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Summary                                                                              

Human pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) represent a powerful model for 

studying the mechanisms underlying inherited cardiomyopathies. Since hiPSCs preserve the entire 

individual genetic profile, they can help to identify the most appropriate pharmacological 

interventions to correct specific functional alterations. HiPSC-CMs have been used to study various 

pathological mechanisms underlying inherited genetic heart disease, particularly as a model to study 

dilated (DCM) and hypertrophic cardiomyopathies (HCM). However, the most consistent limitation of 

hiPSC-CMs as a model of cardiomyopathies is their immature cellular features after differentiation; 

therefore, new methods to promote their maturation have been investigated in the recent years. This 

work describes approaches to mature hiPSC-CMs, such as biomaterial-based micropatterned 

substrates (2D-system) and engineered cardiac tissues (EHTs, 3D-system); both can promote cell 

alignment and elongation, and overall enhancing cardiac cell maturation. In the first part of this work, 

we demonstrated that micropatterned surfaces have a strong impact on the cardiomyocytes 

regulation of calcium homeostasis and cellular electrophysiology. We developed different 

(polyethylene- and diethyleneglycol-based) substrates with different stiffness that were applied to 

Duchenne Muscular Dystrophy (DMD) hiPSC models. These results provided understanding on the lack 

of full-length dystrophin in cardiomyocytes and the possible role of cardiac cells with the extracellular 

environment interaction. A simultaneous measurement of the time-course of action potentials and 

calcium transients revealed that abnormal calcium handling in DMD-hiPSC-CMs is mostly related to 

defects in SR calcium accumulation (likely due to RyR leakage) and reduced ability to remove 

intracellular calcium during diastole. These mechanisms were exacerbated on stiffer substrates. 

Furthermore, hiPSC-CMs maturation can be enhanced by cardiac tissue engineering approaches by 

organizing the cells in a 3D environment that more closely resembles the physiological cardiac tissue. 

In the second part of this work, hiPSC-CMs were used to EHTs, which can be used for in vitro disease 

modeling and potentially developing precise therapies based on genotype-driven pathogenesis. EHTs 

were used for contractile force recordings and a direct comparison with cardiac samples from patients. 

In particular, we focused on the c.772G>A variant, present in the MYBPC3 gene, that causes 

hypertrophic cardiomyopathy (HCM). To better understand the pathogenetic mechanisms driven by 

this variant frequent in the florentine patient cohort, myectomy samples were collected from HCM 

patients carrying this mutation, and PBMCs were obtained from the same patients to be 

reprogrammed into hiPSCs. We observed that the c.772G>A mutation impairs sarcomere energetics 

and cross bridge cycling leading to a reduction of cMyBP-C expression in myectomy samples and 

c.772G>A -hiPSC-CMs. In addition, myocardial samples showed prolonged APs and Ca-T duration and 

preserved twitch duration. The same electrophysiological changes were observed in patient hiPSC-

CMs and -EHTs, suggesting an early adaptive response to primary sarcomeric changes. In the last part 

of the thesis, EHTs were used as a model to test the long-term effect of Mavacamten, a novel first-in-

class allosteric myosin inhibitor developed to reduce contractility and improve myocardial energy in 

HCM patients. After chronic treatment with Mavacamten (0.3µM and 0.75µM) for 20 days, the HCM-

EHTs showed reduced contractile force development under isometric conditions in drug-treated EHTs 

compared with untreated EHTs, with mild reduction of the twitch duration. Overall, this work provides 

an overview on the advantage and limitations of using both 2D and 3D approaches for modeling 

genetic cardiomyopathies and drug testing using hiPSC models. 
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INTRODUCTION 

1.1 Human induced pluripotent stem cells and engineered heart tissues for in vitro disease 

modeling 

        1.1.1 Human induced pluripotent stem cells 

Advances in in vitro culture technology have led to the development of myocardial models to test drug 

efficacy and toxicity (Navarrete et al. 2013), for disease modeling (Alessandra Moretti et al. 2010) and 

for mechanistic studies of cardiac development (Paige et al. 2012). Several studies have been 

conducted to assess the suitability of a variety of cell sources, including embryonic stem cells (ESCs) 

(Clements and Thomas 2014) and induced pluripotent stem cells (iPSCs) (Mathur et al. 2015), which 

can be differentiated into cardiac cells that recapitulate the phenotype of native ones. Pluripotent 

stem cells can differentiate into any of the three germ layers: endoderm, mesoderm, or ectoderm, but 

not into extraembryonic tissues. Because they can propagate indefinitely, they represent a unique 

source of cells that could be used to replace those lost to damage or disease. The best-known 

pluripotent stem cells are embryonic stem cells (ESC), which are derived from the inner cell mass of 

mammalian blastocysts and can grow indefinitely, while maintaining pluripotency and the ability to 

differentiate into different cell types (Evans and Kaufman 1981). However, there are ethical concerns 

associated with the use of human (Alessandra Moretti et al. 2010) embryos in research and one way 

around these problems is the generation of pluripotent cells directly from the patient's own somatic 

cells. Induced pluripotent stem cells (iPSCs) can differentiate into multiple different lineages, are easy 

to expand, and their use reduces ethical problems. 

The generation of iPSCs from somatic cells began with the work of Dr. Shinya Yamanaka's research 

group (Takahashi and Yamanaka 2006). They hypothesized that genes important for embryonic stem 

cell (ESC) function could induce an embryonic state in adult cells. They chose twenty-four genes 

previously identified as important for ESCs and used retroviruses to transport these genes into mouse 

fibroblasts. After administration of all factors, ESC-like colonies emerged that could propagate 

indefinitely. Through these experiments, the researchers identified four specific factors, OCT4, SOX2, 

KLF4 and c-MYC, which were necessary and sufficient to generate ESC-like colonies. Reprogramming 

of somatic cells into iPSCs can be performed using cells from different tissue sources. In 2007, 

Takahashi and Yamanaka successfully performed the first reprogramming of human dermal-derived 

fibroblasts using the 4 discovered factors. They obtained human iPSCs like human embryonic stem 

cells (ESC) in morphology, proliferation, gene expression, epigenetic status of pluripotent cell-specific 

genes and telomerase activity (Takahashi et al. 2007). Several characteristics of fibroblasts support 

their use for iPSC generation, such as high availability from skin biopsies or other organs, but their use 

is also limited by time and reprogramming efficiency. The percentage of reprogrammed fibroblasts is 

usually very low and in addition, skin biopsy remains an invasive approach, which is a major 

disadvantage in using fibroblasts as a source (Raab et al. 2014). After Yamanaka’s finding, many studies  

have reported the reprogramming factors and methods applied to other human somatic cells, such as 

keratinocytes, which have been described to show 100-fold higher reprogramming efficiency than 

fibroblasts (Raab et al. 2014), extra-embryonic tissues from umbilical cord and placenta (Cai et al. 

https://paperpile.com/c/FohaFn/qzG59
https://paperpile.com/c/FohaFn/bRZ0P
https://paperpile.com/c/FohaFn/G90I4
https://paperpile.com/c/FohaFn/T49SY
https://paperpile.com/c/FohaFn/nPyud
https://paperpile.com/c/FohaFn/13a1j
https://paperpile.com/c/FohaFn/bRZ0P
https://paperpile.com/c/FohaFn/Wj3hL
https://paperpile.com/c/FohaFn/gthMx
https://paperpile.com/c/FohaFn/KnRGr
https://paperpile.com/c/FohaFn/KnRGr
https://paperpile.com/c/FohaFn/meQgK
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2010), urine-derived cells (Xue et al. 2013); (T. Zhou et al. 2012) and mononuclear cells from peripheral 

blood, which represent an easy and non-invasive-handling source (Loh et al. 2009). Several methods 

have been developed to improve the efficiency of iPSC generation, including viral and lentiviral 

integration, non-integrating viral vectors, and protein- and small-molecule-based reprogramming. The 

use of iPSCs lines in basic and clinical research has raised concerns about the identity of these cells 

compared with ESCs. On the one hand, it has been argued that iPSCs and ESCs have characteristics in 

common, such as a high proliferation rate, the ability to self-renewal and to differentiate in vitro into 

cell types of the three germ layers and to faithfully preserve the donor genotype. On the other hand, 

hundreds of genes, as well as DNA methylation patterns, are differentially expressed between iPSCs 

and ESCs (Chin et al. 2009; Newman and Cooper 2010). Therefore, despite the reported differences 

between iPSCs and ESCs, cardiomyocytes produced from these cell sources are not known to exhibit 

differences once differentiated; for this reason, iPSCs remain an advantageous model for in vitro 

disease modeling and for the screening of therapeutic compounds and remain attractive candidates 

for application in basic and clinical research. 

    1.1.2 Cardiomyogenesis 

The process of hiPSC-derived cardiomyocyte generation recapitulates embryonic development, so it 

is important to understand how the cardiac lineage is established in the early embryo. 

Cardiomyogenesis begins with the generation of the mesoderm germ layer differentiation with NODAL 

signaling in the proximal epiblast which maintains BMP4 expression in the extraembryonic ectoderm. 

Expression of WNT and NODAL antagonists shifts to the anterior visceral endoderm, limiting their 

signaling to the posterior epiblast. A subset of cells located in the mesoderm gives rise to two main 

cardiogenic populations, named first and second cardiac fields (FHF and SHF). FHF cells generate the 

primitive heart tube, contributing to the formation of the left ventricle and the nodal conduction 

system, while SHF cells contribute to the formation of the right ventricle, part of the atria and the 

outflow tract. (Rana, Christoffels, and Moorman 2013); (Rochais, Mesbah, and Kelly 2009); (Zaffran et 

al. 2004). Furthermore, another mesodermal cell population in the so-called pro-epicardium gives rise 

to epicardial cells (Lavine and Ornitz 2008). In the 7th week of human gestation, the developing heart 

shows fully septated chambers connected to the pulmonary trunk and aorta. 

The differentiation of hiPSCs into cardiomyocytes is induced by specific growth factors involved in 

heart development (Vidarsson, Hyllner, and Sartipy 2010). To modulate differentiation in vitro, the 

same signaling pathways as previously mentioned come into play, such as BMP, NODAL, FGF, and Wnt 

(Filipczyk et al. 2007). Over time, numerous advances have been made in methodologies for directing 

cardiac differentiation, trying to increase the final percentage of CMs. For example, Laflamme and 

collaborators's group observed that by using a serum-free medium supplemented with BMP4 and 

Activin A the differentiation efficiency in cardiomyocytes was better in the monolayer system 

(Laflamme et al. 2007). Furthermore, Zhang and collaborators reported that it has been observed that 

the extracellular matrix (ECM) influences differentiation and that the combination of ECM and growth 

factor signaling in a protocol that uses a double Matrigel layer allows CMs to be generated with high 

purity (J. Zhang et al. 2012). 

https://paperpile.com/c/FohaFn/meQgK
https://paperpile.com/c/FohaFn/Jm3Nr
https://paperpile.com/c/FohaFn/60RBV
https://paperpile.com/c/FohaFn/5S3iD
https://paperpile.com/c/FohaFn/hsHz5+OeJt6
https://paperpile.com/c/FohaFn/Y9uay
https://paperpile.com/c/FohaFn/raGA9
https://paperpile.com/c/FohaFn/dPrdM
https://paperpile.com/c/FohaFn/dPrdM
https://paperpile.com/c/FohaFn/UBOTS
https://paperpile.com/c/FohaFn/a5rrC
https://paperpile.com/c/FohaFn/oznQU
https://paperpile.com/c/FohaFn/sX7fV
https://paperpile.com/c/FohaFn/LNE0h
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Figure 1.1. Schematic representation of the initial steps of cardiac lineage commitment. Indication of signaling pathways that influence 

each differentiation stage and the specific cellular markers expressed during lineage differentiation. FHF, first heart field. SHF, second heart 

field. Modified by (Leitolis et al. 2019) 

 

1.1.3 Modeling cardiomyopathies using hiPSC-derived cardiomyocytes (hiPSC-CMs) 

hiPSCs obtained from somatic cells have the genetic background of the subject from which they are 

derived and can be generated from patients with specific diseases to be used as an in vitro disease 

model, for drug screening and in the future are expected to offer new opportunities for regenerative 

and personalized medicine and for developing tailored therapies for subgroups of patients (Collins and 

Varmus 2015). hiPSCs can be differentiated into various cell types, including cardiomyocytes, which 

are an excellent resource for modeling inherited cardiomyopathies, opening new perspectives in the 

study of early disease defects before the onset of clinical manifestations. 

https://paperpile.com/c/FohaFn/XMF5M
https://paperpile.com/c/FohaFn/eWBAf
https://paperpile.com/c/FohaFn/eWBAf
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Figure 1.2. Demonstration of somatic cells as a cell source, hiPSC derivation and differentiation into cardiomyocytes. Applications in disease 

modeling, heart grafting, drug discovery. Modified by (Burridge et al. 2012)  

 

More accurate studies can be carried out by combining the hiPSC model with new genome editing 

techniques such as CRISPR-Cas9 (Clustered Regularly Interspaced Short Palindromic Repeats), which 

allows relatively efficient and simple generation of isogenic cell lines that differ only in the DNA 

sequence of interest. The CRISPR system consists of two components: a small strand of RNA, 

programmed to search for a specific DNA sequence, and the endonuclease Cas9, an enzyme that can 

cut a double strand of DNA. Once inside a cell, the CRISPR search device recognizes and binds to the 

target DNA, and the Cas9 enzyme cuts both DNA strands. In this way, new sections of DNA in the 

cutting region can be inserted into the cell (Doudna and Charpentier 2014). The CRISPR/Cas9 system 

has been shown to be an effective technique for creating KO or knockin genes in human cells and 

particularly in iPSCs (Cong et al. 2013; Horii et al. 2013)(Merkle et al. 2015)(Cong et al. 2013; Horii et 

al. 2013). In fact, because phenotypic differences between patient-derived iPSC-CMs and controls may 

be the result of different epigenetic backgrounds, rather than disease-specific variants, it is possible 

to generate isogenic cell lines by CRISPR-Cas9, which differ only in the mutation to be studied. In this 

way, it is possible to directly compare hiPSC-CMs carrying disease-associated mutations with 

corresponding wild-type isogenic controls to determine the exact effect of the mutation on the disease 

(Wu et al. 2019). This system has already begun to be applied to the study of several heart diseases, 

such as (Yamamoto et al. 2017) created a specific iPSC clone carrying a heterozygous CALM2 mutation 

that causes long QT syndrome and used the CRISPR-Cas9 system to perform allele-specific ablation in 

LQT15-hiPSCs, observing the same electrophysiological abnormalities found in the patient's mutated 

hiPSC-CMs. Another study was performed on the R302Q mutation in the PRKAG2 gene that causes 

HCM and hiPSC-CMs carrying this mutation showed electrophysiological abnormalities. In contrast, in 

https://paperpile.com/c/FohaFn/ytvPP
https://paperpile.com/c/FohaFn/hRu3B
https://paperpile.com/c/FohaFn/WuXhI+ikwCG
https://paperpile.com/c/FohaFn/Iwxuy
https://paperpile.com/c/FohaFn/WuXhI+ikwCG
https://paperpile.com/c/FohaFn/WuXhI+ikwCG
https://paperpile.com/c/FohaFn/JzDX1
https://paperpile.com/c/FohaFn/0s4kT
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hiPSC-CMs in which the mutation was corrected with CRISPR-Cas9, it was seen that 

electrophysiological abnormalities were absent compared with mutated cells (Ben Jehuda, Shemer, 

and Binah 2018). So, this technique can be used to insert new genes, to treat genetic diseases, and to 

create models for studying human diseases. 

Strategy Advantages Disadvantages 

 

Patient specific cell lines 

 

● Direct comparison with the 

same patient tissue 

● Pharmacological/pre-clinical 

studies 

● At least 3 patients and 

clones + healthy 

controls 

● Interindividual 

variability 

● Related or unrelated 

healthy controls? 

 

CRISPR-Cas9 cell line 

 

● Single cell line comparison 

● Mutation-specific phenotype 

 

● Not related to the 

original patient 

● Off target genome 

editing 

Various research works have presented the development of iPSC-based models to study inherited 

diseases such as channelopathies and cardiomyopathies. Using this in vitro model, pathological 

mechanisms present in human samples can be analyzed to search for potential therapeutic targets. 

Cardiomyocytes obtained from hiPSCs are used to study inherited cardiomyopathies associated with 

alterations in sarcomeric proteins (HCM, DCM), mitochondrial proteins (Friedreich’s ataxia, Barth 

syndrome, carnitine palmitoyltransferase II deficiency), desmosomal proteins (arrhythmogenic right 

ventricular cardiomyopathy, ARVC), dystrophin deficiency (DMD cardiomyopathy) and other rare 

genetic syndromes (Burridge et al. 2015). 

In previous studies, hiPSC-cardiomyocytes from patients with hypertrophic cardiomyopathy (HCM) 

have been used as an in vitro disease-model. Hypertrophic cardiomyopathy is the most common 

inherited heart disease and studies for the pharmacological treatment are still ongoing. It is also 

characterized by hypertrophy and disarray at the cellular level and myocardial stiffness due to 

interstitial fibrosis, causing impaired left ventricular filling and diastolic dysfunction. In 2013, Lan's 

research group produced an HCM hiPSC-CM line and studied its electromechanical properties. Using 

patch clamp methods, they demonstrated an increased propensity for delayed after depolarizations 

in HCM cardiomyocytes compared to controls and observed abnormal Ca2+ handling (Lan et al. 2013). 

Further studies were conducted on a hiPSC-CMs carrying the MYH7-R442G mutation, which caused 

an AP prolongation and up-regulation of Na+ and Ca2+ currents, the same alterations observed in 

human cardiomyocytes obtained from HCM patients (Han et al. 2014); (Coppini et al. 2013). 

Hypertrophic cardiomyopathy is also often caused by mutations in MYBPC3, a gene encoding myosin-

binding protein C. Many studies have been conducted on mutations in this protein using hiPSC-CMs 

as an in vitro model. (Seeger et al. 2019) used isogenic human hiPSC-CMs generated from HCM 

https://paperpile.com/c/FohaFn/akO4p
https://paperpile.com/c/FohaFn/akO4p
https://paperpile.com/c/FohaFn/tfrMr
https://paperpile.com/c/FohaFn/ksMJm
https://paperpile.com/c/FohaFn/cq2aU
https://paperpile.com/c/FohaFn/JTitI
https://paperpile.com/c/FohaFn/57t8T
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patients carrying MYBPC3 PTC mutations (p.R943x; p.R1073P_Fsx4) to study the molecular 

mechanisms underlying the pathogenesis of HCM associated with this mutation. They observed 

aberrant calcium handling properties with prolonged decay kinetics and elevated diastolic calcium 

levels in the absence of structural abnormalities in HCM iPSC-CMs compared with isogenic controls. 

Furthermore, at the molecular level, they observed that the HCM hiPSC-CMs had the nonsense-

mediated decay (NMD) pathway active and several genes involved in major cardiac signaling pathways 

dysregulated.  They also showed that inhibition of the NMD pathway in HCM iPSC-CMs can improve 

the HCM phenotype at both functional and molecular levels. Thus, they demonstrated that the NMD 

pathway associated with MYBPC3 PTC mutations may play a role in the pathogenesis of HCM. In 

addition, it is known that frameshift mutations in cardiac protein C can cause haploinsufficiency, 

altered phosphorylation of contractile proteins, and reduced ability to generate maximal force in 

cardiomyocytes (van Dijk et al. 2009). In fact, another study was concerned with assessing the impact 

of cMyBP-C deficiency on the contractile force generation of hPSC-CMs, and it was observed that 

hiPSCs cardiomyocytes derived from patients carrying a nonsense mutation in MYBPC3 had <50% of 

normal cMyBP-C levels and were found to exert significantly less force at the single cell level. These 

findings were in line with what was observed in adult patient-derived cardiomyocytes, in which a 30%-

40% decrease in maximal Ca²+-activated force development was observed. Potential causes of the 

altered force generation in hPSC-CMs could include a defect in sarcomerogenesis, with reduced 

myofibril density, disrupted crossbridge cycling, or increased calcium sensitivity of the sarcomere, 

leading to diastolic dysfunction (Birket et al. 2015). Interesting is also the study conducted on hiPSC-

CMs to analyze myeloperoxidase (MPO) levels in cardiomyocytes derived from HCM patients with 

sarcomeric mutations in MYBPC3 and MYH7 genes. It was observed that in hiPSC-CMs derived from 

HCM patients, MPO levels were higher than in controls, causing an increase in 3-chlorotyrosine-

modified cardiac myosin binding protein-C levels, an attenuation of MYBPC3 phosphorylation, an 

alteration in calcium signaling and a reduction in cardiomyocyte relaxation. The data obtained 

prompted the researchers to test on HCM hiPSC-CMs an MPO inhibitor (AZD5904) and observed a 

restoration of MYBPC3 phosphorylation and a reduction in defects in calcium signaling and relaxation. 

Because MPO levels are found to be increased in the hearts of patients with left ventricular 

hypertrophy, these results highlight that the MPO protein may be a novel therapeutic target for 

improving HCM-associated myocardial relaxation (Ramachandra et al. 2022). 

A hiPSC-CM model has also been created for the study of dilated cardiomyopathy (DCM). The first to 

develop this model with a mutation in the TNNT2 gene were researchers from Sun's group (Sun et al. 

2012); subsequently hiPSC-derived cardiomyocytes were also generated from patients with mutations 

in LMNA (lamin A/C), which cause the onset of DCM, characterized by early onset of atrial fibrillation 

and conduction system disease, and subsequent progression to sudden cardiac death and heart 

failure. hiPSC-CMs were then used to recapitulate the disease phenotype, pathophysiology, and drug 

screening in vitro (Siu et al. 2012).  

hiPSC-cardiomyocyte models have also been created to study Duchenne Muscular Dystrophy (DMD), 

which is associated with a vast array of mutations causing a knockout of the dystrophin protein. The 

absence of this protein makes muscle cells more susceptible to mechanical stress and rupture, leading 

to muscle scarring and degeneration. Guan et al., in 2014, developed a DMD model from urine-derived 

https://paperpile.com/c/FohaFn/XsmG9
https://paperpile.com/c/FohaFn/MZLio
https://paperpile.com/c/FohaFn/7dssd
https://paperpile.com/c/FohaFn/isJF
https://paperpile.com/c/FohaFn/isJF
https://paperpile.com/c/FohaFn/zK8B


 

 

 

14 
 

iPSCs and observed that these cells exhibited increased sensitivity to hypotonic stress compared to 

controls and altered contractile mechanics (Guan et al. 2014). Other studies with DMD hiPSC-CMs 

showed that the absence of full-length dystrophin is sufficient to decrease force production and to 

slow kinetics, resulting in impaired contractility (Bremner et al. 2022). Furthermore, it was also 

observed that DMD hiPSC-CMs showed no improvement in Ca2+ release during maturation in contrast 

to control cells, which displayed a gradual increase in Ca-T amplitude with advanced maturation (Josè 

Manuel Pioner et al. 2022). The presence of smaller Ca-Ts may indicate an alteration in cardiomyocytes 

with dystrophin deficiency and this may be associated with a reduction in the force generation in DMD 

cells (Chang et al. 2021). Additionally, DMD hiPSC-CMs also showed high resting Ca2+ levels, causing 

mitochondrial damage and cell apoptosis. Based on these results, a membrane sealant, Poloxamer 

188, was tested on hiPSC-CMs, as previous studies showed that, in CMs isolated from mdx mice, P188 

maintained membrane integrity. It was seen that treatment of hiPSC-CMs DMDs with P188 reduced 

apoptosis by suppressing CASP3 activation, but unfortunately, due to concerns about its toxicity, P188 

may not be suitable for long-term use in humans (Lin et al. 2015; Yasuda et al. 2005; Moloughney and 

Weisleder 2012).  

All these studies conducted on hiPSC-CM demonstrate how this model can recapitulate the complex 

genetic background of disease entities, providing an indispensable platform for the development of 

techniques for modeling the physiological environment, reducing the use of animal models, to better 

understand human heart disease and for a more refined therapeutic approach. 

 

https://paperpile.com/c/FohaFn/xAYK
https://paperpile.com/c/FohaFn/XZfz
https://paperpile.com/c/FohaFn/ro5e
https://paperpile.com/c/FohaFn/ro5e
https://paperpile.com/c/FohaFn/lTv7
https://paperpile.com/c/FohaFn/COoZ+GYx5+8Uwu
https://paperpile.com/c/FohaFn/COoZ+GYx5+8Uwu
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                         Table 1. Examples of inherited heart diseases modeled using hiPSC-CMs.  HCM: Hypertrophic cardiomyopathy; DCM: Dilated 

cardiomyopathy; LQT: Long-QT; CPTV: Catecholaminergic polymorphic ventricular tachycardia; ARVC: Arrhythmogenic right ventricular 

cardiomyopathy 

 

Cardiac  
disease 

Gene Protein Mutation Cardiomyocyte 
subtype 

Ref. Ref. 
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Table 2. List of genes causing HCM and studies reporting phenotypes of human iPSC-CM lines with HCM mutations. Modified from (J. Li, 

Feng, and Wei 2022)  

https://paperpile.com/c/FohaFn/jo4wA
https://paperpile.com/c/FohaFn/jo4wA
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1.1.4 Comparison of hiPSC-, human fetal- and adult ventricular- cardiomyocytes 

structure and function 

The cardiomyocytes obtained from hiPSCs described possess a defined cardiac phenotype, but they 

exhibit immature structural and functional properties; the resulting cardiac population is 

heterogeneous and consists of atrial, ventricular, and nodal cells. hiPSC-CMs exhibit characteristics 

much more like those of human fetal cardiomyocytes, in fact have disorganized sarcomeres, reduced 

contraction forces and reduced action potentials compared with adult cardiomyocytes. The 

characteristics of adult, fetal and hiPSC-derived cardiomyocytes are described below to assess 

maturation status. 

Morphology 

Cell size and shape are important parameters as they affect pulse propagation, maximum 

depolarization rate of action potential, total contractile force, and E-C coupling (Spach et al. 2004)As 

is described in Table 3, the surface area of hiPSC-CMs is like that of fetal cardiomyocytes and is much 

smaller than that of adult cardiomyocytes. In addition, adult cardiomyocytes are elongated, 

longitudinally aligned, and have mitochondria, polarized intercalated disc complexes and T-tubules, 

which allow rapid propagation of AP into the cell and play an important role in regulating cellular 

calcium concentration (Vreeker et al. 2014). Also, multinucleation is a sign of maturation, has a great 

impact on the elevation of gene expression and cell growth and varies among species. For instance, 

about 30% of adult cardiomyocytes are binucleated, unlike fetal- and hiPSC-cardiomyocytes are 

almost exclusively mononucleated (H. Kim 1992); (Olivetti 1996). Moreover, the latter mentioned are 

smaller than adult cardiomyocytes and have a round or polygonal shape, a more chaotic organization 

and T-tubules are few or absent (Louch, Sheehan, and Wolska 2011); (Itzhaki, Rapoport, et al. 2011); 

(Mummery et al. 2003); (Snir et al. 2003). 

Metabolism 

The energy demand of the heart is very high and energy production pathways are therefore extremely 

important for working cardiomyocytes. During heart development, mitochondria manifest structural 

and functional changes; in adult cardiomyocytes, mitochondria are regularly distributed and occupy 

20% to 40% of cell volume, and their main source of energy is β-oxidation of fatty acids. In hiPSC-CMs, 

mitochondria are small, less numerous, and located in the perinuclear region, and unlike adult 

cardiomyocytes, the preferred metabolic substrates of hPSC-CMs are glucose and lactate, as in the 

fetal heart. (Gherghiceanu et al. 2011); (C. Kim et al. 2013); (Schaper et al. 1980); (Lopaschuk and 

Jaswal 2010). 

Sarcomere 

The sarcomere is the functional unit of the striated muscle and is composed of longitudinally repeated 

subunits of myofibrils that serve as the contractile apparatus of the cardiomyocytes. The sarcomere 

structure of adult cardiomyocytes is highly organized and the different functional units such as the Z-

discs, which mark sarcomere borders, and the A-, I-, H- and M-bands are visible (Gregorio and Antin 

https://paperpile.com/c/FohaFn/SDGrE
https://paperpile.com/c/FohaFn/B2JtV
https://paperpile.com/c/FohaFn/ZDJW8
https://paperpile.com/c/FohaFn/HO3Nz
https://paperpile.com/c/FohaFn/cKy0N
https://paperpile.com/c/FohaFn/g1aiU
https://paperpile.com/c/FohaFn/sRMRj
https://paperpile.com/c/FohaFn/WTycD
https://paperpile.com/c/FohaFn/CIDNd
https://paperpile.com/c/FohaFn/eWY4s
https://paperpile.com/c/FohaFn/yhiUL
https://paperpile.com/c/FohaFn/8JxEn
https://paperpile.com/c/FohaFn/8JxEn
https://paperpile.com/c/FohaFn/sG0Nh+Dhm77
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2000; Boateng and Goldspink 2008). In fetal cardiomyocytes, the sarcomeric structure develops 

gradually during gestation and the Z-discs and I-bands are formed first. Ultrastructural analysis 

revealed that hiPSC-CMs present a myofibrils disarray and an immature sarcomeric structure, in which 

only the Z-discs and I-bands are visible (Snir et al. 2003). In addition, sarcomeric length, which 

represents the distance between two Z-discs, is another indicator of cell maturation. In adult 

cardiomyocytes, the sarcomeric length is approximately 2.2μm, whereas in hiPSC- and fetal 

cardiomyocytes, the length is shorter and is approximately 1.6-1.8μm (Bird 2003); (Lundy et al. 2013); 

(H. Kim 1992). 

The presence of an immature structure in hiPSC-CMs is also reflected in their reduced contractile 

force. The active force generated by these cardiomyocytes is in the range of 0.1 to 4 mN/mm2, 

depending on the conditions under which is measured, and is significantly lower than that of adults 

CMs, which is around 10–50 mN/mm2 (Schaaf et al. 2011); (Holubarsch 1998). In support of this 

observation, Pioner's research group measured the contractile force of single myofibrils isolated from 

hiPSC cardiomyocytes, and it was observed that myofibrils from these cardiomyocytes (80 days p.d.) 

have a force-generating capacity much more like that of human fetal ventricular myofibrils (74 days 

gestational) than adult human ventricular myofibrils (Josè Manuel Pioner et al. 2016); (Piroddi et al. 

2007); (Racca et al. 2016). This may also be due to the different expression of myofibrillar proteins, 

which modulates the contractile function of cardiomyocytes and are also expressed differently 

between mature and immature cardiomyocytes, as many isoforms change during maturation. For 

example, the beta-myosin heavy chain (β-MHC), encoded by MYH7, is highly expressed in adult 

ventricular cardiomyocytes compared to the α-MHC isoform, encoded by MYH6, and in fetal 

cardiomyocytes, it has been observed that α-MHC is initially expressed, but during gestation the 

switch to the β-MHC isoform occurs (Reiser et al. 2001) . In contrast to fetal and adult cardiomyocytes, 

in hiPSC-CMs more α-MHC is present, but at later stages of cell maturation they also begin to partially 

express β-MHC (Ivashchenko et al. 2013); (X. Q. Xu et al. 2009). Troponin I also undergoes an isoform 

switch during cardiac development: in fetal heart, slow skeletal troponin I (ssTnI) is the most expressed 

isoform before a complete switch to the adult cardiac troponin I (cTnI) (Bhavsar et al. 1991). Therefore, 

the ssTnI isoform controls immature sarcomere, in fact it’s present in hiPSC-CMs and appears to have 

greater Ca2+- sensitivity for tension production than cTnI (Hunkeler, Kullman, and Murphy 1991). 

