTCTTCAGCCTTGTATGC 

 

PCR PROGRAM:    

Step Temperature Time 
Activation of Master Mix 95°C 10 min 

Denature 95°C 30 sec 
Annealing 55.7 °C 30 sec 
Extension 72°C 1 min 

Final Extension 72°C 7min 
Final Hold 4°C ∞ 

iii) The gRNA2 targeted region. The expected amplicon´s size is 555 bp. Primers sequence to 
amplify this region: 

FW51 TGTCCATCGTGCTGGTCAT 
RV51 AGTGGCCACCTGGTACAC 

 

PCR PROGRAM:    

Step Temperature Time 
Activation of Master Mix 95°C 10 min 

Denature 95°C 30 sec 
Annealing 63°C 30 sec 
Extension 72°C 40 sec 

Final Extension 72°C 7min 
Final Hold 4°C ∞ 

iv) The genomic region that would be generated only after the end-joining of the two targeted 
regions. The expected amplicon´s size is 644 bp. Primers sequence to amplify this region: 
 

FW2451 CCCAACTCCACCAACCTCAT 
RV51 AGTGGCCACCTGGTACAC 

 

PCR PROGRAM:    

Step Temperature Time 
Activation of Master Mix 95°C 10 min 

Denature 95°C 30 sec 
Annealing 53.7°C 30 sec 
Extension 72°C 40 sec 

Final Extension 72°C 7min 
Final Hold 4°C ∞ 
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In all the PCR reactions mentioned above the total number of cycles (repetition of denature, 
annealing and extension steps) was 35. 
PCR product agarose gel electrophoresis 
For selection of the candidate hiPSC clones, where successful genome editing occurred and 
exons 24-51 were deleted, after DNA extraction and PCR amplification, as described above, the 
PCR products were analyzed in a 2% agarose/ Tris-Acetate/EDTA 1x (TAE) gel electrophoresis. 
From the total volume of 25 ul PCR reaction, 4 ul of amplified PCR product were removed and 
mixed with 0.67 ul of DNA Gel Loading Dye (6x), (Thermofisher Scientific). A molecular-
weight size marker, DNA ladder, GeneRuler 100 bp (ThermoFisher Scientific) was loaded in a 
separate gel lane to identify the size of the PCR products during the electrophoresis. 
 

Composition of 2% Agarose/TAE (1x) gel:  
Agarose powder 3 gr 
TAE buffer (1x) 150 ml 

Cool down to 60°C, then add: 
Ethidium Bromide 1% 2.5 ul 

 
 

Composition of TAE 10x electrophoresis buffer:  
Tris-base 

tris(hydroxymethyl)aminomethane 
48.4 g 

Glacial acetic acid (17.4 M) 
EDTA 

11.4 ml 
3.7 g 

Distilled water Up to 800 ml  
Stir and add water up to the total volume 

Total volume 1 L 
 

3.2.4.2 Genomic DNA Sanger Sequencing  
ExoSAP-IT PCR product Cleanup 
In order to validate the genome editing modifications of the hiPSC candidate clones after the 
agarose gel electrophoresis analysis, the remaining 16 ul of amplified PCR product from the 
total volume of 25 ul PCR reaction underwent ExoSAP (Exonuclease I- Shrimp Alkaline 
Phosphatase) cleanup. This procedure ensures the removal of leftover primers and nucleotides, 
which could interfere with Sanger sequencing (detailed description follows). 

Mixed in order given: 
PCR product 16 ul 

Exo I 
SAP 

Buffer (10x) 

0.15 ul 
0.3 ul 
0.15 ul 

Incubate for 15 min at 37°C 
Deactivate for 15 min at 80 °C 
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Sanger sequencing 
After cleanup, the BigDye™ Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) was 
used in order to perform fluorescence-based cycle sequencing reactions on the amplified PCR 
products. Subsequently, the sequencing products were purified over a Sephadex G-50 (GE 
Healthcare Life Sciences) column to remove unincorporated sequence primers and free 
nucleotides. Following purification, the sequencing products were resuspended in 10-μL of Hi-
Di™ Formamide and submitted for capillary electrophoresis on the 730 DNA Analyzer (Applied 
Biosystems). The generated sequencing results were later on analyzed using the Lasergene 
SeqMan Software (DNASTAR). 
 

 
 

 

 

 
 

3.2.4.3 TOPO-TA cloning  
In order to verify the genomic modifications of the candidate hiPSC clones, to ensure 
monoclonality cell line, the PCR products were cloned into a pCR 2.1-TOPO TA vector, using 
the TOPO™ TA Cloning™ Kit for Subcloning (Thermofisher Scientific). Following 
transformation of the TOPO-TA cloning reactions in chemically competent One Shot®E. coli 
cells, the cells were plated in an agar-LB/ ampicillin plate and after 16 h incubation at 37°C, 
positive clones were picked.  

Composition of LB-agar/ampicillin medium:  
Agar 

Tryptone 
Yeast extract 

NaCl 
 

7.5 g 
5 g 
2.5 g 
2.5 g 

Water (DEPC) Up to 500 ml 
Autoclave and cool down to 50-55°C, then add: 
Ampicillin (100 mg/ml) 500 ul 

Poured in 10 cm dishes 15-20 ml until the plate is 2/3 full. Allowed to cool. 

Next, DNA was isolated from clones after picking using the QIAprep Spin Miniprep Kit 
(Qiagen). The isolated DNA was amplified using the M13 forward and reverse primers, 
following the instructions of the TOPO™ TA Cloning™ Kit (Thermofisher Scientific) and was 
subsequently analyzed with Sanger sequencing, as described above (§3.2.5.2). 

M13 FW (-20) 5‘-GTAAAACGACGGCCAG-3‘ 
M13 RV 5‘-CAGGAAACAGCTATGAC-3‘ 

Mixed in order given: 
Big Dye 

Sequencing Buffer 
 1 ul 
 1,5 ul 

Water 
PCR product 
(150-200 ng) 

 1 ul 
 (volume adjusted to 
reach the required 
concentration) 

    Total volume       10 ul 
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3.2.4.4 Validation of the guide RNAs´ targeting specificity  
In order to validate the targeting specificity of the guide RNAs that were used and to identify 
whether off-target effect mutations were generated, the top-5 off-target genomic regions for each 
guide RNA (gRNA1 and gRNA2) were selected from the off-target effects list, generated from 
the guide prediction web-based CRISPOR tool (http://crispor.tefor.net/)259. Afterwards PCR 
amplification of these genomic regions and Sanger sequencing was performed, as previously 
described (see §3.2.4.2), using DNA from the candidate hiPSC clone. 

Table 3: Genomic locations of top-5 off target regions for gRNA1 and gRNA2 
 Top-5 off-target genomic regions Genomic location 
 
 
 

gRNA1 

1. exonic: GCLC,  
glutamate-cysteine ligase catalytic subunit 

chr6:53409375-53409397:- 

2. intergenic:  CTC-218B8.3-PAK4 chr19:39629160-39629182:+ 
3. exonic: ADD2, Beta-adducin  chr2:70910811-833 
4. intergenic: 
FAM178B-AC079395.1/FAM178B 

chr2:97679840-862 

5. exonic: NANOG chr12:7941027-7941049 
 

 
 
gRNA2 

1. intergenic: RP5-837I24.2-MED28P8 chr1:82017760-82017782:- 
2. intergenic:  
PPP1R27-P4HB/RP11-498C9.2 

chr17:79799548-79799570:- 

3. intronic: AGPAT1 chr6:32144039-32144061:- 
4. intronic: AGPAT1 chr6_mcf_hap5:3523868-3523890:- 
5. intronic: AGPAT1 chr6_apd_hap1:3458780-3458802:- 

i) PCR amplification for top-5 off-target genomic regions for gRNA1:  
 

Primer list for gRNA1 off-target genomic loci:  
Region* Forward  Reverse 

1 GACTGCGGCCCGAGAG CGTAGGGCAAGACAAAGGCA 
2 CGTTCATACTTTTCCAGCCGAC GGGGCGGTACCAGGGAA 
3 AAGGGCAATGGCAGGAGACT GGTGTCGGCTCTGTCCAGT 
4 CTATGAGGGACCCCTCTGGTG CTGCGCTGAGTGCGGGA 
5 TGGGTTTGGGAATAGGAAGGA GGCTTTTTCCCTCTGGCTCT 

*each region corresponds to the top-5 off target genomic locations for gRNA1 from Table 3. 

PCR PROGRAM:    

Step Temperature Time 
Activation of Master Mix 95°C 10 min 

Denature 95°C 30 sec 
Annealing Tm1*/Tm2** 30 sec 
Extension 72°C 30 sec 

Final Extension 72°C 7min 
Final Hold 4°C ∞ 

*Tm1= 55.2°C, applied for amplification of GCLC and NANOG 
**Tm2= 61.1°C, applied for amplification of PAK4, ADD2, FAM178B 
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ii) PCR amplification for top-5 off-target genomic regions for gRNA2: 
 

Primer list for gRNA2 off-target genomic loci:  
Region* Forward  Reverse 

1 CTGCCTTTATTTGGCCTGGGAA CCTAGTGGAGCCTGAAGAACTC 
2 AGCGGCCGAGTTTGTGAG GATGTGCTTCCTAGAGTAGGAGCTT 
3 GGTCTTTGCCCCCATCTCTG AATGGGTACGGGAAAAGGGG 
4 TCTCCTCCCCACATCTACCA GTAAAAGTGGCAGTTAAAAGAGAGC 
5 TTTGCCAATCGTCTCCCAGA AGAATAAAGGAAGGAATGTGCGG 

*each region corresponds to the top-5 off target genomic locations for gRNA2 from Table 3. 

PCR PROGRAM:    

Step Temperature Time 
Activation of Master Mix 95°C 10 min 

Denature 95°C 30 sec 
Annealing 57.8°C 30 sec 
Extension 72°C 30 sec 

Final Extension 72°C 7min 
Final Hold 4°C ∞ 

 

3.2.4.5 Validation of the genome editing on the mRNA level 
In order to validate whether the genomic modifications, which were verified through PCR 
screening and Sanger sequencing using genomic DNA from the candidate hiPSC clones (see 
§3.2.4.1-3), were transferred at RNA level, I performed RNA extraction, following 
complementary DNA (cDNA) synthesis and PCR amplification using the synthesized cDNA 
as template. 
a. RNA isolation 
Cell lysis 
Following the manufacturer´s instructions, 1 ml of TRIzol™ Reagent (ThermoFisher Scientific) 
was added directly to one well of approximately 80-90% cell confluency of a 6-well culture plate 
in order to lyse the cells. The cell lysate was pipetted up and down several times to homogenize 
and transferred in a 1.5 ml RNase-free Eppendorf tube. RNA isolation was performed according 
to the manufacturer´s instructions. 
Measuring RNA concentration and integrity  
To assess RNA integrity before proceeding to cDNA synthesis, RNA concentration was 
estimated using Nanodrop ND-1000 Spectrophotometer (ThermoFisher Scientific), and 
subsequently analyzed on a 1.2% agarose-formaldehyde gel electrophoresis. 

Composition of 1.2 % Agarose-Formaldehyde gel:  
Agarose 

10x FA gel buffer 
DEPC-ddH2O 

0.6 g 
5   ml 
50 ml  

Cool down to 60°C, then add: 
Ethidium Bromide 1% 1   ul 

Formaldehyde 0.6 ml 
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Typically, 2μl RNA were mixed with an equal volume of 5x RNA loading buffer and 6 ul RNase 
free water, incubated at 65°C for 5min and chilled on ice for 3min. Electrophoresis was 
performed using cold 1xFA gel running buffer (formulation indicated below) and a voltage of 
ca.70V. High quality total RNA displays clear 28S and 18S bands, with a 2:1 intensity ratio. 
 

Composition of 10xFA gel running buffer pH 7.0:  
MOPS 

NaOAc 
EDTA 

DEPC-ddH2O 

200 mM 
50   mM  
10   mM 
Up to the desired volume 

1x FA gel buffer, 0.74% formaldehyde (store at 4°C) 
 

Composition of 5x RNA loading buffer:  
FA gel buffer 10x  

(stock solution) 
EDTA 

Glycerol 
Formaldehyde 

Formamide 
Bromophenol blue 

4x 
(final concentration) 
4 mM 
20% 
2.7% 
3% 
0.00064% 

 

b. Complementary DNA (cDNA) synthesis 
After RNA isolation, first-strand cDNA synthesis was performed using random primers and 
Superscript II reverse transcriptase (Life Technologies). First, the primer annealing reaction 
allows primers to anneal to the template RNA during an incubation at 70°C for 5minutes. It 
should be noted that the primers are binding on exonic regions. 
 

Mixed on ice: 
RNA sample (2 ug) variable 

Random primers (3ug/ul) 
RNasin® (40 U/ul) 

Nuclease-free water 

1 ul 
2 ul 
up to 24 ul 

Total volume          24 ul 
 

After the annealing step, the samples were chilled on ice for 5 minutes and added to the first 
strand synthesis pre-mix. 

Mixed on ice: 
5x First strand buffer 8 ul 

DTT (100 mM) 4 ul 
dNTP mix (2.5 mM 

each) 
2 ul 

Superscript II RT  
(200 U/ul) 

2 ul 

RNA sample 24 ul 
Total volume          40 ul 
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cDNA was synthesized by reverse transcription at 42°C for 30 minutes. Samples were then 
chilled on ice for 5 minutes and stored at -80°C (or at -20°C, for short term storage). 

c. PCR (Polymerase Chain Reaction) using cDNA as a template 
Using cDNA from the candidate hiPSC clone, I repeated the amplification of the previously 
described targeted genomic regions downstream of the gRNA1 targeted region including exon 
25 and 26 (see §3.2.4.1). The PCR products were analyzed in a 2% agarose gel electrophoresis, 
following the same procedure (see §3.2.4.1). 

3.2.5 Evaluation of pluripotency state of hiPSCs  
3.2.5.1 Immunocytochemistry assay of pluripotent markers 
To ensure the genome editing procedure of the selected hiPSC clone did not affect the 
pluripotency state of the cells, the expression of key pluripotent stem cell markers was confirmed, 
using the Pluripotent Stem Cell Immunocytochemistry Kit (OCT4, SSEA4, TRA-1-60 and 
SOX2), (Thermofisher Scientific), following manufacturer's instructions. The kit enabled 
optimal image-based analysis of the aforementioned key markers of human pluripotent stem 
cells (PSCs). The results were visualized using a fluorescent microscope, provided by the Stem 
Cell Core Facility (MDC, Berlin). 

3.2.5.2 Karyotype analysis 

Chromosomal analyses of the genome edited hiPSCs were examined and interpreted by the 
Stem Cell Core Facility in MDC. DNA from the wild type (wt) and genome edited hiPS cell 
lines in final concentration 500 ng was submitted and karyotyped using the Illumina platform 
and the OMNI-EXPRESS-8v1.6 Chip. The data were analyzed using the Illumina Karyostudio 
1.3 (https://illumina-karyostudio.software.informer.com/1.3/). 

