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Abstract 
Cardiac remodeling is a complex process that occurs under both physiological and pathological 
conditions, involving significant morphological, functional and structural changes in cardiac cells, 
particularly cardiomyocytes and cardiac fibroblasts. Understanding the key factors regulating these 
processes remains one of the main challenges in cardiovascular research. One of the primary 
difficulties is obtaining human cardiac tissue samples, especially in the early stages of disease when 
cellular changes are crucial for understanding the underlying mechanisms. Traditionally, to overcome 
this challenge, cardiovascular research has relied on animal models to study disease mechanisms and 
test new therapies. However, the use of animal models raises ethical concerns related to animal 
experimentation and welfare. These challenges have driven the scientific community to seek more 
effective and less invasive alternatives, such as the use of in vitro cellular models.   

A key advancement has been the use of embryonic stem cells, which have enabled the generation of 
cellular models capable of replicating certain characteristics of the human heart and providing insights 
into differentiation processes and cardiac remodeling. However, the use of embryonic stem cells also 
raises ethical concerns related to their derivation, prompting research into alternative solutions. A 
valuable alternative is the use of cardiomyocytes derived from human induced pluripotent stem cells 
(hiPSC-CMs). These cells have become a fundamental tool in cardiac regeneration, as induced 
pluripotent stem cells (iPSCs) retain the full genetic profile of the patient and offer the possibility of 
testing personalized pharmacological treatments aimed at correcting specific alterations. However, a 
major challenge in using iPSCs is the difficulty of precisely replicating the development of cardiac 
muscle cells, making it challenging to obtain fully reliable models for studying cardiac diseases and 
testing new therapies.   
A promising approach is the application of tissue engineering techniques to develop 3D cardiac tissue 
models derived from hiPSC-CMs. In this process, immature cardiomyocytes are seeded into a three-
dimensional (3D) matrix and subjected to mechanical stress, stimulating their maturation and creating 
more physiologically relevant models for studying development, regeneration, and cardiovascular 
diseases.   

In our project, we developed and characterized 2D cellular models, including cardiac fibroblasts 
derived from embryonic stem cells (hESC-CFs) and hiPSC-CMs and subsequently created a 3D co-
culture model of fibroblasts and cardiomyocytes. These models allowed us to investigate the 
profibrotic, pro-inflammatory and hypertrophic effects of two coagulation factors, Thrombin and FIIa, 
which influence the cardiac cellular environment. In particular, our study confirmed the profibrotic and 
pro-inflammatory effects of these coagulation factors on hESC-CFs, previously observed in primary 
cardiac fibroblast cultures, as well as their hypertrophic effect on hiPSC-CMs. These findings 
demonstrate that these coagulation factors actively contribute to cardiac remodeling by promoting a 
fibrotic state, inducing the transformation of fibroblasts into myofibroblasts, stimulating inflammatory 
processes and favoring hypertrophy in cardiomyocytes. Specifically, for hiPSC-CMs, we observed that 
the hypertrophic response is mediated by the activation of the PAR1 receptor, a member of the 
protease-activated receptor (PAR) family.   
In the last part of the study, we provided a preliminary characterization of the co-culture model, which 
should enable a more accurate simulation of cardiac cell behavior and maturation, with the future aim 
of evaluating the effects of coagulation factors on this model.   

Our results underscore the importance of developing advanced in vitro models to enhance our 
understanding of the mechanisms underlying cardiac remodeling and to identify potential therapeutic 
targets, paving the way for future research in regenerative medicine and personalized treatments.  
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Chapter 1 

Introduction 
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1.1 Heart Function 
The heart is the main organ of the circulatory system. This organ is structured to form four cardiac 
chambers. The two upper chambers are known as atria, while the two lower chambers are called 
ventricles. The heart provides sufficient oxygenated blood containing nutrients, metabolites and 
hormones to all organs, ensuring their proper function. In the pulmonary circulation, the "oxygen-poor" 
blood from all parts of the body is collected in the right atrium and is pumped through the tricuspid valve 
into the right ventricle. This blood is then pumped from the right ventricle through the pulmonary valve 

into the pulmonary artery, which divides into two branches (left 
and right) that carry the blood to the right and left lungs, 
respectively, to be oxygenated. After oxygenation, the left 
atrium receives the oxygenated blood from the pulmonary 
circulation via the pulmonary veins and sends it to the left 
ventricle through the mitral valve. The left ventricle is the 
chamber of the heart that receives the oxygenated blood from 
the left atrium and is responsible for pumping the blood into 
the aorta through the aortic valve. The aorta is responsible for 
carrying the blood throughout the body to supply the systemic 
circulation, delivering oxygen to all the tissues of our body 
(Voorhees and Han, 2015). The pumping action is achieved 
through a complex interplay of electrical and mechanical 
processes that drive the cardiac cycle (Klabunde, 2021). In 
particular, the cardiac electrical activation begins with 
depolarization of specialized pacemaker cells, primarily 
located in the sinoatrial (SA) node in the upper right atrium 
(Hall and Michael, 2021). The electrical pacemaker signal from 
the right atrium spreads to the left atrium allowing coordinated 
contraction of the upper two chambers (atrial systole). Next, 
the electrical impulse reaches the middle of the heart, near 

the junction of all four chambers, a structure called the atrioventricular (AV) node, providing direct 
conduction of the impulse from the atria to the ventricles. The AV node itself has a slower pacemaker 
activity; this region of slow conductance delays activation of the bundle of His, allowing completion of 
ventricular filling. From the bundle of His, the electrical impulse bifurcates to the branches serving the 
lower right and left ventricles. Specialized conduction fibers, termed Purkinje fibers, act to speedily 
conduct the impulse to the rest of ventricular muscle (Figure 1) (Wilcken, 2006; Leemans and Amàlio, 
2016 ).   
Anomalies in cardiac function can lead to a wide range of pathologies, primarily due to disruptions in 
the electrical and mechanical processes that regulate heart contraction and blood flow. For example, 
increased stresses in the myocardium due to hypertension can lead to cardiac structural remodeling, 
such as hypertrophy and fibrosis. Structural remodeling contributes to an increased risk of developing 
heart failure and may result in cardiac arrhythmias (Camm et al., 2012). However, the molecular 
mechanisms responsible for structural changes such as hypertrophy and fibrosis are not yet fully 
understood.  
 

1.2 Cardiac Excitation-Contraction Coupling in Cardiac Muscle 

Excitation-contraction (E-C) coupling in the heart represents the essential biological process whereby 
an electrical signal is translated into mechanical contraction. While it shares fundamental mechanisms 
with skeletal muscle, cardiac E-C coupling exhibits distinct temporal and molecular features. The 

Figure 1. Human Heart and its conduction 
system (Leemans and Amàlio, 2016). 
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electrical impulse originates from pacemaker cells in the sinoatrial (SA) node, which possess intrinsic 
automaticity. The signal then propagates sequentially through the atrioventricular (AV) node, the His-
Purkinje conduction system, and eventually depolarizes ventricular myocytes (Bers, 2002). 
The rapid spread of depolarization across the myocardium is enabled by gap junctions, ensuring 
synchronous contraction. A critical distinction from skeletal muscle is the reliance on extracellular 
calcium for contraction in cardiomyocytes (Bers, 2000). Depolarization activates voltage-gated L-type 
Ca²⁺ channels, allowing a small influx of calcium into the cytosol (ICa). This calcium entry then triggers 
a much larger release of Ca²⁺ from the sarcoplasmic reticulum (SR) through ryanodine receptor type 2 
(RyR2) channels, in a process termed calcium-induced calcium release (CICR) (Fabiato, 1983). 
Unlike skeletal muscle, where RyRs are mechanically coupled to dihydropyridine receptors, cardiac 
RyR2 channels are activated solely by the incoming Ca²⁺ ions (Brette and Orchard, 2003). The resultant 
rise in intracellular calcium concentration ([Ca²⁺]ᵢ) allows calcium to bind to troponin C, inducing a 
conformational change that removes tropomyosin from actin's binding sites, thereby facilitating actin–
myosin interaction and initiating contraction. 
For the myocardium to relax, [Ca²⁺]ᵢ must return to resting levels. This is achieved through: (1) Reuptake 
into the SR via the SERCA (SR Ca²⁺-ATPase) pump, whose function is regulated by phospholamban 
(PLB). When PLB is unphosphorylated, it inhibits SERCA by decreasing its affinity for Ca²⁺ (MacLennan 
& Kranias, 2003); (2) extrusion from the cytosol, primarily via the sodium–calcium exchanger (NCX) and, 
to a lesser extent, the plasma membrane Ca²⁺-ATPase (PMCA). 
Once calcium dissociates from troponin, tropomyosin re-blocks the actin sites, and the muscle cell 
returns to its relaxed state. 

1.2.1 Sympathetic Modulation of Intracellular Calcium Dynamics 

Sympathetic stimulation exerts a significant regulatory role on cardiac performance by modulating both 
the strength and kinetics of contraction. Activation of β-adrenergic receptors, primarily the β₁ subtype, 
increases intracellular cAMP levels via Gs protein-mediated stimulation of adenylyl cyclase. This, in 
turn, activates protein kinase A (PKA), which phosphorylates multiple key proteins involved in 
excitation–contraction coupling (Zaccolo and Pozzan, 2002). 
In terms of lusitropy (enhanced relaxation), PKA acts by: (a) phosphorylating phospholamban, thereby 
relieving its inhibition of SERCA and accelerating SR Ca²⁺ reuptake (MacLennan and Kranias, 2003); (b) 
phosphorylating troponin I, which decreases the affinity of troponin C for Ca²⁺, promoting faster 
dissociation and relaxation. The inotropic effects (increased contractile force) are mediated by: (a) 
enhanced L-type Ca²⁺ current (ICa) due to channel phosphorylation, leading to greater Ca²⁺ influx 
during depolarization; (b) increased SR Ca²⁺ load, driven by augmented SERCA activity and increased 
RyR2 sensitivity or open probability. Additionally, PKA phosphorylation can influence RyR2 function, 
promoting a more robust and timely release of calcium from the SR. 
In ventricular myocytes: 

• β₁-adrenergic receptors, distributed broadly across the sarcolemma, are the main mediators of 
positive inotropic and lusitropic responses.  

• β₂-adrenergic receptors are primarily localized within caveolae, specialized membrane 
microdomains. Their effects are more spatially restricted and tend to focus on potentiating ICa, 
with less influence on global Ca²⁺ handling (Nikolaev et al., 2006). 

This compartmentalized signaling allows for fine-tuned regulation of cardiac performance under 
sympathetic control. 
 

1.3 Cardiac Remodeling  
The term "remodeling" was first introduced in 1982 by Hockman and Buckey in a myocardial infarction 
(MI) model. At the beginning it was used to describe the replacement of infarcted tissue by scar tissue 
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(Hochman and Bulkley, 1982). Later, Janice Pfeffer used this term referring to the progressive 
enlargement of the left ventricular cavity in an experimental MI in rat models (Pfeffer et al., 1985). In 
subsequent years, "remodeling" began to be used more broadly, describing various clinical situations 
and pathophysiological changes. In 2000, a consensus from an International Forum defined cardiac 
remodeling as a group of molecular, cellular, and interstitial alterations that manifest clinically as 
changes in the size, shape, and function of the heart following cardiac injury. Cardiac remodeling can 
be described as a physiological and pathological condition that can arise after various cardiovascular 
events. Despite the differing causes of these conditions, they share common molecular, biochemical, 
and mechanical pathways. The myocyte is the major cardiac cell involved in the remodeling process. 
Additionally, the interstitial space, fibroblasts, collagen, and coronary blood vessels play significant 
roles, with other key processes including ischemia, cell death (necrosis) and apoptosis. After an injury 
in the heart, the number of myocytes decreases, and the remaining cells either become elongated or 
hypertrophied as part of an early compensatory response (Cohn et al., 2000). To detect these changes, 
methods like echocardiography, ventriculography and nuclear magnetic resonance are commonly 
used. Another, less commonly used method in routine clinical practice involves detecting cell markers 
based on the re-expression of fetal genes. These include an increase in α myosin heavy chain (gene 
name: MYH6) and a decrease in β myosin heavy chain (gene name: MYH7), along with increased 
expression of Glucose Transporter Type 1 (GLUT-1), α-actin, natriuretic peptide, and neuronal nitric 
oxide synthase. Additionally, there is decreased expression of Glucose Transporter Type 4 (GLUT-4), 
Sarcoplasmic/Endoplasmic Reticulum Calcium ATPase 2a (SERCA2a), and a metabolic shift from fatty 
acid oxidation to glucose metabolism (Zornoff et al., 2009; Swynghedauw, 2006). 
One of pathophysiological mechanisms of cardiac dysfunction is the cell death. Myocyte death is due 
to different mechanisms such as apoptosis, necrosis or autophagy. Each of these mechanisms affects 
the heart in distinct ways, contributing to the structural and functional deterioration associated with 
cardiac remodeling. The exact involvement of apoptosis and necrosis in cardiac dysfunction has been 
a subject of intense debate. However, recent evidence suggests that they can represent different 
aspects of the same process called necroptosis (Burchfield et al., 2013). Autophagy is essential for 
maintaining protein homeostasis or proteostasis and the disruptions in this balance can lead to the 
accumulation of defective proteins, a phenomenon known as proteotoxicity. Alterations in the 
autophagic process are involved in ventricular dysfunction (Tarone and Brancaccio, 2014). Furthermore, 
it is well defined that inflammatory mediators have been identified in patients with heart failure (Anker 
and von Haehling; 2004). Moreover, experimental studies have shown repeatedly that activation of 
inflammation in the heart provokes left ventricular remodeling and left ventricular dysfunction (Mann, 
2015). The inflammatory mediators can trigger the re-expression of fetal genes, promote cellular growth, 
activation of collagenolytic matrix metalloproteinase and myocardial fibrosis (Mann, 2002).  
One of the most frequent cardiac remodeling mechanisms in cardiac pathologies is atrial and/or 
ventricular hypertrophy, which is characterized by an increase of cardiomyocytes size and the 
consequent thickening of the cardiac wall.  
 

1.4 Cardiac Hypertrophy  
Cardiac hypertrophy is a process often involved in heart dysfunction, which at the cellular level 
corresponds to an increase in cardiomyocyte size and other typical features. This phenomenon can be 
physiological or pathological: physiological hypertrophy of the heart can ensue as a result of exercise or 
pregnancy and is deemed mild and/or reversible (Chung and Leinwand, 2014; Ellison et al., 2012). Both 
kind of hypertrophy initially arise as an adaptive response to cardiac stress, however, in the presence of 
chronic stressful conditions such as hypertension and valvular disease, a form of pathological 
hypertrophy develops, which is characterized by excessive increase in ventricular dimensions, 
accompanied by myocardial dysfunction and fibrosis (Heineke and Molkentin, 2006; Kannel and 
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Dannenberg, 1987). Both physiological and pathological hypertrophy involve an enlargement of 
individual cardiomyocytes, but their characteristics are notably different. Physiological hypertrophy is 
characterized by a modest (10-20%) increase in cardiac mass and a balanced growth of cardiomyocytes 
in both length and width. In this case, the heart maintains or even improves its contractile ability, without 
obvious signs of interstitial or replacement fibrosis, nor cell death (Maillet et al., 2013). In contrast, 
pathological hypertrophy, initially compensatory with concentric ventricular growth, later progresses to 
ventricular chamber dilation and wall thinning due to the elongation of individual cardiomyocytes, 
resulting in reduced contractility (Schiattarella and Hill, 2015). Furthermore, pathological cardiac 
hypertrophy is marked by more significant changes, including a switch to the fetal gene expression 
profile (Dirkx et al., 2013). This switch involves an increase in the expression of skeletal α-actin (gene 
name: ACTA1), atrial natriuretic peptide (gene name: NPPA), brain natriuretic peptide (gene name: 
NPPB) (Sergeeva and Christoffels, 2013), and myosin heavy chain β isoform (gene name: MYH7) (Gupta, 
2007). In physiological hypertrophy, however, these markers remain unchanged or decrease.  
At the cellular level, in addition to the enlargement of cardiomyocytes, pathological hypertrophy also 
involves an increase in protein production and a decrease in the organization of the sarcomere structure 
(Carreño et al., 2006; Frey et al., 2000). Additionally, cardiomyocytes switch to carbohydrate-dependent 
energetic machinery instead of fatty acid oxidation, which in turn necessitates alterations in expression 
levels of metabolic genes (Taegtmeyer et al., 2010). Table 1 describes the main differences between 
physiological hypertrophy and pathological hypertrophy.  
 
Table 1. Main characteristics of physiological and pathological cardiac hypertrophy.  

Triggers and 
Characteristics 

Physiological 
hypertrophy 

Pathological hypertrophy 

Triggers Normal postnatal 
growth/ 
Pregnancy/ 
Exercise 

Pressure overload owing to hypertension or aortic stenosis 
 
Volume overload induced by mitral and aortic regurgitation and 
chronic kidney disease 
 
Myocardial hypoxia as a result of myocardial infarction, obesity, 
diabetes mellitus, ageing, chronic obstructive pulmonary disease, or 
anaemia 
 
Storage diseases (lipid, glycogen, or misfolded protein diseases) 
 
Inherited diseases such as hypertrophic cardiomyopathy 
 

Reversibility Yes Might be possible with treatment 
 

Cardiomyocyte size Increased Increased 
 

Fibrosis No Yes (advanced) 
 

Type I collagen levels Unchanged Increased 
 

Myofibroblast activation 
 

Unchanged Yes (such as increased smooth muscle α-actin) 

Cardiomyocyte death No Yes (advanced) 
 

Fetal genes Unchanged or 
Decreased 

Increased (for example ACTA1, MYH7, NPPA and NPPB) 
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1.4.1 Hypertrophy and Mechanotransduction 
The increased size of the cardiomyocyte is not the only characteristic of cardiac hypertrophy, but it is 
the result of a complex molecular process that involves changing in protein synthesis (membrane 
receptors, second messengers and transcription factors) and re-organization of the sarcomere 
structure (Carreño et al., 2006). Mechanical stress can induce a hypertrophic response downstream of 
mechanosensitive molecules. The sarcomere Z-disc and its associated proteins are thought to play a 
key role in mechanical stress-induced signal transduction, a process known as "mechanotransduction" 
(Heineke and Molkentin, 2006). Its downstream effects function initially as adaptive responses that 
serve as compensatory mechanisms during adaptation to the initial load. However, under prolonged or 
abnormal loading conditions, these remodeling processes result in impaired physiological function and 
the onset of pathological cardiac hypertrophy. External forces acting on the cardiomyocytes are 
transmitted through structural proteins to the sarcomere, where several molecules could be involved in 
sensing and transducing signals. An example is the interaction of Titin and muscle LIM protein (MLP, also 
known as cysteine-rich protein 3) with a network of proteins to form complex signalosomes, which play 
roles in mechanotransduction pathways (Lyon et al., 2015).  
The intercalated discs, complex structures that connect adjacent cardiomyocytes, are also involved in 
mechanotransduction. The three types of cell junction recognised as making up an intercalated disc are 
desmosomes, fascia adherens junctions, and gap junctions (Zhao et al., 2019). Fascia adherens and 
desmosomal junctions are able to transmit mechanical stress to the cells through actin and 
intermediate filaments, respectively (Hoshijima, 2006). However, genetic evidence, based on a distinct 
cardiomyocyte remodeling response associated with desmosomal deficiencies and mutations 
(separate from the fascia adherens junction), indicates that desmosomal proteins seem to have a more 
robust role in intermediate filament–based mechanotransduction (Sheikh et al., 2009).  
 

1.4.2 Hypertrophy and Switch to the Fetal Gene Program 
The switch to the fetal gene program is an important key topic to understanding cardiac disease and 
pathological cardiac remodeling. It has been observed that in failing and diseased hearts, there is often 
a reversion to fetal gene expression, driven by the reactivation of developmental transcription factors 
such as NFAT and MEF2 (Dirkx et al., 2013; Rajabi et al., 2007). These fetal genes are abundantly 
expressed in the prenatal heart but become downregulated after birth. For example, during the fetal 
development, lactate and glucose oxidation (carbohydrate substrates) constitute the major sources of 
adenosine triphosphate (ATP) synthesis (Fisher et al., 1980). In contrast, the fetal heart has a limited 
capacity to oxidize long-chain fatty acids (Bartelds et al., 2000). After birth, there is a metabolic switch, 
accompanied by changes in the expression of enzymes (Lehman and Kelly, 2002), from lactate and 
glucose oxidation to fatty acid oxidation (Bartelds et al., 1998). During an acute increase in workload, 
adult heart responds by shifting from fatty acid oxidation to glycogen, lactate, and glucose metabolism 
(Goodwin et al., 1998). If the stress is chronic and sustained, these metabolic pathways are 
transcriptionally regulated (Sack et al., 1997). Another molecular response to various triggers results in 
new sarcomere organization by remodeling the adult cardiac gene program to the fetal gene profile. The 
major isoform switch of many sarcomere proteins occurs at birth: during development and under 
pathophysiological conditions, the expression of the two cardiac α and β Myosin Heavy Chain (MHC) 
isoforms is regulated in a chamber-specific manner and influenced by hormonal control, particularly by 
thyroid hormones. These changes are closely linked to the heart's mechanical performance and 
efficiency as it transitions from fetal to postnatal circulation. Across species, differences in contraction 
speeds are correlated with variations in the ratio of α and β MHC isoforms (Swynghedauw, 1986). The α 
MHC is associated with higher actomyosin ATPase activity compared with β MHC. In the mouse and rat, 
for example, the β MHC isoform is fetal-specific whose expression in ventricular myocytes is down-
regulated to low levels soon after birth and replaced by α MHC isoform, also predominant in the 
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ventricles (Sassoon et al., 1988). Conversely, in other mammalian species (including humans), α MHC 
isoform is expressed in the atria throughout life and β MHC remains the predominant ventricular isoform 
throughout adulthood. 
While numerous studies have been conducted on α/β MHC (MYH6/MYH7) switch in rodents in context 

of cardiac hypertrophy; to date, few studies 
have been conducted on this genetic switch in 
the human heart. A study of 1990 from 
Kurabayashi et al., analyzed the isozymic 
transitions from α to β MHC of cardiac myosins 
in response to pressure overload in atria. The 
authors observed that increased expression of 
β MHC induced in the atria subjected to severe 
pressure overload together with the isogene 
switch from α MHC (MYH6 gene) to β MHC 
(MYH7 gene) may participate in the adaptation 
of myocardium to new functional requirement 
(Figure 2) (Kurabayashi et al., 1990). 
Pressure overload leads to specific changes in 
the composition of MHC also in the human 
ventricles. It has been observed a decrease in α 
MHC expression (mRNA) and content (protein) 

in the failing human left ventricle (Reiser et al., 2001) and a relative increase in β MHC expression in the 
left ventricles of patients with cardiomyopathy. The authors of this study concluded that adult human 
ventricular myosin isoform expression changes during the development of cardiomyopathy (Nakao et 
al., 1997). Furthermore, this study indicates that there is a much greater relative amount of the β MHC 
isoform in the left atrium during heart failure compared to non-failure cases.   
Another example of reactivation of the Fetal Gene Program is the re-expression of the atrial natriuretic 
peptide (ANP) or atrial natriuretic factor (ANF) and brain natriuretic peptide (BNP). The genes that 
encode these factors are named NPPA and NPPB, respectively. During embryonic and fetal 
development of the heart NPPA and NPPB are highly expressed in the differentiating atrial and 
trabecular ventricular chamber; after birth NPPB remains expressed in both atria and ventricles while 
the expression of NPPA becomes restricted to the atria (Houweling et al, 2005; Sergeeva and 
Christoffels, 2013). After cardiac stress, there is an increase of these pro-peptides in the heart and an 
up-regulation of NPPA and NPPB expression in ventricular cardiomyocytes (Sergeeva et al., 2014). In 
clinic, the plasma levels of these peptides are used as early and specific markers to evaluate the 
severity of hypertrophy and as a marker for development of heart failure (Battistoni et al., 2012). During 
hypertrophic response to different stimuli, there is a reactivation of early response genes such as c-fos, 
c-jun, and c-myc followed by a re-expression of fetal gene program. In this case, a c-fos/c-jun 
hetrodimer was found to directly bind the AP-1 site of the NPPA promoter, suggesting a direct interaction 
between these two pathways (Rosenzweig  et al, 1991). However, the regulation NPPA seems to be more 
complex and extensive. To date, we know that NPPA and NPPB are two paralogous gene positioned 
close to each other and organized in conserved cluster (Inoue et al., 2005). Deciphering transcriptional 
regulation of NPPA and NPPB during heart development and disease has proven to be complex and 
challenging. NPPA and NPPB are regulated by different regulatory elements during cardiac stress. The 
NPPA promoter interacts with NPPB promoter and several distal and proximal regulatory elements to 
regulate its dynamic expression in the embryonic/fetal and adult heart. NPPB expression relies on the 
interaction of its promoter and a conserved large distal regulatory region, classified as a “super 
enhancer”. Moreover, the NPPA-NPPB cluster shares (developmental) enhancers found in the super 
enhancer region (Man et al., 2018). The switch to the fetal gene program represents a complex regulatory 

Figure 2. Relative levels of α MHC and β MHC mRNAs in 
normal and pressure-overloaded atria (Kurabayashi et al., 
1990).  
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mechanism observed in cardiac remodeling in which numerous genetic and epigenetic factors are 
involved (Dirkx et al., 2013) so understanding the molecular mechanisms behind this process is crucial 
for identifying new therapeutic targets to prevent maladaptive remodeling and improve cardiac function 
in diseases such as hypertrophic cardiomyopathy and heart failure. 
 

1.5 Cardiac Fibrosis 
Cardiac fibrosis is characterized by multifactorial processes that involve cellular (Xie et al., 2014) and 
molecular mediators (Li et al., 2013) leading to accumulation of myocardial connective tissue. Among 
them, the Transforming Growth Factor β1 (TGFβ1) signalling (for collagen synthesis), matrix 
metalloproteinases (MMPs), and tissue inhibitors of matrix metalloproteinases (TIMPs) play a pivotal 
role in fibrosis initiation. During this process, the extracellular matrix (ECM) undergoes important 
modifications due to modified ratios of collagen subtypes and ratio MMPs/TIMPs (Xu et al., 2004). In a 
goat model, prolonged Atrial Fibrillation (AF) induced by electrical stimulation led to a significant 
increase in ECM surface area per myocyte and it was reversed after cardioversion (Allessie et., al 2002). 
The deposition of ECM in myocardial interstitial space is due to excessive proliferation of fibroblasts that 
differentiate into myofibroblasts, highly specialized synthetic and contractile cells that increase fibrillar 
collagen, matricellular protein production/secretion, as well as the expression of α-smooth muscle 
actin (α-SMA, gene name: ACTA2 ) (Frangogiannis, 2018). ECM protein deposition is initially protective 
and is critical for wound healing and tissue regeneration, but when ECM deposition becomes 
significant, persistent fibrosis, a common response to chronic inflammation, may ultimately lead to 
heart failure (Antar et al., 2023). Cardiac fibroblasts (CFs) play an essential role in the cardiac 
homeostasis and they play an important role in the inflammatory processes that occur within the heart 
upon acute and chronic injury (van Nieuwenhoven and Turner, 2013). After an injury or inflammation, 
fibroblasts become activated exhibiting a pronounced collagen production (Figure 3).  

Figure 3. Resident fibroblasts maintain cardiac 
homeostasis under normal conditions. In 
response to mechanical stress and profibrotic 
signals (e.g., TGFβ, AngII), they activate, 
proliferate, and remodel the ECM. Prolonged 
activation drives differentiation into 
myofibroblasts, marked by α-SMA expression 
and excessive ECM production (FN, collagens). 
Their resistance to cell death leads to 
persistent maladaptive remodeling. Emerging 
evidence suggests myofibroblasts can de-
differentiate once stress is removed, but the 
underlying mechanisms and therapeutic 
potential remain unclear. POSTN indicates 
periostin (Gibb et al., 2020). 
 