Another sarcomeric protein with numerous spliced isoforms is titin, which plays a key role in 

maintaining sarcomere elasticity and integrity. In adult cardiomyocytes, the most abundant isoform is 

N2B, which is a shorter and stiffer form than N2BA, the most highly expressed isoform in fetal and 

adult cardiomyocytes. These variations regulate the passive tension of cardiomyocytes during 

maturation (Lahmers et al. 2004); (Neagoe et al. 2002). 

https://paperpile.com/c/FohaFn/sG0Nh+Dhm77
https://paperpile.com/c/FohaFn/WTycD
https://paperpile.com/c/FohaFn/PA66b
https://paperpile.com/c/FohaFn/gXR0W
https://paperpile.com/c/FohaFn/ZDJW8
https://paperpile.com/c/FohaFn/NQd9e
https://paperpile.com/c/FohaFn/bwzAn
https://paperpile.com/c/FohaFn/GoAkQ
https://paperpile.com/c/FohaFn/VKy9X
https://paperpile.com/c/FohaFn/VKy9X
https://paperpile.com/c/FohaFn/2kbjH
https://paperpile.com/c/FohaFn/xM3t1
https://paperpile.com/c/FohaFn/ugOpI
https://paperpile.com/c/FohaFn/Eiydf
https://paperpile.com/c/FohaFn/931DG
https://paperpile.com/c/FohaFn/9PFP5
https://paperpile.com/c/FohaFn/fOiqZ
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Figure 1.3. Ultrastructural images of hiPSC- and adult cardiomyocytes. A) Disoriented myofibrils and immature sarcomeric structure in 

hiPSC-Ms; B) Sarcomere structure and a large intercalated disk in adult cardiomyocytes. 

 

Figure 1.4. Functional analogies between hiPSC- and fetal-CMs. A) Comparison of contraction and B) representative traces of tension 

generation of hiPSC-CM (blue), human ventricular fetal (gray) and adult (black) myofibrils maximally activated. (Pioner, 2016) 

 

Electrophysiological properties 

The cardiac action potential (AP) is the electrical stimulation created by a sequence of ionic flows 

through specialized channels in the membrane of cardiomyocytes. AP features are unique for each 

subtype of cardiomyocytes (atrial, ventricular, pacemaker, Purkinje). Many factors can contribute to 

the variation of atrial-, nodal- and ventricular-like APs, including culture conditions of the 

differentiated cardiomyocytes and recording procedures. The electrophysiological phenotype of 

hiPSC-CMs is distinct from that of adult CMs, mainly due to different expression of key ion channels. 

Indeed, the spontaneous contractile activity of hiPSC-CMs is due to a high expression of HCN4 

channels that mediate the pacemaker current (If); this current is very low in adult ventricular 

cardiomyocytes, which only beat when stimulated (Sartiani et al. 2007);(Verkerk et al. 2007). hiPSC-

CMs are also characterized by significantly depolarized resting membrane potential (RMP), which 

ranges from −50 mV to −60 mV and is more positive than the adult RMP (−85 mV), partly also due to 

low/absent IK1 hyperpolarizing current (Amin, Tan, and Wilde 2010; J. Ma et al. 2011). Recently, 

https://paperpile.com/c/FohaFn/C5Xsn
https://paperpile.com/c/FohaFn/Cq99f
https://paperpile.com/c/FohaFn/t7SAp+S0Qq3
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Moretti’s research group (2010) demonstrated that the other main repolarizing currents, IKr and IKs are 

present in hiPSC-CMs at similar levels to adult cardiomyocytes; in addition, the hiPSC-CMs present a 

lower levels of the sodium channel Nav1.5 and the L-type calcium channel, leading to slower upstroke 

velocity and to a lack or a shorter plateau phase (Liu, Laksman, and Backx 2016); Sartiani et al.,2007). 

Lastly, the electrical conduction velocity in hiPSC-CMs is slower (10 cm/s) than in adult human left 

ventricle (60 cm/s), partly due to the different gap-junctions density and composition and probably 

also due to the cell size, which is positively correlated with conduction velocity (Scuderi and Butcher 

2017); (Taggart et al. 2000); (P. Lee et al. 2012). 

 

 

Figure 1.5. Morphological differences between human adult ventricular CMs and hiPSC-CMs and examples of action potential in human 

adult ventricular CMs and hiPSC-CMs. (Figure modified from (Meijer van Putten et al. 2015) (Veerman et al. 2015). 

Calcium Handling 

The cardiomyocyte has a sophisticated regulatory system known as excitation-contraction coupling. 

Ca2+ is the second essential messenger in cardiac electrical activity and is the direct activator of 

myofilaments, which promote contraction. During an action potential, Ca2+ enters the cell through 

voltage-dependent Ca2+ channels as inward Ca2+ current (ICa) and stimulates the release of Ca2+ from 

the ryanodine receptors (RyRs) of the sarcoplasmic reticulum (SR), raising intracytoplasmic Ca2+ levels. 

The rising Ca2+ binds to troponin C in the myofilaments and this led to mechanical contraction. This is 

followed by the relaxation phase, in which the Ca2+ cytosolic level must fall, whereby the Ca2+ 

dissociates from the troponins and is repumped partly into the SR by the sarcoplasmic reticulum Ca2+ 

ATPase (SERCA) and partly extruded from the cell via the sodium/calcium exchanger (NCX). This Ca2+ 

transient modulates cardiac contraction and takes place in a time order of 600-800 ms in human heart 

muscle (Bers 2002). 

https://paperpile.com/c/FohaFn/NJK1t
https://paperpile.com/c/FohaFn/HjqYm
https://paperpile.com/c/FohaFn/HjqYm
https://paperpile.com/c/FohaFn/6LKmD
https://paperpile.com/c/FohaFn/64zVr
https://paperpile.com/c/FohaFn/LO1Y1
https://paperpile.com/c/FohaFn/tAY03
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Figure 1.6. Representation of Ca2+ transport in myocytes (Bers, 2002) 

 

Ca2+ release and extrusion are efficient in adult cardiomyocytes (Beuckelmann, Näbauer, and Erdmann 

1992), whereas fetal- and hiPSC- cardiomyocytes show a more immature phenotype regarding calcium 

handling. This is due to a lack of T-tubules, invaginations in the membrane where L-type Ca2+ channels 

are concentrated near RyR channels, an underdeveloped SR and reduced expression of proteins that 

regulate calcium handling, such as SERCA, calsequestrin (calcium-buffering protein), ryanodine 

receptor type 2 (RyR2) and phospholamban (PLN). Therefore, the kinetics in immature cardiomyocytes 

are slower and the amplitudes reduced compared to adult cardiomyocytes (Synnergren et al. 2012); 

(Itzhaki, Rapoport, et al. 2011);(Dolnikov et al. 2006). 

 

 

Figure 1.7. Illustrative scheme representing Ca2+ influx and extrusion in adult and immature cardiomyocytes. (Veerman et al., 2015) 

https://paperpile.com/c/FohaFn/HlRST
https://paperpile.com/c/FohaFn/HlRST
https://paperpile.com/c/FohaFn/v9S12
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Table 3. Comparison of current knowledge in structure and function of hiPSC-, human fetal- and adult ventricular- CMs from the literature  

 

1.1.5 Limitations and strategies for hiPSC-CMs maturation 

Although hiPSC-CMs possess a definite cardiac or cardiomyopathic phenotype that makes them a 

promising model for a wide range of applications, it is necessary to consider and address some 

inherent limitations that these cells present. In general, hiPSC-derived cardiomyocytes exhibit 

immature structural and functional properties and this remains an obstacle for using this model to 

study new therapies and evaluate the efficacy and/or toxicity of new drugs. In recent years, several 

techniques have been developed to improve cell maturity, including cells growing patterning scaffolds, 

exposure to electrical stimuli, application of mechanical stress, co-culture with other cell types and 

culture of hiPSC-CMs in a three-dimensional tissue configuration. Much progress has been made in 

inducing the maturation of hiPSC-CMs, improving their structure and function, and demonstrating that 
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they cannot be permanently relegated to an immature state (Lundy et al., 2013). The various methods 

adopted over the years to improve cell maturation are described below. 

Long-term culture 

One of the approaches to improving cell maturation is long-term culturing, classifying post-

differentiation days into early (15-30 p.d.) and later stages (>60 days p.d.) of maturation. In many 

research works, the reported data show that hiPSC-CMs mature over time both morphologically and 

functionally. Lundy et al. (2013), observed morphological differences between early- (20–40 days) and 

late-stage CMs (80–120 days), including an increase in cell size and anisotropy, greater myofibril 

density and alignment and an increase in the fraction of multinucleated CMs. 

 

Figure 1.8. Effects of long-term culture on hiPSC-CMs maturation. A) and B), Representative hiPSC-CMs immunostained for α-actinin (red) 

and filamentous actin (phalloidin, green). Nuclei (blue). C) cell perimeter and cell area were increased with a decrease in cell circularity. 

(Lundy et al. 2013) 

 

Very interesting is also the ultrastructural analysis performed by Kamakura's group (Kamakura et al. 

2013) on hiPSC-CMs during 1 year of culture after cardiac differentiation and it was observed that 

through long-term culture up to 180 days, the myofibrils formed parallel arrays with the presence of 

mature Z, A, H, and I band, but not M bands. Surprisingly, M-bands were detected after 360 days of 

maturation, but the expression levels of M-band-specific genes in hiPSC-CMs remained lower than in 

the adult heart (Fig. 9).  

 

 

https://paperpile.com/c/FohaFn/gXR0W
https://paperpile.com/c/FohaFn/TBPV8
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Figure 1.9. Transmission electron microscopy images of hiPSC-CMs at 60 (A), 180 (B) and 360 days (C) after cardiac differentiation 

(Kamakura et al., 2013) 

In addition, at the sarcomeric level, the expression of cardiac myosin was analyzed, which is 

considered a marker to assess hiPSC-CMs maturation during long-term culture. There are two isoforms 

of cardiac myosin light chain 2 (MLC2), MLC2a and MLC2v; the latter is considered a marker of cardiac 

myocyte maturity (Kubalak et al. 1994). It was observed that hiPSC-CMs at early stages expressed the 

MLC2a isoform, whereas after long-term culture they also expressed the MLC2v isoform, with a 

reduction in MLC2a. After long-term culture, it was also seen that hiPSC-CMs expressed cTnI in 

addition to ssTnI, but the ratio of cTnI:ssTnI stabilized at ∼2:98, confirming that hiPSC-CMs in late 

stages of maturation, despite showing more mature characteristics than early stages, continue to be 

more similar to fetal cardiomyocytes than adult cardiomyocytes (Bedada et al. 2014; Bedada, 

Wheelwright, and Metzger 2016).  

Through electrophysiological study, Sartiani et al. (2007) analyzed the current density and kinetics of 

different ion channels during cardiomyocyte maturation. The results showed an increased density of 

Ik1 and It0 and slower activation kinetics of If current. Finally, it was observed that late-stage 

cardiomyocytes were characterized by increased calcium release and reuptake rates (Lundy et al., 

2013). In addition, spontaneous beating rate after 2 months of culture was reported to decrease in 

some culture conditions (Hazeltine et al. 2012).  

In line with this, Pioner et al. (2019) evaluated the regulatory mechanisms of cardiac contraction in 

hiPSC-CMs at different time points of maturation (60, 75, and 90 days post differentiation) by 

simultaneous recordings of AP and calcium transients using a dual optical method. The duration of 

APs was recorded from individual hiPSC-CMs using the patch-clamp technique (earlier-stages) and 

Fluovolt approach (later-stages) at any progressive time point.  They observed that at the later stages 

of maturation, hiPSC-CMs showed prolonged APs and increased calcium transient amplitude and at 

day 90 p.d. (Fig. 1.10), the average AP duration and calcium transients (CaT) duration in hiPSC-CMs 

were more similar to the AP profile and CaT kinetics of ventricular hAdult-CMs. The AP prolongation 

observed in hiPSC-CMs may be associated with a greater contribution of ICaL during the plateau phase, 

which prevails over the increase of repolarizing outward potassium currents (IKr and Ito1), as previously 

described (Lundy et al., 2013). The results also showed a more negative resting membrane potential 

recorded after day 60 probably due to an increase in ionic currents contributing to the diastolic 

potential, such as Ik1. The increase in Ik1, also observed by Sartiani et al. (2007), may explain the 

decrease in spontaneous beating rate at 60 days p.d. and the subsequent greater response to external 

electrical stimulation. Other possible contributors to the acquisition of this physiological behavior 

https://paperpile.com/c/FohaFn/3zWIi
https://paperpile.com/c/FohaFn/wdvhO+gKDOD
https://paperpile.com/c/FohaFn/wdvhO+gKDOD
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during hiPSC-CM maturation are the decrease of funny current (If) and the increase of the delayed 

rectifier potassium currents (IKs + IKr) (Bosman et al. 2013). Many ion currents (e.g., Ito1) undergo 

developmental changes, similar to those occurring during the fetal cardiac development (Sartiani et 

al. 2007). For this reason, the AP profile of early hiPSC-CMs maintains some of the features of fetal 

cardiomyocytes.  

 

Figure 1.10. A) Superimposed action potential (AP) traces of day 75 vs day 90 recorded both at 1 and 2 Hz. C) superimposed normalized 

traces of calcium transients recorded by Cal630 at day 60, 75,90 : average CaT rise (time to peak TTP, ms) and CaT decay (difference of 50% 

of CaT decay and TTP, RT50, ms) are reported, during pacing at 1 and 2 Hz and representative CaT profiles at day 60 and 90 and average 

CaT amplitude at day 60,75 and 90. From (Josè Manuel Pioner et al. 2019). 

In addition, an acceleration of CaT duration and adaptation of CaT kinetics and amplitude to frequency 

changes in later stages was observed, probably attributable to the increase in SERCA/PLB function 

associated with sarcoplasmic reticulum development. The presence of a more mature SERCA function 

is also supported by observation of the caffeine transient decay rate (τ) in hiPSC-CMs. A post rest 

potentiation protocol was applied to evaluate the maturation of cardiomyocyte inotropic reserve and 

they saw that CaT amplitude after the rest pause displayed a modest potentiation over the amplitude 

before the pause at day 60. However, the amplitude of post-rest CaTs almost doubled at day 90, 

suggesting increased SR loading capacity during maturation (day 60 vs. 90). To verify the contribution 

of SR calcium content, they evaluated caffeine-induced calcium transients after a pacing train of 2 Hz. 

The amplitude of caffeine-induced CaT at d60 was doubled compared to corresponding steady state 

https://paperpile.com/c/FohaFn/PW4Y
https://paperpile.com/c/FohaFn/C5Xsn
https://paperpile.com/c/FohaFn/C5Xsn
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calcium transients at 2 Hz pacing. These results indicated a significant contribution of calcium release 

from the SR to the amplitude of calcium transients starting from day 60 p.d. (Fig. 1.11). 

 

Figure 1.11. Sarcoplasmic reticulum (SR) contribution in calcium handling maturation was tested by a post rest potentiation protocol and 

caffeine-induced CaTs elicited in hiPSC-CMs at multiple maturation time-points. (A) The post-rest potentiation of CaT amplitude was 

estimated after a resting pause of 5 s, inserted in a regular train of stimulation at 2 Hz. Post rest potentiation is estimated at day 60 and 

day 90. (B) Caffeine-induced CaTs (quick exposure to 10 μM caffeine) after a series of 2 Hz paced CaTs. Average of caffeine transient 

amplitude was normalized by the amplitude of steady-state calcium transients at 2 Hz prior to caffeine exposure (N = 2; n = 83). Caffeine 

transient CaT amplitude (CaTA CAFF/CaTA 2Hz ratio) and decay (τ, s−1) of hiPSC-CMs were calculated and compared with caffeine-CaT 

recorded in hAdult-CMs (N = 5; n = 14). (C) Simultaneously recorded APs and CaTs during the pause protocol. (D) APs and CaTs from the 

same cells were compared to show Pearson’s correlation (r2) between post rest AP duration (APD50, ms) and post rest CaT decay (RT50, 

ms, p < 0.05). (E) Variations of post rest APD50 and (F) post rest RT50 were measured both at day 75 (AP: N = 2, n = 119; CaT: N = 5, n = 

251) and day 90 (AP: N = 2, n = 119; CaT: N = 3, n = 165). (Pioner et al., 2019) 

In addition, they also observed a positive lusitropic effect under β-adrenergic stimulation, which 

involves an amplified contribution of SERCA. They tested the effect of isoproterenol (ISO), which binds 

β-adrenergic receptors (βARs) type 1 and 2 in cardiac cells and activates the cAMP-PKA 

phosphorylation pathway, and forskolin (FSK), which stimulates adenylate cyclase, increasing cAMP 

levels to activate PKA. 
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Figure 1.12. Positive β-adrenergic response of later stage hiPSC-CMs. Day 90 hiPSC-CMs were exposed to isoproterenol (ISO, 1 μM) and 

forskolin (FSK, 1 μM). (A) Representative traces of hiPSC-CM AP recorded before and under ISO stimulation. APD50 reduction under ISO was 

12 ± 4%, p > 0.05. (B) Representative traces of ISO effect on the APD50 of human adult cardiomyocytes (15 ± 3%, p < 0.05)(hAdult-CMs: N = 

5 patients, n = 12 cells). (C,D) Relative positive inotropic and lusitropic effects of both ISO and FSK (%) in later stages hiPSC-CMs (ISO: N = 2, 

n = 7; FSK: N = 2, n = 21).(Pioner et al., 2019) 

Pioner and coworkers exposed hiPSC-CMs at day 90 to ISO or FSK and observed that ISO reduced 

APD50 in hiPSC-CMs stimulated at 1Hz, as in adult CMs. In addition, RT50 of CaT was faster under both 

ISO and FSK exposure (positive lusitropic effect) in hiPSC-CMs and in both cases CaT amplitude was 

also increased, indicating a positive inotropic response (Fig. 1.12) (Pioner et al., 2019). 

Substrate stiffness 

To improve the cultured performance of hiPSC-CMs, many researchers are exploiting the ability of 

these cells to respond to stimuli from their surrounding microenvironment; these signals can influence 

cell fate, proliferation, and differentiation. Knowing that these stem cells sense the external 

environment, it is thought that exposure to physiological stimuli and the use of nano-structured 

biomimetic surfaces may help to enhance cell adhesion, proliferation, and migration, as well as 

cardiomyogenic differentiation and structural development. It has been observed that biomimetic 

surfaces are valuable in promoting the structural and functional maturation of immature 

cardiomyocytes in culture. (D.-H. Kim et al. 2010), constructed a nanofabricated anisotropic substrate 

with ridges and grooves ranging from 150 to 800 nm to faithfully reproduce a nanoscale structure of 

the myocardial extracellular matrix and observed that cardiomyocytes were able to align along the 

direction of the topographical structure and that there were differences in cell geometry, conduction 

velocity and Cx43 expression between aligned and non-aligned cells in culture. Thus, morphological 

anisotropy of culture surfaces leads to a more rapid elongation of cardiomyocytes, and their stiffness 

may also influence cell shape, which is crucial for modulating cell survival, and maturation. In addition, 

https://paperpile.com/c/FohaFn/XgP07
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compared with the softer substrate, cardiomyocytes cultured on stiffer substrates are able to 

generate higher tension, which may be related to higher matrix resistance and the formation of many 

focal adhesions (Fig. 1.14) (Park et al. 2012; Querceto et al. 2022). (Josè Manuel Pioner et al. 2019), 

demonstrated that micropatterned surfaces with linear grooves and ridges have a strong impact on 

the regulation of calcium homeostasis and cellular electrophysiology; hiPSC-CMs showed a prolonged 

action potential, probably associated with an increased contribution of ICaL during the plateau phase, 

which overrides the increase in repolarising outward potassium currents (IKr and Ito1). Cells cultured on 

these surfaces for long time thus more closely reflect the functional properties of native human 

cardiomyocytes; understanding the effects of substrates on cell maturation is extremely important for 

in vitro modeling of e.g cardiomyopathies, which may be related to changes in extracellular stiffness 

(myocardial fibrose accumulation) that severely affect cardiomyocyte function. 

 

 

Figure 1.13. A) Photograph of a large-area of nanopatterned surfaces on a glass coverslip and B) effect of biomimetic surfaces on 

anisotropic cell growth. Representation of unaligned cells on flat surfaces (left) and aligned cells grown on nanopatterned surfaces (right). 

C) Confocal images of later-stage hiPSC-CMs grown on nanopatterned surfaces show a mature morphology with rod-shaped, aligned 

myofibrils, clearly defined Z bands and transverse-axial tubular system (TATS).  Cells were stained for Z bands (α-actinin, red), nuclei (DAPI, 

blue) and caveolin-3 (green). (Pioner et al., 2016) 

 

https://paperpile.com/c/FohaFn/lh3Eo+8N90E
https://paperpile.com/c/FohaFn/QHgmM
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Figure 1.14. Comparison between softer and stiffer matrix in relaxed and contracted state. From Querceto et al., 2022. 

 

Electrical stimulation and mechanical strain 

Mechanical and electrical stimulation is also a widely used method to promote hiPSC-CM maturation 

in vitro by promoting contractile protein expression and structural organization. The mechanisms 

underlying the increase in maturation by electrical stimulation may be due to the mechanical 

stretching generated by the stimulation leading to remodeling of cardiomyocytes, with enhancement 

and polarization of gap junctions, which promote electrical conduction (Banyasz et al. 2008). Several 

studies have shown that electrical stimulation of hiPSC-CMs promoted increased Ik1 current, with 

reduced RMP, improved Ca2+ handling, increased sarcomeric organization and increased contractile 

force (Lieu et al. 2013); (Chan et al. 2013). Normally the heart is subjected to continuous mechanical 

stress, which favors cell alignment in the direction of applied traction, so this method has also been 

extensively used on hiPSC-CMs to induce maturation (Shyu 2009). Studies by (Tulloch et al. 2011) have 

shown that stretching promotes cell elongation, a higher degree of sarcomeric organization, increased 

gap junction density and up-regulation of RYR2 and SERCA2, which improves Ca2+ management in 

cardiomyocytes. Other studies have also shown that a gradual increase in stretch leads to an 

improvement in cell organization, but also to an increase in active and passive forces (Kensah et al. 

2013).  

Co-Culture 

In vivo, cardiomyocytes normally interact with other cell types such as fibroblasts, endothelial and 

smooth muscle cells, which contribute to the production of ECM and the release of paracrine factors 

that support cardiomyocyte development. Therefore, direct cell-cell contact influences the 

maturation of CMs and for this reason, in a series of studies hiPSC-CMs were cultured with 

mesenchymal stem cells (MSCs) and endothelial cells (ECs), resulting in improved cell maturation 

(Iorga et al. 2017). Cardiomyocytes were also co-cultured with cardiac fibroblasts, and it was observed 

that cardiomyocytes showed more mature characteristics and had a conduction velocity comparable 

https://paperpile.com/c/FohaFn/etPuh
https://paperpile.com/c/FohaFn/tc7zq
https://paperpile.com/c/FohaFn/XF8Uo
https://paperpile.com/c/FohaFn/1aH2T
https://paperpile.com/c/FohaFn/tSsmb
https://paperpile.com/c/FohaFn/KBafI
https://paperpile.com/c/FohaFn/KBafI
https://paperpile.com/c/FohaFn/lgmOH
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to that of an adult human heart (Thavandiran et al. 2013). In addition, the co-culture of 

cardiomyocytes with non-cardiac cells makes it possible to understand changes in performance in 

disease states and ischaemic tissues. (Campostrini et al. 2021) developed a protocol using the three 

main cell types found in the heart, such as cardiomyocytes, cardiac fibroblasts, and cardiac endothelial 

cells, and combined them to form three-dimensional cardiac microtissues. They observed that in this 

conformation, the ultrastructural characteristics of hiPSC-CMs improved, and after isolation of CMs 

from tissues, they observed an action potential similar to that of adult CMs. Co-culture of 

cardiomyocytes and cardiac fibroblasts may also allow us to study how the mechanical interaction 

between these cell types may impair cardiac conduction during cardiac injury (Thompson et al. 2011). 

1.1.6 2D vs 3D Cell Culture 

For many years, two-dimensional cell cultures have been used as an in vitro model for research studies 

to understand cellular responses in the presence of biophysical and biochemical stimuli. Although this 

approach has significantly advanced our understanding of cell behavior, the 2D model remains a 

system that deviates significantly from the in vivo response. To overcome this limitation and to better 

mimic in vivo conditions, new 3D cell culture platforms have been created, which currently have many 

applications in cancer research, on stem cells, in drug discovery and research related to other types of 

diseases. 2D cell culture is based on cell adhesion on flat surfaces and to control cell shape in 2D cell 

culture, micro-patterned substrates, such as microwells and micropillars were created or sandwich 

culture method was adopted to provide ECM imitation (X. Xu et al. 2014) (Fu et al. 2010). The 

introduction of 3D cell culture approaches has opened new possibilities for the study of biochemical 

and biomechanical signals, (Burdick and Vunjak-Novakovic 2009); (Huh, Hamilton, and Ingber 2011) 

as this model summarizes cell-cell and cell-matrix interactions in vivo. Recently, research is making 

use of 3D cardiac models consisting for example of hiPSC-CMs with the addition of other cell types 

and with or without the presence of extracellular matrix protein scaffolds. These tissue constructs are 

available in many shapes and sizes, from scaffold-free spheroids to 3D cardiac models based on 

scaffolds with longitudinal elongation that can be used to quantitatively calculate the force generated 

by the tissues. These constructs can be very useful for in vitro disease modeling and drug screening 

and for this reason, many research groups have developed different platforms that take many forms 

that vary widely in geometry and scale. Normally, smaller ones such as spheroids and microtissues 

facilitate cardiotoxicity screening, whereas larger platforms, including cardiac sheets, strips, rings, and 

chambers allow force measurement and resemble more closely to native heart tissue. The different 

platforms used in the research studies are described below in Table 5. 

 

 

 

https://paperpile.com/c/FohaFn/33QcQ
https://paperpile.com/c/FohaFn/91xjr
https://paperpile.com/c/FohaFn/p8Fwj
https://paperpile.com/c/FohaFn/84PLg
https://paperpile.com/c/FohaFn/E69Oa
https://paperpile.com/c/FohaFn/Zf1D5
https://paperpile.com/c/FohaFn/r8QnJ
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  2D CELL CULTURE 3D CELL CULTURE 

  

 Description 

·        CMs grown in plates or wells in culture 

·        Cells shape is flat and elongated 

·        Thin layers or sheet constructs 

·        Cells in the culture receive the same 

amount of nutrients and growth factors from 

the medium 

·        Cells grow into 3D aggregates/spheroids 

·       Natural cell shape 

  

  

 

Advantages 

·        Ease of preparation 

·        Better for long-term cultures 

·        Amenable to high- throughputs 

·        Measures of impulse   propagation and 

arrhythmias 

·        Matured by media, patterning 

extracellular matrix manipulation 

·        Auxotonic contraction, stretching 

·        Good electrical coupling 

·        Able to easily generate 

·        Measures of force, AP 

·        Natural alignment of cells/sarcomeres 

·        Cells are well differentiated 

·        3D cell culturing reduces the differences 

between in vitro and in vivo drug screening 

  

  

 

Disadvantages 

·        Immature CMs phenotype 

·        Cell junctions are less common 

·        Insufficient influence of non-CMs and 

the 3D environment 

·        Unable to recapitulate some heart 

disease phenotypes 

·        Drugs are not well metabolized and can 

easily induce apoptosis 

  

·        Real adult CM phenotypes have not 

been recapitulated 

·        Nutrients does not have to be equally 

divided amongst all cells 

 ·        The core cells often remain inactive 

since they receive less oxygen and growth 

factors 

 ·        Requiring large cell numbers and 

preparation with devices 

 ·        Risk of breaking 

 ·        Unequal distribution of cells 
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Sarcomere 

 Sarcomere length 1.65/1.81μm (early/late 

phase) 

 Myofibrils poorly organized 

 Sarcomere length 2.2 μm 

 Clear Z-lines, I-bands, and A-bands, no M-

line 

Contractility and 

cell size 

 CMs size; 480/1716 μm2 (early/late phase) 

  

 CMs size: 1,500 μm2 

 Contractility: ~3 mN/mm2 

       Table 4. Comparison of 2D and 3D cell culture. Modified from (Jensen and Teng 2020) (Tani and Tohyama 2022) 

 

   

           Table 5. Description of scaffold-free and scaffolded human engineered heart tissue models 

https://paperpile.com/c/FohaFn/She2O
https://paperpile.com/c/FohaFn/d4jZn
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1.1.7 Induced pluripotent stem cell-derived Engineered Heart Tissues (EHTs) 

The use of an in vitro cardiac model can be useful for further studies of mechanical and 

electrophysiological function under physiological and pathological conditions and can be an efficient 

platform for screening new pharmaceutical molecules. Conventional two-dimensional (2D) cell 

cultures have long been the most widely used cell culture system, but in some circumstances this 

model is unable to control the development of important cellular characteristics, failing to faithfully 

reproduce the cell developmental processes observed in the in vivo physiological environment. In 

addition, 2D systems are unable to generate contractile force, one of the most important parameters 

related to cardiac function; these limitations can be overcome by using, for example, a 3-dimensional 

model.  In fact, tissue engineering represents a new approach that can accurately replicate the 

myocardial niche and reproduce the physiological function of the heart better than 2-dimensional cell 

cultures. Engineered cardiac tissues represent a promising method for in vitro research on cardiac 

function and tissue replacement therapy. These platforms were first realized using neonatal or 

embryonic rat and chicken cardiomyocytes (Eschenhagen et al. 1997)(Zimmermann et al. 2000) and 

are currently used to enhance the maturation of hiPSC-CMs. Their generation consists of embedding 

the cardiomyocytes in a fibrin hydrogel scaffold, which compacts to form a tissue between two pillars. 

Through this method, anchoring applies continuous mechanical stress on the growing cardiac tissues 

and induces cell orientation parallel to the lines of force. The use of fibrinogen for tissue engineering 

applications also may be advantageous because it is easily purified from different species and is able 

to covalently bind growth factors. 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. In addition, the rapid solidification of fibrin promotes a more homogeneous 

and reproducible distribution of cells in the gel. EHTs are a good model for studying contractile force, 

which can be calculated by optical tracking of the flexible post deflection (Schaaf et al. 2011)(Ruan et 

al. 2016), and to monitor the effects of drugs on all major parameters of heart function, such as force, 

relaxation kinetics and pacemaker activity. (Mannhardt et al. 2016) observed that EHTs respond 

positively to physiological and pharmacological regulators of inotropy, modulators of ion channel 

currents, and proarrhythmic compounds. Their studies show that EHTs exhibit a high degree of 

similarity with native human cardiac tissue. Other studies showed that the maturation of 

cardiomyocytes in EHTs can be enhanced by electrical and mechanical stimulation, leading to a better 

organization of the cellular ultrastructure and an increase in electrophysiological activities. 

(Ronaldson-Bouchard et al. 2018) showed that cardiac tissues generated with early-stage hiPSC-CMs, 

when subjected to increasing stimulation, exhibited gene expression profiles like those of an adult, 

with a remarkably organized ultrastructure, a physiological sarcomeric length and a positive force-

frequency relationship. Another study showed that constant electrical stimulation in an isometric 

format promotes β-myosin heavy chain expression levels like those in adult myocardium, thus 

indicating cardiomyocyte maturation (Ng et al. 2021). 

 

https://paperpile.com/c/FohaFn/td1mh
https://paperpile.com/c/FohaFn/mbOrD
https://paperpile.com/c/FohaFn/NQd9e
https://paperpile.com/c/FohaFn/ZO62j
https://paperpile.com/c/FohaFn/ZO62j
https://paperpile.com/c/FohaFn/Ss53i
https://paperpile.com/c/FohaFn/VSBWa
https://paperpile.com/c/FohaFn/cCqjt
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Figure 1.15. A) Photograph of silicon posts and tissue attached to pillars. B) Representative image of an EHT (left) and a longitudinal 

section on the right C) Cross-sections to evaluate T-tubules (Green, WGA; red, cTnT; blue, nuclei; scale bar, 10 µm) and D) 

Immunofluorescence of whole tissues showing the enhanced cardiac ultrastructure (α-actinin, green; cTnT, red; nuclei, blue; Scale bar, 5 

µm) (Mannhardt et al., 2016; Ronaldson-Bouchard et al., 2018) 

 

Figure 1.16. A) Representation of the force contraction -frequency relationship in EHT and B) Frank-Starling mechanism: increase in force in 

relation to increase in stretch; C) Examples of contractile force changes in response to inotropic stimuli. (Mannhardt et al., 2016) 

New technologies are also being used in recent years to generate engineered tissues, using 3D printing 

and laser cutting of biomaterials, so that highly controlled tissues can be obtained (Gao et al. 2017; 

Borovjagin et al. 2017).  

https://paperpile.com/c/FohaFn/0mRez+kSON4
https://paperpile.com/c/FohaFn/0mRez+kSON4


 

 

 

37 
 

As described so far, the advantages of this platform lie in the fact that it allows the generation of 

human models of advanced maturity, in a short time, enabling the study of healthy and diseased 

cardiac tissue. However, the level achieved is not yet fully at the level of an adult, in fact, the force 

values generated are lower than those expected for adult cardiomyocytes. In addition, this model 

requires many cells, which is a disadvantage for its utilization in high-throughput screening. 