3.2.6 Differentiation of hiPSCs into cardiomyocytes 
3.2.6.1 Chemically defined differentiation into hiPSC-CMs 
HiPSCs can be induced to differentiate towards the cardiac lineage using small molecules. This 
protocol incorporates timely inhibition of different developmental pathways to promote the 
generation of beating cardiomyocytes. I used a chemically defined, xeno-free protocol, adapted 
from Burridge et al.201. This protocol is designed using the minimal medium CDM3, a medium 
with only three required components. Here, cells are differentiated as a monolayer, eliminating 
embryoid body formation variability. This experimental procedure requires a specific 
pluripotent cell seeding density. Cells were passaged three times in advance before the final 
seeding. Cells were split using Stem Pro™ Accutase™ Cell Dissociation Reagent (see §3.2.1) and 
after counting (see §3.2.2.2) 200.000 cells were plated in one well of a 6-well culture vessel. 
When the cell density reached ≈85-95%, the well surface is almost covered with cells, the 

differentiation protocol was applied. It was initiated at day 0 (d0), where media was changed to 
CDM3-C containing 3 µM CHIR99021, a GSK3B inhibitor, (TOCRIS). Before selecting the 
3 µM CHIR99021 concentration, a range of concentrations were applied, 3, 4, 5 and 6 µM 
CHIR99021, in order to find the right concentration that led to a successful differentiation for 



MATERIALS AND METHODS 

 

47 
 

our cell line. After 48 h, on day 2 (d2) media was changed again to CDM3-59 containing 2 µM 
Wnt-C59, WNT inhibitor, (TOCRIS). Media was changed with CDM3 every other day at day 
4 (d4) and day 6 (d6). Contracting cells could be observed from day 8 (d8) or day 9 (d9). After 
day 10 (d10) CDM3 medium was replaced with CDM3-L (without glucose) in order to 
metabolically select cardiomyocytes279. From d20 to d30 CDM3 is replaced with CDM3 to 
enhance maturation and the media is changed every other day. 
 

 

 

Figure 14: Schematic timeline of the differentiation of hiPSCs into cardiomyocytes. The hiPSCs were 
cultured in medium where chemical compounds were added in a timely manner to inhibit different developmental 
pathways, in order to promote the induction of mesoderm and cardiac lineage. 

3.2.6.2 Immunocytochemistry assay of specific cardiac markers 
The Human Cardiomyocyte Immunocytochemistry Kit (Invitrogen™, ThermoFisher Scientific) 
was applied in the 24-51 homozygous hiPSC-derived cardiomyocytes, day 30 post 
differentiation (d30). The same staining kit was applied in parallel in the wt hiPSC-derived 
cardiomyocytes d30 as a control. The assay was applied according to the manufacturer´s 
instructions. 

3.2.7 Electrophysiological assays 
3.2.7.1 Calcium handling of hiPSC-derived cardiomyocytes 
HiPSC-derived cardiomyocytes, day 17 post differentiation, were plated on Matrigel™-coated 
glass coverslips and loaded with Fluo-8 (2.5 uM) for 1 hour at 37°C (AAT-Bioquest, Sunnyvale, 
CA). Cells were placed in 200 ml of solution in a chamber that allows laminar flow and a fast 
solution exchange. Calcium images were acquired using a DG4 (Sutter Instruments, Novato, 
CA) as a light source and were acquired and analyzed using Metafluor (Molecular Devices, 
Sunnyvale, CA). Fluorescent images were acquired every 3 s. The initial (background) 
fluorescence was acquired for 20 cycles and used to normalize the fluorescence of the whole 
experiment. Fluorescence values were calculated and plotted according to the formula DF/F = 
(F-F0)/(F0) where F0 is baseline fluorescence for Fluo-8. Yoda1 (10 uM) was applied for 120s, 
whereas ruthenium red (RR) (10 uM) was applied for 75s. Then consequently washed with 
normal extracellular solution (ES) and ionomyocin (5 uM). 

Composition of ES solution (mM):  
NaCl 

Hepes 
Glucose 

MgCl2 

CaCl2 

140 
  10 
    5 
    1 
    2 
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3.2.7.2 Outside-out patch clamp recordings of hiPSC-derived cardiomyocytes 
Recordings were performed in excised outside-out patches pulled from hiPSC-derived 
cardiomyocytes, day 17 post differentiation, plated as single cells. Experiments were performed 
at room temperature. Recording pipettes were prepared using a DMZ puller and subsequently 
polished to a final resistance of 6–8MΩ for outside-out patches. Pressure stimuli were applied 
through the recording pipette via a High Speed Pressure Clamp (Ala Scientific). Cells were held 
at −60 mV and mechanical stimulation was performed using a blunt glass probe (tip size 3–4 
μm). Experiments in outside-out configurations were performed in symmetrical ionic 
conditions and in a divalent-free buffer. Solution ES was adjusted to pH 7.4 with the NaOH. 

3.2.8 RNA-Sequencing 
In this study, to investigate the impact of PIEZO1 deletion and differences in RNA expression 
in hiPSC-CMs, I generated total RNA (rRNA depleted) libraries and made use of polyA selected 
RNA-seq libraries, which had been previously prepared from extracted RNA from both the wt 

and ∆24-51 homo hiPSCs and hiPSC-CMs, day 30 post differentiation. 

3.2.8.1 PolyA+ RNA-seq 
In order to measure mRNA levels, polyA-selected RNA-seq datasets from 3 technical replicates 
per cell line (hiPSCs and hiPSC-CMs, both from the wt and genome edited cell lines) were 
generated by the Scientific Genomics Platform (MDC, Berlin). Total RNA from all cell lines 
was extracted and the RNA concentration and integrity (RIN) was assessed by using the Agilent 
RNA Nano 6000 kit. The concentration of the RNA for the library preparation was 200 pm. 
For the generation of the RNA-seq libraries the Scientific Genomics Platform used the TruSeq® 
Stranded mRNA Library Prep from Illumina according to manufacturer´s instructions. 

3.2.8.2 Reference genome and alignment of the reads 
The alignment and mapping of the raw reads to the reference human genome hg38/GRCh38 
was performed using the STAR (Spliced Transcripts Alignment to a Reference) aligner280 by 
Giannino Patone (Hubner lab, MDC, Berlin). 

3.2.8.3 DESeq2 Analysis 
Differential expression (DE) analysis was performed using the DESeq2281 R/Bioconductor 
package (https://bioconductor.org/packages/release/bioc/html/DESeq2.html). This approach 
models variability between samples employing a GLM (generalized linear model) that assumes 
read counts to be distributed following a negative binomial distribution (or gamma Poisson 
distribution). DESeq2 was employed in this study to discover significant differences (Bonferroni 
adjp ≤0.05) in transcription contrasting the wt and ∆24-51 PIEZO1 genome edited hiPSCs 

and hiPSC-CMs. The DESeq2 package automatically normalizes read counts within each 
comparison. For more information regarding the code see the supplementary section §7.3.1, 
page 122. 
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3.2.8.4 Gene ontology and Gene set enrichment analysis 
Gene ontology enrichment analysis was performed for the significantly differentially expressed 
genes against all genes using the gProfileR 282 R/Bioconductor package (https://cran.r-
project.org/web/packages/gProfileR/gProfileR.pdf). Gene set enrichment analysis was applied 
using the GAGE283 R/Bioconductor package as a widely used approach for gene expression data 
analysis based on pathway knowledge 
(https://bioconductor.org/packages/release/bioc/html/gage.html). For more information 
regarding the code see the supplementary section, see §7.3.2-3, pages 123 and 124. 
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4. Results 
Disclaimer: In part several colleagues have contributed to specific aspects of this study. Sebastian 
Diecke provided the wt hiPS cell line and reagents. S.Diecke and Narasimha Telugu provided their 
expertise on hiPSCs and genome editing. Oscar Sanchez-Carranza, (Lewin lab, MDC, Berlin) has 
contributed to the electrophysiological assays. Valentin Schneider-Lunitz provided his bioinformatics 
knowledge on the RNA-seq data analysis. 

4.1 Generation of a PIEZO1 genome edited hiPS cell line using the CRISPR-
Cas9 system 

4.1.1 Disruption of the PIEZO1 gene in hiPSCs by introducing a deletion in 
the C-terminal region  
Targeting strategy and design of the gRNAs  
Taken under consideration recent publications where it was demonstrated that gating properties 
of PIEZO1 lie in the C-terminal domain160, a pair of guide RNAs (gRNAs) was designed, single 
guide (sg) RNA1 and sgRNA2. These gRNAs bind in the start of exon 24 and 25 base pairs 
(bp) downstream of exon 51 in the 3´UTR of PIEZO1 respectively. This targeting strategy 
results in the generation of two distinctive double strand breaks, adjacent to exon 24 and the 
3´UTR, where a 12.118 bp deletion is created through NHEJ, including the C-terminal domain 
where lies the pore activity of the channel, (Figure 15). 

 

Figure 15: Schematic illustration overview of the genomic targeting design strategy of the C-terminal 
domain in PIEZO1. Using the CRISPR-Cas9 system and two guides RNAs (sgRNA1 and sgRNA2) the genomic 
region of PIEZO1 that encodes the C-terminal domain of the mechanosensitive channel PIEZO1 was targeted. 
The right side scheme illustrates as scissors, the cleavage sites where sgRNA1 and sgRNA2 direct Cas9 nuclease in 
order to create a deletion that includes the area between exon 24 and part of the 3´UTR of PIEZO1 (24-51), 
indicated with a black dotted line. 

4.1.2 Screening and selection of candidate hiPSCs 

4.1.2.1 PCR-based screening determines potential genome edited candidate clones 
Genomic PCR 
In order to determine whether the genomic targeting resulted in deletion of the C-terminal 
region, I applied four primer pairs designed to amplify, i) the genomic region corresponding to 
the potential new genomic region generated by NHEJ, occurring on the cleavage sites of the 
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sgRNA pair, ii) the targeted region of sgRNA1 and iii) the targeted region of sgRNA2 (Figure 
16). 
The amplified genomic region, spanning the two cleavage sites, generates a DNA amplicon that 
can be observed only upon successful genome editing and ligation of the two ends (Figure 16, 
a, c). This genomic amplification is indicative of a homozygous (from now on referred to as 
24-51) or a heterozygous (24-51 het) hiPSC clone for the 24-51 mutation, since the 
amplified genomic region in a wild type (wt) hiPS cell line corresponds to a 12.118 bp DNA 
amplicon that would not be observed in agarose gel electrophoresis. By analyzing the DNA 
amplicons from PCR 2 and 3, (Figure 16, b, d ), where the forward primer (F1) is designed to 
bind before the cleavage site of sgRNA1 and the reverse (R25 or R26) is designed to bind 
downstream of the cleavage site of sgRNA1 on exon 25 or 26 respectively, I was able to 
distinguish between 24-51 and 24-51 het hiPSC candidate clones, as DNA amplification 
from 24-51 hiPSCs would result to no product, while 24-51 het hiPSC candidate clones 
have one unedited allele and therefore would result in a PCR product. In addition, another 
amplification of the genomic region spanning the cleavage site of sgRNA2, (PCR 4, Figure 16, 
b, e), was performed, so as to give a complete overview of the genome editing in both sgRNAs 
target sites. In this amplification, the designed forward primer (F3) binds on the deleted region 
spanning exon 51, while the reverse primer (R1) binds on the 3´UTR downstream of the 
cleavage site of sgRNA2 and a DNA amplicon is expected on wt or 24-51 het hiPSC candidate 
clones (Figure 16, a, b, d ). 

 

Figure 16: PCR screening of genome edited PIEZO1 hiPSCs. After DNA extraction from selected single cell-
derived hiPSC colonies, four distinct genomic regions, were amplified, using different primer pairs, in compliance 
with the targeting strategy and where analyzed in an agarose gel electrophoresis. (a) This schematic illustrates the 
hybridization sites of four distinct primer pairs. Forward primer F1 and reverse primer R1 was applied for PCR 1,
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, F1 and R25 for PCR 2, , F1 and R26 for PCR 3, , and F3 and R1 for PCR 4, . (b) Combination of 
these four primer pairs results in four distinct PCR amplicons. (c) DNA electrophoresis of the different amplicons 
is illustrated, using the color code applied in (b) for each primer pair. From the selected genome edited hiPSC lines 
that are shown here, two potential homozygous (24-51 and 24-51 het) cell lines for the 24-51 deletion can be 
identified. In PCR 1 an expected band can be observed only upon successful genome editing and ligation of the 
two ends generated by Cas9 cleavage on the targeted sites of the sgRNA pair. (d) In PCR 2 and 3, the forward 
primer F1 binds outside of the cleavage site of sgRNA1 and, the reverse primers, R25 and R26, are binding on 
exons 25 and 26 respectively, therefore a band can be observed in either wild type (wt) or 24-51 heterozygous 
hiPSC clones. This agarose gel electrophoresis picture indicates a 24-51 homozygous (24-51) and a heterozygous 
(24-51 het) candidate hiPSC clone. (e) Same as previously, in PCR 4, an expected product can be visualized only 
in wt or 24-51 het hiPSC clones, as the forward primer F3 binds in the deleted genomic region, upon successful 
genome editing, while the reverse F1 binds outside of the cleavage site of sgRNA2, confirming the results observed 
in (c) and (d). The red arrows indicate the absence of a band in the 24-51 hiPSC candidate clone. 

This PCR screening process revealed several 24-51 het hiPSC clones where only one allele of 
PIEZO1 gene was affected (data not shown), but only one 24-51 hiPSC clone (Figure 16). 
The absence of more 24-51 hiPSC clones could be a result of the clone picking process, as it 
is a manual experimental process where the picked clones are randomly selected and in addition, 
hiPSC clones often fail to attach on the new culture vesicle. Moreover, this could be due to low 
targeting efficiency of the combination of the designed sgRNAs and the Cas9 protein, or this 
mutation was negatively selected by the targeted hiPSCs. Due to time limitations for this 
dissertation, downstream analysis was performed in this individual 24-51 hiPSC clone, 
although several studies highlight the advantage of using at least two distinctive clones with the 
desired mutation and it is within future directions of this project to identify an additional 24-
51 hiPSC clone. 

4.1.2.2 Evaluation of the genome editing modifications in hiPSC candidate clones by 
sequencing screening  
Sanger sequencing  
The 24-51 and 24-51 het hiPSC candidate clones, identified from the PCR-based screening 
process (Figure 16), were subsequently subjected for Sanger sequencing analysis. This procedure 
was performed in order to confirm the allele status and validate the suspected genomic 
modifications. 
For validation of the heterozygous allele status for the 24-51 het hiPSC candidate clone, all 
DNA amplicons (Figure 16, c, d, e ) where subjected for Sanger sequencing using the same 
primer pairs, as previously described, see §4.1.2.2. Indeed, the sequencing results (Figure 17, 
b) confirmed that in only one allele the genomic region spanning exon 24 and the 3´UTR was 
affected. It should also be mentioned that sequencing of the DNA amplicon from PCR 4 
revealed an additional deletion of 30 bp size on the cleavage site of sgRNA2, (Figure 16, e). 
Regarding the 24-51 hiPSC candidate clone, as it was demonstrated above in §4.1.2.2, the 
only amplification that resulted in a DNA amplicon was PCR 1 (Figure 16, c ), where the 
primer pair binds outside of the cleavage sites from sgRNA1 and sgRNA2. Sanger sequencing 
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confirmed the result from the PCR-based screen, revealing the ligation of the ends (Figure 17, 
a, b), as a result of the sgRNA guided cutting activity of Cas9, demonstrating successful genome 
editing of the PIEZO1 C-terminal region. The homozygosity was further confirmed by 
performing TOPO TA cloning on this region (data not shown). 