 
 

In addition to CFs, various inflammatory cells have been shown to play a role in the profibrotic process, 
for example it has been observed that during cardiac injury, numerous blood-borne monocytes infiltrate 
the myocardium and differentiate into macrophages (Kim et al., 2018) that can lead to the production 
of multiple profibrotic growth factors (IL-10, TGFβ , IGF-1 and PDGF) and pro-inflammatory cytokines 
(IL-6, TNF-α, ROS). It has been demonstrated that increased serum levels of IL-6 were associated with 
an increased left atrial size as the result from IL-6 stimulation on matrix-metalloproteinase-2 (MMP2) 
(Marcus et al.,2008). Other cells of the innate immunity, the mast cells, are involved in cardiac fibrosis: 
under pressure overload, mast cells multiply and release pre-formed inflammatory and fibrotic (e.g., 
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TGFβ 1, TNF, IL-1) mediators. Furthermore, animal studies demonstrated that histamine produced by 
mast cells play a role in cardiac fibrosis (Zeng et al., 2014). It is well-known that development and 
progression of atrial fibrosis is the hallmark of structural remodeling in atrial fibrillation and is 
considered the substrate for AF perpetuation (Dzeshka et al., 2015).  
 

1.5.1 Atrial Fibrillation 
Atrial fibrillation (AF) is the most common form of cardiac arrhythmia in Western countries (Hindricks et 
al., 2021). The prevalence of AF varies from 2% in the general population to 10-12% in older individuals 
(>70 years of age) (Staerk et al., 2017) and those with lifestyle-related conditions hypertension, diabetes 
mellitus and obesity. AF occurs when abnormal electrical impulses suddenly start firing in the atria 
disrupting the heart’s natural pacemaker, which can no longer regulate the heart’s rhythm. This leads to 
irregular and often excessively rapid contractions of the ventricles, causing a range of symptoms such 
as dyspnea, palpitations, irregular heartbeat, shortness of breath, and fatigue (Brundel et al., 2022). AF 
can be also congenital, in this case the onset occurs at a younger age and often progresses rapidly from 
persistent to permanent AF (Teuwen et al., 2018). The pathophysiology of AF is complex, involving both 
increased spontaneous ectopic firing of atrial cells and impulse re-entry through atrial tissue. Its 
development consists of three key stages: initiation, maintenance and progression to more persistent 
forms of AF (Wakili et al., 2011). Unlike most arrhythmic conditions, AF is characterized by highly 
irregular electrical impulses that vary in frequency, direction and duration from beat to beat. This results 
in significant temporal fluctuations in the timing and morphology of intracardiac atrial electrograms 
(Atienza et al., 2012).  
 

Atrial Fibrillation and Electrical Remodeling  
The electrical impulse of the heart is generated by the controlled influx and efflux of ions through ion 
channels in the sinoatrial node. During normal sinus rhythm, atrial action potentials (APs) are generated 
by the voltage-dependent activation of cardiac Na+ channels, leading to a depolarizing current (INa) that 
are responsible for the AP upstroke. The activation of L-type Ca2+ current (ICa,L) facilitates Ca2+ entry, 
which triggers a significant release of Ca2+ from the sarcoplasmic reticulum (SR) through ryanodine 
receptor channel type 2 (RyR2), resulting in a systolic intracellular Ca2+ transient. AP repolarization and 
duration (APD) are regulated by time-dependent delayed-rectifier K+ currents, including slow (IKs), rapid 
(IKr), and ultrarapid (IKur) currents, as well as the transient outward K+ current (Ito). During diastole, Ca2+ 
is removed from the cell through the electrogenic Na+/Ca2+ exchanger (NCX) type 1, which brings in 3 
Na+ ions for each Ca2+ ion expelled, creating a depolarizing inward current. Additionally, Ca2+ is 
reabsorbed into the sarcoplasmic reticulum (SR) via the SR Ca2+-ATPase type 2a (SERCA2a). These 
processes work together to lower cytosolic Ca2+ concentrations and facilitate atrial relaxation during 
diastole (Heijman et al., 2014). The impulse generated from ions currents in the sinoatrial node travels 
through Bachmann's bundle from the left to the right atria through gap junctional that directly connect 
adjacent cells by providing chemical and electrical communication between adjacent myocytes. Then 
via the atrioventricular node through the bundle of His and two bundle branches in the interventricular 
septum to the apex of the heart muscle, causing a coordinated contraction in the ventricles circulating 
the blood through the human body (Denham et al., 2018).    
AF may be generated and maintained by a variety of electrophysiological mechanisms (Workman et al. 
2008) that are often attributed to either abnormal automaticity (AA) or triggered activity. These ectopic 
activities represent spontaneous depolarizations of atrial tissue outside the sinoatrial node at rates 
faster than the sinus rhythm. AA refers to premature firing of action potentials, favored by an increase in 
diastolic inward, depolarising, ion current (the funny current (If), and potentially L-type Ca2+ (ICaL) and 
Na⁺/Ca2+ exchanger (NCX) currents) and a decrease in outward, hyperpolarising, currents (K+ currents). 
Triggered activity, on the other hand are caused by oscillations in membrane potential following the 
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upstroke of an action potential, known as afterdepolarizations. These may be delayed 
afterdepolarizations (DADs), which occur after full repolarization. DADs are favored by high heart rates 
and excessive intracellular Ca2+ (ICa2+) loading (Figure 4) (Workman, 2010). The abnormal atrial 
conduction during AF is also linked to changes in Na+ channels and gap junctions (Yan et al., 2018; et 
al., 2013). The process of electrical remodeling develops within the first days, but it is reversible upon 
sinus rhythm (SR) restoration (Schotten et al., 2003).  

Figure 4. Mechanisms of Early and Delayed 
Afterdepolarizations. (A) Early 
afterdepolarizations result from prolonged 
action potential duration (APD) due to 
reduced repolarizing K+ currents (IKs, IKr, 
IKur) or increased depolarizing currents 
(INa,late, ICa,L). This allows ICa,L recovery, 
enhancing inward currents and triggering 
membrane depolarization during AP phase 2 
or 3. (B) Delayed afterdepolarizations arise 
from RyR2 dysfunction due to CaMKII 
hyperphosphorylation or loss of stabilizing 
subunits (FKBP12.6, JPH-2), combined with 
increased SR Ca2+ uptake from PLB 
hyperphosphorylation. This promotes 

spontaneous SR Ca2+ releases (SCaEs), activating NCX and generating a transient-inward current (Iti) that triggers 
delayed depolarization, counteracted by inward-rectifier K+ currents.  Abbreviations: CSQ (calsequestrin), IM 
(membrane current), SERCA2a (SR Ca2+-ATPase type 2a), SLN (sarcolipin). (Heijman et al., 2014). 
 
 

Atrial Fibrillation and Thrombogenesis 
The association between atrial fibrillation and prothrombotic represents well-known evidence (Khan 
and Lip, 2019). To date the molecular mechanisms underlying the thrombotic events are not yet entirely 
clear and remain only partially understood. The development of thrombus formation in AF could be 
influenced by multiple factors like abnormal changes in blood flow/stasis, endothelium alterations and 
hypercoagulability (Virchow’s triad) (Watson et al., 2009). Blood stasis in the atria cavity often occurs 
after failure of atrial systole or progressive atrial dilatation. Furthermore, the loss of synchronous 
contractility altered atrial flow velocity and vorticity which is likely to decrease endocardial shear stress. 
This phenomenon has been demonstrated to reduce the endothelial production of nitric oxide, a 
substance that facilitates vasodilation and possesses anti-thrombotic properties (Uematsu et al., 
1995). The deterioration of endothelial function in atrial cardiomyopathy is also associated to 
inflammatory processes (Nso et al., 2020) where areas of endothelial denudation may predispose to 
thrombotic events (Yau et al., 2015). The third element of Virchow’s triad is hypercoagulability state, the 
alterations in fibrin turnover. Abnormal concentration in prothrombotic indices is common in patients 
with AF (Ohara et al., 2008): plasma von Willebrand factor (vWf) and D-dimer, for example, have been 
utilized to enhance clinical risk assessment for stroke. Anticoagulant treatment has been shown to 
reduce concentrations of some prothrombotic markers (Lip et al., 1995; Zeuthen et al., 2003).  
 

1.6 Role of Coagulation Factors in Cardiac structural Remodeling 
Cardiac remodeling is also associated with hypercoagulability state that can contribute to profibrotic 
and pro-inflammatory events (Spronk et al., 2017). This heightened coagulation activity underscores the 
intricate relationship between cardiovascular alterations and the coagulation cascade. Coagulation 
cascade can be divided in three different pathways: intrinsic pathway (activated by damage to blood 
vessels), extrinsic pathway (triggered by external trauma), and the common pathway which together are 
responsible for the activation and arresting the production of the product fibrin, the main component of 
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a thrombus (Chaudhry et al., 2023).  In particular, two coagulation factors: Thrombin or FIIa and 
activated Factor X (FXa), are central factors in the common coagulation pathway leading to the 
formation of Fibrin.  
Thrombin is a serine protease that is involved in hemostatic and non hemostatic effects. For hemostatic 
effects, it can be involved in primary hemostasis activating platelets and the subsequent the release of 
platelet activators such as adenosine diphosphate, serotonin, and thromboxane A2. While in secondary 
hemostasis, Thrombin converts fibrinogen into fibrin monomers, which ultimately form a stable clot to 
stop bleeding at sites of vascular injury. Moreover, Thrombin regulates its own production by forming a 
complex with the endothelial cell surface receptor thrombomodulin (TM). This complex activates 
protein C, which becomes activated protein C (APC), the main inhibitor of activated factor V and factor 
VIII (Bae et al., 2010). FX is activated into FXa by either the extrinsic pathway, involving the tissue factor 
(TF)-factor VIIa (FVIIa) complex, or the intrinsic pathway, driven by FVIIIa-FIXa (Hertzberg, 1994). Once 
activated, FXa binds with its cofactor, Factor Va (FVa) and forms proThrombinase, a complex enzyme 
responsible for converting proThrombin into Thrombin (Mann et al., 1990).   
Recently, the discovery that coagulation factors can be also implicated in non hemostatic effects has 
attracted the attention of many researchers, especially for their role in the activation of CFs and 
promotion of cardiac remodelling (Spronk et al., 2017; D'Alessandro et al., 2018). Activating FIIa and FXa 
seems to influence the structure and function of heart cells, particularly cardiac fibroblasts and 
cardiomyocytes (CMs). This suggests that FIIa and FXa may play a role in initiating and contributing to 
structural remodeling, inflammation, and fibrosis (D'Alessandro et al., 2022). The non-haemostatic 
effects are mediated by activation of a family of G protein-coupled receptors, the protease activated 
receptors (PARs) expressed in many different cell types throughout the body (Posma et al., 2016). PARs 
are part of the G-protein-coupled receptor (GPCR) family, which are characterized by a single 
polypeptide chain with seven transmembrane alpha-helices and three intracellular and extracellular 
loops. The extracellular loops contain the site where ligands bind, while the N-terminal extracellular 
domain houses a "tethered ligand" that's involved in receptor activation. On the intracellular side, the 
loops provide binding sites for the G-protein trimer (composed of Gα, Gβ and Gγ subunits), which is key 
signal transduction (Rosenbaum et al, 2009). During the activation, PARs are proteolytically cleaved at 
their N-terminal extracellular domain generating a new tethered ligand, which self activates the receptor 
(Gieseler et al., 2013). The intracellular domains of PARs bind tightly to the Gα and Gβγ subunits of G-
proteins stimulating the exchange of GTP for GDP. This process leads to the phosphorylation of the 
intracellular Gα subunit, causing it to detach from the Gβγ subunit (Gieseler et al., 2013).  
The PAR family comprises four different isoforms (PAR1, PAR2, PAR3 and PAR4). Depending on the 
conditions of PAR activation, Thrombin can have opposing effects on a cell; for instance, it contributes 
to both anti-inflammatory and pro-inflammatory processes, regulates both endothelial integrity and 
permeability, and can trigger both vasodilation and vasoconstriction (Ossovskaya and Bunnett, 2004; 
Alberelli and De Candia, 2014). PAR1 and PAR3 have a high affinity for Thrombin, meaning they can be 
activated by lower Thrombin concentrations (less than 5 nM). In contrast, PAR4 has a lower affinity for 
Thrombin and requires higher concentrations for activation (Ossovskaya et al, 2004). PAR1 and PAR2 
are the most important isoforms in the heart. In a study by D'Alessandro et al., it was shown that PAR1 
activation by Thrombin promotes the expression of profibrotic markers, such as α smooth muscle actin 
(α-SMA, gene name: ACTA2) and TGFβ, but also of pro-inflammatory markers, such as IL-6 and C-C 
motif chemokine ligand 2 (CCL2) in adult rat CFs. Similarly, FXa has been reported to be a strong in vitro 
inducer of pro-inflammatory responses (D'Alessandro, et al., 2018). The complex effects of Thrombin 
and FXa and their involvement in cardiac remodeling can be further explored using other different 
systems that comprise new cellular model in 2D and 3D arrangement offering a more physiologically 
relevant platform to study coagulation factors pro-inflammatory and profibrotic responses in cardiac 
remodeling.  
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1.7 Cell Models  

1.7.1 Human Embryonic Stem Cells  
Human embryonic stem cells (hESCs) are pluripotent cells capable of self-renewal and multiplying 
indefinitely with an unlimited self-renewal potential. They fulfil all requirements of stem cells: clonality, 
self renewal and multipotentiality (Garry and Olson, 2006) for in vitro applications to generate an 
unlimited number of distinct cell types opening new avenues for regenerative medicine. During the first 
7 days of development, the embryo develops from a fertilized zygote to a blastocyst, a structure that 
comprises of the epiblast (precursor to the embryo proper), the hypoblast (precursor to the yolk sac), 
and the trophectoderm (precursor to the embryonic portion of the placenta) (Petropoulos et al., 2016; 
Molè et al., 2020). The hESCs are obtained from the inner cell mass (ICM) of a human blastocyst and 
subsequently forms the embryo while the outer layer of trophoblast gives rise to the chorion and 
amnion, the two fetal membranes that surround the embryo.  
For in vitro applications, hESCs were first derived from the blastocyst-stage epiblast in 1998 (Thomson 
et al., 1998). To date, more advances in culturing techniques were developed to culture hESC lines in 
vitro establishing the differentiation of hESCs into various lineages of biologically active cells, including 
cardiomyocytes, oligodendrocytes and pancreatic β cells (Cohen and Melton, 2011; Fu and Xu, 2011). 
The ICM has typically been separated from the trophectoderm at the blastocyst stage using 
immunosurgery or mechanical dissection (Bosma et al., 1983; Cowan et al., 2004; Ellerström et al., 
2006). The destruction of the embryo has led to significant ethical and political issues: derivation and 
even culture of hESC are forbidden by law in some European countries (Hovatta et al., 2010).  In the 
USA, there are limitations for making hESCs when human in vitro fertilization (IVF) embryos are 
destroyed. To overcome these ethical issues, one proposed alternative was to isolate cells from earlier 
stages of embryonic development without damaging the embryo, but early attempts to remove a single 
cell at the 8-cell or morula stage produced inconsistent results and necessitated the co-culture of 
isolated blastomeres with already established hESC lines (Klimanskaya et al., 2007; Strelchenko et al., 
2004). Another obstacle is the immune mediated rejection of hESC-derived cells by the recipient 
because these cells are allogeneic to the recipient patients (Boyd et al., 2012). In addition, therapies 
with immunosuppression greatly increases the risk for cancer and infection (Gallagher et al., 2010).  
Despite the various obstacles and numerous critical issues, hESCs represented a progenitor model 
useful to understand the basic mechanisms of pluripotency and cell renewal. Over the years new 
cellular models have been discovered and developed, among these the hiPSCs (human induced 
pluripotent stem cells) model represents to date one of the most promising and revolutionary advance 
for multiple scientific and therapeutic applications.   
 

1.7.2 Human Induced Pluripotent Stem Cells and hiPSC-Derived Cardiomyocytes 
In 2006, Takahashi and Yamanaka succeeded in transforming the adult mouse fibroblasts into induced 
pluripotent stem cells (iPSC) using four select transcription factors: Oct4, Sox2, c-Myc and Klf4. One 
year later the same group demonstrated the generation of iPSCs from adult human dermal fibroblasts 
with the use of the same four factors (Yamanaka, 2007). Since this discovery, the reprogramming of 
somatic cells into the embryonic-state-like of iPSC has become a widely used method. One of the major 
applications of iPSCs is the differentiation into specific cell types. This aspect avoids ethical 
controversies that hinder the applications of hESCs. The human iPSCs (hiPSCs) are like hESCs in many 
aspects, including morphology, proliferation, surface markers, gene expression, and in vitro 
differentiation. One of the most exciting applications of stem cells is regenerative medicine: stem cells 
can differentiate into any kind of cell type and have the potential to completely regenerate the organs. 
The advent iPSCs technology has enabled the reliable generation of individual-derived cardiomyocytes 
(CMs) (Yoshida and Yamanaka, 2017). The human iPSC-Derived Cardiomyocytes (hiPSC-CMs) can offer 
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significant potential in modeling cardiopathological diseases and for use in autologous tissue 
transplantation. However, despite their promising potential, the hiPSC-CMs more closely resemble 
cardiomyocytes in their embryonic or fetal stages and exhibit immaturity in terms of marker expression, 
electrophysiological behavior, ultrastructural characteristics, and metabolic profiles. For example, 
immature cardiomyocytes use glycolysis for energy metabolism rather than β-oxidation of fatty acids 
(Nose et al., 2018). “Immaturity” comprises a wide spectrum of fetal-type features, such as 
automaticity, gene expression patterns (van den Berg et al., 2015) including ion channels (Beqqali et al., 
2006), electrophysiological signals, contractile properties at whole cell (Ribeiro et al., 2015) and 
myofibril level (Pioner et al., 2016). For cardiac differentiation and development of cardiovascular 
system different signalling pathways like activin/nodal/transforming growth factor β, Wint signaling and 
bone morphogenetic protein are involved (Evans et al. 2010; Noseda et al., 2011). Recently, different 
combinations of growth factors and small molecules have been found to enhance the consistency and 
efficiency of hiPSC-CM differentiation protocols (Kattman et al., 2011).  An interesting aspect is related 
to the heterogeneous pool of atrial, ventricular, and nodal-like cell population obtained post-
differentiation. In this respect, recent reports suggest that pluripotent stem cells could be directed 
either to atrial-like or to ventricular-like cardiomyocytes by modulating the retinoic acid (Devalla et al., 
2015) and Wnt signaling pathways (Karakikes et al., 2013).  
Cardiac muscle cells take 6 to 10 years in vivo to reach their adult phenotype. A logical strategy to obtain 
more mature cardiomyocytes is long-term culture. At later stages (80-100 days post-differentiation), 
healthy hiPSC-CMs exhibit a significant increase in cell aspect ratio and myofibril alignment, along with 
the emergence of caveolae, transverse (T) tubules, and sarcomere protein isoforms typically absent at 
earlier stages (Pioner et al., 2020). Another key approach is the use of chemical compounds that inhibit 
Wnt signaling, enhancing differentiation (Ren et al., 2011). Burridge et al. (2014) further refined this 
process by developing a three-stage system with chemically defined factors, eliminating the need for 
serum. Combining these strategies has significantly improved hiPSC-derived cardiomyocyte 
maturation and functionality. A particularly promising direction is the development of engineered heart 
tissues (EHTs), which provide a physiologically relevant environment by integrating biomechanical and 
biochemical cues, further enhancing structural and functional properties. 
 

1.7.3 Engineered Heart Tissue (EHTs) 
2D cell cultures represent a fundamental model for understanding the molecular mechanisms 
underlying numerous cellular processes in physiological and pathological conditions. However, this 
cannot reliably reproduce the molecular and cellular interactions that occur in vivo in a three-
dimensional system. For this reason, scientific research in recent years has been developing 
increasingly accurate three-dimensional cellular models that allow a better understanding of the 
interactions between cells and the extracellular matrix and between different cell populations residing 
within the same organ. Furthermore, this approach can help hiPSC-CMs maturation. During their 
maturation in vivo, cardiomyocytes are continuously exposed to cyclic mechanical strain induced by 
the rhythmic beating of the heart so seeding immature cardiomyocytes into a suitable 3D matrix 
subjected to mechanical stress can promote their development (Ronaldson-Bouchard et al., 2019).  
In general, designing an engineered tissue requires creating a scaffold, incorporating the cell type, and 
culturing the ‘‘tissue’’ in vitro. The scaffold can derive from different matrix such as biodegradable 
synthetic polymers (Lesman et al., 2010; Madden et al., 2010), natural matrix proteins (Shachar et al., 
2011) or no exogenous scaffold.  
Over the years, several Engineered Heart Tissue (EHTs) models have been developed; one of these 
involved the generation of fibrin- EHT in strip format. This approach follows a general hydrogel-based 
tissue engineering strategy, which requires cardiomyocytes, a liquid matrix capable of gel formation, a 
casting mold, and a structural support system to stabilize the developing tissue. In this specific 
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protocol, fibrin is used as the extracellular matrix. A prepared mixture of freshly isolated cells, culture 
medium, fibrinogen and Thrombin are pipetted into the mold, where it undergoes polymerization over 
approximately 2 hours, forming a fibrin-based cell construct around the silicone posts. During tissue 
formation, fibrinogen is converted to fibrin by Thrombin, and the resulting gel must be soaked in 
aprotinin-supplemented medium to prevent proteolytic degradation (Schaaf et al., 2014). Other 3D 
arrangements include EHTs that form rings of tissue, in this case cardiomyocytes are embedded in a 
collagen-hydrogel into circular casting molds to create chamber-specific, ring-shaped (Ploeg et al., 
2022; Goldfracht et al., 2020). In general, the 3D system more closely mimics intact myocardium 
compared to 2D hiPSC-CMs, often exhibiting densely interconnected elongated cells and higher 
proportion of multinucleated cardiomyocytes. This includes densely packed, aligned sarcomeres, 
numerous organized mitochondria and, in some cases, the development of T-tubule systems (de Lange 
et al., 2021). 
Another interesting model is the EHT co-cultures consisting in the incorporation of non-myocyte cell 
types, such as cardiac fibroblasts or endothelial cells into EHTs and cardiomyocytes. It was noticed that 
the interaction of different kind of cells seeded in the same 3D matrix can help better recapitulate the 
cell-to-cell and cell-to-matrix interactions present in the human myocardium. As demonstrated in 
Cumberland et al.'s study, the subsequent integration of the cells into co-culture EHTs resulted in 
improved contractile function (Cumberland et al., 2024). EHTs that included cardiac fibroblasts from 
hiPCs (hiPSC-CFs) and hiPSC-CMs showed increased tissue compaction, crucial for determining the 
contractile ability, after just 72 hours in culture and a decrease in beat rate after two weeks in culture 
(Rivera-Arbeláez et al., 2022). The decrease in beat rate is likely attributed to increased maturity of the 
cardiomyocytes and a reduction in the expression of the funny current (Ronaldson-Bouchard et al., 
2018). In a study conducted by Windt et al., EHT co-cultures containing hiPSC-CMs (70%), hiPSC-CFs 
(15%), and endothelial cells (ECs) from hiPSC (hiPSC-ECs) (15%) were developed.  In this model it 
emerged that all cell types in the co-culture were able to contribute to the maturation of 
cardiomyocytes. For example, the ECs synthesize endothelin -1 which binds the receptor on the CMs 
allows the activation of adelinate cyclase and the increase in intracellular cyclic adenosine 
monophosphate (cAMP) levels, furthermore the ECs produce nitric oxide (NO) that activates the cyclic 
guanosine monophosphate (cGMP) in cardiac fibroblasts which is transferred through cell junctions in 
CMs and contribute to increasing intracellular cAMP. These pathways are involved in the processes of 
cardiac maturation and differentiation (Windt et al., 2023).  
These advancements in engineered heart tissue models not only provide valuable insights into cardiac 
maturation and function but also pave the way for more physiologically relevant platforms for disease 
modeling, drug testing and potential therapeutic applications.  
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1.8 Aim 
The PhD Project originates from a Collaboration between the Department of Physiology at the University 
of Florence and the Department of Physiology at Maastricht University. Throughout this Project, 
numerous experiments are conducted to characterize in vitro cellular models, such as human 
Embryonic Stem Cell-derived Cardiac Fibroblasts (hESC-CFs), human induced Pluripotent Stem Cell-
derived Cardiomyocytes (hiPSC-CMs) and three-dimensional Engineered Heart Tissues (EHTs), at both 
the molecular and morphological/structural levels.  
 
In Chapter 3 a characterization of hESC-CFs model is provided: basal levels of specific fibroblast 
markers are evaluated, along with the expression levels of stem cell markers at different timepoints of 
the differentiation protocol. Additionally, the characterization of this model includes the study of the 
effects of TGFβ, a well-known factor that plays a crucial role in fibrosis and extracellular matrix 
remodeling. In the same Chapter we investigate the effects of two coagulation factors, FXa and 
Thrombin, on the activation of hESC-CFs. One of the goals of this study is to verify the effect of 
coagulation factors on this cellular model which could determine whether cardiac fibroblasts derived 
from embryonic stem cells represent a reliable model for studying the effects of coagulation factors in 
the context of cardiac fibrosis and inflammation.  
 
In Chapter 4 a basic characterization of hiPSC-CMs model is performed: the baseline expression levels 
of key marker genes associated with mature cardiomyocytes are measured at different timepoints post-
differentiation. Furthermore, imaging studies are carried out on cardiomyocytes derived from beating 
monolayers to assess the development of sarcomere structure.  In the second part of this Chapter, we 
investigate the possible pro-hypertrophic effect of FXa and Thrombin on hiPSC-CMs. Furthermore, we 
characterize the role of PAR, a G-protein-coupled receptor whose activation appears to play a central 
role in non-hemostatic processes mediated by FXa and Thrombin. To assess the impact of these factors, 
post-incubation responses are evaluated by analyzing changes in the gene expression of key pro-
hypertrophic markers. Additionally, the levels of B-type natriuretic peptide (BNP), a well-established 
biomarker of cardiac hypertrophy, secreted into the culture medium are measured.  
 
In Chapter 5 we provide a preliminary characterization of EHT model from both molecular and structural 
perspective, aiming to improve its physiological relevance and functionality.  Initially, we characterize 
hESC-CFs EHTs using different culture media to determine the optimal conditions for long-term culture. 
Subsequently, we provide a hESC-CFs and human Embryonic Stem Cells-derived Cardiomyocytes 
(hESC-CMs) co-culture, assessing cell density at different timepoints and examining the spatial 
distribution of the cells along the ring structure.  
 
Overall, the aim of this thesis is to evaluate the reliability of these in vitro models and use them as a valid 
tool for understanding the molecular mechanisms underlying several cardiac diseases, such as 
fibrosis, inflammation and cardiac hypertrophy. This research is driven by the need to develop 
increasingly reliable and effective models that can accurately replicate the structure and environment 
of in vivo conditions. Furthermore, this thesis provides a better understanding of the non-hemostatic 
effects exerted by coagulation factors like Thrombin and activated Factor X through PAR receptor 
activation, with the goal of identifying new therapeutic targets to prevent or treat cardiac diseases. 
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Chapter 2 

Materials and Methods 
 



23 
 

2.1 HESC-CFs culture 

2.1.1 HESC-CFs Differentiation Protocol 
Cardiac fibroblasts were obtained from HUES9 line, human embryonic stem cells generated by Harvard 
Stem Cell Institute (Cowan et al., 2004). The protocol of differentiation has been described previously 
(Zhang et al., 2019) and was performed by the Genetics Department of Maastricht University. This 
method provides sequential Wnt activation and basic fibroblast growth factor (bFGF) support that at 
specific stages of differentiation can effectively drive human embrionic stem cells (hESCs) into cardiac 
fibroblasts (CFs) through second heart field progenitors (SHFPs) (Figure 5). The derived hESC-CFs share 
key characteristics with native human CFs, including gene expression profiles, cell morphology, 
proliferation rates, extracellular matrix (ECM) production and the ability to transform into myofibroblasts 
(Zhang et al., 2019).   
Protocol in short: HUES9 stem cells were dissociated using 1ml/well Versene solution (Gibco) at 37 °C 
for 5 minutes and seeded on Matrigel (GFR, BD Biosciences) coated 6-well plates at the density of 1.5–
2.0 × 106 cells/well in mTeSR1 medium supplemented with 10 μM ROCK inhibitor (Y-27632) (Tocris). 
Cells were cultured in mTeSR1 medium for 5-6 days with daily medium changes until reaching full 
confluence (100%). Day 0. The cells underwent a medium change to RPMI 1640 (ThermoFisher® 
#21875158) + B27 (ThermoFisher® #A18956-01) without insulin (Gibco) supplemented with 12 µM 
CHIR99021(Tocris), for Wnt pathway activation. Cells were incubated in this medium for 24 hours (until 
day 1). Day 1. The medium was changed to 2.5 ml RPMI + B27 without insulin (Gibco) and cells were 
cultured in this medium for 24 h (day 2). Day 2. The medium was changed to 2,5 ml of cardiac fibroblast 
growth medium (CFGM-bFGF) containing DMEM (22320, Gibco, Invitrogen, Breda, the Netherlands) to 
which we added 10% (v/v) fetal bovine serum (FBS, Gibco), gentamicin (50 μg/ml, Gibco), 1% ( v/v) 
insulin-transferrin-selenium-sodium Pyruvate (ITS-A , Gibco) and high concentration of bFGF (75 ng/ml, 
Gibco). Days 4-20. The cells were supplemented with CFGM and bFGF every other day. Day 20. The cells 
were detached and plated on non-coated cell culture plates and cultured in CFGM (same as above but 
bFGF 1 ng/ml). An overall timeline of the differentiation process of hESC-CFs is descripted below in 
Figure 5.  