Nevertheless, this in vitro model is widely used to model cardiomyopathies, as it is suitable for 

measuring contraction force changes associated with these conditions. Such cardiac tissues generated 

from hiPSCs can in fact serve as platforms for patient-specific disease studies. So far, specific EHTs 

were developed to study various diseases, such as channelopathies, dilated cardiomyopathy 

(Streckfuss-Bömeke et al. 2017); (John T. Hinson et al. 2015), hypertrophic cardiomyopathy, and 

familial cardiomyopathy (K.-C. Yang et al. 2018)(J. Travis Hinson et al. 2016; Prondzynski et al. 2019). 

All these studies show that human EHTs are a powerful tool to better understand cardiomyocyte 

biology and a good model for studying diseases, for preclinical drug testing and to generate 

personalized therapies. 

1.2 Dilated cardiomyopathy 

Dilated cardiomyopathy is a disease that affects the myocardium and impairs the heart's ability to 

pump blood effectively. DCM is characterized by left ventricular (LV) systolic dysfunction and LV 

enlargement, in the absence of abnormal loading conditions such as hypertension or coronary artery 

disease (Anastasakis and Basso 2018). This type of cardiomyopathy is predominant in the pediatric 

population, with a higher incidence in the first year of life (Lipshultz et al. 2003). Very frequent 

mutations affect genes coding for sarcomeric proteins: titin, myosin, actin, troponin, and tropomyosin, 

causing alterations in calcium homeostasis, muscle contraction, and ion channel function. Mutations 

in titin, a giant protein that works as a nano-spring, are present in 25% of cases of end-stage disease 

(Roberts et al. 2015; Herman et al. 2012) and in 20-25% of familial cases of DCM. Variants in the Lamin 

A/C (LMNA) gene are present in up to 6% of DCM cases  (Parks et al. 2008) and are characterized by 

an aggressive phenotype with conduction abnormalities and malignant ventricular arrhythmias. Other 

mutations involve genes coding for cytoskeletal proteins such as filamines, dystrophin, and desmin. 

Pathogenic variants in these genes can lead to muscular dystrophies that are most often associated 

with DCM. The presence of mutations or polymorphisms in modifier genes, as well as several 

environmental factors, may be responsible for the clinical heterogeneity of DCM (Bondue et al. 2018). 

In addition, the clinical phenotype and disease outcome may depend on several factors such as age, 

hormones, innate immune system status, the presence of chronic inflammatory diseases or 

hypertension, inherited mitochondrial alterations, or exposure to particular environmental factors, 

such as cardiotoxic substances or drugs. DCM, like arrhythmogenic cardiomyopathy and 

channelopathies have in common the electrical instability that leads to an increased risk of sudden 

cardiac death (Gigli et al. 2019). 

 

https://paperpile.com/c/FohaFn/pdsO0
https://paperpile.com/c/FohaFn/iTH3Q
https://paperpile.com/c/FohaFn/Bc2IF
https://paperpile.com/c/FohaFn/BziVN+Nl3Bh
https://paperpile.com/c/FohaFn/K3BU
https://paperpile.com/c/FohaFn/fWYv
https://paperpile.com/c/FohaFn/X8iv+WhXh
https://paperpile.com/c/FohaFn/vGbN
https://paperpile.com/c/FohaFn/Qzvk
https://paperpile.com/c/FohaFn/BIA8
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Gene Prevalence Clinical phenotype #hiPSC 

studies 

(REF.) 

Functional 

output 

Titin (TTN) 19-25% of familial 

forms 

11-18% of 

sporadic forms 

Usually milder forms of DCM, with LV 

reverse remodeling described after 

OMT. Can be associated with tibial 

muscle dystrophy and HCM [7]. 

Truncating variants are related to 

alterations in mitochondrial function, 

increased interstitial fibrosis and 

reduced hypertrophy, along with 

increased ventricular arrhythmias at 

long-term follow-up, with a similar 

survival and overall cardiac function 

with respect to idiopathic DCM 

(Verdonschot et al. 2018). 

5  

(Chopra et 

al. 2018) 

(Zaunbre

cher et 

al. 2019) 

Contractile deficit 

Lamin A/C 

(LMNA) 

5-6% of genetic 

DCM 

Malignant DCM characterized by young 

onset, high penetrance, dysrhythmias 

(sinus node dysfunction, AF, 

atrioventricular node dysfunction, VT, 

VF, SCD), LV dysfunction and HF with 

reduced survival and frequent need for 

HT. Cardiac conduction system disease 

usually precedes the development of LV 

dilation and dysfunction (Hasselberg et 

al. 2018). 

5 

(Bertero et 

al. 2019) 

(Wyles et al. 

2016) 

LMNA 

haploinsufficieny; 

conduction 

defects; 

contractile 

defects 

β-Myosin heavy 

chain (MYH7) 

3%–4% of DCM Sarcomeric rare variant carriers show a 

more rapid progression toward death 

or HT compared to non-carriers, 

particularly after 50 years of age (Merlo 

et al. 2013). 

?   

Cardiac 

troponin T 

(TNNT2) 

3% of DCM Clinical and prognostic profiles depend 

on type of mutation: carriers of  

Arg92Gln mutation have a worse 

prognosis than those with other 

mutations in TNNT2 or other 

sarcomeric genes (Ripoll-Vera et al. 

2016). 

6  

(Broughton 

et al. 2016; 

Wu et al. 

2015) 

Contractile 

defects 

https://paperpile.com/c/FohaFn/VnBD
https://paperpile.com/c/FohaFn/FqCq
https://paperpile.com/c/FohaFn/FqCq
https://paperpile.com/c/FohaFn/3mYX
https://paperpile.com/c/FohaFn/3mYX
https://paperpile.com/c/FohaFn/3mYX
https://paperpile.com/c/FohaFn/mqSB
https://paperpile.com/c/FohaFn/mqSB
https://paperpile.com/c/FohaFn/USOa
https://paperpile.com/c/FohaFn/USOa
https://paperpile.com/c/FohaFn/8PJk
https://paperpile.com/c/FohaFn/8PJk
https://paperpile.com/c/FohaFn/c5Yi
https://paperpile.com/c/FohaFn/c5Yi
https://paperpile.com/c/FohaFn/r7KF
https://paperpile.com/c/FohaFn/r7KF
https://paperpile.com/c/FohaFn/JPRl+HARz
https://paperpile.com/c/FohaFn/JPRl+HARz
https://paperpile.com/c/FohaFn/JPRl+HARz
https://paperpile.com/c/FohaFn/JPRl+HARz
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Type V voltage-

gated 

cardiac Na 

channel 

(SCN5A) 

2%–3% of DCM Arrhythmias (commonly AF) and 

myocyte dysfunction leading to 

progressive deterioration of LV systolic 

function (Bondue et al. 2018). 

Overlapping phenotypes: LQT, Brugada. 

1  

(Moreau et 

al. 2018) 

Electrophysiologic

al defects; 

Arrhythmias 

RNA-binding 

protein 20 

(RBM20) 

1-5% of DCM Malignant arrhythmic phenotype with 

high frequency of AF and progressive 

HF. 

3  

(Streckfuss-

Bömeke et 

al. 2017; 

Wyles et al. 

2016) 

 

Calcium handling 

abnormalities; 

contractile 

defects 

Desmoplakin 

(DSP) 

2% of DCM Associated with Carvajal syndrome 

(autosomal recessive genetic disorder 

characterized by woolly hair, striate 

palmoplantar keratoderma and DCM). 

Additional phenotypic signs: dental 

abnormalities and leukonychia. LV 

dilatation is usually asymptomatic at an 

early age. DCM progresses rapidly, 

leading to HF or SCD in adolescence 

(Yermakovich et al. 2018; Ng et al. 

2019). 

1  

(Ng et al. 

2019) 

ACM 

Dystrophin 

(DMD, Xp21.1 

locus 16) 

<2% of genetic 

DCM 

Associated with Duchenne and Becker 

muscular dystrophy. Severe cardiac 

involvement in Duchenne (milder and 

later onset in Becker muscular 

dystrophy) with supraventricular 

arrhythmias, atrio-ventricular blocks 

and 

right bundle branch block, progressive 

LV dysfunction and HF (Mestroni et al. 

2014). 

20  

(J. Manuel 

Pioner et al. 

2020) (A. 

Moretti et 

al. 2020) 

Calcium handling 

abnormalities; 

contractile 

defects 

α-Tropomyosin 

(TPM1) 

1%–2% of DCM Overlapping phenotypes: LVNC, HCM 

(McNally and Mestroni 2017)  

1  Sarcomere 

defects 

https://paperpile.com/c/FohaFn/Qzvk
https://paperpile.com/c/FohaFn/cYS4
https://paperpile.com/c/FohaFn/cYS4
https://paperpile.com/c/FohaFn/pdsO0+8PJk
https://paperpile.com/c/FohaFn/pdsO0+8PJk
https://paperpile.com/c/FohaFn/pdsO0+8PJk
https://paperpile.com/c/FohaFn/pdsO0+8PJk
https://paperpile.com/c/FohaFn/pdsO0+8PJk
https://paperpile.com/c/FohaFn/FbZp+ipa9
https://paperpile.com/c/FohaFn/FbZp+ipa9
https://paperpile.com/c/FohaFn/ipa9
https://paperpile.com/c/FohaFn/ipa9
https://paperpile.com/c/FohaFn/E188
https://paperpile.com/c/FohaFn/E188
https://paperpile.com/c/FohaFn/UeD9
https://paperpile.com/c/FohaFn/UeD9
https://paperpile.com/c/FohaFn/UeD9
https://paperpile.com/c/FohaFn/Qyvo
https://paperpile.com/c/FohaFn/Qyvo
https://paperpile.com/c/FohaFn/Qyvo
https://paperpile.com/c/FohaFn/VFtk
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(Takasaki et 

al. 2018) 

Desmin (DES) 1-2% of DCM  

(Taylor et al. 2007) 

 

Malignant phenotype associated with 

desminopathies and myofibrillar 

myopathy. Can cause a spectrum of 

phenotypes from skeletal myopathy, 

mixed skeletal–cardiac disease 

(“desmin-related myopathy”), and 

cardiomyopathy (DCM as well as HCM 

or RCM). DCM is typically preceded by 

skeletal myopathy 

and can be associated with conduction 

defects (Mestroni et al. 2014). 

1  

(Tse et al. 

2013) 

 

  

Filamin C 

(FLNC) 

1% of DCM Cardiomyopathy is associated with 

myofibrillar myopathy and LVNC; high 

rate of ventricular arrhythmias and SCD 

(particularly in truncating variants)  

(Ader et al. 2019). 

?   

Metavinculin 

(VCL) 

1% of DCM Can cause either DCM or HCM 

phenotype (Vasile et al. 2006) 

?   

Phospholamba

n (PLN) 

Rare (except for 

Netherlands 

where prevalence 

reaches 15% of 

DCM due to 

R14del mutation 

with founder 

effect) (van der 

Zwaag et al. 2012) 

Early onset DCM with lethal ventricular 

arrhythmias. Low QRS complex 

potentials and decreased R wave 

amplitude, negative T waves in left 

precordial leads (Hof et al. 2019). PLN 

R14del mutation associated with high 

risk for malignant arrhythmias and end-

stage HF from late adolescence, can 

cause either a DCM phenotype or ARVC 

(Mestroni et al. 2014). 

A milder phenotype is also reported 

(DeWitt et al. 2006). 

4  

(Ceholski et 

al. 2018) 

(Stroik et al. 

2020) 

Electrophysiologic

al defects 

α-/β-/δ-

Sarcoglycan 

Rare Recessive mutations in δ-sarcoglycan 

linked to limb girdle muscular 

dystrophy 2F, dominant mutations in δ-

? Ca handling 

abnormalities; 

https://paperpile.com/c/FohaFn/KZ7r
https://paperpile.com/c/FohaFn/KZ7r
https://paperpile.com/c/FohaFn/8ods
https://paperpile.com/c/FohaFn/E188
https://paperpile.com/c/FohaFn/aaOk
https://paperpile.com/c/FohaFn/aaOk
https://paperpile.com/c/FohaFn/837w
https://paperpile.com/c/FohaFn/e448
https://paperpile.com/c/FohaFn/N14v
https://paperpile.com/c/FohaFn/N14v
https://paperpile.com/c/FohaFn/3DYU
https://paperpile.com/c/FohaFn/E188
https://paperpile.com/c/FohaFn/VDOT
https://paperpile.com/c/FohaFn/Vznm
https://paperpile.com/c/FohaFn/Vznm
https://paperpile.com/c/FohaFn/wRH7
https://paperpile.com/c/FohaFn/wRH7
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(SGCA, SGCB, 

SGCD) 

sarcoglycan linked to DCM (Campbell et 

al. 2016). 

Contractile 

defects 

α-cardiac actin 

(ACTC1) 

Rare Familial atrial septal defect combined 

with a late-onset DCM (Frank et al. 

2019). Can be associated with HCM and 

LVNC 

?   

Cardiac 

troponin I 

(TNNI3) 

Rare Overlapping phenotype: HCM 

(McNally and Mestroni 2017) 

1  

(Chang et al. 

2018) 

Telomere 

shortening 

Cardiac 

troponin C 

(TNNC1) 

Rare Overlapping phenotypes: LVNC, HCM. 

(McNally and Mestroni 2017) 

?   

Troponin I–

interacting 

kinase (TNNI3K) 

Rare Conduction defect, AF (McNally and 

Mestroni 2017) 

?   

α-actinin 2 

(ACTN2) 

Rare Overlapping phenotype: LVNC (McNally 

and Mestroni 2017) 

?   

BCL2-

associated 

athanogene 3 

(BAG3) 

Rare Associated with myofibrillar myopathy 

(McNally and Mestroni 2017). 

1  

(Judge et al. 

2017)  

  

α-B-crystallin 

(CRYAB) 

Rare Associated with protein aggregation 

myopathy (McNally and Mestroni 

2017). 

1 

(Mitzelfelt 

et al. 2016)  

Disrupted 

myofibril; 

Contractile deficit 

https://paperpile.com/c/FohaFn/72le
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https://paperpile.com/c/FohaFn/MfQf
https://paperpile.com/c/FohaFn/MfQf
https://paperpile.com/c/FohaFn/VFtk
https://paperpile.com/c/FohaFn/dPFi
https://paperpile.com/c/FohaFn/dPFi
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https://paperpile.com/c/FohaFn/VFtk
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https://paperpile.com/c/FohaFn/VFtk
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https://paperpile.com/c/FohaFn/VFtk
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Titin-

cap/telethonin 

(TCAP) 

Rare Associated with limb-girdle muscular 

dystrophy (McNally and Mestroni 

2017). 

? Protein 

Aggregates; 

cellular stress 

Muscle LIM 

protein (CSRP3) 

Rare Overlapping phenotype: HCM (McNally 

and Mestroni 2017). 

1  

(X. Li et al. 

2019) 

  

Cardiac ankyrin 

repeat 

protein 

(ANKRD1) 

Rare Associated with congenital heart 

disease (McNally and Mestroni 2017). 

? Calcium handling 

abnormalities 

Cypher/ZASP 

(LDB3) 

Rare Overlapping phenotype: LVNC (McNally 

and Mestroni 2017). 

?   

Nebulette 

(NEBL) 

Rare Overlapping phenotypes: LVNC, HCM 

(McNally and Mestroni 2017). 

?   

Emerin (EMD) Rare Associated with Emery–Dreifuss 

muscular dystrophy (McNally and 

Mestroni 2017). 

1  

(Shimojima 

et al. 2017) 

  

Sulfonylurea 

receptor 

2A, component 

of ATP- 

sensitive 

potassium 

channel 

(ABCC9) 

Rare Associated with AF, 

Osteochondrodysplasia. (McNally and 

Mestroni 2017) 

  

? Calcium handling 

abnormalities 

https://paperpile.com/c/FohaFn/VFtk
https://paperpile.com/c/FohaFn/VFtk
https://paperpile.com/c/FohaFn/VFtk
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https://paperpile.com/c/FohaFn/6bPo
https://paperpile.com/c/FohaFn/6bPo
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Potassium 

channel 

(KCNQ1) 

Rare Associated with AF, 

LQT1, short QT1, Jervell and Lange-

Nielsen syndrome. (McNally and 

Mestroni 2017) 

?   

HSP40 

homolog, C19 

(DNAJC19) 

Rare Associated with 3-methylglutaconic 

aciduria, type V. (McNally and Mestroni 

2017) 

1   

Tafazzin 

(TAZ/G4.5) 

Rare Associated with LVNC, Barth syndrome, 

endocardial fibroelastosis 2. (McNally 

and Mestroni 2017) 

1  

(G. Wang et 

al. 2014) 

Mitochondrial 

defects 

Table 6. Principal pathogenic gene mutations described in genetic DCM along with their clinical and cellular phenotype (Pioner et al., 2020) 

 

1.2.1 Dystrophin gene mutations associated with DCM 

Mutations in the dystrophin gene (DMD) are associated with the development of dystrophinopathies, 

such as Duchenne or Becker muscular dystrophies (DMD/BMD), and account for <2% of dilated 

cardiomyopathy (DCM) cases. The DMD gene, located on the X chromosome at the Xp21.2 locus is the 

largest known gene in the human genome (Mandel 1989) and was also the first to be associated with 

DCM (Towbin et al. 1993). Despite its low prevalence (<3/10,000), dystrophin-associated 

cardiomyopathy is the form of DCM that has been modeled in vitro more extensively using induced 

pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) from patients. Duchenne muscular 

dystrophy (DMD) is the most severe form of the disease and its onset occurs during childhood, 

presenting initially with musculoskeletal involvement and later with the development of myocardial 

dysfunction (Verhaart and Aartsma-Rus 2019).  

https://paperpile.com/c/FohaFn/VFtk
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https://paperpile.com/c/FohaFn/VFtk
https://paperpile.com/c/FohaFn/VFtk
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https://paperpile.com/c/FohaFn/onDi
https://paperpile.com/c/FohaFn/NQqr
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Figure 1.17. Representative image of the progressive course of DMD that begins in childhood and leads to muscle deterioration and 

continued decline in physical function. From www.neurologylive.com/view/the-duchenne-muscular-dystrophy-dmd-continuum-the-case-

for-early-intervention-and-long-term-treatment 

DMD can occur at any age, but it often presents around 14 to 15 years of age and is very common in 

patients older than 18 years (Nigro et al. 1990). It remains asymptomatic for many years despite the 

progression of cardiac dysfunction, because energy expenditure and oxygen consumption are severely 

reduced by muscle weakness. 

DMD-associated cardiomyopathy is characterized by a consistently severe phenotype, with a 

progression of contractile impairment related to increased LV size and myocardial stiffness, with the 

extension of myocardial fibrosis (Frankel and Rosser 1976). Repetitive mechanical stress leads to 

apoptosis, fibrotic replacement, and scarring that proceeds from the epicardium to the endocardium 

and spreads progressively toward the apex, eventually leading to DCM (Yilmaz et al. 2008). Dilated 

cardiomyopathy in dystrophic individuals is becoming an increasingly important cause of morbidity 

and mortality due to HF and ventricular arrhythmias leading to sudden death (McNally 2007).  

 

Figure 1.18. Progression of DCM related to Duchenne Muscular Dystrophy. Modified from (Adorisio et al. 2020) 

https://paperpile.com/c/FohaFn/pZRz
https://paperpile.com/c/FohaFn/VGcl
https://paperpile.com/c/FohaFn/x3Zu
https://paperpile.com/c/FohaFn/9jyf
https://paperpile.com/c/FohaFn/PUX0
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Drug therapies for the DMD treatment are still in progress. Several advances have led to the 

development of gene therapies and other therapeutic approaches, but unfortunately some 

compounds with promising results in early phases of clinical trials have not met efficacy endpoints in 

later phases. For now, glucocorticoids remain the only treatment that has been shown to slow disease 

progression, despite the adverse effects associated with their long-term use (Markati et al. 2022). 

1.2.2 Dystrophin structure overview 

Dystrophin is a 427-kDa cytoskeletal protein expressed by the DMD gene and is a member of the β-

spectrin/α-actinin protein family (Koenig and Kunkel 1990). Complete dystrophin is composed of 4 

structural domains. The amino (N)-terminal domain is homologous to α-actinin and binds, among 

other proteins, F-actin; the central rod domain, on the other hand, contains 24-25 spectrin-like 

repeats. The third is a cysteine-rich domain, while the last carboxyl (C)-terminal domain associates 

with several other proteins to form an important protein complex called the dystrophin-glycoprotein 

complex (DGC) (Hoffman, Brown, and Kunkel 1987)(J. M. Ervasti and Campbell 1993). Dystrophin is 

localized on the cytoplasmic face of the plasma membrane of the muscle cell, providing membrane 

stability and transduction of mechanical force from the extracellular matrix during muscle 

contraction/elongation. Full-length dystrophin has been identified at both the cardiac and skeletal 

levels, whereas it shows reduced expression in unmyelinated axons and dendrites.  

 

 

Figure 1.19. Overview of full-length dystrophin in the context of other DCM-related proteins. The blow-up box is a focus on full-length 

dystrophin structure and interactions. DGC is closely associated with acetylcholine receptor, skeletal and cardiac isoforms of voltage-gated 

sodium channels (Nav1.4 and Nav1.5), L-type Ca2+ channel, aquaporin, and cation channels activated by stretch or transient receptor 

potential (TRP) (Shirokova and Niggli 2013). In cardiac tissue, dystrophin is also associated with: Cavin-1 and Caveolin-3, Ahnak1, CryAB, 

and Cipher. Furthermore, dystrophin may also be the target of phosphorylation by calmodulin-dependent kinase II (CaMKII)(Madhavan and 

Jarrett 1994). Modified from (Josè Manuel Pioner et al. 2020) 

https://paperpile.com/c/FohaFn/hyh2
https://paperpile.com/c/FohaFn/1U8R
https://paperpile.com/c/FohaFn/5fAm
https://paperpile.com/c/FohaFn/Yl0v
https://paperpile.com/c/FohaFn/Nzqi
https://paperpile.com/c/FohaFn/9LBs
https://paperpile.com/c/FohaFn/9LBs
https://paperpile.com/c/FohaFn/mQ8m
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DGC is involved in several signaling pathways that regulate various myocyte functions, including Ca2+ 

homeostasis and excitation-contraction coupling, mitochondrial function, motor protein interaction, 

and gene expression. Mutations in the DMD gene generate a truncated protein, which cannot anchor 

to the glycoprotein complex. The reduced presence of protein causes increased cellular vulnerability 

to the mechanical stress associated with muscle contraction and altered calcium homeostasis, as 

demonstrated by studies in DMD animal models (Merrick et al. 2009)(Dumont et al. 2015) 

 

1.3 Hypertrophic cardiomyopathy 

1.3.1 Spectrum of genetic mutations in hypertrophic cardiomyopathy 

Hypertrophic cardiomyopathy (HCM) has been recognized as the most common inherited heart 

disease affecting 1:500 adults worldwide (B. J. Maron et al. 2014) with an estimated prevalence of 

1:200 (Semsarian et al. 2015). The patient's symptoms can be minimal or inexorably progressive 

resulting in heart failure and/or sudden cardiac death (B. J. Maron 1999). HCM is inherited in an 

autosomal dominant manner with a highly variable degree of penetrance among different individuals 

(B. J. Maron 2002; Kokado et al. 2000) and is typically regional and asymmetric, characterized by 

abnormal thickening of the ventricular wall. The degree of hypertrophy can be mild (13-15 mm) or 

extreme (> or = 30 mm) (Nistri et al. 2006)(Iacopo Olivotto et al. 2003). Most patients have the classic 

form of HCM with asymmetric septal hypertrophy and diastolic dysfunction, which is an early hallmark 

of the disease and can be caused by mutation-mediated changes in cardiomyocytes and can also be 

attributed to fibrosis,  which may represent a substrate for arrhythmia and cardiac arrest (Watkins 

2000). HCM has been defined primarily as a sarcomere disease (B. J. Maron, Maron, and Semsarian 

2012), as more than 1500 mutations in 11 genes encoding proteins of the thin and thick myofilaments 

or the Z disc have been linked to HCM (Ho, Charron, et al. 2015); (Iacopo Olivotto et al. 2015). HCM-

associated mutations fall in genes encoding for: β-MyHC, cardiac myosin binding protein-C (cMyBP-

C), regulatory (RLC) and essential (ELC) myosin light chains, cardiac Troponin I (cTnI), cardiac Troponin 

T (cTnT), cardiac Troponin C (cTnC), α-tropomyosin (α-Tm), actin and titin. Approximately 30-60% of 

individuals with HCM are considered to have myofilament-positive HCM, while the remaining patients 

have no distinguishable myofilament mutations and are considered to have myofilament-negative 

HCM. HCM due to myofilament gene mutations is characterized by more frequent alteration of LV 

function than myofilament-negative HCM (Iacopo Olivotto et al. 2008) (Fig. 1.20).  

https://paperpile.com/c/FohaFn/BL38
https://paperpile.com/c/FohaFn/9h5l
https://paperpile.com/c/FohaFn/x3haC
https://paperpile.com/c/FohaFn/kiTZ1
https://paperpile.com/c/FohaFn/oYh9C
https://paperpile.com/c/FohaFn/HELk5+jyyoS
https://paperpile.com/c/FohaFn/JukTv
https://paperpile.com/c/FohaFn/1vUk3
https://paperpile.com/c/FohaFn/P4zt9
https://paperpile.com/c/FohaFn/P4zt9
https://paperpile.com/c/FohaFn/Yb6j6
https://paperpile.com/c/FohaFn/Yb6j6
https://paperpile.com/c/FohaFn/yzgZt
https://paperpile.com/c/FohaFn/KZUV0
https://paperpile.com/c/FohaFn/LywGE
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Figure 1.20. Prevalence and distribution of sarcomeric myofilament protein gene mutations among the 203 study patients with 
hypertrophic cardiomyopathy (HCM) Modified from Olivotto et al, 2008.  

In ∼70% of HCM subjects, the most commonly affected genes are MYH7 (β-MyHC), MYBPC3 (cMyBP-

C). Although some early studies showed that HCM mutations depress cardiac contractility, more 

recent studies suggest that HCM mutations increase contractility, leading to a "hypercontractile 

phenotype." The precise impact of HCM mutations on the maximal force-generating capacity of 

human cardiac sarcomeres still remains controversial, however, several recent works on different 

HCM mutations affecting both thick filament proteins (MYBPC3, MYH7) and thin filament proteins 

(TPM1, TNNI3, TNNT2) show increased motor activity rather decreased function (Belus et al. 2008); 

(Stelzer, Fitzsimons, and Moss 2006). It is known that HCM-associated sarcomeric mutations lead to 

compromised energetics by altering cross-bridge transition kinetics. It has been observed that for both 

mutations on the thick (R403Q) (Belus et al. 2008); (Witjas-Paalberends et al. 2014) and thin filament 

(K280N)(Piroddi et al. 2019), one of the main effects is the acceleration of the cross-bridge turnover 

rate, causing a higher energy cost of tension generation. Energy deficit may have a significant impact 

on the electromechanical activity of cardiomyocytes, contributing to their remodeling over the course 

of the disease. One of the consequences predicted by the energy depletion hypothesis for HCM is the 

impairment of Ca2+ reuptake in the sarcoplasmic reticulum, due to the extreme energy requirements 

of the cardiac SERCA pump (He et al. 2007; Spindler et al. 1998). Elevated diastolic intracellular [Ca2+] 

and impaired function of other ion transporters could make the myocardium vulnerable to 

arrhythmias.  

https://paperpile.com/c/FohaFn/2Q9SD
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Figure 1.21. Prolonged action potentials and altered Ca2+i handling in HCM cardiomyocytes. A) Representative action potentials recorded 
during stimulation at 0.2 Hz from HCM cardiomyocytes and control cardiomyocytes, on the left, and action potential duration at 90% 

repolarization (APD90%) at 0.2, 0.5, and 1 Hz, on the right.  B) Ca2+i transients traces and Ca2+i transient time from peak (TP), TP to 50% 
(T50%), and TP to 90% (T90%) decay in HCM and control myocytes stimulated at 0.2 and 1 Hz. Modified from (Coppini et al. 2013) 

Coppini's group (Coppini et al. 2013) analyzed the electromechanical profile of cardiomyocytes from 

HCM patients undergoing myectomy by patch-clamp and intracellular Ca2+ studies, and it was 

observed that HCM cardiomyocytes were more vulnerable compared with controls and showed 

prolonged action potential correlated with increased late Na+ (INaL) and Ca2+ currents and decreased 

repolarizing K+ currents (Fig. 1.21). These changes were related to enhanced Ca2+/calmodulin kinase II 

(CaMKII) activity and increased phosphorylation of its targets. Therefore, such electrophysiological 

abnormalities present in ventricular myocytes and trabeculae of HCM patients suggest potential 

therapeutic implications of INaL and CaMKII inhibition.  

1.3.2 Cardiac Myosin Binding Protein C  

Muscle contraction and relaxation occur at the sarcomeric level through the sliding movement of thick 

and thin filaments. This process is driven by the cyclic interaction between myosin heads and actin 

filaments, coupled with ATP hydrolysis and myosin head conformational changes (Geeves and Holmes 

1999). In addition to actin and myosin, the sarcomere contains several additional proteins involved in 

regulating the force, rate, and timing of contraction. One important protein is myosin-binding protein 

C (MyBP-C), a thick filament protein crucial for sarcomere organization and maintenance of normal 

cardiac function. Previous work showed that cMyBP-C knockout in mouse models results in altered 

sarcomere structure, contractile deficits evident at both the whole heart and single cell levels, cardiac 

hypertrophy and severe heart failure, indicating the importance of cMyBP-C for baseline cardiac 

function (Vignier et al. 2009a; Harris et al. 2002). 
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MyBP-C is a multi-modular protein (~140-150 kDa) arranged transversely in the C-zones of the A-bands 

of the sarcomere (Luther et al. 2008), and the cardiac isoform, expressed exclusively in the heart, 

consists of 11 domains termed C0-C11 from the N to the C-terminus. The Ig-like C0 domain is specific 

for the cardiac isoform, and the proline-alanine-rich region between C0 and C1 has sequences 

proposed to bind actin (Squire, Luther, and Knupp 2003). The N-terminal binding site, consisting of the 

C1 and C2 immunoglobulin domains connected by a flexible linker, interacts with the S2 segment of 

myosin in a phosphorylation-regulated manner, while the C7 and C10 domains anchor MyBP-C to the 

thick filament through strong binding interactions with the light meromyosin (LMM) and titin 

backbone (Tonino et al. 2019).  

 

 
Figure 1.22. Schematic representation of MyBP-C localization. The cMyBP-C protein transversely connects both thick and thin filament 

proteins; it is composed of 8 immunoglobulin (Ig) domains and 3 type III fibronectin domains (C0-C1) and between the C0 and C1 domains 

there is a proline-alanine-rich region and a phosphorylation motif (M domain). The C0-C2 domains interact with thin filament proteins such 

as actin and thick filament proteins such as myosin S2, while the C8-C10 domains interact with titin and the light meromyosin (LMM). On 

the right, representation of β-cardiac myosin II, formed by the characteristic double-headed structure with motor domains and a coiled-

coiled tail domain, and cMyBPC exhibiting binding sites for sarcomeric proteins. Modified from (Sadayappan and de Tombe 2012)(Schmid 

and Toepfer 2021) 

 

Thus, through its different domains, MyBP-C can interact with various sarcomeric components. The 

binding of cMyBP-C to its partners is regulated by the phosphorylation status of the M domain, which 

contains three serine residues (S275, S284, and S304), all of which are targeted by the cAMP-

dependent protein kinase (PKA) and individually by a variety of other protein kinases (Bardswell et al. 

2010; Sadayappan and de Tombe 2012); (Hartzell and Glass 1984); (Gautel et al. 1995). 

Phosphorylation of cMyBP-C promotes the cross-bridges formation, as the interaction between 

cMyBP-C and thick filament heads is reduced. The acute phase of activation is mediated by calcium 

binding to the thin filament leading to crossbridge attachment. However, in its de-phosphorylated 

state, cMyBP-C predominantly binds to myosin S2 and restrains crossbridge formation. Therefore, the 

function of cMyBP-C is to regulate the formation of cross-bridges, promoting normal cardiac function. 