 

Figure 17: Sequencing screening of PIEZO1 genome edited candidate hiPSC clones. (a) Schematic illustration 
of primer pair (forward primer, F1 and reverse primer, R1) binding on the PIEZO1 gene for PCR 1 and expected 
sequence for wt and targeted allele. The scissors demonstrate the cleavage sites of the Cas9 protein guided by 
sgRNA1 (blue scissor) and sgRNA 2 (orange scissor). The red box represents the targeted genomic region, where 
the two ends would join due to the introduced DSBs at the cleavage sites (scissors). We could confirm the candidate 
homozygous and heterozygous hiPSCs lines for the ∆24-51 deletion. (b) Representative sequencing chromatograms 
of the selected candidate clones after performing Sanger sequencing. The arrows highlight the genomic area where 
the two ends are joining (red box). 

Due to time limitations for this dissertation further characterization was performed only on the 
24-51 hiPSC clone, but in the future it would be interesting to conduct further analysis on the 
24-51 het hiPSC clone as well. 

4.2 Characterization of the PIEZO1 genome edited hiPS cell line (Δ24-51 
hiPSCs) 
4.2.1 Evaluation of genome editing at the mRNA level 
In order to investigate the impact of genomic deletion of the C-terminal domain at mRNA level, 
the PCR-based assay was repeated using as template complementary DNA (cDNA) from the 
24-51 hiPSC clone. The primer pairs that were used for PCR 2 and 3, (Figure 18 b, see also 
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§4.1.2.2), bind on the exonic region, spanning exon-intron junction, therefore a smaller size 
product is expected, compared to the genomic PCR. The results from the DNA electrophoresis 
after cDNA amplification, illustrated in Figure 18 c and d, confirm that the genomic 
modification in the 24-51 hiPSCs is maintained at transcriptional level, as a lack of amplified 
PCR product is observed on the 24-51 hiPS cell line sample. 

 

 

 

 

 

 
 

 

 

 

 

 

Figure 18: Evaluation of genome editing on the 24-51 hiPS cell line at transcriptional level. (a)  cDNA 
from the genome edited cell lines is used as a PCR template to investigate the impact of genomic modifications at 
mRNA level (b) Schematic representation of the primers binding sites on the PIEZO1 gene. The scissors (blue) 
indicate the cleavage site of sgRNA1. E stands for exon, intr for intron, F1: Forward primer 1, R25: Reverse primer 
binding on exon 25, R26: Reverse primer binding on exon 26. (c) Example image of agarose gel electrophoresis 

after amplification (PCR ) using the primer pair F1-R25. The size difference on the product between the 
genomic and the cDNA PCR is due to the intronic region that is absent on the cDNA template. The lanes 
corresponding to the 24-51 hiPSCs, using as a template both genomic DNA and cDNA, show no product, since 
the reverse primer (R25) binds on exon 25 and this region has been deleted via genomic targeting. (d) Similarly, 

example image of agarose gel electrophoresis after amplification (PCR ) using the primer pair F1-R26 shows 
absent of product on the lanes corresponding to the 24-51 hiPSCs. 

4.2.2 Evaluation of pluripotency state after genome editing 
4.2.2.1 Immunocytochemistry staining for pluripotency markers OCT4 and SSEA1 

In order to assess the pluripotency state of the genome edited 24-51 hiPS cell line, 
immunocytochemistry analysis was applied for the pluripotency protein markers SOX-2, SSEA-
4 and TRA-1-60. Immunostaining analysis has shown that the genome edited hiPSCs exhibited 
no differences in their immunostaining patterns compared to the wt. This demonstrated that 
the expression profiles of the pluripotency markers were not altered due to genomic editing and 
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the 24-51 hiPS cell line retained its pluripotency state. Subsequently, this genome edited cell 
line was used for downstream characterization. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19: Immunostaining analysis of pluripotency markers. Immunocytochemistry assays in the 24-51 hiPS 
cell line (24-51) in comparison with the non-genome edited hiPSCs (wt). Normal expression of hiPSC 
pluripotency markers SSEA4, TRA-1-60 and SOX2 was maintained in the selected genome edited hiPSC line. 
That confirms unaltered pluripotency state in the genome edited hiPSCs after genome editing. Here selected images 
from the wt and the 24-51 hiPSC line are demonstrated. 

4.2.2.2 Karyotype analysis 
To investigate whether if the genomic editing had an impact on chromosomal integrity of the 
24-51 hiPS cell line, karyotype analysis was performed. After DNA was extracted from the 
24-51 hiPSCs, it was submitted for sequencing using the Illumina platform and the OMNI-
EXPRESS-8v1.6 Chip. 

Figure 20: Digitalized karyotype image of 
the 24-51 hiPS cell line. Schematic 
representation of all chromosomes of the 
24-51 hiPS cell line. This digitalized 
karyotype shows that the chromosomal 
integrity of the 24-51 hiPS cell line is 
maintained. The genomic deletion 24-51 
in the PIEZO1 gene did not have an impact 
in any other genomic loci. 
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Digital karyotyping analysis was performed by applying the Karyostudio 1.3 software and has 
shown that the genome edited hiPSCs were euploid and no chromosomal aberrations were 
observed. Therefore, the genomic deletion 24-51 did not interfere with the chromosomal 
organization of the 24-51 hiPSCs. Karyotyping of the wt hiPS cell line was performed in 
parallel as a positive control (data not shown). 

4.2.2.3 Assessment of the pluripotency state by directed differentiation into all three germ 
layers  
An additional functional assay was performed to assess the potency ability of the genome edited 
24-51 homo hiPS cell line to differentiate into the three germ layers: ectoderm, mesoderm and 
endoderm. The StemMACS™ Trilineage Differentiation Kit enables directed differentiation 
combined with immunofluorescence or flow cytometric analysis (FACS), here FACS was 
performed. The 7 days protocol allowed the functional characterization of the genome edited 
hiPS cell line to ensure that the genome editing modification did not interfere with the 
pluripotency ability of these cells. Both the wild type (wt) and the genome edited hiPS cell lines 
were differentiated and analyzed in parallel, using the wt as a positive control (Figure 21 a). 
The flow cytometric analysis has shown that the genome edited 24-51 hiPS cell line could 
successfully be differentiated into all three germ layers. Lineage-specific markers were applied 
for each germ layer and showed positive FACS results (Figure 21 b). CD140b and CD144 were 
applied for mesoderm, while Sox2 and Pax6 were applied for ectoderm and Sox17 and CD184 
for endoderm. 

 

Figure 21: Quantitative analysis of the trilineage differentiation of the wt and 24-51 hiPS cell lines. Both 
cell lines were differentiated into ectoderm, mesoderm, and endoderm using the StemMACS™ Trilineage 
Differentiation Kit. On day 7, the differentiation cultures were analyzed by flow cytometry enrichement for lineage-
specific markers. (a) FACs analysis for the wt hiPS cell line and quantitative barplot of the percentages of the 
positive cells enriched for mesoderm-, endoderm- and ectoderm-specific markers, CD140b/CD144, Sox17/CXR4 
and Sox2/Pax6 respectively. (b) The same analysis was applied for the ∆24-51 hiPS cell line. The FACs data show 
that the genomic modification did not have an impact on their pluripotency state and their ability to differentiate 
into all three germ layers. 
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4.2.3 Gene expression analysis in 24-51 homozygous hiPSCs 

Poly-A RNA-sequencing and differential gene expression (DE) analysis  
Further characterization of the transcriptomic profile of the genome edited 24-51 homozygous 
hiPSCs (24-51 hiPSCs) was achieved by performing RNA-sequencing and differential gene 
expression analysis. The mRNA-sequencing libraries were prepared after collection and RNA 
extraction of three samples (different cell passage) from the wt hiPSCs and three from the 24-
51 hiPSCs. Paired-end RNA-sequencing was applied and the resulting RNA-seq reads were 
aligned to the human genome (GRCh37/hg19) using the STAR alignment tool280. By 
generating a heatmap of the normalized FPKM (Fragments Per Kilobase of transcript per 
Million mapped reads) values of known stem-cell specific gene markers it can be observed that 
both the wt and 24-51 hiPSCs exhibit similar expression patterns for these genes (Figure 22 
a). Thus, the 24-51 genomic deletion does not alter the genome-wide expression profile of the 
24-51 hiPSCs. By plotting the Euclidean distance, taken into account all expressed genes with 
FPKM >1, between wt and 24-51 hiPSCs RNA-seq library samples, it was visible that there is 
no distinct clustering (Figure 22 b). 

 

Figure 22: Transcriptome analysis of the 24-51 homozygous (24-51) hiPS cell line. (a)  Expression profile 
heatmap of selected known stem cell gene markers in the wt and 24-51 hiPS cell lines. The color scale refers to 
normalized FPKM values. (b) Pairwise Euclidean distance plot for all the hiPSC samples, wt and 24-51. (c) 
Volcano plot showing the statistical significance (FDR< 0.05) versus magnitude of change (log2fold change >1.5) 
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of all expressed genes in the wt versus 24-51 hiPSCs. (d) Expression profile heatmap of top 20 differentially 
expressed genes in the wt versus 24-51 hiPSCs. The color scale refers to log transformed normalized counts. 

The wt and 24-51 hiPSCs do not cluster in different groups and in addition, wt hiPSC_03 
appears to be more distant towards all the other samples, both wt and 24-51 hiPSCs (Figure 
22 b). Differential gene expression analysis by using the DESeq2281 model revealed 54 
differentially expressed (DE) genes, where no stem-cell specific genes seem to be affected (Figure 
22 c). By generating an expression profile heatmap of the top 20 DE genes, it appears that 
although wt hiPSC_03 sample is more distant to wt hiPSC_01 and wt hiPSC_02 (Figure 22 
b), this is corrected by the DESeq2 model. As a next step, I performed gene ontology (GO) 
terms enrichment analysis using the gProfileR tool282. There was no significant enrichment for 
any sets of genes. This can be due to the reason that hiPSCs have specific gene expression 
signatures that are not affected by the PIEZO1 24-51 genomic deletion. 

4.3 Functional analysis of PIEZO1 genome edited hiPSC-derived 
cardiomyocytes 
4.3.1 PIEZO1 genomic edited hiPSCs can successfully differentiate into beating 
cardiomyocytes 
To investigate the functional role of PIEZO1 in cardiomyocytes (CMs), the genome edited 24-
51 hiPSCs were differentiated into CMs using a directed differentiation method that yields a 
high percentage of ventricular-like CMs (as previously described, see §3.2.7). After 11 days of 
differentiation, a widespread spontaneous beating activity of the differentiation cultures of 24-
51 hiPSCs was observed, a typical characteristic of functional CMs (hereafter referred to as 24-
51 hiPSC-CMs). Both wt and 24-51 hiPSCs showed comparable cardiomyocyte 
differentiation capacities. This indicates that deletion of PIEZO1 C-terminal domain in 24-
51 homo hiPSCs does not interfere with differentiation towards the cardiac lineage. This 
observation is in agreement with the previously performed assays (see §4.2.2.1 and 4.2.2.3 ), 
where it was confirmed that the pluripotency state of the 24-51 hiPSCs was not affected. 
 

Figure 23: Timeline of 
directed differentiation of 
24-51 homo hiPSCs into 
cardiomyocytes. The selected 
genome edited hiPSCs as well as 
the wt hiPSCs have been 
differentiated into beating 
cardiomyocytes under 
chemically defined conditions. 
The hiPSCs were cultured in 
medium where chemical 
compounds were added timely 
to inhibit different 
developmental pathways, as 
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illustrated in the timeline schematic, in order to promote the induction of mesoderm and cardiac lineage. Here a 
selected microscopic image is shown for the 24-51 hiPS cell line, (Scale bar 1000 uM). 

Further characterization of the genome edited hiPSC-CMs follows in order to address the 
functional role of PIEZO1 in in vitro generated cardiomyocytes and the impact of the deletion 
of C-terminal domain in cardiac physiology. 

4.3.2 Characterization of PIEZO1 genome edited hiPSC-derived 
cardiomyocytes (∆24-51 hiPSC-CMs) 
4.3.2.1 Immunocytochemistry staining assay for cardiomyocyte-specific protein markers 

To further characterize the 24-51 hiPSC-derived cardiomyocytes, immunostaining analysis 
was performed by applying antibodies against known cardiac-specific markers. The Human 
Cardiomyocyte Immunocytochemistry Kit (Invitrogen™, ThermoFisher Scientific) was applied 
to the 24-51 hiPSC-derived cardiomyocytes on day 30 post differentiation (d30). The same 
staining kit was applied in parallel to the wt hiPSC-derived cardiomyocytes d30 as a positive 
control. Immunocytochemistry staining for the cardiac-specific structural protein cardiac 
troponin T, TNNT2 and cardiac-specific transcription factor, Nkx.2.5, revealed positive 
staining on the 24-51 hiPSC-CMs. Regarding this particular staining patterns no noticeable 
difference was observed between the wt and genome edited hiPSC-CMs. 
In general, it has been reported in several studies that hiPSC-derived cardiomyocytes adopt a 
more immature phenotype compared to adult cardiomyocytes. Indeed, the generated hiPSC-
derived cardiomyocytes, both wt and 24-51, exhibited a rather more round shape compared 
to the typical rod-shaped adult human cardiomyocytes. This analysis did not reveal any impact 
of the 24-51 deletion on the structural organization of the generated hiPSC-CMs. 

 

 

 

 

 

 

Figure 24: Immunostaining analysis of cardiac-specific markers. Selected images from both cell lines are 
demonstrated from immunocytochemistry assays in the non-genome edited hiPSC-CMs (wt hiPSC-CMs) 
and24-51 hiPSC-CMs. Normal expression of cardiac-specific markers, the cardiac troponin, TNT2, and the 
homeobox protein Nkx-2.5 was observed in both wt and genome edited hiPSC-CMs. Zoom into the sarcomere 
organization shows normal distribution of cardiac troponin. 