 
Figure 5. Differentiation Protocol of hESCs to hESC-CFs. Abbreviations: CHIR: CHIR99021; CFGM: cardiac fibroblast 
growth medium; bFGF: basic fibroblast growth factor.  

 

2.1.2 HESC-CFs Culturing Protocol 
The hESC-CFs were cultured in CFs growth medium (CFGM) with a cell density of 30.000 cells/cm2. A 
detailed description of the medium components is provided in Table 2. The medium was changed every 
2 days. hESC-CFs were cultured in a T175 2D culture flask (Cellstar, Greiner Bio-One, Frickenhausen, 
Germany) to scale up cell quantity until a confluency around 80% was reached. At that point, cells were 
dissociated with Accutase (ThermoFisher® #11599686) and counted with a hemacytometer and 
Erythrosine B dye, then collected by centrifugation before being sub-cultured or plated for an 
experiment. In the current research Project, we used 4 separate differentiations: PSC018, PSC019, 
PSC020, PSC021.  
 
  



24 
 

Table 2. Composition of the CFGM medium and catalog numbers. 

Medium Composition 

CFs Growth Medium (CFGM) 

DMEM (ThermoFisher® #22320)  
 
Fetal bovine serum (FBS) 10% (ThermoFisher® #10500064)  
 
Insulin-transferrin-selenium-sodium Pyruvate 1% (ThermoFisher® #51300044)  
 
Basic fibroblast growth factor 1 ng/ mL (ThermoFisher® #100-18B 1MG)  
 
Vitamin C (Vit C) 500 µM (Sigma® #A4403-100MG)  
 
Gentamicin 50 µg/ mL (ThermoFisher® #15750-037) 
 

 
The Figure 6 shows the different confluency levels of hESC-CFs cells in culture. The first image (Figure 
6, A) depicts the cells right after seeding (30% confluency), where they appear poorly attached, with 
many floating and non-adherent cells (mostly round). After a couple of days, confluency increases to 
approximately 70-80%, with cells now adhering to the surface and displaying various cellular 
extensions. There are fewer floating cells, and their distribution is more homogeneous (Figure 6, B). In 
the last image, the cells have almost completely covered the surface of the flask, with confluency 
estimated to be around 90%. At this stage, it is necessary to collect the cells and transfer them to a 
larger flask (Figure 6, C). 

 
Figure 6. Progression of hESC-CFs confluency in culture. (A) Cells after seeding (~30% confluency) with many 
floating, non-adherent cells. (B) Adherent cells with extensions and a more homogeneous distribution (~80% 
confluency). (C) Near-complete surface coverage, requiring passaging (~90% confluency). 

 

2.1.3 Incubation with TGFβ and Coagulation Factors  
HESC-CFs were differentiated as previous described and then cultured in CFGM with a cell density of 
30.000 cells/cm2 until they reached a confluency of 80%. When the confluency was around 80% the 
cells were plated in 12 multiwell plate. A day after, hESC-CFs were incubated in serum-free medium 
containing vitamin C (Sigma® #A4403-100MG) and gentamycin (ThermoFisher® #15750-037) for 24 
hours to avoid the proliferative activity of the cells. Then, the cells were incubated either 4 or 24 hours 
with different stimuli:  TGFβ (1 ng/mL, R&D Systems), a canonic fibrotic marker for fibroblasts; human 
purified Thrombin or FIIa (0.008 nM, Hyphen, Biomed); human purified FXa (50 nM, Hyphen, Biomed) at 
two different concentrations (50 nM and 10 nM). In the experiments conducted by D’Alessandro et al. 
on primary cultures it was seen that the exposure to hFXa up-regulated pro-inflammatory and 
profibrotic genes at 4 hours (D'Alessandro et al., 2021). In that experiment, 4 hours of incubation with 
FIIa increased the gene expression of CCL2 and this induction was still significantly increased at 24 
hours, although it was not as strong as the earlier timepoint while IL-6 expression was also up-regulated 
by FXa at both timepoints.  Table 3 shows the incubation reagents used for these experiments.  
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Table 3. Incubation Factors of hESC-CFs experiments. 

Stimuli hESC-CFs Function Work solution 
FXa Coagulation Factor 

 
10 nM or 50 nM 

FIIa Coagulation Factor 0.008 nM 
 

Transforming Growth Factor β (TGFβ) Inducing fibroblasts differentiation in 
myofibroblast 
 

1 ng/mL 

 

2.2 HiPSC-CMs culture  
The hiPSC cells (WTC11 from Corriel Institute) used for these experiments were sent from the University 
of Florence (Department of Physiology) where they were differentiated into cardiomyocytes. In a 
subsequent phase of the Project, the differentiation protocol was carried out directly in Maastricht 
University (Department of Physiology).  
 

2.2.1 Florence hiPSC-CMs Differentiation Protocol  
Undifferentiated hiPSC cells were expanded under serum-free conditions in mTeSR medium (StemCell 
Technologies) on a Corning® Matrigel hESC-Qualified Matrix (StemCell Technologies), at 37°C, 5% CO2. 
For cardiac differentiation, a monolayer directed differentiation protocol was applied using the cardiac 
PSC Cardiomyocyte Differentiation Kit (Life Technologies). Reaching a confluence of 70-80%, hiPSC 
colonies were chemically dissociated using Tryple 1X (Life Technologies) and incubated at 37° C for 
approximately 3-5 minutes, until cells rounded up and detached. The cell suspension was centrifuged 
at 200 x g for 4 minutes at room temperature and the pellet was resuspended in the appropriate volume 
of mTeSR with 5µM of Y-27632 ROCK inhibitor (StemCell Technologies). The single cells were seeded in 
each well of a 24-well plate at cell density of 60,000-80,000 cell/well; after 24 hours, the cells reached 
5-15% confluence and the mTeSR medium was changed, without the addition of ROCK inhibitor.  
Protocol in short: Day 0. At 70% of confluency (~2 days after dissociation) the medium was changed to 
Cardiomyocyte Differentiation Medium A (Mesoderm Induction) (referred to as day 0 of the 
differentiation protocol). This medium contains specific growth factors (e.g., BMP4, Activin A). The cells 
were incubated for 2 days to induce mesoderm formation. Day 2. Two days later, Medium A was 
replaced with Cardiomyocyte Differentiation Medium B. This medium can promote cardiac lineage 
commitment. Day 4. After a further 2 days the medium was replaced with Cardiomyocyte Differentiation 
Medium C, which was subsequently changed every 2 days, until spontaneously beating appear (day 8 
of differentiation). Day 12. Medium C was replaced with cardiomyocyte medium (CM RPMI: RPMI 
medium 1640(1x) + GlutaMAX™ #61870 Gibco Thermofisher + B27™ supplement (50x) (#17504044, 
17504001 Gibco Thermofisher) + Penicillin/Streptomycin (Gibco)). Differentiated cells can be cultured 
until day 12-15 for dissociation and/or cryopreservation, as beyond this time cells are difficult to harvest 
and recover. Alternatively, the cardiomyocytes can be maintained for a month or more for long-term 
studies.  
Beating monolayers were pre-incubated with CM RPMI with Y-27632 ROCK inhibitor (1:1000) 1h before 
dissociation of single cells. Monolayers were chemically digested at day 15 using Tryple 1X for 10-15 
minutes at 37 °C. Single cells are harvested and pelleted in CM RPMI plus 50% fetal bovine serum (FBS). 
Single hiPSC-CMs are replaced in CM RPMI plus 10% FBS and Y-27632 ROCK inhibitor. For the 
experiments in this thesis, beating monolayer was kept in culture for an average of 30-40 days and then 
frozen at -80 °C at the University of Florence and subsequently shipped to Maastricht University. Here 
the cells were first stored in liquid nitrogen and subsequently thawed and plated in 24 multiwell-plate. 
Before plating the cells, the multiwells were treated for 24 hours with Matrigel coating. Then, the cells 
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were plated with CM RPMI. A schematic representation of the differentiation protocol is shown in Figure 
7, which also includes images of the cells transitioning from stem cells to cardiomyocytes. 
 

 
Figure 7. Cardiomyocyte differentiation Protocol from human induced pluripotent stem cells (hiPSCs).  

 

2.2.2 Maastricht hiPSC-CMs Differentiation Protocol  
Human iPSC line (WTC11, Coriell Institute for Medical Research, UCSFi001-A) were cultured in mTesR1 
(StemCell Technologies) supplemented with Penicillin/Streptomycin (Gibco). Cells were seeded on 
Matrigel (Corning; 1:100 diluted in DMEM/F12 GlutaMAX ™, Gibco) and passaged twice a week using 
Fasudil (5µM, LC Laboratories). For passage, cells were washed with DPBS (Life Technologies) and 
detached with Accutase (Sigma-Aldrich) thereafter. The protocols for differentiating atrial 
cardiomyocytes (aCMs) and ventricular cardiomyocytes (vCMs) were adapted from Ncardia's 
proprietary vCMs differentiation method as previously described (Hutschalik et al., 2024).  
Protocol in short: Day -1.  WTC11 cells were seeded in monolayers at 74,000 cells/cm2 on Matrigel 
(Corning) in mTesR1 at 1:100 dilution. Day 0. cardiac mesoderm was induced by switching to a cardiac 
differentiation medium (Ncardia) containing small molecules that modulate Wnt pathway activity. To 
induce the atrial subtype, Retinoic Acid (RA) was added to the medium. Every 2-3 days. Medium was 
changed. Day 14. Cells were dissociated with TrypLE Select (1x) (Life Technologies) and cryopreserved 
in cardiac cryopreservation medium (Ncardia) containing 10% DMSO (Sigma-Aldrich).  
 

2.2.3 HiPSC-CMs Culturing Protocol 
The hiPSC-CMs were cultured in 500 µL of CM RPMI using 100,000 cells/cm2 in 24-well plate. Culturing 
hiPSC-CMs requires providing wells with a Matrigel® coating (Matrigel® hESC Qualified Matrix, Corning®) 
to enhance cell attachment. The Matrigel® coating solution was made with DMEM-F12 + GlutaMAX™ 
(ThermoFisher® #31331028) and incubated in the wells for 24 hours. HiPSC-CMs were thawed and 
collected in a stop solution (50% CM RPMI and 50% FBS) to dilute DMSO in the freezing medium. The 
stop solution was replaced by a plating solution composed of CM RPMI medium containing 10% FBS 
and 5µM of Rock Inhibitor (RI). RI enhances hiPSC-CMs to attach to the Matrigel® coating. Hereafter, the 
amount RI was gradually lowered by changing medium for 50% after one day and 100% after 2 days with 
CM RPMI. The medium was refreshed every other day.  
 

2.2.4 Incubation with Coagulation Factors  
The hiPSC-CMs were cultured in CM RPMI medium (100,000 cells/cm2 in a 24-well plate).  After thawing 
hiPSC-CMs started to beat within 7 days. Between 7-10 days after thawing, beating hiPSC-CMs were 
incubated for 24 hours using following stimuli: human purified Thrombin (0.008 nM, Hyphen, Biomed); 
human purified FXa (50 nM, Hyphen, Biomed); PAR1 agonist (100 µM, TRAP14, Bachem); PAR1 
antagonist (1 µM, SCH79797, Tocris, Bioscience). FXa and Thrombin were incubated with their 
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respective inhibitors, Rivaroxaban (400 ng/mL, Bayer) and Dabigatran (350 ng/mL, Boehringer 
Ingelheim) for 10 minutes before addition to the cells. Hereafter, the cells were harvested in PBS and 
then collected in TRK lysis buffer (BioTek®) and β-mercaptoethanol. Prior to proceeding with cell lysis, 
the culture medium, following 24 hours of treatment with those factors, was preserved for subsequent 
ELISA assay analysis. Table 4 shows the incubation reagents used for these experiments.   
 
Table 4. Incubation Factors of hiPSC-CMs experiments. 

Stimuli hiPSC-CMs  Function Work solution 
FXa Coagulation Factor 

 
10 nM or 50 nM 

FIIa Coagulation Factor 
 

0.008 nM 

TRAP14 PAR1 Agonist  
 

100 µM 

Rivaroxaban (Riva) hFXa Inhibitor 
 

400 ng/mL 

Dabigatran (Dabi) FIIa Inhibitor 
 

350 ng/mL 

 

2.3 Human BNP assay 
Human B-type Natriuretic Peptide (BNP) levels were quantified using the Invitrogen Human BNP ELISA 
kit, following the manufacturer’s protocol. Briefly, 50 μL of standard curve, controls, and samples were 
added to a 96-well plate pre-coated with anti-BNP antibody, followed by the addition of 50 μL of the 
detection antibody. The plate was incubated for 2 hours at room temperature (RT) with gentle shaking. 
After incubation, wells were washed four times with wash buffer to remove unbound substances. 
Subsequently, 100 μL of the TMB (3,3',5,5'-tetramethylbenzidine) substrate solution was added to each 
well, and the plate was incubated for 15 minutes in the dark at RT. The reaction was stopped by adding 
100 μL of stop solution to each well, and absorbance was measured at 450 nm using a microplate 
reader. BNP concentrations in samples were calculated based on the standard curve generated in each 
assay. 
 

2.4 The 3D Engineered Heart Tissue (EHT) 

2.4.1 Assembly of the Ring Formation Molds 
3D ring cultures were created in silicone polydimethylsiloxane (PDMS) molds (Figure 8). Sylgard-184 
silicone elastomer base and curing agent (Dow Chemical, Midland, MI, USA) were mixed and poured 
into a well of a 12-well culture plate. Custom made 3D-printed casts (Maastricht, The Netherlands) were 
used to provide the shape with an outer diameter of 22 mm. An area with a 12 mm diameter was created 
to load 250 μL of gel. A 2 mm central pole created the ring shape. The mold was allowed to be cured at 
room temperature for 3 days after which the 3D-printed casts were removed. The custom-made molds 
were cleaned and sterilized by autoclavation.  

Figure 8. Silicone mold design. 
Custom-made 3D-printed 
casts provide the shape for the 
silicone mold (left); the 
silicone mold has a diameter 
of 22 mm (middle) and a 
centrally placed post of 2 mm 
(right).  
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2.4.2 HESC-CFs 3D rings  
In the initial phase, we developed hESC-CFs 3D Engineered Heart Tissues (EHTs) in a ring-shaped 
according to the Protocol based on Ploeg et al. publication (Ploeg et al., 2022). In this part specific 
culture medium for hESC-CFs was tested to optimize cell viability: hESC-CFs were cultured as 
previously described in cardiac fibroblast growth medium (CFGM) containing DMEM (22320, Gibco, 
Invitrogen, Breda, the Netherlands) supplemented with 10% (v/v) fetal bovine serum (FBS, Gibco), 
gentamicin (50 μg/ml, Gibco), 1% ( v/v) Insulin-Transferrin-Selenium-Sodium Pyruvate (ITS-A , Gibco), 
bFGF (1 ng/ml, Gibco) and vitamin C (500 uM, Sigma Aldrich, Saint Louis, MO, USA) on standard cell 
culture flasks (Cellstar, Greiner Bio-One, Frickenhausen, Germany). When hESC-CFs reached 80-90% 
confluency, they were detached using Accutase (ThermoFisher® #11599686) and taken up in CFGM 
medium. Cells were centrifuged for 5 minutes at 200 x g and then resuspended in hydrogel (composition 
and concentrations are detailed in Table 5) and transferred in an Eppendorf on ice. The hydrogel-cell 
mixture (250 µL) was reverse pipetted into the molds and put into a 5% CO2 incubator at 37 °C. After 
approximately 1 hour, to polymerize the collagen, 500 µL of hESC-CFs CFGM with 1% FBS was added 
on top of the gels. Each 3D ring was prepared with a 250 µL matrix suspension containing 1,000,000 
hESC-CFs, resulting in a total cell density of 4,000,000 cells/mL.  
To assess and compare the stability and the viability of the hESC-CFs in 3D cultures, hESC-CF 3D rings 
were kept in culture using specific cardiac fibroblast medium (CFGM supplemented with serum 1% and 
CFGM supplemented with serum 10% respectively) and specific cardiomyocyte medium (CM RPMI: 
RPMI medium 1640(1x) + GlutaMAX™ #61870 Gibco Thermofisher + B27™ supplement (50x) (#17504044, 
17504001 Gibco Thermofisher) + Penicillin/Streptomycin (Gibco)).  In CM RPMI medium 500 µM of 
vitamin C was added. The medium was changed every other day because of a higher metabolic rate.  
Multiple culture timepoints were selected: 1 day, 7 days and 14 days during these experiments. After 
the timepoint was reached the 3D rings were harvested by first washing in PBS and then collected in TRK 
lysis buffer (BioTek®) and β-mercaptoethanol. Subsequently, the 3D rings were homogenized using the 
ultra-thurax (Dijkstra Vereenigde b.v.) and stored at -20 °C.  

Table 5. Composition of the 3D hESC-CFs rings.  

Compound Volume per Ring in µL Final concentration 

Collagen stock (4.24 mg/mL) 88 1.5 mg/mL 

Corning® Matrigel® stock (10 mg/mL) 25 1 mg/mL 

DMEM (10x) 25 1x 

Sodium bicarbonate (NaHCO3) (20x) 12.5 1x 

Sterile water 97  

hESC-CFs 1,000,000 4,000,000/mL 

FBS 2.5 1% 

Total volume (µl) 250  
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2.4.3 Co-culture hESC-CFs hiPSC-CMs Engineering 3D Rings  
Subsequently we combined hESC-CFs and hESC-CMs and co-cultured them in Engineering 3D rings to 
mimic the human myocardium environment. 3D co-culture rings were cultured in CM RPMI with the 
addition of vitamin C (500µM). The culture medium was changed every day because of a higher 
metabolic rate. The 3D EHT co-culture rings were cultured for one week. After the timepoint was 
reached the 3D rings were harvested by first washing in PBS and then collected in TRK lysis buffer 
(BioTek®) and β-mercaptoethanol. Subsequently, the 3D rings were homogenized using the ultra-thurax 
and stored at -20 °C.  
 

2.5 Gene expression analysis  
Total RNA was collected using the Micro-Elute Total RNA kit (Omega-Bio-Tek, Norcross, GA, USA). The 
RNA samples were reverse transcribed into cDNA with the use of iscript cDNA synthesis kit (Biorad, 
Hercules, CA, USA) according to the manufacturer’s protocol. Gene expression levels were measured 
with a CFX96 Touch Real-Time quantitative PCR (RT-qPCR) detection system (BioRad) and SYBR Green 
Supermix technology (BioRad). RT-qPCR reactions were performed according to the manufacturer’s 
instructions, the samples containing 7.5 mL SYBR Green, 1μL primer, 1.5 μL nuclease free water and 5 
μl diluted cDNA. The Biorad protocols mixtures of RT-qPCR were at temperatures of 60 ºC or 62 ºC 
depending on the gene used. The mixtures were first incubated at 95 ºC for 2 minutes, followed by 95 
ºC for 15 seconds and then 60 or 62 ºC for 30 seconds. The two last steps were repeated 40 times. For 
the analysis, expression levels were normalized for Cyclophilin-A and calculated using the comparative 
threshold cycle method (ΔCt).  
To evaluate the PCR reactions the real time graphs and Ct values were analyzed using Microsoft Excel 
(Redmond, USA). The fold change was calculated by the ΔCt method: 2^Ct (reference gene) - Ct (target). 
The RT-qPCR protocol includes a no template control and performs a melt curve program that indicates 
specificity within the reaction. The cDNA samples were stored at - 80 °C. Results are expressed as fold-
change relative to control. The sequences of the specific primers used are provided in Table 6. 
 
Table 6. Description of the main genes investigated and the sequences of primers used for PCR amplification.  

Gene Description Forward primer Reverse primer 

Reference gene 

CYPA  
(Cyclophilin A) 

 

A ubiquitously distributed protein 
belonging to the immunophilin 
family used as housekeeping 

gene 
(Nigro et al., 2013). 

CCCACCGTGTTCTTCGACAT CCAGTGCTCAGAGCAGAA 

Pro-inflammatory markers 

CCL2 
(Monocyte 

Chemotactic 
Protein-1: MCP1) 

Chemokine involved in 
immunoregulatory and 

inflammatory processes 
(Catalán et al., 

2018). 

CAGCCAGATGCAATCAATGCC TGGAATCCTGAACCCACTTCT 

IL-6  
(Interleukin-6) 

Cytokine involved in inflammation 
and maturation of B cells. The 

protein is primarily produced at 
sites of acute and chronic 
inflammation, where it is 

secreted into the serum and 
induces a transcriptional 

inflammatory response through 
interleukin 6 receptor, alpha 

(Tanaka et al., 2014). 

AGTCCTGATCCAGTTCCTGC CTGGCATTTGTGGTTGGGTC 
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Profibrotic markers 

ACTA2  
(Actin α 2, 

Smooth Muscle) 

Highly expressed in mature 
myofibroblasts 

(Shinde et al., 2017). 
TGTGCTGGACTCTGGAGATG GAAGGAATAGCCACGCTCAG 

CTGF  
(Cellular 

Communication 
Network Factor 2: 

CCN2) 

Protein expression is induced 
upon TGF-β. CTGF triggers several 

cellular processes that is 
associated with cardiac fibrosis 

(Chen et al., 2000) 

CACAGAGTGGAGCGCCTGTTC 
 

GATGCACTTTTTGCCCTTCTTAA 
TG 

TGFβ-1 
(Transforming 

Growth Factor, 
 β-1) 

Crucial for fibroblast-to-
myofibroblast conversion in 

fibrotic tissues  
(Frangogiannis, 2018). 

CGACTCGCCAGAGTGGTTAT GTGAACCCGTTGATGTCCA 

COL1A1 
 (Collagen, Type i, 

Alpha-1) 

Abundantly secreted in CFs. An 
increased COL1A1 secretion is a 

well- known characteristic of 
myofibroblasts 

(D’Alessandro et al., 2021). 

AACAGCCGCTTCACCTACAG GGAGGTCTTGGTGGTTTTGT 

POSTN  
(Periostin) 

Extracellular matrix protein. 
Marker for fibroblasts activation. 
Upregulated during cardiac injury 
and supports differentiation into 

myofibroblasts 
(Ivey and Tallquist, 2016). 

TGCGGGAAGAAAACCACTGT TAGTGTTGAGTGGTCGTGGC 

VIM  
(Vimentin) 

Intermediate filament protein. 
Well-established marker for 

mature CFs 
(Ivey and Tallquist, 2016). 

ATTCCACTTTGCGTTCAAGG CTTCAGAGAGAGGAAGCCG 

Cardiac markers 

MYH7 
(β Myosin Heavy 

Chain) 

Beta (or slow) heavy chain 
subunit of cardiac myosin 

expressed predominantly in the 
cardiac ventricles and slow 
skeletal (type 1) myofibers 

(Beecroft et al., 2019). 

AGACACACTTGAGTAGCCCA TCTTGAGGTCAAAAGGCCTGG 

MYH6 
(α Myosin Heavy 

Chain) 

Alpha heavy chain subunit of 
cardiac myosin, a fast ATPase 

primarily expressed in atrial 
tissue. The level of expression of 
fetal and adult MYH genes varies 

throughout the life span of the 
animal  

(OMIM * 160710). 

CCGTGAAGGGATAACCAGGG GCTCCTTCTCTGACTTGCGG 

TNNT2 
(Troponin 2) 

Cardiac isoform of troponin T, the 
tropomyosin-binding subunit of 
the troponin complex, which is 
located on the thin filament of 
striated muscles and regulates 
muscle contraction in response 

to alterations in intracellular 
calcium ion concentration 

(OMIM * 191045). 

AGCGGAAAAGTGGGAAGAGG CACAGCTCCTTGGCCTTCTC 

TNNI3 
(Troponin I) 

One of 3 subunits that form the 
troponin complex of the thin 
filaments of striated muscle  

(OMIM * 191044). 

AGACTGGCGGAAGAACATCG CAGTAGGCAGGAAGGCTCAG 

Hypertrophic markers 
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NPPA 
(Natriuretic 

Peptide Precursor 
A) 

 
 

Important biomarkers in clinical 
cardiology. Both genes are 

predominantly expressed by the 
heart muscle during the 

embryonic and fetal stages, and 
in particular NPPA expression is 

strongly reduced in the ventricles 
after birth  

(Man et al., 2018). 

CACCGTGAGCTTCCTCCTTT CCAAATGGTCCAGCAAATTCTTG 

NPPB 
(Natriuretic 

Peptide Precursor 
B) 

CTTTCCTGGGAGGTCGTTCC GTTGCGCTGCTCCTGTAAC 

 

 

2.6 Immunocytochemistry hiPSC-CMs culture 
A monolayer of beating hiPSC-CMs was cultured on a 4-Well Culture Slide (Figure 9) for 
immunocytochemistry (ICC). The cells were then washed with 1 mL of phosphate-buffered saline (PBS) 
for each chamber to remove any residual medium. Subsequently, the cells were fixed using 1 mL of 4% 
formaldehyde (Sigma; 1.00496) for 30 minutes. After fixation, the cells were washed three times with 1 
mL of PBS to eliminate excess formaldehyde. To enhance cellular permeability, the cells were incubated 
with 1 mL PBS containing 0.1% Triton X-100 (Sigma; T8787) for 3 minutes. Following this incubation, the 
cells were washed three times with 1 mL of PBS per chamber to remove any excess detergent and 
prepare for subsequent analysis. A blocking step was performed using 1 mL of 2% Bovine Serum 
Albumin (BSA) (Sigma; A7906) in PBS for 15 to 30 minutes. Following this, the samples were washed four 
times with 1 mL of PBS. The samples were then incubated overnight at room temperature (RT) with the 
primary antibody (Table 7). After the incubation period, the samples were incubated in the dark for 1 
hour with a secondary antibody and Hoechst stain. Finally, a few droplets of Vectashield 
(VECTASHIELD® HardSet™ Antifade Mounting Medium; Vectorlabs; H-1400-10) were applied to cover 
glass slides, and the samples were stored at 4 °C. The pictures were taken at Leica® DMI3000B Inverted 
microscope (Department of Physiology, Maastricht University) and Leica® confocal microscope 
(Department of Genetics, Maastricht University).  
 

 
Figure 9. 4-Well Culture Slide, a type of specialized microscopy slide used for cell culture and imaging. These slides 
have multiple chambers, allowing for the separate cultivation of different cell samples on the same slide.  
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Table 7. Reagents used for immunocytochemistry.  