Based on the function of cMyBP-C, it is not surprising that mutations in this protein can impair heart 

function. 
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Figure 1.23. Phosphorylation and dephosphorylation mechanism of cMyBP-C’s M domain. The M domain phosphorylation facilitates the 

cross-bridges formation. A) In the absence of phosphorylation, the C1-M-C2 domains are bound to myosin S2 region, instead, when the M 

domain is phosphorylated B), the interaction with the myosin S2 region is reduced, inducing changes in the thick filament orientation. From 

(Barefield and Sadayappan 2010) 

 

1.3.3 cMyBP-C mutations and human cardiomyopathy 

As described before, MyBP-C has defined roles in both structural assembly and sarcomere stability by 

modulating contraction. Mutations in the gene encoding for MyBP-C are known to underlie the 

development of cardiomyopathies, such as arrhythmogenic right ventricular cardiomyopathy, DCM, 

HCM, and restrictive cardiomyopathy (Watkins et al. 1995; Bonne et al. 1995). Studies suggest that 

mutations in the cMyBP-C gene have been inherited in more than 60 million people worldwide 

(Dhandapany et al. 2009; Barefield and Sadayappan 2010) and that these mutations are the second 

most frequent cause of hypertrophic cardiomyopathy, accounting for >30% of all HCM cases (Iacopo 

Olivotto et al. 2008; Richard et al. 2003); this indicates the importance of understanding the role of 

this protein in order to develop preventive clinical measures. It has been reported in the literature 

that in the presence of truncating mutations in cMyBP-C at the C-terminal level (including nonsense 

mutations, insertions or deletions, splicing or branch point mutations), total cMyBP-C levels are 

reduced, suggesting that the pathological mechanism could be haploinsufficiency (Marston et al. 

2009b; van Dijk et al. 2009). It is possible that truncated proteins are eliminated from cells by 

nonsense-mediated mRNA decay (NMD) and the Ubiquitin-Proteasome system (UPS) (Vignier et al. 

2009b). In addition, an increasing number of pathogenic missense mutations in MYBPC3 have been 

identified in HCM, and it has been observed that HCM patients carrying MYBPC3 missense mutations 

showed reduced total levels of cMyBP-C, causing haploinsufficiency (Marston et al. 2009b; Page et al. 

2012; Iacopo Olivotto et al. 2008). For example, the c.772G>A has been repeatedly reported among 

MYBPC3 variants (p. Glu258Lys, E258K); it is considered a rare variant worldwide and is characterized 

by peculiar clinical features including marked propensity to systolic dysfunction and disease 

progression (Girolami et al. 2006b; Gajendrarao et al. 2015). This mutation involves a missense 

substitution of the amino acid lysine for glutamic acid at position 258 and the nucleotide change 

results in an exon skipping event by altering the last nucleotide of exon 6 and interfering with splicing 
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(Singer et al. 2019). Functional studies related to this mutation have been performed on engineered 

murine cardiac tissue, in which incorporation of a missense-mutated (p.Glu258Lys, E258K) or 

truncated cMyBP-C into cardiac sarcomeres and impaired contractile function were observed (De 

Lange et al. 2013), while other work shows that expression of a truncated protein has never been 

detected in the cardiac tissue of HCM patients carrying the E258K mutation (Marston et al. 2009b, 

2012). 

 

 
 

Figure 1.24. Schematic representation of cardiac myosin-binding protein-C. Domains with known function and the location of the E258K 

mutation causing HCM are indicated. Modified from (Moolman-Smook et al. 2002) 

 

The MYBPC3-E258K mutation affects the last residue of the C1 IgC2 domain (L. Carrier et al. 1997; 

Niimura et al. 1998; Ababou et al. 2008) and replacement of this acidic residue with a basic lysine 

residue can weaken or abrogate the interaction between the C1 domain of cMyBPC and the S2 

segment of myosin (Govada et al. 2008). Furthermore, given the proximity of this mutation to 

phosphorylation sites in the MyBPC motif, the mutation may alter cMyBP-C phosphorylation, 

indirectly disrupting the interaction between the N-terminal cMyBP-C and S2 (Niimura et al. 1998). It 

has therefore been hypothesized that disruption of the cMyBP-C-S2 interaction may cause 

acceleration of contractile kinetics and an increase in contraction force, resulting from an increased 

probability of cross-bridge formation (de Lange et al. 2013). 
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AIMS OF THE THESIS 

The development of patient-derived iPSCs differentiated into cardiomyocytes (hiPSC-CMs) may play 

an important role in the study of pathological mechanisms underlying inherited genetic heart diseases. 

The overall goal of this work was to use hiPSC-CMs as a platform for the in vitro study of genetic 

cardiomyopathies, particularly dilated cardiomyopathy (DCM), using an iPSC model from patients with 

Duchenne Muscular Dystrophy (DMD), and hypertrophic cardiomyopathy (HCM), using hiPSC from 

patients with a mutation in the gene encoding the cardiac myosin binding protein C (MYBPC3-p: 

cMyBP-C). Given the immature characteristics of these cardiomyocytes, we used several approaches 

to enhance their maturation and perform electrophysiological and mechanical studies. 

In Chapters 3 of this work, the aim was to demonstrate how long-term culture and variation in 

substrate stiffness affect the maturation and function of hiPSC-CMs; in particular, hiPSC-CMs obtained 

from DMD patients were used to evaluate the effects of dystrophin deficiency on intracellular Ca2+ 

management. To better define the maturation of calcium handling, APs and Ca-T were measured 

simultaneously using fluorescent indicators at specific time points of maturation. 

In Chapter 4 we used patient-specific hiPSC-differentiated cardiomyocytes (hiPSC-CMs) to evaluate 

the molecular and cellular mechanisms leading to the development of HCM. In this study, to 

investigate the pathogenetic mechanisms driven by the MYBPC3:c.772G>A mutation we used human 

disease models, such as surgical myectomy samples, hiPSC-CMs and engineered cardiac tissues (EHTs) 

to perform functional and molecular analyses. A point of interest was to compare the results obtained 

from the native myocardium of HCM patients carrying the c.772G>A variant with those of hiPSC-CMs 

and hiPSC-EHTs generated from the cell lines of the same patients. 

Another goal of our research is to validate the possible antiarrhythmic role of pharmacological 

compounds in reducing arrhythmic risk in HCM patients. Given the difficulties of using human samples 

for long-term drug testing, we applied hiPSC-EHTs for long-term drug exposure and evaluation of 

biophsyical parameters such as action potentials, electrical conduction, Ca2+ transients, and 

mechanics. Therefore, as shown in the last chapter 5, our aim was to evaluate the response to acute 

and long-term exposures of Mavacamten, a novel myosin inhibitor used to manage and treat patients 

with obstructive HCM (Olivotto et al. al. 2020) using patient and isogenic corrected hiPSC-EHTs. The 

results of the long-term effect of Mavacamten on hiPSC-EHTs are presented for electrophysiological, 

contractile and molecular changes. 
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Chapter 2 
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MATERIALS AND METHODS 

2.1 Stem cell line generation  

• Urine-derived cells from a healthy male donor into hiPSC lines (UC3-4 A1) using a lentiviral 

vector carrying Oct3/4, Sox2, Klf4 and c-Myc. We used cell lines from a DMD patient carrying 

a deletion of exon 50 in DMD gene (UC72039) and compared to a healthy control (UC3-4) 

(Guan et al., 2014) and its isogenic cell line (c.263delG, UC1015-6) previously generated from 

control cell line by CRISPR-Cas9-mediated deletion of a single frame at the 5′ of Exon1 in DMD 

gene (Pioner et al., 2020). Both UC72039 and UC1015-6 were previously characterized for the 

absence of the full-length dystrophin (Dp427) (Guan et al., 2014; Macadangdang et al., 2015; 

Pioner et al., 2020; Bremner et al., 2022). 

 

• Peripheral blood mononuclear cells were isolated using a standard isolation method and 

patient blood samples were collected at Careggi Hospital (Florence, Italy). PBMCs were 

isolated by density gradient centrifugation Ficoll (sodium diatrizoate, polysaccharides, and 

water, density of 1.08 g/mL) in equal volume of whole blood diluted in PBS and centrifuged 

for 40 minutes at 400-500 x g without brake. The “ring” of PBMCs were collected at 2 x 106 

cell/ml in 20% dimethyl sulfoxide (DMSO) and 90% Fetal Bovine Serum (FBS) (Life 

Technologies) and placed inside a freezing container (Nalgene Mr. Frosty) at -80°C overnight 

to allow gradual cooling and moved to liquid nitrogen the following day. Six cell lines (PBMCs) 

obtained from patients carrying the c.772G>A mutation were shipped to the University of 

Washington where they were reprogrammed into iPSCs utilizing the CytoTune®-iPS 2.0 Sendai 

Reprogramming Kit (Gibco). Two representative clones per patient iPSC line were selected 

based on flow cytometry of four pluripotency markers (Oct4, Nanog, SSEA-4, and TRA-1-60) 

(Fig. 2.1A). Further quality control of these patient clones was performed including 

karyotyping (Cytogenetics) (Fig. 2.1B), Sanger sequencing for the missense mutation 

(GeneWiz) (Fig. 2.1C). A representative patient line (AOUC-HCM4) was genome edited using 

CRISPR/Cas9 (Clustered Regularly Interspaced Short Palindromic Repeats/Cas9) to create a 

homozygous isogenic control line. hiPSC lines utilized for this work include, WT-C11 line 

engineered by Dr. Bruce Conklin (The Gladstone Institute), the ID3 iPSC line (AOUC-HCM4) and 

the corrected ID3 isogenic control line. 
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Table 1. List of six cell lines (PBMCs) isolated from HCM patients carrying the c.772G>A mutation and reprogrammed into hiPSCs 

 

Figure 2.1. Characterization of hiPSC lines. A) Oct4, Nanog, SSEA-4, and TRA-1-60 pluripotency markers quantified by flow cytometry, B) 

healthy karyotyping, and C) confirmed presence of the MYBPC3-c.772G>A nucleotide switch in the patient ID3 line and restoration of the 

normal genotype in the corrected ID3 line. 
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2.2 Human pluripotent stem cell culture and cardiac differentiation 

Undifferentiated hiPSC cell lines 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. 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. 

● Note: It’s recommended to determine the optimal cell density for differentiation of each iPSC 

cell line 

At 70% of confluency (~2 days after dissociation) the medium was changed to Cardiomyocyte 

Differentiation Medium A (referred to as day 0 of the differentiation protocol). Two days later, 

Medium A was replaced with Cardiomyocyte Differentiation Medium B (day 2) and after a further 2 

days with Cardiomyocyte Differentiation Medium C (day 4), which was subsequently changed every 2 

days, until spontaneously beating appear (day 8 of differentiation). On day 12, Medium C was replaced 

with RPMI plus B-27 supplement (Life Technologies). 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. 

 

Figure 2.2. Cardiac differentiation protocol. hiPSC differentiated into cardiomyocytes using PSC Cardiomyocyte Differentiation Kit. Day 0 

refers to the addition of culture medium A, which induces embryonic to mesoderm germ layer transition; on day 2, culture medium B 

induces differentiation into cardiac progenitors, and then, on day 4, the change to culture medium C promotes the formation of primitive 

cardiomyocytes. Around day 8 spontaneously beating monolayers are visible and from day 12, the medium is replaced with RPMI/B27. 
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2.3 Single hiPSC-CMs dissociation 

Beating monolayers were pre-incubated with RPMI/B27 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 RPMI/B27 medium plus 50% fetal 

bovine serum (FBS). Single hiPSC-CMs are replaced in RPMI/B27 medium plus 10% FBS and Y-27632 

ROCK inhibitor. 

2.4 Protein analysis 

hiPSC-CMs cultured in a monolayer were collected at day 14-, 30-, 45-, and 60-days post initiation of 

differentiation and spun down at 1000 rpm for 5 min. Supernatant was removed, and cell pellets were 

immediately frozen in liquid nitrogen. Cell pellets were then stored at -80°C. Protein was isolated from 

these cell pellets utilizing lab made lysis buffer (150mM NaCl, 0.1% Triton X-100, 50mM Tris-HCl at pH 

8.0) with 1:100 protease inhibitor cocktail (Sigma). Protein concentration was quantified utilizing the 

Bradford Assay (BioRad, 5x stock) and BSA standards (2 mg/ml stock, Thermo) on a plate reader 

measuring absorbance at 595 nm. Western blot (WB) was performed to probe for proteins of interest. 

Briefly, 20µg of protein per sample was diluted in 4x Laemmli buffer (BioRad) and denatured at 95°C 

for 5 mins. Samples were separated using 4-20% gradient Mini-PROTEAN® TGX Stain-Free Protein Gels 

(BioRad) and then transferred onto Immuno-Blot® LF PVDF Membranes (BioRad). Membranes were 

blocked in the Blocking Buffer for Fluorescent Western Blotting (Rockland). Primary antibodies 

incubated overnight: cMyBP-C (1:2000, gift from Dr. Samantha Harris, University of Arizona, Tucson, 

AZ, USA), α-actinin (1:300, Abcam, ab9465), and GAPDH (1:2000, Invitrogen, AM4300). Secondary 

antibodies, Alexa Fluor 488 and 647, were diluted 1:2000 in a blocking buffer for 1h at RT (Life 

Technologies). Antibody stripping was performed to quantify multiple proteins from the same blot. 

Restore™ western blot stripping buffer (Thermo Scientific) was added to membranes and incubated 

at RT for 30 mins and then washed off with TBS-T (3x). Membranes were re-blocked prior to 

subsequent primary antibody incubation. Fluorescent western blots were imaged utilizing a ChemiDoc 

MP (BioRad) and quantified using FIJI. 

2.5 hiPSC-CMs maturation on biomimetic hydrogels 

On day 20 post differentiation, single hiPSC-CMs were obtained from beating monolayers. hiPSC-CMs 

were pre-treated with 5μM Y27632 in the RPMI/B27 medium for 1 hour. For single cell dissociation, 

after careful medium wash with PBS 1X, monolayers were incubated for enzymatic dissociation with 

Tryple (Life Technologies, Thermo Fisher scientific, Carlsbad, CA, USA Life Technologies) (10 min at 37 

°C). Plating media was composed of RPMI/B27 and 10 μM ROCK inhibitor. Single hiPSC-CMs were spun 

and sparsely seeded at the density of 20,000 cells/cm2 (at least 40,000 cell/substrate) onto fibronectin. 

(Human Fibronectin Native Protein, Life Technologies, 10µg/ml) substrates (25 mm of diameter) (PEG 

or DEG or commercial Polyurethane Acrylate (PUA)-based nanopatterned substrates purchased from 

CuriBio, Seattle, WA, USA) in 6-well plate. Single hiPSC-CMs were fed every other day until 

experimental days. Dual recording experiments of long-term cultured hiPSC-CMs were performed at 

day 60, 75 and 90 p.d. 
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Figure 2.3. Experimental procedure. Human iPSCs are differentiated into cardiomyocytes (hiPSC-CMs) with monolayer-directed 

differentiation protocol. A) At day 20 post differentiation, single hiPSC-CMs are seeded onto hydrogel-based micropatterned surfaces and 

cultured until experimental day 60, 75 and 90. B) Left: fabrication of micropatterned hydrogel with PDMS mold and PEG-DA hydrogel 

synthesis by soft lithography (scale bars equal to 10 and 60 μm respectively). hiPSC-CM preferential spreading along the pattern direction 

(indicated by yellow line). C) Simultaneous recording of action potential and calcium transients using Fluovolt (Ex/em 522/535 nm) and 

Cal630 (Ex/Em 608/626 nm), respectively 

 

2.6 Fabrication of PEG-DA Hydrogel Substrate with Micropatterned Topography 

Micropatterned substrates were prepared by soft lithographic technique. A master sample was 

replicated by a PDMS (polydimethylsiloxane) mold that is used as template for the pattern replication. 

Master fabrication: Master samples were obtained by laser writer lithography (μPG101 laser writer, 

Heidelberg, city, state abbrev, country, 800 nm resolution). A commercial optical resist (AZ 1505 Merck 

Performance Materials GmbH, Merck Group, Darmstadt, Germany) was spun over 2 cm × 2 cm Si 

wafers and exposed to a laser spot (λ = 375 nm) with beam intensity of 16 mW. The length of the linear 

stripes was set to 1 cm, while their width and spacing were fixed to 0.6 μm and 1.4 μm respectively. 

After the exposure process, the samples were developed for 30 s in a 1:1 solution of AZ Developer 
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(Merck Performance Materials GmbH, Merck Group, Darmstadt, Germany) in water, and subsequently 

rinsed in deionized water for 120 s. 

Glass slides treatment: Glasses to support the PEG patterns were silanized to prevent the peeling-off 

of the hydrogel during the cell culture. First, glasses were washed with an alkaline piranha solution 

(water, aqueous ammonia and hydrogen peroxide 5:1:1 v/v) at 70° C for 15 min. Then, the glass were 

rinsed with water and the isopropyl alcohol and, after drying, they were immersed in a solution of 3-

(trimethoxysilyl) propyl methacrylate) (MAPTMS, 0.064 mM in ethanol) for 1h. At the end, glasses 

were washed with isopropanol and dried. 

Fabrication of PDMS mold: Monomeric PDMS mixture was prepared by mixing the two components 

of a commercially available PDMS kit (Sylgard 184, Sigma-Aldrich, Merck Group, St. Louis, MI, USA) in 

a 10:1 w/w ratio (base and curing agent) and then casted on the silicon master. After curing at 100° C 

for 30 min, the crosslinked PDMS mold was peeled off by the master. 

PEG-DA pattern printing: A small amount (~20µL) of a solution of PEG-DA (250 Mn, Sigma-Aldrich, 

Merck Group, St. Louis, MI, USA) and Irgacure 389 photoinitiator (1% w/w) was dropped on a silanized 

glass slides and then, the PDMS mold was directly placed onto the surface. Irradiation by UV light (λ = 

385nm) (M385CP1-C4, ThorLabs, Newton, NJ, USA) for 10 min allowed the formation of the 

crosslinked PEG-DA network. PDMS mold was gently peeled off from the substrates and used again 

after washing in water and methanol. Images of mold and micropatterned PEG-DA hydrogels were 

obtained by scanning electron microscopy (SEM). 

2.7 Dual Recording of Action Potential and Calcium Transient 

For dual recordings of APs and CaTs, hiPSC-CMs were loaded with 2 μL/mL Fluovolt (Thermo Fisher, 

Waltham, MA, USA ), 2 μL/ml of Cal630 (AAT Bioquest, Sunnyvale, CA , USA) and 5 μL of Power Load™ 

concentrate (Thermo Fisher, Waltham, MA, USA) for 30 min at 37 °C and then washed with pre-

warmed culture media before placing the cover slide into the experimental chamber. The 

experimental chamber features platinum electrodes for electrical field stimulation, connected to a 

stimulator (DigiTimer, Welwyn Garden City, UK) delivering short (3ms) voltage pulses. During 

measurements, cells were continuously perfused with a heated Tyrode buffer to keep the 

temperature stable at 37±1°C. For fluorescence studies, cells were simultaneously illuminated by LED 

light at two different wavelengths, blue (488 nm) for excitation of Fluovolt and yellow (580 nm) for 

Cal630 dye excitation, using a multi-led system (Lumencor SPECTRA X, Beaverton, OR, USA). A dual-

wavelength band-pass filter cube (Semrock, IDEX, Lake Forest, IL, USA) was used to allow fluorescence 

light from the two dyes to be collected by a single camera (Photometrics Prime sCMOS, Teledyne, 

Tucson, AZ, USA): in particular, the filter allowed green light (515–545 nm, emission of Fluovolt) and 

red light (615–655 nm, emission of Cal630) to be collected. To separate the two emission wavelengths, 

we used an OptoSplit II light splitter (Cairn Research Ltd, Kent, UK) that was able to separate the two 

spectral components of the fluorescence image and focus them simultaneously on the upper and 

lower half of the camera chip. MetaMorph software (Molecular Devices, San Jose, CA, USA) was used 

to collect and analyze fluorescence images. The camera collected images at an average rate of 90 

frames per second. In each selected microscope view field, several single hiPSC-CMs were selected 
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and chosen as regions of interest. The background-corrected average fluorescence values from the 

pixels in each selected region of interest (myocyte) were recorded at each of the two wavelengths 

under different stimulation conditions for 5 to 10 s in each condition. For the analysis of action 

potential or calcium transient kinetics during steady-state stimulation, the average of 5–10 

subsequent AP or CaT traces was calculated to reduce noise. Pearson’s correlation coefficient (r2) was 

calculated from the linear fitting of values distribution recorded from individual cells. 

2.8 Freezing of hiPSC-CMs  

For hiPSC-CM freezing, s single hiPSC-CMs previously exposed to 1h of ROCK inhibitor 10µM were 

obtained with Tryple-dissociation and resuspended in KO-DMEM (1:1), centrifuged at 1000 rpm for 5 

minutes. Cells were rapidly resuspended in CryoStor© CS10 freezing medium (StemCell Technologies) 

and frozen in cryovials at 1°C/min at -80°C for at least overnight before moving to liquid nitrogen. 

2.9 Cell fractional shortening 

Single hiPSC-CM fractional shortening was visualized using a Nikon TS100 inverted microscope coupled 

to a video-based edge detection system at 40x of magnification (Olympus). For measures of single 

hiPSC-CMs cultured for 60 days, at 20 days post differentiation, single hiPSC-CMs were re-plated onto 

10µg/ml human fibronectin-coated surfaces (35mm diameter, Fisher). All cells were perfused at 37°C 

with a Tyrode solution (in mM: NaCl 138, KCl 3.7, HEPES 20, KH2PO4 1.2, MgSO4·7H2O 1.2, Glucose 5, 

CaCl2·2H2O 1.8, pH 7.0) subjected to a sequential pacing train of at least 10 seconds at 1Hz. Traces 

were analyzed using the IonWizard (IonOptix) software. A minimum of five traces were analyzed and 

averaged for each cell. Spontaneously beating hiPSC-CMs were excluded from this analysis. 

2.10 Generation of Engineered Heart Tissues 

For the generation of EHTs tissues were considered wells of hiPSC-CMs at ~90% confluency. On day 

15 of differentiation culture, beating cells were washed with 1X PBS and dissociated with 1X Tryple for 

10 min at 37°C. Gently, the cell suspension was transferred into a centrifuge tube with RPMI/B27 

medium supplemented with 10% FBS. HiPSC-CMs were centrifuged at 1000 rpm for 5 min and 

resuspended in cardiac medium with 10% FBS and Y-27632 ROCK inhibitor (1:1000). Human EHTs were 

generated following previously described protocol (Mannhardt I., et al., 2017). Briefly, agarose casting 

molds were prepared in 24-well tissue culture plates with 2% Agarose (Life Technologies), dissolved in 

the appropriate volume of PBS; 1,6mL of warm agarose was pipetted into the wells and then Teflon 

spacers (EHT Technologies GmbH) were inserted. After agarose solidification (~10 min), Teflon spacers 

were removed and silicone PDMS racks (EHT Technologies GmbH) were positioned upside down in the 

middle of each agarose well (Fig.2.4). EHTs were generated with 100μl per EHT consisted of 1 x 106 

cells in RPMI/B27 with 5 mg/ml Fibrinogen from bovine plasma (Sigma-Aldrich) and 3 U/mL Thrombin 

(Sigma-Aldrich). 
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Figure 2.4. Casting mold preparation. A) PTFE spacer to create agarose casting molds and a silicone PDMS rack to generate EHTs. B) 

Generation of agarose casting molds and pillar insertion. (Mannhardt et al. 2017) 

 

● CRITICAL STEP: Calculate an extra volume for each tissue to compensate for mixture loss 

during pipetting 

The mixture was pipetted into the agarose-slots and incubated for 80 min at 37°C, 5% CO2. 

● CRITICAL STEP: It’s important to pipette quickly and avoid bubble formation. If bubbles form, 

gently remove them with a small pipette tip. 

After fibrin polymerization, each well was covered with a small amount of RPMI/B27 (300uL) and 

incubated again for 10 minutes to easily remove the fibrin gels from the agarose molds. Then the 

PDMS racks were carefully removed from the agarose wells and transferred to the EHT-medium 

consisting of the RPMI plus B27 with insulin, 10% FBS and 33μg/ml Aprotinin (Sigma-Aldrich) (Fig. 2.5). 

 

Figure 2.5. Generation of EHTs by embedding hiPSC-CMs in a fibrin hydrogel and seeded in the agarose casting molds between the 2 

silicone pillars. 

https://paperpile.com/c/FohaFn/XAYCg
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●   Note: 

1.  If the tissue does not form, the problem could be the fibrinogen or thrombin 

quality. In this case, fresh fibrinogen or thrombin should be prepared. On the 

other hand, if tissue forms, but degrades during maintenance in culture, the 

problem is the aprotinin quality. Again, fresh stock should be prepared. 

2.  If after EHTs generation, the tissues do not beat well, the problem may be related 

to low efficiency of cardiac differentiation or very aggressive cell enzymatic 

dissociation. For this reason, it is important to use cardiomyocytes at early stages 

of differentiation, because it is easier to dissociate them to a single cell. 

 

 

                                                  Table 2. Reagent list 
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2.10.1 Contractile force measurements 

● Spontaneous contractions recordings: spontaneous auxotonic tension and beating frequency 

were regularly measured from day 20 to 50 of culture by optical tracking of the flexible post 

deflection at 10x of magnification (Olympus) using an Evos FL2 auto system (20 seconds, 33 

frame/sec) (Life Technologies) with an on-stage incubator connected to a BenchPro 2100 

Plasmid Purification System (Invitrogen). The recordings were performed at 37°C, 5% CO2 in 

the RPMI/B27 culture medium with ~0.4mM of Ca2+. The relationship between the deflection 

of the individual pillars and force is 0.28 µN/µm. Tension was analyzed using customized 

Labview analysis program and EHT cross-sectional area was calculated assuming an elliptical 

cross section (A= ꙥ/4 x width x thickness) for force normalization. 

 

 

Figure 2.6. Auxotonic contraction recordings. EHT analysis instrument with computer-controlled camera (Evos FL2 auto system). The 24-

well plate is placed in a CO2 and temperature-controlled incubator (on the left). On the right view of an EHT during spontaneous 

contraction analysis and an exemplary contraction pattern displaying contraction force measured with 33 FPS. 
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Figure 2.7. Spontaneous contractions analysis. Example of contractile force analysis of an EHT using LabView software and enlarged 

schematic peak displaying the force analysis parameter. 

 

● Isometric force measurements: At day 50, EHTs are manually detached from the silicon pillars 

and immediately transferred into Krebs/Henseleit buffer, containing (in mM) 119 NaCl, 4.7 

KCl, 2.5 CaCl2, 1.2 MgSO4, 1.2 KH2PO4, 25 NaHCO3 with the addition of BDM (20mM). Then the 

EHT is mounted between a force transducer (KG7A, Scientific Instruments Heidelberg, 

Germany) and a motor (Aurora Scientific Inc. Aurora, Canada), perfused with Krebs/Henseleit 

buffer, without BDM, at pH 7.4 with 95%O2:5%CO2 and controlled by a custom Labview 

(National Instruments, Austin, Texas) program. After EHT fixation, tissue length and width 

were determined using a stereomicroscope with a reticle in the eyepiece and then tissue 

length was slowly increased in approximately 3% strain increments, while passive force was 

continuously recorded. Isometric force was recorded at 35±2°C. The EHTs were stimulated at 

increasing pacing rates (0.2-2.5 Hz) and recordings were performed at different Ca2+ 

concentration (0.5, 0.8, 1, 1.2, 1.8, 2, 3 and 4mM).  Post-rest potentiation was also evaluated 

at the first stimulated beat after the pause. Isometric force was recorded via custom LabView 

software and was calculated using the same cross-sectional area as for the spontaneous 

measurements. 
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Figure 2.8. Isometric contraction recordings. A) Timeline of cardiomyocyte maturation and EHTs generation. Detachment of EHTs from 

pillars at d50 p.d. for isometric measurements. B) Schematic representation of force recording apparatus to measure twitch contractions in 

isometric conditions. C) Images of mounting the EHT between a force transducer and a motor arm and width and length measurements 

before recordings. 

 

2.10.2 Drug screening 

For drug screening on EHTs, Mavacamten (MYK-461, MAVA; Axon medchem BV -Groningen, The 

Netherlands) was dissolved in DMSO to obtain a 10 mM stock solution. To study the acute effect, 

Mavacamten was diluted to 1μM into Krebs solution. After recordings under basal conditions, the 

solution with the drug was continuously perfused during the experiment, and the force was recorded 

under isometric conditions at different pacing frequencies, as previously described. Instead, for 

chronic treatment, Mavacamten was dissolved in DMSO at the dilution of 1mM and further diluted to 

0.33μM or 0.75μM in the culture medium (RPMI/B27). When the EHTs started to beat spontaneously, 

measurements were performed by optical tracking of the flexible post deflection before drug 

treatment for about 1 week. Then the EHTs were treated for 20 days with Mavacamten dissolved in 

RPMI/B27. Spontaneous contractile force was monitored during the treatment. After the 20-day 

treatment, the EHTs were maintained in culture in the presence of the drug-free medium for 2 days 

and then tension measurements were performed under isometric conditions.  
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Figure 2.9. Schematic representation of chronic treatment of EHTs from day 40 to d60 p.d. Analysis of spontaneous contractions were 

performed during culture with and without drugs. EHTs were kept in culture in RPMI/B27 medium, at 37°C, 5% CO2. 

2.11 Patients for in vitro studies 

In vitro studies were performed at the University of Florence. Protocols were approved by the ethical 

committee of Careggi University-Hospital (2006/0024713; renewed May 2009). In vitro studies were 

performed on cardiac samples from three c.772G>A patients consecutively referred to surgical 

myectomy for relief of drug-refractory symptoms related to LV outflow tract obstruction.   

2.12 Tissue processing  

Septal samples from HCM and control patients were rapidly washed in ice-cold cardioplegic solution 

containing (in mmol/L): KH2PO4 50, MgSO4 8, HEPES 10, adenosine 5, glucose 140, mannitol 100, 

taurine 10 (pH 7.4 with KOH). Within 15 minutes from excision, a small portion of the tissue was frozen 

in liquid nitrogen and used for protein isolation. The remaining fresh tissue is kept in ice-cold 

cardioplegic solution and used to isolate multicellular preparations, single myofibrils and single 

cardiomyocytes. Endocardial trabeculae suitable for mechanical measurements (300-800 µm 

diameter) were dissected, while the remaining tissue was minced to small pieces (~1mm3) and 

subjected to enzymatic and mechanical dissociation to obtain viable single myocytes, as described 

before. In brief, tissue chunks are transferred to to small pieces (~1mm3) in a scraping device and the 

bathing solution changed to Ca2+-free dissociation buffer containing (in mM): NaCl 113, KCl 4.7, KH2PO4 

0.6, Na2HPO4 0.6, MgSO4-7H2O 1.2, NaHCO3 12, KHCO3 10, HEPES 10, taurine 20, Na pyruvate 4, 

glucose 10, BDM 10 (pH 7.3 with NaOH) and heated to 37 ºC. Collagenase Type V and Protease Type 

XXIV (Sigma) were subsequently added and tissue chunks digested for a total 2 hours’ time. During 

the digestion, the buffer containing dissociated myocytes was collected every 15 minutes from the 

scraping device and diluted with KB solution at room temperature. KB solution contained (in mM): KCl 

20, KH2PO4 10, glucose 25, mannitol 5, L-glutamic acid monopotassium salt 70, β-hydroxybutyric acid 

10, EGTA 10 and 2 mg/mL albumin (pH 7.2 with KOH). The myocytes were left to settle and then 

resuspended in Ca2+-free Tyrode solution containing (in mM): 132 NaCl, 4 KCl, 1.2 MgCl2 10 HEPES, 

and 11 glucose (pH 7.35 NaOH). CaCl2 was added stepwise up to 0.6 mM. Cells were stored in this 

solution and used within 3 hours.   
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2.13 Simultaneous energetic and mechanical measurements in skinned ventricular 

multicellular strips 

Ventricular muscle strips were dissected parallel to the long axis of the fibers in a cold relaxing solution 

under a dissecting microscope. Subsequently, muscle strips were chemically permeabilized by 

overnight incubation in a relaxing solution with 1% Triton X-100 at 4 °C. Tissues were then extensively 

washed in a fresh ice-cold relaxing solution, stored at 4 °C, and used within 24 h. Experimental 

solutions and equipment used were as described previously (Coppini et al. 2014). Briefly, the skinned 

preparations were mounted horizontally between a force transducer and a length controller via 

aluminum T-clips. The length of the preparations was adjusted on the basis of the passive tension 

stretching them about 15% below the slack length, which corresponds to a sarcomere length of about 

2.1-2.2 μm. Mean dimensions (± S.E.M.) of HCM and donor ventricular preparations amounted to 

1.34±0.06 and 1.53±0.07 mm in length, 0.31±0.01 and 0.27±0.01 μm in width, and 0.28±0.01 and 

0.23±0.01 μm in depth, respectively. Isometric force and ATPase activity were simultaneously 

measured at saturating (pCa 4.5) and sub-saturating Ca2+ concentration at 25 °C. The skinned fibers 

were activated inside a small (30 μl) chamber with quartz windows containing activating solution, and 

force generated and ATP consumed were measured simultaneously during each contraction (Witjas-

Paalberends et al. 2014). Maximal force was determined at steady-state level and normalized to the 

cross-sectional area (CSA, mm2) of the muscle strip to calculate tension (force/CSA, mN/mm2). The 

CSA of the preparation was estimated based on an elliptical shape, i.e, CSA = (width x depth x π) / 4. 