4.3.2.2 Assessment of electrophysiological properties of PIEZO1 in the 24-51 hiPSC-
CMs 
∆24-51 hiPSC-CMs show non-responsiveness upon stimulation with PIEZO1 activator Yoda1  
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Calcium signaling is crucial for proper cardiac function as it regulates the electrical-mechanical 
coupling of cardiac cells. It is known that PIEZO1 is a stretch-activated non-selective cation 
channel and therefore permeable to calcium. Moreover, previous studies have shown that 
PIEZO1 is activated by Yoda1 and exhibited an increase in Ca2+ signal upon stimulation with 
Yoda1115. PIEZO1 has been shown to be lowly expressed in heart muscle, nevertheless it could 
serve as a candidate for cardiac SAC, activated upon mechanical load. Using calcium imaging 
experiments, in collaboration with Oscar Sanchez-Carranza, (Lewin lab, MDC, Berlin), we 
asked whether hiPSC-CMs are expressing PIEZO1 channel and if genomic deletion of the C-
terminal domain has an impact in PIEZO1 function in the 24-51 hiPSC-CMs. Both the wt 
and 24-51 homo hiPSC-CMs were loaded with the Fluo8-AM calcium-sensitive dye and cells 
were perfused with the PIEZO1 activator Yoda1 (10 uM). The wt-hiPSC-CMs exhibited an 
increase in Ca2+ signal when treated with Yoda1 (Figure 25, a, b,  left panel). On the contrary, 
the 24-51 hiPSC-CMs were not responsive upon Yoda1 stimulation (Figure 25, a, b,  right 
panel). Following Yoda1 washout, both cell lines were then perfused with ruthenium red (RR), 
(10 uM), a Ca2+ signaling inhibitor284 and all cells demonstrated decrease in Ca2+. After washout 
with extracellular solution (ES), (see composition in §3.2.7.1), all analyzed cells exhibited an 
increase in Ca2+ signal when treated with ionomyocin (1uM), a known Ca2+ ionophore285 applied 
to raise intracellular Ca2+ levels. 

 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 25: Calcium imaging in hiPSC-CMs. Relative Ca2+-sensitive fluorescence time course in hiPSC-CMs, 
day 17 post differentiation. Cells were pre-loaded with the Ca2+ responsive dye, Fluo8-AM and incubated for 1h at 
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37°C. (a) During recording under epifluorescence excitation both the wt hiPSC-CMs and 2451 hiPSC-CMs, day 
17 post differentiation, were washed with 10 µM Yoda1, consequently washed with ruthenium red, 10 uM, then 
normal extracellular solution (ES) and ionomyocin (iono), 1uM, as indicated by the black arrows. Flourometric 
calcium imaging of hiPSC-CMs response and consequently comparative analysis shows that the 2451 hiPSC-
CMs were unresponsive to Yoda1 compared to the wt hiPSC-CMs. (b) Representative images, show the 
epifluorescence excitation of the hiPSC-CMs response to Yoda1, RR, ES and ionomycin, from both the wt hiPSC-
CMs (left panel) and 2451 hiPSC-CMs (right panel)  

These data suggest that PIEZO1 is expressed and active in the membrane of wt hiPSC-CMs but 
not in genome edited 24-51 hiPSC-CMs. Further investigation of PIEZO1 function in 
hiPSC-CMs will follow in order to address its mechanosensitive role in human cardiomyocytes 
in vitro. 
Single-cell patch-clamp recordings of mechanosensitive currents in the ∆24-51 hiPSC-CMs 

PIEZO1 has been shown to mediate mechanically gated ion currents in several cell types, such 
as neuronal, endothelial, urothelial cells, erythrocytes and others152. Although PIEZO1 has been 
shown to be expressed in cardiac cells, its functional role in cardiomyocytes has not been 
identified so far. To address the presence of PIEZO1 in hiPSC-CMs, we performed single-cell 
outside out pressure patch clamp studies in collaboration with Oscar Sanchez-Carranza (Lewin 
lab, MDC, Berlin). It is known that many cell-types exhibit stretch-activated currents when 
pressure-stimuli are applied to membrane patches. Using high-speed pressure-clamp (HSPC) 
on outside-out patches, we identified the presence of stretch-activated currents in wt hiPSC-
CMs (Figure 26, a, c), resembling previously observed native PIEZO1 mechanosensitive 
recordings from human chondrocytes115. Similar recordings in the 24-51 hiPSC-CMs revealed 
absence of this current at negatives and positive voltages, (Figure 26 a, c ). The stimulus-
response analysis, as illustrated in Figure 26 b, d, revealed that the wt hiPSC-CMs exhibit 
pressure-generated mechanosensitivity compared to the 24-51 hiPSC-CMs that showed no 
response. The wt hiPSC-CMs show similar P50 values to that observed in native PIEZO1 
currents in chondrocytes115. Taken into consideration the observations above and the absence 
of stretch-activated channels in the 24-51 hiPSC-CMs, these data suggest that PIEZO1 might 
be activated and responsible for the mechanosensitive currents detected in the wt hiPSC-derived 
cardiomyocytes. 
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Figure 26: Stretch-activated currents in hiPSC-CMs. (a) Representative traces from recordings of stretch-
activated currents at negative voltages from outside-out patches pulled from the wild type (wt) hiPSC-CMs, day 
17 after differentiation (d17), (upper panel) and 24-51 hiPSC-CMs, d17, (lower panel). (b) Stimulus-response 
curve of pressure-gated currents, demonstrated in (a), in the wt hiPSC-CMs d17, (blue) and 24-51 hiPSC-CMs 
d17, (red), normalized to maximal amplitude measured for each sample. (c) Representative traces from recordings 
of stretch-activated currents at positive voltages from outside-out patches from both wt (upper panel) and 24-51 
hiPSC-CMs, d17 (lower panel) (d) Stimulus-response curve of pressure-gated currents, demonstrated in (c), in the 
wt hiPSC-CMs d17, (blue) and 24-51 hiPSC-CMs d17, (red), normalized to maximal amplitude measured for 
each sample. (Data are displayed as mean ± s.e.m., n = 4 wt, 3 24-51). 

4.3.2.3 Differential gene expression analysis in 24-51 hiPSC-CMs 
Comparative transcriptome analysis between hiPSCs and hiPSC-derived cardiomyocytes 
Morphological and immunofluorescence analysis (Figure 24) has shown that the PIEZO1 24-
51 hiPSCs could successfully differentiate into beating cardiomyocytes. In order to further 
characterize the transcriptomic changes upon the PIEZO1 24-51 genomic deletion, RNA-
sequencing analysis was performed. The RNA-sequencing and analysis was applied in a set of 3 
samples (replicates) for each of the following cells lines: wt hiPSCs, 24-51 hiPSCs, wt hiPSC-
CMs d30 and 24-51 hiPSC-CMs d30. Both the wt and 24-51 hiPSCs samples were collected 
from 3 different cell passages. These hiPS cells were split in different culture vessels and were 
consequently used for the differentiation protocol. The differentiation into the cardiac lineage 
was performed in 3 distinct batches for both the wt and 24-51 hiPSCs, thus the RNA-seq 
analysis was carried out in technical replicates. Paired end RNA-sequencing was applied and the 
resulting RNA-seq reads were aligned to the human genome (GRCh37/hg19) by using the 
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STAR alignment tool280. To assess the successful differentiation of hiPSCs into the cardiac 
lineage of both the wt and 24-51 homo hiPSC-CMs, an expression profile heatmap of selected 
known cardiac marker genes was generated (Figure 27 a ). The expression of cardiac-specific 
genes as well as marker genes associated to endothelial cells, fibroblasts and stem cells was 
quantitated by normalized FPKM values. Known cardiac-specific genes are expressed in both 
the wt and PIEZO1 24-51 hiPSC-CMs and no significant difference was observed in the gene 
expression patterns for these genes (Figure 27 a). 

 

Figure 27: Comparative transcriptome analysis of hiPSCs and hiPSC-derived cardiomyocytes. (a)  Expression 
profile heatmap of specific gene markers for cardiomyocytes, endothelial cells, fibroblast and stem cells in the wt 
and 24-51 homo hiPS cell lines. The color scale refers to normalized FPKM counts. (b) Pairwise Euclidean 
distance plot for all the hiPSC and hiPSC-CM samples, wt and 24-51. (c) Volcano plot showing the statistical 
significance (FDR< 0.05) versus magnitude of change (log2fold change >1.5) of all expressed genes in all the hiPSC 
samples (wt and 24-51) versus all the hiPSC-CM samples (wt and 24-51). 

Furthermore, the expression of gene markers for endothelial cells and fibroblasts remains low or 
zero (Figure 27 a). This indicates that the metabolic-based selection, applied for the purification 
of the cardiomyocytes population, was successful. By plotting the Euclidean distance between 
hiPSCs and hiPSC-CMs RNA-seq library samples, it was visible that these are two distinct cell 
populations (Figure 27 b). HiPSCs, both wt and 24-51, are clustering together, while hiPSC-
CMs, wt and 24-51, cluster in a separate group (Figure 27 b). In addition, differential gene 
expression analysis using the DESeq2 method281 was applied. Originally, the RNA-sequencing 
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and alignment with the human genome resulted in a total number of 56.000 genes. For the 
differential gene expression analysis only 17.218 genes with FPKM>1 were used and the rest 
were filtered out. The comparison between hiPSCs (wt and 24-51) and hiPSC-CMs (wt and 
24-51) revealed 11.955 differentially expressed genes with log2foldchange > 1.5 and FDR< 
0.05, as visualized in a volcano plot (Figure 27 c). Cardiac-specific genes, such as cardiac 
troponin (TNNT2) and cardiac-lineage transcription factor GATA4, are significantly 
upregulated in the hiPSC-CMs (both wt and 24-51), while stem cell specific genes, i.e. POUF5 
and ESRG are downregulated (Figure 27 c ). The above transcriptome analysis has shown that 
all hiPSC-CMs samples exhibit characteristic cardiac lineage expression patterns when compared 
to the hiPSCs samples. Therefore, the genomic editing in the 24-51 hiPSC-CMs did not seem 
to interfere with neither differentiation into the cardiac lineage, nor the cardiac-specific gene 
expression profile. 
Transcriptome and differential gene expression analysis of the wt and 24-51 hiPSC-derived 
cardiomyocytes 
To characterize the impact of the genomic deletion of the PIEZO1 gene and genome-wide gene 
expression changes in hiPSC-derived cardiomyocytes I performed differential gene expression 
analysis. Paired-end RNA-seq, using the Illumina platform, yielded approximately from 35-65 
million reads for each cell sample. As mentioned previously, the differentiation into the cardiac 
lineage was performed in 3 independent batches for both the wt and 24-51 hiPSC lines. Each 
differentiation batch was initiated for both cell lines in parallel. All the hiPSC-CMs samples 
were collected sequentially from each batch in d30 of the differentiation protocol (§3.2.7) and 
proceeded with RNA extraction. In total, 14.880 genes were expressed (FPKM>1) in the hiPSC-
CM samples. By plotting the Euclidean distance, taken into account all expressed genes, between 
wt and 24-51 hiPSC-CMs RNA-seq library samples, it was visible that one of the wt hiPSC-
CM samples, wt hiPSC-CM_02, was not clustering with the rest of the wt hiPSC-CM samples 
(Figure 28 a ). In addition, it can be observed that the wt hiPSC-CM_01 and wt hiPSC-CM_03 
samples and the 24-51 hiPSC-CM_02 and 24-51 hiPSC-CM_03 samples form separate 
groups, but the clustering is not that pronounced (Figure 28 a). It should be mentioned that 
variation in the degree of cardiac differentiation and maturation existed in our samples and 
needs to be accounted for in the differential expression analysis. It is also worth mentioning that 
heterogeneity in cardiac induction is a rather common issue that has been discussed previously 
not only for our protocol, but also for others204, and the usage of multiple iPSC clones/lines 
from the same individuals has been suggested. Differential gene expression analysis to compare 
the wt and 24-51 hiPSC-CMs was performed using the DESeq2 model281. The comparison 
between the wt and 24-51 hiPSC-CMs revealed 257 differentially expressed genes with 
log2foldchange>1.5 and FDR<0.05, as visualized in a volcano plot (Figure 28 b). The 24-51 
genomic deletion, as previously described, does not interfere with the expression of known 
cardiac genes (Figure 24 and 27 a). The expression of essential cardiac genes, such as TTN and 
MYH7 remains unaltered, as highlighted in the volcano plot (Figure 28 b). The expression 
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profile heatmap of the log transformed normalized counts of the top 20 differentially expressed 
(DE) genes revealed that several ECM genes, such as collages genes, i.e. COL22A1, the gap 
junction gene GJA4 and the ECM glycoprotein encoding gene, EMILIN1, exhibit 
downregulated expression in the 24-51 hiPSC-CMs (Figure 28 c). In order to discover if there 
are specific sets of genes affected by the PIEZO1 24-51 genomic deletion, I applied gene 
ontology (GO) term enrichment analysis. The GO enrichment analysis was performed using 
the gProfileR tool282 and indeed it revealed enriched GO terms associated with extracellular 
matrix (ECM), such as ECM organization and collagen-containing ECM (Figure 28 d, 
Supplementary Table 4 ). These GO terms were significantly downregulated in the 24-51 
hiPSC-CMs when compared to the unedited wt hiPSC-CMs (Supplementary Table 5 ). This 
indicates that there might be an implication of the PIEZO1 gene in extracellular matrix 
organization in hiPSC-CMs. Other enriched GO terms were developmental process and system 
development. 

 

Figure 28: Differential gene expression analysis in the wt and 24-51 hiPSC-derived cardiomyocytes. (a)  
Pairwise Euclidean distance plot for the wt and 24-51 hiPSC-CM samples. (b) Volcano plot showing the 
statistical significance (FDR< 0.05) versus magnitude of change (log2fold change >1.5) of all expressed genes in 
the wt versus 24-51 hiPSC-CM samples. (c) Expression profile heatmap of the top 20 DE genes in the wt versus 
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24-51 hiPSC-CMs. The color scale refers to log transformed normalized counts. (d) Top 10 enriched GO terms 
in the wt versus 24-51 hiPSC-CMs, showing a strong enrichment for extracellular matrix-related terms. 