Name  Raised in Dilution  Reactivity Product-code 

Anti-α-Actinin Mouse 1:200 in PBS- 
1% BSA 

Mouse, bovine, human, 
chicken  

Sigma  
(# A5044) 

Troponin I cardiac (cTnI) 
antibody   

Mouse 1:200 Human 
Hytest  
(# 4T21/4T21)  

Troponin T cardiac (cTnT) 
antibody 

Mouse 1:500 Human 
Hytest  
(# 8RTT5) 

Trihydrochloride, Trihydrate 
33342 (Hoechst) 

- 1:1000 All species 
Thermo Fisher  
(#62249) 
  

Phalloidine iFluor 488 - 1:1000 in PBS-1% 
BSA 

All species 
Abcam  
(#  176753) 

 
 

2.7 Immunohistochemistry EHT rings 
EHT rings were fixed for histological and immunohistochemical analyses to visualize the cell distribution 
and protein expression. The rings were transferred in 4% paraformaldehyde for 20 minutes to fixate the 
tissue. To make the tissue more visible the rings were stained with Eosin after fixation. The rings were 
embedded in paraffin wax after being dehydrated using different ethanol concentrations and cleared in 
xylene for 24 hours. 4 µm thick tissue sections were made using the Slee™ Aquatec microtome. The 
sections were incubated overnight in the oven at 48 °C to dry. Hematoxylin and Eosin (H&E) staining was 
conducted to visualize the cytoplasm and extracellular matrix proteins (Eosin) and the cell nuclei 
(Hematoxylin). The sections were re-hydrated before adding H&E and then dehydrated. Hematoxylin 
turns nuclei purple, and Eosin turns the cytoplasm and extracellular matrix pink. Stained sections were 
analyzed and pictures were obtained by a light microscope. Furthermore, other 3D rings were analyzed 
by immunohistochemistry staining (Table 8). This procedure was initiated by deparaffinate the sections 
by xylene and then rehydrating multiple concentrations of ethanol. Antigen retrieval was achieved by 
heating the sections in citrate buffer (1x) which enhanced antibody binding. Subsequently, the sections 
were incubated by applying 3% bovine serum albumin (BSA) in PBS to reduce the background staining. 
After washing in PBS, monoclonal antibodies were added to the sections and incubated overnight. 
Fluorescent-labeled secondary antibodies were added to emit the fluorescent signal of monoclonal 
antibodies bound to vimentin and α-actinin. Images were made at multiple magnifications using the 
Leica® DFC350 FX fluorescent microscope. 
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Table 8. Reagents used for Immunohistochemistry . 

Staining Marker  Product-code 

Vimentin CFs cytoskeletal protein 
Abcam  

(# 92547) 

Anti-α-Actinin Sarcomere structure 
Sigma  

(# A5044) 

Wheat Germ Agglutinin 

(WGA) 

Fluorescent WGA conjugates bind to carbohydrates enabling 

researchers to label the plasma membrane 

ThermoFisher  

(# W11262) 

Trihydrochloride,  

Trihydrate 33342 

(Hoechst) 

Hoechst binds to DNA in the nuclei 
ThermoFisher 

(# 62249) 

 
 

2.8 Statistical analysis 
Protocols, cell culture pictures, measurements and gene expression data are analyzed and stored in 
Microsoft Excel (Redmond, United States). Graphs are created using GraphPad Prism 8® accompanied 
by statistical analysis if possible. The data were statistically analyzed using the non-parametric Kruskall-
Wallis test and Dunn’s post-hoc test for multiple comparisons. All statistical analysis were performed 
using GraphPad Prism 8®, P values lower than 0.05 were considered statistically significant. Via ImageJ® 
(National Institutes of Health) it was possible to calculate the surface area of the 3D rings by pictures. 
The circumference of the 3D rings in the picture was drawn and ImageJ® calculated and converted these 
values in square millimeters (mm2). Finally, the area of the center post (r² * π; in this case the diameter 
of the center post is 2 mm, see Figure 8, the radius is 1 mm2 resulting in an area of approximately 3.1415 
mm2) was subtracted from the total measured surface are giving the surface area in mm2 of only the 3D 
ring. 
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Chapter 3 

Results and Discussion 

Activated Coagulation Factors FXa and Thrombin induce profibrotic 
and pro-inflammatory gene expression in hESC-CFs 
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3.1 Characterization of the hESC-CFs Cellular Model: Molecular and Functional Analyses 

3.1.1 Marker gene expression Levels during hESC-CFs Differentiation Protocol 

Stem cells markers  

To evaluate whether the differentiation protocol was efficient we measured the gene expression of 
some stem cell markers at Day 1 (d1), Day 20 (d20) and Day 25 (d25) during the differentiation 
protocol. Figure 10 tracks the decline in expression of specific stem cell-related genes, indicating 
that the cells transition away from a stem cell state. The markers included are: NANOG (brown line), 
OCT4 (grey line), SOX2 (pink line), LIN28 (turquoise line). Each gene's expression level decreases 
significantly over time, indicating that these stem cell markers are downregulated as the 
differentiation progresses. By Day 25, all markers show minimal or nearly absent expression, which 
aligns with the expected loss of stem cell characteristics as cells differentiate into cardiac 
fibroblasts. 
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Figure 10. Expression levels of stem cell markers (NANOG, OCT4, SOX2 and LIN28) in hESC-CFs cultures during 
Differentiation Protocol at Day 1 (d1), Day 20 (d20) and Day 25 (d25). RT-qPCR analysis shows a progressive decline 
in the expression of these markers, indicating the loss of pluripotency as the cells differentiate. Gene expression is 
normalized for Day 1 of differentiation. 
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Cardiac fibroblast markers 

We also analyzed the gene expression of some cardiac fibroblast markers during the differentiation 
process at Day 1 (d1), Day 20 (d20) and Day 25 (d25). The genes analyzed are: POSTN (blue line), VIM 
(green line), COL1A1 (red line) and CTGF (black line). Each gene's expression level increases 
significantly over time, indicating the progressive expression of cardiac fibroblast-specific genes as 
differentiation advances, with POSTN exhibiting the most pronounced increase (Figure 11). 
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Figure 11. Expression levels of cardiac fibroblast markers (POSTN, VIM, COL1A1 and CTGF) during hESC-CFs 
differentiation at Day 1 (d1), Day 20 (d20) and Day 25 (d25). Gene expression is normalized for Day 1 of differentiation. 

 

Pro-inflammatory Genes Baseline Expression 
To evaluate the basal expression level of target genes, cardiac fibroblasts (30,000 cells/cm2 in 12-well 
plate), after a period in culture with CFGM, were incubated in serum-free medium containing vitamin C 
and gentamycin for 28 hours and 48 hours. Some studies have previously reported that the expression 
levels of genes involved in extracellular matrix remodeling increased in isolated fibroblasts after serum 
deprivation (Leicht et al., 2001). In this study, we also measured the expression of genes not involved in 
matrix remodeling but in inflammatory processes to assess any differences at these two timepoints. The 
basal expression was measured by RT-qPCR in 4 separate hESC-CFs differentiations (PSC018, PSC019, 
PSC020, PSC021).  
At 28 hours, CCL2 expression varies significantly across the cell lines: PSC018 exhibits the highest 
expression values; in contrast, PSC020 and PSC021 show much lower values. At 48 hours, the 
expression of CCL2 changes in the different cell lines: PSC018 continues to show high levels of CCL2; 
PSC019 exhibits some increase compared to 28 hours while PSC020 and PSC021 show relatively stable 
levels (Figure 12, A).  
We proceeded by measuring the basal expression level of another pro-inflammatory marker, IL-6 (Figure 
12, B). At 28 hours, there are noticeable differences in IL-6 expression across the different cell lines. 
PSC018 shows the highest expression levels, followed by PSC020 while PSC019 and PSC021 show 
lower expression. At 48 hours, IL-6 expression increases in all cell lines. The expression of IL-6 is lower 
than that of CCL2 in all cell lines and at both timepoints.  
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Figure 12. Pro-inflammatory Genes Baseline Expression in four fibroblast lines (PSC018, PSC019, PSC020 and 
PSC021) measured at 28 and 48 hours in serum-free medium. (A) Baseline expression levels of CCL2. CCL2 
expression varied between cell lines, with PSC018 showing the highest expression at both timepoints, and a notable 
increase from 28 to 48 hours. PSC019 exhibited moderate expression at both timepoints, while PSC020 and PSC021 
displayed low basal expression. (B) Baseline expression levels of IL-6. At 28 hours, PSC018 exhibits the highest IL-6 
expression, followed by PSC020, while PSC019 and PSC021 show lower expression. At 48 hours, IL-6 expression 
increases in PSC018, with moderate increases in PSC019 and PSC020. PSC021 maintains low IL-6 expression 
throughout both timepoints. Expression levels were normalized for Cyclophilin A and calculated using the 
comparative threshold cycle method (ΔCt*1000). 

 

Profibrotic Genes Baseline Expression 

In this part of the characterization, we evaluated the expression level of some fibrotic markers such as 
ACTA2 (known as α-smooth muscle actin), a contractile protein that is expressed in fibroblasts during 
their differentiation into myofibroblasts. As shown in Figure 13 (A), PSC019 demonstrates the highest 
expression of ACTA2 across both timepoints (28 hours and 48 hours). PSC018 shows moderate 
expression with an increase at 48 hours, while PSC020 shows a slight decrease in ACTA2 expression. 
PSC021, although having low expression at 28 hours, shows a notable increase in ACTA2 at 48 hours, 
suggesting a delayed response in myofibroblast activation. This variability in ACTA2 levels could reflect 
differences in the timing and extent of fibroblast activation into myofibroblasts.  
We also measured the basal expression level of CTGF (Connective Tissue Growth Factor), a protein that 
plays a significant role in tissue repair, fibrosis and extracellular matrix production. As shown in Figure 



38 
 

13 (B), at the 28 hours, PSC018 and PSC019 display the highest CTGF expression. This could suggest an 
early activation of CTGF in these two cell lines. At 48 hours, CTGF expression increases significantly in 
all cell lines, indicating a time-dependent response.  
Expression of COL1A1 (Collagen Type I Alpha 1 Chain), resulting in synthesizing type I collagen, which 
is a major component of the extracellular matrix (ECM) was also evaluated (Figure 13, C). At both 
timepoints an increase expression was highlighted. This data seems to be in line with what was 
demonstrated previously: increased expression of the COL1A1 gene in fibroblasts during prolonged 
culture, often in response to factors such as stress and changing microenvironment (Chen Jet al., 2023; 
Pan et al., 2013). In our model, with some variability, all four cell lines showed an increase in collagen 
levels after 48 hours in culture. The observed increase in COL1A1 expression across all cell lines after 
48 hours in culture suggests that the fibroblasts are responding to the culture environment, possibly as 
part of an early adaptation phase or stress response.  
The last fibrotic marker evaluated was TGFβ (Transforming Growth Factor β), important for driving the 
activation of fibroblasts into myofibroblasts. Unlike other fibrotic markers, as shown in Figure 13 (D) the 
expression level decreases in all cell lines after 48 hours, except for PSC021. PSC018 line has the 
highest initial expression of TGFβ, while PSC020 has the lowest expression at both timepoints. These 
patterns suggest that TGFβ expression in hESC-CFs may vary depending on the specific line and the 
timing of differentiation. 
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Figure 13. Profibrotic Genes Baseline Expression in four fibroblast lines (PSC018, PSC019, PSC020 and PSC021) 
measured at 28 and 48 hours in serum-free medium. (A) Baseline expression levels of ACTA2. At 28 hours, PSC019 
exhibits the highest expression of ACTA2. At 48 hours, PSC019 maintains the highest expression, with a significant 
increase compared to the 28 hours timepoint. PSC018 also shows an increase in expression at 48 hours, while 
PSC020 demonstrates a decrease in ACTA2 expression. (B) Baseline expression levels of CTGF. At 28 hours, PSC018 
and PSC019 exhibit higher CTGF expression compared to PSC020 and PSC021. By 48 hours, all cell lines show a 
marked increase in CTGF expression. (C) Baseline expression levels of COL1A1. All cell lines exhibit an increase in 
COL1A1 expression at 48 hours compared to 28 hours, though initial baseline levels vary significantly across lines. 
(D) Baseline expression levels of TGFβ. At 28 hours, PSC018 shows the highest expression. By 48 hours, PSC018, 
PSC019 and PSC020 show a decrease in TGFβ expression, while PSC021 displays a more sustained expression. 
Expression levels were normalized for Cyclophilin A and calculated using the comparative threshold cycle method 
(ΔCt).  

 

PAR Receptors Genes Baseline Expression 

Following the characterization of the baseline expression of certain marker genes in these four cell lines, 
we measured the expression of the PAR receptors. As previously shown, coagulation factors appear to 
exert their non-hemostatic effects on these receptors (D’Alessandro et al., 2021), making it crucial to 
understand the baseline expression levels of the PAR receptors in our hESC-CFs model. Specifically, we 
assessed the expression of F2R (PAR1) and F2RL1 (PAR2), which are predominantly expressed at the 
cardiac level. As indicated in Figure 14 (A), the expression of F2R is highest in PSC020, with a significant 
increase over time, whereas PSC018 shows a decrease. PSC018 and PSC019 maintain relatively stable 
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expression at both timepoints. These results indicate that the F2R gene expression is variable across 
the different hESC-CFs lines, with PSC020 showing the most dynamic response over time. We 
measured the F2RL1 expression in the same hESC-CFs lines. At 28 hours, PSC018 shows the highest 
expression while PSC021 has a consistently low expression compared to other cell lines. The lower 
expression of F2RL1 in these hESC-CFs lines is comparable to primary cardiac fibroblasts and further 
supports the notion that F2RL1 is a less abundant receptor in comparison to F2R in this cell type 
(D'Alessandro et al., 2021). 
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Figure 14. PAR Receptors Genes Baseline Expression. (A) Baseline expression levels of F2R. At 28 hours, PSC020 
exhibits the highest expression of F2R, followed by PSC018. PSC021 and PSC019. At 48 hours, PSC020 shows a 
significant increase in F2R expression, while PSC018 shows relatively slightly decreased levels. PSC018 and PSC019 
maintain moderate expression at both timepoints. (B) Baseline expression levels of F2RL1. At 28 hours, PSC018 
shows the highest expression of F2RL1, followed by PSC020 and PSC019, with PSC021 exhibiting the lowest 
expression. At 48 hours, PSC021 continues to exhibit the lowest expression. Expression levels were normalized for 
Cyclophilin A and calculated using the comparative threshold cycle method (ΔCt * 1000). 
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3.1.2 Effect of TGFβ on hESC-CFs  

Effect of TGFβ on pro-inflammatory genes 

TGFβ is a well-known immunosuppressive anti-inflammatory factor. After 4 hours and 24 hours of 
incubation with TGFβ (1 ng/mL), we performed RT-qPCR to measure the expression of pro-inflammatory 
markers such as CCL2 and IL-6. As shown in Figure 15 (A), at 4 hours of incubation, the data indicate a 
significant increase in CCL2 expression (±1.5-fold) in the samples incubated with TGFβ compared to 
the control group (Ctrl) at the same timepoint. This effect was previously observed after 6 hours of 
incubation with TGFβ (van Nieuwenhoven et al., 2013). However, after 24 hours, TGFβ exerts an anti-
inflammatory effect on hESC-CFs: CCL2 levels are significantly lower than the control group (±0.5-fold, 
decrease). As shown in Figure 15 (B) after 4 hours of incubation, TGFβ doesn’t have any significant 
response on IL-6 expression, however it’s possible to appreciate a slightly anti-inflammatory trend 
compared to control condition. Conversely, after 24 hours of incubation TGFβ significantly down-
regulates IL-6 expression (±0.5-fold, decrease). These data suggest that TGFβ has a time-dependent 
regulatory effect on pro-inflammatory and anti-inflammatory response in hESC-CFs culture, with an 
early activation followed by a suppressive phase, which may reflect the dual role of TGFβ in modulating 
inflammation. 
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Figure 15. Effect of TGFβ on pro-inflammatory genes. (A) Pro-inflammatory effect of TGFβ (1ng/mL) on CCL2 
expression in hESC-CFs cultures after 4 hours (n=8) and 24 hours (n=11) of incubation. At 4 hours, TGFβ treatment 
significantly increases CCL2 expression compared to the control. However, after 24 hours, TGFβ strongly down-
regulates CCL2 expression levels compared to the control group. (B) Pro-inflammatory effect of TGFβ (1ng/mL) on 
IL-6 expression in hESC-CFs cultures after 4 hours (n=8) and 24 hours (n=11) of incubation. At 4 hours, TGFβ doesn’t 
have any significant response on IL-6 expression, however it’s possible to appreciate a slightly anti-inflammatory 
trend compared to control condition. After 24 hours TGFβ significantly down-regulates IL-6 expression. Gene 
expression was measured by RT-qPCR after 4 hours and 24 hours of incubation. Results are expressed as fold-
change relative to control, with dots indicating separate experiments and error bars indicating SD. Statistical 
analysis was performed using the non-parametric Kruskal-Wallis test with Dunn’s multiple comparison post-hoc test 
(*p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 
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Effect of TGFβ on PAR Receptor and profibrotic genes  

We measured the expression level of two isoform of PAR Receptor family after exposure to TGFβ for 4 
and 24 hours and as shown in the Figure 16 we found no significant effects on F2R and F2RL1 genes. 
Regarding profibrotic genes at 4 hours, TGFβ seems to have no impact on ACTA2 expression. Conversely, 
at 24 hours, ACTA2 expression is notably higher (±2-fold) in the TGFβ group compared to the control 
group (Figure 17, A). The graph suggests that TGFβ does not immediately affect ACTA2 expression at 4 
hours but leads to a significant increase by 24 hours, indicating a delayed but robust response. As 
indicated in Figure 17 (B), TGFβ is also able to regulate the CTGF expression. From our study it emerged 
that TGFβ determined a statistically significant up-regulation on CTGF expression after 4 hours (±2.5-
fold) and at 24 hours expression (±2-fold). We also evaluated the expression of two other known fibrosis 
markers, COL1A1 and TGFβ at the same timepoints. As shown in Figure 17 (C) after 4 hours of 
incubation, TGFβ doesn’t have any significant response on COL1A1 expression, however it’s possible to 
appreciate a slightly increase trend compared to control condition. Conversely, after 24 hours of 
incubation TGFβ has a strong impact on COL1A1 expression increasing significantly the expression of 
this gene (±2.5-fold). Furthermore, we measured the expression of the TGFβ itself and we observed that 
this factor can induce significant overexpression of its gene at 4 hours (±1.5-fold) and 24 hours of 
incubation (±2.5-fold) (Figure 17, D).   
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Figure 16. Effect of TGFβ on PAR Receptors genes. (A) Effect of TGFβ (1ng/mL) on F2R expression in hESC-CFs 
cultures after 4 hours (n=4) and 24 hours (n=7) of incubation. No statistically significant differences were observed 
between TGFβ -treated and control groups at either timepoint. (B) Effect of TGFβ (1ng/mL) on F2RL1 expression in 
hESC-CFs cultures after 4 hours (n=8) and 24 hours (n=11) of incubation. No statistically significant differences were 
observed between TGFβ-treated and control groups at either timepoint. Gene expression was measured by RT-qPCR 
after 4 hours and 24 hours of incubation. Results are expressed as fold-change relative to control, with dots 
indicating separate experiments and error bars indicating SD. Statistical analysis was performed using the non-
parametric Kruskal-Wallis test with Dunn’s multiple comparison post-hoc test (*p<0.05, ** p<0.01, *** p<0.001, **** 
p<0.0001). 

  



43 
 

A B 

Ctrl TGFβ Ctrl TGFβ
0

1

2

3

A
C

T
A

2
 R

e
la

ti
v
e
 t

o
 C

tr
l

4h 24h

✱✱

              

Ctrl TGFβ Ctrl TGFβ
0

1

2

3

4

5

C
T

G
F

 R
e
la

ti
v

e
 t

o
 C

tr
l

4h 24h

✱✱✱ ✱✱✱

 
 

C D 

Ctrl TGFβ Ctrl TGFβ
0

1

2

3

4

5

C
O

L
1
A

1
 R

e
la

ti
v
e
 t

o
 C

tr
l

4h 24h

✱✱✱

               

Ctrl TGFβ Ctrl TGFβ
0

1

2

3

4

5

T
G

F
β

 R
e
la

ti
v
e
 t

o
 C

tr
l

4h 24h

✱ ✱✱✱

 
 

Figure 17. Effect of TGFβ on profibrotic genes. (A) Profibrotic effect of TGFβ (1ng/mL) on ACTA2 expression in hESC-
CFs cultures after 4 hours (n=8) and 24 hours (n=11) of incubation. At 4 hours, TGFβ treatment doesn’t have any 
significant response on ACTA2 expression. However, after 24 hours, TGFβ strongly up-regulates ACTA2 expression 
levels compared to the control group. (B) Profibrotic effect of TGFβ (1ng/mL) on CTGF expression in hESC-CFs 
cultures after 4 hours (n=8) and 24 hours (n=11) of incubation. TGFβ significantly up-regulates CTGF expression after 
4 hours and 24 hours of incubation. (C) Profibrotic effect of TGFβ (1ng/mL) on COL1A1 expression in hESC-CFs 
cultures after 4 hours (n=8) and 24 hours (n=11) of incubation. At 4 hours, TGFβ treatment doesn’t have any 
significant response on COL1A1 expression. However, after 24 hours, TGFβ strongly up-regulates COL1A1 
expression levels compared to the control. (D) Profibrotic effect of TGFβ (1ng/mL) on TGFβ expression in hESC-CFs 
cultures after 4 hours (n=8) and 24 hours (n=11) of incubation. TGFβ significantly up-regulates TGFβ expression after 
4 hours and 24 hours of incubation. Gene expression was measured by RT-qPCR after 4 hours and 24 hours of 
incubation. Results are expressed as fold-change relative to control, with dots indicating separate experiments and 
error bars indicating SD. Statistical analysis was performed using the non-parametric Kruskal-Wallis test with Dunn’s 
multiple comparison post-hoc test (*p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 
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3.2 Role of Coagulation Factors in inflammatory and fibrotic processes in hESC-CFs 

3.2.1 Effect of FIIa on pro-inflammatory genes  
To evaluate the pro-inflammatory effect of Thrombin, hESC-CFs were incubated with CFGM and human 
FIIa (0.008 nM) at two different timepoints (4 hours and 24 hours). CCL2, known for its role in promoting 
inflammation, was measured relative to the control (Ctrl). As shown in Figure 18 (A), after 4 hours of 
incubation Thrombin induces a statistically significant up-regulation of CCL2 (±2-fold). This effect 
suggests that FIIa has an immediate and strong pro-inflammatory effect on CCL2 expression within the 
first few hours of incubation. The pro-inflammatory effect of FIIa on CCL2 appears to decrease after 24 
hours of incubation. As indicated in the Figure 18 (B), the incubation with Thrombin, after 4 hours, 
induces a statistically significant up-regulation of IL-6 (±2.5-fold). After 24 hours, the effect of FIIa on IL-
6 expression appears reduced compared to the 4-hour timepoint. In summary, FIIa induces a significant 
increase in IL-6 expression at 4 hours, but this effect diminishes at 24 hours, this could indicate an 
acute, early inflammatory response. This experiment shows that the hESC-CFs show similar pro-
inflammatory responses to FIIa as seen in primary cell culture of human cardiac fibroblasts 
(D’Alessandro et al., 2021).  
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Figure 18. Effect of FIIa on pro-inflammatory genes. (A) Pro-inflammatory effect of FIIa (0.008 nM) on CCL2 
expression in hESC-CFs cultures after 4 hours (n=8) and 24 hours (n=11) of incubation. At 4 hours, FIIa treatment 
significantly increases CCL2 expression compared to the control. However, this effect is not observed at 24 hours, 
suggesting an early pro-inflammatory response. (B) Pro-inflammatory effect of FIIa (0.008 nM) on IL-6 expression in 
hESC-CFs cultures after 4 hours (n=8) and 24 hours (n=11) of incubation. At 4 hours, FIIa treatment significantly 
increases IL-6 expression compared to the control. However, this effect is not observed at 24 hours, suggesting a 
transient pro-inflammatory response. Gene expression was measured by RT-qPCR after 4 hours and 24 hours of 
incubation. Results are expressed as fold-change relative to control, with dots indicating separate experiments and 
error bars indicating SD. Statistical analysis was performed using the non-parametric Kruskal-Wallis test with Dunn’s 
multiple comparison post-hoc test (*p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 
 