The muscle was manually transferred between different baths and exposed to a range of activating 

calcium so that the pCa-force relationship could be determined. Tension values at different pCa were 

fitted with a modified Hill equation and the concentration of Ca2+ required to reach the half of 

maximum force (pCa50) was estimated to determine myofibril-Ca2+ sensitivity (Wijnker et al. 2014). 

Solutions with intermediate [Ca2+] were obtained by appropriate mixing of the activating and relaxing 

solutions.  

ATPase activity was measured by an UV-coupled optical absorbance enzyme assay (Narolska et al. 

2005). Briefly, ATP hydrolysis, inside the muscle, was coupled to the oxidation of NADH to NAD+ 

catalyzed by pyruvate kinase and L-lactic dehydrogenase. NADH oxidation, and thus ATP consumption, 

was measured photometrically from the absorbance at 340 nm of near-UV light. This absorbance 

signal was calibrated using multiple injections of 50 nl of 10 mM ADP in the measuring bath. Using this 

calibration, ATPse activity (pmol*ul-1*s-1) in the preparation was derived from the slope of the 

absorbance signal. Maximal Ca2+ activated ATPase activity, at each [Ca2+], was calculated, by 

subtracting basal rate of ATPase activity in relaxing solution (pCa10) and normalizing to the volume 

(length x CSA, mm3) of the muscle strip. Tension cost (isometric ATPase per unit force, pmol*ul-1*s-1/ 

mN/mm2) was calculated from the slope of the linear relationship between mean values of tension 

and ATPase activity once all the data were pooled in 10% wide normalized steady state force bins or 

as the ratio between maximal isometric tension and maximal ATPase activity. The comparison of 

mechanical and energetic measurements between donor and mutant trabeculae is meaningful if 

cardiomyocyte orientation along the muscle strips and mechanical conditions of contraction are the 

same for both groups of preparations. Altered cardiomyocyte alignment and myofibril “disarray”, 

https://paperpile.com/c/FohaFn/0DNb
https://paperpile.com/c/FohaFn/0A7Nh
https://paperpile.com/c/FohaFn/0A7Nh
https://paperpile.com/c/FohaFn/1XZQ
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described patchily in HCM myocardium (Poggesi and Ho 2014), may per se reduce isometric tension 

while increasing the ATP consumption, due to larger ‘internal shortening’. 

2.14 Mechanical Measurements in Myofibrils 

Single myofibrils or small bundles of myofibrils were isolated from LV human samples and used for 

mechanical experiments as previously described (Piroddi et al. 2007). Thin strips of the ventricular 

samples were incubated overnight in cold relaxing solution (pCa9) with added 0.5% Triton-X 100 (Belus 

et al. 2008). After Triton removal, the strips were homogenized in a relaxing solution to obtain a 

myofibril suspension that was stored at 4°C. Myofibrils were mounted in a custom-built apparatus 

(pCa9, 15 °C) and mounted between two glass micro-needle, one connected to a high-speed length 

controller and the other one acting as a calibrated cantilever force probe. The initial sarcomere length 

was set at 2.2 µm. Activating and relaxing solutions calculated as previously described (Piroddi et al. 

2007)(Belus et al. 2008) , were at pH 7.0 and at ionic strength 200 mmol/L. Myofibrils were maximally 

activated and fully relaxed by rapid switching (<5 ms) between two continuous streams of activating 

(pCa4.5) and relaxing (pCa9) solutions flowing from a double-barreled glass pipette. Fast solution 

switching technique allowed for the measurements of steady-state isometric force as well as the rate 

of force activation and relaxation. Maximal isometric force (mN) was normalized to the cross-sectional 

area of the myofibril (mm2). The time required to reach 50% of the maximal force was used to estimate 

the rate constant of force development, kACT (s-1), and the rate constant of force redevelopment 

following release/restretch protocol applied at steady state force, kTR (s-1). The kinetics of the two 

phases of relaxation were estimated as follows: 1. The rate constant of the slow early phase of 

relaxation, slow kREL (s-1 ), was calculated from the slope of the regression line fitted to the tension 

trace normalized to the entire tension relaxation transient; 2. The rate constant of the final fast phase 

of relaxation, fast kREL (s-1), was measured from a mono-exponential fit. All solutions contained a 

cocktail of protease inhibitors: 10 mM leupeptin, 5 mM pepstatin A, 200 mM phenyl-

methylsulphonylfluoride, 10 mM E64, 500 mM NaN3 and 2 mM dithiothreitol. The level of 

contaminant inorganic phosphate  in the solutions was kept less than 5 umol/L using a phosphate 

scavenging system (purine-nucleoside-phosphorylase with substrate 7-methyl-guanosine)(Tesi et al. 

2002). The regeneration of MgATP inside the solutions was achieved by adding Creatine phosphate 

(10mM) and creatine kinase (200unit ml-1). 

 

Figure 2.10. A) Suspension of isolated myofibrils obtained by homogenization. Scale bar 25 μm. B) Phase-contrast images of a single or thin 

bundle of myofibrils mounted between the rigid motor lever arm and the blackened cantilever force probe. Scale bar 10 µm. 

https://paperpile.com/c/FohaFn/yEN2
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2.15 Intact trabeculae studies 

Intact ventricular trabeculae were mounted between a basket-shaped end of a force transducer 

(KG7A, Scientific Instruments Heidelberg, Germany) and a motor (Aurora Scientific Inc., Aurora, 

Canada), controlled by a custom Labview (National Instruments, Austin, Texas) program. Muscles were 

mounted in cold cardioplegic solution and then perfused with Krebs/Henseleit buffer, containing (in 

mM) 119 NaCl, 4.7 KCl, 2.5 CaCl2, 1.2 MgSO4, 1.2 KH2PO4, 25 NaHCO3; pH 7.4 with 95%O2:5%CO2. 

Muscles were allowed to stabilize for at least 30 min before recordings. Diastolic sarcomere length 

was assessed by calculating the average distance of striations and set at 2.10-2.20 µm. Isometric force 

was recorded at 35±2°C under various conditions. In brief, inotropic responses to increased pacing 

frequencies, stimulation pauses, and beta-adrenoceptor agonist isoproterenol (10-7M) were evaluated 

and kinetics of isometric twitches was assessed under all conditions. The trabecula was stimulated at 

increasing pacing rates (0.1-2.5 Hz): at each frequency, force reached steady-state before recordings. 

Stimulation pauses (30s) were inserted after the last contraction of a steady series (at 0.5 Hz) and 

post-rest potentiation was evaluated at the first stimulated beat after the pause. Finally, the muscle 

section was measured for force normalization. 

 

Figure 2.11. A) Images of intact trabeculae isolated from cardiac tissue and setup for steady-state recordings (on the top). Representation 

of force-frequency relationship (B), post-rest potentiation (C). 
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2.16 Cardiomyocytes isolation and current clamp/intracellular Ca2+ studies  

The method described below is used to characterize alterations in myocardial cell function under 

conditions of cardiac disease. With this technique, cardiomyocytes are isolated from the 

interventricular septum of patients with hypertrophic cardiomyopathy (HCM) undergoing myectomy 

surgery and compared with those of non-hypertrophic patients (Coppini et al. 2013). 

Surgical samples are highly variable in size and thickness; they are cut into small chunks, which are 

transferred into the chamber of the digestion device and used for isolation of single cells. For isolation 

of single cardiomyocytes, cardiac tissue chunks were reduced into small pieces (∼1mm3) and 

transferred to a scraping device; the bathing solution was changed to Ca2+-free dissociation buffer 

containing (in mM): NaCl 113, KCl 4.7, KH2PO4 0.6, Na2HPO4 0.6, MgSO4-7H2O 1.2, NaHCO3 12, KHCO3 

10, HEPES 10, taurine 20, Na pyruvate 4, glucose 10, BDM 10 (pH 7.3 with NaOH) and heated to 37 ºC. 

Collagenase Type V and Protease Type XXIV (Sigma) were subsequently added, and tissue chunks 

digested for a total 2 hours’ time. During the digestion, the buffer containing dissociated myocytes 

was collected every 15 minutes from the scraping device and diluted with KB solution at room 

temperature. The myocytes were left to settle and then resuspended in Ca2+-free Tyrode solution. 

CaCl2 was added stepwise up to 0.6mM and cells were stored in this solution and used within 3 h. 

Myocytes were incubated 30’ with the Ca2+ indicator Fluoforte (Enzo Life Sciences, Farmingdale, New 

York) at room temperature, washed and transferred to the microscope-mounted recording chamber. 

Fluoforte fluorescence was detected at 505-520nm (using a high-speed high-sensitivity EMCCD 

Camera, model Evolve Delta by Photometrics, USA), during bright-field illumination at 492±3 nm (using 

a dedicated LED light source, model SpectraX by Lumencor). Experimental temperature was 35±5 °C 

for all protocols. Cardiomyocytes isolated by this method from human ventricle samples are used for 

voltage-clamp recordings of specific transmembrane currents, recordings of intracellular Ca2+ and/or 

cellular shortening during electric field stimulation, and evaluation of sarcolemma structure by 

confocal microscopy. 

Action potentials (APs) were measured simultaneously using the perforated-patch configuration 

(amphotericin-B method). APs were activated with short depolarizing stimuli (<3ms) at different 

pacing frequencies (0.2Hz, 0.5Hz and 1Hz, 1 minute at each frequency). Action potential and current 

signals were measured with a Multiclamp 700B amplifier, using a standard 10 kHz longpass digital 

filter. Patch-clamp signals were digitized simultaneously using Digidata 1440A.  Acquisition and 

analysis were controlled by dedicated software (pClamp10.0). Ca2+-fluorescence videos were recorded 

at > 200 frames per second, and individual cell fluorescence was analyzed using Metafluor software 

(Molecular Devices). 

https://paperpile.com/c/FohaFn/JTitI
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Figure 2.12. A) Representative image showing a sample of ventricular myocardium from a patient with HCM who underwent septal 

myectomy operation. Calibration bar= 5mm. B) Chunks of ventricular tissue cut from a ventricular surgical specimen, to be used for cell 

isolation. Calibration bar= 5mm. C) Image showing the digestion device in the thermostated bath during enzymatic digestion of ventricular 

tissue. D) Representation of action potentials and ion currents recordings by the" perforated patch" technique. 

 

Figure 2.13. Isolated human ventricular cardiomyocytes.  A) and B) photomicrographs of two microscope fields (10x objective) showing 

representative cardiomyocyte suspensions. Calibration bar= 100μm. C) Representative image of human cardiomyocytes isolated from a 

specimen of an HCM patient (40x objective) and D) image showing human ventricular cardiomyocytes touched by the tip of the patch 

pipette for recordings. Calibration bar= 20μm. On the right, representative trace showing membrane potential, ion currents and 

intracellular calcium recordings.  
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2.17 RT-PCR 

Total mRNA was isolated from frozen samples using the RNeasy Fibrous Tissue Mini Kit (Qiagen) 

following manufacturer's instructions. Subsequently, complementary DNA (cDNA) was synthesized 

from 1𝜇g of total RNA using iScript ™ cDNA Synthesis kit (Bio-Rad Laboratories S.r.l.). All these steps 

were performed according to the manufacturer’s instructions. Real-time quantitative PCR (Q-PCR) was 

performed using iTaq™ SYBR® Green Universal Supermix and predesigned primers assays for the 

following genes: KCNQ1, KCNH2, KCND3, KCNIP2, KCNE1 (Bio-Rad Laboratories S.r.l.). All reactions 

were performed in triplicate and included a negative control. Relative quantification of the mRNA level 

for the different genes was determined by the Bio-Rad CFX Maestro software (Bio-Rad Laboratories 

S.r.l.), using the comparative method (∆∆Ct). In brief, the threshold cycle (Ct) difference of the index 

gene and the reference gene, calculated from each specimen, is subtracted from the average Ct of the 

control group; this value is used as the exponent of to calculate ∆∆Ct for each specimen. For all mRNA 

quantification assays, the housekeeping gene 18S ribosomal RNA was used as a reference gene. 

2.18 In silico human-based electromechanical simulations 

To test some of the hypotheses that arise from the experimental data, we employed a previously 

described model of HCM human cardiomyocytes (Margara et al. 2021; Brenner 1988). 

In brief, mechanistic simulations of human ventricular myocyte electromechanical function were 

conducted in MatLab (Mathworks Inc. Natick, MA, USA) using the ordinary differential equation solver 

ode15s. A stimulus current of -53 µA/µF with 1ms duration was applied and steady-state was reached 

at 1Hz pacing. First, the effect of altered crossbridge cycling on force generation was analyzed. For 

this, a scaling factor of 2, consistent with experimental evidence, was applied to the model transition 

rates kws and ksu. In the Land model of human cardiac contraction, these drive the transitions from the 

pre-powerstroke to the post-powerstroke state and from the post- powerstroke to the detached state, 

respectively. Then, the effect of altered crossbridge cycling was evaluated in the context of HCM ionic 

remodeling. Simulated action potential, calcium transient, and active tension waveforms were 

compared to experimental data. In addition, to understand the mechanisms underlying the 

prolongation of the AP/calcium transient in the presence of the c.772G>A-MYBPC3 mutation, the 

excitation-contraction coupling remodeling was mimicked according to the ionic remodeling 

described in Coppini et al., 2013 for HCM cardiomyocytes with different genetic backgrounds. 2-tailed 

Student’s t test was used to compare normally-distributed data and differences between groups were 

considered significant when P ≤ 0.05. 

 

2.19 Validation of the EHTs as an alternative ex-vivo model to study cardiac mechanics: a 
comparison with adult and fetal human tissue  

Engineered heart tissues were generated with hiPSC-CMs isolated during the early stage of maturation 

(day 15 p.d.). Single hiPSC-CMs were encapsulated in the fibrin hydrogel between the two flexible 

silicone posts and the generated EHTs started to beat spontaneously and regularly 7-8 days after 

casting. During maturation, EHTs were used for optical analysis under auxotonic conditions: tension 

https://paperpile.com/c/FohaFn/TUwh+y3aV
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and spontaneous beat frequency were analyzed from day 20 to day 50 of culture by optical tracking 

of the flexible posts deflection using an automated Evos system. The force calculated from the posts 

deflection was normalized by the cross-sectional area of each EHT. Measurements under auxotonic 

conditions of two control lines show a significant increase in force-generating capacity over time in all 

EHTs and a reduction in spontaneous beating frequency, as shown in Figure 2.14. 

At day 50 p.d EHTs were detached from the pillars and fixed on a force recording apparatus to measure 

twitch contractions under isometric conditions between a force transducer and a motor arm, used to 

control EHT length. Under these conditions, the mechanical properties of EHTs were analyzed, 

including the passive tension. 

 

Figure 2.14. Spontaneous auxotonic twitch tension of EHTs from day 25 to 50 of differentiation (on the top), measured at 37°C in 

RPMI/B27 culture medium with 5% CO2 (~0.4mM of [ Ca2+]) and progression of spontaneous beating frequency of all EHTs from day 20 to 

50 (on the bottom). (Control 1, n=8, and Control 2, n=9). One-way analysis of variance (ANOVA) with a Tukey post-hoc test was used to 

compare the different time points. * p < 0.05 and ** p < 0.01 versus d25. 

The passive mechanical properties of tissues are major determinants of cardiac function and changes 

in tissue stiffness can alter their active responses to stretch, including changes in contractility. To 

assess mechanical properties, we generally characterize the relationship between stress (σ= F/CSA), 

and strain (ℇ= ∆L/L0) and the slope of the linear stress-strain relationship is defined as the elastic or 

Young's modulus (E).  

The stiffness of the surface to which cells adhere is an important factor as it can influence morphology, 

protein expression and cell migration and differentiation. Interactions between cells and the 

extracellular environment can be studied using 3D hydrogels, such as fibrin hydrogels, which are often 

used to study biophysical cell-ECM interactions. Here we analyzed the mechanical properties of 
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engineered heart tissues by applying a stress relaxation-recovery protocol to analyze tissue stiffness, 

by which strain is applied rapidly and then held constant while stress is measured; the stress is 

maximum when the target strain is reached and decreases during tissue relaxation (Fig. 2.15A-B).  

 

Figure 2.15. A) Schematic diagram of the stress relaxation-recovery protocol applied to each EHT under isometric conditions and in the 
presence of stimulation at 0.5Hz. B) Representative curve of the stress-strain relationship and calculation of Young's modulus as the slope 

of the linear region of the stress-strain curve. 

 

The tissue was stretched with strain increments of approximately 3% up to the length at which the 

maximum contraction force was exerted and stimulated at 0.5Hz and the stiffness was calculated as 

the slope of the linear region of the stress-strain curve. The bulk stiffness of the EHTs was measured 

both without cells and in the presence of hiPSC-CMs. The stiffness of the fibrin gel was approximately 

0.08KPa, slightly softer than the EHTs with the cells, whose stiffness was ~0.2-0.3KPa in both control 

lines (Fig. 2.16B). The results show that the matrix stiffness of EHTs is softer than that of adult human 

myocardium (~7-8KPa), as also reported in the literature (Leonard et al. 2018). Also, all EHTs showed 

a positive Frank-Starling response, with an increase in twitch force when stretched (Fig. 2.16C). Of 

note, length variations imposed to the muscle were in the range of 0-40%: these length steps are 

unlikely to translate into equal elongations of hiPSC-CMs and consequently sarcomere length. Indeed, 

direct measurement of sarcomere length variations were not performed. 

https://paperpile.com/c/FohaFn/quPp
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Figure 2.16. A) Representative graph of passive stress of EHTs stretched up to 20% and B) stiffness comparison between control EHTs 
(Control 1, n=6; Control 2, n= 5) and fibrin gel without cells (n=5). C) Frank-Starling curve of EHTs (from 0% to 40% strain) and active tension 

graphs (0.5Hz pacing) at slack length and Lmax show an increase in isometric twitch force with stepwise increase in EHT length. 

Under the same experimental conditions, the force generated by the EHTs under isometric conditions 

was analyzed at increasing stimulation frequencies (0.2-2.5Hz), as is done for human trabeculae, and 

we observed that at the stimulation frequency below 1Hz, the frequency control in all EHTs was 

incomplete, due to the presence of spontaneous contractions. Unlike healthy human myocardium, in 

EHTs we observed a less positive FFR and reduced rate adaptation of twitch duration (Fig. 2.17A) in 

comparison with the adult human myocardium (Coppini et al. 2013, 2019; Ferrantini et al. 2017), 

probably related to an immature SR function (Mannhardt et al. 2016; Shen et al. 2022). 

 

https://paperpile.com/c/FohaFn/Ss53i+ObD3
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Figure 2.17. A) Active tension and B) twitch duration to 50% of relaxation of both control EHTs (Control 1, n=8; Control 2, n=7). EHTs were 
measured in isometric conditions at 37°C in the Krebs-Henselheit solution with 1.8mM of [Ca²+] under imposed pacing. 

 

By comparison with samples of human fetal ventricles and human adult myocardium, we observed 

that the tension generated by the control hiPSC-EHTs (~0,5-0,6mN/mm²), under stimulation (0,5Hz) 

and in the presence of 1.8mM [Ca²+], was comparable to the force of the fetal samples (~0,4mN/mm²), 

but was lower than that generated by the adult myocardium (~5mN/mm²). However, in terms of 

contraction duration, control EHTs do not differ significantly from fetal ventricles (300-350 ms) (Fig. 

2.18). 

Figure 2.18.  A) Comparison of active tension and B) twitch duration to 50% of relaxation between control EHT, human fetal left ventricle 
and human myocardium. (Control 1, n=5; Control 2, n=8; hFLV, n=6; hALV, n=13). EHTs were measured in isometric conditions at 37°C in the 

Krebs-Henselheit solution with 1.8mM of [Ca²+] at 0.5Hz. 

 

In addition, to investigate the EHT contractile reserve, we analyzed the inotropic response to pacing 

pauses and high extracellular calcium ([Ca²+]out up to 4mM). We observed that all EHTs showed a 

positive inotropic response by increasing extracellular calcium concentrations from 0.5mM to 4mM. 

At the maximal calcium concentration (4mM), active tension was found to be increased approximately 

2-fold compared with the force recorded at submaximal calcium concentration (0.5mM) (Fig. 2.19B). 
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Figure 2.19. A) Representative isometric twitches in the presence of 0.5mM [Ca²+] and 4mM [Ca²+]. B) Fitting curves of the percentage of 
variation of EHTs tension amplitude at 1Hz electrical stimulation at increasing calcium concentration (from 0.5mM to 4mM) (Control 1, 

n=8; Control 2, n=7).  

 

In addition, a post-rest potentiation was assessed by pacing EHTs at 3Hz and after a 2.5s stimulation 

pause the amplitude of the first peak after resuming stimulation was measured to evaluate the rest-

mediated potentiation. The results showed that in both control EHTs, the amplitude after the rest 

pause exhibits slight potentiation compared with the amplitude before the pause, probably due to 

incomplete SR development (Fig. 2.20). 

 

 

Figure 2.20. A) Representative continuous recording from control hiPSC-EHTs during a post-rest protocol and B) positive inotropic 
responses to pauses in EHTs from the 2 cell lines. (Control 1, n=8; control 2, n=7). EHTs were measured in isometric conditions at 37°C in the 

Krebs-Henselheit solution with 1.8mM of [Ca²+] under imposed pacing. 
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2D-modeling of genetic cardiomyopathies  
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Calcium handling maturation and adaptation to increased substrate stiffness 

in human iPSC-derived cardiomyocytes: The impact of full-length dystrophin 
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ABSTRACT 

Cardiomyocytes differentiated from human induced Pluripotent Stem Cells (hiPSC- CMs) are a unique 

source for modeling inherited cardiomyopathies. In particular, the possibility of observing maturation 

processes in a simple culture dish opens novel perspectives in the study of early-disease defects 

caused by genetic mutations before the onset of clinical manifestations. For instance, calcium handling 

abnormalities are considered as a leading cause of cardiomyocyte dysfunction in several genetic-based 

dilated cardiomyopathies, including rare types such as Duchenne Muscular Dystrophy (DMD)-

associated cardiomyopathy. To better define the maturation of calcium handling we simultaneously 

measured action potential and calcium transients (Ca-Ts) using fluorescent indicators at specific time 

points. We combined micropatterned substrates with long-term cultures to improve maturation of 

hiPSC-CMs (60, 75 or 90 days post-differentiation). Control-(hiPSC)-CMs displayed increased 

maturation over time (90 vs. 60 days), with longer action potential duration (APD), increased Ca-T 

amplitude, faster Ca-T rise (time to peak) and Ca-T decay (RT50). The progressively increased 

contribution of the SR to Ca release (estimated by post-rest potentiation or Caffeine-induced Ca-Ts) 

appeared as the main determinant of the progressive rise of Ca-T amplitude during maturation. As an 

example of severe cardiomyopathy with early onset, we compared hiPSC-CMs generated from a DMD 

patient (DMD-ΔExon50) and a CRISPR-Cas9 genome edited cell line isogenic to the healthy control 

with deletion of a G base at position 263 of the DMD gene (c.263delG-CMs). In DMD-hiPSC-CMs, 

changes of Ca-Ts during maturation were less pronounced: indeed, DMD cells at 90 days showed 

reduced Ca-T amplitude and faster Ca-T rise and RT50, as compared with control hiPSC-CMs. Caffeine-

Ca-T was reduced in amplitude and had a slower time course, suggesting lower SR calcium content 

and NCX function in DMD vs. control cells. Nonetheless, the inotropic and lusitropic responses to 

forskolin were preserved. CRISPR-induced c.263delG-CM line recapitulated the same developmental 

calcium handling alterations observed in DMD-CMs. We then tested the effects of micropatterned 

substrates with higher stiffness. In control hiPSC-CMs, higher stiffness leads to higher amplitude of Ca-

T with faster decay kinetics. In hiPSC-CMs lacking full-length dystrophin, however, stiffer substrates 

did not modify Ca-Ts but only led to higher SR Ca content. These findings highlighted the inability of 

dystrophin-deficient cardiomyocytes to adjust their calcium homeostasis in response to increases of 

extracellular matrix stiffness, which suggests a mechanism occurring during the physiological and 

pathological development (i.e. fibrosis).  
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INTRODUCTION 

Recent evidence suggested that abnormalities of cardiomyocyte maturation and cardiac muscle 

development contribute to functional and structural cardiac anomalies in genetically-determined 

cardiomyopathies (Girolami et al. 2022). Cardiomyopathy-related mutations may alter the function of 

the developing cardiac cells determining pathological changes that may persist in the adult heart 

(Iacopo Olivotto, Girolami, et al. 2009). The multisystemic and heterogeneous presentation of many 

types of inherited cardiomyopathies is a challenge for clinicians, and delay in diagnosis is a significant 

concern (Limongelli et al. 2022). As an example, a number of cardiac abnormalities, including mitral 

valve leaflet elongation and coronary vessel wall thickening, may be the consequence of 

developmental abnormalities (Iacopo Olivotto, Cecchi, et al. 2009; Monteiro da Rocha et al. 2016; 

Krane et al. 2021). However, studying the abnormalities of cardiac development at cell level in 

transgenic rodent cardiomyopathy models has many limitations and concerns, due to the large 

differences in cardiac embryonic maturation between mice and humans. Patient-specific induced 

pluripotent stem-cells differentiated into cardiomyocytes (hiPSC-CMs) are at the frontier for in vitro 

modeling of genetic cardiac diseases and reproduce several disease-specific pathological changes 

observed in human hearts (Marchianò et al. 2019). Notably, differentiation from hiPSC and maturation 

of hiPSC-CMs summarize the changes occurring in the cardiac muscle during the embryonic and fetal 

period. However, most studies used early stage (30-45 days post-differentiation) hiPSC-CMs and the 

longer time-point of maturation were not monitored. We previously showed that control hiPSC-CMs 

grown on surfaces with microgrooved topography for an extended culture time (60-75-90 days) can 

regularly follow an external pacing frequency and more closely reflect the functional properties of 

native human cardiomyocytes from healthy hearts (Pioner et al. 2019). The first issue that this work 

seeks to address are the possible effects of cardiomyopathy-associated mutations on the cardiac 

differentiation and maturation of hiPSC-CM lines. In particular, calcium handling has a prominent role 

in cardiomyocyte development. Immature cardiomyocytes lack transverse (T)-tubules and have a 

poorly organized sarcoplasmic reticulum (SR). For this reason, in the early phases after differentiation, 

calcium diffusion in the intracellular compartments is slower compared to later-stages of 

cardiomyocyte development (Lundy et al. 2013). Moreover, calcium fluxes rise before the 

development of the myofibril contractile apparatus and alterations of calcium handling during the 

development may strongly influence the mechanical function of mature cardiomyocytes (Josè Manuel 

Pioner et al. 2020). A second issue that is often overlooked in current hiPSC-CM research are the 

effects of the different culture substrates on cardiomyocyte structure and function (Querceto et al. 

2022). Increased substrate stiffness and anisotropic surface morphology have both shown to be 

valuable biomimetic tools for advancing the structural and functional maturation of immature 

cardiomyocytes in culture (Querceto et al. 2022). Specifically, cardiomyocytes increase their 

contraction force in response to increased stiffness via adaptation of calcium handling and myofibril 

structural organization (A. J. S. Ribeiro et al. 2015; M. C. Ribeiro et al. 2020; Rodriguez et al. 2011). 

Morphological anisotropy of culture surfaces leads to a more rapid elongation of cardiomyocytes, 

improves myofibril alignment and increases sarcomere length (Carson et al. 2016). hiPSC-CMs are 

immature and beat spontaneously for a long time in culture. In our previous work, we showed that 

micropatterned surfaces with alternated linear grooves and ridges strongly impacted on 
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cardiomyocyte regulation of calcium homeostasis and cellular electrophysiology (Pioner et al. 2019). 

However, effects of substrate stiffness on hiPSC-CM function are rarely assessed. Understanding and 

translating the impact of substrate features on hiPSC-CM maturation is indeed highly relevant for in 

vitro cardiomyopathy modeling to avoid under- or over-estimation of mutation-related effects in 

studies involving patient-specific hiPSC-CMs. Additionally, changes of extracellular stiffness may occur 

in cardiomyopathies (e.g. due to accumulation of myocardial fibrosis) and severely affect 

cardiomyocyte function. To highlight the possible implications of developmental anomalies and 

substrate changes for cardiomyopathy studies with hiPSC-CMs, we compared cardiomyocytes from a 

Duchenne Muscular Dystrophy (DMD) patient carrying a deletion of exon 50 in the DMD gene (Guan 

et al. 2014)  with control cell lines and with an isogenic control created by CRISPR-Cas9 targeting the 

DMD gene (c.263delG) (J. Manuel Pioner et al. 2020). DMD-CMs were chosen over other 

cardiomyopathy models because the lack of full-length dystrophin in diseased cardiomyocytes may 

directly affect the interaction of cardiac cells with the extracellular environment (Pioner et al. 2020). 

Therefore, the final aim of the study is to assess: (i) the effects of the lack of dystrophin on the 

maturation of intracellular Ca2+ handling during development and (ii) the effects of substrate stiffness 

on the function of hiPSC-CMs with and without dystrophin, by growing cells on micropatterned 

surfaces with different mechanical properties.  

 

RESULTS 

3.1. Analysis of Ca2+-transient amplitude during cardiomyocyte maturation 

Single control- and DMD-(hiPSC)-CMs were dissociated from beating monolayers after differentiation 

(day 15) and plated onto custom-made photopolymerized polyethylene glycol-diacrylate (PEG-DA 

100%) surfaces with a micro-structured topography. The geometry of this biomimetic substrate 

featured an array of parallel micro-grooves with 0.6 μm width, 1.5 μm depth and 1.4 μm distance 

between lines (Pioner et al. 2019). To verify differences in the maturation of calcium handling, we 

compared control and DMD-CMs at different stages of cardiac differentiation (at day 60, 75 and day 

90 from the beginning of cardiac differentiation, (Fig. 3.1A). In control iPSC-CMs, calcium transient 

(Ca-T) amplitude increased significantly during maturation from d60 to d90 (Fig. 3.1B). In DMD-CMs 

vs. controls, however, Ca-T amplitude was smaller at d60 and failed to increase at d90. We then used 

a post-rest potentiation protocol to assess calcium storage in the sarcoplasmic reticulum (SR) of iPSC-

CMs, as previously described (J. Manuel Pioner et al. 2020). Rest periods of 10 s were introduced 

during 2 Hz stimulation and the amplitude of the post-rest potentiated contraction was plotted against 

that of the last regular contraction during regular pacing (Fig. 3.1C). In control cells, post-rest 

potentiation was larger at d90 vs. d60, indicating an increase of SR Ca storage. In contrast, the 

potentiation of Ca-T in DMD-CMs was lower compared to control-CMs and did not significantly change 

from d60 to d90 (Fig. 3.1D). Similarly, these results were recapitulated in age-matched CRISPR-Cas9 

edited control cardiomyocytes lacking full-length dystrophin (c.263delG-CMs). 
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Figure 3.1. Changes of calcium transient amplitude during hiPSC-CM maturation. Calcium transients were estimated at day 60, 75 and 90 

post differentiation at 37°C, 1.8 mM [Ca2+]. A) Representative CaT profiles at day 60 and 90 and average CaT amplitude (Fluorescence 

Arbitrary Units, A.U.) of DMD- versus control-CMs at day 60,75 and 90. B) Sarcoplasmic reticulum (SR) contribution in calcium handling 

maturation was tested by a post rest potentiation protocol at multiple maturation time-points. C) The post-rest potentiation of CaT 

amplitude was estimated after a resting pause of 5 s, inserted in a regular train of stimulation at 2 Hz. D) The potentiation is expressed as 

the % of increase of the first post-rest CaT with respect to the CaT pacing train before the pause (%). Post rest potentiation of DMD- versus 

control-CMs is estimated at day 60 and day 90. Exponential curves with Stirling’s approximation were used to show the variation of 

maturation in both groups. Control d60 N=3, n=336; d75 N=5, n=251; d90 N=3 n=165; DMD d60 N=3, n=193, d75 N=4, n=292; d90 N=4, 

n=169. One-way analysis of variance (ANOVA) with a Tukey post-hoc test with statistical significance set at †† p <0.01 versus time point; * 

p < 0.05 and ** p 0.01 versus control-CMs. 