Nevertheless, these are broad GO terms and do not allow for further interpretation. In order to 
narrow down these broad GO terms I applied the web-based GO tool Gorilla286,287. By providing 
the ranked gene list of the 257 DE genes, from higher to lower significance, this tool allowed 
visualization of narrower (child) GO terms related to the broad (parent) GO terms. For example, 
the GO term developmental process revealed the narrower GO terms blood vessel development 
and angiogenesis. This is consistent with previously published literature, as PIEZO1 is a known 
mediator of vascularization and angiogenesis in endothelial cells153,156. 
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5. Discussion 
5.1 The mechanosensitive channel PIEZO1 in hiPSCs 
5.1.1 Disruption of the PIEZO1 gene in hiPSCs by genome editing 
To assess the functional role of the mechanosensitive channel PIEZO1, I generated a PIEZO1 
genomic knockout hiPS cell line using the CRISPR-Cas9 genome editing system. Current 
methods rely on heterologous expression of ion channels to address their functional 
properties117,288. Observations of mechanosensitive channel currents in a heterologous expression 
system is an important criterion to classify a channel as mechanosensitive288. Nevertheless, 
channel expression levels in transient or stable transfection systems is not always so easy to 
control289. In addition, transfection methods in cardiomyocytes are not yet established290, 
making it difficult to study a cardiac mechanosensitive channel in its cell type of origin. The use 
of the hiPSC model system offers the great advantage to introduce genetic perturbations, such 
as the deletion of a gene encoding a mechanosensitive channel, followed by the differentiation 
of the knockout hiPS cell line into the tissue of interest. This system allowed for the generation 
of PIEZO1 knockout hiPS cell line and studying its electrophysiological properties in hiPSC-
derived CMs in its native environment. This strategy has been applied previously to gain new 
insights into native cardiac channels233 and channelopathies99,235,291,292. 
PIEZO1 is a large polymodal channel with multiple transmembrane domains160,161. The 
function of the C-terminal domain has been recently described by Coste et al.160, highlighting 
its role on the channel´s gating properties. In this study I deleted the PIEZO1 gene exons 24-
51 (24-51), which entails PIEZO1-domains that contribute to the pore formation, including 
its C-terminus. Based on the open reading frame predictions (data not shown), the resulting 
protein is unlikely to form a functional PIEZO1 protein. The disruption of the PIEZO1 gene, 
did not affect the pluripotency state of the 24-51 hiPSCs, as indicated by maintained 
pluripotency marker expression (Figure 19). Moreover, the 24-51 genomic deletion did not 
have an impact in early differentiation into any of the three germ layers, consistent with what 
has been observed by in mouse embryonic stem (mES) cells that lack Piezo1293. Given the 
maintained pluripotent state and insignificant gene expression changes comparing the wt and 
24-51 homozygous hiPSCs it is suggested that PIEZO1 may not be essential for hiPSCs 
homeostasis. However, a specific function in hiPSC cannot be excluded, since PIEZO1 has been 
shown to be implicated in lineage choice in neural stem cells157. In the future it would be also 
interesting to address the PIEZO1 channel activity in hiPSCs, yet the focus of this dissertation 
remains on the cardiac PIEZO1 channel. 
Besides our focus on PIEZO1 implication in the normal function of cardiac cells, PIEZO1 is 
crucial for normal angiogenesis294 and vascularization153,156 and its role in endothelial cells has 
been previously studied47,295. However, it is unknown whether if the 24-51 genomic deletion 
alters the ability of hiPSC-derived endothelial cells to align under shear stress. This would 
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require additional experimental procedures in order to address the impact of the 24-51 
genomic deletion in the endothelial PIEZO1 channel. 
Although these previously discussed findings appear to be consistent, they are currently based 
on a single homozygous PIEZO1 24-51 hiPS cell line. In general, sgRNA-guided Cas9 cut 
events happen stochastically, and in case of multiple sgRNAs, with a higher likelihood to be 
generated sequentially compared to simultaneously296. The lack of a selection marker, such as a 
drug-resistance gene, increases further the false positive rate and hence the number of colonies 
to screen. In order to confirm that the impact of the 24-51 deletion is not restricted to only 
one clonal cell line or this specific hiPS cell line, we are working on achieving another single 
cell-derived cell line carrying the same deletion. In addition, more efficient strategies may be 
applied in the future to generate multiple independent homozygous and heterozygous PIEZO1 
genome edited hiPS cell lines to substantiate our findings. 

5.1.2 Impact of PIEZO1 genomic disruption on the global gene expression of 
the ∆24-51 hiPSCs  
RNA-sequencing (RNA-seq) and differential gene expression (DE) analysis allows gaining 
information regarding the transcriptional landscape of different biological samples and to 
identify differences in transcriptomic programs between conditions. 
In this study, I performed transcriptome profiling using RNA-seq and compared the global gene 
expression programs between the wild type (wt) hiPSCs and PIEZO1-24-51 hiPSCs. Sequence 
analysis confirmed the homozygous deletion of exons 24-51 in the PIEZO1 transcript specific 
to the 24-51 hiPSCs samples indicated by a complete loss of sequencing reads mapping to 
these genomic regions (data not shown). In order to address the impact of the PIEZO1 gene 
deletion in the global gene expression of hiPSCs, I applied differential gene expression analysis. 
The comparison between the wt and 24-51 homo hiPSCs transcriptomic profiles revealed a 
small set of 54 differentially expressed (DE) genes. Although Gene Ontology (GO) analysis 
revealed two slightly enriched GO terms (endoplasmic reticulum lumen transcription and factor 
NF-Y motif NCTGATTGGGYTASY: molecular class 1), these enriched gene sets were not 
statistically significant. This suggests that loss of a functional PIEZO1 channel might not have 
a global impact on hiPSCs homeostasis. Nevertheless, individual genes among the top20 DE 
genes may play an important role for hiPSC biology. For example, genes, SLC2A14 and 
SLC15A4, belonging to the Solute Carrier (SLC) protein superfamily, and the gene SYT7, 
encoding the membrane trafficking regulatory and Ca2+-sensor protein synaptotagmin 7. These 
membrane-associated genes are downregulated in the 24-51 hiPSCs implying that PIEZO1 
might be important for membrane trafficking in hiPSCs. Up to date there is little known of the 
identity of the membrane components that regulate the PIEZO1 activity. The SLC protein 
family consists of transporter proteins that facilitate the movement of different molecules 
(solutes),e.g. nutrients, ions, peptides, sugars, fatty acids, across the cell membrane297. Recent 
published data show that PIEZO1 gating in N2A cells is regulated by fatty acids 298. In addition, 
the interaction of SLC proteins with other ion channels, such as KCNQ1, has been previously 
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described299. In particular, it has been suggested that KCNQ1 mediates the iodium ion uptake 
in thyroid, most likely by facilitating the activity of the SLC5A5 molecule300. All the above might 
be an indication of the relationship between the composition of the plasma membrane and the 
transporter-PIEZO1 channel interactions. 
In general, the 24-51 genomic deletion did not appear to have an impact in the expression of 
known stem cell genes. This observation is consistent with previous experimental data shown in 
this dissertation, such as the immunofluorescence and trilineage differentiation assays (Figure 
19 and 21). In agreement to that observation, previously published data in PIEZO1 knockdown 
mES cells293 have shown minimal changes in pluripotency or differentiation in vitro compared 
to wild type cell lines. HiPSCs are unspecialized cells and their main function lies on their 
pluripotency ability. Therefore, PIEZO1 activity might be more crucial in differentiated cell 
types that mechanical response and mechanosensation are more important for normal cell 
function. 

5.2 The mechanosensitive channel PIEZO1 in hiPSC-derived cardiomyocytes 

As mentioned previously, the mechanosensitive channel PIEZO1 has been shown to be 
expressed and have a functional role in different cell types301, including cardiac cell 
populations302. For example, PIEZO1 can mechanically determine the lineage-choice in 
neuronal stem cells157. PIEZO1 gain-of-function mutations in red blood cells can cause 
xerocytosis158, a severe blood cell disease, highlighting its role in regulation of red blood cell 
volume. In addition, Piezo1 is required for spatial organization of endothelial cells153,156, and the 
remodeling of vascular smooth muscle cells during hypertension165. Specifically, a potential role 
in cardiac mechanosensation has been described in the adult human ventricular cardiomyocyte 
16 AC16 cell line137 under mechanical stretching. Supporting evidence from Liang et al. has 
shown that expression of Piezo1 is up-regulated in a heart failure model in neonatal rat 
ventricular cardiomyocytes138. Nevertheless, there are yet no published data exhibiting its 
electrophysiological properties in cardiomyocytes or its direct contribution to cardiac 
mechanotransduction. 
The present study provided experimental evidence of the expression of mechanosensitive ion 
channels in hiPSC-derived cardiomyocytes, and showed that PIEZO1-dependent mechanically 
activated currents can be recorded in these cells. 

5.2.1 PIEZO1-dependent calcium transients in hiPSC-CMs 
To characterize the native channel activity in hiPSC-derived cardiomyocytes I collaborated with 
Oscar Sanchez-Carranza, (Lewin lab, MDC, Berlin). Firstly, we compared the calcium handling 
properties of the wt and 24-51 hiPSC-CMs. By performing live calcium imaging assays we 
were able to observe changes in calcium transients in live beating wt hiPSC-CMs. However, 
cardiac calcium influx is regulated by various calcium channels303, such as the L-type calcium 
channels 82. To validate the functional presence of the PIEZO1 channel, we challenged the wt 
hiPSC-CMs with a small synthetic molecule named Yoda1, a known PIEZO1 agonist304. 
Enhanced intracellular Ca2+ influx in the wt hiPSC-derived cardiomyocytes upon Yoda1 
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stimulation suggests that PIEZO1-mediated calcium currents are activated in these cells. When 
we performed live calcium imaging in the 24-51 hiPSC-CMs, we could not observe the same 
response upon Yoda1 stimulation. These results demonstrate a functional difference between 
these cell lines. Moreover, this suggests that there is PIEZO1-dependent calcium influx in the 
wt hiPSC-derived cardiomyocytes that is abolished in the PIEZO1 knockout hiPSC-CMs. This 
observation is consistent with previously reported reduced calcium influx in adult human 
ventricular cardiomyocytes137 upon PIEZO1 inhibition by the peptide GsMTx4, a known 
inhibitor that specifically targets cation MSCs305,306. In addition, our data are similar to the 
PIEZO1-dependent calcium response upon Yoda1 stimulation demonstrated in other cellular 
systems, such as astrocytes307, HEK and osteoblastic cells308. Our data indicate that there is a 
PIEZO1-dependent regulation of calcium levels in hiPSC-CMs. Although calcium is a critical 
regulator of normal cardiomyocyte contractile function, little is known on how the cardiac cells 
sense mechanical forces and alter Ca2+ dynamics to compensate for mechanical load32,309. 
PIEZO1 as a mechanically activated and non-selective cation channel, permeable to extracellular 
Ca2+, might be one of the missing links in understanding cardiac mechanotransduction. 

5.2.2 PIEZO1-dependent stretch activated currents in hiPSC-CMs 
The most common techniques to study mechanosensitive ion channels are membrane stretch 
and cellular indentation methods288,310,311. In collaboration with Oscar Sanchez-Carranza, 
(Lewin lab, MDC, Berlin), we applied high-speed pressure-clamp (HSPC) on outside-out 
patches from hiPSC-CMs. This technique allows excision of membrane patches from the cells 
and stimulation with increasing pressure steps. Using HSPC on outside-out patches, we 
identified the presence of stretch-activated currents in the wt hiPSC-CMs resembling previously 
observed native PIEZO1 mechanosensitive recordings from human chondrocytes115. In 
addition, we observed that the recorded stretch-activated currents exhibited slower inactivation 
time for the wt hiPSC-CMs compared to PIEZO1 activation in heterologous cell systems304. 
This is consistent with previously observed Piezo1 stretch-activated currents in chondrocytes 115. 
Furthermore, we detected stretch activated currents with similar stretch sensitivity from primary 
mouse chondrocytes115. However, when we applied HSPC in the 24-51 hiPSC-CMs, the 
stretch-sensitive response in membrane patches excised from these cells was completely 
abolished. These data indicate that the wt hiPSC-CMs express mechanosensitive ion channels 
that are stretch-sensitive and their response is PIEZO1-dependent. These results are relevant 
because this is the first time that PIEZO1-dependent functional response was shown in hiPSC-
CMs both with electrophysiological (ephys) and calcium imaging recordings. 

5.2.3 Impact of the PIEZO1 genomic disruption on the global gene 
expression of the ∆24-51 homozygous hiPSC-CMs 

Our previous results suggest that the 24-51 deletion is abolishing PIEZO1-dependent 
mechanically activated currents. Cells utilize different mechanisms to sense and respond to 
mechanical forces, such as activation of mechanosensitive channels and signaling pathways 
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and/or conformational changes in the cytoskeleton312. In particular, PIEZO1 has been shown 
to interact with the cytoskeleton164,167 and affect the cytoskeleton dynamics by activating 
signaling molecules and enzymes313. Moreover, mechanosensitive mechanisms have been 
previously shown to be implicated in transcriptional regulation314. For example, it has been 
demonstrated that PIEZO1 can regulate cell fate in human neuronal cells157 and 
enteroendocrine precursor cells in Drosophila flies by directly sensing mechanical forces and 
using Ca2+ signaling as a downstream effector315. In order to gain insights into the impact of loss 
of PIEZO1 at transcriptional level in cardiomyocytes, I performed RNA-seq analysis to compare 
the transcriptomic profiles between the wt and ∆24-51 homozygous hiPSC-CMs. Differential 

gene expression analysis revealed that the expression of 257 genes is affected upon the 24-51 
genomic deletion. The expression of essential cardiac genes required for mammalian cardiac 
development207 such as TTN, MYH6, MYH7, SLC8A1 and cardiac transcription factors such as 
GATA4, TBX20 and NKX2.5 was not altered in the 24-51 hiPSC-CMs. Therefore, genomic 
ablation of the PIEZO1 gene does not seem to interfere with normal cardiomyocyte 
developmental transcriptional profile in hiPSC-CMs. This is consistent with our results 
regarding the generation of beating 24-51 hiPSC-CMs, the normal staining profile of cardiac-
specific markers in these cells (Figure 24) and the calcium response to ionomycin (Figure 25). 
Nevertheless, GO term enrichment analysis revealed that among the 257 DE genes were 31 
genes associated to the top GO term extracellular structure organization, Table 4. Specifically, 
gene set enrichment analysis (GSEA) showed that 24 out of the 31 genes were significantly 
downregulated in the 24-51 hiPSC-CMs. It is worth mentioning that within the group of 
these genes, I could identify genes previously reported to be upregulated upon cardiac ECM 
remodeling and pathogenic cardiac conditions that can lead to heart failure9,10,316,317. Notably, a 
number of these genes had a protective role in the healing of the cardiac tissue after injury when 
they were downregulated. A complete overview of this gene set, as well as literature supporting 
their role in cardiac pathophysiology can be found below in Table 4. For example, decreased 
expression of Col6a3, a gene that encodes the alpha-3 chain subunit of type VI collagen gene, 
has been previously shown to improve the recovery of infarcted heart tissue in murine 
cardiomyocytes318. In this animal model chemical inhibition of the profibrotic agonist Wnt3 
prevents collagen production in cardiomyocytes. Excessive collagen deposition is often observed 
after myocardial injury as a healing response. This can be problematic due to the slow turnover 
of these proteins and scar tissue is often difficult to remove, leading to fibrotic tissue316. All the 
above imply that reduction of mediators of fibrosis, such as collagen molecules, might be 
beneficial for the heart function. In the data analysis I performed, I could observe that COL6A3 
gene expression is downregulated in the 24-51 hiPSC-CMs. Other profibrotic genes that have 
been previously associated with cardiac remodeling and fibrosis, such as the collagen genes 
COL3A1 and COL9A3, metalloproteinase gene ADAM12 181 are also downregulated in the 24-
51 hiPSC-CMs as well. The same regulation is observed in the extracellular matrix proteins 
genes, i.e. laminin subunit genes LAMB3, LAMC3, integrin gene ITGA8 and genes important 
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for wound healing319, such as the proteoglycan encoding genes, BGN and FMOD. These data 
suggest that PIEZO1 may have a role in the regulation of gene expression of ECM proteins. 
Recently published data from Wang et al. 320 are in agreement with this observation. In their 
GO analysis, in a conditional knockout mouse model of Piezo1 in osteoblast progenitors, a 
significant downregulation of proteinaceous ECM genes was detected. Among those were genes 
encoding different collagen molecules, including COL9A3. Additional experimental evidence 
highlights the implication of PIEZO1 in cardiac ECM remodeling. Specifically, Blythe et al. 
have recently shown that activation of Piezo1 in murine cardiac fibroblasts induces expression 
and secretion of IL-6, a pro-hypertrophic cytokine with important roles after cardiac injury321. 
Their data suggest that Piezo1 activation is coupled to secretion of IL-6 via a p38 MAPK-
dependent pathway. The p38 family of stress-activated MAPKs is known to play an important 
role in cardiac signaling from development to cardiac pathologies322,323. Another study from 
Liang et al.138 provides evidence that Piezo1 expression is upregulated in a mouse model for heart 
failure upon angiotensin II stimulation via the Erk1/2 signal pathways. Angiotensin II has been 
previously described as a potent activator of cardiomyocyte hypertrophy and ECM 
remodeling324,325. Angiotensin II has well-documented profibrotic effects in cardiac 
fibroblasts326,327. It can regulate the cardiac ECM via an increase in collagen expression through 
activation of angiotensin II type 1 receptors (AT1Rs)328.Although cardiomyocytes seem to 
release angiotensin II in response to stretch in vitro329–331, both the mechanism underlying 
angiotensin II release and its specific effect on cardiomyocyte remodeling remain unclear12. The 
above indicate that PIEZO1 might be an important regulator of mechanotransduction in 
cardiomyocytes via AngII- and MAPK-mediated signaling pathways. 