3.2.2 Effect of FIIa on profibrotic genes  
FIIa appears to have no effect on the expression of ACTA2 at both timepoint (Figure 19, A) while after 4 
hours of incubation with FIIa, the expression level of CTGF increases (±3.5 -fold), representing high 
statistical significance. This effect is not detectable after 24 hours of incubation with FIIa (Figure 19, B). 
This could indicate that an early regulation of CTGF gene promoted by FIIa. Other two profibrotic 
markers, COL1A1 and TGFβ, are also evaluated. As shown in Figure 19 (C), after 4 and 24 hours of 
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incubation FIIa does not induce a profibrotic response in terms of COL1A1 expression at this two 
timepoints. As reported in Figure 19 (D), the expression level of TGFβ, a well-known profibrotic factor, 
seems slightly increased after 4 hours and 24 hours in the FIIa-treated group, but this increase is not 
statistically significant in both cases.   
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Figure 19. Effect of FIIa on profibrotic genes. (A) Profibrotic effect of FIIa (0.008 nM) on ACTA2 expression in hESC-
CFs cultures after 4 hours (n=8) and 24 hours (n=11) of incubation. No statistically significant differences were 
observed between FIIa-treated and control groups at either timepoint. (B) Profibrotic effect of FIIa (0.008 nM) on 
CTGF expression in hESC-CFs cultures after 4 hours (n=8) and 24 hours (n=11) of incubation. At 4 hours, FIIa 
treatment significantly increases CTGF expression compared to the control. However, this effect is not observed at 
24 hours. (C) Profibrotic effect of FIIa (0.008 nM) on COL1A1 expression in hESC-CFs cultures after 4 hours (n=8) and 
24 hours (n=11) of incubation. No statistically significant differences were observed between FIIa-treated and 
control groups at either timepoint. (D) Profibrotic effect of FIIa (0.008 nM) on TGFβ expression in hESC-CFs cultures 
after 4 hours (n=8) and 24 hours (n=11) of incubation. At 4 hours and 24 hours of incubation, FIIa seems slightly up-
regulate the expression of TGFβ, but this increase is not statistically significant in both cases. Gene expression was 
measured by RT-qPCR after 4 hours and 24 hours of incubation. Results are expressed as fold-change relative to 
control, with dots indicating separate experiments and error bars indicating SD. Statistical analysis was performed 
using the non-parametric Kruskal-Wallis test with Dunn’s multiple comparison post-hoc test (*p<0.05, ** p<0.01, 
*** p<0.001, **** p<0.0001). 
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3.2.3 Effect of FIIa on PAR Receptors 
As shown in Figure 20 (A), there appears to be a slight increase in F2R expression after 4 hours of 
incubation with FIIa, but this change is not statically significant. On the contrary, after 24 hours of 
incubation with the FIIa, it is possible to appreciate a reduction in the expression of F2R expression, also 
in this case not statistically significant. The same pattern can be observed in Figure 20 (B) in which the 
expression of F2RL1 was evaluated, even in this case the slight variations induced by the treatment with 
FIIa are not statistically significant.  
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Figure 20. Effect of FIIa on PAR Receptors genes. (A) Effect of FIIa (0.008 nM) on F2R expression in hESC-CFs cultures 
after 4 hours (n=4) and 24 hours (n=7) of incubation. No statistically significant differences were observed between 
FIIa-treated and control groups at either timepoint. (B) Effect of FIIa (0.008 nM) on F2RL1 expression in hESC-CFs 
cultures after 4 hours (n=8) and 24 hours (n=11) of incubation. No statistically significant differences were observed 
between FIIa-treated and control groups at either timepoint. Gene expression was measured by RT-qPCR after 4 
hours and24 hours of incubation. Results are expressed as fold-change relative to control, with dots indicating 
separate experiments and error bars indicating SD. Statistical analysis was performed using the non-parametric 
Kruskal-Wallis test with Dunn’s multiple comparison post-hoc test (*p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 
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3.2.4 Effect of FXa on pro-inflammatory genes 
To verify the effect of hFXa on pro-inflammatory genes, we incubated hESC-CFs at two different 
concentrations (10nM and 50nM) and then we measured the expression level using RT-qPCR. The 
incubations were carried out at two different timepoints, 4 hours and 24 hours. As shown in Figure 21 (A 
and B), 4 hours of incubation with FXa (10 nM) up-regulates the mRNA expression of the CCL2 (±2-fold) 
and IL-6 (±2.5-fold). Similarly, exposure after 4 hours to FXa (50nM) strongly up-regulated the mRNA 
expression of CCL2 (±3-fold) and IL-6 (±4-fold).  Furthermore, it is possible to see that in the group 
treated with high concentration of FXa (50nM) the up-regulation of CCL2 and IL-6 is stronger compared 
to the group incubated with low concentration of FXa (10nM). This suggests a dose-dependent effect 
exerted by this coagulation factor on hESC-CFs cultures. The exposure at FXa at 24 hours does not 
appear to have a significant effect on CCL2 and IL-6 expression at both concentrations, but an 
increasing trend can be appreciated. These findings suggest that FXa may play a direct role in promoting 
pro-inflammatory responses in hESC-CFs line.  
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Figure 21. Effect of FXa on pro-inflammatory genes. (A) Pro-inflammatory effect of FXa (10nM and 50nM) on CCL2 
expression in hESC-CFs cultures after 4 hours (n=8) and 24 hours (n=11) of incubation. At 4 hours, FXa (10nM and 50 
nM) treatment significantly increases CCL2 expression compared to the control in dose-dependent manner. At 24 
hours incubation, no statistical significance was observed between FXa-treated and control groups at either 
concentration. (B) Pro-inflammatory effect of FXa (10nM and 50nM) on IL-6 expression in hESC-CFs cultures after 4 
hours (n=8) and 24 hours (n=11) of incubation. At 4 hours, FXa (10nM and 50 nM) treatment significantly increases 
IL-6 expression compared to the control in dose-dependent manner. At 24 hours incubation, no statistical 
significance was observed between FXa-treated and control groups at either concentration. Gene expression was 
measured by RT-qPCR after 4 hours and24 hours of incubation. Results are expressed as fold-change relative to 
control, with dots indicating separate experiments and error bars indicating SD. Statistical analysis was performed 
using the non-parametric Kruskal-Wallis test with Dunn’s multiple comparison post-hoc test (*p<0.05, ** p<0.01, 
*** p<0.001, **** p<0.0001).  
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3.2.5 Effect of FXa on profibrotic genes 
Previous studies have shown that FXa can regulate the expression of genes involved in extracellular 
matrix remodeling and fibrotic processes in adult rat CFs (D’Alessandro et al., 2021). In this context, we 
evaluated the effects of this factor on hESC-CFs culture. As shown in Figure 22 (A), no statistically 
significant effect on ACTA2 gene is visible after 4 hours of incubation at both concentrations (10 nM and 
50n M). On the contrary, after 24 hours of treatment, the higher concentration of FXa (50 nM) strongly 
up-regulates the expression of ACTA2 (±3.5-fold) compared to control condition. The up-regulation is 
also statistically significant between the two groups incubated with FXa at different concentration 
(10nM vs. 50nM ±3.5-fold). This effect suggests the late regulation promoted by FXa on ACTA2 gene. We 
also measured CTGF gene expression: after 4 hours, as evident in Figure 22 (B), FXa (10 nM and 50 nM) 
induces a strong up-regulation of CTGF (±4-fold; ±5.2-fold respectively compared to control condition). 
At 24 hours of incubation, exposure to FXa (50nM) strongly up-regulated the expression of CTGF (±2-
fold).  
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Figure 22. Effect of FXa on profibrotic genes. (A) Profibrotic effect of FXa (10nM and 50nM) on ACTA2 expression in 
hESC-CFs cultures after 4 hours (n=8) and 24 hours (n=8) of incubation. At 4 hours no statistically significant 
differences were observed between FXa-treated and control group at either concentrations. At 24 hours incubation, 
FXa (50 nM) strongly up-regulates the expression of ACTA2 compared to control condition. (B) Profibrotic effect of 
FXa (10nM and 50nM) on CTGF expression in hESC-CFs cultures after 4 hours (n=8) and 24 hours (n=11) of 
incubation. At 4 hours, FXa (10 nM and 50nM) treatment significantly increases CTGF expression compared to the 
control.  At 24 hours CTGF up-regulation is statistically significant at the highest concentration of FXa (50nM). Gene 
expression was measured by RT-qPCR after 4 hours and24 hours of incubation. Results are expressed as fold-
change relative to control, with dots indicating separate experiments and error bars indicating SD. Statistical 
analysis was performed using the non-parametric Kruskal-Wallis test with Dunn’s multiple comparison post-hoc test 
(*p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 
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Analyzing the expression of COL1A1 in hESC-CFs incubated with FXa, no significant increase was 
observed at either timepoint, indicating that FXa does not appear to strongly influence COL1A1 
expression in this model (Figure 23, A). As shown in Figure 23 (B), after 4 hours of treatment, no 
significant differences were observed between the control and either FXa concentration in TGFβ 
expression. After 24 hours, a statistically significant increase in TGFβ levels (±1.5-fold) is evident in the 
samples incubated with the highest concentration of FXa (50nM) compared to the control. This suggests 
that higher concentrations of FXa may induce TGFβ expression over extended exposure times.  
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Figure 23. Effect of FXa on profibrotic genes. (A) Profibrotic effect of FXa (10nM and 50nM) on COL1A1 expression in 
hESC-CFs cultures after 4 hours (n=8) and 24 hours (n=11) of incubation. At 4 hours and 24 hours no statistically 
significant differences were observed between FXa-treated and control group at either concentration. (B) Profibrotic 
effect of FXa (10nM and 50nM) on TGFβ expression in hESC-CFs cultures after 4 hours (n=8) and 24 hours (n=9) of 
incubation. At 4 hours, no significant differences were observed between the control and either FXa concentration. 
At 24 hours TGFβ up-regulation is statistically significant at the highest concentration of FXa (50nM). Gene 
expression was measured by RT-qPCR after 4 hours and24 hours of incubation. Results are expressed as fold-
change relative to control, with dots indicating separate experiments and error bars indicating SD. Statistical 
analysis was performed using the non-parametric Kruskal-Wallis test with Dunn’s multiple comparison post-hoc test 
(*p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 
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3.2.6 Effect of FXa on PAR Receptors 
As we did previously for Thrombin, we evaluated the expression levels of PAR receptors to elucidate their 
role in this process. In the study by Elisa et al., a statistically significant increase in the levels of PAR1 
and PAR2 was observed after exposure to Thrombin and FXa at 4 hours of incubation (D’Alessandro et 
al., 2021) suggesting the existence of a positive feedback loop on PAR expression upon their activation. 
In our case, we did not obtain statistically significant results, although a slight increasing trend in the 
mRNA expression of these two receptors was visible after 4 hours of incubation (Figure 24).  
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Figure 24. Effect of FXa on PAR Receptors genes. (A) Effect of FXa (10nM and 50nM) on F2R expression in hESC-CFs 
cultures after 4 hours (n=4) and 24 hours (n=7) of incubation. No statistically significant differences were observed 
between FXa-treated and control groups at either timepoint. (B) Effect of FXa (10nM and 50nM) on F2RL1 expression 
in hESC-CFs cultures after 4 hours (n=8) and 24 hours (n=11) of incubation. No statistically significant differences 
were observed between FXa-treated and control groups at either timepoint. Gene expression was measured by RT-
qPCR after 4 hours and24 hours of incubation. Results are expressed as fold-change relative to control, with dots 
indicating separate experiments and error bars indicating SD. Statistical analysis was performed using the non-
parametric Kruskal-Wallis test with Dunn’s multiple comparison post-hoc test (*p<0.05, ** p<0.01, *** p<0.001, **** 
p<0.0001). 
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3.3 Discussion 

Characterization of the hESC-CFs Cellular Model: Molecular and Functional Analyses 
The development of new cellular model requires an initial phase of characterization to validate its 
reliability for subsequent experimental applications. In this study, the hESC-CFs model was employed 
using a differentiation protocol based on modulation of the WNT signaling (Zhang et al., 2019). The 
characterization of this model was primarily performed at the molecular level through gene expression 
analysis at different timepoints post-differentiation, a method widely used in stem cell research (Chan 
et al., 2016; Takahashi and Yamanaka, 2016). This approach allowed for an assessment of the 
expression dynamics of stem cells markers and genes associated with mature cardiac fibroblasts.  
The observed trends indicate a progressive downregulation of stem cells markers (e.g., NANOG, OCT4), 
accompanied by an upregulation of CFs specific markers (e.g., COL1A1, POSTN) as the days post-
differentiation increase. Furthermore, four cell lines (PSC018, PSC019, PSC020, PSC021) derived from 
the same differentiation protocol were analyzed in terms of baseline gene expression to investigate 
potential intrinsic variations. Despite originating from the same protocol, differences in basal gene 
expression levels were observed among the lines after 28 hours and 48 hours of serum-free incubation. 
A high level of heterogeneity within the cardiac fibroblast population has been reported in the 
mammalian heart (Pinto et al., 2016). Single-cell analysis revealed the induction of CFs in vivo arise 
from a myogenic and non-myogenic lineage (Mononen et al., 2020). Also in vitro studies, using single 
cell transcriptomics, has showed that the hiPSC-derived organoid fibroblast population displays a high 
degree of heterogeneity that approximates the heterogeneity of populations in both normal and 
diseased human heart (Fernandes et al., 2023). In addition to intrinsic variability, extrinsic factors 
related to culture conditions may also contribute to the heterogeneity observed in vitro. In particular, it 
is well established that fibroblasts cultured on stiff substrates, such as conventional tissue culture 
plastic, tend to undergo spontaneous activation, acquiring a myofibroblast-like phenotype even in the 
absence of specific stimuli (Huang et al., 2012). This phenomenon can confound the interpretation of 
experimental data, especially in early-stage model characterization. To mitigate this effect, alternative 
strategies such as culturing cells on softer substrates that better mimic the physiological stiffness of 
cardiac tissue (approx. 10 kPa) or the use of TGFβ pathway inhibitors can be employed (Chaudhuri et 
al., 2016; van Putten et al., 2020). These approaches help preserve a more quiescent fibroblast 
phenotype, thereby improving the reliability and reproducibility of the model. 
The use of serum-free culture medium allows control over culture conditions. In this case, serum 
deprivation at 48 hours considerably increased the expression levels of pro-inflammatory markers. A 
similar trend was observed for the expression of profibrotic genes, with the notable exception of TGFβ, 
which exhibited a reduction at this timepoint. It is possible that serum deprivation triggers a pro-
inflammatory and profibrotic cellular response due to oxidative stress (White et al., 2020).  
In this study, we also evaluated the expression levels of genes encoding for PAR1 and PAR2 receptors. 
PARs are receptors located on the cell surfaces of CMs, CFs, endothelial cells, vascular smooth muscle 
cells and other kind of cells. Research showed that FIIa and FXa can activate these receptors (Posma et 
al., 2016). From our results it emerged that in hESC-CFs model, PAR1 receptor is more abundantly 
expressed compared to PAR2 receptor, this is in line with previously findings in CFs from primary culture 
(D'Alessandro et al., 2022).  
A crucial aspect of the characterization involved the investigation of TGFβ effects on pro-inflammatory 
and profibrotic genes in hESC-CFs at 4 hours or 24 hours of incubation. During early incubation phases, 
TGFβ induced a pro-inflammatory response as previously described (van Nieuwenhoven et al., 2013). 
On the contrary, this effect is completely reversed after late incubation at 24 hours showing an anti-
inflammatory effect. As a well-known profibrotic factor (Chen et al., 2000), in our experiment TGFβ 
caused a strong increase on profibrotic genes, especially after 24 hours of incubation. Furthermore, our 
data confirmed the profibrotic effect of TGFβ through a positive feedback mechanism, leading to the 
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upregulation of its own gene expression and enhancing the transition to myofibroblasts. This transition 
is mediated via TGFβ receptors on the CFs cell surface triggering Smad intracellular signalling 
(Moustakas, 2002). 
 

Role of Coagulation Factors in inflammatory and fibrotic processes in hESC-CFs 
Only a limited number of studies have explored the potential impact of activated coagulation factors on 
cardiac remodeling; these studies were mainly conducted on atrial fibroblasts from rats, but also in 
primary atrial fibroblasts from humans (D’Alessandro et al., 2021; Spronk et al., 2017). 
From this study we observed that both coagulation factors, FXa and FIIa, can regulate pro-inflammatory 
and profibrotic genes. It emerged that Thrombin has a strong effect on IL-6 at 4 hours of incubation, 
while FXa positively regulates the expression of CCL2 and IL-6 at both timepoints. This implies that pro-
inflammatory genes are regulated early by FIIa and FXa. In this study it was not demonstrated that the 
effect of the coagulation factors is PAR1-mediated as previously shown (D'Alessandro et al., 2021). 
Further experiments using PAR1 agonists and antagonists will need to be conducted. However, we have 
observed that in this new cellular model PAR1 and PAR2 are expressed, so we can hypothesize that the 
effect is PAR-mediated. In our case, it was not possible to observe a positive feedback mechanism of 
PAR1 and PAR2 expression levels after exposure to Thrombin and FXa, as previously demonstrated in 
other cardiac fibroblast models (D’Alessandro et al., 2021; Spronk et al., 2017), although an increasing 
trend was observed, especially after 4 hours of exposure.  
A regulation by coagulation factors of the genes involved in the fibrotic process (activation of fibroblasts 
into myofibroblasts) has emerged. Thrombin appears to exert a significant effect on CTGF, a gene 
associated with fibrotic processes (Rebolledo et al., 2021), in the early incubation phase (4 hours); while 
this effect is no longer visible at 24 hours. Contrary to what was demonstrated by D’Alessandro et al. on 
primary adult rat CFs (D’Alessandro et al., 2021), our data showed that ACTA2 and TGFβ expression does 
not appear to be statistically regulated by Thrombin in the early stages of incubation although an 
increasing trend is quite visible. A similar pattern is observed for COL1A1 expression. However, 
incubation with FXa induces a significant, dose-dependent increase in ACTA2 levels at 24 hours, 
suggesting its role in fibroblast activation and differentiation towards a myofibroblast phenotype. This 
aligns with previous studies demonstrating FXa’s involvement in profibrotic signaling pathways 
(D’Alessandro et al., 2021). CTGF expression shows a rapid and robust increase at 4 hours following FXa 
exposure, but its sustained upregulation at 24 hours occurs only in cells treated with higher FXa 
concentrations. This suggests an early fibrotic response that is reinforced under prolonged and 
intensified FXa stimulation. In contrast, COL1A1 expression does not show a significant response to 
FXa. However, TGFβ expression increases only after 24 hours at most FXa concentrations, suggesting a 
delayed fibrotic signaling response. This aligns with the role of TGFβ as a key regulator of fibrosis that is 
often activated downstream of initial inflammatory and fibrotic cues (Moustakas, 2002). These findings 
highlight FXa’s potential role in modulating fibroblast activation and fibrotic responses, supporting its 
involvement in cardiac structural remodeling.   
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Chapter 4 

Results and Discussion 

Activated Coagulation Factors FXa and Thrombin induce 
prohypertrophic response in human stem-cell derived 

cardiomyocytes (hiPSC-CMs) through stimulation of protease 
activated receptor 1 (PAR1) 
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4.1 Characterization of the hiPSC-CMs Cellular Model: Molecular and Functional Analyses 

Gene expression of stem cells markers from RT-qPCR 

To verify the differentiation status of hiPSC-CMs line compared to stem cells, we measured the 
expression dynamics of pluripotency-associated genes of SOX2, OCT4, NANOG and LIN28 after the 
differentiation protocol at Day 1 (d1) and Day 7 (d7) and compared it to levels in stem cells. These genes, 
central regulators of stem cell pluripotency, show a marked downregulation during differentiation. Their 
expression levels drop significantly at day 1 and remain low at day 7 (Figure 25). This trend indicates a 
loss of the pluripotent state and a successful initiation of differentiation. According to studies, the 
effective silencing of OCT4 and NANOG correlates with the efficiency of differentiation protocols, 
serving as a benchmark for assessing the quality of stem cell-derived models (Yu et al. 2007).  
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Figure 25. Expression levels of stem cell markers (SOX2, OCT4, NANOG and LIN28) in stem cells and hiPSC-CMs 
cultures after Differentiation Protocol at Day 1 (d1) and Day 7 (d7). RT-qPCR analysis shows significant 
downregulation over time, indicating the transition from a pluripotent state to a differentiated cardiomyocyte lineage. 
The y-axis represents the normalized gene expression (relative to stem cells). Error bars represent standard 
deviation. 
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Gene expression of cardiomyocyte markers from RT-qPCR 

The Figure 26 illustrates the expression dynamics of cardiomyocyte marker genes (NPPB, NPPA, TNNI3, 
MYH7, TNNT2, MYH6 and HCN4) after the differentiation process of hiPSC-CMs at Day 1 (d1) and Day 7 
(d7). The data highlights a progression from a pluripotent stem cell state to differentiated 
cardiomyocytes. TNNT2, TNNI3, MYH6, MYH7 and NPPA show steep and consistent increases in 
expression from day 1 to day 7, reflecting robust structural and functional maturation of 
cardiomyocytes. In contrast to the sharp increases seen with most other markers, NPPB displays a 
gradual increase from day 1 to day 7 and HCN4 shows a decreasing trend during differentiation. HCN4 
is highly expressed on day 1 of differentiation, but its levels significantly decrease by day 7.  HCN4 is 
known to play a pivotal role in pacemaker cells of the sinoatrial node, where it governs the funny current 
(If), critical for initiating and regulating heart rhythms. Its expression is typically prominent in the early 
stages of differentiation and gradually declines as the cardiomyocytes mature. This decline in HCN4 
expression could suggest a shift from an atrial-like or pacemaker-like phenotype to ventricular 
cardiomyocytes, which rely less on HCN4-mediated pacemaker activity. 
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Figure 26. Expression levels of cardiomyocyte markers (NPPB, NPPA, TNNI3, MYH7, TNNT2, MYH6 and HCN4) in 
stem cells and hiPSC-CMs cultures after Differentiation Protocol at Day 1 (d1) and Day 7 (d7).  Almost all cardiac 
genes show a marked increase from d1 to d7, reflecting progressive cardiomyocyte maturation. In contrast, HCN4 
peaks at d1 and decreases by d7, indicating its role in early differentiation while NPPB demonstrates a gradual rise 
compared to other sharply increasing markers. The y-axis represents the normalized gene expression (relative to d1).  
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Cardiomyocyte markers from Immunocytochemistry  

To understand the maturation state of hiPSC-CMs, a monolayer of beating cells was cultured on a 4-
well culture slide for immunocytochemistry (ICC) experiments. The images below show 
immunofluorescence results highlighting the structural organization of hiPSC-CMs. Hoechst dye (blue) 
stains the cell nuclei, Actin (green) labels the actin filaments and cardiac Troponin I (cTnI) (green) 
identifies a key contractile protein specific to cardiomyocytes. The Figure 27 shows the distribution and 
morphology of hiPSC-CMs stained with Actin and Troponin I at different magnifications. Interestingly, 
we identified binucleated cardiomyocytes that is a hallmark of mature phenotype. From confocal 
microscopy it was possible to visualize the sarcomeric structure (Figure 28) with an evident striated 
pattern, reflecting the organization of mature sarcomeres. Overall, the ICC images show that hiPSC-
CMs express key structural and contractile proteins essential for cardiomyocyte function.  

 

Figure 27. Structural organization in hiPSC-derived cardiomyocytes. Immunofluorescence images show actin 
filaments (top panels) and cardiac Troponin I (bottom panel) during hiPSC-CMs maturation.  
 

 

Figure 28. Sarcomere organization in iPSC-derived cardiomyocytes. Immunofluorescence images showing cardiac 
troponin T (cTNT) staining in cardiomyocytes.   
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4.2 Role of Coagulation Factors in hypertrophic processes in hiPSC-CMs 

4.2.1 Effect of FIIa on pro-hypertrophic and pro-inflammatory genes  

After the characterization of hiPSC-CMs model, we evaluated the effect of coagulation factors on pro-
hypertrophic genes (NPPA and NPPB) and pro-inflammatory gene (CCL2). As shown in Figure 29, 
incubation of hiPSC-CMs with Thrombin (0.008 nM) leads to a significant increase of NPPB (±10-fold), 
NPPA (±2-fold) and CCL2 (±5-fold) expression compared to control. While when hiPSC-CMs were 
exposed to Dabigatran (350ng/mL), a direct Thrombin Inhibitor, there was a significant reduction in the 
FIIa-induced upregulation of NPPB (±10-fold decrease) and NPPA expression (±2-fold decrease).  This 
effect is not significant in the case of CCL2, but a strong reduction is evident (Figure 29, C). 
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Figure 29. Effect of FIIa on hiPSC-CMs model. (A - B) Effect of FIIa (0.008 nM) on pro-hypertrophic genes after 24 
hours of incubation (n=6) and (C) pro-inflammatory gene in the presence and absence of Dabigatran (350ng/mL). 
FIIa treatment significantly increases NPPB, NPPA and CCL2 expression compared to the control. This effect is 
significantly prevented in NPPB and NPPA expression when hiPSC-CMs are incubated with Dabigatran (in presence 
or absence of FIIa), this effect is not significant in the case of CCL2, but a strong reduction is evident. Results are 
expressed as fold-change relative to control, with dots indicating different iPSC-CM experiments and error bars 



58 
 

indicating SD. Statistical analysis was performed using the non-parametric Kruskal-Wallis test with Dunn’s multiple 
comparison post-hoc test (*p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 

 

4.2.2 Effect of FIIa on PAR Receptors 
FIIa treatment does not significantly affect the mRNA levels of PAR receptors. A small increase in F2R 
expression was found, which has reverted with Dabigatran (Figure 30, A). In contrast, the F2RL1 
expression was reduced by FIIa compared to control (Figure 30, B). These differences don’t reach 
statistical significance, possibly due to high variation and limited number of experiments.   
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Figure 30. Effect of FIIa on PAR Receptors genes. (A) Effect of FIIa (0.008 nM) with or without Dabigatran (350ng/mL) 
on F2R expression in hiPSC-CMs cultures after 24 hours of incubation (n=6). No statistically significant differences 
were observed between FIIa-treated and control groups at either timepoint. (B) Effect of FIIa (0.008 nM)) with or 
without Dabigatran (350ng/mL) on F2RL1 expression in hiPSC-CMs cultures after 24 hours (n=5). No statistically 
significant differences were observed between FIIa-treated and control groups at either timepoint. Results are 
expressed as fold-change relative to control, with dots indicating separate experiments and error bars indicating SD. 
Statistical analysis was performed using the non-parametric Kruskal-Wallis test with Dunn’s multiple comparison 
post-hoc test (*p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001).  
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4.2.3 Effect of FXa and PAR1 Agonist on pro-hypertrophic and pro-inflammatory genes  
We conducted experiments using FXa (50 nM) and its inhibitor Rivaroxaban (400ng/mL) to clarify the 
involvement of this coagulation factor in the molecular mechanisms underlying cardiac hypertrophy 
and the potential protective effect of its inhibitor. Furthermore, to evaluate whether the effect is PAR1 
mediated we used a selective PAR1 agonist, TRAP14 (100 M). As shown in Figure 31, direct activation 
of PAR1 by the agonist TRAP14 significantly upregulates the mRNA expression of the hypertrophic genes 
NPPB (±6.5-fold) and NPPA (±2-fold) and pro-inflammatory gene CCL2 (±3-fold) compared to control. 
These findings suggest that PAR1 activation plays a direct role in promoting pro-hypertrophic and pro-
inflammatory responses in cardiomyocytes. Similarly, exposure of iPSC-CM to FXa strongly upregulates 
the mRNA expression of NPPB (±6-fold), NPPA (±2-fold) and CCL2 (±3.5-fold). Surprisingly, direct 
inhibition of FXa via Rivaroxaban doesn’t downregulate the effect of FXa on gene expression in hiPSC-
CMs.  
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Figure 31. Effect of FXa and PAR1 activation on pro-hypertrophic and pro-inflammatory genes. Cells incubated with 
TRAP14 (100 M) or FXa (50 nM) significantly express pro-hypertrophic and pro-inflammatory genes compared to 
control. On the contrary, direct inhibition of FXa via Rivaroxaban (400 ng/mL) doesn’t downregulate the effect of FXa 
on gene expression in hiPSC-CMs model. Gene expression was measured by RT-qPCR after 24 hours of incubation. 
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Results are expressed as fold-change relative to control, with dots indicating separate experiments and error bars 
indicating SD. Statistical analysis was performed using the non-parametric Kruskal-Wallis test with Dunn’s multiple 
comparison post-hoc test (*p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 
 

A possible explanation for the lack of effect of Rivaroxaban is that the FXa we used in these experiments 
is purified FXa from human blood, so it’s possible that there is a contamination with Thrombin. From our 
studies it emerged that a lower concentration of FIIa (0.008 nM) is sufficient to have a significant effect 
on the gene expression in cardiomyocytes and cardiac fibroblasts. Consequently, given the low 
concentrations of Thrombin (0.008 nM) and relatively high concentration of FXa (50nM) used in the 
present study, the pro-hypertrophic and inflammatory effect observed with FXa appears to be primarily 
caused by activation of PAR1 via Thrombin. For this reason, we conducted a set of experiments 
incubating FXa (50 nM) with Dabigatran (350ng/mL) together. As shown in Figure 32, already at 4 hours 
of incubation, Dabigatran completely prevented the upregulation of CCL2 triggered by FXa and reduced 
the FXa-induced overexpression of NPPB (±2-fold decrease). Furthermore, it’s possible to appreciate a 
slightly reduction of NPPA expression level after incubation with Dabigatran.  

A B 

C
tr
l 

FX
a

FXa 
+ D

ab
i

D
ab

i

0

1

2

3

4

N
P

P
B

 r
e
la

ti
v
e
 t

o
 C

tr
l

✱✱

                        

C
tr
l 

FX
a

FXa 
+ D

ab
i

D
ab

i

0.0

0.5

1.0

1.5

2.0

2.5

N
P

P
A

 r
e
la

ti
v
e
 t

o
 C

tr
l

 
C 

C
tr
l 

FXa

FXa 
+ D

ab
i

D
ab

i

0

2

4

6

C
C

L
2
 r

e
la

ti
v
e
 t

o
 C

tr
l

✱✱

 
Figure 32. Effect of FXa inhibition via Dabigatran on NPPB, NPPA and CCL2 gene expression in hiPSC-CMs model. 
Cells were incubated with FXa (50nM) with and without Dabigatran (350ng/mL). Gene expression was measured by 
RT-qPCR after 4 hours of incubation. Results are expressed as fold-change relative to control, with dots indicating 
different hiPSC-CM experiments and error bars indicating SD. Statistical analysis was performed using the non-
parametric Kruskal-Wallis test with Dunn’s multiple comparison post-hoc test (*p<0.05, ** p<0.01, *** p<0.001, **** 
p<0.0001). 
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4.2.4 Effect of FXa and PAR1 Antagonist on pro-hypertrophic and pro-inflammatory genes  
The co-treatment of FXa with the PAR1 antagonist (SCH79797; 1μM) reduces NPPB (±2-fold decrease), 
NPPA (±1-fold decrease) and CCL2 (±2-fold decrease) mRNA expression levels compared to FXa alone, 
indicating that the hypertrophic effects of FXa are at least partially mediated by PAR1 signaling (Figure 
33).  
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Figure 33. Effect of FXa and PAR1 deactivation on pro-hypertrophic and pro-inflammatory genes. Exposure to FXa 
(50 nM) significantly upregulates the expression of NPPB, NPPA and CCL2 compared to the untreated control. Co-
treatment with the PAR1 antagonist SCH79797 (1μM) attenuates the FXa-induced upregulation, suggesting a PAR1-
dependent mechanism. SCH79797 alone does not significantly alter the expression of these markers compared to 
the control. Gene expression was measured by RT-qPCR after 24 hours of incubation. Results are expressed as fold-
change relative to control, with dots indicating separate experiments and error bars indicating SD. Statistical 
analysis was performed using the non-parametric Kruskal-Wallis test with Dunn’s multiple comparison post-hoc test 
(*p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 

 

4.2.5 Effect of Coagulation Factors on sarcomere genes 
We evaluate the expression of the sarcomere genes, MYH6 and MYH7, without identifying any 
statistically significant variation after treatment with FIIa or with FIIa + Dabigatran (FIIa + Dabi) (Figure 
34, A and B). However, we reveal an interesting trend: incubation with Thrombin seems to reduce the 
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levels of MYH6 compared to the control values. This trend is reversed by treatment with Dabigatran 
(Figure 34, C). This trend is especially fascinating as it closely matches the findings of the Kurabayashi 
study (Kurabayashi et al., 1990) in cardiac overload conditions. In such conditions, the α myosin heavy 
chain (gene name: MYH6) isoform typically decreases, while the β myosin heavy chain (gene name: 
MYH7) isoform increases.  
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Figure 34. (A-B). Effect of FIIa on sarcomere genes. The graph illustrates the relative expression levels of MYH6 and 
MYH7 after incubation with FIIa (0.008 nM) and Dabigatran (350ng/mL) with o without FIIa. No statistically significant 
differences are observed, although a trend toward decreased MYH6 levels is evident after all incubations. In 
contrast, a reduction in MYH7 expression levels is observed only after incubation with Dabigatran (with or without 
FIIa). Results are expressed as fold-change relative to control, with dots indicating separate experiments and error 
bars indicating SD. Statistical analysis was performed using the non-parametric Kruskal-Wallis test with Dunn’s 
multiple comparison post-hoc test (*p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). (C). Relative expression of 
MYH6 and MYH7 mRNA in control, FIIa and FIIa + Dabigatran treatment.  The FIIa group shows reduced MYH6 levels 
(lighter grey bar) and increased MYH7 levels (darker grey bar) compared to the control group. In the FIIa + Dabigatran 
group, the MYH6 and MYH7 levels are comparable to the control group.  
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Incubation with TRAP14 (100 M) or FXa (50 nM) decrease MYH6 and MYH7 expression levels, however 
the data is statistically significant only in the incubation with FXa for MYH6 expression. Incubation with 
Rivaroxaban (400 ng/mL), whether alone or combined with FXa, shows no significant changes in MYH6 
and MYH7 levels (Figure 35, A and B). In this case a possible shift between the MYH6 (pink bar) and 
MYH7 (sky blue bar) isoforms is not very pronounced (Figure 35, C).  
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Figure 35. (A - B) Effect of FXa and PAR1 activation on sarcomere genes. The graph illustrates the relative expression 
levels of MYH6 and MYH7 after incubation with TRAP14 (100 M), FXa (50 nM), or Rivaroxaban (400 ng/mL) with or 
without FXa.  Treatment with TRAP14 and FXa reduce MYH6 and MYH7 expression. In contrast, Rivaroxaban, whether 
administered alone or with FXa, doesn’t affect MYH6 or MYH7 levels. Results are expressed as fold-change relative 
to control, with dots indicating separate experiments and error bars indicating SD. Statistical analysis was performed 
using the non-parametric Kruskal-Wallis test with Dunn’s multiple comparison post-hoc test (*p<0.05, ** p<0.01, 
*** p<0.001, **** p<0.0001). (C). Relative expression of MYH6 and MYH7 mRNA in control condition and during 
incubation with FXa.  