 

3.2 Changes of action potential and calcium transient kinetics during cardiomyocyte 

maturation 

In addition to amplitude, the kinetics of Ca-T under the influence of the kinetics of action potentials 

(APs) can greatly influence cardiomyocyte contractile properties. Therefore, we then analyzed the 

kinetics of both phenomena. APs were measured by acquiring the FluoVolt voltage-sensitive dye 

fluorescence together with Ca-T (Cal630 fluorescence), during regular pacing with field-stimulation at 

1Hz (Fig. 3.2). Representative traces simultaneously recorded at day 75 and 90 post cardiac induction 

are reported in Fig. 3.2A. In both control and DMD -CMs, AP duration (APD) increased during 

maturation (Fig. 3.2B). At day 75, APD in DMD -CMs was shorter as compared with controls. At d90, 

however, no differences in APD50 were observed in DMD vs. control cells. Interestingly, in both 

control and DMD cells, APD did not show a significant rate adaptation at day 75 (APD50 at 1 and 2 Hz 

were comparable) but the shortening of APD with increased pacing rate (1 vs 2 Hz) was observed at 

d90 (Fig. 3.3). Ca-T kinetics was also measured at each time point of maturation (Fig. 3.2C-D). In 

control of hiPSC-CMs, the kinetics of Ca-Ts accelerated from d60 to d90. Similarly, in DMD-CMs, the 

kinetics of calcium rise (time to peak, TTP) and decay (time from peak to 50% of CaT decay, RT50) 
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became more rapid after 90 days in culture (Fig. 3.5D). However, the kinetics of Ca-Ts were 

consistently faster in DMD vs. controls myocytes (Fig. 3.2D). 

 

 

Figure 3.2. Changes of action potential and calcium transient kinetics during hiPSC-Cm maturation. Dual recording of action potential and 

calcium transients was performed at day 60, 75 and 90 post differentiation at 37°C at an external [Ca2+] = 1.8 mM on the softer substrate 

(PEG). A) Superimposed action potential (AP) traces of day 75 (Control d75 N = 2; n = 186; DMD d75 N = 2; n = 91) vs day 90 (Control N = 2; 

n = 119; DMD: d90 N = 2; n = 44) recorded by FluoVolt (B) 50% of action potential durations (APD50, ms) at 1 Hz are reported as Mean ± 

SEM. C) Superimposed traces of calcium transients recorded by Cal630 at day 60, 75 and 90 (D) average calcium transient (CaT) (difference 

of 50% of CaT decay and TTP, RT50, ms) are reported, during pacing at 1 Hz. Control d60 N = 3, n = 336; d75 N = 5, n = 251; d90 N = 3, n = 

165; DMD d60 N = 3, n =193, d75 N = 4, n = 292; d90 N = 4, n = 169. Supporting information given in Table S2. One-way analysis of variance 

(ANOVA) with a Tukey post-hoc test with statistical significance set at ††p < 0.01 versus time point; *p < 0.05 and **p 0.01 versus control-

CMs.  

 

 
Figure 3.3. Rate adaptation of action potential duration in late-stage hiPSC-CMs. Superimposed action potential (AP) profile of hiPSC-CMs 

was recorded both at 1 and 2 Hz to evaluate action potential duration (APD50, ms) and the response to frequency changes at both day 75 

(Control N=2, n=186; DMD N=2; n=91) and 90 (Control N=2, n=119; DMD N=2; n=44). Data were represented as box plots. † p < 0.05, †† p < 

0.01 or NS for not significant versus 1Hz. 
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3.3 Preserved response to forskolin in DMD-CMs 

To investigate the response to the β-adrenergic pathway activation, hiPSC-CMs were acutely exposed 

to forskolin (FSK), a phosphodiesterase inhibitor, to increase cAMP levels and activate PKA. Fig. 3.4A-

B shows representative traces of Ca-Ts at baseline and with FSK, recorded in control and DMD-CMs 

respectively. In both DMD- and control-CMs, CaT amplitude increased by around 30% following FSK 

incubation compared to the basal condition (Fig. 3.4C-D), suggesting preserved positive inotropic 

responses to catecholaminergic stimuli in DMD-CMs. In addition, the acceleration of RT50 with 

forskolin in both cell lines suggested a positive lusitropic response to beta-adrenergic stimulation. 

 

Figure 3.4. Effects of forskolin on calcium transients. Calcium transients of the before and after forskolin addition in day 60 control- and 

DMD-hiPSC-CMs. (A, B) Superimposed normalized traces of calcium transients recorded in the control hiPSC-CMs line, before and after 

treatment with forskolin (FSK, light green controls, dark green DMD), reported as the variation (%) compared with the basal condition. C) 

Calcium transient amplitude is reported, during pacing at 1 Hz, as the % variation related to the basal condition compared to the treatment 

with FSK in DMD. D) CaT decay (difference of 50% of CaT decay and TTP, RT50, ms) is reported, during pacing at 1 Hz, as the % variation 

related to the basal condition compared to the treatment with FSK in controls and DMD. 

3.4 CaMKII and and RyR2 phosphorylation 

At later-stages (d90), DMD-CMs have a higher level of phosphorylated CaMKII compared to controls, 

indicating increased CaMKII activity (Fig. 3.5A-B). We assessed the relative abundance of two 

phosphorylations (p-) sites of the ryanodine receptors (RyR2) using antibodies against p-RyR S2814 

and p-RyR S2808, which are targets of CaMKII and PKA, respectively (Fig. 3.5C-D). CaMKII-specific 

phosphorylation at site S2814 was increased in DMD-CMs compared to controls (p < 0.01). Contrarily, 

RyR2 phosphorylation at the PKA site (S2808) was not affected. Increased phosphorylated RyR2 is 

associated with increased diastolic open probability, often associated with SR calcium leakage. This 

finding may partially account for reduced Ca-T amplitude of DMD-CMs. 
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Figure 3.5. Phosphorylation of RyR2 and CaMKIIδ in hiPSC-CMs. Western blot (WBs) analysis of Ryanodine receptors (RyR2) 

phosphorylation status and verification of CaMKII activity in day 90 DMD-vs Control-hiPSC monolayers. A) Representative WB of CaMKIIδ 

(B) and analysis normalized for total CaMKII. C) Representative WB analysis of (D) RyR2 sites of phosphorylation (phospho-specific anti Ser 

2814 target of CaMKII and Ser 2808 target of PKA) normalized for GAPDH, *p < 0.05 in ANOVA DMD vs Controls N = 3 (differentiation runs) 

and n = 2–5 (gel repetitions). 

 

3.5 Stiffer substrates increase calcium transient amplitude in control hiPSC-CMs 

We tested a palette of micropatterned substrates with increasing stiffness to assess the impact of 

substrate stiffness on calcium handling in hiPSC-CM (Fig. 3.6A). Mixing PEG with adjustments of the 

crosslinker diethylene glycol-diacrylate (DEG-DA) concentration (PEG:DEG %: 75:25, 50:50, 25:75 and 

DEG 100%) resulted in increased substrate stiffness (Fig. 3.6B-C). Control hiPSC-CMs (day 60 post-

differentiation) showed a gradual increase of Ca-T amplitude with the increase of the substrate 

stiffness (Fig. 3.6D-E, Fig. 3.7A-B), obtained by increasing the percentage of DEG-DA in the monomer 

mixture. The maximal amplitude was obtained using polyurethane (PUA)-based rigid substrates (Fig. 

3.6E). Moreover, the time to peak (TTP, ms) and the time to the 50% of CaT decay (RT50, ms) were 

faster in control cells grown on stiffer substrates (DEG 100%) as compared with those grown on softer 

patterns (PEG 100%, see Fig. 3.7C-D). We then tested the effects of substrate stiffness on cell 

contractility. In line with the effects on Ca-T amplitude, control hiPSC-CMs displayed higher % cell 

shortening on stiffer PEG substrates, compared to cells grown on DEG patterns. In further analysis, a 

pacing train protocol of 2Hz followed by a rest pause of 10 seconds was applied to evaluate the post 

rest potentiation of cell shortening. The amplitude of post-rest potentiated beats was higher in cells 

grown on stiffer substrates, but the relative increase was similar when compared with cells grown on 

soft surfaces, suggesting a similar inotropic reserve. 
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Figure 3.6. Ca-transients in DMD-hiPSC-CMs grown on PEG vs DEG patterned substrates. A) Time course of media (mT mTeSR + suppl.; A + 

B + C cardiac differentiation kit) and substrates (TC tissue plate; MP micropatterned substrates). B) S.E.M. image of Poly (ethylene glycol) 

diacrylate (PEG-DA)- and Di(ethylene glycol) diacrylate (DEG-DA)-based substrates with micropatterned grooves. Scale bars 10 μm. C) 

Samples of PEGDA and DEGDA for dynamical mechanical analysis (DMA) with 1% wt. The samples were clamped in tension mode in a 

DMA800 analyzer (Perkin Elmer). Samples were analyzed in strain-control mode, imposing a 0.020 mm strain with 1 Hz frequency, in the -

20°C-120°C temperature range. The mechanical characterization was repeated three times for PEGDA100 and DEGDA100 samples. The 

value of the storage modulus at E′ was obtained by calculating the integral mean of the E′-T curve between 36°C and 38°C. Values are 

expressed as mean ± SEM. D) The impact of substrate stiffness in normal control-CMs was tested for CaT amplitude on microgrooved 

surfaces with increasing ratio of polyethyleneglycole (PEG) and dyethylenglycole (DEG) concentration and polyurethane-based 

nanopatterned surfaces (PUA) at 37 °C at and external [Ca2+] = 1.8 mM. Representative CaT profiles at day 60 and of CaT amplitude 

(Fluorescence Arbitrary Units, A.U.) of control-CMs under PEG (N = 3; n = 336), PEG:DEG 75:25 (N = 2; n = 150), 50:50 (N = 2; n = 147), 25:75 

(N = 2; n = 150), DEG (N = 2; n = 50) and PUA (N = 2; n = 59). (E) Data were represented as a box (median [interquartile range]) and whisker 

plots. †p < 0.05, ††p < 0.01 versus control condition (PEG). 

 
Figure 3.7. Impact of substrate stiffness on calcium transient amplitude and duration. To evaluate the impact of substrate stiffness on loss 

of full-length dystrophin, DMD- and control-CMs were compared for CaT amplitude and caffeine-evoked CaT on softer (PEG)- versus stiffer 

(DEG)-microgrooved surfaces (MPs) at 37°C at and external [Ca2+] = 1.8 mM. A) Representative CaT profiles at day 60 and of CaT amplitude 

(Fluorescence Arbitrary Units, A.U.) and RT50 of CaT decay (ms) of DMD-versus control-CMs under softer or stiffer MPs. B) Data are 

reported in box plots report control-versus DMD-CaT amplitude and RT50 (ms) on both softer or stiffer substrates (PEG: Control N = 3, n = 

336; DMD N = 5, n = 251; DEG: Control N = 2, n = 50; DMD N = 3, n = 67). C) Caffeine-induced CaTs (quick exposure to 10 mM Caffeine) after 

a series of 2 Hz paced CaTs. (D) Average of caffeine-induced CaT amplitude (Fluorescence Arbitrary Units, A.U.) was measured by localized 

caffeine exposure after steady-state calcium transients at 2 Hz prior. Caffeine transient CaT amplitude (CaTA CAFF/CaTA 2 Hz ratio) and 

decay (τ, s−1) of DMD- and control-hiPSC-CMs were compared on both PEG (softer) and DEG (stiffer) substrates. (PEG: Control N = 2, n = 83; 

DMD N = 2, n = 46; DEG: Control N = 2, n = 23; DMD N = 2, n = 21). Data were represented as a box (median [interquartile range]) and 

whisker plots. One-way analysis of variance (ANOVA) with a Tukey post-hoc test with statistical significance set at *p <0.05 and **p <0.01 

versus control and ††p <0.01 versus internal substrate condition. 
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3.6 Stiffer substrates do not enhance calcium release in DMD hiPSC-CMs, despite a higher 

SR Ca2+ content. 

Figure 3.7 reports the impact of stiffer substrates on age-matched control and DMD hiPSC-CMs. DMD-

(hiPSC)-CMs grown on 100% DEG patterns displayed increased Ca-T amplitude when compared with 

the softer substrate (PEG 100%), (Fig. 3.5A-B). However, compared to controls, DMD-hiPSC-CMs had 

reduced Ca-T amplitude on both soft and stiff substrates. Moreover, in control cells the kinetics of Ca-

T decay accelerated significantly in cells grown on 100% DEG substrates as compared with those grown 

on softer substrates (Fig. 3.7A-B). Contrarily, in DMD-CMs the kinetics of Ca-Ts did not change 

substantially on stiffer vs. softer substrates (Fig. 3.7A-B). To gain insights into the role of SR calcium 

content, we analyzed caffeine-evoked Ca-Ts (Fig. 3.7C-D). In control-CMs, caffeine Ca-T amplitude was 

similar between the softer and stiffer substrate (Fig. 3.7D). Additionally, caffeine Ca-T decay kinetics 

(tau, s-1) became faster in control-CMs grown on the stiffer substrate, suggesting increased capability 

of intracellular calcium removal by the sodium calcium exchanger (NCX). Conversely, in DMD-CMs 

caffeine-induced calcium transient amplitude on DEG surfaces was markedly increased when 

compared to the softer PEG substrates. Indeed, the amplitude of caffeine-induced Ca-Ts from DMD-

CMs grown on stiffer substrates became like controls (Fig. 3.7D). The decay kinetics (tau, s-1) of 

Caffeine-induced Ca-Ts was slower compared to controls, regardless of the substrate stiffness. Taken 

together, these results may indicate a reduced capability of intracellular calcium extrusion in DMD-

CMs (Fig. 3.5D) and increased diastolic Ca2+ levels.  

 

DISCUSSION 

In striated muscle the full-length dystrophin (Dp427) network covers almost the entire cytoplasmic 

surface of the plasma membrane. Within the cytoskeletal lattice complex termed costameres, 

dystrophin serves as a shock absorber, promoting membrane stability and transduction of mechanical 

force from the extracellular matrix during muscle contraction or stretch (Rahimov and Kunkel 2013). 

Calcium handling abnormalities have been described as a major consequence of dystrophin and other 

dilated cardiomyopathy (DCM)-related mutations, but the mechanisms linking dystrophin deficiency 

to abnormal calcium cycling remain unclear (Pioner et al. 2020). For Duchenne Muscular Dystrophy 

(DMD), the two main hypotheses related to calcium handling abnormalities are membrane 

fragility/damage (Carson et al. 2016), as reported in the human DMD-hiPSC-cardiomyocyte (Guan et 

al. 2014) (J. Macadangdang et al. 2015) and mdx mouse (Fanchaouy et al. 2009) model, or altered ion 

channel function with dysregulation of calcium homeostasis as a direct consequence of the altered 

dystrophin glycogen complex (DGC) (Zhan et al. 2014). In this work, we have studied the Ca-Ts and 

APs recorded from DMD hiPSC-CMs obtained from a patient with DMD-related cardiomyopathy, 

carrying a deletion of exon 50 (Δ exon 50) in DMD gene (Pioner et al. 2020). We compared these with 

the results obtained in control cell lines and a positive isogenic control created by CRISPR-Cas9 

targeting the DMD gene (c.263delG), as previously described (Querceto et al. 2022). Previous reports 

using these DMD hiPSC-CM lines exhibited membrane fragility (Guan et al. 2014) and diminished 
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structural/functional response to an underlying substrate with nanotopographic grooves compared to 

normal cardiomyocytes that was associated to a lower level of actin cytoskeleton turnover 

(Macadangdang et al. 2015). Moreover, we recently reported that absence of full-length dystrophin is 

sufficient to slow Ca-T kinetics, causing an overall impairment of contractility in single hiPSC-CM 

(Pioner et al. 2019) (Bremner et al. 2022). This work showed that highly matured DMD-hiPSC-CMs are 

capable to display mechanisms of contractile dysfunction that are independent of systemic alterations 

occurring in vivo. A major impact was attributed to cell growth on nanopatterned substrates compared 

to the commonly used flat glass coverslips. However, these findings suggested either retarded or 

altered maturation of cardiomyocyte structures associated with these functions. In this work, Ca-Ts 

were recorded from hiPSC-cardiomyocytes at specific time points of maturation (60, 75, 90 days from 

cardiac induction) on custom-made soft PEG- based micropatterned surfaces. We performed 

simultaneous recordings of APs and Ca-Ts with fluorescent indicators at the single cell level, to assess 

the key regulatory mechanisms of cardiac contraction of mature DMD-hiPSC-CMs (Pioner et al. 2019). 

At any time point of maturation, DMD-hiPSC-CMs on PEG- substrates showed lower Ca-T amplitude 

as compared with controls. This is consistent with the reduced post rest potentiation of Ca-Ts, which 

suggested a reduced amount of calcium stored in the sarcoplasmic reticulum (SR) during the resting 

pause. This observation is also confirmed by the caffeine-evoked Ca-Ts, which demonstrated a strong 

reduction of SR-calcium content in DMD-hiPSC-CMs with respect to controls. In agreement, increased 

CaMKII activity and phosphorylation of RyR2 S2814 may be related to higher RyR open probability and 

to SR calcium leakage (Meyer et al. 2021) in DMD-hiPSC-CMs. Calcium leakage from the SR during 

diastole can partially account for the reduced Ca-T amplitude of DMD-hiPSC-CMs, as previously 

observed in the mdx mouse model (Ather et al. 2013; Ullrich et al. 2009; S. Kyrychenko et al. 2013). 

Previous studies have shown that the SR Ca2+ release mechanism through RyR is impaired in both 

cardiac and skeletal muscles in DMD (Fauconnier et al. 2010; Bellinger et al. 2009). In cardiac muscle, 

other studies showed that genetic inhibition of RyR2 phosphorylation at S2808 or S2814 can reduce 

RyR2 oxidation, suggesting a potential interaction between these post translational pathways 

(Kyrychenko et al. 2013) (Q. Wang et al. 2015). In addition, other authors identified S-nitrosylation and 

calstabin 2 as a cause of RyR2 Ca2+ leakage leading to sudden cardiac arrhythmias in mdx mice 

(Fauconnier et al. 2010). In addition, we tested the function of the β-adrenergic pathway in DMD-

hiPSC-CMs. Previous observations of the expression profile of β-adrenergic receptors (AR) in hiPSC-

CM displayed a time-dependent increase of β2 and particularly β1 ARs (G. Jung et al. 2016). To avoid 

discrepancy related to different AR expression or reduced level of cAMP due high activity of 

phosphodiesterases (PDEs) (Giannetti et al. 2021), we used forskolin (FSK, an activator of adenylyl 

cyclase) to test the activation of the downstream pathway. In the presence of forskolin, Ca-Ts doubled 

in amplitude in both control and DMD, suggesting preserved positive inotropic responses. This is in 

keeping with the similar acceleration of Ca-T kinetics in DMD and CTR cells under FSK. Preserved 

phosphorylated RyR-S2808 level confirmed no alterations of the PKA phosphorylation target. With 

simultaneous recording of voltage-sensitive and calcium fluorescent dyes, we observed that APs had 

a similar profile in control- and DMD-hiPSC-CMs and showed a longer plateau phase at later stages of 

maturation with respect to earlier stages. These results are in line with previous observations 

(Jelinkova et al. 2020) but do not exclude the presence of minor electrophysiological abnormalities in 

DMD-hiPSC-CMs, as previously reported (Eisen et al. 2019). On the other hand, Ca-T decay, which 

reflects the mechanisms of calcium recovery after contraction, was overall significantly faster in DMD 
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vs. control and became even faster at longer times in culture. While control cells display a gradual 

increase of Ca-T amplitude with advanced maturation, DMD-hiPSC-CMs do not show any significant 

enhancement of Ca release at later stages of maturation, suggesting a specific impairment of systolic 

Ca release. Interestingly, our data support the idea that a lesser maturation or impairment of the SR 

apparatus, preventing any increase of SR Ca storage with maturation, is responsible for the lack of Ca-

T increase with increasing time in culture. Finally, we observed that cardiomyocytes obtained from 

the CRISPR-Cas9 gene-edited cell line (c.263delG) recapitulated the features of calcium handling 

observed in the patient-specific cell line (Δ exon 50), as we previously observed (Pioner et al. 2019; 

Macadangdang et al. 2015). These findings support the idea that smaller Ca-Ts are a stable alteration 

affecting developing cardiomyocytes lacking full-length dystrophin and this is associated with the 

reduced force generation reported in other DMD cell lines (Chang et al. 2021). However, shorter 

calcium transient duration was not expected, according to our previous finding on single cells (Pioner 

et al. 2019) and other findings obtained in 3D tissues (A. Moretti et al. 2020; V. Kyrychenko et al. 

2017)reporting slower calcium transients. However, most of the previous results were obtained with 

stiff substrates or matrixes (glass or polyurethane-based coverslides), which may change the kinetics 

of Ca-Ts, as we have clearly observed. Indeed, we tested a palette of substrate materials with 

increasing stiffness obtained by changing the percentage of polyethylene glycol, (PEG-DA) and 

diethylene glycol, (DEG-DA). Increasing the amount of DEG led to stiffer substrates, the maximal 

stiffness was obtained with 100% DEG-DA. In the control cell lines, we observed a clear increase of 

basal and post rest Ca-T amplitude with the increase of substrate stiffness. In DMD-hiPSC-CMs, 

however, we observed a much smaller increase of Ca-Ts when cells were grown on DEG substrates. 

Moreover, on stiffer substrates, Ca-T decay became slower in DMD-hiPSC-CMs compared to control 

cells grown in the same conditions. In addition, slower caffeine-induced CaT decay suggested that 

DMD-hiPSC-CMs have reduced ability to extrude calcium suggesting reduced NCX function in DMD-

CMs. Together with increased RyR open probability (due to CaMKII phosphorylation), this may 

increase diastolic Ca2+ levels and expose cardiomyocytes to a higher risk of cellular arrhythmias. All 

together, these results emphasize the idea that calcium transient dysregulation is a major disease 

mechanism in developing DMD cardiomyocytes. In addition, the reduced ability to extrude 

intracellular calcium is a possible additional defect reducing the adaptation of DMD-hiPSC-CMs to 

changes of the substrate stiffness. The mechanical stiffness of the surrounding extracellular matrix 

(ECM) critically determines normal cell function, stem cell differentiation and tissue homeostasis 

(Engler et al. 2006). Among these, cardiomyocytes actively probe the rigidity of their extracellular 

environment by exerting traction forces via transmembrane proteins named integrins (Santoro et al. 

2019). However, it is still poorly understood how cardiac cells sense matrix stiffness and how they 

transduce the mechanical information into specific cellular responses or functional phenotypes 

(Querceto et al. 2022). Key proteins in this scenario may include dystrophin and the glycoproteic 

complex (DGC). In dystrophin-associated cardiomyopathies, i.e. Duchenne (DMD) and Becker (BMD) 

Muscular Dystrophies, caused by the absence or the decreased expression of full-length dystrophin, 

respectively, the sarcolemma becomes fragile and susceptible to damage. For instance, the lack of 

dystrophin leads to reduced expression of its binding partner dystroglycan, a key link to laminin. 

Glycosylation of alpha-dystroglycan is necessary for its binding to laminin (Fallon and McNally 2018). 

For instance, when the external load varies due to an increase of the extracellular matrix stiffness from 
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pathological remodeling (e.g. myocardial fibrosis), DMD cells would be less capable of adapting force 

production to the new environmental features, amplifying their contractile impairment. 

Study limitations 

In this work, we explored another important feature of hiPSC-CMs, related to the ability of these cells 

to adapt their function in response to an external cue. These findings highlight that the maturation of 

cardiomyocytes is strongly influenced by the extracellular microenvironment. Using a time point 

analysis with different substrate conditions, we identified an important feature of dystrophic 

cardiomyocytes: e.g. reduced ability to adapt the regulation of calcium handling upon variation of the 

extracellular matrix load. The underlying substrates can mimic some aspects of cardiac extracellular 

matrix (cECM), e.g. anisotropy and stiffness. Substrates with low (e.g. PDMS, Matrigel, hydrogels) and 

high (e.g. glass, polyurethane) stiffness can provide different levels of external load, influencing the 

force of contraction and protein expression (Querceto et al. 2022). The current work used different 

substrates that are far from recapitulating the physiological range of extracellular tissue stiffness. For 

this reason, culture conditions mimicking the physiological stiffness of the cECM are needed to verify 

the role of cell/cECM. For instance, substrates with 10 vs 35kPa purposed the idea that tissue stiffness 

may trigger mechanisms related to contractile dysfunction, oxidative stress and telomere shortening 

in DMD-hiPSC-CMs (including the c.263delG DMD line) (Chang et al. 2021). More physiological 

conditions should be applied to verify the impact of cardiac cell/extracellular matrix interaction 

(Querceto et al. 2022; Bremner et al. 2022). However, for 2D cell cultures, stiffer substrates are 

important to stress additional pathological mechanisms (J. R. Macadangdang et al., n.d.). This is 

important to discern maturational alterations from maladaptive mechanisms. In addition, this work 

has evaluated only one of the CaMKII pathway targets (RyR phosphorylation site S2814) but future 

studies must consider a broader range of E-C coupling proteins. This can be feasible with novel Multi-

omics analysis (e.g. transcriptomic, proteomic and/or metabolomic analysis). This work was limited to 

a previously characterized cell line to study the calcium transient alterations in DMD-null 

cardiomyocytes (Guan et al. 2014; Pioner et al. 2019; Macadangdang et al. 2015; J. R. Macadangdang 

et al. 2018) and comparison was made with an unrelated healthy control cell line (Guan et al. 2014; 

Pioner et al. 2019; Macadangdang et al. 2015) and its isogenic CRISPR-Cas9 edited cell line (c.263delG) 

(Pioner et al. 2019). Isogenic CRISPR-Cas9 edited cell lines, either induced (DMD-null) in controls or 

corrected in patient cell lines (Y. Zhang et al. 2022), are the most rigorous model to verify the 

phenotype caused by gene mutations. Future studies aimed to verify the impact of novel therapies 

should include multiple isogenic pairs to exclude bias due to interpersonal variability. 

Conclusions 

Better understanding of the impact of maturation strategies, such as long-term cultures and variation 

of substrate stiffness on hiPSC-CM function will provide new insights to create microenvironments 

that may more closely recapitulate the ECM alterations occurring in several pathologies, including 

DMD. The mechanical properties of ECM induce an adaptive response within the cytoplasm and the 

nucleus, leading to changes in cell fate specification and function (Nakayama, Hou, and Huang 2014). 

Downregulation or total absence of proteins involved in the costamere domains cause dramatic 
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defects in the mechanosensing and mechanotransduction in muscular dystrophies and 

cardiomyopathies (Querceto et al. 2022)(James M. Ervasti 2003). In this context, hiPSC-CMs obtained 

from patients are the most suitable platform for the investigation of cell/ECM interaction. To this aim, 

the possibility of targeting genes of interest by CRISPR-Cas9 gene editing technology allows the 

validation of the pathogenicity of any cardiomyopathy-associated variant (Pioner et al. 2020) 

(Bhagwan et al. 2020). Moreover, it may contribute to elucidate the role of specific proteins with 

debated function and involved in physiological responses during cECM stiffening. In this context, full-

length dystrophin plays a crucial role to transmit mechanical signaling throughout extracellular and 

intracellular compartments. For this reason, the loss of full-length dystrophin and DGC (Duelen et al. 

2022) in DMD-hiPSC-CMs can serve as a model to investigate the signaling between the extra- and 

intracellular cardiac space. The consequences of full-length dystrophin deficiency appear in the very 

early phases of cardiac cell/tissue development, likely even before cardiac formation (Jelinkova et al. 

2019). Ventricular tachyarrhythmias in patients with DMD can be caused by a combination of 

mechanisms, including conduction abnormalities, fibrosis and fatty replacement of the myocardium 

(Pioner et al. 2020) (Frankel and Rosser 1976; Fayssoil, Abasse, and Silverston 2017). In addition, 

enhanced triggered activity due to abnormal myocyte Ca2+ homeostasis can promote arrhythmias in 

patients with DMD. Although DMD patients typically develop cardiac symptoms including arrhythmias 

in the presence of a structured cardiomyopathy, our strategy used DMD-hiPSC-CMs gain insight into 

the interplay between causal and adaptive alterations of cardiac cells during the early-stages of 

disease progression over a longer period. This approach suggested that causal changes can 

presumably be identified from the beginning of cardiac differentiation, even before the pathology 

becomes manifest, while adaptive and maladaptive processes can influence the disease progression. 

For this reason, the natural myocardium stiffness and the increase of fibrosis at later stages of the 

disease can be major causes of dilated cardiomyopathy and sudden death in DMD patients. 
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MYBPC3 HCM 
J. M. Pioner*, G. Vitale*, S. Steczina, M. Langione, F. Margara, L. Santini, F. Giardini, E. Lazzeri, N. Piroddi, B. 

Scellini, C. Palandri, M. Schuldt, V. Spinelli, F. Girolami, F. Mazzarotto, J. van der Velden, E. Cerbai, C. Tesi, I. 

Olivotto, A. Bueno-Orovio, L. Sacconi, R. Coppini, C. Ferrantini, M. Regnier, C. Poggesi. 

Circulation Research. 2023 6 Feb. doi.org/10.1161/CIRCRESAHA.122.321956 

 

ABSTRACT 

The pathogenesis of MYBPC3-associated hypertrophic cardiomyopathy (HCM) is still unresolved. We 

exploited a large and well-characterized patient population carrying the MYBPC3-c.772G>A variant (p. 