Table 4: List of the top GO term extracellular matrix organization  DE genes after gene set enrichment 
analysis (GSEA). This table provides a detailed list of the 32 differentially expressed (DE) genes detected in RNA-

seq data from the wt and ∆24-51 hiPSC-CMs comparison. These DE genes were tested for significant enrichment 

(adjusted pvalue ≤0.05) terms using the g:Profiler R package (https://cran.r-
project.org/web/packages/gProfileR/gProfileR.pdf) . (g:SCS method is the default method for computing multiple 
testing correction for p-values gained from GO and pathway enrichment analysis. It corresponds to an experiment-
wide threshold of a=0.05, i.e. at least 95% of matches above threshold are statistically significant.) The arrows 
indicate the observed downregulation (↓) or upregulation (↑) in this gene set in the ∆24-51 hiPSC-CMs compared 

to wt. The last column provides representative literature examples of these genes and their role in ECM remodeling. 

Ensemble ID Gene name  Gene 
expression 

Log2FC ECM remodeling-associated 
reference 

ENSG00000011465 DCN ↓ -2.842398999 Jahanyar et al. 332, Yan et al. 333 
ENSG00000038295 TLL1 ↑ 2.764385647 Sieron et al. 334, Okada H. 335 
ENSG00000050555 LAMC3 ↓ -2.096822874 Jourdan-LeSaux et al. 336 

ENSG00000054598 FOXC1 ↓ -2.645128375 
Hannenhalli et al. 337, Lambers et 
al. 338 

ENSG00000060718 COL11A1 ↑ 3.583195445 

9, Lincoln et al. 339, Khalil et al. 340, 
Zalewski et al. 341 

ENSG00000077943 ITGA8 ↓ -3.39772627 319 
ENSG00000092758 COL9A3 ↓ -1.444691539 342 
ENSG00000095587 TLL2 ↑ 2.428395356 335 
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ENSG00000102265 
TIMP1 

↓ 
-1.323033698 

Ma et al. 10, Takawale et al. 343, 
Arpino et al. 344 

ENSG00000106991 ENG ↓ -1.976434481 Kapur et al. 345, Shyu 346 

ENSG00000115318 
LOXL3 

↓ 

-3.022321934 

Cai et al. 347, Rodríguez and 

Martínéz-González348 

ENSG00000122176 FMOD ↓ -3.715050189 Andenæs et al. 180 

ENSG00000130203 APOE ↑ 1.538044094 Ma et al. 349, Chistiakov et al. 350 

ENSG00000131477 
RAMP2 

↓ 
-2.643303583 

Widiapradja et al. 351, Delaunay et 
al. 352 

ENSG00000133110 
POSTN 

↓ 
-2.312970525 

Oka et al. 353, Shimazaki et al. 354, 
Zhao et al. 355 

ENSG00000138080 
EMILIN1 

↓ 
-4.403378544 

Raman and Cobb 356,Randell and 
Daneshtalab 357 

ENSG00000142173 COL6A2 ↓ -2.188983391 Luther et al. 176 
ENSG00000144668 ITGA9 ↑ 1.696213347 Husser et al. 358, Andersson et al. 359 
ENSG00000148848 ADAM12 ↓ -1.935918868 181 
ENSG00000163359 COL6A3 ↓ -5.696716712 176,318 

ENSG00000163520 
FBLN2 

↓ 
-1.568587608 

Tsuda et al. 360Zhang et al. 361, 
Khan et al. 362 

ENSG00000163631 ALB ↓ -3.551626535 - 

ENSG00000168542 
COL3A1 

↓ 
-1.720914327 

Yu et al. 363, Kelloniemi et al. 
364,Kaur et al. 365 

ENSG00000172987 HPSE2 ↓ -2.413695925 Ishiguro-Oonuma et al. 366 
ENSG00000173376 NDNF ↑ 1.46315593 Joki et al. 367 

ENSG00000182492 
BGN 

↓ 
-4.633811452 

Bereczki et al. 368, Westermann et 
al. 369 

ENSG00000184937 WT1 ↓ -2.692643386 Van Wijk et al. 370 
ENSG00000196878 LAMB3 ↓ -1.476430676 Jourdan-LeSaux et al. 336 
ENSG00000197614 MFAP5 ↑ 1.39275237 Vaittinen et al. 371, Wang et al. 372 
ENSG00000213949 ITGA1 ↓ -1.397325716 Israeli-Rosenberg et al. 373 
ENSG00000261371 PECAM1 ↓ -7.798159725 Park et al. 374 

 

5.3 The force within the heart: PIEZO1 as a cardiac mechanosensor 
PIEZO1 is an exquisite mechanosensor with recent prominent studies highlighting its role in 
cardiovascular biology137,321. Although its role in mechanosensation is established, there is little 
known on how the PIEZO1 gating activity is regulated or its implication in signaling cascades 
is influenced by mechanical stretch. In addition, our understanding on how mechanosensitive 
channels contribute in cardiac mechanosignaling is not complete. Here I suggest a potential role 
of the mechanosensitive channel PIEZO1 in cardiac mechanotransduction based on this 
dissertation and supporting evidence from published literature. 
Mechanotransduction in cardiac tissue is often accompanied by expression and release of growth 
promoting factors and activation of neurohormonal mechanisms12. These events allow the 
cardiac muscle to adapt under physiological and pathogenic conditions. Under prolonged 
overload this normal response becomes maladaptive, leading to cardiac dysfunction. ECM 
remodeling and cardiac fibrosis play an central role in the response to pressure overload and/or 
cardiac injury375, nevertheless excessive and prolonged reaction can accelerate the progression of 
heart failure. The PIEZO1 channel may have a dual role in cardiac mechanotransduction and 
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ECM remodeling. As a mechanotransducer, PIEZO1 can sense the mechanical cues and alter 
calcium influx as a response to mechanical stretch. In addition, PIEZO1 might indirectly 
mediate activation of complex signaling cascades leading to changes in gene expression, i.e. in 
genes encoding ECM proteins, resulting in ECM remodeling. Consistent with that hypothesis, 
Retailleau et al.165 have shown that Piezo1 in involved in hypertension-dependent arterial 
remodeling in smooth muscle cells. Arterial remodeling is an adaptive response of the vessel wall 
to hemodynamic stimuli376. In particular, they have reported that Piezo1 mediates a rise in 
cytosolic calcium and stimulates activity of transglutaminases, cross-linking enzymes required 
for the remodeling of small arteries165. Previous studies suggest that angiotensin II- and MAPKs-
associated pathways, both activated in acute and chronic cardiac pathologies, are connected with 
Piezo1 activation137,321. This may indicate a possible mechanism for Piezo1 activation under 
mechanical stress in the cardiovascular system. Furthermore, there is emerging evidence 
supporting that stretch-activated mediated ECM remodeling is an adaptive response to 
mechanical stress in other tissues as well377,378. For example, the mechanosensitive cation channel 
TRPC1, from the TRP channel family, plays an important role in airway remodeling in 
bronchial epithelial cells377. These data indicate that TRPC1 is inducing abnormal Ca2+ signal 
mediates receptor-stimulated and mechanical stimulus-induced airway remodeling. Moreover, 
this study highlights that inhibition of mechanosensitive channels, such as TRPC1, might be an 
additional therapeutic strategy for developing new drugs. This suggests that targeting TRPC1 
might be an alternative approach for asthma so as to prevent progressive airway remodeling. 
Regarding PIEZO1, Solis et al.379 have shown that PIEZO1 has an important role in the 
pathology of pulmonary fibrosis. In this study it was demonstrated that PIEZO1-mediated 
mechanosensation has a defensive role against bacterial infection in the lung and can result in 
pathological tissue damage during pulmonary fibrosis. More specifically, they demonstrated that 
conditional knockout of Piezo1 in innate immune cells in a bleomycin-induced pulmonary 
fibrosis mouse model had a protective effect in the extent of lung damage. In the case of PIEZO1 
as a candidate cardiac stretch-activated channel this might be applied to prevent cardiac ECM 
remodeling and tissue stiffness that lead to heart failure. Retailleau et al.165 introduce the idea 
that Piezo1 may represent an interesting pharmacological target for the treatment of 
hypertensive conditions. This hypothesis is supported by the role of Piezo1 in arterial 
remodeling165 and the prognostic value of arterial remodeling as a marker in patients at high 
cardiovascular risk166. All the above, including our experimental data, support a potential role of 
PIEZO1 as a cardiac mechanosensor that can be summarized in the following graphical scheme 
(Figure 29). 
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Figure 29: Graphical overview of the hypothetical role of PIEZO1 in cardiomyocytes.  The cardiac tissue has 
the ability to sense and respond under mechanical stimuli, such as mechanical load. Lack of the mechanosensitive 
channel PIEZO1 (deletion indicated with a red X mark next to the channel illustration in green color) in hiPSC-
CMs leads to differential changes in ECM-related genes and cell adhesion molecules, suggesting its function as a 
potential regulator of ECM organization. Representative genes that have been identified to be downregulated upon 
loss of the PIEZO1 gene in hiPSC-CMs are highlighted with a blue color array next to their names and the 
upregulated ones with a red array. Responses to mechanical load, such as cardiac ECM remodeling processes, are 
regulated by mechanical signals that are sensed and transduced into transcriptional responses by different cell types, 
i.e. cardiac myocytes and fibroblasts. This hypothetical illustration takes into account the contribution of the 
different cell types (endothelial cells and fibroblasts) and possible cell-cell crosstalk as well as downstream signaling 
cascades in the nucleus 

5.4 Conclusions and future directions 
The intrinsic auto-regulatory mechanisms, i.e. the Frank-Starling law, that enable the heart to 
respond and adapt to hemodynamic changes have been known for more than a century ago. 
However, there is a critical knowledge gap on how the cardiac cells sense mechanical load and 
transduce it into biochemical signaling. Stretch-activated channels (SACs) could serve as 
candidates for cardiac mechanosensors. Therefore, the aim of this thesis was to identify the 
mechanosensitive channel PIEZO1 in cardiomyocytes and investigate its possible role in cardiac 
mechanotransduction. I exploited the advances in genome editing technology to specifically 
introduce a genetic perturbation in the PIEZO1 gene in hiPSCs. Using the ability of hiPSCs to 
differentiate into beating cardiomyocytes and different electrophysiology approaches we were 
able to successfully identify PIEZO1-dependent stretch-activated currents in these cells. 
However, cardiomyocytes have a mechanically dynamic environment and it is difficult to apply 
perturbations that alter only one mechanical parameter, even though experimental approaches 
for controlled mechanical stimulation of membrane patches have improved. Thus, as a next 
step, it will be critical to understand if the direct exposure to different mechanical stress 
conditions, such as cyclic stretching, might activate signaling cascades and ECM responses that 
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function through PIEZO1. For this, the 24-51 hiPSC-CMs represents a good model to 
directly study the role of PIEZO1 as a cardiac mechanosensor. 

In this work I found evidence that lack of the PIEZO1 gene leads to differential regulation of 
ECM-associated genes and cell adhesion molecules, suggesting that PIEZO1 function mediates 
ECM regulation. A major challenge in complex diseases is their multifactorial nature and 
dependents to their local environment. The complexity of the cardiac muscle requires a rather 
systems biology approach so as to account for the contribution of different cell types and cell-
cell crosstalk. For example, regarding cardiac ECM remodeling there is no doubt that the role 
of cardiac fibroblasts is essential. Nevertheless, the cardiac remodeling processes are regulated by 
mechanical signals that are sensed and transduced into transcriptional responses by cardiac 
myocytes and fibroblasts. Here, I employed homogenous cell culture techniques by isolating 
hiPSC-CMs. However, to understand cardiac ECM remodeling as a result of the PIEZO1 
channel misregulation, it may be important to consider applying co-culture techniques with 
different cardiac cell types, as well as incorporating hydrogel 3D structures. These experimental 
approaches of lab-engineered cardiac tissues will more closely recapitulate the native myocardial 
conditions and add an additional layer in the knowledge gained through hiPSC-CMs model 
system. 
Whereas the role of cardiac channels in cardiac electrophysiology and pathology of 
channelopathies is more established, exploring the role of SACs may provide novel insights in 
the adjustments of cardiac contractility to mechanical demand under other types of 
cardiomyopathies. To conclude, our data support the idea of mechanosensitive channels, such 
as PIEZO1, as potential therapeutic targets in preventing the adverse cardiac remodeling that 
occurs during the pathogenesis of cardiac hypertrophy and heart failure. Adverse tissue 
remodeling in injured heart tissue has an impact in cardiac mechanical function and accelerated 
the progression of heart failure9. Since heart failure prevails as the number one cause of death in 
developed countries219, novel therapeutic approaches are necessary. Therefore, the emerging 
concept of mechanosensitive channels in the cardiovascular system and their role in cardiac 
pathology is yet to be defined. Future studies need to focus on dissecting the molecules and the 
mechanisms that regulate cardiac mechanotransduction. Technological advances in cardiac 
tissue engineering225,380, as well as in systems biology, will help us to have a more holistic view 
of the cardiac normal and disease biology. 
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7. Appendix 

7.1 Abbreviations 
Abbreviations used throughout the text are listed here in alphabetical order. 

3D Three-Dimensional 
AAV Adeno-Associated Virus 

AF Atrial Fibrillation 
AP Action Potential 

ARVD Arrhythmogenic Right Ventricular Dysplasia 
ATP Adenosine Triphosphate 

BMPs Bone Morphogenetic Proteins 
BrS Brugada Syndrome 

CCS Cardiac Conduction System 
CMs Cardiomyocytes 
CNS Central Nervous System 
CPG Cardiac Progenitors 
CVD Cardiovascular Diseases 