 

4.3 BNP ELISA Results 
The Figure 36 represents the levels of circulating BNP (B Natriuretic Peptide) detected in the incubation 
medium of hiPSC-CMs cultures after 24 hours of incubation with different factors. BNP is a protein 
typically secreted under hypertrophic conditions, so its presence is an indirect indicator of hypertrophic 
stress in the cells. FXa, FIIa and TRAP14 incubation show higher  BNP levels compared to the control. 
Co-treatment FXa + SCH79797 shows a reduction in BNP levels. Statistical significance can not be 
proven, because of the low number of experiments. However, these results indicate that, similar to 
NPPB gene expression, also BNP protein levels are increased by coagulation factors FXa and FIIa 
through PAR1 activation.    
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Figure 36. Levels of BNP (B Natriuretic Peptide) measured in the culture medium of hiPSC-derived cardiomyocytes 
after 24 hours of treatment with different factors. BNP secretion, a hallmark of cardiac hypertrophy, is increased by 
FXa, FIIa, and TRAP14 treatments. Co-treatment with SCH79797 or Dabigatran reduces BNP levels induced by FXa 
and FIIa, respectively, suggesting their inhibitory effects. SCH79797 alone significantly lowers BNP secretion. Data 
represent mean ± SD, with individual data points shown. 

 

4.4 Discussion 

Characterization of the hiPSC-CMs Cellular Model: Molecular and Functional Analyses 
The advent of cellular reprogramming with the discovery of the hiPSC-CMs model has revolutionized the 
scientific community and transformed the way basic research is conducted. Among the many practical 
advantages, the use of this model would allow for a drastic reduction in the employment of animal 
models, which are still widely used in biomedical research despite ethical concerns and physiological 
differences that can limit their translational relevance to human biology. Furthermore, this model has a 
wide range of potential applications, as the differentiated cells can be directly derived from the patient 
and, after appropriate manipulation, re-implanted without the risk of rejection. However, the effective 
use of hiPSC-CMs remains challenging, primarily due to their structural immaturity (Koivumäki et al., 
2018) and incomplete electrophysiological properties (Goversen et al., 2017).  
In our study, to assess the degree of maturation of hiPSC-CMs, they were characterized through both 
molecular and structural analyses. Structural analysis was performed using advanced imaging 
techniques, including confocal and fluorescence microscopy, to examine sarcomere organization and 
overall cellular architecture. Since long-term culture has been suggested as a strategy to promote 
cardiomyocyte maturation (Jiang et al., 2018), we selected two distinct post-differentiation timepoints 
day 1 and day 7, to assess the baseline expression levels of both cardiac-specific and pluripotency 
markers. By day 7, cardiomyocytes exhibited a significant upregulation of cardiac-specific markers 
compared to day 1, while pluripotency markers, already markedly reduced at day 1, showed a further 
decline, indicating progressive maturation. Interesting NPPA exhibits a steep and consistent increase in 
expression from day 1 to day 7, while NPPB does not show increased expression levels between the two 
timepoints. This trend aligns with postnatal expression patterns, where NPPB is generally expressed at 
lower levels than NPPA throughout the heart. Meanwhile NPPA becomes restricted to the atria, with 
some residual expression in the peripheral ventricular conduction system (Houweling et al., 2005).  This 
could indicate that post-differentiation cardiomyocytes present a more atrial-like phenotype.  
HiPSC-CMs exhibit spontaneous contractile activity, similar to sinoatrial node cells, primarily due to the 
funny current mediated by the HCN4 channel.  In our study, in addition to assessing HCN4 expression 
levels, we performed structural imaging to evaluate sarcomeric organization. Sarcomere formation 
begins during the cardiomyocyte differentiation process and then continues into the early postnatal 
phase. Subsequently, the structure acquired at this level is maintained throughout life (Ahmed et al., 
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2022).  To assess the maturation level of sarcomeres from hiPSC-CMs, we analyzed images obtained 
through confocal microscopy. From a morphological standpoint, we observed that the sarcomeres were 
positioned in a parallel and aligned manner. Subsequently, we measured the length of the sarcomeres 
using ImageJ, and it was found that the average length of the sarcomeres was around 2 µm, which is 
consistent with mature sarcomeres phenotype (Bird et al., 2003).  
Despite these findings, hiPSC-CMs remain immature compared to adult cardiomyocytes. Strategies 
such as metabolic conditioning (e.g., fatty acid supplementation), extended culture duration, and 
electrical stimulation have been shown to promote maturation (Yang et al., 2019; Ronaldson-Bouchard 
et al., 2018). Moreover, 3D culture systems like engineered heart tissues or cardiac organoids further 
enhance structural and functional maturation by better mimicking the native cardiac environment 
(Giacomelli et al., 2020). 
 
Role of Coagulation Factors in hypertrophic processes in hiPSC-CMs 
The effects of coagulation factors on cardiac remodeling are not only limited to the context of cardiac 
fibrosis but also appear to extend to induced hypertrophy in cardiomyocytes. To date, no studies have 
specifically characterized the effect of coagulation factors such as Thrombin and FXa on hiPSC-CMs 
model. Our results provide new insights into this area indicating that hFXa is capable of significantly 
upregulating the expression of hypertrophic (NPPA and NPPB) and proinflammatory (CCL2) genes in this 
model. This regulation appears to be mediated by PAR1 activation, as incubation of the cells with the 
selective PAR1 antagonist SCH79797 resulted in a notable reduction in gene expression, which returned 
to control levels. Conversely, treatment with the selective PAR1 agonist, TRAP14, induced an 
upregulation of gene expression, comparable to the effect observed with FXa incubation. 
At the same time, we stimulated human iPSC-CMs with the FXa specific inhibitor, Rivaroxaban. 
Surprisingly, in cells treated with Rivaroxaban, the FXa induced upregulation was not inhibited. 
Additionally, BNP secretion was not suppressed in the culture medium of samples treated with both FXa 
and Rivaroxaban (data not shown). The lack of inhibition from Rivaroxaban on FXa could be explained 
by the fact that we used purified human FXa, which may contain traces of Thrombin.  From our 
experiment, we noticed that a very low concentration of Thrombin is sufficient to have significant 
upregulation of hypertrophic genes because Thrombin is the most potent activator of PAR1. Since 
Rivaroxaban is a specific inhibitor of FXa and has no direct effects on Thrombin, it may have only partially 
modulated the FXa-mediated hypertrophic response. This suggests that Thrombin contamination in the 
FXa preparation may have mediated the observed effects. On the contrary the effect of FIIa on 
hypertrophic and proinflammatory genes is prevented using its selective antagonist, Dabigatran. 
Because Thrombin mediated expression of hypertrophic genes was comparable to that induced by FXa, 
and very low concentrations of Thrombin were sufficient to trigger a notable hypertrophic response, we 
exposed human iPSC-CMs to FXa with and without Dabigatran to test for possible Thrombin 
contamination in the FXa preparation. Our experiments showed that Dabigatran completely inhibited 
the effect of FXa, confirming that, in these contexts, Thrombin (acting through PAR1) is the main 
mediator of the hypertrophic response observed in human iPSC cardiomyocytes. 
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Chapter 5 

Results and Discussion 

3D Engineered Heart Tissue (EHT) 
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5.1 Characterization of 3D EHT Rings in Different Culture Conditions 

5.1.1 Surface Area of 3D hESC-CFs 3D EHT Rings  
To assess and compare the stability of hESC-CFs 3D rings in terms of morphology, stiffness, cell 
distribution and variations in gene expression; the rings were cultured for 14 days in different culture 
media. In particular, the 3D rings were kept in culture using specific cardiac fibroblast medium (CFGM 
supplemented with serum 1% and CFGM supplemented with serum 10% respectively) and specific 
cardiomyocyte medium  (CM RPMI: RPMI medium 1640(1x) + GlutaMAX™ #61870 Gibco Thermofisher + 
B27™ supplement (50x) (#17504044, 17504001 Gibco Thermofisher) + Penicillin/Streptomycin (Gibco)). 
The graphs below (Figure 37) highlight a clear trend of surface area reduction (in mm2): initially, most 
rings start with a larger surface area (up to 80 mm²), but there is a rapid surface decrease, due to 
collagen compaction, during the first few days of culture. This reduction stabilizes after day 7, with most 
rings maintaining a surface area between 10 and 20 mm² (corresponding to ring thickness of 
approximately 1mm) until day 14 (Figure 37, A). The graph B shows the trend of the cell surface of hESC-
CFs 3D rings in different culture conditions: CFGM 1%, CFGM 10% and CM RPMI medium. Interestingly, 
the difference between CFGM 1% and CFGM 10% is almost none, but when cultured in CM RPMI the 
average ring surface area seems larger. In specific cardiac fibroblast medium, there is a significant 
reduction in surface area from day 1 to day 7 and maintain a small, stable surface area until day 14. In 
CM RPMI medium, rings exhibit the highest variability, with a generally larger surface area compared to 
the CFGM groups, especially at day 7. This could indicate that CM RPMI promotes less compaction, 
possibly due to differences in nutrient composition. These data demonstrate that the degree of ring 
compaction is medium-dependent, with the most significant compaction occurring during the initial 
phase of culture. This might also be a consequence of differences in fibroblast phenotype, with cells in 
CFGM likely adopting a more myofibroblast-like phenotype, known for their stronger contractile activity. 
Myofibroblasts are characterized by increased contractility, which could explain the pronounced 
compaction observed in the CFGM groups. 

 

Figure 37. The course of compaction of the 3D rings consists of hESC-CFs only. The surface area (in mm2) is 
measured daily via ImageJ. These surface areas include the center post area which has a surface area of 3.14 mm2. 
(A) All measured surface area per day. (B) Surface area categorized by medium type and selected by day 1, 7, and 
14. Bar indicates mean.  

 

5.1.2 ESC-CFs Distribution throughout 3D Rings  
To evaluate the distribution of cardiac fibroblasts throughout the matrix, several hESC-CFs 3D rings 
(after 14 days of culturing) were fixed in 4% paraformaldehyde and embedded in paraffin. Embedded 
rings were sectioned into 4 µm thick paraffin tissue slices using a Slee™ Aquatec microtome. After a 
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series of rehydration in ethanol, staining with Hematoxylin and Eosin (H&E), followed by series of 
dehydration in ethanol. The Figure 38 illustrates a histological cross-section of one hESC-CFs 3D ring. 
The high magnification inset (on the right) shows a non-homogeneous distribution of the cell’s nuclei 
(Hematoxylin, purple dots) which are mainly distributed along the external and internal edges of the ring, 
while the central part is mainly made up of extracellular matrix (Eosin, pink stains). 
 

 

Figure 38. H&E staining of hESC-CFs 3D rings after 14 days of culturing. Pictures are taken at 4x magnification and 
a 10x magnification. The dark purple stains are nuclei whereas the lighter pink stain is matrix. The stained samples 
showed how the hESC-CFs are distributed in the matrix. Based on the purple stains this EHT ring suggests that the 
cells are mainly found at the outer layer. 

 
Cellular distribution was also investigated through immunofluorescent staining.  Three different 
staining were used: Hoechst (blue) for cell nuclei, Vimentin (green) for CFs cells and WGA (red) for 
plasma membrane. The pictures below (Figure 39; magnitude: 10x) show the rings after 14 days of 
incubation with CFGM medium. As already seen for the section stained with Hematoxylin and 
Eosin, a non-homogeneous distribution of the cells, mainly distributed on the external and internal 
sides of the ring, has emerged (Hoechst staining: Figure 39 A and Vimentin staining: Figure 39 B). 
The use of Vimentin indicates that the nuclei marked by Hoechst belong to fibroblasts. 
Unfortunately, the WGA marker (Figure 39, C) was less specific than expected and marked the entire 
ring structure. Picture 39, D shows merged signals (blue, green, and red) underlining the integration 
of cells and ECM components.  

 
Figure 39. Fluorescence staining of 
hESC-CFs 3D Ring after 14 days of 
incubation in CFGM medium 
(magnification: 10x). (A) Hoechst 
staining (blue) highlights cell nuclei, (B) 
Vimentin staining (green) identifies CFs 
cells, (C) WGA staining (red) identifies 
plasma membrane, (D) Merged image 
(blue, green, and red) integrates signals 
from Hoechst, Vimentin, and WGA. 
Pictures made by Leica® DFC350 FX 
fluorescent microscope. 
 

 

 

The cellular distribution in the rings cultured with CM RPMI is rather nonhomogeneous. It should be 
underlined that the CM RPMI rings show a larger diameter so at the same magnification (10x) it was 
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not possible to appreciate the entire section of the ring. In this case a weak compaction of the ring 
was highlighted (Figure 40).  

Figure 40. Fluorescence staining of 
hESC-CFs 3D Ring after 14 days of 
incubation in CM RPMI medium 
(magnification: 10x). (A) Hoechst 
staining (blue) highlights cell nuclei, 
(B) Vimentin staining (green) 
identifies CFs cells, (C) WGA 
staining (red) identifies the plasma 
membrane. (D) Merged image (blue, 
green, and red) integrates signals 
from Hoechst, Vimentin, and WGA. 
Pictures made by Leica® DFC350 FX 
fluorescent microscope. 

 

 

5.2 HESC-CFs hESC-CMs Co-culture Engineering 3D Rings  

5.2.1 Gene expression in hESC-CFs hESC-CMs 3D Rings 

A part of this study was dedicated to the development of 3D model of co-cultures hESC-CFs and hESC-
CMs, provided from the Department of Molecular Genetics of Maastricht University. Each ring consisted 
of 1 million hESC-CFs and 3 million hESC-CMs. After mixing hydrogel with hESC-CFs and hESC-CMs, 
and polymerization, the EHT co-culture rings were cultured in CM RPMI + vitamin C medium for 2 or 7 
days. The rings showed rhythmical contractility indicating the contractile activity of the cardiomyocyte: 
at these two timepoints (Day 2 (d2) and Day 7 (d7)) rings were harvested for RT-qPCR measurements.  
Figure 41, A shows the percentage expression of specific CFs marker genes (ACTA2, COL1A1 and VIM) 
and specific markers for CMs (TNNT2, TNNI3, MYH6 and MYH7). For the first two genes (ACTA2 and 
COL1A1) there is a slightly induction after 7 days in culture compared with day 2, while VIM is less 
expressed after one week of incubation.  Cardiomyocytes markers are most expressed on day 2 while 
they undergo a consistent reduction in expression level after 7 days in culture. This finding could 
indicate either a greater proliferation rate of cardiac fibroblasts compared to cardiomyocytes, or a 
reduction in the number of cardiomyocytes induced by the culture conditions. It is interesting to note 
that in the starting conditions the cellular concentration of CMs was three times higher than that of CFs. 
Relative expression for each individual gene is specified in the graphs in Figure 41, B. Please note that 
the various genes have very different basal expressions. 
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Figure 41. (A) Percentage expression levels of gene markers in a 3D co-culture of cardiac fibroblasts (CFs) and 
cardiomyocytes (CMs) at day 2 (d2, orange) and day 7 (d7, blue). The first three markers (ACTA2, COL1A1, and VIM) 
are specific to CFs. The last four markers (TNNT2, TNNI3, MYH6 and MYH7) are specific to CMs. These data, 
expressed as percentages, highlight the dynamic interaction between CFs and CMs within the 3D co-culture rings. 
(B) Expression levels of different genes at day 2 (d2) and day 7 (d7). The bar plots represent gene expression values. 
Different colors highlight different genes, showing trends of upregulation or downregulation over time. 
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5.2.2 Distribution of hESC-CFs hESC-CMs Co-colture in 3D Rings 

The pictures below (Figure 42) display results of hESC-CFs hESC-CMs EHT co-culture from 
immunohistochemical staining. Three different staining were used: Hoechst (blue) for cell nuclei, α-
actinin (red) for cardiomyocyte sarcomere proteins and Vimentin (green) for cardiac fibroblasts. The 
merged images (blue, green and red) provide a composite view of the co-culture. The first row represents 
the outer part of the ring in which a higher density of cells is visible, as seen by the intense Hoechst 
(blue) staining. Similarly, sections close to the center post of the ring (third row) also show a higher cell 
density. However, the inner part (second row) of the ring displays reduced fluorescence intensity, 
indicating fewer cells in these areas, possibly due to limited diffusion of nutrients and oxygen. The 
overlap between α-actinin (red) and vimentin (green) in outer layer of the rings suggests regions where 
fibroblasts and cardiomyocytes are more concentrated, while the center has fewer cells. Based on 
these findings it might be that the diffusion of nutrients and/or oxygen through the ring might be less 
effective.  

 

Figure 42. Hoechst, α -actinin, vimentin staining. Magnitude: 10x. Frontal sections of the 3D co-culture EHT ring after 
7 days of culture. First row: outer layer section. Second row: center section. Third row: section close to the center 
post. The pictures are made by Leica® DFC350 FX fluorescent microscope.  
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5.3 Discussion  

Although 2D cultures represent a valid in vitro model capable of performing cellular functions and 
properties, they also present limitations in terms of reproducibility of the environmental conditions and 
cellular interactions that occur in vivo. The aim of 3D cultures is primarily to faithfully reproduce the 
complex network of cell-cell and cell-matrix interactions. In the cardiac field, numerous 3D models, 
known as engineered heart tissues (EHTs), have been developed to date (Zimmermann et al., 2002). 
Despite significant progress, EHTs still face notable challenges, one of which is their neonatal-like 
structural and functional characteristics, distinct from those of mature heart tissue. Several 
approaches have been proposed to enhance the maturity of EHTs, such as long-term culture 
(Lewandowski et al., 2018) and co-culturing with different cell types (Beauchamp et al., 2020). 
The adult mammalian heart is composed of various cell types, with the most abundant being 
cardiomyocytes (CMs), cardiac fibroblasts (CFs), endothelial cells (ECs), and perivascular cells (Tang 
et al., 2009). In particular, CMs and CFs, vary in proportion during developmental stages or in response 
to pathological conditions (Banerjee et al., 2007). In our first set of experiments, EHTs containing only 
cardiac fibroblasts were cultured simultaneously in different media, including cardiac fibroblast 
medium (CFGM with two different serum concentrations) and cardiomyocyte medium (CM RPMI). 
Tissues cultured in CM RPMI demonstrated significantly lower cellular compaction compared to those 
cultured in CFGM, suggesting that the degree of ring compaction is medium-dependent. A possible 
explanation for the pronounced compaction observed in the CFGM groups might be the fibroblast 
phenotype, with cells in CFGM adopting a more myofibroblast-like phenotype, which is known for its 
stronger contractile activity (Noom et al., 2024). 
For the development of co-cultures, it has been observed in the literature that different ratios of 
cardiomyocytes to cardiac fibroblasts are used. In one study, the 1:1 ratio was found to be more 
favorable for the contractile properties of cardiomyocytes compared to other ratios analyzed (Mostert 
et al., 2022), while in another study, the recommended CM:CF ratio was 4:1 to avoid mimicking a fibrotic 
state (Beauchamp et al., 2020). We chose a 1:3 ratio to balance the contractile properties of 
cardiomyocytes with the support and functionality of fibroblasts, considering that fibroblasts play an 
important role in extracellular matrix organization and in providing structural support to cardiomyocytes 
(Hall et al., 2021).  
Spontaneous beating EHTs were maintained in culture for a maximum of 7 days.  We observed a 
significant reduction in cardiomyocyte markers from day 2 to day 7, while those of cardiac fibroblasts 
increased. This could indicate either a rapid proliferation of CFs or an increase in CMs cell apoptosis 
possible due to the culture conditions. Several factors may contribute to this loss, including cell 
compaction and the limitations of oxygen (O₂) and nutrient diffusion within the tissue. In 3D cultures, 
core anoxia is common due to the increased diffusion distance. One strategy proposed to enhance 
oxygen diffusion is to culture tissues in an incubator with elevated pO₂ levels (Tse et al., 2021). However, 
this method may induce prolonged exposure to high oxygen levels, which can lead to the formation of 
toxic free radical species (Martens et al., 2005).  
Cell loss due to compaction is another key issue that affects the quality of 3D cardiac cultures. In this 
study, compaction was intentionally induced by creating a collagen-rich matrix that allowed the hESC-
CFs to perform their compactible functions. However, this compaction can trigger apoptotic cell 
responses, which are highly dependent on both the cell type and culture conditions (Valon and Levayer, 
2019). Other possible improvement of the model could be to decrease the starting volume and cell 
number of the hydrogel mix, to decrease the diameter of the EHT-ring. This would decrease the diffusion 
distance and possibly allow survival and further maturation of the cells in our EHT model.  
3D cultures present promising opportunities for cardiovascular research by providing in vitro cardiac 
models that can mimic heart function and contractility. These advanced models are crucial for 
discovering more effective treatments for cardiovascular diseases. Additionally, the development of 
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such models is especially significant from an ethical standpoint, as they offer a viable alternative to 
animal models in cardiovascular research. By reducing the need for animal experimentation, these 
human-based models not only improve the relevance and accuracy of research but also help address 
the increasing ethical concerns surrounding the use of animals in scientific studies. 
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Chapter 6 

Conclusions 
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6.1 General Conclusion 
Through our investigations, we aimed to provide a functional analysis of two-dimensional and three-
dimensional in vitro models to enhance our understanding of cellular behavior in the context of cardiac 
remodeling.  

Based on the data discussed in Chapter 3, we observed that human embryonic stem cell-derived 
cardiac fibroblasts (hESC-CFs) consistently responded to experimental stimuli, such as the well-known 
profibrotic factor TGFβ, in a similar manner to primary cardiac fibroblasts. This finding underscores the 
reliability and reproducibility of the hESC-CFs model, highlighting its potential as a valuable alternative 
to primary cell cultures for studying cardiac fibrosis. In Chapter 4, we focused on the maturation 
process of human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs). Our molecular 
and structural studies demonstrated that, by the end of the differentiation process, hiPSC-CMs 
expressed typical markers of mature cardiomyocytes, with a significant reduction in stem cell markers. 
Additionally, we observed the arrangement of the sarcomere structure along the cardiomyocytes, 
starting from a beating monolayer.  
In these two chapters, we evaluated the non-hemostatic effects of coagulation factors on cardiac 
fibroblast and cardiomyocyte cultures. Our findings provided new insights into the role of Thrombin 
(FIIa) and activated Factor X (FXa) in mediating hypertrophic and fibrotic responses in the human heart. 
Specifically, we observed that activated coagulation factors induce a hypertrophic response in hiPSC-
CMs through the activation of protease-activated receptor 1 (PAR1). This investigation is particularly 
relevant because modulating PAR1 activity with agonists and antagonists allows for the specific 
assessment of coagulation-related signaling in cardiomyocyte hypertrophy, helping to identify potential 
therapeutic targets for preventing pathological cardiac remodeling. 

Chapter 5 was dedicated to the characterization of engineered heart tissues (EHTs), which have gained 
significant attention as promising in vitro models for studying cardiac function and disease. While EHTs 
provide a more physiologically relevant environment compared to traditional two-dimensional cultures, 
challenges remain in replicating the complexity and functional maturity of native heart tissue. Factors 
such as tissue stiffness, cellular composition, oxygen and nutrient diffusion, and cell viability during 
culture play crucial roles in determining the success and applicability of these 3D cardiac models. 

In conclusion, this study has demonstrated the potential of in vitro models ranging from hESC-CFs and 
hiPSC-CMs to engineered heart tissues, as valuable tools for investigating human cardiogenesis, 
cardiac disease mechanisms and the impact of coagulation factors on pathological remodeling.  

6.2 Study Limitations and Future Prospectives 

In the four human embryonic stem cell-derived cardiac fibroblast cell lines used in this study (PSC018, 
PSC019, PSC020, and PSC021), we assessed the basal expression levels of genes encoding for the 
PAR1 and PAR2 receptors. However, we did not evaluate whether the profibrotic and pro-inflammatory 
effects induced by coagulation factors are PAR-mediated. This is an important aspect to consider, as 
PAR receptors play a critical role in mediating cellular responses to coagulation factors. To further 
elucidate this relationship, future experiments utilizing PAR1 and PAR2 antagonists and agonists would 
be necessary to determine their specific involvement in the observed effects. 

Although gene expression analysis via qPCR is a fundamental and widely used approach for 
characterizing cellular models, it presents inherent limitations. The quantification of mRNA levels 
provides only a partial view and does not account for regulatory mechanisms occurring post-
transcriptionally, such as post-translational modifications (PTMs) of the encoded proteins. These 
modifications, including phosphorylation, acetylation, glycosylation, and ubiquitination can 
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significantly influence protein function, subcellular localization, stability, and protein–protein 
interactions (Walsh et al., 2005). To achieve a more comprehensive understanding of the molecular 
mechanisms involved, it is essential to complement qPCR data with additional analytical approaches, 
such as Western blotting, immunofluorescence, proteomics, and phosphoproteomics, to detect actual 
protein levels and functional modifications (Gstaiger & Aebersold, 2009). An integrated multi-omic 
strategy thus represents a more robust and informative framework to validate transcriptional data and 
uncover dynamic, functional insights into the cellular pathways under investigation. 

Regarding the cardiomyocyte cell lines derived from human stem cell differentiation protocols 
established in Florence and Maastricht, we observed some variations in terms of baseline expression 
of cardiac markers as well as morphological differences. These discrepancies highlight the need for 
careful selection of cell lines with similar characteristics to ensure the validity and consistency of 
experimental results. Therefore, only those cell lines exhibiting comparable parameters were included 
in this study. 

An additional limitation of our study lies in the inability to fully define the exclusive role of activated 
Factor X and its inhibitor, Rivaroxaban, in the observed outcomes. FXa used in our experiments was 
purified, but it is presumed that it might have been contaminated with Thrombin. This potential 
contamination could have contributed more significantly to the hypertrophic effects observed, given 
that FIIa is the primary activator of PAR1. Consequently, for future experiments, it would be ideal to use 
synthetic FXa to unequivocally assess the specific contribution of this factor in cardiac hypertrophy.   