Glu258Lys, E258K) to provide translational insight based on studies on surgical myectomy samples, 

induced pluripotent stem cell (hiPSC)-cardiomyocytes and engineered heart tissues (EHTs). To gain 

insights into the pathogenic mechanisms driven by the MYBPC3-c.772G>A mutation using a 

comprehensive investigation of human disease models. Haplotype analysis revealed MYBPC3-

c.772G>A as a founder mutation in Tuscany. The mutation leads to reduced cardiac myosin binding 

protein-C (cMyBP-C) expression, supporting haploinsufficiency as the main primary disease 

mechanism. Functional perturbations were studied in left ventricular samples from four patients who 

underwent myectomy, as well as in human hiPSC-cardiomyocytes and EHTs harboring c.772G>A, 

compared with samples from non-failing non-hypertrophic surgical patients and hiPSC lines from 

healthy controls. Mechanical studies in single myofibrils and permeabilized muscle strips highlighted 

faster cross-bridge cycling, and higher energy cost of tension generation. A novel approach based on 

tissue clearing and advanced optical microscopy supported the idea that the sarcomere energetics 

dysfunction is intrinsically related with the reduction in cMyBP-C. Studies in single cardiomyocytes 

(native and hiPSC-derived), intact trabeculae and hiPSC-EHTs revealed prolonged action potentials, 

slowerCa2+ transients and preserved twitch duration, suggesting that the slower excitation-

contraction coupling counterbalanced the faster sarcomere kinetics. This conclusion was 

strengthened by in silico simulations. Of note, the results from patient tissues and hiPSC-derived 

models obtained from the same patients were essentially the same, supporting the use of hiPSC-

models for HCM studies. HCM-related MYBPC3-c.772G>A mutation invariably impairs sarcomere 

energetics and cross-bridge cycling. Compensatory electrophysiological changes (e.g. reduced 

potassium channel expression) appear to preserve twitch contraction parameters but may expose 

patients to greater arrhythmic propensity and disease progression. Therapeutic approaches correcting 

the primary sarcomeric defects may prevent secondary cardiomyocyte remodeling. 
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INTRODUCTION 

Hypertrophic cardiomyopathy (HCM) is the most common inherited heart muscle disease, 

characterized by abnormal and asymmetric thickening of the left ventricle (LV), diastolic dysfunction, 

and structural remodeling of the myocardium (e.g. myocyte/myofibril disarray). Most genotyped HCM 

patients harbor a mutation in one of the genes coding for cardiac sarcomeric proteins—hence,HCM is 

defined primarily as a disease of the sarcomere (Ho, Charron, et al. 2015). A complex and unresolved 

chain of events leads from sarcomeric protein alterations to mechanical dysfunction and cardiac 

remodeling. We have previously shown that HCM associated mutations in both thick- and thin-

filament proteins (i.e. MYH7:p.R403Q and TNNT3:p.K280N),(Witjas-Paalberends et al. 2014; Piroddi 

et al. 2019) primarily increase cross-bridge cycling kinetics leading to increased energy consumption 

during tension generation (tension cost). Inefficient or excessive ATP utilization for tension 

development may play a central role in the pathogenesis of HCM (Ashrafian et al. 2003). The energy 

depletion hypothesis is supported by several studies in HCM patients, human heart samples, and 

animal models (Witjas-Paalberends et al. 2014; Piroddi et al. 2019) (Belus et al. 2008; Cecilia Ferrantini 

et al. 2017; Luedde et al. 2009). Mutations in MYBPC3, the gene coding for cMyBP-C (cardiac myosin-

binding protein-C), represents the most common molecular etiology of HCM (Richard et al. 2003) 

cMyBP-C is a thick-filament-associated protein that localizes in the cross-bridge bearing C-zone of the 

A band within the cardiac sarcomere, where it plays important structural and functional roles (Lucie 

Carrier et al. 2015; Sadayappan and de Tombe 2012). About 70% of known cMyBP-C mutations are 

either frameshift or nonsense variations, for which a haploinsufficiency mechanism has been 

postulated (Marston et al. 2009b; van Dijk et al. 2009). Though less common than truncation 

mutations, a growing number of pathogenic missense mutations in MYBPC3 have been identified in 

HCM (Page et al. 2012; Iacopo Olivotto et al. 2008) The c.772G>A has been repeatedly reported among 

MYBPC3 variants, but it's true nature is still debated (De Lange et al. 2013; Krishnamoorthy et al. 2017). 

Although the c.772G>A transcript change is predicted to result in a missense substitution at position 

258 (a lysine residue in place of glutamic acid, p.E258K), several lines of evidence indicate that this 

nucleotide change results in an exon skipping event—ultimately leading to a frame shift—by altering 

the last nucleotide of exon 6 and interfering with splicing (Singer et al. 2019; Suay-Corredera et al. 

2021). Further understanding of these chains of events may prove instrumental to understanding HCM 

pathogenesis and identifying novel therapeutic targets. To date, the molecular mechanisms of the 

MYBPC3-c.772G>A pathogenicity remain controversial. By using different experimental models and 

approaches, we report that the MYBPC3-c.772G>A is a Tuscany founder mutation causing HCM. Our 

extensive set of analyses in HCM patient samples and human-induced pluripotent stem cell-derived 

cardiomyocytes (hiPSC-CMs) show that this founder mutation, most likely at early disease stages, 

causes (1) cMyBP-C deficiency, (2) impaired sarcomere energetics due to changes in cross-bridge 

cycling, and remodeling in excitation-contraction (E-C) coupling. 
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RESULTS 

4.1 Characterization of the c.772G>A HCM cohort: demonstration of a founder effect in 

Tuscany 

The heterozygous c.772G>A variant in the MYBPC3 gene was found to be present in 93 (5.8%) of 1198 

probands analyzed through November 2016 (Mazzarotto et al. 2019), all of them originating from the 

north-eastern part of Tuscany (Fig. 4.1A). They represented 17% of genotype-positive individuals in 

the HCM Florence cohort (approximately one-third of all patients with MYBPC3 mutations) (Fig. 4.1B). 

Haplotype analysis in four selected families revealed the presence of a unique haplotype spanning 

approximately 2 Megabases shared by all the c.772G>A individuals, confirming that the high 

prevalence of this otherwise rare variant is indeed due to a founder effect (Fig. 4.1C-D). At diagnosis, 

the mean age of the 93 E258K-HCM patients was 50±15 years; 33% were women. The vast majority of 

patients had classic localization of LV hypertrophy preferentially to the interventricular septum and 

anterior wall (94%); maximal LV wall thickness was 20±7 mm and LV ejection fraction (LVEF) at baseline 

was normal or supernormal except in one patient. During a mean follow-up of 6±4 years, 13 of the 93 

patients (14%) died of cardiac causes and 8 (9%) experienced nonfatal cardioembolic strokes; the rate 

of sudden cardiac death was 0.5%/year and heart failure-related death was 1.8%/year. Importantly, 

over one-fifth of the c.772G>A patients (n=19, 21%) showed advanced LV dysfunction at final 

evaluation (defined as LVEF <50% and/or restrictive diastolic pattern), suggesting a considerable 

propensity to disease progression after age 45.  
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Figure 4.1.  Prevalence of the c.772G>A variant in the Florence HCM cohort. A) Geographical origin of HCM patients carrying the MYBPC3- 
c.772G>A mutation. B) Prevalence of genotype positive and genotype negative patients among the overall HCM Florence 

Cohort.Prevalence and distribution of sarcomeric myofilament protein gene mutations among the 46.7% genotype-positive HCM patients. 
C) and D) PCR assays for five intragenic microsatellite markers (CA/GT dinucleotide repeats were designed, and their products sequenced to 

obtain genotypes for segregation analysis). Numbers were assigned randomly to repeat alleles, and haplotypes were reconstructed with 
Merlin. The haplotype marked in grey is shown to segregate consistently with HCM in one illustrative large pedigree.  

 

As shown in Fig. 4.2A-B, LVEF tended to decrease with age and the number of patients with LVEF<50% 

increased progressively after the fifth decade. The four surgical patients who provided samples for in 

vitro studies were in the fourth (ID4: 33 years) and fifth decade (ID1, ID2 and ID3 45, 47 and 44 years 

respectively) and had all preserved EF (≥60%; Fig. 4.2C). 

 

 
Figure 4.2. Effect of age on LV function of the 

c.772G>A population and Cardiac Magnetic 

Resonance (CMR) imaging of the four 

patients selected for biophysical 

phenotyping. A) Changes with age in the LV 

Ejection Fraction (LVEF) of the c.772G>A  

population and B) percentage of c.772G>A  

patients with LVEF<50%  in relation to age. 

C) CMR images from the four subjects who 

underwent myectomy from whom surgical 

samples were used for in vitro studies 

(gender, age and left ventricular ejection 

fraction on top of each image). Four 

chamber (Top) and short axis (bottom) 

views. Arrows show non-homogeneous 

signals in the hypertrophic IVS. LVEF is ≥ 60% 

in all four patients. Data collected at the last 

visit before myectomy. (LVEF, Left 

Ventricular Ejection Fraction; LA, Left 

Atrium; LV, Left Ventricle; RA, Right Atrium; 

RV, Right Ventricle; IVS, InterVentricular 

Septum. 
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4.2 The energy cost of isometric tension is increased in c.772G>A sarcomeres 

To investigate the impact of the MYBPC3-c.772G>A mutation on sarcomere energetics, Triton-

permeabilized ventricular strips from three patients and two control donors were used to 

simultaneously measure steady-state Ca2+-activated tension and ATPase activity under isometric 

conditions at 25 °C. Representative recordings of maximal isometric tension and ATPase activity at 

saturating Ca2+ concentration is shown in Figure 4.3A, for both donor and mutant multicellular 

preparations. The comparison of mechanical and energetic measurements between donor and 

mutant ventricular strips may suffer from artifacts related to differences in the structural features of 

the two groups of preparations. Using a combination of advanced tissue clearing, labeling, and optical 

imaging, we employed a method capable of reconstructing the whole ventricular strip with sufficient 

contrast and resolution to discriminate sarcomeric Z-lines across the whole length and thickness of 

the preparations (Fig. 4.3B)(Giardini et al. 2021). This imaging analysis allowed us to select strips with 

an adequate degree (near 100%) of cardiomyocyte alignment and density and a minimal degree (close 

to zero) of disarray (Fig. 4.3C). By comparing structural and functional measurements one-to-one in a 

direct correlative manner, we found that HCM strips that had the same longitudinal cardiomyocyte 

alignment as the donor strips showed a significantly increased tension cost measured from the ratio 

between maximal ATP consumption and isometric tension at saturating [Ca2+] (Fig. 4.3D). Impaired 

energetics of the c.772G>A strips was confirmed when energy cost of isometric tension generation 

was calculated from the slope of the average relation between isometric steady-state tension and rate 

of ATP consumption measured at different levels of Ca2+-activation (Fig. 4.3E). The slope of the 

tension-ATPase relation was significantly higher in the c.772G>A strips compared to the donor 

preparations. 
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Figure 4.3. Impact of the c.772G>A mutation on tension cost. A) Representative isometric tension (top) and ATPase activity (bottom) 
recordings in skinned ventricular strips from donors and c.772G>A samples at saturating [Ca2+]. B) Reconstruction of a human muscle strip 
labeled with an anti-α-actinin antibody imaged with two-photon fluorescence microscope. Three representative sagittal planes at different 
depths show the stitched area after the deconvolution and the contrast equalization. The segmentation result is superimposed as a green 

border. A magnification showing the sarcomere z-lines at subcellular resolution is displayed in the red square. C) On the left, global 
alignment of contractile units; the central graph shows disarray, expressed as the measure of the local angular dispersion of nearby cells; 
on the right, cardiomyocytes density, expressed as the ratio of the volume of contractile tissue vs total muscle volume. Donor N=3, n=7; 

c.772G>A N=3, n=7; donor and mutant values were compared using linear mixed models; no significant differences were noted. D) One-to-
one correlation between tension cost (in black and grey) and alignment (in red and light red) measured on donor and c.772G>A samples 

(donor N=3, n=7; c.772G>A N=3, n=7). Tension cost is measured as the ratio between maximal ATPase activity and maximal isometric force 
at saturating [Ca2+]. While a significant difference in tension cost was found between donor and HCM strips, no difference was found in cell 
alignment. P values calculated with linear mixed models; **=P<0.01. E) Average pooled relations between active tension and rate of ATP 
consumption (tension cost is the slope of the relation) in c.772G>A (blue) and donor (grey) muscle strips (c.772G>A N=3, n=7; donor N=3, 
n=7) (y = 3.04x and y = 2.08x respectively). Data, expressed as mean ± SEM, were obtained at different activating [Ca2+]s, pooled in 10%-

wide steady state tension bins and were fit by linear regression as indicated by the solid lines (slope values are shown in the panel). *= The 
slopes of the two regression curves were compared using Student’s T-test and found to be significantly different(P<0.05).  
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4.3 The c.772G>A variant accelerates the kinetics of myofibril force generation and 
relaxation 
 

To understand the mechanism responsible for the increased energy cost of tension generation in the 

c.772G>A myocardium, ventricular myofibrils from the three c.772G>A patients and five donors were 

maximally Ca2+-activated (pCa4.5) and fully relaxed (pCa9) by rapid solution switching at 15°C, as 

previously described3. Figure 4.4A shows representative contraction-relaxation traces of both groups 

of myofibrils. Maximal Ca2+-activated tension was the same in c.772G>A myofibrils compared to 

donors while resting tension showed a trend to be higher in the mutant group though the difference 

was not significant (Fig. 4.4D). The rate of force activation, kACT, and the rate of force redevelopment, 

kTR, were faster in c.772G>A myofibrils (Fig. 4.4B-D), indicating an accelerated apparent cross-bridge 

turnover in the mutant. Upon sudden Ca2+ removal, the time-course of myofibril force relaxation was 

biphasic, as previously described (Poggesi, Tesi, and Stehle 2005; Piroddi et al. 2007). The early, slow 

phase of relaxation (rate constant, slow kREL) was markedly faster in the c.772G>A than in the donor 

myofibrils (Fig. 4.4C-D), indicating a faster apparent cross-bridge detachment rate under isometric 

conditions (Cecilia Ferrantini et al. 2009; Vitale et al. 2021)(Poggesi, Tesi, and Stehle 2005; Piroddi et 

al. 2007) (Cecilia Ferrantini et al. 2009). The rate of fast relaxation (fast kREL) was also greater in the 

c.772G>A myofibrils. The results (changes in kinetics with no changes in active tension) suggest that 

the apparent rates of cross-bridge attachment and detachment are both increased in the c.772G>A 

myofibrils by 1.5-2 times and that the change in the isometric detachment rate is responsible for the 

increased tension cost (1.5-2 times) measured in the skinned multicellular preparations (Vitale et al. 

2021). 

 

.  
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Figure 4.4. Impact of MYBPC3-c.772G>A mutation on myofibril mechanics and kinetics. A) Representative tension responses (top traces) of 
donor (grey) and c.772G>A (blue) myofibrils maximally activated (pCa 4.5) and fully relaxed (pCa 9) by fast solution switching; the top and 
bottom traces are the lengths of the myofibrils that are subjected to release-restretch protocols at rest to measure resting tension and at 
steady-state contraction to measure kTR. B) and C) The normalized tension curves from the c.772G>A and the donor myofibrils shown in A 

are superimposed to better compare the kinetics of force activation (B) and relaxation (C). D) Mechanical and kinetic parameters measured 
in donor (grey, N=5, n=100) and c.772G>A (blue, N=3, n=50) ventricular myofibrils. Po, maximal Ca2+-activated tension, RT, resting tension, 

kACT, rate of tension activation, kTR, rate of tension redevelopment, slow kREL, rate of the initial slow isometric phase of relaxation, Dslow, 
duration of the slow phase of relaxation, fast kREL, rate of the fast-exponential phase of relaxation. Line and bars indicate means ± SEM. 

*p<0.05; ** p<0.01. P values were calculated using linear mixed models. N=number of patients, n=number of myofibrils. 
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4.4 Analyses of cMyBP-C protein levels in patient myocardium and hiPSC-CMs 
 

The molecular pathomechanism underlying HCM associated with MYBPC3 mutations has often been 

identified in cMyBP-C protein deficiency. To test if the same mechanism is associated with the 

MYBPC3-c.772G>A, we analyzed cMyBP-C protein expression in the myectomy samples used for in 

vitro experiments. The results show that the levels of full-length cMyBP-C (relative to α-actinin) were 

~30% lower in each of the three c.772G>A samples compared with donor myocardium (Fig. 4.5A). 

The levels of full-length cMyBP-C protein were also analyzed in cardiomyocytes derived from the 

patient hiPSC cell line and isogenic control (ID3 and corrected ID3) and from the healthy WT-C11 cell 

line between day 14 and 60 after initiation of differentiation. The Western immunoblot normalized 

for sarcomeric α-actinin confirmed that the relative expression of cMyBP-C was reduced in the mutant 

compared to the healthy cardiomyocytes and partially restored in the isogenic corrected controls from 

the patient (Fig. 4.5B). This result supports the haploinsufficiency hypothesis based on the results 

obtained from myectomy samples. 

 

Figure 4.5. A) Reduced cMyBP-C expression in myectomy samples from MYBPC3-c.772G>A patients. The levels of full-length cMyBP-C were 
analyzed by Western Immunoblot with the use of the C2-14 antibody and normalized to α-actinin in each of the three c.772G>A myectomy 

samples (N=4; n=18) compared with donor myocardium (N=5; n=30). B) cMyBP-C expression in hiPSC-CMs from c.772G>A patient and 
healthy subjects. Protein content was isolated from pellets of mutant (ID3) hiPSC-cardiomyocytes and compared with its isogenic CRISPR-

Cas9 corrected control (corrected ID3) and the healthy control cell line (WT-C11) at different maturation time points (day 14, 30, 45 and 60 
post initiation of differentiation) (WT-C11 N=7, n=1-5; ID3 N=8, n=1-4; c.ID3 N=7, n=1-4). 
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4.5 Action potentials and Ca2+ transients in c.772G>A isolated cardiomyocytes  
 

According to what was previously observed in cardiomyocytes isolated from HCM patients with 

different genetic backgrounds (Coppini et al. 2013), action potential (AP) durations and Ca2+ transients 

were also markedly prolonged in c.772G>A cardiomyocytes compared to controls (Fig. 4.6A-B). A 

reduction in the expression of repolarizing K+ channels as observed by reduced mRNA levels of 

regulatory subunits may at least partially explain the prolongation of the AP (Fig. 4.6C). These acquired 

electrophysiological changes may represent maladaptive mechanisms common to all forms of HCM 

remodeling, regardless of genotype (Coppini et al. 2013) (Cecilia Ferrantini et al. 2017). 

 

 
Figure 4.6. Functional data from isolated cardiomyocytes. A) Representative recording of action potential and action potential duration at 

90% repolarization (APD90%) from control cardiomyocytes (N=7, n=21) and c.772G>A cardiomyocytes (N=3, n=11), during stimulation at 

0.5Hz and 1Hz. B) Representative superimposed calcium transient from control and c.772G>A cardiomyocytes during stimulation at 1Hz 

and Ca2+ transient decay duration (time from peak to 50% decay) from control cardiomyocytes (N=6, n=14) and c.772G>A cardiomyocytes 

(N=2, n=8), during stimulation at 0.5Hz and 1Hz. C) RNA expression of potassium current genes relative the 18S ribosomal RNA in control 

(N=1) and HCM (N=2) samples: secondary IKr subunit (KCNE2 or MIRP-1), IKs main channel gene (KCNQ1 or KvLQT1) and secondary subunit 

(KCNE1 or minQ), potassium voltage-gated channel subfamily H member 2 (KCNH2 or hERG1), Kv channel-interacting protein 2 (KCNIP2, 

KChIP2). 

 

In addition, contractile function of the c.772G>A ventricular myocardium was also studied, using intact 

trabeculae dissected from the endocardial layer of myectomy samples and recorded under isometric 

conditions at different pacing frequencies (procedure described in Methods). As shown in Fig. 4.7A, 

the twitch amplitude appears to be preserved in the c.772G>A trabeculae, as no differences were 

visible compared with the control tissue; moreover, the c.772G>A samples showed a preserved 

adaptation of twitch duration to stimulation rate (Fig. 4.7B), as observed in other intact trabeculae 

from patients carrying other HCM-causing mutations (Coppini et al. 2013). Contractile reserve also 

appears to be preserved in the HCM patient myocardium, as indicated by the positive inotropic 

response to high pacing frequency (Fig. 4.7C), stimulation pauses (Fig. 4.7D) and beta-adrenergic 

stimulation , which are similar to those measured in control cardiomyocytes.  

https://paperpile.com/c/FohaFn/JTitI
https://paperpile.com/c/FohaFn/JTitI
https://paperpile.com/c/FohaFn/zHH4j
https://paperpile.com/c/FohaFn/JTitI


 

 

 

104 
 

 

Figure 4.7. Functional data from intact trabeculae. A) Representative superimposed force twitches from control and c.772G>A intact 
trabeculae during stimulation at 0.5 Hz and 1 Hz (inset: twitch amplitude at 0.5Hz) and B-C) twitch duration from stimulus to 50% of 

relaxation by increasing stimulation frequency (0.2, 0.5, 1, 2 and 2.5 Hz). D) Representative continuous recording from an c.772G>A and 
control trabecula during a post-rest protocol. E) Superimposed twitches from an c.772G>A and control trabeculae at baseline and in the 

presence of 0.1 µmol/L isoproterenol (Iso). Right: average percentage variation of force amplitude and twitch duration to 50% relaxation in 
control and c.772G>A intact trabeculae upon addition of β-adrenergic stimulation with isoproterenol 10-6M; c.772G>A n=4, N=2; control 

n=5, N=4. * = p<0.05 and **=p<0.01 by one-way ANOVA with Tukey. N=number of patients; and n=number of cells/trabeculae. 

 

In addition, the c.772G>A ventricular muscle displayed a preserved adaptation of twitch duration to 

stimulation rate, as observed previously in surgical samples of intact trabeculae from patients 

harboring different HCM causing mutations. The mechanism responsible for a preserved twitch 

duration with the underlying prolonged AP and calcium transients likely arises from the acceleration 

of cross-bridge cycling described above. To test this hypothesis, we employed a previously described 

model of HCM human cardiomyocytes (Passini et al. 2016)(Margara et al. 2021). We report above that 

the c.772G>A mutation accelerates cross-bridge kinetics, as shown by the enhanced kACT and slow kREL. 

According to a simple two-state cross-bridge model (Brenner 1988), under the present experimental 

conditions (nominally zero [Pi]), kACT reports the sum of the apparent rate constants fapp and gapp that 

limits transition of cross-bridges from non-force-generating to force-generating states and from force 

generating to non-force-generating states, respectively. In terms of cross-bridge turnover kinetics, 

slow kREL is a measure of gapp, which in the model is also equal to the tension cost (isometric ATPase 

per unit force). Force is proportional to the apparent duty ratio [fapp/(fapp+gapp)], and an increase in 

https://paperpile.com/c/FohaFn/75Ve
https://paperpile.com/c/FohaFn/TUwh
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gapp should lead to a decline in the force generating capacity of the sarcomere unless the increase in 

gapp is compensated for by an increase in fapp. The myofibril data support the idea that the c.772G>A 

mutation increases fapp and gapp to a similar extent, i.e. 1.5-2 folds. A similar increase in gapp was 

estimated from the change in tension cost. Fig. 4.8A shows what happens if a 1.5-2-fold change of 

cross-bridges attachment and detachment rates is imposed in a control cardiomyocyte in the 

mathematical model (i.e., with preserved AP and calcium transient). The resultant twitch contraction 

is accelerated (both peak and relaxation times) and slightly increased in amplitude. In Figure 4.8B we 

mimic the prolongation of AP and calcium transient observed in c.772G>A and demonstrate that a 1.5-

2-fold increase of cross-bridge attachment and detachment rates would in this case preserve the 

twitch duration. This provides proof of concept that the impact of increased cross-bridge cycling can 

be offset by slowing of the calcium transient. 

 

Figure 4.8. Mechanistic simulations of human ventricular myocyte electromechanical function explain the impact of altered crossbridge 
cycling on force generation, in the context of HCM ionic remodeling. A) (from left to right) Comparison of action potential, calcium 

transient, and active tension waveforms in control (grey) and under faster crossbridge cycling (blue). B) (from left to right) Comparison of 
action potential, calcium transient, and active tension waveforms in control (grey) and under faster crossbridge cycling and HCM ionic 

remodeling (blue).  

A prolongation of the AP and Ca2+ transient, reducing only repolarizing K+ currents, was simulated 

under the same conditions, and it was observed that the twitch duration remained unchanged, despite 

increased cross-bridges attachment and detachment rates (Fig. 4.8B). This shows that the impact of 

increased cross-bridges cycling can be offset by slowing of the calcium transient.  

 

4.6 hiPSC-derived cardiomyocytes and EHTs recapitulate the biophysical phenotype 
observed in patients’ samples. 

It is known that prolongation of APs and Ca2+- transients is associated with the development of early 

and delayed afterdepolarizations (Coppini et al. 2013)(Cecilia Ferrantini et al. 2017), so it is possible 

that electrophysiological changes appear in the pre-hypertrophic stages of the disease (Coppini et al. 

2017). Therefore, to study alterations that occur in the early stage of HCM, we used hiPSC-derived 

https://paperpile.com/c/FohaFn/JTitI
https://paperpile.com/c/FohaFn/zHH4j
https://paperpile.com/c/FohaFn/cD6nh
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cardiomyocytes as a model, which can mimic cells in their developmental stage (Marchianò, Bertero, 

and Murry 2019). Recordings of AP and Ca2+ transients in single hiPSC-CMs were performed by an 

optical method at day 60 post differentiation, using fluorescent indicators. As observed in Fig. 4.9A-B, 

the AP and calcium transients duration was slower in c.772G>A hiPSC-CMs (ID3) than in controls, 

recapitulating what was observed in cardiomyocytes isolated from patients' surgical samples. 

Furthermore, consistent with what we saw in cardiomyocytes isolated from native tissue, in hiPSC-

CMs carrying the mutation (ID3) we also observed reduced mRNA levels of K+ channel regulatory 

subunits compared with control cardiomyocytes (Control and ID3 corrected). Compared to controls, 

ID3 patient hiPSC-CMs had similar fractional shortening, indicating preserved cell contractility (Fig. 

4.9D). Moreover, the time course of the twitch was comparable to that of the healthy cell line. 

 

 

Figure 4.9. The impact of the mutation on the hiPSC-cardiomyocytes function. Simultaneous recording of action potential A) and calcium 

transients B) by fluorescent indicators (Cal630 and FluoVolt, respectively). Single mutant hiPSC-cardiomyocytes (ID3 N=4, n=178) were 

compared with a healthy control cell line (UC3-4, N=3, n=131) for action potential at 50% and 90% of duration (APD50, ms) and the 

duration from calcium transient peak to 50% and 90% of calcium transient decay (RT50, ms). C) RNA expression of potassium current genes 

relative to the 18S ribosomal RNA in control, isogenic control (ID3 corrected) and c.772G>A hiPSC-CMs (ID3) (N=1). D) Analysis of single 

cardiomyocyte contractility by video-edge detection; percentage of unloaded cell fractional shortening was recorded at 1Hz at 37°C in 

Tyrode solution with 1.8mM of extracellular calcium. N=3; n=10 for each cell line. 

Thus, electrophysiological and E-C coupling remodeling also seems to be present in hiPSC-

cardiomyocytes with the c.772G>A mutation, suggesting that this might be an early adaptation 

mechanism that begins even before the onset of hypertrophy.  

Finally, to more closely recapitulate tissue level conditions, engineered heart tissues (EHTs) were 

fabricated and followed until day 50 while measuring auxotonic spontaneous contraction and 

frequency. Measurements under auxotonic conditions show a significant increase in force-generating 

capacity over time in all three cell lines and a reduction in spontaneous beating frequency (Fig. 4.10). 

https://paperpile.com/c/FohaFn/tXS5U
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Figure 4.10. Spontaneous auxotonic contractions of engineered heart tissues (EHTs). A) 3D render of silicon posts and EHTs, on the left, and 
representative image of an engineered heart tissue formed between two calibrated silicone posts. B) Spontaneous auxotonic twitch tension 

of EHTs from day 25 to 50 of differentiation, measured at 37°C in RPMI/B27 culture medium with 5% CO2 (~0.4mM of [ Ca2+]). C) 
Progression of spontaneous beating frequency of all EHTs from day 20 to 50. (WT-C11 n=7, ID3 n=6 and corrected ID3 n=4). One-way 

analysis of variance (ANOVA) with a Tukey post-hoc test was used to compare the different time points. * p < 0.05 and ** p < 0.01 versus 
d25. 

 

At day 50 p.d, EHTs were detached from the pillars and fixed on a force recording apparatus to 

measure twitch tension and kinetics at day 50 after differentiation, under imposed pacing rates. 

Compared to the CRISPR-Cas9 corrected ID3- and WT-C11-EHTs, ID3-EHTs showed preserved twitch 

amplitude together with similar contraction time-course (both force rise and relaxation) and rate 

adaptation to twitch duration (Fig. 4.11B). EHT contractile reserve was also preserved, as indicated by 

the positive inotropic response to stimulation pauses (Fig. 4.11D-F) and high extracellular calcium 

([Ca2+]out up to 4mM). 



 

 

 

108 
 

 
Figure 4.11. Isometric contractile function of EHTs. A) Representative image of an engineered cardiac tissue mounted between a force 

transducer and a motor arm, which controls the tissue length. B) Active tension, under 1Hz pacing, and twitch duration to 50% of relaxation 

of patient EHTs compared to the corrected isogenic control and the healthy control. EHTs were measured in isometric conditions at 37°C in 

the Krebs-Henselheit solution with 1.8mM of [Ca2+] under imposed pacing. C) Superimposed twitches from EHTs at different calcium 

concentration (0.5 to 4 mM) and D) fitting curves of the percentage of variation in force amplitude measured in EHTs upon changes of 

extracellular calcium concentration from 0.5 to 4mM. E) Representative continuous recording from an ID3-(c.772G>A), corrected-ID3 and 

control WT-C11 hiPSC-EHTs during a post-rest protocol and F) positive inotropic responses to pauses in EHTs from the 3 cell lines. ID3 (n=12) 

were compared with the corrected isogenic control (corrected ID3, n=7) and the healthy control (WT-C11, n=8). Statistical analysis was 

performed using one-way ANOVA with Tukey post-hoc test. No statistically significant differences emerged. 
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DISCUSSION 

Since the 1990s the genetic heterogeneity of HCM has been well established (Geisterfer-Lowrance et 

al. 1990), and a correspondingly large clinical variability has limited the interpretation and clinical 

actionability of genotype - phenotype correlation studies. The heterozygous variant c.772G>A in the 

MYBPC3 gene was substantial subset of over 90 individuals (or 17%) of the Florence HCM, all of them 

originating from the north-eastern part of Tuscany, allowing detailed insight into the pathophysiology 

of this mutation. Notably, c.772G>A is characterized by peculiar clinical features including marked 

propensity to systolic dysfunction and disease progression (occurring in 1 patient out of five) (Girolami 

et al. 2006a; Gajendrarao et al. 2015). The c.772G>A mutation is considered a rare variant worldwide. 

Haplotype analysis confirmed that the locally high prevalence of this variant is indeed due to a founder 

effect. We sought to address the molecular mechanism through which the c.772G>A variant is 

pathogenic. Western blot analysis showed a reduction in full-length cMyBP-C levels (~30%) in all three 

c.772G>A myectomy samples, compared to donor tissue. In hiPSC-cardiomyocytes from the ID3 

patient, the protein expression of cMyBP-C (relative to α-actinin) were decreased in later stages (60 

days after initiation of differentiation), but protein levels were preserved in a CRISPR-Cas9-corrected 

isogenic line. This suggests that the mutation may be the cause of the reduced expression of cMyBP-

C in mutant hearts, further supporting the hypothesis of protein haploinsufficiency as the main 

pathophysiological mechanism. Several studies suggested that truncating mutations in cMyBP-C 

diminish total protein level and cause HCM through haploinsufficiency (Marston et al. 2009a; van Dijk 

et al. 2009; Andersen et al. 2004; Marston et al. 2012). The c.772G>A variant affects the splice site 

consensus sequence at the last nucleotide of exon 6 in the MYBPC3 coding sequence, leading to an 

out-of-frame skipping of exon 6 in the MYBPC3 gene (Andersen et al. 2004; Helms et al. 2014). In 

contrast to functional studies on murine engineered cardiac tissue carrying the same mutation, where 

a missense-mutated (p.Glu258Lys, E258K) or a truncated cMyBP-C was observed to be incorporated 

into cardiac sarcomeres and directly impaired contractile function (De Lange et al. 2013), the 

expression of a truncated protein was never detected in affected heart tissue from HCM patients 

carrying the c.772G>A variant (Marston et al. 2009a, 2012). The c.772G>A is the last base of exon 6 

which results in splicing out of exon 6, causing a frameshift and then downstream termination codon. 