CPVT Catecholaminergic Polymorphic Ventricular Tachycardia 
CRISPR Clustered Regularly Interspaced Short Palindromic Repeats 

DCM Dilated Cardiomyopathy 
DE Differentially Expressed 

DSB Double Strand Break 
ECs Endothelial Cells 

ECC Excitation-Contraction Coupling 
ECM Extracellular Matrix 
EHT Engineered Heart Tissue 
FDA Food and Drug Administration 

HCM Hypertrophic Cardiomyopathy 
HDR Homologous Directed Repair 

hESCs Human Embryonic Stem Cells 
HF Heart Failure 

hiPSCs Human Induced Pluripotent Stem Cells 
hiPSC-CMs Human Induced Pluripotent Stem Cell-derived Cardiomyocytes 

HLA Human Leukocyte Antigen 
HTS High-throughput Screen 

iPSC-ECs Induced Pluripotent Stem Cell-derived Endothelial Cells 
I/R Ischemia/Reperfusion 

LQTS Long QT Syndrome 
MA Mechanically-Activated 

MEF Mechano-Electrical Feedback 
MSCs Mechanically Sensitive Channels 
NHEJ Non-Homologous End-Joining 

NO Nitric Oxide 
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OXPHOS Oxidative Phosphorylation 
PCR Polymerase Chain Reaction 

SACs Stretch-Activated Channels 
SACK Potassium-selective Stretch-Activated Channels 

SACNS Non-Selective Stretch-Activated Channels 
SAN Sinoatrial Node 

Sc-seq  Single-cell sequencing 
sgRNA Single guide RNA 

SNPs Single-Nucleotide Polymorphisms 
SR Sarcoplasmic Reticulum 

SQTS Short QT Syndrome 
TRP channels Transient Receptor Potential channels 

QT Q and T waves interval 
VACs Volume-Activated Channels 

7.2 Supplementary figures and tables 

Table 5: GO term enrichment analysis (hiPSC-CMs comparison). GO analysis on 273 differentially 
expressed genes detected in RNA-seq data from the wt and 24-51 homo hiPSC-CMs comparison were 
tested for significant overrepresentation (adjusted pvalue ≤0.05) of GO terms using the g:Profiler R 
package (https://cran.r-project.org/web/packages/gProfileR/gProfileR.pdf). This is the full list of the 
returned GO terms. (g:SCS method is the default method for computing multiple testing correction for 
p-values gained from GO and pathway enrichment analysis. It corresponds to an experiment-wide 
threshold of a=0.05, i.e. at least 95% of matches above threshold are statistically significant.) 

GO term name pval Term ID Domain  
extracellular matrix organization 2.38E-15 GO:0030198 BP 
anatomical structure morphogenesis 2.86E-15 GO:0009653 BP 
tube development 5.05E-15 GO:0035295 BP 
cell adhesion 8.74E-14 GO:0007155 BP 
regulation of multicellular organismal process 4.56E-13 GO:0051239 BP 
extracellular matrix 7.78E-13 GO:0031012 CC 
Extracellular matrix organization 9.15E-13 REAC:R-HSA-1474244 rea 
extracellular matrix structural constituent 3.70E-11 GO:0005201 MF 
cellular response to chemical stimulus 3.30E-10 GO:0070887 BP 
collagen trimer 2.53E-07 GO:0005581 CC 
locomotion 8.00E-06 GO:0040011 BP 
cell surface receptor signaling pathway 1.08E-05 GO:0007166 BP 
plasma membrane part 1.12E-05 GO:0044459 CC 
movement of cell or subcellular component 7.81E-05 GO:0006928 BP 
vesicle 9.19E-05 GO:0031982 CC 
extracellular matrix binding 0.00013 GO:0050840 MF 
cell migration 0.000201 GO:0016477 BP 
ECM-receptor interaction 0.000232 KEGG:04512 keg 
Focal adhesion 0.00036 KEGG:04510 keg 
cell proliferation 0.000492 GO:0008283 BP 
Protein digestion and absorption 0.000546 KEGG:04974 keg 
Dilatation of the cerebral artery 0.00178 HP:0004944 hp 
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cell surface 0.00381 GO:0009986 CC 
immune system process 0.00414 GO:0002376 BP 
Signaling by PDGF 0.00448 REAC:R-HSA-186797 rea 
cell activation 0.00467 GO:0001775 BP 
Abnormality of the subarachnoid space 0.00611 HP:0012703 hp 
metanephric glomerular capillary formation 0.00754 GO:0072277 BP 
PI3K-Akt signaling pathway 0.00829 KEGG:04151 keg 
Transient ischemic attack 0.0109 HP:0002326 hp 
Aortic dissection 0.0109 HP:0002647 hp 
Factor: MAZ; motif: GGGGAGGG; match 
class: 1 0.0135 TF:M00649_1 tf 
positive regulation of phosphatidylinositol 3-
kinase activity 0.016 GO:0043552 BP 
glycosaminoglycan binding 0.0345 GO:0005539 MF 
cell junction 0.0384 GO:0030054 CC 
Atherosclerosis 0.0388 HP:0002621 hp 
regulation of endothelial cell apoptotic process 0.0395 GO:2000351 BP 
Aortic root aneurysm 0.0423 HP:0002616 hp 
regulation of neuron differentiation 0.0452 GO:0045664 BP 
Encephalomalacia 0.049 HP:0040197 hp 
Abnormal circle of Willis morphology 0.049 HP:0012518 hp 
Human papillomavirus infection 0.0499 KEGG:05165 keg 

 

7.3 Scripts 
7.3.1 DESeq2 
#set working directory 
setwd("C:/Users/lab205/Desktop/data_PIEZO1 KO/counts_PIEZO1 KO") 
 
#install Bioconductor 
if (!requireNamespace("BiocManager", quietly = TRUE)) 
    install.packages("BiocManager") 
BiocManager::install(version = "3.10") 
library(BiocManager) 
 
#add path to the count files 
counts_path <- list.files("C:/Users/lab205/Desktop/data_PIEZO1 KO/counts
_PIEZO1 KO",pattern="ReadsPerGene.out.tab", full.names=TRUE,ignore.case=
FALSE) 
# create the matrix 
tmp=read.delim(counts_path[1],header=F)[,c(1,4)] 
#take 1st and 4th row 
df<-data.frame(matrix(NA,ncol=length(counts_path),nrow=nrow(tmp)) )  
rownames(df)=tmp[,1] 
for(i in 1:length(counts_path)){ 
  sample<-read.delim(counts_path[i],header=F)[,c(1,4)] 
  name=basename(counts_path[i]) 
  df[,i]<-sample[,2] 
  colnames(df)[i]=name 
} 
df=df[-c(1:4),] #remove the first 4 rows 
#write matrix to file 
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write.table(df,paste(outdir, outname,sep="") ,sep="\t", quote=F) 
 
#calculate the FPKM values 
rm(list=ls()) 
library("GenomicRanges") 
library(GenomicFeatures) 
library(edgeR) 
library(rtracklayer) 
 
#load GTF file 
hs_anno <-("C:/Users/lab205/Desktop/data_PIEZO1 KO/Homo_sapiens.GRCh38.8
7.gtf") 
 
input_countMatrix<-"C:/Users/lab205/Desktop/data_PIEZO1 KO/count_matrix.
txt" 
output_fpkmMatrix_fpkmMatrixPIEZO1KO<-"fpkmMatrixPIEZO1KO" 
 
#annotation=genes; counts=countMatrix; 
get.rpkm = function (hs_anno, counts){ 
  bygene = split(hs_anno, values(hs_anno)[, "gene_id"]) 
  len = sum(width(reduce(bygene))) 
  genes = intersect(names(bygene), rownames(counts)) 
  counts = counts[genes,] 
  len = len[genes] 
  total = colSums(counts)  
  rpkm = counts/rep(total, each = nrow(counts))/rep(len, ncol(counts)) * 
    1e+09 
  return(rpkm) 
}  
 
genes = import.gff(hs_anno, colnames=c("type","gene_id") ) 
genes = genes[values(genes)[,"type"] == "exon"] 
genes = genes[which(seqnames(genes) %in% c(1:22, "X","Y")),] 
 
countMatrix <- read.delim(input_countMatrix, row.names=1, check.names=FA
LSE) 
rpkm = get.rpkm(hs_anno = genes,counts = countMatrix) 
 
countMatrix_rpkm <- round(rpkm,3) 
 
#write table 
print(file.path("C:/Users/lab205/Desktop/data_PIEZO1 KO/",output_fpkmMat
rix_fpkmMatrixPIEZO1KO) ) 
write.table(countMatrix_rpkm, file.path("C:/Users/lab205/Desktop/data_PI
EZO1 KO/", output_fpkmMatrix_fpkmMatrixPIEZO1KO)  , quote = FALSE, sep = 
"\t") 
 
#work with the hiPSCs samples 
#make raw counts matrix including only the hiPSCs samples 
countdataHiPSCs= countMatrix[ ,-c(1:9,13:18)] #remove the hiPSC-CM sampl
e columns 
#write matrix to file 
write.table(countdataHiPSCs,paste("C:/Users/lab205/Desktop/data_PIEZO1 K
O/","countdataHiPSCs",sep="") 
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            ,sep="\t", quote=F) 
 
#calculate the FPKM values 
library("GenomicRanges") 
library(GenomicFeatures) 
library(edgeR) 
library(rtracklayer) 
 
#load GTF file 
hs_anno <-("C:/Users/lab205/Desktop/data_PIEZO1 KO/Homo_sapiens.GRCh38.8
7.gtf") 
 
input_countMatrixHiPSCs <-"C:/Users/lab205/Desktop/data_PIEZO1 KO/countd
ataHiPSCs.txt" 
output_fpkmMatrixHiPSCs_fpkmMatrixHiPSCsPIEZO1KO<-"fpkmMatrixHiPSCsPIEZO
1KO" 
 
#annotation=genes; counts=countMatrix; 
get.rpkm = function (annotation, counts){ 
  bygene = split(annotation, values(annotation)[, "gene_id"]) 
  len = sum(width(reduce(bygene))) 
  genes = intersect(names(bygene), rownames(countdataHiPSCs)) 
  counts = counts[genes,] 
  len = len[genes] 
  total = colSums(counts)  
  rpkm = counts/rep(total, each = nrow(counts))/rep(len, ncol(counts)) * 
    1e+09 
  return(rpkm) 
}  
 
genes = import.gff(hs_anno, colnames=c("type","gene_id") ) 
genes = genes[values(genes)[,"type"] == "exon"] 
genes = genes[which(seqnames(genes) %in% c(1:22, "X","Y")),] 
 
countMatrixHiPSCs <- read.delim(input_countMatrixHiPSCs, row.names=1, ch
eck.names=FALSE) 
rpkm = get.rpkm(hs_anno,countMatrixHiPSCs) 
 
countMatrixHiPSCs_rpkm <- round(rpkm,3) 
 
#write table 
print(file.path("C:/Users/lab205/Desktop/data_PIEZO1 KO/",output_fpkmMat
rixHiPSCs_fpkmMatrixHiPSCsPIEZO1KO) ) 
write.table(countMatrixHiPSCs_rpkm, file.path("C:/Users/lab205/Desktop/d
ata_PIEZO1 KO/", output_fpkmMatrixHiPSCs_fpkmMatrixHiPSCsPIEZO1KO)  , qu
ote = FALSE, sep = "\t") 
#keep only genes with FPKM > 1 
filtered.countMatrixHiPSCs <- countMatrixHiPSCs_rpkm[rowSums(countMatrix
HiPSCs_rpkm > 1) >= 1, ] 
#select the gene names from filtered.countMatrixHiPSCs 
genes <- rownames(filtered.countMatrixHiPSCs) 
#generate another raw counts matrix with these genes only in hiPSCs 
filteredcountdataHiPSCs <- countdataHiPSCs[genes,] 
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#table of sample information 
colDatahiPSCs <- read.table("C:/Users/lab205/Desktop/data_PIEZO1 KO/cold
ata hiPSCs_PIEZO1 KO.txt", header = T, sep = '\t', stringsAsFactors = TR
UE) 
 
#DESeq2 analysis for hiPSCs samples 
#generate all the inputs 
#count matrix with raw counts only for my hiPSCs samples 
countdata= filteredcountdataHiPSCs 
#table of sample information 
coldata <- read.table("C:/Users/lab205/Desktop/data_PIEZO1 KO/coldata hi
PSCs_PIEZO1 KO.txt", header = T, sep = '\t', stringsAsFactors = TRUE) 
#my design, indicating how to model my samples 
design = ~ batch + condition 
#generate the DESeq2 dataset 
ddsFullCountTableHiPSCs <- DESeqDataSetFromMatrix(countData = countdata, 
                                            colData = coldata,  
                                            design= ~ batch + condition) 
ddsFullCountTableHiPSCs 
#For each gene, we count the total number of reads for that gene in all 
samples  
#and remove those that don't have at least 1 read.  
ddsFullCountTableHiPSCs<- ddsFullCountTableHiPSCs[ rowSums(counts(ddsFul
lCountTableHiPSCs)) > 1, ] 
 
#use the DESeq function of DESeq2  
ddsFullCountTableHiPSCs <- DESeq(ddsFullCountTableHiPSCs) 
 
#compute the contrast for the 'condition' variable where 'hiPSCs_WT' sam
ples are used as the control group.  
DEresultsHiPSCs = results(ddsFullCountTableHiPSCs, contrast = c("conditi
on", 'hiPSCs_KO', 'hiPSCs_WT')) 
#sort results by increasing p-value 
DEresultsHiPSCs <- DEresultsHiPSCs[order(DEresultsHiPSCs$pvalue),] 
#do an MA plot 
DESeq2::plotMA(object= DEresultsHiPSCs, ylim = c(-2, 2)) 
# extract normalized counts from the DESeqDataSet object 
countsNormalizedHiPSCs <- counts(ddsFullCountTableHiPSCs, normalized = T
RUE) 
# select top 500 most variable genes 
selectedGenes <- names(sort(apply(countsNormalizedHiPSCs, 1, var), decre
asing = TRUE)[1:500]) 
coldata=colData 
plotPCA(countsNormalizedHiPSCs[selectedGenes,]) 
 
#Alternatively, the normalized counts can be transformed  
#the function rlogTransform returns a SummarizedExperimentobject  
#which contains the rlog-transformed values in its assayslot 
#using DESeq2::rlog function and DESeq2::plotPCA can be readily used to 
plot the PCA results. 
rld <- rlog(ddsFullCountTableHiPSCs) 
plotPCA(rld, ntop = 500, intgroup = 'condition') +  
  theme(panel.grid.major = element_blank(),  
        panel.grid.minor = element_blank(),  
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        panel.background = element_blank(), axis.line = element_line(col
our = "black")) 
 
library(ggplot2) 
#transpose the matrix  
M <- t(countsNormalizedHiPSCs[selectedGenes,]) 
# transform the counts to log2 scale  
M <- log2(M + 1) 
#compute PCA  
pcaResults <- prcomp(M) 
autoplot(prcomp(M)) 
 