In the final part of this study, a preliminary characterization of 3D co-culture models was provided. The 
future goal is to identify an optimal culture condition that ensures adequate survival of these two cell 
lines, while minimizing apoptosis due to hypoxic conditions (especially in the central regions of the 
rings) and nutrient deprivation. Furthermore, investigating the effects of coagulation factors within this 
3D model could yield important insights into how these factors influence cellular processes in a more 
physiologically relevant setting.  
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Introduction to the Appendix 
As part of my PhD program, I undertook a training period at a private company, Breda Genetics, based 
in Brescia, where I received specialized training in whole exome and whole genome sequencing, with a 
focus on the interpretation of genetic variants involved in rare diseases. This training was part of a 
collaborative Project between the University of Florence and Breda Genetics, aimed at the genetic 
analysis of myectomy-derived tissue samples from patients affected by hypertrophic cardiomyopathy 
(HCM), using whole exome sequencing. 
Although the Project presented in the appendix differs from the central topic of the dissertation, it shares 
important conceptual and methodological links. Both lines of research are concerned with the 
mechanisms of cardiac structural remodeling, a hallmark of several cardiac pathologies, including 
HCM. The appendix Project specifically investigates the genetic bases of this process, with the aim of 
identifying rare or novel variants that may contribute to disease onset or progression. 
This genetic approach complements the main focus of the dissertation, which centers on the cellular 
and molecular pathways involved in cardiac remodeling. By integrating the data and insights obtained 
through exome sequencing, the project enriches our understanding of how genetic factors can 
influence structural and functional changes in the heart. Moreover, it highlights the importance of a 
multidisciplinary approach, combining molecular genetics with clinical and pathological data, to better 
characterize complex cardiac diseases. 

Abstract 
Hypertrophic Cardiomyopathy (HCM) is a genetically heterogeneous heart disease primarily caused by 
pathogenic variants in sarcomeric genes, with MYBPC3 and MYH7 being the most commonly 
implicated. Despite extensive research, the genetic basis of HCM remains incompletely understood, as 
approximately 40% of patients lack both a family history and an identifiable causative variant. This study 
aimed to investigate the prevalence and nature of genetic mutations in a cohort of 92 patients diagnosed 
with HCM who underwent myectomy and genetic testing. Of the 92 patients, 44 (48%) tested positive 
for a pathogenic or likely pathogenic variant, underscoring the genetic nature of the disease in this 
population. The cohort was balanced in terms of sex, with 22 males and 22 females, and the average 
age of onset was 53 years for women and 40 years for men. 
Genetic testing revealed that the most frequent mutations were in the MYBPC3 and MYH7 genes, 
consistent with previous studies on HCM cohorts. The majority of identified mutations were loss of 
function (LoF) or missense mutations that impair sarcomeric protein function. Specifically, LoF 
mutations in MYBPC3, such as nonsense and frameshift mutations, lead to a reduction in cardiac 
myosin binding protein-C (cMyBP-C) production, which is crucial for heart muscle contraction and 
contributes to the pathogenesis of HCM. Missense mutations in MYH7, particularly in regions involved 
in myosin motor function, were also frequently detected. Interestingly, patients with a Complex 
Genotype, involving mutations in both MYBPC3 and MYH7, demonstrated a more severe clinical 
phenotype.  
Moreover, the study also highlighted sex-based differences in disease presentation, with women 
tending to present at an older age with more severe heart failure symptoms compared to men, which is 
consistent with previous reports on sex disparities in HCM. 
This study emphasizes the critical role of genetic testing in diagnosing HCM and provides valuable 
insights into the distribution and clinical impact of specific genetic variants.  
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1 Introduction  

1.1 Hypertrophic Cardiomyopathy: clinical features and genetic basis 
Hypertrophic cardiomyopathy (HCM) is the most common inherited cardiomyopathy with a prevalence 
in the general population of 1:500 (Maron et al., 2004). It is characterized by hypertrophy of the left 
ventricle (LV) with a maximal end-diastolic wall thickness of ≥ 15 mm (Ommen et al., 2020). HCM has a 
broad spectrum of clinical manifestations, ranging from asymptomatic left ventricular hypertrophy to 
arrhythmias (atrial fibrillation and malignant ventricular arrhythmias) and refractory heart failure. 
Clinical variability has also been demonstrated within the same family (intrafamilial variability). A 
systematic clinical staging of the disease was proposed by Olivotto et al., in which four clinical stages 
were identified, emphasising the diagnosis, potential mechanisms, management challenges and 
objectives for future investigations. These are defined as non-hypertrophic HCM, classic phenotype, 
adverse remodeling and overt dysfunction (Figure 1). The non-hypertrophic HCM state is defined in 
individuals carrying pathogenic mutations causing HCM (as determined by systematic family screening) 
who do not exhibit LV hypertrophy (genotype-positive/phenotype-negative). The classic phenotype of 
HCM is characterized by fully expressed hypertrophy, in which the left ventricle is hyperdynamic (as 
defined by an ejection fraction [EF] >65%) in the absence of extensive fibrotic replacement (Olivotto et 
al., 2012). This condition is present in more than three-quarters of patients with HCM in cross-sectional 
studies (Olivotto et al., 2010). In this phase, the most common cause of symptoms is the obstruction of 
the left ventricular outflow tract (LVOTO) due to the systolic anterior motion (SAM) of the mitral valve. At 
the microscopic level, HCM is characterized by myocardial disorganization, microvascular remodeling, 
and interstitial fibrosis. Adverse remodeling occurs in approximately 15% of patients with HCM and is 
characterized by cardiac structural abnormalities superimposed on the classic phenotype, such as left 
ventricular (LV) fibrosis, along with worsening diastolic and systolic function within a low-normal 
Ejection Fraction (EF) range of 50% to 65% (Argirò et al., 2023). A smaller proportion of patients with 
adverse remodeling will ultimately progress to overt dysfunction, consisting in a severe dysfunction of 
the left ventricle (Ejection Fraction (LVEF) <50%), sustained fibrosis and remodeling (Yacoub et al., 
2007).  

 

Figure 1. Stages of hypertrophic cardiomyopathy (HCM). Thick ness of the orange lines reflects prevalence of each 
stage in HCM cohorts. Prevalence of non-hypertrophic HCM is unknown. LVEF indicates Left Ventricular Ejection 
Fraction (Olivotto et al., 2012).  
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HCM is inherited in an autosomal dominant manner with variable expressivity and age-related 
penetrance. Mutations in genes that encode thick or thin myofilament proteins (Figure 2) within the 
cardiac sarcomere (or related structures) are common causes of HCM, with more than 1,500 mutations 
identified in these genes (Ingles et al., 2015). A study of 33 genes commonly tested for HCM found that 
only eight were definitively linked to the condition, three showed moderate evidence of being involved, 
and 22 of the 33 genes (67%) showed little or no evidence of a connection to HCM (Ingles et al., 2019). 
To date the pathophysiological mechanisms by which sarcomere gene mutations give HCM are not yet 
fully understood (Marian and Braunwald, 2017) and in about 40% of HCM patients, the causal genes 
remain unidentified. Most mutations responsible for HCM are missense mutations, where one normal 
amino acid is replaced with another, leading to changes in the protein's essential functional 
characteristics. Another common mutation type is frameshift mutations, which result in a shortened or 
truncated protein due to the insertion or deletion of one or more nucleotides.  
Among most of the genes involved, the following genes have definitive evidence supporting their role as 
causative for the disease: 

MYBPC3 gene (locus 11p11.2). This gene encodes cardiac myosin-binding protein C of the intermediate 
filament. Heterozygous mutations in the MYBPC3 gene account for at least 50% of genetically 
determined hypertrophic cardiomyopathy cases (Cirino et al., 1993–2025) and at least 2% of dilated 
cardiomyopathy cases (Hershberger and Jordan, 2007). According to a 2023 review specific to this gene, 
MYBPC3 mutations are the most represented, accounting for up to 61% of HCM cases. Most mutations 
are of the loss-of-function type (nonsense variants, frameshift mutations, splicing mutations, and 
insertions/deletions), while missense mutations account for approximately 15%. Although the 
pathogenic mechanism remains poorly understood, it is hypothesized that all types of genetic variants 
may involve haploinsufficiency or a dominant-negative effect (Tudurachi et al., 2023). 

MYH7 gene (locus 14q11.2). The MYH7 gene codes for the β-cardiac/slow skeletal myosin heavy chain 
(MyHC-slow), which is primarily expressed in the heart ventricles and slow-twitch (type 1) skeletal 
muscle fibers. Myosin functions as a molecular motor by interacting with actin in the thin filament, a 
crucial process for generating force in skeletal muscles (Beecroft et al., 2019). Heterozygous mutations 
in the MYH7 gene account for 33% of genetically inherited cases of hypertrophic cardiomyopathy (HCM) 
(Cirino and Ho, 2008) and at least 4% of cases of dilated cardiomyopathy (DCM) (Hershberger and 
Jordan, 2007).  

TNNT2 gene (locus 1q32.1). This encodes cardiac muscle troponin T of thin filament. Heterozygous 
mutations in the TNNT2 gene account for at least 4% of genetically inherited cases of hypertrophic 
cardiomyopathy (Cirino and Ho, 2008).  

TNNI3 gene (locus 19q13.4). This encodes cardiac troponin I of thin filament and is present in 4-8% of 
cases. Mutations in the TNNI3 gene account for up to 5% of cases of hypertrophic cardiomyopathy 
(Cirino and Ho, 2008). Less than 1% of heterozygous or biallelic mutations in the same gene may also 
cause dilated cardiomyopathy (Hershberger and Jordan, 2007). According to a 2023 publication, 
heterozygous missense mutations in the TNNI3 gene appear to be more frequently associated with 
dilated, restrictive, hypertrophic, or intermediate cardiomyopathy, with significant phenotypic variability 
(both intrafamilial and interfamilial) and incomplete penetrance. Clinical evidence has suggested that 
biallelic loss of function mutations in the same gene cause a severe form of neonatal dilated 
cardiomyopathy (Sorrentino et al., 2023).  
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Figure 2. Gene mutations associated to HCM. Cartoon depicting the sarcomeres and the associated T-tubule 
sarcoplasmic reticulum structures. About 35–60% of patients with HCM are heterozygous for missense or truncating 
mutations in genes encoding sarcomeric proteins, with the most commonly involved being MYBPC3 (cardiac 
myosin-binding protein-C), MYH7 (β-myosin heavy-chain), and TNNT2 (Troponin T) or TPM1 (Tropomyosin). Rare 
forms of HCM (prevalence < 1%) are those associated to other genes that are listed on the right panel. Among them, 
additional sarcomere proteins and Z-line proteins, e.g. TnC, Troponin C; TnI, Troponin I, LC, light chain; TTN, Titin, 
OBSCN, Obscurine; or proteins involved in E–C coupling and muscle regulation/development (JPH2, Junctophillin 2; 
CAV3, Caveolin-3; CSRP3, Muscle LIM Protein; NEXN, Nexilin; TCAP, Telethonin) (Vitale et al., 2021). 
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1.2 Exome sequencing and Interpretation of variants (ACMG Guidelines) 

The Sanger chain termination method, also known as the dideoxynucleotide method, first introduced in 
1977 (Sanger et al., 1977), laid the foundation for the rapid development of DNA sequencing 
technologies now known as Next-Generation Sequencing (NGS). NGS is an advanced technology used 
in genomic research that analyzes millions of DNA fragments simultaneously, providing comprehensive 
insights into genome structure, genetic variations, gene activity, and changes in gene behavior. 
Sequencing reactions occur in parallel on millions of DNA fragments, generating vast amounts of 
sequence data in a single run, with storage capacities ranging from gigabytes (Gb) to terabytes (Tb) of 
information. NGS technologies have significantly reduced DNA sequencing costs, accelerated high-
quality genome sequencing and offered benefits such as minimal DNA input, faster response times and 
the ability to drive genetic and genomic discoveries (Satam et al., 2023).  
Currently, Illumina platforms dominate in high throughput sequencing market. The technology was 
originally developed by David Klenerman and other colleagues at the University of Cambridge, who 
designed a novel method for clonal amplification of DNA and founded the company Solexa. In 2006, the 
first platform for sequencing short DNA fragments was introduced, and later  “Solexa Genome Analyzer” 
system was acquired by Illumina for the sequencing of clonally amplified DNA (Voelkerding et al. 2009). 
Illumina sequencing technology operates through the following steps (Figure 3): 
Library Preparation: In this step, the DNA is fragmented into fragments of approximately 200-600 base 
pairs. Specific anchoring oligonucleotides called adapters are ligated to the DNA fragments. The 
adapter-ligated fragments are subsequently PCR amplified, and gel purified. 
Cluster Generation: The library is loaded into a flow cell where fragments are captured on a lawn of 
surface-bound oligos complementary to the library adapters. The anchored sequences are then 
amplified by PCR using the bridge amplification technique. The double-stranded DNA is then broken 
down into single-stranded DNA using heat, leaving several million dense clusters of identical DNA 
sequences.  
Sequencing: Primers and fluorescently labeled terminators (terminators are a version of nucleotide 
base that stop DNA synthesis) are added to the flow cell. Each of the terminator bases (A, C, G, and T) 
give off a different colour. The fluorescently labelled terminator group is then removed from the first base 
and the next fluorescently base can be beside added. And so, the process continues until millions of 
clusters have been sequenced. 

 
Figure 3. Illumina sequencing platform. 

 

https://pmc.ncbi.nlm.nih.gov/articles/PMC7122948/#CR73
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Data Analysis: The identified sequence reads are aligned to a reference genome (such as the human 
reference genome GRCh37) using software like BWA, Bowtie, or STAR. Once the reads are aligned, 
genetic variations (such as mutations, single nucleotide polymorphisms, or insertion/deletion variants) 
are analyzed. The identified variants are compared to reference databases to determine if they are 
known and potentially pathogenic. 
Interpretation of Results: The final interpretation of the identified variants may require the integration of 
additional information, such as clinical, familial data, and access to disease-related databases. Based 
on the results, therapeutic, diagnostic, or clinical management decisions can be made. 
 
An important branch of Next-Generation Sequencing (NGS) is exome sequencing, also known as Whole 
Exome Sequencing (WES). This technique focuses on analyzing the protein-coding regions of the 
genome, known as exons, which make up approximately 1% of the total DNA but contain most genetic 
variants associated with diseases (Ng et al., 2009). Due to its high efficiency and precision, exome 
sequencing is widely used in clinical and research settings to identify mutations responsible for genetic 
disorders, thereby contributing to diagnosis, therapy, and clinical management of patients (Ross et al., 
2020).  
 
The American College of Medical Genetics and Genomics (ACMG) outlines guidelines for the 
interpretation of genetic variants (Richards et al., 2015), establishing a system to classify variants based 
on their potential pathogenicity. Genetic variants are classified into five main categories: Pathogenic (P), 
where the variant is highly likely to cause disease (Table 1); Likely pathogenic (LP), where the variant is 
probably disease-causing, but the evidence is not as strong as for pathogenic variants; Variant of 
uncertain significance (VUS), where there is insufficient evidence to determine whether the variant is 
pathogenic or benign; Likely benign (LB), where the variant is probably not related to disease but may 
have some biological effect; and Benign (B), where the variant is not associated with disease and does 
not impact the phenotype or disease risk (Table 2). Variants are interpreted based on various criteria, 
including population data (frequency of the variant in control populations), functional evidence 
(whether the variant affects gene or protein function), family segregation (if the variant is present in 
family members with the disease), computational data (predictions on the variant's effect on protein 
function), and clinical studies linking the variant to disease. These guidelines emphasize a standardized 
approach to variant interpretation, aiming to improve the reliability of diagnoses and genetic counseling 
by using the most current available evidence. 
 
Table 1. Criteria for classifying pathogenic variants 

Criteria for 
Pathogenicity 

Description 

PVS1 
(Very Strong) 

Null variant (nonsense, frameshift, canonical ±1 or 2 splice sites, initiation codon, single 
or multiexon deletion) in a gene where loss-of-function is a known mechanism of disease 
  

PS1 
(Strong) 

Same amino acid change as a previously established pathogenic variant regardless of 
nucleotide change 
 

PS2 
(Strong) 

De novo (both maternity and paternity confirmed) in a patient with the disease and no 
family history 
 

PS3 
(Strong) 

Well-established in vitro or in vivo functional studies supportive of a damaging effect on 
the gene or gene product 
Note: Functional studies that have been validated and shown to be reproducible and 
robust in a clinical diagnostic laboratory setting is considered the most well established 
 



101 
 

PS4 
(Strong) 

The prevalence of the variant in affected individuals is significantly increased compared 
with the prevalence in controls 
 

PM1 
(Moderate) 

Located in a mutational hot spot and/or critical and well-established functional domain 
(e.g., active site of an enzyme) without benign variation 
 

PM2 
(Moderate) 

Absent from controls (or at extremely low frequency if recessive) in Exome Sequencing 
Project,1000 Genomes Project, or Exome Aggregation Consortium 
 

PM3 
(Moderate) 

For recessive disorders, detected in trans with a pathogenic variant 
 

PM4 
(Moderate) 

Protein length changes as a result of in-frame deletions/insertions in a nonrepeat region 
or stop-loss variants 
 

PM5 
(Moderate) 

Novel missense change at an amino acid residue where a different missense change 
determined to be pathogenic has been seen before 
 

PM6 
(Moderate) 

Assumed de novo, but without confirmation of paternity and maternity 
 

PP1 
(Supporting) 

Cosegregation with disease in multiple affected family members in a gene definitively 
known to cause the disease 
 

PP2 
(Supporting) 

Missense variant in a gene that has a low rate of benign missense variation and in which 
missense variants are a common mechanism of disease 
 

PP3 
(Supporting) 

Multiple lines of computational evidence support a deleterious effect on the gene or gene 
product (conservation, evolutionary, splicing impact, etc.) 
 

PP4 
(Supporting) 

Patient’s phenotype or family history is highly specific for a disease with a single genetic 
etiology 
 

PP5  
(Supporting) 

Reputable source recently reports variant as pathogenic, but the evidence is not 
available to the laboratory to perform an independent evaluation 
 

 

Table 2. Criteria for classifying benign variants 
Criteria for Benign 
impact 

Description 

BA1 
(Stand-alone) 

Allele frequency is >5% in Exome Sequencing Project, 1000 Genomes Project, or Exome 
Aggregation Consortium 
 

BS1 
(Strong) 

Allele frequency is greater than expected for disorder  

BS2 
(Strong) 

Observed in a healthy adult individual for a recessive (homozygous), dominant 
(heterozygous), or X-linked (hemizygous) disorder, with full penetrance expected at an 
early age 
 

BS3 
(Strong) 

Well-established in vitro or in vivo functional studies show no damaging effect on protein 
function or splicing 
 

BS4 
(Strong) 

Lack of segregation in affected members of a family 

BP1 
(Supporting) 

Missense variant in a gene for which primarily truncating variants are known to cause 
disease 
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BP2 
(Supporting) 

Observed in trans with a pathogenic variant for a fully penetrant dominant gene/disorder 
or observed in cis with a pathogenic variant in any inheritance pattern 
 

BP3 
(Supporting) 

In-frame deletions/insertions in a repetitive region without a known function 

BP4 
(Supporting) 

Multiple lines of computational evidence suggest no impact on gene or gene product 
(conservation, evolutionary, splicing impact, etc.) 
 

BP5 
(Supporting) 

Variant found in a case with an alternate molecular basis for disease 

BP6 
(Supporting) 

Reputable source recently reports variant as benign, but the evidence is not available to 
the laboratory to perform an independent evaluation 
 

BP7 
(Supporting) 

A synonymous (silent) variant for which splicing prediction algorithms predict no impact 
to the splice consensus sequence nor the creation of a new splice site and the 
nucleotide is not highly conserved 
 

 

The criteria for classification are organized into levels of evidence, which range from "very strong" (the 
highest level of evidence) to "supporting" (the lowest level). Each level of evidence reflects the quality 
and quantity of data available to support the variant's classification. The criteria are then combined 
according to the scoring rules in Table 3 to determine which classification a variant fall into.  

Table 3. Rules for combining criteria to classify sequence variants 
Pathogenic 1 Very strong (PVS1) AND 

• ≥1 Strong (PS1–PS4) OR 
•  ≥2 Moderate (PM1–PM6) OR 
• 1 Moderate (PM1–PM6) and 1 supporting (PP1–PP5) OR 
• ≥2 Supporting (PP1–PP5) 

  
≥2 Strong (PS1–PS4) OR 
  
1 Strong (PS1–PS4) AND 

• ≥3 Moderate (PM1–PM6) OR 
• 2 Moderate (PM1–PM6) AND ≥2 Supporting (PP1–PP5) OR 
• 1 Moderate (PM1–PM6) AND ≥4 supporting (PP1–PP5) 

 
Likely pathogenic 1 Very strong (PVS1) AND 1 moderate (PM1-PM6) OR 

  
1 Strong (PS1–PS4) AND 1–2 moderate (PM1–PM6) OR 
  
1 Strong (PS1–PS4) AND ≥2 supporting (PP1–PP5) OR 
  
≥3 Moderate (PM1–PM6) OR 
  
2 Moderate (PM1–PM6) AND ≥2 supporting (PP1–PP5) OR 
 
1 Moderate (PM1–PM6) AND ≥4 supporting (PP1–PP5) 
 

Benign 1 Stand-alone (BA1) OR 
  
≥2 Strong (BS1–BS4) 
 

Likely Benign 
 

1 Strong (BS1–BS4) and 1 supporting (BP1-BP7) OR 
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Uncertain  Significance 

≥2 Supporting (BP1–BP7) 
 
Other criteria shown above are not met OR 
 
The criteria for benign and pathogenic are contradictory 

 

These ACMG Standards and Guidelines were primarily developed as an educational resource for clinical 
laboratory geneticists to assist them in providing high-quality clinical laboratory services. The 
interpretation of genetic variants remains a highly debated and complex area, where each criterion must 
be applied through a comprehensive analysis tailored to the patient's phenotype. For example, a variant 
cannot be considered causative of a disease simply because it is de novo or rare. Even in healthy 
individuals, hundreds or even thousands of rare or de novo variants can be present. Therefore, multiple 
molecular evaluations are necessary, such as assessing whether the variant lies in a conserved region, 
within a known mutational hotspot for the disease, if the mutation affects the protein structure, or if it 
disrupts the splicing process.  
Family history also plays a crucial role. Genetic testing should be extended to family members to 
determine whether the candidate variant co-segregates with the disease or, conversely, if it is found in 
healthy individuals, particularly in the case of dominant diseases. Additionally, many genetic variants 
can lead to a range of phenotypic expressions (variable expressivity), and the likelihood of disease 
development may not be 100% (reduced penetrance) (Richards et al, 2015). 
By combining these molecular insights with the clinical context of the patient, healthcare providers can 
more effectively guide variant analysis. 
 

1.3 Aim 
In this study, over 92 heart muscle biopsy samples (myectomy samples) from patients with hypertrophic 
cardiomyopathy (HCM) were genotyped using exome sequencing. Exome analysis allows for the 
visualization of the patient's genetic profile and the identification of any pathogenic or likely pathogenic 
variants affecting sarcomeric genes. 
Published data regarding the percentage of sarcomeric-positive and negative cases is sometimes 
inconsistent. Our study aims to (i) assess, in a sub-group of approximately 92 individuals with 
obstructive HCM who underwent myectomy, the percentage of individuals with mutations compared to 
those without mutations; (ii) clarifying the impact of mutations in sarcomeric genes on the patient’s 
phenotype. Additionally, the study provides clinical and demographic data on the patients, evaluating 
the prevalence of sex among myofilament-positive individuals and the age at which they underwent 
myectomy. Once the genetic profiles and demographic data were defined, clinical parameters were also 
evaluated, including the thickness of the septum and the Left Ventricular Ejection Fraction. Each 
mutation was also associated with an electrophysiological parameter: the duration of the Action 
Potential at 1 Hz. 
These data will help determine whether there are phenotypic differences among the identified 
mutations, such as whether certain variants contribute to a more severe phenotype or earlier disease 
onset, or if they affect clinical parameters and in vitro findings differently.  
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2 Material and Methods  

2.1 Patients Cohorts 
We enrolled 92 HCM genotyped patients from the Referral Center for Cardiomyopathies in Florence, 
Italy, consecutively referred to surgical myectomy for relief of drug-refractory symptoms related to left 
ventricular outflow tract obstruction. All of them agreed to undergo mutational screening in sarcomeric 
genes. The study conforms with the principles of World Medical Association’s Declaration of Helsinki 
for medical research involving human subjects. The experimental protocols were approved by the 
ethics committee of Careggi University Hospital (2006/0024713; renewed May 2009). Each patient gave 
written informed consent. 
 

2.2 Tissue Processing 
Septal specimens from HCM were washed and rapidly processed. Briefly, a small portion of the tissue 
was frozen in liquid nitrogen and used for DNA isolation. Cardiac tissue was minced and subjected to 
enzymatic dissociation to obtain viable single myocytes. 
 

2.3 DNA Extraction 
Genomic DNA was extracted from mammalian tissue using the PureLink™ Genomic DNA Mini Kit 
(Invitrogen, Cat. No. K1820-00), following the manufacturer’s protocol. Briefly, up to 25 mg of fresh or 
frozen tissue was finely chopped and transferred to a 1.5 mL microcentrifuge tube. Lysis was performed 
by adding 180 µL of PureLink™ Genomic Digestion Buffer and 20 µL of Proteinase K, followed by 
incubation at 55°C for 1 to 4 hours until complete tissue digestion was achieved. To remove any 
particulate materials, centrifuge the lysate at maximum speed for 3 minutes at room temperature. 
Then, the supernatant was transferred to a new sterile tube. To remove RNA contamination, 20 µL of 
RNase A was added to the lysate, and the sample was incubated at room temperature for 2 minutes. 
For DNA binding, 200 µL of PureLink™ Genomic Lysis/Binding Buffer and 200 µL of 96-100% ethanol 
were added to the lysate, and the mixture was transferred to a PureLink™ Spin Column placed in a 
collection tube. The column was centrifuged at 10,000 x g for 1 minute at room temperature, and the 
flow-through was discarded. DNA purification was carried out by sequential washes with 500 µL of 
Wash Buffer 1 and 500 µL of Wash Buffer 2, each followed by centrifugation at 10,000 x g. After the final 
wash, the column was centrifuged for an additional 3 minutes to ensure complete removal of wash 
buffer. For elution, the column was transferred to a clean 1.5 mL microcentrifuge tube, and 25–200 µL 
of PureLink™ Genomic Elution Buffer was applied directly onto the membrane. After incubating at room 
temperature for 1 minute, the column was centrifuged at 10,000 x g for 1 minute to recover the purified 
genomic DNA.  
 

2.4 Exome sequencing 
After extracting DNA, performing quantification and assessing quality, a sequencing library was 
prepared using the Illumina cBot platform. Paired-end sequencing was conducted to capture all human 
genes (approximately 20,000 genes) and their untranslated regions (5’-UTR and 3’-UTR), covering 
roughly 90 megabases of human exonic content. Alignment was performed using the GCRh37/hg19 
assembly. Mitochondrial DNA sequences were derived by aligning off-target reads. The samples have 
been sequenced at an Illumina certified facility. Obtained data have been analysed through primary, 
secondary and tertiary bioinformatic analysis, annotating variants against major mutational databases 
and making in silico predictions with a validated set of algorithms. 
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3 Results  

3.1 Prevalence of myofilament-positive patients who underwent myectomy 
Within this cohort of 92 genotyped HCM patients who underwent myectomy, 44 (48%) were found to 
carry at least one pathogenic or likely pathogenic variant in sarcomeric genes (Figure 4, A). Among these 
genetically positive patients, 22 were male (aged 20-73 years) and 22 were female (aged 17-81 years) 
(see Table 5 for demographic details). 
The distribution of pathogenic and likely pathogenic variants was as follows: 25 patients (57%) carried 
mutations in the MYBPC3 gene, while MYH7 variants were identified in 15 patients (34%). Less common 
mutations were also observed, with one patient (2%) harboring a TNNT2 mutation and three patients 
(7%) carrying multiple pathogenic or likely pathogenic mutations across different sarcomeric genes. 
These cases were classified as Complex Genotypes (Figure 4, B). 
 