The mRNA is not truncated but contains a premature termination codon which makes it susceptible 

to nonsense mediated decay. Previous studies indicated the E258K as a splice site mutation and the 

missense protein has never been shown (Helms et al. 2014). Another possible mechanism associated 

to haploinsufficiency is supported by other findings using heterozygous MYBPC3-mutant hiPSC-

cardiomyocytes, that reported reduced cMyBP-C synthesis rates, partially counteracted by a slower 

rate of cMyBP-C degradation (Helms et al. 2020). We analyzed the functional consequences of the 

mutation at the myofilament level and its impact on sarcomere energetics. Isolated myofibrils had 

markedly enhanced kinetics of force development and crossbridge detachment (kACT and slow kREL, 

respectively), but no change of myofibril maximal force. Given that slow kREL ≈ gapp (Vitale et al. 2021), 

the observed increase in cross-bridge detachment in c.772G>A myofibrils predicts an increase in the 

amount of ATP spent to generate a given amount of isometric force (i.e. tension cost). Indeed, we 

identified higher tension cost in demembranated cardiac muscle strips isolated from c.772G>A 

myectomy samples compared to donor patients. Faster cross-bridge detachment under isometric 

conditions and higher energy cost of tension generation are common features of several HCM-

https://paperpile.com/c/FohaFn/dVLm
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associated mutations (Witjas-Paalberends et al. 2014; Belus et al. 2008; Luedde et al. 2009; Cecilia 

Ferrantini et al. 2009). Notably, the possibility that lower generated force per unit of ATP spent was 

caused by fiber misalignment/disarray was excluded, thanks to a newly developed structural 

correlative approach featuring reconstruction of the whole 3D structure of each ventricular strip 

(Giardini et al. 2021). Thus, we speculate that the increased tension cost is a direct consequence of 

the c.772G>A mutation. While a marked impact of many MYH7 or TNNT2 HCM variants on cross-

bridge kinetics and sarcomere energetics is expected (Witjas-Paalberends et al. 2014; Belus et al. 2008; 

Luedde et al. 2009; Cecilia Ferrantini et al. 2009)(Piroddi et al. 2019), the effects of MYBPC3 mutations 

are less straightforward. Our results support the idea that haploinsufficiency is primarily responsible 

for sarcomere functional abnormalities due to this MYBPC3 mutation. Normally, the N-terminal C1C2 

region of cMyBP-C interacts with myosin heads in the S2 region, inhibiting its binding to actin and thus, 

reducing cross-bridge formation and cycling (Ababou, Gautel, and Pfuhl 2007; Harris et al. 2004). 

Reduced cMyBP-C levels likely diminish this inhibitory interaction (Korte et al. 2003; Stelzer, 

Fitzsimons, and Moss 2006), consistent with the observed acceleration of cross-bridge cycling rates 

and the increased ATP consumption for tension development.  

In line with previous observations in cardiomyocytes isolated from HCM patients with different genetic 

backgrounds, c.772G>A-cardiomyocytes showed prolonged APs and slower Ca2+ transients (Coppini et 

al. 2013). A reduction of the expression of K+ repolarizing channels, as observed by reduced mRNA 

levels of the regulatory subunits, can at least partially account for AP prolongation.  These acquired 

electrophysiological changes may represent universal maladaptive mechanisms that are common to 

all forms of HCM remodeling, regardless of genotype (Ferrantini et al., 2017; Coppini et al. 2013). In 

the case of the c.772G>A mutation, we verified by in silico simulations that the prolonged duration of 

APs is sufficient to prolong calcium transients and counterbalance the faster rate of crossbridge 

turnover. Changes of the expression and phosphorylation levels of other excitation-contraction 

coupling proteins in HCM cardiomyocytes (decreased SERCA expression, increased Ca-calmodulin 

protein kinase II -CaMKII- activity) may also have contributed to the prolongation of Ca2+ transients, 

as previously observed in human HCM samples carrying different mutations (Coppini et al. 

2013)(Helms et al. 2016). In the absence of AP and Ca2+ transient prolongation, twitch duration would 

be shortened. Thus, the simulations support the idea that the presence of concurrent prolongation of 

APs and Ca2+ transients is the reason why the time-course and amplitude of contraction in c.772G>A 

myocardium are similar to those of controls, despite the faster crossbridge turnover. This 

interpretation suggests that electrophysiological changes are an essential adaptation of c.772G>A 

myocardium aimed at counteracting the effects of the faster cross-bridge turnover, at the expense of 

cellular electrical stability. Indeed, prolongation of APs and Ca2+ transients is associated with the 

development of early and delayed afterdepolarizations (Ferrantini et al. 2017; Coppini et al. 2013). In 

this regard, electrophysiological changes are likely to appear early during disease development 

(Coppini et al. 2017), in the pre-hypertrophic stages of the disease. The results obtained from hiPSC 

lines are in support of this hypothesis. It is generally accepted that hiPSC-derived cardiomyocytes 

mimic cells in their developmental stage (Marchianò et al. 2019) and are therefore representative of 

the early, pre-hypertrophic stage of HCM typical of young mutation carriers. Electrophysiological and 

E-C coupling remodeling was present in hiPSC-cardiomyocytes from c.772G>A patients, suggesting 

that this may be an initial adaptive mechanism that starts even before the onset of overt hypertrophy. 
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Nonetheless, EP changes at the cardiomyocyte level might expose patients to an increased 

arrhythmogenic risk even at this early stage of disease. It is important to note that the molecular 

mechanisms linking impaired sarcomere function to E-C coupling remodeling are still unknown and 

need to be addressed. This, however, is far beyond the scopes of the present work and would require 

dedicated molecular approaches. 

These results also support the idea that an early treatment of MYBPC3-c.772G>A carrier may prevent 

or reduce HCM-related pathology, for instance, using the novel myosin inhibitors currently employed 

in clinical trials on obstructive and non-obstructive HCM patients. cMyBP-C has been suggested to 

regulate cardiac function by modulating and maintaining the “super-relaxed” (SRX) state of myosin 

(McNamara et al. 2017, 2016). The decreased SRX fraction results in an increased number of myosin 

heads capable of interacting with actin, leading to higher sarcomeric energetic requirements, both at 

rest and during force development. Specifically, mavacamten (Olivotto et al., 2020) may act by 

stabilizing the SRX in cardiac muscle (Anderson et al. 2018; Toepfer et al. 2020), countering myocardial 

hyper-contractility, thus normalizing myocardial energetics (Ho et al. 2020). In addition, our study is 

consistent with the hypothesis that targeting early EP and EC-coupling changes may exert disease 

modifying effects, as well as reducing the risk of arrhythmias. Indeed, late Na+ current blockers such 

as ranolazine or disopyramide acutely reduced cellular arrhythmias in human myocardium and 

prevented disease progression during long-term treatment in HCM mouse models (Coppini et al. 2013, 

2017)(Iacopo Olivotto et al. 2018; Coppini et al. 2019). Similarly, treatment of young pre-hypertrophic 

mutation-carrier patients with the calcium channel blocker diltiazem slowed the development of HCM 

(Ho, Lakdawala, et al. 2015). As cardiomyocyte calcium overload and the increased activity of 

calmodulin kinase (CaMKII) are hallmarks of sarcomeric HCM and drive disease progression (Coppini 

et al. 2013; Helms et al. 2016)(Lehman et al. 2019), halting the early EC-coupling changes with targeted 

therapies may be as effective as directly addressing the dysfunctional sarcomeres, with the added 

benefit of protecting against cellular arrhythmias. 
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ABSTRACT 
 

Human engineered heart tissues (EHTs) generated from induced pluripotent stem cell-derived 

cardiomyocytes (hiPSC-CMs) are commonly retained optimal for the description of contraction 

parameters, but most of the EHTs’ mechanical measurements (i) are obtained from the optical 

detection of pillars’ displacement rather than being controlled force-length recordings (ii) are 

collected during spontaneous beating and (iii) have never been directly compared to myocardial 

twitches from cardiac patients samples. In this study, we first generated EHTs from different 

donor/patient hiPSC-CMs and analyzed the rate and characteristics of their spontaneous auxotonic 

contractions over a period of 50 days using the standard pillar-based optical technique. All EHTs 

developed greater tension and reduced their spontaneous beating frequency over time. At day 50 

p.d., EHTs were detached from pillars and mounted isometrically on a force-length recording 

apparatus to study twitch contractions at optimal length under different pacing frequency and various 

inotropic stimuli (e.g. high extracellular calcium, administration of myosin inhibitors). As a paradigm, 

we analyzed EHTs and corresponding myocardial preparations form a selected HCM myectomy patient 

carrying the MYBPC3-c.772G>A (p.E258K). E258K EHTs at 50 days p.d. show rate-adaptation of twitch 

duration and positive inotropic response to high pacing rates and high extracellular calcium (4mM), 

although less pronounced compared to those of the corresponding native E258K patient myocardium. 

Next, patient EHTs were compared to isogenic CRISPR/Cas9 corrected control: contraction amplitude 

and kinetics were similar in both (shown in Chapter 4). Importantly, patient and control EHTs show a 

negative inotropic response upon acute administration of 1µM Mavacamten, similar in extent to that 

observed on HCM myectomy samples. In addition, EHTs were used as a model to test the long-term 

effect of Mavacamten. After chronic treatment for 20 days using Mavacamten 0.3µM and 0.75µM, 

reduced contractile force development under isometric conditions was observed in drug-treated EHTs 

compared with untreated EHTs, with mild reduction of the twitch duration. EHTs, widely used for in 

vitro disease modelling, appear to qualitatively reflect the contraction parameters and the force-

interval relationship of the native myocardium, thus representing a useful tool for studying acute and 

long-term effect of inotropic agents. 
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INTRODUCTION 

Hypertrophic cardiomyopathy (HCM) is the most common mendelian heart disease often referred to 

as a disease of the sarcomeres (Ho et al. 2018). HCM is commonly associated with myocardial 

hypercontractility and higher energy cost of contraction that emerged as a suitable target for the 

development of a novel pharmacological disease-specific approach (Spudich 2019) (Zampieri et al. 

2021). Mavacamten, a novel first-in-class allosteric inhibitor of myosin ATPase, demonstrated efficacy 

and safety in reducing left ventricular outflow tract obstruction and ameliorating exercise capacity, in 

a phase III clinical trial on patients with obstructive HCM (Iacopo Olivotto et al. 2020) (Zampieri et al. 

2021). Furthermore, the phase II MAVERICK-HCM trial conducted in adults with symptomatic nHCM 

undergoing treatment for 16 weeks, followed by an 8-week washout, showed that Mavacamten was 

well tolerated in most subjects, but caused a reduction in left ventricular ejection fraction (LVEF) in 

10% of patients (Ho et al. 2020). 

In HCM, myocardial hypercontractility has been often associated with increased number of myosin 

heads available (Spudich, 2019). Previous findings proved that Mavacamten may act by stabilizing the 

SRX in cardiac muscle (Anderson et al. 2018; Toepfer et al. 2020) countering hypercontractility, thus 

normalizing myocardial energetics in experimental HCM models. In addition, mechanical experiments 

using single human ventricular myofibril following exposure to Mavacamten showed acceleration of 

force relaxation and inhibition of the ADP-stimulated force developed in the virtual absence of 

external Ca2+ (Scellini et al. 2021). For this reason, Mavacamten represents one ideal therapeutic 

intervention for HCM patients, but in selected stages of the disease. 

We recently provided new understanding on the pathogenesis of MYBPC3 variants, the most common 

cause of familial HCM. In our HCM patient cohort, a large and well-characterized population carry the 

MYBPC3:c.772G>A variant (p.Glu258Lys, E258K), which has a founder effect in the Tuscany region of 

Italy. This variant provided the unique opportunity to study the basic mechanisms of MYBPC3-HCM 

using patient myocardium and induced pluripotent stem cell-derived models (hiPSCs) of one of the 

same patients. In the myofibrils of patients carrying the MYBPC3:c.772G>A variant, cMyBP-C 

haploinsufficiency causes acceleration of cross bridge kinetics and increased energetic cost of 

contraction. Electrophysiological changes (slower action potentials and prolonged calcium transients) 

appear to counterbalance the faster cross-bridge cycling, ultimately preserving the amplitude and 

duration of cardiac contraction, at the expense of cardiac electrical stability and diastolic function 

(Pioner et al., 2023). Prolongation of action potentials and calcium transients is associated with the 

development of early and delayed afterdepolarizations (Coppini et al., 2013). In HCM, left ventricular 

(LV) hypertrophy generally becomes evident during puberty or early adult life in patients with HCM. 

However, little is known about the time of onset of the other features of HCM, although all have been 

described in very young children, and even in newborn babies (B. J. Maron 2002) (Basso et al. 2000). 

In this regard, it is generally accepted that hiPSC-derived cardiomyocytes (hiPSC-CMs) mimic cardiac 

cells in their developmental stage (Marchianò, Bertero, and Murry 2019) and may be representative 

of the early stage of HCM typical of young mutation carriers. The advantage of using both the HCM 

patient myocardium and the related patient-derived hiPSC line allowed us to better demonstrate the 

predictive power of patient-specific hiPSC-CMs for inherited cardiomyopathies. In the 

https://paperpile.com/c/FohaFn/gY4H
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https://paperpile.com/c/FohaFn/csyA
https://paperpile.com/c/FohaFn/csyA
https://paperpile.com/c/FohaFn/igXCk
https://paperpile.com/c/FohaFn/csyA
https://paperpile.com/c/FohaFn/csyA
https://paperpile.com/c/FohaFn/HX3XO
https://paperpile.com/c/FohaFn/8og2Y+GJRXO
https://paperpile.com/c/FohaFn/5oV4L
https://paperpile.com/c/FohaFn/HELk5
https://paperpile.com/c/FohaFn/9dn9
https://paperpile.com/c/FohaFn/tXS5U


 

 

 

115 
 

MYBPC3:c.772G>A hiPSC-CMs and engineered heart tissues (EHTs), the same changes found in 

cardiomyocytes from patient tissue are likely to appear early during disease development, in the pre 

hypertrophic stages of the disease. These results support the idea that an early treatment 

MYBPC3:c.772G>A carrier with Mavacamten may prevent or reduce HCM-related proarrhythmogenic 

events. 

Therefore, in this study, we generated EHTs from hiPSC-CMs from a patient line carrying the 

MYBPC3:c.772G>A mutation. As a comparison, its CRISPR-Cas9-corrected isogenic control was used. 

In view of the results reported in the chapter 4 (Pioner et al., 2023) we used the hiPSC-derived EHTs 

to validate long-term exposure to Mavacamten and to observe the effects on the contractile function 

and molecular mechanisms (a transcriptome analysis is ongoing). Mavacamten was tested on 

c.772G>A hiPSC-EHTs by both acute and long-term treatment (20 days) and in both conditions, tension 

and contraction kinetics were analyzed under isometric conditions under imposed pacing frequencies 

and different external calcium concentrations. Preliminary results show that chronic treatment with 

Macavamten (and after washout) causes force reduction in all EHTs but decreases the time-course of 

twitch contraction and relaxation only in the HCM-EHTs. Ongoing gene expression profile and 

structural analysis may provide further understanding on the mechanisms associated with 

Mavacamten exposure. On a clinical level, this work aims to provide relevant understanding for the 

prevention and treatment of HCM in the pediatric and pre-hypertrophic stages of the disease. 

 

RESULTS 

 
5.1 Acute Effect of Mavacamten on contractile force and kinetics of hiPSC-EHTs  

Mavacamten was tested by acute treatment on mutated and control engineered tissues under 

isometric conditions and at different pacing frequencies. MAVA showed a dose-dependent effect on 

isometric force. It was tested at different concentrations in both ID3 and corrected ID3 to calculate 

EC50 (0.1µM, 0.3µM, 0.5µM, 1µM, 3µM). Representative data display the effect at the concentration 

of 1µM, as in native myocardium. Analysis of contractile force in the presence of high calcium 

concentration (4mM) and MAVA, shows a reduction in active tension in both mutated EHTs and 

isogenic control (ID3 = ~-56% and c.ID3= ~-68%) compared with the basal condition (4mM [Ca²⁺]), but 

no changes in contractile kinetics are visible.  
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Figure 5.1. Effect of Mavacamten on contractile force of EHTs. A-B) Representation of the dose-response curves of different concentrations 

of Mavacamten in ID3 (n=3) and c.ID3 (n=2). C) Representative isometric twitches under 1-Hz in the presence of 1,8mM [Ca2+] and 4mM 

[Ca2+] with the addition of Mavacamten (1µM), respectively. D) Active tension and E) twitch duration to 50% of relaxation in the absence 

and in the presence of 1µM MAVA at 4mM [Ca2+] of patient EHTs (ID3, n=8) and F) corrected isogenic control (Corrected ID3, n=8). 

Measurements are performed in isometric conditions under pacing stimuli at 37°C in the Krebs-Henselheit solution. Data are reported as 

Mean±SEM.  One-way analysis of variance (ANOVA) with a Tukey post-hoc test with statistical significance set at * p < 0.05 and ** p < 0.01. 
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Moreover, the effect of the drug was reversible after acute treatment; gradually the contractile force 

increased following drug removal, and after ~1h the active tension was like that of the basal condition 

(Fig. 5.2A-B). 

 

 

Figure 5.2. A) Representative twitches traces at 1Hz during and after acute treatment with the MAVA 0.75µM at different time points. B) 

Active tension of ID3-EHT at 1Hz before, during, and after acute treatment with Mavacamten 0.75µM. EHTs were measured under 

isometric conditions at 37°C in Krebs-Henselheit solution with 0.5mM of [Ca2+].   

 
5.2 Chronic effect of MAVACAMTEN in EHTs 

In addition, we tested the long-term exposure of the drug on EHTs to assess any functional changes 

after prolonged treatment. We then exposed c.772G>A-EHT (ID3) for 20 days to two different 

concentrations of Mava, at 0.3 µM and 0.75 µM, which were the EC50 calculated in the acute 

contractility experiments. As a sham control group, DMSO was added to the culture medium. 

Treatment with Mavacamten was started 15 days after the EHTs generation; before and during 

treatment we monitored and calculated the tension generated by spontaneous auxotonic 

contractions. As reported in (Fig. 5.3), in untreated EHTs, tension increased gradually over time, while 

in the treated EHTs, contractile force was reduced (0.3 µM) or absent (0.7µM). After the 20 days of 

culture, MAVA was removed from the culture medium, and by optical analysis of pillar deflection we 

observed that in treated c.772G>A-EHTs tension increased again, confirming the reversible effect of 

the drug. 
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Figure 5.3. Spontaneous auxotonic contractions of EHTs during chronic treatment with MAVA. Schematic representation of chronic 

treatment in culture and spontaneous auxotonic tension of c.772G>A-EHTs from day 30 to 60 of differentiation, measured at 37°C in 

RPMI/B27 culture medium (~0.4mM of [ Ca2+]) with and without Mavacamten (n=5). One-way analysis of variance (ANOVA) with a Tukey 

post-hoc test was used to compare the different time points. * p < 0.05 and ** p < 0.01 versus d30. 

 

The effect of chronic treatment on EHTs contractility was assessed around day 60 p.d. EHTs were 

mounted on the force recording apparatus under isometric conditions in response to a pacing 

frequency and in the absence of MAVA. By analyzing the active tension at 1Hz of stimulation, we 

observed that c.772G>A-EHTs previously treated chronically show reduced contractile force (ID3 

MAVA 0.3µM= 0.52±0.19 mN/mm²; ID3 MAVA 0.75µM= 0.67±0.2 mN/mm²) compared with the 

respective control with DMSO (ID3 Untreated= 1.4±0.3 mN/mm²) (Fig. 5.4B). In addition, the 

contraction time in c.772G>A-EHT (TTP and RT50%) seems to be not significantly affected by chronic 

treatment when compared with the DMSO control (Fig. 5.4C-D).  
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Figure 5.4. Isometric contractile force in c.772G>A- EHT after chronic treatment. A) Representative twitches of untreated and MAVA-

treated ID3-EHTs. B) Active tension at 1Hz constant pacing of c.772G>A-EHTs treated with Mavacamten 0.3𝜇M and 0.75𝜇M compared with 

untreated tissues. C) Time to peak and D) twitch duration at 50% of relaxation at 0.2-2.5Hz of c.772G>A-EHTs treated and untreated with 

MAVA. EHTs were measured in isometric conditions at 37°C in the Krebs-Henselheit solution with 1.8mM of [Ca2+] under imposed pacing 

(n=4). E) Representative twitches of untreated and MAVA-treated ID3-EHTs at 0,5mM, 1,8mM and 4mM of [Ca2+].  F-G) Force and RT50% 

measured in all EHTs upon changes of extracellular calcium concentration from 0.5 to 4mM (n=4). Statistical analysis was performed using 

one-way ANOVA with Tukey post-hoc test. No statistically significant differences emerged. 

 

The positive inotropic effect given by the gradual increase in extracellular calcium concentrations 

(from 0.5mM to 4mM) is visible in all ID3-EHTs, but as observed in the graph in Fig. 5.4F, the active 

tension remains lower in EHTs chronically treated with Mavacamten, but there are no statistically 

significant differences in contraction kinetics (Fig. 5.4G). 

For comparison, isogenic control EHTs were exposed to Mavacamten (0.3µM and 0.75µM) for 20 days. 
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Figure 5.5. Isometric contractile force in c.ID3- EHT after chronic treatment. A) Representative twitches of untreated and MAVA-treated 

c.ID3-EHTs. B) Active tension at 1Hz constant pacing of c.ID3-EHTs treated with Mavacamten 0.3𝜇M and 0.75𝜇M compared with untreated 

tissues. C) Time to peak and D) twitch duration at 50% of relaxation at 0.2-2.5Hz of c.ID3-EHTs treated and untreated with MAVA. EHTs 

were measured in isometric conditions at 37°C in the Krebs-Henselheit solution with 1.8mM of [Ca2+] under imposed pacing (n=5). E) 

Representative twitches of untreated and MAVA-treated c.ID3-EHTs at 0,5mM, 1,8mM and 4mM of [Ca2+].  F-G) Force and RT50% 

measured in all EHTs upon changes of extracellular calcium concentration from 0.5 to 4mM (n=6). Statistical analysis was performed using 

one-way ANOVA with Tukey post-hoc test. No statistically significant differences emerged. 

Also, in control EHTs, as in c.772G>A-EHTs, we observed that the contraction force recorded under 

isometric conditions after prolonged drug exposure tended to remain lower (c.ID3 MAVA 0.3µM= 

0.69±0.35 mN/mm²; ID3 MAVA 0.75µM= 0.42± 0.17 mN/mm² than that generated by untreated EHTs 

(c.ID3 Untreated= 1.04±0.33 mN/mm²) (Fig. 5.5B). Again, we observed a positive inotropic response 

by increasing extracellular Ca²⁺ concentrations in all conditions (Fig. 5.5E), but we did not observe 

differences in contraction kinetics (Fig. 5.5 C-D-F). Further experiments should be performed to 

confirm these data. 

 

DISCUSSION 

Hypertrophic cardiomyopathy (HCM) is a primary myocardial disease with a prevalence of one in 500 

in different population cohorts. It is characterized by left ventricular (LV) hypertrophy and 

hyperdynamic contraction (B. J. Maron 2002, 2004). Many patients develop obstructive 

cardiomyopathy, with a high risk of heart failure, atrial fibrillation, and death (M. S. Maron et al. 2003; 

Ho et al. 2019). Some preclinical studies support the idea that the life-threatening ventricular 

arrhythmias in HCM depend, in part, on functional alterations occurring at the level of individual 

cardiomyocytes, so identification of specific targets at the cellular level could allow preventive action 

to slow disease progression. So far, the use of negative inotropic agents, including β-blockers, non-

dihydropyridine calcium channel blockers, and disopyramide, has been recommended for 

pharmacological treatment of HCM to relieve symptoms. Because HCM-related mutations can 

increase the metabolic cost to maintain cardiac function, leading to a depressed energy state, 
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normalization of the hypercontractile phenotype can rebalance contractility in HCM. Recently, 

Mavacamten, an allosteric myosin inhibitor developed to reduce cardiac contractility and improve 

myocardial energetics, was approved by the FDA (Food and Drug Administration) for oHCM treatment. 

Mavacamten (Mava) can inhibit myosin heavy chain, thereby reducing the acto-myosin interaction 

and promoting decreased force generation. In patients with obstructive HCM, the recent randomized, 

placebo-controlled phase III EXPLORER-HCM clinical trial demonstrated the efficacy and safety of the 

drug in reducing the left ventricular (LV) outflow tract gradient and improving the health status of 

patients (Iacopo Olivotto et al. 2020). In addition, previous studies on human iPSC-derived 

cardiomyocytes (hiPSC-CMs) expressing HCM-related mutations revealed that Mavacamten 

normalizes pathological changes in intracellular Ca2+ handling in diseased cardiomyocytes (Green et 

al. 2016; Sparrow et al. 2020), and these effects appear to be related to a reduction in Ca2+ sensitivity 

of myofilaments. To understand whether Mavacamten may act in preventing upstream 

electrophysiological substrates that trigger ventricular arrhythmias, the hiPSC-CM model derived from 

HCM patients can be used, as they can recapitulate cellular mechanisms of the pre-hypertrophic 

stages of the disease. In several studies, the hiPSC-CMs model has been used to study the effects of 

Mava in vitro (Halas et al. 2022; Sewanan, Shen, and Campbell 2021). In this work, we used an hiPSC 

line derived from an HCM patient carrying the MYBPC3:c.772G>A mutation, previously characterized 

in comparison with patient myectomy samples, compared with its CRISPR-Cas9-corrected isogenic 

control line (c.ID3) (Josè Manuel Pioner et al. 2023). For this study, engineered heart tissues (EHTs) 

were generated to perform mechanistic investigations. The aim was to test the long-term effect of 

Mavacamten and verify the potential ability to prevent the disease progression at the cellular level. 

After generating the EHTs with hiPSC-CMs in early stages of maturation, the tissues were maintained 

in culture until day 50 post differentiation and finally recorded on a force-length recording apparatus 

in isometric conditions under external pacing. Initially, Mavacamten was acutely tested at different 

concentrations on both c.772G>A-EHT (ID3) and controls (c.ID3) to calculate the EC50. Preliminary 

results show a different EC50 in the tension/mava concentration curve, suggesting different drug 

sensitivity between the mutated EHTs and the controls. Ongoing experiments will be performed to 

confirm these data. Furthermore, our results confirm that the effect of the drug is reversible and about 

an hour after washing, the contractile force rises again as in the baseline condition. For the evaluation 

of the chronic effect, we analyzed a set of EHTs exposed to two different Mava concentrations (0.3µM 

and 0.75µM), compared with the respective DMSO exposed control (ID3-Untreated and c.ID3 

Untreated). Under Mava exposure in the culture medium, spontaneous contraction of ID3- and c.ID3-

EHTs were monitored for 30 days, observing a partial contractile force reduction at 0.3µM and a total 

reduction at 0.75µM of MAVA. However, at the end of the treatment (MAVA washout) EHT 

spontaneous force increased again. Analysis of active tension under isometric conditions showed that 

treated tissues, both mutant (ID3-EHTs) and control (c.ID3-EHTs), had lower active tension than 

untreated ones. This could be due to a slowdown in the maturation process due to the reduction of 

contractility in the presence of Mava, but to confirm this, further structural investigations will have to 

be performed. On the other hand, in the ID3-EHTs it is observed that after prolonged treatment, the 

contraction kinetics are slightly faster than in the untreated ID3-EHT. Instead, in the control EHTs no 

difference in contraction kinetics was observed between the treated and untreated. These results 

could indicate an effect of Mavacamten on cross-bridge kinetics or calcium dynamics in the HCM 

model. Furthermore, positive inotropic effect related to increased extracellular calcium 
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concentrations is visible in all EHTs (ID3 and c.ID3), indicating that contractile reserve is preserved. 

Active tension shows an approximately 1.5-2-fold increase at high calcium concentration (4mM), 

although it remains lower in drug-treated EHTs. In conclusion, EHTs seem to represent a useful tool to 

study the acute and long-term effect of drugs, even if further investigations are needed.  

For this work, It will be necessary to carry out structural and molecular analyses; It will be interesting 

to observe the localization and intracellular organization of some target proteins to evaluate the 

myofilament and membrane organization, the density of the T-tubule, and the SR structure. 

Furthermore, transcriptome analysis of all drug-exposed EHTs is ongoing, to evaluate any changes in 

gene expression following chronic treatment. These results suggest that MAVA chronic effect can 

prevent intracellular pathways that are altered in the early stages after cardiac differentiation. From 

a biophysical perspective this is also relevant to use MAVA as a tool to investigate the impact of 

mechanical force production during cardiac cell/tissue development. 
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Chapter 6 
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CONCLUSIONS 

In this work, we used the hiPSC-CMs model as a tool for modeling genetic cardiomyopathies (HCM 

and DCM) to understand the alterations underlying these diseases and for drug screening. The 

undeveloped phenotype of hiPSC-CMs is the limiting aspect that still hinders their potential benefits. 

In recent years, however, several technologies have been developed that enable the generation of cell 

and tissue models that more accurately reflect the situation in vivo, providing optimized platforms for 

drug testing, tissue regenerative approaches, and personalized medicine. These new approaches can 

promote the development of cultured hiPSC-CMs toward an adult phenotype. 

In this thesis work two approaches are described that can improve the hiPSC-CMs maturation, such as 

biomaterial-based micropatterned substrates (2D system) and engineered cardiac tissues (3D system), 

which allow us to get closer to the native model and perform functional analysis and drug testing. 

Engineered cardiac tissues allowed us to perform functional analysis, using techniques that in our 

laboratory in Florence are normally used to perform studies on myocardial trabeculae, obtained from 

patients undergoing myectomy. We have demonstrated here the agreement between patient tissues 

and hiPSC cardiomyocyte models, showing that hiPSC-CMs are indeed a valuable model for 

electrophysiological and mechanical studies. In summary, therefore, hiPSC-CMs can be used as an 

alternative tool to model certain diseases in vitro and to study known mutations or suspected variants 

that may contribute to abnormal electrical activity in the heart. 

New devices for hiPSC-CMs growth 

One of the next goals will be to grow hiPSC-CMs on new materials, namely liquid crystal elastomers 

(LCEs), which are novel materials that can contract in response to light stimuli and can be used as novel 

cardiac contractile assist devices. Previous studies have shown that these materials are biocompatible 

and promote cell alignment and maturation (Martella et al. 2017). Following these results, we want 

to evaluate the influence of LCEs on cardiomyocyte growth, maturation, and function under long-term 

contact conditions and the possibility of creating hybrid devices consisting of LCEs coupled to 

engineered cardiac tissues. 

 

            Figure 6.1. Graphical representation of LCEs as a dynamic cell scaffold with hiPSC-CMs 
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New perspectives for cardiac disease study using hiPSC-CMs 

An additional goal will be to perform atrial-like specific differentiation of hiPSC-CMs to further our 

studies in HCM and also to investigate the mechanisms underlying atrial fibrillation (AF), which is the 

most common sustained arrhythmia in HCM (Vaidya, Semsarian, and Chan 2017), with a reported 

prevalence of approximately 20% to 25% (I. Olivotto et al. 2001). It is also known that atrial fibrillation 

is associated with a hypercoagulation state due to upregulation of FXa, a key component of the 

coagulation cascade, which can induce PAR receptor activation (Protease-activated receptors). 

Altered activation of these receptors may contribute to the development of various disorders, such as 

atherosclerosis and atrial fibrillation (Spronk et al. 2014).  

Aberrant activation of the coagulation pathway underlies many fibroproliferative disorders and 

inflammation. In vitro studies have shown that FXa can induce the expression of pro-inflammatory 

cytokines. In cardiac fibroblasts, it has been observed that FXa induces upregulation of pro-

inflammatory genes and that the use of rivaroxaban can reduce the inflammatory response 

(D’Alessandro et al. 2021). In collaboration with Maastricht University, I was involved in the study of 

the possible direct or indirect role of FXa on cardiomyocytes. Our approach was to evaluate the 

induction of gene expression of hypertrophic markers in the presence of hypertrophic stimuli to study 

the effects of FXa on cardiomyocytes. We also tested whether in the presence of factorial inhibitors, 

such as rivaroxaban, there were changes in hypertrophic markers expression and PARs receptors. 

Mouse and rat cardiomyocyte cell models were used to perform these experiments, and gene 

expression of brain-type natriuretic peptide (BNP) and atrial natriuretic peptide (ANP) were analyzed 

as sensitive markers of a hypertrophic response. A good response to stimulation with FXa was 

obtained only on adult rat cardiomyocytes. 
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Figure 6.2. Hypertrophic response in adult rat cardiomyocytes (aRCMs). A) Schematic representation of aRCMs stimulation (24h) with FXa 

(100nM) and phenylephrine (PE) (100𝜇M) and gene expression analysis of BNP, ANP, F2R and F2RL1. B) Effect of PE and FXa on mRNA 

expression of F2r (PAR-1 gene) and F2rl1 (PAR-2 gene). C) Effect of PE, FXa and Rivaroxaban on mRNA expression of BNP and ANP. Gene 

expression was measured by RT-qPCR. Data were normalized to the housekeeping gene Cyclophilin-A. 

 

Despite the promising results, this cell model has limited availability and it is not possible to keep it in 

culture for a long time.  

Therefore, we thought it would be appropriate to use a different cell model, such as hiPSC-CMs, which 

could be a good tool to study the hypertrophic effect of FXa, as they are a human model and can be 

kept in culture for long term. So, the next step will be to evaluate the expression of PAR receptors in 

hiPSC-CMs to subsequently study the effect of FXa in vitro and Rivaroxaban treatment. 
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