#sample distances 
#assess overall similarity between samples 
# R  function dist to  calculate  the  Euclidean  distance  between  sam
ples 
# to have  a  roughly  equal  contribution 
#from all genes, use it on the rlog-transformed data 
sampleDists <- dist( t( assay(rld) ) ) 
sampleDistMatrix <- as.matrix( sampleDists ) 
rownames(sampleDistMatrix) <- paste( rld$hiPSCs_KO,rld$sampleName, sep="
-" ) 
colnames(sampleDistMatrix) <- NULL 
library( "gplots" ) 
library( "RColorBrewer" ) 
colours = colorRampPalette( rev(brewer.pal(9, "Blues")) )(255) 
heatmap.2( sampleDistMatrix, trace="none", col=colours) 
#Adding gene names 
#biomaRtpackage can help with mapping various ID schemes to each other 
if (!requireNamespace("BiocManager", quietly = TRUE)) 
  install.packages("BiocManager") 
 
BiocManager::install("biomaRt") 
 
DEresultsHiPSCs$ensembl <- sapply( strsplit( rownames(DEresultsHiPSCs), 
split="\\+" ), "[", 1 ) 
 
library( "biomaRt" ) 
 
# ENSEMBL  mart,  querying  with  the  ENSEMBL  gene  id  and 
#requesting the Entrez gene id and HGNC gene symbol 
ensembl = useMart( "ensembl", dataset = "hsapiens_gene_ensembl" ) 
genemap <- getBM( attributes = c("ensembl_gene_id", "entrezgene_id", "hg
nc_symbol"),filters = "ensembl_gene_id", 
                  values = DEresultsHiPSCs$ensembl,mart = ensembl ) 
idx <- match( DEresultsHiPSCs$ensembl, genemap$ensembl_gene_id ) 
DEresultsHiPSCs$entrez <- genemap$entrezgene_id[ idx ] 
DEresultsHiPSCs$hgnc_symbol <- genemap$hgnc_symbol[ idx ] 
 
#save the results table in a CSV file 
DEresultsHiPSCs[1:2,] 
write.csv( as.data.frame(DEresultsHiPSCs), file="resultsHiPSCs.csv") 
 
######################################################################## 
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#work with the hiPSC-derived CMs samples 
#create the count matrix for the wt versus D24-51 homo hiPSC-CMs compari
son from the count matrix that includes all samples 
countMatrixCMswoBrowoIso = countMatrix[ ,-c(1:3,7:9, 10:12, 16:21)] 
#filter out the genes with fpkm < 1 
filtered.countMatrixCMswoBrowoIso <- countMatrixCMswoBrowoIso[rowSums(co
untMatrixCMswoBrowoIso > 1) >= 1, ] 
# use the genes with fpkm >1 to generate the raw counts matrix 
genes <- rownames(filtered.countMatrixCMswoBrowoIso) 
filteredcountdataCMswoBrowoIso <- countMatrixCMswoBrowoIso[genes,] 
 
#install DESeq2 
if (!requireNamespace("BiocManager", quietly = TRUE)) 
    install.packages("BiocManager") 
 
BiocManager::install("DESeq2") 
library(DESeq2) 
library("RColorBrewer") 
 
#compute pairwise correlation scores between every pair of samples befor
e the DE analysis 
library(stats) 
correlationMatrixCMswoBrowoIso <- cor(filtered.countMatrixCMswoBrowoIso) 
 
library(corrplot) 
# The correlation plot order by the results of the hierarchical clusteri
ng  
corrplot(correlationMatrixCMswoBrowoIso, order = 'hclust', addrect = 2, 
tl.col = "black", tl.srt = 90, 
         addCoef.col = 'white',number.cex=0.5) 
 
#DESeq2 comparison of the wt vs D24-51 homo hiPSC-CMs 
library(DESeq2) 
library("RColorBrewer") 
 
#generate all the inputs 
#count matrix with raw counts only for my hiPSC-CM samples 
countdata= filteredcountdataCMswoBrowoIso 
 
#table of sample information 
coldata <- read.table("C:/Users/lab205/Desktop/data_PIEZO1 KO/coldata CM
swoBrowoIso_PIEZO1 KO.txt",  
                      header = T, sep = '\t', stringsAsFactors = TRUE) 
#my design, indicating how to model my samples 
#the last factor variable is the one I want to measure the effect 
design = ~ batch + condition 
#generate the DESeq2 dataset 
ddsFullCountTableCMswoBrowoIso <- DESeqDataSetFromMatrix(countData = cou
ntdata, 
                                                    colData = coldata,  
                                                    design= ~ batch + co
ndition) 
ddsFullCountTableCMswoBrowoIso 
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#For each gene, we count the total number of reads for that gene in all 
samples  
#and remove those that don't have at least 1 read.  
ddsFullCountTableCMswoBrowoIso<- ddsFullCountTableCMswoBrowoIso[ rowSums
(counts(ddsFullCountTableCMswoBrowoIso)) > 1, ] 
 
#use the DESeq function of DESeq2, which is a wrapper function  
#that implements estimation of size factors to normalize the counts, est
imation of dispersion values,  
#and computing a GLM model based on the experimental design formula.  
ddsFullCountTableCMswoBrowoIso <- DESeq(ddsFullCountTableCMswoBrowoIso) 
 
#compute the contrast for the 'condition' variable where 'cmWT' samples 
are used as the control group.  
DEresultsCMswoBrowoIso <- results(ddsFullCountTableCMswoBrowoIso, contra
st = c("condition", 'cmKO', 'cmWT')) 
 
#sort results by increasing p-value 
DEresultsCMswoBrowoIso <- DEresultsCMswoBrowoIso[order(DEresultsCMswoBro
woIso$pvalue),] 
DESeq2::plotMA(object= DEresultsCMswoBrowoIso, ylim = c(-5, 5)) 
 
#do a volcano plot with ggplot  
head(tmp) 
tmp <- DEresultsCMswoBrowoIsoTable 
 
tmp_namestoshow <- tmp[which(tmp[,"hgnc_symbol"] %in% c("TTN", "SLC8A1", 
"MYH7")),] 
tmp[,"log10q_value"] <- (-log10(tmp[,"padj"])) 
g <- ggplot(tmp, aes(x=log2FoldChange, y=log10q_value)) + geom_point() 
g + geom_text(data=tmp_namestoshow, aes(x=log2FoldChange, y=log10q_value
, label=hgnc_symbol), colour="red")  
 
#add the FDR threshold 
threshold <- DEresultsCMswoBrowoIsoTable$padj < 0.05 
length(which(threshold)) 
DEresultsCMswoBrowoIsoTable$threshold <- threshold 
g <- ggplot(tmp, aes(x=log2FoldChange, y=log10q_value)) + geom_point(aes
(x=log2FoldChange, y=-log10(padj),  
                                                                         
colour=threshold))  
 
g + geom_text(data=tmp_namestoshow, aes(x=log2FoldChange, y=log10q_value
, label=hgnc_symbol), colour="black") + 
  theme(legend.position = "right", aspect.ratio= 1) + 
  geom_hline(yintercept = 1.30102999566, colour="#990000", linetype="das
hed") +  
  geom_vline(xintercept = 0.586, colour="#990000", linetype="dashed") +  
  geom_vline(xintercept = -0.586, colour="#990000", linetype="dashed") + 
  theme(panel.grid.major = element_blank(), panel.grid.minor = element_b
lank(), 
        panel.background = element_blank(), axis.line = element_line(col
our = "black")) +  
  scale_color_manual(values = c("gray", "royalblue")) 
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#generate a heatmap with top DE genes 
library (pheatmap)  
DEresultsCMswoBrowoIso_ordered <- DEresultsCMswoBrowoIso[order(DEresults
CMswoBrowoIso$padj), ] 
top20_sigOE_genesCMswoBrowoIso <- rownames(DEresultsCMswoBrowoIso_ordere
d[1:20, ]) 
top100_sig_genesCMswoBrowoIso <-rownames(DEresultsCMswoBrowoIso_ordered[
1:100, ]) 
mat  <- assay(rldCMswoBrowoIso)[ top20_sigOE_genesCMswoBrowoIso, ] 
mat  <- mat - rowMeans(mat) 
anno <- as.data.frame(colData(rldCMswoBrowoIso)[, c("sample","condition"
)]) 
pheatmap(mat, annotation_col = anno) 
 
#Adding gene names 
if (!requireNamespace("BiocManager", quietly = TRUE)) 
  install.packages("BiocManager") 
 
BiocManager::install("biomaRt") 
 
DEresultsCMswoBrowoIso$ensembl <- sapply( strsplit( rownames(DEresultsCM
swoBrowoIso), split="\\+" ), "[", 1 ) 
# ENSEMBL  mart,  querying  with  the  ENSEMBL  gene  id  and 
#requesting the Entrez gene id and HGNC gene symbol 
ensembl = useMart( "ensembl", dataset = "hsapiens_gene_ensembl" ) 
genemap <- getBM( attributes = c("ensembl_gene_id", "entrezgene_id", "hg
nc_symbol"),filters = "ensembl_gene_id", 
                  values = DEresultsCMswoBrowoIso$ensembl,mart = ensembl 
) 
idx <- match( DEresultsCMswoBrowoIso$ensembl, genemap$ensembl_gene_id ) 
DEresultsCMswoBrowoIso$entrez <- genemap$entrezgene_id[ idx ] 
DEresultsCMswoBrowoIso$hgnc_symbol <- genemap$hgnc_symbol[ idx ] 
 
#save the results table in a CSV file 
DEresultsCMswoBrowoIso[1:2,] 
write.csv( as.data.frame(DEresultsCMswoBrowoIso), file="resultsCMswoBrow
oIso.csv") 

7.3.2 GO term analysis 
#GO terms analysis with gProfiler package 
library(DESeq2) 
library(gProfileR) 
library(knitr) 
#remove genes with NA values  
DECMswoBrowoIso <- DEresultsCMswoBrowoIso[!is.na(DEresultsCMswoBrowoIso$
padj),] 
#select genes with adjusted p-values below 0.05 
DECMswoBrowoIso <- DECMswoBrowoIso[DECMswoBrowoIso$padj < 0.05,] 
#select genes with absolute log2 fold change above 1 (two-fold change) 
DECMswoBrowoIso <- DECMswoBrowoIso[abs(DECMswoBrowoIso$log2FoldChange) > 
1,] 
#get the list of genes of interest 
genesOfInterest <- rownames(DECMswoBrowoIso) 
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#calculate enriched GO terms 
goResultsCMswoBrowoIso <- gprofiler(query = genesOfInterest,  
                       organism = 'hsapiens', hier_filtering = 'moderate
') 
# sort the enriched GO terms by pvalue and print the top 10 terms for th
e selected columns from the go results 
kable(goResultsCMswoBrowoIso[order(goResultsCMswoBrowoIso$p.value),  
                c(3:4, 7, 10, 12)][1:10,],booktabs = TRUE) 
top10goterms_CMswoBrowoIso <- goResultsCMswoBrowoIso[c(1:10), ] 
 
#visualize the GO terms as a barplot 
ggplot(goResultsCMswoBrowoIso, aes(x=reorder(term.name, -log10(p.value))
, y=-log10(p.value), fill=domain)) + 
geom_bar(stat="identity") + 
coord_flip() + theme(panel.grid.major = element_blank(), panel.grid.mino
r = element_blank(), 
panel.background = element_blank(), axis.line = element_line(colour = "b
lack")) 

#repeat this for the hiPSCs 

7.3.3 GSEA analysis 
#Gene set enrichment analysis (GSEA) with gage package 
if (!requireNamespace("BiocManager", quietly = TRUE)) 
  install.packages("BiocManager") 
 
BiocManager::install("gage") 
 
#Let's define the first gene set as the list of genes from one of the si
gnificant GO terms   
# found in the GO analysis.  
# order go results by pvalue 
goResultsCMswoBrowoIso <- goResultsCMswoBrowoIso[order(goResultsCMswoBro
woIso$p.value),] 
 
#restrict the terms that have at most 100 genes overlapping with the que
ry 
go <- goResultsCMswoBrowoIso[goResultsCMswoBrowoIso$overlap.size < 100,] 
# use the top term from this table to create a gene set  
geneSet1 <- unlist(strsplit(go[1,]$intersection, ',')) #or 29, which is 
the PI3K-Akt sign pathway 
 
#Define another gene set by just randomly selecting 25 genes from the co
unts table 
#get normalized counts from DESeq2 results 
normalizedCountsCMswoBrowoIso <- counts(ddsFullCountTableCMswoBrowoIso, 
normalized = TRUE) 
geneSet2 <- sample(rownames(normalizedCountsCMswoBrowoIso), 25) 
 
geneSets <- list('top_GO_term' = geneSet1, 
                 'random_set' = geneSet2) 
 
#replace my column names in countData to match colData 
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countData = countdata # = filteredcountdataCMswoBrowoIso 
names(countData) <- gsub("\\.ReadsPerGene\\.out\\.tab$", "", names(count
Data)) 
 
#group comparison between the KO samples with respect to the WT samples. 
library(gage) 
#use the normalized counts to carry out a GSEA.  
geneSets <- list('top_GO_term' = geneSet1, 
                 'random_set' = geneSet2) 
 
#ref and samp should be column numbers, so I generated numeric vectors f
or my samples from the column names 
#of my expression data,normalizedCounts  
wt = grep('wt_CM_', colnames(normalizedCountsCMswoBrowoIso), ignore.case 
= T) 
ko = grep('D2451_CM_', colnames(normalizedCountsCMswoBrowoIso), ignore.c
ase = T) 
 
#rerun gseae comparing wt and ko 
library(gage) 
gseaResultsCMswoBrowoIso <- gage(exprs = log2(normalizedCountsCMswoBrowo
Iso+1), ref = wt,  samp = ko,  
                    gsets = geneSets, compare = 'as.group') 
View(gseaResultsCMswoBrowoIso) 
#significant upregulation of the gene set in the ko group  
#compared to the wt by accessing gseaResults$greater 
knitr::kable(gseaResultsCMswoBrowoIso$greater, booktabs = TRUE, caption 
= "Up-regulation statistics") 
#or downregulation  
knitr::kable(gseaResultsCMswoBrowoIso$less, booktabs = TRUE, caption = "
Down-regulation statistics") 
 
 
#if a gene set  shows a significant up or down-regulation 
#It is worthwhile to visualize these systematic changes in a heatmap 
library(pheatmap) 
# get the expression data for the gene set of interest 
M1 <- normalizedCountsCMswoBrowoIso[rownames(normalizedCountsCMswoBrowoI
so) %in% geneSet1, ] 
# log transform the counts for visualization and generate a heatmap 
cdata <- colData(ddsFullCountTableCMswoBrowoIso) 
pheatmap(log2(M1+1), 
         cluster_rows = FALSE, 
         show_rownames = FALSE, 
         cluster_cols = FALSE, 
         annotation_col = as.data.frame(cdata[,"condition"], row.names=r
ownames(cdata))) 
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