A 

 
 
B 

Figure 4. Pie charts representing hypertrophic cardiomyopathy (HCM) data.  
(A) Distribution of HCM myectomy patients, with 52% HCM-negative and 48% HCM-positive. 
(B) Genetic distribution of HCM patients, showing the prevalence of MYBPC3 (57%), MYH7 (34%), Complex 
Genotype (7%) and TNNT2 (2%). 
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3.2 Classification of variants  
Table 4 presents genetic variants identified in HCM patients who tested positive in genetic screening. 
These variants are classified as pathogenic or likely pathogenic based on the criteria established by the 
American College of Medical Genetics and Genomics (ACMG) (Richards et al., 2015), which include 
evaluation of molecular, clinical and familial data. Additionally, the allele frequencies of these variants 
in GnomAD population databases are provided to assist in understanding their rarity and potential 
pathogenic significance. The main ACMG criteria include PVS1 (loss of function, LoF), PS4 (high 
prevalence in affected individuals), PM2 (absence or low frequency in control populations), PP1 (familial 
segregation) and PS3 (functional studies). 
In addition, specific in silico prediction tools such as AlphaMissense and SpliceAI were consulted. 
AlphaMissense is a machine-learning model designed to predict the pathogenicity of missense variants 
by assessing how amino acid substitutions affect protein structure and function (Minton, 2023). It 
generates scores between 0 and 1, with higher scores indicating greater pathogenicity (Strong: >0.984, 
Moderate: >0.869, Supporting: >0.761) and lower scores suggesting benign variants (Supporting: 
<0.331, Moderate: <0.147, Strong: <0.073) (Cheng et al., 2023). 
SpliceAI is an open-source network developed by Illumina to predict the effects of genetic variants on 
RNA splicing. This algorithm is designed to identify potential splicing alterations caused by DNA 
variations, such as the activation of nearby cryptic splice sites or the disruption of canonical splice 
sites. These changes can lead to the generation of abnormal transcript isoforms, which may affect gene 
function and contribute to disease (Caminsky et al., 2014). SpliceAI score can range from 0 to 1, when 
scores can be interpreted as the probability of the variant being splice-altering.  
Values that were not available are indicated as N/A in the Table. 
In this study, many loss of function variants (genetic mutation in which a gene or protein loses its normal 
function or activity) in MYBPC3 (25 variants) have been identified and some of them are recurrent. For 
example, the c.772G>A (p.Glu258Lys) variant is observed in 7 out of the total MYBPC3 mutations, 
representing 28% of the total MYBPC3 cases, while c.3192dup (p.Lys1065Glnfs*12) appears 5 times 
(20%). Notably, in one patient, the c.3192dup (p.Lys1065Glnfs*12) variant was identified together with 
the VUS (variant of uncertain significance) c.1112C>G (p.Pro371Arg) in the same gene. The c.3192dup 
(p.Lys1065Glnfs*12) and c.1112C>G (p.Pro371Arg) variants seem to form a haplotype, having been 
identified in cis in several related individuals with a family history of sudden premature death and 
hypertrophic cardiomyopathy (Girolami et al., 2010). Additionally, c.2309-2A>G appears twice, while 
the c.506-2A>C variant is found both as a single variant in MYBPC3 and as part of a Complex Genotype 
with the MYH7 c.2167C>T (p.Arg723Cys) variant. 
Regarding the MYH7 gene, this study revealed that out of a total of 15 identified variants, some are 
recurrent. For example, c.2606G>A (p.Arg869His) was identified 5 times, representing 33% of the total 
MYH7 variants, while c.1816G>A (p.Val606Met) was identified twice. 
Additionally, a pathogenic variant was identified in the TNNT2 gene, c.832C>T (p.Arg288Cys), in one 
patient, along with three Complex Genotypes. The first two Complex Genotypes (MYH7 c.2594A>G + 
MYBPC3 c.772G>A and MYBPC3 c.506-2A>C + MYH7 c.2167C>T) involve well-known pathogenic 
variants in two genes primarily associated with HCM while the third one (MYH7 c.5342G>A + MYH7 
c.4166C>T + FHL2 c.734A>G) involves multiple variants, with two mutations in MYH7 and an additional 
FHL2 variant that may have a modifier role. 



107 
 

Table 4. Genetic profile of myofilament-positive myectomy patients  

 Mutation Pathogenic 
Likely 

Pathogenic 
ACMG Criteria GnomAD AlphaMissense SpliceAI 

MYBPC3 (25) 

1 c.3331-1G>A ✓   (PS4, PVS1, PM2) N/A N/A Strong (1) 

2 c.1174del (p.Ala392Leufs*14) ✓   (PS4, PVS1, PM2) N/A N/A 
Uncertain 

(0.15) 

3 c.772G>A (p.Glu258Lys)  ✓  (PS4, PP1, PS3, PM2, PP3) 0.0022% Benign (Supporting) 
(0.164) 

N/A 

4 
c.3192dup 

(p.Lys1065Glnfs*12) 
✓   (PS4, PP1, PVS1, PM2) N/A N/A N/A 

5 c.1790G>A (p.Arg597Gln) ✓   (PS4, PP1, PS3, PM2, PM5, PP3) 0.003% 
Benign (Supporting) 

(0.199) 
N/A 

6 
c.3192dup 

(p.Lys1065Glnfs*12) 
✓   (PS4, PP1, PVS1, PM2) N/A N/A N/A 

7 c.2309-2A>G ✓   (PS4, PP1, PVS1, PM2) N/A N/A  Strong (1) 

8 c.1828G>C (p.Asp610His) ✓   (PS4, PM2, PM1, PM5, PP3) 0.0032% 
Deleterious (Moderate) 

(0.977) 
N/A 

9 c.2309-2A>G ✓   (PS4, PP1, PVS1, PM2) N/A N/A  Strong (1) 

10 c.3034C>T (p.Gln1012*) ✓   (PS4, PVS1, PM2) N/A N/A N/A 

11 
c.1999_2000del 

(p.Leu667Thrfs*25)  ✓  (PVS1, PM2) N/A N/A N/A 

12 c.2113dup (p.Thr705Asnfs*3) ✓   (PS4, PVS1, PM2) 0.0004% N/A N/A 

13 c.772G>A (p.Glu258Lys)  ✓  (PS4, PP1, PS3, PM2, PP3) 0.0022% Benign (Supporting) 
(0.164) 

N/A 

14 c.772G>A (p.Glu258Lys)  ✓  (PS4, PP1, PS3, PM2, PP3) 0.0022% 
Benign (Supporting) 

(0.164) 
N/A 

15 c.2454G>A (p.Trp818*) ✓   (PS4, PP1, PVS1, PM2) N/A N/A N/A 

16 c.506-2A>C ✓   (PS4, PP1, PS3, PVS1, PM2) N/A N/A  Strong (0.99) 

17 c.3192dup 
(p.Lys1065Glnfs*12) 

✓   (PS4, PP1, PVS1, PM2) N/A N/A N/A 
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18 

c.3192dup 
(p.Lys1065Glnfs*12) 

+ 
c.1112C>G (p.Pro371Arg) 

✓   
(PS4, PP1, PVS1, PM2) 

+ 
(PM2, PP3) 

N/A 
N/A 

+ 
Uncertain (0.515) 

N/A 

19 c.772G>A (p.Glu258Lys)  ✓  (PS4, PP1, PS3, PM2, PP3) 0.0022% 
Benign (Supporting) 

(0.164) 
N/A 

20 c.2258dup (p.Lys754Glufs*79) ✓   (PS4, PVS1, PM2) 0.0008%   

21 c.772G>A (p.Glu258Lys)  ✓  (PS4, PP1, PS3, PM2, PP3) 0.0022% 
Benign (Supporting) 

(0.164) 
N/A 

22 
c.3192dup 

(p.Lys1065Glnfs*12) 
✓   (PS4, PP1, PVS1, PM2) N/A N/A N/A 

23 c.772G>A (p.Glu258Lys)  ✓  (PS4, PP1, PS3, PM2, PP3) 0.0022% 
Benign (Supporting) 

(0.164) N/A 

24 
c.2864_2865del 

(p.Pro955Argfs*95) 
✓   (PS4, PVS1, PM2) 0% N/A N/A 

25 c.772G>A (p.Glu258Lys)  ✓  (PS4, PP1, PS3, PM2, PP3) 0.0022% 
Benign (Supporting) 

(0.164) 
N/A 

MYH7 (15) 

1 c.2606G>A (p.Arg869His) ✓   
(PS4, PP1, PM1, PP2, PM2, PM5, 

PP3) 
0.0024% 

Benign (Supporting) 
(0.199) 

N/A 

2 c.920C>A (p.Pro307His)  ✓  (PM1, PP2, PM2, PP3) N/A 
Deleterious (Moderate) 

(0.95) 
N/A 

3 c.2606G>A (p.Arg869His) ✓   (PS4, PP1, PM1, PP2, PM2, PM5, 
PP3) 

0.0024% Benign (Supporting) 
(0.199) 

N/A 

4 c.2631G>T (p.Met877Ile) ✓   
(PS4, PP1, PS1, PM5, PM1, PP2, 

PM2, PP3) 
N/A Uncertain (0.645) N/A 

5 c.2779G>A (p.Glu927Lys) ✓   (PS4, PP1, PM1, PP2, PM2, PP3) N/A Uncertain (0.749) N/A 

6 c.2080C>T (p.Arg694Cys)  ✓  
(PS4, PP1, PM1, PP2, PM2, PM5, 

PP3) 
0.002% 

Deleterious (Moderate) 
(0.901) 

N/A 

7 c.1816G>A (p.Val606Met) ✓   
(PS4, PP1, PS3, PM1, PP2, PM2, 

PP3) 0.0007% Uncertain (0.744) N/A 

8 c.2606G>A (p.Arg869His) ✓   
(PS4, PP1, PM1, PP2, PM2, PM5, 

PP3) 
0.0024% 

Benign (Supporting) 
(0.199) 

N/A 

9 c.2389G>A (p.Ala797Thr) ✓   
(PM3, PP1, PM2, PM1, PP2, PM5, 

PP3) 
0.0024% 

Benign (Supporting) 
(0.178) 

N/A 
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10 c.976G>C (p.Ala326Pro)  ✓  (PM1, PP2, PM2, PP3) 0.0088% Uncertain (0.646) N/A 

11 c.2606G>A (p.Arg869His) ✓   
(PS4, PP1, PM1, PP2, PM2, PM5, 

PP3) 0.0024% 
Benign (Supporting) 

(0.199) N/A 

12 c.2348G>A (p.Arg783His) ✓   (PS4, PM1, PP2, PM2, PM5, PP3) 0.0021% Benign (Moderate) (0.126) N/A 

13 c.1816G>A (p.Val606Met) ✓   
(PS4, PP1, PS3, PM1, PP2, PM2, 

PP3) 0.0007% Uncertain (0.744) N/A 

14 c.2606G>A (p.Arg869His) ✓   
(PS4, PP1, PM1, PP2, PM2, PM5, 

PP3) 
0.0024% 

Benign (Supporting) 
(0.199) 

N/A 

15 c.1987C>T (p.Arg663Cys) ✓   (PS4, PM1, PP2, PM2, PM5, PP3) N/A Uncertain (0.528) N/A 

TNNT2 (1) 

1 c.832C>T (p.Arg288Cys) ✓   (PS4, PP1, PS3, PM2, PM5, PP2) 0.0356% N/A N/A 

Complex Genotype (3) 

1 

MYH7 c.2594A>G 
(p.Lys865Arg)  

+ 
MYBPC3 c.772G>A 

(p.Glu258Lys) 

✓  ✓  
(PS4, PM1, PP2, PM2, PM5, PP3) 

+ 
(PS4, PP1, PS3, PM2, PP3) 

0.0004% 
+ 

0.0022% 

 
Benign (Moderate) (0.117) 

+ 
Benign (Supporting) 

(0.164) 

N/A 

2 

MYBPC3 c.506-2A>C1 
+ 

MYH7 c.2167C>T 
(p.Arg723Cys)2 

✓   

(PS4, PP1, PS3, PVS1, PM2) 
+ 

(PP1, PS4, PM1, PP2, PM2, PM5, 
PM6, PP3) 

N/A 
+ 

0.0012% 

2Uncertain (0.62) 1Strong (0.99) 

3 

MYH7 c.5342G>A 
(p.Arg1781His) 

+ 
MYH7 c.4166C>T 

(p.Ala1389Val) 
+ 

FHL2 c.734A>G (p.His245Arg) 

 ✓  

(PS4, PM1, PP2, PM2, PM5, PP3) 
+ 

(PM1, PP2, PM2, PP3) 
+ 

(PP3, PM2) 

0.0018% 
+ 

N/A 
+ 

N/A 

 
Deleterious (Moderate) 

(0.877) 
+ 

Uncertain (0.647) 
+ 

Deleterious (Strong) 
(0.997) 

N/A 
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3.3 Genotype-Phenotype Correlation 
Table 5 presents demographic and clinical information for HCM patients who tested positive for 
pathogenic mutations in sarcomeric genes, along with an electrophysiological parameter, Action 
Potential Duration (AP duration) at 1 Hz, measured in cells derived from cardiac tissue after myectomy. 
Values that were not available are indicated as N/A in the Table.  
The first column of the Table presents the specific sarcomeric gene mutations identified in HCM 
patients, while the second column provides demographic information, including the patient’s sex and 
the age at which they underwent myectomy. Among patients with MYBPC3 mutations, 60% are male 
and 40% are female. Males underwent myectomy at an average age of 40 years, whereas females had 
the procedure at a later average age of 57 years. The age at myectomy for MYBPC3 positive patients 
ranges from 23 to 59 years for males and from 35 to 80 years for females. 
For MYH7 positive patients, the age at myectomy ranges from 20 to 73 years for males and from 29 to 81 
years for females. MYH7 mutations are more prevalent in females (60%) than in males (40%). The 
average age at myectomy for males with MYH7 mutations is 39 years, while for females, it is significantly 
later at 51 years. In this study, only three patients were identified with a Complex Genotype, all of them 
are female, with ages ranging from 17 to 67 years. Additionally, a 49-year-old male patient was identified 
at the time of the intervention, seeking a pathogenic mutation in TNNT2. 
The following two columns present clinical data on the patients at the time of the intervention, including 
septal thickness and Left Ventricular Ejection Fraction (LVEF). Specifically, patients positive for HCM 
due to MYBPC3 show an average septal thickness of approximately 23 mm, with a minimum of 16 mm 
and a maximum of 38 mm. The average LVEF in these patients is 67%, with a minimum of 53% and a 
maximum of 85%. Patients positive for MYH7 presented, at the time of the intervention, an average 
septal thickness of 24 mm, with a minimum of 15 mm and a maximum of 39 mm. Their average LVEF is 
68%, with a minimum of 58% and a maximum of 80%. The three Complex Genotype patients had septal 
thicknesses of 15 mm, 32 mm and 19 mm, while a LVEF of 61%, 65%, and 55%, respectively. The TNNT2 
positive patient had a septal thickness of 28 mm and an LVEF of 73%. 
Regarding the electrophysiological parameter of Action Potential Duration stimulated at 1 Hz, it was 
observed that patients positive for MYBPC3 had an average duration of 528 ms, with a minimum of 355 
ms and a maximum of 734 ms. Meanwhile, patients positive for MYH7 had an average duration of 542 
ms, with a minimum of 321 ms and a maximum of 713 ms. The three Complex Genotypes had durations 
of 582 ms, 530 ms and 471 ms, while the TNNT2-positive patient had a duration of 402 ms. 
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Table 5. Genotype-phenotype correlation  

Genetic Data Demographic Data Clinical Data Electrophysiological 
Data 

Mutation 
Sex [M/F] 

(Age of operation) Max Thickness (mm) 
Left Ventricular Ejection 

Fraction (LVEF) AP Duration 1Hz (ms) 

MYBPC3 

c.3331-1G>A M (35) 25 64% 449 

c.1174del (p.Ala392Leufs*14) F  (38) 18 55% 399 

c.772G>A (p.Glu258Lys) M (46) 19 76% 594 

c.3192dup (p.Lys1065Glnfs*12) M (36) 34 85% 585 

c.1790G>A (p.Arg597Gln) M (44) 32 76% 612 

c.3192dup (p.Lys1065Glnfs*12) F  (35) 30 62% 521 

c.2309-2A>G F (57) 23 68% 512 

c.1828G>C (p.Asp610His) M (40) 24 70% 734 

c.2309-2A>G M (37) 24 60% N/A 

c.3034C>T (p.Gln1012*) M (33) N/A N/A N/A 

c.1999_2000del (p.Leu667Thrfs*25) F  (61) 20 76% 455 

c.2113dup (p.Thr705Asnfs*3) M (31) N/A N/A N/A 

c.772G>A (p.Glu258Lys) F  (46) 17 72% 566 

c.772G>A (p.Glu258Lys) M  (33) 23 73% N/A 

c.2454G>A (p.Trp818*) M (36) 28 70% 666 
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c.506-2A>C M (23) 38 71% 675 

c.3192dup (p.Lys1065Glnfs*12) M (56) 22 60% 550 

c.3192dup (p.Lys1065Glnfs*12) 
+ 

c.1112C>G (p.Pro371Arg) 
F  (60) 20 53% 355 

c.772G>A (p.Glu258Lys) M (45)  16 71% N/A 

c.2258dup (p.Lys754Glufs*79) F  (67) 22 60% 585 

c.772G>A (p.Glu258Lys) M (59) 17 69% 390 

c.3192dup (p.Lys1065Glnfs*12) M (38) 30 65% 493 

c.772G>A (p.Glu258Lys) F  (80) 18 65% N/A 

c.2864_2865del (p.Pro955Argfs*95) F  (62) 19 62% 372 

c.772G>A (p.Glu258Lys) F  (66) 23 68% N/A 

MYH7 

c.2606G>A (p.Arg869His) M (58) N/A N/A N/A 

c.920C>A (p.Pro307His) F  (50) 19 74% 502 

c.2606G>A (p.Arg869His) F  (37) 33 58% 449 

c.2631G>T (p.Met877Ile) F  (44) 22 74% 707 

c.2779G>A (p.Glu927Lys) M (23) 39 71% 467 

c.2080C>T (p.Arg694Cys) F  (81) 19 72% 421 

c.1816G>A (p.Val606Met) M (21) 22 61% N/A 
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c.2606G>A (p.Arg869His) M (20) 23 73% 609 

c.2389G>A (p.Ala797Thr) F  (29) 29 69% 631 

c.976G>C (p.Ala326Pro) F  (70) 21 68% 544 

c.2606G>A (p.Arg869His) M (73) 15 60% N/A 

c.2348G>A (p.Arg783His) F  (56) 21 60% 713 

c.1816G>A (p.Val606Met) F  (58) 27 75% 594 

c.2606G>A (p.Arg869His) F  (32) 24 80% 321 

c.1987C>T (p.Arg663Cys)  M (44) 19 63% N/A 

TNNT2 

c.832C>T (p.Arg288Cys) M (49) 28 73% 402 

Complex Genotype 
 

MYH7 c.2594A>G (p.Lys865Arg)  
+ 

MYBPC3 c.772G>A (p.Glu258Lys) 
 

F  (61) 15 61% 582 

 
MYBPC3 c.506-2A>C 

+ 
MYH7 c.2167C>T (p.Arg723Cys) 

 

F  (17) 32 65% 530 

MYH7 c.5342G>A (p.Arg1781His) 
+ 

MYH7 c.4166C>T (p.Ala1389Val) 
+ 

FHL2 c.734A>G (p.His245Arg) 
 

F  (67) 19 55% 471 
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4 Discussion 

Myofilament-positive Prevalence 

Hypertrophic cardiomyopathy (HCM) has traditionally been considered a monogenic disease caused by 
pathogenic variants in cardiac sarcomere genes, with MYBPC3 and MYH7 being among the most 
frequently involved (Ingles et al., 2019). However, the genetic basis of HCM remains only partially 
understood and approximately 40% of patients lack both a family history and an identified causative 
variant (Ingles et al., 2017).  
Several genetic studies on HCM cohorts have provided valuable insights into the distribution of 
pathogenic variants. Current genetic testing identifies a pathogenic or likely pathogenic variant in 
approximately 30% of individuals, while this percentage rises to 60% in those with a family history of the 
disease (Alfares et al., 2015; Ireland & Ho, 2024). A study by Maurizi et al. reported a higher percentage 
of genetically positive patients: among 1,107 patients with clinically diagnosed obstructive HCM who 
underwent genetic testing, 46% (507 patients) carried a pathogenic or likely pathogenic variant. Of 
these, 311 (58%) had a variant in MYBPC3, 156 (29%) in MYH7, 110 (25%) in TNNT2, and, to a lesser 
extent, variants in TNNI3, TPM1, ACTC, MYL2, and MYL3 (Maurizi et al., 2024). 
In our study, the prevalence of sarcomeric gene mutations was consistent with the findings of Maurizi 
et al. Among 92 HCM patients who underwent myectomy and genetic testing, 48% (44 patients) had at 
least one pathogenic or likely pathogenic variant in MYBPC3, MYH7, TNNT2, or within a Complex 
Genotype. Among these genetically positive patients, 22 were male and 22 were female (50% male vs. 
50% female). The average age of onset was 53 years vs. 40 years (range: 17-81 years vs. 20-73 years) for 
women and men, respectively. 
Sex differences in HCM have been highlighted in multiple studies. Women tend to receive a diagnosis 
at an older age, present more frequently with an obstructive phenotype, exhibit worse diastolic function, 
and experience more severe heart failure symptoms at the time of diagnosis (Kim et al., 2021). 
Additionally, women are more likely to be sarcomere positive. In contrast, men tend to be sarcomere-
negative, with no family history of HCM and no identifiable genetic variant (Ingles et al., 2017). However, 
this disparity may also be influenced by factors such as diagnostic biases and the underdiagnosis of 
HCM in women, which could contribute to differences in observed prevalence and disease 
presentation. 
 
Analysis of variants 

Loss of function (LoF) mutations in the MYBPC3 gene are among the primary genetic causes of HCM 
(Helms et al., 2020). The MYBPC3 gene encodes for cardiac myosin binding protein-C (cMyBP-C), a 
crucial component of the cardiac sarcomere responsible for regulating the contractile function of the 
heart. LoF mutations in MYBPC3 are predominantly heterozygous and include frameshift, nonsense, 
missense and splicing site mutations. Among them, nonsense mutations result in the emergence of 
premature termination codons (PTCs) in one of the two alleles, leading to nonsense-mediated decay 
(NMD), a cellular mechanism that degrades transcripts containing PTCs. This reduction in cMyBP-C 
synthesis causes a decrease in the amount of cMyBP-C in the sarcomere, contributing to functional 
deficits and promoting the progression of HCM (Helms et al., 2020). NMD serves as a protective 
mechanism against the production of potentially harmful truncated proteins; however, this same 
process also amplifies the haploinsufficiency of cMyBP-C, where a single functional copy of the gene is 
insufficient to maintain adequate levels of cMyBP-C production. This mechanism further aggravates the 
clinical phenotype of HCM. In advanced stages of the disease, a 40% decrease in MyBP-C protein 
activity has been observed in cardiac tissue obtained from surgical myectomy (O'Leary et al., 2019). 
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In addition to mutations that induce NMD, missense mutations or splicing alterations can lead to the 
production of structurally unstable or non-functional cMyBP-C proteins. Missense mutations are 
frequently concentrated in the central domains of the cMyBP-C molecule, which appear to play a critical 
role in the overall function of the protein (Harris et al., 2011). These mutations disrupt the interaction 
between thin filaments and myosin, while others impair myofibril structure or protein stability (Pearce 
et al., 2023). Errors in RNA splicing, commonly involving donor and acceptor splicing sites, are another 
frequent cause of mutations in MYBPC3 (Walsh et al., 2017). These errors are typically due to mutations 
in the conserved GT and AG dinucleotides found at the ends of introns (Shapiro et al., 1987). 
In our study, we identified 25 mutations in the MYBPC3 gene, with the majority being nonsense 
mutations, frameshift, missense mutations and splicing variants. This distribution underscores the 
prevalence of mutations that lead to the loss of protein function in the pathology of HCM. An example 
is the c.772G>A (p.Glu258Lys) variant, which was observed in 7 cases (28%) of the MYBPC3 mutations 
in our study. This variant has been extensively studied and classified as pathogenic due to its frequent 
occurrence in patients with HCM and its co-segregation with the disease has been reported within 
families (Girolami et al., 2006; Olivotto et al., 2008). Furthermore, c.772G>A has been identified as a 
founder mutation in Tuscany (Pioner et al., 2023). In our study, the prevalence of c.772G>A in Tuscan 
patients further corroborates the role of this variant as a founder mutation in the population. 
The c.3192dup (p.Lys1065Glnfs*12) variant in the MYBPC3 gene is another example of LoF mutation. 
This heterozygous mutation results in the formation of a premature stop codon and was observed in 
approximately 20% of the cases tested in our study. Literature indicates that the c.3192dup variant is 
often found in cis with another variant, c.1112C>G (p.Pro371Arg), which is classified as a VUS (variant 
of uncertain significance) in the ClinVar database (Variation ID: 42505). The co-occurrence of these two 
variants has been reported in multiple family members with a history of sudden premature death and 
hypertrophic cardiomyopathy (Girolami et al., 2010; Olivotto et al., 2011). However, it is important to 
emphasize that the c.3192dup (p.Lys1065Glnfs*12) variant has also been identified in isolation in some 
patients with HCM (Kaski et al., 2009). In our study, the c.3192dup (p.Lys1065Glnfs*12) variant was 
identified in 5 cases, and in only one patient it was found alongside the c.1112C>G (p.Pro371Arg) variant 
in the same gene. However, the demographic, clinical and functional data for this patient did not show 
significant differences compared to the other patients who carried only the c.3192dup 
(p.Lys1065Glnfs*12) mutation. Further investigations are necessary to evaluate the potential 
pathogenic role of the c.1112C>G (p.Pro371Arg) variant in the context of HCM and to determine whether 
its co-occurrence with c.3192dup may contribute to disease severity. 
 
Of the 44 patients who tested positive for the genetic test, 15 carried a mutation in the MYH7 gene, 
responsible for approximately 33% of HCM cases caused by pathogenic variants in the gene (Cirino et 
al., 1993-2025). In this case, some variants were recurrent, such as c.2606G>A (p.Arg869His), which 
was identified 5 times, representing 33% of the total MYH7 variants, while c.1816G>A (p.Val606Met) was 
identified twice. The missense variant c.2606G>A (p.Arg869His) substitutes arginine with histidine at 
codon 869, within a highly conserved region of the myosin head domain. Missense variants in this region 
have been shown to be significantly overrepresented in HCM individuals (Walsh et al., 2017; Van Driest 
et al., 2004). Furthermore, this variant has been reported to segregate with the disease in an affected 
family member (Song et al., 2005; Olivotto et al., 2008; Girolami et al., 2010). In some cases, it has been 
observed that the variant cosegregates with other pathogenic variants in MYBPC3 and double 
heterozygous patients exhibited an earlier onset of HCM, more rapid disease progression and severe 
phenotype compared indicating a possible additive effect of the co-occurring variants (Girolami et al., 
2010; Olivotto et al., 2011). However, in our case, this variant was not found to be isolated alongside 
other pathogenic variants. 
Another variant found at least twice in our cohort of patients is c.1816G>A (p.Val606Met), a missense 
substitution located in the myosin motor domain and functional studies suggest that the variant protein 
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shows altered kinetics compared to the wild-type protein (Roopnarine, 1998). This variant has been 
reported in several HCM patients and the co-segregation of the variant with the disease has been 
demonstrated in multiple unrelated families (Watkins et al., 1992; Fananapazir et al., 1994). However, 
the disease manifestation associated with this variant shows significant variability, both between 
individuals and among unrelated families showing variable penetrance and expressivity (Watkins et al., 
1992).  
 
Genotype-Phenotype correlation  

From a Genotype-Phenotype correlation perspective, the clinical and electrophysiological data 
collected to date remain preliminary. However, some emerging differences between the genetic groups 
are observed. Specifically, patients with a Complex Genotype tend to exhibit a lower average Left 
Ventricular Ejection Fraction (LVEF) of approximately 60%, compared to those with MYBPC3 (67%) and 
MYH7 (68%) mutations, despite having a similar degree of hypertrophy (around 23 mm). The septal 
thickness in MYBPC3 patients aligns with the expected hypertrophic phenotype typically associated 
with this mutation (Aurensanz et al., 2017). 

Interestingly, no significant differences in systolic mechanical function have been observed between 
the groups. Expanding the analysis to include a wider array of clinical parameters will be crucial in 
identifying further genotype-phenotype correlations and offering a more comprehensive understanding 
of the underlying mechanisms. 
 

5 Conclusion 
This study emphasizes the intricate genetic landscape of Hypertrophic Cardiomyopathy (HCM), 
highlighting the critical role of genetic testing in enhancing diagnosis and management. Our findings 
confirm the high prevalence of MYBPC3 and MYH7 mutations in HCM patients, consistent with prior 
studies, and suggest that Complex Genotypes may be associated with a more severe clinical 
phenotype, as evidenced by a lower Left Ventricular Ejection Fraction (LVEF) compared to patients with 
MYBPC3 and MYH7 mutations. These insights underscore the importance of personalized approaches 
to treatment and the potential for genetic information to guide more effective management strategies 
in HCM patients. 
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